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A well established, huge, and an exciting field, Electrical Engineering broadly
involves working with various electronic devices ranging from pocket calculators
to super computers. A growing presence of electronic devices and instrumenta-
tion in all aspects of engineering design and analysis greatly emphasizes the
importance of the study of Electrical Engineering.

Basic Electrical Engineering is a compulsory course in all Engineering
Colleges, Institutes and Universities. The book, targeted at the undergraduate
level, presents the fundamental copcepts of the subject in a comprehensive
manner. Offering a lucid explanation of theory, supported by illustrations and
large number of worked out examples; the text has been structured in a logical
sequence as per syllabi of Engineering Colleges and Universities.

Key Features

The text not only lays strong emphasis on basic principles, but also incorporates
topics and contents with advanced concepts. A careful selection of the text mate-
rial and worked out examples (using a ‘simple to more complex topic’ approach)
enable the students to gradually master the course of Basic Electrical Engineer-
ing. Examples throughout the text have been solved in detail so that the reader
can follow each example thoroughly. Exercises, including a number of problems,
are given at the end of each chapter, to evaluate the understanding of topics. All
the problems have answers, wherein some of them contain hints to assist the
reader in solving the problem.

The book has been written utilising the long experience of the authors in
teaching Electrical Engineering. In relevant portions of the text, additional dis-
cussions and illustrative examples have been presented to make the pursuit of the
study of Electrical Engineering a stimulating experience for the students.

The major highlights of this book can be summarized as

e The subject has been presented in a graded manner, and contains a detailed

exposition of the fundamentals.
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o Clearly illustrated examples demonstrate relevant applications of electrical
engineering.
s Step-by-step and simple problem solving methodology enables the students
to sharpen their problem solving skills.

# The figures and diagrams support the concepts and aid in the understanding
of the subject.

Chapter Organisation

This book contains fifteen chapters, out of which the first thirteen chapters have
been developed on the important topics, to include fundamental laws, concepts in
electrical circuits, basic principles on electrical machines, and electrical measure-
ments and measuring instruments. Chapter 14 on Review Problems contains a
substantial number of well chosen, worked out examples. Another unique feature
is Chapter 15 on Multiple Choice {objective type) Questions, covering the whole
syllabus of Basic Electrical Engineering.

Web Supplements

To complement the contents of the book, an exhaustive online learning centre has
been designed. Students can access additional Solved Problems and Links for
further reference, enabling them to explore practical engineering applications of
the devices and systems, in greater detail. The website also features Model Ques-
tion Papers. A collection of resources available to teachers include detailed Solu-
tions Manual and PowerPoint Slides that serve as valuable teaching tools. The
site will be updated regularly and any suggestion towards this end is welcome.
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*& FUNDAMENTALS

1.1 SYSTEM OF UNITS

In our daily life as well as in commerce, science and engineering, the system of
units have been devised to designate the standards of reference of physical quanti-
ties and used to quantify (or measure) them in that standard frame of reference. In
fact, everything we see, feel, buy, sell, use is measured and compared by means of
units. The units also bear a direct numerical relationship to each other, usually
expressed as a whole number. In the English system of units (FPS system), they
are related to each other by multiples of 3, 12 and 36 while in the Metric system
(CGS system), the units are related to each other by multiples of 10. In conver-
sion, this system (also known as the decimal system) is thus more advantageous
than the English system.

Nowadays the International system of units (abbreviated as 5/) is a commonly
acceptable metric system. It possesses the following remarkable features:

(a) Itis a decimal system.

(b) It is versatile and diversified (e.g., it can measure weights as kilogram,
power as kilowatt, potential as volt, current as ampere, length as metre, time
as second, temperature as Kelvin, etc.).

(c) It is used by common people as well as by specialists and is very simple.

1.2 FUNDAMENTAL AND DERIVED UNITS IN SI
- SYSTEM

Table 1.1 represents the fundamental units in SI system.

From these seven fundamental units in SI system, we can derive any number of
derived units to express physical quantities such as area, force, flux, potential,
charge, pressure, etc.

Table 1.2 represents a list of a few electrical derived units in SI system which
are commonly in use.
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Table 1.1 Fundamental units in SI system
Physical Quantity Unit Symbol
Mass Kilogram kg
Length Metre m
Time Second s (or sec.)
Temperature Kelvin K
Electric Current Ampere A (or Amp.}
Luminous Intensity Candela Cd
Amount of substance Mole mol
Table 1.2 Derived electrical units in SI system
Capacitance (C) Farad (F)
Inductance (L) Heary (H)
Conductance (G) Siemens (S) [also in use Mho]
Resistance (R) Ohm (L)
Susceptance (B) Mho (T3} or Siemens (S)
Impedance (Z) Ohm (02)
Admittance (Y) Mho (I3} or Siemens (5)
Potential (V) Volt (V)
Energy Joule (1)
Magnetic flux (¢) Weber (Wh)
Flux density (B) Tesla (T)
Power (P) Watt (W)
Frequency (f) Hertz (Hz)
Phase Angle (&) Radian (rad)
1.3 DEFINITIONS OF FUNDAMENTAL UNITS

AND DERIVED UNITS

A few commonly wsed fundamental units are defined as under:

{a)
(b)

(c)

(d)

(e)

Metre (m): Length of the path travelled by a light ray in space during a time
interval of 1/299792458 of a second.

Kilogram (kg): Unit of mass that is equal to the mass of the international
prototype of the kilogram. (It is a particular cylinder of platinum-iridium
alloy that is preserved at France by the International Bureau of Weights and
Measures.)

Second (s): Unit of time defined as the duration of 9192631770 periods of
radiation corresponding to the transition between the two hyperfine levels of
the ground state of “Cesium-133" atom.

Kelvin (K): Unit of temperature expressed as the fraction (1/273.16) of the
thermodynamic temperature of the “triple point” of water [triple point is
equal to 0.01 degree Celsius (°C)]. Thus a temperature of 0°C is equal to
273.16 Kelvin.

Ampere (A): It is the constant current which, if passed through two straight
parallel conductors of infinite length (of negligible cross sectional area), and
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if placed in vaccum at 1 metre apart, would produce a force of 2 x
1077 Newton/metre length of conductors and between these two conductors.
Candela (Cd): It is the luminous intensity of a source in a given direction
emitting monochromatic light of frequency 540 x 10'2 Hz and it has an
intensity of 1/683 watts per steredian in that direction.

Mole (mol): It is the amount of substance of a system that has as many
elementary entities as there are atoms in 0.012 kg of “Carbon-12" element.

A few commonly used derived units are defined as under:

(a)

()

(c)

(d)
(e)

(N

(g)

(h)

(i)

()

Coulomb (Q): Tt is defined as the quantity of electric charge passed in one
second by a current of strength one ampere
1 coulomb = | Afsec,
Henry (H): It is the inductance of a closed circuit in which an emf of one
volt is produced when the circuit current varies at a uniform rate of 1 Afsec.
1 Henry = 1 V. sec./A
Ohm (Q): It is the electrical resistance offered by a passive current carrying
element across its two terminal points when a constant potential difference
of one volt is maintained across their two terminal points and the current
passing through this conductor is one ampere.
1 ohm =1 V/A
Siemens (S): It is the unit of electric conductance, equal to reciprocal of
ohm. Siemen is also represented by mho.
Farad (F): It is the capacitance between the plates of a capacitor having a
p.d. of one volt across them and when it is equal by one coulomb of elec-
tricity.
1 F =1 coulomb/volt
Herrz (Hz): Frequency of a periodic wave; when the time period of the
periodic wave is one sec., frequency is one Hz.

Tesla (T): It is defined as the flux density in a medium equal to one weber
per square metre.

1 T=1Wh/m?
Volt (V): It is the electric potential difference between two points of a
conductor when a constant current of one ampere passes through it with a
power dissipation of one watt.

1 V=1W/A
Watt {W): It is the unit of electrical power that produces energy at the rate
of one Joule in one second.

1 W =1 joulefsec

Radian (rad): 1t is the unit of phase angle that measures a plane angle with
its vertex at the centre of a circle and subtended by an arc equal to the
length of the radius.

o

180

1rad =
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1.4 CONCEPT OF PER UNIT (P.U.) SYSTEM

The SI system is enough to specify the magnitude of any physical quantity.
However, we can get a better idea by comparing the physical quantity in question
to the size (or quantity) of “something” very similar to it. This in fact is another
concept of creating a new unit and specify the size (or quantity) of similar quanti-
ties compared to this new unit. This unit gives rise to the concept of per unit
(p.u.) system of expressing the magnitude of a physical quantity. It is extensively
expressed in electrical engineering.

In representing p.u. quantities, it is important to select a “base™ unit against
which the physical quantities would be expressed. Though this method is appli-
cable in all systems, in the present text we will explain the application of this
concept lo electrical engineering only.

Let us say we have three bulbs of 25 W, 100 W and 200 W. We arbitrarily
select a base power 100 W. We can then represent the corresponding bulb power
ratings as 0.25 p.u,, 1 p.u, and 2 p.u, respectively. If we select another base, say
50 W, the corresponding powers become 0.5 p.u., 2 p.u., and 4 p.u. respectively.
It is thus important to first decide the base unit in the p.u. system. If we do not
know its magnitude, the actual values cannot be calculated.

An illustration

Let us assume that the base value of impedance for the elements, represented in
Fig. 1.1{a), be 100 ohm. Figure 1.1{b) then represents the same network configu-
ration but with a p.u. represenation.

Xe X
. AN i| I
Iy
! =500 0
r2= 1000 £2
§ fz Xe=100Q
X =2500Q
(a) Actual circuit
n Xg X
- AN — | g
5p.u 1p.u, 2.5pu
2 § 10 p.u. ase pecance

(b} p.u. circuit

Fig. 1.1 (a) Actual circuit (b) p.u. circuit

In order to maintain the consistancy in the p.u. system, two base quantities
have been chosen in electrical engineering—voltage (V) and voltamperes (VA).
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The base voltage is normally the nominal (i.e. rated) system voltage and the
voltampere base may be selected as some integral multiple of one equipment
rating. (In power system engineering, the largest rotating machine rating is nor-
mally chosen as the base VA power).
If the selected voltage base is (Vg) and the selected VA base is (VA)g, then the
remaining base quantities may be derived as:

VA

Ig= VA (1.1)
Vp
% V2

Zy= = or —— (1.2)
Iy (VA)

(The three-phase systems are generally represented as single-phase quantities,
in which case the base quantities are all phase values.)

If an equipment in a system has a different base value than that of the system,
we can represent the equipment p.u. impedance Z,., ,, in terms of its own base

(2 vaser ]

Z
z ) =
“(p Z, (base)
i.e. Z = zdplu') x zﬂ:bm) (E-3]
Equipment p.u. impedance on system base (Zy,.)) is represented as
Z Z¢ (base)
Zipwy= 53— =Zepuy X 5
s(base) £ (base)
i . g o [vA,
L., = X .
L& sip.u.) elp.u.) V, Vﬂl. (1.4a)

These formulae can be used to convert the p.u.. (Z) obtained in one base to p.u.
(Z) of another base. Here

2
Vold base VAM h
Zyewip) = Zowpu) X x | —fembase (1.4b)
P oldp.a) Vnew base V’%Id base

In order to clarify the concept of per unit representation, we include two more
illustrations as given below.

E Illustration 1

« Let us assume that in an electrical system the base voltage is 3 kV while the
base power is 300 kVA. The base current would be

Iy = Base power =300x|03 100 A
Base voltage  3x10°
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The base impedance is

Ve 3Ixl10?
ZH= _E

1, 100

Once we have selected the base quantities, we can find the p.u. resistance,
p-u. current, p.u. voltage drop and the p.u. power dissipated across a 500
resistor (say) carrying a current of 50 A.

=3000Q

We can write:
R 500
bR = —R =26
U R) = o Row) 300
I _ 50
W ()= —==— =0.5
pu- (=9 "=100

p-u. (Viep) across (R) = I,y X Ry
=0.5x 1.67=0.835
p.u. power = V(pu.) x f(p.u.)
=0.835 x 0.5 = 0.4175

E Illustration 2

» Let us suppose that the voltage drop in the referred resistor of the previous
% illustration is 0.835 p.u. (given) while the power dissipated is 0.4175 p.u.
« (given). We would like to know the actual values of the voltage drop and
: power dissipated using ihe base values. We can do it as follows:

- v
p.u) [ T":Cp.u.} 2";;]

=3 x 10% x 0.835 = 2.505 x 10° V (= 2.505 kV)
Here (V) represents the actual drop across the resistor.
Actual power dissipated (5) is obtained as:
§ = 8ipu) X S, where S stands for VA power
Here, 5= 0.4175 x 300 x 10°
[ VA(p.u.) = 0.473, given VA(base) = 300 kVA]
= 125.25 x 10° VA = 125.25 kVA.

V: VBX V(

SESmEREARE NN

1.1 A 6 kV energy source delivers power 1o a 100 £2 resistor and a 250 kVA electric
heater. Find the p.u. currents to the 100 £2 resistor and the electric heater. Also find the
total p.u. current from the source. What is the p.u. power of the resistor and the heater?
Also determine the actual power loss in the resistance and find the actual line current.
Assume base voltage is 3 kV and base power is 100 kVA.

Solution
Let us first draw the circuit diagram (Fig. 1.2).
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=

R Heater
V=6kV @ guoom [g]zsukw.

Fig. 1.2 Circuit of Ex. 1.1

From the given data,

3
Vipuy = A = 6x10 =2pu
Vg 3x10’
R _ 100
Rip.u.) = =— = L.111
g 90
v v Vi  (3x10%)
.'ZB=—8= 8 = B =[ x ) =900
Iy (VA Vg (VA)g  100x10°
s 250x10°
Heater (VA),, =Spu)= —= =2.5;
? S5 100x10°
p.u. current of (R) is given by
V
Ipu) = — 222 2000 _,
Ry 1111

Heate w) S
eater power (p.u.} _ Pipw) =2__5 - 125

V{p.u} ""tp.u.l 20
. p-u. currents of the 100 ohm resistor is 1.8 p.u. while that of the heater is 1.25 p.u.
Total p.u. current [, , drawn from the supply is 1.8 + 1.25 = 2.05
Per unit power of (R) is obtained as S(p.u.) of resistor = Vi, X Ip,,, =2 X 1.8 = 3.6,
while the p.u. power of heater is §, ,, [of heater] =V, % Jyp,,, =2% 1.25 =25
Actual power loss in the resistor is obtained as
s_q = SE X S,;[pu}
=100 kVA x 2.5 = 250 kVA (= 250 kW)

Ilpu.) =

[Also Sy = ((p.u.) x ) % Ry{p.u.) x Z (- loss = PR)
2
(VA)y T Vipuw)
=[1.25x R (v Zyz=R
[ Vi ] {y(pu) A s »

100%10° : 2
=|1.25% ——— | x—— x40
3Ix10? 1.25

= 250 kVA (= 250 kW) (for a resistive circuit})]
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Aclual line current is
I=lpu)xiy

VA 100x10°
VBs _ 5 05 x 10x10°
Vg © 3x10°
= 68.333 A,

=205 x

1.2 A sample 3-phase power system is displayed in Fig. 1.3. The component ratings are
as shown in Table 1.3,

6.6 kV ;}
Gy 11kV Ty Tz

L —— 1
mnl Ty i
N

Fig. 1.3 A sample power system

Table 1.3 Component rating

Ttem Power Voltage (L-L} Reactance
Generator no. 1 {(G)) 30 MVA 10.5 kV 240
Generator no. 2 (G4) 20 MVA 6.6 kV 1.8 Q
Generator no. 3 (Gy) 10 MVA 6.6 kV 1.2 Q
Transformer no. 1 (T,) 20 MVA 11 kV33 kY 15 €2 on HT side
Transformer no. 2 (T5) 20 MVA 6.6 kV33 kV 18 £2 on HT side
Line — — 20 (fphase

Assuming 25 MVA is the base power and 33 KV the base voltage, find the p.u.
reactances of the sample system components on a common base and hence .draw the
reactance diagram.

Solution )
The voltage base of G| is 11 kV while the voltage base of G, and G, is 6.6 kV.
~ for G, Xgy =2 Q (given), MVAg = 25 MVA, and Vg = 11 kV,

_ MVA x10° 25x10°

= = =227273 A
TRV %100 11x10°
Th X Yo X0 e
us, baselG) = — = =4,
w(O) = 1T mTs
X
while  X(pu)g, = el 20413
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Next, for G; and Gy,

MVAg x10°  25%10°

= = =3788 x 10° A
Kvy x10°  6.6x10°
X Vp  6.6x10° 17429
baselG2) T [, 3788x10°
X
g2 1.8
X, = =—— =1.034
O8I0 " X i,y LT
X
4] 12
and X(p.n.]Gg = m"=l—?— = (0.689,
5

For T; and T,
Vg =33 KV, MVA;=25 MVA

Mva, 25x10°

Iy = = =0.758 x 10° A
BT vy T a3x10?
Vy  33x10°
Xbuse(r;) = Xbase(ry) = T, 07810
= 43.54 Q.
Xg 15
For T, XTHpu.l = m=ﬁ = (.345.
Xy, 18
For Ty Xy, = ————=—"— =0413.
100 Kpgeerry 4354

For transmission line,
Vg =33 KV; MVA, =25 MVA

25 x10%

fs= =0.758 x 10° A
33x10°
Vg 33x10°
v o B_ TR 43540
baselliee) =y 0758 x10°
X 20
Thus, Kine(pu) = m=ﬁ
= 0.459.

The reactance diagram is shown in Fig. 1.4. (Figures are in p.u. reactances)
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0.345p.u. 0.459p.u. 0.413p.u.

T T T
0.413 p.u.
. 1.034 p.u. 0.689 p.u.
Gy
- + +
Gz Gy

Fig. 1.4 Reactance diagram

L3 Express the p.u. impedance (Z, ) and the p.u. admittance (¥, ) of an electric power
network in terms of the base voltage (V) and base voltamperes (VA)g.

Solution

zﬂ = -"r—B- = VE = VBZ
s ((VA)g | (VA)g
V.B
Ziwway [ 2 ) Z(VA)y
Also Zp.l.l. = Zm =Z =T
N Yv;
p Z,, (VA)

14 A 1l kV overhead line has a serics impedance of 23 £} and shunt admittance of
(.02 mho. Assuming the base power to be 25 MVA and line voltage as base voltage, find
the p.u. impedance and p.u. admittance of the line,

Solution
= £
ZP-“- zﬂ
Ve Vg
but Fp= —=
T L, (VA
H 2 (11x10%) 4840
e B asx108
Z(p.u.) 250 5.165
LU = = .
P 4840

¥(p.u.) = }’L = ¥ x Zy = 0.02 x 4.84
B

= (0.097 mho.
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L5 A 5 kVA, 220 V altemator has a reactance of 10 Q. Using ‘the rated kVA and
vo[tage as base values, obtain the p.u. reactance. Then refer this p.u. value to a 230 V,
7.5 kVA base.

Solution

For the first base (5 kVA, 220 V),
V=220V =1pu; Sg=(VA)g =5 kVA

Sy sx10?
fp= —=— =2273A=1pu
"V, T 220 P
Xjy(base reactance) = 1If'i=£ =9.679 02;
Iy 2273

p.u. reactance = X(Q)VX, = 10/9.679 = 1,033,
For 230 V, 7.5 kVA base, we obtain

2
Vag (VA (oeny
X o (new base) = X a4 X
k e (Vnew ] [[W-)mm;
= 1.033 x (220/230)" x (7500/5000) = 1.418.

1.5 CONCEPT OF CURRENT FLOW

In an energy source (say, a battery) there is a potential difference (p.d.) between
the positive (“+ve” or “+") and negative (“-ve” or “-") terminals measured in
volts, When there is no external connection between these two terminals, this
potential difference is the “emf™ of the cell. The potential difference is due to an
excess of electrons at the negative terminal with respect to the positive terminal.

As soon as these two terminals (+ve and —ve) are connected by a conductor,
the p.d. causes an electric current to flow in the circuit. This current is composed
of a steady stream of electron coming out of the negative terminal and passing
through the wire and re-entering the battery through its pesitive terminal. Though
the direction of flow of the electrons in the circuit is from —ve to +ve terminal,
the conventional direction of current flow is just taken as in the direction oppo-
site to electron flow. Thus the flow of current in the circuit is always assumed to
be from the +ve to the —ve polarity.

1.6 CONCEPT OF SOURCE AND LOAD

A ‘source’ delivers electric power (or energy) while a ‘load’ absorbs it. Usually
a resistor, an inductor, a motor, etc. can be treated as loads while a generator,
battery, etc. can be treated as source. However, it is interesting to note that a
number of devices like a motor, a capacitor, and inductor and some other electric
devices can act both as source and load (only exception is a reistor which can act
as a load only; similarly a photocell can act as a source only). Take the example
of a capacitor; when it is charged, it acts as a load, but during discharging it acts
as a source. During charging current enters into it through a particular terminal
which develops +ve polarity. During discharging current comes out from the +ve
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polarity and it thah acts as a source. Similar things happens for a battery. During
charging, current enters through the positive polarity and the battery becomes a
load while during discharging, current comes out of this positive polarity and the
battery acts as a source. Thus, in a general sense we can say:
# in a load current enters the device through the positive terminal and
® in a source current comes out of the device from positive terminal.
In both the cases, the *+ve’ polarity remains the same.

1.7 SIGN NOTATION FOR VOLTAGES

Usually we represent the positive terminal by (+) and having the higher potential
while the negative terminal by (—) having the lower potential. If we use subscript,
then it represents the potential of a particular point in the circuit (i.e., the node);
i.e., we denote the voltage at point ‘A’ (say) in a circuit as (V) or (E,). If V,, = 10
V it means point A has potential of 10 V (+ve). If (V) = =10 V, it means that
polarity of point A is —ve and the magnitude of the potential is still 10 V. If we
use double subscript we then represent the potential of that point with respect to
another point; e.g., (V45) = 10 V means the potential difference between points A
and B in a circuit is 10 V while point A is at a higher potential than that at point B.
This means potential at A is higher and (+10) V with respect to the lower potential
point B. If we say (V,z) =10 V, it means, the voltage between A and B is still 10
¥V but point A is negative with respect to point B (i.e., point B has higher potential
than point A). It may be remembered that a voltage (V,,) can always be repre-
sented by the voltage (—Vg, ).

1.8 CONCEPT OF POSITIVE AND NEGATIVE
CURRENTS AND VOLTAGES

A current flow is said to be +ve when the current comes out from the +ve polarity
of the device while it is said to be —ve when it enters the device through the +ve
polarity. Thus in a junction point in a circuit, a current is positive when it comes
out of the junction and is negative when it approaches the junction, the voltage at
the junction being +ve. In Fig. 1.5(a), (/;) and (I,) are +ve currents while (/;) and
({4) are —ve currents.

Fig. 1.5(b)
Fig. 1.5(a) Ilustration of +ve and —ve currents and voltage drops
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We next focus our attention to a closed loop circuit as shown in Fig. 1.5(b). A
battery of emf E circulates a current [ though a circuit having series resistances ry,
r, and ry. The drops (Ir), (Ir,) and (fry) are taken as the +ve voltages as current
through the resistors r, r, and ry passes from the +ve to —ve polarity of each of
the elements (since current passes from higher potential to lower potential, points
a, ¢ and e are higher potentials than their corresponding points b, d and f respec-
tively). Thus, the voltage drop in a load is +ve provided current flows within the
device through its +ve to —ve polarity. On the other hand, for the battery, current
flows through -ve to +ve terminal within the battery and thus this voltage (E) is
—ve. These conventions are important in understanding and dealing with Kirchhoff’s
current and voltage laws described in the chapter 'DC Network Analysis’ later in
this book.

1.9 OHM’S LAW AND CONCEPT OF RESISTANCE

Ohm's law states that electric current flowing through a conductor is directly
proportional to the potential difference between its two ends when the tempera-
ture and other physical parameters of the conductor remains unchanged.

Assuming (V) be the p.d. between the two ends A and B of a conductor, with
terminal A at higher potential, current (/) being tlowing through the conductor, we
can write as per Ohm's law

Vigesd

or, Vaig = R (1.5)
(R) being the resistance of the conductor (the constant in the equation of propor-
tionality).

Thus, R = VII; (V,5) being generalised as (V), i.e., resistance = volt/ampere

Ohm is the unit of resistance, the symbol being €2 (Greek capital letter “omega™).
If I ampere flows through a conductor, the voltage difference being | V across its
two ends, the resistance of the conductor is then said to be 1 Q.

[The reciprocal of resistance is called conductance (G). The resistance of the
conductor being the property of it which opposes the current flow through it,
conductance is the property that assists current flow through it. Obviously,

1

G=—.
R
The unit of conductance is mho or Siemens and following Ohm’s law,
V=IR or, :=% = VG (1.6)

1.10 CONCEPT OF RESISTIVITY

Let us consider a conductor of length ‘I’ m and area of cross-section ‘a’ m?
having the resistance (R) ohm. It can be written,
R = [, when ‘a’ is constant

R e l, when ‘I’ is constant.
a .
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Combining the two equations of proportionality,
R oo i when both ‘0" and ‘@’ are not constant (i.e. varying)

R=pt. (1.7)
o
{p) being the constant of proportionality; p (tho) is known as resistivity of the
material.
IfI=1m:a=1m2.R=p.
R-a Qxm?

MSU,p = —'}"—=
m

introduce another term here, known as conductivity (o) (reciprocal of resistivity).

= -m (unit of resistivity is thus £-m). We also

o= 1
o}
The unit of conductivity is Siemens (or mho)
L _1 _IG _
Also, o= p_ Ra  a (1.8)

Unit of conductivity is Siemens/m.

1.11 EXPRESSIONS OF POWER AND ENERGY IN
RESISTIVE CIRCUITS

If I be the strength of current in a resistive circuit, (V) being the potential differ-
ence across the terminals of the conductor having resistance (R) in the circuit, the
power absorbed by the resistor is given by

2
P=Vi=(R)I=PR= "’?w (1.9

and the energy disipated in the resistance (in form of heat) is then obtained as

i 2 \
W= J'P.d:=P:=FRx:= [V?xrjjoulc (1.10)
1]

Joude 15 the basic unit of electrical energy but commercially we frequently use
a bigger unit kWhr; it is a practical unit of electrical energy and is called Board
of Trade Unit (BOT), 1| kWhr = BOT. Also, | kWhr = 1 kW x 1 Hr = 1000 x 60
x 60 W.sec = 36 x 10° W.sec = 36 x 10° 1.

[It may be noted here that if the power absorbed by an element (or device) is
found to be —ve, we can say that the element is delivering power to the circuit
without absorbing power in real sense. Power is absorbed when current enters
through the positive polarity of the device while power is delivered when the
current comes out of the device from its positive terminal. ]
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1.6 A copper conductor of circular cross-section has length 10 m and diameter 2 mm.
Calculate its resistance if the resistivity of copper is given as 1.72 x 107 Q.m.

Solution

pl 172x107% x10  6.88 x1077
R=—= = = 0.0548 Q
a gx(2xI102)?  1256x10°
4 EREEREEN

1.7 A cube has resistivity of its material as 1.1 x 107 u.m, If it has all sides of length
2 cm each, determine the resistance of the cube between any two faces.

Solution
plLIx100 x2x107%  L1x107¢
a (2x107%)* 2x107
=0.55 x 107 Q = 55 uQ.

1.8 A conductor is 50 m long. It has a cross-sectional area of 2 mm’ while it offers a
resistance of 10 £2. Find the conductivity of the material.

Solution

r_ 50 0

p R 10x2x(107%)?

=2.5 x 10° Siemens/m

= 2.5 MS/m [+ 10° =1 Mega = | M]

o

L9 Among two cubes, the first one has a length of [ m while the second one has a length
of 21 m. Find the ratio of conductivities of the materials of the cubes so that the resistance
between any two faces of one cube is the same as that of the other cube.
Solution

We have seen in the text that.

1

o (conductivity) = —
p
o= L or R= —-',—
R-a ag-a
Here, for the cubes,
R=—L oL
Uilz fD’|
ﬂ.nd Rz = 2! = ]
o,(21) 2o,
R _20 . . A
%, = - = [~ as per given question R, = R,]
g
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1.10 A rectangular bus bar is made of aluminium and is 90 cm long, 10 cm wide and
1 ¢m thick. If the bus bar current flows along its length, find the bus bar conductance
provided the bus bar conductivity is 3.6 x 10® S/m.

Solution

0.9

— =25x10°Q
(3.6 x10%) (0.1 x1x107)

R= L=
a-da

Gi(Conductance) = % =04x10°S.

L11 How many electrons pass a given point in a conductor in 10 sec if the current
strength is 18 A? Assume charge of electron as 1.6 x 107'° C.

Solution

Charge () = I x ¢ (I = Current strength; r = time in sec)

Here O = 18 x 10 = 180 C.

1.6 % 107" C corresponds to charge of one electron, 180 C of charge would have

— 1 180, ie 1125 x 10"
1.6x107"

};1_2_ A charge of 400 C passes through a conductor in 40 sec. What is the corresponding
current in amperes?

Solution
Q=ixt
Q 400
.r- I_M] #]nA. BEAAREER

_1_1_3_ What is the p.d. across a resistance dissipating 50 W of power while the strength of
current is 5 A? What is the ohmic value of the resistance?

Solution
Wat 50 _
V= w5 10V
Wait (power dissipated) = R
R=W_0 g
jz 5* EE AR EEN

1,14 A current of 10 A flows in a resistor for 10 sec. How many coulombs of charge

pass within this time?
Solution
Q=fxf=l'ﬂ'><lﬂ=lﬂﬂc mapeEE®

115  An electric heater consumes 1 kWhr of energy in 30 min at 220 V. What is the
current rating of the heating element?
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Solution

Power E I Ti
Current, I= -y T
Volage Voltage

1x10% /0.5 ) 1
= 520 [+ time = 30 min = E hr]
=000 A. INERB NS

L.16  An energy source suppliers 500 J of energy at 100 V for a certain period of time.
Determine the quantity of charge passed through,

Solution

Power oo _ Energy _ 500

=] = = -
Q=1Ixr Voltage % Voltage 100

=5C

1.12 TEMPERATURE COEFFICIENT OF
RESISTANCE

The resistance of almost all electricity conducting materials changes with the
variation in temperature. This variation of resistance with change in temperature
is governed by a property of a material called remperature coefficient of resis-
tance (). The temperature coefficient of resistance can be defined as the change
in resistance per degree change in temperature and expressed as a fraction of
the resistance at the reference temperature considered,

If suffix | indicates the initial condition and suffix 2 the final condition, we
can write, from the definition of the temperature coefficient of resistance,

Change in resistance/Change in temperature

a ¥
! resistance at the reference temperature

Ry —R)/(1, — 1t
=(_,__|){; 1) (10
R
while e,is the temperature coefficient of the material at r, °C.
Similarly, at temperature 1, °C, the temperature coefficient of resistance being
expressed as o, we can write
(Rz _Rl )f{!"‘ _lrl}
= = .12
) R (L.12)
It is usual to specify the reference temperature as 0 °C while the temperature
coefficient of resistance is o, If r °C is the rise in temperature and the resistance
changes from Ry(at 0 °C) to R, and 1 °C, we can write

o R-R)G=0)_R-R,
°T Ry Ryt
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0T, (R, - Ra) =R0 %!
v R:=Ru+ﬂoﬂot

= Ry(1 + oyt) (1.13)
Again from equations (1.11) and (1.12) we find
o R R,
o _ 1
o, = - (1.14}

o

1
In general, if the reference temperature is 0°C, for 1 °C rise in temperature we can
write
1 1
=l/—+0@-0)=1/—+: (1.15)
%= e 2
The unit of a is Q/Q°C, i.e. per°C; e.g the temperature coefficient of resistance
of copper is

1
% 234.5
[It may be noted here that though the temperature coefficient of resistance has
a +ve value for all metallic conductors, some of the non-metallic conducors (e.g
carbon) has —ve temperature coefficient of resistance; o is —ve for these ele-
ments.]

°C

Effect of Temperature on Resistance
The temperature coefficient of resistance (a) being given by
R - Ry

Ryt

t will be positive for rise in temperature of the resistance from 0°C to ¢°C, If R, >
Ry, 0 is +ve and the profile of R, versus r can be plotted as show in Fig. 1.6.

Resistance | f - - o o e e e
{ochm)

-234.5°C 0°C #°C &°C t°Cc
for Cu ——— Temperature (*C})

b

Fig 1.6 Resistance-temperature graph
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The profile of R, vs t is a straight line. If we assume ¢, = 0, (R, - R,) tends to
zero and this given R, = Ry, then we can say if the temperature coefficient of
resistance for a conduclor is negligible, the resistance of that conductor remains
same for any variation of temperature. All metallic conductors have a positive
temperature coefficient of resistance while non-metals, electrolytes and liquid
conductors have a negative temperature coefficient of resistance. Semiconductors
and insulators also have negative temperature coefficients. A few alloys like
constantan, nickel chromium, manganin and eureka have almost zero temperature
coefficient of resistance. The resistance of those conductors increase with in-
crease in temperature whose temperature coefficient of resistance is +ve while
the resistance of those conductors decrease with increase in temperatures whose
temperature coefficient of resistance is —ve.

117 A piece of coppper wire has a resistance of 25 £ at 10 °C. What is the maximum
operating temperature if the resistance of the wire is to be increased by 20%? Assume o at
10°C = 0.0041 °C"'.

Solution
R, =50 Q1) = 10°C; @, = 0.0041/ °C
R2=5(]+U2:<5EI 60 02
= the unknown temp. at which R will be 60 .
Since R,=R [1+ ;-1
here we have
60 = 50 [1 + 0.0041 x (r, - 10)]
60 1
- =|—=1|——-
or ;- 10 [50 ] 0.0041
.'2=53.?B°C. [(EE LY

L18 A particular metal filament has a resistance of 10 Q at 0 °C. At 20 °C the resistance

become 12 . Calculate the temperature coefficient of resistance of that filament at 20 °C.
What is the temperature coefficient at 0 °C?

Solution
In the text we have seen

o, =
fOR

On simplification we may write
Ry=R,(1-@a -1

Here, Ry=104; R =120
r=20°C [=(t, — ;) = (20 - 0)°C)]
Hence 10=12(1 - &, - 20)
or 1W0=12-12x20xa,
12-10

0= -y = 000833°C,
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i.e oty = 0.00833/°C.
Also, R, = Ry(l + o) [as derived in the text.]
Here, 12 = 10(1 + ay x 20)
= E - i - o1
%_(10 1]}( 20 =0.01 °C
i.e. temperature coefficient at 0 °C is 0.01/°C. sesmsna

L.19  The temperature coefficient of carbon at 0°C is -0.000515 °C! and that of plati-
num is 0.00357 °C™' at 40 °C. A carbon filament has a resistance of 10 € while the
platinum foil has a resistance of 8 £ at 0 °C. At what temperature will the two elements
have the same resistance?

Solution
_ Hr”i]
oy = Ryt
Ryt = R, - Ry
or R, = Ryl + agt) [£)]
R -
o L
R -t
R-a-1=R-R,
or Ry=R(l -, 1) (2)

We can write, using equation (1) in (2)

Ry =Ryl + at) (1 =, 1)

or o, - -y or=0 (3)
or oy = @l + o) 4
o, = D
L+ eyt
Also, from (3),
ol -, N =g
o
I S (5)
1-a, -t

In this problem the (@} value at (” is given for carbon but the @ value of platinum is
provided for 40°C. Thus (&) of platinum at 40°C is to be converied to {a) at 0°C for
platinum,
.. For platinum,
_ 0.00357
% = 1=20% 000357

Let the resistances of the carbon and platinum filaments be equal at ¢ °C,
v R= Ry (1 + agr), we can write

B(1 + 0.00416 r) = 10(1 - 0.000515 - 1).
[Note that g, for platinum is 0.00416/°C as obtained and that of carbon is given as
(-0.000515/°C)]
or 8 + 0.033287 = 10 - 0.00515 ¢
or 0.03843r=2 .~ 1=352043°C,
Then at 52.043 °C, the resistances of both the filamenis are equal.

= 0.00416°C",
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1.20 The power consumed by a heating element made of copper wire is 250 W at 220 V

and at 30 °C. Obtain the power consumed by the same element at 220 V and 100 °C. The
temperature coefficient of the element at 30 °C is 0.004 °C"'.

Solution
v
Power loss at 30 °C(Py) = ——
Ry
1 2
Ry= =2 _ 9360,
Py 250
We know,

Rymec = Rygocll + a3o(100 °C — 30 °C)).
From the given data

Ripoec = 193.6(1 + 0.004 x 70) = 247.81 Q.
~ Power loss at 100 °C is obtained as

220° Vi
Piwee = 47 81 (- 3 is power loss)
= 19531 W,

[MNote that with increase of tlemperature, voltage applied being the same, power dissipated
is reduced though the resistance term in (F*R) is increased. Since current has predominant
effect in power loss than resistance hence with increase of temperature when resistance
increases, current decreases and hence power loss decreases.] cesmsaa
L21 A resistor is made up of Alloy 1 dissipating 50 W of electrical power at 110 V at
20°C. Another resistance of Alloy 2 is made having the same resistance as the first
resistor but consuming double amount the power of the first one. What is the current
flowing through Alloy 2 resistor? Assume temperature remain constant during the entire
process.

Solution

vi 110
alloy | = ?=_5-IJ_ =242 Q
As per question, R, 3 = Ry
Let I be the current flowing through the Alloy 2 resistor.
& PRy =2x50, [ P, in the second one is twice than that of alloy-1.]

R

p= 10
242"
al'l.l:l I=0|ﬁ43ﬁ. IR RN}

1.22 A heat-dissipating wire dissipates 100 W at 50°C when sub]ected to applied voli-
age of 220 V. If the wire diameter is 0.01 mm and resistivity is 2 x 10°* Q - m, find the
length of the wire assuming the temperature coefficient of resistance at 20°C as 0,005°C,

Solution

v:_220
P 100

Alsﬂ Rso = Rzn[] + ﬂ:n (50 - 2'3‘]]

At 50°C, Ry = = 484 0.
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or 484 = R,y [1 + 0.005 x 30].

484
R = 14152 Q.
T30

2%107% %!
a %[(ﬂ,m)\2 x1070]

[~ d=0.0! mm=0.01 x 107 m.].

141.52 % %[(u.m)z % 1079]
= <

2x107F

= (.5555 m.
Thus, the required length is 0.5555 m. emtEseE
1,23 A non-metallic resistor has temperature coefficient of resistance of ~0.0005/ °C at
20 °C, It dissipates 50 W power while drawing 1 A current at 20 °C. It is now connected
to a 230 V source at 100 *C. What will be the power dissipation?

Solution
At 20°C, Py =Ry,
50
Rypy=—— =50Q
e
At 100°C, Ry =Ryll + oy - 1]
Here Rigo = 50[1 - 0.0005 (100 - 20)]
= 48 ohm.
v o (230)°
P (Power loss at 100°C) = = = 1102 W,

|00 48 sEREEEw

Bessennnnsss ADDITIONAL EXAMPLES sesrnsssssam

12_4. A heater is operated at 220 V and has an efficiency of 99%. The energy consumed
is 1.5 kWhr in one hour. If it is required to boil a liquid that requires 100 kJ of energy,
find the time needed to boil it. What is the resistance of the heater?

Solution
Let [ be the input current to the heater.

Power _ (Energyftime) _ 1.5x10°/1

1= Volnge ~ Voluage mo - 68A
Qutput
Efficiency = i
Input
99 Output

Here ﬁ = Ill[‘.'l][ .
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To have an output energy of 100 kJ, the input is (Output + 0.99), ie. 100/0.99 =
101.01 kJ.

But Energy = Power x Time

g Time = Energy + Power

101.01x 10°
= ———— [ P=Vx[=220x 682]
220 x 6.82
= 67.32 sec.
Thus it will 1ake 67.32 sec 1o boil the liquid. The heater resistance is oblained as
R=Y-20 _n35q
f 6.82 BFREREEe

1.25 The resistivity of a material at 0°C is 8 x 10 Q- m, while itis 10x 10%Q - mat
30 °C. Assuming the resistivity versus temperature profile of the material to linear, find
its resistivity a1 10 °C,

Solution

Since the resistivity-temperature curve of the given material is linear, hence the slope (m)

can be expressed as
Pw—py (10=-8)10"°
M et 30-0

= 0.067 x 107°

Also, from this equation m = -
Iy —=ly
Pag = Po + mity, = Io).

Generalising this for temperature 1, and t; when 1, > ¢;, we can write

P, =Py, tmin-n)

. we get

P.f: -Ph

I =4

where m=

Then for 10°C,
Pio = Py + m(10 - 20)
=10 % 107" + 0.067 x 107* x (-10)
=933x10% Q- m.
Thus the resistivity of the material at 10°C is 9.33 x 100 Q . m. TITILL

1.26 A given conductor has a resistor of 5 . What is the resistance of another conduc-

tor of the same material, which has one-half the diameter and five times the length of the
given conductor?

Solution
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Here a = J:Tl: = T—

B given)
_— I¥En
2 g

a iz["_lf _[“_IT -
az d; \d, dipz

=
g
5
i

h
Also i, =5l or 1'_=5
1
R L a
2 =2l —s5x4=2.
R, b a

R|=5ﬂ & Ry= Ry x 20 =100 0.

1.27 Obtain the ratio of powers lost in two resistors when
(a) each being connected across the same voltage
{b) each resistor is to carry the same current.
Assume same length and material for each resistor but the first one having a diameter

twice that of the other. The cross-section of each of the resistor wire is circular.
Solution
(a) Voliage applied remains same for each resistor:

vy Vi gV}

R plla,  pl 4 pl

1

2 vid?
Similarlly, Py= L =% "2
R, 4 po
Since d, = 2d,
x vid}
R4 pl di  4d;
P gviai) 4 4
4 p
(b) Each resistor carries same current:
P|=IZR1=,'2)<p)< £ = 4 P _.Of_
a x d;
Similarly,  Py=PRy= 2 .12 P
b8 d._f
d| = ng.
4 2 2
r A a2 a2
1! %.fz.ﬂfdg dt 447 4
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1,28 A copper wire having a cross-sectional area of 0.5 mm? and a length of 0.1 m is
initially at 25 °C and is thermally insulated from the surroundings. If & current of 10 A is
set up in this wire,
(a) Find the time in which the wire will start melting.
(b) What will this time be, if the length of the wire is doubled?

Assume the resistance of the wire remains unaffected with variation in temperature.
Density of copper is 9 x 107 K/m®; specific heat of copper = 9 x 107 cal/(kg x°C) and
melting point of copper is 1075 °C. Specific resistance of copper is 1.6 x 107 Om.
Solution

(a) Mass of copper = Volume X Density

=05x10°%x0.1x9x 10}
=45 % 107 kg.
Rise in temperature (0 °C) is (1075-25)°C, i.e. 1050 °C.
Heat required () to melt the copper wire is
1*Re
42
[{ = current in the wire having resistance R and ¢ is the time in sec for which

current flows]
However, from the concept of calorimetry,

H=

H=ms8
[m = mass of wire, s = specific heat, 8 = temp. rise].
o1 g 01
Also, R_pa =16x 107 x 0.5 %10
=32x107 Q.

2
Since IRe = msB, we have
472

108 x3.2x 107 %1

4.2
or r = 5358 sec.
(b} Eleciric energy = P*R1. When the lengih of the wire is doubled, R is also doubled.
However the mass remaining constant, H is also doubled. Hence the wire will
melt in the same time. EEERIES

=45 x 107% % 9 % 1072 x 1050

1.%9 A heating element is made of some material having the temperature coefficient of
resistance an 0.00065 °C~' at 0 °C. What will be the ratio of its resistance at temperatures
30°C and 30 °C?

Solution

Ler R be the resistance at 0 °C for the element. At temperature 8,°; we can write
Rgl = Rpll + oy(6,° - 0]

while at temperature 8,° we can write

J'if,,2 = Rll + 0y(6,° - 0°)]

o 1408”000y + gy
Ro,  1+a6;° '

= (1 + @y8,")[1 - 08,° + (8,°)° - ...] (1)
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Since o is small, we can neglect higher power of 0. Then we can write from eqn (1)

Rg,
R—: 1+ o(8 — 85°).

ay
Rﬂ:
Here }-—— = 1 + 0.00065 (50° — 80"} = 0.9805, where
ax
e|=50¢C: 62=E':}°C. EREEE N

1.30 A rectangular metal strip has dimensions x = 100 em; y = | cm and 2 = 0.5 ¢m.

Obtain the ratio of resistances R,. R, and R, between respective pairs of opposite faces.

Solution
In Fig. 1.7, R, = resistance along the length

x !
= — G R=p—
o5 [oref]

Fig. 1.7 A rectangular metal strip

R, = ,p’l‘r [R, = resistance along the breadth]

I

and R.= IR, = resistance along the thickness]
XXy
px py p1 ¥y
.Rt:h'} R:=— —:—:—Ji:——%-
¥ X Xxy ¥I Ix Xy

=
L

100

L31  Temperature of a heating element is governed by the relation @°C = 20, 1 being
expended in seconds. The lemperature coefficient of the material at 0°C is 0.0005 °C™'. If
the initial resistance of the heating element is 5 £, find the energy dissipated in the
heating element over 10 sec period of time. The applied voltage is 220 V (dc).
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Solution
Atr=0,8°C=20x0=0°C [~ 8= 201, given]
Resistance at any temperature 8,°C is given by

Ry, = Ryll + 0(6,° - 0°)]

ie., Rg‘ = Ry[1 + &,08,°] = R(1), in this case.
Given Ry =5Q, &, = 0.005°C", 8, =201
R(n = 5(1 + 0.005 x 200) = (5 + 0.5r) Q.
] r Vz
However, Energy = JP cdt = | ——-dr
R(t)
0 0
]
- jﬂ.m
A 5+0.5n

10
2
= 2207 IL =220 s +0.50)] "
n[5+0.5:} 0.5 9

= 96800[In(5 + 5) = In(5 + 0)] = 67.1 kI

1.32 1In a current carrying conductor the current density is expressed in § A/mm? while
its resistivily is px 1075 Q em. If the specific gravity is (5), find the power loss expressed
in Wrkg.

Solution

! i AN
P =RF=p— - Fx10°= p~ . al[--J x 107
a a a

[ .. current density = current/area; area is expressed by a cm’.]
2
or P,mzp(-!] ® la x 107®
a
However, (I x @) represents the volume of the conductor,
2
P = p[i] x 107 Wiem?.
a

However, mass of 1 cm® of material = § gm

2
Loss in walts for § gm = p[i] x 1070
[/

2
i.e., loss in watts for one gm = p[i] x%x 1078
[
. pr107% x (e x10%)® x10°
or loss in watts per kg = S ——
[ a=L arem? =1 <107 Mrnmz}
@ a
10 pa®
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L L] T TN

;l 33 For a particular element the temperature coefficient of resistance is 0.005 °C™' at

0°C. The temperature varies linearly with time and is given by the relation 8°C = (10 +
L0¢), where ¢ is expressed in seconds. If the initial resistance of the element is 1 ohm, find
its resistance after 30 sec. The clement does not melt up to 500 °C.

Solution
Att=0; 8, = 10°C, as obtained from the relation 8°C = (10 + 101). Also, Rjp =18
At f=30sec, 8°C = 10 + 10 x 30 = 310°C
y R!IU = Rlﬂ[l + aml:3lﬂ - IOH '[1]
&y
But Oy = ——————
T 146, -0)
[We derived this relation earlier in Ex. 1.26]
(.005
H = ——————— = 0.0048/°C.
e 0= 140.005%10

Thus from (1),
Ryp = 11 + 0.0048 x 300]
=2.44 ().
Thus, after 30 sec, the temperature of the element would be 2.44 2. TTIIIL

L34 A heating element is subjected to a voltage of 220 V. The resistance of the element
is a function of time when voltage is applied across it and follows the relation R(r) =
5¢* € (r being expressed in seconds). How much heat energy would it generate after
10 seconds?

Solution

Energy = JP dt "J R[f).

= | =Z—.dt=

[}
(2200 (220 G feary.an
5e! 5
= 9680 (1 — e™) Joule.
After 10 seconds the energy generation is

9680 (1 - ¢ %) = 9680 Joule,

1.35 Find the current flowing through a 60 W bulb at the instant of switching across a
220V dc supply if the incandescent bulb filament temperature is 2020 °C and the tem-
perature coefficient at 20 °C is 0.005. Also assume the room temperature is 20 °C.

Solution
Just at the moment of switching the filament temperature is 20°C and we are to find
current at this temperature. However from the given data, utilising the formula in the text,
Rapao = Ryl + oryglty = 1,)]
= Ryl1 + 0.005 (2020 - 20))
=Ry x 11.
R
11

0=
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However, R = y = v
’ 202077 (at steady state)  (W/V)
=20 _ema
60

Ry = f'lﬂT? =7336 Q.

Thus current at the moment of switching, i.e. at 20 °C would be

vV _ 220
ILy= ——=—— =3A
- Rm ?336 EsEaEaANN

1.36 Two materials, A and B, have resistance temperature coefficient of 0.004 and
0.0004 respectively at a particular temperature. In what proporiion must A and B be
joined in series to produce a circuit having a temperature coefficient of 0.0017

Solution

Let us assume that at the lower temperature let the resistance of A be 1 £ and that of B be
r ohm. As the temperature is raised by 1 °C, the resistance of the combination becomes
[(1+ {1+ 0.001 x 1]].
However, individual resistance of element A at r°C is [1(1 + 0.004r)] and that of B is
r(l + 0.00044)].
Since both the elements A and B are in series.
[L(1 + 0.0040)] + [r(1 + 0.00045)] = [(1 + r} {1 + 0.001 x t}]

or 1+0004¢+r+00004t%xr=1+0001r+r+0001txr
or 0.004 + 0.0004r = 0.001 + 0.001r
r=3.

Thus the required proportion A and B that must be joined in series is A:B=1:5,

1.37 In Fig. 1.8(a), assume all the resistances are equal to r. A battery with V = 2 volis
and internal resistance of 0.1 Q is connected across the given circuit. Calculate the value
of r for which the heat generated is maximum.

n 2 3

+
-

Wiy {
Fint - %

Fig. 1.8(a) Circuit of Ex. 1.37 Fig. 1.8(b) Simplified circuit of
Fig. 1.8.1

= -

Solution

Let us simplify the circuit as shown in Fig. 1.8(b)
R, = parallel of ry, r; and ry
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Since FI=r=rh=F
Ry =113
Current from the battery is [ = V — = 3V ‘
Req"'ﬁnt L r+3n,
3 i

The rate at which heat is generated in the circuit is given by

2 2
w=.r=RuJ=[ A )x£=L’,.
r+3n, 3 (r+3n, )
Heat will be maximum when
aw _ g
dr
‘e daw _ _3v: 6vir
o dr [r+3r'-mf (r+3r1-m}]
3y’
or ,[1- 2r ]:0
(r+3r,)” r+3n,
Zr=r+3r,
or r=3r,=3x01=030

Thus, at ry = ro = ry = r= 0.3 £}, the heat generated will be maximum,

| EE RN R R RN NN EXERC]SES (ER RN RN RN TN |

1. Name the fundamental units in 51 system. Why is the SI system preferred?

2. What are derived units in SI system? Name a few used in electrical engi-
neering.

3. What is per unit (p.u.) system of measurement? What is its convenience?
How do you convert a p.u. gquantity from one base to another base?

4., How does electric current flow? How do you use sign notation for volt-
ages?

5. How do you distinguish between source and load in electrical engineering?

6. State Ohm’s law and define resistance. How do you express Ohm's law in
terms of conductance? Can we apply Ohm’s law in any electrical circuit?

7. What is resistivity? How is it expressed? What is its unit in 81 system?

8. Write the expression of electric power and energy in terms of current and
resistance. How is voltage related to electric power expression? What do
you mean by negative power?

9. (a) Define temperature coefficient of resistance. If e, be the temperature
coefficient of resistance at 1 °C, ¢ be its value at 0 °C for any metal,
show that we can represent ¢, as

1

Ry

Xy

(b) When can temperature coefficient of resistance be negative?

o, =
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10. Find the power consumed by the combination of resistances when con-
nected to a voltage source of 100 V at terminals P-Q (Fig. 1.9).

(Ans: 3.125 kW)

20 90 90 90
LATA" A A" b A"AY
b
+,
1
P 100V Q
Fig. 1.9

[Hint: Fig. 1.9 can be reduced as shown below:

20 an 80 20 |

I= % =25 A; Py = PR = 25" x 5= 3.125 kW.]

11. A circular wire of resistance 5 Q is stretched to twice its original length.
What will be the resistance of the wire now?

(Ans: 20 Q)
[Hint: Suffix 1 represents the parameters of the original wire while suffix
2 represents the parameters in the stretched condition. The mass (m) of
the wire remains the same.

m=axrtlyxd=nmrl,xd [+ m=volume X density]
Since [, =21, "22 = rffz.

If R, is the resistance of the dﬁgina[ wire, R, that of the stretched wire, we
have
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13.

14.
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_oh o h
Ri=p—Fi B=p—
i R
R L
—2=2—l=2x2=4
RI !lrzz
Then Ry=4R;; Here R, =4x5=20L%])
2

A heater wire length 50 cm and 1 mm* in cross-section carries a current of
2A when connected across a 2 V battery. What is the resistivity of the
wire? (Ans: 2 x 107! Qm)
5
tini: p= RE=Y x 8 2 2, DXI0 51010 o)
112 50x107
A copper rod of length 20 cm and cross-sectional area 2 mm? is joined
with an identical aluminium rod, as shown in Fig. 1.11. Find the resistance
of the combination along its length and between the ends. Assume
Py =17x10°%Qm; p;=26x10° Q- m. (Ans: 1.0 mQ)

e ()
U U

Al
Fig. 1.11
' I 1.7x10%x20x1072 3
[Hint: R, =p,— = — =L7x107 Q
a 2x1078
26%x108 x20x107
R,l=pa|£ = =26x107°Q

2x107
The rods are in parallel and hence

_ Ry xRy 17x107%x2.6x107
R,+Ry 17x107+26x107

=1.0m £2.]
A wire of resistance 20 € is bend to form a P
<omplete round loop. Find the amount of heat it
will generate if a voltage of 10 V is applied at

diametrical opposite points m — n in the loop
(Fig. 1.12). (Ans: 20 W)
[Hinr: Let us assume two points p, g at the top q
and bottom of the circle and diametrically oppo- sl i
site. It is obvious that across 10 V source, cur- 1|':nv
rent will enter at m and pass to n through two

Fig. 1.12

parallel paths mpn and mgn. Thus the equivalent
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R xR
resistance across mmn is given by R, = R] n Rz ; R, = resistance of mpn
and R, = resistance of mqn. P
_ 1010 =50
10+10
Vi 100
Plos= — =—— =20 W]
loss Rmn 5 I
Find the equivalent resistance between points @ and b of the infinite lad-
1++5
der shown in Fig. 1.13. (Ans: Regap) = T-J_ ‘R)
R c R R
8 o—AAN—4—ANA——AWN, -
% R R §H‘
bo -— + —_————
d
Fig. 1.13
[Hint: Let Reg(sp) be the equivalent R ¢
resistance between a — b. As the lad- 2 MWA—
der is infinite, R, is also the equiva-
lent resistance of the ladder to the FAe= R gﬂw
right of ¢ and d point. Thus, we can
replace the part of right of cd by a be -
resistance R, and reduce the given Fie. 114
ladder network as shown in Fig. 1,14, g 1.
R RaxR
Rga=R+ R, 7R
2 2
or Ry -RR4-R =0
}ar+,,/1?2 +4R* 1445
ch = 3 = > ‘R

A copper wire of resistivity 1.7 x 107 ohm - m and density 8900 kg/m*
and an aluminium wire of resistivity 2.8 x 10 ohm - m and density
2700 kg/m* here the same mass per unit length, What would be the ratio
of resistances of aluminium and copper wire per unit length?

R, /length
(Ans; ———— =
R, /length 2
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[Hint: Let &, and &, be the resistance per unit length of copper and
aluminium,

& _ R _pla _p A
& Rl pla, py A
Also, mass = volume X density. Here,

my = (ay)dy; my = (ayl5)d,

. my iy
But as per question, — =
h L
d d a; d
= or —=-—
aya) = dals a  d
dy  1.7x107%
Hence §—|=fl—x~l—= x89m=2
S pr dy 28x107% 2700
& resistance/length of aluminium |
Hence = = =

_‘51_ resistance/length of copper 2

A 12V, 24 W filament bulb is to be used against a battery of N number of
cells. Each cell has emf of 1.5 V and internal resistance of 0.25 €. How
many cells are to be used so that bulb runs at rated power?
{Ans: N = 12)
[(Hint: W= VI=24;, V=12 V; [=2A. As the bulb is connected to the
battery in series, for each cell V = E — Ir, r being the internal resistance of
each cell.

Or, V=15-2x0.25=1V, assuming the cells are in series.
Thus 12 cells are required so that the voltage across the bulb is 12 V]
Two wires made of the same materials and same cross-sectional area but

- the second wire has twice the mass than the first wire. If same current f

flows through both the wires, what is the ratio of heat produced in the two
wires? (Ans: In series H| : Hy =1:2,in parallel, H, : H;=2:1)
[Hint: Let the first wire have mass m while the second wire have mass
(2m). Using the relation, m = (a I)d (- mass = volume x density) we find

mo_ehd b1

2m - Hfzd ! f-z 2.
! R 4L
But R=p=, o —=-—t=_,
. pﬂ Rz ;rz 2

If they are connected in series, in the first one heat produced is H, = I’R,,
while in the second one heat produced is H, = IZRE.

H R
Hy R

1
2
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On the other hand, when they are in parallel, V across each of them

2 2
remain same. This time H, = , while H, = ZT .
1 2
Ho_ k2
H, R 1

Current flows through a copper bar of length 5 m long and 10 cm? cross-
sectional area. If the resistivity of the bar at 0 °C is 1.6 x 107 Qm, find
the resistance of the bar at 0°C. If the strength of current is 5 kA, find the
potential drop across the bar. If the bar is now stretched to form a thinner
bar of 5 cm?® cross-section, find the new resistance of the bar. If the same
current is passed through the bar in original condition as well as in stretched
condition, what is the ratio of heat produced in two conditions?
(Ans: Ry=8 x 1075 Q; V = 0.4 Volt; R cpeq = 3-2 % 107 Q;
Heat loss increases 4 times on stretching)

| 1.6x107% x5

a  10x10~
(ii) Vygp=Ix Ry=5000% 8 x 105 =04 V
(iii) After the bar is stretched,

Volume _ (5x10x107)

[Hint: (i) Ry= p =8x107° Q

=

" New area sx107
(" volume remains same before and after stretching)
=10 m.
1.6 x107% x10
Rpew=p X L = - T =32x%x107 Q.
a sx10™

(Note: resistance increases under stretched condition.) If H, and H, be the
heat produced in two conditions,
H,=PRy; H,= PR, X I
H| :Hy=Ry: Ry = 0.25.]
A battery of emf 6 V and internal
resistance of 0.1 Q is charged by a
de charger (Fig. 1.15) with a constant
current of SA. What is the p.d. across
the terminals x-y7 (Ans: 6.5 V)
[Hint: During charging current enters
the battery through +ve terminal i.e.,
current passes from x — y. The bat- "
tery is absorbing energy.
HereV, - V, is p.d. across the bat-
tery. Since the battery emf is 6 V, we can wrile
V, — 6 —drop in 0.1 Q internal resistance — V,, = 0
ie. Vi=6-5x0.1-V,=0
: V.-V, =65Vl]

Charger

Fig. 1.15
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ELECTROSTATICS

2.1 INTRODUCTION

In electrostatics we deal with static electricity (i.e, when charges are at rest). The
knowledge of electrostatics is important in electrical engineering as we frequently
come across the design process of electrical insulations and performance of various
equipment, cables and overhead lines when subjected to electric stress. Natural
phenomenon like lightning is very much related to electrostatic processes and
laws. Electrostatics finds extensive applications in extra high voltage systems
(ehv) in transmission engineering. Capacitors play a vital role in different spheres
of electrical engineering as well as electronics engineering. The performance of a
capacitor can be best analysed and it can be properly designed with knowledge in
electrostatics.

2.2 COULOMB’'S LAW AND CONCEPT OF
PERMITTIVITY

Coulomb’s first law states that like charges repel each other while opposite charges
attract each other. Coulomb's second law states that the force of attraction be-
tween two opposite charges or force of repulsion between two like charges is
(a) directly proportional to the product of the charges, the distance between
them being same;
(b) inversely proportional to the square of the straight distance between them,
magnitude of the charges being constant.
If we assume the charges to be of magnitude (Q) and (g) separated by a
straight distance x, then from Coulomb’s second law we can write
Foec(J- q.’.rz. (F) being the force of repulsion if both charges are alike or force
of attraction if the charges have opposite polarity. The force (F) is measured in
Newtons when the magnitude of the charges are expressed in Coulombs and the
distance in meters.
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@n

(K) being constant of variation and in SI unit (K) in vacuum is given by i:’dns,,;
otherwise K = 1/4xe, when the charges are placed in any other medium other than
vacuum Or space.

Q-q
4Amex®
In electrical engineering we term this £ as permittivity of the medium in which
charges are placed. It is known as absolute permittivity and is represented as
E=E,XE, ' 2.3)
where (g,) is the permittivity of space while (£,) is the relative permirtivity of the
medium where the charges are placed.
In SI unit,

F=

(2.2)

£,=8.854 x _ll}_|2 Farad/metre
1 1
4mE,  Axrx8.854x107"2

Thus, Coulomb’s law can be written as

:9X109

X
F=9x10® 229 (2.4a)
E x"
When the charges are placed in vacuum (or space),
F=9x10° 29 (2.4b)

X

If =g =1 Coulomb and x = 1 metre, from Coulombs law, F =9 x 10° Newtons
(in space). This gives rise to the definition of unir charge (i.e. 1 Coulomb) which
means that it is such a charge which when placed at one metre apart from another
similar charge experiences a force of 9 x 10° Newton in vacuum.

2.3 PERMITTIVITY

Permittivity of a medium is basically that property of the medium which permits
electric flux to pass through it. If the permittivity is more it means that the
medium allows more flux to pass through it and hence this medium is more
susceptible to the electric field.

Absolute permittivity (€) is the ratio of electric flux density in a dielectric
medium to the corresponding electric field strength and is expressed as Farad/
meter.

e e= % F/m (2.5)

where & is electric flux density and E is the strength of the field.
Also, £= €, X ,, where £, is the permittivity of free space (8.854 x 107'2 F/m)
and (g,) is the relative permittivity of a dielectric medium. It is defined as the
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ratio of flux densities of the dielectric medium to that in vacuum produced by the
same electric field strength.

- E=E, X E,).

Relative permittivity of space is | while that of air is 1.0006. In practice, we assume
g, of vacuum and air as 1. Commonly used dielectric medium have permittivity
between 2 and 10.

2.4 ELECTRIC POTENTIAL AND POTENTIAL
DIFFERENCE

The electric potential at any point in an electric field is defined as the work done
in joules in moving a unit positive charge from infinity (i.e., from zero potential)
to that point against the electric field.

Work done

Electric potential = —————
P Electric charge

or V= (2.6)

Lid
0

When W is expressed in joules, @ in coulombs, V is expressed in volts. Then
the electric potential at a particular point in an electric field is one volt provided
one joule of work is done in moving a unit positive charge from zero potential to
that point against the field.

In electrical engineering we are more interested in measuring the potential
difference between two points in a field than to know the absolute value of the
electric potential at any point s in the field. The porential difference (p.d.) is the
work done in joule in moving a unit positive charge from the point of lower
potential 1o higher potential within the field.

The potential difference 15 obviously measured in volts and the p.d. of one volt
means one joule of work is done in bringing a unit positive charge from the point
of lower potential to the point of higher potential within the electric field.

2.5 EXPRESSION FOR POTENTIAL AT A POINT
WITHIN AN ELECTRIC FIELD

Let us consider two positive charges, the first one having a charge of ¢ coulombs
while the second one is a unit positive charge. Both the charges are assumed to
be placed in space at a straight distance x metres between them. From Coulomb’s
law we can express the force of repulsion between these two charges as
oxl . -
F = ———: g, being the permittivity of space.
(4?[8,,].:2
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The work done dW in moving the unit charge towards the charge Q for a small
distance dx metre will be given as

dW = [L(—a{r)] joule
(47, ) x*
Work done is negative as the charge is moved against a repulsive force and
against the direction of the field.
In order to find the total work done in moving the unit positive charge from
infinity to any point d metres away from the charge Q against the field, we will
integrate the expression of dW obtained within the limit of integral = to d.

W= J-+Q(_dx) tQ—[-l:E ——Q— joules
[4?55 )x 4mE, x (4me,)-d ’

Thus, from definition we can write the potential at a point 4 metres away from the

charge Q is simply ( ) volts,

dne, - d

V=

(4 o d volts (2.7a)
If the analysis be performed assuming the surrounding medium as a dielectric of
negative permittivity £, we can modify the expression for potential at distance d
away from @ as

Q
V= ame,c, d volts (2.7b)
If we consider an isolated sphere of radius R placed in space and having +ve
charge Q@ coulombs uniformly distributed over its surface, the potential at the
surface of the sphere would be

.2

" 4nme, R
[the charge on the sphere would act as a concentrated charge at the centre O of
the sphere.]

The potential will remain constant for the space between @ and R in the sphere
and will be same as the potential V at the surface of the sphere. The surface of the
sphere would be termed as equipotential surface and electric lines of force always
cross such a equipotential surface normally.

(2.8)

2.6 ELECTRIC FIELD INTENSITY

The intensity of the electric field at a point is defined as the mechanical force per
unit charge placed at that point. The direction of the intensity is same as direction
of the force exerted on a positive charge.
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Thus, if F be the force experienced by a test charge g placed at a point in an
electric field, the intensity E at that point is given by

=L (2.9)

q
E is expressed in newton per coulomb or in volt/metre (V/m). Frequently the term
electric field strengrh is also used in-

stead of the term electric field inten- X » ‘

sity. M, N 5 E
Let us assume a positive point  (+@Q) (+q)

charge +Q is placed at a point M and a

. . Fig. 21 A (+ve) charge (+Q) placed
test charge +g is placed at point N, as & in an ele cm'cg_ﬁel dQ P

shown in Fig. 2.1.
The force F experienced by g is given by

Qq

F= .
4me, x*

Since intensity E is given by F/g, we can write
E= Q

4ne, x

;e (2.10)
The direction of E is towards the point charge or away from it according as the
charge is negative or positive.

[In vector form the intensity can be expressed as

—‘E.: 1 X"-Q,—+;'
41%,, r-
2 1 g -
= X—. .
or E ane, 3 r (2.11)

~ . " o
where x is the distance between the charges @ and g; r is unit vector along r and
is given by

2.7 ELECTRIC FIELD INTENSITY AND
POTENTIAL OF ISOLATED POINT

+q P r
Figure 2.2 represents an isolated point charge +qg placed Fig. 22 An isolated
in space. We are to find the field intensity and potential point charge
at point P. (+q) placed

in space
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To find intensity:
By definition of electric field intensity, the intensity at a point along the direction

;' is given by (in vector form)

L4
4ne, r

— -~
E = r {2123.)

where g = positive point charge
r = distance between +g and point P and
-

F = unit vector along r.

- o
-
E=—L |4, |wi=L =L (2.12b)
Ao in "

From Egq. (2.10), we can also write field intensity as

1 9
E= = 2.12¢
i, 2 @120
To find potential:
By definition of potental at a point P,
[ [1(a L (g q
=—|IEldr= - — |dr=-|- (”)—0 =
J d J-4m:,, [rz ] ' [ e, \r } 4ne,r
q
V= . 2.12d
dne,r ( )

2.8 ELECTRIC FIELD INTENSITY AND
POTENTIAL GRADIENT

Electric field strength E due to a point charge at any point in the vicinity of the
charge is defined as the force experienced by a unit positive charge placed at that
point within the field. It is expressed in Newton/Coulomb (or volt/meter). If this
force is stronger, the electric field strength is more. We also can state that the
work done in moving a unit positive charge through a small distance dx meters in
the direction of the field is given by Unit positive
(dW) = force x displacement of the charge charge

= E x dx joules, where E is expressed in
Newton/Coulomb.
Obviously this work done would be equal to the
*“drop™ or reduction in potential as this time the unit
positive charge is moved along the direction of the
field and the work done would consequently be
positive.

Direction of
field

Fig. 2.3 A unit (+ve)
tharge in a field
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Then we can write dV = E % dx

dv
g4V 213
or dx @13)

(dVldx) is known as the potential gradient and is thus the drop in potential per
meter in the direction of the field. It is expressed as volt/meter. We thus find that
the electric field strength and potential gradient being same, both are expressed in
volt/meter.

2.9 ELECTRIC POTENTIAL ENERGY

Let us consider a system of two charges Q, | x ]

and @,. Suppose @, is a fixed charge at a M .-‘:L _—f-hif-:_ P
point M while the charge ¢, is taken froma Ea+ —°

point & to a point P along the line MNP
(Fig. 2.4).

Let distance MN = x|, while distance MP = x,. We consider a small displace-
ment of charge @,. Its distance from M then changes to (x + dx). The electric
force on 0, is given by

(412

F=——"— in direction M to N.
4}130):1

Fig. 2.4 A system of two charges

[We assume the medium in which the charges are placed in space and hence
g=1]
The work done by the force in making small displacement dx by the charge is

aw= 2% _ 4

4, x

[-- Work done = force x displacement]
The total work done as @, moves from N to P is thus

Xy
W= 20, dr
4re, x*
5
= %[i - l] joule (2.14)
4@:; X X2

[Charges are expressed in Coulomb and distance in metres]

(It may be noted here that no work is done by the electric force on the charge @,
as it remains fixed.]

The change in potential energy is thus

u(xs) - ulx)) = -W= —%[L - i:I
4550 X X3

_ 2 [L-l} (2.15a)

B 4, | X7 X
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[We define change in electric potential energy of the system as negative of work
done by the electric force.]

If one charge is placed at infinity, its potential is zero and consequently u(se) =
0.

The potential energy, when the separation is x, can be obtained as

U(x) = u(x) — u(=)
a 0,0, [_1__1)= 0,0,

T od4me, \x o) dme,x (2.15b)

The equations derived here assume that one of the charges is fixed and the other
is moving. However, the potential energy depends essentially on the separation
between charges and is independent of the spatial location of the charged par-
ticles.

210 RELATION BETWEEN ELECTRIC FIELD
STRENGTH AND POTENTIAL

Let us suppose the electric field at a point n due to a charge distribution is E’
" while the electric potential at the same point is V. Let us assume the point charge
of strength g is moved slightly from the point x to (x + d.t) The force on the

charge is F = g - E, while the work done is
' dW = F(—dx) = qE(-dx)
[In article 2.8, we have assumed dx in the direction of the field, i.e. from +q
towards infinity. If any charge is moved against the field, dx becomes —ve.] The
change in potential energy due to this displacement is

du=+dW=-q - E - dx.

The change in potential is dV = % i.e. dV=—F dr.

[1f the test charge is moved along the field, dV = E X dx (as shown in article
2.8).]
Integrating between x, and x,, we get
2
V-V, =- j Edx, where V, and V) are the polentials at x, and x| respec-
X
tively. If we select point x, as reference having zero potential, we can write V(r)

-IE -dx , where x is distance equal to x,.

2.11 ELECTRIC FIELD INSIDE A CONDUCTOR

When there is no electric field around a conductor the conduction electrons are
almost uniformly distributed within the conductor. In any small volume of the
conductor the number of electrons is equal to the number of proton in the nuclei
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of each atom of the conductor. The net charge in the volume is then zero. Next we
suppose that an electric field E is created in the direction left to right across the
conductor. This field will exert a force on the free electrons in the atoms of the
conductor from right to left. The free electron then move towards the left and
consequently the number of electrons in the left will increase while the number of
electrons in the right decreases. The left side of the conductor then becomes
negatively charged while the right side is positively charged. The electron con-
tinue to drift towards the left. The result is the creation of an electric field of
strength E* within the conductor in the direction opposite to the applied field.
With passage of time a situation comes when the field E' inside the conductor is
equal to the magnitude of the external field E. The net electric field inside the
conductor is zero. Then a sieady siate is reached when some positive and nega-
tive charges appear at the surface of the conductor while there is no electric field
inside the plate. Thus there is no electric field inside the conductor when it is
subjected to an external electric field. The redistribution of electrons take place
in such a way that charges remain at the surface of the conductor only.

It may be recalled here from the basic concepts of physics that in conductors
there is always existence of free electrons while in insulators all atomic electrons
are tightly bound to their respective nuclei. When insulators are placed in an
clectric field they may slightly shift their parent position but cannot drift from
their parent atoms and hence cannot move long distance. These materials are then
said to act as dielectrics. If the external field is strengthened further, a time will
come when the bonding of the electron with their nuclei may break causing them
to drift apart. We call this phenomenon as breakdown of dielectric medium.

212 GAUSS’ LAW AND ITS DERIVATION

Statement of Gauss’ Law: The flux of the net electric field through a closed
surface is equal to the net charge enclosed by the surface divided by &,

ie.  QEds = ‘;— 2.16)

where (ﬁE ds represents the flux ¢ through a closed 4

surface and g;, is the net charge enclosed by the sur-
face through which the flux passes.

Derivation of Gauss" Law from Coulomb’s Law
Let us suppose that a charge ¢ is placed at a point O
inside a closed surface (Fig. 2.5). We assume a point
P on the surface and consider a small area As on the
surface around P.

LetOP=x.

The electric field at point P due to the charge g is Fig. 25 A charge (q)
given by, E = g/4ng, - x°, directed along the line OP. placed inside a

closed surface
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Let us suppose this line OP makes an angle (8) with the outward normal to the
surface As. The flux of the electric field through As is given by

Ap=E Ascos @

= 9 -Ascos 8
4nEe, x
q
T 4me, o
As-cos @ . .
where Ag = — [Actually (Ao) is the solid angle subtended by (As) at O]
X

= Zé Ao = E;;—ﬂz&ﬁ

We can see that [Z(Acg)] represents the sum that is actually the total solid angles
subtended by a closed surface at O. Obviously this total solid angle is 4.

.~ The total flux of the electric field due to the internal charge g through the
closed surface is
q

q
= 4r=—
4nre, g,

¢

= éE ds . hence we have

[ﬁE ds = i—m (proof of Gauss’ law)
o

where, 1&= E_' (i.e. the sum of all charges gy, 4, .-., g;, --- g, located in the
(4 L

said closed surface: We do not consider external charges as the solid angle (Ag)
subtended by a closed surface at any external point is zero, then ¢ becomes zero.

2.13 ELECTRIC DIPOLE
|

Definition: Two equal and opposite charges sepa-  § -
rated by a finite distance (Fig. 2.6) is said to consti- _E +q

tute an electric dipele. It is characterised by dipole
cirie Swpote ¥ dipo Fig. 2.6 Two equal and

moment veclor P, opposite charges

—
Dipole moment vector P is defined as separated by a
; q? finite distance

and is aligned along the same line that join the two equal and opposite charges.

/ [
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A DIPOLE AT AN AXIAL POINT

2.14 ELECTRIC FIELD AND POTENTIAL DUE TO

Let the charges (—g) and (+¢g) be kept at (-a, o) and (a, o) (Fig. 2.7). The electric

field at P(x, &) then

+y‘-m(is 1
|
(-a0) | (+a0) (x.0) P
- Ly > x-axi
a9 | (a | o

X =

Fig. 2.7 Charges (+q) and (-g) placed at (+a, 0) and (-a, 0)

— — —+
Eaial = Evg+E-y

kg - kg - [ 1 J
= i- ii| k=
(x-a)* (x+a) 4ne,

B k(g-2a)2x .
(,t: - ﬂz)z
= 2KPs [; = dipole moment vector (2ag) i.
(2 —a®)?
Assuming x >> a,
o - —
2KP P
Exial = = N
o x* 21, x°
Also, potential = V;,, = ~—J| Eaxia | dx
= P i
J 2re, x°
P
Vaxial = 3
4re, x

2.15 ELECTRIC FIELD AND POTENTIAL DUE TO

DIPOLE ON EQUATORIAL LINE
At P (Fig. 2.8),

- - -
Eeg = Esqg +E—y

@17

(2.18)
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K A A axis
= | =L+ |(~cos 67 +sin6 J) e
¥y +a «—2 Ploy)
X-axis,” | s
AN
s i
+[ szq . ](—ms&i —sin @ j) /_,/ : \\\
+a -a,0
g e L 90\+g
-q I (a,0)
— i
_'2Kq 2 -KP . . ,
= -z—i—co\sﬂt ey Fig. 2.8 Field and potential
Yy +a (y* +a%) on equitorial line
-
-p - . a
= wP=2agi andcos 0= ———F——
4?&:‘3{),2 +32)3!2 [ q (HZ +}'2 }112
— -
. = KP
Assuming y>>a, Eq= = P T (2.19)
y. o 4mE,y
Potential V, = (Potential at P due to —g) + (Potential at P due to +g)
-Kg K
e
r r

1 3
= (0, where K = ;;IIEE‘_ and r= \Haz + ¥y .

2.1 Three equal charges, each of magnitude 3.0 x 107°C, are placed at three corners of a

right-angled triangle of sides 3 cm, 4 cm and 5 cm. Find the force on the charge at the right-
angle comer.

Solution c
Force on A due to 8 (Fig. 2.9)
(3.0x107°5)3.0x107%)
(=F)= ) dem 5¢m
4xE, (4%107%)
=9x10°x9.0x 10 x — L B B
16 %107 ¥ 4cm

= 5.0625 x 10" = 50.625 N. Fa
This !’on:e acts alan; 3.4‘. Sin:njlurly, force on A due Fig. 29 Right angle triangle of
to C is, F; = 90 N in direction CA. Exr. 2.1
» Net electric force = F = \ F;’ +F;

= /(50625)" +(90)*

103.261 N.
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LA SaEASEESEERENRESENENSE

The resultant makes an angle of 8 with BA where tan 8 = '5% = 1.778.

2.2 A charge 0 is divided between two point charges. What should be the values of the
charges on the objects so that the force between them is maximum?

Solution
Let charge on the objects be g and (Q - g).

*, force between them (= F) = 94@-9)
- dre,d*

(@

where d is the distance between them.
For maximum F, numerator of (i) is maximum. Let g(@ — g) =
2~ ¥ should be maximum.
Differentiating y w.r.t. {g) we get
dy
da Q-2
Equating to zero (1o get the maxima of ¥), @ - 29 = 0 or g = /2.
Thus, the charge should be equally distributed between the cbjects. ravnnna

2.3 Three concentric thin spherical shells A, B, C of radii r, ry, ry are kept as shown in
¥ 13 (2.101). Shells A and C are given charges g and —g respectively, shell B is earthed.
Find charges appearing on the surfaces of B and C.

(g-q

(i)

Application
of chargers .
(i}
Charge distribution
(assigned)

Fig. 2.10 Three concentric spherical shells (Ex. 2.3)

Solution

Inner surface of B (by Gauss's law) must have charge —q. Let the outer surface of B have
charge q". The Inner surface of C must have change —¢" from Gauss's law. As net charge on
C must be —g, its outer surface should have a charge (g — g). The charge distribution is
shawn in Fig. (2.10ii)

Potential at B due to charge gon A =
41&'0 rz
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EEEEESRIEEER LA
-q
4ng,r

due to charge —g on the inner surface of B =

’

q

due to charge ¢’ on outer surface of B =
TE, I

_q-'

e, 1y

due to charge —¢’, on inner surface of C =

and due to charge (g" — ¢) on outer surface of C = 749

ame,r,

Net potential on B is obtained adding all the
potentials at B. We then obtain

¢  q

Tame,n  amrn
But Vz = 0 as B is earthed.

Vs

n
q=—q
5

The final charge distribution is shown in
Fig. 2.11. Fig. 211 Final charge distribution

.2.'4. A charge 8 x 107® C is distributed uniformly on the surface of a sphere of radius 1
cm. It is covered by a concentric, hollow conducting sphere of radius 5 cm.
(a) Find the electric field at a point 2 cm away from the centre.
(b) A charge 6 x 107 C is placed on the hollow sphere. Find surface charge density on
the outer surface of the hollow sphere.
Solution

To find the field at P of Fig. 2.12(i). Let us consider a Gaussian surface through P.

- =

2 Flux through surface = (DE-ds

= Esﬁds = 4m’E

where x=2x 1072 m.

0 | (i
~ Fig. 212 Concentric spheres (Ex. 2.4)
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From Gauss' law,
4nE = gle,
q . -8
=9x10° x = 18 x 10° N/C.
dnx’e, 4x10™
In Fig. (2.12ii) we take a Gaussian surface through the material of the hollow sphere.
As electric field in a conducting material is zero,

or E=

4)5 -ds = 0 (through this Gaussian surface).

Using Gauss’ law, the total charge enclosed must be zero.

Hence charge on inner sphere of the hollow sphere is (-8 x 107® C). But the total
charge given to this hollow sphere is (6 x 107 C).
. Charge on the outer surface will be (2 x 107 C), T

2.5 There are two thin wire rings, each of radius R, whose axes coincide. The charges of
!he rings are (+0) and (—=Q). Find the potential difference between the centres of the rings
separated by a distance a.

Solution 4
The arrangement of the rings are shown in R &
Fig. 2.13. The potential at point 1 is given by ¢
V, = potential at 1 due to ring 1 + potential at | 1
due to the ring 2;
ie V=2, < Fig. 213 A t of rings in
C VT TR am B ey § 243 Amemgement of ring

Similarly, the potential at point 2 is

Vy= - -0 . Q

4re, R dpe (R* +a* )2
V=V,-V,=AV=2 Q ., <
ane, R Ame,(R? +a?)'?

Q 1
= 1-
2#5'9’2[ "‘]+(ﬂ'fﬂ)z ] wsEnwEn

2.6 Three point charges q. 2¢ and 8¢ are 10 be placed on a 9 cm long straight line. Find
the position where the charges should be placed such that the potential energy of this
system is minimum. In this situation, what is the electric field at the position of the charge
g due to the other two charges?

Solution

Let charges g, 2q and Bg be placed along a straight line of length 9 c¢m or 0.09 m with
distance between the charges g and 2g being x metres. Then distance between 2g and 84
would be (0.09 - x)m. Thus the potential energy u of the system is given by

| |9:29 298¢ q-8¢ 921 8 4
= + =9x 10 1,8 .. 4
“ 4@0[ x -0 oo | T XM T G s Tom
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i to be minimum,
d—‘ =ﬂ Ieﬂ—“%‘f-%.
dx x  (0,09-x7)
0.09 - x*
This, gives = %
or 2\1’5_1: = +(0.09 - x)
or zﬁxz.t::t{).ﬂ'?
x(minimum) = —092 - 0.0235 m.

2241
Again with E,| and E, as the electric fields at the position of charge g due to charge 2g
and 8q respectively,
1 24 18
41'!1'0 12 4120 “]'3912

The electric field at g due to the other two charges is (E; + E;)

2 8
E +Ey= 1 [_,E_.,+ 4 }

(0.0235)  (0.09)

(0.0235)F  (0.09)*
=4.15 x 10" ¢ N/C. —

=9><10°><2q[ 1, 4 ]

2 T An infinite number of charges each equal to ¢ coulomb are placed aleng the x-axis
alxr= l,x=2,x=8,... and so on. Find the potental and the electric field at the point (x =
0) due to these charges. What will be the potential and electric field if, in the above setup,
the consecutive charges have opposite signs?

Solution
Refering to Fig. 2.14, the potential at x = 0 due 10 this set of charges is given by

Ve Jﬁ[z+i+£+£+“_)

e 1 _ 29
dme,  1-1/2 4dne,

q 9 q q

4 x;a

ne o

x=0 x=1 x=2 X

Fig. 2.14 Infinite number of charges placed along x-axis (Ex. 2.7)
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Since the point charges are along the same straight line, the intensities at x = 0 are also
- along the x-axis.

1 [a.49 9 4
E= 4.!'!,'50 |:1T+2_2+4_2+8_2+.":|

= i[I+l+i+i+..‘:|
47e, 4 16 64

_ 1 9 |_ 1 A_ 4
dre, |1-1/4] 4me, 3 3m,
If the consecutive charges are of opposite sign, the potential at x = 0 is

ve | (E_LE-Li_Lm]
dmg, \1 2 4 8 16 32

.4 {(I+A+L+...]_(l+1+L+...]}
4re, 4 16 2 8 32

S IS S SV =‘f[i_3]
dre, |1-14 27 1-1/4] dne, 3 3

q
onz,

V= ;[I_Q]
4me, \ 3
The electric field intensity at x = 0 is

1y (e 9 a4 4
E= ——{—= + -
Are, {(11z @7F @7} 16)? }

NN SN | PP TS SN DAY (0 RN SRR B
= ane, {(l+16+156+'") ( +64+1024+'")}

q L1, 1
dne, |1-1/16 47 1-1/16

=_‘?_[E_1,<E}
ame, |15 4715

“5)
4me, \ 5

2.8 Some equipotential surfaces are shown in Fig. 2.15a and 2. 15b. What are the magni-
tudes and directions of the electric field intensity for these two figures?
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10V 20v  aov

N LS e
T =

Fig. 2.15a Equipotential surfaces (linear)

S Equipotential

\
\ \3/ surface
< 20 > X-axis
= — = x-axis / \\

Fig. 215¢ Direction of field of
equipotential surfaces

60V

oV shown in Fig. 2.15a
20V
Fig. 215b Equipotential surfaces
{circular)
Solution
We know electric field is normal to the equipotential surface in the direction of the
decreasing potential.

Thus for the equipotential surfaces of Fig. 2.15a, the field will be at an angle making
an angle 120° to the x-axis (Fig. 2.15¢c)
Magnitude of the electric field in this case is

20-10
Ecos 120° = —-—(—)[ E= d"'r]

(20 -10)1072 dx
1y __10
or Ex[ 2)"0.10

E =200 V/m.
In Fig. 2.15b,
direction of electric field will be radially outward, similar to a point charge kept at centre,

ie. V = E (r) being the radius.
r

When V=60V,
Kq
T o

Kg=6.

Then, potential at any distance from the centre is

Vir) = ﬁ[-.-v = E]
r r
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Hence E=- & = (%) Vim

2.8 A square frame of edge 20 cm is placed with its positive normal making an angle of
60° with a uniform electric field of 10 V/m. Find the flux of
the electric field through the surface bounded by the frame. Normal

Solution Fleld

The situation is displayed in Fig. 2.16. The surface consid-
ered is plane and the electric field is uniform. The flux is 20cm

M = E *® AS
= E AS cos 60° 20 cm
_ 1 42 Fig. 2.16 Situation of
=(10 ‘Wm)[ZszUxExlﬂ m } the square of
=02V.m. Ex. 2.9

2,10 A charge g is placed at the centre of a sphere (Fig. 2.17). Taking the outward
normal as positive, find the flux of the electric field
through the surface of the sphere due 1o the enclosed
charge.

Solution

The electric field here is radially outward and has the
magnitude qM:rs&rz, (r) being the radius of the sphere.
As the positive normal is outward, Q = 0 and the flux

through this part is Fig. 217 (+q) charge is
placed at the
Ad=EAS= 4« As centre of a
ane, r? sphere (Ex. 2.10)

Summing over all the parts of the spherical surface,

_ _ 9 _ 79 )
°= ZM-M:E,,H ZM-‘lﬁ,rz dnr?

q

89 EEEEEEN

216 CAPACITOR AND CAPACITANCE

A combination of two conductors placed close to each other and separated by a
dielectric medium forms a capacitor. One of the conductors is given a positive
charge (+(Q) while the other one is charged by the same amount of negative
charge (—(Q). The conductor with (+Q) charge is called the positive plate while
that with (-) charge is known as the negative plate. The charge stored in the
positive or in the negative plate is the charge on the capacitor [note that the total
charge on the capacitor is (+Q + (-(Q))) zero]. The potential difference (V) between
the plates is called the porential of the capacitor. I the positive plate has a
potential W{+) while the negative plate has a potential V(-), then (V') = V(+) - V(-).
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For any given capacitor, the charge Q on the capacitor is proportional to the
p.d. (V) between the plates-

i.e. QaV

or Q@=CV. (2.20)
The constant of proportionality being C, it is called capacitance of the capacitor,
It depends on the shape, size and geometrical spacing of the conductors as well
as the medium between them.

In I system capacitance is expressed in coulomb/volt and is termed as Farad.
Since Farad is a large unit by magnitude, in electrical engineering frequently mi-
crofarad (10°® F) or pF is used.

If @ =1, V=1, then C = IF, i.e. the capacitor is one Farad if it requires a
charge of one coulomb when the potential difference is one volt across its plates.
It may be noted here that when the capacitor is fully ‘charged’ i.e., if it is full to
its capacity of containing charges across a voltage source, then the p.d. across its
plates is always equal to the magnitude of the voltage source.

2.17 SERIES AND PARALLEL CONNECTION OF
CAPACITORS

(a) Capacitors in Series Let us assume three capacitors of capacitances (C)),
(C,) and (C,;) are connected in series across a dc i
supply of potential difference (V') through a switch (" tavfa e

K(Fig. 2.18). On closing the switch, the capacitors '_+Q.”£_| =Qy=Q .

get charged and at steady state the p.d. across 6 & G
(C)), (Cy) and (Cy) are (V,), (V,) and (V) respec-

tively while the charge in each capacitor is (Q) K

(since the capacitors are connected in series, same ;k,;( +V5

charging current would flow resulting in accumula-

tion of charge (Q) in each capacitor). Fig. 2.18 Capacitors
Obvviously, in series
connection
¢ o Q
=—; V== V,=—/
Since V=V, + V, + V,, we can write
e_g. 0.0
11,1, 1 , _ _ _
or —=—-+—-—+"- [(C) being the hypothetical capacitance equivalent to

C ¢ G G
three capacitances (C,), (C,) and (C5) in series].
-~ For n number of capacitances in series,

L_ L li.+L (2.21)

c g G C,

Thus we can conclude that for series connection of capacitance across a voltage
source, the charge on each capacitor being same while the voltages vary. Also,
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the sum of individual veltage drops across each capacitor gives the total supply
voltage. The reciprocal of the equivalent capacitance of the series combination
is equal to the sum of the reciprocals of the capacitances of the individual
capacitors.

(b) Capacitors in Parallel In this arrangement (Fig. ; A
2.19) on closing X, charges ,, @, and @, would : v "
I

accumals.ltc in capacilance? C. G .and C; during steady -] l

state while the voltage will remain V across each ca- 1

pacitors in the parallel combination. Obviously, G

O0=0,+0;+ 0, +&

where @ is the total charge drained from the source. :.;.'2

or CV=C\V+GV+ GV

[(C) is assumed to be the equivalent hypothetical ca- +0y, O

pacitance of this parallel combination of capacitance] L

ie C=C+C+C, (2.22) G

Generalising for n number of capacitances K .
Thus, in case of parallel combination of capacitances _:?Q_i VE_

{where voltage across each capacitance remain the same

but the capacitors share the charge depending on the Fig- 219 Capacitors
value of their capacitance), the equivalent capacitance in P“?"“_Hef
is equal to the sum of their individual capacitance. connection

2.18 CONCEPT OF DIELECTRIC STRENGTH

Dielectric strength is the potential gradient required to cause breakdown of a
dielectric medium. It is usvally expressed in megavolts/millimetre (MV/mm). Di-
electric strength depends on the moisture content, carbon content or presence of
other impurity and thickness of the medium. With pressure of moisture and other
impurities, dielectric strength drops while with increase of thickness the dielectric
strength increases.

2.19 TYPES OF CAPACITORS COMMONLY USED

Depending or the nature of dielectric medium the following types of capacitors are
usually available:

(a) Air Capacitors These have two sets of metal foils (aluminium or brass)
and the inbetween medium is ordinary air. These capacitors are used in
voltage ranges 100 V to 3000 V and the capacity varies up to 500 uF,

(b) Paper Capacitors These have a pair of elongated foil of metal (aluminium
or copper or tin) interrelated with oil impregnated paper. Multiple layers of
foils with paper is available. They can be used in the range of 100 V to
100 KV and is applicable for both AC and DC circuits. The capacitances are
small and is usually in the range of pF.
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Mica Capacitors These consist of a series of aluminuim or tin foils sepa-
rated by very thin layers of mica sheets. Usually multiple sheets are used
and alternate plates are connected to each other. These capacitors are used
in the range of 100-500 V and the capacitances in the range of pF to pF.
These capacitors can be used in AC circuits.

Ceramic Capacitors These capacitors are made of discs of ceramic mate-
rial and the parallel facing surfaces are coated with silver. They have appli-
cation in the range of a few volts to 3000 volts and the capacitances are
from low values of pF to low values of uF. They are extensively used in AC
and DC circuit.

Electrolytic Capacitors Usually aluminium foils or cylinders are used as
electrodes while electrolytes like porous paper, plastic, aluminium oxide,
tantalum powder, etc. are used as dielectric. These capacitors are used in
DC circuits and applicable in the range of 1 V to 1 kV. The range of capaci-
tances are usually from 1pF to even Farad.

2.20 CAPACITANCE OF A PARALLEL-PLATE

CAPACITOR

Let us consider two identical plates A and B are

I
kept in close proximity and parallel to each other {+0}\ -Q
and separated by a dielectric medium of thickness & ’7
(x) metre and relative permittivity (g,) (Fig. 2.20).
Let us connect the parallel plates with a potential
difference (V) volts and we assume () coulombs
of charge is accumulated by the parallel plate com-
bination acting on a parallel plate capacitor. The
electric flux is y between the plates having charge —2 e
of () coulombs and the area of each plate is con-
sidered to be (A) square metres.

Fig. 220 Parallel plate
capacitor

Since the charge @ is distributed uniformly over
each plate, the electric field between the plates is nearly uniform. Let & represent
the electric flux density while E the intensity (or the potential gradient) and C the
capacitance in Farads for this parallel plate capacitor.

Here

But

also,

or

8= Y. = g coulomb/square metre.
A A
v .
E= e V being the potential;
é .
E = £ [see equation (2.5)]

Q/A
—— =Ef=F X E
Vix o
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E.E XA
Q@ oo BB XA o, (2.23a)
1% x
If the dielectric medium of the capacitance is vacuum, £ = | and hence
E A
C=-=2 {2.23b)
X

Hence we find capacitance C of a parallel plate capacitor becomes
(i) proportional to the area of the plate,
(ii) inversely proportional to the distance of separation (x) between plates, and
(iii) directly proportional to the relative permittivity of the medium of separa-
tion of plates.

2.21 CAPACITANCE OF A MULTI-PLATE
CAPACITOR

We just obtained the capacitance of a -aQ
parallel plate capacitor having only two
plates held in parallel. If there are n num-
ber of parallel plates, each being identi-
cal to the other and alternate plates being
connected to the same polarity of the
supply potential (Fig. 2.21). We can say (+Q)
that there are (n — 1) space between n
number of parallel plates. Thus the ca-

pacitor is equivalent to (n — 1) number + -
of parallel plate capacitor consisting of ——2 V
two parallel plates. _ Fig. 2.21 Alternate plates of parallel
. Total capacitance C of multiple paral- plate capacitor being con-
lel plate capacitor (containing n number nected to same polarity
of plates)

= (n - 1) x capacitance of one pair of plates

E£,€, A
=(n-1)x —— Farad (2:24)
x

where £, = absolute permittivity of space,
g, = relative permittivity of dielectric medium,
x = thickness of dielectric medium between any two parallel plates in
metres, and
A = area of each plate in m?.

2.22 CAPACITANCE OF A PARALLEL-PLATE
CAPACITOR WITH COMPOSITE
DIELECTRICS

Let us assume a parallel plate capacitor with two different dielectrics having rela-
tive permittivities £, and £, The separation of plates are x, and x, metres, as
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shown in Fig. 2.22. The plates are of identical cross-
sectional area (A) square metre and the charge accu-
mulated in the capacitor is @ coulombs when a p.d.
of (V) volts is applied across the capacitor terminals.

Electric flux density is given by

y_Q

&= = coulomb/m?.

Since £= % , E being the electric field intensity, we

59
| = | ™ |0
+ Xj Xz
Vi Ve
-+ Vv >

+ -_

Fig. 2.22 Parallel piate
capacitor with

can write X .
composite di-
£ = d and &, = o electric
E, E;
i.e- EI = —-6-—: 6
£ E,E,
and E, = 3 8 .
& &8,
If V, and V, be the p.d. across the respective dielectrics, we can write
V= VI + Vz
Potential (V')
=Ex +E - Intensity £ = ——
b 22 [ v Distance [x]:]
= + X
E€, | E,8
N B
€& &
_Qlm X
EAlE, £,
.. Capacitance (C) = 2 = 0
V. g |xn  x
EIJA Eﬁ Ef
E,A
or C = ————— Farad (2.25a)
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E,A

(4

ie, C= P for more number of dielectrics. (2.25b)

&

2.23 CAPACITANCE OF AN ISOLATED SPHERE

We have seen earlier that in case of an isolated sphere, charged with Q coulombs
of electricity, the potential at the surface is given by

_ 0
" 4me, R’

R being the radius of the sphere. V being expressed in volts, we can find the
capacitance of this sphere as

Vv

C= % = 4ne, - R Farad.

If the medium within the sphere is filled up with a dielectric medium of
relative permittivity £,, we can modify this expression of capacitance as
C=4re, €, - R Farad. (2.26)

2.24 CAPACITANCE OF CONCENTRIC SPHERES

A pair of concentric sphere §) and S, of radii r| and r, metres, separated by a
dielectric medium of permittivity &, forms a spherical capacitance. We will con-
sider two cases of this spherical capacitor.

Case-A

5, (the outer sphere) is earthed:

Let the inner sphere S, be charged by (+Q)
coulomb of charge. It will induce (=) cou-
lomb charge at the inner surface of §, and
(+Q) coulomb charge at the outer surface of
§,. But as the outer surface of §, is earthed,
this (+Q) charge at the outer surface of 5, will
escape (g;) to the earth (Fig. 2.23).

- Surface potential of §, is given by Fig. 2.23 Charge distribution of
concentric spheres
Ve = +Q (outer sphere earthed)
ST Ame,e, R,
_Q

while surface potential at the inner surface of §; is given by Vg = ——.
C o . : AmE,E R,
.. Potential difference between S, and S, is

V= Vsl —V51

Q|:[_1] 0 R-R

= —_—— — = »
dme,e, |R, R, | 4me,e, R R
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Then, C= 2 = 0
Vv Q X Rl - RI
4ne, €, R R,
R, - R
=4::eos,[ ;sz‘JFamd 227
Case-B

S;(the inner sphere) earthed: This time the
outer sphere S, is given a charge of (+Q)
_coulomb. This charge is uniformly distrib-
uted in the outer and inner surface of §,;
we assume (+(,) charge remain at the outer
surface while (+(2,) at the inner surface of
§,. The charge (+Q,) at the inner surface of
§, would induce a charge of (-Q,) coulomb
on the outer surface of §}; (+Q;) charge in-
duced in the inner surface of S| would pass
to the earth as the inner surface of §, is Fig. 224 Charge distribution of
earthed (Fig. 2.24). concentric spheres (inner
The system is now composed of two sub- sphere earthed)
systems of capacitors as described below:
(i) Capacitor formed by inner surface of §; and outer surface of §; and is
similar to the case we described in case A

: 1 1
.. Its capacitance, C; =4mee.| — ~—
P 1 a‘f"r{ﬁ,2 R] ]
R -R
=4ng,e, | —2
R, R,

(ii) Capacitor formed by the outer surface of outer sphere §, and earth with air
as dielectric.
.. Its capacitance, C; = 4me,€, R,
Since these two subsystems of capacitors are electrically parallel, we can find
the total capacitance (C) as

C=CI.+CZ
R -R,
=4ne £,| —— | +4ne, R
arI:Rl_I_R:} o2

Rl - RZ
=4ng, |&,-———+R, | Farad (2.28)
R+ R
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2.25 CAPACITANCE OF A PARALLEL PLATE
CAPACITOR WHEN AN UNCHARGED
METAL SLAB IS INTRODUCED BETWEEN
PLATES

Let us consider each parallel plate has area of A m? and the distance between them
is x m, the dielectric medium being air. If the charge retained by the capacitor is ¢
coulombs, the charge density & is given by

Y

d= — Cm>.
A
£,A
Also C= Farad
X
And, £= % , (E) being the field intensity
5 _0Q . N . .
= — =-——1 g, being the permittivity of air medium
g, E,A
When an uncharged metal plate of thick- * T"'Q
ness a (a < b) is inserted between the plates, A
equal and opposite charges are induced on - - - = ¥
the slab (Fig. 2.25) and the net charge on the L = S —— a
slab is equal to zero. Thus the electric field 8 T
inside the slab is zero. Then electric field 1 l
would act in the distance (x — a) m. -Q
However, p.d. (V) = E x Distance Fig. 2.25 Parallel plate capaci-
tor with uncharged
Inourcase, V=EX (x-a)= e A X (x—a) metal plate in between
)
Thus, the new capacitance C’ is given by
Q_ EA '
C'= ==——— Farad 2.29
V (x—a) 4 (229)
2,11 Find the equivalent capaci- aﬁ F ﬁ{'! 1F
tance of the network shown in Y v
Fig. 2.26 connected across termi- a I 0 I b
nals a and b. 4uF i SuF
2uF

Solution

Fig. 2.26 C. it ] ti Ex. 2.11
The capacitors of 3 pF and 6 pF '8 apacitance configuration of Ex

are connected in series. Hence their equivalent capacitance
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However C; and 2 WF are in parallel, therefore their equivalent capacitance C, = C, +
2=2+2=4 i..lF

Thus the network e:l‘ capacitors I I I
reduces to that as shown in Fig. 2.26a. g

! ! ApF 4uF SuF

If C,, be the equivalent capaci-
tance of the new network conﬁgu_m— FiB. 2.26a Reduced network ﬂf capncitors
tion then,

oo

1 1 .1
LB =12
G, 4 45 il
Hence Co= 20 UF =143 pF.
q 1¢ EssEEEN

S5uF 20uF
ao———} il 5uF 40pF
G it ao I [
{6 —
20uF
10uF :I:C4 10uF T
bo I bo I
15uF 15uF
Fig. 2.27 Capacitor configuration of Fig. 2.27a Reduced network
Ex. 2.12
Solution

The capacitors C, und C; (20 pF each) are conected in parallel. Hence their equivalent
capacitance is 20 + 20 = 40 pF, The network is shown in Fig. 2.27a.
40 puF and 15 pF are connected in series. Hence their SuF

5
i.e 10.91 pF. & o——{——

Thus, 10 pF and 10.91 |.tF+are connected in parallel. == 20.91uF
Their equivalent capacitance is 10 + 10.91 = 2091 pF.
The corresponding network is shown in Fig. 2.27b. b
Hence the eguivalent capacitance of the system is

5=x20.91
A7 542091

equivalent capacitance is

Fig. 2.27b Equivalent net-

] work of capaci-
uF, i.e 4035 uF tances of Ex, 2.12

2.13 A 50 pF capacitor is initially charged to accumulate 100 p coulomb of charge. One
uncharged capacitor of 200 pF is connected across it in parallel. How much charge will be
transferred?

Solution

Let V be the voliage across the capacitors connected in parallel. We know that V = Q/C,
where @ is the charge in coulomb and C is the capacitance in Farad.
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Hence Q)/C, = Q,/C,;, where @, is the charge of capacitor C; and @, is the charge of
capacitor C,. Voltage across the parallel combination of C, and C, remain the same.

Therefore, E'— = i =0 _1 (i}
) C, 200 4

Apgain, Total charge = Initial charge accumulated by C only = 100 p Coulumb.

Hence Q,+Q,=100 (i)

Solving equations (i) and (ii)
Q, + 40, =100 uC

or Q=20 nC and Q, = 80 uC

Therefore 80 uC charge will be transferred from C, to C,. T

g.._l:l_ Find the equivalent capacitance across terminals x-y in Fig. 2.28. Also find the
time to charge the capacitances by a direct current of 10A.

-+

|1
1. ]
50V |= BuF— uF — BuF
AN
¥

Fig. 2.28 Network of capacitances of Ex. 2.14

Solution

Equivalent capacitance of 3 uF and 5 puF is (3 + 5)uF, i.e 8 uF

The equivalent capacitance of two B UF capacitors in series is 8 X B/8 + 8 pF, i.e 4 pyF.
The equivalent capacitance of two 4 WF capacitors in parallel is (4 + 4) pWF, i.e 8 pF. Here
we find two 8 pF capacitors are in parallel with the voltage source.

Hence the equivalent capacitance of the circuit across terminals (x — v) is (8 + 8) pF,
i.e 16 pF.

Now, charge = 50 x 16 x 107® coulomb

= 800 x 107® coulomb

If 1 be the charging time and i be the current then

ixt=800x10° [ Q=ix1]

800 x10°¢

or = $ = 80p second.

H} smNsEaw

2.15 A voltage of 90V d.c is applied across two capacitors in series having capacitances

of 50 pF and 25 pF. Find the voltage drop across each capacitor. What is the charge in
coulomb in each capacitor?

Solution

Since the capacitors are in series, same charge Q is flowing across each of them.

Hence 0 = C|V| = C,V,, where C| and V| are the capacitance and voltage across one
capacitor and C; and V; are the capacitance and voltage across the other.
Therefore, 50V, = 25V, or, V; = 2V, (i)
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Again - Vi+V,=90 (ii)
Solving equations (i) and (ii), V| + 2V, =90
or V,=30 and V,=060.

Hence voltage drop across the capacitors are 30 V and 60 V.
Since both the capacitors are in series

1 11 GG, 50x10%x25%107®

_— e—d— gr C:: =

C G G G+C 50x10% +25%107°
= 16.67 pF.

The charge supplied by the dc source is
0 =CV=16.67 x 10°® x 90 = 1500 pC.
In series combination, each capacitor has equal charge and this charge equals the
charge supplied by the dc source.
.~ each capacitor would retain a 1500 pC charge in fully charged condition.

2.16 Calculate the capacitance of a parallel plate capacitor having 20 cm x 20 cm square
plates separated by a distance of 1.0 mm. Assume the dielectric medium to be air with
permittivity of 8.85 % 10°2 F/m.

Solution

E A
X

C= , for parallel plate capacitor

8.85x107'2 x 400 x 107
tx107?
= 3.54 x 107 F = 354 pF.

217 InFig. 2.29, a voltage source is connected across a combination of capacitances at

terminals (x — ¥). Find the current supplied by the battery to charge this combination if the
time taken to charge is 50 m sec.

[C,=CG=Cy=10pF

V=100 V]
C,::_G“ éi $
J_ 0 ¢S g
QT G O ——
I i
-
Q L
) T e = ‘T,
pe ! ¥ I
v +y  Zeropotential
Fig. 229 Capacitance configuration Fig. 2.29a Voltage-charge distributiion
(Ex. 2.17)
Solution

Let us redraw the diagram with voltage and charge distribution (Fig. 2.29a)
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Here
0, =C,(V-V
Q. =GV,

Q) -2 =GV,
From equations (ii) and {iii)
Q,=(Cy+ GV,
Q
V, =
VG +G

4
E i), — =V-V
rom (i} CI i

Adding (iv) and (v)
o . O

V= —— —
Cz +C3_ C;_

(G +G + GG
C|(C2 +C3)

or

C(C, +C
C (equivalent capacitance) = % = M
_ 10x107°(10+10) 107
T (10410+10)10°

= 6.67 x 107 pF
Hence, Q = charge drawn from source

= CV = 6.67 x 1075 x 100 = 6.67 x 107* coulombs

Also, Charge = Current x Time

Charge _ 6.67 %107
Time  s50x107?

= Current (f) = = 13.34 mA.

218 What is the capacitance across AD in Fig. 2.30?

8 B, D

i L
¢ ¢

A ¢

O
Do

[

OO0

(0
(ii)
(iii)

(iv)

)

A C

Fig. 230 Capacitance configuration Fig.2.30a Reduced network (Ex. 2.18)

(Ex. 2.18}

Solution

Observation reveals that B and D are electrically same points while A and C are electri-
cally same points. The given figure then reduces as shown in Fig. 2.30a. Thus the equiva-

lent capacitance of this parallel combination becomes 3C.
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2.19 If capacitance between adjacent parallel
pfates be C, find the total capacitance in the sys- -
tem shown in Fig. 2.31. C) v
Solution 1 2 43 44 ¢5 *

+

Let us redraw the circuit in a conventional form
(Fig. 2.31a).

Fig. 231 Circuit of Ex. 2.19

)
A=
Fig. 2.31a Equivalent circuit of Fig. 2.31

Hence we find that the plate pairs are in parallel and hence the net capacitance is 4C.

2,20 Find the value of the capacitance C if the equivalent capacitance between points X
and Y is to be 1 pF. All capacitances are in uF.

x o—i| i

ET VT,
]
-EE -I—E .

Fig. 2.32 Capacitance configuration (Ex. 2.20)

Solution

The series combination of capacitances 6 and 12 is 6 x 12/ 6 + 12 i.e. 4 pF. The parallel
combination of 2 and 2 is (2 + 2), i.e. 4 uF. Figure 2.32 is reduced to Fig. 2.32a.

The parallel combination of 4 and 4 is 8 uF in Fig. 2.32a, while the series combination of
Band 4 is 8 x 4/8 + 4, i.e. 8/3 uF. We can reduce Fig. 2.32a further 1o Fig. 2.32b,

The series combination of | and 8 yield 1 x 8/1 + 8, i.e. 8/9 PF and this 8/9 pF is in
parallel 1o 8/3 pF in Fig. 2.32b. The equivalent capacitance is then (8/9 + 8/3) i.e., 32/9
UF. Thus finally we reduce the network of Fig. 2.32b to Fig. 2.32¢, where C is in series
with 32/9 yF. By the given question,
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LT LA LR LR AR LR RN LR RED]

N c 1
L ] Ao—lT%n—lB
T 2 -[__T_.,B

Fig. 2.32a Partly reduced network of Fig. 2.32b Further network reduction of

Fig. 2.32 Fig. 2.32a
=Ll T
c % 32
9
C= 2 _ 1.39 pF. . Fig. 2.32¢ Finally reduced network
23 of Fig. 2.32b

EEETEEE

2.21 In Fig. 2.33, C = 9F; C, = 6F. Find the equivalent capacitance across (a — &),

Fig. 233 Capacitance configuration (Ex. 2.21)

Solution

We may note that the last three capacitors are all C, i.e. all are 9F each. Since they are in
series, the net capacitance of these three capacitors is 3F. This 3F equivalent capacitor is
in parallel to C; of the previous loop (Fig. 2.33a). Thus parallel combination of C,(6F)
and C(3F) gives C,, = 9F.

[
ae—i| —7----- 1
c c
= = Ci == Cygl3F)
bo—j| —L----- uj—
c " c

Fig. 2.33a Reduced network of Fig. 2.33 ao0—| ,
c |
Ci —_- Cq

Thus in this loop, there are again two capacitors

of C Farad (9F) each in series with C,,. The net |
capacitance of this loop again becomes 3F. This pro- bo—
c

cess continues and finally we come to the first loop

while the same result is obtained. Fig. 2.33b Finally reduced
. Equivalent capacitance across ab becomes 3F network of Ex. 2.21
[F‘ig‘ 2,33b). sarEsaw
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.2..2'.2-. Find the equivalent capacitance across XY (Fig. 2.34),

Solution o ]
Each vertical column is having equivalent ca- J_ J_
pacitance of 1F -1F IIF
C =IF I 1F
. =IF [-—————
C,= —F 1F
2 1
T 1F
C, = iF yi
| Fig. 2.34 Capacitance network of Ex.
= —F 2,22
Cy=3
and so on. X o
It may be noticed that all these capacitors l
Cy, Gy, ... are in parallel. {(Fig. 2.34a) i b
. C=C+C+Cs+ ... _[c, TR TG
1.1.1
= —d ==,
1 + 2*a '3 ¥ o
= 2[*: it is a geometric Fig. 2.34a Equivalent network of
series whose sum is 2] Fig. 2.34
C = 2 Fa ETEEEER
F4
2.23  In the network of Fig. 2.35, find the capacitance
between points x and y. Also find the charges on the 6uF
three capacitors. Assuming the potential of y to be zero, H

find the potential at z. /12-“"- \
Solution X 1= y

1T i

Equivalent capacitance of 12 pF and 6 pF capacitors : 2ufF I

(being joined in series) is 12 x 6/12 + 6 = 4 pF (C)), ! :

across XY, . IL.,_H_._;'; PO |
This equivalent capacitance C, is in parallel to the 2 V=24 Volts

WF capacitor. The final equivalent capacitance C is then
. C=C, +2=06pF.
C is the net capacitance between x and y points. The charge supplied by the battery is then
Q=CV=6uFx24V
= 144 pC

Fig. 235 Circuit of Ex. 2.23

[+ Voliage across the equivalent capacitance C is 24 V]
Since the p.d. across the 2 UF capacitor is 24 V hence charge on the 2 UF capacitor is
2pF x 24 V =48 pC,
The charge on each of the 12 and 6 PF capacitors is then (144 pC — 48 pC), i.e. 96 pC.
. Drop across the 6 pF capacitor is obtained as 96 pCf6 pF = 16 Volis. Observation
reveals that this 16 V drop is actually the potential V,, (i.e. V, - V,). Since Vy is zero,
hence V,, = V, = 16 V. Then potential at z with respect to y is 16 V. cerssee

2,24 .The plates of a parallel plate air capacitor of a capacitance C consists of two
circular plates, each of 10 cm radius and placed 0.2 cm apart. The capacitor is charged to
100 V and connected across an electrostatic voltmeter. The space between the plates is
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then filled up by a dielectric medium so that the capacitance of the parallel plate capacitor
becomes 4.5C and the volimeter now reads 25 V. What is the capacitance of the electro-
static voltmeter?

Solution

Let V be the p.d. across the combination (condenser C in parallel to capacitance C of
voltmeter). Since C and C" are in parallel (Fig. 2.36),

Q=CV+CV=(C+C)WV

Parallel plate | T

capacitor of / — L _} Electrostatic
capacitance C — — = voltmeter of V(100 volts)

| _“ capacitance C”*

Fig. 2.36 Fig. of Ex. 2.24

Let us now replace the air medium of C and fill it by a dielectric medium such that the
new capacitance is 4.5C.
Total charge remaining the same we can now write
45CV, +CV,=Q0=(C+C"V
[V, is the new voltage across the capacitor]
or @5SC+CHV=(C+C) V.
45C+C" v 100

c+C’ Vv, 25

C’'= % {on simplification).

£,A .
Now C:T,whercf!:rrr‘

8.85x 1071 x (101072 )%
Here, C= ( )

02x1072
B885xax107H
021072
=139x 100 F
C "

Hence C' = E =232 x 107 F.

2.25 In Fig. 2.37, find the p.d. between (x-y) and (x-z) in steady state. Figures shown
against capacitances are in pF.
Solution :

At steady state all the capacitors are fully charged and no current passes through the
circuit. Thus points y and z are at some potential as points a and b respectively.
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X

LN :
J/a\ ﬁr’—:

—2
} z

1 ¥ ¥4
200 100

200 0o

100V 100V
a b a b
Fig. 2.37 Network of Ex. 2.25 Fig. 2.37a Reduced network of Fig, 2.37
Figure 2.37a shows the reduced network where % uF

both 3 pF capacitors at the left hand side are re-

11

placed by their equivalent capacitance as well as "
two | pF capacitors at the right hand side of 1 TUF
Fig. 2.37 are also replaced by their equivalent ca- Y i Z
pacitance.

Further reduction of the network (shown in §2{Iﬂ ?10{1
Fig. 2.37a) is possible (Fig. 2.37b).

We thus find the 372 pF equivalent capacitor is Y
placed in parallel to the 1 pF capacitor. The charge "'1;-6";;

retained by each of them will be different. We find
that charge retained by the 3/2 UF equivalent ca- Fig. 2.37b Final reduced net-
pacitance is work of Fig. 2.37a

g=Cv= % x 107 x 100 = 150 pC.

If we go back to the capacitor configuration of Fig. 2.37a, we find this 150 pC charge will
be retained by capacitors 6 pF and 2 pF. Thus, the p.d. between x and y is actually the
drop across the 6 \F capacitor,

Q_1sox10" .y

0 exi0®

Similarly, p.d. at x — z will be the drop across the 2 pF capacitor

] 150 %1078
Le. . =75V
2x107
[Check that, V,__., + V.=Vl TR TEY

2.26  Show that if a dielectric of thickness t and with the same area as the plates of
parallel plate capacitor is introduced, the capacitor would then have the capacitance

£, A

[d-HnL]
Er

C=
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Solution - Plate-1
Let us suppose that we have a parallel plate T -
capacitor with air as the dielectric medium {d-1) *o
and capacitance C. Obviously, C = gA/d, X d
(d) being the separation between the plates. 7 &7

Mext we imagine that the capacitor is ! _
filled up by another dielectric of dielectric f Plata-2

strength g, replacing the air medium
(Fig. 2.38). Let C” be the new capacitance.  Fig. 238 Parallel plate capacitor
eeA e A with two dielectric medium

d  dlg,

Now, if the two capacitances are supposed to be equal then we find that d/e, replaces d in
the original expression when air was the dielectric medium.

Thus 4 distance between the plates with air as the dielectric medium is equivalent to
distance d/e, in air medium.

Therefore, if a dielectric of thickness ¢ is introduced then it being equivalent to /g, of
air medium, the effective air distance between the plate is (d - ¢ + t/g,).

E,A
d-r+(tle,)

[Also, the problem may be solved in another way:
C, is the capacitance with £,.

£,A
't
C, is the capacitance with £,

E €A
=

C=

Since Cy and C, are in series
GC g Ald—txee, Alt

= G +0, - g, Ald —t+€,6,Alt
_ g, A . gA
£, At +de, —1¢,) [d_,,,L] '
We have obtained same result using the previous method.] sannnss
2.27 Three plates are held parallel to a common plate A
(Fig. 2.39). A is the area in m? for each of the three parallel A ld

plates, while 4 metre is the distance between each pair of { A I;j
plates, What is the equivalent capacitance? 'd'

Solution -
Each of the three plates form a parallel plate capacitance f
with the common plate (the bottom most plate). Also by Fig. 239 Three plates
virtue of their placement and configuration, these capaci-

el &
tances are parallel. parallel to a

common plate
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~» Equivalent capacitance
C=C|+C2+CJ
£A €A EgA
d 2d 3
EAI 1. .17 11 &A
=—l+F+=|=—=x—
d[ 2 3] 6 d
11 &4
Hemc.equivalenlcapacitanceis? FBE tesense

2.28 Figure 2.40 shows a set of capacitor configurations. Find charges on the three

capacitors.

e e L

2 uF 4 uF v
H H 2uF 1 apF
4] l 1]
+ + + +HQ+ Qo) +
EV— 5uF —_—gV -_ SuF =— _
T v Qi+ Q2 8V
Fig. 240 Capacitor configuration in

Ex. 2.28
Fig.2.40a Charge distribution (Ex. 2.28)

Solution

Let us redraw the given figure with charge distribution diagram (Fig. 2.40a)
Since Q = CV, we can write

0, =2x10°(6-V) (i
Q,=4x10%(6-V) (ii)
(0, + Q) =5x10%(V,-0) (iii)
@0, =20, (iv)

Solving for (ii) and (iii) we get
50,4+ 40, +0)=20%x10°x%x6
40, +90, = 120 x 10°®

or 40, + 18Q, = 120 x 10°°
0, =5.45puC
-I'hus Ql=10.9pc. SERSEEEN

2.29 Figure 2.41 represents a capacitive ladder network, Obtain equivalent capacitance
across (x — ¥).

Solution

As the capacitive ladder network is infinitely long, the capacitance of the ladder to the
right of points M and N is the same as that of the ladder to the right of the points (x = y).

Let the equivalent capacitance of the network to the nght of M — N be C,. We must
draw the reduced network (Fig. 2.41a).
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Fig. 241 A capacitive ladder network

The equivalent capacitance between x — v is . X 01— o—
Cy=Cs =1 =c ¢ 1 c
T e+G T T

However, the ladder is symmetric and hence all the loops Yo
are identical to the adjacent loop. Hence the equivalent Fig. 2.41a Reduced network

capacitance of the Jadder is also C, ie. C,,=C). of Fig. 2.41
CC
C,=C+ —
C+G
or ¢ -cC,-C*=0
C+fct+4C? 1445
1 = 3 = +2J_ C [negative sign is neglected]

o+

230 The space between two plates of a parallel plate capaci-
tor C is filled up with three different dielectric slabs of identi-
cal size as shown in Fig. 2.42. If the dielectric constants of the
three slabs be £, &, and &, find the new value of the capaci-
tance. The plate cross-sectional area is A and the separation is

d. 4

£q £2 E3

Solution X i
Let us consider each 1/3 assembly as separate capacitors C), C, Fig. 242 Capacitor
and C of Ex. 2.30
3
€ (Af3) . (Al (A/3)
1 = ! 7 Gy= = ;o Cy= 5
o d d

As the three capacitors are in parallel (the +ve plates are joined together for all capacitors
as well as the negative plates are also connected together),

A
C,q=C1+C'2+C,=§ (&) + & + &)

2.26 EXPRESSION OF INSTANTANEOUS
CURRENT AND VOLTAGE IN A CAPACITOR

The instantaneous current in a capacitor is given by

- = Cvi=CEL | 2.30
= " = ” (Cv)= ¥ ( a)
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Thus, the voltage across the capacitor being constant, current through it is
zero. This means, on application of dc voltage across the capacitor and with no
initial charge the capacitor first acts as short circuit but as soon as it accumulates
full charge, it behaves like an open circuit.
Also, from above

dv = % Ciedt
i i
or Jdv = —I—'If -dt  [v, = initial voltage in the capacitor, if any and
v, ¢ o vy = the final voltage in the capacitor]
l !
or V=V, = E-I-i-df
a
i
vy= —-é—ji-dj v, (2.30b)
o

]
[Normally, v, = 0 and hence V=ve= -é-'[: dt ]

2.27 CHARGING AND DISCHARGING OF

CAPACITANCE
(a) Charging
Let a dc voltage V be applied (at ¢t = 0) by closing a
switch S in a series RC circuit (Fig. 2.43). The ca- y

pacitor being charged, at ¢ > 0, the charging current -
becomes i. We can write

1
A P
R;+Ejzdf-v (2.31)
N ; Fig. 243 Charging and
[+ drop across the resistor = Ri and the drop across discharging of
(C) is obtained from the instantaneous current (i) given capacitor
by
i= Cﬂ
di
ie. ye %J'idt]

It may be noted here that as the charging gets started, upper plate of (C) will
start accumulating +ve charges while the lower plate accumulates —ve charge.
Differentiation of equation 2.31 results

RE L1 _ ' (2.31a)
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LR R} sddRES IS FANEEEEEREVESES

di 1
or — = =——dt

i RC
Integrating both sides

log,i = _-ﬁ% + K, where K, is a constant

or log, KL = log, e "*C (where K, = log, K3)

2
or i=K, e’ (2.32)

With application of voltage and assuming no initial charge across the capacitor,
the capacitor will not produce any voltage across it but acts as a short circuit
causing the circuit current to be (V/R).

) . |4
.. at t=0%i(0") = —
i.e. a i(07) R
Hence from equation (2.37) at ¢ = 0*

Vo_k
R

Finally we then obtain, i = %e—"”—' (2.33)

It may be observed that the charging current is a decaying function, the plot being
shown in Fig. 2.44a. As the capacitor is getting charged, the charging current dies
out.

v
R
i 4
O =
Fig. 244a Profile of current in RC Fig. 2.44b Profiles of vy and v in RC
charging circuit charging circuit

The corresponding voltage drops across the resistor and capacitor can be ob-
tained as follows:

vg=iR =V e "RC (2.39)
1 [V -
= =1 = — RC
and Ve Cj;d: C’-[Re dt
1)
= V(1-¢ ROy (2.35)

Observing equations (2.34) and (2.35) it reveals that (vz) is a decaying function
while (v) is an exponentially rising function [profiles of (vg) and (v) are shown
in Fig, 2.44b]. The steady state voltage across capacitor is V volts.
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The constant is obtained by substituting 1 = RC which gives v, = V(1 - 0.368)
= 0.632V, i.e the item by which the capacitor attains 63.2% of steady state
voltage. The instantaneous powers are given by

2
Pa = ivg = V?e-z.-mc

2
and Pe= il—'c = V?(E—HRC _ E—IIIRC }
(b) Discharging

Let us now study the discharging case when the switch
§ is thrown to a contact §” such that the R-C circuit is  Fig, 245 Discharging

shorted and the voltage source is withdrawn (Fig. 2.45). in RC series
Here we can write circuit
Ri + ifidr =0 (2.36)
C
Differentiating equation (2.36) we get
di i
R=+= =10 2.37
dr C 2.37)
Solution of equation (2.37) is
i= K'e "RC (2.38)

where K’ is a constant.

However at ¢ = 0%, the voltage across the
capacitor will start discharging current through
the resistor in opposite direction to the original
current (shown by iy, in Fig. 2.45). Hence the
direction of { during discharge is negative and
its magnitude is given by (V/R).

Hence from equation (2.38) we get Fig. 246 Current decay tran-
sient in RC dis-
_% =K'attr=0% charging circuit
The complete solution is then
. V -urc
i= —¢ 2.39
R (2.39)

The decay transient is plotted in Fig. 2.46.
The corresponding transient voltages are given by

v (voltage drop across R) = iR = —Ve™'/RC (2.40a)

and v (voltage drop across C) = %j’: dr =Ve 'RC (2.40b)

Obviously, vy + ve=0
Figure 2.47 represents the profiles of vy and v with ¢. In the discharging
circuit, the time constant is given by the product of R and C such that ve = Ve™ =
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(R R AR EE AR A NN AR RN AN

0.369V = 0.37V, i.e. the time by which the capacitor VA
discharges to 37% of its initial voltage. v
The instantaneous powers are given by ¢
p2 o————rt
pr=vgi= Lo (2.41a) A

V2 R

and pc=vei= —=-eMC (241b) Fig. 247 vR and oC in
RC discharg-

[The charge stored in the capacitor during charging is ing circuit

given by ¢ = Cvp = CV (lue"mc] or g =
Q(1-e ") while that during discharging is given by ¢ = Cvp = CVe '/RC
arging is g Y q c

coulombs or, g = Qe "/F),

2.31 Calculate the time taken by the capacitor of | MF and in series with a 1 pg.
resistance to be charged upto 80% of the final value.

Solution

The time consiant T is given by
T=RC=1x10°%10°=1 sec.
The charging of capacitor is expressed by the following equation

9=, (1-e'"c).
Hereg = 0.8 @, R = 1 sec.
08=1-¢" or, e’ =02
H:m:e.l‘:].ﬁ] SEC, FEAEEEE

2.32 A dc constant voltage source feeds a resistance of 2000 k) in series with a 5 pF
capacitor. Find the time taken for the capacitor when the charge retained will be decayed
to 50% of the initial value, the voltage source being short circuited.

Solution

Time constant T = RC = 2 x 10° x 5 x 107 = 10 sec.

The decaying condition is represented by the following expression

g= Qo e—HT
However, g=050,,
0.50,=0,¢"
or 0.5=¢"T =
or -1/10 = log, (0.5)
or = 6938

LR N BN ]

2.33 In Fig. 2.48 the switch K is closed. Find the time when the current from the battery
reaches 1o 500 mA. .
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[R, = 50 11, Rf = 700Q; C = 100 pF]

K
Solution
+

Let current through R, be I, and through C be [, after 10V~ Ay
switch K is closed.

10 [R,=5010; R, =700
I.= 50 = 0.24 = 200 mA C =100 uF]
However I=L+1I, Fig. 248 Circuit of Ex. 2.33
(I being the current from the supply)
or 500 = 200 + [, [ supply current is 500 mA]
I, =300 mA
But I,= Rle-'”" [T = RC =70 x 100 % 1075 = 0.007 sec]
¥
10 —tr0007
= —F
or 0.3 20
or 0 m? =log, (2.1)
t = 5.2 m-sec.

This is the time required when the d.c. source current flow will be 500 mA. rareuns

2:34 A 10 pF capacitor is initially charged to 100 volts dc. It is then discharged through
a resistance of (R) ohms for 20 seconds when the p.d. across the capacitor is 50 V.
Calculate the value of (R).

Solution
In the discharging condition of the capacitor,
g= QDE"MC or v= V E-HRL

As per the question capacitor p.d. gets discharged to 50 V from the initial p.d. of 100 V.,

v=0.5V,
Hence we obtain, 0.5 = e~'/R*10x10°
20
or lo . 0D5= - 1 =
¢ Rx107 Rx1075
20

or = -

Rx107%

R =28.86 x 10° Q = 2.86 MQ.

2.35 A resistance R and 5uF capacitor are connected in series across a 100 V d.c.
supply. Calculate the value of R such that the voltage across the capacitor becomes 50 V
in § sec after the circuit is switched on.

Solution

In case of charging
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=G (l—f‘”r) [T=RC=(5x%10°R) sec.]

or v VO(ITE'”T)
As per the question, the p.d. across the capacitor is 50 V within 5 sec.
v=05V, [V, =final p.d. in steady state = 100 V]
and t = 5 sec.
05=1- 8(-5)!(5!!0"]& or, 0.5 = _e..mﬁm
R = 145 MQ TYTTLL

2.36 A5 YF capacitor is initially charged with 100
500 pC. At 1 = 0, the switch K is closed dxo——‘\N\v——

(Fig. 2.49). Determine the voltage drop across G K
the resistor at t < T and ¢ = oo, SuF | @ EIIFl 2uF | 14F

Solution C1EE_

The equivalent capacitance of bank of parallel
capacitances is 5uF. As soon as K is closed, the
equivalent SUF capacitor is in series with C, Fig. 249 Circuit of Ex. 2.36
and the net capacitance becomes 2.5 pF.
T(time constant) = R C,, = 10 X 2.5 x 107 = 251 sec.

The initial voltage V;, across capacitor C, is given by
@y _ 500pC
Co 5x10®
With closing of K, capacitor C,, will start discharging, however at 1 = 0", there will be no
voltage across C, C; or C;.

Thus the entire voltage drop will be across R only (vg) at £ = 0" time.

ie. vg =V, (decaying)

11+

=100V

Vﬁ=

= Voo {RC _ () e~ 11252 10°%

= lmt—‘ixlﬂ" ty

Al t = oo, v becomes zero. .
[It is also evident that in steady state (1 = o), the charge of C; will be distributed through
C,, C, and C, and no current will flow through the circuit. Hence i = 0, vz = i = 0].

237 In Fig. 2.50, a capacitor of capacitance C is

charged to a voltage V,; (dc) and is allowed to discharge a

through a resistance R while charging another capacitor A

of capacitance oC. Determine the final voltage at termi- c =Y

nals {a — b) under steady state condition. i o
Solution

Let V; be the final voltage appearing across (a - b) after b

discharging of C charging aC through R. Fig. 250 Circuit of Ex. 2.37

Equating the charge of the two capacitors
V(aC) = Vo€ - VC
or Vill+ay =V,
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Vo
V.=
™ lta

[It may be noted that the final voltage across (a — b) is independent of R].

238 In Example 2.37 what fraction of the energy originally stored is lost?

Solution

Initial energy = %cvj [the proof is furnished in Article 2.28]

1 1
Final energy = %iaC)V} +~£cv_§ =Ecv}f1+a)

v, Y 1 ViC v, Lo
(1+ea)C =— [ sz , a5 described in Ex. 2.37]
l+a 2(1+a) 1+a

Hence, loss in energy = initial energy — final energy
1 1

cvi.——
27 a+l

I

1
i—cv} -

LC’V} I—L =lcv02 -
2 a+l]| 2 o+l
[It may be noted that this loss of energy is due to presence of resistance R. However, the
energy loss expression is independent of R]. eermaes
2.39  The 10 pF capacitor in RC circuit of Fig. 2.51 has initial charge of 100 pC with

polarities as shown in Fig. 2.51. At ¢ = 0, the switch being closed, a dc voltage of 100 V is
applied. Find the expression for the current.

Solution K
In the charging case
, . R Z 5000
100 = 500 x i + —J.:' dr 100V = i -
10x10°° - L 104F
Qg =100 uC
or 0= Sﬂﬂﬂ +L
dt C Fig. 2.51 Circuit of Ex. 2.39
di i
or - = ————dt
i 500C
or i=Ke ™! where K is constant.

However, due to initial charge of 100 yC in the polarity shown, the equivalent voliage
becomes

This 10 V also sends current in the direction of i.
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Hence at =10

110
ih=(V+V = — =1},
ip=(V+ VR 500 022 A

Thus at ¢ =0, 0,22 = K 200x%0

or K=022
Thus the expression for current becomes
=022 A

2.28 ENERGY STORED IN CAPACITOR

A capacitor never dissipates energy and only stores it when the capacitor is
assumed to be ideal. It can store finite amount of energy, even if the steady state
current through it is zero. A capacitor discharges its energy when connected in a
circuit having resistances.
The power absorbed by the capacitor is given by
dv

=V.!’=v-c-—
P dr

. Energy stored by the capacitor is

[

W= jm:b-c-%-m

[

- 30 (2.39)
The energy stored by the capacitor is then 1/2Cv* Joules.
2 2
1 ~2_1 Q Q
Also, W=-COv'=2C-—=— 2.40
[ " 27 T2 2(:] (2-40)

W is always expressed in joules.

2.40 A 10F capacitance is charged to 5 V and is isolated. It is then connected in parallel

to a 40 F capacitor. What is the decrease in total energy of the system?
Solution
=CV,=10x5=50C

Wi= 2OV =1 x 10 (57 = 125 )
Next, with parallel combination of 10 F and 40 F, the equivalent capacitance of the
system becomes 50 F.
~ W, (final energy when both the capacitors are connected in parallel)

1 2 | 2.1

— =—r— = Wo— =

2!.'."-’ 2 C -2 (50) 30 25]

Thus, the decrease in total energy of the system is (125 J - 25 J), i.e. 100 J.



Electrostatics 83
241 A parallel plate capacitor of plate area A and plale separation d is charged to a
potential difference V and then the battery is disconnected. A slab of dielectric constant £
is then inserted between the plates so as to fill the space between the plates. If Q, E and W
denote respectively, the magnitude of charge on each plate, the electric field between the
plates (after the slab is inserted), and the work done on the system, show that in the
process of inserting the s!ab the work done is given by

Solution

Let us assume that the capacitor retain charge 0 when charged to voltage V at the initial
condition. This charge will remain same even when the slab is inserted; however, the
electric field intensity will reduce by a factor €.

AV oy
Q =CV= g7~ E (field intensity) =~

Energy of the system before dielectric € is inserted,
Gsdzvi

£,AV?
2d

2 A capacitor of capacitance C is fully charged by a 220 V supply. It is then dis-

charged through a small resistance embedded in a thermally insulated block of specific
heat 2.5 x 102 ] kg™' K™! and of mass 0.2 kg. If the temperature of the block rises by 1°K,
find the value of C.

Solution

Energy stored in the capacitor is

W= —;-cv2 =% x C x (220)* Joule

Energy supplied as heat in the block is obtained as

H=mgst
where H = heat,
#t = mass,

s = specific heat, and
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t = temperature rise.

Here H=02x25x 10% % 1 Joule = 50 Joule
In a thermally insulated system
W=H

% x € x (220 = 50

50
(220)°

x 2 = 2066 pF.

2.43  An uncharged capacitor is connected to a battery. Show that half the energy sup-

plu:d by the battery is lost as heat while charging the capacitor.

Solution

The charge required by the capacitor is @ = CV while the work done by the battery is
W=Q- -V

The capacitor would store energy of 172CV2,

| 1
However, —CV =0V .
0\\'\'!‘2 l?.Q

Then the remaining energy is [QV —%QP]

i.e. 1/2QV is lost as heat. Then half the energy supplied by the battery is lost as heat.

Wessasnsnans ADDmONALEXAMPLES sennsssnnns il

2.44 A ring of radius r contains a charge { distributed uniformly over its length. Find

the electric field at a point on the axis of the ring at a distance x from the centre.

Solution

Let us consider a small element of the ring at point A having a charge d(. The field at P
due to this element is

dQ A dQ
= ———
Ane, (AP)?
The component of dE along x-axis is
di P . _
dE cos 8 = _Q_........_.xg,_ Fig. 2.52 ?fmg:fmﬂiusrmumiu
4me, (AP)* AP ng a charge Q
x-dQ

dme, (r +x2)¥?
. The net field at P is

xdQ
E= J:ﬂ-:cnsﬂ -[431:: PRI

= ;Idg e m
4z, (r* +x* )2 4nme, (r* +x*)¥?
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2.45 Three charges, each equal to g, are placed at three corners of a square offside s.

Find the electric field at the fourth corner.

Solution
Let the charges be placed along A, B, C (Fig. 2.53).

Now, the electric field at D, Ep = _él +Ez +1-E‘.3
[where Ei = field at D due to 4,
Ez = field at D due to C, and
Ea = field at D due to B]

kg~ kq -

=—-I+—-—-—J+ (i + )
s* (v'_sl
LT CTONAT
= 52(1+2 :+s3 1+2 i
=2:.q.(; Fi
252

=
IED' =

3

here K =
4

E A ,-"'Ea
5 A l/_
q a"'E‘
gl 9 e

Fig. 2.53 A square of side s
having charges g
at three corners

246 Six similar charges, each of value g are placed at the corners of a regular hexagonal

pyramid of side /. Find the resultant electric field
strength at the apex due to charges if the diagonal of
the base equals slant edge of the pyramid.

Solution
With reference to Fig. 2.54, side of base = [; slant
edge = 21,

As charge is same for all points and slant edge is
also same hence magnitude of electric field due to
each charge is equal to kg/(2{)* though the directions
are different. Solving them into components, we find
horizontal components will cancel among themselves.

Resuliant electric field = 6 E cos 8

=6x ——x—T V3 [~ 8=130°
4me, () 2

= 1 X—3J§Ki

4nE, 4 2

Ercos @
Ercos @
Er

Fig. 2.54 Charges placed at
the corners of a
hexagonal pyramid

LA R E RN}

247 A 1.0 yF parallel plate capacitor with air in dielectric medium is charged to 200 V
at steady state. Assuming the distance between the two parallel plates to be 1.0 cm, find

{1) the electric stress on dielectric

(ii) the electric stress on plate surface and electric flux density
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(iii) the charges on the plate.
(iv) if the dielectric medium of air is replaced by another dielectric medium of permit-
tivity 4, recalculate the answers for (i) , (ii) and (iii).

Solution

y
x

i) E= V/m [E = electric stress on dielectric i.e. field intensity]

(ii) Electric stress on plate surface will also be 20 kV/m while the flux density is given

by

8=¢,% E=8854x 1012 x 20 x 10°
= L.771 x 1077 C/sq. m.
(iii) @ = CV; Q is the charge on the plate
=1 x 107 x 200 = 200 pC.

(iv) If the air medium is replaced by another medium of permittivity 4, we can obtain

the new values of E, & and Q as follows:

g,£ A

new x

A
=g X % =gx1xI10°¢

[ original capacitance of the given capacitor with air on dielectric medium is

given as 1 pF.]

: Coew =4 % 1 X 10 =4 pF

Also, Eppw = L = 200 = 20 kV/m [distance x remains same]
x 1x107

pew = €, € E = 8.854 x 1072 x 4 x 20 x 10°
= 7.1 x 1077 C/m?
The new charge accumulation is
Qpew = Cogw X V =4 x 1078 x 200
=8>C10"‘C0ulnmh. sEEEEEE
248 Two capacitors C; and C, are placed in (i) Series and (ii) Parallel. If C; = 100 pF;

C, = 50 pF, find the maximum energy stored when a 220 dc supply is applied across the
combination.

Solution
If C is the equivalent capacitance, for series connection of C; and G,
= o) o _ 100 % 50

G +C  100+50

= 3333 uF.

. Maximum energy stored is %cvz. ie. % % 33.333 x 107 x (220) i.e. 0.807 J.

When the capacitors are in parallel, C = C, + G, = 150 uF
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~ Maximum energy siored is
3 X 150% 10 % 220 i 363 .

[It may be observed here that capacitor conserves maximum energy when they are in
parallel configuration.] [

249 Find the equivalent capacitance between A and B in Fig. 2.55. Assume the capaci-

EEEw

tances are equal to each other and having a value of 2 pF each,
C, Ca
A o }-T'l F
Cs

SN B

Cs

=Cs

B I
Cs
Fig. 2.55 Capacitance configuration of Ex. 2.49
Solution

We can reduce the given circuit as shown in Fig. 2.55(a).

2 uF Cx={C; + Ga)
u_ci Cs N 1 Cs
s A oA AUF
2uF| =H I o 2uF | g
d ' B Il IL
2 uF 2 uF = 2#’,"0‘ 2”er E
Cs
jal o2
Cs
[}
0 Cy=(Cill &)
C, =C, +C, -?pFF A I‘}ua,uF
TR or|
R S Y
 2HF ch 2uF
i
Cs i}
2uF
§
ﬁ?
g7 3[ . C2xC _5 ]
Cz+Cg 4
Jea
Cs

Fig. 2.55a Circuit reduction for Ex. 2.49
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Finally we obtain

c=c'||c5=c'+c,=%+2= B

4 LA R RR NN

250 In Fig. 2.56, if Ci=C=0C=Cy=... Y

LN

=Cp,,=1F and V=10V, find the charge Ciz
supplied by the battery. If the charging current

drawn from the battery is 10 A, how much c \f’ | c
time would the battery take to charge the ca- ! ! "

pacitor cube? What is the energy stored in the
capacitances of the cube? Ce | Co

Solution C \<,- =
Let us assume Q be the charge entering termi- ,}\ Cx /‘c
nal x from the battery to the cube. Obviously, < | s
capacitance C,, C; and C; would store charges Cs 4

Qf3, @/3 and /3. Since charge (Q) leaves out X

terminal y hence charge on capacitors Cyp, Cy; +

and C|, must also be [%J each. On the other

hand since C; is connected to C, and Cs at
terminal z, hence C, and C; should have a total charge equal to that stored in C;. Hence

Fig. 2.56 Cube of Ex. 2.50

we can say since C, stores [-%] hence C, and C; would individually have [%] each.

Following charging current path in the cube from x to y we find
Vo=V, =V, = (V- V) + (V.- V) +(V,-V)

=V +V,+V, = 9§+%+¥
=22 . C,=C=C=..=Cp=C]
&6c
or 2 =£
Cq 6C

6 ]
=2C=2F [ =
Cq=3C=5F [vC=1FR

Hence charge stored in the cube is
6
g=Cy-V= 5 % 10 = 12 coulomb.

The battery supplies 12 coulomb of electricity. Also @ = Charging current x Time,

Time = £=£ = 1.2 sec
Iy 10
Energy stored in the capacitor cube
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".'..51 Find the amount of heat gcm:ralcd in the circuit shown in Flg 2.57 afier the switch
is shifted from position 1 o position 2,

Solution 1 J_2 3
When the switch is in position 1, the combination has :ff: Co :-C
C and Cy in parallel and C in series for which the A
equivalent capacitance is . 5
(Cy +C)C
%" TG +2C A
T +
The total charge on the combination is Fig. 257 Circuit of Ex. 251
. Ve(C +Cy)
= b4 = —
Q = 2C+Cy
The total charge in the three capacitors can be obtained as
VC(C +Cy)
=VWCy= —————
0= ¥Cq 20+G,

VC(C+C)C  VCG,
(2C+CNC+Cy) 2C+G

2=

VO{C+Cy)C ve?
(2C+C,)NC+Cy) 2C+G,
When the switch is in position 2, the charge distinguish on the three capacitors is

r VC VC(C + Cﬂ )
Q0 = -

2C+C, Icrq, Qo= 2C+G,
Heat produced = loss in stored electrical energy + extra energy drawn from the battery.
Since the equivalent capacitance C,; remain unchanged in both the positions of the key,
the loss in stored energy is zero,

I=

Hence,
Heat produced = Energy drawn from the battery
=V(@/'-Q)
=WQ- @)

VO(C+Cy) vl
2C+C, 2C+C,

vicg,
2C+C,

2,52 A parallel plate capacitor has plate area of 0.1 m? and plate separation 0.015 cm.
The dielectric medium between the plates has relative permittivity 3. The capacitors retain
a charge of 1.0 uC when placed across a dc voltage source. Find the flux density, electric
ﬁc]g!zsutngth and voltage across the plates. Assume £, the permittivity space as 8.854 %
107" F/m.
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Solution

Given;
A =0.1m%x=0015cm=0015x 107 m
£,=30=10pC
£, = 8.854 x 107"? F/m

. for the given parallel plate capacitor,

oo B eA  8.854x107"2 x3x0.1
x 0.015x 107

= 0.01771 pF.
Flux density is obtained identical to charge density.

g 10x10 ,
§= ==y =10 pCim’.

Field strength (E) is obtained as

5§ _ loxio®
T g6 8854x107% x3

= 37.65 x 10* V/m,
The p.d. across plates is formed as

0 1x10°
C om771x107®

=5647 V.

EERERESS

2.53 Find the charge that will flow through

the battery B when switch § is closed c s
(Fig. 2.58). X —< Y
Solution

c c
First we consider § is open. Equivalent ca- 8
pacitance across X — Y is /500
AL
Cx2C 2
Cy_y= ==C C=5
X-¥='cy2c 3 [C = 5¢F]

Hence Q, (charge retained by Cy_p when § is Fig. 2.68 Circuit of Ex. 2.53

open)
2
=Cyy- V= iC - V coulomb
Next we consider § is closed. Equivalent capacitance Cy _y across XY is

Cy_y =2C
~(; (charge retained by Cy _y when § is closed)
=Cy_y XxV=2CV.
Hence we can find charge flowing through battery as |y — (4l
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2c
3
4 4

= -,;cv:E % 5 x 107% % 50 = 333.33 pC.

Thus 333.33 puC of charge would pass through the battery upon switching 8.  ,.....4

This becomes IQ, - Oyl = = - V- 2CV

54 A 20pF capacitor is charged to 100 V and then discharged through a resistor of
10 k€. Find (i) initial value of current, (ii) value of current when ¢ = time constant, and
(iii} rate at which current begins to decrease.

Solution

(i As soon as the capacitor is swilched to the discharging charging circuit having a

series resistance 10 k£}, the initial value of discharging current would be

1=19 _o01 4
!

(ii) While discharging
i= ,fe"mc;
at ¢ = time constant (RC),

1
i=le=Ix—,
&

Here, i = 0.01 x -:- = 0.00368 A
(iti) Normally the time constant is RC in the discharging circuit and hence RC = 10* x
20 % 107% = 0.2 sec.

1
i=Ixe™C =001 x e 02
=001 &

% (= rate of discharging)

= ﬂ.{)l(—S)e"' = —0.{:‘58.5' Als, RN

2.55 Two metal plates form a par-
allel plate capacitor with an in-be- e j__
tween metal plate of the same ;ZZZ:E{ZEEZ (x4} ==V
material. There are two dielectric --I -
medium K, and K, having relative % 2 (metal 4

e . slab)
permittivity &, and €, respectively Y ¥

as shown in figure (Fig, 2.59). If the l T SSSSS%SSS (x/4)
metal plate is removed find the work —-——== -—+—
done in slowly removing the plate

when a p.d. of (V) volis is applied
across the capacitors.

Solution

From the given (Fig. 2.59) it is evident that the capacitor consists of two series capacitors
C, and C, when C, is formed with £, while C; is formed with £

Fig. 2.59 A parallel plate capacitor (Ex. 2.55)
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E, €, A &, A

= 9T TG

1 1Y x x !
« [C, C, ] [45,3,5 A dee, A]

450,,4 £, xz,:
- X E’i +£,}

1 21 _4E, Al E XEy |,
s E tored (E,)= =C, V- ==X -] oo~ |V
nergy stored (£)) = 5 Ceg V" =5 X— g, +E,

When the metal slab is removed, there are now three capacitors formed, the first one is C|
as it was, the second one is with dielectric medium air C, (as the metal slab is removed,
the space between g, and €, is now air) and the third one is C; as it was and now, C, =

gA 26,4
2  x

-1 =1
C' = [l.*,.i.pl) i.C..[‘L‘l’l*‘L]
“ Cl Cﬁ C2 Cl CZ Cl

=1
= r X 4 *
de,5, A dgE, A 26, A

_ 4%""L+L+gr

:e,l S,1

X E, E

- 1
dg,Al €, + €, +2¢, €, ]'
L  En

- ]
4g,A €, Ep I
x _s,1+£,&+2£,. £,

- Energy stored (E,) = %Cp; v?
4g A E, E
- lx £y [ 1 En ]-V’.
2 X | g tE,+ 2£|1 £,

Since work done (AE) is given by (AE = E, — E;), it represents the work done to remove
the metal slab.

x | tE, £+E'z+2£n":¢

d4e Al & & g, €
AE:E,—E2=%V2>< o [ ncy 1 “n :I
q

Y ZE,Asqe,hr 1 1
X I_“"u"'"a Eq+5&+2-‘3q3&
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LA R RN NN NN LR
o Vix 2¢,Ag, £, 2g, €,
X (&, + &, Mg, + &, + 26, &)

4, AV?E] €]
= 3 Joules.
x(e, + £, e, + &, + 26, €, )

This is the work done in removing the metal slab from the capacitor. sasanan

2.56 Three delta connected capacitors are set to form a unit as shown in Fig. 2.60. It is

required to transform the delta unit to equivalent star. Find these star capacitances for
equal capacitances between similar terminals in both the connections.

@ ©)

Ao = LI

AN

il Gz

/ 11
g = Q) ®

Fig. 2.60 Delta connected capacitors Fig. 2.60a Equivalent star connection

(Ex. 2.56) of delta comnected capaci-
tors in Ex. 2.56

Solution

Figure 2.60a represent the equivalent star capacitances provided net capacitances between
terminals @ - @, @ - @, @ - @ remain same for both the configurations. Capacitances

ccC
between @ and @ in star connection is [ '+ 2 ] while that between @ and @ in delta
1 2
Cqy C
connection is | Cj; + Sl L
For equal capacitance between similar terminals,
GG | GG . G +6aCy + GG
G+G Cu+Cy Cy + Gy
G+06; Cyn + 0y Cy; + Gy .
or = = (i)
aaG Gy Gy +Ca 0o + G5 Gz A

C, C,
Similarly, capacitance between @ and @ in star connection is [C 2 é' ] while that in
1 +8;

delta connection is
Gy Gz

+C
Gy +0), B
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By the same reasoning,
G C Cy €
2L c EIRH

I

G+G Gy +Cpp
Cy +C Gy +C
or 2+ Gitip (i)
C,Cs A
: . . GG
Also, capacitance between @ and @ in star connection is Y and that between @
3+
and @ in delta connection is —— Ca + C
-— - +tLn
G +Cy

GG _ GGy
G +G Cp+Cy

+ Cy;, We can write

G+G  C+Cy
GG A
Adding (i) and (ii) we have
G+C G+CG  Cn+Gy +C31+C,z

(iii)

ac GG A A
C|C3+CZC_3 +C]C2 +C|C3 Cﬂ +C'3|+C3]+C|2 (iv}
or, =
GGG A

Subtracting (iii) from (iv) we have
C| C3 + Clc3 +C1 Cz +CIC3 —C2C3 - C2C|

GGG
GG+ Gy + G -Gy -Gy
A
26,6 26y,
or —_— =
CICZC;] A
or B TP
¢, a4’ g
Cp Gy +C3 G + G Cyy .
C,= (iva)
Gy
Cay G
=Cp+Cpn+t 2 (ivb)
3
Similarly,
Cy, G
Cl = Cj| + C]! + —'_'-"—‘51 12 {ivc)
Cn
. Cy; C:
and Cy=Coy + C5y + ——2 (ivd)

12 EREEEEN
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2,57 Three star connected capacitances C,, C; and C; are to be transformed to delta.
Show that for equal capacitances between similar terminals in both connections,

Clci
G+G+G

CIZ

C,C;

C‘ - = -
BT 0+C+G

GG
c:!l =
G+G+6G

I g

1

Solution

e Ay
o o f &

@

6

Fig. 2.61 Star connected capacitors Fig. 2.61a Equivalent delta connected
(Ex. 2.57) capacitors of Ex. 2.57

With reference to Fig. 2.61 and Fig. 2.61a we have found out in the previous example that
for capacitance between identical terminals being same for both star and delta, delta

capacitances can be successfully converted to star where
CaCn _ Gy +CnCy + GGy

P} Cy
_ A :
o (i)
GGy A
C=Cp+Cpp+ =— (ii)
Gy Cy,
CuCa A ..
C3 = C3 + ng, + == (lil]
' C. Cp
Multiplying equations (i) and (ii), (iii) and (iv) and (v) and (vi), we have
A? .
'C| Cz = - (]‘l')
Cy Gy
az
Cl C3 = (\":I
€3Gz
2
C] Cl = ﬂ (vl]
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Inverting and adding equations (iv), (v} and (vi),

1 1,1 GGy + G Gy +Cu Gy
GG GG GG A?

or —_—— = —
GGG A

|"".‘rl C! C!-
or —

C+C+6G

=-l
A

A __ GG

G, G+C +G

However, we have proved earlier in the preceding example

CnCy  CuGa+GG +Cu Gy
G Cia

(vii)

or

C3= Cﬂ + C3l +

.. From equation (iii}, using Cy = E‘-ﬁ—- , We c¢an write
12

A _ .. _ GG
= =Cp= ————
C3 CI+C1+C‘3

GG
Similarly, Cppm= —2 2
GG

and Cy= ——
3 C|+C1+C3 EasEEma

2,58 In the circuit of Fig. 2.62, switch § is switched on at r = 0 and kept at on position
for long time. At steady state, the switch is suddenly opened. Instantaneously, the dielec-
tric mediums of the capacitors are replaced by another dielectric medium having dielectric
constant of 0.5. Find the ratio of total electrostatic energy in both the capacitors before

and after opening of the switch at steady state.

Solution s

Condition 1: Switch closed, steady state prevails. '—>§I

Both the capacitors C; and C; are at same potential —_-r_i v

and the total electrostatic energy of both C, and C, T~ TG Cz

are given by _l-
w,=%cv2+%cv= =W, Ci=Ca=C

Condition 2: Switch opened and dielectric medium Fig. 2.62 Circuit of Ex. 2.58

replaced.
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This time the capacitance of each of the capacitors becomes 0.5C, Let v be the new
potential of C, and C, is isolated as the switch is already opened. However it will retain
the same charge before and after switching and hence we can write

CV (charge before S is opened)
= 0.5 CV'(charge after § is opened)

i.e., V' =2V
The new electrostatic energy of the sysiem is now the summation of
electrostatic energies of each of the capacitors.

W = % (050 - V2 4+ % . (050) - V7

= % x 0.5C x V2 + % % 0.5C x (2V)?
=125 CV?

wo__ovi 1
Wl

1
125¢cv: 125
Hemcmrﬁquh‘edmﬁﬂisl:l.zs. ssnEEmE

2.59 A 8 WF capacitor is connected in series with a 0.5 MAQ resistor across a 200 V dc
supply. Calculate (i) the time constant during charging of the capacitor, (i} the initial
charging current, (iii) the time taken for the p.d. across the capacitor to grow to 160 V and

(iv) the current and the p.d. across the capacitor in 4 sec after it is connected to the
supply.

Solution
(i) Time constant = RC = 0.5 % 10° x 8 % 1075 = 4.0 sec.
. v 200
(i) J=—=—""— =04 mA
R 05x10°

{capacitor acts as short circuit as soon as voltage is applied and hence initial
charging current is (V/R)]

@ity = ve=V(I-e "), [refer texi]
Here, 160 =200 (1 - e™)
160

ie. =1-¢™ or,02=e™

200
or, log,02= Fi logyg e

t = 6.42 sec.

(iv) i = JeRC

= (0.4 x 107)e™

= (0.4 x 107)2.718

=0.147 mA
v=Wl1- gtIRC)

= 200(1 -4

= 126,40 V.,
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Mesnnnsnsans EXERCISES sennnnnmnnn il

State and explain Coulomb’s law in Electrostatics and hence define “Cou-
lomb”, the unit for electric charge.

What is permittivity? What do you mean by relative permittivity of a me-
dium? Why it does not have any unit?

Define electric potential and potential difference with their units. Find an
expression for potential at a point within an electric field. What is equipo-
tential surface?

. What is meant by electric field intensity? Discuss the various factors upon

which it depends.

Find the expression of electric field intensity and electric potential of an
isolated point charge in vector form.

Define potential gradient. What is its unit? Why do we say electric field
intensity and potential gradient both are expressed in volt/m?

Derive an expression of potential energy in an electric field.

Find a relationship between electric field strength and electric potential.
State Gauss’ Law and derive from Coulomb’s law.

What do you mean by electric dipole? Obtain an expression of electric field
and potential due to a dipole at an axial point.

(a) Define electric capacitance and derive an expression for the capaci-

tance of a parallel plate capacitor.
(b) Discuss the various factors upon which the value of capacitance of
parallel plate capacitor depends.

State the factors on which the capacitance of a condenser would depend.
Derive expression for the equivalent capacitance for a number of capacitors
connected in (i) series (ii) parallel.

Derive the expression of capacitance of a parallel plate capacitor with (i)
uniform dielectric medium (ii) compound dielectric medium.

How would you find capacitance of multiplate capacitors?

Find the capacitors of an isolated sphere.

Derive the expression to find capacitance of concentric spheres.

How do you find the capacitance of a parallel plate capacitor if a metal
plate (uncharged) is introduced within the parallel plates?
Derive an expression for the energy stored in a condenser charged to a
potential.
Explain charging and discharging of a capacitor alongwith necessary
derivation when the capacitor is connected across a dc voltage source and
when discharging from steady state with resistance in series in both the
cases.
What is the potential at x = 0 due to these charges? x = distance in m.

. o -0 +a -Q
x'u x=1 x=2 x=4 Xx=8
Fig. 2.63
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[Him: Potential V; at x = 0 due to +ve charges is given by .
Q e e .
4nme, (1) 4me,(4) 4me,(16)

Q( 1.1 ) Q 1
I+ —4.. |=—
4me +4+16+ 4, | 1-1/4

(-]

Q

3re,

V] -

Potential V, at x = 0 due to —ve charges is given by

—-Q -0 -0

2= im0 T, ® dm0n
-Q[ 1,1 ] -0
= —|1+i+ 14 |=
4 e, +4+16+ 6ne,
Q
Vﬂ‘""’*:ﬁm]

Find the potential and field intensity at x = 0 due to these set of charges; x
represents the distance from origin in x-axis. Q is magnitude of charge.

+Q +0Q +Q Q.
x=0 x=1x=2 x=4 x=8
Fig. 2.64
Ans:V = 0 : 0
2re, 3mE,

0 [l+-l-+l+.,.]= o 2 e
4ne, 2 4

-2 _ @ [1+l+~1—+...]

4JE1., Iz 4 e, 22 42

:i[1¥l+l+...)=i-g—x L. Q:|

AnE 416 3 4me, 3,

(]

Three point charges 4¢, O and g are placed in a
straight line of length / at point of distance 0, /22 49 Q 9
and ! from origin respectively. The net forceon 0 v2 /

charge g is zero. What is the value of Q7 Fig. 2.65
[Ans: O = —q]
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[Hint: With ref. to Fig. 2.65, the net force on @ is zero when

4gxq L 9%4
4rme, x (1)} 4me,(112)

ie. 44 +40Qq9 =0
ie. Q=-q]
Eight charged drops of a fluid carry a charge of 10~ uC each. Each drop

has a diameter of 2 mm. If they merge together to form a single drop, find
the potential of the merged big drop. (Ans: 3.6 kV)
[Hint: Total charge of 8 drops = 8 x 10~ uC (=q)

Potential due to a charge ‘g" is given by.

4; X% . where R is the radius of the big drop and q is its charge.
(]

Since the single big drop is equivalent to eight drops, assuming all drops
to be perfect spheres,

V=

4 3 4 53
EBx —mrixp= —nR xp,
3 rexp 3 P

P being the density of the fluid and % mr? is the volume of each small

drop.
We have 8r% = R?
or R=12r
8§x107* x107®
V= 1 x =3600 V
41 % 8.854 x10712 2x107?

Show that when a dielectric slab of thickness ¢ and permittivity &, is in-
serted between two fixed charges Q, and Q,, the force of repulsion between
them is given by

PR G0
ArE, (d -1+ g 1)
and hence find the dielectric constant of the slab, if on interposing another
slab of same material of thickness (d/2) the force of repulsion reduceds in

the ratio (9/4). Assume the distance between the fixed charges to be d.
(Ans: g, =4)

1 % 00
4re €, 42

Let us assume that when the same two charges are placed 4’ apart in air,
same force of repulsion arises between them,

S 0,0,
dme, 47

[Hint: F =

F
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Then, £,d® =d? ie.,d = ¢, -d
Then, d of medium is equivalent to & of air
ie., JE, -d in air.

- Effective air separation is (d - ¢ + ,,‘E, - 1)
1 0,0,

F= X
4re,  (d-1+[e, -1)’
Substituting = d/2, F'= 1 x G0
4 (d—i+ € -i]z
2 2
_ | % 40,0,
ame, 1+ e, ) d?
Force in air is F = ! Xgl'g%*
ang,  4?

FIF = . But it is given F'/F = 4/9

4

1+ g, )?
4 4

_— = ,,‘ g =2

a+Je)r 9 7 ]

If the capacitance between two successive plates is 0.5C (Fig. 2.66), find

the capacitance of the equivalent system between points P and Q.

(Ans: 1.5 C)
1
2
3 T
4 -— ——e
P _4”3_ Q
: é e
Fig. 2.66 Fig. 2.66a

[Hint: The four plates form three capacitors (Fig. 2.66a)
: Ceq=0.5C+0.5C+0.5C = 1.5C]
Two capacitors arec once connected in parallel and then in series. If the

equivalent capacitance in the two cases be 10F and 5F respectively, find the
capacitance of each of the capacitors.

Hint: €, + C, = 10 2 _9
[Hint: C;, + C; = T

Solving, C, = 7F, C, = 3 F]
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28.

29,

30.

Basic Electrical Engineering

Two dielectrics of equal size are introduced | 'y
inside a parallel plate capacitor as shown in I it dl
Fig. 2.67. How does the effective capaci- ) Wy

tance charge?

185

(Ans: Increase by 3 ) Ee=zzz==c T

[Hint: With introduction of two dielectrics
two parallel capacitors are formed.
£,8(A/2) N £,6(A/2) g,A (EI +& ]
d d d 2

ch =

E,A
while without these dielectrics it was {T' assuming the area of plates to

be A.

) E|+52
2
1

d

Ratio =

EEA £ +Ez
2
e, A

d
g and &, are both more than 1, hence the new capacitance is increased

E +E

by times].

Find the charge drawn from the battery at steady —_I
state when K is closed. Assume C; = C; = C. c

1l
|+
<
5"_
-

(Fig. Z.GEJ[An.r:%CV)

[Hint: K open:
Fig. 2.68

C
Q:ch-'{‘r:E -V

Next K closed; C, gets shorted. Charge is now drawn by C, only.
Q' =CvV

1
- Q= =CV
o-0=
This is the amount of charge drawn with K closed].

If each of the capacitances is C, find the equiva- § It
lent capacitance between A and B (Fig. 2.69).
(Ans: 2C) PT(
[Hint: The given circuit can be redrawn as shown
below: o T T T
B

Fig. 2.69
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REEE e LN ]

PESNRR A

Fig. 2.69a

One capacitor may be deleted from star as no charge will flow through it
since p.d. will be same across it. This simplifies the figure and we find net
capacitance 2C. The problem can also be solved using (¥ — A) conversion].

31. A capacitor is formed by two parallel metal plates of area 5 cm?® separated
by a distance of 1.5 cm in air medium. It is then connected to a 1000 V dc
supply. A flat sheet of a dielectric material is now introduced in the capaci-
tor and pasted to the +ve plate. The sheet has a permittivity of 3 and
thickness of 0.5 cm. What is the new capacitance? What is the electric
stress developed in air? (Ans: 37.84 x 107'* F; 85.5 V/m)
[Hint: Ref. Fig. 2.70]

_ ¥_
1.5 c-mi m}.ﬂé cm CD 1000V
Fig. 2.70
E,A
Coew = ﬁ Farad
— +_
g &
£, %x5x107
T 05%1077 1x1072
+
3 1
=g, x 4.274 x 1072
=3784x I0°0¥F
Q = CV, here
0=13784x 10" x 1000 = 37.84 x 107!! C
37.84 x107"!
5= Q:— =7.57 x 1077 C/m*
A 5x10™
7.57 x1077
E=8_ D2TXT 855 vm)

£, B8.854x10™"?
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32.

33.

34,

Basic Electrical Engineering

Two plates of a capacitor of capacitance C are given 914z
charges q, and g,. The capacitor is connected across a
resistance r (Fig. 2.71). Find the charges on the plate SW
after time 1. |
Wte (9= | _ure r
Ans: Q (left plate) = 5 + 2 ! Fig. 2.71

Q (right plate) = kL ;‘h _(‘f‘ _2‘12 ),e~:fxc')

[Hint: Ref. Fig. 2.71a for charge distribution

diagram before closing of switch. G+q | R
2 2

.. . G —aq . .
Initially the p.d. is =35c " During discharg- G - o+ G
ing, the charges on the outer surfaces would 2 2
not change as the p.d. is independent of charges Fig. 2.71a
in the outer system. Charge on the inner
surface decreases as Q = (%) . g RC

9 —q: 9~ ~tRC
left plate) = C - + -8

Q (left plate) 5C 5

4y —q: + G —4q2 . g~VRC
2 2

htdy G -4 _ure

= 5 Ry ]
A dc voltage of 100 V is connected to a capacitor of (L.1F. The source is
removed when steady state is reached and the charged capacitor is con-
nected to a second uncharged capacitor. If the charge is equally distributed
on these two capacitors, find the total energy stored in these two capacitors.
Find the ratio of final to initial energy. (Ans: 250 );1:2)

Similarly for right plate it is

[Hint: Initial stored energy E = }2_ % 0.1 x 100 = 500 J. Removing the

voltage source this capacitor is connected to another 0.01F and charge
distribution is same for both. Hence final voltage is 100/2, i.e. 50 V.

Final stored energy = IE x 0.1 x 50% + % x 0.1 x 50°

=250 L.
.~ Ratio of energy =1 : 2.]
A 6 PF capacitor is charged to 100 V and another 10 PUF capacitor is

charged to 200 V. They are then connected across each other. Find the p.d.
across them and calculate the heat produced. (Ans: 162.5 V; 00188 I)
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[Hint: g, =C,V, =6x 10°x 100 = 600 pC
g2 = C3Vy = 10 x 107 x 200 = 2000 pC
After connecting one across the other, the common p.d. is V across them.

Gtq _ Gtq 4 4

s V= C+C = C.+G, =—CT=E: q, and g, are new charge distribu-
tions
600 + 2000
ie. = — =1625V
6+10
W, = %c,v,h%czvz%lz x 6 % 107 x 100% + % x 10 x 108

x 2002 =23 %1072 ]
W, = %((:1 + )V = %us} x 10°x 162.5% = 21.12 x 1072 J]

35. A parallel plate capacitor has 30 plates each of 0.1 m? area, the separation
between them being 0.2 cm. If the dielectric constant is 3, find the capaci-
tance and the capacitive energy stored if the capacitance stores 10 pC,

(Ans: 385.15 x 10719F; 0.1298 J)

-De, e A
[Hint: C=M
d
30-1)x8.854 x 107" x 0.1 x 3 :
o 307D xBE 107" x01%3 _ 28515 x 10710 F
0.2x1072

2 10 x 107%)?
Energy stored = 2 = —GOX 107 _ 12085
2C 2x385.15x10710

36. A IpF and a 2uF capacitors are connected in series across a 1200 V
supply.
(i) find the charge on each capacitor and voltage across each capacitor,
(ii) the charged capacitors are disconnected from the supply and are now
connected in parallel with terminals of like sign together. Find the
final charge on each capacitor and the volatage across each.

(Ans: 800 puC; 800 V across 1 pF and 400 V across 2 UF;

In parallel, charges are % KC across 1 pF and

% UC across 2 uF. Final voltage = (1600/3) Volts)

[Hint: 0 = % x 1200 x 107 = 800 uC

V (across 1 pF) = @ =800V
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37.

38.

Basic Electrical Engineering

V (across 2 uF) = Eg—{} =400V

tch 1600 x 107
When in parallel, V = e a.rge = = 1600 v
net capacitance Ix107° 3

" @y (across 1 pF) =1 uF x 16:”00=1%00 e

1
0y (across 2 pF) = 2 yF x %;uogz%m kel
A 100 pF capacitor is charged to a p.d. of 100 V. It is then connected to an
uncharged capacitor of 20 uF. What will be the new p-d. across the 100 uF
capacitor? (Ans: 8333 V)
[Hin: Q=CV=100x10%x100=102C
-2
y= Lo 107y
Ceq (100 +20)107°6

A circuit is displayed in Fig. 2.72. Find 10 uF 5 uF
(i) the charge across each capacitor, ———
(ii) the potential difference across each Cy Ca
capacitor,
(i) the stored energy of each capacitor. ‘T.F
I
(Ans: Qg =33333uC=Q , Cs
Oc, =400uC (D)
Ve, =33.33 Vi Vg, = 66.66 V; V, =100 V o
We,=55x1071; Wy, =109x107) Fig. 2.72
We, =2 x 1072 ),
. GG 22
[Hint: Cog = G +G +Cy= == pF
GG 1000
QCI = C+6, x 100 = ‘3— pnc
G C, 1000
Qc, = C.+C x 100 = = pcC

QCJ=4)( Em=4ﬂﬂuc
(all capacitances are expressed in pF)

1000/3
! =3333V

Ve, =100 V; V. =

1000/3
VC =

= 66.66 V
,= —— =666
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We, = EC, (%) =55x10717

S
"

%Cz X (66.66)* = 10.9 x 107 J

S
|

—5 X Cyx 1002 =2x 1071

39. A 40 pF capacitor is charged to a potential difference of 400 V and then
discharged through a 100 k€ resistor. Derive an expression representing
the discharge current. How much energy will be dissipated in the resistor
over a period of 4s following the initiation of discharge.  [Ans: 2.767 1]

[Hint: A=RC=100x 10° x40 x 105 =4
vc=40|Je*""4

d
i=C2C - 40x 100 x m(—l)e-’“
dr 4
= 0.004 ¢
Initial stored energy = -;ﬂ x40 x 1078 x (400)* = 3.2)
After 4s v, = 400 e = 14715V
Stored energy = % x 40 x 10°5(147.15)* 1 = 0.433 J

Energy dissipated = 3.2 - 0.433 = 2,767 ]]

40. A capacitor is constructed from two square metal plates each of side
120 mm. The plates are separated by a dielectric of thickness 2 mm and
relative permittivity 5. Calculate the capacitance. If the electric field strength
in the dielectric is 12.5 kV/mm calculate the total charge on each plate.

[Ans: C=318.7 uF Q = 7.968 C]

£,8,A 8.854><1ﬂ"2x5x0.12x0.12F
d 2x1073
=0.3187 x 10° F = 318.7 uF

Q=CV=CEd=3187x10°%x 125 x 10° x 2
= 7.9675 C]
41. A parallel plate capacitor is formed using three dielectric substances having
permittivities €}, & and &; (Fig. 2.73). If the plate area is ‘a’, find the
equivalent capacitance between A and B.

[Hint: C=

I—OA
2g,84A g+& )| —JpE=———t——— S
A . E ___-_-_' '_-_____
[ s d (El + Ez + 2 £3 ﬂ" "—"—-?__' —— {
[Hint: Ref. equivalent circuit Fig. 2.73. ’ //f/ \X ,,+_ _

E85A | _E&(A2)_&&5A B
drz ' di?2 d Fig. 2.73

C3 =
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A
£,6A
Similarly C, = —— I

d- " G’&
Since C, and C, are in parallel contribution and this is in |
C.

series with C; we can write Cy 2
£,A 2e, 654 T_HV
_ {'C|+CZ}XC3 _T{s]-l-sz)x d B

C= =
Cl + Cz + C3 EﬂA Fis- 2.73a
T(EI +£2 +2£3)

2g,65A & +&
T od |gte,+28 |

42. Find the capacitance of an isolated spherical conductor of radius r; sur-
rounded by a concentric layer of dielectric of outer radius r, and relative

permittivity £,.
(AHS' 411'808,.1"[!'1 ]
r+ (€ ~1)n

: 4ne, €.y
Hint: Cj= ———; C,=4ne,ry
n—n

GC, _ 4me,E nn
CGHG nt(E -



ELECTRO-
MAGNETISM
AND MAGNETIC
CIRCUITS

3.1 INTRODUCTION

The fascinating properties of magnets have been known since ancient times. The
word ‘magnet’ comes from the ancient Greek city of Magnesia (The modern town
Manisa in Western Turkey), where the natural magnets called lodestones were
found.

The fundamental nature of magnetism is the interaction of moving electric
charges. Unlike electric forces which act on electric charges whether they are
moving or not, magnetic forces act only on moving charges and current-carrying
conductors.

The power of a magnet by which it attracts certain substances is called
magnetism and the materials which are attracted by a magnet are called magnetic
materials.

Few important characteristics of magnets are:

(a) Magnets can exist only in dipole and the pole strength of its two poles is the
same.

(b) Magnets always attract iron and its alloys.

(c) A magnetic field is established by a permanent magnet, by an electric
current or by other moving charges.

(d) Between magnets, like poles repel and unlike poles attract (Coulomb’s first
law of magnetism).

(e) A magnetic substance becomes a magnet, when it is placed near a magnet.
This phenomenon is known as magnetic induction.

(f) Magnetic field, in turn, exerts forces on other moving charges and current
carrying conductors. '

(g) The two poles of a magnet cannot be isolated (i.e., separated out) Magnet-
ics monopole does not exist.

(h) It can be magnetically saturated.

(i) It can be demagnetized by beating, mechanical jerks, heating and with lapse

of time.
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(j) It produces magnetism in other materials by induction.
(k) On bending a magnet its pole strength remains unchanged but its magnetic
moment changes,
(1) The magnetism of materials is mainly due to the spin motion of its elec-
trons.

Electromagnetism was discovered by H.C. Oersted in 1820. He found that
electric current in a conductor can produce a magnetic field around it. This
discovery by Oersted provided the interaction between electricity and magnetism.
The strength of this magnetic field can be increased by increasing the current in
the conductor. The strength can also be increased by forming the wire into a coil
of many turns as only by providing an iron core. The magnetic force has been
conventionally assumed to act along a curved line from the N-pole to the S-pole.

Properties of Lines of Force
(a) They are always in the closed curves existing from a N-pole and terminat-
ing on a S-pole.
{b) They never cross one another
{c) Parallel lines of forces acting in the same direction repel one another.
{d) They always take the path of least opposition.
{e) They never have an origin nor an end.

Coulomb's Law

The mechanical force produced between two magnetic poles is produced to the
product of their pole strengths, and inversely proportional to the square of the
distance between them.

my iy
d:
In SI system, the law is given by
F = __.m.__l.m._.z_.._.
Mo Hy dz
where F is the force between the poles (in Newtons), m, and m, are pole strengths,
d is the distance between the poles in meters, 1, is the relative permeability of the
medium in which the poles are situated, and p, is the permeability of free space

(in air). g = Absolute permeability of air (or vacuum) X relative permeability =y,
- p = 4mx 107 x y, wh/AT.

F o

3.1

Gauss's Law of Magnetism

If there were such a thing as a single magnetic charge (magnetic monopole), the
total magnetic flux through a closed surface would be proporticnal to the total
magnetic charge enclosed. But as no magnetic monopole has ever been observed,
we can conclude that the total magnetic flux through a closed surface is zero.

SBE-JE =0 (3.2)

i.e. the total magnetic flux entering a closed surface equals the total magnetic flux
leaving.
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Intensity of Magnetism

When a material is placed in a magnetic field, it acquires magnetic moment M.
The intensity of magnetization is defined as the magnetic moment per unit vol-
ume. It's unit is Ampere/meter. The magnetic susceptibility is defined as the
intensity of magnetisation per unit magnetizing field. It has no unit and is dimen-
sionless.

Lorentz Force

If a charge ¢ moves in a region where both electric field E and a magnetic field
B are present the resultant force acting on it is

F = g(E+vxB) . (3.3)

This is called the Lorentz force.

The phenomenon of magnetizing an unmagnetized substance by the process
magnetic induction is called magnetization.

The process of protecting any apparatus from the effect of earth’s magnelic
field is known as magnetic shielding.

The phenomenon of decreasing or spoiling magnetic strength of a material is
known as demagnetization,

The state of a material after which the increase in its magnetic strength stops is
known as magnetic saturation,

Curie Law

The magnetic susceptibility of paramagnetic substances is inversely proportional
to its absolute temperature, i.e. magnetic susceptivity (x) = I/T

C
x= =
T
where C = Curies constant and T = absolute temperature.
On increasing the temperature, the magnetic susceptibility of paramagnet ma
terials decreases and vice versa. The magnelic susceplibility of ferro-magnetic

substances does not change according to Curie law.

Curie Temperature

The temperature above which a ferromagnetic materials behaves like a paramag-
netic material is defined as the Curie temperature.

For Ni, T. =358°C

For Fe, T. =770°C

For Co, T, =1120°C
At this temperature the ferro magnetism of the substance suddenly vanishes.

Curie-Weiss Law

At temperatures above the Curie temperature the magnetic susceptibility (x) of
ferromagnetic material is inversely proportional to (T - T), i.e.

1 C
Xe T-1. ' X = T-T, 3.4)
where T, = curie-temperature, C = variation constant (Curie constant).

x — T curve is shown in Fig. 3.1.
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Fig. 3.1 x - T characteristic

3.2 MAGNETIC FIELD AROUND A “URRENT-
CARRYING CONDUCTOR

If electric current passes through a conductor, 2 magnetic field immediately builds
up due to the motion of electrons. When a magnetic field is applied to a conduc-
tor, the electrons come in motion. This is the converse phenomenon of the previ-
ous one.

When a conductor carries current downwards, i.e. away from the observer, the
flux distribution is shown in Fig. 3.2(a) when it carried current upwords, i.e.
towards observer, flux distribution is shown in Fig. 3.2(b).

Conductor Conductor T Current

Flux
distribution
Flux distribution
{a} Current away from the observer (b) Current towards observer

Fig. 3.2 Magnetic field distribution around a current carrying conductor

The dot and cross symbol may be thought of a viewing an arrow in the direc-
tion of current flow and in the direction away from the current flow. Direction of
the field (flux) can be determined by using Ampere’s right-hand rule for a con-
ductor, which states that when the conductor is being held by the right hand in
such a way that the thumb outstretched parallel to the conductor and pointing the
direction of current flow, the closed fingers then give the direction of flux around
the conductor. (It can be obtained from right hand cork screw rule.)

3.2.1 Fleming’s Left hand Rule

This rule is used to determine the direction of force acling on a current carrying
conductor placed in a magnetic field. According to this rule, if the middle finger,
forefinger and the thumb of the left hand are at right angles to one another and if

* Remember; Flux is a scalar quantity. It's _Sl_unil is Weber (Wh), CGS unit is Maxwell, | Wh =
10* Maxwell.
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the middle finger and forefinger represent the direction of curren: «nd magnetic
field respectively, then the thumb will indicate the direction of force acting on the
conductor (Fig. 3.3) This rule is used to determine the direction of motion of a
conductor (rotor) in the magnetic field produced by the stator for a motor.

Thumb
{Motian)
or Force

Fore-finger
(Field or flux)

Middle finger
{Current)

Fig. 3.3 Diagramatic explanation of Fleming's left hand rule

3.3 FORCE ON A CURRENT-CARRYING
CONDUCTOR IN A MAGNETIC FIELD

If has been found that when a current carrying conductor is placed in a right
angles to the direction of magnetic field, the conductor experiences a mechanical
force, which is right angles to both the direction of magnetic field as well as flow
of current. This force experienced is directly proportional to:

(a) Current (/) flowing through the conductor

(b) Flux denziiy (B) and

{c) The length () of the conductor.
.. Force acting on conductor,

F = Bl N (Newtons). {3.5a)

Now, say the conductor is not placed at the right angles to the field, but instead
placed at an angle (&), then from natural reasoning,

F=Bllsin 6N (3.5b)
The direction of the mechanical force (F) is found by Fleming’s left hand rule
(described in previous section).

3.4 FORCE BETWEEN TWO PARALLEL CURRENT-
CARRYING CONDUCTORS

Figure 3.4 shows two conductors, kept in parallel, and canrying currents 1, and /5.
each has a length ol /iveio s and placed at distance o meters from each other in
air. When these two puradlcl conductors are carrying currents in the same direc-
tion [Fig. 3.5a], lines ut torce in circle each other in the same direction and as a
result, resultant field tends 10 attract the conductor together towards each other,
On the other hand, when two parallel conductors are carrying currents in the
opposile direction [Fig. 3.5b] then lines of force in the sume direction are crowded
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’ = =
] @ @ ] Attraction
— Force <—
lh -'21 (a)
[——— o ——>»
Fig. 3.4 Force between two (b)

parallel current-
carrying conductors

Fig. 3.5 Direction of lines of force between two
parallel current carrying conductors

between the two conductors, and thereby experience a mutual repulsive force. In
fact, a mechanical force is developed between these two conductors.

In order to determine the magnitude of force between two parallel current-
carrying conductors, one of the two conductors (say conductor 1) is considered
placed in a magnetic field due to the other (i.e. due to conductor 2).

Magnetic field due to conductor 2 is given by

b (3.6)
T 2nd :

.. Force acting on conductor 1 is F = BI,l, where B is the flux density of the field
due to conductor 2.
F=pu Hil (3.7a)
where B=puuH
[, is the relative permeability of the medium in which both the conductors are
placed]

Substituting the value of (H) in equation (3.7a), we have

F= ;'tl:r.urfljztl ‘N
2nd
u, Il

LI ..
nd N (in air g, = 1]

4xx107 x I, 1,1 N
2md

=1
_ 2I| IQLXIU N (3,7':})
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In differential form, we can write

dF_ 2x107 x4, N
d d
From the above expression it can be concluded that the larger the currents

carried by the conductor, and less is the distance between the conductors, greater
is the force between them.

(3.8)

3.1 In uniform field of 1 Whb/m?, a direct current of 70 A is passed through a straight
wire of 1.5 m placed perpendicular to the field. Calculate:
(a) The magnitude of the mechanical force produced in the wire.
(b) The prime mover power (i.e. the mechanical power) in watts to displace the con-
ductor against the force at a uniform velocity of 5m/fsec.
{c) The emf generated in the current carrying wire.
How do you show that the electrical power produced is same as the mechanical
power in creating the motion?

Solution

(a) Force = BIf sin 8
= 1.0 x 70 x1.5 sin 90 [here & = 90°]

=105N

{b) Prime-mover, i.e. mechanical power
=Fxvy
=105x5=525W

(c) Emf generated = Blv
=Ix15x5=75V.
The electrical power = ef = 7.5 ¥ 70 = 525 W. (= mechanical power) .
3.2 Calculate the force developed per meter length between two current-carrying con-
ductors 10 cm apart and carrying 1000 A and 1500 A currents respectively.

Solution
Given I, = 1000 A, I, = 1500 A, d=10em =0.10 m
2x107 L1,
Force per meter length = -

2% 1077 % 1000 1500
0.10
=3N EESREAEN

3.3 Two long straight conductors each carrying an electric current of 5.0 A, are kept
parallel to each other at a separation of 2.5 cm. Calculate the magnitude of magnetic force
experienced by 10 cm of a conductor,

Solution
The field at the side of one conductor due to the other is
H,-1  2x107 x5

= =40x10°T
2rd  25x%1072 %

b=
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.~ The force experienced by 10 cm of the conductor duve to the other is
F=18
=50x 10 x 107? x 4.0 x 107°
=2:‘|u_"N_ EmEEEEN

34 Two long straight parallel wires situated in air at a distance of 2.5 cm having a
current of 100 A in each wire in the same direction. Determine the magnetic force on each
wire. Justify whether the force is of the repulsion or attraction type.

Solution
Given, d=25em=25%10"m
I =1,=100 A,
.. Force on each wire per meter length
. 4007 x4y -1, 2%107 X100 %100

= =008 N
2d 25x107?

Force is attraction type since currents in both the wires are flowing in same direction.

A5 Two infinite paraliel conductors carrying parallel currents of 50 A each. Find the
magnitude and direction of the force between the conductors per meter length if the gap
between them is 25 cm.
Solution
11,d
2rd
207 xS50x50x 1
B 251072
=10Fx 107 x 1077 %2
2% 10°° N,
The direction of force will depend on whether the two currents are flowing in the same

direction or not. For same direction, it will be force of attraction and for opposite direc-
tion it will be force of repulsion, cansuaa

We know F=p,-

3.6 A wire of | m length long is bend to form a square. The plane of the square is right
angled to a uniform field having a flux density of 2 m Wh/mm®. Determine the work done
if the wire carries a current of 20 Amps through it, is changed to a circular shape.

Solution

Side of the square = :'; m=025m
Ay = arca of square = (0.25)° = 0.0625 m®
Circumference of a circle is 1 m = 27r

J - 0.15909 m

n

I

. A
A, = area of the circle = o

-

T ox £0.15909)

0.0795 m*
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Work done = difference between the torques = BIA; - BIA,
=2 % 107 x 20 (0.0795 - 0.0625)

= 0.00068 J
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3.5 BIOT SAVART’'S (OR LAPLACE’S) LAW

If a current carrying conductor is
placed at an angle (@) to the direc-

on the conductor (Fig. 3.6) will be F
= BIl sin 6. (The effective length is
the length of the conductor lying
within the magnetic field).

In magnetics, there are basically

tion of a magnetic field, the effec-
tive length being (I sin 8), the force %S N

Flux set up by

Magnetic

currentin cunductV field

Force

(a)

7o

Flux set up

‘ 5 Magnetic  Force by current in
two methods of calculating magnetic field I conductor
field at some point. One is Bio-Savant anticlockwist
Law (or Laplace’s Law) which gives N M S

the magentic field due to an infini-
tesimally small current-carrying con-
ductor (wire) at some point and
another is Ampere’s law.

Let dH be the magnetic field at a
point P associated with length ele-
ment dl carrying a steady current of I am-
peres. Imagine a unit N-pole is present at point
P (Fig. 3.6(c). Then flux density B due to the
pole strength of 1 wb is given by

1

B= wh/m?
4mr?
. Mechanical force acting at the element (d/)
{-di-sin@
dF = BIdl) sin 8= —— """ N (3.9)
4;::*2

(Since action and reaction are
equal and opposite)
Now, as per Newton’s third law the magnetic
field produced by the current element (df) on
the unit pole at point P, is given by
I-dl-sinf

dH = —— AT/m
4mr?

(b)

Fig. 3.6 (a, b) Farce on a current-carrying

conductor lying in a mag-
netic field

Fy,

S

Unit-N-pole

Fig. 3.6(c) A current carrying
conductor in a mag-
netic field

(3.10)

with the direction of (dH) and perpendicular to both (dl) and the unit vector »

directed from (dl) to P.

This equation is known as Biot-Savart’s Law (or Laplaces’ law).
The following point is worth noting regarding the Biot-Savart law.
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The magnitude of dH is given by
[-dl-sin@
4xr?

IdHI is zero at 8 = 0° or 180°
and maximum at 8 = 90°.
This law is employed for calculating the field strength near any system of
conductors,

ldHl =

3.6 APPLICATION OF BICT-SAVART LAWS

3.6.1 Determination of Magnetic Field Surrounding a
Straight Long Conductor of Finite Size

Consider XY (Fig. 3.7) be a straig'u long finite conductor carrying a current 7 in
the direction for X to ¥, and P be a point at which the magnetic field H is
required. Let us draw a perpendicular from P which meets the conductor at .
Let PO =R.

Fig. 3.7 Application of Biot-Savarts Law for a straight conductor

Let us consider the conductor to be divided into many small current elements
and let (i - d1) be one such (vector) element, where length EF (= 8). Let (7 ) be
the position vector from the element to the point P. Let ZEPQ = ¢, ZFPE = &¢
nd £LEFP = 8. Since the length EF (= 80) is very small, ZOEP=08.Let EGbea
serpendicular from E to FP. )

By Biot-Savart law, the magnetic field at P due to the current-element (i - d1)
§ given by
i8] x 7

.l"""

7= He
5H_4:r
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The angle between vectors (id ) and (7 ) is (180 — 6) and so the magnitude of
the field at P is
M, i6lsin (180—8) p, idlsin 6

SH = 2. = 311
i e dr ( )

By right-hand screw rule of vector product, the field (5H) at point P is perpen-
dicular to the page directed ‘downwards’.
Now from the similar triangles AEFG and APEG, we have

EG = EF sin 8= 6! sin @

and EG = EP sin 8¢ = r sin 8¢ =r - 6¢ (6¢ being very small)
¢ Ol sin@=r- 8¢ (3.12)
Makmg this substitution in equation (3.11) we have
o B 128
n r

From right-angled triangle EQP, we have

- R
cos ¢
_ M, icospdp
OH = . R (3.13)

Let us join PX and PY. Let ZQPX = ¢, (anticlockwise) and ZQPY = ¢, (clock-
wise). Then the magnitude of the magnetic field H at point P due 10 the whole
conductor is

¢
Jf:—"— cos pdp= —= —[smqﬁl"
-
,u
= Ism ¢, - sin (-¢y)]
I . .
= R [sin @ + sin ¢,] (3.14)
For a conductor of infinite length, we have ¢, = ¢, = 90°
21
H= o L (sin 90° + sin 90°) = Fo
4r R dm-R
=M 1
=55 R {3.15a)
For a semi-infinite conductor the field is
H= Ho ! (1 + sin ¢) (3.15b)

anr
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3.6,2 Field Strength Due to Circular Loop

Consider a circular coil of length !/ meters and dl
radius r meters having N turns, and carrying a _>I r‘_
current of / amperes as shown in Fig. 3.8, Let a \ ~.d
unit N-pole be placed on the axis of the coil at P
at a distance x meters from the centre of the coil: o x p
then force dH experienced on unit N-pole, due to

small are length 4/, is given by (from Biot-Savart’s

law) Fig. 3.8 A circular coil

Nldl
T 4And?

Axial component of (8H) is thus « otained as (4—13in 6']

.. Total force experienced on un t N-pole placed at P due to entire coil is given
by

NI sin @ y NI sin 8
H = jm: y

dnd® 4nd®
NI sin@ NIr sin @
= 2nr = ———
4nd* 2d?
NIr? r 2, .22
= =(r* + 3.16
2% +x2)2 [ sin @ e+ (3.16)

Now if we want to calculate the field strength at the centre of the loop, x becomes
zZero.
H(Force experienced on a unit N-pole placed at that point) is given by =

N AT,
2r
In the above expression if we want to calculate the field strength far away

from the centre of the circular loop, ie. if x > r, Pe= .rz,

1 2M
then, H=s ———
4 _',['3'
where M = magnetic moment of the loop = NIA = NImr*.

3.6.3 Field in a Solenoid

4 solenoid is a helical coil and is a very effective method of producing a mag-
aetic field. Figure 3.9 shows a solenoid of length [ carrying a steady current of [/
amperes. Let the number of turns be N and the radius of the coil be R. Since the
spacing between the turns is very small, the wire {conductor) can be considered
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R N R N N, mew

) i L.
as current sheet of width [EIFLJ and neg- 'l' fA A NAAAOA <
— -—- - —-— Auxis
ligible spacing between turns. Then the .!j-u d j‘j:} jz P
N-turns J

current in the solenoid caunses a cylin-
drical current sheet having a linear cur-
rent density K.

ie., K= %ampcre turns/meter.

For an element (dx), shown in
Fig. 3.10,

The current density = Kdx = N/ (%)

Using the equation

_ NIR?
Z{RZ +x2]3.|’2 '
(dB) at the centre of the solenoid, due 1o element (dx) is

UNIR?
dB= ———dx (3.17)
21(R? 4 x7)*?
The total flux density can be formed by integrating (dB) over the length of the

solenoid, i.e. from x = —% tox= +% . Thus

Fig. 3.10 Field in an elemental portion

the flux density in the solenoid

. 2

NIR-
B= H J’ dx
21 (Rz +.1'2 )312

-2

UNI

- (3.18)
4{31 + 12 )I-‘Z
If the length is much larger than the radius, i.e. if / 3 R, we have
NT
B= £ . H-K

!
The obtained equations give B at the centre of the solenoid. If the limit of
integration is changed from 0 to /, we get B at one end of the solenoid. This value is

NI
B= _#
2(R* +11)'2
If I == R, this flux density at one end is

(3.19)

MNI [ NI]
B=*" _osux |wx=M
2 k ]

A comparison of the above equations shows that flux density at one end of the
coil is half of that at the centre.
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3.7 A circular current-carrying coil has a radius R. Show that the distance from the centre

of the coil, on the axis, where B will be (%) of its value at the centre of the coil is (\ﬁr] .

Solution

Bl.li:I = %Bc:m [gi\'ﬁl’l)

u, - NIr? N
2{,.2 +I2)3|'2 s z.r

or 8 =7 + "7

or 2r) = {(q,‘ r* 4 x? Ir
or \ Pext =2r

or A+ xt=4s2
or X ='UGF. EEAEAEE
-3.8 A current of 10 A is flowing in a flexible conductor of length 1.5 m. A force of 15N

acts on it when it is placed in a uniform field of 2 T. Calculate the angle between the
magnetic field and the direction of the current.

Solution
We know F =Bl sin &
15=2x%x10(1.5)sin @
= E:l = gin~1 o
sin @ = 303 =8N (30%)
B—_-Sﬂb AR EENE

3.9 A straight conductor is carrying 2000 A and a point P is situated in such that ¢, =
60° and ¢, = 30°. Calculate the field sirength at P if its perpendicular distance from the
conductor is 0.2 meter.

Solution

[T .
Ay (sin ¢, + sin ¢,)

Given @, = 60°, ¢, = 30°, r = 0.2 meter
I'=2000 Amps and g = 1 [in air]
= 2000
4xrx0.2
= 103?.05 Mm EEEEwEw

H=

[sin 607 + sin 30°]

3.10 A solenoid of 400 rns is wound on a continuous ring of iron, the mean diameter
of the ring being 10 cm. The relative permeability is 1250. What current is required in
order that the flux density (B) in the iron shall be 12,000 maxwellsfcm?.



Electromagnetism and Magnetic Circuits 123

Solution
given { = mean circumference of ring = 10 X xcm
= {L10 & meter
and B = 12,000 maxwells/cm?
= 12,000 x 107 x 10" = 1.2 wh/m?
We know B=pn, 'Hu%
B.l 1.2x0.10x

T, N 125%10% xdr x 1077 x 400
012 012 12

= 206 A
000x107%  2x1070 2

3.11 Prove that the magnetic field due to a currenl-carrying coil on the axis at a large

distance x from the centre of the coil varies approximately as x>,
Solution
u, - NIr

We know B = =

202 +x2)¥2
For x=r

g, - Nir®

B = EWN

B = — and hence proved.

samERND

3.7 ELECTROMAGNETIC INDUCTION

Whenever magnetic flux is linked with a circuit changes, an emf is induced in the
circuit. If the circuit is closed, a current is also induced in it. The emf and current
so produced lasts as long as the flux linked with the circuit changes (in dire: tion
and or in magnitude). This phenomenon is called electromagnetic induction (EMI).
The magnetic force can be considered as magnetic induction and its SI unit is
tesla (7).

3.7.1 Laws of Electromagnetic Induction

In 1831, Michael Faraday, after performing a number of experiments, summarised
a phenomenon of electromagnetic induction, which are stated as follows:
Faraday’s first law states that “whenever magnetic flux linked with a close coil
changes. an induced emf is set up in the coil and the induced emf lasts as long as
the change in magnetic flux continnes.”
Faraday’s second law states that the magnitude of the induced emf is propor-
tional 1o the rate of change of magnetic lines of force.
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If ¢ is the magnetic flux linked with the current [coil of (N) turns] at any
instant f, then the induced emf’s expression in differential form is

d(N¢) d¢
=——=N-—V.
dt dt
Since the induced emf (e) sets up a current in a direction that opposes the very
cause of producing magnetic field, so a minus sign is given to the induced emf,
d¢

Therefore, e=-N = v (3.20)

lel

3.7.2 Lenz's Law

Even though Faraday’s laws give no idea regarding the direction of induced emf,
the direction of induced emf is, however, given by Lenz’s law which is based on
the law of conservation of energy and it states that “The direction of the induced
current (or emf) is such that it opposes the very cause producing this current (or
emf), i.e. it opposes the change in magnetic flux.

In view of Lenz’s law, the induced emf equation takes the forme=-N- i—f .

In 1834, Heinrich Lenz, a German Physicist, enunciated a simple rule, now
known as Lenz’s law. In fact, this law basically interpreted the law of conserva-
tion of energy which can be justified as follows.

When the north pole of a magnet is moved towards the coil, the induced
current flows in a direction so as to oppose the motion of the magnet towards the
coil. This is only possible when the nearer face of the coil acts as a magnetic
north pole which makes an anticlockwise current to flow in the coil. Then the
repulsion between the two similar poles opposes the motion of the magnet to-
wards the coil.

Similarly, when the magnet is moved away from the coil, the direction of
induced current is such as to make the nearer face of the coil as a south pole
which makes a clockwise induced current to flow in the coil. Then the attraction
between the opposite poles opposes the motion of the magnet away from the coil.
In either case, therefore, work has to be done in moving the magnet. It is this
mechanical work which appears as electrical energy in the coil. Hence the pro-
duction of induced emf or induced. current in the coil as in accordance with the
law of conservation of energy.

3.7.3 Fleming’s” Right Hand Rule

The direction of the induced emf (and hence the induced current) is given by
Fleming's Right Hand Rule which states that “stretch the fore finger, middle
finger and the thumb pof right hand in such a way that all three are mutually
perpendicular to each ether. If fore finger points in the direction of field, thumb
points in the direction ef motion of conductor, then middle finger will peint along
the direction of induced coventional current™, as shown in Fig. 3.11.

* John Ambrose Fleming (1849-1945) was professor of Electrical Engineering at University Col-
lege, London.
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Thumb
{motion)

Fore-finger
{field)

Middle-finger
{current)

Fig. 311 Fleming's right hand rule.

3.8 CONCEPT OF SELF-INDUCTANCE AND
MUTUAL INDUCTANCE

Self-Inductance

When a coil carries a current it estab-

" ; . Flux-linkages
lishes 2 magnetic flux (Fig. 3.12). When N, ¢ in coil isN ¢
the current in the coil changes, the mag- —DJM'—
netic flux linking with the coil also ! \
changes. It is observed that this change /"
in the value of current or flux in the coil Battery

is opposed by the instantaneous induc-
tion of opposing emf. This property of
the coil by which it opposes the change
in value of current or flux through it due to the production of self induced emf is
called self-inductance. It is measured in terms of co-efficient of self-inductance
L. It obeys Faraday's law of electromagnetic induction like any other induced
emf.
For a given coil (provided no magnetic material such as iron is ncarby) the
magnetic flux linked with it will be proportional to the current, i.e.
$oTor¢p=LI (3.21a)
where L is called the self-inductance (or simply inductance) of the coil.
The induced emf is given by
d¢ dl
E=w="Ya

The S.L unit of inductance is henry (symbol H). Henry is a big unit of inductance.
Smaller units millihenry (mH) and micrchenry (uH) are used

imH=10"Hand 1 uH = 10°H
Thus, the self-inductance of a coil is 1 H if an induced emf of 1 volt is set up
when the current in the coil changes at the rate of one ampere per second. Also, 1
H =1 Wb A~ This is also termed as co-efficient of self-induction or simply self-
induction.

Fig. 3.12 Diagramatic explanation
of self-inductance

(3.21b)
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The role of self-inductance in an electrical circuit is the same as that of the
inertia in mechanical motion, Thus the self-inductance of a coil is a measure of
its ability to oppose the change in current through it and hence is also called
electrical inertia.

Mutual Inductance
Whenever a change in current occurs h
in a coil, an induced emf is set up in

the neighbouring coil. This process is Ni 1 —= Primary coil
called mutual induction. The coil in _

which the emf is induced is called the - T

secondary coil. If a current [} flows in Nz, ¢2 | —= Secondary coil
the primary coil, the magnetic flux

linked with the secondary coil (Fig 3.13)
will be

=M1 (3.22a)
where M is called the mutual induc-
tance between the two coils or circuits,
The emf induced in the secondary coil is given by

Fig. 3.13 Explanation of mutual in-
ductance

Ey= =2 o p L (3.22b)

Thus the mutual inductance of a pair of circuits is 1 H if a rate of change of
current of one ampere per second induces an emf of 1 V in the other circuit.

3.9 CONCEPT OF MAGNETIC COUPLING

The coils are said to be magnerically coupled if either or part of the magnetic
flux produced by one links that of the other. If L, = self-inductance of coil | and
L, be the self-inductance of coil 2 and M be the mutual inductance of two coils,

then M = K,/ Ly L, where K is co-efficient of coupling. If the total flux produced

by coil 1 links with the flux produced by coil 2, then K=l and M = (L, L, .
On the other hand, if there is no common flux between the two coils, then they

are said to be magnetically isolated. Therefore, co-efficient of coupling K be-

. ‘actual’ mutval inductance
tween the coils =

maximum possible value
When the two coils are closely coupled magnetically through an iron core, K is
close to unity. On the other hand, when the two coils are loosely coupled mag-
netically, K is equal to 0.5 or even less. In the magnetically isolated case, K =0,
ie. M=0

312 A magnetic flux of 400 g Wh passing through a coil of 1500 turns is reversed in
0.1 5. Determine the average value of the emf induced in the coil.
Solution

The magnetic flux has to decrease from 400 ¢ Wh to zero and then increase to 400 g4 Wb
in the reverse direction. hence the increase of flux in the onginal direction is 800 u Wb,
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We know, average emf induced in the coil is

Nog
gs —
t
1500 % (800 x107%)
- 0.1
=[2V+ sEsEESRS

3.13 A coil has a self-inductance of 40 milli-henry. Determine the emf in the coil when
the current in the coil

(a) increase at the rate of 300 A

{b) raises from O to 10 A in 0.05 sec.

Solution
Given (a) Self-inductance L = 40 x 10* H
E=L-. % (only magnitude)
=40x 107 x300=12V
(b) L=40x 10" H
dl=10-0=10A
dt = 0,05 sec

dl
t‘3"'{dr

40107 %10

oos -V

3.14 Determine the emf induced in a coil of 4.19 x 10~ Henry when a current of 5 A is

reversed in 60 milliseconds.

Solution
Given L=419%107*H
Also given di=5-(-5)=10 A

dr = 60 milliseconds = 60 x 107% sec.

. i .
emf induced = L :i,: (only magnitude)

60
=0088v.  swsrs .

3;15  Two identical coils X and ¥ each having 1000 turns lie in parallel planes such that
60% of the flux produced by one coil links with the other. A current of 10 A in coil X
produces in it a flux of 107 wb. If the current in the coil X changes from +15 A 10 -15 A
in 0.03 seconds, what would be the magnitude of the emf induced in the coil ¥?
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Solution

Given Ny = N; = 1000 turns
I, =10A
¢, = 107 Wb.

The amount of flux linking with second coil = 0.6 x 10~ Wb,
dl, [15-(19)]_ 30

& T 003 003 - 1000 Afsec.
We have
dly . .
ey =M Y volts (ignoring —ve sign)
N, (Amount of ¢, linking with the coil ¥
where M= 2 ( & 1 )

I

1000 x (0.6 x107*)
= 10
=06x 102 H
ey, = 0.6 % 1072 x 1000
= 6 volts.

3,16 A square coil of 10 cm side and with 120 turns in rotated at a uniform speed of
1000 rpm about and axis at right angles to a uniform magnetic field having a flux density
of 0.5 Wb/m’. Determine the instantancous value of the electromotive force have the

plane of the coil
(a) at right angles to the field
(b) at 30° to the field
(c) in the plane of the field.

Solution

We know
¢ =B.A=05x (10 x 107%?* = 5 milli-Wb
v=¢-N=5x10"x120=06

W= ——=—————— = [(4.719 radian/sec

=y, cos ax = (.6 cos 104.719r

dy _
e= —--ﬂ; = +0.6 x 104.719 sin 104.719¢

= 62.83 sin 104.719¢ volt.
{a) When g8 =0°
e=0283s5in0° =0V
(b) When 8 =90° - 30° = 60°

V3

¢ = 62.83 sin 60° = 62.83 x 5 = 54412 V.

{c) When &=90°
e=0283V,
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3.10—- CALCULATION OF SELF-INDUCTANCE
S.i[l.l For a Circular Coil

Consider a circular coil of radius r and number of turns N. If current I passes in
the coil, then magnitude field at centre of coil
JT
2r
the effective magnetic flux linked with this coil,
Nip, NHA
T2

B=

¢=NBA =

Since, by definition, L = ?

u,N*A p N*nr
2r 2r

[+ A = nr* for a circular coil]

3 ,uﬂNIJIr

5 (3.23)

ar, L

3.10.2 For a Solenoid

Consider a solenoid with 2 number of turns per meter. Let current I flow in the
windings of solenoid, then the magnetic field inside solenoid is given by
B=pynl
the magnetic flux linked with its length / is ¢ = NBA, where N is the total number
of turns in length / of solenoid.
¢=nDBA =(nl)(thy-n-DA( N=nl)

. ¢
S \ L=—
1mnce. 1
L=pon*Al (3.24)
Since n= {f
N2
~ Self-inductance, L = ad p A (3.25)

3.11 ENERGY STORED IN INDUCTOR

When the current in a circuit of a coil of inductance L henry increases from zero
to its maximum steady value of I amperes, work has to be done against the
opposing induced emf.
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Let dw be the infinitesimal work done in time dt, then
dw = VI dt, where V is voltage across an inductor.

di

Si V= L—
ince 2

dw:(LﬁJJ-dr:Lfdi
dr

Lipg, (3.26)

or w:j}ﬂdf:z

This work done is stored in the form of energy of the magnetic field in an
inductor.

2 -
Also we can write L = ..;'. if I =1 Amp, L = 2w, using equation (3.26)
!

Thus the self-inductance of a circuit is numerically equal to twice the work
done against the inductance emf in establishing a circuit of 1 A in the coil. Again,
from the definition of self-inductance (Ref. equation number 3.25)

B, p, A-N?
= BT

L

2 _ ]qu_#r‘d_Nz'!g
2 /
But magnetie field intensity, H = N

i

J

And stared energy = %U

212
.

- Stored energy = %,uﬂ-p,-A.I- NI -%,u,,p,AJ-HZJ

Now, Al = volume of the magnetic field in m?

Energy stored/m” = ,l, TR &

1 _1 B
= S BHI= 2 T I B=p, p, H
H]
=0 [~ g, =1 in air]. (3.27)

3.12 MAGNETIC ENERGY DENSITY (Uy,)

Since. W= %Uz, for a solenoid

L=un*Al and B = unl
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2
I 2 B
W= = (u, -nA
2 (i, -n I)[ J

2

B

= — 3.28

21 (AD) (3.28)
E

Again we know % = V:f:fe = Magnetic energy density (say Uy)

B?.

v, = 1. (3.29)
M= 2y,

Thus we can conclude that the energy stored in magnetic field in terms of per unit
volume of the magnetic material used is called the magnetic energy density.

3.13 COMBINATION OF INDUCTANCES
3.13.1 Dot Covention

The emf induced due to mutual inductance may either aid or oppose the emf
induced due to self-inductance in a magnetic coupling circuit. It depends on the
relative direction of currents, the relative modes of windings of the coils as well
as the physical location, i.e. either far away or very close with respect to the
other. Figure 3.14 clearly explains the sign of mutvally induced emf,

- M -
gk b Qe k
Ly Ly Ly La
L]
M (mutual inductance) M is positive
is positive (/4, Izboth (14, I2both are going out of
enter the winding through dots) dots in both the windings)
> M, -« M
h 2 I ]
Ly La Ly Ly
- L]
Mis negative Mis negative
(/1. is going out of dot in (4, enter through dot end of
Lywhile fzenter Lywhile /3is coming
Lzfrom dot end) out of dot end for Lj)

Fig. 314 Dot convention to determine sign of M (A dot represents the +ve
polarity of the winding at any instant).

3.13.2 Inductances in Series and Parallel

Series Connection

When two inductors are coupled in series, a mutual inductance exists between
them.
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Figure 3.15(a) shows the connec- e —
tion of two inductive coils in series o M Y
aiding. The flux produced by the two i Ly L2 |
coils are additive in nature as per dot @ @

convention. Let L, be is the self-
inductance of the coil 1 and L, is the
self-inductance of coil 2 and M is
the mutual inductance between coil 1 and coil 2.

Fig. 3.15(a) Inductance in series (Cumu-
lative coupling) (flux-aiding)

For coil 1, the self-induced emf &, = - L, % and the mutual induced emf = -

M % due to change of current in coil 2.

For coil 2, self-induced emf ¢, = —ng and mutually induced emf = - M %

due to change of current in coil 1.
Therefore the total induced emf of the above connection can be written as
i i di
=L =L, —-2M—
e=-L by My,
_ di
==L, +L, + ZM}E .
If (L,) is the equivalent inductance of the coil in series then it can be expressed as

di
e=~-L —.
" dt
Now comparing the above two equations, we have

di _ di
_L"E- (L, + L, + 2M)

L =L, +Ly+2M [ % aco] . (3.30a)

Similarly, for the series opposing,
from the Fig. 3.15(b) we can write
L=L +I1,-2M (3.30b)

If the two coils of self-induc-
tances L, and L, having mutual in-
ductance M are in series and are far
away from each other, so that the
mulual inductance between them is negligible, then the net self-inductance is

L=L +L, [ M=0].

Fig. 3.15(b} Inductance in series {flux op=-
posing) (Differential coupling)

Parallel Connection

When two coils are coupled in parallel and mutual inductance M exists, the
equivalent inductance can be calculated as follows:

For Parallel Aiding The Fig. 3.16 shows the connection of parallel connec-
tion of two coils where the flux is additive as per dot convention. Using Kirchoff's
voltage law, we have
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diy di,
V=AE+M— (3.31a)

dr
di, di
lso, V= Ly—+M-— 3.31b
Ao LytM— @31
From the above two equations, we can write
. . . . Fig. 3.16 Inductances in par-
L‘Iifi'_+Md_'3_¢[_2di+Mdl allel flux aiding
dt dt dr dt
Here i=ij+i; o Lh=i-i.
diy d . . _,d,. . diy
Thus, L - +Ma‘r (i 1,)-142&.‘ (i—i)y+M "
di; di diy di di, di,
—+ME M —=L, 5 -, —+M—
o b M M= ™
i.¢L I:Ll +L2—2M)di =(L1—M)£
dt - et
di L,-M i
Sho_ T di (3.32a)
de. Li+L,-2M dr
- diy L-M g4
Similarl —_—=— = 3.32b
tmrary dt T L+L-2M dr (3.32b)
Using equations (3.32a) and (3.32b), we can write,
V=1, 4-—LQ_M £+M(4._L;-—-M di
Li+L1,=2M )dt  \Li+L,-2M ) dt
L -LM LM =M g
- L +L,-2M dr
- bk oM i (3:32¢)
Ly +L,-2M dt
If Lp be the equivalent inductance of the parallel combination, it can be written as
di
V= L= 3.32d
P ¢ )
Comparing equation (3.32c) and (3.32d) we have
L di _ﬁﬂ(ﬂ)
Par — L+L,-2M Ldr
M2
Lp= Ly (3.33a)

T L+L-2M
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Equation (3.33a) gives the required equivalent inductance for parallel connec-
tions when inductances are in the flux aiding mode.
Similarly, for inductances in parallel opposing, we can write

L:M
T L+ L +2M

This is the required equivalent inductance in parallel for the flux opposing mode.
Again, if the two coils are far away from each other, M = 0 and hence

_ kL

L+,
Therefore by combining parallel aiding and parallel oppositing, the final expres-
sion for the equivalent inductance is

_ LL-M
P L+ L 2M

(3.33b)

P (3.33c)

(3.33d)

3.17  Two coils are connected in parallel as shown in Fig. 3.17. Calculate the net induc-
tance of the connection.

i=5amps
Solution g -
) ) . X . 14 M= ;z
The net inductance in the given circuit T 0.1 H
) LI, -M? v Li=02H L;=03H
L+, +2M )
0.2x0.3-(0.1)*
T 02+403+2x0.1 Fig. 3.17
0.06 —-.01 _0.05
= 07 - 0d =0.0714 H. fensena

3.18 The combined inductance of the two coils connected in series is 0.60 H and 0.40 H,
depencing on the relative directions of currents in the coils. If one of the coils, when
isolated, has a self-inductance of (.15 H, then find: (a) the mutual inductance, and (b) the
co-efficient of coupling K.

Solution
Loggiive =Ly + Ly + 2M
0.60 =0.15+ L, + 2M (i)
Liuhrmcﬂve = LI + 'EQ -2M
040=015+1L,-2IM (ii)
adding equations (i) and (ii}, we have
1.0=0.3+2L,.
{1.0-10.3)
Ly=— =035H

Substituting this value of L, in equation (i),
0.60 =0.15 + 0.35 + 2M
or M=005H
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(by Co-efficient of coupling., K = M
0.05 =0.218 = (.22,

) “015)‘035 rEmEEES

3.19  Pure inductors each of inductance 3 H are connected as shown in Fig. 3.18. Find
]‘he equwalg:nt inductance of the circuit.

. o

Fig. 3.18 The equivalent inductance of the circuit

Solution
Since all three are in parallel. Hence the equivalent induclance is L/3 = 3/3 = 1 H,

3.20 A cumrent of 10 A when flowing through a coil of 2000 turns establishes a flux of
_ 0.6 milliwebers. Calculate the inductance L of the coil.

iplution
Given I=10A
N = 2000 turns
¢ =06x 107 wh
= to be calculated.
N¢ 2000x0.6x107
We have e
I 10
=0‘.’.2H. FESBENE

.3:1'-1_ Determine the inductance L of a coil of 500 turns wound on an air cored torroidal
ring having a mean diameter of 300 mm. The ring has a circular cross section of diameter
50 mm.

Solution
Given N = 500 turns
Mean diameter, D=300mm=300x107m
I=xD=nrx300x 10" m
=0942 m
Cross-sectional diameter d = 50 mm
=50% 10%m

rd?  mX(50x107)
4 4
= 1.963 % 107 m?
For air cored torroidal ring, i, = 1 and L = is to be calculated.

A=

NZ

We have, inductance L = —
! Reluctance
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AN?
[ L u..ﬂ}

N2 N?
u,u, A Reluctance

1]

where Reluctance -————1————- ]
My - fiy A

(The concept of reluctance is explained in article 3.18 and 3.24)
m % 300 %107
4rx107 x1x1.963x 107
= 3.818 x 10° AT/Wb

Here Reluctance =

_ N* 500x500
Reluctance 3,818 % 10

= 0.000654 H

= 6.54 x 107 H.

3.22  Two coils having 80 and 350 turns respectively are wound side by ude on a closed
iron circuit of mean length 2.5 m with a cross-sectional area of 200 cm?. Calculate the
mutual inductance between the coils. Consider relative permeability of iron as 2700.

Solution
Given N, = 80 turns

N, = 350 turns

f: 25 m

A =200 em? = 200 x 10~ m®

= 2700

tg = 4mx 1077 H/m

M = to be calculated.

Ny- N, .
We have M=z ————- [for two coils of tums N; and N,]
Reluctance
where reluctance = ; {Ref. article 3.18)
M, -y -

_ 2.5

T 4z %1077 x 2700 x 200 x 10~

= 36860 AT/Wb

Mutual induct 0 B0 % 350
- ulual 1 clanc = e
nductance 36860
=0.7ﬁ-ﬂH* EEEEREE

2.23 A solenoid 60 cm long and 24 c¢m in radius is wound with 1500 turns. Calculate:
(a) the inductance
(b) the cnergy stored in the magnetic field when a current of 5 A flows in the solenoid.
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Salution
Given: 1=60cm = 0.6 m, N = 1500 turns, A = 7 (0.24)* m*
B=pit,=4xx 107 x1,[=5A.
(a) Inductance:

i-N?. A
We know L=T

4x x 1077 % (1500)% x 7 (0.24)°
0.6

0.8534 H

1]

(b} Energy stored:

We have W= 1 LP

2

= %m.ssu) (52 = 10.67 1.

#:24 Two coils of inductance 8 H and 10 H are connected in parallel. If their mutual
inductance is 4 H, determine the equivalent inductance of the combination if {a) mutual
inductance assists the self-inductance, (b) mutual inductance opposes the self-inductance.

Solution

It is given that

L,=8H,L,=10H,M=4H
LL,-M? §x10-4*  80-16

= = =64 H,
Li+L,-2M 8+10-2x4 |18-8

(a) L=

LL,-M*  8x10-4*  80-16

- = =246 H.
L+L,+2M 8+10+2x4 26

(b) L=

3.25 Three coils are connected in series. Their self-inductances are L), L, and L,. Each
coil has a mutual inductance M with respect to the other coil. Determine the equivalent
inductance of the connection. If L, = L, = Ly = 0.3 H and M = 0.1 H, calculate the
equivalent inductance. Consider that the fluxes of the coil are additive in nature.
Solution

Let the current i and v;, v,, v; be the voltage across the three coils.

L']=L|E +MIII +M-:—:

v=r|+v2+v3={L,+L2+L3+6m%
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-+ Equivalent inductance = L, + L, + L; + 6M.
Now putting the values of L;, L, L; and M, we have
Equivalent inductance = 0.3 + 0.3 + 0.3 + 6 x 0.1
=09+ 0.6
= L5 H.

3.26 In a telephone receiver, the cross-section of the two poles is 10 cm x 0.2 cm. The
flux between the poles and the diaphragm is 6 x 107 wh. With what force is the dia-
phragm attracted to the poles? Assume y, = 47 x 1077,

Solution
Here 6=06x10"°wh
A=10emx02cm=02em*=2x 107 m?
6x10°°
B=E= = = 0.3 wh/m?,
A 2x10°%
.. Force acting on the diaphragm
2
F=8A4y
21,
(0.3 x2x10°°
=—  =(7159N.

2x4x %1077

3.27 Determine the force in kg necessary to separate two surfaces with 200 cm® of
contact area, when the flux density perpendicular to the surfaces is 1.2 wh/m®.

Solution
Given A=200cm’=2x 102 m?
and B = 1.2 wh/m?

BA (1.2)* x2x1072
g:
2u, x9.81 Ix4xax107 x9.81
= 1167.64 kg.

3.14 LIFTING POWER OF A MAGNET

Magnetic force is utilised in lifting magnets, operation of brakes, relays, circuit
breakers, etc. All such devices have electromagnets and a steel armature. An air
gap exists between the forces of the electromagnet and the armature and energy is
stored in the air gap.

Let us consider two poles, north and south, as shown in Fig. 3.19.

Here, A = Area of cross-section (in m?) of each pole
F = Force in Newtons between the poles.

Suppose one of the poles (say N-pole) is pulled apart against this attractive
force through a small distance of dx meters. Then, work done in moving the S-
pole against the force of attraction is F dx joules. However in moving the N-pole
through a small distance dx, the volume of the path is increased to (A dx)m?.
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Also, energy stored E in the magnetic field (air) is

Am?
. B* . 3
given by E = — joules/m
24, N
2 <[4
i.e., Increase in stored energy = - A - dx joules. e A A
2.!"'5 dx
As we know, the increase in stored energy = work 1
done, hence we can write 2#- A - dx=F - dx, when ~J L
a
F is the force of attraction or lifting power of the s
magnet. -5
B B2A &
= Newtons = ——————k
F=ou Newens= o o8l &
Fig. 3.19 Lifting power
2 of magnet
and lifting power per unit arca = 21!; Newton/meter” / magn
(4]

where B is the flux density in whb/m?.,

3.15 CONCEPT OF MAGNETIC CIRCUIT

The path of a magnetic flux is known as magnetic circuit. Similarly, the flow of
magnetic flux is almost analogus to the flow of electric current in an electric
circuit. In fact, the laws of magnetic circuit are almost similar (but not exactly
same) to those electric circuits. It is known to us that to carry electric current in
an electric circuit, usually aluminium or copper wires are used because the resis-
tance of these materials is comparatively much lower than other materials. Simi-
larly, to carry magnetic flux, iron or soft steel circuits are used as “opposition™ of
these materials to flux is low in comparison with other materials.

The study of magnetic circuit concepts is essential in the design analysis and
application of electromagnetic devices like transformers, electromagnetic relays,
electrical machines, etc.

3.16 CONCEPT OF MAGNETO-MOTIVE FORCE
(MMF)

It is the amount of work done (in joules) required to carry a unit magnetic pole
once through the entire magnetic field. In fact it is a kind of magnetic flux
through a magnetic circuit and is called the magnete motive force. It’s unit being
ampere-turns (AT), it is actually measured by the product of number of turns N in
the coil of a magnetic circuit, and the current { in amperes required to produce
the magneto motive force.

Thus, FIMMF) = NI AT/m

Where N = number of turns in the coil and 7 = current through the coil (in Amps).
It should be noted that through the unit of MMF is ampere turn (AT), it’s dimension
is taken as ampere since N is dimensionless.
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3.17 MAGNETIC FIELD INTENSITY

The MMF for unit length (along the path of magnetic flux) is defined as the
magnetic field intensity and it is designated by the symbol H. The magnetic field
intensity thus can be expressed as

Magneto motive force

= Mean length of the magnetic path
ie. =< % AT/m. (3.34)

where [ is the mean length of the magnetic circuit in meters. Magnetic field
intensity is also termed as magnetising force or magnetic field strength.

3.18 CONCEPT OF RELUCTANCE

It is designated by the symbol “5” and is analogus to resistance of an electric
circuit. Flux in a magnetic circuit is limited by reluctance. Thus, reluctance § is a
measure of the opposition offered by a magnetic circuit to the establishment of
magnetic flux.

It is directly proportional to the length and inversely proportional to the area
of cross section of the magnetic path.

sec L
{1

S —— (3.35)
Mol -a o

The unit of reluctance is AT/Whb.
For air, vaccum and non-magnetic materials u, = 1
!
u,-a
the reciprocal of reluctance is called the “permeance”. It is designated by the
symbol A.

§= (3.36)

Permeance (= A) = % wh/A [or henry (H)] (3.37)

Concept of magnetic reluctance is based on the following assumptions:
{a) B-H curve of the magnetic core is linear
(b) Leakage flux is of negligible order.

3.19 PERMEABILITY AND RELATIVE
PERMEABILITY

Permeability of a material y is defined as its conducting power for magnetic
lines of force. It is the ratio of the flux density B produced in a material to the

magnetic field strength H, i.e. 4= g .
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Permeability of free space or vaccum is minimum and its value in SI units is
47 x 1077 henry/meter.
It may be noted here that flux density (B) is usually expressed as flux (Wb) per
unit area (sq. m) and its unit in SI system is Tesla (T).

1 T=1 Wh/m?

Relative Permeability

When the magneto motive force is applied to a ferromagnetic material, the flux
produced is very large compared with that in air, free space (vaccum) or a non-
magnetic material. The ratio of the flux density produced in material to the flux
density produced in air or a non-negative material by the same magnetic field
intensity is called the relative permeability of that material. It is designated by
the symbol g,. The relative permeability of vaccum is taken as unity.

Thus, permeability of any medium,

U = Absolute permeability of air x Relative permeability
=, H=4nx 107 x u, WH/AT.

(with special nickel-iron alloys the value of 1. may be as high as 2 x 10° whereas
for most commonly used magnetic materials the values of y, is much smaller).

3 2.8. A coil of 600 turns and of resistance of 20 © is wnund uniformly over a steel ring
of mean circumference 30 cm and cross-sectional area 9 cm? It is connected to a supply
of 20 V (DC). If the relative permeability of the ring is 1,600 find (a) the reluctance,
(b) the magnetic field intensity, (c) the mmf, and (d) the flux.

Solution

Here N = 600 turns, resistance of the coil is 20 Q, [=30cm=03m, A =9 cm® = 9 x
107* m?, relative permeability u, = 1600 and p, = 4 x 1077,

(a) Reluctance § = ] = 0.3
Moo Hca 4rx107 x1600x9 %1074

1.657 x 10° At/wb

(b) The magnetic field intensity

6001
H=[ﬂ)= = 2000 AT

1 0.3
where f=— v - =E=1Amp
resistance of thecoil 20
(c) MMF = (NF) = 600 x | = 600 AT
600 x1
(d) Flux(g)= —mmf_ _ M _ L
reluctance 5 1657 x10° 1.65 % 10%
=3.62 % 107 wh = 3.62 m Wh.

3.29  'What is the value of the net mmf acting in the magnetic circuit shown in Fig. 3.20.

Solution

Net mmf acting in the magnetic circuit = mmf of all the three coils = NI, + Nal; + Nafy
=(10x 2+ 50 =1+ 300 x 1)AT = 370 AT.
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LR R ] EEFATEEEEEEREEEEEEARES
[=]
1A
OO0 000
300 turns
ot "]
2 A == 10turns 50 turns =5 1A
(- O
Fig. 3.20

(It may be observed here that since the flux in all the coils are additive within the core,
hence AT's are additive.) T

:_!-;23'0_ A mild-steel ring having a cross-sectional area of 400 mm? and a mean circumfer-
ence of 400 mm has a coil of 200 turns wound uniformly around it. [given y, = 300].
Determine:

(a) the reluctance § of the ring,

(b) the current required to produce a flux of 800 g Wb in the ring.

Solution
. . .. BOOx10°® 2
{a) Flux density B in the ring is ————— =2 Wh/m".
400x 10-%
. The reluctance S of the ring is 04 = 2.65 x 10® A/Wb
300x4m x107 x 0.4 %107
. mf
Again we know - —
§ ?= Reluctance
mumf
800 x 107 = ————
Reluctance
mmf = 800 x 10 x 2.65 x 10°
=2.122 x 10° AT
d i . mmf 212 x10°
and magnetizing current is o of o - >00
=106A. sEEEEEE

3.31 A magnetic circuit having 150 turns coils and the cross-sectional area and length of
the magnetic circuit are 5 % 10~ m? and 25 % 1072 m respectively. Determine H and the
relative permeability u, of the core when the current is 2 A and the total flux is 0.3 x
107 Wh.

Solution
When I=2A
mmf = Nf = 150 x 2 = 300 A/T
N300
H= ! _25x10'1 = 1200 A/m

- flux(¢) 0.3x107

= = =06T
area(a) S§x107*
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=B _06 _ 54000 % 10 H/m
H 1200

p o 50000x107° "
M, = —=———— =3.9788 x 10° = 397.88.
Ho  4mx107

3.32  An air cored coil has 500 wmns. The mean length of magnetic flux path is 50 cm
and the area of cross-section is 5 x 10~ m. If the exciting current is 5 A, determine (a) #
(b) the flux density and (c) the flux (¢).

Solution
mmf = NI =500 x 5 = 2500 A
Given, I=50cm=05m
a=5x10"%m?
@ -~ #=2_20 _ 500000 A/m.
I 0.5
(b) B=flux density=p- H=p, - uy- H
=p,-H [ =1]
=4 x 1077 x 5000.00
=6283Ix 107 T.
(¢) Flux (§) = Bx a =6.283 x 107 x5 x 10
=3.1415 x 10°% Wb. raeinan

3.33 Twa identical co-axial circular loops carry a current [ each circulating in the same
direction. If the loops approach each other, the current in each decreases. Justify the
stalement.
Solution

When the loops approach each other, the field becomes strong, which should not be
allowed in accordance with Lenz's law. So, the current in both should be in such a way
that the field decreases and hence I decreases.

334 An iron ring 10 cm mean circumference is made from a round iron of cross-section
107 m?. It’s relative permeability is 500. If it is wound with 250 turns, what current will
be required to produce a flux of 2 x 107 Wb?
Solution
The lines of magnetic flux follow the circular path of the iron so that

I=100cm=1m

alarea) = 107 m?

Reluctance § = 1 = !
Mo, a  (500x4rx1077 107
= 1.59 % 10% A/Wb,
Given Flux (¢) = 2 x 107 Wb
: H=¢-5=2x10"x159 x 10°

=3.1847 x 10% AT.




144 Basic Electrical Engineering

As we know H=NI
re H 31847 x10°
TN 250
=12.?38A7 (AT REE]

3.35  Anair gap 1.1 mm long and 40 sq. cm in cross-section exists in a magnetic circuit.
Delermine (a) Reluctance § of the air-gap, and (b) mmf required to create a flux of 10 x
10~ Wb in the air gap.

Solution

{a) Reluctance (5§) = ! = { [+ u.=1]
-ltf L#ﬂa mﬂ-a

L1x107
4r %107 x 40x 1074
(b) Since ¢ = 10 x 10~ Wb (given)
mmf = flux x reluctance

= 10 x 107* x 2.1885 x 10°
= 218.85 AT. sauvams

=2.1885 x 10° A/m

3.36 An iron ring of mean length 110 cm with an air gap of 1.5 mm has a winding of
600 turns. The relative permeability of iron is 600. When a current of 4 A flows in the
winding, calculate the flux density B. Do not consider fringing.

Solution

Given that L=110cm - 0.15 cm
= 109.85 cm
= 1.0985 m

l=15mm=15%10"m

N = 600 turns, y, = 600 (given)
I=4A

Fu'Nf'.“!r moNJ"I'

+
I, 1,

Moo
= J| —+—
HN. h 18]

=4nx10-’x6mx4x[

.~ Flux density 8 =

600 . 1
10985 15x%107

= 3.0159 x 107 x (5.46 x 10% + 6.666 x 107
= 3.657 Wh/m?,

] Wh/m?

3.20 DEFINITION OF AMPERE

Consider two parallel wires separated by | m in space carrying a current of 1 A
each, then /; =, =1 A and d = | m. From the expression of magneto motive
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force developed between two parallel conductors, we have dF/dl = 2 x 107
Newton per meter. P
This is used to formally define the unit ‘ampere’ of electric current.

Therefore, ampere is defined as the current, which when flowing in each of the
two infinitely long parallel wires (conductors) of negligible cross-section and
placed 1 meter apart in vaccum produces on each wire a force of 2 x 1077
Newton per meter length.

3.21 B-H CHARACTERISTICS

The graph between the flux density B and
field intensity H of a magentic material is c
called B-H or familiar magnetization
curve. Figure 3.21 shows a typical B-H'
curve for an iron specimen. As seen from
the curve it can be divided into four dis-
tinct regions OA, AB,, B,C and the region
beyond C.
The slope of the B-H curve for iron A
(Fig. 3.21) can be explained as follows:
(a) In the region OA (in step region), o — H(At/m)
magnetic field strength H (another
name is magnetizing force) is too
weak to cause any appreciable
alignment of domains {or elementary magnets). Consequently, the increase
in flux density B is small. In the neighbourhood of the origin the graph is
a straight line through the origin, and the slope gives the initial permeability.
(b} In the region AB,, more and more domains get aligned as H increases,
consequently, B increases almost linearly with H.
{c) In the region B,C only a fewer domains are left unaligned, consequently,
the increase in B with H is very small.
(d) Beyond C, i.e. beyond the knee zone, no more domains are left unaligned
and the iron material is said to be magnetically saturated. This upper
portion of the curve is represented with fair accuracy by Frohlich's equa-

— B(whb/m?)

Fig. 3.21 B-H Curve for an iron
sample

tion
H
B.=8- =
§ HoH a+bH
bH
L=a+ =£+b

By H H

where (a) is a hardness constant while [ =BLJ Here B; is the satura-

tion flux density. s
A magnetic material is said to be magnetically saturated when it fails to attain
a still higher degree of magnetization, even when the magnetizing power is in-
creased enormously. The slope of the curve beyond C shows that the increase in
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1 with increase in H is nominal. This point C is called the point of saturation for
“the material.

I'he slope of the B-H curve at any point E is given by tan 8 = B/H, again B=y

. H;p = 1/y, - 1an 8 [sinm%=mn9]

Thus, (u,) is proportional to the slope of the B-H curve at any point. Starting
irom as definite value at the origin, the slope increases as B increases until it
becomes a maximum. It then gradually decreases as B increases further. The
slope becomes almost zere in the saturation region when the curve becomes
almost horizontal. The B-H curve shows that the permeability u, of a magnetic
material changes with the flux density B. 1t is important to note that the lesser the
impurities like carbon, sulphur and phosphorus in iron (the magnetic material)
higher is its permeability.

Importance of B-H curve

(a) It helps in resulting the magnetic material for a specific application.
(b) It helps in making practical magnetic calculations in the design or analysis -
of the magnetic circuits.

3.22 FERROMAGNETIC MATERIALS

" erromagnetism, characterised by the strong attraction or repulsion of one
. iagnetised body by another. In fact, in some materials, the permanent atomic
-agnetic moments have a strong tendency to align themselves even without any
. <ternal field. These materials are called ferromagnetic materials and permanent
1agnets are made from them. The force between the neighbouring atoms, respon-
ible for their alignment, and it can only be explained on the basis of Bohr's
heory of atomic structure.

According to this theory, the electrons revolve around the nucleus in fixed
rhits. Since these electrons are in motion they constitute electric currents. These
urrents produce magnetic fields called orbital magnetic fields. In addition to
his, each electron spins on is axis as it revolves in an orbit. (the spin of an
:lectron is similar to the spin of the earth). A spinning electron has a charge in
notion and, therefore, constitutes an electric current. This current produces a
nagnetic field called the spin magnetic field.

For an individual atom these fields are very weak. Strong magnetic fields can
be produced if the atoms are grouped in a material in such a way that their orbital
and spin fields reinforce one another. In ferromagnetic materials there is an
appreciable interaction between neighbouring atoms. Atoms do not act singly but
in groups called domains. Each domain contains between 10° and 10% atoms. If a
magnetic field is applied, the domains which are aligned along the direction of
the field grow in size and those opposite to it get reduced. Also, domains may
orient themselves in favour of the applied field. Consequently the resultant mag-
1etic flux density inside the material is much greater than the flux density of the
pplied field. Examples of ferromagnetic materials are iron, cobalt and nickel but

Jere many ferromagnetic alloys, some of which do not even possess iron as one
f their components. The ferromagnetic materials are all solids.
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3.23 TYPES OF MAGNETIC MATERIALS

From an engineering point of view, magnetic materials can be broadly classified
into two groups, namely:

(a) Soft Magnetic Materials i.e. soft iron (3.5 to 4.5% silicon content) and
are used in transformers, electric machines and taperecorder tapes. Their magne-
tization can be changed rapidly. Its susceptibility, permeability and retentivity are
greater while coercivity and hysteresis loss per cycle are smaller than those of
steel. These possess a uniform structure (i.e. well-aligned crystal grains).

(b) Hard Magnetic Materials like steel or alloy alnico (Al + Ni + Co) are
used for permanent magnets, coercivity and curie temperature for these materials
are high and their retentivity is low. Their hysteresis loops are generally charac-
terized by a broad hysteresis leop of large area compared to soft magnetic materi-
als. Its demagnetization takes place with difficulty.

3.24 MAGNETIC CIRCUIT LAWS

The path of the magnetic flux is called the magnetic circuit. Just as the flow of
electric current in an electric circuit necessiates the presence of an emf, so the
establishment of a magnetic flux requires the presence of a mmf. In fact there is a
close mathematical analogy between magnetic and d.c. resistive circuits. For a
d.c. resistive circuits, Ohm’s law relationship is

e.m.f
resistance R’
where o is the conductivity.

For a magnetic circuit, magentic flux ¢ is equal to mmf divided by reluctance,

also R:p-;—;p-?}_

: __mmf _F . .
ie ¢= Teluctance — § (in symbols) (3.38)

Again we know for electric circuits R = p - L and for magnetic circuits
a

R S &

Hy K, a
Therefore the definition of reluctance § is obtained from the above analogy.
Reluctivity is specific reluctance and is comparable to resistivity p which is

specific resistance,
Again ¢ can be written as from the equation 3.38

s

Flux = ¢ = mmf _ AT
reluctance 11
Ho "My a
B-1
AT = E L - =Hxl (3.39)

a M,-He  Hyt M,
= field strength of the particular magnetic path x length
of this particular magnetic path.
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Therefore by analogy, o the conductivity of the conductor is equal to the
(1, - i) in the magnetic circuit.
No name is in common use for the unit of reluctance; it is evidently measured
in ampere-turns per weber of magnetic flux in the circuit.
By analogy, the laws of resistance in series and parallel also hold good for
reluctances in a composite magnetic circuit,
In case of a composite electric circuit we have for series connected conductors
RTG!EJ='RI +R2+R3+ LL +Rn
Similarly, with a composite magnetic circuit, we have to substitute § for R.
ie. Stoml =5 + S+ 83+ -+ 85, (3.40)
Again in case of parallel magnetic circuit, the same mmf is applied to each of the
parallel paths and the total flux divides between paths in inverse proportion to
their reluctances.
P=0i+ 4+ 0y + 44,
The total reluctance Sr,, of a number of reluctancs in parallel is
given by
) 1 1,1 .1 1
= — -t — b —— 3.41
STotal 5 5 0§ h ( )

Similarly, permeances (reciprocal of reluctances) in series and parallel obey the
same rules as electrical conductances.

3.25 COMPARISON BETWEEN ELECTRIC AND

MAGNETIC CIRCUITS
1. Basic Model
The toroidal copper ring (Fig. 3.22) is The toroidal iron ring is assumed
assumed open by an infinitesmal wound with N turns of wire with a
amount with the ends connected to a current { flowing through it. The mag-
battery. neto motive force creates the flux .

Fig. 3.22 (a) Fig. 3.22 (b)

2. Priving Forces
Applied battery voltage is Eor V Applied Ampere turns is AT or Nf
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3. Response -
Driving fi Driving fi
Current = -—-—-——-—ﬁn_“ng --am: Flux = vfn'g (Tme
Eletric resistance Magnetic resistance
I= §_ = £
R R
where R = ——— AT/Wb
a-p, -ty
where a = area of magnetic path
4. Impedance

Resistance R = p x L.hcrel=2:rr=
a

mean length of turn of the toroid and
a is the toroidal cross-section

.
i, pya  p-a
where | = 2r = mean length of tum

of the toroid and a is the toroidal
cross-sectional area.

Reluctance (= R) =

5‘

Equivalent C;r‘cuit

Here electromotive force E is the driv-
ing force and electric current flows
through the circuit,

/ AR

Electrical

E=
circuit

E=ILR
Fig. 3.23 (a)

Here electromoive force is the driving
force and magnetic flux does not flows
and it only links with the coil.

¢ Reluctance

Megnetic
circuit

AT = Ni = ¢. reluctance
Fig. 3.23 (b)

Field Intensity

Electric field intensity: with the appli-
cation of the voltage E to the homoge-
neous copper toroid, an electric
potential gradient £ produced within
the material and is given by

E= £E._E Vim
! 2nan
This electric field must occur in a
closed loop path if it is to be main-
tained. If then follows the closed line
integral of £ is equal to the battery volt-

age E. Thus
(f)sx di=FE

Magnetic field intensity: when a mag-
netomotive force is applied to the ho-
mogeneous iron toroid, there is
produced within the material a mag-
netic potential gradient given by

As already pointed out in connection
with Ampere's circuited law, the closed
line integral of H equals the enclosed
magnetomotive force, Thus

@Hzﬂ:M
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Voltage drop

mmf drop

Voltage drop is given V=171 x R where
R is the resistance of the copper toroid
between the two points.

NI = ¢. Reluctance where R is the re-
luctance of the iron toroid between the

points.

Current density

Flux density

Current density is the amount of am-

Flux density is expressed as webers per

Amp I ¢

. . . . Wh
pere per unit area = —— = — unit area i.e, —=—,
m* a m? a

3.26 DISTINCTION BETWEEN MAGNETIC AND
ELECTRIC CIRCUITS

l. In an electric circuit current does not flow in air, unless the dielectric
strength between the curent-carrying conductor and nearest earth fails but
flux in a magnetic circuit can flow in air.

2. Current flows (actual flow of electrons) in an electric circuit but flux does
not flow because magnetic flux lines are imaginary.

3. Based on property, some materials act as insulators and some as conductors
but there is no such material as ‘insulators’ to magnetic circuits,

4. The resistance in electric circuit changes with temperature but at constant
ampere turns (AT), reluctance does not change with temperature.

5. The electric current can be confined to flow in an accurately defined path
but there is no good magnetic insulator to confine all the magnetic flux to
one prescribed path in a magnetic circuit. There is always some leakage
flux.

3.37 Aniron ring has a mean circumference of 80 cm and having cross-sectional area of

5 cm® and having coil of 150 turns. Using the following data, calculate the existing
current for a flux of 6.4 x 10~ Wb. Also calculate the relative permeability (u,).

B(Wb/m? : 09 1.1 1.2 1.3
H(A/m) = 260 450 600 820
Solution
It is given that ¢ = 6.4 x 10~ Wb
6.4 %1074
» flux density B = 2 =———— =128 Wb/m®

area  5x10°¢
Assuming B-H curve to be linear in the range from 1.2 to 1.3 Wb/m?,
820 - 600
1.3-1.2
=776 Afm.

mmf = 776 x —% = 620.8 A
100

H =600 + x(1.28 - 1.2)
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620.8

=—— =4138A
150.0
We know B=p-H=p,-u,-H
B _ 1.28

= 1312.089

#r= -
U,-H 4 %107 %776

3.38 In the magnem. r:m:ult shown in Fig. 3.24, the cross-sectional area of limbs @ and
R are 0.01 m? and 0.02 m? respec-

tively and the lengths of air-gap are P aQ R
1.1 mm and 2.1 mm respectively, are ° -
cut in the limbs ¢ and R. If the mag- ] ¥ 114 — AN 2.1 mm
netic medium can be assumed to have ~o———"| 4 | mm ry
infinite permeability and the flux in the
limb is 1.5 Wb, calculate the flux in
the limb P. Fig. 3.24 Magnetic circuit of Ex. 3.38
Solution
It is given that

Area of cross-section of limb Q = 0.01 m?

Area of cross-section of limb R = 0.02 m?

Length of air-gap = 1.1 mm for limb Q and 2.1 mm for limb &

Flux in limb @ = 1.5 Wb

As because the permeability of the magnetic 2
medium is infinity, reluctance of the given iron #1 92
path is zero. The electrical equivalent is shown in 8 S,
Fig. 3.25.

Now if we assume §| is the reluctance of air-
gap of limb @ and 5§, is the reluctance of the air-
gap of limb R respectively. Let ¢, is the flux across
the air-gap of limb ¢ and ¢, is the flux across the air-gap of limb R,

Fig. 3.25 Electrical equivalent

S X =5 %x¢
I I
X = x
H, X a, U, Xa
It
ﬁzﬂ *-'z—xl :ﬁ:ﬁl
aq b
= &xu 1.5
001 21
= 1.5714 Wh.
*. Flux in the limb P = ¢, + ¢,
= 1.5+ 1.5714 = 3.0714 Wb. T

3.39 A ring, made of steel has a rectangular cross-sectional area. The outer diameter of
the ring is 25 cm while the inner diameter is 20 cm, the thickness being 2 cm. The ring
has a winding of 500 turns and when carrying a current of 3A, produces a flux density of
1.2 T in the air gap produced when the ring is cut to have an air gap of 1 mm length
{Fig. 3.26). Find (a) the magnetic field intensity of the steel ring and in the air gap,
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{b) relative permeability of the magnetic
material, (c) total reluctance of the
magnetic circuit, (d) inductance of the
coil and {e) emf induced in the coil when
the coil carries a current of iy, = 5 sin
314 1.

Solution
NI =500 x 3 = 1500 AT
Buer = By = 12T

Fig. 3.26
(a) - Hyp= — 2 =955 x 10° AT/m
4 x 1077
Since NI = Hyp % 14 Hogoo X L

where I, (mean length of gap) = 1 mm = ] x 107 m,
Lo = 2% (10+ %) = (21 % 11.25) em

=2rx11.25 x 107 m.
We can write,

1500 = 9.55 x 10° x 107 + H,, x 27 % 11.25 x 102

ie. H_.=771.20 AT/m.
B 1.2
(b) Also, H,,. = o Hp= - = 12382
Ha Ky 4r %107 x771.20
1x10-?
(c) S=85,+5; =
Arx1077 x2x25%10°*
. 2rx11.25 %1072
A %1077 x12382x 2% 2.5%x107?
=2.5x 10 AT/Wb
N 500 % (B % S00%(1.2x2.5%x2%x10™!
(d)L=—"= { a]= (1.2x }=u.u-1
I 3 3
di d . d .
e) E= L— =0.1x —(5sin 3141 =0.5— sin(314 ¢
) dr dr © sl ) dr in{ )
= 15?005 314:- EABEEEE

340 An iron ring of circular cross-section of 5 x 10~ m? has a mean circumference of 2
m. It has a saw-cut of 2 x 10~ m length and is wound with 800 turns of wire. Determine
the exciting current when the flux in the air gap is 0.5 x 10~ Wb. [given: g, of iron = 600

and leakage factor is 1.2] Assume areas of air gap and iron are same.
Solution
The flux linking with the iron ring is
Biron = Puir-gap % Leakage factor
=05%x107x 1.2 [As the leakage factor is given as 1.2]
= 0.6 x 107 Wb,
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Again we know,
Ampere turns required = NJ

) . Il.
=[ ﬂmx‘!m + ¢ill’-g,ipxlu‘ :|

y, %y, of ironxarea  y, of air xarea

[~ p, for air = 1]

. 0.6x107 x2 +0.5x10" x2x107
T B00 [ 4xxx107 x600x5x10°*  dxx107 x5x 10~
:S-QSﬂA [ TERRERN]

341 An iron ring of 100 cm mean circumference is made from round iron of cross-
LN T e . e, 4 H

section 10 cm®. I1's relative permeability is 500. Now a saw-cut of 2 mm wide has been
made on it. It is wound with 200 turns. Determine the new current required to produce a
flux of 0.12 x 107* Wb in the air-gap, given that the leakage factor x is 1.24, and that the
relative permeability of the iron under the new condition is 350.

Solution
Given:
Buir-gap = 1.2 % 107 Wb
lirgep =0.2% 107 =2x 10" m
Byirgap = 107 m?
My = L
+ Reluctance in the air-gap is
2x107
= 1.325 x 10° AT/Wb
(4r %107 %1% 1.2%x10°%)
Bironpan = 1.25 X 1.2 x 107 Wb .,
=1.5% 107 Wb

Im_mh = {(.998 [:'I.
am_ﬁm = 10_3 m*
Hicon-path {new) = 350.
998 x 1073
(350 x4xr x 1077 x1.2%x10°%)

= 1890912.3 AT/Wb = 1.89 x 10° AT/Wb,
As we cannot add up the values of air-gap reluclance and iron-path reluctance to get
the total reluctance, we therefore calculate in this way.

~. Reluctance in the iron-path =

H = Hyp pap + Hiconpuit
= (Reluctance of air-gap x Flux in this path)
+ (Reluctance of iron-path x Flux in this path)
=(1.325 % 10%x 1.2 x 107%) + (1.89 x 108 x1.5 x 107)
= 4.425 x 10° = 4425

4'
425 =22.125 A.

Current (=1]) =
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342 A magnetic circuit shown in Fig. 3.27 is constructed of wrought iron:

I
: T 2t 4 cm?
| ‘.*+ '

I
AT~y S R —— 25cm-———— 1

Fig. 3.27 Magnetic circuit of Ex. 3.42

The cross-section of the central limb is 6 cm?, and each outer limb is 4 cm?, If the coil is
wound with 500 turns, determine the exciting current required to set up a flux of
1.0 m Wb in the central limb.
B-H curve of wrought iron are:
B (Wbim?) 1.25 1.67
H (AT/m) 600 2,100

Solution

Given that Flux (¢} in the central limb = 1.0 x 107 Wb
Area (a;) of the central limb = 6 x 107% m?

l,=15cm=0.15m
1.0x107
B = S 10X 1.667 Wh/m*
aq  60x107
AT required = H,, = 2100 x 0.15
=315 AT

For outer limb flux (¢,) = % x 1.0 x 107 Wb

Area (a,) = 4 x 10~ m?,
Length L, = 25 cm = 0.25 cm

_ 2x10x 107

By= ————————— =125 Wbim’

4x10°
From B-H curve, H, =600 AT/m
AT required = H,1, = 600 x 0.25

= 150 AT

Air-gap A, =B, =125 Whb/m’

I,=1x107m
. Bo-l,  125x1x107
AT required = = = 99445 AT
i, 4m %107

|

. Total AT required

! =315 + 150 + 994.45
) = 1,459.45 AT.
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*. The exciting current /

= M_145945 509 A

N jm EREREEES

343 An iron ring made - up of three parts, [, = 12cm, @, =6 cm® L, = 10 cm, a; = 5 cm’,
13 =8 cm and ay =4 cm’. It is surrounded by a coil of 200 turns. Determine the exciting
current required to create a flux of 0.5 m wb in the iron ring. [Given y; = 2670, u, =
1055, iy = 680.]

Solution

Total reluctance S=5; + 5, + §;

i ! I 1 1,
= = + +
= i, 1a

a

premier12 Holloay  H oy Pl 0y

1 0.12 + 0.1 + 0.08

4 %107 | 2670 x6 %107 1055x5%107  680x4 %107

¥

; 10.074906 + .189573 + 0.294117]
Jrx 107

= 4.445 x 10° AT/Wh.
mmf - NI
reluctance 4 .445 % 10°

Flux (¢ =

flux x 4.45 x 10°
N

05%x107 x4.45x10°
200

1.11125 A
1111.25 x 107 Amps = 1111.25 mA.

3.27 LEAKAGE FLUX IN MAGNETIC CIRCUIT
AND FRINGING AND STAKING

In a magnetic circuil, it is never possible to confine all the fluxes in the direction
of designated path, since a portion of the total flux will follow different paths
from the intended path (generally through air). The shapes of these paths, and the
amount of flux in them, depend on the geometry of the magnetic circuit and also
in the value of the relative permeability u,. Therefore the part of the magnetic
flux that has its path within the magnetic circuit is known as the useful flux or
main flux and that taking other paths is called leakage flux. This phenomenon of
wastage of some flux is called magnetic leakage. Sum of the two parts is called
the total flux produced.

The ratio of the total flux produced by the magnet to the main flux is ca]led
leakage co-efficient or leakage factor.
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#r  Total useful flux _ o+,

Mathematically, leakage factor = E = Main flux O

where ¢; = leakage flux
¢, = main flux and
¢ = Total flux.
This leakage co-efficient is generally designated by A and its value ranges from
1.12 to 1.25, i.e. is always greater than unity.
Magnetic leakage in magnets is undesirable since it increases their weight as
well as cost of manufacturer,
Fringing
Figure 3.28 shows a ring provided with an air gap.
The flux lines crossing this air-gap tend to repel each
other and therefore buldge out across the edges of the
air gap. This phenomenon is known as fringing. Due Fringing
to this fringing, the effective gap area is larger than
that of the ring. Longer the air-gap, greater is the
fringing. Generally, the increase in cross-sectional area  Fig, 3.28 Concept of
of air-gap due to fringing is assumed to be about 9 to [fringing
10%.

Stacking

Magnetic circuits are generally laminated to reduce eddy current loss. These
laminations are coated with insulating varnish. Therefore, a small space is present
~ between the successive laminations. So the effective magnetic cross-sectional
area is less than the overall area of the stack. Stacking factor is defined as the
ratio of the effective area to the total area. This factor plays an important role
during calculation of flux densities in magnetic parts. This factor is usually less
than unity.

3.28 MAGNETIC HYSTERESIS

When a bar of ferromagnet mate-
rial is magnetised by a varying B f———-——= b
magnetic field and the intensity -
of magnetizaton B is measured for He d L7
different values of magnelizing A o) /y o
field H, the graph of B versus H |
is shown in Fig. 3.29 and it is '
called B-H curve or magnetiza- e
tion curve. From graph, it is ob-
served that
{a) When the magnetizing field
is increased from 0, the intensity of magnetization (H) increases and be-
comes maximum. This maximum value is called the saturation value.

Fig. 3.29 . Magnetic hysteresis
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The state of magnetic material in which the value of H becomes maximum
and does not increase further on increasing the value of H is called the
state of magnetic saturation.

{b) When H is reduced, B reduces but is not zero when H = (. The remainder
value OC of magnetization, when H = 0, is called the residual magnetism
or retentivity. The property by virtue of which the magnetism B remains in
material even on the removal of magnetizing field is called retentivity or
residual magnetism or ramnant magnetism.

(c) When magnetic field H is reversed, the magnetization decreases and for a
particular value of H, denoted by H, it becomes zero, i.e. H. = od when [
= (. This value of H is called coercivity.

So, the process of demagnetizing a material completely by applying mag-
netizing field in a negative direction is defined as coercivity. Coercivity
assesses the softness or hardness of a magnetic material. If the coercivity of
a magnetic material is low then it is magnetically soft and when its value is
high then the material is magnetically hard.

(d) When the field H is further increased in reverse direction the intensity of
magnetization attains saturation value in reverse direction (i.e., point e).

(e) When H is decreased to zero and changed direction in steps, we get the pan
efgb.

Thus complete cycle of magentization and demagnetization is represented by
bedefgh. In the complete cycle the intensity of magnetization H is lagging behind
the applied magnetizing field. This is called hysteresis and the closed loop bedefgh
is called hysteresis cyvcle.

The energy loss in magnetizing and demagnetizing a specimen is proportional
to the area of hysteresis loop.

The selection of a material for a specific purpose depends on its hysteresis
loop. When the magnet is to operate on ac voltage it undergoes a large number of
reversals every second. The material for such application should have a low
hysteresis loss and therefore, the hysteresis loop should enclose a small arca. Soft
iron is one such example.

In recent times some development has been made in Ni-Fe alloys. They are
called square loop materials produced by

maintaining the alloy for a time in a mag- 4B

netic field at a temperature of 400°C to

590°C. The ultimate of this development

is to make the knee point of magnetizing

curve very sharp, the coercive force be- o >~

comes small and the permeability is very -
high. The hysteresis curve showing varia-

tion of B with A of in “square loop” ma-
terial is shown in Fig. 3.30. In fact these
properties are essential in devices like Fig. 3.30 B-H curve for square loop

magnetic storage of information like in material
computers,
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3.29 HYSTERESIS LOSS

This loss occurs due to the B-H magnetization curve which swings to positive and
negative maximum B,, before returning to zero. Ideally the energy absorbed dur-
ing the positive swing should be returned to the source during reversal of the
magnetizing cycle. But in actuality there is only a partial return to source, the rest
being dissipated as heat.

Figure 3.31 represents the hysteresis loop obtained of a steel ring of mean
circumference (I) meters and cross-sectional area {(a) square meters. Let (V) be
the number of turns on the magnetizing coil.

Fig. 3.31 Hysteresis loop for steel ring

Let (dB) = increase of flux density when the magnetic field intensity is in-
creased by a very small amount ¢H (say) in dr seconds, and { = current in

. . Ni
amperes corresponding o om, i.e., om = T

Instantaneous emf induced in the winding is a X dB X Ny

dt
and component of applied voltage to neutralize this emf equals

dB
x— | V.
(anx )

Therefore instantaneous power supplied to the magnetic field is

[ix an-x ﬁ] W,
df
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and energy supplied to the magnetic field in time df second is
(i xanxdB) ]

Ni
Since, om = AL
)

i=ix 2

N

hence energy supplied to magnetic field in time 4t is

!x%"- x an X dB 1 = (om % dB x IA) )

= area of shaded strip, Iim?.

Thus energy supplied to the magnetic field when H is increased from zero to
oaisequaltoareafgb B, f Jim?, Similarly, energy returned from the magnetic
field when H is reduced from oa to zero is area b B,ch J/m®. Then net energy
absorbed by the magnetic field is

Area f g b B, f Jim’.

Hence, hysteresis loss for a complete cycle is

area of e f b ¢ ¢ jouled per m°.

If we define hysteresis loss as P,
. P,=vf (K,  Bn)W (3.42)
where v is volume of core material and fis the frequency of variation of H in Hz.

The value of n is between 1.5 and 2.5 (1.5 £ n £ 2.5) but mostly it is 1.6.

B, is the maximum flux density in Tesla and Ky is a constant and n is the
exponent which depends on the material.

The constant K, (depending on the chemical properties of the material and the
heat treatment and mechanical treatment the material has been subjected to) may
have value as low as 5 x 1077 for permalloys and as high as 6 x 107 for cast iron.
However K, for electrical sheet steel is generally 4 x 1075

The exponent n has been found by Steinmetz as 1.6 and does not have any
theoretical basis. This value suits most material at flux densities generally not
exceeding 1 wb/m®. However, for higher value of flux densities, the value may be
as great as 2.5,

3.30 EDDY CURRENTS (OR FOUCAULT'S
CURRENTS) AND EDDY CURRENT LOSS

When a metallic body is moved in a magnetic field in such a way that the flux

through it changes or is placed in a changing magnetic field, induced currents

circulate throughout the volume of the body. These are called eddy currents. If

the resistance of the said conductor is small, then the magnitudes of the eddy

currents are large and the metal gets heated up. This heating effect is a source of

power loss in iron-cored devices such as dynamos, motors and transformers,
The eddy current loss is given by

P,=K, fBX* VW (3.43)
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where K, is a constant, f is frequency, B, is the maximum flux density, f is the
thickness of the core material and v is the total volume of the core material.

If the core is made of laminations insulated from one another, the eddy cur-
rents are confined to their respective sheets, the eddy current loss is thereby
reduced. Thus, if the core is split up into five laminations, the emf per lamination
is only a fifth of that generated in the solid core. Also, the cross-sectional area
per path is reduced 1o about a fifth, so that the resistance per path is roughly five
times that of the solid core. Consequently the current per path is about one-
twenty-fifth of that in the solid core. Hence:

I* R loss per lamination E
Per ! = [ I ] }(S:—-]_ (nppmx)

12 R loss in solid core

Since there are five laminations,

Total eddy current loss per laminated core | ( 1 Jz
Total eddy current loss in solid core T125\s

It follows that the eddy current loss is approximately proportional to the square
of the thickness of the laminations.

Hence the eddy current loss can be reduced to any desired value, but if the
thickness of the laminations is made less than about 0.4 mm, the reduction in the
loss does not justify the extra cost of construction.

Since the emfs induced in the core are proportional to the frequency and the
flux, therefore the eddy current loss is proportional to (frequency x ﬂux)z.

Eddy current loss can also be reduced considerably by the use of silicon-iron
alloy and employing conducting material of high resistivity.

The hysteresis and eddy current losses are together known as core losses or
iron losses. For any particular material B, and fare also nearly constant and does
not vary with current. Therefore the core losses are also known as constant losses
and is independent of the load current.

3.31 RISE AND DECAY OF CURRENT IN
INDUCTIVE CIRCUIT

Let us consider a circuit (Fig. 3.32) consisting of a E Sy

battery of emf E, a coil of self-inductance L and a —|‘—'\'Q°—
resistor R. The resistor R may be a separate circuit
element or it may be the resistance of the inductor
windings. Growth of current by closing switch §}, /e

we connect R and L in series with constant emf E. Sz

Let i be the current at some time r after switch §, .
di R = L

is closed and (—) be its rate of change at that e AAN—e— TR —
dt a b c

time. Applying Kirchoff’s law starting at the nega-  Fig. 3.32 Charging and
tive terminal and proceeding counter clockwise discharging in in-
around the loop, ductive circuit
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A E—Vﬂb—vbc=0
E-iR-L% =0
dr
. di
or E-iR=L—
dt
1 i .
or J££=j—d’
L E-iR
1] 1]
_R
or I= —E[l—e LTJ (3.44a)

By letting % = iy and —i— =T, the above expression reduces to

[}
i= f,,[l—e’T‘] (3.44b)

and Y = L/R is called the time constant of the L-R circuit.

If t = oo, then the current i = iy = E/R. It
is also called the steady state current or the 4
maximum current in the circuit, io= Elhcrrnnnnan=,

At a time equal to one time constant the R
current has risen to {1 — ') or about 63% of 0.63 ip
its final value i T

The i-r graph is as shown in Fig. 3.33.

Note that the final current iy does not de-  Current
pend on the inductance L, it is the same as it
would be if the resistance R alone were con-
nected to the source with emf E. Let us have  Fig, 3.33 i-t charging character-
an insight into the behaviour of an L-R cir- istic
cuit from energy considerations.

The instantaneous rate at which the source delivers energy to the current P =
Ei is equal to the instantaneous rate at which energy is dissipated in the resistor
(=i*R) plus the rate at which energy is stored in the inductor

|
!
|
!
I
|
T

(time) -t

i(i;_fz] - (3.45)
dr\2 dt

. di
Thus E-i=iR+ Lz; (3.46)

Decay of Current

Now, let us suppose switch S; in the circuit shown in Fig. 3.34 has been closed
for a long time and that the current has reached its steady state value i;,. Resetting
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our stopwatch to reduce the initial value the close

switch §, at time ¢ = { and at the same time we should - %2
open the switch §; to by-pass the battery. The current . ;
through L and R does not instantaneously go to zero —3= —

but decays exponentially. Applying Kirchhoff’'slawto a g b | ¢
ﬁn.d current in the circuit (Fig. 3.34) at time ¢, we can Fig. 334 L-R circuit

write.
(V,=Vy) +(V,-V)=0
, di
or i-R+ L[d—:)ﬂl [as V, = V]
i =-Ra
i L
id_ R t
!—.—_.
or jT_ LJdI
0 0
. L
or i=ie T (3.47)

o

where T [=%)is the time for current to de-  Current (j) 4
fo

crease to (l) or about 37% of its original value.
€

The current (i)—time (f) graph for the decaying 037 %

condition is as shown in Fig. 3.35 .
The energy that is needed to maintain the cur- time ()

rent during this decay is provided by the energy  Fig. 3.35 Current decay in

stored in the magnetic field. Thus, the rate at an inductive circuit

which energy is dissipated in the resistor is equal to the rate at which the stored
energy decreases in the magnetic field of the inductor.

PR=-4 [1:4'2 ] = Li(- f'i)
dr\2 dt

2 . di
"R+ Li— =0
or iR+ m

or iR + L% = 0, which confirms when R-L circuit is short-circuited the current
I3

does not cease to flow immediately (i.e. at = 0) but reduced to zero gradually.

3.44 The hysteresis loop of a specimen of 5 x 107 m? of iron is 12 cm® The scale is
1 ¢m = 0.4 Wb/m® and | ¢cm = 400 AT/m. Find out the hysteresis loss, when subjected to
an alternating flux density of 50 c/sec.
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Solution
Hysteresis loss = 12 cm® x (400 AT/m) em™ x (0.4 Wb/m®) cm™
= 1.92 x 10° Wb/m®
= 1.92 % 10* x 50 Jim*/sec
=9.6 x 10* J/m'fsec.
It given that volume of the specimen is 5 x 107 m’,
Hysteresis loss = 9.6 % 10% % 5 % 107 J/sec.
=48 )5 =48 W. cassrns

345 The flux in a magnetic core is vnr)rmg sinusoidally at a frequency of 600 cfs. The

maximum flux density B, is 0.6 Wb/m?®. The eddy current loss then is 16 W. Find the
eddy current loss in this core, when the frequency is 800 c/sec, and the flux density is
0.5 Wh/m? (Tesla).

Solution
We know, eddy current loss =< B2 xf
at 600 cfsec: F, o (0.6)* x 600 (i)
at 800 cfsec: P, (say) (0.5)% x 800 (i)
Dividing equation (ii) by equation (i) gives:
Py (050 x800

% " oe e [ B, is 16 W]
=19.259 x 10

B, =16%x9259% 107" W
= 14.8148 W.

3.46 A coil having a resistance of 10 £2 and inductance of 15 H is connecled across a
de. vu]r.nge of 150 V. Calculate: {i) The value of current at 0.4 sec after switching on the
supply. (ii) With the current having reached the final value the time it would take for the
current to reach a value of 9 A after switching off the supply.

Solution
It is given that

Wd.c) = 150 V
R=104Q
L=15H

(i) .. The value of the current

R 10
i= Yl—en! |2 100 i
R 0
4
=15/1-¢ 13

=351 A
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(ii) Let us assume thatatr=1,i=9 A

h

9=15x% e 15 (for decaying)
g5 .2
15
taking log, in both sides,

_i =lo i
15 Eels

Il=ﬂ.?6625=c. [(E TR RN

Ol

}._4_':'_ For the network shown in Fig. 3.36 ?

(a) Find the mathematical expression for
the variation of the current in the in- Vg
ductor following the closure of the 10V — r=10 §H= 150
swilch at ¢ = 0 on to position ‘a”; T ohm

(b) The switch is closed on to position ‘b’
when 1 = 100 m/sec, calculate the new
expression for the inductor current and
also for the voltage across R;

(c} Plot the current waveforms for t =0 to

L=01H

1= 200 misec. Fig. 3.36 Network of Ex. 3.47
Solution
(a} For the switch in position ‘a’, the time constant is
T, = L = 0.1 = 10 milli-sec(ms)
r 10

t _ I
A E[l-e-f]=ﬂ[l—e 10x10° ]
r 10

{b) For the switch in position ‘b’ the time constant

]
—
|
2}

_I
3]
e
>

Y, = L__ 0.1 =4ms
R+r 15410
Yo -
iy=—e (for decaying)

3 - I
- 3 3
ll.'?E ax107 _ o dxl07
10

The current continues to flow in the same direction as before, therefore the voltage drop

across R is negative to the direction of the arrow shown in Fig. 3.36. vy =i, - R=-15 %
etx10 y

A.
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Fig. 3.37 Current profile

It will be noted that in the first switched period, five times the time constant is
50 mfsec. The transient has virtually finished at the end of this time and it would not have
mattered whether the second switching took place then or later. During the second period
the transient took only 25 m/sec.

{c) The profile current waveform has been plotted in Fig, 3.37. P

3.43_ For the network shown in Fig. 3.36 (Ex. No. 3.47) the switch is closed on the
position ‘a’. Next, it is closed on to position ‘5" when 7 = 10 ms. Again, find the
expression of current and hence draw the current wave forms.

Solution

For the switch in pasiliun ‘a’, the time constant T is 10 m/fsec as in Ex. No. 3.47, and the
currenl expression as is before. However, the switch is moved to position ‘b’ while the
transient is proceeding. When r = 10 m/sec.

L _Ioxig A

P=ll1-e 10107 =11.0=-¢ 10x1073 1.0"-'--—"-———'———::,:--—

06324 —==== -~
=(1-¢")=0632 A, }

i.e., the second transient commences I G

with an initial current in R of 0.632 A. !

. The current decay is, {, = 0.632 x 0 10 > t(ms)
A. which is shown in Fig. 3.38. i

4103 Fig. 3.38

3.49 A d.c. voltage of 150 V is applied to a coil whose resistance is 10 £ and induc-
tance is 15 H. Find: (i) the value of the cumrent 0.3 sec after switching on the supply: (ii)
with the current having reached the final value, how much time it would take for the
curreni to reach a value of 6 A after switching off the supply.

Solution

{a) It is given that
V=150 V. R=10Q,L=1I5H
. The value of the current 0.3 sec after switching on is

w0,
- @[l—e 15 D"’] =272 A,
10
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(b) After switching off the supply, the current will be decaying and is given by

[ 10
= .Ee_zr 6, -— .Ls.ge—ﬁx:
R 10
t=1.375 sec. p———

3.50 A coil of resistance 24 Q and having inductor 36 H is suddenly connected to a d.c.
of 60 V¥ supply. Determine

(a) the initial rate of change of current (%]

{b) the time-constant

(c) the current after 3 sec.

(d) the enrgy stored in the magnetic field at r = 3 sec.
{e) the energy lost as heat cnergy at t = 3 sec.

Solution
It is given that: V=60V, R=24Q,L=36H
(a) Imitial rate of change of current:

&,
s=£[1~e L’]
R

di V( R] -0
—_— o e ===
rRU L

dt
R
= Ee_z-[
L

When =0,
di V0V 80 _ 67 Alsec:
dt L L 36

{b) Time constant (1 ):

T= £=E = L.5 sec.
R 24

(c) Current; the current at f = 3 sec is

_k .
P = %[l_e Ll]= g‘g[a_e 36 ’J =2.16 A.

(d) Energy stored:

at  r=3 sec, the energy stored in the magnetic field is %.E.i2

% 36 % (2.16)2 = 84 J.

1 [

(e) Energy lost as heal energy:
at t = 3 sec, the energy lost as heat energy is

PxR=(2161x24=1121.
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3.32 AMPERE’'S CIRCUITAL LAW

We know the integral of static (time independent electric field around a closed
path is zero but what about the integral of the magnetic field around a closed
path? Actually, the quantity (Hdl) does not represent some physical quantity, and
certainly not work. Although the static magnetic force does no work on a moving
charge, we cannot conclude that the path integral of the magnetic field around a
closed path is zero.

The line integral (4-8 . d!) of the resultant magnetic field along a closed plane

curve is equal to [, times the total current crossing the area bounded by the
closed curve provided the electric field inside the loop remains constant.

Thus @B-:ﬂ:pu-f
This is known as Ampere's circuital law. The above equation can be simplified
asB-l=py-1

But this equation can be used only under the following condition.
(a) At every point of the closed path B is parallel 1o dl.
(b) Magnetic field has the same magnitude B at all placed on the closed path.
If this is not the case, then the above equation can be written as

B\dl, cos 6] + Bydlycos 6, + - =1y - 1

Brsvserannns ADDITIONAL EXAMPLES ceesasecsesm

3.51 If the vertical component of the earth’s magnetic field be 4.0 x 10 Wb m™2, then
what will be the induced potential difference produced between the rails of a meter-gauge
running north-south when a train is running on them with a speed of 36 km h™'?

Solution
When a train is on the rails, it cuts the magnetic flux lines of the vertical component of
the earth’s magnetic field. Hence, a potential dfifference is induced between the ends of
its axle.

Distance between the rails = | m; speed of train (v) = 36 km/hr = 10 mfsec. Magnetic
field By = 4.0 x 10~ Wb/m. .. The induced potential difference in e = Bvl = (4.0 x 107%)
x10x 1 =40x 107V, ssesnas

3.52  The current in the coil of a large electromagnet falls from 6 A 1o 2 A in 10 ms. The
induced emf across the coil is 100 V. Find the self-inductance of the coil.

Solution
The self-induced emf is given by
di
= -L—
¢ dt
Here di=2-6=-4 A
dt = 10 ms = 107 sec
and e=100V
dt 102

= —¢e—=-100x—— =025 H.
di -4
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3.53 The current (in ampere) in an inductor is given by { = 5 + 164, where ¢ is in
st:cuuds The self-induced emf in it is 10 mV. Find (a) the self-inductance, and (b) the
energy stored in the inductor and the power supplied toitatr= 1.

Solution
The induced emf in the inductor due to current change is
di
L=—
lel = dr
_ lel
" dildt
Hence i =5+ 164, from this, we have
% =0+ 16=16Asec', ande=10mV =10x 107 V
10x107*V R
L= —— =0.666 x [0 H = 0.666 mH
15 Asec™

(b) The current at £ = | sec is
i=5+16r=5+16x1
=21 A
. Energy stored in the inductor is

%Lr‘z = % x (0.666 % 107 x (21)2

137.8 x 1073 = 137.8 mJ
Power supplied to the inductor at r = 1 sec is
P:.’::(lﬂxlﬂ'3V)x21=021W ERE TN T]

3.54 Calculate the y:lf-mducmnce of an air-cored solenoid, 40} cm long, having an area
of cross-section 20 ¢m? and 800 turns.

o N A
!
[here we assume U, = 47 X 1077 Hm™).
4rx 1077 x 800° x20% 107* s
= = =4,022x 107" H
40 =10~ EEEaEEE

Hinis: L=

3.55 A solenoid of inductance L and resistance R is connected to a battery. Prove that
the time taken for the magnetic energy to reach 1/4 of its maximum value is L/R log (2).

Solution
The growth of current in an LR circuit is given by

_E.;
o1t e

where [ is the maximum current. The energy stored at time 1 is

u= J—Uz
2
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We are required 1o find the time at which the energy stored is 1/4 the maximum value,

e when i = " where u = 1172
l.e.,WEnH—TWEl'EHD-—E 0"

; 1 z_l[}_ul] 2l
Le., 2L1—4 5“0 or = )

= Using the equation 1, we have

ulc,‘“
1]
S
—_
.
1
LY
1
==
o —
1

1 L
—=1-£
2
R
or et =L
2
or —ﬂ.' = ]og![l] - log(2)
L 2
t=—log,(2)

356 An aeroplane with a 20 m wingspread is flying at 250 m/s parallel to the earth’s
surface at a plane where the horizontal component of the earth’s magnetic field 15 2 x
1075 Tesla and angle of dip 60°, Calculate the magnitude of the induced emf between the
tips of the wings.

Solution

As the aeroplane is flying horizontally parallel to the earth’s surface the flux linked with it
will be due to the vertical component By on the earth’s field.

By =By tan 8= 2 % 10°% x tan 60°
= 243 x 10° Wb/m%
. Induced emf is lel = By Iv sin 8

= 23 x 1075 x 20 x 250 x sin 90°

3
or I = £V =0.173 V.

I':} EEEEE S

3.57 A rectangular loop of sides 25 cm x 10 cm car-
ries a current of 15 A. It is placed with its longer side Ar——D
parallel to a long straight conductor 2.0 cm apart and fz 4 T
carrying a current at 25 A, Find the net force on the

loop. What will be the difference in force if the current

!
in the loop be reversed? l

Solution

Let ABCD be the loop (length /, width b and current i), 4 d >k b
with its longer side AB placed parallel and at a distance
d from a long conductor XY, carrying current i, as shown

in Fig. 3.39.

Fig. 3.39 Rectangular loop
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The attractive force on the side AB of the loop, due to current f,, is

_ .un l-I i "2 A
=5 T towards XY
Similarly, the (repulsive) force in the side CD of the loop is
By iyigel
Fy= —- i XY
2= 5o @+h) away from

.. The forces on the sides AD and BC of the loop; being equal, opposite and collinear,
cancel each other.
.~ Net force on the loop is

: Bo oo f1
Fy=Fy= =iy iy 1| -
R T [d (de

_ M f‘|‘f2‘-""5"t ds XY
S o dd+by OrAeAn

Substituting the values:
iy=15A,i,=25A
=025, b=010m
d=0.02md+b=0.12m
Hy

and o = 2 x 1077 NA™?, we get

15x25x0.25 x0,10

Fi=F,=2x107" x
: 0.02x0.12

=78%x 107N,
The net force is directed towards the long conductor. If the current in the loop, or in the
long conductor, be reversed, the net force will remain same in magnitude but will then be

directed away from the long conductor. sasesnn

3.58 Show that the time for attaining half the value of the final steady current in an L-R
series circuit is 0.6931L/R,

Solution
The instantaneous current during its growth in an L-R series circuit is given by i =

_ﬂ.;
ig|1-e L

where iy, = final steady current for ifiy = 1/2, we have

l:[_e_r'
2
R’
et o L_1
2 2
K,
el =2
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% 1= log.2 = 0.6931

t=06931 x L.
R’ e

3.5_9_ The resistors of 100 £ and 200 Q and an ideal 10H
inductance of 10 H are comnected to a 3-V battery rfﬁmmn‘\—l
through a key K, as shown in the Fig. 3.40. N4
If K is closed at ¢ = 0, calculate 100 Q@ % 200

(a) the initial current drawn from the battery I, )i

(b)  the initial potential drop across the inductance X K

(c)  the final current drawn from the battery
(d) the final current through 100 £ resistance. Fig. 3.40 Circuit of Ex. 3.59

Solution

(a) ‘Immediately’ afier closing K, there is almost no current in the inductance due to
self-induction, the current is only in resistance. Thus, the initial current is

v
= — =001 A
{100+ 200) 2
(b) The p.d. across the inductor is same as across the 100 Q resistance, that is 0.01 x

no=1V.

(¢c) When the current has become steady the opposing emf in the inductance is zero
and it short circuits the 100 £ resistance. The resistance of the circuit is now only
200 £2 and so the current drawn from the cell is 3V/200 2 = 0.015 A,
This is the final current in the 200 Q resistance.

{(d) The final current through the 100 € is zero. eeenen

3 6:0 A horizontal power-line carries a current of 90 A from east to wesl. Compute the

' magnem: field generation at a point 1.5 meter below the line.

Solution

The magnitude of the magnetic field B ductoa long current carrying conductor at a
distance R is given by

P
2r R
H, 7 -1
where — =2x 107" Tm A™".
2
Putting, i=90 A, R =15 m, we have
B=(2x 107 % 9_(; =12x10°T.

Applying Right Hand Rule, we find B is directed towards the south. enEanen
3.61 Two coils with terminals T, T; and T, T, respectively are placed side by side.
Measured separately, the inductance of the first is 1200 pH and that of the second coil is
BOO pH. With T; joined with Ty (Fig. 3.41), the total inductance between the two coils is
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2500 pH. What is the mutual inductance? If T; is joined with T, instead of T4, what would
be the value of equivalent inductance of the two coils?

Solution
Given L, = 1200 uH, L, = 800 pH, T\, = 2500 uH.
Let the mutual inductance between the two coils be M, then total inductance L; + L, +
2M. In the first case (refer (Fig. 3.41)
T” = Ll + Lz + 2M
2500 = 1200 + 800 + 2M

M=% _ 50 uH.
2
Ly
Ly

Ty Ta

Ta
T.l_ Ta T4

Fig. 3.41 Connection of two coils, 1st  Fig. 3.42 Connection of fwo coils, 2nd
case case

If Ty is the total inductance in the second case, then

Tyy=Ly+L,—2M (See Fig. 3.42)
= 1200 + 800 — 2 x 250
= 1500 uH. aEnanss

3_61‘- A coil has a resistance of 5 £ and an inductance of 1 H. At t = 0 it is connected to
a 2 V battery. Find (a) the rate of rise of current at 1 = 0; (b) the rate of rise of current
when i = (.2 Amps and (c) the stored energy when i =0 and i = 0.3 A,

Solution

= (L2 sec.

=

L_
T= 2=

ﬂ—_ -%_ -5
{a) dr—LE =2¢

atr=10, a =2 Alsec.

dr
® i= %(1 - e
=0.4(1 - &™)

time t; when i =02 A is
0.2=04(1-¢3%)

or £ = 0.1386 sec.
di _ 5 s
ar - 2¢

=1 Alsec
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{c) Ati=0,stored energy =0
when i = 0.3 A, stored energy

=%u2= x 1% (0.3)F = 0.045 J.

1
2
3.63 A small flat coil of area 2.0 x 10~ m? with 25 closely wound turns is placed with
its plane perpendicular to a magnetic field. When the coil is suddenly withdrawn from the
field, a charge of 7.5 mc flows through the coil. The resistance of the coil is 0.50 £,
Estimate the strength of the magnetic field.

Solution
The magnetic flux passing through each turn of coil of area A, perpendicular to a mag-
netic field B is given by
9y = BA

when the coil is withdrawn from the field, the flux through it vanishes. Therefore, the
change in flux is d¢y = 0 — BA = —BA.
By Faraday's law, the emf induced in the coil is
] doy _NBA

dr dt
where dt is the time taken in withdrawal. The induced current in the coil of resistance (say
R)is

e =

e
= —.

R
This current persists only during the time interval dr. Hence the charge flowed through the
coilisg=ixdr= & .dar= NBA

R R
gR
B= A

Substituting the given values, we have

(7.5%107) x0.50 5
B= - =0.75 Wb/m®.
25%(2.0x107)

3.64 A copper rod of length 1.0 m is revolving with a frequency of 50 rev/sec. around

one of its ends, perpendicular to a uniform magnetic field of 1.0 Wh/m®. Find the emf
developed between the two ends of the revolving rod.

Solution

The magnetic flux linked with an area of perpendicular to a
uniform magnetic field of magnitude B is given by ¢, = BA.
Suppose the copper rod of length { (say) revolving about its
one end O is completing # revolutions per unit time is shown
in Fig. 3.43, then, the rate of change of magnetic flux linked
with the revolving rod is given by
dpy dA

dr =8- o = B x (area swept by the rod

per unit time) Fig. 343 Revolving
=B x (xf)-n copper rod
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By Faraday's law of electromagnetic induction, the emf induced across the rod is given by
dg,
="

=Bxi-n

Substituting the given values, we have
lel = 1.0 x 3.14 x (1.0)* x 50
=|5?be!ibc=15'?v TEEEER]

3.65 A rectangular iron-core is shown below in Fig. 3.44. It has a mean length of
Ha'ghztic path of 100 ¢m, cross-section of (2 cm % 2 cm), relative permeability of 1400
and an air-gap of 5 mm is cut in the core. The three coils carried by the core have number
of turns N, = 335, N, = 600 and N; = 600, and the respective currents are [, = 1.6 A, I, =
4.0 A and I; = 3.0 A. The directions of the currents are as shown. Calculate the flux in the
air-gap.

5mm

- | /—* Mean length = 100 cm
= =
Iy : 1K
O 0
Ei Ny= 335 N = 600 -
11 turns twms T
Ot | : ——
1
I
EEEEEEE e e
.f;gJL N3=600 9
[+] mr"s o

Fig. 3.44 A rectangular iron-cone (Ex. 3.65)

Solution

The mmf acting in the magnetic circuit (current considering in the clockwise direction)
=ENI=-3353x16+600x4-600x3 =04 AT

o |k
64 AT = J‘tli—----+f!.:|,

Hy

.
where I; = mean length, g, = relative permeability and
{, = air-gap cut length.

64 = L4 [ 1 +5><lﬂ‘3]
4% 107 x(2x2)yx107* L1400
=1.136x 107 ¢
Flux, ¢ = —% =563 x 10°° Wb
1.136 % 107

= 5.63 4 Wb
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Hussvusumnmn EXERCISES svanennwann i

Define mmf, reluctance and permeability. Deduce an expression for the
force between two parallel conductors. Explain the significance of reluc-
tance in a magnetic circuit.

Compare magnetic and electric circuits.

What are the different types of magnetic losses? What is the eddy-current
loss? What are the considerable effects of eddy currents? How can they be
minimised? Mention some application of eddy currents. How is the differ-
ent types of losses to be minimised?

Explain the terms: magnetic leakage and flux fringing. Derive an expres-
sion for the weight which can be lifted by a horse-shoe magnet.

Why do magnetic circuits usually have air-gaps? How does the presence
of air-gaps affect the magnetic circuit calculations which has higher reluc-
tance an air-gap or an iron path? And why? Prove that B = pH.

Draw and explain the B-H curves for air and a magnetic material.
Explain with the aid of a typical B-H curve the meaning of the following
terms:

Relative permeability, coercivity, and remanence.

What information can be derived from the B-H loop?

What is meant by magnetic hysteresis?

Explain briefly under what conditions it is advantageous to use in a mag-
netic circuit:

(a) a granulated iron core

(b) alaminated iron core.

An air-cooled solenoid has a diameter of 30 cm and a length of 5070 cm
and is wound with 3000 tumns. If a current of 6 A flow in the solenoid find
the energy stored in its magnetic field.

2 x9x 107
[Hints: Calculate A = xp? _xx9x10

4 9
and L= w'
have Uy=4nx 107y, =1
Energy stored = E = %Uz L] [Ans: 2875 J]

An air cored torodial coil has 450 turns and a mean diameter of 300 mm
and a cross-sectional area of 300 mm?. Determine the self-inductance of
the coil and the average voltage induced in it when a current of 2 A is

reversed in 40 m/sec. [Ans: 8.1 mH; 8.1 mV]
N2 41077 x1x300 % 107° x(450)%
[Hint: L = Ho by AN” _ 4% 300 % 107° x(450) H
! 7 x300x103
=0.81 x 107" H.

{ 2+2
emf= LY 2081 x 104 x — = =0.0081 V.]
dr 40x1077
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Two identical coils, having 1000 turns each, lie in parallel planes such
that 90% flux produced by one coil links with the other. If a current of
4 A flowing in one coil produces a flux of 0,05 m Wb in it, find the
magnitude of mutual inductance between the two coils. [Ans: 9 mH]
A solenoid of length 1 meter, and diameter 10 cm has 5000 turns. Calcu-
late: (i) the approximate inductance, and (ii) the energy stored in a mag-
netic field when a current of 2 A flows in the solenoid.

[Ans: L = 0.247 H; Energy stored = 0.494 J]
The coils having 150 and 200 turns respectively are wound side by side
on a closed magnetic circuit of cross-section 1.5 x 107 m? and mean
length 3 m. The relative pearmeability of the magnetic circuit is 2000.
Calculate (a) the mutual inductance between the coils; (b) the vollage
induced in the second coil if the current changes from 0 to 10 A in the
first coils is 20 m/sec.
[Himts: Ny =150, N; =200

a=15x10"71=3m,y,=2000

(a) M:pa-pr+N|~Nz-%=ﬂ.37?H

(b) di;=10-0=10A.
dt = 20 ms = 20 x 107 sec.

i
e =M- 2L = 1885 V]
: dr

Two coils of negligible resistance and of self-inductances 0.2 H and 0.1 H,
are connected in series. If the mutual inductance is 0.1 H, calculate the
effective inductance of the combination. [Ans: 0.5 H or 0.1 H]
Two coils A and B, each with 100 turns, are mounted so that part of the
flux set up by one links the other. When the current through coil A is
changed from +2A to -24 in 0.5 second, an emf of 8 mV is induced in
coil B, calculate: (i) the mutual inductance between the coils, and (ii) the
flux produced in coil B to 24 in coil A. [Ans: M = 1 mH; ¢ = 200 m wb]
[Hints: N, = Ng= 100 turns

[,=2A,dl,=2-(-2)=4A

di =05 sec, ey =8 x 1073V

i
(i) Now ey =M - %,M:lxmﬂﬂ
T

M,

(ii) Flux induced in B = ¢y = N = 2 x 107 Wb.

B

A coil has 100 turns of wire, and a flux of 5 m Wb linkage with this coil
changes to zero in 0.05 second. Determine the self-induced emf in the
coil. [Ans: 10 V]
Two long single-layer solenoids have the same length and the same num-
ber of turns but are placed coaxially one within the other. The diameter of
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the inner coil is 60 mm and that of the outer coil is 75 mm. Determine the
co-efficient of coupling between the coils. [Ans: 0.8]
A coil has a self-inductance of 1 H. If a current of 25 mA is reduced to
zero in a time of 12 m/sec, find the average value of the induced voliage
across the terminals of the coil. [Ans: 25 V]
A conductor of length 300 cm moves at an angle of 30° to the direction of
uniform magnetic field of strength 2.0 Wb/m? with a velocity of
100 m/sec. Calculate the emf induced. What will be the emf induced if the
conductor moves at right angles to the field?

[Hints: (i) e = Biv sin 30° =300 V;
(ii) e = Bly sin 90° = 600 V.]

. A conductor having a length of 80 cm is placed in a uniform magnetic

field of 2 Wb/m? (Tesla). If the conductor moves with a velocity of
50 m/sec, find the induced emf when it is (i) at right angle (ii) at an angle of
30° and (jii) parallel to the magnetic field. [Ans: 80 V, 40 V and 0 V]
[Hint: B =2 Wb/m?, 1= 0.8 m, v = 50 m/sec. .

(i) e=Blv=2x08x50=80V [+ sin 8= sin 90° = 1]
(i) e=80sin 30° =40V,
(iii) ¢ = 80 sin 0° = 0.]
Calculate the mmf required to produce a flux of 0.01 Wb across an air-gap
of 2 mm. of length having an effective area of 200 cm? of a wrought iron
ring of mean iron path of 0.5 m and cross-sectional area of 125 cm’.
Assume a leakage co-efficient of 1.25. The magnetization curve of the
wrought iron is given below:

B(Wb/m?): 0.6 0.8 1 1.2 1.4
H(AT/m): 75 125 250 500 1000

[Ans: 921.18 AT]
[Hint: ¢=0.01 Wb

, B 9 0.01
Air-gap: H= —= = — ATim
P H, A- Hy 200 x 10-4 XA4xx 10"1
= 3.98 x 10° AT/m.

Total AT required = 3.98 x 10° x 2 x 10~ = 796.178
_ 001x1.25
T 125%107

H =250 AT/m

Total AT required = 250 x 0.5 = 125
Total mmf = 796.178' + 125 = 921.178]

fron path: Wb/m?® = 1 Wb/m?

22. (a) An iron ring, having a mean diameter of 75 em and a cross-sectional

area of 5 cm? is wound with a magnetizing coil of 120 turns. Using the
following data, calculate the current required to set-up a magnetic flux
of 630 4 Wb in the ring.

Flux density (7) 0.9 1.1 1.2 1.3

A/m 260 450 600 820
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(b) The air gap in a magnetic circuit is 1.1 m long and 20 cm? in cross-
section. Calculate (i) the reluctance of the air-gap and (ii) the ampere
turns required to send a flux of 700 4 Wb across the air-gap.

[Ans: a = 4.5 A. (b) 4.375 x 10° A/Wb, 306 A]
23. A mild steel having a cross-sectional area of 10 cm® and a mean circum-
ference of 60 cm has a coil of 300 turns wound around it. Determine
(i) reluctance of the steel ring,

(ii) current required to produce a flux of | mole in the ring. Relative
permeability of the given steel is 400 at the flux density developed in
the core.

(iii) if a slit of 1 mm. is cut in the ring, what will be the new value of
current? Assume no fringing effect.

(Ans: 119.43 x 10* A/'Wb; 3.98 A; 6.635 A]

I
Ho Hya

[Hint: (1) Reluctance

0.6
4r %1077 % 400 %10 %1074
119.426 x 10* A/Wb
(i) AT =1x10"%x 119.426 x 10* = 1194.26

= 119426

A =398 A

1%107?
4x 1077 x10x 1074

= 79.62 x 10" A/Wb
AT for air gap = 79.62 x 100 x 1 x 1073 = 796.2.

(iii) Reluctance of iron path =

1194.26 +796.2
= ————"-= =6635A.
300 ]
24. A magnetic circuit has an area of 10 cm? and length of 0.2 m. If u, = 2000,
find the reluctance. [Ans: 0.79 x 10° A/Wb]

25. Find out the inductance and energy stored in the magnetic field of an air-
cored solenoid of 100 cm long, 10 cm in diameter and some wound with
900 turns and a current of 7.5 A is passing through the solenoid.

[Ans: L=8 mH; E=0.2251]]
[Hints: Inductance of solenoid

- Nz'd'ﬂo*our

L =0.008 H

and energy stored = E = %LF =0.225 ]

26. A circuit has 2000 turns enclosing a magnetic circuit of 30 cm?
sectional area. When with 5A, the flux density is 1.2 Wb/m? and 10°A it is



27.

28.

29.
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1.7 Wb/m?, find the mean value of the inductance between these current
limits and the induced emf if the current falls from 10 A to 4 A in 0,08
SCC.

s Loy, 90y, dBA i
[Hints: L=N = =N o = NA it
here dB=1T7-12anddr=10-5
L=06H
again di=10-4=6 A and dr = 0.08

dl

e =L - =45V]

An iron ring of mean length 200 cm and circular cross-section of area
15 cm? has an air gap of 6 mm and a winding of 200 turns. Calculate the
inductance of the coil. u, for iron is given as 800. [Ans: 200 V]
A conductor 1.5 m long carries a current of 50 A at right angles to a
magnetic field of density 1.2 T. Calculate the force on the conductor.
[Ans: F =90 N]
[Hints: F =Bl sin 8]
A horseshoe electromagnet is required to lift a 200 kg weight. Find the
exciting current requried if the electromagnet is wound with 500 turns.
The magnetic length of the electromagnet is 60 cm and is of permeability
500. The reluctance of the load can be neglected. The pole face has a

cross-section 20 sq. cm. [Ans: 2.35 A)
2 2
[Hint: F=2x BA_BA
2p, M,
B M, F _4mx 10°7 X 200%9.81
A 20% 104
or B =1.232 Wb/m?
H=-B _ 122  _ 196178 AT/im

Uk, 4 x1077 x 500
Total AT = 1961.78 x 0.6 = 1177

_u7m
I= "1 =235A)



DC NETWORK
ANALYSIS

4.1 INTRODUCTION

When a number of network elements* are connected together to form a system
that consists of set(s) of interconnected elements performing specific or assigned
functions, it is called a “network™. An electrically closed network is a “circuit”.
An electrical network is a combination of numerous electric elements (e.g., resis-
tance R, inductance L, capacitance C, etc.).

Some important definitions related to an electrical network are as follows:
Node: It is the junction in a circuit where two or more network elements are
connected together,

Branch: It is that part of the circuit which lies between two junctions in a circuit.
Loop: 1t is a closed path in a circuit in which no element or node is encountered
more than once.

Mesh: It is such a loop that contains no other loop within it.

4.2 CHARACTERISTICS OF NETWORK ELEMENTS
4,21 Linear and Non-linear Elements

A linear element shows linear characteristics of voltage vs current. Thus the
parameters of linear elements remain constant (i.e., the parameters do not change
with voltage or current applied to that element). Resistors, inductors and capaci-
tors are linear elements.

On the other hand, for a non-linear element, the current passing through it
does not change linearly with the linear change in applied voltage across it, at a
particular temperature and frequency. In a non-linear element the parameters
change with applied voltage and current changes. Semiconductor devices like
diodes, transistors, thyristors, etc, are typical examples of non-linear elements.
Ohm's law is not valid for non-linear elements.

*A network element is a component of a circuit having different characteristics like linear, non-
linear, active or passive etc. and will be defined shortly.
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4,2,2 Active and Passive Elements

If a circuit element has the capability of enhancing the energy level of an electric
signal passing through it, it is called an active element, viz., a battery, a trans-
former, semiconductor devices, etc. Otherwise the element that simply allows the
passage of the signal through it without enhancement is called passive element
(viz., resistors, inductors, thermistors and capacitors). Passive elements do not
have any intrinsic property of boosting an electric signal.

4,2.3 Unilateral and Bilateral Elements

If the magnitude of the current passing through an element is affected due to
change in polarity of the applied voltage, the element is called a unilateral ele-
men!. On the other hand if the current magnitude remains the same even if the
polarity of the applied voltage is reversed, it is called a bilareral element. Unilat-
eral elements offer varying impedances with variation in the magnitude or direc-
tion of flow of the current while bilateral elements offer same impedance
irrespective of the magnitude or direction of flow of current. A resistor, an induc-
tance and a capacitor, all are bilateral elements while diodes, transistors, etc. are
unilateral elements.

4.3 SERIES RESISTIVE CIRCUITS

Resistors are said to be in series when they are connected in such a way that there
is only one path through which current can flow. Therefore the current in a series
circuit is the same at all parts in the circuit. The voltage drop across each compo-
nent in a series circuit depends on the current levels and the component resistance
(or impedance).

4.3.1 Currents and Voltages in a Series Circuits

The circuit diagram for three series connected resis-
tors and a d.c. voltage source is shown in Fig, 4.1.

The total resistance connected across the voltage .
source is R = R + Ry + Ry. (R is called the equiva- E—F
lent resistance in ohms for the given circuit.)

For a series circuit with n resistors, the equiva-
lent resistance R is thus

R=R +R,+Ry+ - +R, (4.1)

The equivalent circuit for the series resistance
circuit is shown in Fig. 4.2, Fig. 4.1 A 5""_’}"" series

The equivalent circuit consists of the voltage Tesistive circuit
source E and the equivalent resistance R. The current [ flows from the positive
terminal of the voltage source. Using Ohm's law the current through the series
circuit in ampere is obtained as

E_ E
R R+Ry+Ry+-+R, "~ “.2)

1=
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There is only one path for current flow in a
series circuit.

The current flow causes a voltage drop V
or potential difference across each resistor in
the circuit of Fig. 4.]. Using Ohm’'s law, the
voltage drops across each resistor in volts are
obtained as

V,=IR,, V,=1IR,

Basic Electrical Engineering

_p.f

E R

Fig. 4.2 Equivalent of a simple
series resistive circuit

aﬂd VJ_ = IRJ_.

Since the sum of the resistive voltage drops is equal to the applied emf, for any

series circuit,
E= V]+V2+V3+”'+Vn

or E=IR +R,+ Ry +--+R,).

Next we consider series connection of voltage
sources instead of series conne: tion of resis-
tors.

If three voltage sources are connected in
series as shown in Fig. 4.3, the resultant volt-
age in volt is

E=E +E, +E,

In Fig. 4.4 the lowermost vollage source E;
has its negative terminal connected to the nega-
tive terminal of the middle cell. The resultant
voltage in this case is

E = E| + Ez - E.'!

In Fig. 4.3 the voltage sources assist one
another to produce the circuit current, so they
are said to be in “series aiding”. In Fig. 4.4
the bottommost voltage source will attempt to
produce current in the opposite direction to
that formed by the other two. Therefore this
bottommost source is connected in “series op-
posing” with the top two cells.

4.3.2 Voltage Divider

In Fig. 4.5 two series connected resistors are
used as a voltage divider or potential divider.

E
Here, Vi=IR = R+ R - R,
1=—E£
R2 +R2
Also Vy= LR, = —=

(4.3)

Fig. 4.3 Series connection of
three-voltage sources

Fig. 44 Series connections of
three voltage sources
with the polarity of
one source reversed

Fig. 4.5 Voltage divider (or po-
tential divider) circuit
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If R, =R, then V1:V2=§.

When n number of resistors are connected in series then voltage drop (V) across
any resistance (R;) is given by
R:
V.=Ex 44
! R1+R2+R3+”'+Rn ( ]
V; and E are expressed in volt and resistors are given in ohms,

Voltage Divider Theorem

In a series circuit, the portion of applied emf developed across each resistor is
the ratio of that resistor's value 1o the total series resistance in the circuir.

4.3.3 Potentiometer

E
==
The circuit diagram of a variable resistor R_ A
employed as a potentiometer is shown in
Fig., 4.6. The potentiometer is essentially a
single resistor with terminals at each end Ry .
and a movable contact that can be set to any E i—_: Ric } R
point on the resistor. Terminals A and B are
the end terminals and terminals C is the ad- Vo
justable contact (Fig. 4.6). l
The output voltage (V,), in volt, is given as p o=
R, Fig. 4.6 A simple potentiometric
Vo= EX R +R, (4.5) circuit
If the moving contact is half way between the two end terminals then
R
Ry=Ry,= —
1= =3
1
or V,=Ex —
? 2
When R,=R, V,=E

and when R,=0,V,=0
Thus it is seen that the potentiometer can be adjusted to give an oulput
voltage ranging linearly from 0 to E.

4.3.4 Power in a Series Circuit

In Fig. 4.5, the power (VA) dissipated in R, is given by

i
Py=Vii = 5= =FR,
-~ For any series circuil containing n number of resistors the power dissipated is
P=P +Py+ P34+ 4P,
=V I+ Vol 4 Vil 4 + V1
=V +Vo+ Vs + V)
=IE
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-

P= E
R] +R2 +R3_ +oeeet R"
In de circuit volt-ampere power (VA) is same as power expressed in watts. Thus
P is usually expressed in watts in de circuits.

(4.6)

4.3.5 Current-limiting Resistor

Sometimes a resistor is included in series with an electrical circuit or electronic
device to drop the supply voltage down to a

desired level. This resistor can be treated as | A L Le

acu rrefr:-fimr'.ring resistor. + $—* AAA @_@
In Fig. 4.7, R, provides a voltage drop to

the series connected lamps L; and L,. The £

lamps operate to a voltage level lower than !

the source voltage even in series connection. Fig. 4.7 Application of current-
Also the resistor K, limits the current [ to the limiting resistor Ry
level required by the lamps.
Here circuit current in ampere is obtained as
_ E
- Ry + (sum of resistances of lamps)

or R, = (E/l) - (sum of resistances of lamps) 4.7)

4.3.6 Open Circuits and Short Circuits in a Series Circuit

An epen circuit occurs in a series resistance circuit to——p

when one of the resistors {or any series network ele- T I(=0) Ay
ment) becomes disconnected from the adjacent one. %+
Open circuit can also occur when one of the resistors 3 ok o Yot
(or an element) has been destroyed by excessive power l %a
dissipation. _

In the circuit shown in Fig. 4.8, the open circuit
can be thought of another resistance in series with

value “infinity”™. Therefore the current, [ = £ __ =0
Rl + Rz + =2
The voltage drop across the open cir-
cuil (Vi) in volts is obtained as
Voc=E-IR\=E-0=E
Figure 4.9 shows a series resistance R
short circuited in the series circuit. Here
the resistance between the terminals of
Ry becomes zero after short circuit. There-
fore, the circuit current [ in ampere is
given by

Fig. 4.8 An open circuit

Fig. 4.9 Deactivation of a resistance
= E - E (R3) in a series circuit by
Ry +R,+0 R +R, shorting terminals of R,
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5!51. Find the current that flows through the resistors 10 £, 20 €2, and 30 £ connected in
series across a 240 V supply.

Solution
2
Current [ = v = 240 =44
10+20+30 10+20+30 —
4.2 Determine the voltage drops across each resistor of
the circuit shown in Fig. 4.10. 50
Solution
The current flowing through each resistor is given as 100V t_h_ 20
/= 10 A=I10A
5+2+3 30
=50V

Voltage drop across the 5 £ resistor = 10 x 5
Voltage drop across the 2 £ resistor = 10 x 2 =20V Fig. 4.10 Circuit of Ex. 4.2
Voltage drop across the 3 Q resistor= W0 x 3 =30V

Polarities are marked in Fig. 4.10¢a). Check that total voltage drop is 100 V, same as
the supply voliage.

50V 20V 0V
+ap et

100V ::-1

Fig. 4.10(a) Voltage drops for the series circuit shotwn in Fig. 4.10

104

R dE

4.3 In the circuit shown in Fig. 4.11, if £, = 10V and —> |

E, =7V, find the current through the resistors.

Selution £ = Rig2a
The current through the resistors : A 570

E, +E» 1047 &

I= = A = 14167 A Ry 30
R+R,+Ry 2+7+3

(Note that £, and k£, are in series aiding connection.)  Fig, 411  Circnit of Ex, 4.3

4.4 Determine the current through the resistors in the circuit shown in Fig. 4.11 when
the polarity of E, is reversed.

Solution

E, -E, -7
Current [ = - =

! = \ =0.25 A
R+Ry+R, 2+7+3

(this time £, and £, are in series opposition). srrerne
4.5 Calculate the minimum and maximum values of V, that can be obtained from the

circuit shown in Fig. 4.12. P is the moving contact and can slide linearly along a 300 Q
resistor.
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Solu «on * )
By “aspection it is evident that, if P is at the 5000
bottommost point of 300 € resistor, V,, is minimum.
Voo = 240X ——0___ _ 130 v,
800 + 300 + 500 P
o _ 240V 3000 $4+————o+
On the other hand, if P is at the topmost point of
300 £2 resistor, V, is maximum.
800 + 300 Vo
Voimag = 240 X —————— =165 V.
oAmi) 800 + 300 + 500 | % 800Q2 l
It is possible to obtain values of (V,) between -0 -
120 V and 165 V by sliding P suitably across the Fig. 412 Circuit of Ex. 4.5
300 £ resistor. sresnnm

:I-;G. Determine the power dissipated in each resistor of Fig. 4.11 and also find the total
power,
Solution

Power dissipated across the 2 €2 resistor in Fig. 4.11 is I* x 2, ie., (1.4167)* % 2, i.e.,
4.014 W. (The value of circuit current has been obtained in Ex 4.3 as 1.4167 A.)
Power dissipated across the 7 € resistor is I* x 7, i.e., (1.4167)* x 7 or 14.05 W.
Similarly, power dissipated in the 3 € resistor is (1.4167)2 % 3, i.e.. 6.02 W.

Total power is (E x 1), i.e., (E} + E;) x I
This gives (10 + 7) x 1.4167, i.c., 24.084 W.
[Check: Total power is I*(2 + 7 + 3), i.e.,, (14167 x 12 or 24.085W.]  ......s

4.7 In the circuit shown in Fig, 4.13 find the value of the resistor R so that the lamps L,
and L, operate at rated conditions. The rating of each of the lamps is 12 V, 9 W. If L,
becomes short circuited find the current through the circuit and the power dissipated in

each of the lamps.
VW A\
R Ly Ly

300V

Fig. 4.13 Circuit of Ex. 4.7

Solution

Voltage rating of the lamps is 12 V each, while power rating of each of the lamps is 9 W.
If I be the rated current through the lamps then

Vi=P
or I= £=i =075 A
L
If R, be the resistance of each lamp,
9
PR, =9or R, =
- YT 05y

=16 £
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Supply voltage = 300 V (given)
Voltage across resistor (R} is (300 -2 x 12)ie., 276 V
Also, current through R is (.75 A

rR=60 3630
0.75

If L becomes short circuited, resistance across terminals of L, is 0.
If the current now is I', we can write

300 = F'(R + R} = I'(368 + 16)
or =078 A.

Power dissipated in L, is now (0.78)x 16 =973 W (L, will glow brighter)
Power dissipated in L, is obviously 0. sasnuns

4.4 PARALLEL RESISTANCE CIRCUITS

Resistors are said to be connected in parallel when equal voltages appear across
each resistor (or network element). The total current taken from the supply is the
sum of all the individual resistor or network elements’ currents.

4.4.1 Currents and Voltages in Parallel Circuits

Resistors are said to be connected in parallel I

when the circuit has two terminals which are 1 b h
common to each resistor. Figure 4.14 represents + . . +

a circuit having three resistors connected in E Ay R Ay
parallel. - - -]

The voltage across each resistor is E volts

and the current through R, is [, through R, is I, Fig. 414 The resistors in

and through R, is Iy, parallel connection
E E E
.Irl = .R| * !2 = R:! and 33 = R3

The current supplied by the battery in ampere is () =1, + I, + I3
If R be the equivalent resistance (in ohms) of the circuit in Fig. 4.14,

E_E E E

= —_ =
=%"% "% & !
1 1 1 1 +
or —_ = —F—t— o i I
R R R R ET AT
Fl'. -+ F'i'z + H':'_
or R= —1 @43 '
I S Fig. 415 Equivalent circuit of
R R R three resistances in a
The equivalent circuit is shown in Fig. 4.15. parallel circuit
If n resistors are connected in parallel then we have
1 | | 1 1
—_— = —t——t— ..t \
R R R, R R, (4.9)

where R is the equivalent resistance.
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Therefore, the reciprocal of the equivalent resistance of resistors in parallel
connection is equal to the sum of the reciprocals of the individual resistances.

44,2 Conductances in Parallel

In dc circuits conductance is the reciprocal of resistance and its unit is “Siemens”
(8) in SI units or “mho” in cgs units. If G|, G,, G3, ..., G, be the conductances of
the resistors connected in parallel then the equivalent conductance (G) in Si-
emens is given by

According to Ohm’s law, I = % = VG, where V is the applied voltage, G is the

equivalent conductance of a parallel circuit, and [ is the source current.

4.4.3 Current Divider

Parallel resistance circuits are often called current divider circuits because the
supply current is divided among the parallel branches.
The circuit in Fig. 4.16 can be called as a current divider circuit. Here

E E
L=— and L =-—— /
: Rl . 'R'l I
Again, I=h+1 Ei____ A
= £ + £ =E i + L
R & R K -
Fig. 416 Concept of current
R +R, division
or I=E
Ry X Ry
or E=Ix R R, =IR.
If (R) be th | hen, R = —L2
i t i T R= .
(R) be the equivalent resistance then R+ R
E 1 R R, R,

: = —=—— f » = f . 4.11
Now W= "2 % m "Rk .10
Similarl PR 4.12

imilarly 2= IR (4.12)

{, and [, are the currents in the branches of this current divider circuit in
amperes.

These two equations (4.11 and 4.12) can be used 1o determine how a known
supply current is divided into two individual currents through parallely connected
resistors or network elements.
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If G, and G, be the conductances of the resistors R, and R,,
1

G, e
= —2—=—>2—.] (4.13)
1.1 G+G
1 G
€
G, G
and h=l——=—Tl—.] (4.14)
L.’._l_ Gl +GZ
G, G

If there are n number of resistors with conductances Gy, G ..., G, connected in
parallel across a voltage source then current in any resistor with conductance G;
is
G
I= Y
G +G,+Gy +---+G,
[{ being the supply current in ampere while /; is the currrent through G,].

(4.15)

4.4.4 Power in Parallel Circuits

For the circuit in Fig. 4.14, the power (in VA) across resistor R, is given by
E? 2
= = —= I R
Pi=El = - =IR
Total power P=E(l, +1,+13)

- E:(L+L+L)=ffﬁq+I§R1+:§R3

R R R
When n resistors are connected in parallel
P=P +Py+Py+ -+ P, (4.16)

{P) can be expressed in VA or in Watts in dc circuits.

4.4.5 Open Circuits and Short Circuits in Parallel Circuits

When one of the components in a parallel resistive circuit is open circuited, as
shown in Fig. 4.17, no current flows through that branch. The other branch
currents are not affected by the open circuit as they still have the normal supply
voltage applied across each of them. In Fig. 4.17, I, = 0. Supply current J = I, +
I;. All currents are expressed in amperes.

/

0y b h
+ +
Ry

l ih :

+ +

E - Ra
A/%R1 =] -
Open circuit

Fig. 4.17 Open circuit in a branch in a parallel resistive circuit




190 Basic Electrical Engineering

mam FEAEE S AN RN RE R

Figure 4.18 shows a short circuit across resistor (R).

sl

Fig. 4.18 Short circuit in a branch i a parallel circuit

As there is a short circuited path across Rj, i.e., across one of the resistors in
the parallel circuit, no current will flow through resistors X;, R, and R,. Total
current will flow from the battery through the short circuited path and the current
(Igc) = I = El0 = ==. However, in practice this current is limited by the internal
resistance of the battery and lead resistances of the wires. If the internal resis-
tance of the battery be taken only and is equal to R, then current f = E/R; which is
also very high {as the internal resistance of a battery is very small).

4.8 Calculate the total current supplied by the battery I
in Fig. 4.19, >
Solution

h b I
+
24\ — 20230 2610

L=22A=12A15L=22A=8Aand B
2 3
L= % A=4A Fig. 419 Circuit of Ex. 4.8
wa nelﬂlﬂlcumnl!z.!]+Iz+f:‘:(|2+8+4:lﬁi:24ﬁ I EEEEET]

4.9 Determine the equivalent resistance of the four resistances connected in paralle]
across a 240 V supply. Also find the total current. The resistances are of 10 £2, 15 £, 25
2 and 40 €.

Solution

The equivalent resistance

1 1
1, L, 1, L 0I+0.067+004+0025
10 15 s a0
=431 0Q
Total current r=E-290 4 _ 5568 A.
R 431

4.10 Three resistors of conductances (0.1 Siemens, 0.2 Siemens and 0.5 Siemens are

connected in parallel. Calculate the equivalent resistance of the circuit.

Solution
Equivalent conductance (G) = G + G, + G4

=0.1 + 0.2 + 0.5 = 0.8 Siemens
1

— 0 =1250.

Equivalent resistance R= 1 =
G D-B SR REERES
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4.11  Using the current divider rule find the current in the resistors R and R, connected
in parallel across a voltage source. The supply current is 50 A, R, = 10 2 and R, =20 Q.

Solution
Total current f = 50 A

R

Current through resistor By is () =1 x
R +R,

20
20410
=3333A

R,

Current through resistor R, is () =1x
R +R,

10
10+20
= 1667 A R ERRY

=50 x

4.12 In the circeit shown in Fig. 4.19 find the power dissipated across each resistor and

the total power.
Solution

Power dissipated across 2 £ resistor (P;) = -ﬂz 2= {12)1 *® 2

= 288 W.
Power dissipated across 3 Q resistor (P;) = Jzz x3=(8¢x3

= |92 W,
Power dissipated across 6 £ resistor (Py) = f_f x6=(4)F %6

=96 W,

Total power (P) = P + P; + P4
= 288 + 192 + 96 = 576 W.

[The values of I, I,, and fy have been obtained as 12 A, 8 A and 4 A in Ex 4.8]. Also,
(P]EE!=24VX24A=576W(CIIEC‘C) sNENEES

4.5 SERIES-PARALLEL CIRCUITS

Series-parallel resistive circuits consist of combi-

nations of series connected and parallel connected =t
resistors (or other passive network elements). E + A,
Figure 4.20 represents a simple series-parallel -

resistive circuit. In this circuit R, and R, are ky h
connected in parallel. The parallel combination of R FRa

Rz and R:; is Rz.R}'(.Rz + RJ} (= Ruq).
The equivalent circuit is shown in Fig. 4.21.
Since R, and R, are connected in series, there-

fore the equivalent resistance of the whole circuit
is [(R) + R.) Q.

Fig. 4.20 A series parallel
circuit
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E Ry

H?'RJ
H D e———
lW[ A +R, ]
Fig. 421 Egquivalent of series-parallel circuit

451 Currents and Voltages in Series-parallel Circuits

In Fig. 4.20 the supply current / flows through resistance R). Then I splits into I,
and I, flowing through R, and R, respectively.
Obviously, I'=1,+ 1, [Ibeing expressed in amps

The currents /, and [, can easily be calculated using the current divider rule.

The voltage across resistor R, is given by V| = IR,

The voltage across resistors R, and R; are equal as they are connected in
parallel. Here

Vo= Vy =R, = 3R,

Also, E= V|+V2=V]+V3.
Once the branch currents are known, the voltages across each resistor can easily
be calculated.

4.5.2 Open Circuits and Short Circuits in a Series
Parallel Circuit

The effect of open circuit in a series-parallel circuit is shown in Fig. 4.22(a) and
Fig. 4.22(b).

¥ /(=0
E—J:f %Fﬁ

-+— Opean circuit
h(=0)

492 Fa | bl=0)

Fig. 4.22(a) Open circuit in series- Fig. 4.22(b) Open circuit in a branch
parallel circuit of series-parallel circuit

In Fig. 4.22(a), open circuit occurs at one terminal of R,. This has the same effect
as an open circuit in the supply line. so that the main current flowing in any part
of the circuit is zero. Also as the main current is zero there is no voltage drop
across the resistors and the supply voltage E appears across the open circuit.
When open circuit occurs at one end of one of the parallel resistors, as shown
in Fig. 4.2(b), the current through that resistor only is zero. Here, [, = 0.
Also, R, and R4 can be assumed to be connected in series.

Hence I=hL=
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As there is no current through R, so there is no voltage drop across it and the
voltage across the open circuit is equal to the voltage across R;, i.e. V.
When short circuit occurs across the terminals of R, as shown in Fig. 4.23(a),
the resistance across the terminals of R, is 0.

circuit

E —
A
Short circuit
Fig. 4.23(a) Short circuit in series  Fig. 4.23(b) Short circuit in a parallel
part of series-parallel cir- branch of a series-parallel
cuit circuit
E _ E

The total current is obtained as, [ = Ry Il Ry = RyRy/(Ry + Ry)
R.'!

Rz + R3 'RZ + .R-!

When short circuit occurs across the terminals of R,, as shown in Fig. 4.23(b), the

resistance across the terminals of R, is 0. Therefore no current will pass through

Ry as there is a short circuited path in parallel with it.

= E.

= xR

EISD, 13_ =0= .Irz

If I;. be the current in amps through the short circuited path li'nen Uyd(=1)=

E

RI :

12=!' and I3--.Ir

Hence

4.5.3 Analysis of a Series Parallel Circuit

The following are the steps for solving series-parallel circuits.
1. Draw a circuit diagram identifying all components by number and showing
all currents and resistor voltage drops.
2. Convert all series branches of two or more resistors into a single equivalent
resistance.
3. Convert all parallel combinations of two or more resistors into a single
equivalent resistance.
4. Repeat procedures 2 and 3 until the desired level of simplification is achieved.
The final circuit should be simple series or parallel circuit. Once the current
through each equivalent resistance or the veltage across it is known, the original
circuit can be used to determine individual resistor currents and voltages.
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4.13 Find the supply current and the currents _L 50
in the parallel branches in the circuit shown in M
Flg. 4.24. + f1* # fz
Solution 100V _=— 100 200
In the circuit shown in Fig. 4.24, 10 £ and
20 £2 are in parallel. The equivalent resistance of Fig. 4.24 Circuit of Ex. 4.13

.o 10x20 200
the parallel combination is =—

10+20 30 1,
= 6.67 £1. 5 © and 6.67 L are now in series as 50
shown in Fig. 4.24{a) +
100 100V = 6.67Q
The supply circuit is / = A =835TA
5+6.67

From Fig. 4.24, Fig. 4.24(a) Eguivalent circuit of

_ 20 the series-parallel cir-

I, =857 x 0+30 =571 A cuit of Fig. 4.24

10

I, =8.57x% =2857A
10 +20

4.14 Find all resistor currents and voliages in the cir-

cuit shown in Fig. 4.25.
Solution

i

Ix2
The paralll combination of 1 2 and 2 Qis —— 2

3

5x
5+

10
10

The parallel combination of 5 € and 10 £ is

ELTLLYY
15 3

Also, 2
3

e |

11+

10V =

10V

Fig. 4.25(a) Simplified equivalent of Fig. 4.25(b)
circuit of Fig. 4.25

10V =—

Fig.4.25 Circuit of Ex. 4.14

£ and %}—ﬂ are in series as shown in Fig. 4.25(a})

Polarity of voltage drops
of the circuit of Fig. 4.25
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Figure 4.25(a) represents a simple series circuil. The supply current is given by

10 10x3
= ——A= A=
! 2,10 2 25 A
3 3
From Fig. 4.25,
Current through 1 £ resistor f; = 2.5 % %A =1.67T A

Current through 2 £ resistor /; = 2.5 x -]-T:-z- A=083A

Current through 5 € resistor [ = 2.5 X ——— A = 1.676 A
10+5
Current through 10 £ resistor f; = 2.5 % lUiS A =0834 A

Therefore
Voltage across 1 £ resistor is 1.67 x 1 = 1.67 V

Voltage across 2 £ resistor is 0.833 x2 =167V
Voltage across 5 £ resistor is 1.676 x5 =834 V
Voltage across 10 € resistor is 0.834 x 10=8.34V
[Polarities of voltage drops are shown in Fig. 4.25(b)].

LR N

4.15 Find the current through 5 € resistor in 150
Fig. 4.26 when the terminals across a 10 2 resistor is
(i) open circuited and (ii) short circuited. Also find
the current through the short circuited path.

Solution

(i) When terminals across 10 £ resistor is open
circuited as shown in Fig. 4.26(a), 15 £ and 5 £ are
in series. Hence current [ flows through both 15 Q

and 5 €. The current through the 10 £ resistor is Fig. 4.26 Circuit of Ex. 4.15
obtained as

50 50
= —A="—"A =25A
I15+5 20

1,150

+
50V 50V

50

Fig. 4.26{a) One resistor in circuit of Fig. 4.26(b) 10 L resistor is shorted in
Fig. 4.26 open circuit of Fig. 4.26
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(ii) When terminals across 10 € resistor is short circuited as shown in Fig. 4.26(b), no
current will pass through the 5 £ resistor as there is a short-circuited path in parallel with
it. Therefore current through the 5 £ resistor is 0.

The supply current [ will pass through 15 £ and through the short circuited path.
Hence the current through the short circuited path is 50/15 A = 10/3 A = 3.33 A,

4.6 KIRCHHOFF'S LAWS

A German physicist Gustav Kirchhoff developed two laws enabling easier analy-
sis of circuits containing interconnected impedances. The first law deals with
flow of current and is popularly known as Kirchhoff"s current law (KCL) while
the second one deals with voltage drop in a closed circuit and is known as
Kirchhoff s voltage laws (KVL).

4.6.1 Kirchhoff's Current Law (KCL)

It states that in any electrical network the
algebraic sum of currents meeting at any
node of a circuil is zero.

In Fig. 4.27, i, and i, are the inward
currents towards the junction 0 and are as-
sumed as negative currents. Currents i, iy
and is are outward currents and taken as
positive. As per KCL,

*"l.l—'l.2+f3+f4+!-5=0
ie. @y +iy=iy+ig+is (4.18) Fig. 4.27 Explanation of KCL
i.e., the algebraic sum of currents entering a node must be equal to the algebraic
sum of currents leaving that node.

4.6.2 Kirchhoff's Voltage Law (KVL)

It states that the algebraic sum of voltages : Ay Vs
{or voltage drops) in any closed path, in a WA " :: —
nerwork, traversed in a single direction is N
ero. - Vi

In Fig. 4.28, if we travel clockwise inthe ~ ) .
network along the direction of the current, ! g As
application of KVL yields -

=V + iR+ Vo + iR, + iRy =0 _'\Ei»*

or Vl = I(Rl + Rz + Ra) + Vz (419}
[We can also write equation (4.19) as fol-
lows:

Fig. 4.28 Explanation of KVL

Y -Vs

(4] | = ——
r ‘TR +R + R

(4.20)]



DC Network Analysis 197
We consider the voltage drop as positive when current flows from positive to
negative potential. Hence V| is negative while V, is positive in the first step of
equation (4.19).

4.6.3 Network Analysis Procedure using Kirchhoff’s Laws

1. Convert all current sources to voltage sources,

2. Letter or number all junctions on the network as A, B, Cor 1, 2, 3 etc.

3. Identify current directions and voltage polarities and number them accord-
ing to the resistor involved.

4. Identify each current path according to the lettered junctions and applying
Kirchhoff's voltage law, write the voltage equations for the paths.

5. Applying Kirchhoff's current law, write the equations for the currents en-
tering and leaving all junctions where more than one current is involved.

6. Solve the equations by substitution te find the unknown currents and or
voltages.

4.16 Find the magnitude and direction of the
unknown currents in Fig. 4.29. Given i} = 20 A,
ip=12Aand is=8 A.
Solution
Applying KCL at node ‘a’

i +ia+ig=0-- (x)

or iy=i -0, =20-12=8 A

Applying KCL at node *b* |
—iy =iy +is =0 - (y) + |1 =

or ii=ig—ih=8-12=-4A v

Applying KCL at node ‘d* Fig. 429 Circuit of Ex. 4.16
—iy iy =iy =0 - (2)

or ig=iy—-=-4-8=-12 A

The actual currents are now marked in Fig. 4.29(a).

20A r 20 A

Fig. 4.29(a) Actual current flows in circuit of Fig. 4.29
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We can interpret as follows:
iy = =4 A(from d to b)
ie. iy =4 A(from b to )
iy = 8 A(from a to d)
is = —12 A(from ¢ to d)
or iy, = 12 A(from d to ¢) T

4r¥% In Fig. 4.30, find v. Also find the magnitudes and direction of the unknown currents
through 10 €, 2 {} and 5 € resistors.

a b [
¢

i ia 11

154(%) 100 -.:: 20 (})sa gsn

Fig. .30 Circuit of Ex. 4.17

Selution
Applying KCL at node ‘a’, (Fig. 4.30),
~1540+ih-5+i3=0
or i +iy+iy3=20 (i)
From Ohm’s Law, i, = ;; i = % and iy = %
Then from equation (i), we have

L+Y.+E =2

10 2 5
or v+ 5v+ 2v = 200
v=23V,
Hence i = v 2 =25A
10 10
25
== =125A
iy 2
=2 =54
5

4.18 In the part of the electrical network, shown in Fig. 4.31, find v,. Assume

i, = (10e7)A, i, = 6(sin 1) A and v, = (8e™™) V.
Solution
Applying KCI at the node ‘0" in Fig. 4.31,

iy =iy =iy +iy=0
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. 3y dvj .
or ip+ 106 + ¢ —— - 6sint=0 ia
dt
or iy + 106+ 2% % (Be ™ —6sinr=0 a?;ﬁ:irt“
or iy + 10e™> — 48 —6sint =0
i, =38 + 6sint oF
di d P
Now, vy=L— =4x — (38" + 6 sin 1)
dr dr
= 4{-114¢ + 6 cos 1)
vy=(24cos t - 456 &) V Fig. 431 Circuit of Ex. 4.18
4.19 Find branch currents in the bridge circuit shown in Fig. 4.32.
A [+ 72
Fig. 432 Circuit of Ex. 4.19
Solution
We assume currents i), i; and iy in the directions as shown in Fig. 4.32.
Applying KVL in loop ‘abda’, we find
5i, + 3iy = 5i, = 0. ()
Applying KVL in loop “bedb’, we find
6{|‘| - 13) - 6“2 + |:3) — 313 ={:'
or 6iy — 6iy — 15iy = 0. (ii)
Applying KVL in loop ‘adcea’, we find
Siy +6(i, +iy) - 10=0
or 11iy + 6i3 - 10 = 0. (i)

Solving equations (i), (ii) and (iii) we get

4.20 In the network of Fig. 4.33, find v, and v, using KVL.
Solution
In loop ‘abea’, from KVL we can write,
lL+v,=v,=0
or v-vy=L

199

(i)
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Fig. 433 Circuit of Ex. 4.20

In loop *bedb’, using KVL we find,

-m+1+4=0
or =5V,
Substituting the value of v, in equation (i) we get
U|=6V. EnmsESw

4.21 Find current { in the circuit shown in Fig. 4.34.

Solution

The assumed and given currents in various branches of the circuit shown in Fig. 4.34 are
drawn in Fig. 4.34(a).

sa(}) 50 i

5V av
Fig. 434 Circuit of Ex. 4.21 Fig. 434(a) Circuit of Ex. 4.21

Using KCL at node “A°,

S+i'-i=0
or i"—i=5. (i)
Applying KVL in loop ‘ABCDA’,

5/ +5-8=0
. . 3
. ‘== =0.6 A,
1.2 ] S

Substituting the value of i in (i), we have i= 06 - 5= 4.4 A
Thus i(4.4 A) flows from node D to node € in the actual circuit. -
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4.7 NODAL ANALYSIS

Nodal analysis is based on Kirchhoff’s current law. This method has the advan-
tage that a minimum number of equations are needed to determine the unknown
quantities. Moreover, it is particularly suited for networks having many parallel
branches and also when there are current sources in the network.

For the application of this method one of the nodes in the network is regarded
as the reference or darum node or zero potential node. The number of simulta-
neous equations to be solved becomes (n — 1), where n is the number of indepen-
dent nodes.

+ Ilustration

E Referring Fig. 4.35, we find that nodes ‘A" and *B’ are independent nodes. Let
* node ‘B" be considered as reference node and the voltages at nodes ‘A’ and
‘B’ be (V,) and (V) respectively. Obviously, V; = 0.

Using Ohm’s Law, Iy A I
_ AN AA—
E -V,
f] = H H‘ H2
R, B
E, -V, 1+ |+
f: = Rz ~-__E‘| § -q3 E2 T—
Va-Ve _Vy
L= S—=2+,
Ry Ry
. B
Applying KCL at node 4, Fig. 4.35 [llustration for nodal method
—f] - 1'2 + J'?‘ =0
. E-Vi Ex-Vy Vi :
- - 42 o .
ie., R, 7 R, 0. (4.20) :
This equation represents the nodal form of KU . nodal analysis we usually E

assume inward currents as negative while ou, vard currents as positive,

4.7.1 Nodal Analysis Procedure

1. Convert all voltage sources to current sources and redraw the circuit dia-
gram.

2. Identify all nodes and choose a reference node. (Usually, the common node
is the reference node.)

3. Write the equation for the currents flowing into and out of each node, with
the exception of the reference node.

4. Solve the equation to determine the node voltage and the required branch
currents,
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Find the voltage v in the circuit shown in Fig. 4.36.

i1 40 A i

100V = =180V

Fig. 4.36 Circuit of Ex. 4.22

Solution
Considering ‘B’ as reference node, Vj, = 0. Let V, be the potential at node ‘A",
Obviously, V, - Vg=v,ie, V, =
Using nodal analysis at node 'A’, we get
v, —1m+v_,‘+vd—lsu =0
4 10 10

v=100  v=180
X =0

+
or 4 10 10
11
or P|l—+—+—=| =43
(10 10 4]
4310
v= =0555V.

4.23 Find the currents in different branches of the network shown in Fig. 4.37 using
nodal analysis.

Fig. 4.37 Circuit of Ex. 4.23

Let ¥, and Vj be the nodal voltages at nodes ‘A" and ‘B’ in the given figure. The
ground node is the reference node. Using nodal analysis, at node ‘A’ we can write

V15 V, V,-V,
A +_A+ A B
1 I 112
or . 4V, -2V, = 15, (i)
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At node ‘B’ we can write
VE—VA IVE VE"‘ZO n

+ -

172 2 1
or 3I5V-2V, =20 (ii)
Solving equations (i) and (ii), we get
Ve=11V; ¥V, =925V,
Hence, current through the respective resistors can be calculated as follows:

V,-15
II = " =-5T75A

v
L=-2 =925A
1

V-V,

i)
L= =-35A
T
v,
Ij=— =55A
Vg —20
Is= ’l =9A

Figure 4.37(a) represents the circuit alongwith associated currents.

Fig. 437(a) Current values in branches of Fig. 4.37 sessnasn
4.24 Find the node voltages (V,) and (V,) using nodal analysis (Fig. 4.38).

Vi 40 Vy
x ¥

104(}) 3ea 3 100 50

Fig. 4.38 Circuit of Ex. 4.24
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Solution
At node ‘x°, we have
V_.‘ VJ —V."
=10+ — +2+ — =0
6 4
v
1.1 ¥
Vi-4=|-— =8
or ‘[4 6) 4
or 5V, -3V, =96, (i)
Applying nodal analysis at ‘y’, we get
Vv, -V Vv V
-2+ 2 L+ L + L =0
4 10 5
v
or _"_’L+vr(l+l+L] =2
4 4 5 10
or SV =11V, = —40. (ii)
Solving equations (i) and (ii), we get
V,=29.4V; V,:I?V. TssswEn

5;2:5_ Find current in the 15 € resistor using nodal method (Fig. 4.39).

200 @ 150 @ 100

() 400v 80Q 2900 (I: 200V

Fig. 439 Circuit of Ex. 425

Solution

Let us first designate the nodes 1" and ‘2" in Fig. 4.39 and assume nodal voltages to be
(V) and (V) respectively

At node ‘17,
Vi-400 v, V-V
+—+ =0
20 80 15
V-
or “[L.;.L.{.L)-—z =
20 80 15 15
31 1 .
= .V, ——-V, =20
o 240 ' 15 2 ®
Similarly, using nodal analysis at node *2°,
V, =200 W V, -V
2 o L -0

10 90 15
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Vi 1.1 . 1Y,
or __+V2 e e VJ_Q{]
15 10 15 90
1 16 .
_——V =V, = it
or T W h =20 {ii)

Soling equations (i) and (ii) we get
V,=26488V; V,=21133V
Hence, current in the 15 £ resistor is obtained as

Lo Yith_eass-anm
15= 15 = 15 = J.

This current is directed from node *1' and node *2°. sasmnun

'431.:6. In Fig. 4.40, find “v” in the given circuit using
nodal analysis. Y 5y
Solution T
Let us mark the junction of two resistors (I € and
2 £2) as node *A” and assume the voliage at this node 10
to be (V,). Applying nodal analysis at *A" we get
L AAA—
Vi Vi+5 V,+10
A Lt + A =10
2 1+1 1
or ‘Bf".,‘(l+lr|~l]+E + 10=0
2 2 2 -
or Va=—-625V. Fig. 440 Circuit of Ex. 4.26
We now find the currents passing through both
side resistors of the node ‘A". We redraw Fig. 4.40
as Fig. 4.40(a) and mark the corresponding resistors 1oV (* 5y
as ry and r,. The current through r, is given by = i =
i, =V4 +10/1 =375 A, directed outwards of node 220
‘A", Similarly, current through r, is given by . ‘o z1Q
Vy+5 n rn r,
i, =——= =-0.625 A, directed towards the node MM P
‘A, - tn [
- Voltage drop across ry is (3.75 x 1) ie., 375V EV('—)
while that across ry is (-0.625 x 1) i.e., -0.625 V.
The corresponding polarities have been marked in

. m od———y ———0 g
Fig. 4.40(a). _ .
Finally, in loop ‘mnApgq" we can write, from KVL, Fig. 4.40(a) Figure 4.40,
v —2-37540625=0 redrawn, for

analysis
ie. v=-5125V,

(It means, polarity of ‘m’ is actually negative while polarity of ‘g’ is actually positive in
Fig. 4.40(a)).
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4.27 Obtain the current through the 1 £2 resistor using node voltage method for the

circuit shown in Fig. 4.41,

@ @
2

1Q

20 30
50 40

+ +

.l. 12V T 24V

Fig. 441 Circuit of Ex. 4.27

Solution

Let us first mark the nodes ‘1" and ‘2" in Fig. 4.41 and assume corresponding nodal
voltages to be V, and V,.
At node ‘1", we have

w-1z2 vy v -V
1 s h-h

=0
2 5 1
or ‘-’.[i+l+1] -V,=6
5 2
or 17V, - 10V, = 60, (0
At node *2°, we have
V,-24 V, V,-V
2 sz 27
3 4 1
1 1
or -Vi+V;|-+—+1| =8
34
or -V + EIv’2 =8
12
or =12V, + 19V; = 96, (ii)

Solving (i) and (ii) we get, V; = 1035 V; V, =116V
Hence the current through 1 £ resistor is

V=¥, 11.6-10.35

f|= =
1 1
= 1.25 V, directed from node ‘2" and to node ‘1. sammman
4.28 Va 40 v,
EVam m
20 y x
12V ’:;) 20 an (V)4
G ROJEE-LXO

Fig. 442 Circuit of Ex. 4.28
In Fig. 4.42, find J so that V, = 0,
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Solution
At node “x' we can write, using nodal analysis,
¥ -V V]
L2 bV — —1=0
4
or 25V =025V, =1 (i)
At node *y’, using nodal analysis, we write
.-V, VvV, V,-12
BRI S By
4 2 2
or 1.25V,-025V, =6 (ii)

But as per question, ¥V, = 0.
- 6

- from (i), Vo= —— =48V,
. V2= 155

Also, from (i), /= 4.8 x 0.25 = 1.2 A
Thus the current source pushing current in the reverse direction and of magnitude 1.2 A

willmak:V,:ﬂ. FeREEEN
4:29 Obtain the value of Vg in the network 1A~ X 100
shown in Fig. 4.43. ) M
Solution +
. 50 Vg
In the network of Fig. 4.43 let us assume that 20
the node voltage at node ‘x" be ‘V.". Thus at + 8Va
node ‘x" we can write, ' o’
V.-2 V, -8V
-1+ +=—F g 2V
2 10
or ACHFLCRIE SV Fig. 4.43 ; it of Ex. 4.29
2 10 5 K ig. 4. ircuit of Ex. 4.
3 5 o
Ve= | =V ——)V
or R (4 x ) (1)

Also, in branch ‘xy’, V,-2=V,

ie. V.= (Vg+2) V (ii)
Substituting the value of V, from equation (ii) in equation (i), we get
3 5_13
Vo= =(Vya +2)-===V, -1
#= g VRt ==t
VR:—'4V. (R AR RN NI

4.8 MESH ANALYSIS (OR LOOP ANALYSIS)

The mesh or loop analysis is based on Kirchhoff's voltage law. Here the currents
in different meshes are assigned continuous paths so that they do not split at a
junction into branch currents. In this method loop voltage equations are written
by KVL in terms of unknown loop currents. Circuits with voltage sources are
comparatively easier to be solved by this method.
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= Ilustration
L]

E Figure 4.44 shows that two battéries hav-
: ing emf E, and E, are connected in a net-
E work containing five resistors. There are
* two loops and the respective loop currents
are I, and f5. Applying KVL in loop 1, we
have
Applying KVL in loop 2, we get
ar Ez = !|R2 - (RZ + R3 + stfz.

Ry Ay
M AV
+ +
AA g AN
Rq Rs
Fig. 4.44 [llustration of mesh
analysis

Solving equations (x) and (y), we can find the values of /, and [, and subse-

quently branch currents can be evaluated.

(i) 2

4.8.1 DC Circuit Analysis Procedure using

Loop Equations

Fud s

. Convert all current sources to voltage sources.
. Draw all loop currents in a clockwise direction and identify them.

3. Identify all resistor voltage drops as + to — in the direction of the loop
current and assume these drops to be positive.

4. ldentify all voltage sources according to their correct polarity.

5. Write the equations for the voltage drops around each loop in turn, by
equating the sum of the voltage drops to zero.

6. Solve the equations to find the unknown currents and/or voltage drops.

Fig. 4.45 Circuit of Ex. 4.30

4.30 Calculate the current supplied by the battery in Fig. 4.45 using loop current method.

Applying KVL in loop-1

8, + 20+ (I, - 1) 4 + 104, = 0

ar 2ﬂ| - 4’2 = =20
or l]II—y2=—1(}
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117, +10
or I = IT @

Applying KVL in loop-2,
or 41+ 13,=20 (ii)

Substituting the value of /5 from equation (i) in equation (ii), we get

10+ 111
45+ 13 % T -20=0
or I, =-0.667 A
10 +11(-0.667)
Also, I = —T— = 1.33 A.
Hence the current supplied by the battery is obtained as (I; — [I}), i.e, 1.33 + 0.667
=]‘99?A. EmaswEnR

4,31 Find the currents in 2 £, 3 0, 4 Q, 5 Q and 10 £ resistances in the circuit shown
in Fig. 4.46 using loop method.

Loop 2

Fig. 446 Circuit of Ex. 431

Solution
Let us first mark the loop current in Fig. 4.46 as shown by dotted arrows.
For loop | we can write,
1246+l —) 4+ (1) 10=0
or 104y - 21, - 513 = 6. (i
Applying mesh method in loop 2, we have
2+ (L-13+(,-1)4=0
or Al = 91, + 31, = 0. (ii)
Applying mesh method in loop 3, we have
S+ (L-ID10+{l-05)3=0

or 107, + 31, - 18/; = 0. (iii)
Comparing equations (i) and (iii), we get
50, - 131, =-6
13i; -6 .
I= 3 (iv)
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Again, from equation (ii) we can write

9, - i,
1= 3 .
Substituting this value of [, in equation (i), we get
10X ——— -2~ 5I; =6.
Simplifying,
50
6+—1I .
( 43 ] 82 %

From equations (iv) and (v), we have

135,-6 _ 4(6 50, ]
T =0t

5 82 4
or 82(131; - 6) = 20(6+ %{-’ x Iy ]
612
I, = — =075 A.
o ¥ = 316
.~ From equation (iv) we now can write
13x0.75-6
I = —s =075 A

Also from equation (i), we can write
0 =2x075+53x075+6=1125
I, =1.125 A.
'I‘hus current in the 2 £) and 5 {2 resistors is 0.75 A each;
current in the 4 £ resistor is (f; — ;) i.e.,, 0.375 A,
current in the 10 € resistor is (/) - I3) i.e., 0.375 A,
and current in the 3 € resistor is (I, — I3) e, 0 A, S TILLL

-}._.'!_2. From the mesh analysis find the current flow through a 50 V source in Fig. 4.47.

Solution

Let ns designate the loop currents by dotted
arrows in the network of Fig. 4.47. an
In loop 1 we have
=50+ 5ip+(i;-1)2+20=0
i+ (- i) 5 sov(®) + zuv; Y10V

or i, -2i,-30=0 (1)

In loop 2 we can write, Loop 1 Loop 2
3+ 10-20+(H-i)2=0 Fig. 447 Circuit of Ex. 432
or = %:‘; -5 (ii)

Substituting the value of i} from equation (ii) to equation (i), we get

?(%:2 —s] ~2i,-30=0
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Simplification yields,
=419 A
Thus from equation (ii) we get

iy = 2 %4.19-5=5475 A.
2

The current through the 50 V source is thus 5.475 A, tenenns

433 Find the voltage drop between terminals (¥) and (d) in the network of

m 50 n b
10V 3aQ 50 20V
o N
IM _.M — N‘
y 20 X 20 ‘;—6’ c 50

Fig. 4.48 Circuit of Ex. 4.33

Solution
The current supplied by the 10 V source in the loop-mnxy is obtained as

10 -
54342

The current supplied by the 20 V source in the loop-badc is given by

T 545

The corresponding drops with polarities are shown in Fig. 4.48(a).

i1=

SV
50
10 v i )3ng av sa stov(z  (F)2ov
20 50
WA M—@ ——
= + =
y Tavi X 2a 5 ¢ jov ¢

Fig. 4.48(a) Currents and voltages for the circuit of Ex. 433

V==V, +5V+V,=-2+5+10=13 V.
'Ihcdmpacrosstenmna[b]und[d]:slSV senanan

4.34 Find the current through the resistors using mesh method for the network shown in
Fig. 4.49,
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Solution
Let us first draw the loop currents in the
network of Fig. 4.49. The loop currents are
shown by dotted arrows. It may be noted that
due to presence of current source of 3 A, the
corresponding loop current [y is 3 A.

In the loop containing 12 V source, we
have

12+ +3)5+{,-1)2=0
or -2 +3=0. (i)
Applying mesh analysis in the loop containing Fig. 449 Circuit of Ex. 4.34
6V source, we get
Li+(h-1)2+(L+3)6+6=0

or I = %-rz + 12 (if)
Substituting the value of I; from equation (ii} in (i), we get
?(%12 +12] 2y +3=0

or I,=-195A
Thus from equation (ii), we get

I = % X (-2.95) + 12 = =1.275 A

We now can find currents in respective resistors:

Current through 5 Q resistor (= /[, + 1) = -1.275+3=1.725 A.

[It may be noted that the current obtained through the 5 £ resistor is directed from a to
b].

Current through the 6  resistor (= 1, + I;) = -2.95 + 3 = 0.05 A.

[This current is directed from & to c].

Current through the 2 £ resistor (= /| + [;) = -1.275 + 2.95 = 1.675 A.

[The current through the 2 £ resistor is directed from b to d].

Finally, the current through the 1 £2 resistor (/;) is (-=2.95 A) and is directed from d to c.

4.35 Inthe bridge network shown in Fig. 4.50
find the current through the galvanometer
having 20 Q internal resistance, Use mesh

analysis.

Solution

We first assign loops as leop I, loop 2 and
loop 3 with circulating currents [}, [, and [,
through these loops (Fig. 4.50).

In loop 1 we have -+I_-
61+ -1 20+ (I, =[)3=0 Hi
or 200, -200,-315=0. (i) 12V
In loop 2 we have Fig. 450 Circuit of Ex. 4.35

125 +(,-1) 10+, -1)20=0
or ~20 I, + 42 1, - 101, = 0. (ii)
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Similarly, in loop 3 we can write
=12+{=-0) 3+ -1) 10=0

or S3L-100L4+131,-12=0. (iti)
Let us now solve these three simultaneous equations.
L 200, +31, .
From equation (i), [, = ———— (iv)
2%
. . 42 .fz = EOI3
and from equation (ii), /, = — 0 (v)

Comparing equation (iv) and (v) we get
201, 431, 4217, -101,
29 20
or 818 ,-3501;=0 (vi)
Again, from equation (iii) we find

-10/; +131;-12

1= 3 (vii)
Comparing equation (v) with equation (vii) we get
3 N 20

or 326 1, - 290 f; = =240 (viii)

From equation (vi) we find I, = (350 f,/818); substitution of value of I, in equation (viii)
yields

326 x 339 . 1,290 [, = ~240
818
or I =159 A.
From (vi}, /; can be found as I, = (350/818) x 1.59
ie., I, =068 A

From (vii) we can find the value of /;;
-10x0.68+13x1.59-12

I = 3 =0.633 A.
The current (/, = /,) through the galvanometer is then obtained. Obviously,
(I — 1)) =1 =068 - 0.633 = 0,047 A (directed upwards). P

4.36 Find current in all branches of the network shown in Fig. 4.51.

Solution

Let the current in the arm AF be 7 amps, as shown by dotted arrow. Using the concept of
KCL, the currents al each of the branches have been identified in Fig. 4.51 in terms of the
assumed current J. Next we apply the mesh analysis at the hexagonal network AFEDCBA.
We have

) 0.02(5 + 0.01(7 = 60) + 0.03(N + 0.01(/ - 120)
_ + 0.01¢7 - 50} + 0.02(/ - 80) = 0.
Solving for I, we gel I =39 A,
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LR LA R R R EERERENELELENRELERH.)

Fig. 4.51 Circuit of Ex. 4.36

Thus we can identify the branch currents as
current in AF =1, =39 A (=D
current in FE = ({ - 60) = -21 A
current in ED = fgp=1=39 A
current in DC = I = (- 120) =-81 A
current in CB =l = (1 =50) ==11 A
current in BA = I, = ({ - 80) = 41 A,

4.8.2 Mesh Analysis Using Matrix Form

Let us consider the network shown in Fig. 4.52; it contains three meshes. The
three mesh currents are /,, I, and /, and they are assumed to flow in a clockwise
direction. :

H'1 ﬂ'g Bﬁ

Fig. 4.52 Concept of mesh analysis in matrix form

1

Applying KVL to mesh 1
-E + (I, -)Ry+ 1R, =0
or LRy + (I, = IR, = E,
or LR, + Ry) - LR, = E|
or IR, + Ry) + I,(-R,) = E|. (4.21)
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Applying KVL to mesh 2
Iy = 1)Ry + LRy + (I, - )Ry = 0
or IRy + I(Ry + Ry + Ry) - LRy =0
or IL(=Ry) + (R, + Ry + R) + I)(-Ry) =0 (4.22)

Applying KVL to mesh 3

Es+ iR+ (I — I;))Ry = 0
or IR, + I5(R; + Rs) = —E,. (4.23)
It should be noted that the signs of resistances in the above equations have been

so arranged as to make the items containing self-resistances positive. The matrix
equivalent of the above three equations is

R +R, -R, 0 |4 E
-, Ry+R3+Ry =Ry |[L|=]| 0
| 0 ~Ry Ry+Rs || I3 -E,
In general the resistance matrix [R) can be written as
Ry Ry Ry
Ry Ry Ry
Ry R Ry

where R, = self-resistance of mesh 1 = R, + R,

Ray = self-resistance of mesh 2 =R, + Ry + R,

R;y = self-resistance of mesh 3 = Ry + R

Rz =Ry )
= — [sum of all the resistances common to meshes 1 and 2]
= —,ﬁ,’2

Ry =Ry,
= — [sum of all the resistances common to meshes 2 and 3]
= —R.'

Ri3=R;
= — [sum of all the resistances common to meshes 3 and 1]
= 0 (here).

[Ry1, Raz, R33 ... are called diagonal elements of the resistance matrix while R,,,
Ry3, Ryy, Rys, ... are called off-diagonal elements.]

4.37 Find the mesh currents in Fig. 4.53 using mesh current method.

100
100 I3
AAA AN ANA
100 100

|+
+

50V

1

100V — D 1009 —_

Fig. 4.53 Circuit of Ex. 4.37
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Solution
Applying KVL in loop 1

=100+ 10(I, — 1) + 10(}; - ) + 10[, =0
or 1;(10 + 10 + 10) - 104, - 1044 = 100
Applying KVL in loop 2

50+ 10, = L) + 10, - 1) =0
or —~10fy + [,(10 + 10) - 10[y = =50
Applying KVL in loop 3

10f; + 101y = 1)) + 10(f; = I;) =0
or =104, - 105 + (10 + 10+ 10) =0
The above equations in matrix form can be written as

30 -10 =100y, (100
=10 20 -10|[f, | =|-50
10 =10 30fK[ | o
(1] 30 -10 -107" [100
Hence I =|=10 20 -10 =50
| [-10 -10 30] | o
(1, 500 400 300][100
or L= ﬁ 400 800 400 ||-50
1 | 300 400 500]| ©
500 %100 - 400 x 50
Therefore, I = A=3T75A
BOOO
he -ﬂltil:»<1lilll}—.‘:‘r[)>-:l§4':.l0"ﬂl =0A
)= =
p I SDﬂx]ﬂ(}-J%OOxS{}A 125 A
an = =1.
3 m sErEEEw
4.38 Find the ammeter current in Fig. 4.54 oV
using mesh analysis. 4], =
Solution 20 |
Applying mesh method in mesh 1 ay = 2 )2 100
44100+ 2l -1,)=0 T+ 3 A
or Iﬂ} - 2!2 = —4.
i i A
Applying mesh method in mesh 2 100
242~ 1))+ 10, =0

o1+ 120y = 2. Fig. 4.54 Circuit of Ex. 4.38

In the matrix form the above equations can be written as

. 5]
S B
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or Ll 1 [-52
L | 140[-32

=32 32

Hence li=— A and L=-— A.
140 140
Therefore, the current through ammeter is
52 32 1 . N A
I = I, = =— ——=——=— A [in the direction of (/,) as shown in Fig. 4.54].
2= 0= 0 a0 7 A fon of (1) g 4341

49 STAR DELTA CONVERSION

Like series and parallel connections the resistances may be connected in star (¥)
or delta (A) connection as shown in Fig. 4.55(a) and Fig. 4.55(b).

1 1
' Ay Aay A2
R:! Hz
k! 2 3 Ao 2

Fig. 4.55(a) A star (or T) connection  Fig. 4.55(b) A delta (or mesh) connec-
tion

Circuits shown in Fig. 4.55(a) and Fig. 4.55(b) are identical provided their
respective resistances from terminals (12), (23) and (32) are equal,
In star connection,
Resistance between terminals 1 & 2 is (R, + R»)
Resistance between terminals 2 & 3 is (R, + Ry)
Resistance between terminals 3 & 1 is (R; + Ry).
~ Similarly in delta connection,
Resistance between terminals 1 & 2 is [R5ll(Ryy + Ry,)]
_ Ra(Ry+Rsy)
Rz + Ry + Ry,
Resistance between terminals 2 & 3 is [R53)l(Ry; + R5)]
_ R (R +Riy)
Riz + Ry + Ry,
Resistance between terminals 3 & 1 is [Ry;lI(R}, + Ra3)]
_ Ry (Rp+ Ryy)
R+ Ry +Ry
Now, we equate the resistances in star and delta across appropriate terminals.

Ry (Ry3 + Ry))
ie. R+ Ry= ————————— 24
ve T Ry + Ry + Ry “.24)
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Ry3(Ry, + Ry3)
Rz + Ry3+ Ry

Ry1 (Rys + Ry3)
Rz + Ry + Ry
Subtracting equation (4.25) from equation (4.24) we get
Riz(Ry3 + Ry ) — Ry (Ry + Ryp)
Ry + Ryy + Ry,

Ry+R, = (4.26)

R - Ry

R Ry — Ry R
_ Mi2fa ~ R Ky @.27)
Ryy+ Ry + Ry,
Adding equations (4.26) and (4.27)
2Ry Ry

2Ry = Ry + Ry + Ry,

Ry Ry

or Ry= Rz + Ryz+ Ry,

R]Z RIS

In a similar way, R,= m and

_ Ry Ry
37 R+ Ry + Ry,
Thus we see that if the resistances in delta connected resistance network are
known, we can find the equivalent star network where

R = Ry Ry
' Ra+Ryu+Ry

R

4.28(a)

Ry Ry
= 4.28(b
R Riz + Ry + Ry ®)

Ry3 Ry
R, R+ Ry + Koy 4.28(c)
R|, R, and R; being equivalent resistances in the star network and R,,, R;; and
Ry, the resistances in the delta network.
Next, multiplying each equation [4.28(a), 4.28(b) and 4.28(c)] with another

and adding
Ry; R Ryy + Ryy Ry Ry, + Ry R, Ry

(4.29)
(Riz + Ry + Ry )P

R1R2 + RER3 + R3R| =
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Dividing equation (4.29) by (R,), we get
Ry Ry +R.= Rz Ry Ry  (Rjy + Raz + Ry, )
3 =
RI R] (R[Jz +R23 +R3l)2
__ RinRuR,
Ry (Ryz + Ry3 + Ry))
Substituting the value of R, from equation (4.28(a)) in equation (4.30) we get
RiRy  RipRyy Ry (Ria+ Ry + Ry))
R, R\ Ry (Rig + Ryy + Ryy)
_ RpRy Ry
Ry Ry o
RiR+ R Ry + Ry Ry
RI '
Similarly, dividing equation (4.29) by R, we get
= R,
and dividing equation (4.29) by (R;) we get
RiRy+ Ry Ry + Ry R,
12 = R3 -
Thus we find R,;, R,5 and Ry, i.e. the equivalent delta network provided R, R,

and R, of the star network are given.
The equations are

R, +

(4.30)

Rz +R3+

.l.E., sz =

R|R2+R2R3‘+'R3R1

Ry = R, [4.31(a)]
RR,+RyRs+ Ry R
Ry, = ;: SAM L [4.31(b)]
R Ry + Ry Ry + Ry R,
; Ry = 3 [4.31(0)]

491 Delta-Star (A-Y) and Star-Delta (Y-A) Transfor-
mation Procedures

1. When starting with a A network, draw a ¥ network; when starting witha ¥
network, draw a A network.
2. Identify the three corresponding terminals on each network as 1, 2 and 3.
3. Identify the resistors on the A network as follows:
Resistor between terminals 1 and 2 as (R,)
Resistor between terminals 1 and 3 as (R,3)
Resistor between terminals 2 and 3 as (R,3).
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4. Idemify the resistors on the Y network as follows:
Resistor connected to terminal 1 as (R,)
Resistor connected to terminal 2 as (R;)
Resistor connected to terminal 3 as (R;).

5. For A to Y transformation, substitute the A network resistor values into
equations 4.28(a), 4.28(b) and 4.28(c) to obtain the ¥ network resistor
values.

6. For Y to A transformation, substitute the ¥ network resistor values into
equations 4.31(a), 4.31(b) and 4.31(c) to obtain the A network resistor
values. . .

[A Y network is also called as T(Te) network while a A network may be
called as a mesh or m(pi) network].

.433.9_ Convert the x network shown in Fig. 4.56 into equivalent T network.

100
o ANA o
50 aQ
o o
Fig. 4.56 Circuit of Ex.

4.39
Solution

The network in Fig. 4.56 can be redrawn as shown in
Fig. 4.56(a), Here Ry, R, and R, in star combination
represent the equivalent of the given delta network.

Rz X Ry, 10%5
= = =278 Q
Ry +Ryy+ Ry 10+3+5
Ryy X 3x10 o
Ry= —2 Re  _ = 1.67
Ru +.sz + .le 10+3+5 H'a
Ry % 3xs
4 = n X Ry = =083 Q

Thus we have obtained the equivalent star (or T) Fig. 4.56(a) A-Y conversion of

resistances given by the given network :
R|=2.?SQ‘,R1=1.6?ﬂ;R3=U‘33ﬂ. EeEEEEw

ﬁl._d;ﬂ_ Find the input resistance (R) of the network shown in Fig. 4.57.

o

200 aonn

800 600

o

Fig. 4.57 Circuit of Ex. 4.40
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Solution
Converting the upper delta network of Fig. 4.57 into a star network [Fig. 4.57(a)] we

obtain the arm impedances of the equivalent star network as

o~

R=

(=
Fig. 4.57(a) Conversion of upper delta network to equivalent star for the net-
work of Ex. 4.40

_20x30
"7 20430450
_ 20x50
27 20430+50
30 x50
R3 I ———————
20+ 30 +50
Next we further reorient the network as shown in Fig. 4.57(b).

60

=100

15 Q.

Ay

R=

-2

Fig. 4.57(b) Simplified equivalent of network of Fig. 4.57(a)

(10 +80) x (15 + 60)
Here, =6+

(10 + 80) + (15 + 60)

90% 75

20+75
=469 Q.
Thus, the equivalent resistance of the network given in Fig. 4.57 is 46.9 Q.

=6+
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LR} EEpesSsssEEFESREERARR

4.41 Using star-delta conversion, find the equivalent resistance between terminals A and

B in the network shown in Fig. 4.58.

200 200

B o—

Fig. 4.58 Circuit of Ex. 4.41

Solution
Let us first convert the star connected network using 20 £, 20 £2 and 40 Q resisiors to an
equivalent delia network [Ref. Fig. 4.58(a}].

100
A
J— mﬁfw -----
A oL AAN A
« 2002 2000 -

B o
Fig. 4.58(a) Equivalent A network of a part of circuit of Fig, 4.58

20x 40 + 20 x 40 + 20 x 20
Here, R, = = 100 Q
20
2040+ 20 x40 + 20 x 20
Ry = =100 Q
20
20% 40 +20x 40+ 20 % 20
Ry= = 50 £.
40
Figure 4.58(b) is the final form of the given network as reduced in Fig. 4.58(a).
100
VA
A WA
500

gwun éman EBDD
B o

Fig. 4.58(b) Simplified equivalent of network of Ex. 4.41
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Thus the equivalent resistance between terminals A and B is obtained as
50x10 . 100 x 60
50+10 100+60

50 . 600
=100 | —+—

(6 lﬁ]
100 11 45.83

_ 100x4583 . 430
100 + 45.83

The equivalent resistance across terminals A and B is thus 31.43 Q. snamans

th=1mn[

4.42 Find the resistance across terminals AB for the circuit shown in Fig. 4.59.

VA
a0 50 BO
o AVAYE 3 in 80 g
A 20 o B
an 2 :¥s!
VAAA
Fig. 459 Circuit of Ex. 4.42
Solution

We convert the two delta networks formed in the given circuit to equivalent star networks
as shown in Fig. 4.5%(a).

A
an S50 80
R. Rg¢
Ry 2
o—AAA §an an%
A 2“ Ra HS Fl", B8
30 8Q
AN
50

Fig. 4.59(a) Formation of equivalent stars for the given network in Ex. 4.42

Ix3
3+3+3
8x8
and R4=R5=Rﬁ=-—=2.ﬁ7n.
E+8+8

The equivalent resistance between terminals CL (Fig. 4.59(b)) can be obtained by redraw-
ing Fig. 4.5%a) as Fig. 4.59(b).
Rep=(Ry + 5+ R)I(Ry + 5 + Ry)
={l+5+260Nl+5+2.6M=43350Q
Hence the resistance between terminals AB of the given network is

R=2+R +4335+R;=2+1+4335+2.67
=100,
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50

50
Fig. 4.59(b) Egquivalent network of the circuit shown in Fig. 4.59(a)

4.43 Determine the resistance between points A and B in the network shown in

Fig. 4.60.

A
60 410
an 50
50 @ 3:4:1
20
B

Fig. 4.60 Circuit of Ex. 4.43

Solution

Figure 4.60(a) is drawn 1o represents a star
equivalent to the part of the given network
containing resistaces 3 €, 2 Q and 5 0.

In Fig. 4.60(a),
Ix2
R, = =060
! 3+2+5
R 2x5 -1Q
e 542+3
x5
Ra = = lj ﬂ. 4Q
I+5+2
We redraw Fig. 4.60(a) as Fig. 4.60(b) and
the circuit is further reduced 10 Fig. 4.60(c). l
We draw a star equivalent for the delta 1
connected resistances 5.6 2,4 Qand 1 Q B
in Fig. 4.60(c). Fig. 4.60(a) Formation of star equiva-
1x4 i .
Here, R, = X =0377Q lent for a portion of net

T 144456 waork shotwn in Fig. 4.60
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1x5.6 A
= ———— =0528 0
1+4+50
%58 Lna 6Q 40
1+4+56 o
The final configuration of the given network is sm AAA
shown in Fig. 4.60(d). The resistance between Ry 50
terminals AB is then obtained as Ro 40
Rep={(7.5 + 0.528) Il (4 + 2.11)} + 0.377
B.028x6.11
SEX0 s03TT=384Q |
 B0mr6.11 B
The equivalent resistance across AB is then Fig. 4.60(b) Reduction of circuit
3.84 Q. shown in Fig. 4.60(a)
A

Ry

Fig. 4.60(c) Further simplification °B
of circuit shown in  Fig. 4.60(d) Final simplified equivalent
Fig. 4.60(c) circwit of Ex. 443

410 VOLTAGE SOURCES AND CURRENT
SOURCES

A network can sometimes be simplified by converting voltage sources to current
sources and vice versa.

Voltage sources can be represented by an ideal voltage cell in series with the
intemal resistance of the cell or battery. The ideal

cell is assumed to be a constant voltage source i o *
and the output current produces a voltage drop Rs <,
across the internal resistance. Figure 4.61 shows R W
such a constant voltage source, with voltage E, _T E :

3_4 — -

source resistance Rg and an external load resis-
tance R,. Using the voltage divider rule in Art. FiB. 4.61 A constant voltage
4.3.2 the output voltage developed across R; can ~ ~ source with a load
be determined. resistor
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o
V= R + R, (4.32)
If Rs < ‘RI.‘ then VI. =F

When the load resistance is very much larger than the source resistance, the
constant voltage source is assumed to have zero source resistance and all of the
source voltage is assumed to be applied to the load.

Certain electronic devices can produce a current that tends to remain constant
regardless of how the load resistance varies. Hence it is possible to have a
constant current source. The circuit of constant current source is shown in
Fig. 4.62 with its source resistance R and a load resistance R;.

! I
= ._'::.’:'..I +
!
Constant current —= As R.r.::-'-"':.
generator e J_
1

Fig. 462 A constant current source with a load resistor

Here R; is in parallel with the current source. Hence some current flows through
R; and remaining through R;. Using the current divider rule as shown in
Art 4.4.3, the output current (or load current) from a constant current source can
be determined in terms of R, and Rg:

Ry
Re+ Ry
lfRs}RL then fLEI.

Figure 4.63(a) and Fig. 4.63(b) show how a voltage source can be converted
into an equivalent current source that will produce the same current level in a
given load resistor.

. I ! I
! T W" I
- Ene |
Voltage - Currant
source : E! gﬁ"_ source :
! I
! |
! |

I=1 (4.33)

Fig. 4.63(a) & (b) Conversion of a constant voltage source to an equivalent
constant current source

When the load resistance is very much smaller than the source resistance, a
constant current source is assumed to have an infinite source resistance, and all of
the source current is assumed to flow through the load.
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4.10.1 Source Conversion

According to source conversion technique a given voltage source with a series

resistance can be converted into an equivalent g8 i
current source with a parallel resistance (as ex- ——W———o
plained in Art. 4.10). Similarly, a current source R
with a parallel resistance can be converted into e
a voltage source with a series resistance. -
Here we explain again the conversion of the o
constant voltage source shown in Fig. 4.64 into 2
an equivalent constant current source. Fig. 464 A constant voltage
The current supplied by the constant voltage source with series
source when a short circuit is placed across ter- resistor
minals 1 & 2is /= VIR, 1
A constant current source supplying this cur- E—
rent [ and having the same resistance R con-
nected in parallel with it represents the 1 gﬂ
equivalent current source as shown in Fig. 4.65.
Similarly, a constant current source of [ and e

2
Fig. 4.65 Equivalent constant
current source af the
voltage source (V)

a parallel resistance R can be converted into a
constant voltage source of voltage V (= IR) and
a resistance R in series with it.

4.44 Convert the constant voltage source shown in Fig. 4.66 into equivalent current

200
100V

Fig. 4.66 Circuit of Ex. 4.44
source. sa(}) 3200

Solution

The current supplied by the 100 V source when a
short circuit is placed across the output terminals is
the 100 V
I=100/20 = 5 A. So the value of the equivalent saurce of the
: ; . voltage source
constant current source is 5 A; the equivalent circuit R
with current source is shown in Fig. 4.67.

-G

Fig. 4.67 Equivalent current

445 Converl the constant current source of Fig. 4.68 into equivalent voltage source.

o+

154 D gsn

Fig. 4.68 Circuit of Ex. 4.45
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Solution

The value of the equivalent constant voltage source is givenas V(= IR)=15x5=75V.
The equivalent network with the voltage source is shown in Fig. 4.68(a).

50
M o+

I+

75V =

O -

Fig. 4.68(a) Equivalent voltage source of 15 A current source __ .. . .

4.46 Use source transformation technique to find the current through the 2 £2 resistor in
Fig. 4.69.

-

204 () 330 350 BA

Fig. 4.69 Circuit of Ex. 4.46

Solution
Converting the two sources into equivalent voltage source, the network shown in
Fig. 4.70 is obtained.

30 20 50
——A A Ay

Fig. 470 Current sources of Fig. 4.69 conl_verted to voltage sources

The values of V; and ¥, are 20 x 3 = 60 V and 8 x 5 = 40 V respectively.
As the voltage sources are series connected hence they deliver current in the same

direction. Hence the current through 2 £ resistor is
60+ 40
3+2+5

=10 A,

4.47 By using source conversion technique find the value of voltage across R, where

R, =4 Qin Fig. 4.71.
4Q 20 40

f’\'\/\: A4
40V .[i 120 2200 Ru

Fig. 471 Circuit of Ex. 4.47
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Solution
Converting 40 V source into equivalent current source, in Fig. 4.71(a) the value of the
current source is 40/4 = 10 A.

20 4q
AMA AN
104 §4rz S12q 200 §FI';_

Fig. 4.71(a) Conversion of 40 V voltage source to equivalent current source

The combination of the parallel resistances of 4 Q and 12 Qis (12 x4)(12+4)=3Q
(the network is shown in Fig. 4.71(b}).

20 40
AN

10a(}) 2sa e IR

Fig. 4.71(b) Reduction of network shown in Fig. 4.71(a)

Converting 10 A current source into equivalent voltage source, the value of the voltage
source is 10 x 3 = 30 V, the equivalem circuit is shown in Fig. 4.71(c).

30 2Q 40
A AV

30V

1+

ANy
ha
(=]
e,

A
=

Fig. 4.71(c) Conversion of 10 A current source to equivalent voltage source

Again converting the voltage source into current source, the network in Fig. 4.71(d) is

5x%20
obtained where the parallel combination of 5 Q and 20 Q is 3 X % =40
+

40

Safzzﬁﬂ_ D 3sa 20 2R

Fig. 4.71(d) Conversion of 30 V voltage source to an equivalent current source
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“ww SEEsEAEmAaEEETrEsPEE T LN

Further converting the current source into voltage source (Fig. 4.71 (e)) we gel current

24 .
through R; as Ardad 2 A and the voltage across R is4x2=8V,
40 40
A At
Bxd =24V —" gﬁ';_

Fig. .71{e} Conversion of 6 A current source to equivalent voltage source
4,48 Using source conversion technique 5 , 20
find the current f in Fig. 4.72.

Solution

The current source is connecied in parallel
with a2 2 Q resistor; so the value of the
equivalent voltage source is obtained as,
V=10x2 =20V (as shown in Fig. 4.73) Fig. 4.72 Circuit of Ex. 448

10V 5

50 x 20 20V
—AM—0—AA——]

="+ i

10V — 511

Fig. 4.73 Conversion of 10 A current source to equivalent voltage source

The current delivered by a 10 A source would flow from ¥ to x in 20 £ resistor. The
polarity of the 20 V source is shown in Fig. 4.73.

Therefore, 1= 2410 _ssa
542+5

4.4% Convert the circuit of Fig. 4.74 into a single voltage source in series with a single

resistor,

o

5A 100

100

T 5x10=50V
20 10A
20 10A
[+ 2
Fig. 4.74 Circuit of Ex. 4.49 °
Soluti & f Fig. 4.74(a) Conversion of 5 A
olution current source to
Figure 4.74(a) represents the conversion of 5 A equivalent voltage
source into equivalent voltage source. SOurce

Fig. 4.74(b) represents conversion of 10 A
current source into equivalent voliage source.
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ERrEeEReNRTERERES EEE

100

~ 50V

- +

+

= 10x2=20V 120
20 * 70V

Fig. 4.74(b) Conversion of 10 A current  Fig. 4.74(c) Eguivalent circuit of

source to equivalent voltage network shown in
source Fig. 4.74

The net voltage of the single voltage source is thus (50 + 20) V = 70 V and the net
resistance is (10 + 2) Q2 = 12 £.
The equivalent circuit is shown in Fig. 4.74(c). sessnns

410.2 Independent and Dependent Sources

The voltage or current sources which do not depend on any other quantity in the
circuit (i.e the strength of voltage or current in the sources), and do not change
for any change in the connected network, are called independent sources. Inde-
pendent sources are represented by circles. An independent voltage source and an
independent current source is shown in Fig. 4.74.1(a) and 4.74.1(b)

- .y
v v G i
- ———————20
Fig. 474-1(a) Independent voltage Fig. 4.74-1(b) Independent current
somurce source

A dependent voltage or current source is one which depend on some other
quantity in the circuit (may be either voltage or current) i.e the strength of voltage
or current changes in the source for any change in the connected network. Depen-
dent sources are represented by diamond-shaped symbol. There are four possible
dependent sources:

Voltage dependent voltage source, as shown in Fig. 4.74.1(c).

Voltage dependent current source, as shown in Fig. 4.74.1(d).

Current dependent current source, as shown in Fig. 4.74.1(e).

Current dependent voltage source as shown in Fig. 4.74.1(f).

In the above figures a, b, ¢ and d are the constants of proportionality a and ¢
has no units, unit of b is siemens and unit of 4 is ohms.

Some examples of independent sources are battery, dc (or ac) generator. Depen-
dent sources are parts of models which are used to represent electrical properties
of electronic devices such as operational amplifiers and transistors etc.
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a3

Fig. 4.74-1(c) Voltage dependent Fig. 474-1(d) Voltage dependent
voltage source current source

SN

Fig. 4.74-1(e} Current dependent Fig. 4.74-1(f) Current dependent
current source voltage source

4.11 SUPERPOSITION THEOREM

Statement: In a linear bilateral network containing several sources, the current
through or voltage across any branch in the network equals the algebraic sum of
the currents or valtages of each individual source considered separately with all
other sources made inoperative, i.e., replaced by resistances egual to their inter-
nal resistances.

It may be noted here that while removing the voltage source it should be
replaced by its internal resistance (if any) or by a short circuit and while remov-
ing the current source it should be replaced by an open circuit. Superposition
theorem is applicable only to linear networks (both ac and dc) where current is
linearly related to voltage as per Ohm’s law.

E Tustration

ELet us find the current [ as shown I, Ry Ra &
*in Fig. 4.75 applying superposition AN AMA—t
: theorem. J:r ! *J_

+ Considering the voltage source E, act- ‘|' A ]' £z
ing alone and removing the other volt-
age source E, after replacing it by its
internal resistance (if any) otherwise Fig. 4.75 A simple resistive network

short circuiting the source, the current with two voltage sources

through R, is [Fig. 4.75(a)]
I ul 434
V= RE; (4.34)

R+
R+R,
Hence current through R is
" p Ry Ey Ry

r=1 (4.35)

* = .
R+R, RR+RR,+RR
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dpd s PR R R EEEEN mEw

iy Ry R &
AM __:
fli
+—_‘_¢.
R T B2
Fig. 4.75(a) Sowrce E, retained, E, Fig. 4.75(b) Source E, retained,
deactivated E, deactivated

Similarly considering the voltage source E, acting alone removing the source
E, and replacing it by a short circuit [Fig. 4.75(b)], the current through R,, R,
and R being 1", L_:" and I” repectively, we find for E, acting alone

E,

e —2 (4.36)

2 RRI

R+R,
d 7= 17 x ki 437
an =L X RTR T RR+R.R 4 RR, @37

Therefore, if there are two sources connected through a network, the resultant
current flowing through R is

I=+1"= 4.
U RR, + Ry R, + RR, (4.35)

4.11.1 Procedure for Applying Superposition Theorem

1. Select one source and replace all other sources by their internal impedances.

2. Determine the level and direction of the current that flows through the
desired branch as a result of the single source acting alone.

3. Repeat steps 1 and 2 using each source in turn until the branch current
components have been calculated for all sources.

4. Algebrically sum the component currents to obtain the actual branch
current(s).

4.50 Compute the current in the 10 £2 resistor as shown in Fig. 4.76 using Superposition

theorem.

50 50
AW Ay

100V = §109 — 50V

Fig. 4.76 Circuit of Ex. 4.50

Solution

Considering the 100 V source acting alone, the direction of currents supplied by the
source has been shown in Fig. 4.76(a).
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100 1500 50 50
Here lj=——=——A / .
: L 10x5 125 =AW WA
1045 s r |
Hence current through 10 Q resisior I' = [, x 100V = 100
5 +
=4 A
5+10
Considering a 50 V source acting alone the  Fig, 4.76(a) Source 100 V only con-
direction of currents supplied by the source sidered
are shown in Fig. 4.76(b).
Here, L= —30 750 , 50 s I
+ 10x5 125 A ANt
5+10 "
Hence current through the 10 £2 resistor is I g 50V
100 =
I"=5x =2A
5+10

When both the sources are acting simultaneculy, P

the current through 10 £ resistor (according to Fig. 4.76(b) Source 50 V only
Superposition theorem) is given by (I" + I")
i.e.,(4A+2A=6A). asEmamnm

considered

4.51 Find the current in the 50 £ resistor in Fig. 4.77 using Superposition theorem.

100
A

60 0 100 (H)s0A §50n

.l.f:mnv

Ay

Fig. 477 Circuit of Ex. 4.51

Solution
Considering the voltage source acting alone and removing the current source (the corre-
sponding figure being shown in Fig. 4.77(a})) the total current supplied by the voltage
source is

h= ﬁgﬂﬂnﬂl =% A
[U+¥
60+ (10 + 50)
1040
Ay a8
100 Jl I

ﬁﬂn§
h
5002

’:.l. 300V ]» ,,

Fig. 4.77(a) Voltage source is acting only
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Hence the current through the 50 Q resistor due to the voltage source acting alone is
I5 60 =15
2 6[) +10+50 4
Next, removing the voltage source and considering the current source acting alone (the

corresponding networks being shown in Fig 4.77(b) and Fig. 4.77(c))}, the current through
the 50 £ resistor is

['= — A =375 A (from a to b)

10+60/7
I"=30x ————— =8.124 A (from a to b)
50+10+60/7

60
[The combined resistance of the 60 £2 and 10 Q in parallel is D+

= ]

x10 g0
7

100
W a

6003 100

o

(Hsoa |s0Q

b
Fig. 4.77(b) Current source is acting only

100
A a
o
30a(t) 3$s00
b

Fig. 4.77(c) Simplified circuit of network shown in Fig. 4.77(b)

According to the Superposition theorem when both the sources are acting simultaneously,
the current through the 50 £ resistor is
F+1"=(375+8.124) A=11.874 A (from a 1o k) Essuwws

:l;s_z. Obtain [ using the Superposition theorem for the network shown in Fig. 4.78.

] 100

ANy

50V = 2300 5A §2un

A
200

Fig. 4.78 Circuit of Ex, 4.52
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Solution
Considering the voltage source acting alone [Fig. 4.78(a)] the current supplied by the
source is

II = 50 =§ A
3010 + 20+ 20) 3

30+ (10+ 20+ 20)

h a ki 10 b
> AAA

50V 2300 2200

Wy
200

Fig. 4.78(a) Voltage source is acting alone

Hence the current through the 10 £ resistor is
,_ 8 30

Ii = Ex—_36+1{1+20+20 =1 A (fromatob)

Removing the voltage source and considering the current source acting alone [Fig. 4.78(b}]
the current through the 30 £ resistor is zero as there is a short circuit path in parallel with
it. Hence the network of Fig. 4.78(b) reduces to that in Fig. 4.78(c). The current through
the 10 Q resistor is then given by

20
"= ——— =2 A (fromb to a) (or =2 A from a to b)
20+20+10 (
a 10 M b a 1w M b
— At 0 o AAA—t

[ Ze0a 5A 200 | (Dsa 200

Ay o SAAs
2002 2042
Fig. 4.78(b) Current source is acting Fig. 4.78(c) Simplified circuit of
alone Fig. 4.78(b)

Therefore according to the Superposition theorem when both the sources are acting simul-
taneously the current
I=F+"=1-2=-1A (fromato h) sRsanea

4.53 Find the voltage across 20 £2 resistor using the Superposition theorem in Fig. 4.79.

Solution

When 1 A current source is acting alone (the corresponding figure being shown in
Fig. 4.79(a), the current through the 20 Q resistor under this condition is obtained as | x

445 9
—_— = — A (from a to b)
20+4+5 29

Hence voltage across 20 £ resistor is % x20 = 180 , (=V,3)

29
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40

?5“ ) sa

1A 2040

Fig. 479 Circuit of Ex. 4.53

40
$AA%
a J 40 %
Van —1a g5 (Dsa
710 42200 § 50 .
Vasl 200
¥ (9/29) A ] wof §(§ A}
29
[+
b b
Fig. 4.79(a) Current source (1 A) Fig. 4.79(b) Current source (5 A) is
acting alone acting alone

Fig. 4.79(b) shows the network when 1 A source is deactivated and 5 A source acts alone.
The current through 20 £ resistor under this condition is

5 5x5 25
x A= A== A(fromatob)
5+4+20 29 29

The voltage across the 20 © resistor is then V) = %—56 x20V= %?- Vv

According to the Superposition theorem the voltage across 20 Q rf:si;lnr (V) when both
sources are acling simultaneously is
’ 180 | 500 _ 680
Va=Va + V = —+—=—V=2345V
ab als alr 29 29 - 19 susasey

1135_4. Find the current through 40 £ resistor using Superposition theorem in Fig. 4.80.

500 100
AT A

| +

25V = §2on 2400 10V $s00

Fig. 4.80 Circuit of Ex. 4.54

Solution

Let us consider that the 25 V source is acting alone and the other source is deactivated.
The corresponding figures are shown in Fig. 4.80(a) and Fig. 4.80(b).
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I 50Q 5 10Q

,I

25V 3200 3400 §3{m

b
Fig. 4.80(a) 25 V source is acting alone

I, 500

Ll .N'
L 40x10

25V -r 200 20110

Fig. 4.80(b) Simplified circuit of Fig. 4.80(a)

1=80

Ay

The current through 50 Q resistor is

he—2_x—20 __ _o4314
20x58 20+50+8
20+ 58
Hence the current through 40-£2 resistor due to 25 V source alone is
r=0431x 10 0 A =0.0862 A (from a to & in Fig. 4.80(a))

Next consider the 10 V source acting alone deactivating the 25 V source.
The current through the 10 £ resistor [Fig. 4.80(c) and Fig. 4.80(d}] is

10 30

L= x =031 A
7 30x(200/9+10)  30+200/9+10
30+200/9+10
Hence the current through the 40 0 resistor is
=031 % —22— = 0.172 A (from b to a)

50+ 40

Using the Superposition theorem the current through the 40 £ resistor is
I —F=0172-0.086 = 0.086 A (from b to a)

500 5, 100
AM——AW
I

200 400 = 10V g’aun
+

b I
Fig. 4.80(c) 10 V source is acting alone
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100

40x 50 200 :
40+50 9 @ §

1I}V—"—+ é 00

Fig. 4.80(d) Simplified circuit of Fig. 4.80(c) cranens

4,55 Utilising the Superposition theorem find the current through the 20 Q resistor for
the network shown in Fig. 4.81.

400 40
L WA A
100v = 200 3160
T I
+'=
200V

Fig. 4.81 Circuit of Ex. 4.55

Solution
Considering the 10 V source acting alone [Fig. 4.81(a)] the current through the 20 £
resistor is

! 100 4+16
*
: 20%@+16)  4+16+20
20+4+16
=1 A (fromatob)
400 5, 40
00 , 40
h
+ 200 160
100V 2002 16 02
- ltz
+ -
b b z00v
Fig. 4.81(a) 100 V source is acting Fig. 4.81(b) 200 V source is acting
alone alone

Considering the 200 V source acting alone [Fig. 4.81(b)] the current through the 20 Q
resistor is

I = 200 x 40
?7 16+ 4+ (40%20)/(40+20) 40+ 20

Then, according to the Superposition theorem, the current through 20 € resistor is
(Ih-f)=4-1=3 A (from b to a). sesnnes

=4 A (from b to a)
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4.56 Find the current through 1 Q resistor
applying the Superposition theorem in
Fig. 4.82.

Solution

Consider 10 V source acting alone (the cor-
responding figures are shown in Fig. 4.82(a)
and Fig. 4.82(b)).

. 10 4
! 4x(8+(5/6)) 4+8+(5/6)
+7
4+8+(5/6)
=04 A
50 80
Y ANA-
10V = 4q
AMA——
50
a
b 10 F

Fig. 4.82(a) 10 V source is acting alone

Therefore current through the 1 £2 resistor is
5
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CE R R R R NN

50 B
A Ay
é‘tﬂ

ANy
50

10\{—_%

5V =

Fig. 482 Circuit of Ex. 4.56

50 an

_!:’W'\
T_

Fig. 4.82(b} Simplified circuit of
Fig. 4.82(a)

iov

I'=04x _l = 0.33 (from a to b)

5+

Iy

Next considering the 5 V source acting alone (corresponding figures are shown in

Fig 4.82(c) and Fig. 4.82(d)

80
Ay

50
24

40

AN
50

i .
T

Fig. 4.82(c) 5 V source is acting alone

The current supplied by 5 V source is
: 5
= ——
5x10.22
1+

5+10.22

S5x4

3] =10.2210
Y5:a
Wy

A a
b § 5Q

5V — 10
.‘"
! b
Fig. 4.82(d) Simplified circuit of

Fig. 4.82(c)

A=1147 A
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The current through the 1 £ resistor due to the 5 V source acting alone is then
I"=15 = 1147 (from a to b)
Hence according to Superposition theorem the current through the 1 £ resistor is obtained as
F+1"=0333+ L.147=148 A

4.57 Find the current through resistance (R;) for the network shown in Fig. 4.83 using
the Superposition theorem

1

s

10V = 10V
(Ey) '[Ez}

>

®

Fig. 4.83 Circuit of Ex. 4.57
Solution

Considering the 10 V source (E,) acting alone the current through R, [Fig. 4.83(a)] is

h=— 20 _ 0424 (fromatob)
, 20X15 7 20+15
20+15
a
—W\,Jij‘
50
. §zon 100 RL§EQ
10V =
(Ey)
b

Fig. 4.83(a) 10 V source (E,) is acting alone

Next, considering the other 10 V source (E,) acting alone the current through R
[Fig. 4.83(b)] is

h=—20 5 -0105A4 (fromatob)
5x15 5+15
20+
5415

a
la
200 .
5ﬂ§ +% 100 A, <50
_1ov
(Ez)

Fig. 4.83(b) Another 10 V source (E,) is acting alone
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Considering the current source (1A) acting alone the current through R; [Fig 4.83(c) and
Fig. 4.83(d}] is

10 10
ly=1x o = 19 A=05263 A (froma to b).
1A
1
|—~w— i
5n§ éznn 100q AL 50Q
b
Fig. 4.83(¢) 1 A current source is acting alone
1A
T
Is
2a+5‘m§ AL g 50
b

Fig. 4.83(d) Simplified circuit of Fig. 4.83(c)

Hence, according to the Superposition theorem the current through R;, when all the
sources are acting simultaneously, is obtained as Iy + I, + I; = 1.0513 A, P

412 THEVENIN’'S THEOREM

Statement: The current flowing through a load resistance R; connected across any

two lermmals A and B of a linear, bilateral network is given by , where

of
R +R’
V. is the open circuit voltage (i.e voltage across terminals AB when R; is re-
moved) and R is the internal resistance of the network as viewed back into the
open circuited network from terminals AB deactivating all the mdepcndenl spurces.
The following are the limitations of this theorem:
(i) Thevenin's theorem can not be applied to a network which contains non-
linear impedances.
(ii) This theorem can not calculate the power consumed mternally in the circuit
or the efficiency of the circuit.-
* Thevenin's theorem can be explained with the help of the fnllowmg slmpIe
examplé. The steps are as follows;

Step I

R; is to be removed fmm the ‘circuit lelmnals a and b for the network showu in
Fig. 4. 84
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Ry Az Ry Az
a2 —'\/\/V—TE
r r
§ Ra AL ) A Vo
E .|. E T 1
b ob

Fig. 4.84 Circuit to explain Thevenin's Fig. 4.84(a) R, removed from circuit of
theorem Fig. 4.84
Step I1

The open circuit voltage (V,.) which appears across terminals ¢ and b in
Fig. 4.84(a) is calculated as

V,. (= Voltage across R;) = ﬁ X Ry
Ve is called the “Thevenin’s voltage” (Vi)
ER,
Hence, Vi = m;‘ (4.39)

Step 111

Removing the battery from the circuit leaving the internal resistance (r) of the
battery behind it [Fig. 4.84(b)] when viewed from terminals a and b, the internal
resistance of the circuit is given by

Ry (R +r)
Ri=Ry+ Ry +R +r
This resistance R is called Thevenin’s equivalent resistance (Ryy,)
R} {R] +r)
R‘I_RTII_R2+R3+RI+J‘ {4.4{])
Ry Ry Am
a A a
+
r A3 -— R; Vru _-Z_ AL
(Vese)
b b
Fig. 4.84(b) Internal resistance R; of Fig. 484(c) Thevenin's equivalent
the given network circuit

Step IV
Thevenin’s equivalent circuit is drawn as shown in Fig. 4.84(c) and R, is recon-
nected acrosss terminals a and b, The current through R, is

I Ym
™" Ry + R,
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R RN T N R Ny

Different methods of finding Ry,

(a)

(b)

For independent sources: Deactivate the sources, i.e for independent cur-
rent source deactivate it by open circuiting its terminals and for voltage
source deactivate it by shorting it. Then find the internal resistance of the
network looking through the load terminals kept open circuited. In case
these independent sources are non-ideal, the internal resistance will remain
connected across the deactivated source terminals.

For dependent sources in addition or in absence of independent source:

First Method
(i) Find open circuit voltage V,,. across the open circuited load terminals.
Next short circuit the load terminals and find the short circuit current
(1,.) through the shorted terminals.
The Thevenin’s equivalent resistance is then obtained as

Second Method

(ii) Remove the load resistance and apply a dc voltage V. at the open
circuited load terminals. keep the other independent sources deacti-
vated. A dc current I, will flow in the circuit from the load terminals.
The Thevenin's equivalent resistance is then

Vdc

= T

4.12.1 Thevenizing Procedure

1. Calculate the open circuit voltage (Vy,) across the network terminals.
2. Redraw the network with each independent source replaced by its internal
resistance. This is called “deactivation of the sources™.
3. Calculate the resistance (Ryy) of the redrawn network as seen from the
output terminals.
_4:5_8_ Using Thevenin’s theorem find the current through the 15 £ resistor in Fig. 4.85.
100
MV
100v = gznn §15n
Fig. 4.85 Circuit of Ex. 4.58
Solution
Removing the 15 € resistor the open circuit voltage across a and b [Fig. 4.85(a)] is V. =
10 _ L ypv=2y,

10+20 3
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The Thevenin's equivalent voltage is m a
200
Vi (= Vo) = =5V 100V == 200 Vge

Next removing the source, the internal {
resistance of the network as viewed from b
the open circuited terminals [Fig. 4.85(b)] Fig. 4.85(2) Finding (V)
. 1020 , )
isR = i.e. Thevenin's equivalent

20+10

resistance is Ry, = R; = (20/3) Q. Thevenin's equivalent circuit is shown in Fig. 4.85 (c).
The current through the 15 € resistor (according to Thevenin’s theorem) is then given by

200/3
15 = —(-—J A= @ A=3077TA
(20/3) +15 [i%]
20
100 39
ANy o a AN a
(A3
gaun ~ R %v A hs§ 3150
(Vo)
o b b
Fig. 4.85(b)} Finding of R; (Ry,) Fig. 4.85(c) Thevenin's equivalent
circuit (Ex, 4.58)

4,59 Find the current through the 2 Q resistor using Thevenin's theorem [Fig. 4.86].

ey =Lt 40 60
- A
AW
2Q

60 40

Fig. 4.86 Circuit of Ex. 4.59

Solution
The circuit is redrawn in Fig. 4.86(a) with

terminals of R, open circuited. a ¢
Thevenin's equivalent voltage is
Vin= Vig= Vg - Vo 6V — 40 60
6 4

=6x m -b6x -6—-+—4 b o Vi o d

=36-24

= 1.2 V [V, is higher potential]. 602 40

Deactivating the voltage source,

Thevenin's equivalent resistance is shown

in Fig. 4.86(b) and Fig. 4.86(c). Fig. 4.86(a) Finding of (Vo)
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b
a c
40 60 an 60
b A, © d c a Xy
1
60 40 60 40
X y d
Fig. 4.86(b) Finding of (Ry,) Fig. 4.86(c) Reduced equivalent net-
work to find Ry,
4.84Q

Rpy = (416) + (614) = 2 X —o. 0= 480
™o T awe T

Thevenin’s equivalent circuit is shown in mE
Fig. 4.86(d) 1.2V
(Vare)
Th t through (R;) is then [} =
c curren ugh (R, ) is then I} 1810
=12 _ 01764 Fig. 4.86(d) Thevenin’s equivalent
Y circuit of Ex. 4.59

:I.GII Find the current through 10 £ resistor in Fig. 4.87 using Thevenin's theorem.

100
A

2a(}) 350 1502

- 50V

Fig. 4.87 Circuit of Ex. 4.60

Solution

Removing the load resistance of 10 £ from its terminals, the open circuit voltage across
terminals a and b (as shown in Fig. 4.87(a)) can be found out.

a b
Vo

20a(}) s 15n§ "= sov

c

Fig. 4.87(a) Finding of V,,

The voltage across the 15 €2 resistor is due to the current supplied by the voltage
source only.
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-~ Voltage across the 15 £ resistor is 50 V.
Hence Vi =50V; Also, V. =20Ax5Q =100 V.
Therefore voltage across open circuit terminals a and b is
Ve =V =V, = V. =(100-50) V=30V
ie Vi, = S0V (= V).
Deactivating all the sources as shown in Fig. 4.87(b), the internal resistance of the
network as viewed from the open circuited terminals is,
Ry, =5 Q (as 15 Q resistor is short circuited)

Am
a+h
0 o

§5n §15n 15"?&:1_-

Fig. 4.87(c) Thevenin’s equivalent
Fig. 4.87(b) Finding of Ry, circuit of Ex. 4.60

Thevenin's equivalent circuit is shown in Fig. 4.87(c). The current through 10 Q

V.
resistor is [;; = T = 30 A=333 A

R].h+RL 5+10 TR T]

4.61 Find the current through 15 € resistor for
the network shown in Fig. 4.88 using Thevenin's
theorem.

Solution §15 a
Removing 15 £ resistor the open circuit voltage

across its terminals is found out in the network of
Fig. 4.88(a). 120 1602
The current through 10 £ resistor is obtained as

200 200
A=—A, I
10+35 15 |
Voltage across the 10 £2 resistor is given by V, = 200V
10 200 2000 Fig. 488 Circuit of Ex. 4.61
® —=——,

- 13 15

Current through the 12 Q resistor is found as
200,200,
12+16 28

Voltage across the 12 2 resistor is obtained as
Vy=12x 20y 240
28 28
Vs =V -V
= 2800 _2000 _ g5y y_13333 V. =
28 15 I’
=47.62 V. 200V

Hence & is at higher potential with respect to a. Fig. 4.88(a) Finding of Vq,
TFherefore Vo, = V,, = 47.62 V.

ioq 50
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Deactivating the voltage source, Thevenin's equivalent resistance can be oblained as
shown in Fig. 4.88(b) and Fig. 4.88(c).

a
00 50
x Y
120 160
b
Fig. 4.88(b) Finding of R, Fig. 4.88(c) Reduced network to find R;
The resistance between a and b is then found as 10.19 0
Ry, = (10115) + (121116) M b
10x5 12x16 ‘
= + 4762 = hsy 2150
10+5 12+16 “; I~
=10.19Q(=R) o
~. Current through 15 Q resistor [Fig. 4.58d] is 2
v Fig. 4.88(d) Thevenin's equivalent
I = Th _ 4162  _ 1.89 A circuit of Ex. 4,61
Ry, +R,  10.19+15
[flowing from terminal b to terminal a] txzanma
4.62 Find Thevenin's equivalent circuit of the 50 100
X

network (shown in Fig. 4.89) across terminals x-y.

Solution 50V
The voltage across the open circuited terminals is

E

same as the voltage across the 6 £} resistor. oy
Vo, = Vol he &6 i
™ ‘;U"‘E" “"’3"50' €2 resistor Fig. 489 Circuit of Ex. 4.62
= —xb="—" =2727 V.
5+6 1

Removing the source, Thevenin's equivalent resistance Ry, (Fig. 4.89(a)) is 10 +

x -
3%6 10+ % = 12720,

5+6
20 o 12720
* AM——o+
. (Am)
6a — Am 27.27V = (Vor)
o Y o
Fig. 4.89(a) Finding of (Rp) Fig. 4.89(b) Thevenin’s equivalent

circuit of Ex, 4.62

Thevenin's equivalent circuit is shown in Fig. 4.89(b). YT
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4.63 Find Thevenin's equivalent circuit of a
the network shown in Fig. 4.90 across
terminals a-b, 30V ___._i :—T'—WV
Solution §3
Removing the 3 0 resistor, the circuit is 20 g a §1 0
redrawn as shown in Fig. 4.90(a). From
Fig. 4.90(a) the circulating current is,
0+10 &
I= A=1333 A, b
2+1

Applying KVL in loop abyx,
Vie=-1333x2+30=334V
Vaie (= V) =334 V.,
Next deactivating the sources, Thevenin's
equivalent resistance [Fig. 4.90(b)] is given
by

Ry = 220 06670
™2 T

Thevenin's equivalent circuit is then drawn in

- Fig. 4.90(c). Fig. 4.90(a) Finding of (V,;)
a 0.667 0 a
. MV ?
(Fr) !
+ k3
20 o _ 3.34V ;'3‘ 30
§ § (Vard [
|
. —1!
b b
Fig. 4.90(b) Finding of Ry, Fig. 4.90(c) Thevenin's equivalent
circuit of Ex. 463 ..
:l.'lgd_ Find the current through the 5 £ resistor a0
using Thevenin's theorem in Fig. 4.91. Ay
Solution 3
Removing the 5 £2 resistor [Fig. 4.91(a)] the a 62 § 50
current mrcu]atngo in t(l;c loop abyx is 20V 10V
+1
I= A= E A —[ —I_

3+6 3
{in the clockwise direction) Fig. 491 Circuit of Ex. 4.64
Let Vy, = voltage across branch xy = voltage across branch ab

Here, ny=—m+6xv'32-_-mv=v“.

[Olh:mise V=20 -3x L;l =10 v:vn,:[

Deactivating all the sources, Rp=3+(0l3)=3+ a3 =51
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- LB R ERE RN ENNERRENREDRLERNEN]

x 30 .
a AN o 50
I A
an 60 Ry
oyt oy Ym 10V —= i) 50
I R S B
b ] :
Y Fig. 4.91(b) Thevenin's equivalent
Fig. 491(a) Finding of (V) circuit of Ex. 4.64

From Fig. 4.91(b) the current through 5 11 resistor is 14(-:'5 =1A

4]
>

4.65 Find the Thevenin's equivalent circuit
of Fig. 492, across R;.

Solution

R, is removed and the terminals are open cir- A
cuited as shown in Fig. 4.92(a). The current 4
supplied by the 24 V source circulates through "

the 3 Q and 6 Q resistor only while the cur- 24V § 60 g Ln
rent due to the current source circulated
through the 4 £ only when the circuit is open
circuited at g and b,

: O

~

Fig. 492 Circuit of Ex. 4.65

3A

an d
AN Ay o 8
- *an” T

+
24\ — ?Bn Vin
lb

¢

Fig. 4.92(a) Finding of (V)

Voliage across dc is

%6
Vye = V=16V
3+06
Voltage across da is V, =3 x4 V=12V,
Applying KVL in the loop abed
Ve=l6-12=4VieVy=4V
Next, all the sources in the network is deactivated [Fig. 4.92(b}).
Ix6
Ro=d+ — =60
o 3+6

Thevenin's equivalent circuit is shown in Fig. 4.92¢c.
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an 40
AN AN o A
§6ﬂ ﬂ_ﬂm
o b

Fig. 4.92(b) Finding of (R,

60
AN o d
(R}

4V =

(Vore)

ob
Fig. 492(c) Thevenin’'s equivalent
circuit of Ex. 4,65

4.66 Find the current in the ammeter of the 2

resistance as shown in Fig. 4.93 using Thevenin’s 100 60
theorem.
Solution
The ammeter is removed and the circuit is shown
in Fig. 4.93(a). 100 50
The total current delivered by 10 V source is
_ 10 - 10
(10+6)% (10+5) +[6x|5 AAA _};
(10+6)+(10+5) 31 10 1oV
=1.144 A
10+5
I =1.144 % =055 A
15+16
10+6
and 1, = 1.144 x 08 e A.
15+16

Voltage across open circuited terminals « and
b is
VTE= ab = Vrblvca
=059x10-055x10=04V.
Deactivating the voltage source, the corre-
sponding figure is drawn in Fig. 4.93(b). In
this figure using delta star conversion values of
Ry, R; and R; can be found out.

10x6

Ry= ———0=2g
10+6+1 17
6x1

R SX1 g 64
10+6+1 17
1x10

Iﬁ’-‘z——=ﬂj-

T 10+6+1 17

Resistance between « and b as shown in Fig. 4.

A it
14 v
Fig. 4.93(a) Finding of (Vy,)

93(c) is given by

o {5

10,59 5.35

10.59 +5.35
= 7.084 0

=353+
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a
- a
100 60
R R R g § A
AN 3 2
10
100 501 10 ﬂ§ §5 @
b b
Fig. 4.93(b) Network reduction to find Fig. 4.93(c) Final network reduction
Ry} to find (Rqyy,)
"The current through the 2 £2 resistor is
V.
lig= LU, 04 = 0.044 A (directed from a to b)
Rn,'l'l TJOB41+2 sEsnwEw

4.67 Find the current through the 5 € resistor in the network of Fig. 4.94 using Thevenin's

rem.
+
10V = g 170 § 100
AN
50
an % % 100
Fig. 494 Circuit of Ex. 4.67
Solution
The 5 £ resistor is first removed. The circuit configuration is shown in Fig. 4.94(a).
The current through 17 £2 resistor is 10 A=05A.
1743 _
10 A=05A.

The current through pair of 10 £ resistors is
10+10

‘Voltage across 17 £ resistoris V,, =17 x05=85V
Voltage across 10 £2 resistor is V, = 10x05=5V
Hence Vip=V,-V,= 5-85=-35V
or Ve = 3.5 V (i.e b is positive terminal})
i.e V=35V
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a
[+
170 an
oy = § 170 gm a
g v-,rh L2
100 100
an % 100
b
Fig. 494(a) Finding of Vp, Fig. 4.94(b) Finding of Ry,
For ﬂn&ing Ry, the circuit is redrawn in Fig. 4.94(b) deactivating the source;
17x3 10x10 7.550
= = .55 ﬂ
™" 1743 10410 AAA b
Current through the 5 0 resistor [Fig. 4.94(c)] is . (Fin)
obtained as 35V — 50 (Ay)
v (Vi)
lg=—2_ =33 _ A-02719A
Ry, +5 75545 a
(flowing from b to a). Fig. 4.94(c) suuuuns

:1:6.3. Find the current in the 5 £ resistor (using Thevenin's theorem) in Fig. 4.95.

54 (D 20 §mn §5“

+

.|._1uv

Fig. 4.95 Circuit of Ex. 4.68

Solution o
Let us first remove the 5 £} resistor. The circuit
configuration is shown in Fig. 4.95(a).
Applying the Superposition theorem, we 5A C+)
consider one source at a time. Considering
5A source alone and removing the voltage 1oV
source, the current through the 10 £ resistor is T
x —2 10, . ) °
2+10 120 Fig. 4.95(a) Finding of Vi, Ve
Considering the voltage source acting alone and removing the current source, the
current through the 10 € resistor is
10__10
2410 12

20 §1Dﬂ
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Both the currents are directed in the same direction through 10 € resistor. So net current

through 10 £ resistor is m+E=E.ﬂ; and voltage across 10 £ resistor is 20 x 10 =
12 12 12 12
200
12

As 10 £ is connected in parallel with the open circuited terminals hence,
Vo, = Voltage acros 10 £ resistor

200 _ 50
= —==— =1667V,
12 3
Removing all the sources, Ry, is found out and is o
shown in Fig. 4.95(b).
Rp= 0X2_20_5 _1670 20 2100 —=—FAn
10+2 12 3
So the current through the 5 Q resistor is obtained as o
e Vim 1667 25 A Fig. 4.95(b) Finding of Ry,
0= = - L
Ry +R, 16745 N

4.69 Find the power loss in 10 £2 resistor using Thevenin’s theorem (Fig. 4.96).

50
AN

1A 220 Zroa Fiov

Fig. 4.96 Circuit of Ex. 4.69

Solution
Removing 10 €2 resistor the circuit configuration is shown in Fig. 4.96(a).

50
AN
1a() §2n Vn;é: ~iov

Fig. 4.96(a) Finding of Vg,

As the open circuit voltage (V,,) across terminals AN
a and b is in parallel with the 10 V source hence the
open circuit voltage is becoming 10 V (or V. = Vq da
=10V) 20 S Am—>

Removing all the sources Ry, is found out from 0
Fig. 4.96(b). However there is a short circuit path across
ab, so Ry, = 0 L2

Fig. 4.96(b) Finding of Ry,
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Current through the 10 €Q resistor according to Thevenin's theorem is

Vm 10
Ry +R,  0+10
Therefore power loss in 10 £ resistor is
PR=12x10W
=10 W, I

A=1A

-_1. 0 Find Thevenin's equivalent circuit of the network across R in Fig. 4.97.

s

Fig. 497 Circuit of Ex. 4.70

Solution
R; is removed first and the corresponding figure is shown in Fig. 4.97(a). Under this
condition 10 V source can not deliver any current. Current due to 5 V source circulates
through 2 €2 and 3 £ resistor
= 3 A=1A
2+3
Voltage across 3 Qresistoris I x [ V=3V
Applying KVL in loop a & ¢ d ¢ f a of Fig. 4.97(a)

Vyp=10+3=13V

5V a5
20
A
10
—0
A
an ~— Am
O
Fig. 4.97(a) Finding of Ve Fig. 4.97(b) Finding of Ry,
Deactivating the sources Ry, is found out m‘ ot
[Fig. 4.97(b)]. (Be)
2 mE,
Ry =14 22 13V —
3+2 (Vi)
=220 0

Thevenin's equivalent circuit is shown in Fig. 4.97(c) Thevenin's equivalent
Fig. 4.97(c). circuit of Ex. 4.70
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413 NORTON’S THEOREM

Basic Electrical Engineering

According to this theorem, any two-terminal active network containing voltage
sources and resistances when viewed from its output terminals is equivalent to a
constant current source and an internal (parallel) resistance. The constant cur-
rent source (known as Norton’s equivalent current source) is of the magnitude of

the short circuit current at the terminals. The
internal resistance is the equivalent resistance
of the network looking back into the termi-
nals with all the sources replaced by their
internal resistances.

A network is shown in Fig. 4.98 to explain
Norton's theorem. Let us find out the current
through R; using Norton's theorem.

The steps are as follows:

Step I

Remove (R;) and short circuit the terminals a
and b [Fig. 4.98(a)]. The current through the
short circuited path is I, = E/R, (= I), where
Iy is the Norton's equivalent current.

Step II

For finding internal resistance R; of the
network, terminals @ and b is open circuited
and the source is deactivated [Fig. 4.98(b)].

Ri R,
R, + R,
the Norton's equivalent resistance.
Step III

Norton’s equivalent circuit is shown in
Fig. 4.98(c). It contains Norton’s current
source Iy, and a parallel resistance equal to
internal resistance of the circuit R,

Step IV
Connect R; across terminals a and b and find
current [; through R,

R; = (= Ry), where Ry, is called

Ry

m. (4.41)

4.13.1 Nortonizing Procedure

Ay
A" a
+ >
Ey - 3 Hz A .
b

Fig. 498 Circuit to explain
Norton's theorem

Ay

Fig. 4.98(a) Developing Norton's
current source

Ry
Ay o a8

gﬂz - A

a b

Fig. 4.98(b) Finding of internal
resistance

< 8

T b

Fig.4.98(c) Norton’s equivalent
circuit

1. Calculate the short-circut current Iy at the network terminals.
2. Redraw the network with each source replaced by its internal resistance.
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3. Calculate the resistance Ry, of the redrawn network as seen from the output
terminals.
4. Draw Norton's equivalent circuit.

4.71 Find the current through R, in Fig. 4.99 using Norton's theorem,

40 40

—I_—'V\'\ AN
fov—" 40 50 5250
T‘ (AL)

Fig. 4.99 Circuit of Ex. 4.71

Solution

Ry is removed and the terminals are short circuited as shown in Fig. 4.99(a). The short
circuit current is

10 10

I,=——=——=167TA

4x4 442

44—
4+4

.+ Morton's equivalent current [, = 1.67 A
40 40 40 40
—I_—'\N\ A Ay ©
1oV=— 40 50 Ylsc 40 50— Ry

[ :
Fig. 4.99(a) Finding of I Fig. 4.99(b) Finding of internal
resistance Ry

Norton's equivalent resistance Ry is found from Fig. 4.99(b).

[4x4 ] 6x5
4+4

S=——r =273 0.
6+5
Norton's equivalent circuit is drawn in Fig. 4.99(c).

40
<
1674 (1) 2.730 167 A 2730 S 250
I (An) : -
(fere) . + I
Fig. 4.99(c) Norton's equivalent circuit Fig. 4.99(d) Finding of I

Replacing R; across the open circuited terminals as shown in Fig. 4.99(d), the current
through R; is
2.73

= ], —_—— '? .
IL 1.67 x 273+25 0.87 A ELLLLL
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4.72 Find the current through 10 £ resistor in Fig. 4.100 using Norton's theorem.

80 50

AN AR

204 (}) §5n §1nn §1n
Fig. 4100 Circuit of Ex. 4.100
Solution 80 50
The 10 L resistor is removed and the AN AR
terminals are short circuited as shown in
Fig. 4.100(a). 204(%) §5 0 Yise §1 a
The current through the short circuited

path is

I,=20x —— A=769A
5+8

~ Hence Norton's equivalent current fy =
T.69A

Morton's equivalent resistance as seen from
the open circuited terminals of the network
(Fig. 4.100(b)), is obtained as

13
* g-a10
13+ 6

Ry=(B+5I5+1)=

Fig. 4.100(a) Finding of I

50
AA

l A
T §5£l §1I1

Fig. 4.100(b) Finding of Ry

Ay

Norton’s equivalent circuit is shown in Fig. 4.100(c).

7.69A
()

Fig. 4.100(c}) Norton’s equivalent
circuit of Ex. 4.72

(FAN)

760A(}) Sa1a Zwa

Fig. 4.100(d) Current I, through the
10 42 resistor

Therefore the current through the 10 £ resistor is [Fig. 4.100(d)]

4.1

I, = 7.69 x
4.1+10

A=2236 A

4,73 Find current in 6 Q resistor using Norton’s theorem for the network shown in

Fig. 4.101.
4102

A

_E'\A«\

3V

= 40

+—E—5V

+|=_

610

Ay

Fig. 4101 Circuit of Ex. 4.73
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Solution
The load resistance 6 £ is short-circuited as shown in Fig, 4.101(a).

40 2 4V ,

40 'Lf’""
V')
—I—S
b

Fig. 4.101(a) Determination of I

The current through the short circuited path ab due to the 3 V source acting alone is
I, = —3—x—2_ 20375 A (from a to b).
ds 2x4 442

2+4

The current through the short-circuited path ab due to the 5 V source acting alone is

5xd
5 . 4 X

I = = =0.625 A (from b .
sy Ax2  4+2 24+8 (from b0 a)
4+——
442
The current through the short-circuited path ¢b due to the 4 V source acting alone is
4
I, = ———— =1 A (from b to a).
s 4x4 ( <
2+
4+4

Applying the superposition theorem when all the sources are acting simulianeously the
short circuit current is obtained as
L. =(1+0.625-0.375) A =1.25 A (from b 1o a)
Hence Norton's equivalent current is fy = 1.25 A
Norton's equivalent resistance [Fig. 4.101(b)] is obtained as

4xd
Ry=2+— =40
4+4
440 20 2
\r Ay o
, 1.25A (1) 40 60
240 ~—— RAu (tze) 1 (Rw
© b
Fig. 4101(b) Finding of Ry Fig. 4.101(c) Norton's equivalent circuit

The curreni through 6 £ resistor is = 1.25 x ﬁ = 0.5 A (from & to a).
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4,74 Find current through 5 £ resistor in the circuit of Fig 4.102 using Norton's theorem.

300N 60N
A A

200V — 50 5 100V

Fig. 4102 Circuit of Ex. 4.74

Solution
5 £ resistor is short circuited as shown in Fig. 4.102(a). The current through the short-
circuited path I, = 222+ 190 _ 833 A from a to b.
. 0 60
Hence y=833A

00 5z 600

aon 6002

-+
200V = — 100V
Ry

Fig. 4.102(a) Determination of (I5) Fig. 4.102(b) Determination of (Ry)

The Norton's equivalent resistance is a
obtained by removing all sources and looking
from open circuited terminals a and b in

Fig. 4.102(b) as 8.33A 200 50
30 x 60
Bv= 3 ; g - 200 b

T . Fig. 4.102(c) Norton's equivalent
Therefore, current through the 5 €2 resistor circuit of Ex, 4.74
[Fig. 4.102(c)) is I = 8.33 x —20— = 6.664 A

2045

fmmﬂmbu IENEmES

4.75 Find the current through R; in Fig. 4.103 using Norton's theorem.

Solution 2V g
Removing R; and short circuiting its terminals ry L
the network is redrawn in Fig. 4.103(a). 20
The current through the short circuited path L \i T
is obtained as
1V 10
:,C=12-%-}=0.5-z-1 -
=-25 Afromatobor5A A
from b 10 a A 10

ie.  Iy=25A Fig. 4103 Circuit of Ex. 4.75
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2V g
//iﬂl 20
__=I+ W
+ —
g
b e a

Fig. 4.103(a}) Determination of I

Removing the sources and open circuiting
the short circuited path [as shown in
Fig. 4.103(b)], we get
_ 1x2x1
T 1x2+2x141x1
The current through R, [Fig 4.103(c)] is (I)

=25x 9% A =0714 A from b to a.
1+04

. Q=040

4,76 Find current through the 20 € resistor in Fig. 4.104 using Norton's

theorem.

Solution
Short circuiting 20 £ resistor [Fig. 4.104{a)]
the current through the short circuited path
due to 20 A source acting alone is [, =20
A from a to b.

Considering the 40 V source acting alone
the current through the short circuited path is

= % A =4 A (from a to b). Consider-

50y

ing the 80 V source acting alone the current
through the shon circuited path fn,! = .?-.EA

=8 A (from b to a).

Applying the Supperposition theorem the
net current through the short circuited path
I.=(20+4-8)A=16 A (from a to b).

Ay
Fig. 4.103(b) Determination of Ry
b
254(})  Zoa4a 10
(Ry)
a
Fig. 4.103(c) Norton's equivalent
circuit of Ex. 4.75
20 A 100 ‘ffoﬂ
+
- 80V
'va -

Fig. 4.104 Circuit of Ex. 4.76

e

+ +10

[

Fig. 4.104(a) Determination of (I5c)

100

40V

Thus, Norton’s equivalent current is Iy = 16 A. Next, removing all the sources, Ry, is

found out from Fig. 4.104(b) as R, = 10 0.
1 o

-0
Fig. 4.104(b) Determination of (Ry)

-'(—IqN

g‘iﬂﬂ

a
164 (& S0 200
Use) ) 1 (AW

b

Fig. 4.104(c} Norton's equivalent

circuit of Ex, 4.76
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From Fig. 4.104(c) the current through the 20 £ resistor can be found out as

10__ 4 =533 A (from a 10 b).

=16
* 10+20

4,77 Find the current through the 2 € resistor in Fig. 4.105 using Norton’s
theorem.

3A
©
3an
AN Af
L i
24V
§Bn 220
Fig. 4.105 Circuit of Ex. 4.77
Solution
Short circuiting the 2 £ resistor [as shown in Fig. 4.105(a)]. and with 25 V source acting
alone, the short circuit current through ab is [, = A ® _t . 267 A from ato b.
’ 6xd4 644
3o
6+4
3A
©
30
— MMM 1 a
40
24V =/
260 Vv
Ib
Fig. 4.105(a) Determination of I
Next with 3 A source acting alone, the current through ab is Irz =3x Hﬁ =2A
4+ takd
3+6
from b 1o a.

. the current through ab is
=1 -1, =261A-2A=067Afromatob.
Norton's equivalent resistance [Fig. 4.105(b)] is
Ix

6
Ry=4+— =6Q
3+6

The current through the 2 £ resistor [Fig. 4.105(c)] is / = 0.67 % ﬁ =0.5 A from
+

ato b,
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0
aQ |
WI' W" E a
40 !
26q ~— Ay 0e7a(}) Zen 20
ob b

Fig. 4.105(b) Determination of Ry  Fig. 4.105(c) Norton's equivalent circuit

478 Find Norton's equivalent circuit for the network shown in Fig. 4.106.

50V 200
—
100 -4

’ . A
10V T_ 300 §F-'r.

Fig. 4.106 Circuit of Ex. 4.78

Solution
Remove R; and short circuit the terminals [as shown in Fig. 4.106(a)].

S0V 200

—wW—

100V on l e

Fig. 4.106(a) Determination of Ig,-

The short circuit current is
100 + 50 x 30
20 30 0x10 30+10
20430 * 30+10

100 N 50 30
10+12 800+ 300

=59Afromatobiely=59A

Norton's equivalent resistance looking back from the open circuited terminals
2030 =120
20430
Norton's equivalent circuit is shown in Fig. 4.106(c).

.=

10+

[Fig. 4.106(b)] is (Ry) = 10 +
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200
AN
100
ANA i 59A D 220 Ay
300 - Ay (src) (Rw)
=]
Fig. 4.106(c) Norton's equivalent
Fig. 4.106(b) Finding of Ry circuit of Ex. 4.78

4.79  Find the current through the 1 £ resistor in the network shown in Fig. 4.107 using
Norton’s theorem.

10
M

15A(1) §2n gan .E.—zov

Fig. 4107 Circuit of Ex. 4.79

Solution
1 £2 resistor is removed and terminals are a b b
short circuited as shown in Fig. 4.107(a). o—p—0
The current through the short circuited
ath is
P 15a() §zn §an —20v
5w - - Moo=
2x3 3+2
243
s 20%3 Fig. 4.107(a) Determination of Igc
ST e

=5 A (from a to b)
Removing all the sources and open circuiting terminals ¢ and b [Fig. 4.107(b)], Ry =2 Q2

Ry

IR

203 ang sa(h  Zea 10

b
Fig. 4107(b} Determination of Ry,  Fig. 4.107(c) Norton's equivalent circuit

Thus the current through 1 € resistor [Fig. 4.107(¢)] is

2
I=5x — A=333A
241 [ EER R L]
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4.80  Find the current through 8 £2 resistor using _L J_
Norton’s theorem in the network of Fig 4.108. 100V + = agy
Solution - g 8a *
Short circuiting the 8 Q resistor as shown in 200 1o
Fig. 4.108(a), the current through the short
. . 100 30
ted path is Iy = —--—= =2 A (f
crenied PR BN 50 "0 (from a Fig. 4.108 Circuit of Ex. 4.80
to b). : a
Open circuting ab and removing the sources J_ T l
the Norton’s equivalent resistance [Fig. 4.108(b)] 00V ~aov
is - +
2010 In
= —— Q=660 200 100
20+10
The current through the 8 Q resistor [from
. 6.67 b
Fig. 4.108(c)] is (1) = 2 667 +8 09 A. Fig. 4.108(a) Determination of I,

zun§ <A §1un 2a(d §E.57u 8Q

Fig. 4.108(b) Determination of Ry Fig. 4.108(c) Norton’s equivalent
circuit of Ex. 4.80

:1;5"]. Find the current through the 20 £} resistor in Fig. 4.109 using Norton’s theorem.

gsn OFL

Fig. 4109 Circuit of Ex. 4.81

Solution

The 20 £} resistor is short circuited and the circuit is redrawn in Fig. 4.109(a). The current

through the short-circuited path due to 1 A current source only is [ e = 1 A (from ato b).
The current through the short-circuited path due to 5 A source only is !m_.: =5x

3 A= -] A (from a 10 b). Norton's equivalent current is then

5+4 9 2

Iy (=10 = g+, =143 =378 A,
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40 40

ssa  (Dsa . %50
a

1A lae -Ry
b

—G

Fig. 4.109(a) Determination of I Fig. 4.109(b) Finding of Ry

Next, removing the sources and open- a

circuiting terminals a and b [as shown in i
Fig. 4.109 Ry is obtained as (Ry) =4 + 5
gy Py ®) Ry is 3 (Rn 3.78A JD 90 200

The current / through the 20 Q resistor is
obtained from Fig. 4.109(c), where

b

=1.173 A (fromato b) Fig.4109(c) Norton's equivalent
circuit of Ex. 4.81

[=378x —2
9+ 20

414 EQUIVALENCE OF THEVENIN’S AND
NORTON’S THEOREMS

Figure 4.110 shows the equivalency of Thevenin’s and Morton’s theorems. It can
be proved that the equivalent circuits given by Thevenin’s and Norton’s theorem
yield exactly the same current and same voltage in the load impedance and they
are effectively identical to one another. In any particular problem, either theorem
can therefore be used. In most cases Thevenin's theorem is the easier to apply,
although when the network impedance is high compared with the load imped-
ance, the Norton's theorem concept may simplify calculations.

a
Active = Passive
network (A) network (B)

{with source) e {no source)
Thevenin's Norton's
equivalent equivalent

circuit circuit
a a
P fe(th) ]
Zi(=2y) Z
+ Isc (‘D § ZilZw) ?ZL
Voc
- b b

2" o

Fig. 4110 Equivalence of Thevenin's and Norton's circuits
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From Fig. 4.110 by applying Thevenin's theorem the load current is given by

v,

o

Z,+Z,

Iymy =

(4.42)

where V,_ = Open circuit voltage (Thevenin’s equivalent voltage source)
Z; = Thevenin’s equivalent impedance (or resistance for dc circuit), and
Z; = Load impedance of the load network.
On short circuiting the terminals a and b of the Thevenin's equivalent,

V,

=% .
I Z (4.43)
or V=1 %X Z (4.44)
However from Norton’s equivalent circuit [Fig. 4.110(b)], the load current is given by
I xZ '
! = i 4’
M=z sz, (445)
Substituting the equation (4.44) in equation (4.45),
VW
T = Z,+2, (4.46)
Comparing equation (4.42) and equation A, a
(4.46) ) AN
Thus for any passive network, being g—— Rz 391.
connected to an active network, one can B
have equivalent representation of Norton's
equivalent or Thevenin’s equivalent circuit Fie. 4111 Circuit iHustrat-
(i.e. both the theorems are equivalent to g 4111(a) :’n;c:.a;ung;ccz of

each other). For easy understanding, a
simple example is shown in the circuit of

Fig. 4.111(a). .
From Fig. 4.111(b) the load current is
ER,
I _ R+R, ER,
L R R, . RiRy+R R +RR;
R +R, -

Thevenin's and
Norton's theorems

(4.48)

[~ In Fig. 4.111(a), removing R, the equivalent resistance R,
looking back to the network from a - b, is

{ iRy } and V,. is then {( E ]xR,}}.
R +R, R +R,
it (th) a Iim

o ' Wi A, -
e
luhh. + A . (D §FTJ=[H'~.||Ha) éﬂa

n . -

8 - : b

Fig. 4.111(b) . Thevenin’s equivalent
circuit )

’ fig. 4.111(c) Norton's equivalent

circuit
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On the other hand, from Fig. [4.111(c)] the load current is given by

E R R, ER,

. R RAR R +R, |
UM R R, +R RiRy+R Ry +RyR;
R+R, * R +R,

ER,

=

RR,+RR +RR;
[ Removing R, from a—& terminal and applying short circuit at g — b, current

through the terminals a-b is (I,.) i.e. [Ri] while the internal resistance of the
1
R R
network is {R:= L2 }]

1 I £x:
Thy = =
Lom) = TLUM ™ R R, + R R, +R,R,

(4.49)

415 MAXIMUM POWER TRANSFER THEOREM

As applied to de networks this theorem may be stated as follows: A resistive load
abstracts maximum power from a network when the load resistance equals the
internal resistance of the network as viewed from the output terminals, with ali
energy sources removed, leaving behind their internal resistances.

This theorem is aplicable to all branches of electrical engineering including
analysis of communication networks. However the overall efficency of a network
supplying maximum power to any branch is only 50%:; hence application of this
theorem to power transmission and distribution networks is limited because in
that case, the final target is high efficiency and not maximum power transfer. But
in electronics and communication network as the purpose is to receive or transmit
maximum power, even at low efficiency, the problem of maximum power transfer
is of crucial importance in the operation of communication lines and antennas.

E Hlustration

E Figure 4.112 shows a simple resistive network in which a load resistance R; is
: connected across terminals @ and b of
E the network. The network consists of a
* generator emf(E) and internal resistance
r along with a series resistance R. The r
internal resistance of the network as
viewed from the terminals a and b is E
(Ry=r+R.
According to maximum power trans- b
fer theorem R, will abstract maximum Fig. 4.112 Circuit for illustrating
power from the network when maximum power fransfer
R,=R,or B, = (r + R). theorem

I AR a

Ay
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4,15.1 Proof of Maximum Power Trarisfer Theorem

Let us assume that current I flows through R_._ in the circuit shown in Fig. 4.112.

Obviously, [ = R+R,
Power across the load (P, ) = IR, = (R +R,)? L (R +R, )’ (4.50)
For P, to be maximum,
dP
L _p
dR;
Differentiating Eq. (4.50),
dh, _ o RitR ) -2R (B4R |
R, (R, +R.) -
or R]- + RL = ZRL
or RI. = R‘i =r+ R
Thus for maximum power transfer, R, = R;.
. . E2 E:
The maximum power is (P )= PR, = ——=— _ xR, = =
p (Pronax L= 7 R +R, ) LT R,
. . E? E?
The power delivered by the source is (El) = ———= .
(R, +R,) 2R,
. . ... ETIAR,
So the effeciency under maximum power transfer condition is ————=—=
E*2R, 2
(or 50%).

4.82 Calculate the value of R, which will abstract maximum power from the circuit
shown in Fig. 4.113 Also find the maximum power.

50 100
Ay Ay

+ +
lt]v—.z —.220\.' §H‘;_

Fig. 4113 Circuit of Ex. 4.82

Solution 50 100
Removing all the sources and open circuiting YW MW °
the terminals of R, [Fig 4.113(a)] the internal

resistance R; of the network is found out as ~— R,
10 &,

ie., k=100

. For maximum power transfer o

R, =R=100Q Fig. 4.113(a) Determination of (R})
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Again for R; = 10 £, the total current through R; due to both sources is given by

20 5 _ia
Sx(10+10) S5+10+10
5+10+10

[The current due to 10 V source circulates through 5 £ resistor and 20 V source only]
The maximum power across load is

ﬁRLﬂ[I]zKH]':IOw assEmEN

4.83 Calculate the value of R, which will absorb maximum power from the circuit
shown in Fig. 4.114. Also calculate the value of this maximum power.

10

10V =+ $A %20 M1a

Fig. 4114 Circuit of Ex. 4.83

Let R be removed and internal resistance of the l l
network is calculated looking from the open | |
circuited terminals after removing all the sources —A; g 20
as shown in Fig. 4.114(a).
' y T T
Here R, = X2 ao2g
1+2 3 Fig. 4.114(a) Determination of (R))
ie. R=R = % Q = 0.667 £ [for maximum power transfer]
The current through R due to both the sources acting simultaneously is given by
2x1
I= 10 X—2 _41x 241
066Tx2 2+0.667 2x1
— 0.667 + —
0.667 +2 2+1
=4998 +0.5=55A )
The value of the maximum power is (5.5)% x 0.667 W = 20 W. tasanas

4.84 Obtain the maximum power transferred to &; in the circuit of Fig. 4.115 and also
the value of R,.

20 50
A A A]

A% (D24 350 320 2R,
10V

Fig. 4115 Circuit of Ex. 4.84
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‘Solution

R, is removed and its terminals are open circuited. Deactivating the sources the internal
resistance R; of the network can be found out from Fig. 4.115(a).

10x5
R = +202] +5=6450
10+5

Thus, according to the maximum power transfer theorem the value of RL is 6.45 Q for
maximum power transfer.

20 50
l A A
mng gsn §zn -—R;

Fig. 4.115(a) Finding of (R

Next, considering the 10 V source acting alone in the network the total current sup-
plied by the 10 V source [Fig. 4.115(b)] is

1=—2 __ _ops2A
5x3.7
10+
5437
20
M
100
50 —::::'::ﬂ.?ﬂ
1nv.|. :

Fig. 4.115(b) Current (I} for 10 V source only

. Current through R; due to the 10 V source only is
5 2
=0.82 x P4 =0.07
h 5+2+17 2+5+645 A

Again considering the 2 A source acting alone, the current through the 2 £ resistor is

r=2x —10 3 A_04139A
10,3737 5+2+17 -
5+37
20
R

10032 (Dz.n 250 3170

Fig. 4.115(c) Determination of current through 2 L resistor for 2 A source only
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Hence the current due to the 2 A current source through R; is
2
= 04739 % ————— =0.07
: I Tsreas M T00TA

Applying the superposition theorem current through Ry (when both the sources are acting
simultaneously) is

I=1+1L,=007+007=014 A
~. Maximum power transferred across R, is

PR, = (0.14)* x 6.45 = 0.126 W.

4.85 Find the value of R in the circuit of Fig. 4.116 such that maximum power transfer
takes place. What is the amount of this power?

1101 50
AA SAAs
4v C) 20 § 10 2R
+ -
6V
Fig. 4.116 Circuit of Ex. 4.85
Solution
A . . 10 50
Deactivating all the sources, internal resistance A A o
R; of the network is found out as shown in
Fig. 4.116(a).
i 20 31Q =R
Ry=|—+5]11
2+1 .
2 267Xl esn Fig. 4.116(a) Determination of (R;)
5.67+1

According to the maximum power transfer theorem the maximum power takes place
across R when R = R; = 0.85 .
The current through R due to the 4 V source acting alone is

_ 4 2 1
' Trossxi x 1085 14085
e 2454+ ———
[[o.ss 1 +5]" 2} +l 1+085
=4 w2 _om5A
546x2 13.8
+1
3.46+2
The current through (R) due to 6 V source acting alone is
= 6 = S =353 A
1%2 5.6'?'.'&1_'_[:.85
m+5 I [+0.85 56141

According to superposition, the current through R when both the sources are acting
simultancously is

I=1 +1,=0235+3.53 = 3,765 A.
Thus the maximum power is IR = (3.765)° x 0.85 = 12 W, cammmra
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4.86 Assuming maximum power transfer from 1n 10V 32

the source to R find the value of this power in

the circuit of Fig. 4.117.

Solution % %
Deactivating the source the internal resistance

R; of the network is found from Fig. 4.117(a);

4(1+2+3)

Re=f4 — 777 Flg. 4.117 Circuit of Ex. 4.86
! 4+(142+3)
4%6 10 20 50
=5+ —0 =5+424=74Q v W WA—
According to the maximum power transfer theo- 40—
rem, the maximum power transfer from the Ay
source to R occurs when AMN o
R=R =740, 30
The current through R due to 10 V source is Fig. 4117(a) Determination of (R;)
= 19 A=1108 A
4x(5+74)
1+2+43 4 —ovx——
4+(5+74)
Hence the maximum power transfer from source 1o R is
PR = (1.108)° x 7.4 = 9.08 W.

4.87 Find the value of R, for which the power transfer across R, is maximum and find
the value of this maximum power [Fig. 4.118].

‘f_i: 10 10V
i
N, M ¢4
§ 50 Re
b
Fig. 4.118 Circuit of Ex. 4.87
Solution
Deactivating the sources the internal resis- 10
tance of the network is found out looking & VW @
back from the open circuited terminals of R,
[as shown Fig. 4.118(a)].
Ri=1+5=6Q. 250 A
Powcr transfer across Ry is maximum when
R.] R.L =60. Q
The current through (R) is Fig. 4.118(a) Determination of (R;)
= 10 -5x 3 (from a to b)
6+5+1 5+1+6

==1.25 A(fromatod) or 125 A from (b toa)
The value of the maixmum power is obtained as
PR, =(1.25° x 6 = 9.375 W.
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4.88 In the network shown in Fig. 4.119 determine all branch currents and the voltage
across the 5 Q resistor by loop current analysis.

v la I gan D 25V
A AN AN o
60 c 80

Fig. 4.119 Circuit of Ex. 4.88

Solution
Let I, and I, be the loop currents. Applying KVL to loop ABCAA

A, +5(,-1)+61,=50
or 141, - 51, = 50. (1]
Applying KVL to loop BDD'CB

2y + 25+ 8, +5(1,- 1) =0
or =51, + 151, = -25. (ii)
Solution of equations (i) and (ii} yields

I,=33784 Aand [, =-0.541 A
The current through 3 Q and 6 £ resistors is thus 3.3784 A from A to B and C to A’
respectively. The current through 2 2 and 8 ( resistors is 0.541 A from D to B and C to
D’ respectively, while the curent through 5 £ resistor is
1,1, =3.9194 A from B to C.

Voltage across 5 £ resistor is 5 X 3.9194 = [9.597 V, EhsmE

4.8.9- In the circuit shown in Fig. 4,120 find current /..

wa 18V

®

12V C r.,j, 250 §?5a

N\

=/
Q 2A
zun.

Fig. 4.120 Circuit of Ex. 4.89

Solution
The circuit is redrawn as shown in Fig. 4.120(a).
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1000

12V

Fig. 4.120(a) Circuit of Ex. 4.89 redrawn

The 2 A current source can be replaced by an equivalent voltage source of 20 x 2 = 40
V in series with a 20 £ resistance and the modified circuit is shown in Fig. 4.120(b).

1000 p :ﬁl‘: 750
W \:_':j AN
12v CD S 250
O
@ e

Fig. 4.120(b) Modified circuit

The two-voltage sources in series can be combined into a single source as shown in
Fig. 4.120(c).

1000 p ;B_.:
W\r -+
_
12V CD D -'al 250 9 §95n
Q

Fig. 4120(c) Finally reduced circuit of Ex. 4.89

Let /; and I, be the loop currents applying KVL in these two loops
1007, +25(, - 1,) =12 ®
and 951, + 25(1, - I,) = 58 (ii)
Solving the two equations (i) and (ii).
I} =0201 Aand I, =0.525 A
o~ I, (=1, - I;) =-0.3242 A (from P o Q)
or, I, =0.3242 A (from Q 10 P).
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4.90 From the circuit shown in Fig. 4.121, P 10
use loop analysis to determine the loop s My
currents Il" 12, IE' 210 l‘a 10
Solution A RS ¢
From Fig, 4.12] the current source of 1 A is
equivalentto (I, - I ), ie, , -, =1 A. (i) 2V C) Iy 1A & é 20
From loop ABCPA

-+ 1h-)+ L3 x1=0 L l
or -2, -L+4l,=0 (ii) D E F
From loop ABCFEDA Fig. 4.121 Circuit of Ex. 4.90
or 2 +3L,-3,=2 (iii)

Solving the three equations (i), (i1), (iii) we obtain
1 10 2
L==-—A, IL=— d -
1 T A, L T A and /4 T A.

1.1;9.1. In the circuit shown in Fig. 4.122 determine the voltages at nodes 1 and 2 with
respect to the reference point.

vy S0V,
AN
Applying nodal analysis at node (1), @ @
v\ Y-V 2A 40 60 3A
412 220 4
4 5 ref
or 9V, - 4V, = 40 (i) -
Applying nodal analysis at node (2), Fig. 4122 Circuit of Ex. 4.91
V.-V, V¥
20 07 3.0
5 6
or -6V, + 11V, =90 (i)
Solving equations (i) and (ii)
V|=lU.ﬁ'5? Van‘d V2=14V. EEEmEEEE

4.92 In the circuit shown in Fig. 4.123 find voltage at node A.

3n
A

70 A 4
A\ AA

14 (}) gtn C ev  3a(}) §1un Ci 12V

Fig. 4.123 Circuit of Ex. 4.92
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Solution

Since the 3 A current source is in parallel with the 10 £2 resistor, hence converting the
current source into the equivalent voltage source and replacing the parallel combination
of 3 £ and 4 © by a single resistance [Fig. 4.123(a)] we can write nodal equation at node
A as

+
10 7 12
7
or v,,(l+l+l]—3—ﬁ-?=o
10 7 12 7
or V,=1314V
4x3_12
. 70 A 4+3 7
A
100
1AG) §1n (st C: 12V
3ov

Fig. 4.123(a) Network reduction of the circuit shown in Fig. 4123

4.93 Using mesh analysis obtain the values of all mesh currents of the network shown in
Fig. 4.124.

Fig. 4124 Circuit of Ex. 4.93
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Solution
From Fig. 4.124 it can easily be observed that
1-3 = 2 A.
h=-H=3A
and h-ig=1A

By applying KVL to a closed loop which does not have any current source (loop ABCDMA)
we obtain
=1+ =3 +h+ij=-5+(-ix)+(ij-iy)=0
or 2y +iy+ 2 =13
As i) = (i; = 3) and iy = (i; - 1), hence from above we can write,
Wiy =3) +iy +2iy-1)=13

or =42 A
Hence, h=42-3=12Aand ij=42-1=321A,
o E| = 1.2 A; l.-z =42 A, 1‘3 = ZA.; flq_ = 32 .A..

FEsEREN

Determine the current in the conductor of 2 Siemens of the network shown in
Fig. 4.125 using node voltage analysis.

My AN

2v = 32s 21s (3 10A

n

Fig. 4.125 Circuit of Ex. 4.93

Solution

Replacing the current source by an equivalent voltage source the new transformed circuit
is shown in Fig. 4.125(a). Here there are two nodes (1) and (2). Let node (2) be taken as
the reference node and let V be the potential at node (1).

58 45
WA

2V — 25
10V
2

Fig. 4.125(a) Transformed circuit of Fig. 4125

Hence (V=25 +Vx2+(V+10) (4 +1)=0
40
V= —— =-3333.
or 12

Hence current through conductance of 2 Siemens is —3.333 x 2 = - 6.67 A. This current is
directed from (2) to (1).

EREREEA
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4.95 Using loop equations obtain the current in the 12 £ resistor of the network shown
in Fig. 4.126.

60
—AA

180V
45 A

154 (1) §4n \ §1zn
2402

30V
Fig. 4.126 Circuit of Ex. 4.95

Solution
Let us first replace 15 A current source by an equivalent voltage source; the correspond-
ing figure is shown in Fig. 4.126(a).
Here Li-1,=45 (i)
Applying KVL in loop ABCDA

60, + 180 + 24(, - 1) + 30 + 6f, + 60 =0
or 61, + 300, — 241, = =270
or Iy + 5L, - 4l = -45 _ (ii)
Applying KVL in loop BEFCB

1215 + 24(1; - I,) - 180 =0

ar - 241, + 361, = 180
or — 2, + 3= 15 (iii)
A 60 B E
AN o

40

D 20 c F
30V
Fig. 4.126(a) Transformed circuit of Fig, 4.126

Solving equations (i), (ii) and (iii)
L=6A1L=9Aandl,=-39 A
». Current'in the 12 Q resistor is !3‘29151. sasEmEn
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(N X ] AAasasEsisniEERABRNES RS

5;9'1.‘._ Use node voltage analysis determine the power in the 2 Q and 4 Q resistor in the
network of Fig. 4.127.

1A
@
A F—an—2 c&i
20 40
1n§ 3n 5n§ ()isv
10

Fig. 4127 Circuit of Ex. 4.96

Solution

There are four nodes in the network of which D is considered as the reference node.
At node A
Vv, =V,

A58 +V,-1=0
or IV =Vp=12 (i)
At node B
Vv, -V | V,
A BB LB o
2 4 3
or OV — 6V, +3V; -3V +4V;=0
or 6V, + 13Vy-3V,-=0 (1)
At node C
V. -V V V. -6
u+_‘;+c_. +1=0
4 5 6
or ISV = 15V + 12V + 10V - 60 + 60 =0
or =15V + 37V =0 (iii)

Solving equations (i), (ii} and (iii)
V,=08031V, Vz=04088 V and V.= 0.1658 V

V, =Vg)?  (0.8031-0.4088)?
- Power in the 2 £} resistor = (Va—Va) ={ )

2 2
=0.078 W
- i _ 2

Power in 4 £} resistor = Vs 4VC] [= (04068 40'1658} ] = 0.01476 W,
4.97 Determine the Thevenin’s equivalent 5A
circuit with respect to terminals A, B for - oA
the network shown in Fig. 4.128. Ny
Solution

12A 120 40 3A
From Fig. 4.128 it is evident that open cir- D § G)
cuit voltage V.. between A and B is the

voltage across the 4 € resistor. The current ©B
through the 4 € resistor due to the 12 A Fig. 4.128 Circuit of Ex, 4.97
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source is zero due to the presence of 5 A current source. The other two current sources
deliver 5 A and 3 A current in the same direction through the 4 Q resistor. So voltage
across the 4 £ resistor V. is [4 X (5 + 3) = 32 V]. Next, removing all the sources
Thevenin's equivalent resistance can be obtained as shown in Fig. 4.128(a).

J: R

§12n §4n “—Am 82V TV,

o— T o B < B

Fig. 4.128(a) Determination of Thevenin’s Fig. 4.128(b) Thevenin's equivalent
equivalent resistance network of Ex. 4,97

Here R, =4 Q
The Thevenin's equivalent circuit is shown in Fig. 4.128(b). sessans

4.98 Find the Thevenin's equivalent circuit at terminals A8 for the network shown in
Fig. 4.129 and hence determine the power dissipated in a 5 £ resistor connected between
A and B.

2A
100 100
SAA Ay AMN—
100

10\!(:) (D14 2200

mo

Fig. 4.129 Circuit of Ex. 4.98

Solution

Converting the current sources into equivalent voltage sources [Fig. 4.129(a)], current J
through 20 £ resistor is given as

_ 20+10-20 025 A
T 10+10+20
20V
100 100G 100
A @ AA——. AM——o A
1V 200
I
20V

ol
D

Fig. 4.129(a) Modified circuit
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Vry, = Voltage across CD
=20+20x025=25V

To find Ry, deactivating all sources [Fig. 4.129(b)] we get

20x(10+10
Ry =10+ X000 _ 59
20+ (10 +10)
100 100 100
AMM AN AN~ <A
§2an ~— Am
—o 8

Fig. 4129(b) Determination of Rm
Thevenin's equivalent circuit is shown in Fig. 4.129(c).

20Q
AN A

Fan
25V -I- Vore(=Vin)

°8
Fig. 4129(c) Thevenin's equivalent circuit of Ex. 4.98 sesenan

45:_9; Obtain Thevenin’s equivalent circuit with respect to terminals A and B of the
network shown in Fig. 4.130.

2A
)
SV\._.aa"n
+—
o |
2 LA PP 4V 60
-+ WA o B
0.5A SA
©

Fig. 4.130 Circuit of Ex. 4.99

Solution

Let us first convert & V and 10 V voltage sources into corresponding current sources and
9 A current source into voltage source [Fig. 4.130(a)]. Nexti Fig. 4.130(a) is reduced to
Fig. 4.130(b).

Next we convert 5.5 A current source into equivalent voltage source as shown in
Fig. 4. ]3(](1:) Figure 4.130(d) shows further neiwork reduction.

The current [ through the loop in Fig. 4.130(d) is

39
f=—A =355A
8+3
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2A
<
A
N
o AN
A 30
7~ B
AN -+ +-
2a \;-\:'j 54V B0
S,
05A
S
5A
Fig. 4.130(a) Conversion of sources
3n
Ac AW
20 | | _QE
WA AWy
av s4y 80
S,
5.5A
Fig. 4.130(b} Network reduction
3aq
Ao AN o B
OO
v 20 g5y 80
Fig. 4.130(c) Reduced network
3n
Ao AN, - B
|
- A
N
38V 8a
Fig. 4130(d) Finally reduced network
s Vq, = Voltage across the 3 Q resistor 2180
=3%355V=1065V. J_ MW °
+
Thevenin’s equivalent resistance Ry, = % (o] 10.65V 'I' -
+
=218Q.

Thevenin's equivalent circuit is shown in Fig. 4.130(e) Thevenin's equivalent
Fig. 4.130(e). network of Ex. 4.99

FEFERER
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4.100 Determine the Thevenin's equivalent of the bridge network shown in Fig. 4.131

as seen from the galvanometer terminals B and D and hence deiermine the galvanometer
current when R = 50 €.

100

AAY
1002 200
10V —..—: B D
200 ann

Fig. 4.131 Circuit of Ex. 4.100

Solution

To find the Thevenin's equivalent voltage across BD, the galvanometer is open-circuited
and the corresponding figure is shown in Fig. 4.131(a). The circuit of Fig. 4.131(a) can
then be reduced to that shown in Fig. 4.131(b}.

P
T A 100
100 200 A
mv—..: B o o D +
- ov=" 003 gaon
200 300
° Q

Fig. 4.131(a} Circuit configuration with Fig. 4.131(b) Reduced network
galvanometer removed

Current through the 30 Q resistor = — 039 _ _ 0217 A,
30x50 50+30
10+
. 30+ 50
10x 30
Current throuch the 50 £ resistor = A =013 A,
< Currenis ooueh PB and PD in Fig. 4.131(a) are 0.217 A and 0.13 A respectively.

|.“, = VHD = VFD - VPB = 20 X 0-13 = u-z'? *x 10 =ﬂ.43 v
To lind Theyvenin's equivalent resistance the voltage

source is shont circuited as shown in Fig. 4.131(c)
Converting delta network into equivalent star 100 200
network Fig. 4.131(d) is obtained.
10x10 100
| = ——— =250 B b
10+ 20 +10
10x 20
R, = -5Q 200 300
40
20x 10
Ry = =50 Fig. 4.131(c) Finding of Ry,




DC Network Analysis

1002 200
Bo §1on D

200

285

LR

Fig. 4.131(d) Network reduction for network shoum in Fig. 4.131(c)

The equivalent resistance across terminal BD can be found out from Fig. 4.31(e) as

22.5%35
Rp=5+——— =18.696 Q.
2254135
250 2002
50
B o—AN— D
- 50 300

Fig. 4.131(e) Finally reduced network

Thevenin's equivalent of the bridge network is shown in Fig. 4.131(f).

18.696 0
VWA B
A
043V = 4 Ag=50Q
. — G =
Vin
D

Fig. 4.131(f) Thevenin's equivalent of Ex. 4.100

The galvanometer current is given by

=043 A _00063A=63mA
18.696 + 50

4.101 Find Norton’s equivalent circuit at terminals A and B for the network shown in
Fig. 4.132 and hence detenmine the power dissipated in a 5 £ resistor 10 be connected

between terminals A and B.
10V 100
AN
+
v :l“

10 100

A
©

oA (‘P”‘ gzon

AAN——o A

Fig. 4132 Circuit of Ex. 4101
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Solution

First we convert the current sources into equivalent voltage sources and short circuit
terminals AB [Fig. 4.132(a)].

100 20V 400 100

"20v

Fig. 4.132(a) Conwversion of sources

If I, and I, be the loop currents then

104 (104 10) I, + 20(/, - 1) = 0 (i
and ~20 + 200, - 1) + 10, =0 (ii)
Solving Egs (i) and (ii) we get
L,=125A

Now, Norton's equivalent current i.e., the current through short-circuited path AB is
given by
Iy=125A

To find Norton’s equivalent resistance, AB is open circuited and the sources are removed
as shown in Fig. 4.132(b).

Re=10+ X2 _9q
20+ 20
100 100 100
AN AN AMA— A q A
\\
1
200 <—Ay } 200 % 50
g -‘n() (RN
’
£
o g —' B
Fig. 4.132(b) Finding of Ry Fig. 4.132(c) Norton's equivalent

circuit of Ex. 4.101

Norton's equivalent circuit is shown in Fig. 4.132(c).

So, the current [ through 5 £ resistor connected between terminals A and B is
I=125x% 20 =1 A
20+5

Hence power dissipated through 5 Q resistor = 1 x5 =5 W. srsrean

4,102 In Fig. 4.133 the galvanometer G has a conductance of 10 S. Delermine the
current through the galvanomneter using Thevenin's theorem.

Solution
Let us first see open-circuiting terminals AB (Fig. 4.133(a)]
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180 .
g Y. A
10 20
1ma (1)
WA B
Q 190

Fig. 4133 Circuit of Ex. 4.102

P
P 18 ﬂ A I I»
AW p
AA- 1mA kD 10 180
10
1mA 8 8 A
190 190 20
A
Q 20
Fig. 4.133(2) Circuit with galvano- Q
meter removed Fig. 4.133(b) Modified circuit of Fig.
4.133(a)
Figure 4.133(a) is redrawn as shown in 8
Fig. 4.133(b).
From Fig. 4.133(b) current through the 1 £
resistor is
L=1x —2 _ =05mA
1 20+ 20 . 10 190
and current through 18 £ resistor is also P Q
20
L=1 =10.5 mA.
2 * 20+ 20 180 20

Now  Vyp=Vpy—Vpy
=1x05-18%x05=-85mV

[Il:n.ninal B :ls at highcf potential]. Fig. 4.133(c) Determination of Ry,
To find Thevenin's equivalent resistance cur-

rent source is open-circuited and the network

of Fig. 4.133(c) is obtained. amn 8
(18 + 119+ 2) A
Hence Rpy= — ———— =9975Q th
(18 +1)+(19+2) 8.5mV +Vm 1
From Fig. 4.133(d) current through the galva- - o Q
nometer of 10 5, i.e. 1/10 £ resistance is
85x107
———A=0844x107A A
9975+ L Flo 41 N
10 ig. 4.133(d) Thevenin's equivalent

= (.844 mA of Ex. 4.102
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4.103 Determine the current through the 1 £ resistor connected across A, B of the

network shown in Fig. 4.134 using Norton's theorem.

s A
’Eﬁ?\.
§1ﬂ
N ssa (O sea
AN s 8
20

Fig. 4.134 Circuit of Ex. 4.134
Solution

Removing the 1 € resistor and short-circuiting the terminals AB the circuit is redrawn as
shown in Fig. 4.134{a). The | A current source has been transformed into voltage source.
Applying KVL to the three loops we get the following three equations:

M +2h-1)+1-3=0 oA
or 51, -2, =2 (i)
U= 1 +2,-1) =0
or 4, -2 =1 (i)
and AL -L)+2UL-1)=0
or =2 -2+ 4L =0 {iii)

Solving the three equations (i), (ii) and (iii) we A

get Iy = 0.59 A. Hence the current through the
shn;'l circuited path AB is [; = 0.59 A, ie. Iy = Fig. 4.134(a) Determination of (Iy)
0.59 A,

To find Ry, a!l the sources are deactivated and open circuiting terminals AB
[Fig. 4.134(b)], we get

Ix2 2x2
Ry= —= 4222 2220
3+2 242
A
3n §zn ° A
0.59A (4 220 10
20 2q (US) ) (Rw) §
< B
8 Fig. 4.134(c) Norton’s equivalent
Fig. 4.134(b) Determination of (Ry) circuit of Ex. 4.103

From Fig. 4.134(c) the current through the 1 £ resistor is

059 x —22_ A = 0.4056 A.
2241
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4.104  Solve the above problem (Example 4.103) using the superposition theorem.

Solution
Considering a 1 A current source acting alone, the circuit shown in Fig. 4.134, transforms
into the circuit shown in Fig. 4.135.

A

20
M

1a(}) 230 20 §1n

. AAA, . {B
c 20
Fig. 4.135 1 A source is acting alone in circuit of Fig. 4.134

The circuit further reduces as shown in Fig. 4.135(a).

A
20 10
1A 3n 220 MWy
AN B
20

Fig. 4.135(a) Reduced circuit

Next, Fig. 4.135(a) is simplified into Fig. 4.135(b) and then into Fig. 4.135(c).

A A
6
-5-.'21
6 10 R 10
1A 0 -]
5 v
A B B
10 10
Fig. 4.135(b) Network reduction Fig. 4.135(c) Finally reduced circuit
with 1 A source acting
only
The current through the 1 £ resistor when the current source acts alone is given by
8
3 3 A =0.375 A (from A to B)
g +1+1

Next, considering the voltage source acting alone, the network in Fig. 4.134
transforms into Fig. 4.135(d).
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7 A
20

AW s )|
203 D 210
1

@ém_

AN 4 B
20

Fig. 4.135(d) Voltage source acting alone in circuit of Fig. 4.134

Applying KVYL in the three loops the following three equations are obtained:

20, -1 + 1+ 3, =0 ()
Al -L)+2,-1=0 (ii)
and I+ 2(l,- 1)+ 20, - 1) = 0 (ii)

Solving these three equations, I; = 0.03125 A (from A to B).
Applying superposition theorem current through the 1 £ resistor (when both the sources
are acting simultaneously) is 0.375 + 0.03125 = 0.40625 A (from A to B). peppap——

4.105 Using the superposition theorem find the voltage across the 20 £ resistor of the
circuit shown in Fig, 4.136,

1.5A
i\
L
A 200 B
e
10V
16V (H)sa Se0n

Fig. 4.136 Circuit of Ex. 4.105

Solution
Let us consider that the 16 V source acls —0 o—
alone; removing the other sources the cir-
cuit configuration is shown in Fig. 4.136(a). A 200 B
The current through the 20 £ resistor is Iy

I = 16 A =0.16 AfromAw B o L

20+ 80 16V g 800
Considering 10 V souorce acting alone the °
circuit is redrawn as shown in Fig. 4.136(b).
. 10

Current through the 20 L is 1, = 20+ 80 A Fig. 4136(a) 16 V source acting alone

= (.1 from B to A.
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p— O o
A Iz 13 I A 20 1B
+|' =
200 I i
2800 OFL $s00

Fig. 4.136(b) 10 V source acting alone  Fig. 4.136(c) 3 A source is acting alone

Next, considering 3 A source acting alone
the corresponding circuit is shown in
Fig. 4.136(c).

Current in the 20 Q resistor is f; = 3 x 200

80 A -24AfomBroa YW
20+80

Considering the 1.5 A source acting alone
the correspoding circuit is shown in
Fig. 4.136(d).

As there is a short circuit path in parallel
with 1.5 A current source, hence no current ;
flows through 20 £ resistor due to this Fig. 4.136(d)
source,

Applying superposition theorem, when all the sources are acting simultaneously the
current through the 20 € resistor is (fy + /3 - 1)) = (0.1 + 2.4 - 0.16) = 2.34 A from B o A,
or voltage across the 20 £ resistor is 2.34 x 20 = 46.8 V,

OF

2800

1.5 A source acting alone

4,106 Determine R, in Fig. 4.137 for maximum power transfer to the load.

Solution
The two-delta networks, one formed by 3 numbers of 6 £} resistors and another by 3
numbers of 21 £ resistors, are first converted into equivalent star network.

10 210 30 60 A
rW\ A Wy Ay
20V =" 210 210 sn% %sn
2 A
50

Fig. 4.137 Circuit of Ex. 4.106

21% 21
H =" _0=70
e T 21421421

6x6

*® a=20

2T 64646
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The corresponding network is shown in Fig. 4.137(a).

10 30 A

20V =

Fig. 4.137(a) Circuit reduction

The network shown in Fig. 4.137(a) can further be reduced to Fig. 4.137(b).

80 120 20 80 120 20
A A
20v -[Tf %zn %2:: %RL ‘ %zn %mn R,
8 o B
Fig. 4.137(b) Finally reduced circuit Fig. 4.137(c) Finding of (R)

For maximum power transfer to the load R, the value R; should be equal to R; which is
equal to the internal resistance of the network. R, can be found from Fig. 4.137(c) remov-
ing the source and open circuiting terminals A8 (Fig. 4.137 (c)).

R o=r= 22 b2
TR g+ 12

16.8x12
= +2 =90
168+12 sassens

4.107  Using the superposition thearem, find the current through R, in the circuit shown

in Fig. 4.138.

AN
150

sa(d) §5n ton > %08

R =50 (*)asv

Fig. 4138 Circuit of Ex. 4.107

Solution
Converting the current source into equivalent voltage source the transformed network is
shown in Fig. 4.138(a)

Considering the 20 V source acting alone, the circuit is shown in Fig. 4.138(b).
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A
WA
150 h
50 150
S wa
20V * Ry
T— 50
B

Fig. 4.138(a) Conversion of source Fig. 4.138(b) 20 V source acting alone

The current through R; is

=20, %
20x40 ~ 40+20
20+ :
20+40
2040 800 _8

= = =— =04 A (from A to B)
20x60+20x40 1200+800 20

Considering the 25 V source acting alone from the circuit, is shown in Fig. 4.138(c), the
current through (R;) is

L= ?520 %:22550 =0.25 A (from A to B).
40+22 %
2
A 40 0
AN
150
1502 +
—_ 25V
50
50
A
B

Fig. 4.138(c} 25 V source acting alone

Applying the superposition theorem when both the sources are acting simultaneously the
current through R, is

I + I, =04 +0.25 = 0.65 A (from A to B)

-_i;llﬂ.s. Find the current through the 2 £ resistor as shown in Fig. 4.139 using the
Superposition theorem.

Solution

Considering the 2 A source acting alone, the corresponding circuit is shown in
Fig. 4.139(a).
Fig. 4.139(a} is redrawn in Fig. 4.139(b).
Now the current through the 2 £2 resistor is
L=2x ——— =2 _ 0424 A (from P 10 A)

4x3 47
[+2+——
443
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2a(}) Fev 403 o 2a(D) sag

Q ' Q
Fig. 4.139 Circuit of Ex. 4.108 Fig. 4139(a) 2 A source acting alone

20

10 an
2A § 10
2 (D A Nl :
40 3n -T 8V 4
a Q
Fig. 4.139(b) Simplified circuit Fig. 4.13%(c) 8§ V Source act-
ing alone
Considering the 8 V source acting alone, the corresponding circuit is shown in
Fig. 4.139(c).
Current through the 2 Q resistor is
L= - xL="L - 0727 A (from P o 4)
442
2
Using superposition theorem, net current through 2 Q resistor is {| + [, = 0.424 + 0.727 =
L.151A. ssssans

4,109  Find the current through the 2 £ resistor of Fig. 4.13% using Norton’s theorem.
Solution

Let us short-circuit the terminals PA afier

removing the 2 Q resistor. Now we P A
consider the 2 A source acting alone the Ay Ay
(corresponding circuit being shown in 1Q 3a
Fig. 4.140).
Figure 4.140 can be further reduced to  2A (1) § 40
the circuit shown in Fig. 4.140(a).
The short circuit current due to the 2 A
source acting alone is o
1 2x7 14 . _—
fa=2x - 3 D1 Fig. 4140 Circuit of Ex, 4.109
4+3

(from P to A).




DC Network Analysis 295

Fig. 4.140(a) Reduced network with 2 A source acting alone

Considering the 8 V source acting alone, the current P g2
through the short circuited path can be found from
Fig. 4.140(b). Current through short circuited path
due to the 8 V source acting alone is

L= 8 3 ._A {from P to A). 8V _—-_: 40
L 3x1 34119
3+l

Applying the superposition theorem the current N
through the short circuited path when both the sources Fig. 4.140(b) 8 V source act-
are acting simultaneously is ing alone
14 24
Le= (19"' 19] =24

Hence, Norton’s equivalent current /= 2 A

Now to find Norton's equivalent resistance Ry, all the sources are deactivated and
open circuiting terminals PA the circuit configuration shown in Fig. 4.140(c) is obtained.

Ix4 12 19
=1 —_— — = =0
Re=1+ 303 7 °7
RAn
[} r Lo
AN ANy o P
10 an

340 2@ 70

o Q
Fig. 4.140(c) Determination of (Ry)  Fig. 4.140(d) Norton's equivalent cir-
cuit of Ex, 4.109

Norton's equivalent circuit is shown in Fig 4.140(d).
The current through the 2 £ resistor connected between terminals P&A using Normn 8

19
2x19
1_ - A =1.151 A.

2+E 33

? (TENRNY]

theorem is 2 x
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4.110  Find the value of Vg in the circuit shown in Fig. 4.141.

Solution 5 A a 100
Let ¥, be the voltage at node a. Applying
KCL at node a +
VHHZ+VH—BVR 50 20 2 Vg

2 o =0 - <:> 8Va
or 5V, - 10+ V, -8V, =20 2v
or 6V, - 8V, = 30
Again Ve=V,-2o0r, V,=Vp 42 b
Hence, 6(Vg +2) -~ 8V =30 Fig. 4141 Circuit of Ex. 4.110
or -2V, =18
or Vg = -9 V [this means node “a” is of negative polarity.] .

4.111 Applying kirchhoff's voltage law find the values of current / and the voltages v,

and v, in the circuit shown in Fig. 4.142.

L e
+ v \E"/I
!
5V vz§sn

Fig. 4.142 Circuit of Ex. 4.111

Solution
Applying Kirchhoff's voltage law in Fig. 4.142
6-v;+8i-vwy=0

or v+, =6+ 8i

Now vi=6i and v, =8i

Hence Gi+8i=6+8i

or i=1

Therefore vy =6x1=6Voltsandv,=8x[ =8V, I L

4.112  Applying KCL find the value of current i in the circuit shown in Fig. 4,143,
Solution

Applying KCL at node (x), iz
i-fh+2i-hH=0 50V = 2y S3q
or itij=ih= 0
i = S?D =10Aand i, = 5—::]&,
Fig. 4143 Circuit of Ex. 4112
, 50
i+10-=— =0
3
or, f=ﬂ-lﬂ=2=6.6?ﬂ.

3 3 BEEEEEN



DC Network Analysis 297

4.113 Find iy, i, and i, in Fig. 4.144, ?'/5‘2 28V
EERER + —
Solution \\_:'/ O
Let us consider mesh currents i, and iy in the
two meshes as shown in Fig. 4.144(a). i A l'g‘t 6 k2 is
Applying loop equations in the two meshes
6% 10%i, - i) - 21 =0 + o~ AV
. . 3. _ \_J
and  6x10%,-i)+12x10% +28=0 ot 12 kQ
. 21 . . ,
or i,=i + (i) Fig. 4.144 Circuit of Ex. 4.113
T ex10? & f
and  18x 10%,-6x 10% +28 =0 (i) U/‘-‘{ji a 28V
Solving these two equations \C’;f O
i,==0.583mA and i =2917mA
From Fig. 4.144(a) it is evident that biy /Dia‘tg 6 RQ/D i
0.5i; = 2917 mA Ix fy
or iy = 5.834 mA. +O_ AAA
Applying KCL at node g 31V 12 k2
0.5 + iy + i3 =0 Fig. 4.144(a) Network of Fig. 4.144
or i+ L.5i;=0 with mesh currents
or i ==1.5 % 5.834
=-8.75] mA
Also, i, = 0.5
=U.5X5.334=2.917mﬁ. sRrmaEns

4.114 Find the power dissipated in the 100 £ resistor and find the voltage rating of the
dependent source in Fig. 4.145.

Solution 100 Q

2V
&

Applying KVL in the given figure, A
6 — 500i, + 2 - 100i, =0
or  i,= % = 1333 mA. 500/ Dfo @ sv

Power dissipated in the 100 £ resistor =
(100) x (0.0133)* = 17.7 m Watts. Hence . ..
voltage rating of the dependent source is Fig. 4.145 Circuit of Ex. 4.113

S{I()XIUES(N}xU.{}IH:ﬁﬁSV sEssNnE

4.115 Using node analysis find the value of o for the circuit shown in Fig. 4.146 when

the power loss in the | £} resistor is 9 W,

a
aiz A~ 20 p

Fig. 4.146 Circuit of Ex. 4.115
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Solution
Power loss in the 1 £ resistor is
2 x1=9
or i=3A
and v,=3x1=3V.
Applying KCL at node a
i +i,=5
or iy=5-ij=5-3=2A
Also Vo iy = 20 =,
or I+3a-4=v,
Since v =10V
hence 3a=10+1=11
or o = 3.67. I

4.116 Find i, and i, in the circuit shown in Fig. 4.147 using superposition theorem.
iy 10 i 80
—AMAA

sv@) G 1A <f>2.'1

Fig. 4.147 Circuit of Ex. 4.116

Solution

Considering 6 V source acting alone and removing the current source (as shown in
Fig. 4.147(a)), we get

, , . 6 _3
6-2i,=(1+5), or ij=—==A
1= )iy 1= 5%
Also f==§.h
4
o119 50 i ho10 . 50 i

AW A ———

ev(®) <f>2 i 1A <j>2 i

Fig. 4.147(a) 6 V source acting alone Fig. 4.147(b) 1 A source acting
alone
Now, considering the 1 A current source acting alone and removing the others, from the
corresponding circuit (shown in Fig. 4.147(b)), we have

4 vn—zil
I+I|- s =10
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or 5+5i-v,+2i;=0
or Tiy=v,+5=0
'Iv“, .
T'—"‘]i
hence Ti,+i,+5=0
or i|=—§A
8
20 —i -2i
and = te2h _Tho2h 3.5 3,
5 5 5 8 8
Applying superposition theorem when both the sources are acting simultaneously
. _3 5_6-5
==-==——===0125A
"TYTsTTE s
6+3
and fz=i+—3~=—————=2=1.125.¢|.
4 s B E LE R BB} J

4.117 Find v in the circuit shown in Fig. 4.148 using superposition theorem.

4V
M +

“WCD 1A 2n§: %

10

Fig. 4148 Circuit of Ex. 4117

Solution
Let us consider the 10 V source only re- 50 a 10
moving the | A and 4 V source. The corre- M WA

sponding circuit is shown in Fig. 4.148(a)

At node g, ) “WC:) 2(};: <:> g

V= -

v—10 2 v .
+—=+= =0
5 1 2
or =204+ 10r=5r+5¢=0 Fig. 4.148(a) 10 V source considered
or 12v=200r, v=16T7V. only

Now, let us consider 1 A source acting alone. The corresponding figure is shown in
Fig. 4.148(b).

50 a 10
M AN

*=

G 1A 2n§v

M=

Fig. 4.148(b) 1 A source acting alone
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At node a,
v——
LA . =0
5 1
or _ v+5+5r=0
or v= -% =-0833V

Finally let us consider 4 V source acting alone [as shown in Fig. 4.148(c)].

4V
v 10

4
50 a 10
+ +
2037 Of Laze ") éﬁg

Fig. 4.148(c) 4 V source acting alone  Fig. 4.148(d) Simplified network with
4 V source

Here 5 €2 and 2 € are in parallel. The transformed network is shown in Fig, 4.148(d).
In the circuit of Fig. 4.148(d),

—d-1lxi-+ =0
v I 2
or Y _i=4a
2
. 10 _ .
Again, v=—— Xi
g 7
0i .
Hence uzx?-a-tl
or i=-233

ve %51 x233=333V
Using superposition theorem, when all the sources are acting simultaneously we have

v=167-0833+333=417V. P

;4;1.1-3_ Find power loss in the 2 £} resistor shown in Fig. 4.149 using superposition
theorem.

10 4 Ve
A /\
VA, ot
Vot N

10V j) G 2A 20

Fig. 4149 Cireuit of Ex. 4.118
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Solution

Considering the 10 V source acting alone in the circuit [Fig. 4.149(a)] the loop eguation
10+V,+4V,-2i=0

or 5V,-2i+10=0
Now Ixi=-V,
Hence S5(-iy=2i+ 10=0
or ~Ti+10=0,1e. i= %A =143 A
4V,
10
AN
AAA -+
~Vo+ ~N

10V i) /_i> §2n

Fig. 4.149(a) 10 V source acting alone

Considering 2 A source acting alone [Fig. 4.14%9(b)] and applying KCL at node a we have

¥ v, + 4V
5_ 4 _ 4 o _
1 2
or 4=2v, -1, -4V, =0
or 4-3v, -4y, =0

2A §2£1

Fig. 4.149(b)} 2 A source acting alone

Now, from the given figure, v, =V,

Hence from (i) 4-7V,=0ie V, = =057V

<l

Current through 2 £ resistor is
v, +4V,  V +4V)
2 2
Applying superposition theorem the current through 2 Q resistor is thus {1.43 + 1.425) A
ie 2.855 A
Hence power loss in 2 £ resistor is (2.855)" x 2 = 16.31 W. -

1l

%xﬂ.ﬂ =1425 A

4.119 Sclve Example 4.118 using Thevenin's theorem.

Solution

Removing 2 € resistor as shown in Fig. 4.150, the open circuit voltage is obtained and
Voe = 10+ V, + 4V, = 10 + 5V,
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LR LER R REEREREREERRENEELRERNN]
4V,
10
oy : @ o+
—Vo‘f

1oV C"D 2A Voo

Fig. 4150 Determination of V.

However, V, = voliage a.crur.; the 1 £} resistor
= | x current through the 1 L2 resistor
=1x2=2¥

Hence Voe=10+5x2=20V.

To find out Ry, let us first short-circuit the output terminals as shown in Fig. 4.150(a).

4V,

10 a A )
AM o 23
-Vo+ NS

10V (:) 2A Yie

Fig. 4150(a) Determination of I and Ry,

Applying KVL in the circuit,
10+V,+4V,=0

10
or V=e— =22
° 5
Applying nodal analysis at node a,
v
2- -2 - =0 50
1 AAA-
e=2- 22 =4A
or = d= ==
1 20v (¥) § 20
v
Hence Rpy=— =5Q.
lrl'c
The Thevenin's equivalent circuit is shown in  Fig. 4.150(b) Thevenin’s equiva-
Fig. 4.150(b) lent circuit
The current through 2 £ resistor = %q A =2857 A.
Hence the power loss in the 2 € resistor is (2.857)* x 2 = 1631 W seraams

:1=1_2R Obtain Thevenin's equivalent circuit across terminals a- in the Fig. 4.151.
Solution

v
The current through 1 kQ resistor is [—19— +-—-f—] A
1000 2000
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2k0
AN

%A D) §1kn <+>£fﬁ

+m

u-q—;::—p—u

ol

Fig. 4151 Circuit of Ex. 4.120

Open circuit voltage across a—b is the voltage across the 1 k2 resistor

(1w VY _
Hence Vs | —+— | x1000=10+05V,
1000 2000
ie. V=20V

To find out Thevenin's equivalent resistance (Ryy,) let us short circuit terminals ab as
shown in Fig. 4.151(a).

2k0
Ay a

A (D Zia <+>§% ;‘m{’g

b

Fig. 4.151(a) Determination of Ry,

As ab is short-circuited V, is zero. The network reduces to that shown in Fig. 4.151(b).
10 1 10

He [ = ® = A
aee “= 1000 T+2 3000
Vo 20
Therefore, ~ Ry = —— =22 x 3000 = 6000 Q
1y, 10
2k 6000 Q
AN a AMA °a
10 ; 4 )
o= A D §1kn s 20V =
b ob
Fig. 4.151(b) Reduced network of the cir-  Fig. 4.151(c) Thevenin's equivalent
cuit shown in Fig. 4.151(a) circuit of Ex. 4.120
Thevenin's equivalent circuit is shown in Fig, 4.151(c). eesemn

:ial.z;.l Find the current in the 2 € resistor using Thevenin's theorem in the circuit shown

in Fig. 4.152.
Solution

Let us remove the 2 ) resistor. The corresponding figure is shown in Fig. 4.152(a).
Obviously the current supplied by the dependent current source 2i is zero.
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anw EEssESSEsSSEESNEEESEERN

180

; 2i
. P
g A

10V O gan §zn

Fig. 4152 Circuit of Ex. 4.121

2
g 19 i a
> - +
10V G 1A gan Vee
c b

Fig. 4.152(a) Determination of Vgc
Applying nodal method at node (a),
— -1-i=0

or Vo.=3i+1) (1)
Applying KVL in loop abed
W0W-i-V,.=0 {V,=voltage across the 3 ) resistor}

or V,.=10-i. (ii}
Solving the two equations (i) and {ii),.
3i+3=10-i
or 4i=Tor,i=175A
and V,.=10-i=825A.

To find out Ry, terminals across the 2 € resistor are shorted as shown in Fig. 4.152(b).

2

o 10 i a
- —
1ov%w A}Eu 230 loe
¢ b

Fig. 4.152(b) Determination of Ry,

I.=2
Applying the nodal method at node a,
I',a
i+l=—+2i
3

where v, is the potential at node (a) w.r.t node (b)
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Hence Ji+d=v,+6i
or Ji=3-vy, (iii)
Applying KVL in loop abc.d 1180
W-i-v,=0 AN
ie. vp=10-1i. (iv)
Solving the two equations (iii) and (iv}, +
3=3-10+i sAV= fl§zn
i.e. 2i==Tor,i==35A
Hence I . =2=-7
v 825 Fig. 4.152(c) mwer.n'n's. equiva-
and Ry =|—|=== =118Q. lent circuit of Ex.
L.l 7 4.121
The Thevenin’s equivalent circuit is shown in Fig. 4.152(c).
Hence current in the 2 £ resislor is 8.25 =259 A,
2+1.18 I

4.122 Find the Norton's equivalent circuit for the transistor amplifier circuit shown in
Fig. 4.153.

i 24002

av <:> Vi <+>s.' §24n

Fig. 4153 Circuit of Ex. 4.122

o x

o¥

Solution

To find the Norton's equivalent current source (i) let us short circuit xy. The correspond-
ing figure is shown in Fig. 4.153(a).

j 2400

av(®) v.,. <+>Ei 2240 Yin .

- ¥
Fig. 4.153(a) x-y terminals shorted in the circuit of Fig. 4153

-

v

The voltage across short-circuited terminals xy is zero, i.e. V,, = 0.
Hence i= 2 A=00167 A
240

and iy = =6i = =6 x 0.0167 = —0.1002 A (from x 10 y)
or “iy = 0.1002 (from ¥ to x)
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To find the Norton's equivalent resistance Ry let us find the open circuit voltage V,, from
Fig. 4.153.
V,, = Voltage drop across the 24 (2 resistor
= —6.]" x 24 = ,-,1441'

or ' i=- Vi

144 x
. Again aplying KVL equation we find
4-240i -V, =0

0.1002 A D gaon

Vo
or 4-240| -2 | v, =
144
oy
or _ Vy==6 Fig. 4.153(b) Norton’s equiva-
" R Vi 6 60 lent circuit of Ex.
ence = rmmsa——— =

The Norton's equivalent circuit is shown in Fig. 4.153(b).

4.123 Find the current through R, in the circuit shown in Fig. 4.154 using Norton’s

theorem.
j 60
X
' 12v <% 3i g an 10{RY
¥
Fig. 4154 Circuit of Ex. 4.123
Solution

Let us short-circuit the terminals xy to find out the Norton's equivalent current
(Fig. 4.154(a)).

i 6840
=AMy x

12v (:) <’I‘> 3 3n In

Fig. 4.154(a) Determination of iy

iy=i+3i=4
Now, i= % A=2A
Hence iy=4x2=8A
To find Norton's equivalent resistance Ry let us open circuit terminals xy. The corre-
sponding circuit is shown in Fig. 4.154(b).
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i 60 a
AN 0 x

12v () <+>3J §3n

oy
Fig. 4154(b) Determination of V,,
At node a,
4
+3i- — =0
P+3i-—
Vo= 12
12=V,
But, i= - ' x
12-V,, sa(®) S1a  Zia
Hence V=12 5 =24-2V,
3V, =24ie V,=8 V. y
8 Fig. 4.154(c) Norton's equiva-
Therefore Ry = i 10 lent circuit of Ex.
4,123

Norton's equivalent circuit is shown in Fig. 4.154(c).

Hence current through 1 £ resistor = 8 x ﬁ =4 A,

4.124 Using maximum power transfer theorem find the value of the load resistance R

s0 that the maximum power is transfered across R, in the circuit shown in Fig. 4.155.

20 10
A A% x

+ 20

1ov (¥) 5n§~f. §HL

- . 2V,

Fig.4.155 Circuit of Ex. 4.124

Solution
Let us remove K; and open circuit terminals xy to find out the internal resistance R, of the
circuit. According to maximum power transfer theorem the maximum power will be
transfered through R, when
'RL = R'

From Fig. 4.155(a) applying KVL,

10 - 2iy - 5(i, - i) =0
ie. 7i, = 5i, =10 (@
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20 10
AAN Ay o |
. 20
+
10V (‘:) 50 §V~ i
/3 - v,
iy f2
aob
Fig. 4.155(a) Determination of V,,
and v -Sl - i) iy x 1 -2, =0
iJ.t. 3 X 5{1. - iz) - 5((‘2 - £|) - 31‘2 = l} ['-' VW= 5(‘| - f‘])l
, . . , 23 .
208, = 23i,=01i.e., i, = —
or il lz 1. tl 20 fz
Using equation (ii) in equation (i) we get
Hence Tx E1'2-51'3=111'
20
or =328 A
and h=3712A
: v, =5(3.772-328) =246 V.
Now, Vo = =3v, + 21,
=-3x 246 + 2 %328
=-0.82 V.
Let us now short circuit the terminals xv as shown in Fig. 4.155(b).
20y, 10 Vs
AN AN — a
20
+
10V (:) 50 g"x e
- v,
b
Fig. 4155(b) Determination of igc
At node a,
(U v+ 3y
o x + o x + l- = U
1 2 *
As a — b are shorted v, = 0
Hence =y + LSy, +i,.=0
ie. i, =-05v,
Now, v, = Voltage across 5 £ resistor. Current through 5 £ resistor
Iig= 10 *® 1 __60 x-I- =0.588 A
S5x1 5+1 1245 6
24—
5+1
Hence v, =3xD588=294V
and i, =-05x294=-147 A
-{.82

Therefore, Ry =R= —— =0.558 0.
1.47

(ii)




DC Network Analysis 309

4.125 Delermine the resistance connected across terminals a—b which will transfer
maxmum power across it in the circuit shown in Fig. 4.156.

Solution
Applying KVL in the closed loop (Fig. 4.156),

we have

100 200

15 -10i + 5i-5i=0 15v ()

or E=E=I.5A
10

ab
Hence Vg=15x3=75V Fig. 4156 Circuit of Ex. 4.125
For finding out the internal resistance K; of

the circuit let us short circuit the path ab as shown in Fig. 4.156(a).

The mesh equations in the two loops are

15 4 10i, - 5i + 5, - i) = 0 o

100 200

ie., =150, + 56, + 5i+ 15=0

and 20§ + 5(i - 1)) =0

ie. S —25i=0 15v () fsn
y lr] = 512

ﬁ]SO l = l.] - l‘z . .
Hence ~-15(5iy) + Siy + S(i, ~ip) + 15=0  Fig-4156(2) Determination of R,
With i} = 5i, we get

iy=0.3 A (=1,)

v
=2 13 _25q
i 03
According to the maximum power transfer theorem maximum power will be transferred
across ab when the resistance connected across ab is equal to R; i.c., 25 £. e
S Ay Ry ix
SAAd —A
V=3V,
+5
v C:) Vs § A
Ay

Fig. 4.157 Circuit of Ex. 4126

[Given: Ry =4 Q, Ry =6 L Ry =2 Ry=100, V=9V)]
In the circuit shown in Fig. 4.157, find i,.
Solution
Let us first simplify the circuit by clubbing R, with R, to get R(=R; + R,) in the right loop
(loop 2} in the given circuit. The simplified circuit is shown in Fig. 4.157(a).
In loop 2, Vo4 V=i R =12,
or Ve + 3V, = 12§,
Vo =30, (1)
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Ay 1
AMM AN :
Ly Ry
+
v(’: V2 SR, V,=(3V2)
loop-1 loop-2

Fig. 4.157(a) Simplified circuit

Again at loop 1,
V—iRy; =V, [assuming current ‘i’ passing through R;]

Using (1)
V—4i=3i, (2)
-~ v
But i=i + ?2 [applying KCL at node 1)
3i,
=i, + 3 [using (1)]
= 1.5,
From (2) we then get
V-dx 150 =3i
or V=209
ip= v.s._ 1A
g g- [ EE R RN

4.127 In the circuit shown in Fig. 4.158, find i, assuming f§ = 8. Use the superposition

principle.

3A
-
60
A% A
410
b

30v(?) {Hu=pe Zea

Fig. 4158 Circuit of Ex. 4127

Solution
First we take the 30 V source [Ref. Fig. 4.158(a)]
Hm. l"| = I.J + fﬂl = giﬁ] (1]

In loop abede, =30+ 6 X 9ig; + (4 +2) i =0
. 1
I‘m = E’ A = CLS A

Next we consider the 3 A constant current source. [Ref. 4.158(b)].
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_)..h b

M SAAs

60 40 i“
Q

sov(®) <+ i=Ba) 320

c

e d
Fig. 4.158(a) 30 V source acting alone

3A
—-
60 (3 = foz)
AN AATA"
- 40 .
Iz lrae

<+ by =(Bi2) §2n

Fig. 4.158(b) 3 A source acting alone

Current through the 4 € resistor is (3 — i) A, and current through the 6 £2 resistor is
l.z =9 fm
~. We can write from loop equation,
X6 -(3-ip)xd+ipx2=0

as 6X 05 —=12+6ip, =0 . g = (since iy = i) A,
Then vsing superposition principle
f‘u=iu|+f'w=n.5+n.2:0.?A EmARNEEE

:I;l_]ﬁ In the circuit shown in Fig. 4.159, find I.

5:<{> §5:1 Cj 10V

Fig. 4159 Circuit of Ex. 4128

Solution
We redraw the circuit with arbitrary current distribution and node number [Fig. 4.159(a)]
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At node (%), ® 2a
Sl=1+1, M
v, V-10

g
Ts 2 5r<+> 50 ,I,f (: 10V

[Assuming voltage at node x to be (V)]

s/ V=350
ST &

or 500 =17V -50 (1) ®

v Fig. 415%a) Circuit of Ex. 4.128 redrawn
But =% with currents and nodes desig-
« From (1), 10V =7V =50 nated
or V= ‘% =-16.67 V

V__ 1667
Thus I= 5- 5 = -3.34 A

The actual current [ is directed upwards (i.e., towards x from y) in Fig. 4.159(3)._ tesens
4,129 In the network shown in Fig. 4.160, find the value of the dependent source using
(i} nodal method and (ii) superposition theorem.

I
Y

—
> o -
"'mf <

10V I) 1A 3n §2n

Fig. 4.160 Circuit of Ex. 4.129
Solution
Using nodal method: We first redraw the figure and assign a node @ for application of
nodal method (Fig. 4.160(a))

21

. 1%y o
A ~
10V 1A an §zn

Fig.4160(a) Solution by nodal method

10-V

At the node @, we have,
[(V) being the node voltage at @]

+l=%+2!
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10-V 10-V
. We can write, T+l=g—+ Z[T]

Since [ =

Simplification yields V=135 V.
10-13.5

Thus, [ = =-3.5 and the dependent source wolild have value 21, i.e., 2 X (-3.5)

ie, -TA.
It may be noted here that the actual direction of the currents J and 2F would be just the
reverse than given in the question.

Using Superposition Theorem
Let us first assume the 10 V source only (Fig. 4.160(b)).
At node @, we find

-V -
10 —L-z(m V]

1 3 1
Simplifying,
V =15 Volts (at node a)
10-V _10-15
h="7 =7 ="
while 2l =-10A
Iy ,
v AN
AN —
10V (:) 3n gan
ths

Fig. 4.160(b) Solution by superposition method (10 V source acting only)

Next we consider the constant current source 1 A only (Fig. 4.160(c)).
We select node @ where we find

1+!2=£+2!2

3
v :
=V
But I = T (ii)
l2 v P
AN~ -
10 @ - S
1A in §2n
e

Fig. 4.160(c) 1 A sowurce acting m:l_t;:
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Using (ii) in (i), we get,

Y _val, e, v=-15V.

3
L=13A2I,=3A.
Fu:ally using the principle of superposition, we get
U=2+2U=-10+3=-TA
{the same result that we obtained earlier). e

:1._1_.'3;0_ Find Thevenin's equivalent for the given circuit in Fig. 4.161.

® L, O ®

— ©
fo
fo
Ki, r
v
i)
@
Fig. 4161 Circuit of Ex. 4.130
Solution
At node ¥+, we can write,
i+Kiy =i,
i=i (1-K)

Also, in loop x — I — ¥ — z we can write
“v+ir,+iyr=0

or v=r,i, (1 -K)+i,r [usingi=i,(1 -K) fori]
=iylr, (1 - K) +1]
. v
= ————
r(1-K)+r
u v . vxr
ence =i, XFs ——
o = e n(1-K)+r

Let us now short the output terminals. Resistance r is bypassed [Fig. 4.161(a)]
Here, “v+ir,=10

. v i @
or I = —.
A fo
However, i =iy — Ki,, at node 7~ Kio = Kise l"“'"
v
or Z =i (1-K
&
[ p—— Fig. 4.161(a) Determination of igc
¢ (-K)
Vplr

*. I, (Thevenin equivalent impedance) =
1ic
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vEr v
L(1=-K)+rf r(1-K)

315

rxr,(l-K)
T or+n(-K)’
Thus, for the given circuit,
v rxr, (1-K)
va.’c = ot T

rn{l—x}-i-l“ P+J;,I:1-K} assEEmm
4,131 Obtain the values of 1, I and Iy in the 20 (5_5\
circuit shown in Fig. 4.162. A )
Solution ®
In loop @ the circulating current will be /B
driven by 5 A constant current source and hence 40 10
I! = 5 .A. m Wv

In loop @, we wrile 0 6) !

(-1 4+3-12=0 () A

s From (i), (I,-I)4+3(;-1;)-12=0

or 4l + 3L, - 71, = 12 (ia)
Since I; = 5 A, equation (la) gives 3 IE lI "

4 +3L,-Tx5=12 12v 6v
or 4, +31, =47 (ii} Fig. 4.162 Circuit of Ex. 4.131

Forloop-@.wewrim
I1x1+6-3I=0 or, I=3A
Using =3 A, I'=1,-[;, we get

L-1=3 o =h+3=8A (vhL=5A)

Thus from ﬁi]. 4I| =47 - 3!1 13 A
or h=5T75A
Thus finally, L=575A, IL=8A, L1=3A,

_4..1_3'2. Find v, and v, using the principle of superposition in Fig. 4.163.

0.5 Va

50
N

Ay " \-;,« "

C’Dmv va S50 ve S100

Fig- 4163 Circuit of Ex. 4.132

Solution

Let us first take 10 V source {Fig. 4.163(a)). It may be observed that the 10 £ resistor is

shorted due to deactivation of the 5 V source.
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e 0.5va v
—
50 @ N ®
(: 10V 50 100

Fig. 4.163(a) 10 V source acting alone

At node @, we have
10-v v
ay H|
5 = T +0.5 \'q
Va, v‘l
o — —_t+05y
or 2 5 5 a
or 0.9 Vg, = 2
2 _20
Va=08"9 ¥
Obviously Vp = 0.
Next, we deactivate the 10 V source and activate the § V source. (Fig. 4.163(b))
0.5V, )
Vg2 P Vie
At - <
50 N ®
50 100 5V (:)

-

Fig. 4.163(b) 5 V source acting alone

At node @, we have

v"l P‘J
— 5 +ﬂ.5v¢1 =0

5
Vg, = 0.
Vi, is then 5 V.
Using superposition principle,
V= Vg Yy, =% =222V
v = Vb,‘*’"b, =5V¥. I I

4,133 Obtain Thevenin equivalent across x-y in the network shown in Fig. 4.164.

Solution
Vo = ny =10{v—-v)=v

(

9y=10wp, or v= %‘ﬂ,

-
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10802 1080
AM—— AAN— x
Vo 10 (v=vg v
oy
Fig. 4164 Circuit of Ex, 4.133
TIII.'IS, vﬂﬂ! = ny = %vn

Next we short terminals x-y. (Fig. 4.164(a)).

100 v 100

ANA— AA ox

X ™

A"
!
Vo 10 (v=vg f.fq, I
1

j;_‘/

Fig. 4.164(a) Network of Fig. 4.164 with (x-y) shorted

Here,
10y - v,) = 10° x 2 x I,
10(v=v,} v-v,
I, = = (ii)
T k10t 200 -
Also, v=10° x I, = 1000 I, (iii)
Using (iii) in (ii) we get
10001, =v, Vo
I:.-‘: = 200 =35 !.If: -zm
Vo . Yo 1
= — = "—‘—X"'-
415“‘ 200 s L&, J'nlt 200 4
We now obtain the internal resistance of the circuit as
v ]ﬂ
aie @
Ry = ——=2 =10 y 800 =888.89 @
!Jufc :g_ 9
80D

The Thevenin's equivalent circuit is thus obtained as

1:%. R,“ = 888.89 Q.

4.134 In the network shown in Flg 4.165 find ! using Thevenin theorem and verify the

result using Norton’s theorem.

Solution
Let us first remove 1 Q resistor from the given network. With reference to Fig. 5.165(a),
mcmmt:.-—llll+l-’w+v 0

=10-V,

ant =
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21
/
S —

1ov (@) O §3n §2=:1

Fig.4.165 Circuit of Ex. 4.165

®
Vv /\\
o dﬁc < -—
1=0 vy M

oV 1a |Sea 320

Fig.4.165(a) Determination of Vg,

By inspection, V1=1 Ax3Q=3V,
=TV,
Next, we short lcm'nmals (x)- (y) [Ref Fig. 4.165(b)]

Sy — N
® ® vi el

mVCD ({‘ 1A T§an gzn

Fig. 4.165(b) Determination of Ig

By inspection, V=10V,
At node a, we can write

10 . 7
J§f+l= ? —2.’”,1-'&.1,_;‘.: E A-

Thus, the internal resistance of the circuit is
":r.‘: 7

I (T.-'Q)

We now draw both Thevenin's and Norton's equivalent circuits. (Fig. 4.165(c) and 4. lﬂS(d]

respectively).
In Fig. 4.165(c),

R'm,=

Vﬂf
o1 -07A
R+1 9+

Thus we have obtained current in 1 € resistor by Thevenin's theorem which is 0.7 A.

1=
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[ 1

Vo () ,D §1nl tse (1) []H.,:b §1n

Fig. 4.165(c) Thevenin's equivalent Fig. 4.165(d) Norton's equivalent
network network

If we apply Norton's theorem, from equivalent circuit of Fig. 4.165(d), we get

I= ‘t.ﬂ’: * R'_m =1 xi
R +1 9 9+1
=07 A.
Thus the current obtained in the 1 Q resistor using Thevenin's theorem has been verified
by Norton’s theorem. rmamnan

5,'1_3.5_ Find i and i’ the circuit shown in
Fig. 4.166. Use node analysis.
Solution

Let nodal voltage at nodes @ and @ be

Vioand V. .

At node (X) we can write
V, V,-V) V.-8

—_ + +1=0
2 1
[Please note here that electrically x, y, z |
nodes are at the same potential and hence s
treated as one common node (X): node 0 8V
is taken as references node). Fig. 4.166 Circuit of Ex. 4.135
or 2V, -V' =3 (1

At node @ we can write
V.-V, LYi-2i-8 v,
1 5
-V.-2i-9=0 ' (ii)

1
or 2.2v;
V
But i= 2
2
.~ We can write from (ii)

VJ
22V -V, -2x = -9=0

or -2V, +22V,) =9 | (ita)
Solving for (i) and (iia), V= 10 V and V" = 17 V.
Vv L
|.=_x=5A H i'= - =34 A TAN e

2 5
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4.136 In the network shown in Fig. 4.167, verify, using Thevenin theorem

Vn ra r3
T W
Ly= —Y L i
¢ p-nla-1) V(_) N §r1 { rn
_ Ala-n(@-D] “
B qitntn
Solution Fig. 4167 Circuit of Ex. 4136

With (r,) opened, i = 0. This makes source ai = 0.
& V. (i.e., voltage across open circuited output after removing r,) is given by
= nxV o

ol
¢ h+nR+n

r2 3
Next we apply short across the output so W YW
that (r,) and r, are shorted [Fig. 4.167(a)). +
». Current through r, is i,,; current through v i istc
- i = ﬂ.'m

ry is (i, — ai,). Use of KVL in this loop
gives
V4 iy ry+ (ige — GiyIry =0
or V=iy (ry 4 ry— ary) Fig. 4.167(a) Determination of (igc)
v 14 and (Zp,)

ig.= =
e KR+n—an n-r(e-1)

Vm’c nxV v
and = — =
m ye HtR+R /rz—i";(ﬁ—l)

_rlp-nl@-1)]
(i+n+n) TTTIIT

4.137 In the network shown in Fig. 4.168, find the current through R;. Assume V=35V,

X

S

10
1024, 10 2h

R {4.50)
v v

¥
Fig.4.168 Circuit of Ex. 4.137

Solution

Let us remove R, from x-y terminals. In Fig. 4.168(a), in Iodp abed,
Vel xl+[x1+V=0

or - I, =0.

Also, 2, =0.

3 V=V
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a v <D AA—— +
\zi/ 10
1034y, 10 1
Vae
v v
d c ¥
Fig.4.168(a) Determination of (V,,.)
N m
2/
w210 10 1
’ slc ,}fm:
v v
d c y

Fig. 4.168(b) Determination of I;,

Next, we short terminal x-y (Fig. 4.168(b))

At node b,
fl =l.+f,¢c
i=I -1l

Again in loop ab xy cda we have
V+ixh -2y +1xi, =0

lye=1 + V.
Also, in loop abed

“V+Ixh+1xi+V=0
or L+ —1y)=0
or 2, -1,.=0

=2y =21, -V [ 1,=0L+V]
ie., Tpe=2V.
Next, we find the internal resistance as

le‘c Vv ll
Ru=7—=55=50 (=050)

sle
The Thevenin's equivalent circuit can now be drawn as
shown in Fig. 4.168(c).

Vore 5
Hi I= =
ere R +R, 45+05
=1A.

Thus, the current through 4.5 £) resistor in the given circuit is 1 A.

Vae 9

| | P

A

Fig. 4.168(c) Determina-

tion of V.
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%m

4.138 Find (/) using Thevenin's theorem 20 41
and find the value of R, to have maximum AAA @
power transfer from source (Fig. 4.169). Also
find the maximum value of power transfer.
Solution A
-
Let V, be the voltage at node %+ when we f @ p—
remove R; from the given circuit. The circuit AP AN
is redrawn in Fig. 4,169 (a). Using node 20 10
analysis at node %+ we get
V., =10 V: _Vo ' —li
. +2+1+%=0 T v Glr)zﬂ
or 1L5v, -V, =2 (1)
Fig. 4169 Circuit of Ex. 4138
4]
20
W <>
1A
S
— |®
A AV )
20 Vy 10
+od
—-— 10V ¥)2A Vorc
—ab
Fig. 4.168(a) Determination of V.
Agpain, using nodal analysis at node (y) we get
Ve =V, V. —4i-10
o s -1=0
] 2
or 15V, -V, - 21 = 6;
10-V,
Butf= .
Hence we can write
10-V,
15 Vo= V,=2- ——= =6
or 15V, -V.-10+V =6
or Ve =1067V.and V_ =844 V.

Next we short the terminals a-b in Fig. 4.169(b). Let the voltage at node T+ be V. Using

nodel method at node $+ we can write,

V=10
+1+ Y 4220
2 1

153V=20r, V=133V,

or
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AmsasEsESEE RS R ER AN =sw

41
20
B
1A
&
—_—
WA, © AV @
20 V. 1q
a
=+ 1oV G 2A :)rml
b

Fig. 4.169(b) Determination of (Ig;c)

Next we use the nodal method at shorted node @ Here we get

o-v 0-45-10
3 +ly+ ——— -1=
or V+l, -U-5-1=0
Y I, =6+2I+V
10-V
But = ——
2
10-V
L,=6+2. 2 +V=16A
Vore 1067
Hl:ll.cc RTII= [_;.Fr Iﬁ
= 0.67 .

It is obvious that maximum power will flow to R; provided R; = Ry,. Thus R, is to
0.67 Q to have maximum power flow for source to R;.
Vo (1067

Also, —_— oL
4R 4 x0.67

=4248 W,

.431_3.9'. Determine the current f in the network of Fig. 4.170 using superposition theorem.

!
2V, AN
- * B0

1wov () ()24 g}o

Fig.4.170 Circuit of Ex. 4139

Solution

Let us first assume the 10 V source only removing 2 A source as shown in Fig. 4.170(a).
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Here we have

~10-2V,+5I'-V,=0 (i)
and V,=-2r (i)
Using (ii) in (i), we get

=10-3(-24+51"=0
e I'=0591 A,
Next, removing the 10 V source and con-
necting the 2 A current source as shown in
Fig. 4.170(b), at node p,

"+ +Lg=0

1§v (1)

/’\\+
2V, ANV
\\.0/’- 50

™

Fig. 4.170(a) 10 V source acting alone

—Vn _?’Vo 2 Va
or 5 7 = 0
or V,= - v
11
._3‘10
"= e .09 A
Hence, I=F-1"=-0.18A
(the current flows opposite to given direction of (I) given in Fig. 4.170).
2V,
D AAN—t
z
~ 50
20| -
I OF] gv,
| l' +
lan
Fig.4.170(b) 2 A current source acting alone sEssuna

:1;1;43 Find the current in the 14 £ resistor using Thevnein's theorem in Fig. 4.171.

50

10V

x

80

140
0.1V,

Y

+

}

Fig. 4171 Circuit of Ex. 4.140

Solution

Let us first open circuit x-y. See Fig. 4.171(a).

In loop axyb,
=10=-5x01V,+V, =0
Vye=10+05V,

=10+ 05V, [+ V=Vl

Ve =20V,

Va
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a
x
50
fvﬂ'l!
10V 0.1Vo= 0.1V
b —0y

Fig. 4171a) Determination of Vo,

Next, when we short terminals x-y (Fig. 4.171(b), we find V, = ( due to short circuit, thus
0.1V,=0.

10V
10 _ 10
lye==——=—A
#5481
V;ﬂc
R = s
ife
= 20 =26 0O
10
13
From Thevenin's equivalent circuit, we can then write
Valc 20
I= = =05A
R, +14 26+14

- Current through 14 ohm resistor is 0.5 A.

| EREERNNTNE Y] EXERCISES [ EES RN ERD |

1. State and explain Thevenin's theorem. What are the limitations of this

theorem?
2. State and prove maximum power transfer theorem,
3. State and explain Kirchhoff's voltage law and current law.
4. Distinguish between dependent and independent sources. How do you trans-

form a veltage source into a current source?
5. Distinguish between

(a) Linear and non-linear elements
(b) Active and passive elements
(c) Unilateral and bilateral elements.




326

10.

Ay
100V + N

=

. Prove that under maximum power trans-

Basic Electrical Engineering

. State superposition theorem and explain 200

it.
State Norton's theorem and explain it. m

200

fer condition the power transfer efficiency § 200 ° § 100
of the circuit is only 50%.
Find the equivalent resistance for the cir-
cuit shown in Fig. 4.172.  [Ans: 10 Q] .
Find R, and R, for the potential divider Fig. 4.172
in Fig. 4.173 so that current [ is limited to 1 A when V, =20 V.

[Ans: Ry, =20 Q, R, =80 Q]

i
70

§120

AV
@
o

60V 120
A Vo "’-

1.

12.
13.

14,

15.

=

Fig. 4.173 Fig. 4.174

Use branch currents in the network shown in Fig. 4.174 to find the current
supplied by a 60 V source. [Ans: 6 Al
Solve problem no. 11 by mesh current method.

Two ammeters x and y are connected in series and a current of 20 A flows
through them. The potential difference across the ammeters are 0.2 V and
0.3 V respectively. Find how the same current will divide between x and y
when they are connected in parallel. [Ans: 12 A and 8 A]
Obtain the source current / and the power

delivered to the circuit in Fig. 4.175. WA
[Ans: 6 A, 228 W]
!
8 40 20
Hence I, = 2 =2A. Yaa
cd=ho+lg=06A;
Po6ix542 xd+47x2 =228 W) Fig. 4.175
For the circuit shown in Fig. 4.176 find the potential difference between x
and y. [Ans: -2.85 V]
6V
v 30 §1nn
P ¥

Fig. 4.176




16.

17.

18.

19.
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[Hint: In left loop, I = T% = 0.5 A; in right loop, I = 1—55 =033 A.
Veiy=Vp+ (6)+V,, =05x3-6+033x5=-285V]

Reduce the circuit in Fig. 4.177 to a voltage source in series with a resis-

tance between terminals A and B.

i 90 15
Ans:V==VandR=2Q
AT Sy TR E 0 ]
@24
5V \Z
——wW\
2v 50
Ao il AN B
10Q
Fa
\
6A
i M
gV an
Fig. 4.177
For the network shown in Fig. 4.178 50
find V which makes / = 7.5 mA.
[Ans: 1.02 V] \
75 X680
[I =75 mA; I = LoRAXOR 44
6Q en
=7.5mA
~Lig=15mA.Dropin5Q=15mA VY
x50Q=T75mV.
Then drop across 4 Q is 75 mV + 7.5 120
mA X 6 Q =120 mV. Fig. 4178

&g = _I_%Q = 30 mA. Current from

battery is then (30 + 15) i.e.,45 mA. Hence voltage drop in 8 £ is 45 mA x
8 =360 mV. Drop in 12 Q is 45 mA x 12 = 540 mV.

S V=360 + 75 + 45 + 540 = 1020 mV. i.e.,, 1.02 V]

In the network shown in Fig. 4.179 find the resistance between (i) A and a
(ii) C and A.

[Am:[i)ln(ii)%ﬂ]
[Hint: Convert delta (abc) to star first and proceed]
For the ladder network shown in Fig. 4.180, find the applied voltage V.
[Ans: 800 V]

[Hint: Find current through the 40 £ resistor and then proceed as shown in
Problem no. 17]
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A

Fig. 4179
750 25 Q 250 100
AI_—'VV\ AL AN
+ 4010
v -|-_ 50 0 500 500 AOW
Fig. 4.180
20. Find the current in the 10 €2 resistance in the network shown in Fig. 4.181
using Thevenin’s theorem. [Ans: 4 A}
40 340 300
AN AM
8Q % 120 % 00 170
MV
120 100
+ Ir -
'IF
180V
Fig. 4.181
21, Using Norton's theorem find the current through 64 € resistance in the
circuit shown in Fig. 4.182. [Ans: 0.3 A from A to B]
A
400
640 son (})osa
12v=—"
=
B
Fig. 4.182

22. In the circuit shown in Fig. 4.183 find the value of R; so that it abstracts
maximum power and also calculate that power, What percentage of power
delivered by the battery reached R;? [Ans: 25 Q, 900 W, 35.7%]
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3040
AN~
36OV S1s00 § AL
Fig. 4.183
23. In the network shown in Fig. 4.184, find Thevenin’s equivalent network
across x — y terminals. [Ans: Ve =V, , =25V, Ry, = 17 2]
20
z
CD 5A 50 o 100
2l .
¥
Fig. 4.184

[Hint: 10 € resistor is removed. V,,, =5 A x5 Q2 = 25 V. Next x - y is
shorted. At node z, we can write

= _‘;_+ 21441, But I, =% (V being the voltage at node z).

Ve
A Iﬂf:= 1.4-1" A ﬂnd R“ = I

=17 Q]
sle
24, In the circuit shown in Fig. 4.185 use loop analysis to determine the loop

currents iy, i, and i,.

, 1 ; 10 . 2
[ANSHl:—ﬁA.Jz:ﬁA,l;:ﬁ.ﬁl]
A
'_;'3) 10
AN AN
20 10
+
2v§_—/—JD ({)1@ §2n
Fig. 4.185

25. Find the Thevenin’s equivalent circuit at terminals A, B for the network
shown in Fig. 4.186. [Ans: V=25V, R, = 20 Q]

26. Find V| and V, in Fig. 4.187 using nodal voltages analysis method.
’ [Ans: V; =2.468 V and V, = 1.156 V]
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2A
: 100
AN AV o
100 100
1ov =" (P14 2200
T .

Fig. 4.186

20A b viSoaaq ve So1a (§)sa

Fig. 4.187

[Hint: At node A, 20 = V—I+L‘,2'Atnudc3 5= V—zq.vz_vl 1
' ' 03 02 ° T o1 02 U
27. Find the current through the resistance R in Fig. 4.188 by nodal voltage

analysis. [Ans: 0 A]

R
"M
10 !

EV@) gzn 5A gm

A
10
Fig. 4.188

28. In the network shown in Fig. 4.189 show that the internal impedance of the
network when looked into it through terminals 1-2 is

_ hp(-m)
B +r(l-m)
Apply Thevenin's theorem.
rl \\\—o 1
<+ mi >
Vo 3 2
- 2
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29. Obtain Thevenin's equivalent with respect to terminals A and B of the

network shown in Fig. 4.190. [Ans: Vo, = 10.637 V, Ry, = 2.182 {}]

CN2A
)

=P

6v an

Ao —8
| AW
. I—@—'
5A 9A
Fig. 4.190

30. Determine the value of R; for maximum power transfer to the load and
determine the load power in the circuit shown in Fig. 4.191.
[Ans: 9 Q, 0.694 W]

210 60
A AMA A A
2 0 210 3a 60 60
20V = R,
50 100
Fig.4.191
31. Using superposition theorem find the value of V| in the circuit shown in
Fig. 4.192. [Ans: —46.8 V]
200 1.5A
AA— +
e 10V

1ev_(':) 3A $s0a

Fig. 4.192

32. Determine Thevenin’s equivalent circuit as viewed from the open circuit
terminals a and b of the network shown in Fig. 4.193. [Ans: 3V, 50Q)]

i 1000
AN © 8

sv(®) -<J|->9: §1on

Fig. 4.193

< b
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33. Find iy, i, and the value of the dependent source for the network shown in
Fig. 4.194. . [Ans: 2 A, -4 A ; 4 A]

®
m x
a0 <+> 3an 20 A §12ﬂ

4(“ Elin

Fig. 4.194 -

[Hint: At node x, assuming node voltage to be v, we have, LA L

4 3 12
20 = 2i,

However, —ip = — A.

oweve 1y 12

'.v=—24‘v'andi,=%=—6A:_r‘u=—%=2A.

Value of dependent source is 4 A.
i2=—21.u=—4h.:|

34. Find the current in the 6 Q resistor of Fig. 4.195 using Thevenin’s theorem.

[Ans: 1 A]
-V + /n\
A -+ X
o |3
3A 60
¥y
Fig. 4.195
35. Find the loop currents i), i; and i3 in the network shown in Fig. 4.196 by
mesh method.
. 29 , 11 . 57
A > =— B = — N = —
[ ns: i ”A iy ”A i ITA]
10 10 20
Ay AAAY ANy

av@),b §2n A (D:;D<j>2f,

Fig. 4.196




DC Network Analysis 333
36. What is the power supplied by the de-
pendent source in the circuit of Fig. 4.197.
[Ans: -84 W]
[Hint: In the right loop, -5 - V, + 2i +
2Ve=0 . Vy+2i=5.
But Vy=—(i+ 1) x1=-i-1
Solving,i=6 Aand V,=-7V
. Power supplied by the dependent
source is 2 V% i = -84 W] Fig. 4.197
37. Find Norton's equivalent circuit of the network shown in Fig. 4.198,
[Ans: 1.17 A, 6 Q]

~ AAAT + oa
20 Ny
10
v,
1A
ob
Fig. 4.198
38. Using Norton’s theorem find the current in the 5 Q resistor in the network
shown in Fig. 4.199, [Ans: 4.166 A]
o 20 40}
AN M

12\.(:) §5n 4iy

Fig. 4.199
39. In the circuit of Fig. 4.200,if r=5Q, R, =108, v, =10V, i,=2 A, find
the current through R; using Thevenin’s theorem. [Ans: 1.33 A]
: r
[ Hint: R; is removed. W
VyesigXr+v,=20V C..) A Yy
R-]-h=5fl{=r) — Va- § L ("‘ o
V
lp = —% _=133A ]
L RTII + R[_ Fig- 4.200
40. Find v by superposition theorem (Fig. 4.201). [Ans: v =23.37 V]

[ Hint: With 10 V source only,

10

=667V
5+10 667

v =10xi=10x
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41,

42,

43.
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-With 5 A source only, 50
, 5 ’
5+10 mvC") v2100 lo=5A
v;=167x10=16.7 V T -
Thus, v=v|+v2=23.3?V:| Fig, 4.201
The galvanometer in Fig. 4.202 has a resistance of 5 Q. Find the current
through the galvanometer using Thevenin's theorem, [Ans: 15.9 mA]
[ Hint: Open circuiting BD, current through 10 £ resistor B
10 100 15Q
I = A=04A.
17 10+15
Current through the 12 Q resistor A @ c
10
L= A =0J357 A
2T 2416 120 160
Vn=VBD=Vw—VM=12X0.357~1ﬂX0.4= D
0.284 V I
10x15 12x16 *Tov
= + = 12.857 Q.
™ 10415 12+16 Fig. 4.202
Currrent through galvanometer = 0284 ,_ 0.0159 A [B 1o D]]
12.857+5

For the electrical network shown in Fig. 4.203 find the value of load resis-
tance R; for which source will supply maximum power to the load. Find

also the maximum power. [Ans: 8 W]
. 6x3 18 30
Hint: Ry = Q=—0=20
[ BT R WA
(& B 12V = 60 R
12 6 T- L
_-— T — X‘— -
L 3+6x2 6+2 24
6+2 Fig. 4.203
Pm,,={2)2x2w=aw} 5
Determine the current passing through the 80 120
20 £ (BD) resistor of the network as P e
shown in Fig. 4.204 with the help of §2un
Thevenin’s theorem.
[Ans: I(B to D) = =7.79 A] an 100
I:Hint: Removing the 20 £ resistor the D
14
open circuit voltage + *v

Fig. 4.204
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Xx3- 2

2 _
3410 ge1z X6=0205V

Vep =V =Vap - Vap =
_6x!2 Ix10
™™ 6+12 3+10

. —0.205
Current through the 20 £ resistor = 056307 A from B to D or 7.79 mA

= 6.307 €.

fmthnB]

. Find the current in each branch of the network shown in Fig. 4.205 using
Kirchhoff's law.

[Ans: I,g = 1.978 A; Iy B
=1.12 A (AD)
I = 0.066 A (BD); Ing ‘/ﬂ,,,-‘/ Q
=1.912 A (BO) A San N
I = 1.186 A (DC); 3
Current through battery = 3.098 A] }{:7\ 20
[Hint: Taking 3 mesh currents /;, /, and
Iy in loops ABDA, BCDB and ADC (12 D
V) A, ANA i:
L+ -4+, -1)2=0 20 12V
2L, 4 3(1, - I3) + 41y — 1,) = 0 Fig. 4.205

2420 - 1)+ 3, -5) =12
Solving I, = 1.978 A; I, = 1.912 A; I; = 3.098 A currents in all branches
can be found out from [, I, and I,]



STEADY STATE
ANALYSIS OF
AC CIRCUIT

51 GENERATION OF ALTERNATING EMF

Let us consider a rectangular coil (Fig. 5.1), hav-
‘ing N number of turns and A m? cross-sectional
area, which is rotating in a uniform magnetic field
with an angular velocity @ radian/s. If in ¢ sec-
onds the coil rotates through an angle 8 = wr
from the X-axis, the component of the flux per-
pendicular to the plane of the coil is ¢ = ¢,, cos
ax (where ¢, = maximum flux density perpen-
dicular to the axis of rotation, when the plane of
the coil coincides with the X-axis).

We know from Faraday’s laws of electromag-
netic induction that, “the induced emf in the coil
is equal to the rate of change of flux linkages of
the coil”. Again, Lenz's law states that, “when a
circuit and a magnetic field move relatively to each other the electric current
induced in the circuit will have a magnetic field opposing the motion”. Combin-
ing these two laws, the instantaneous induced emf at time ¢ is given by

d¢

e—-NE=—Ni (¢ cos wr) [ ¢=¢,cost wi]

= N ¢, sin ar = (aN ¢, sin B) V.

when 8 = 90°, ¢ = wN ¢,, = E,, (say) where (E,) is the maximum value of the
instantaneous induced emf.

Now, if f be the frequency of rotation of coil in Hertz and B, the maximum
flux density in wb/m?,

e=E, sin@=(2afN B,, A) sin 8 V [ By,-A=¢,]

Let i be the instantaneous value of the current in the coil. Therefore, { = I, sin @,
where I, is the maximum value of the current.

Fig51 Generation of alter-
nating emf
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As both the induced emf and induced current varies sinusoidally hence the emf
or current can be plotted against (time). A sinusoidal curve is obtained as shown
in Fig. 5.2 :

Fig.52 AC Sinusoidal wave form

5.2 DEFINITIONS RELATING TO ALTERNATING
QUANTITY |

1. Amplitude (Peak Value) It is the maximum value, positive or negative of
an alternating quantity.

2. Instantaneous Value It is the value of the alternating quantity at any
instant.

3. Cycle One complete set of positive and negative values of an alternating
quantity is known as cycle.

4, Time Period It is the time required by an alternating quantity to complete
1 cycle; so for a 50 Hz a.c the time period is 1/50 second.

5. Frequency The number of cycles per second is called the frequency of
the alternating quantity. Its unit is Hertz (Hz).

6. Phase Phase of an alternating quantity is fraction of the time period that
has elapsed since the quantity last passed through the chosen zero position of
reference. '

7. Phase Angle It is the equivalent of phase in radians or degrees. So phase

angle is [2#%) , where ¢ is the instantaneous time and T is the time period.

8. Phase Difference Phase difference between two alternating quantities is
the fractional part of a period by which one has advanced over or lags behind the
other. To measure phase difference the frequency of the alternating quantities
should be same.

(a) The alternating quantities are in phase when each pass through their zero
value, maximum and minimum values at the same instant of time.

(b) A leading alternating quantity is one which reaches its maximum, minimum
or zero value earlier than the other quantity. A lagging quantity is one
which reaches the maximum, minimum and zero values later than the other
quantity.
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In Fig. 5.3 alternating quantity eg is o ‘f éa 6 6c
leading with respect to e, and is lagging

with respect to e,. If we consider ep as == = ot

e = E,, sin ax,
where E,, is the amplitude and @ is the Fig.53 lm ‘f“?""&'s“'m'
angular frequency of (eg). g quantities
Therefore e, =E_ sin (ax + ) and e~ = E,, sin (ax — ff)
where o is the phase difference between e, and eg and ( 8) is the phase differ-
ence between (ep) and (e.).

9. Roots Mean Square (RMS Value) The rms value of the alternating cur-
rent is that steady current, i.e., d.c current which if passed through a circuit
produces the same amount of heat as produced by the alternating current flowing
through the same circuit for the same period of time. The heat produced by direct
current [ or its equivalent rms value of the alternating quantity { is proportional to
i2. So the area under the curve i’ vs, 27 is the total heat produced by an alternat-
ing current [Fig. 5.4(a) and Fig. 5.4(b)].

p. i 2
—AA—
)
AC o x\/ 2% >ot
Fig.54(a) AC through pure resistance .
Fig.54(b) RMS value of alternating
quantity
Rms value is given by
e =
n
= L [y2 a2 e
=\3z J-J,"_ sin“0 d8 [substituting i = [, sin 8]
0
!:_ in -,
= |z [2sin*646
2 0 )

Ix

f(l — c0s 28)d6
0

n
uE
Y
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I lﬂsinze"
2\ x| 2

8

=0.707 I,

=l

Hence, the rms value of an alternating quantity = 0.707 x maximum value of
that alternating quantity.

10. Average (or Mean) Value The average value of an alternating current is '
that steady or d.c. current which transfers across any circuit the same amount of
charge as transferred by that alternating current during the same period of time.

The average value of an alternating current is given by

K
1 f.
I.= ;:!.:dﬂ

I

sin 8 d@

A=

S ey

L, x 2y
== [-cnsﬂ]u =— =06371,.

Thus, the average value of an alternating quantity = 0.637 X maximum value
of that alternating quantity.

11. Crest or Amplitude or Peak Factor K, It is the ratio of the peak or
maximum value to the rms value of an alternating quantity. For a sinusoidal
wave,

I Ly

Ke= T =0q071,

Fims

The knowledge of crest factor is important for measuring iron losses, as iron

loss depends on the value of maximum flux. Also in dielectric insulation testing

the dielectric stress to which the insulation is subjected, is proportional to the
maximum or peak value of the applied voltage.

= 1414

12. Form factor K, It is the ratio of the rms value to the average value of an
alternating quantity. For a sinusoidal wave

Imy 07071,

= 1. 06371,
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3.1 Analternating emf of frequency 50 Hz, has an amplitude of 100 V. Write down the
equation for the instantaneous value. Also find tke instantaneous value of the emf after 1/
600 second.
Solution
The instantaneous equation for the emf is

e = 100 sin 2aft = 100 sin 2x x 50r = 100 sin 10071

|
At t= —sec,
600

100 sin 1007 x —L = 100 sin 20X 80
e= sin _— = sin ——
600

= 100 sin 30° = 50 A. FaEERAN

5.2 An alternating current has rms value of 50 A and frequency 60 Hz. Find the time
taken to reach 50 A for the first time.
Solution

rms value =50 Aiel ,=50A

" So 1,=50J2 =7071 A.
The instantaneous equation of the current is
i=1, sin 2mft = 70.71 sin 2 x 60t = 70.71 sin 120 xt
when i=50A
50 = 70.71 sin 120 m

50 1
120 mt = =——=35in —
sin 071 3 sin -
[
H t= = 0.0021 sec.
ence 20 %3 sec tenvans

5.3 An alternating sinusoidally varying voltage with angular frequency of 314 radian/
second has an average value of 127.4 V. Find the instantancous value of the emf (a)

ﬁsm and (b) %wz after passing through a positive maximum value.

Solution

E,=1274V

E
E = —— =200V.
™ 0.637

Reckoning the time from the instant when the voltage waveform has maximum value, the
equation of the sinusoidal voltage wave is e = E_, cos @f = 200 cos 314 ¢,

(a) When :=ﬁm

; 1
=200 cos 314 1 = 200 cos 100 xx —
e ‘ cos cos 300

=200cns% =100 V.
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(b) When 1= L sec

75
e =200 cos 314 r = 200 cos 100 ot
1 4
=200cos 100 xx — =200cos — =-100V
?5 3 EEREEEEN
54 An alternating voltage is given by the equation v = 282.84 sin [3'."1 r+ %J . Find

the (a) rms value, (b) frequency, and {c) the time period.

Solution
(a) V,=28284V
282.84
V =— =200V
BN £
(b) o= 377 rad/s
37 EY4]
= = . =80
T2 o Taaxa O
) T= L=L 0.0167
(c = f 60 = Sec. snsweEm

5.5 If the form factor of a current wave form is 2 and the amplitude factor is 2.5, find
the average value of the current if the maximum value of the current is 500 A,

Solution
K;=2and K, = 2.5, I, = 500 (Given)

I I,
Therefore  Ky=2= ™ and K, =25= - =20
av lr'I'I'I'B ’rr.ru
500 Lo 200
So IM—E—ZOOAEndfw—T—‘?'——IMA. I
5.6 Find the average and rms value of
the wave form shown in Fig. 5.5. [
Solution /\
1 & d o! n 2r 3r  of —=
l.= —II,,, in ar d (o
2 J sin ax d(av) Fig.55 Waveform of Ex.5.6
!rh L3 "rn
= —|-cosat| =-— =0.318]
2.=r[ 1° 4 "

Sy
I

x I z
= E;__!r;sinzaxd(mnn f;,!(l-cmzﬁ”}d(“")

n
M|:"'
B |-

| —

g

1

E“
E
£—y

1}
ra|s|""
H|=

£l

[}

=

i

3
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5.7 Find the rms and average value of the waveform shown in Fig. 5.6

Solution
Em i

"
1 .
Ems = ;‘[E;‘; sin? et d(er) G| T 2r ar ot—
]

Y Fig.5.6 Waveform of Ex. 5.7
Ll
= —_— -— d
J o !(1 cos 2 an)d(emt)

E, [ sin 2t E, E,
= ol - = In=—
Jlrr 2 I .,,‘21?: J2

=0.707 E,,
x
E E
E, = lJE_,shaxd(&x):—”[-wsax]Z:—"’xZ
T T T
0
= (L.637 En* srsmmnn

5.8 Find the average and rms of the wave form shown in Fig. 5.7.
Solution

1 2 ] |- 2- 500 A }---

0 ] I 0]

S N p—
ha
[ 7 [(R—
FS

t —

= 3%, 4 0= s00r
1 Fig.5.7 Waveform of Ex. 5.8
J-z:jm

Therefore I,

1 2 1
1 1 [:’l zl
~| 5001 dr + |500dr |==|500| Z-| +500(2)
zh .!. ] z[ 2

l[smxi+5on]=l % 750 = 375 A
2 2 2

Iog = %ljiﬁaﬁm j'igd.c]

0 |

1 1
% I(SDﬂr}dej'(Sﬂﬂjzd:} =500 [%lﬂ:]f
0 0

= 500, L +1=500-2- =577.35 A.
3 J3
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5.3 PHASOR REPRESENTATION OF AN
ALTERNATING QUANTITY

Alternating quantities have varying magnitude and direction. So they are repre-
sented by a rotating vector. A phasor is a vector rotating at a constant angular
velocity.

Let us consider that an alternating or sinusoidal gquantity be represented by a
phasor Oa. It rotates in the counter clockwise direction with a velocity of ()
radian/s as shown in Fig. 5.8. The projection of this vector on the vertical axis
gives the instantaneous value ¢ of the induced emf (i.e sin wt). When @r = 0, then
instantaneous value = Oa sin @f = 0. When @ = /2, the instantaneous value =
Oa sin @2; Oa = E,, (peak value).

)
‘-\\
9‘0“
N2 /! T
a4 & Em
1800 0°,.360° |/Tes| |
o a —] 0y —
- Iﬂi‘g
=1 ﬂlfg
270°

Fig.58 Phasor representation of alternating quantity

The instantaneous value of emf at various intervals of time are:
at ty, e;= E,, sin wt,,
at 1y, e;= E,, sin ot
at 1y, e;= E,, sin wt,; and so on.
Phasor diagram is one in which different alternating or sinusoidal quantities of
the same frequency are represented by phasors with their phase relationship.
Now consider two similar single turn coils A
and B displaced from each other by an angle
(6) rotating in a uniform magnetic field with
the same angular velocity [Fig. 5.9(a)]. Sup-
pose the emf wave of coil A passes through
Zero in the positive direction at instant r = 0
and at the same instant emf of coil B attains a
fixed positive value due to its advancement
through an angle (@) from its zero value [Fig.
5.9(b)]. This can be represented as a still pic-
ture with the help of phasors in the phase dia-
gram. [Fig. 5.9(c)] Obviously the angle between

: . Fig. 59(a) Coil rotating in
the two phasors is the phase difference between g ;
the two emfs. magnetic field
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¢

/ ﬂ‘.\ v ﬁ

o] \n'\;r/z:r at —- g E
N\ A

o Fig.5.9(c)  Phase difference between E,
and Eg

Fig.5.9(b) Phasor diagram of ac emf

It should be noted that normally phasors are drawn to represent the rms values
and the reference phasor is drawn horizontally, e.g, the phasor (E4). Also the
phasors are assumed to rotate in the anticlockwise direction. So the phasor ahead
in an anticlockwise direction from a given reference phasor is said to be leading,
e.g., (Eg) leads phasor (E,) by angle (8). The phasor which is behind the refer-
ence phasor is said to be lagging.

5.3.1 Addition and Subtraction of Sinusoidal
' Alternating Quantities

Draw the phasor diagram of the al-

ternating quantity and then resolve L/ :j

each phasor into its horizontal and !

vertical components. Then add or [

substract the horizontal components (@) ®)

and the vertical components sepa-
rately. Suppose [, represents the ad-
dition or subtraction of the phasors
in the horizontal axis and /I, repre-
sents the addition and subtraction in the vertical axis. The diagonal of the rect-
angle formed by I, and I, denotes the resultant phasor [ as shown in Fig. 5.10.
The magnitude of [ is given by

1= ,/13 +12

If @ represents the angle between the resultant phasor and the reference phasor
(or horizontal line) then

Fig.5.10 (a) Addition of alternating quan-
tities (b) Subtraction of alternat-
ing quantities

I

6=tan"' —
4n ]

X

5.3.2. Graphical Method

Let us take an example of adding voltages: v, = 8 sin (@f - 30°) and v, = 6 sin
(@t + 45°).
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Magnitude of v is 8 and that of v, is 6, i.e, V; =8 V and V, = 6 V. Choose the
scale 1 cm = 2 V., Draw one horizontal line OP as the reference line, Draw OA =
8/2 = 4 cm at -30° and OB = 6/2 = 3 cm at an angle of 45° with respect to the
reference OP to represent (V) and (V,) respectively. Complete the parallelogram
OACB. The diagonal of the parallelogram, i.e., OC represents the resultant volt-
age V, (Fig. 5.11). By measurement OC = 5.58 cm. So OC = (5.58 x 2)
11.16 V. The angle & between OC and OF = 1.2° (by measurement). So, v, =
1L.16 sin (ax + 1.27) volts or v, = 11.16 £1.2° V.,

Fig.5.11 Addition of two vectors (graphical method)

5.3.3 Analytical Method

At first draw the phasor diagram. The horizontal component of the resultant
voltage

V,=8cos (30°) +6cos45° =8 x ﬁ +6x L =11.17
2 J2
The vertical component of the resultant voltage

V, = 8 sin (-30°) + 6 sin (45°) = -8 x % +6x = =024,

2
So the resultant voltage as shown in Fig. 5.12

Vi
15 Y
V= JV2+V2 = 11177 +024° l,(
= 11.1726 V. [\w
v,

X
y 0.24 v
f=tan! = =tan”! —== =123°
V. 11.17 Fig.5.12 Addition of two phasors

ie. V.=11.1726 sin (& + 1.23°) V. (analytical method)
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54 ACYVOLTAGE AS APPLIED TO PURE
RESISTANCE, PURE INDUCTANCE AND
PURE CAPACITANCE

AC through Pure Resistance Alone

When a pure resistance is placed across a sinusecidal emf [Fig. 5.13(a)], the
current will be in phase with the emf [Fig. 5.13(b)]. The corresponding phasor
diagram is shown in Fig. 5.13(c):

R v, IT
ll=1 o -
A > >
() = Iy, sin ot N L I v
NS
V= va ot
(a) (o) (c)

Fig. 5.13 (a) AC through pure resistance (b) Phasor diagram of voltage and
current through R (c) phasor diagram of voltage and current through
R.

Vi sinar V,

The current is given by, i = Y - ™ Sinwt =1, sinor
. gl Y R R ® m

Vv
where I,= T’j‘.

Vv
Also, I=—

R
where V = rms value of the appplied voltage

I = rms value of current

and R = resistance in ohms.

AC through Pure Inductance Alone

Whenever an alternating sinusoidal voltage is applied to a purely inductive coil
[Fig. 5.14(a)] a back emf is produced due to the self-inductance of the coil. The

applied voltage has to overcome this self-induced emf and therefore, v = L % .

where L is the self-inductance of the coil, v the back emf and (di/dt) the rate of
change of current.

i.e. — = sin wr [ v=V,sin @]

v Vv v
or :‘=ijsinmfdt=——'“ cosmf:—'"sin(ax—Ej
L wl wl 2
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(R X ERENENERRENRERERERERY ERENENN Y] LN

i
oo el MNP
.=J,,,s¢n[mr-g-] 2 "‘\>é/m,
v= Vmsin of
(a) (b)

Fig.5.14 (a) AC through pure inductance (b) Phasor diagram of voltage and current
through L (c) Current lags voltage by 90° in pure inductive circuit

Vm " ( E)
j = —sin | @ - =
or i X, 2
where X; = wlL (= inductive reactance)
v
N . T m
= I - o
i=1,sin [m.' 2) where [, X,

So the current lags behind the voltage by [%J and tﬁe phasor diagram is shown
in Fig. 5.14(b) and (c). ' '

Also, I ; where 7= rmsvalue of the current

= —}—::
V = rms value of the voltage and
X, = oL = inductive reactance in ohms.

AC throgh Pure Capacitance Alone

If a sinusoidal voltage is applied to the plates of a capacitor [Fig. 5.15(a)] then
the instantaneous charge in the capacitors g = Cv, where v is the instantaneous
value of the applied voltage and C is the capacitance.

If current i is the rate of flow of charge, then

. _ dg d d .
= —_— = —_y = —_— ot
i o Cd:v Ca‘r (V,, sin @)
= V,, oC cos
v, v
=—"'sin(mr+£)=-—"'~sin(ax+£)
1 2) X¢ 2

oC
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- v
e
Cl' X, v, {T%\ /
|—| - | A
| =_msmax
X, o F: 4 2r ot =
=1, sin ot

; \ (b)
v

(©)

Fig. 515 (a) AC through pure capacitance (b) Phasor diagram of voltage and current
through pure capacitance (c) Current leads voltage by 90° in pure capaci-

m| A

fance circuit,
where Xe= L (= capacitive reactance).
wC
, . n Vin
Also, i=1I, sin (mt + —) , where [, = —.
2 Xc

So the current leads the applied volitage by (%] and the phasor diagram is
shown in Fig. 5.15(b) and (c).

Also I= “g— , where [I= rms value of the current,
(&
V = rms value of the voltage
and X = capacitive reactance in ohms.

5.5 SERIES RL CIRCUIT

Consider a coil of resistance R ohms and inductance L henries. The coil is repre-
sented by R in series with L [Fig. 5.16(a)]. Let V = rms value of applied voltage,
I = rms value of resultant current, V; = voltage drop across R and V; = voltage
drop across L.

In the phasor diagram of Fig. 5.16(b) the current I flowing in the circuit is
drawn in the horizontal axis as reference. Vy is drawn in the same direction as
that of  and Vg = IR. V| is drawn leading with respect to / by 90° and V; = IX;.
The resultant of the phasors Vg and V, gives the supply voltage V. The magnitude

of the supply voltage is IVI = JVRZ +V2 = .ﬁm‘)z +(IX ) = yR*+ X}
= |IZl, where Z is the impedance of the circuit and is expressed in ohms;

% —
also, lﬂ:—EI- andlZl:JR +Xi

or (Impedance)? = (Resistance)® + (Inductive reactance)?.
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B 5 .
R L
f v Ve Z X
o\ 8 A g JA
LPJ o] Va P o R A 1

(8) (b} ()
Fig.516 (a) AC through inductive coil (b) Voltage triangle (c) Impedance triangle.

Triangle OAB [Fig. 5.16(b)] is called the voltage triangle and triangle O’A’B’
[Fig. 5.16(c)] is called the impedance triangle. It is noticed that current f lags the

applied voltage V by an angle (6) where 6 v= Vpsin ot

Vi X L
—tan' % =tan' 2L = tan' 5. S0, Wit i= Imsin (ot - 6)
Ve " IR R -0

if v = V,, sin o then, ] = I, sin(ex - 0) = —"’6‘1"— V‘”""

v,
?"' sin (ex — &). The phasor diagrams of

. Fig.517 Phasor diagram of voltage
. the applied voltage and current are shown and current through induc-
in Fig. 5.17. tive coil.

5.6 SERIES RC CIRCUIT

Consider a simple ac circuit in which a resistor of R ohms and capacitance of C
farad are connected in series [Fig. 5.18(a)]. Let V = rms value of applied voltage,
I = rms value of resultant current, Vg = voltage drop across R and V. = voltage
drop across C.

R C 0O Vg A . o R A X
r o i ] 6 ’
Vi —}-:-(—Vc — Ve Xc !
I v Z
O, B B
v

(a) (b) (c)
Fig.518 (a) AC through series R circuit (b) Voltage triangle (c) Impedance triangle.

In the phasor diagram of Fig. 5.18(b) the current I flowing in the circuit is
drawn in the horizontal axis as reference V is drawn in the same direction as that
of I and Vg = IR. V- is drawn lagging with respect to / by 90° and V. = IX... The
resultant of the vectors Vi and V- gives the supply voltage V. The magnitude of
the supply voltage is

VIl = JV.%-I'VC% = .J([R)l +“XC]2 =17 ’R2+X§ =117l

where Z is the impedance of the circuit and is expressed in ohms.
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VI
So, = oy and 1ZI= R+ X2

or (Impedance}z = (Resistance)? + (Capacitive reactance)®.

Triangle OAB [Fig. 5.18(b)] is called the voltage triangle and the triangle
O’A’B’ [Fig. 5.15(c)] is called the impedance rriangle. It is seen that the current [
leads the applied voltage V by an

1 Ve -1
angle 8 where @ =tan™ — =tan 1 v= Vi sin ot
Vi v, i
IXc o X¢ . . 7 I= Insin (wt+ 6)
— =tan T'SD' ifv=V,sin __ ~ NN
v [N —
mr;meni=fmsin(ax+9)=?“sin g of

(r + 8). The phasor diagram of the Fig.519  Phasor diagram of voltage and
applied voltage and currents are current in RC circuit.
shown in Fig. 5.19.

5.7 SERIES RLC CIRCUIT

Consider a simple series ac circuit containing a resistor of resistance R ohms, an
inductor of inductance L henries and a capacitor of capacitance C farad across an
ac supply of rms voltage V volts [Fig. 5.20(a)].

I = rms value of the current flow in the circuit
Vi = rms value of voltage across R = IR
V, = rms value of voltage across L = IX;
and V¢ = rms value of the voltage across the capacitor = IX,.

c. Vi
. R X Xe 8 Vr_— VG
— v
Vg =t V== Ve = B . N |
. (=) Va
S
v o c
(a) (b)
- [+ R/}
Ai‘
RS !
v i
Br VC"" VL
o Fva
(c)

Fig.5.20. (a) AC through-RLC series circuit. (b) Voltage triangle for lagging p.f. (c)
Voltage triangle for leading p.f.
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In the voltage triangle OAB [Fig. 5.20(b)] OA, AC and AD represents Vg, V;

and V. repectively. If IV,| > IVl then AB represents the resultant of (V, - V).
The vector sum of (Vg) and (V; — V) gives the resultant voltage (V).

Hence, Wi= JVE+(V, -Ve) = UR? +(UX, - IXc)?

= IR+ (X - X =1 R+ X =1z

where X = Net reactance in ohm = (X; - X)
4 Ve =Ve)
The phase angle of (V) is given by, 8 = tan™ ————
(Vz)
= tan~! “XL B D(c)
IR
= tan~! (X, - X¢)
R

tan™! % L X (say) = (X, - X¢),

If, v=V, sin a,

" VM a .
then i= —2—sm({ur - 0)=1, sin(wr - 8)

Hence, when V| > IV, we have
X; > X and current [ is lagging with respect to V by an angle less than 90°.

In the voltage triangle O’A’B’ in Fig. 5.20(c) IVd > IV,|. OA’ represents Vg,
A'C’ represents Vy and A'D’ represents V. The phasor (Ve — V) is represented
by A’B’ and O’B’ denotes resultant voltage V.

Here, Wi= V2 +(V, =Ve) =y (R + (X, - IXc)?
IR +(X, - Xo) = IJRE+X? =1z
where X = X; - X = Net reactance in ohms.
- o Ve =Ve)
The phase angle of V is given by, 8 = tan v
R
IX; -IX
-1 L C
= tan ——m—
IR
= mn"‘l ‘XI'—_‘EE., = tﬂn_l £ .
R R

If v =V, sin @r then

i= V?m sin(@r + @) = I, sin(wt + ).
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When V> V, or IX. > IX; or X > X, then current [ is leading with respect to
the resultant voltage V by an angle less than 90°.

The impedance triangle when V; > V is shown in Fig. 5.21(a) and the imped-
ance triangle when V> V; is shown in Fig. 5.21(b).

A X

A X
z L XL— Xc t
a8 = » > | ﬁ—-—hf
, 2N X Xe

Xc ¥
Xe

(a) (b)

Fig. 521 (a) Impedance triangle for lagging p.f. (b) Impedance triangle for lead-
ing p.f

5.8 IMPEDANCES IN SERIES

When several impedances are connected in series the net impedance can be found
out by using the following steps:

(a) Add all the resistances in the circuit to get total R.

(b) Add all the inductive reactances to get total X;.

(c) Add all the capacitive reactances to get total X

(d) Total impedance is given by Z= \/ R? + (X, - X )?
[Note: all additions in step (b) and (c) are phasor additions.]

5.9 A coil has an inductance of 50 m H and negligible resistance. Find its reactance at
100 Hz.
Solution
L=50mH and f=100Hz
Inductive reactance X; = wl = 2xfL, where @ is the angular frequency.
So, XL=2><3.14><100>¢501<]0‘3
= 31.4159 0. EeEEEEE

.5=lp_- If the frequency of applied voltage is 5 kHz, calculate the reactance of a 10 pF
capacitor.

Solution
f=5kHz=5000Hz and C = 10 pF = 10 x 10°F
1 1 1
Capacitive reactance (Xo) = — = =
P 7 wC  27C 2%3.14% 5000 % 10 % 107
10° =318Q

= 2x3.14x5000%10
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.5._1_1' A circuit containing a (a) resistance of 20 £ alone (b} inductance of 10 mH alone
and (c) capacitance of 300 puF alone is connected across an alternating voltage source;
write the expressions for the current when v = 100 sin 100 m.

Solution
v=100sin 100 &r, . V=100V and @ = 100 & rad/s.
V., 100 sin 100 mt
@ R=20Q - ig= —-sin 100 %t = ——%r—h = 5 sin 100 s

(b) L=10mH =001 H
Therefore X; = @l (= Inductive reactance) = 100 7 % 0.01 = 3.14 £}

= 31.85 sin [mnm - %]

(¢) C =300 uF=300x10°F

- 1 10°
t ct X - —_—— n
capacitive reactance (X) 100 7 %
= 10.61 Q

v
o= —"—sin[l[l]m+£]= 100 sin(mum+5]
Xe 2)" 1061 2

=9.425 sin [Iﬂﬂm + %] X

-5;1_2_ A coil of resistance 100 £ and inductive reactance 200 £} is connected across a
supply voltage of 230 V. Find the supply current.

Solution
R=1004Q, X, =200 0

Impedance 121 = R + X = /(1008 + (200 =223.61 Q

vV 230
. supply current f = —=——— = 1,028 A.
SUPPLY cument £ = == 361

A circuit takes a current i = 50 sin (3 141 - %} when the supply voltage is v =

L] ;' L]
400 sin 314 1. Find the impedance, resistance, and the inductance of the circuit.

Solution
v =400 sin 314

i = 50 sin (314-5)
3
I,=50A

and B=£.
3
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Hence V, =400 V and @ = 314 rad/s
Vi v,
lmpu:t!emr."l:lZl:—:—:ﬁ =80
imn r, 0
X X
_m_ . L L_ ., X _ =3
=S =tan , S =fan= =1732=v3
8 3 R or 2 nn3 1.73

X, = L732 Ror, X] =(1.732°R? or, Z* - R* = 3R?

or 4R=7'= (8 =64. So, R= ,J%‘l =40

Thus, X, =1.732x4=693Q
X

Therefore' L="t25% _0022H=2 mH
w 314

5.14 +When a resistor and coil in series are connected to a 240 V supply, a current of 5 A
is flowing lagging 60° behind the supply voltage, and the voltage across the coil is 220 V.,
Find the resistance of the resistor and the resistance and reactance of coil.

Solution

Let R, be the resistance of the coil and X; be the reactance of the coil, If @ be the angle of
the current then, cos @ = cos 60° = 0.5 = R/Z where R and Z are the resistance and
reactance of the whole circuit respectively.

Therefore, R=Zx05
|
But, L2|=T“;—|=3'ﬂ'i=4sn
R=48x05=240
Xy .
Also, ? = sin 60° = 0,866,
Hence X; =48 x 0.8666 = 41.57 £2.

Now, impedance of the coil = \,lRi+xf = % =440

Ry = |/ (44)? - (41.57) = 144210,

Thus resistance of the resistor is (24 — 14.42) = 9.58 {2, resistance of coil is 14.42 { and
reactance of coil is 41.57 Q. I

5.15 When a certain inductive coil is connected to a dc supply at 200 V, the current in

the coil is 10 A. When the same coil is connected to an ac supply at 200 V, 50 Hz the
current is 8 A. Calculate the resistance and reactance of the coil.

Solution
For dc the reactance of the coil is zero (" f=0).

Hence, resistance of the coil = % =200

=250

For ac supply, impedance = %
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Hence reactance of the coil = \J (25)% - (2002 = J625-400 =15 Q [P

516 A 200V, 120 W lamp is to be operated on 240 V, 50 Hz. supply. Calculate the

value of the capacitor that would be placed in series with the lamp in order that it may be
used at its rated voltage.

Selution
Let R be the resistance of the lamp as shown in Fig. 5.22. The current flowing through the
. .. P_120
t= —==— =0.6 A.
ircuy V. 200 200V, 120W
It Z be the impedance of the whole circuit, A i Lamp ¢
wi teasesed
2= = % =400 Q. ~ j
' \Z/
v (200)° 240V, 50 Hz
Now, — =Por,R= =33333 Q. Fig.522 Circuit for Ex.5.16

Hence the capacitive reactance is
Xe= JZi-R?

= Jmomz -(33333) =22111 Q.

C= —1—= 1 F
2mfXe  2x3.14%x50x221.11

= {(.0000144 F = 14.4 uF.
Hence the value of the capacitor is 14.4 pF.

5.17 A capacitor and a 50 € resistor are connected in series to an alternating current
supply. The voltage across the capacitor is 200 V rms and across the resistor is 150 V
rms. Determine (a) rms value of supply voltage, (b) peak value of the vollage across the
capacitor assuming sinusoidal wave form, (c) power used in the resistor.

Solution

Resistance R = 50 £
Voltage acrosss resistor, V= 150 V
Voltage across capacitor V=200 V

== =3 A. Fig. 5.23 Determination of | V|

Supply voltage = V2 +V2 =/(150)? + (200 =250 V.

Peak value of the voltage across capacitor = J2 Ve rms

=2 x200=2828V.
Power used in the resistor = IR = (3)? x 50
=450w. LR RN

:'3.'1'8' A resistance of 10 £ is connected in series with an inductance of 0.05 H and a
capacitance of 300 pF to a 100 V ac supply. Calculate the value and phase angle of the
current when the frequency is (a) 25 Hz (b) 50 Hz.
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Solution
(a) f=25Hz, R=10Q, L=005H, C=300xI10°F;
V=100V; Hence X, =2aL=2rx25%x0.05 =7.8510Q,

I 108
2nfC  2x3.14x25x300

. impedance Zl = 1HR2+tX.g-XL]’

= J(10)? +(21.23-7.85)* =167 Q;

and net reactance  1XI=1X-- X,/ =13.38 Q.
As X > X so the current is leading.
If 8 be the angle of lead then,

-1 iz-

=21.23 Q.

and Xc

_, 1338

- - . o-
&= tan . tan 0 53.23

Wi

Current n=—=100 _ 50988 A,
1zl 167

) f=50Hz

So X, =27 50 % 0.05 = 157 Q

and Xo= —1°  _ o610
2r % 50 300

1X, - XA =5000

and Z= .JRI +(X, - X:)P =1122Q

As X; > X~ so the current is lagging.
It @ be the angle of lag then,

-1 5.09
= tan~! === =26.97°
o 10
100
and 1 =—— =891 A.
curren .22 .

5.19 A 230V, 50 Hz voltage is applied to a coil L = 5 H and R = 2 £} is in series with a
capacitance C. What value must C have in order that the voltage across the coil be 400 V7

Solution

Impedance of the coil = yf R? + X7 =22 +(2rx50x5)* =1570 Q
Voltage across the coil = 400 V

~ current [ = L =0.2547 A
1570

o 230
I f th t= —— =903.21 0.
mpedance of the circui 02547

If X be the capacitive reactance,

JR (X, ~ X P =903.21
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22+ (100 % 5 ~ X0 = (903.21)
500 & ~ Xc = 903.2
So Xc = 666.8 Q and X, > X

1
C= — 9 8 F=477pF.
2m x50 % 666.8 . I

5.20 A voltage of 400 V is applied to a series circuit containing a resistor, an inductor
and a capacitor. The respective voltages across the components are 250 V, 200 V and
180 V and the current is 5 A. Determine the phase angle of the current.

Solution

Resistance R = % =50 Q.
Inductive reactance 1X,| = % =40 0.
Capacitive reactance X = I_;IQ =360

Impedance IZ1 = | R? + (X, - Xo)* = |/(50)? + (40 - 36)?

= /2500+16 =50.61 Q

.~ Phase angle of the current = tan™ %(X =X, -Xc)=tan"! % = 4.57° lagging.

5.9 PARALLEL AC CIRCUIT

Two circuits are said to be connected in parallel if the voltage across them is the
same. Consider a parallel ac circuit where an inductive coil is in parallel with a
resistor and capacitor in series [Fig. 5.24(a)]. The inductive coil in branch 1
consists of a resistance of R, Q and inductance L henry. The resistance in the
other branch, i.e branch 2 is R, and the capacitance is C Farad. So for branch 1

Z,= RE + XE and I, = V/Z|, where V is the supply voltage and X; = @l (the

X
inductive reactance). The phase angle of the current 8, = tan™ R—L .
L
Similarly, for branch 2
; .. v
Z, = «.#Ré + Xé , where X = ﬁ is the capacitive reactance and I, = 7o
2

- X
The phase angle of the current is 8, = tan™ Eﬂ‘

The current I, lags behind the applied voltage by 6, and current i, leads the
applied voltage by 8, as shown in Fig. 5.24(b).
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I A L
AT OO0 ™
AN i
I L Ag c
(=)
/
v
(a) (b)

Fig.5.24  (a) RL circuit in parallel with RC circuit (b) Phasor diagram of voltage and
current of Fig. 5.24(a)

The resultant current [ is the vector sum of I; and /,. Resolving [} and I, into
the X and ¥ components and then by adding or subtracting [as in Fig. 5.25 (a)] we
get

Sum of X axis components of [, and I, = I, cos 6; + [, cos 8,.

Sum of Y axis components of I, and [, = -I, sin 8, + I, sin 8,.

If 8 be the phase angle of the resultant current / then
fecos 8=1 cos 8 + 1, cos 0,
Isin 8 =-1, sin 8; + I, sin 8,.
Squaring the above two equations on both sides and then by adding, we get
I cos® 8+ Fsin® 8= (I, cos 6, + I, cos 8,)°
+ (=1, sin 0, + I, sin 8,)*

I= (I, cos 6, +1 cos 8;)% + (1, sin B, + I, sin 6;)

=1, sinf +1;5in8,
IcosB +1,cos8,

and the phase angle 6 = tan™’

The resultant current is shown in Fig. 5.25(b). If 8 is positive the current I leads
the applied voltage V and if 8 is negtative the current [ lags the applied voltage V.

Izsin 82

E 12

A » > > *
1 lpc08 8y lycos 8, 1;c08 By + lz008 62
A [ h
Iy8in 8y 1 ~Iysin 84+ l28in B2
(a) (b}
Fig.5.25 Branch currents in ac parallel circuit

510 ADMITTANCE, CONDUCTANCE AND
SUSCEPTANCE OF AC CIRCUIT

Admittance Y is the reciprocal of impedance Z of an ac circuit.
Y= =

1_1
Z Vv
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Just as impedance has two components

G .
viz., resistance R and reactance X, the z ™
admittance also has two components, X B
. . Y
viz. conductance G along the horizon- A
tal axis and susceptance B along the A (b}

(a)

vertical axis [Fig. 5.26].
Hence, conductance (G) = Y cos € = Fig.526 (a) Impedance triangle

1 R_R {b) Admittance triangle
Z Z z?
and susceptance (B) = ¥ sin 6= 1.xX_X

zZ Z z?

Admittance (¥) = «.,‘Gz +B?

The units of ¥, G and B are mho or ohm™ or Siemens (S ). It is to be noted that
inductive susceptance is considered negative and capacitive susceptance is con-
sidered positive.

Use of Admitance in Solving Parallel Circuits

Consider a three branch parallel circuit, as shown in Fig. 5.27.
The total conductance, G = g, +

h o b,
82+ 83 T
and total susceptance, B = —b, + b, / I ‘\;\':' b, \
; MV i}
Current in branch 1, I, = ¥ \ ] . /
o ¥ ’ AN
3 g3
) 14
Current in branch 2, I, = — o\
Y2 o
v v
Current in branch 3, I = y— Fig. 5.27 Parallel ac circuit
3

Net admittance ¥ = /G? + B> = \[(g, + g, + g3)% + (b +b,)?
=y tyat¥y;.

The current, I = (V - ) and the phase angle of the current is, 8= tan™! % .

5.11 AVERAGE POWER IN AC CIRCUITS

2
Power in a dc circuit is given by Py, = VI = 'R = V? . In an ac circuit the

instantaneous power is the power at any instant of time. It is equal to the product
of voltage and current at that instant.
p=vwi
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Like voltage and current, power is also continuously changing with time. So the
average power is given by

| T
= :.FJ p dt.
0
By convention, P always means average power and no subscript is used.
2 I
1 1 .
Also, P=-L[pas=:L [vias
2r o P 2r A

Average power is also called active power or real power or true power. Its unit is
waltts.

5.11.1 Power in a Purely Resistive Circuit

In a purely resistive circuit voltage and current are in phase. Hence, v = V sin 8
and i =1, sin 6.

Instantaneous powerp=vi=V, [ sin® 0 = % Vil (1 = cos 28). The voltage,

current _aud power waveform are shown in Fig. 5.28.

v
p.v,i _Jd7

o QD"W 180° 6 —

Fig. 5.28 Instantaneous power in a pure resistive circuit

The power waveform in Fig. 5.28 is obtained by multiplying together at every
instant the corresponding (instantaneous) values of voltage and current. It is seen
that p remains positive throughout the cycle irrespective of the direction of volt-
age and current in the circuit. This is due to the fact that as voltage and current
are in phase so either both voltage and current are positive or both are negative at
any instant of time. So their product (p) is always positive. This shows that power
flow is only in the direction from the source to the load resistance (R) and this
power is called active or real or true power (Pg).

Active power (Py) _[ d6 = j 3 VI (1= c03 20)d6
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Valn o Vulw [5in 26 i
= T—
4 in 2
_ Ve L _ Vol % 0= Vi,
2 4r 2
Voo I = VI
V2
In a purely resistive circuit Pg = VI = (IR)[ = PR = (RJ R= ?

Also, the active or real power in ac circuit is VI cos 8. A simple reasoning leads
to the conclusion that p.f. of a pure resistive circuit is 1(one) ans cos @is 1 (- VI
cos @ = VI, in pure resistive circuit). VI = (VY/R) = IR is the energy dissipated in
resistive circuit.

5.11.2 Power in a Purely Inductive Circuit

In a purely inductive circuit current lags the applied voltage by 90°.

So, v=V,sin 8and i =1, sin [8-%)
Instantaneous power (p) = vi = V, sin 81, sin (8— %]

"_sin 286.

=% x2V, I sin @cos 8=

The voltage, current and power waveform are shown in Fig. 5.29.

Fig. 529 Instantaneous power in pure inductive circuit

The power waveform in Fig. 5.29 is obtained by multiplying at every instant
together the corresponding (or instantaneous) values of voltage and current.

The power curve is a sine wave of twice the frequency of the current and
voltage wave. During the first quarter cycle, the power curve is above the hori-
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zontal axis and is positive, The circuit draws energy from the source. This energy
" is stored in the magnetic field of the inductance. During the second quarter cycle
the power curve is below the horizontal axis and is negative. The previously
stored energy is now returned to the source. Thus energy stored in the circuit
during the first quarter cycle is equal to the energy returned to the source during
the second quarter cycle in ideal inductive circuits. So the total energy dissipated,
called the active energy, during every cycle of the current is zero. The rate of
energy dissipated, called the active or average power over the complete cycle of
the current in a purely inductive circuit, is also zero,

n i

v, I
Active power P, = ﬁ J pdo 1 I "'2”
0

sin 28

2
0

Vil

=mmxj‘_ 22!
an <7 e0s 2k

m Iﬂl’

[cos 4 = cos 0]

VM"M
=M1
- [1-1]

=0.
Thus in a purely inductive circuit the active power over a complete cycle is zero.
Vil
The peak value of (p) is mm VL _y

2 a2

Reactive power Q
In a purely inductive circuit V = V; = X; I, where X; is the inductive reactance.
Reactive power @, =V, I = P X,
Vz

L .
or Qr= X, VAR (volt-ampere reactive),

L
@, is called the reactive veolt amperes for an inductive circuit. It is measured in
VAR. The energy which is continually exchanged between the source and the

reactive load is called the reacrive energy. By convention ; is considered posi-
tive for inductive circuits.

Also, @, = VI sin 8, (@) being 90° for pure inductive circuits. Obviously
{cos @) for inductance is zero,

5.11.3 Power in a Purely Capacitive Circuit

In a purely capacitive circuit the current leads the applied voltage by 90°.

So, v=V,sin @and i= I, sin (6‘+%]
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EESEAEFEFANSARSEANEAEERENRENRRRN LR R

Instantaneous power p = vi = V,, [,, sin 8 sin (8 + %J

=V,1I,sin Bcos 8= %lem-zsin @cos 0

Vi Im
= in 28.
3 s

The voltage, current and power waveform are shown in Fig. 5.30.

E -
Y
pwv, i T ~ Pl \

o° 9:]0\ 1 B’ao K,:!:,’Q“W 3‘30“ a —
-

Fig.5.30 Instantaneous power impure capacitive circuit

The power curve is a sine wave of twice the frequency of the current or
voltage curve. During the first quarter cycle the power curve is above the hori-
zontal axis and is positive. The circuit draws energy from the source and the
capacitor is charged. The energy is stored in the electric field of the capacitor.
During the second quarter cycle the power curve is below the horizontal and is
negative. The capacitor is discharged and the energy from the dielectric field is
returned to the source. The energy stored in the electric field during the first
quarter cycle is equal to the energy returned to the source during the second
quarter cycle in a purely capacitive circuit. Therefore the total active energy
during each cycle of the current is zero. The active power over a complete cycle
of current in a purely capacitive circuit is zero.

n i
. _ 1 0 Vala
Active power (PQ)= - !;:49 = o= _!'—2 sin 26 d@

_ VI, | —cos 28 "
T 4n 2

-V I
= —= T [cos 47 — cos 0°]
8x

-V
= ﬂ[l—l] =0
8rn
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Reactive power (Qg)
I,V

Vm m
The peak value of (p) is =T o
2 22
In a purely capacitive circuit
'r"= VC = IXC,

Vz
Qc=Vcl = PXc = —— VAR.
Xe
Q. is called the reactive volt amperes for a capacitive circuit. It is measured in
VAR, It is the rate of interchange of reactive energy between a capacitive load
and the source. By convention O is considered negative. Obviously, Q= VI sin
8, 8 being 90°. Power factor of such a circuit is also zero.

5.11.4 Power in a General Series Circuit

Consider a general case where v =V, sin @and i = I, sin(6 - ¢), where ¢ is the
phase angle of the current with respect to the voltage.
Instantaneous power p = vi

=V, I, sin @sin(8- ¢)

Vm Iﬂ‘l
= 3 [cos ¢ — cos(26 - ¢)]

Active power

VII'R m
p= L !pda e J[cosqb cos (26 - ¢)) d6

r r
! Vi I
m-m m Sm
ype -{[cosqbdﬂ e .!cus (20 —-9)d0

2

K M'rirl .
¢Iﬂl§ e [ sin (26 - ¢)

G 2 L Vm‘fm . .
= E:“;:LD (cos ¢) (2m) - [sin (47 — ¢) — sin (—¢)]
T 8
Vil
= Vlcos ¢ - [-sin ¢ + sin ¢]
= Vil cos ¢.

The voltage, current and power waveform are shown in Fig. 5.31.
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pleIT —'L_—"'

o a b ~ E
> 180° ~——
¢ 360°

Fig.531 Instantaneous power in RLC series circuit

From the power curve it is observed that during the interval Oa the power is
negative. During the interval @b the power is positive. The interval bc is the
repetition of interval Oa and interval cd is the repetition of interval ab. The
negative area under curve p between interval Qa represents the energy returned
from the circuit to the source. The positive area under curve p in the interval ab
represents the energy supplied from the source to the load. So, during each
current or voltage cycle a part of the energy called active energy is consumed,
while the other part called the reactive energy is interchanged between the source
and the load. The rate of energy consumption is the active power. The difference
bétween the total positive and total negative areas during a cycle of current or
voltage gives the net active energy of the circuit,

5.11.5 Voltamperes Power (Complex Power)

The product of rms values of voltage and current in a circuit is called the circuit
voltamperes. It is also called apparent power or complex power. It is denoted by
S and is measured in voltamperes VA. :

§=VI=(Z)I="PZ Also, S=P + jQ = JP? + 0 (m-l %) |

5.11.6 Power Triangle

From the previous sections we know that
Pp= Vel and (=0, for purely resistive circuit
Pp=0 and @, = (V) for purely inductive circuit
Pe=0 and Q= (V) for purely capacitive circuit.

The net reactive power in the RLC series circuit is @=0Q, — Q¢

[+ @y is considered positive and Q. negative]

- =PX, - PXe=P(X, -Xo) = PX

The active power P=P,=FR.
" The impedance triangle is represented in Fig. 5.32
Multiplying each side of the impedance triangle by I* we get the power tri-
angle as shown in Fig. 5.32(b).
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A 2

RA=P
Impedanc& triangle Power triangle
(a) (b)
Fig.532 (a) Impedance triangle(a) (b) Power triangle

Here, P=Scos §and Q =S sin @
AsS = VI,
Hence, P=VIcos @and Q = VI sin @
Also 1= P*+Q* and 8= tan™ %—.

A power triangle can be obtained from a voltage triangle by multiplying each
of its sides by the current as shown in Fig. 5.33.

P- 'I"_q: I
‘H’ultaga triangle Power triangle
(a) (b)

Fig.5.33 (a) Voltage triangle and (b) Power triangle

5.11.7 Power Factor in Resistive, Inductive and
Capacitive Circuit

The ratio of the active power to the apparent power in an ac circuit is defined as
the power factor (p.f.) of the circuit.

Power factor = P = Vicosb
« VI

So power factor in an ac circuit is also equal ro the cosine of the phase angle
berween the applied voltage and the circuit current.

The power factor is lagging in a circuit in which the current lags the applied
voltage. An inductive circuit has lagging power factor.

The power factor is leading in a circuit where the current leads the applied
voltage. A capacitive circuit has the leading power factor.

From the impedance triangle, power factor is also given by

= cos @

cos @= E.
Z

From voltage triangle power factor can be obtained as

V.
cos §= —-.
v
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Combining all results,

_R_Ve
zZ v
For purely resistive circuit p.f. = cos 0° = 1.
For purely inductive and capacitive circuits p.f. = cos 90° = 0,
We know that power consumed in a circuit is Vi cos 8
Power consumed in a purely resistive circuit = VI cos 0° = VI
Power consumed in a purely inductive or purely capacitive circuit = VI cos 90° =0,
Hence, we can conclude that the power is consumed only in the resistor and
there is no power consumption in either the pure inductor or the pure capacitor.

P
f.=cos 8= —
P R)

5.11.8 Active and Reactive Components of Current

When the current is not in phase with the voltage it lags or leads the applied
voltage by an angle 8. The component of the current which is in phase with the
voltage namely (I cos 8) is called the active component of current. The other
component which is in quadrature with the voltage namely (f sin 8) is called the
reactive component of current.

_5;1.'-1. Two inductive coils A and B are connected in parallel across a 200 V, 50 Hz.
supply. Coil A takes 15 A and (.85 p.f. and the supply current is 30 A and 0.8 p.f.
Determine the (a) equivalent resistance and eguivalent reactance and (b) resistance and
reactance; of each coil.

Solution

Considering supply voltage V as the reference phasor,

V=200£0°
I, = 152—cos™ 0.85 = 152-31.79° A
The power factor is lagging since the coil is inductive.
Total current 1 =30s-cos™' 0.8 = 30.-36.86° A.
(a) Equivalent impedance of the circuit

v 200£0°
Zg= —=————— =6.67£36.86°Q
I 30Z-36.86°

Hence, equivalent resistance [Ruq) = 6.67 cos 36.86° = 5,336 Q and equivalent
reactance {Xw] = 6.67 sin 36.86° =4 Q.
(b) [If /; be the current in coil A lagging by & angle with respect to the supply voltage,
then the horizontal and vertical components of [, are
I, = 1, cos (- 6) and I, = I, sin (- 8)
Similarly, Iy, = I, cos (-31.79)° = 15 cos (—3].79}*“ =1275 A
and hy =1 sin (=31.79°) = =15 sin 31.79° = -7.9 A,
The two components of [ are B
I, = 30 cos (-36.86°) = 24 A
and I, =30 sin (-36.86°) = 18 A.
Since, I=1,+1,
and Iy=hy+1
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So 2= 1275+ Iy,

or h,=24-1275=1125 A
and S18=-79+ 1,

or by=+19-18=-10.1 A,

' -10.1
Thus the current in coil 2 is J(Il.ﬁ]z +(10.1)* Ztan™' ——

11.25
= 15.11862-41.917° A.

2002 0°
The impedance of coil 2 is =
() = I, 15.1186£-41.917°

= 13.229.241.917° Q.
The resistance of coil 2 is (R,) = 13.229 cos 41.917° = 9.844 Q and the reactance
of coil 2 is X, = 13.229 sin 41.917° = 8.837 Q. casEsns
5.22 Find the branch currents, total cur-
rcnl Z and Y, apparent, active and reac- —_—
tive power and power factor in the parallc]

circuit shown in Fig. 5.34.
!
Solution . AAA
Let us consider the supply voltage as ref- 200
erence. 13
The current in second branch 2, m =1{
——F
100£0° 6283
= =520° A. ()
2 Z/
100V, 50 Hz
Vv ..
The current in branch 1, I, = o Fig.5.34 Circuit diagram for Ex. 5.22
1
10057 % 1
J 10)2 (mo ] )2 st ——o
= + K — tan”
10 31.4 an 10
= 14.14245° Q
1002 0°
I = £-45" = 7.07.£45° A.
14.14
6283
6283 100 &
The impedance of branch 3, Z,= ,[(20)? + [—lﬁj—;] Z-tan™ T3
= 28292-45° Q.
100.£0°
The current in branch 3, Iy = ————— =13.53245° A.
28729 /-45°
Total admittance Y=y +y+th
N S S &
5 & L
1 1 " 1

T 1a1a245° 20 28297-45°
= 0.0707£-45° + 0.05 + 0.035.£45°.
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Now, horizontal component of y is
¥, = 0.0707 cos (~45°) + 0.05 cos ° + 0.035 cos 45°
= (1.1247 Siemens
and vertical component of y is
¥ = 0.0707 sin (-45°) + 0.05 sin 0° + 0.035 sin 45°
= -0.025 Siemens.

a %
Therefore y:,Hyf-{-yi Atan'-y—

£

= J(0.1247) + (-0025) £tan~ 295
0.1247

=0.127£-11.336° Siemens

z=lo 1 _gg1/11336°0Q

y  0L1272£-11.336°
Total current [ = V¥ = 1002£0° x 0.1272-11.336° = 12.7£-11.336% A.
Apparent power {VI) = 100 x 12.7 = 1270 VA.
Active power (Vi cos 8) = 100 x 12.7 cos (11.336°) = 1245 W.
Reactive power (VI sin 8) = 100 % 12.7 sin (11.336°) = 249.63 VAR (inductive).
Power factor (cos 8) = cos 11.336° = 0.98 lagging. mnssnns

5.23 A lamp rated 400 W takes a current of 4 A when in series with an inductance.
(a) Find the value of the inductance connected in series to operate the combination from
240 V, 50 Hz mains (b) Also find the value of the capacitance which should be connected
in parallel with the above combination o raise the overall power factor to unity.

Solution

The resistance of the lamp R = £~ = 290 _ 350
II (4)2
Voltage across the lamp=/R =4 % 25 = 100 V.
vV _ 240

(a) The impedance of the circuit T - T = 60 2.

If v, is the voltage across inductance -

vi= Vnz +VL1
h T _v2 | 2 2
ot V= V2 =VE =407 - (1007 =218.17 V.
V,
So the inductive reactance = T‘x; 2“:” =5454 Q
54.54 _ 54.54

=0.173 H.

and the inductance = ——=
] 2% 50

(b) Let /- be the current through the capacitance.
The current through the inductive coil is /;. If the overall power factor is unity the
vertical component of total current (/) is 0.
Ie+ 45in (~6537%) =0
or I = 4 5in 65.37° = 3.636 A.
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Hence, capacitive reactance (X) = Y _1% 2750
I 3.636
and capacitance = ;F = 115.79 yF.

1007 % 27.5

5.2d A fluorescent lamp taking 100W at 0.75 p.f. lagging from a 240 V, 50 Hz. supply

is to be corrected to unity p.f. Determine the value of the correcting apparatus required.

Solution
Power = 100 W
p.f. = 0.75 lagging
Voltage = 240 V

Vicos 8=P,
1= —190 __ _ 555.-cos! 0.75 = 0.5552-41.41° A
240%0.75
. v 240
d 7= Y20 6 _unaa
and impedance (Z) 7 =055

If the power factor becomes unity the net reactive components of current is zero and to
improve p.f. from 0.75 lag to 1, a capacitance should be connecled in parallel. If I- be the
capacilive current,
net reactive component of current = [. + 0.555 sin(-41.41°) = 0.

So I-=0.555sin 41.41° = 0.367 A.

o Vv 2
t 1o Xp)= —=—7=653950Q
capacitive reactance (Xg) le 0367
. 1
= — _F=4, _
and capacitance T 00m % 653.95 F 87 pF

5.25 A 40 kW load takes a current of 20 A from a 240 V ac supply. Calculate the kVA
and KVAR of the load.

Solution

V=240V

I=20A

P =40kW.
If cos @ be the power factor then

Vlicos 8= P or, 240 x 20 % cos 8 = 4000

4000 _
240 % 20
Therefore, sin 6 = 0,553

= (.833.

or cos 8=

240x20
kVA(=Vl)= ———— =48kVA
10?

. 240 x 20 x 0.553
and KVAR (= Vfsin 8) = ——-—-—1-03— KVAR = 2.65 KVAR.



Steady State Analysis of AC Circuit 371

SRERENEEG RS R FRSERFNEENSEERES o

5.26 A 240 V, single phase induction motor delivers 15 kW at full load. The efficiency

of the motor at this load is 82% and the p.f. is 0.8 lagging. Calculate (a) the input current
of the motor, (b) the kW input and (c) kVA input.

Solution
V=240V

n=82% (given)
cos 8 =08 lag
Output power= 15 kW = 15,000 W
Output power 15,000

So, input P)= = = 18292.68 W.
o. input power (P) Efficiency 0.82
(a) 1f I be the input current then VI cos 8= P
P 18292.68
or I= = A =0527 A,
Veos@ 240 0.8
(b) kW input = m = 18.29.
. 240x95.27
(c) kVA input = VI = -—-03—-—- = 22.86.
l EREENEEDR

5.27 A single phase 50 Hz motor takes 100 A at 0.85 p.f. lagging from a 240 V supply.
Calculate the (a) active and reactive components of the current and (b) the power taken
from the supply.
Solution

F=100A

cos 0= 0.85
V=240V,
(2) Active component of current (f cos 8) = 100 x 0.85 = 85 A.

Reactive component of current (I sin 8) = 100,/1- (0.85)

= 5267 A.
(b) Real power taken from the supply (VI cos 8) = 240 x 100 x 0.85
= 20400 W = 20.4 kW.

[ BN R NN}

5.28 A series RL circuit having R = 15 Q amd L = 0.03 H is connected across a 240 V,

50 Hez. supply. Find the (a) rms current in the circuit; (b) average power absorbed by the
inductance and (c) the power factor of the circuit.

Solution
R=15Q
X, =2gfL=2ax50x003=9420

z= (R +Xx} =057 +042" =1171 0.

240
17.71

(a) rms current Il = -;-: = }13.55 A.
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(b) Average power absorbed by the inductance js 0.

(c) Power factor of the circuit %-—1i = (,847 lag.

?1 TRERERS

529 . A 200 V 50 Hz. inductive circuit takes & current of 15 A, lagging the voltage by
45°, Calculate the resistance and inducta.nce_gf ‘the circuit.

Solution
V=200V
I=15A
cos 8 = cos 45° = 0.707

LV _200
I Z = —= =13330.
mpedance T ,15
Resistance R = Z cos 0 = 13.33 cos 45° = 9.42 Q.
Inductive reactance X; = Z sin 8 = 13.33 sin 45° = 9.42 Q.
XL _ 942

Hence the inductance L a2 - R 0.03 H.
)] 2 x50 ERmsEEN

Ss 30 A 2-element series circuit consumes 700 W and has a p.f. of 0.707 leading. If the
apphcci voltage is v = 141 sin (3147 + 30°) find the circuit constants.

Solution
As p.f is leading so the circuit contains a capacitor along with a resistor.
Power (P) = T00 W
p.f. (cos @) = 0.707, hence (sin 8) = sin (cos™! 0.707) = 0,707
Instantaneous voltage {v) = 141 sin (314 r + 309
141

2

Angular frequency (@) = 314 rad/s.

If 1 be the rms value of current then,
P=Vicos @

or I= P = 700 A=09A,
Veos8 100 x0.707
mn
9,9
. Resistance (R) = Z cos 8= 10.1 x 0.707 = 7.14 £2 and capacitive reactance (X)) = Z sin
6=10.1 x0.707 =7.14 Q.

rms value of voliage (V) = =100V.

Now, Impedance Z = = 10.1 Q.

1 1
X, 314x7.14
Hence the circuit constants are 7.14 £ and 446 pF. srnanns

Therefore, capacitance C = F =446 pF.

5.31 A circuit takes a current of 3 A at a p.f of 0.6 lagging when connected to a 115 V,
50 Hz supply. Another circuit takes a current of 5 A at a p.f. of 0.707 leading when
connected to the same supply. If the two circuits are connected in series across a 230 V,
50 Hz. supply, calculate (a) the current (b) the power consumed and (¢) the p.f. of the
circuit.
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Solution

" As the p.f. is lagging in the first circuit so it
contains a resistor along with an inductor. The
second circuit contains a resistor along with a
capacitor as the p.f. is leading in that circuit.

The circuit is shown in Fig. 5.35.
Supply voltage V=230V, 230V, 50Hz

Frequency f = 50 Hz. P
For circuit 1, Fig.5.35 Circuit diagram for Ex. 5.31
I=3A cos8=061ag,and V=115V

Y 15 5330
I 3

Ry =Zcos 8=3833x0.6=229980Q
X, =Z sin 0= 38.33 x sin (cos™! 0.6) = 30.664 0.
For circuit 2,

I=5A,cos 8=0.707 lead and V=115 V.
v_1s
15

Re=Zcos 8=23 x0.707 = 16.26]1 Q
Xe = Z sin 8= 23 x sin (cos™ 0.707)
= 16.261 Q
when thetwo circuits are connected in sereis,

Impedance = \[(R, +Ro)? +(X, - X )

IZl = =230

= \1‘—(3"3'.2.'5‘.1')z +(14.403)2 =4181Q

. vV _ 230
(a) The current (/) = E—mh =55 A.
(b} The power is consumed in the resistors only.
= the power consumed = I’(R; + R¢)
= (5.5)% (39.259)
=[187.58 W
= 1.187 kW.

Net resistance
Net impedance
39.259
= ——— =094
41.81
As X; > X so the p.f. is lagging. Therefore p.f. of the circuit is 0.94 lagging.

(c) Power factor of the circuit =

§:32 The impedances Z; and Z, are connected in parallel across a 200 V, 50 Hz single
.phase ac supply. Z, carries 2 A at 0.8 lag p.f. If the total current is 5 A at 0.985 lagging
p.f., determine (a) value of Z; and Z, (b) total power and power consumed by Z,.
Solution
For the Ist circuit,

V=200V
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L =2A
cos 8, =08 lag so 8 =cos™! 0.8 = 36.86° (lag).

iz, = %:% = 100 Q. Also, sin 8, = 0.6

Resistance B\= Z, cos 6, = 100 x 0.8 = 80 L.

Inductive reactance X; = Z sin 8= 100 x 0.6 = 60 (2,
Total current ()} =5 A and net p.f. (cos @) = 0.985 lag.

So @ = cos™ (0.985) = 9.93° |
and sin 8= 0.172 5
Total power = Vl-cos 8
=200 x § x 0.985
=085 W
Total 121 = %Jgﬂ =40 Q. h

Fig.536 Phasor diagram

The phasor diagram is shown in Fig. 5.36

Horizontal component of I is f;, =/, cos ;=2 x08=16A
Horizontal component of [is [, =/ cos 8=5x 0985 =4.925 A
Vertical component of [, is [, =/, sin §, =2x06=-12 A
Vertical component of [ is [, = I sin 8=-5x 0.172 = -0.86 A,

If I, and I,, be the horizontal and vertical component of the current in the second

circuit then
'fl = !|1 + IZI'
Hﬂd f,. = fl_‘v + f:,..
So, L=l -1, =4925 - 1.6 = 3.25
and Ly=1,— by =-086+12=+034,
The current in circuit 2 is (1) = 12 + 17 =(3.325)% + (0.34)*
=334 A,
Impedance Z, = ~=2% 0 - 5088 Q.
I, 334
I X
Power factor of circuit 2 = —— = 3525 _ (9955,
I, 334

Hence power consumed by Z, is P, = VI, cos 6,
= 200 x 3,34 (0.9955)
= 665 W.

5.33  An iron cored electromagnet has a dc resistance of 7.5 £2 and when connected to a

400 V, 50 Hz supply takes 10 A and consumes 2 kW. Calculate for this value of current
{a) power loss in iron core, (b) the inductance of coil, (c) the p.f., and {(d) the value of

series resistance which is equivalent to the effect of iron loss.
Solution

When the electromagnet is connected to a dc source it is required to consider the resis-

tance of the coil only.
Given, resistance of coil (Rp) =7.5 Q.
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When connected to ac source both the resistance of the coil and the equivalent resis-
tance of iron part should be considered.
However, V=400 V; = 10 A and P (= 2 kW) = 2000 W.

Equivalent impedance Z = %:4—:}'{% =40 Q.
Power factor (cos 8) = L = 2000 = 0.5.
Vi 400x10

Total resistance = Z cos 8=40x05=200Q
Total reactance = Z sin 8 = 40 sin (cos™ 0.5) = 34.64 Q.
.~ resistance of iron core = 20 - 7.5 = 12.5 Q.
(a) Power loss in iron core is I* % 12.5 = (10)? x 12.5 = 1250 W = (1.25 kW).

34,64 - 34.64
w 100m

(c) Power factor {cos 8) = 0.5

{d) The value of series resistance is 12.5 ohm which is equivalent to iron loss,

(b} Inductance of coil = =0.1103 H

534 An iron cored choking coil takes 4 A at p.f. of 0.5 when connected to a 200 V,
50 Hz. supply. When the core is removed and the applied voltage is reduced to 50 V
50 Hz, the current is 8 A and the p.f. 0.8 lag. Calculate the (a) core loss and
(b) inductance of the choke with and without the core.

Solution
With core,

V=200V, cos@=05and /=4 A.
Hence m=5=%=son.

Resistance of core along with coil = Z cos #= 50 x 0.5 = 25 £,
Reactance of the core and coil = Z sin 8 = 50 sin (cos™' 0.5) = 43.3 Q.
Without core,

V=50V;I=8 A and cos 8=0.8.

Hence Z1 = %= % =625Q.

Resistance of coil (Zcos #) =625 x08=50Q

Reactance of coil (Z sin 8) = 6.25 x sin (cos" 0.8) = 3.75 L.
- Resistance of core =25 -5 =20 10). '

Core loss = I x (Resistance of core) = (4)* x 20 = 320 W.

Inductance of choke with core = ﬂ =£ =0.13791
w  2rx50
= 137.9 mH
Ind f chake with 3.75= 375
nductance of choke without core = _m _2?:}(5[) =0.01191 H
=11.9 mH. EEEEmEE

535 The following loads are connected in parallel:
(a) 100 kVA at 0.8 p.f. lagging,
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(b) 250 kVA at 0.8 p.f. leading,
(c) 200 kVA at 0.6 p.f. lagging
(d) 50 kW at unity p.f.
Determine (a) the total kVA, (b) total kW, (c) total KVAR and (d) the overall p.f.

Solution
Total kW = 100 x 0.8 + 250 x 0.8 + 200 x 0.6 + 50
= B0 + 200 + 120 + 50 = 450 kW.
Total KVAR = 100 sin (cos™' 0.8)
— 250 sin (cos™' 0.8) + 200 sin (cos™ 0.6) + 0

=100 x 0.6 — 250 x 0.6 + 200 % 0.8
=60 - 150 + 160 = 70.

or Total KVAR is 70 (lagging)

Total kKVA = (/(450)* +(70)* = 455.4.

TotalkW 450
Total KVA  455.4

As KVAR is lagging, p.f. is also (.988 (lagging). [

512 COMPLEX NOTATION APPLIED TO AC
CIRCUITS

For solving complicated ac circuit problems com-
plex algebra is used. In this method a phasor is
resolved into two components at right angles to
each other. If a phasor V is resolved into two com-
ponents V, (horizontal component) and Vr {verti-
cal component) [Fig. 5.37] then V2 = (V2 +V})
and (V) can be represented in cartesian form as,
V=V, +jV,=V(cos 8+ j sin 8).

The symbol j is an operator indicating the
anticlockwise rotation of the phasor by 90°, It is assigned by a value J—_l .

In polar form, the phasor V is represented by

Ovenall pf. = = (.988.

Fig.537 Horizontal and
vertical compo-
nents of phasor V

V,
V= V<6, where V= [V} +V? and 8= tan™ V—” ,
x
Addition and Subtraction of Complex Quantities
Let us consider two phasors v, and v, which are represented in cartesian form as
Then, v+ vy = {a; +az) + jby + by)
Multiplication and Division of Complex Quantities
v vy = (a) + jb)ay + jb,)



Steady State Analysis of AC Circuit 377

Vg tih _ + jby May = jb,y)
Va iy +.f% (az +jbz}(az_jbz)
_ (aay +hiby) + j(ba; —aby)

Also,

2,42
a; +b2
_anthh  ha-ab
- 2 2 2 "
a; +b; a; +b;

During calculations the horizontal and vertical components of phasors are summed
up separaltely in cartesian form. This form is convenient for addition and subtrac-
tion while the polar form is convenient for multiplication and division.

Let '|-'| = a] +jb1 = lVl' 4.’.’8|

where V)l = af +b' and @, = tan™ b
q
b,

and V) = a2 +b} and 6, = tan™' =
ty

vy vy = VL £6, X IVyl £6, = IV|IIV,] £(6, + 6y)

) W, 128, |74}
Mo ¥-.-_1£(3| -6,).

d = =
an Va W-z | .592 |V2 |

5.13 SERIES PARALLEL AC CIRCUITS

Consider a series parallel ac o X%

circuit as shown in Fig. 5.38.
First, the impedance of the
parallel branches 1 and 2 are

iXa Branch-1

Aa

Branch-2

. Az
considered. N
For branch 1: 7
E
S I
! Z, Ri+jX Fig.5.38 Series parallel ac circuit
1 1
Forbranch2: ¥V, = —=———
T Z, R-jX,
The admittance for parallel circuits 1 and 2 is obtained as
Yli = Y] + Yz = 1 + 1

Ry+jX, Ry-jX; '

and impedance (Z;;) = YL
: 12

Total impedance of series parallel ac circuit

Z:Zu +23 "'—"Z|2 + (RE- +jX3_:|
E

Thus, t I=—=.
us, curren Z
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5.36 The voltage across a circuit is given by (300 + j60) V and the current through it by
(10 - j5) A. Determine the (a) active power, (b) reactive power and (c) apparent power.

Solution

V=300+j60= \,‘(30032 +(60)? 2 B
300

=30594£11.31° V

I=10-j5= /(10)* +(5)* £~tan™ % = 11.182-26,56° A,

Angle between voltage and current is 6 = 11.31° — (=26.56") = 37.87%, and current is
lagging with respect to the voltage.
(a) Active power (VI cos 8) = 305.94 x 11.18 cos 37.87°
= 2700 W = 2.7 kW. .
(b) Reactive power (VI sin @) = 305.94 x 11,18 sin 37.87°
= 2099.68 VAR
= 2.099 KVAR (lagging).
(c) Apparent power (V) = 305.94 x 11.18 = 3420.4 VA = 342 kVA.

5.37 Three impedances (4 — j6) Q, (6 + j8) Q and (5 — j3) £) are connected in parallel.

Calculate the current in each branch when the total supply current is 20 A.

Solution

Z=G4-j6)Q ==t = (4-J6) =0.077 + j0.115
Z, (4-j6) (4) +(6)?
e, .11 6=j8 )
Zy=(6+78)0; wm= Z—6+13_{6)2+(3}2 = (.06 — j0.08
. 1 1 5+j3 )
L=5-)Q y3=——= =0.147 + j0.088

Zy 5-j3 (5+(3)°
Total admittance ¥ = ¥, + ¥, + ¥3 = (0.077 + 0.06 + 0.147) + j (0.115 - 0.08 + 0.088)
=0.284 + 0.123 = 0.31.£23.4°,
Supply voltage V= L = 20 __ = 64.52-234° V.
¥y 031£234°
I, = Vy; = 64.52-23.4°(0.077 + j0.115)
= 64.5/-23.4° x 0.138.256.19°
Iy = Vyy = 64.52-23.4° (0.06 - j0.08)
= 64.5.-234" x 0.1£-53.13°
Iy = Vyy = 64.5£-23.4°(0.147 + j0.088)
= 64.52-23.4" % 0.171.230.9°

ie., I, =8.923279° A

I, =645£-T6.5° A

I; = 11.0327.5% A, LR R
5.38 Find the value of unknown reactance M x 1
‘X" so that p.f. of the circuit will be unity in T 00 250
Fig. 5.39. Also calculate the current drawn 200V
from the supply. 50 Hz

50 104

Solution

The combined impedance of the two parallel .
branches Fig.5.39 Circuit diagram for Ex. 5.38
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(10+j5)(25-j10) (250 +50) + (125 - 100)

= 10+ )5) + (25— j10) 35— 5
B 300+ 725 (300+725)(35+ j5) 10375+ ,2375
35-j5 (35)% +(5) 1250
=(83+j19Q

If the p.f. becomes unity then the net reactance of the circuit should be zero
ie, X =-j1.9or X = 1.9 £ (capacitive).
So, total impedance is 8.3 £1. Therefore current is 200/8.3 = 24.1 A at u.p.f eensmne

5.39 Determine the current drawn 100 400

by the series parallel circuit shown

in Fig. 5.40 and find the overall p.f.
8N 60

Solution 180 140
The equivalent impedance of the T
two parallel branches is ~

440V, 50 Hz

(10 - j40) (14 + j18) 860 j380
(10 — j40) +(14+ jIB) ~ 24—j22

=127.358 + j9.24 Q.
. The impedance of the whole circuit = 8 + j6 + 27.358 + j9.24
= 35.358 + j15.24

Fig. 540 Circuit diagram for Ex, 5.39

= 38.5£23.32"°.
Hence the current drawn by the circuit = —0___ _ 1143£-23.3°,
385.223.3°
Overall power factor (= cos 23.3° lag) = 0.918 lag. casnman

5.40 In the circuit shown in Fig. 5.41 determine what voltage of 50 Hz frequency is to
be applied across AB that will cause a current of 10 A to flow in the capacitor?

50 0.0191
80 0.0318H
A 70 398 uF A T < B
—

Fig. 541 Circuit diagram for Ex. 540

Solution
The combined impedance of the two parallel branches is

(5+j2r %50 xi}.{)lgljx(ﬂ- L]

J2r x50 x 398
i 10°
542X 50% 00191 +[ 7+ ——"
e+ ‘ [ j2:rx50x3‘98]
_ (5+4j6)(7T-j8) 35+48+j42-j40  83+,2
T s5+j6+7-j8  12-)2 BT
_ 83.024.21.38°

= ——— =0b. L84° = 6.7 + 1. 3
12,16 2 —9.46° 6.83210.8 6 j1.28 O
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The impedance of the whole circuit
(Z)=67+j 1.28 + 8 +j 2 x 50 x 0.0318
14.7 + j(1.28 + 10)
14.7 + j11.28
= 102.34281.74°.
The impedance of the capacitor branch = 7 - j§
The voltage across this branch = 10 x (7 - j8) = (70 - j80) V.
~ the current in the other parallel branch
_ 70-j80 1063 £-48.5°

5+j6 7.81.£50.19°
Thus total current = 10 - 2.129 - j13.44
= 7.87 - j13.44 = 15.572-59.65°
The veliage across the third branch is = 15.57£-59.65° x (8 + j10)
= 15.57£-59.65° x 12.8.251.34"
=200 £-8.31° = (198 - j28) V.
Hence the supply voliage is [(70 — j 80) + (198 - j2B)] V,
i.e., (268 —j 108) V or, 288.92-21.95° V.
[Note that in this problem we have assumed 10 A current to be the reference phasor
having angle 10£0°. Other currents and voltages are expressed accordingly.]

= 13.61£-99° = =2.129 - j13.44,

541 Two circuits having the same numerical value of impedance are connected in
parallel. The p.f. of one circuit is 0.8 (lead) and the other is 0.6 (lead). What is the p.f. of
the combination?
Solution
Let the numerical value of impedance be Z. So Impedance of one circuit is Z; = Z{cos 8,
+ j sin @) and that of the second circuit is Z, = Z(cos 6, + j sin 8,).
However, cos 8, = (.8 and cos 8, = 0.6

sin 8; = 0.6 and sin 6, = 0.8,
Hence, Z, =2(0.8 + j 0.6) and Z, = Z(0.6 + j 0.8).

22, 08+ j0.6)(0.6+ j0.8)
Z,+Z,  08+j06+06+ j08
- 1.£36.86° % 1.£53.13° - 1.£90° = 0.31.245°

14+ j14 2.56 £45°

So the p.f. of the circuit is cos 45° = 0.707 (lead). ssannun

Now net impedance

-5._4_2_ A circuit with two branches having admittances y; = 0.16 + j0.12 and v, = —0.15
are in parallel and connected to a 100 V supply. Find the total loss and phase relationship
between the branch currents and the supply current.

Solution

v =(0.16 +j 0.12) §

Y1 = (—f 015} 5

I, = Vy, = 16 + j12 = 20236.87° A
and I, = Vy, = —j15 = 152-90° A.

Total current [ =1 + [, = 16 + j12 - j15 = 16 - ;3
= 16.282-10.62° A.
total loss = Vi cos &
= 100 x 16.28 cos10.62°
= 1600 W,
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1, leads I by (36.87° + 10.62°) = 47.5°
amd I, lags I by (90° — 10.62°) = 79.38". P

:5;43. A small single phase 240 V induction motor is tested in parallel with a 160 Q
res':stur. the motor takes 2 A and the total current is 3 A. Find the power and p.f. of (a) the
whole circuit and (b) the motor.

Solution .
(a) The current in the resistor is (/;) = % = 1.5 A.

The impedance of the motor is % =120 €.

Let the motor current is (a + jb) A.

KX @+ =21=4
The total current is (a + jb + 1.5)
or a+ 157+ =32=9
or 44+225+3a=9 [~ a+b =4
or 3a=275o0or a=0917 .

and b= :Ja—m.m?:.? = 1.78.

In induction motor current is lagging. So b = -1.78.
The motor current is thus (0.917 = j1.78) A.
The total current = 1.5 + 0.917 - j1.78
=2417-1.78
= 3£-36.37° A.
p-f. of the whole circuit is cos 36.37 = 0.8 lagging.
Power of the whole circuit is ¥/ cos 8 =240x 3 x 0.8 = 576 W.

0917
Power of the motor is 240 x 2 x 0.458 = 220 W. T

(b) p.f. of the motor is cos (!an" ﬂ] lagging = 0.458 lagging.

544 Find the phase angle of the input impedance of a series circuit consisting of a 500 Q
resistor, a 60 mH inductor and a 0.053 uF capacitor at frequencies of (a) 2000 Hz. and
{b) 4000 Hz.

Solution - Y. X
(a) Phase angle of impedance @ = tan™ M stan! £ €
Resistance R
When f = 2000 Hz, ' of
_ 1
X - Xe)=2rx2000x60% 107 - ——————
= Xo) 2m % 2000 x 0.53

=753.6 - 1502 = -748.6

50 # = 1an™ = =56.26".

(b) When f = 4000 Hz

X, - Xe =27 x 4000 x 60 x 10 - — 1
2 x 4000 x .053
= 1507.2 - 751
= 756.
_) 756

Therefore phase angle # = tan

— = 56.52°.
500
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- 545 A resistor R in series with a capacitor C is connected 1o a 50 Hz. 240 V supply. - '

Find the value of C so that R absorbs 300 W at 100 V. Find also the maximum charge and
the maximum stored energy in C.

Solution

Supply voltage = 240 V

Voltage across R is 100 V.

Power across R is 300 W

.~ Current through (R) is % =3A

Voltage across capacitor = .J (240)2 - (10002 =218.17 V.

Hence, maximum voltage (V,) = ¥/2 x 218.17 = 308.54 V.
Thus maximum charge is (C V)
Now, capacitive reactance X = &3” = 7272 QL

1
€= ————F =43.79
Hence, € = 7% 27 %50 379 HE
Maximum charge (= CV,) = 43.79 x 10 x 308.54 = 0.0135 C.

Maximum energy stored = %C Vi= % % 43.79 x 1078 x (308.54)* = 2.08 J.

5.14 SERIES RESONANCE

An ac circuit is said to be in resonance when the circuit current is in phase with
the applied voltage. So the power factor of the circuit becomes unity at resonance
and the impedance of the circuit consists of only resistance.

In the series RLC circuit in Fig. 5.42 the impedance is given by

Z= .JRZ‘F(XL—XC}E |-1-Vn—p-i-(-v‘_—>-*-<—vc)'{
LV A0 ——
Z=JR2+[QJL—_] 1A R L c
@c Y
The current in the circuit is =/
=Y v v
~z" Fig. 542 RLC series circuit

=

Rz(L—J—)

[ (oL
R R

The power factor is: cos 8= — =

sz 1:'.'
R +| L ———
( mC]

 Atrtesonance Z= R

wl. -

SI-8)

or w
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If £, be the resonant frequency then

2nf, = ——

Jic

1
or | = ————,
° aafLc
The p.f. at resonance: cos 8= %:% =1 [ at resonance, Z = R]
vV _V
and the current / = —=—.
T ZTR

Properties of Series Resonant Circuits

(a) The circuit impedance Z is minimum and equal to the circuit resistance R.
(b) The power factor is unity.

(c) The circuit current [ = % , and the current is maximum.

2

(d) The power dissipated is maximum, i.e. P, = ‘I-"?
1

wmJIC

(f) The voliage across inductor is equal and opposite to the voltage across
capacitor.

Since the circuit current is maximum at resonance it produces large voltage
drops across L and C. But as these voltages are equal and opposite to each other
so the net voltage across L and C is zero however large the current is flowing. If
R is not present then the circuit would act like a short circuit at resonant fre-
quency. Hence a series circuit is sometimes called an acceptor circuit and the
series resonance is often referred to as the voltage resonance. Figure 5.43 repre-
sents variation of R, X, X, Z
and [ with frequency. As R is
the independent of frequency A, Xy Xch Z T

(e) The resonant frequency is f, =

so it is a straight line. Induc-
tive reactance X; is directly
proportional to the frequency
80 it is a straight line passing
through origin. Capacitive re-
actance X is inversely propor-
tional to frequency and its
characteristic is a rectangular
hyperbola. At resonant fre- Fig. 543 Variation of R, X;, X, Z, 1 with
quency £ is minimum and 7 is frequency

maximum.

515 (Q FACTOR IN SERIES RESONANCE

Q factor of a series RLC circuit is defined as the voltage magnification produced
in the circuit at resonance.
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(R} FESAENEETENEASNERRAEEN

Voltage magnification is the ratio of voltage drop across the inductor or ca-
pacitor to the voltage drop across the resistor.

2z L
X, oL 2xf,L  2rNLC 1 [,
IR R R R "R
Q factor is also referred as the magnificarion factor of the circuit.

Hence, Q@ factor =

5.16 DIFFERENT ASPECTS OF RESONANCE
5.16.1 Variation of Current and Voltage Across L and

C with Frequency
The voltage across the capacitor is V=1 - LC
w
In an RLC series circuit [ = L4 -
1
R? + (mL - —)
wC
VC - V
2
ch R? + (mL - L)
2
or VCZ = 4 S
m’C’{Rz+(mL—L] }
wC
v? v?
- Y e (@LC-1Y| Ra&C+@LC-1)
o’ C?

dv dv}
To find the frequency at which V- is maximum dm should be zero i.e., E

should be zero,

av
— =10, we have

dow

av? _ ~{20C*R* +2(@* LC-1)20LC} |
do (R2w’C? +(w? LC—1)?)? B
or 2mC"R3+(20)"LC—2)2mC=U

2
or @ = R
LC 22

2
Hence the frequency at which V¢ is maximum is f = L [ L_K_ .

ar\LC 27
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To find the frequency at which voltage across L is maximum, we have

dv dv}
—£ _p or, udd =0.
dw
v
Now, Vi=iX, = - wL
1
R2+(a:-!.,——]
(ot~
vZ e Viell? Vie'’c?
L= 2 2R f (P LC - 12
R2+[mL—~L] @ (w )
wC

By differentiating (V?) with respect to @ and setting

simplification,
26PLC - ¥ C°R*-2=0

o or

Vi

= 0, we have on

ar[2LC - CR* =2
or = 2 = !
2LC - R*C? _ R C?
2
or w= 1

2 ~2 ’
Lo B
2

The variation of voltages across the capacitor and the inductor with frequency are

shown in Fig. 5.44. It is seen
that maximum value of V,
occurs at f below f, (reso-
nant frequency) and maxi-
mum value of V; occurs at f;
which is above f,.

If R is very small then f,

vl.n VCT

al

fc and f, correspond to a

Vi

1
|
1

single vlalue of freqnency

el

5.16.2 Effect of Resistance on
the Frequency
Response Curve

Fig. 5.44

Figure 5.45 shows the nature of reso-
nance curve for different values of R,

As seen from the Fig. 5.45 that when
the resistance is small the curve rises
steeply while with large resistance value
the curve has a low peak.

A circuit with a flat frequency re-
sponse curve will be more responsive

v
f —

6\-&.

fg i

Variation of voltage across L and C with

Small R

Large R

I .
fa A
Effect of resistance on fre-
quency response curve
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and so less selective at frequencies in the neighbourhood of the resonant fre-
quency. On the other hand, a circuit for which the curve has a tall narrow peak
will be less responsive and so more selective at frequencies in the neighbourhood
of resonant frequency.

5.16.3 Bandwidth and Selectivity in Series Resonance
Circuit

The bandwidth of a given circuit is given by the band of frequencies which lies
between two points on either side of reso-
nant frequency where the current is 12 [N P
times of the current at resonance and hence
the power is half of the power at resonance.
Figure 5.46 shows the variation of circuit
current with frequency and this curve is
known as the resonance curve. f; and f, are
known as half power frequency where cur-
rent is I,/ 2 (I, is the current at resonance).
Si and f; are also called corner or edge
frequencies. The power at the two points of Fig- 546  Variation of current with

o

e

—

!

|
PR

I
[
A
ool
(S
I
| 1 1

[

f1 fo fz f —p-

frequencies f; and f5 is frequency
e (L), 1R _)
P=P,=IFR= 7 R= 7 =3 % (power at resonance)
Now (= 4 at any frequency (@)

LV

R? +(mL——]
wC
I,

At half power frequencies [ =

v2 RJ2 R
Squaring both sides and comparing above expressions we have
2 2
r= - 2=;;2
1
R +(or--L)
wC
2 2
or V_ - L4 = or, (mL—L) =R.
2R? 2 1 oC
R+ |wl-——
2
or ol- L =xR or w=2+ X3 R—+L.
wC 2L 4p*
As i is much less than [ 1 ] 50,
4r - \Wie
(w) = 1 R —_—i—j:m

2L Ic
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Since only positive values of @, is considered so

w= X + @,
2L

or @ =w,- 57 and q=w9+E
R R

or =f - —— and =f,+ —.
fish- gz md fi=f+ o

Bandwidth (Aw) =y - @, = —Erad;‘s,

and Bf) =fo ~f, = -Z%Hz.

The ratio of the bandwidth to the reranar"LrE frequency is defined as the selectiv-
(fa—1f)
fo

Thus, narrower the bandwidth higher is the selectivity property of the circuit.

ity of the circuit. Thus selectivity =

546 A circuit consists of a coil of resistance 100 Q and inductance 1 H in series with a
capacitor of capacitance 1 pF. Calculate (a) the resonant frequency, (b) current at resonant
frequency and (c) voltage across each element when the supply voltage is 50 V.

Solution
Resistance R = 100 &
Inductance L=1H
Capacitance C = 1 x 10° F,
1

2ay LC

1

27211 %10°6

159 Hz.

1

(a) Resonant frequency f,

Hz

(b) Current at resonant frequency [, = %: % =05 A,
(c) Voltage across resistance Vg =/, x R =05x 100 =50V,
.. Voltage across inductance Vy =1, X; = 0.5 x 2nf L
=05x2rx 159 %1

=500V
10%

—_— =500 V.
2rx159x1]

and voltage across capacitance V=1, X = 0.5 x

547  An inductive coil is connected in series with a 8 puF capacitor. With a constant
supply voltage of 400 V the circuit takes minimum current of 80 A when the supply
frequency is 50 Hz. Calculate the (a) resistance and inductance of the coil and (b) voliage
across the capacitor.

Solution

Supply voliage V = 400 V

The current is minimum at 50 Hz, so the resonant frequency is 50 Hz and the current at
resonant frequency (I,) = 80 A,
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Capacitance C=8x10°F.
Hence, resistance R= -‘i=ﬂ =50Q.
I, 80
At resonance,
X, =X¢
or &i: ._]..
wC
!
or w=
N LC
or M= —
JLx8x10®
or 2rx 50 = i
.jEL
2 2
10° 1 (10] 1
L=|l=———| Xx==|—]| Xx==1266H
or [ZE}‘:SU] 8 T 8 EvasnEn

S48 The resistor and a capacitor are connected in series with a variable inductor. When
a circuit is connected to a 240 V, 50 Hz supply, the maximum current by varying the
inductance is (.5 A. At this current the voltage across the capacitor is 250 V. Calculate R,
Cand L.

Solution

Supply voltage V = 240 V.

Resonant frequency ( f,) = 50 Hz.

Current at resonant frequency [, = 0.5 A,

Voltage across capacitor V.= 250 V

Now if X~ and X; be the capacitive and inductive reactance then

I, X = 250
and I, X, = 250.
At resonance, xc=:~:L=‘1]5—5°-=5mn
1

Therefoce, = 27f L = 500
erefore 2%1.C L
or c=—2t ___F-637uF

2x x50 % 500
and L=-% u_159H.

2% 50
. v 2
Resistan R= =29 _00.
esisinee I, 05

5.49 A constant voltage at a frequency of 1 MHz is applied to an inductor in series with
a variable capacitor. When the capacitor is set at 500 pF, the current has its maximom
value, and it is reduced to half of its maximum value when the capacitance is 600 pF.
Find (a) the resistance, (b) the inductance and (c) @ factor of the inductor.
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Solution

The current is maximum at resonant frequency.
f, = 10° Hz.

It is given that is C = 500 X Iﬂ‘” F.

1 3
Now, fo= = =10
21:1..' LC  2x\f500x10™"* L

or L = 10%

2,/ 500L
or 2m 500L =

1
1 1
L=|—| x—H =005 mH
"r [Zn] 500 "
when C=600x 10712 F.

1 .
2x10° x 60010712 27 x 600
Inductive reactance X; = 2xf,L = 2 x 10° x 0.05 x 107 =314 Q.
- Net reactance is (X — Xp) = 314 - 265 =49 Q.

- Capacitive reactance X = = 265 L)

!
Current f = — [= -2%) , where R is the resistance of the circuit and [, is the current at

So, I= 1— v

. 2R fRE_i_{xL_xC)E
or R = JR? +(X, - X )?

or 4R? = R? + (49
or 3R? = (49)
or R=28290
@, L 27 x10° x0.05x107?
-, O factor of the inductor is ——= ket =1LL T
R 28.29

5.50 A series resonant circuit has an impedance of 500 £ at resonant frequency and cut
off frequencies are 10 kHz and 100 kHz. Determine (a) the resonant frequency, (b) value
of R, L and C, (c) quality factor at resonant frequency and (d) p.f. of the circuit at
resonant frequency.

Solution

Al resonance

Impedance = Resistance or Z, = R = 500 €.

fi=10x% 10 Hz & f, = 100 % 10° Hz.

R sm
(a=fi)=90x10"= 5 =77
Now L= —23% _ _ _088mH
27 % 90 x 10°
Again, fHi=F, - R

4rl”
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R 500
. Resonant frequency f, = f; + —— =10 x 10’ + ————— =55 kHz.
e ' 4nL 47 x0.88 X107
1

As f.= .

2n LC

2
80 C= 1 X — = 0.095x 107 F
2rx55x10° |  0.88x107°
2nf,L 2mx55x10° x0.88x107
0 factor = oL _ 27 =061
R 500

and the p.f. of the circuit at resonant frequency is 1. ssmammn

5.51 A series RLC circuit has R =10 Q, L = 0.1 H and C = 8 uF, Determine (a) the
resonant frequency (b) @ factor of the circuit at resonance (c¢) half power frequencies,

Solution

(a) Resonant frequency f, = 1 = 1 = 178 Hz.

2L 2z J0.1x8x10%

2xf,L 2rx178x0.1

b = = =11.18.
( ) Qfmm 2 10
_k
(c) Lower half power frequency (f)) = £, - vy
10
=178 = ——— =178 = 7.96 = 170 Hz.
4r=0.1
Upper half power frequency (f;) = 178 + 7.96 = 186 Hz. ammmus

5,52 Calculate the half power frequencies of a series resonant circuit when the resonant
frequeucy is 150 x 10° Hz and the bandwidth is 75 kHz.

Solution
Resonant frequency f, = 150 x 10° Hz.

X R
Bandwidth = —— =75x 0%
andwidth (Af) hrg x

Lower half power frequency [f —n] [lsﬂl— _] 10° = 112.5 kHz.

4rl

Upper half power frequency [f + —] (1 50+ 725) 10° Hz. = 187.5 kHz.

5,53 A 25 uF condensor is connected in series with a coil having an inductance of
5 mH. Determine the frequency of resonance, resistance of the coil if a 25V source
operating at resonance frequency causes a circuit current of 4 mA. Determine the { factor

of the coil.

Solution
C=25%x10"F L=5x10"H
L=4x10%A V=25V,
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1

22 LC

Frequency of resonance (f,)

1

?.JIJsx 1072 % 25 %107
450 Hz.

- Resistance of the circuit = ~- = —2 _ = 6250 Q

I, 4xi10?

2rf,L 2mx450x5%x107
and Ql'm-:nr'_' ;: = 623] = 226 x ln'l- EEEEIEN

5.17 RESONANCE IN PARALLEL CIRCUIT

Let us consider a circuit where a capacitance C is connected in parallel with an
inductive coil of resistance R and inductive reactance X; as shown in Fig. 5.47.

Ic
L R X,
_’_m_f'ﬁm'\_
L
ficos ¢
C, - -
14 » it g -V
S '
1\ R
v fysin ¢
Fig. 547 AC parallel circuit Fig.5.48 Branch currents of Fig. 5.47

If I; be the current through the coil, /. be the current through the capacitor and
the total current is I, then the vector diagram is shown in Fig. 5.48.

From Fig. 5.48 it is clear that under resonance as the p.f. is unity the reactive
component of the total current is zero. The reactive component of the current
(- 1, sin ¢) = 0, where ¢ is the power factor angle of the coil. Therefore

IC - fL Sin ¢
X
or Yy _V. A
Xe 4, 7,
where Z; is the impedance of the coil and [ZL = \J R* + X} :i
or XX, = Zf
or E"£=ZE=R2+¢:&L2
aC
afl? = L _
or c
2
or at resonance @, = AR
Lc
and resonant frequen fa= 1 L _R
cy Jo - o
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- LEE AL RRARELE R LN LY RLRDN)

If resistance is neglected then
1
“=Tic
1
and fo= .
2 N7

Thus if resistance is neglected the resonant frequency of the parallel circuit is
equal to that of series circuit. Also at resonance the net susceptance is zero.

Net susceptance = (mC - —L) =0
L

1

@, = .
*L
As the net reactive component of the current is zero at resonance so the supply
current [ is equal to the active component of the current.

V R _VR_VR

So I=ljcosp= — =" =—" (v Zl=Xc X, =L
L¢2L2LZELJC(L“*Q
v from previous equation
or = —,
LICR

Thus at resonance the net impedance is given by L/CR and is known as the
dynamic impedance of the parallel circuit at resonance. This impedance is resis-
tive only.

The current is minimum at resonance as its reactive part is zero and thus,
(L/CR) represent the maximum impedance of the circuit. It is called a rejector
circuit.

518 PROPERTIES OF PARALLEL RESONANT
CIRCUITS

(a) At resonance the net reactive component of the line current is zero and the
circuit current is equal to the active component of the total current, i.e.
I=1; cos ¢

{c) The power factor is unity at resonance.

(d) Net susceptance is zero at resonance i.e (w(,‘ —i} =0.
1|1 _R
e\ LC 2 -

Since the current at resonance is minimum hence such a circuit is sometimes
known as rejector circuir because it rejects (or takes minimum current) at reso-
nant frequency. This resonance is often referred to as current resonance because
the current, circulating between the two branches, is many times greater than the
line current taken from the supply.

(e) The resonant frequency is f, =
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Figure 5.49 represents the variation of R, B, (inductive susceptance), Bo
(capacitive susceptance) Z and I with frequency. As R is independent of fre-
quency so it is a straight line. The capacitive susceptance (B, = @C) is a straight
- line passing through the origin and the characteristic of inductive susceptance

[ = _J‘E) is a rectangular hyperbola. At resonance [ is minimum and so Z is
w
maximum.
Z,= LICR

LY
= UCR

f

R, Bl'_l BCI jt Z

Fig. 549 Variation of R, B}, B, Z, I with frequency

519 Q FACTOR IN PARALLEL CIRCUIT

It is defined as the ratio of the current, circulating between the two branches of
the parallel circuit to the line current.

e e e

ocL_oL
CR R’
@ L ] oL L_1fL
R /) Jic R RNC’
In a series circuit Qg gives the voltage magnification while in a parallel
circuit it gives the current magnification.

Therefore Qfactor =

Now Qo 8t TEsonance is (

5.20 PARALLEL RESONANCE IN > -
RLC CIRCUIT no (Tl rc
In the circuit of Fig. 5.50 the resonance occurs vy G..) gn L c
when the net susceptance is zero. -l'
: P R
Admittance y = G + jB R +jocC JmL

Fig.5.50 RLC parallel circuit
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At resonance net suseptance (ﬂ}C - —1—) =0
@L

@, =

-8l

and f,)= .
2my LC

At resonant frequency ( f, ) the admirtance is minimum so the impedance is maxi-
mum and the current is minimum.

5.21 PARALLEL RESONANCE IN
RC-RL CIRCUIT

A parallel combination of RL and RC branches .

connected to a source of emf £ is shown in

Fig. 5.51. T"
The above circuit will produce parallel reso- 4

nance when the resultant current is in phase with Fig.551 RL and RC paral-

the applied voltage or the net susceptance of the lel circuit

above circuit is zero.

1 ]

Total admittance ¥ =y, + y; =

Rc e
j 1
R, —joL R =1 g0
= Rl a2p2
R} + 0L RE*"%
i w C
-oL oC
So the net susceptance — >z ' e
Ri+0’? p2, |
“ eoic?
wL _  aC

R} +@*L? TmzczRg.H
@ REC’L+L = RjC+@**C
or @ (R C’L-1’C) = R} C - L

RC-L RIC-L
or W= —5_ " o, w= —-l‘-———l_’——u-—-
LC(REC-L) LC RiCc-L

R}C-L
I L de..-‘s.

JLc\ RZC-L

RIC-L
or f.= A L Hz .

2aLC

So, Resonant frequency is [
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554 "A coil of 10 Q resistance has an inductance of 0.1 H and is connected in parallel
with a 200 uF capacitor. Calculate the frequency at which the circuit will act as a non-
inductive resistor of R £1. Find also the value of R.

Solution
Resistance of coil R, =100
Inductance of coil L=0.1H
Capacitance C=200x10°F
2
Resonant frequency f, = <L ~L—R—2 = LJ 1 - ao =31.8 Hz.
m\LC P 2 Y 01%x200%10%  (0.1)*

The value of non-inductive resistor R at resonance is the dynamic impedance of the
circnit.
L 0.1
= —==—=3501Q.
CR  200x10°° %10

.5..5_5_ In the circuit shown in Fig. 5.52 show that the circulating current at resonance is

given by (I) = VJ% for a supply voltage of V volts.

Solution Vi c
At resonance, Inductive reactance = Capacitive reactance 4'
1
X =Xc oral=—7 Fig.552  Circuit diagram
| for Ex. 5.55
Therefore o= —.
vILC
v v v C
C t th hL = —= = =V |j=.
urrent throug (or C) X, el 1 T
. |I LC (E R YRR
5.56 Calculate the value of Rc in the circuit shown in Fig. 5.53 which yields resonance.
Solution
Admittance of the inductive branch 00 A
y 1 10-510 ¢
1= oS
10+ /10 100+ 100 j100 2

Admittance of the capacitive branch
1 RC +2 _.'

Y2 = i a2 . Fig. 553 Circuit diagram
Re-2j Ri+4 for Ex. 5.56
10- 10 . Re+2j

100+ 100 Rf.+4

0, R | =0, 2 |
200 R2+4 200 RZ+4
As net susceptance is zero at resonance, so

=10

—_—_ 2 =

200 R?+4

Net admitliance y =y, + v, =

]
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50, 400 - 40 - 10R% =0
or Re= |28 -6q.
10 I E NN ERNN]

5.57 Show that no value of Ry in the circuit shown in Fig. 5.54 will make it resonant.
Solution
1,1 =(R;_-110}+(4+15)
Ry +j10  4-j5 Rz“m 16+ 25
Al resonance net suseptance is 0.

Net admittance =

-10 A 4
—s 0 L Q
R: +100 16+25
or 10 =i j100 -j5Q
Rl +100 41
41x10 Fig.5.54 Circuit diagram
or, R = ——=-100 = (/-18)" for Ex. 5.57

This value of R, is physically impossible and so no value of R; can make the circuit resonant.

5.58 A 200 V, 50 Hz. source is connected across a 10.£30° £ branch in paralle]l with a
10Z-60° Q branch. Find the impedance of the circuit element which when connected in
series with the supply produces resonance.
Solution
V=200V
Z,=10£30°Q=866+/5
Z, = 10£-60° = 5 —j 8.66
Combined impedance of the parallel branches
Z,Z,
Z +2Z,
10£30° %102 - 60°
B.66 +j5+ 5~ jB.66
100£ - 30° _ 100£-30°
13.66-j3.66  14.14£-15°
=T7.072-15° = 6.83 — j 1.83.
At resonance the net reactance of the circuit should be zero. So the element which is

connected in series to produce resonance must have reactance of j1.83. So inductive
reactance X; = 1.83 € and inductance
Xe _ 183

= ——=—-"—H =35, H.
L w 2m % 50 Sssm : Assmmusn

5.59  For the circuit shown in Fig. 5.55 find
the frequency at which the circuit will be at
resonance. If the capacitor and inductor are
interchanged what would be the value of new 1"' “Q"‘
resonant frequency.

I

Fig.5.55 Circuit diagram for Ex. 5.59




Steady State Analysis of AC Circuit 397

EEssssasEAREpEREEERESESEENENREN (R

Solution
|
1x
. 2 jw 1 1-j20
Total impedance = jox 1 + =jw + — = jm+
1+ 1 142 jw 1+ 4®
2 jw

1 il o 2w
7 - i
1+ dw? 1+40?

Net reactance is zero at resonance

Hence, w- =0
1+40* =
or 1+468=2 or, nﬁni or, m:-%nﬂ..imd!s
when the capacitor and inductor are interchanged
. N | Ix jo 1 jo
Net impedance is + == +
2jw 1+jw j2m 1+ jaw
__ 4 jed-jo)
0 1+ef
" i 2
- ere
20 1+t
ot vil@ _ 1
1+? 1+ 2o
)] 1
50 -— =0
l+o* 2o
or 20 =1 + af
or ﬁJ2= or, m=1mdjs. AmaEEEE

mevenanssnns ADDITIONAL PROBLEMS rececrnsssem

5.60 A voliage of 400 V is applied across a pure resistor, a pure capacitor and an
inductive coil which are in parallel. The resultant current is 6 A and the currents in the
above componenis are 3 A, 4 A and 2 A respectively. Find the power factor of the
inductive coil and the power factor of the whole circuit.

Solution

The current in the resistor I =3 A,

The current in the capacitor (I2) = 4 A.

The current in the inductive coil (I} =2 A.
Let the current in the inductive coil be (x — jy)

& J2+y? =2 o, 2+y¥=4. (i)
Total current =3 4+ j 4 + x - jy

50 JB+x? +(d-y? =6 ' (i)
or Py +6x-8y+9+16=36

or 44+6x-8y=36-25=11
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or Gr—8y=7

T+8y

ar X= .
6

Substituting x in Eg. (1)

2
T+8y 2
+y =4
Sl

or 49 + 112y + 64y* + 36y* = 144
or 1000% + 112y -95=0
or Y4+ L12y-095=0
or y=0.564 (taking positive value of y)
’ 7 +8x0.564
S0 xs —— =192,
6

p.f. of the inductive ¢oil = — =192 96 lag.

1 2

Real of total current 3+x 3+192
p.f. of the whole circuit = pet 7 =[ 5 }—E( 5 ) = (.82,

As the j component of total current is positive, i.e. (4 = 0.564) = 3.436 so the p.f. of
the circuit is leading, i.e. p.f. of the whole circuit is 0.82 lead. essnma
561 A 400 V single phase ac motor is tested in parallel with a 100 £2 resistor. The
mol‘.or takes 5 A current at lagging p.f. and the total current is 7 A. Find the p.f. and power
of the whole circuit and for the motor alone.

Solution
Current through resistor gl = % A=4A.
Current through motor ,)=5A.
Total current (fy=17A.
Let the motor current be (x - jy).
: 2L+yP=5 =25

Total current = 4 + x - jv,
4 +.x)z+y= =7* =49,

or 16 + 2 +* + Bx =49

or 25+8x=49-16=33

or 8r=8§

or x=1.

Thus y=4/25-12 =J24 =49,
p.f. of the motor = fi=% =10.2 lagging.

The complex part of the total current negative. So the p.f. of the whole circuit is
lagging.

4+ x 4+1
*. the p.f. of the whole circuit = T = T=— = 0.714 (lag).

Power of the whole circuit = 400 x real part of total corrent
=400 x (4 +x)=400x 5=2000 W.
FPower of motor alone = 400 x real part of motor current
=400 1 =400 W. sanEman
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5,62 A coil of resistance 5 Q and inductance 0.1 H is connected in parallel with a circuit
containing a coil of resistance 4 0 and inductance 0.05 H in series with a capacitor C and
a pure resistor R. Calculate the values of C and R so that currents in either branch are
equal but differ in phase by 90°.

Solution

The impedance of coil 1 is Z,=5 + jorx 0.1
=5xj2rx50x0.1
=5+j314.

. oo . 1
Th d f coil 2 =4+ R 2 x50x005 - ———
e impedance of coil 2 is (Z,) +3[ 2n'x5t]C]

-4+R+;[I5'.r‘--—-]—-]

4C
Asthccurrems in either branch are equal but differ in phase by %0°
. Z, = -2,
ie. Zy=314-j5
Thus, 4+R=314 and 157 -—— =5
Jl4C

or R=314-4=2740Q

1
and = —————— F=15385 uF.

314(15.7+5) K rRakene

5,63 A 230 V 50 Hz supply is applied across a resistor of L0 € in parallel with a pure
inductor. The total current is 25 A. What should be the value of the frequency if the total
current is 36 A7

Solution
Let the inductance of the pure inductor be L.
When frequency is 50 Hz the admittance of the circuit is

PR P B S R
10 jx2m=x50L JlaL

2
| 2B
\((D'n +{3!4L] 230

or 0.01 + —
98506 I

=0.0118

or L= 1 H =0075H

| 98596 (0.0118 - 0.01)
Let at frequency f the total current be 36 A.

Then, 4 — 36 4156
Ix3.14f x0.075 230
!
—— =(0.156) - 0.01 = 0.014
or oarny - 019
or f=—t  H: =151 Hz

0.471x0.014 axeenun
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5.64 In the arrangement shown in 5 100
Fig. 5.56 calculate the impedance 20 5Q
between A and B and the phase angle 4 —AAN—]—o B
between voltage and current.
Solution e én
(5 + j10)(8 + j6) Fig.5.56 Circuit diagram for Ex. 5.64
Zyp= ———"— +(2-j5)
5+j10+8+ /6
_ 40-60+ j(80 +30) Q- 5)
= 13416 J
-20+j110 11.8.£100.3°
= — +(2-j8)2 ————— +(2-j5
Bijte T2 peizsees TS
=5427494° +2 -5
=553-j0.88
= 5.6£-9.04°,
The impedance is 5.6 £) and the angle between voltage and current is 9.04° (current is
lagging w.r.t voltage). sassnan

365 How a current of 50 A is shared among three parallel impedances of (5 + j 8),
(6-j8)and (8 +;9) Q7
Solution

Zy=5+j8=943258°

Zy=6-j8="9162-53.13°

Zy=8+j9=12-£4837°
The admittances of the three branches

1

¥y = ———— =0.106Z-58°
9.43.£58°
1 °
M= ey = 0109445313
Y3 = —— = 0.08£-48.37°.
12£4837°

Net admittance y =y, + ya + ¥3 = % . where V is the supply voltage.

(0.056 — j 0.09) + (0.065 + j 0.087) + (0.053 - j 0.06) = —

ot 0.174 - j 0.063 = IT?
10

ve 20 _sav
or 0.185

So the currents in the three impedances are
H=yV=0106%x54=5724 A
I, =y,V=0.109 x 54 = 5886 A
L=yV=008x54=432A rasassn

5.66 Two coils of resistances 5 £} and 10 £ and inductance 0.01 H and 0.03 H respec-

tively are connected in parallel. Calculate (a) the conductance, suseptance and admittance
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of each coil (b) the total current taken by the circuit, when it is connected to a 230 V,
50 Hz. supply (c) the characteristics of single coil which will take the same current and
power as taken by the original circuit.

Solution

1 1 1
Z, 5+j100mx001 5+;3.14
. S
T 59432.13°
=0.169£-32.13° = 0.143 — j 0.089.
. . 1 1 1
Admittance of coil 2, (y,) = Z = 10+ 1007 x0.03 TR
_ 1
T 13.74243.3°
= 0.0732-43.3% = 0.053 - j 0.05.
Conductance of coils 1 and 2 are 0.143 § and (.053 S respectively, while sesceptance
of coils 1 and 2 are 0.089 S (inductive) and 0.05 S (inductive) respectively.
Admittance of coils 1 and 2 are 0.169 S and 0.073 S respectively.
(b) Total current taken by the circuit is
Vy = 230y, + »)
= 230(0.143 - j 0.089 + 0.053 - j 0.05)
= 230(0.196 - j 0.139)
= 5526 A.
1 1 o _
{c) Z= v 01% - T [39 0247-35.38° =4,167£35.34° = 3.4 + j2.14.
The resistance of the single coil is 3.4 £ and the inductive reactance is 2.14 .

(a) Admittance of coil 1, (y)) =

367 A coil of resistance 50 {2 and inductance 0.5 H forms part of a series circuit for
Which the resonant frequency is 60 Hz. If the supply voltage is 230 V, 50 Hz. find (a) the
line current, {(b) power factor and (c) the voltage across the coil.

Solution
1 . .
60 = ————, where C is the capacitance
2rf05C
1
or C= ——————— = 14 4F.
0.5(2x x 60)*

zZ 2
(509 +| 314 %05 - 10°
314 x14

230
J(50)? + (157 - 227.48)?
230
= ——A =2.697 A,
85.27
R 50
b) P factor = | = |=—— = 0.586.
(b) Power factor (Z] 35.27
As capacitive reactance is greater than the inductive reactance so p.f. is leading.

{a) Line current
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(c) Voltage across coil = 2.697 [ (50)* + (21 x 50 % 0.5
= 2.697 x 164.77 = 444.38 V.

-5;6.8. Two impedances Z; = (5 + j8) and (Z,) = (10 - j5) are connected in parallel across
a 200 V, 50 Hz supply. Find the current through each impedance and total current. What
are the angles of phase difference of the branch currents with respect to the applied

voltage?

Solution .
Current through impedance Z, is
200 _ 200 o
"= 58 smzse - A
Current through impedance Z, is
=200 ___ 200 = 17.89.226.56° A.

T 10-j5  11.18Z-26.56°
Total current () =1, + [, = 2.21£-58° + 17.89.£26.56°
=17.17 +j 6.12 = 18.23.£19.62° A.
Current in branch 1 is lagging the applied voltage by 58° and
current in branch 2 is leading the applied voltage by 26.56°. ssasnsa

5.69 In a circuit two parallel branches Z, and Z, are in series with Z;. The impedances
are Zy =5+ 8, Zy =3 — j4 and Z; = 8 + j11. The voltage across Z, is 50 V. Find currents
through the parallel branches and phase angle between them.

Solution

50£10° 50

8+j10 12.8451.34°

=392-51.34° A

Current through Z, = Total current =

(3-j4)
Current through Z; is I, =3.9/-51.34" x ———
S At 5+j8+3-j4
5£-53.13°
=39/-5134" % ————
8.9.226.56°
=2.19£-131.03° A
Current through Z, is I, = 3.92-51.34" x (5+8)
is I, = 3.9£-51. _—
frent through 23 35 5+/8+3-j4
=39/-51.34° x &
8.9.226.56°
=4.122-19.9° A,
Phase angle between the two currents (131.03° - 19.9°) = 111.13°. I
5,70, The total current I in Fig. 5.57 is A X
15 A at lagging p.f. and the power con- ;| W—— 150 X

sumed is 4 kW. The voltmeter reading is
300 V. Find the values UfRI, X|, and Xz.

250
Solution 00 300V

The voltmeter reading is the voltage l

across 15 Q and X,. [ is the current '
through that branch Fig.5.57 Circuit diagram for Ex. 5.70
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00 (en w2
F = (15) + Xz
(@_
I5
Let (R + jX) be the equivalent impedance of the parallel circuit

So net impedancce, Z=(R+15) + j(X + 13.23)
(R + 15)(15)* = 4000 (i)

2
or X, = ] -(15)? =1323Q.

2
and (R + 157 + (X + 13.23)% = (—3‘%] = 400 (i)

. 4000
F . R=2Z_15-2780
rom Eq. (i) 225 B

From Eq. (ii) (X + 13.23)* = 400 — (2.78 + 15) = 83.87
or X=-40720Q.

Net admittance of the paralle] branch

1 _ 278+ j4.072

T 278-ja072 2431

So, — L o114+j0.1675

R -jX, -j25
R +jX

or S 500420114 4/ 0.1675
Rl +X}

y =0.114 + j 0.1675.

R, .
or —2—-—2 =0.114 (i}
R 4 X;

X
and L +0.04 = 0.1675
R? + X}

Jfl
or — =0.1275. iv
R X (iv)
R _o014
X, 01275
From Eq. (iii) 0.89X, = 0.114 ((0.89) X7 + X?)

or 0.204 X, = 0.89 or X; = 4.35
and RI=U.89X4-35=3.839. (AR R RT]

= 0.89.

Now,

3.71 Prove that the impedance of a parallel ac circuit

containing R and L in one branch and R and C in the R c
other branch (Fig. 5.58) is equal to R when R? = L
¢ (N

If L =0.01 H and C = 90 pF, determine the imped- \:"'V
ance and current in each branch. Assume supply voltage
to be 220 V, 50 Hz. Fig.558 Circuit diagram
Solution for Ex. 5.71

; -4 2+ Ly i RoL- R
{R+JwL)[R mC] R +C+J[m -

Impedance Z= ] =
. 1

2R - _._]
+J[¢0L ] 2R+j(a}1’. ;
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. L
S ] —_— =R2 h
nce, c we have
R +Ri+jﬂ(mL_L] ZR-I-j(wL-—L]
wC wC
Z= = -
2R+ j mL—-—]ﬁ 2R+ mj:__.i.
aC aC
When L = 0.01 H & C = 90 pF,
L 00l
z=p=L-_20 _1 . p¢-1na
C 90x10® 9
220 220
L= =1.98|-1.62° A
'S TIL1+ j@0.01 1111+ j3.14 |=1.62°
220 220
L= = =1.98]17.66° A.
: 10°  111.11- 35385 |L7.66°

1L11-j

3.72 A series connected RLC circuit has R = 15 £, L = 40 mA and C = 40 uF. Find the
resonant frequency and under resonant condition calculate the current, power, voltage
drops across various elements if the applied voltage is 75 V.

" Solution
Resonant frequency f, = ———— = ' = 125.88 Hz.
2m LC 2x3.14 \,‘ 0.04 x 0.40 x 10°°
Current at resonant condition (/) = %=~E =5A.

Power (= VI)=75x5=375 W.
Voltage drop across R =1R =5 x 15 =75 V = Applied voltage.
Voltage drop across L=171X; =5x2xx 125.88 x 0.04 = 158.1 V.
5x10°

Voltage drop across € = [ Xc= oy = 1581 V. R

5.73 A series circuit consists of a capacitor and a coil takes a maximum current of
0314 A at 200 ¥, 50 Hz. If the voltage across the capacitor is 300 V at resonance
determine the capacitance, inductance, resistance and @ of the coil.

Solution
I,=0314 A
IR=200 or, R= —zﬁﬂ = 636.943 Q
0314
300 l
I =300V or, X-= 1 =95540= .
Ae 7 0314 @,C
=— L F-333uF
2% 50x 9554
. 300
Again 1X, =300 or X, = 031d - =9554=w,L
L=224 4 _304H

2 x50
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‘0" of the coil = maL_z:u:xst]xlDd =15 )
1l = R = 63&%3 = 1.2 . [(EE R TN NI
5. '?4. In a series resonant circuit, the resistance is 6 £, the resonant frequency is 4.1 x
108 radss and the bandwidth is 10° rad/s, Find L and € of the network, half power
frequencies and Q. of the circuit.

Solution

R=6%Q, ®, =41 x10°radss
Bandwidth (@, - @) = Aw = 10° rad/s

w, 4.1x10°
=% T
Also, = @ L =41
R
o ILIGLT
or L=LX6=6><I(}"H.
4.1x10°
As al resonance, X, = X,
C= 1 _ ! _ 106
Lol 6x107° x(4.1x10%)  1008.6
=991 x 107 F.
R x10°
Lower half power frequency (@) =[m‘j —m]=4.1 x 10% - " = 4,05 x 10° rad/s.
Upper half power frequency (o)) = [ﬂ) + ERL]
=41 x 10° + 6x10P
2x6
= 4.15 x 10° rad/s.

5.75 A coil having a resistance of 25 £ and an inductance of 25 mH is connected in
parallel with a variable capacitor, For what value of C will the circuit the resonant if a
90 V, 400 Hz. source is applied? What will be the line current under this condition?

Solution

(f)= —,[—=—, where (f,) = Resonant frequency

2
=L [ v ) = 400 Hz
2 n.uzsxc. 0.025

—10% = (400 x 2m)? = 6310144

U(}BC
C =547 uF
. v 90
Line cu t 1)= = =), .
e curren ) (LICR) 0.025 A =0492 A

5.4?}(]“_6)(25 EESAEAE
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5,76 Two impedances Z, = (10 + j15) Q and Z, = (20 - j25) Q are connected in parallel
and this parallel combination is connected in series with impedance (Z;) = (25 + jX) Q.
Find for what value of X resonance occurs.

Solution
The net impedance of the whole circuit

Z 10 + j15)(20—f
2= 12, +23=(°+-' 5)(20-j25) .25 4 X
Z,+2, 10+ j15+20 - j25

18.03256.31° x 322 -51.34°
= - +25+jX *
30 - j10
_ 576.96.24.97°
T 31.62£-1843°
18.247£23.4° + 25 + jX
= 16.74 + j7.24 + 25 + jX
=41.74 + j(X + 7.25).
For resonance the reactive part of the impedance must be zero, i.e. net reactance is 0,
X+725=0
or X=-12540, Remasss

+ 25+ jX

5.77 A coil having a resistance of 30 Q and inductive reactance of 33.3 Q is connected
to a 125 V, 50 Hz. source. A series circuit consisting of 200 £ resistor and a variable
capacitor is then connected in parallel with the coil. For what value of capacitance will
the circuit be in resonance? Given that resonant frequency is 60 Hz.

Solution
Here a series R-L circuit is in parallel with a series R-C circuit.

R ¢ 1 |1 | L-CR}
esonant frequenc ARy R Ralar N
“ y S 2ry LC L-——CRE.
Now at 50 Hz., (Xs5;,)=3330Q
or L= 334 H 0.106 H.
Zxx
0.106 - C (30)*
Again, resonant frequency = 60 = 1 1 _ (30)
2r Y 0.106C 0,106 - € (200)?
or L OM06-0C _ (376.8) = 14197824

0106C 0.106-40000C

or 0.106 - 40000C - 0.106C (0.106 - 900 C) = 141978.24
0.106C (0.106 — 40000C)

*0.106 — 40000C + 95.4C* = 1595.27C - 601987737
or =66 pF.

5.78 An inductor in series with a variable capacitor is connected across a constant
voltage source of frequency 10 kHz. When the capacitor is 700 pF the current is maxi-
mum, when the capacitance is 900 pF the current is half of its maximum value. Find the
resistance, inductance and Q factor of the inductor.
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Solution
1

27y LC

Resonant fregency f, =

or S 10x 0P = J = 10°
27y Lx 700 x 1071 21 700L
2
or 700 L = [L] = 253.56
10x10° x2x
or L=0362 H.

The maximum current = %. where V is the supply voltage and R is the resistance.
When capacitor value = 900 pF.

Current = % »* max. value of current

1.V Vv
l= =X—=—o0,
curren e ReT
. vV o v
Again 2R :
-"]12
R*+32xx10x10° x 0362~
2% 10% 10" 900
or 4R? = R? + 254091395 or R=2910.3Q
O = w,L 2rx10x10° x0.362 78
factor — R = 29103 = e ERsEREN

5.79 A coil of resistance 10 Q and inductance 0.5 H is connected in series with a
capacitor across a vollage source. When the frequency is 50 Hz the current is maximum.
Another capacitor is connected in parallel with the circuit. What capacitance must it have
so that the combination acts as a pure resistor at 100 Hz?

Solution

The current is maximum at resonance. So 50 Hz is the resonant frequency.
1

* e’
* 1
or 50= ——
2ry0.5C
1 ¥ 1
or C= x— = 20.28 pF.
[Sﬂ x?n] 0.5 hE
At 100 Hz the impedance of the series branch is
2, =10+j[ 22 x100x05- — 1% |
27 %100 x 20.28

= 10 + j 235.48 = 235.69287.57°
If C’ is the capacitor connected in parallel with the circuit, impedance of the parallel
branch is :
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= —jX¢
PR S
2 x100C*°
Admittance of the combined circuit

1
" 235.69.£87.57°
= 0.00422-87.57° + j628C"
= 0.000178 - j0.0042 + j628C".
Net susceptance should be zero if the circuit acts as a pure resistor.
sﬂ, (],ﬁl'.}42 = 628 C' i.l:., c' = 6.68 pF EssEEEN

+ j2008C’

5.80 A voltage of 100£30° V is applied to a circuit having two parallel branches. If the
currents are 20£60° A and 10£-45° A respectively find the kW, KVAR and kVA in each
branch and in the whole circuit. What is the p.f. of the combined load?

Solution
For 1st branch

100 x 20
kVA = =2
107

100> 20
kW = 0 cos (60° - 30°) = 1.732

100 x 20

KVAR = pe sin (60° = 30°) = 1 (lead).

1
For the 2nd branch
KVA = 100 %10 =1
10
kW = 100x14 cos (30° + 45°) = 0.2588

10?

KVAR = 1000: 10 Gin (30° + 45°) = 0.9659 (inductive)
1

Total current = 20£60° + 10.£-45°

=10+ 17.32 + 7.07 - 7.07
= 17.07 + j 9.62 = 19.59£29.4°.
For the whole circuit

_ 100x19.59

kVA = 1.959

kW = 1.959 cos (30° - 29.4°) = 28.3
KVAR = 1.959 sin (30° - 29.4°) = 1.175 (inductive)
P.f. of combined load = cos (30° - 29.4°) = 1. SaERRaN

'5;3_1. A choke coil has a resistance of 40 Q and @ factor of 5 at 1000 Hz. It is connected
in parallel with a variable capacitor to a 10 V, 1000 Hz ac supply. Find (a) X for resonance
(b} equivalent impedance as seen by the source and (c) current drawn from the supply.

Solution

Q factor = =5
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2ax 1000 L
or _— =
40
50 L= & =0.0318 H
2m x 1000
(a) If Cis the capacitance then
1 R?
b7y
2
2 _ 1 _ 40 ]
or (27 1000)" = S oatsc (0.0318
1
= 41020615.89
or 0.0318C
or C =0.766 , ./
1 ~fy=1
or Xe= ,C = (2% 1000 x 0.766 x 107%)
=207.7 Q.

(b) Equivalent impedance as seen by the source is
L _ 00318 x 10°
CR  40x0.766

10
1037.86

5.82 A pure capacitor of 60 pF is in parallel with another single circuit element. If the

applied voltage and total current are v = 100 sin (2000 f) and i = 15 sin (2000t + 75°)
respectively find the other element.

= 1037.86 Q2.

{c) Current taken from supply = = 0.6 mA. T

Solution
V = 100 sin 2000 ¢
i =15 sin (2000 1 + 75°)
Power factor = cos 8 = cos 75° = (.2588 leading

As the total current is leading by an angle less than 90° (i.e. 75°) so the other element
must be a resistor.

Xe
tan #=1tan 75° =373 = =

Xe
or R= 1 10° 1 =2680

373 wC373 2000x50x3.73 ; )

5.83 A resistor and a capacitor are in series with a variable inductor across a 100 V,
50'Hz supply. The maximum current obtained by varying inductance is 5 A. The voltage
across capacitance is 200 V. Find the circuit elements.

Solution

At resonance m:-:--sp.

or R= £=E =200
5 5

Voliage across capacitor (V) = f x ;JIF =200

¥
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I 5
or C= = F = 796 pF
200w  200%2m x50 .
Al resonance, wml = e
wC
So. _ I _ 10° H
@*C  (2rx50)° x79.6
=0.127 H. sewanmn
5.84 For the network shown in Fig. 5.59 determine the resonant frequency and input
admittance at resonance. 500
Solution
The net admittance of the circuit
, 5K — 1uF iH
¥= 1 +J"1— ___1____ u
5x10° X 50+jX,
o
— + jo, x 107 —l Fig. 5.59 Cirmit/diagim for
50— ji '
— +jmpxlu"'+i,
5x10° (50)* +a}
For resonance the net susceptance should be zero.
ﬂ"ll'
so @,x10°- — 5 =0
(50) +aw;
or 2500 + ¢ = 10°
or w, = 998.75 rad/s
s0 5= 288y, 159 He
2
Input admittance at resonance is given by
y= — 4 30 = 0.00025 §
Sx10°  (50)% +(998.75)%
585  For the network shown in Fig. 5.60 find the maximum value of R beyond which
the circuit will not resonate.

Solution @
Net admittance of the circuit is given as

40 Rc
y= 1 + 1
4+j3 Re—-jXg
4+j3 R -jX¢ o
Under resonance condition, . e ay s
3 X Fig. 560 Circuit diagram
= C

— € o for Ex. 5.85
16+9 nf, +x§

or 3IX2 +3R: =25 X,
or 3X2 - 25X.+ 3R} =0
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25+,[(25)? —4x 3% 3R
3x2

If X is real then (4 x 3 x 3RZ) should be less than or equal to (25)%.
So maximum value of R, is
(25)%
4x3x3

or Xe=

c= =4.167 Q.

5.86 Find the average and rms value of the

waveform shown in Fig. 5.61. o
Solution Eﬂ)ﬂ T /]
The slope of the curve is obtained as o ~t
10 [} T 2T time —
i= ot Fig.5.61 Circuit diagram for Ex. 5.86

Average value of the waveform is given by

T T
2 10xT?
f,,:—l-J‘id":lJ-Erd: = 1107 S— =54
T Tn T T|IT 2 T %2
rms value of the waveform is obtained as

T T 3 7T
LJth: L1005, _ (10017
o Ta7? L3

100x 7?3
- __.)i_ =_u_=5_?';l'A_
T3><3 1}'3 TEaEEENE

5.87 Find the average and rms

value of the waveform shown in 5; -
Fig. 5.62. Gurrent /

Solution 15 2 —> time
The average value of the wave- l/
form over a full cycle (t=0tor = -54

1) is 0. Considering half cycle (1 Fig.562 Waveform for Ex, 5.87

=05tr=1)
) 1
I =—j'd
v =050
0s
Now, '=—5—:-5.~1nr—
0.5
i
Hence i, = LI(lm-sm = 2[’“—‘-5:]
0.5
...2[5x12-5xl—5x(05)2+5x['.'5]
=2[2.5 - 1.25)

=25 A.
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5.88 Find the average and rms value of the waveform shown in Fig. 5.63.

Fig.5.63 Wave form for Ex. 5.88

Solution
The average value of the waveform

x
1 fene 50
Iy = Ejﬁﬂmm d(an)= 38 -cos ax]
T

su[ T ]
= =008 = =C05 T
2wl 3
=B 054+1)

Fi3
=11.937 V.




Steady State Analysis of AC Circuit 413

It

sin 271
T + 3
2 3 2

ld,ll.lifr—%+0.433=22.]42A. A

5.89 If the waveform of a current has form factor 1.2 and peak factor 1.7 find the

average and rms value of the current if the maximum value of the current is 100 A.

411~

"

Solution
!nm
Form factor = — = 1.2
Ii\'
I
Peak factor = — = 1% 7
T s
Hence L. = % =5882 A
| -
and I“=—=&3£ﬁ =49 A, nsssnnn
1. 1.2

5.90 A sinusodial signal has a value of (-5) A at 1 = 0 and reached its first negative
maximum of (-10) A at 2 ms, Write the equation for the current.
Solution
Let us consider the equation for the current is
i =1, sin (@t + 6)

At t=0,i(r) =1, sin ==5
At t=2x107s,i(N=1,sin (@x2x 107 + 8) =-10
Now, I, = 10 A (negative and positive maximum values are same)
Hence §in @= —— = —0.5 = sin [— i] = sin 210°
10 6
ie. 8=210°
Again sin (@ 2% 107 + 210°) = -% = -1 = sin 270°
Hence @x 2% 107 = 270° - 210° = 60° = 1;—
10°
L6, w= = "6 = 5236
i = 10 sin (523.6¢ + 210°) A.

391 In a circuit the voltage and impedance are given by v = (100 + j80) V and Z =
(10 + j8) €. Find the active and reactive power of the circuit.
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Solution

It is given that,
Z=10+;8=128/3686°0
v =100 +j 80 = 128.236.86° V
v _ 128 £36.86°

H T ‘= —=—. - o .
ence curren i Z 128236 86° 10£0° A

Power factor angle = angle between v and i = 36. 36"
Active power of the circuit

vicos 8= 128 x 10 cos (36.86°) = 1024 W,
Reactive power of the circuit

v.i sin 8= 128 x 10 sin (36.86°) = 768 VAR.

592 Find an uprﬁswn for the current and calculate the power when a voltage for v =
283 sin (100 ar) is applied to a ceil having R = 50 2 and L = 0.159 H.

Solution
Impedance (Z) =R + jowlL

=100r =314
Hence Z=50+%314%x0.159

=50 +j 49.95

= 70.67244.97°,
Now v = 283 sin 100 m
rms value of v = 283 =200 V.

J2
2832100
- Rms value of current (i) = =2.83/-3497° A
J2 x70.67 £44.97°

Now (ima) = V2 %283 =4 A.

The expression for current { = 4 sin (100 ar — 44.97°) A
Power = VI cos 8, where V and [ are the rms values of voltage, and current and @ is the
power factor angle.

Hence Power = 200 % 2.83 cos (44.97°) = 400 W. -
593 An emf given by 100 siu[Sldr —%) V is applied to a circuit and the current is
20 sin (3141 - 1.5708) A. Find (a) frequency and (b) circuit elements.
Solution

V = 100 sin (314:—%]

@ = 314 rad/s

@
Frequen = —= = 50 Hz.
(a)  Frequency f Y

(b) i=20sin (314 - 1.5708) A = 20 sin [3!4: —%] A

Current i is lagging w.r.t v by an angle of %—% 1e. e

N



Steady State Analysis of AC Circuit 415

Hence the circuit contains K and L only. If Z is the impedance then
R=Zcos 8= @ms[ ]-3356‘1
20 4

and @l = Z sin ﬂ:ﬁsm[ﬁ]ﬂ.ssﬁn
20 4

or, L=3336 _ 1126 mH.
314

594 A two element series circuit consumes 700 W and has a power factor of 0.707
Icadmg If the applied voltage is v = 141 sin (314 1 + 307), find the circuit elements.
Solution

Active power = VI cos 8= 700 W.
Power factor cos 8 = 0,707 (lead).

Hence vi= 22 _ggp

0.707
Now V = rms value of voliage = L2 997 V.

J2

Hence, I= N 993 A

99.7
ﬂﬂd = }—,- = -9-—?-—1'- ]D ﬂ

I 993
As the power factor is leading so the circuit contains resistance R and capacitance C.
Hence R=Zcos @=10x0707=7.07Q
and L _Zsin8=10%x0707=707Q

wC
1 :
or C= 314 %707 farad = 45,03 pF. TEEREESE
5845 For the circuit shown in Fig. 5.64 deter- 1uF
mine the equivalent admittance at terminals AB Ao 1=
if f= 50 Hz. 40
Solution 0.1 uF =
Equivalent admittance of the paralle]l branches: 0.01H
(Y =y +» Bo
1 1 A
= 5.64
4+ 71002 %001 T _jx10° Fg-
1007 % 0.1
_ 1 +] 314
4+3.14j mﬁ
1 +j 314

© 50823813 100

= 0.19682-38.13° + j3L.4 x 107®
= 0.155 - j0.1215 + j0.0000314
= 0.155 - j0.12147 s,
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Now admittance of 1 uF capacitor (y;) = joC
=j100 wx 1 x 107
= j0.000314.
In the circuit y and y, are in series.
Hence equivalent admittance is
Y¥s _ j0.000314(0.155 - j0.12147)

y+y;  j0.000314 +0.155 - j0.12147

0.000038 + j0.00004867
0.155- j0.121

0.00006 £ 52°
= =0, 08° S,
0.01967 £ -47.98° 03.299.96° 8 ELEEEY

._5._9_!'.5_ A series circuit consists of a 10 £ resistor, a 30 mH inductor and a 1 pF capacitor
is supplied from a 10 V variable frequency supply. Determine the frequency for which
valtage developed across the capacitor is maximum and the magnitude of this maximum

voltage.

Solution
1
Resonant frequency f,= ———
2ny LC
= 1 Hz
2x3.14% /30107 x1x 10~
=919 Hz.
Hence voltage across capacitor will be maximum when frequency is 919 Hz.
Vv 10 1
Voltage across capacitor = (X)) = — X —_—
“TRTCT 10 2xx919%106

{where [, is the current at resonance or maximum current).
:1?32? V AEEESEN

5.97 A coil of resistance 10 £ and inductance 10 mH is connected in parallel with a 25 pF
capac:wr Calculate the frequency at resonance and the effective impedance of the circuit.

Solution
R=10Q L=10mH C=25x10"F.
L[ R’
Resonant frequency _,ﬁ, 2:: E— IR

i 1 oy
2rV10x10”° x25x10°%  (10x107?)?

L,’ﬁ—wﬂ
2y 25

= 2758 Hz.
L. . . (L 10x107?
The effective impedance of the circuit (—) = —————— =40 0.
CR 25%10% x10 T LI




Steady State Analysis of AC Circuit 117

5.98 Two coils are connected in parallel across 200 V, 50 Hz mains. One coil takes
0.8 kW and 1.5 kVA and the other coil takes 1 kW and 0.6 KVAR. Calculate the
resistance and reactance of a single coil that would take the same current and power as the
original circuit,

Solution

For the 1st coil

and Vi, cos 6, = 0.8 x 10°
where [; and 8, are the current and power factor angle of the coil.
Now, V=200
1.5x10°
Hence, I =—— =75A
200
For the 2nd coil
VI, = 0.6 x 10°
and VI, cos 8, = 1 x 10°
(where I, and 6, are the current and power factor angle of the 2nd coil).
0.6x10°
Iy= —— =3 A
: 200
Total current I=L+5L=(75+3)A=105A

Total power = (0.8 + 1} kW = L8 kW.
Let the resistance and the reactance of the single coil be R and X.

Now, V=200V.
I=105 A,
200
He Z=— =19.07
nee 105
Also, VI cos = 1.8 x 10°
where cos & is the power factor of the single coil.
Hence cos @ = __1800 = 0.857
200x10.5
LA R=Zcos 8= 1907 x0.857 = 1634
and X=2Zsin0=19.07x0.515=9820Q. s

§.99 A capacitor is placed in parallel with two inductive loads, one 20 A at 30° lag and
another one of 40 A at 60° lag. What must be the current in the capacitor so that the
current from the external circuit shall be at unity power factor?
Solution
I = 20£-30°A
iz = 40/:—60“.&
Horizontral component of
Iy =1, =20 cos (-30°) A = 17.32 A.
Vertical component of
I =1, =20sin (-30°) A = -10 A.
Horizontal component of
I, =I,, =40 cos (-60°) A = 20 A,
Vertical component of
1, = I, = 40 sin (-60°) A = -34.64 A.
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If 1 be the total current vertical component of
I =1,=(-10-34.64) A =-44.64 A.
If the power factor is unity then vertical component of  should be zero.
Hence if I, be the current from the capacitor then, I + I, = 0, i.e. [, = -/, = 44.64 A.

5.100 Two circuits having the same numerical chmic impedance are joined in parallel,

The power factor of one circuit is 0.8 lag and that of the other is 0.6 lag. Find the power
factor of the whole circuit.

Solution
Let the supply voliage be V and the numerical value of impedance of each circuit be Z.

Current in the Ist circuit J, = %A—ws" (0.8) = % £-36.87°

Current in the 2nd circuit [, = % Z—cos™! (0.6) = % £-53.13°.

The resultant current is /) + [,

[cos(-36.87°) + j sin(-36.87°) + cos(-53.13°)
+ j sin(-53.13%)]

=—(14-j14)=1098 %4—45"

NI'-':

N=<

Hence power factor of the whole circuit is cos (45°) lag = 0,707 lag. eavsnas
5.101 A cosine wave is represented by v, = V,, cos(@r + 8), where the frequency is 50
Hz. In the expression of v, the angle ax and 8 are usually expressed in radians. Express
the angle in degrees and write down in the expression for V.
Solution
vap = V,, cos(awr + 0) [given, @f and & in radians)
*, In degrees we can represent as
v =V, cos(2 x 180 x 50 1 + 6)
= V,, cos(18000 r + 8); @in degree.
[Note that in radian the same expresion can be simplified as
vap = Vi, cos(2af - 1 + 6)
=V, cos(2x3.14x501+ 8)
= V¥, cos(314 1 + 6), & in radians] emanans
5 1112 A cosine wave is e.xpressed as v, = V,, cos(360 fr + 8), where @ is in degree.
Convert it to sine wave expression.

Solution
Given, vap = V,, cos(360 ft + 8)
(Note that ‘360" stands for 2x, where = 180°) since we can converl a cosine function
into a sine function by adding 90° to the angle (#), we now can write
Vap = V,, sin(360 f + & + 90°), 8 in degree.
[Similarly, we can convert a sine function V, = V¥, sin(360 ft + 8) to a cosine function by
subtracting 90° from 6.
ie. Ve = Vi, cos(360 ft + 6= 90°), 8 in degree.] sssasna

5.103 A voltage wave is applied across a load at input terminals marked “x — y". The
voltage wave is denoted by a conventionl cosine wave v,_, = V,, cos(360 ft + 6), 6 being



Steady State Analysis of AC Circuit 419
expressed in degree and has a fixed value of 60° in the present case. If V,, = 50 V, find the
voltage at + = 0, t = 0.01, r=0.05 and ¢ = | sec. Assume a 50 Hz frequency system.

Solution
Ve y = V,, c0s(360 fi + ). 6 in degree
Here uH=50ms{360x50x[)+60“]
= 50 cos 60° = 25 Volis [at r = 0 sec.]
Similarly, for t = 0.01, 0.05 and 1.0 sec,
we gel
vy = 50 cos(360 x 50 x 0.01 + 60°)
= 25 volts [at t = 0.01 sec.]
Vi = 50 cos(360 x 50 x 0.05 + 60°)
= =25 volts[at 1 = 0.05 sec.]
vy, = 50 cos(360 x 50 % 1 + 60°)
= +25 volts {at t = 1.0 sec]

Observing the above result we may infer that v, is +ve at r = 0 and 1.0 sec while
¥V, i8 —ve at 1 =0.01 and r = 0.05 sec. This clearly indicates that at =0 or at r = 1.0 sec,
terminal ‘x" of that load is +ve with respect to terminal 'y’ while for 1 = 0.01 or ¢ =
0.05 sec., the terminal *y" is +ve with respect to terminal ‘x'.

[Note that the instantaneous values of v,_, alternale in magnitude and sign depending
on the instant of ‘r* while the rms value remains the same which can be calculated for the

= 30 =3536 V.

5104 A voliage applied across a load terminal 1-2, is expressed as vi_; = Vi, cos(2m fr +
@) in a system having 50 Hz frequency and 8 = 30°, Obtain the value of instantaneous
voltage at r = 27.15 sec. and find how many cycles the voltage wave corresponds when r =
27.15 sec. Assume the peak voltage of the wave to be 100 V.

Solution
It is given that
vz =V, cos (2xft + 6)
when & and 8 are expressed in degrees,
Here vz = 100 cos (360 x 50 x 27.15 + 30°)
= 100 cos (488700 + 30°)
=-86.6 V.
.~ The instantaneous value of v,_, is (=86.6) volts at 1 = 27.15 sec. and terminal 1 is
negative with respect to 2.

For the second part of the given problem we would like to check the number of cycles
that corresponds to f = 27.15 sec. It may be noted here that an angle of (488700 + 30)°
corresponds to (488730 + 360°) cycles (or, 1357.5833 cycles). Then at ¢ = 27.15 sec, the
system completed 1357 full cycles and 0.5833 cycles. The latter corresponds to 0.5833 x
360° = 209.988°. [Also, 100 cos (209.988°) = (-86.6) volts].

given problem as (V) =

'5..1;0'5‘ AC voltage of 230 V (rms) is applied across a load that takes a current of 10 A
(rms) from the source. The current lags the voltage by 30°. Assuming the source ac
voltage to be a sine wave of 50 Hz frequency, write down the expression for the voltage
and current. Draw the respective wave shapes as well as the phasors.

Solution
Given: Vims =230 V.,
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-~ Vinax = Veme X V2 =32522 V.,
Also, L =10x /2 =14.14 A
(% dpy = Is X V2 and Iy, = 10 A)
The voltage expression can be written as
v =V, sin{wt)

=325.22sin (314 V,
when w is expressed in rad/sec.

Also, v =325.22 sin (2 x 180 x 501)
{when the angle is expressed in degree.)
i.e. v = 325.22 sin (18000 0 V.

Since the current lags voltage by 30°, we can write
i=1I, sin (@t - ¢)

= 14.14 sin [314:—%) A

when the angle is expressed in radian

S—
and i = 14.14 sin (2 x 180 x 50r - 30°) \Qﬂﬂﬂlﬂ of log)
= 14.14 sin (18000¢ — 30°), /

when the angle is expressed in degree. . .
The phasor representation is given in Fig. 5.65 Fig.5.65 Ilagging Vby 30°

v

Fig. 5.66 V, I waves shapes sausunn

5.106 Obtain the average value of the current waveform i = I, sin wr for (a) one

complete period T and (b) half period 7/2.
Solution

(a) Jf sinax dr = ]'I s:n—-
o

o

Thus average value of a sine wave (or even a cosine wave) for one complete period
1% zero.
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Ti2
(b) L= _[f sin X i
"’"mn"‘ T

1
2 21,

= —-I-"l[cos—-r[ =+—.
n T 4

It may be noted here that we have assumed the current waveform starting from the
origin. As a general case we may think of the ac waveform starting from r = ¢, in
the time scale on x-axis instead of assuming it starting from = Q.
This gives us

to+T

L =3 j! sin 2% Ly di
'..I_T m T
]

I 2 ToT
= Ll [ms _'F -II =0, for the complete cycle,
[

o
For the half cycle,
T
Iy = — I I, sin X 4.4
= — sin— -r-dt
av T!cz m T

n
]
HI;"
g
~ g
—
4
L]

[}
(2]
]
B

21
Check: if we assume 1, = 0, I, for the half cycle of the ac wave becomes [ = ]
T
It may be noted here we could have written /,, for full cycle as

i

lJ‘ .
i, = — | I,,sin wr diwt
a 2?-70 n ()

and for half cycle as

3
i, = l‘[J',,,z?.iu ot d{wry
T 0

_sil.ﬂ;?' Draw the power triangles for inductive and capacitive loads.

Solution

We start drawing with voltage and current phasors and in next step we draw power
triangles (Fig. 5.67) and (Fig. 5.68). The steps are shown as follows:
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For inductive loads

- lcos ¢
%jgatlve] j
f I'sin ¢
Viphasors
(a) Current phasors
(b) L
IPl{=VIcos ¢)
Ql{=wvsing)
Powaer triangle
(c)
Fig. 5.67
For capacitive loads
L
AY
i Isin ¢
¢ (+ve)
/ sy ¢ ,
feos ¢
Viphasors Current phasors
(a) {b)

Al (=Vising)

¢

IPi{=WIcos ¢)

Power triangle
Fig. 5.68
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Note: P=wcus¢=u2}.fx-g—=ﬂk

0 = Visin ¢=(Z) x I x % =

ISl= yP2+Q*. 4Z¢= tan"%

cos P = ————— =

m ISl

5.108 AC voltage (v) = V,, sin @f is applied across a load R. Obtain the expressions for

instantaneous and average power,

Solution
Instantaneous power (p) = %
Va o Ve
or p=-}z—--sm wt:-ﬂ;{l-coszmr}

Vl
In the expression of p, the constant part is [ILR] and hence it represents the magnitude

of average power.

Va
av - 2R' TEERE L]
5,109 A voliage and a current in a circuit are expressed as

v =V, sin @

i =1, sin(fwt - @).
Find the instantaneous power.
Solution

Instantaneous power p is given by
p=vi=V,_sin o x I, sin{wr - 8)
=V, xI, % %[cos (awr— wt + 8) - cos{wt + at - 8)]

= %Vm I, [cos 8- cos(2a1 - 8)).

[It can be observed that

Py, ;-«*% V,, I, cos 8,

but, Vi = V2 X Vi I = V2 I
P, = % X2V, Iy, 0SB
= Vi ¥ I X cos@
“cosf’ being known as power factor. ] sansnas

5.110 The following voltages are expressed in time domain. Convert it to phasor do-
main.




424 Basic Electrical Engineering

(a) 100 sin (ax +%J {(b) 100 sin wt {c) 75 cos ar
r
(d) 170 sin {M-T] (&) V2 x 165 sin [ax-—:i—;]
Solution
. 100
(a) 100 sin [ax+£] = — Z60° = 70.7.260°.
3/ 2
. 100
(b) 100 sin ot = —= Z£0° = 70.7.20°.
NE)
. 75
(c) 75 cos =75 sin [mt+ E] = — £90° = 53 £90°.
2)" 7
2
(d) 170 sin (mr-—:r) = @ Z=40° = 1202-40°,
9 J2

‘m] J2 %165

e 2 x 165 sin |@f —— | = ——— £-T0° = 165£-70°
(} J_ ]n{ 13 JE sRsaERE

5111 (a) Why the p.f. if ac circuit is always positive?
(b) Discuss when the reactive power is positive or negative.
Solution

(a) p.f. is represented by cos €. Since cos & is an even function [cos 8 = cos (-8)]
hence the power factor is always positive. Moreover, it is obviously always < 1.0.
(b) Q (reactive power) = VI sin &
The sine wave is an odd function [sin 8 = ~sin(-#)]. Hence @ is +ve when 8 is
negative ( is —ve when @ is +ve.
.~ Lagging current (inductive circuit) produces +ve and leading current (capaci-
tive circuit) produces (-(). In resistive circuit @ = 0 giving Q = 0. ramunnE

5,112 A saw-tooth current waveform is

shown in Fig. 6.69. Determine the average
value, rms value and form factor.

Solution
The average value is obtained as
. | 100 200
I = j.‘ dt. t—>
T A {m sec.)
Here, T =100 x 10~ sec. Fig. 569 Waveform for Ex. 5.112
40t
and i = ———— a linear function
100x107%
100x107
Il# = ; J- L rdt
100x107* ¢ 100x107

100 %1072
= Li =20 A
(100 x107%) 2 '
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rms value can be obtained as

- 12
foe = -I-J-fzdr
T
L 0
. /2
100 %107
1 ] 40 xt \zd:
~[100x10®  { {100x107 )
[ w0 x107 e
- —1  « J (4001)? di
100 %1072
(1]
_ [ (400]1 xili)(Iqu'! Iz
100x107° 3|,
=23.1 A.

I
The form factor is given by (;m ] Here form factor (: %) = 1.155.

av

5.113 For the waveform shown in Fig. 5.70, find wif)

i];e'ﬁ\rerage and rms values for full cycle. AN
Solution
T2 772
v“=%.[vm sin ot df ) T
0
[+ voltage between internal
772 and T is zero]

Fig. 570 Waveform for Ex. 5.113
[T=2m: T2 =xa]

V(- 1) dt

JZTI e (1—cos 2 i)
0

v

o]

[The form factor can be calculated as V. /V,, i.e, (V/2)0(V, /m) or, 1.57.] casanmn

5,114  Find the rms value of the resultant current in a wire that simultancously carries a
direct current of 10 A and a sinusoidal alternating current of peek value 10 A.

Solution
As per the given question,
I=1y +1,,=10+ 10 sin wr
= 10 (1 + sin wt).
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[ in f2

|1 : 2
f—— s ;!-[10(1+smml)] d o

- ag 12

_ llf.'l2
= (]+251nnx+sm ) d

112
1041 | (eor) = 2 cos (@) + 2 sin2 ex ™
2r |20 2 a

1/2
10{l x 3::} = 1225 A.
ir

It may be noted here that we may replace 27z by T, the time period of the function and may
wrile as
2

T
|1 : 2
I = T!{lﬂﬂnmmt}} dt

2r
where w= —, Il
T
5,115 Obtain average and effective value of wave-
form shown in Fig. 5.71. 100V
Solution
T3 0.01 0.03 0.04
V“,= ‘%: Ivdt —FI{SEC}
D Fig.5.71 Waveform for Ex. 5.115
001
=003j1mm [ (1) = 100 for 0 < 1 £ 0.01;
v(1) = 0 for 0.01 <1 < 0.03)
1 0.01
= —x100[r
.03 [l
=3333 V.
T
Vims =

0.03
=5174 V. R

J—:u:lt)()2 x[ 100!
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5.116  Obtain the average and rms values of v(t)

the waveform shown in Fig. 5.72. ‘t

Solution 10

From the given figure, 5% 2 3
wWi)=10,for0 =t <1 sec

5% 1
=10%

—
f{sec)

()

=10t + 10, for 1 ¢ <2 sec

1 2
1
v, -Z-[JIMH I(—lﬂr-i-lﬁ)df Fig.5.72 Waveform for Ex. 5.116

]

L tox1+ L x10) x Lkl DD O 2-1)
2 2 2 2

=5-T5+5=25V.

[1 2
Vi = % Jllll'l2 a‘r+f{-10r+lﬂ)2 d.t]
L 1
- " 1
1
5 — 100><:L‘,,+Im’- (1—-1)* dt
V2| .
‘2
1 j‘ 2
= —x (1004100 | (1 +1°=20) dr
J— !
) 2
= L |100+100 (rlf)+ L 2-i
vz 2
) 2
= — 1m+1m)+[1+——3}]]
JE
= S 17 V sEEmEEN
5,117 Determine the average and the
rms values of the waveform shown in 100V —
Fig. 5.73.
Solution 1-'(”1
It is evident that m2_ |7 312 |2T
T -t
HD=100for0<srs — T —_———
) or > -20V -—
= 20 for % <ts Fig.5.73 Waveform for Ex. 5.117

T T2 T
v, = %ju(r)d:-— Imua:+ J'—zoa:
L1} T2

Ti2

mu "'_[T]m
= ﬁﬂ -10=40V,
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r 12
3|
V_=|=|[v(ndt
o (n
L o
T2 z
=11 J (100)2 dt + J' (~20)? dt
L T
_ -ID" 2 400 7 2
=7 *7 tha
=[5 x 10° + 200]'? = (5200)'2 = 72.1 V..
5.118 Obtain the rms value of the Vi) - 7 “':: ____ : = 100V
clipped waveform shown in the T ™\
Fig. 5.74 ! :
Solution 1 1
By observation we can say (with 8 0 r n =« 2x
= aM), 4 4 — il

. T
v(8)= 10 3in &, when 0 < < - Fig.5.74 Waveform for Ex.5.118

in
w8 = 7.07, when—cﬂcT

. T
W@ = 10 sin 8, when ry <f<m

[It may be noted that at 8= i:r. since 10 sin 8 = 10 sin % = 7.07, hence the equation of

n
the wave for the period % o e is 7.07 (constant magnitude).]

x4 Insd /2
Vo.=|— .[ (10sin 8)* dO + j (7.07)* d6 + j (10sin 8)* d6
i x4 Anl4
(1-cos26) " f l-cos20 ||
- Ilmﬁ—z—dﬂ j 50d6 + j 100 ——dé
id Ixla
- E(g 1]]”2 =(34.1)%5
L T
ES.TSV. LA R RN NN ]

5. 11_9 The voltage and currents in a circuit element are given as v = 141 sin (314 ¢ +

307 V and i = 14.1 sin (314 1 - 60°) A, Identify the element and find its value.

Solution

Since the angle associated with voltage is +ve while that for the current is —ve, hence the
voltage leads the current. The angle of lead is 30—-(-60), i.e. 90°. Hence the element is an
inductor.
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v,
X,_=i=ﬁ =100
. 141
- 10 10
al = 10, L= —=— =31.EmH.
or gl“ng 2,[}’ 314 ERERREN

5.120 The voltage and current in an element are
v=100sin(314 1 -20) V
i =10sin (314 r - 207) A.
Identify the element and find its values.
Solution
It may be observed that the voltage and current are in same phase. Thus the element is a
resistor.

LTI (L PP

lrm lﬂ LE R E RN N

121 The voltage and current in a circuit element are v = 100 cos (314 ¢ - 80%) V and
i= 100 cos (314 t + 10°) A. Identify the element and find its value.

Solution

It may be observed that the current leads the voltage (angle associated with current is +ve
while that associated with voltage is —ve).

The angle of lead for the current is 10 — (-80°) = 90°.

Thus the element is a capacitor,

Vo 100 1
= e——m—— = ] ﬂ= —
S ) wC
= 1 -31847 yF.
34 x1

_5=l_!._2_ What is the reactance of a 10 yF capacitor at f = 0 Hz (dc) and f = 50 Hz?
Solution

Atde, X-= N — = (infinite) {2 i.e. across a dc voltage, the capacitor would
2% 0x10x107®
act as an open circuit at steady state,
When f=50Hz,
1
Xp = = 31847 Q.
€7 2w %50 x10x 107

[If the element is an inductor, the reactance X; at f= 0 Hz would have been X; = 2rx 0 x
L = 0 £, indicating that the inductor acts as a short circuit across a de voltage at steady
Slﬂlﬂ.] EEmEmEE

§:123 At what frequency will a 100 yF capacitor offer a reactance of 100 Q?
Solution

| 1
XexC oo 100x100x 107
= 100 rad/sec.
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Ena AR ANEEE A RE NN

1
= — =159 Hz.
T 2 z

At 15.9 Hz, the given capacitor will offer a reactance of 100 Q.

5.124  An inductor draws a current i = [, sin @f. Obtain the expression of instantaneous

aspEn .
voltage across it.

Solution
vy =1L % ; (v) being the voltage developed across the inductor opposing the supply
voltage.

d .
Here, =L-— ([,sin ax
Vi dr ( )

=@l I, cos wt =V, cos w!
= V,, sin (@t + 90°).
. If (v) be the applied voltage
v=V_ sin(ar-90°)
i =1, sin ot
v, = V,, sin(@t + 90°).
[(v.} is in direct oppesition to v as phase angle between (v) and (v,), is 180°].
.5..1_255. In an ac circuit
v=200sin 314V
i=20sin (314 r - 30°)
Determine (a) the power factor
(b) True or active power
(c) Apparent or total power
(d) Reactive power.

Solution
The phase angle ¢ beiween the voltage and current is 30° while the current lags the
voltage.
Here, V., (=V)= 22 = 14144 V.
V2
20
J2
True power =V x 1. % cos ¢ [cos ¢ being the power factor]

= 141.44 x 14,14 x cos 30°

= 1732 W,
Hence we have observed that p.f. of the circuit is 0.866 while the true or active power
consumed is 1732 W. The apparent (or total power) being given by (V x ), we find that
its value in the given problem is (141.44 x 14.14), i.e. 2000 VA(2 kVA). The reactive
power is obtained as Vf sin @, i.e. 141.44 x 14.14 x sin 30° or 1 kAR (app).

Toms (=0 = =14.14 A,

5.126 AC voltage of 79£71.50° V is applied across a load w!’ch draws 2.83245° A.
Find the value of active power.
Solution
P = Re [VI*] = Re [(25 + j75)(2 - j2)]
=200 W
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[*= 79£71.50° = 25 + j75

and 283245° =2+ 2
while (2.83245%)* =2 - j2]
Also to have a check we see
P =Vicos ¢
=79 x 2.83 x cos(71.5° - 45°)
=200 W, sensmmn

5.127  An inductive coil consumes active power of 500 W and draws 10 A from a 60 Hz
AC supply of 110 V. Obtain the values of resistance and inductance of the coil.

Solution .
PR=500W; I=104A
we find R =500/110°=5 Q.
However, L= y_uo =11Q
I 10
o Z= \|R* +(wL).
Here (al)? = (1P - (5 =96
L= E = ﬂ =26 mH.

o 2 x mx6()

Thus, the gi\ren coil has 5 £} resistance and 26 mH inductance. sasarmn

5.128 In the given circuit currents through ry and C are equal in magnitude, If power
consumed by the circuit is 12 kW, cal-

culate the values of ry, r; and C. As- r"—mﬂdﬂ"‘v'—r-,

sume current through the circuit as

|
52+45° A, 1 N
; |
Solution X —l2 |y " z
g o iXCXe) iR y = ]
R R A R e
[+ Currents in r; and C are egqual C+ir2
hence R, must be equal to 1XJ]
_ —iRt (n+in) R =R
1.e. Z,_J, = =
R i o ~0o
n=in i o 200v
= —34—45 Q2. Fig.5.75 Circuit diagram for Ex.5.128
Viy=1Z,,
Ve
or = —2
z,.,
100.£0°
or 54+45° = = lmﬁ
n n £-45°
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given that P=12kW

ie. F(r] L+ ) = 12000

' r +ry= 12000 =480 Q
25

- ra =400 - 10042 =259 Q
Also we have seen, 1| = X,

Xc=10042 =141 0

1 4

2 fC

or

c=— 1
21 x50 %141
n=141Q;r, =259 Q

=22.6 uF

C:226HF. Ry
5,129  Calculate the real and reactive power —-
to each load and the total complex power
provided by the source (Fig. 5.76) the |y Yic
Solution (..., V20° §n g L —
Vv _120£0° .
Iy= g™ a0 =340°A
= L 212040 o) 900 A=40Q; X,= /60 G
Xy Jj6o Xe=—-/80€n V=120V
lo= - =10L0° 5 000 A. Fig.576 Circuit diagram for Ex.5.129

X —j80
., total current (1) = Iy + I} + I (vector sum)
= 3£0° + 2£-90° + 1.5£90°
=3 - j0.5 = 3.041.2-9.46° A,
Active power in R being given by P, we find
P=Vxly=120x3 =360 W
P=12xR=3x40=360 W

2 (1209
p=Y B ssow,
R 40

Since ¢ = 0 in the expression of current I i.e, as Iy and V are in phase, hence reactive
power consumed in R is zero.
Again for L and C elements, ¢ is either -90° or +90°, i.e cos ¢ = 0 in both the cases.
Hence reactive power consumplion by L or C element is zero.
Reactive power for L is obtained as
Q,=VxI, =120 %2 =240 VAR
0, = I? X, = 2* x 60 = 240 VAR
0, = Y120 _ri0var.
X, 60
Reactive power for C element is obtained as
Qr=VxI-=120x15=180 VAR
Qc = 1% x X¢= (157 x 80 = 180 VAR
Qc = (VX)) = 120°/80 = 180 VAR.



Steady State Analysis of AC Circuit 433

For total complex power we can write
S=P+j(Q;- Q0
[Q, is +ve in inductive circuit while Q- is negative for capacitive circuit]
=360 + j (240 — 180) = (360 + j60) VA
[Also, S = VI* = 120£0° % 3.041.£9.46°
= 364.9£9.46° VA = 360 + j60 VA.]

The real power provided by the source is 360 W. The reactive power provided by the
source is 60 VAR (inductive circuit requirement is actually 240 VAR but capacitor
generates 180 VAR hence net requirement is only 60 VAR). sessnns
5.130 A resistor and a capacitor are connected in series across a 150 V AC 40 Hz
supply. The current in the circuit is measured as 5 A. If the frequency of the supply be
raised to 50 Hz, the current becomes 6 A. Find the values of the resistance and capaci-
tance.

Solution
When V=150V,fi=40Hz, [, =5 A
z,= Y10 _3q
i 5
[Z, is the circuit impedance of the RC series circuit at 40 Hz supply frequency.]
When V=150V, f,=50Hz, ,=06A.
y = L =@ =125 ﬂ,
I 6
[Z, is the circuit impedance of the same R series circuit at 50 Hz supply frequey.]
-+ In a series RC circuit, .

Z= (R +(2xx fxC)? ,
for the first case we can write

2
1
R+|—m| =30
J (2:!):40):6]

and in the second case we can write

1 2
R4+|——| =25
( (nxsoxc)

Solving these iwo equations for two unknown R and C, we get
R=300chm and C=492pF.

_Sill':!.l. For the circuit shown in Fig. 5.77,

find the value of C such that the input &YW\~
current is 45° out of phase with the input 200
voltage. Assume @ = 2 x 10° rad/sec.

11l

-C g 15mH
Solution
For the input current to be 45° out of phase

with the input voltage, the net reactance v e
of the parallel portion of LC circuit must ~ Fi8-5:77  Circuit diagram for Ex. 5.131
be +20 0.

O

ie EA -i+jmc
- 20 oL
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or C=l[—l—t-l—)
w\wl 20

2000 | 2000 x15%x10* 20

= (neglecting —ve value)
The feasible value is C = 41.67 x 107 pF.

5.132 Given, [=11.81£-7.12°

R=100Q

R,=15Q

Xo=—15Q

V= 22020° Ln'
Obtain the reactance offered by the inductance L at T
50 Hz in Fig. 5.78. G") y A, Ry
Solution
Current through (R, — C) circuit is given by L c
v 220£0° 22020° T
Igc= =

Z, 15-j15 212Z-45° ——
= 10.35245° = (734 + j1.34) A,  Fig.5.78  Circuit diagram for
. Current through R - L circuit is Ex. 5.132
Ipp=1-Ipe
= 1L.81£-7.12 - 10.35245° = 4,38 — jB.8

= 0.83£-63.6" A.
v 22020°
However, feyp = ZR_L =m
or (4.38 - j8.8) = M
10+ jX,

X, =200,
We can now find L as shown below;
X; = ol = 20, where (w) = 2nf = 314

=20 _ 637 mH.
114

] LEE RN RN

5133 A choke coil having a resistance of 4 £ and inductance of 2 H is in parallel to a
capac‘nur C. The supply voltage applied to this parallel combination is (v) = 10 cos 21 V.
{a) Obtain the current passing through the choke.

{b) Obtain the value of C such that the supply voltage V and the supply current [ are in

same phase.
Solution
Let us first draw the circuit as per given data (Fig. 5.79)
V,iN2
Here, I = [‘“_J_}
(4+j4)

(*+ for the choke coil, the impedance is 4 + fx wx L =34+ jx2x2=4+j4 Q)
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10/4/2  7.07220° —= |
ie. I = J_ = = 125745
4+ j4 5.66.45° + h
= (0.884 - j0.884) A. o
!
1042 " | |
2= inane [v Xe=(ixox O]’ G‘)" ! : 1
J =(jx2x0'] | T
1 I
= jﬂ x C, 1 1
ﬁ [E— T |
For I to be in same phase with V, the imaginary parts

of I, and I, must cancel each other;

Fig.5.79  Circuit diagram for
e, j22 .C=j0.884 Ex. 5.133
V2
C=00625F.

Then for C = 0.0625 F, the input current will be in phase with input voliage. Cerees
§..l§:'l-_ An inductive circuit takes 50 A of current at of power factor 0.8 (lag) from a 250 V,
50 Hz supply. Calculate the value of the capacitance that is required to be connected
across the inductive circuit to make the power factor unity.

Solution

When the capacitor is in parallel to the inductive circuit, the net power factor would be
unity provided the capacitor's capacitive current cancel the inductive current of the induc-
tive circuit i.e., /- = I, sin ¢ [I being the capacitor current while [, the inductive circuit
current; ¢ is the p.f. of the inductive circuit]

orlo=50x0.6 =30 A,

Again, I = XL . X being the capacitive reactance.
c

vV 250
S XK= —==— =833 (L
T I 30
2nfC
ce 1 _ I
2nf X  2rx50x8.33

=382;32”F. EamENEw

5.135 In the series circuit shown in Fig. 5.80 the
source impedance is (5 + j3) £ while the source

frequency is 2 kHz. At what values of C the power Zoource g 100
in the 10 Q resistor will be maximum? (=5+/3)

Solution

Z (total impedance of the circuit) = Z, + Ziad V=5020°V ;r,;ic

=(5+/3)+(10-jX Q
=[15+j3 - X)) Q
At resonance of any series circuit, the current is ..
maximum. Hence to achive flow of maximum power Fig. 5.80 g;rc;ulg:iagr am for
in the 10 £ resistor, we need to make this series T
circuit resonant. However, Z being the total impedance of the circuit, it will be purely
resistive at resonance. So, the imaginary part of Z is zero, at resonance.
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ie. {3 - XC) ={
Xe=3 1
Since f=2kHz and — (=X =3
1 wC
2 x2X10° xC
C = 26.54 yF,
Thusatf.‘ 26.54 pF, maximum power will flow in the 10  resistor, snwamss

5.136  Obtain the values of I}, I, and i
1 for the circuit shown in Fig. 5.81.
Solution fc+

220V
Z,!.—R =32 +Jlﬂ' = 10.2£78.7° Q [l‘ﬁf. phﬂﬁﬂl’}

2o r=T-j5=8.62-356"Q
Between terminals X-¥ in the given cir-
cuit. Z-L-R and. zk_c arge i.n pa.mllcl

1 1 1

i.e. = + —
Zywy  Zpp Zge
(R U Fig.5.81 Circuit diagrm for Ex. 5136
24410 7-J5
0.0194 - j0.0960 + 0.0943 + j0.0695
= 0.1137 - j0.0285.

¢

joq -jan

1]

1
0.1137 - j0.0285
= (8.27 + j2.08) Q.
Total impedance of the circuit is then given by
Z=Zyy+ Zyy = (1627 + j2.08) Q

Zx_r = = 85‘414.5‘:’ 9]

= 16.43.£7.3°.,
V_ 220200

= —=——f o 1842730 A
Z Teasziz -8

Vx_r = Zx_r xi= 1142.26.8° A
I = Ve dZ, o=1122-719 A
fg = Vr_}-rzR_cz 1332424 A, aEEEEEE

5.137 A resistance R| is in series with a
choke coil having resistance R, and induc-
tance L as shown in Fig. 5.82, The circuit
current is given by I = 32-37° A, while the
supply voltage is V = 240.20° volts. If the
voltage drop across the choke is 171 volts,

Find Ry, R, and X;.
Solution 240V (-)

% =80 Q=[(R, +R,)* + (x,)*1'? Fig.5.82 Circuit diagram for Ex, 5.137

12 =

Since current lags source voltage by 37°, we find p.f. (cos ¢) is cos 37° = (.798.
(R) + Ry} =Z cos ¢ =80 x0.798 = 63.7 Q2
But we have obtained from above
= [(R, + Ry)® + (X2
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X, = [(80) - (R, + R)Y)'™ = [(80) - (63.7)]'?
=482 Q.
Again the impedance of the choke coil is given by

| Drop across the choke
Zel = Current though the choke

171
=— =574
3

However, for the choke, R} + X} =ZZ .

sowefind R = ZZ-X] =(57°-482%) or, R, =304 Q.
But (R + Ry) = 63.7 £ (as obtained earlier)
R, =(637-Ry)=637-304=3330Q

5,138 A 0.5 HP induction motor operates at an efficiency of 89%. If the operating p.I. is
0.8 lag, find the reactive power taken by the motor.

Solution
05HP=05x746=37T3 W =P,

Fou
Piogut = -r:.—l- : 1) being efficiency (89%)

373
Here, Pim, = m =419.10 W
Since PF = 0.8 (= cos ¢),
hence, sin ¢ = 0.6 (reactive power factor).
Here, Q,=Vlsing= i sin ¢

cos ¢
{ P =VI cos ¢, hence V. =EEF

- ‘“:;" x 0.6 = 314.325 VAR.
". Reactive power taken l;y the motor is 314.325 VAR,
5.139 Determine R, and R, which would make Ra c
the circuit (Fig. 5.83) resonant for all frequencies. —
ImH Ay
i AATAY L
Ry
40 yF A
I—wW )
h—
v
O O Fig. 5.83(a) GMEIPM!M&!’-
Fig. 583 Circuit diagram for Ex. 5.139 cuit diagram for
Ex. 5.139
Solution

Let us assume a general parallel circuit as shown in Fig. 5.83(a).
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The total admittance of the parallel branch is y =y, + ys, where y; is the admittance for
(L - R,) branch and y, is the admittance for the (R, — C) branch.
= I - + ] -

Ri+3X, Ry-jXe

¥

R Ry | Xe Xy
= + +J — - .
R*+X? RI+X2 RE+X2 RI+X}
The circuit will be at resonance when the imaginery paris of the capacitive and inductive
admittances are equal.

_— Xe X,
This gives =
RI+X2 Rl +X}
or x2[R$+x§)=xL{R§+ 1,].
w’C?

Now, if R =R? = % , then we find

1 (L 22] L. 1 ]
— | =+w L ol =+
wc[c (C w’C?
2 2
L (o ol L

or —t— =

wc® C C  wc?
- L.H.S = R.H.S for any value of o provided.
This indicates that the circuit will be in resonance for all frequencies provided

R =R =L

. L 1%107?
Then, for the given problem, R, =Ry = [—= |——— =510
Cc V4ox10®

Hence for R; = R, = 5§ €, the given circuit is always resonant. srmanmn

504D, A current of 8.59226.56° passes through a circuit having series connection of
two elements. The voltage drop across element | is v, = 80 sin @r while that across
element 2 is v, = 40 sin (@¢ - 35%) V. Find the complex power in the circuit.

Solution
v, = 80 sin wr

80
V,(rms) = = £0° = 56.57.£0°
J2

2
= (56.57 +jO) V.
Also, vy = 40 sin (wr - 35°)
V= 0 4350 = (2317 j1622) V.
J3

~ V, + V, (phasor sum) = (56.57 + j 0 + 23.17 -j 16.22) V
=(79.74 - j 16.22) V = 81.372-11.49° V.
Since the current is / = §.95226.56°, hence we can write,
Complex power § = VI*
= 81.372-11.49° x (B.95£ 26.56°)*
= 81.372-11.49° x B.952-26.56"
= 727.782-38" VA = (572.71 - j449.10) VA, P
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$.141 A circuit consists of resistance of 35 Q in series with an unknown coil impedance
Z. For a sinsusoidal current of 2 A, the ohserved voliages are 200 V across R and Z
together and 150 V across the impedance Z. Find the value of the impedance. Draw the

phasor diagram.

Solution
Ve=35x2=T0V [ Kk=35Q,1=2A]
Z= % =750Q. . ~
In the phasor diagram, Fig. 5.84
V is the reference phasor, I the lag- v
ging current while Vg and V7 are the
drops across R and the coil imped-
ance Z respectively. As per the given
and obtained data, Vgl =70 V, V] = 262 ¢(lag) N
150 V while IVI = 200 V. &2 ¥ vy @
If ¢ be the angle of lag for the .
current (and thus for V), we can Fig.5.84 Phasor diagram for Ex. 5.141
wrile in AQab,

V2= VZ4V} 42V, V,cos ¢
or (200)% = (70)* + (150)* + 2 % 70 % 150 % cos ¢.
cos ¢ = 0.6.
In the coil let us assume the resistance is r while the inductance is / so that
(Z)=r+jol.
Since the power factor is 0.6, hence sin ¢ = 0.8,

X 0.8
z_'\

while x; is the inductive reactance of the coil.
Here, =08x75=60Q

p R+r 0.6
an =
A

or R+ =06xT75=450Q

or =45-35=10Q.

Then the coil has a 10 € resistance and 60 £ inductive reactance [the value of the
impedance being (10 + j45) Q).

merersasssss EXERCISES +++vresrerrm

. Explain with the help of a diagram how alternating current is generated.
2. Define the following:
(a) Amplitude of an alternating quantity
(b) Instantaneous value of an alternating quantity
(c) Frequency {d) Phase
(e) Phase difference (f) Time period
3. Define rms and average value of an alternating quantity. Explain how these
value can be obtained.
Define form factor and peak factor of an alternating quantity.
. Explain with the help of diagrams what you understand by in phase, lagging
and leading as applied to simusoidal quantities.

—

oo
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. Explain dynamic impedance in con- i

. Define bandwidth in a series R-L-C = 54 |

Basic Electrical Engineering

. Define power factor as applied to ac circuits. What do you mean by active

power, reactive power and apparent power?

. Explain the meaning of the following terms in connection with alternating
current:
(a) inductance (b) capacitance (c) reactance
(d) impedance (&) admittance (f) susceptance

(g) conductance.

. Show that power consumed in a purely inductive circuit and purely capaci-

tive circuit is zero when sinusoidal voltage is applied across it.

Explain with the help of a diagram the phenomenon of resonance in series
R-L-C circuit.

Derive an expression for the resonant frequency of a parallel circuit, one
branch consisting of a coil of inductance L and resistance R and the other
branch of capacitance C.

Derive the quality factor of a series R-L-C circuit at resonance.

Define quality factor in a series R-L-C circuit. Determine the half power
frequencies in terms of quality factor and the resonant frequency for series
R-L-C circuit.

. Why is a series resonant circuit called an acceptor circuit and parallel

resonant circuit a rejector circuit?

nection with parallel resonant circuit.

T

30

I

circuit. Prove that in a series R-L-C 10
_ o, L fo
crewit Qo) = =~ = Bandwidth = 301
Find the average value, rms value, -30-
form factor and peak factor of the
waveform shown in Fig. 5.85
[Ans: 15 A, 17.8 A, 1.187, 1.685]

The maximum value of a sinusoidally alternating voltage is 100 volts. Find

the instantaneous value at % cycle and é cycle. [Ans: 64.28 V, 34,2 V]

L‘_u_,_l?

Fig.5.85 Waveform for Ex. 5.16

The voltage given by (v,) = 50 sin (377t — 30°) and (ulz} = 20 sin (377t +
45%) act in the series circuit. Determine the frequency and rms value of the
resultant voltage.

Define phasors as used in the study of ac circuits. Use phasors to find the

sum of the sinusoids 40 sin 314t and 30 cos (3]4: - %) .

[Ans: 64.78 sin (314 ¢ + 19.11°)]
[Hint: a = 40 sin 314t

b = 30 cos (%—314:)

= 30 sin (£-£+314r]
2 4

=30 sin (314: +%]
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Using the method described in Art 5.3.3, we get the required sum is 64.78
sin (314¢ + 19.11°)].
The equation of an alternating current is i = 62.35 sin 3231 A,
Determine its
(a) maximum value (b) frequency (¢) ram.s. value
(d) average valueand  (e) form factor
[Ans: I, = 62.35 A; = 51.41 Hz; Iy, = 44.1 A;
: 1,,=39.69 A, FF = 1.11]
[Hint:
(i) Maximum value 62.35 A

(i) Frequency = % Hz = 51.41 Hz

(iii) r.m.s. value = 6235 _ 44.1 A

= 2 =
6235 _ 3969 A

(iv) Average value =

2
r.ms.value 44

{v) Form factor = = 1.11]

average value  39.69 _
An ac series circuit consisting of a pure resistance of 25 €, inductance of
0.15 H and capacitance of 80 pF is supplied from a 230 V, 50 Hz ac
source.

(a) Find the impedance of the circuit, the current, the power drawn by the

circuit and the power factor.

(b) Draw the phasor diagram. [Ans: Z = 26.04/16.25°Q |1 = B.83 A;
P = 1950.2 W; cos ¢ = 0.96 (lag)]

. . . |
[Hint: (a) Z2=25+j 100ax0.15 -
1007 % 80 xY0°°

=25 +7.29 = 26.04 |1625° Q

230,
I= Soos A=8832A

Power factor cos 6 = cos 16.25° = 0.96 lagging
Power = 230 x 8.832 x 0.96 = 1950.2 W]

Figure 5.86 shows a circuit in which a | 80Q

coil having resistance R and inductance > m

L is connected in series with a resis- | _T_
tance of 80 €. The combination is fed Vs Al

The following measurements (rms
value) are taken at 50 Hz. When the
circuit is in steady state.

|
|
. . | V
from a sinusclidal source, - I |1 '€
|
i
i

Vsl =145 V, IVgl =50 V Fig. 5.86
and Wd=110V
Find the value of R and L. [Ans: R = 102.8 Q; L = 45.5 mH]
, 50 5
Hint: I==—=A==A
[Hin 30 3
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: 2
Z= R +X] =[%] =(176)" (i)
, \8
Again [%] =80 +R}?+ X} (ii)
8

Solving (i) and (ii)
_ _ _ 142857 ., _
R=102.8 Q and X; = 142.857 or L = ———H = 0.455 H].
2m x50

A coil of resistance 10 £2 and inductance 0.02 H is connected in series with
another coil of resistance 6 £2 and inductance 15 mH across a 230 V, 50 Hz
supply. Calculate (i) impedance of the circuit, (ii) voltage drop across each
coil, (iii) the toal power consumed by the circuit.
[Ans: Z=19.41£34.48° Q; V) = 19139.922£-2.35%;
szl = 90.38.23.65°V; P = 2.25 kW]
[Hints: (i) Impedance = 10 + 2rx 50 x 0.02 + 6 + 2w x 50
x 0,015
=10+j6.28+6+j4.71 =16 +j 10.99

=19.41 [3448°Q.
{(ii) Voltage across the 1st coil

230
19.41|34.48°

Voltage across the 2nd coil is

=90.38|3.65°V

(10+ j6.28) x =139.92|-2.35°V

_ 230
(647470 X {9 AT 3aas

230 \
(iii) Total power = [m) ¥ 16 = 2246.6 W]
A circuit consists of three parallel branches. The branch currents are repre-
sented by i; = 10 sin @ and i, = 20 sin (@ + 60°). If the supply frequency
is 50 Hz. Calculate the resultant current at r = 0 and at = 1 ms.
[Ans: 13.55 A and 22.33 A]
A 100 V, 80 W lamp is to be operated on a 240 V, 50 Hz supply. Calculate
the value of (a) non-inductive resistor, (b) pure inductor to be connected in
series with the lamp so that it can be used at its rated voltage,
[Ans: 175 Q, 0.868 H]
A resistance of 12 Q and inductance of 0.15 H and a capacitance of 130 uF
are connected in series across a 100 V, 50 Hz supply. Determine the imped-
ance, current and power factor of the circuit.
[Ans: 25.6 £, 3.9 A, 0.4687 lag]
A coil takes a current of 10 A when connected to a dc supply of 100 V.
When connected to an ac supply of 100 V, the current is 5 A. Find the
reactance of the coil. [Ans: 17.32 Q]
The voltage across a circuit is given by (300 + j 60) V and the current
through it is (10 - j5) A. Determine the (i) active power, (ii) reactive power
and (iii) apparent power.  [Ans: (i) 2.7 kW, (ii) 2.1 KVAR (lagging) and
(iii) 3.42 kVA]
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A coil of resistance 15 £ and reactance 25 Q is connected in parallel with a
capacitor of reactance 10 £ and series resistance of 12 £ to a 100 V, 50 Hz
supply. Determine the supply current and the circuit phase angle.
[Ans: 6.782 A and 9.82°]
Three impedances (4 - j6), (6 + j8) and (5 - j3) Q are connected in parallel.
Calculate the current in each branch when the total supply current is 20 A.
" [Ans: 8.96.232.79°, 6.46.2-76.65°], 11.08.£7.44°)
Determine the total current, power B0 60
factor and power consumed by 1
the circuit shown in Fig. 5.87. .
[Ans: 30.03£123.5° A, 10040°V
0.552 lead, 1657.4 W]
Find the current through each
element in the circuit shown in
Fig. 5.88. Fig. 587 Circuit diagram for Ex. 5.26

[Ans: 1) = 10.23.£-67.3°, 1, = 3.93453.14°, I, = 8.91.£-44.96°]

~ 40 80

h 3an 40

; PTTVWW—T ) 30 sa
Iz AT
AN ——— ——

56 120
()
S
100V

Fig.5.88 Circuit diagram for Ex. 527

A resistor and a capacitor are connected in series with a variable inductor.
When the circuit is connected to a 240 V, 50 Hz supply the maximum
current obtained by varying the inductance is (.5 A. At this the voltage
across the capacitor is 250 V. Determine the values of resistance, capaci-
tance and inductance. [Ans: 480 £, 6.36 pF, 1.59 H]
A coil of 20 Q resistance has an inductance of (.2 H and is connected in
parallel with a 100 pF capacitor. Calculate the frequency at which the
circuit will act as a non-inductive resistance of R €. Find also the value of R.
[Ans: 31.8 Hz, 100 Q]
A series circuit consists of a resistance of 10 £, an inductance of § mH and
a capacitance of 500 pF. A sinusoidal emf of constant amplitude 5 V
with variable frequency is applied. At what frequencies will the current be
(i) maximum (ii) half the maximum?
[Ans: (i) 79.6 kHz, (ii) 79.872 kHz and 79.528 kHz.]
A coil of inductance 9 Hz and resistance 50 Q in series with a capacitor is
supplied at constant voltage from a variable frequency source. If the maxi-
mum current of 1 A occurs at 75 Hz, find the frequency when the current is
0.5 A. [Ans: 75.75 Hz]
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AC NETWORK
ANALYSIS

6.1 SUPERPOSITION THEOREM
(AC APPLICATION)

Just like the dc application, superposition theorem applied to linear ac networks
eliminates the need for solving simultaneous linear equations considering the
effects of each source independently. The only variation in applying the principle
of superposition to the ac networks with independent source is that the circuit
will have to be worked out with ac voltage or current sources and impedances
involving phasors (i.e. operation with complex numbers) instead of just real num-
bers (i.e. operation with resistors). '

The statement of superposition theorem for ac network is as follows:

If a number of voltage or current sources act simultaneously in a linear
network, the resultant current (or voltage) in any branch is the phasor sum of the
currents or (voltages) that would be produced in it, when each source acts alone
replacing all other independent sources by their internal impedances.

6.1 Find the current through inductive reactance (j2 £2) in the circuit of Fig. 6.1 using
the superposition theorem.

-j50
11
LA
+ +
10£60° — —jB 0 20230°V
Vv "\ J 50~
R
20

Fig. 6.1 Circuit of Ex.6.1

Solution

Considering 10£60° V source acting alone in the circuit and removing the other source as
shown in Fig. 6.1(a), the current through the (j2 Q) reactor is
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10260° _ 10£60° -f5
YT ojs+j2 7 -j3 {l
=3.33 £150° A (from B to A). W J_ 6 5
Considering the 20.£30° V source acting alone 10.650 e d I
in the circuit and removing the other source
as shown in Fig. 6.1(b), the current through Al j2 B
U2 1) reactor is Fig. 6.1{a) 10L60°V source acting
- 20£30° _20£30° alone
1T ojs+j2 -j3 s
= 6.662120° A (from A to B). ,
According to the superposition theorem, when +
bath the sources are acting simultaneously the < I_Jlﬁ 15% ;%) 20.30°V
current through the (j2 Q) inductive reactance -|_ ~
is T
3.33.2150° - 6.672£120° Al j2 B
=0.455-j4.11 Fig. 6.1(b) 20£30°V source acting
= 4.126£-83.72° alone assasas
A (from B to A).

!5;2_ Using the superposition theorem find the current flowing in the branch AB of the
circuit shown in Fig. 6.2, .

A
(2-j4)0
3N [] j1on
- +
100250° 507860°V
v ol
B

Fig. 6.2 Circuit of Ex. 6.2
Solution

Considering the 100250° voliage source acting alone and removing the other, the current
through branch AB as shown in Fig. 6.2(a) is given by

1= —100450° Jj10 A
. J10(2-j4)  jl0+2—j4 :
jl10+2-j4 (2-j4)02
3n Q jion
100£50°  _J10-~ -
4+j2 2+ j6 100.£50° Iy
2+j6 vV o4

3+10

o loogsee g B
64+ j18 4404 j20 Fig. 6.2(a) 100£50°V source acting
1000 £140° alone

46+ j38
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_1000£140° A
T 59,66 £39.56° (2-j4)0
= 16.76.2100.44° A (from B to A). 3q o j100
Considering 50£60° V source acting alone and []
removing the other, the curmrent through branch +
AB as shown in Fig. 6.2(b) is obtained as Yl 50-60°V
L= 50.£60° X 3 -
j10+3{2—"‘_n 3+2-j4 p
3+2-j4 Fig. 6.2(b) 50£60°V source acting
= 150 £ 60° alone
j50+40+6- 12
1502607
46+ 38
150 £ 60° o
= 30.6623956° 2.51.220.44° A (from A to B).

According to the superposition theorem when both the sources are acting simultaneously

the current through AB is obtained as )

. 2.51.220.44° -16.76£100.44" = 5388 — j 15.6 = 16.5£ -70.96" A (from A to
'B) EeEsaEE

6.3 Find the current through the capacitor of (—j5 £1) reactance in Fig. 6.3 using super-

position theorem.

50 —5Q
AP 1
. 30 50
100.£0° G—) 10£30° A
¥ - j40

Fig. 6.3 Circuit of Ex. 6.3

Solution
Considering the voltage source acting alone in the circuit and removing the current source,
as shown in Fig. 6.3(a), the current through (~j5 () reactance is given by

100 £ 0° N 3+ 54

I =
' (5-jS)3+j4) 3+j4+5-j5
5-j5+3+j4
50 4 -50Q g
AN , It
1
30
+
&
100.20° G—») §5n )
v = jaa

Fig. 6.3(a) Voltage source acting alone
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100 £0°x5£53.13°
S(8—j)+(15+20+ j20- j15)

500.£53.13°  _ 500£53.13°
40~ j5+35+ )5 75

= 6.67£53.13° A (from A to B).

Considering the current source acting alone and removing the voliage source the current
through (75 £2) reactance., as shown in Fig. 6.3(b) and Fig. 6.3(c). is found as

5

I, = 10£30° x : :
5-j5+(2.5+j1.25)
_ _50£30°
75-j3.75
50 .2 30° .
= 53852 265 = 3-963£56.56° A (from B 0 A).

=5}
A J'” 8

Iz

z I:I §5 a (1) 10ca0°A

5(3+jf4)

=(2.5 + j1.25) ﬂ]

According to the superposition theorem when both the sources are acting simultaneously
the current through the {5 }) reactance is obtained as
I=6.67£53.13° - 5.963.£56.56°
ZG.EGIAZGbA(fmmA 1.0.8)~ EEsEEER

6.4 Find the current in the resistor of the 10 £ resistance in Fig. 6.4 using the principle
of superposition theorem.

jsa 100
' AWy
©
100.230°( ~ 10£60°A — —j100
V -—

Fig. 6.4 Circuit of Ex. 6.4

Solution

When the voltage source 100£30" V acts alone in the circuit (the corresponding figure
being shown in Fig. 6.4(z)), we have
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ces GusmmudeimEEmaSannans
+ (-3
-1906301(»-) . = _j100Q

Fig. 6.4(a) Voltage source acting alone

1= 100 230°

j5+10-j10

100£30°  1p0230°
10-j5 =~ 11.182-2656°

When the current source 10£60° A acts alone in the circuit (the corresponding figure

being shown in Fig. 6.4(b)), we can write

= 8.94.256.56° A (from A to B).

50 100
5 A ‘2 B
Iz=10£6£}°x-# To0 A

Jj3+10-j10

is I 10£460° — —j10Q
= 10£60°

10— j5

o S0z1500
T 11L18£-26.56° Fig. 6.4(b) Current source acting alone

= 4.47£176.56° A (from A to B).
When both the sources are acting simultaneously following the superposition theorem, the
current through 10 £ resistor is
I = 894..56.56° + 4.47.£176.56°
=4.92 +j 7.46 — 4,46 + j 0,268
=0.46 +j 7.728
=1.74£86.59° A (from A to B). asanana

6.2 THEVENIN’'S THEOREM (AC APPLICATION)

Similar to the dc network, Thevenin's theorem is equally applied to ac networks
since they also contain linear circuit elements like resistors, capacitors and indue-
tors. In dec circuits, voltage sources are replaced by their internal resistances
while evaluating Thevenin’s equivalent resistance; in ac circuits voltage sources
need to be replaced by their internal impedances while obtaining Thevenin’s
equivalent impedance. Since reactances of a circuit are frequency dependent, the
Thevenin's theorem is applicable to a particular network at a particular fre-
quency.

Thevenin's theorem in ac circuits can be stated as follows:

Any active, two terminal, linear network can be replaced by an equivalent
voltage source in series with an impedance, the voitage being equal 1o the open
circuit voltage between the terminals and the impedance being equal to the
impedance between the terminals with all independent sources being replaced by
their internal impedances.
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6.5 Find the Thevenin's equivalent circuit of the network shown in Fig. 6.5.

< A
50

11

3az-13°A (1) gim :-;'1on§1m

j8.66

° 8
Fig. 6.5 Circuit of Ex. 6.5

Solution
The admittances of the branches are

¥ = ..15 = (0.2 j) Siemens (S)
J

i
= — =(0.1 N8
¥z 0 ( b))

“’J]-
1
3= 15 =(0067) S

1
5+ j8.66
The equivalent admittance
Y=-02j+01;+ 0067 + 005 - j 0.0866
=(0.117 - j 0.1866) S
the voltage across the open circuited terminals is given by
Vi = Voo = —33£-13° __3B3L-1¥
AT g117-j.1866  022£-579°
o T = 150Z489° V
Thevefiin's equivalent impednnce Zy, can be found fmm F'g ﬁ S(a}
1

Yo = = (0.05 - j .0866) S

S O B
j5 =10 15 5+ j86R
l l-' -
_.— —— . S, a
= 0.117-.1866 = 022 £-57.9° - 4345257.9° Q2
° A
_ 50
o
g,fsn ::;1on§15n -z,
f j8.66Q
°B

Fig. 6.5(a) Determination of Z,,

Hence the Thevenin's equivalent circuit can be obtained with V,, = 150£44.9° V and Z,;,

= 4.545.57.9° Q).

6.6 Find the current through the 10 € resistor using Thevenin’s theorem in the network

shown in Fig. 6.6.
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(3+j4) 02
1
| I |
+
1002457 ~ gﬂﬂﬂ =100 2100
50

Fig. 6.6 Cirenit of Ex. 6.6

Solution

Removing the 10 £ resistor, the open circuit voltage V. can be found out from Fig. 6.6(a).
Let us consider two mesh currents [, and I;.

The mesh equations are as follows:

100£45° — 1,(3 + j4) — (I, — 1)j10 = 0 (i)
and =10(f, = 1) = L{(—=j10) = 0. (ii)
Solving equations (i) and (ii)
and 1,= 100245 _ 16,1350 A.
=510
Hence Ve = (=100 x 10£135° = 100£45° V.,

Therefore, Thevenin's equivalent voltage Vp, = 100245° V,
Removing the voltage source from Fig. 6.6(a), Thevenin’s equivalent impedance (Zp,)
can be found out from Fig. 6.6(b).

1

Zy = =(3+j4)Q
B S S
j107 =10 3+ j4
(3+j4) 0
]
j100

=102 Voc

11

| E—
R
100545"_6) D

B

Fig. 6.6(a) Determination of Vo

3+j4)0) .
f!_]f ) . (3+jd)n
l
& +
gﬂﬂ =10 =2y, 100£45°V ioQ
Q —,7
? Fig. 6.6(c} Thevenin's equivalent
Fig. 6.6(b) Determination of Z,, circuit of Ex. 6.6

The Thevenin's equivalent circuit is shown in Fig. 6.6(c).
Hence the current through 10 € resistor is
_ 100.£45° 100 £45°
T 3+4j4  5.53.13°

= 20£-8.13% A.
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Ei;'?'. Find the current through the impedance of (10 + j5) Q in Fig. 6.7.

(3 +j4) ﬂ [71-,‘8){}

+
100£60° V G-) A
[5—,'10}:1 ‘(a—,ta;-n

Fig. 6.7 Circuit of Ex. 6.7

Solution
Open circuiting the terminals of (10 + j5) £ as shown in Fig. 6.7(a), Thevenin's equiva-
lent voltage can be obtained.

Here, f': M
I+ j4+45-510
_ looge0° _ 1002600 o
T B-j6  102£-3687° = 10296.87° A
= 00260 1002607 _, o g0 a.

7+j8+6-j8 13
Vin=Vag=Veg = Vpy
=1L{T +j8) - 1,(3 + j4)
= 7.69£60° x 10.63.248.8° — 10£96.87° x 5.253.13°
= §1.7452108.8° - 502150°
= 16.96 + j52.38 = 55.06272.06° V.

100£60°V -"-')

Fig. 6.7(a) Determination of Vp,

Thevenin's equivalent impedance can be found out from Fig. 6.7(b) and Fig. 6.7(c) by
removing voltage source,
1 1
= +
Zm 1,1 1 + 1
3+j4 5-j10 T+j8 6-j8
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- dd@asnRERddndanEaEEdS

(3+j4)Q (5-100
(3+j4)0 (7+j8)a
P Q
A B
(7 +/8) 2 (6-j8) 2
(5-/10)Q {6-/8) 0

Q B
Fig. 6.7(b) Determination of Z,;,  Fig. 6.7(c) Simplified circuit of Fig. 6.7(b)

15+40+ j(20-30) 42+64+j(48-56)
8-j6 13

55-j10 106- j8

8- j6 13

559./-10.3° ,
= oz oege * 8150615
= 5.59/26.57 + 8.15 — j0.615
=5+j2.5 +8.15 - j0.615 = (13.15 + j1.885) Q

Thevenin's equivalent circuit is shown in Fig 6.7(d).

(13.5+ /1.885) Q

1
L
+
55.06.72.06°V
- g

Fig. 6.7(d) Thevenin's equivalent circuit of Ex. 6.7

The current through (10 + j5) £ impedance is obtained as
_ 55.06 £72.06°
13.15+ j1.885+10 + j5

55.06 £72.06° 55.06 £72.06°
= = =2.28./55.5° A.
23.15+ j6.885  24.15216.56°

6.8 Find the Thevenin's equivalent circuit of the network shown in Fig. 6.8.

40 20 4,
Ay W\a"—-{:l—-——’\fw—-oan

Fig. 6.8 Circuit of Ex. 6.8
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Solution

Let us redraw the given network with mesh currents indicated in Fig. 6.8(a). The 5 A
source has been converted to equivalent voltage source as shown in the figure.

Fig. 6.8(a) Determination of Vp,

In loop 1 mesh analysis gives

4, -6+ 20 + 4(iy - i) = 0
or 8i, - 4iy = ~14 0]
In loop 2 the mesh analysis gives

2+ 4y - i) -20+4iy + 2sinwt =0
or =4y + 10iy = 20 - 2 sin wt
or ~2i, + Si, = 10 - sin o (i)
Solving equations (i) and (ii)

iy = 1.625 - 0.25 sin @t

Therefore Thevenin’s equivalent voltage is obtained as

Vi = Vi = i, = 6.5 — sin o,
To find Thevenin's internal impedance the sources are replaced by their internal imped;
ance as shown in Fig. 6.8(b).

40 20 80
AN MA—o a
40 40

°b
Fig. 6.8(b) Determination of Z,

Hence
Zhp={@14)+2}14+8=(4114)+8=2+8=100.
Thevenin's equivalent circuit is shown in Fig., 6.8(c).

100
a
+
6.5 - sin wt
o b
Fig. 6.8(c) Thevenin's equivalent circuit of Ex. 6.8 sassaun

6.3 NORTON'S THEOREM (AC APPLICATION)

In application of Norton's theorem in ac circuits the resistances of dc circuits are
replaced by impedances, the circuit variables being current or voltage phasors.
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The statement of Norton's theorem for ac network is as follows:

Any two rerminal active network containing voltage sources and impedances
when viewed from its output terminals is equivalent to a constant current source
and a parallel impedance. The constant current is equal to the current which
should flow in a short circuit placed across the terminals and the parallel imped-
ance is the impedance of the netwoark when viewed from open circuited terminals
after independent energy sources have been replaced by their internal imped-
ances (if any).

15.9_ Use Norton's theorem to find current in the load connected across terminals @ and b
of the circuit shown in Fig. 6.9.

i a
-f100
. 100 100
100.20°V -—)
j10 =100
IR

Fig. 6.9 Circuit of Ex. 6.9

Solution

Short circuiting the terminals ab of the circuit shown in Fig. 6.9 Norton's equivalent
current can be found out, The corresponding circuit is shown in Fig. 6.9(a).

I a
I
-10Q
. mn\
10020°V GH)

j1o0 wﬂ
b
Fig. 6.9(a) Determination of Norton’s current
. -100
The current through the short circuited path 1 g
LA}
Iy= 1020 _ 104900 .

-j10 100
Removing the voltage source and open ::1rlr:u1tmg — Zy
the terminals a and & Norton's equivalent imped- 10q
ance can be found out as shown in Fig. 6.9(b). 10

~f10(10+ j10 .

Hence 2zy= —oUO+J10 6 ioya *

—j10+10+ j10 o
The Norton’s equivalent circuit is shown in Fi8 6.9(b) Defermination of Zy
Fig. 6.9(c). Hence the current across terminals a and b is

I = 10.290° % % (as both the impedances in parallel are of equal value)
=5.290° A,
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a
1002
10290° A D (10-j10) 02
T -100
b
Fig. 6.9(c) Noton's equivalent circuit of Ex. 6.9 srsannn
_6;1_0_ Find Norton's equivalent circuit for the /
network shown in Fig. 6.10 across terminals © ”
a—b. Assume [ = 520° A,
j50 40
Solution
Short circuiting terminals a and b as shown in a
Fig. 6.10(a), Norton's equivalent current (fy;) can 20 -2
be found out. T
)
_ j5+2 o— ob
N= i5+2+4 Fig. 6.10 Circuit of Ex. 6.10
2+j5
=5.20° x g
6+ j5
L 5385.£68.2° .
=520°x% 2812308 = 3.45£284° A
f
° -
isa 40
a j5%0
20 = —j2 0 In 50
[
] b
Fig. 6.10(a) Determination of Iy Fig. 6.10(b) Determination of Zy

Open circuiting the terminals a — & as shown in Fig. 6,10(b), Norton's equivalent impedance
can be found out.

—j2{@d+j5+42) og
Zy= ———
—j2+d+ j54+2
_ —Jj2(6+j3) .
vy s.45228.4 A(}) D 2.328/-76.6° 0
10-j12
6+j3 o,
15.62 £ -50.2°
= T67122656° Fig. 6.10(c} Norton's equivalent circuit
= 2.328/-76.76° Q of Ex. 6.10

Norton's equivalent circuit is shown in Fig. 6.10(c). ssssans
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6.11 Find current through the 1 £ resistor in the circuit shown in Fig. 6.11 using
Norton’s theorem.

0.8260° A
0szs00A(y)  sa3 (D §1n
b

Fig. 6.11 Circuit of Ex. 6.11

Solution

Removing 1 Q resistor in the circuit shown in Fig. 6.11 and short circuiting the terminals,
Norton’s equivalent current can be found out. The corresponding circuit is shown in
Fig. 6.11(a).

. In
0.8260%A

0.5£80° A D 50 (

Fig. 6.11(a) Determination of I

The current through the short circuited path ab in Fig. 6.11(a) is the Norton's equivalent
current ({y).
Therefore Iy = 0.8260° - 0.5.290°

=04 + j0.69 - j0.5 = 0.4 + j0.19 = 0.443.2254° A,
To find out Norton’s equivalent resistance Ry, terminal ab is open circuited and current
sources are removed as shown in Fig. 6.11(b).
Therefore, Ry=351.

o o a a

L <«—Zy=Ry 0.443225.4° A D gs o 10
50 g

T b
o b

Fig. 6.11(c) Norton's equivalent circuit
Fig. 6.11(b) Determination of Z,, of Ex. 6.11

=2

Norton’s equivalent circuit is shown in Fig. 6.11(c).
Current through 1 £ resistor is given by
= 0.443225.4° x —>—
5+1

20311254‘. Al R AR
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!i..I_I_ In the circuit of Fig. 6.12, find Norton's equivalent circuit across AB.
Solution jsQ
Terminals A and B are short circuited and the To0™ oA

current through the short circuited path is found

out as shown in Fig. 6.12(a). 20.20°V 3 10Q
Hence Norton’s equivalent current is obtained as 150
2020°
I~=Tﬁn4£—gﬂ°ﬂ. T 0B

Removing the voitage source and open circuiting Fig. 6.12 Circuit \'Jf Ex. 6.12
terminals AB, Norton's equivalent impedance can

be found out from Fig. 6.12(b), s
Here Norton’s equivalent impedance is B0 A
) . F5(10- j15)
Zy =510 = j15) = —r 100 vi
n =J3 11 (10 - j15) 75410- /15 mdo.v(__) . N
_ 75450 _15+j10  18.337° -l-‘:”ﬁ“
T 10-j10 2-j2 2828/-45° B
= 6.36.278.7° £} = (1.246 + j6.23) 0} Fig. 6.12(a) Determination of Iy
50 oA
A
I
0a v [:I (1.246 + j6.23) Q
-j150 (4 £-90°A)
I °8
B Fig. 6.12(c) Norton's equivalent circuit
Fig. 6.12(b) Determiantion of Zy, of Ex. 6.12

Norton's equivalent circuit is shown in Fig. 6.12(c).

6.4 MAXIMUM POWER TRANSFER THEOREM
(AC APPLICATION)

This theorem finds useful application while evaluating the impedance of load to
be connected to a two-terminal active network so that maximum power gets
transferred from the network to the load. Three different cases have been consid-
ered here.

Casel:
When the load is purely resistive Rg I Xg
We assume a circuit as shown in _E..“.,. o
Fig. 6.13 where load resistance is R, . f
source impedance Z, = R, + jX, and EF(") gfqt
source voltage is E,.
The current delivered to the load is

Es (6.1) Fig. 613 Power transfer in pure

J= ——f%
Ry +Ry + jX, resistive load
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- SasEsesRREEEEE NN RS NE

Power delivered to the load
E?
]

P = (Magnitude of current* xRy = ——89¥—
- t (R, +R. ) + X}

R, (62

If maximum power is to be delivered

dP,
& "
d ES
o dR, {mﬁmhx,& R"} =0
or {(Ry+ R)*+X2EZ - EIR (2R, + R))) =0
or R?+R}+X2+2RR -2RR 2R} =0
or R:,X2_R}

or Ry = .,"R;'+X§ . (6.3)

Therefore load resistance R, = }Zgl, for maximum power transfer to resistive load

1f X,=0then R =R, (6.4)
Case 2: Ry iXg
When the load constitutes of variable ﬁ""__\‘f‘;_ W
reactance and fixed resistance as shown + / Ay
in Fig. 6.14.
E ~

The load impedanr:e ZL = RL + jXL D() X,

where R; is fixed and X; is variable as

shown in Fig. 6.14.

The net circuit impedance Fig. 6.14 Power !‘rfmsfer to R-L load
Z=Z +Z = (Rg+R) +j(X, + X)) (L is variable)
The circuit current
E,
h (6.5)

VR AR+ (X, + X, )
The power delivered to the load
E;R;
(Rg + R+ (X, + X, )
Since R; is fixed and X; is variable so for maximum power transfer is obtained

P = IR = (6.6)

dP,

when —= = 0.
L
2
ie. d EE RL =0
dXp | (R, + R +(X, + X, )?

or =2(X, + Xp) = 0
or X = —XR. (6.7)

Therefore for maximum power transfer, the reactance of the load is of the same
magnitude as the source reactance of the network, but is of opposite sign.
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Case 3: Ag iXg
M OO0
When the load reactance is of fixed mag- ;
nitude and load resistance is variable + AL
as shown in Fig. 6.15. EFGD
The load impedance Z; = R; + jX; where Xt
X, is fixed and R, is variable.
The power delivered tzo the load Fig. 615 Power transfer to R-L load
Pp=1IiR (R is variable)

~ E;R,
Ry +R.) + (X, +X,)?
If X; is of fixed magnitude and R; is variable the condition for maximum power

(6.8)

df;
transfer is — =0.
sfer is R

L
Therefore d E§ R =0
dRL | (R, + Ry +(X, + X))
or Ry + R + (X, + X)) ~ R (2R, + R} =0
or R} + (X, + X))~ R} =0
or R} = R} + (X, +X,)’
or Ro= R +(X +X,) 6.9)

Equation (6.9) gives the condition of maximum power transfer when R, is variable.

General Case

If the load is such that both its resistance and reactance are variable, maximum
power would be delivered when Z; = Z; i.e. load impedance is the complex
conjugate of the network impedance (i.e., Ry = R, and X; = -X,,).

Proof:

We have seen that when the load reactance X; alone is variable the condition for
maximum power transfer is X; = -X,.

Maximum power transferred

Poax = I2R s Ry (6.10)
T R+ RO (X, + X, ) '
Substituting  X; = -X,
EXR,
Proax = ———— (6.11)
(R +Rp)
If the load resistance R; is also variable then
dPyax - '
dRy,

or (R, +R)*—RIR, +R)=0

or Ri=Rjor R =R, (6.12)
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Statement of the Theorem:

The power delivered by an active network to a load connected across its termi-
nals is maximum when the impedance of the load is the complex conjugate of the

active network impedance.
2

The maximum power transferred under this condition is given by P_,, = 4;
L
as R, =R and X, = X;.

6.13 In the circuit shown in Fig. 6.16 find the value of R; which results in maximum
power transfer, Also calculate the value of the maximum power,

50 jsoq
———AA—— TR ———

+ “14' L
200£0°V (—-) g Ay

Fig. 6.16 Circuit of Ex. 6.13

Solution
As the load consists of resistance only hence for maximum power transfer
Ry=1Z)= (R +X2 = (5 +(507 =50.25Q
The current flowing in the circuit
j = —200£0°
5+50.25+ j50
200200
T 5525+ j50
o 200Z0°
4 T 74.52£42.14°
Maﬁmﬁinpower= Fizbn(z.mu)‘ x 50.25 = 362 W.

'ﬁ.l.d' In the network shown in Fig. 6.17 the load consists of a fixed inductance having

reactance 20 Q and a variable resistance. Find the value of R, for which power transfer is
maximum and also find the value of the maximum power.

= 2.684-42.14" A,

50 j10n
ANA—— T
oz
+ jaoq
s0z0°v (~) It
Ay

Fig. 6.17 Circuit of Ex. 6.14

Solution
When the load reactance is fixed but load resistance is variable then under maximum
power transfer condition load resistance R; is given by
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R, = J{Rg P+(X, +X,)?

= 1,'4[15}-1+{2-:1~+1m2 = J25+900 =30414 Q

50£0°

The circuit current /; = - = 1.12-40.26° A.
(5+30.414) + j(10 + 20)
The maximum power transferred is
IFR, =(1.1)? x 30414 = 368 W. .

6.15 If in Problem 6.14 the load reactance X is variable and the load resistance Ry is
fixed having value 10 Q, find the value of X; for which power transfer is maximum and
find the value of the maximum power.

Solution

When the load reactance is variable but load resistance is fixed then for maximum power
transfer,

X, = —Xg.
Hence load reactance
X, =10 Q.
The circuit current [; is obtained as
I = 30207 = 0LF 345,
(5+10)+ j(10-10) 15
Maximum transferred power P, = 1} Ry = (3337 x 10=111.09 W TITLIT

meceersrsrss ADDITIONAL PROBLEMS weesvevee®

_616_ Find the current through the load in Fig. 6.18 using Thevenin’s theorem.

6Q  j120 A
ANA—— T
+ 410 40
12200°V (~) Load
- _l.-;'sn j6q
B

Fig. 6.18 Circuit of Ex. 6.16

Solution

Removing the load impedance the terminals AB is open circuited and the open circuit
voliage is found out as shown in Fig. 6.18(a).

6Q  j120
ANA—— T oA

40

12280°V +<~)

k11

L

Fig. 6.18(a) Determination of Vg,
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Thevenin's equivalent voltage:
Vi = Voltage across terminals AB

= %xm— j6) = L}%m- j6) =7.42£2.73° Volss.
Now removing the voltage source, Thevenin's 60 j12q
equivalent impedance (Zp,) is found from the A TRR™ o
circuit shown in Fig. 6.18(b).

Zpy = (6 + /12) 1| (4 ~j6) a0

_ (6+j12)d- j6) ~— Zm

T 10+j6 e T

= 8.3£-23.83° o

= (76 -j335) Q Fig. 6.18(b) Determination of Zp,

742273 s

Hence current through the load = 6= 33544976 = 0.0242-10.14° A, R

6.17 Solve Example 6.16 using Norton's theorem.
Solution

The load impedance is removed and the terminals AB is open circuited as shown in
Fig. 6.18(c).

60 j12q
ANAN—— T A
+ 40
12.290° (~) In
—i6q
1,

Fig. 6.18(c) Defermination of Iy

The current through the short circuited path AB is the Norton's equivalent current f,.

12 £90° 12 £90° 0

Hence Iy= 6+ 12 = 341 263.43° A =0.89£26.56° A.

Norton's equivalent impedance {Zy) can be found in the same way as that of Thevenin's
equivalent impedance.

_ (6+j12)4-j6)

Hence, Z
enee N 10+ 6
96.74 £ 7.125° o .
= 1166 23096 8.3£-23.83° = (7.6 - j3.35) Q
The current through the load (1) is given by
7.6=- j3.35
[ =0.89.£26.56" x = (.62.£-10.06" A.
T6=j335+4+ j6 ernnman

f:l-s- Find the current through the capacitor in Fig. 6.19 using superposition theorem.

Solution
Considering the current source of 15230° A acting alone in the circuit and removing the
voltage source, the current through the capacitor [as shown in Fig. 6.19(a)] is given by
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dRdRaREREFREFFEA R [N ]
1@  jaq
AAN—— 0™
+
15£30° A D = —j2n ({«) 2020°V

Fig. 619 Circuit of Ex. 6.18

1o j3a
Ay 10N
'y
15£30° A - -i2q

Fig. 6.19(a) Current source acting alone

1+ ;3
Il = 15230° x _j'—
I+j3-j2
L+j3 3.16£71.56° . .
=15230°x T = 15430° x SRR = 33.54456.56° A

Next considering the voltage source of 2020 V acting alone in the circuit and removing
the current source, the current through the capacitor [as shown in Fig. 6.19(b)] is obtained as
= 2':]_}:0“_ A= 1(],_'?0 = 14.14245° A
1+j3-j2 1+

iQ  j3n
ANA—— T
—j2q G- 20,0°V

Fig. 6.19(b) Voltage source acting alone

o—

According to superposition theorem when both the sources are acting simultaneously the
current through the capacitor () is
=1 +1,=33.54256.56" + 14.14£-45°
= 2847 + j17.97 = 33.68/32.28° A T

6.19 In the circuit shown in Fig. 6.20 find the load resistance and load reactance if - .

maximum power is transferred to the load considering both the load resistance and load
reactance to be variable.

Solution

When both the load resistance and reactance are variable, the load impedance (Z;) is the

complex conjugate of the internal impedance of the network (Z,) under maximum power
transfer condition.
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20 jsa
A", <00 ™
+ 5Q AL
100230V (~) Load

100 X.
-I- f

Fig. 6.20 Circuit of Ex. 6.19

Now removing the source and open circuiting the terminals of the load impedance as
shown in Fig. 6.20(a), {Z;} can be found out.

Z, = (5 - j10) Il (2 + j5) 2 j50
5= 1002+ j5) Mo i
T 5—j10+2+j5
60+ j5 2z
=5 _I_-,mm
_ 602£476° °
8.6 £-35.53° Fig. 6.20(a) Determination of (Z)
7£40.29° = (5.34 + j4.53) Q.
Z: =(534-j453)Q
R,=5340Q and X, =453 Q (Capacitive)

50

Hence £
or,

6.20 What is the Thevenin’s equivalent circuit with respect to the terminals A and B of
the circuit shown in Fig. 6.21.

=100
A {H o A
200
100 50
-+
100£0°V j100
° g
Fig. 6.21 Circuit of Ex. 6.20
Solution
Thevenin's equivalent voltage (V4 is the voltage across the terminals AB of the network;
100 £0° ;
Vi, =V, = —————— (5 + 10
m=Van = 55 20+54 510 © /10
100 £0°

5+ j10) = 30.7.247.48°
35+ 10 © FI10

Removing the voltage source, Thevenin's equivalent impedance Z4;, can be found,
(5+ j10)(20+10)

5+ j10+20+10

150+ 300 ) . .
ij =10 + 9.21.£4748° = (6.22 - j3.21) Q
Thevenin's equivalent circuit is shown in Fig. 6.21(a).

Zpy = =10 +

=10 +
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LE N NN N RN NNN] LR NN NN ] LE N ]
: A

(6.22-j3.21)Q

30.7.247.48°V C"’)

o B
Fig. 6.21(a) Thevenin's equivalent circuit of Ex, 6.20 A

6.21 In the circuit shown in Fig. 6.22 the circuit consists of fixed inductance and
variable load resistance (R;). Find (R;) for maximum power transfer and the value of the
maximum power.

100 —f200
AAN il

+ j50Q

200.£0°V (n-)

- AL

Fig. 6.22 Circuit of Ex. 6.21

Solution
The internal impedance of network is obtained as
= (10 - j20) Q = (R, + jX,) Q.
For maximum power transfer when R; is variable and X is fixed,

R,= JRI+(X +X,)* (Equation (6.9))

= (102 +(-20+50)) = [100+900 = 3162 Q.
Under maximum power transfer condition the current through the circuit is obtained. as
I= 200 £0° = 2020 _39,3578° A

10=j20+ j50+31.62 4162+ j30
Maximum transferred power
Po = PR, = (3.9 % 31.62 W = 481 W, Asseann

6.21 Find Norton's equivalent circuit with respect to terminals A and B of the network
shown in Fig. 6.23. e

x

oA
ezora (D) +

Ba 10.230°

°g8
Fig. 6.23 Circuit of Ex. 6.22
Solution

Short circuiting terminals A and B and removing the voltage source, the current through
the short circuited path (as shown in Fig. 6.23(a)) due to current source is

I, = 6£0° A (from A to B)
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A
440
s00 (D) § 100 Isct
a0
8
Fig. 6.23(a) Determination of I,
Now removing the current source from the net- © A
work in Fig. 6.23 and short circuiting the termi-
nals AB, the current through the short circuited 40 :Pﬂ f
path [as shown in Fig. 6.23(b)] due to the volt- 102301+ sz
age source is jaq
10.230° o -
'f"tz = T A a8

= 1£30° A (from 4 to B). Fig. 6.23(b) Determination of Iy

According to superposition theorem, when both the sources are acting simultaneously the
current through the short circuited path is given by

L=l + Iy,
= 6£0° + 1.230°
=6+ 0.866 + j0.5
= 6.866 + j0.5 = 6.8824.16° A,
Hence Norton's equivalent current [, = 6.8824.16° A,
Next, removing the sources, Norton's equivalent

impedance Zy can be found as shown in °A |
Fig. 6.23(c). 40 ‘
Zy =101 (4 +j3) $100 <— 2y
_ 10(4 +J3) j3q
14+ 3 o o8
=3.49224.77° A

Fig. 6 Determi 7z
= (3.17 + j1.46) Q. g 6.23(c) nation of (Zy)

Norton's equivalent circuit is shown in Fig. 6.23(d}).

oA
5.8624.16° A [] (3.17 + j1.46) Q
o8
Fig. 6.23(d) Norton's equivalent circuit of Ex. 6.22 T

.6=2.3' Using the superposition theorem find the current in branch AB of the circuit given
in Fig. 6.24.

Solution )

Let us consider the 100£0° V source acting alone and 50.20° V source removed. The
circuit is shown in Fig. 6.24(a).
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5Q 4 50 50 4 50
+ . + *
100£0°V 100£0°V 1
100 50.0°V
100 100 100
j50
Jpligel j1on jBsa
B B
Fig. 624 Circuit of Ex. 6.23 Fig. 6.24(a) 100L0°V source act-
ing alone
Total imped 54104 j10 4 200*J5)
=23+ [
otal impedance 5+10+ 5
10+ j
=15+;10+ J,
+
. 11.18 £26.56°
=15 +i10+ S 184w

=15+ j10 + 3.54£8.125°
= 18.5 +j10.5 = 21.27£29.58° Q0.

100 .£0° o
Total current = 3127 22058 = 4.7£-29.58° A.
Hence current through AB is

I, = 4.7£-29.58° x ——

5+10+ j5

= 4.7£-29.58° x ——
3+
=4.72-29.58° x 0.316.-18.43° = 1.4862-48.02° A
Now let us consider 50£0° V source acting alone while 100£0° V source is removed,

The corresponding circuit is shown in Fig. 6.24(b).

50 4 50
AN
7!
G-' 5020V
100 50
B

Fig. 6.24(b) 50.£0°V source acting alone

(5+10+ j10)(10+ j5)
5+10+ j10+10+ j5
154§ )

_ ¢ +;10){l1u+_;5) Vs

25+ j15

Total impedance =
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G+ 72)2+ j)
3+ 43

4+ 7
5+j3
- B.062 £60.25° .

5.83.230.96°
1.383.£29.29° + 5§
6.243.£6.23° Q
50.20° o
Total current = 6243 2625 BL-6.23° A
Hence current through AB is obtained as
5+10+ 510

5+10+ j10+10+ 5

18.03 £ 33.69°

+ 5

+ 5

L]

I, =6.243£6.23° x

=60.243-623" x = ——— = JR6L8.96° A.

29.15 £3096°

Applying superposition theorem the current through branch AB of the circuit when both

the sources are acting simultaneously is

I=1+1, = 1.486£-48.02° + 3.86£8.96°
= 4,807 - jO.504 = 4.833.25.985° A

6.24 Apply superposition theorem to find the current through the capacitor of (—j5) in

Fig. 6.25.
Solution

L&t s consider 20290° A source acting alone in the circuit. The corresponding circuit is

20£90° A D

20 50,0°V
P )
A
Ejsn —=—j100 =50 D 10£80° A

Fig. 6.25 Circuit of Ex. 6.24

shown in Figs 6.25(a) and 6.25(b).

Current through X is found as

(=i 10})(=53) 50 .50
= =—f— ==3.330
Si0-j5  —j1s Y15 =7
j5
Iy = 20290° x ——22
J5+j2-j333
=20290° x 290" _ 2935000 A

3.67 £90°
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ji2a
T

fery :
E;‘sn L-jloe  =-j50

20490° A D

Fig, 6.25(a) Current source 20£90°A acting alone

20
LR
& == E
20290° A E.’Eﬂ [:lx— T
Fig. 6.25(b) Simplified circuit of Fig. 6.25(a)

Hence from Fig. 6.25(a) current through capacitor of (—j3) Q is
-j10
-j10- j5

Now let us consider 50.20° V source acting alone as shown in Fig. 6.25(c).

Iey = 27.25£90° X = 18.167£90° A.

2 0 50£0°V
Pty (=)

Yicz

jang =100 =50

Fig. 6.25(c) Voitage source considered alone

10N j5+ j2
The total impedance is —j5+w 2
- jl10+ j5+ ;2

ie., Z=-j5+ -"—,03 = 5 +j23.33 = j18.33 = 18.33.290° Q.
-

Hence current through capacitor of (=j5) £ is

50.£0° N
ler = Tgaa 57 = 2134-90° A

Let us consider 10.290° A source acting alone as shown in Fig. 6.25(d).
20
TG0

1
1

E;sa o100 =50 D 10.290° A

Fig. 6.25(d) 10£90°A source acting alone
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amm AR EENEEA AR AR AN

Combined impedance of j5, j2 and —710 is

=0 0

T j7-j10 =j3
Hence current through capacitance of (—j5) £1 is

j2333

J2333-j5
Using the superposition theorem the current 7 through the capacitor of (—j5) Qis I =1, +
Ies + {0y = 1B.167.290° + 2.732-90° + 12.73£90° = 28.167.£90° A. S

=j23.33Q.

Iy = 102900 % = 12.73£90° A.

.6:2’.5. Find the current through Z; in Fig. 6.26 using the superposition theorem.

5430° O 8£30°0
[]%

. + 50.£30° 0

200£0°V 400.£30° V

Fig. 6.26 Circuit of Ex. 6.25

Solution
Considering the 20020° V source acting alone in the circuit, the total current supplied by
the source is

200.20° = 200200

5‘:30”8430“::501_’30" 5230°+ 400 £60°

B.230°+50 230° 57.99 £30°
_ 200.£0° _ 200400
5£30°+6.89.230°  10.297 + j5.945

200£0°
= TiEo a0 = 16:84-30° A,

Hence, current through  Z; = 16.8£-30° x

B.A30°
8.£30°+50.£30°

16.8x8 .
= B2 =2317£-30" A,

Now considering 400£230° V source acting alone in the circuit the total current supplied
by the source is
400 £30° - 400 £30°
50.£30%x5230° B230°+4.545 £30°
50£30°+5230°
400 .£30°
T 12.545230°

Hence current through (Z,)=3188 x

BL30%+

=3188 A
S5230°
5.230° + 50 £30°

31.88x5

55 =2.898 A
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Using the superposition theorem the current through Z;, when both the sources are a'cting

simultaneously, is
(2.317£-30° + 2.898) A = 4.898 — j1.1585
= 5.033./-13.31° A.

6.26 Find current through Z; in Fig. 6.27 applying Thevenin’s theorem.

12.230°V
il
\=J

22000}

cors®  [Jra [ [Jacno

Fig. 6.27 Circuit of Ex. 6.26

Solution
Let us open circuit the terminals of Z; to find the open circuit voltage V. as shown in
Fig. 6.27(a).
12£30°V
T A
\ZJ

2260° A CD [] na |:| 2200 Voe

8
Fig. 6.27(a) Determination of Ve

Current through the 2 £} impedance due to current source only is
Jl

J1+2.20°

_ 2260°x 1 £90°

- 2+

2.£150° .
= 3236 226.56 =0.892123.44° A (from A to B).

Current through the 2 £ impedance due to voltage source acting alone is
_ 124300
2T jle2400
122300
T 2.236£26.56°

I, = 2£60° x

= 5.367.£3.44° A (from B to A).
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sawm EENEAESENAANE NS S AN

Applying the superposition theorem current through the 2 Q impedance is
I=5367£3.44° - 0.892123.44°
= 5.86-4.11° A,
Hence Voo = 2£40° x 5.86£-4.11° = 11.T2£4.11°V (= Vq)
Now, Thevenin's equivalent impedance is obtained as
JIX2ZL0° 2900
™ ¥ 2Z0° 2236226.56°
Thevenin's equivalent circuit is shown in Fig. 6.27(b).

= 0.8963.44° Q

0.89/63.44° Q)

9.2424.77°V Zy=—f2 11

Fig. 6.27(b) Thevenin’s equivalent circuit of Ex. 6.26

Hence current through Z; is obtained as

= M = 9.243£67.54° A,
&RQAGS.-H“-;Z IR E RN}

$,27 Find the voltage drop across 2 L resistor in the circuit shown in Fig. 6.28 using
Thevenin's theorem.

30 A /1@
A e
+
zzsnwc ~ 8.£45°V
_|_ —j2 0 -

-

B
Fig. 6.28 Circuit of Ex. 6.27

Selution
Let us open circuit the terminals AB to find the Thevenin’s equivalent voltage as shown in
Fig. 6.28(a).

3an A 10
A TR ™

+ /

2£30°V _C-D C-«j 8245V
|

B
Fig. 6.28(a}) Determination (Vp,)
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The current flowing through the circuit is
223 -8.£45
N 3+ 1
—3.925- j4.65
3162 21843
6.09 £-130°
T 3162 £18.43°
Vollage across V, g
=j1 x 1.92.2-148.6° + 8.245°
= 1.92/-58.6° + 8£45°
= 6,657 + j4.02 = 7.77.£31.127T°* V
Thevenin’s equivalent impedance is obtained as
_Axjl o 3290°
™™ 3441 3.162£1843°
Hence current through 2 € resistor is

1.77 £31.127°

= 1.92£-148.6° A.
VTh

= 0.9487.£71.57° L.

Ia =
M7 09487 £71.57°+2 - j2
_ 1.77431127°
23- L1
7.77£31.127°
= TN 3055 .
255£-25.56° 305£36.687" A. sasvnaa
/
6.28  Find Thevenin’s equivalent circuit across the load in the network shown in Fig. 6.29.
<>
0.5 vy

- .
10230°V (~) 2 §5 Q [:I Load

Fig. 629 Circuit of Ex. 6.28

Solution
Removing the load it is seen that open circuit voltage V. = v; as shown in Fig. 6.29(a).

_{:“w‘:}_ A

+ 05 ¥y + :\
10230° (.-...) ¥q §5 0Q Voc
’JB

Fig. 6.29(a) Determination of V,,

Applying KVL . )
10£30° = 0.5v) — v =0
or 1.5v; = 10.£30°

ie. v = 6.67.230° V(= V). '
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Considering loop CPQE
10£0°-V,-05V, =0
or V,=667£0°V
B Vo = V. = 6.6720° Y
Next, terminals AH is shocrt circuited as a'lmwn in Fig. 6.30(a).

475

c + Vn - D P 110& 0
- LI A
520° 0
+ 8£60°Q /)
V=10£0" G-») <_> 0.5V, ¥l
27.B£365° 0
| ls
E F a

Fig. 6.30(a) Determination of (Isc) and (Z,)

Applying KVL in loop CABE, we get

10£0° - 6.6720° - 1£0° x I =0
i.e. I.=333 A
Hence internal impedance of the circuit is obtained as
Yo _6.67£0°
I, 333
Thevenin’s equivalent network is shown in Fig. 6.30(b).

Zin= =210,

270°0

— ——a
6.67.20° vi@)

B

Fig. 6.30(b) Thevenin’s equivalent circuit of Ex. 6.29 srsnama

_ﬁ._J_l'll. Find the current through 10 £} resistor shown in Fig. 6.31 using Norton's theorem.

5.£30°V

240
(~)
I N MW A
+
10 10£0°V

- ' §1ﬂﬂ
-|- 50
B

Fig. 631 Circuit of Ex. 6.30

—j2 5
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20
AN o A A

e §59 2 "”(D I:IZN gwn
—j2 G
-‘_ ] B

Fig. 6.31(b) Determination of (Z) Fig. 6.31(c) Norton's equiva-
lent circuit of
Hence current through the 10  resistor Ex. 630
= 1.534-91.05° x —>38L=21
10+3.48 £-21°
348£-21°
= 1. —91.05° »x —— =
1:53£-91.05 13.32-5.39°
= 0.4£-106.66" A. sensana

\.6..3.1. Find Norton's equivalent circuit across terminals AB for the network-shown in
Fig. 6.32.

o A

j40 100

4.45° A (n-)f

3q 25.290°V

o B
Fig. 6.32 Circuit of Ex. 6.31
Solution

Short circuiting the terminals AB, Norton's equivalent current is found out from

Fig. 6.32(a).

A
40 100
4.245° A (~)+ In
an 25.,90°V
B8

Fig. 6.32(a) Determination of (I)

=4245% + 2.5290° = 2.83 + j5.328 = 6.£62° A,
Removing the sources and looking into the network from terminals AR, Norton's equiva-
lent impedance is obtained from Fig. 6.32(b).
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c | 49 jza

- AN -|- T e A
-f10 \ -
+
102£0°
- 21
B
P Q

Fig. 6.33(a) Determination of (Igo)

Solving the two equations (1) and (2), we get
10£0° -6 =) -(2-j)i=0

479

s; = 10.£0°
= 1.2520° A
2-
1= 22 500 = 2BOXLD ) o660 = 2.79.2-116.56° A
j 290°
- -]
Hence, Zy = oL 315.29956° .

2,79 £-116.56°
Norton’s equivalent circuit is shown in Fig. 6.33(b).

2.79£-116. 53‘&1‘% ¢ 1.315/-199.56° O

Fig. 6.33(b) Norton's equivalent circuit of Ex. 6.32

6.33 Obtain Norton’s equivalent circuit across terminals xy in Fig. 6.34.

50
AN o X

10 40

10£30° A
2% 40

ay

Fig. 6.34 Circuit of Ex. 6.33

Solution

Let us short circuit the terminals xy to find the short circuit current from Fig. 6.34(a).

The combined impedance of (1 + j2) £ and (4 + j4) £ in parallel gives
(1+j2)(d4+j4) 12,649 £10843°

576 = R 25015° = 1.62258.24° (1.

1.62 £ 58.24° 1.62 £58.24°
H L= 10230° x —=2E52020  _ 10230° x —————— = 2.7275° A.
e e 5+1.62 2 58.24° 104307 x 6.213.245°

Now removing the source and open circuiting terminals xy, (Z,) is obtained from

Fig. 6.34(b).
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50
AN x
10 40 lse
10230° A (})
j2a j40
Yy
Fig. 6.34(a) Determination of ()
I 50
A °
10 40
—— Zm
20 jaa
O
. |
Fig. 6.34(b) Determination of (Z;,.)
0
1+ j2)4+ j4
tritat ) 2.7.75° A 6-13.24°0
=5+ 1.62£58.24°
= 5.853 +j1.377
= 6.13.24° . °
Norton's equivalent circuit is shown in  Fig. 6.34(c) Norton's equivalent
Fig. 6.34(c) circuit of Ex. 6.33

6.34  Find Norton’s equivalent circuit across terminals ab and find current through 100
resistor in Fig. 6.35.

20£10°V

]{2 +j4) 0 gmn

(2 +j4) 02

?

Fig. 6.35 Circuit of Ex. 6.34

Solution
Let us remove 10 £ resistor and find out the open circuit voltage from Fig. 6.35(a).
Applying KVL in the closed loop

0£10°+H -2+ M4d-2+j4=0

J8I=20£10°
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10£0°V

O
ZJ

240 120 210
X AR AAA— S AM—] B

j249 120

Z

Jjeo 300 jeo 300 500
c—tmr—WAN—o—\W—— D
Y Y
Fig. 6.36 Circuit of Ex. 6.35 Fig. 6.36(a) Determination of (Z;,,)
The internal impedance of the circuit X
_ 2102+24) 50030+ j60)
214 j24412 50430+ j60 j240
210
252+ j504 1500+ j3000
- 778, J 120
33+ 24 80+ j60 A B
c o
_ 563489 £63.43° 3354 £63.43° jeoq
40.8 £36° 100 £36.87° 500
= 13.81.£27.43° + 33.54.£26.56° 3on
= (42.258 + j21.36) €.
According to maximum power transfer theorem (Z; ) Y

should be complex conjugate of Zy. Fig. 6.36(b) Simplified circuit
Hence, Z; =(42.258 - j21.36) Q. of Ex. 6.36(a)

Hesssnsnnanse EXERCISES sssarnmsnnn ]

State and prove maximum power transfer theorem when applied to ac circuits.
State and explain Thevenin's theorem when applied to ac circuits.
State and explain Norton’s theorem when applied to ac circuits.
State and explain the superposition theorem when applied to ac circuits.
Find current / in Fig. 6.37 using superposition theorem.

[Ans: 3.33250° A]

bl ol ol A

2+/20

L

T 2.10°A =-j10 T(—-» 3/120°V

Fig. 6.37
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6. Find the power loss in R; in Fig. 6.38 using superposition theorem.

[Ans: 35 W]
jsQ A,
00 A
50
+ -
100£45°V ~) G 420°A - —j4Q
Fig. 6.38
7. Use Thevenin's theorem to find the current in the impedance connected to
terminals x and y of the network shown in Fig. 6.39. [Ans: 1542 A]
3Q j40Q 50 —f5 2
—— AT Ay il
X
+ +
10020°v (~) 2+j4)n (~) soz-90°v
¥
Fig. 6.39
8. Find the amount of maximum power transfer in Fig. E6.40 when Z; is
variable. [Ans: 1.81 W]
60  j120

40
12£80°V ~) [] Z

T -6 02

9. In the network of Fig. 6.41 find Norton's equivalent circuit across AB.
[Ans: Iy =5.78£20.22° A, Zy, = (2.08 + j1.44) Q]

Fig. 6.40

jaa 20
R o
+ i A +
10230°v (=) 5 (~) 20.60°V
A ‘[ AN

Fig. 6.41
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10. Using the superposition theorem find the current through Z, in the network

shown in Fig. 6.42. [Ans: 47.6.£-9.7° mA]
Z 2
1 = 1
L L
100-225° Q2 180260° 0
+ +
6£0°V -») Zy [] 120£-30° 02 ~) 12/-20°V
Fig. 6.42

I1. Solve example number 6.7 in the text using Thevenin’s theorem.

12. A voltage source has an equivalent circuit consisting of R = 500 £ in series
with C = 0.01 pF. Calculate the required component values for a series LR
circuit that will draw maximum power from the source when the signal
frequency is 1 MHz. [Ans: R =500 Q, L = 0.00253 mH]

13. Replace the network of Fig. 6.43 at terminals (a—b) with the Norton's
equivalent circit. [Ans: 1y = 0.439£105.26° A, Z,, = 8.37£-69.23° Q]

100 J“‘ﬁﬂ'ﬂ an
* 1-3

1020°V ) ib jaq

Fig. 6.43

14. Obtain Thevenin's and Norton's equivalent circuits at terminals {a—b) for

the network of Fig. 6.44.
[Ans: Vi, = 11.5£-958° V, I, = 1.39£4-80.6° A, Z = 8.26£-15.2° Q]

10245V
(S — AP —o
N/

+
an 2020°V

10402

ujamT
Q




THREE-PHASE
CIRCUITS

7.1 THREE-PHASE SYSTEM

A three-phase electric system may be considered as three separate single-phase
systems displaced from each other by 120° [Fig. 7.1].

1200, 1200,
e
R Y I~ B -
/NN NN
g H ;f . /\\ H .ff b
= N, Fd LY
= ' : \>f M Wl —=
LY PELUA NSNS .
360° |

Fig. 7.1 Graphical representation of a three-phase system

7.2 ADVANTAGES OF A THREE-PHASE SYSTEM

The advantages of a three-phase system over a single-phase system are:
(a) The amount of conductor material required is less for three-phase system,
(b) domestic power and industrial/commercial power can be provided from the
same source,
(c) voltage regulation of a three-phase system is beuter, and
(d) three-phase motors are self-starting while single-phase motors are not self-
starting.

7.3 GENERATION OF A THREE-PHASE SUPPLY

When three identical coils are placed with their axes at 120° displaced from each
other and rotated in a uniform magnetic field, a sinusoidal voltage is generated
across the coil. Figure 7.2 shows three sets of coils RR’, YY’ and BB’ displaced
from each other by 120° and rotating in an anticlockwise direction with angular
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velocity @ in a uniform magnetic field. Since the
three coils are identical the generated voltages
have the same magnitude. The generated volt-
ages in the coils are given by
vp =V, sin wt
vy =V, sin (@t — 120°)
vg = V,, sin (@1 - 240°)
= V_ sin (@ + 120°).
[Here voltage generated in coil R is taken as
reference. So vy lags vy by 120° and vp lags vg
by 240°.]

In polar form
vp=IV1 L0°
vy = IVl £-120°

vg = IV £-240° = V] £120°,

The three phases may be numbered a, b, ¢ or
1,2,3or R, Y and B as customary and they may
be given three colours—red, yellow and blue.
The phase sequence is usually RYB. Vector rota-
tion is usually anticlockwise.

The voltage waveform is shown in Fig. 7.1
and the phasor diagram is shown in Fig. 7.3. It
can be shown that the phasor sum of three-phase
emfs is zero.*

L]
I\ﬂ

Fig. 7.2 Three-phase emf
generation

Va

Ve
Fig. 7.3 Vector representation
of phase voltages

7.4 INTERCONNECTION OF PHASES

If the three coils RR’, YY" and BB’ are not interconnected but kept separate as
shown in Fig. 7.4 then each phase would require two conductors and so the total
number of conductors would be six. This would make the whole system compli-
cated. Hence the three phases are usually interconnected which results in substan-

tial saving of copper.

Fig. 74 Three-phase coils not interconnected

*Resultant instantancous emf

=vg + vp+ vy =V _sin @ + V, sin (@t~ 120°) + V_ sin (@ - 240°)

=V, [sin @ + 2 sin (@1 — 180°) cos 60°]

=V, [sin @f - 2 sin wrx %]=ll
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The general methods of interconnections are
{a) Star (or Y) connection
(b) Mesh or delta (4) connection.

7.4.1 Star (or Y) Connection

Here the similar ends of the coils, i.e. either a, b and ¢ are joined together (or a’,

b and ¢’ are joined together) at point N known as “neutral” point or star point.
In Fig. 7.5 a conductor is connected at point N which is known as the neutral
conductor. Such a system is known as a three-phase four wire system.

Fig. 7.5 Diagrammatic view of star connection

If a balanced symmetrical load Z is connected across terminals RY, YB and BR
then the currents in each phase will be exactly equal in magnitude but displaced
120° from each other (provided the supply voltage is balanced).

The resultant current is then given by

ip+iy+ig=1I, sin or+ I, sin {(@r - 120°) + I, sin (@t - 2407).
The current through the neutral in case of balanced load is zero
ie. Iy=lg+Iy+1Ig=0.

The potential difference between any terminal and neutral gives the phase
voltage and that between any two line terminals, i.e. R, ¥, B gives the line
voltage. In Fig. 7.5, Vg, Vy and Vg are phase voltages of phases R, Y and B
respectively while Vgy, Vyy and Vg are the line voltages. If these voltages are
equal in magnitude and displaced from each other by 120° (elect.) then they are
called balanced voltages.

Relation between line and phase voltages in star
connection: The potential difference between lines
Rand Yis

Vgy = Vg =V (vector difference).

Vgy can be found by compounding Vg and V, -V,
(reversed). Its value is given by the diagonal of the
parallelogram of Fig. 7.6. Obviously, the angle be- Vs
tween Vy and Vy (reversed) is 60°.

Assuming Vgl = [V = Vgl = IVp|(the phase emf),

120°

Fig. 7.6 Vectorial addition
of phase voltages
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Wapd = JVZ +V2 + 2V, Vy cos60° = \(vpzh +Va 2V x%
= 3V, (ie.. 3 times magnitude of Vpy).
Similarly, Vyg= V) - Vg (vector difference)
=43 Vp, and
Var = Vg - Vo= V3 Vp,.
However, [V =1Vygl = [Vgel = Line voltage 1V,
Hence in star connection

W= J3Wel. (1.1
It may be noted from Fig. 7.7 that

(a) Line voltages are also 120° apart.

(b) Line voltages are 30° ahead of their
respective phase voltages.

(c) The angle between the line currents
and the corresponding line voltages
is (30° + 0) assuming current
lagging by an angle 8° (for lagging
loads)

Relation between line and phase cur-
renls in star connection: Observation of
Fig. 7.5 reveals that cach line is in series
with its individual phase winding. Hence
the line current in each line is the same
as the current in the phase winding to
which the line is connected.

Let current in line R be I, current in line Y be [, and current in line B be [

Since gl = Iyl = gl = Iy, | (say phase current), in star connection, line current
is same as the phase current i.e. ) = Upyl.

Fig. 7.7 Complete vector diagram for
voltages in star connection

Power in star connection: The total active or real power P in the circuit is the
sum of the three phase powers. Hence total active power

P = 3 x individual phase power = 3Vpy[p, cos &

Vi

=3x I, cos @
ﬁl.

= V3V, cos @[ V= V3Vp, and I, = Ipy). (7.2)
It should be noted that # is the angle between phase voltage and phase current
and V,, I; are magnitude vectors.
Similarly, total reactive power J is given by Q0 = V3 VI, sin @ (7.3)
[By convention reactive power of an inductive coil is taken as positive and
that of a capacitor as negative]
S, the total apparent power or complex power of the three phases is

s= PP +0? =3 v, (7.4)

Also, §S=P+jQ. (7.4(a))
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7.4.2 Delta (A) or Mesh Connection

In this configuration, the dissimilar ends of three phase windings are joined
together, i.e. R is joined with ¥*, ¥ with B’ and B with R" (or R is joined with B’,
B with Y and ¥ with R"). In other words, the three windings are joined in series to
form a closed mesh as shown in Fig. 7.8. The leads are taken out from the three
junctions for external connection. If the system is balanced then the sum of the
three voltages round the closed mesh is zero, hence no current (of fundamental
frequency) can flow around the mesh when the terminals are open. At any instant,
the emf of one phase is equal and opposite to the resultant of those in the other
two phases. This type of connection is referred to as a three-phase, three-wire
delta connection.

hi=lg-lg A
B A ' I
Ig I
/ _ \R Vay Ven z]
B’ Awla=ly=Ig I‘
e ’ v [z]
Y e Y’
, Iy T
o | [
la=lg — Iy l
. B

Fig. 7.8 Delta connection

Relation between Line Voltages and Phase Voltages in Delta Connection It is
seen from Fig. 7.8 that there is only one phase winding completely included
between any pair of terminals. Hence in A connection, the voltage between any
pair of lines is equal to the corresponding phase voltage. Since the commeon
phase sequence is RYB, Vg leads Vyg by 120°, Vi leads Vg by 120° (as shown
in Fig. 7.9).

If IVgd = [Vygl = Vgl = line voltage IV;], then it is seen that [V ] = [Vl

Relation between line currents and phase currents in delta connection It is
seen from Fig. 7.8 that current in each line is the vector difference of the two-
phase currents flowing through that line (i.e. vector difference of corresponding
phase currents).
Hence, Current in line Ris =15 - I

Current in line Yis I, = Iy = I vector difference

Current in line Bis Iy =15 - 1y

Current in line R is found by compounding /5 and I, (reversed) and its value is

given by the diagonal of the parallelogram shown in Fig. 7.9. The angle between
I and fg (reversed) is 60°.
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Vay

]
li=(lg—ly) =y A h=lg-1g)

Ver A / Vyg

!
Vip=(ly-1n)
Fig. 7.9 Vector resolution of currents

The current in line R is: [} = -Jfﬁ +1} +21g15 cos60°

= |2 2 L |
= \j‘frh""frh"‘“n. x~2-

=3 Ipy (ie., V3 times magnitude of phase current).

Current in line Y is: I, = Iy — I (vector difference) = V3 Ipy, and current in line 8
is: Iy = Iy — Iy (vector difference) = V3 Iy
Assuming all the line currents are equal in magnitude,
i =lhi=1LEl= 1 = xﬁ.'p,,. (7.5)
With reference to Fig. 7.9 it should be noted that:
(a) line currents are 120° apart
(b) line currents are 30° behind the respective phase currents
{c) the angle between the line currents and corresponding line voltages is (30°
+ @) with the current lagging by an angle 6.

Power in Delta Connection

Three-phase power
P = 3 x individual phase powers
=3 Vpylp, cos 0

I
- 3vf_ﬁ cos 8= V3 V,d, cos 0 (7.6)

(v Vep=Vyand Iy = V3 Iy
[Here, Vpy, Ipy, Vi and I; are magnitude of the respective phasors.]
Similarly, the total reactive power is given by
Q=3 VI, sin @ (1.7)
and the total apparent or complex power of the 3-phase delta circuit is given by

s= PP +Q? =3 v, (7.8)

Also, . 8§=P+j0Q [7-8(a)]
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7.5 ONE LINE EQUIVALENT CIRCUIT FOR
BALANCED LOADS

We know that a set of three equal impedances in delta connection is equivalent to
another set of three equal star connected impedances. Therefore, a more direct
computation of the star circuit is possible for balanced three phase loads of either
type.

The one line equivalent circuit is one phase of the three phase, four wire, star
connected circuit in Fig. 7.10 except that a voltage is used which has the line to
neutral magnitude and a zero phase angle. The line current calculated for this
circuit has a phase angle with respect to the phase angle of zero on the voltage.
Then the actual line currents [y, Iy and I will lead or lag their respective line to
neutral voltages by this same phase angle.

Vw208 l ?
v‘m_ﬂnatu

Fig. 7.10 One .lme equivalent of one phﬂse

7.1 Three chokes each of resistance 40 £1 and reactance 30 £ are connected in star 1o a
3-phase 440 V balanced supply. What is the line current and the total power dissipated?

Solution
Given, Resistance R = 40 02
Reactance X = 30 0.
- impedance Z = \|R? + X2 =/ (40) +(30* =500
Also, line voltage V; =440 V.
.. In a star connected system

¥,

Phase voltage [Vl = E= “ 254.04 V
NERINEY
Ve |

phase current Uyl = ~h_34u 508 A

In a star connected system
Line current = Phase current = 5.08 A.
Total power dissipated is (v@ Vi1 i) cos @), where

IRl _ 40
= —=— =038,
cos 8 = power factor = Zi =30

Hence total power dissipated is (xE x 440 x 5,08 x 0.8) = 3097.18 W or 3.097 kW.
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7.2 The load in each branch of a star connected three-phase circuit consists of 10 £2
resistance and 0.06 H inductance in series. The line vollage is 430 V. Calculate the phase
voltage and the phase current.

Solution
Resistance R=100Q
Reactance X=wlL=2xfL=2r=x50x% 06=18.850
-, Impedance 2= (R + X2 =(10)? +(18.85) =2134Q
Line voltage IV;l =430 V (given).
In a star connected system, line voltage = 4/ 3 x phase voltage

v, !
So phase voltage IVl = —= =430 ~ 24827V

3043

Ven! _ 24827

Phase current gyl = 7 5134 = 11.63 A, ceeene

7.3 Three similar coils each having series resistance of 20 £2 and capacitance 100 uF are
connected in star to a 3-phase, 400 V, 50 Hz balanced supply. Find the line current,
power factor, total KVA and total kW,

Solution
Resistance R = 20
Capacitance C = lﬂﬂ *x 10°° F
- 1 1
-~ Capacitive reactance Xd= —= =—10
d= WC 2a%50x100x10°® o«
=31.83 2.
Impedance IZ1 = | R? + X}
= J(zu)z +(31.82) =37.59 Q.
Line voltage |V,| = 400 V (given)
Wy
- Phase voltage is Wegl = = =400 _ 23095 v
3 V3
while, phase current Ul = Eﬂ!= 230.95 6.144 A
+B w7 T arse T
. Line current Il = ) = 6.144 A
Power factor cos@)=R-_20 _gs3
IZI 3?.59
Total power (KVA) = 3Vpy| gyl = (3 % 230.95 x 6.144 x 10 KVA
=4.257 KVA

Total active power (kW) = 3V | gl cos @

= (3 x 230.95 x 6.144 x 0.53 x 107%) kW = 2.256 kW.
7.4 Each phase of a delta connected load comprises a resistor of 50 £ and a series
capacuur of 50 UF. Calculate the line and phase currents when the load is connected to a
440 V, 3 phase, 50 Hz supply.

Solution
Load resistance R =508
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Capacitive reactance X =1 _ 1
’ C7 w0 2mfe 2mx50%50 %107
= 63.67 Q.

. Load impedance per phase IZl = | R* + X2 =80.96 Q.

Ve |
Phase current [l = %. where Vi, is the phase voltage.

In delta connected system line voltage |V,] = phase voltage |V,

Here, Vel = IV = 440 ¥
440
Therefore, oyl = 30.96 = 5434 A,
In delta connected system line current If;] = VG ey,
”LI= ﬁ % 5434 =9412 A, sRERENE

"J'=5. The load in each branch of a delta connected balanced three-phase circuit consists of
an inductance of 0.0318 H in series with a resistance of 10 ). The line voltage is 400 V
(balanced) at 50 Hz. Calculate the (i} line current and (ii) the total power in the circuit,

Solution

Inductive reactance IX;| =l =2nL=2r>x50x00318=10Q
Resistance R = 10 0.

So load impedance, 121 = \/(10)* +(10)* =14.14 Q.

Line voliage, IV, =400 V (given)

. Phase voltage Vgl = 1V 1 =400 V [+ connection is delta]
1% I

Phase current Ul = 2= 400 4 _ 75288 A,
1ZI l4.|i4

(1)  Line current Ify) = \.ﬁ x phase current = -..G x 28.29 =49 A,
(ii) Total power in the circuit (P) = ﬁ IV, 1) cos 8
cos @ = power factor = £__10 _ 0.707.
IZ1 14.14
Also, total power in the circuit

[PJ:H’Ex400x49x1}.'?0?=24.000.3?wz24kw. snsensn

7.6 A star connected three-phase load draws a current of 20 A at a lagging p.f. of 0.9
from a balanced 440 V, 50 Hz supply. Find the circuit elements in each phase if the
elements are connected in series,

Solution
Line current, Il =20A
Power factor, cos 8 =0.9 (lagging)
Line voltage = IVl = 440 V (given).
V.l 440

Phase voltage, [Vl = L=y
RN ERNE

As the power factor is lagging hence the circuit contains resistance R in series with
inductance L.

If X; be the inductive reactance and Z be the impedance then, % =09
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440
Wy |
and me Vel V3 a0
(pg! = U] as the load is star connected).
R=127x09=11430Q

and X0 = 22 —R? =\/(12.7)* - (11437 =5536Q

X
Therefore, L= 2L _3336_ 5536 _ 6196 1.
w 2nf 2xx50
The circuit elements are resistance of 11.43 £ and inductor of 0.0176 H connected in

series in each phase. seanane

Q=1270

7.7 Three coils are connected in star to a balanced three-phase, 3-wire, 440 V, 50 Hz
supply and takes a line current of 10 A at 0.9 p.f. lagging. Calculate the resistance and
reactance of the coils assuming they are series connected in each phase. If the coils are
delta connected to the same supply calculate the line current and the real power.

Solution

Line voltage IV,| = 440 V
Line current I,/ = 10 A
When the coils are star conmlcd

440
phase voltage Vg = L2 254w,
J_ V3
phase current Wpyl =l = 10 A
If R, X and Z be the resistance, reactance and impedance respectively then,
W,
= Vel _254 254 Q
gy 10
IR
f= 2=09= —.
P COs [Z|
So R=254x09=223861.
Therefore, Wi = 2% = R? = (254)* ~(22.8)°

=1119 Q.
The resistance and reactance of the coil are 22.86 £ and 11.9 £ respectively.

Line voltage of supply system Wl-u | = -»,E I'l."“I1 |
=v3x230v
= 398.36 V (as it is star connected).
Line voltage of load IVL, | = W[' | =398.36 V
and phase voltage of load Wy, | = I'if’I= | =398.36 V (as load is delta connected).
Ve, |

Z

398.36
=0 =308 A,

hmcunenmf]und:sabtmncdaslf.lil_fumI
= V3 x39.836 =69 A.

]

Hence phase current in load is given by uP‘h, I
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(W,'+W,)tan@ _200x0.75

V3 J3
From above we get
W, =143.3 kW and W;" = 56.7 kW.

The readings of two wattmeters when the power factor of the motor is 0.75 leading are
143.3 kW and 56.7 kW, snErEnn

Also, W/'-w, kW = 86.6 kW

7.17 The input power (o a three-phase motor was measured by two watimeters whose

readings were 12 kW and —4 kW and the line voltage was 200 V. Calculate the power
factor and the line current.

Solution

W, = 12 kW W, = -4 kW
Line voltage Vil =200V
If @ be the power factor angle then

W -W, 12-(-4) 16
6=+3 =3 =3 X = 3464,
an W, W, =V33; (<)

So, power factor = cos 8= cos{tan™ 3.464) = (].2'._'7.
Now, \EIVLI i) cos 8=W, + Wy =12 + (-4) = 8 kW = 8000 W
where [; is the line current.

So, = —00 ___ _g337A.

J3x200x 277
718 Three coils each having resistance of 10 £} and series reactance of 10 £ are
connected in star across a 400 V, three-phase line. Calculate the line current and readings
on the two wattmeters which are connected to measure the total power.

Solution
=100Q,X=10Q, Impedance1Zl = JR?+ X2 =14.140Q
IRI
Power factor cos = 0.707
IZI 1¢.l4
Line voltage 1V;| = 400 V, phase voltage |Vp,| = —2 =— =23094 V,
V3 f
Wpy, |
Phase current = —= 23094 _ 1633
1ZI 14.14

Line current If;| = phase current = 16.33 A.
If W, and W, are the readings of the two wattmeters then

W, + Wy = 31V 1 Ul cos @ _
= 3 %400 x 16.33 x 0.707 = 7999 W = 8 kW
and W, — W, = IVl sin @ = 400 x 16.33 sin(cos™' 0.707)
=4619.5 W = 4.62 kW
Hence, W, = 6.31 and W, = 1.69 kW. TTIIIL
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Wreesnnvanss ADDITIONAL PROBLEMS crvrssrnvarm

7.19 A balanced three-phase delta connected load of 100 kW takes a lagging current of
50°A with a line voltage of 11 kV, 50 Hz. Find the circuit constants of the load per phase.

Solution
Total power = 100 kW (= 100,000 W).
Line current I;| = 50 A
Line voltge IVl = 11 kV (= 11,000 V).
As the system is delta connecied,

Il 50
phase current Iyl = —=— A
NERENE
and phase voltage [Vy | = (V) = 11,000 V
W | 11,000
Impedance per phase 121 = o = 381 Q3.
P YN E)
FP= \E Vi li;] cos 6= 100,000 where (cos @ = power factor)
10,000
ie. cos @ = . o = 0.0182.
V3 %11,000% 2=
J3

Also,  IRWZI =cos 8

IRI
z = 0.0182, where R is the resistance per phase

So, R=69310.
If (X) be the reactance per phase then IXI = [ Z? = R? = 380.94 (L
1X1
As the current is lagging so the reactance is inductive in nature, i.e. inductance, L = F
= 38094 _oi3m
2 x50

We have assumed R and L 1o be series connected in each phase and the circuit
constants of the load per phase are 3,99 Q (resistor) and 1.213 H (inductor).  ....ees

7,20, Three impedances Z,, Z; and Z. are connected in star and are supplied from a
400 V, 50 Hz, three-phase ac source. Determine the line currents. Assume Z, = 520° €,
Zy =40£30° Q and Z- = 20£-30° Q.

Ia
Solution A
Referring to Fig. 7.17
Za
v 400/43) £0°
=2t ¥ = 46.1920° A In
Z, 520° N ot
Vay  (400/3)2-120° % 1
Ip= = =5TIL150°A
Zg 40.£30° ;
c
oo Ven :(mfﬁhé—uu“ 8 o—b
“7 'z 20£-30° 's

=11.552-270° A = 11.55290° A. Fig. 717 Circuit of Ex. 7.20
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7.21 A balanced star connected load with impedances of 2£-30° £ is supplied from a
three-phase, 4-wire system, the voltages to neutral being V', = 100.£-90°, Vg, = 100£30°,
Ven = 100£150° V., Determine the current in the line conductors and the current in the
neutral.

Solution

Referring to Fig. 7.18
1o Y _1002-90°
= =TT

= = 50£-60° A
Z  2/-30°
V
= o 02300 _ 5 600 A
Z  2£-30°
Ven  1002150°
= N _RLY 501800 A.
€T 7Z " 2z-30 Be —
Iv =y + Ig + I0) = 50(£-60° + £60° + £180°)  Fig. 7.18  Circuit of Ex. 7.21
=50{ﬂ.5—‘J'U.Bﬁﬁ+ﬂ.5+_,l’0.gﬁﬁ—l]=ﬂﬁ. (AR RN

7.22 In a three-phase four-wire power distribution system phase B is open while cur-
L]

rents through phase R and ¥ are 100£-30° and 50.260°. Find the current through the
neutral connection.

Solution

The three-phase four-wire system is a star connected system with a neutral wire.
Ip = 100£-30° A
Iy = 50£60° A.

As B phase isopen  fp=0

Neutral current Iy= g+ Iy+ Ig)

(100£-30° + 50260°)
(86.6 — j50 + 25 + j43.3)
=+111.6 — j6.67 = 111.8£-3.414° A, srssnan

7.23 Figure 7.18 shows a three-phase Joad connected in star. Here [, = 20£100° A and
.f,, = 10£-50° A. Find the voltage drops across the three impedances of Z,, Z; and Z
where Z, = 6£0°%, Z; = 6£30° and Z. = 5245°. Assume phasor sum of [, Iy and f. as
Zero.

Solution
I, =202100° A
Iy = 10£-50° A
Iy+lg+i-=0,
I =1, + Ig) = H(20£100° + 10£-50°
= ={=3.47 + j19.69 + 6.43 - j7.66)
= (-2.96 — j12.03) = 12.38£76.18° A,
Yoltage drop across
Zy=1LZ, =20£100° x 6.£0° = 120£100° V
Voltage drop across

Zy = IgZy = 10£-50° X 6230° = 602-20° V.
Voltage drop across .
ZC=ILZC= 12.331?6.18" x 5£45° = 61-9&‘21¢IB?: aeEEEEE

7.24 The input power to a three-phase motor was measured by the two wattmeter method.
The readings were 5.2 kW and 1.7 kW, the latter reading has been obtained after reversal
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of current coil connections. The line voltage was 400 V. Calculate (a) the real power (b)
the power factor and (c) the line current. )

Solution
W, =52 kW =5200 W and W, = 1.7 kW = 1700 W.
As the reading of W; has been obtained after reversal of current coil so W, = -1700 W,
Line voltage (given) IVl = 400 V
(a) Total power = W, + W, = (5200 - 1700) W = 3500 W = 3.5kW.
{b) If @ be the power factor angle then

W, - W, 5200+ 1700 ﬁgm
-3 = 3414
tan 6= ‘rw W, =3 -0~ 3 >

- Power factor
(cos 8) = cos(tan™ 3.414) = 0.28.

(c) Total power= W, + W, = J3 3V Ul cos 8, where [, is the line current,
W, +W.
172 30 g4

Il = =
t ﬁVL cos @ ﬁxdiOUX.ZS sssEgEm

5 Three impedances each of resistance 10 Q and series inductive reactance of 5 Q are
conne::u-.d in (i) star (ii) in delta across a 3 phase 400 V supply. Find the line current in
each case and the total power.

Solution

IRI =10 Q, 1XI = 5 Q, so impedance [Z1= | R?+ X% = J10?+5 =1L18 Q.
Line voltage IV,| =400 V.
IRI 10

Power factor cos 8= — = —— =0.89.
12 1L18

(i) In star connection

A
Phase voltage Vel = —=- =320 93005 v

5

Wen| _ 23095

and phase current il | = 7 —-]m- =

.. Line current If;| = phase current = 20.66 A.

Total power = +/3 IV,lll,| cos 8 = /3 x 400 x 20.66 x 89
= 12739.16 £ = 12.74 kW

66 A.

(ii) In delta connection
Phase voltage IVl = 1V, | =400 V
Vg, |
So phase current gy, = . 40

Z 1L18
line current Il = /3 lpl = 3 x 3578 =61.97 A
Total power = /3 IVlli,l cos @ = /3 x 400 x 61.97 x .89
=38211.33 W = 38.21 kW

It may be noted here that the arm impedances being same, a delta load consumes more
real power than the equivalent star load. cesnumn

= 35.78 A and

7.26 A three-phase balanced voltage of 230 V is applied to a balanced deita connected
load consisting of thirty 40 W lamps connected in parallel in each phase. Calculate the
phase and line currents, phase voltages, power consumption of all lamps.
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Selution

Lm: voltage IV;| = Phase voltage |Vl = 230 V (- the load is delta connected)
Vgl =230V

Power consumption of each lamp = 40 W.

. Total power consumption is 30 x 40 = 1200 W

If Iy, be the phase current
Vel = 1200 W
1200
Hence ! =52 A.
c = 230
Line current = 3 I, = /3 x52A=9A.
Power consumption of all lamps = 3 x 1200 W = 3600 W = 3.6 kW, amssunn

7.27 The load connected to a three-phase supply contains three similar impedances

connected in star. The line currents are 50 A and the KVA and kW inputs are 50 and 27
respectively. Find the line and phase voltages, KVAR input and the resistance and reac-
tance of each coil.
Solution

Line current If;| = 50 A

KVA = 50 and kW = 27

KVAR = | KVA? -KW? =[(50) - (27 =42,
As the load is star connected

Phase current lfp,| = ;] = 50 A.
If V;, be the line current and cos & be the power factor then

J3 Wl cos 6 =27 x 10°

or cos 8= ﬂ
NERLA
and V3V, sin 6 = 42 x 10°
. 42000
or sin f= —————
""EVI. JL
tan @ = ﬂ = i
27T R
where X and R are the reactance and resistance of the load.
or X=156R.
Again  f3 IVl = 50 x 10°
Wm0 sy
ar, = = .
. \E * 50
Phase voltage V| = Wil 57231 _ 33333
NERNEY
If Z is the impedance per phase then
[V |
= Vel 33335 o ccrq
TN
or R+ X’= (6.67)" = 44.49
or R® + (1.56 R)* = 44.49
Hence R=3610

and X=156R=156x36=56210. PEEEREN
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0 = 3 VIl sin ¢
= V3 x 200 x 23.094 x sin (cos™! 0.6) = 6399.99 VAR.
IS1= y P2 +Q? =/(4800) +(6399.99) =7999.99 VA (=8 KVA).

7.37. A 440 V, three-phase, 50 Hz balanced source supplies electrical energy to the
following three phase balanced loads:

(1) A 200 HP, three-phase 50 Hz induction motor operating at 94% ecfficiency and

0.88 p.f. (lag).

(ii) A 50 kW three-phase electric heating element.

(iii) A mixed load of 40 KW (three-phase) operating at 0.7 lagging p.f.
Obtain

(a) the total load in kW supplied by source

(b} the total KVAR supplied by the source

(c) the total apparent power

(d) the line current.

Selution
(a) Real power

) HP x 746 200 x 746 3
{i) For motor: Py= Efficiency = 0.94 ® 10 = 158.72 kW

(ii) For heater: Py =50 kW.
(iii) For mixed load: Py =40 kW.
Total real power supplied = 158.72 + 50 + 40
= 248.72 kW (3-phase).

(b) For motor: ¢, = cos™' 0.88 = 28.36°
However, tan ¢, = % {Q,, = reactive power input to motor
" P, = real power input to motor)
or Oy = P, tan ¢, = 158.72 tan 28.36” = 85.68 KVAR.
For heating load, ¢ = 0 [as heater is a pure resistive load]
Hence Oy=0

For mixed load:
¢y = cos™'(0.70) = 45.57° (lag)
& Oy = Py tan ¢y = 40 tan 45.57° = 40.81 KVAR.
Thus we find total KVAR supplied
(Q) = 8568 + 0 + 40.81 = 126.49 KVAR
(c)} Total apparent power 51 is given by

IS1=  P2+Q? = /248722 +126.49% =279.04 KVA

¢ 126.49
d =tan”! = = tan™' =—"= = 26.96° {lag).
an ¢ =tan tan 24872 (lag)
d - DI ENATAR
_ 151 _21'9.04x:c-3 = 36615 A
¢ JE'VLl ﬁxcﬂﬂ . . TR EREY]

7.38 Two wattmeters measure the three-phase power of a load and read 80 and 50 kW

(for W, and W, respectively). Find the total complex power and the power factor. Also
find the 1otal power and reactive power.
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Solution
P=W,+ W,=380+50 =130 kW
W, - W, 5080
tan ¢ = V3— = 3 =04
= W, + W, "rsmsﬂ

o = =21.78° and P.F. (cos @) = 0.9286 (lag)
Since real power = (total power) X cos ,

We can wrile,
Complex power (§) = L =i = 140 KVA.
cos¢ 0.9286
Reactive power ((Q) is obtained as
0= $1-P? =/(140)* (130 =52 KVAR.

739 A three phase induction motor, operating from a 400 V, 50 Hz supply, takes 25 A.
The power factor of the motor is poor and found to be 0.5 lagging. If the two wattmeter
method is used to measure the three-phase power supplied to the motor, what would each
walttmeter read?

Solution

The connection diagram is shown in Fig. 7.21 while the phasor diagram in Fig. 7.22.
Here, ¢ = cos™' (0.5) = 60° (lagging)

g ,.-“"'\\W-F

Motor

Fig. 7.21 Power measurement for the system in Ex. 7.39

[Voltage across W, =V, __. (= 17., —ﬁ_ LV
is lagging I, by (30° — ¢). Then the reading
of Wy is VI, cos (30° - ¢). Similarly, W, =
VI cos (30° - ¢).

W, = Vi, cos (¢ + 30°)

[Actually W, = V, I} cos (30° - @)
= V1, cos (30 - (-¢))
= Vi, cos (30 + ¢)]

= 400 x 25 % cos (60° + 30°) = 0.
W, = VI, cos (8 - 307)
[ W,=V. i cos (30° + ¢)
= VI, cos (30° - ¢)]
= 400 x 25 x cos (60° - 30°)
= .66 kW.

Thus, W, will read zero while W, will read . )
8.66 kW, Fig. 7.22 Phasor diagram of Ex. 7.39
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x
400V L
dpH
50Hz Y
Source

z

l;, - [z=6-ma
Z,=(3+ /)0
2| Lzs=100

Z I_-l x
Z3
Fig. 7.24 Circuit of Ex. 7.41

Vy-: _400£-120°

I.= = =802-173.13" A
Yz G+ j4)

V..
L= T AL ) o s

Zz, 10£0°

We can calculate the active power consumed as follows.

P=1I3 x4+ I} x3+ 1 x10
or P =80" x4+ 807 x 3 +40%x 10 = 60.8 kW.
Also, the reactive power can be obtained as

Q=1L x(3)+ I}, x(@)+ I3 x0

= 80 x (-3) + 80° x 4 = 6.4 KVAR.

[We can also calculate P and ( as follows:

P = Vyy Iy, cos (um" %) + Vi Iy cos (lan" g] + Viy Iz cos 0°

= 400 x B0 x cos 36.87° + 400 x B0 x cos 53.13° + 400 x 40
= 25600 + 19200 + 16000 = 60.8 kW
O = Vyy Iy sin (=36.87°) + Vi [y sin 53.13° + Vg I 8in 0°
= —19200 + 25600 = 6.4 KVAR. YIIIL

7.42 A 1000 HP 6000 V 50 Hz three-phase induction motor operates at an efficiency of
95% at p.f. of 0.85 (lag). Assuming the motor operating at rated load, find the input real
and reactive power of the motor. Obtain the value of line current taken by the motor. If a
350 KVAR capacitor bank is installed parallel to the motor, find the new line current and
new p.f.

Solution
Poy = 1000 HP = 746 kW,
P
P = -2 - 746 _ g5 kw.,
n 095
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- PR NGBS AT N AR

Thus input power at rated load of the motor is 785 kW at 0.85 p.f. (lag).

R
Sl = — =8 _g35KvA
cos¢ 085
e \Sa! _923.5%10° 8387 A
YT 3w Bxewo

10l = 1S - P2 =/(923.5) - (785)° = 486.44 KVAR.

The capacitor bank being installed now in parallel to the motor, we find Qr =
350 KVAR and hence it would supply a part of reactive demand of the load (i.e. 350
KVAR).

The motor would now draw less reactive power from the supply and the new reactive
demand is [(486.44) — 350)] i.e., 136.44 KVAR.

Obviously, this would reduce the KVA burden on the source. The new KVA demand
of the load is

IS, | = w{‘ﬁ +02, =4785% +(136.44)* =796.77 KVA.
It may be observed that new KVA demand is 796,77 KVA instead of 923.5 KVA.
1S, 796.77x10°
U'Lf -

e = =

V3 3 x6000
Thus, with installation of 350 KVAR capacitor bank, the line current also reduces from
88.87 A to 76.67 A. This means lesser loss in cable of the supply feeding the motor and
lesser power loss in the motor. Installation of capacitor bank also releases the supply of
reactive power burden. The new power factor of the system is now

= 76.67 A.

[Pyl
cos @ = T = (L5985 (lag). SRR EREL

Ew

7.43 A balanced 25 kW load operates at 0.85 p.f. (lag) from a 440 V, 50 Hz, three-phase
supply. Calculate the total power, line current and reactive power drawn by the load.
Solution
-F:‘!;p 25 x 10*
I5,Jj= ——= =294 KVA
3 0.85

cos ¢

s Sl _204x10°
CT B J3x440

anil sy = V3 IV,llly) sin ¢
= 3 x 440 x 38.58 x sin (cos™! 0.85) = 15.49 KVAR.

=3858A

7.44 In the preceeding problem, let us intend to improve the power factor of the load
from 0.85 lag to 0.98 (lag) while the real power demand remains the same. Obtain the
value of capacitive KVAR per phase to be inserted in parallel to the load.
Solution
We obtained earlier, for 0.85 p.f. (lag), I5;, = 29.4 KVA while 10, is 15.49 KVAR.
However, with improved power factor of (.98 (lag), the new |53 would be
s Py 25x10°
e = e 098

=25.51 KVA,
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- 400 £0° + =400 £ +120°
5.230° 10£0°
= 80£-30° - 402120°
= 80(cos 30° - j sin 30°) - 40 (cos 120° + j sin 120°)
=69.28 - j40 + 20 - j34.64
= (89.28 — j74.64) A = 116.37£-39.896° A, savasns

7.49 In the circuit shown in Fig. 7.27 find I..

100

RS .

( r‘
po 4 AN 'n
rz
c
co AN
3
R ¥las
Za )
Vap = 45020° V HEf=ra=r =400
Vﬂ: -450-:—1-200‘0' Za=ZIp=Ip=F =20£30° 02
Ve = 4502-240°V {1
Zc

Fig. 7.27 Circuit of Ex. 7.49

Solution
It may be observed that

I, =l + I, + 1, (phasor sum)

H 1, = = = ——=—— =45 A with phase lag 0°
Ence 10 10 ]D.ﬂﬁ“ Wi p {4 ng
Vien (4500 3) 2 =30°
I, = =L V3) = 6.52-30° A.
1 5 40 £0°

[+ phase voltage lags by 30° the corresponding line voltage (ref. Fig. 7.28]

Ve-a

Vio-n {Veclor rotation)

Vk -
Fig. 7.28 Voltage phasor diagram for Ex. 749
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Again we see that [, is phasor sum of currents through Z; and Z in the delta circuit.
L= E:-"_+ff£ _ Yo Ve
Zg Zc Iy I
450Z£0° 450 .£-240°
20.£30° 20.£30°
_ 450400 _ 450£+120°
C20£30° 20£30°
22.5£=-30° = 22.5£+90°
= 22.5 (cos 30° — j sin 30) — 22.5 (cos 90° + j sin 90%)
= 22.5(0.866 — j0.5) — 22.5(0 + )
= [9.485 — j11.25 — j22.5 = 19.485 — j33.75 = 38.97£4-60" A
l=1,+ I + 1,4
= 45207 + 6. 54—30“ + 38.97.2-60"
=45 + 5,629 — j3.25 + 19.485 - j33.75
= (70.114 - j37) A = 79.28£-27.82° A. R

_ 30 A 2500 HP, star connected three-phase induction motor is connected across a
I KV (line 1o line) 50 Hz balanced supply. A delta connected capacitor bank of 400

KVAR is connected across the motor. If the motor produces an output power of 2000 HP

at an efficiency of 95% and operates at a power factor of 0.9 (lag), calculate the follow-

ing:

{a) The input active and total power to the motor.

{b} The reactive power input to the motor.

(c) The reactive power supplied by the source.

{d) The apparent power supplied by the source.

{e) The motor line current.

(f) The impedance of the motor per phase.

{g) Line current drawn by capacitor bank.

Solution

Rated power of the motor = 2500 HP = 2500 x 0.746 = 1865 kW,
while the operating power = 2000 x 0.746 = 1492 kW

l—--.l

1492 1492
- . v " 3 — w H
Active operating power input (Py)) = —ﬁ_cft'c:cmy 095 = 1570.53 k (i)
Total power absorbed by the motor
Fa _1492 .
B.l= — = 1657.78 KVA
" osg 09 )

Reactive power input lo the motor is obtained as

Oy = \“Sjn P -1E, ?

= J(lﬁﬁ'.-’.'?a)2 -(1570.53)° =530.72 KVAR. (iii)

Since the capacitor bank supplies 400 KVAR hence the source would supply (530.72 —

400) 130.72 KVAR. {iv)
Apparent power supplied by the source is *

151 = J(]S?U.SS)z +(130.72)* =1575.96 KVA (v}

Motor line current is

IS, 1657.78 x10? ]
W= = =87 A. (vi)

J3v 3 x11000
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~ Impedancce of motor/phase is obtained as
V| 11000/4/3
Zipny = —=——— = T3 Q, i
ME T ] 87 (vil)
[* in star connection IVP,,[ = wE V! and Ifﬂ,l =11

[Note that this is not static impedance and it changes with motor loading]
The current drawn by the capacitor bank is given by

03 (400/3)10°
Vel 11000443

Iogin = ¥3 x 21 = 36.36 A.
Figure 7.29 represents the schematic of the system.

e = 21 A per phase (viii)

B2.72 A B7 A 1

.

o

T g T~ Stator
11KV L 4 g ~
50 Hz | 81::72 A 87 A s vooof

> \
30 [ ' \ motor
source 82.72 A \ f
o ‘} A /2

A -
136.36 A Y 36.36 AY36.36 A
Rt - 87 A

Fig. 7.29 Delta connected capacitor bank (Ex. 7.50)

It may be noted here that it is erroneous if one wishes to add the motor current and the
capacitor current algebraically to get the supply current. On the other hand, the addition
should be done vectorially. If we want to draw the phasor diagram, we should take care of
the location of the respective phasors (ref. Fig. 7.30)

Ig
(36.36.290°)

=== ma7e (KN30
} 2584 I (82.72/-4.76%)

Tt
(87 £cos10.9)

Fig. 7.30 Phasor diagram of system in Fig. 7.29

{;, the source current can be obtained as

151
)= —— =375 _ g5 92 4

J3v, Jf3xn
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xy (= y) = sine component ¢ \
of Oy AN
Ox (= X) = cosine component Ic
of Oy N
¢’ =phaseanglecfOy \_X >V (= 400 voits)
[

_y - Ov=voltage phasor (ref.)
1_ Oa {= I)= current phasor (/)

Cos™! (0.7)
= 45.57° (log) before compensation
Oc (= I,) = capacitor current
phasor
- Oy= resultant current (/)
after compensation

Fig. 7.31(c) Phasor diagram for Ex. 7.51

From 7.31(c), we can write
P (= 0y)= Ox = Oams:p _ 3572 =09
cosg cos@ 0.85
=2942 A [~ p.f. before adding capacitor is 0.7 and
after adding capacitor is 0.85)

. The current drawn from the supply is 29.42 A after installation of capacitors at load
terminals.
Again, xy =TI sin ¢ = 29.42 x sin (cos™ 0.85) = 155 A
Ie=ay=xa-xy=1[Isin$-xy=3572xsin (cos™' 0.7) - 155 =10 A.

But L
. Xl
V1 ap0 . . .
c= —=— =400 [ capacitors are connecled in A fachion,
el 10 hence IVy| = IVl = 400 V)
or 1 =40
oC
 Tmwsoa = %51 HF (o cach capacon)

7.52 Two three-phase loads, one star and another in delta connection as shown in
Fig. 7.32 are connected to a three-phase 400 ¥V, 50 Hz balanced supply. Assuming
Z) =2L20° Q; Z, = 6£75° Q; Zy = 30£50° £ and Z, = 50£30° Q, Zp = 33.33.2-60° Q,
Zr = 17.3290° £, find the current in y-phase. The phase sequence is (r — y — b) (anti-
clockwise).

Solution
Let us first see how many loads are connected from phase y. By observation we note that

for the A load, Z, is connected across phases (y — r) and Zy is connected across phases,
(v=-#8).1If Ly is the line current for A-connected load in line y, we can write

14ay = Phasor sum of currents due to load across phases (v — r) and (v - b)

Vo Ve
Z, Zy

_ —Vr_,, " v.'F_h
Z,_ ZE

—-400 £0° 44002 -120°
50230°  3333.2-60°

= (-8£=30° + 12£-60°) A
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(X Y] Eds IR A RS e

¢
3ph
— Ia ¥ | 400V, 50 Hz
T S p | balanced voitage
supply
______ - _9__ n
r
T 3N ¥ 5 ’
Zg
1
| M— | 24
o N
Z2
Zg
T3
¥
b

Fig. 732 Circuit of Ex. 7.52

It may be noted that line-y also supplies star load phase Z, for which

Vien  (400/4/3) £-150°
Iy = ——= (4001/3) = 38.49£-75° A.
z, 6275°
[ V. _, (= 400£0°) is reference phasor and since ¥V, _ , will be 120° phase lag than V, _
while V, _, itself lags V, _, by 30°, it is evident that V, _ lags V, _ by 150°.]
1, (line current in y phase) = Liay + Ly
=-82-30° + 122-60° + 38.49.2-75°
=31.38£146.4° A

7.53 A balanced three-phase load consists of impedances (4 + j3) £ per phase and is
connected to a 400 V source. Assuming V| _, to be the reference phasor calculate the
current per phase, power per phase and the total three phase power for a Y-connected
load. Repeat the calculation for a A-connected load.
Solution
For star (Y} load:
Phase voltages are as follows

Vo a0, Vo _ o Z=120°, Vy _, Z120°
while line voltages would be

V] ﬁ2£3ﬂo, V_-;_ - }é‘—m’a, Vs - 14‘:1500.

L,
P R ST EN
Sz T e

Similarly, for phases 2 and 3, the phase currents would be
Tpn, =46.2£-37° - 120° = 46.2£-157° A
Tpyn, =46.2£-37° + 120° = 46.2483° A
The phasor diagram is shown is shown in Fig. 7.33. Since the voltages are balanced,

the load and the phase currents are balanced. The line currents for the star connected load
will be same to those of phase currents.
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We can solve this problem by another method as described below:
Since Lppletpy X VigylQ® = Pplcos gy,
[where ¢gy is p.f. angle for load connected between (R - ¥), which is obviously zero as
the load p.f. of load Pg, is unity (given). Also, Vg, is the reference phasor and Py, is the
connected load of 6 kW (L,). (Pg,/ cos ¢y, represents the total power i.e., the VA power].

We can now write,
Py fcos ¢ 600041
el =~ o = 15200
RY
[Please note that, fgy is the current phasor with magnitude of 14.458 A and angle zero.]
Similarly, for L, we can write

Iyplbyy % Vygl=120° =

=14458 A (= 1))

Fp
cos yp
where ¢, is p.f. angle for load L, connected between Y and B. Vyy is the line voltage (i.e.,
the phase voltage across the della load) for line (¥ — B) (at 120° lagging angle to Vg
As per given values, @y = cos™' (0.8) = 36.87° (lag). It may be noted that I, lags Vyy
by 36.87°.

Frg fcosdyy
I 36.87° - j sin 3687°) = —————
yulcos Jsin ) Vig 2-120°
- 4500
08x415L-120°
or Iyp = (=12.464 = j5.324) A (= ).
For L, we can write
P
Tppl+pe X Vypl+120° = = [p.f. is 0.5 lead hence ¢y is +ve]
COS P
270070.5
1 0 m D
o T NS

-~ Ipp = 13.01.£-180° = 13.012(cos 180° — j sin 180°) =-13.012 A (= I;).
Thus we have obtain phase currents of the A load as
I, =1445820° A = (14.458 + jO) A
I, =(-12.464 - j5.324) A
I; =(=13.012 - jO) A.
The line currents can now be obtained as
Ig=0 -1 =14458 + j0 + 13.012 +j0 = 2747 A
Iy=1 - I} = -12.464 — j5.324 — 14.458 — j0 = (-26.922 - j5.324) A
Ig=h-15= (—13.012 — jO + 12.464 + j5.324) A = (-0.548 +j5.324) A,

| EE R R RN RENE ] EXERCISES IEEREERE Y |

1. A three-phase four wire 208 V, system supplies a star connected load in
which Z, = 10£0° , Zg = 15230° Q and Z, = 102-30° 2. Find the line
currents, the neutral current and the load power.

[Ans: 12.290° A, 82-60° A, 12£-120° A, 5.69.269.4° A, 3519 W]

2. Calculate the active and reactive components for the current in each phase
of a star connected 5000 V, three-phase alternator supplying 3000 kW at
power factor 0.8. [Ans: 346.2 A, 260 A
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3. Three similar coils of resistance 9 £ and reactance 12 £ are connected in

delta to a three-phase, 440 V, 50 Hz supply. Find the line current, power

factor, total KVA and total kW, [Ans: 50.8 A, 0.6, 38.7 KVA, 23.23 kW]

4. For the unbalanced delta connected load shown in Fig. 7.35 find the phase
currents, line currents and the total

power consumed by the load.
[Ans: 10£-53.8°, 10£-156.5°,
20£156.5°, 29.1.2-33.2°, 100V

15.73.£165.3°, 40 BQ

14.94.252.3° 3000 W]

5. A balanced three-phase load consists

an 60

of three coils each of resistance 4 Q sa &qn
and inductance 0.02 H. Determine
the total power when the coils are Fig. 7.35

(i) star connected and
(i) delta connected to a 440 V, 3 phase, 50 Hz supply
[Ans: 13.99 kKW; 41.97 kW]

[Hint: Z=4 + j(27 % 50 x 0.02) = (4 + j6.28) = 7.44|51.5° Q

(i) Star connection

440
V=440 V .. Vi, = 2y
J3

HOV3 3414 A =11y

) =

P =31Vl cos 8 = V3 x 440 x 34.14 x 0.5376
= 13987.855 W = 13.988 kW.
(ii) Delta connection
IVl = IVpl = 440 V

Phl = #2 _ 5914 A
T.44

P=73 Vp, Ip,cos 8 =3 x 440 x 59.14 x 0.5376
=41967.48 W = 41.97 kW.

6. Three equal impedances of (8 + j12) £2 are connected in star across 415 V,
3 phase, 50 Hz supply. Calculate (1) line current (ii) Power factor) (1ii)
Active and reactive power drawn by the load.

[Ans: 6629 W, 9935.28 VAR]
[Hint: Z= (8 + j12) = 14.42|56.32° Q

V=415 V; Vgl = 22 v

NE]
415
W
(i) Line current = phase current = —= ﬁ A =16.616 A.
Zz 14.42
(ii) Power factor cos 8= K= 0555,

Z 1442



10.

11.

12.

13,

14.

15.
16.

17.

Three-phase Circuits 529

[LER AN R R RNLNLRERREE] LN ]

(iti) Active power V3 x 415 x 16,616 x 0.555 = 6628.7 W.
Reative power = V3 x 415 x 16.616 sin (cos-10.555).
=9935.28 VAR
In a balanced three-phase system load I draws 60 kW and 80 KVA leading
while load 2 draws 160 kW and 120 KVAR lagging. If line voltage of the
supply is 1000 V find the line current drawn by each load.
[Ans: 57.8 A, 115.5 A]

In the network shown in Fig, 7.36 three
resistors are connected in star to a three-
phase supply of 400 V. The wattmeter
W is connected as shown. Calculate the
currents in the three lines and the read-
ings of the wattmeter.
[Ans: 15.9 A, 13.1 A, 9.8 A, 5.82 kW]
A balanced three-phase star connected
load draws 10 kW from a three-phase
balanced systems of 400 V, 50 Hz while
the line current is 75 A (leading). Find
the circuit elements of the load. Fig. 7.36
[Ans: 0.6 £, 1083 pF)
An inductive motor draws a three phase power. Two wattmeter method is
applied to find the total power. If W, = 10 kW, W, = 5 kW, find the total
three phase active power, reactive power and power factor. )
[Ans: 15 kW, 8.66 KVAR, 0.866]

A delta connected load has following impedances: Zgy = jl0 Q, Zyg =
10£0° Q, Zgg = —j10 L. If the load is connected across a three phase 100 V
supply find the line currents.

[Ans: 8.66 —j5 A, -5 + j1.34 A, -3.66 + j3.6 A]
The power in a three-phase circuit is measured by two wattmeters. If the
total power is 50 kW, power factor being 0.8 leading, what will be the
reading of each wattmeter? For what p.f. will one of the wattmeter reading
will be zero? [Ans: 35.825 W, —-14.175 W, 0.5]
Derive the relation between phase and line voltages and currents for (i) star
connected load (ii) delta connected load across a three-phase balanced
system.
Show that sum of three emf’s is zero in a three-phase balanced ac circuit.
Show that the power in a three-phase circuit can be measured using
2 wattmeters. Draw the circuit diagram and vector diagram.
What are the advantages of a polyphase system over the single-phase
system?




&% TRANSFORMERS

8.1 DEFINITION

A transformer may be defined as a static electric device that transfers electrical
energy from one circuit to another circuit at the same frequency but with changed
voltage (or current or both) through a magnetic circuit,

82 PRINCIPLE OF OPERATION

When alternating voltage V) is applied to the primary winding of a transformer a
current (termed as exciting current, I,) flows through it as shown in Fig. 8.1. The
exciting current produces an alternating flux (¢) in the core, which links with
both the winding (primary and secondary). According to Faraday’s laws of elec-
tromagnetic induction, the flux will cause self-induced emf E, in the primary and
mutually induced emf E, in the secondary winding. But according to Lenz’s law
primary induced emf will oppose the applied voltage and in maguitude this pri-
mary induced emf is (almost) equal to the applied voltage. Therefore, in brief we
can say emf induced in the primary winding is equal and opposite to the applied
voltage.”

When a load is connected to the secondary side, current will start flowing in
the secondary winding. Voltage induced in the secondary winding is responsible

kY
%

: Iy C e -
L t t‘-—..._r__‘_:
| _+—F 4 f TV2
S S g
1 :,.-T"'" :_‘-T“-: o
___________ J

Fig. 8.1 Schematic diagram of single phase transformer

*If all the losses are neglected, the transformer is said to be ideal and hence for open circuited
secondary, we can write |V)| = |E| I | V;| = | E, .
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to deliver power to the load connected to it. In this way power is transferred from
one circuit (primary) to another (secondary) winding through a magnetic circuit
by clectromagnetic induction. This is the working principle of the transformer.
The induced emf in the secondary E, is also in phase opposition to the applied
voltage V, at primary. If the secondary is open circuited, terminal voltage V, at
the secondary is equal in magnitude and in phase with the induced emf at secondary.

8.3 EMF EQUATION

Since the applied voltage is sinusoidal at the primary, the flux produced by the
exciting current is also sinusoidal (asuming ¢ e I).

Thus core flux is given by ¢ = @, sin ar. If the coil has N turns then
instantaneous value of the induced emf ¢ is given by

d
ez—N—E
dt
or e= —Ng; (Prax Sin 1)
or e=-2nf @, Ncos wrV (v o=2r)
The maximum value of the induced emf will be obtained when (cos @t) is 1.
ie. Epx =20 O NV (8.1
Dividing both sides of equation (8.1) by V2, we have
Enw 27
= = = N
V2 2
or E =444 ¢, NV, (8.2)

If N; be the primary number of turns, then the rms values of induced voltage at
primary is given by
E/ =444 ¢, N, V. (8.2a)
(As the induced voltage in the primary winding is equal and opposite to the
applied voltage, so V, =4.44 ¢, fN; V).
-Similarly, the rms value of the induced emf at secondary is obtained as
E,=444 ¢, fN,V (8.2b)
Thus for a single phase ideal transformer, the expressions for the induced
voltages at the primary as well as at the secondary windings can be obtained from
Eqgns (8.2a) and (8.2b). In these equations V denotes voltage,

8.4 CONSTRUCTION OF SINGLE-PHASE
TRANSFORMERS

A single-phase transformer consists of primary and secondary windings placed on
a magnetic core, The magnetic core is a stack of thin silicon steel laminations
(CRGO steel). The laminations reduce eddy current loss and silicon steel reduces
hysteresis loss. There are two general types of transformers, core rype and shell
nype.

In core type transformers, the windings surround a considerable part of the
steel core. The core consists of two vertical legs (or limbs) and the horizontal
portions (called yokes) as shown in Fig. 8.2. For reduction of the leakage flux
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L.V. winding

yoke

|
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A ! I A

I_“___'\“f _____ 1

\ [
H.V. winding

Fig. 8.2 Core type transformer

half of each winding is placed on each leg of the core. The low voltage winding is
placed usually adjacent to the steel core and high voltage is placed outside in
order to minimise the amount of insulation required.

In shell type transformers the steel core surrounds a major part of the winding
as shown in Fig. 8.3. The low voltage and high voltage windings are wound over
the central limb and are interleaved (or) sandwiched. The shell type transformer
requires more conductor material as compared to core type transformer.

Fig. 8.3 Shell type transformer

In core type transformers the flux has a single path around the legs whereas in
shell type transformers the flux in the central limb divides equally and returns
through the outer two legs. Concentric coils are used for core type transformers
and interleaved (or sandwiched) coils are used for shell type transformers.

8.5 TRANSFORMATION RATIO (OR TURNS
RATIO)

Let N, = Number of turns in the primary winding
N, = Number of turns in the secondary winding
E, = RMS value of the primary induced emf
E, = RMS value of the secondary induced emf,
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Using the emf equation, we can write
E=444fNy ¢, and E, =444 f N, ¢,
E N,
E - N, (8.3)
Thus the ratio of primary voliage to secondary voltage is same as the ratio of
primary winding turns to the secondary winding turns. The ratio N/N, is known
as the transformarion ratio (or turns ratio). it is usually denoted by K). By
selecting this ratio properly, transformation can be done from any input voltage
to any convenient output voltage. There can be two cases:
(a) If Ny> Ny, then E, < Ey; the transformer is known as a step-down transformer
(k>1).
(b) If Ny > N, then E,> E|; the transformer is known as a step-up transformer
(k<1)

Let us again consider a two-winding transformer. In the process of transform-
ing electrical power from one voltage to the other, there occurs some losses in the
transformer. These losses are actually very small as compared to the total amount
of power handled by the transformer. If we neglect these losses for the time
being, we must have the same power (volt-ampere) in the primary and in the
secondary winding. If /, and /, are the currents in the primary and secondary
windings of an ideal transformer (i.e having no losses), we should have

Edy = El,
[E,, and E,l, are the primary and secondary powers (voltamperes)]
L  E, Ny, | [V
or L - E _N, =X _V1 (8.4)

Thus we find that the current is transformed in the reverse ratio of the volt-
age. It a transformer steps up the voltage, it steps down the current. If it steps
down the voltage, it steps up the current.

8.6 IMPEDANCE TRANSFORMATION

In Fig. 8.4 an impedance Z, is connected across the secondary winding at its
output. The primary winding is connected to a voltage source V}. The number of
turns in the two windings are assumed to be N, and N,. Induced emfs E, and E,
are in phase opposition to V. Since V, is the secondary terminal voltage, it is
also in the opposite phase of V.

h

3

) IEdl Ny ‘ Ny 1Bl 22 Tv?
| |

r

=<
()

Fig. 8.4 Schematic diagram of two-winding transformers
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E =444 ¢,fN;,
So 6, = — X __ _ 00056 W.
4.44 % 50 x 400

(i)  Peak value of core flux density = %%35—66 Wb/m? = 0.938 Wh/m?.
(i) Emf induced in the secondary E, = 4.«;1-1- d,. N,
=4.44 x 0.0056 x 50 x 1000 V =1243.2 V.
8.3 The primary winding of a 50 Hz transformer is supplied from a 440 V, 50 Hz source
and has 200 turns. Find the (i) peak value of flux (ii) voltage induced in the secondary
winding if it has 50 turns.

Solution
f=50Hz
=440V
Nl = 200.
(i) If ¢, is the peak value of flux then
E =444f¢, N,
440
or [ 244 <50 <200 Wb = 0.0099 Whb.
(iiy N, =50
Voltage induced in the secondary
E,=444f¢, N,=444 x50 00099 x50 V=110V, «ununss

8.4 A 200kVA single-phase transformer has 1000 turns in the primary and 600 tums on
the secondary. The primary winding is supplied from a 440 V, 50 Hz source. Find the (i)
secondary voltage at no load and (ii) primary and secondary currents at the full lead.

Solution

Let primary and secondary currents at full load be f, and /.
Primary kVA = Secondary kVA = 200
E L, = E;l, =200 x 10 VA
Nl = ]m. Nz = 600

El _mV<
E, N N
(i) Ncw.r,—'---—1 «ur,Ei:EL 2 - xﬁﬂmv.
> Ny N, 1000
i 200x10°  200x10° A 45454 A
i = = = - .
: E 440
20010 200%10°
L= = A =757.57 A.
Ez 264 EEREREE

The emf per turn for a smgle-phnse 4404220 V, 50 Hz transformer is approximately
15V, Find (i) the number of primary and secondary turns and (ii) the net cross sectional
arca of the core, for a maximum flux density of 1 Whim?.

Solution
E =440V
E,=220V
f=50Haz.
Voltage per turn = 15 V.
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!

Solution
A=100x 107 m?=001 m’
E =200V; E,=50V; B,=1Wbm*
Assuming 9% loss of area, net area of core = 0.01 x 0.9 m* = 0.009 m*

E, 200

Pri t N = = =100
rmary s Ny = T4 FB. A | 444 x50 x1x0,009
Secondary turns N, = E—zh', =30, 100 = 25

E, 200

E, N,
Transformation ratio _L=._1=,@ =4,

Ez N: 25 ERERRRPRER

8.8 A 1000 kVA transformer has primary and secondary tums of 400 and 100 respec-
u\re]y and induced voltage in the secondary is 1000 V. Find (i) the primary volt (ii) the
primary and secondary full load current and (iii) the secondary current when 100 kW load
at 0.8 p.f. is connected at the output.

Solution
Given: kVA = 1000
N, = 400
N, = 100
E, = 1000.
N,
(i) Primary voltage E, = —EF%} x 1000 = 4000 V.
va 1000 x10°
(ii) Primary full load current [; = —=———— =250 A
E, 4000

N 400
Secondary full load current /, = f; x e 250 x 0 - 1000 A.

2
(iii) Secondary current at 100 kW and 0.8 p.f. load
100 % 107

L= — =125 A,
z 0.8 1000 I

8.7 NO LOAD OPERATION OF A TRANSFORMER

A transformer is said to be on no load, if its primary winding is connected to an
ac supply source and the secondary is open, The instantaneous flux (¢) linking
with both the windings is given as ¢ = ¢,, sin wr.

Therefore, the induced emf in primary winding is given as

d¢
Ey=-Ny— = __N'd (9, sin ax)

=-Nyw¢,cosax=N, @ ¢, sin[m’—g]

Similarly, the induced emf in the secondary winding is given as

E;=N, w9, sin(tm -%]
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We consider the transformer to be ideal (i.e there are no voltage drops in the
windings). E, and E, are in phase opposition to V.
It is thus evident that
e The induced emfs in primary and sec- s
ondary windings (E, and E,) lag be-

hind the main flux ¢ by an angle #/2, () fr————=ah
and E, and E, are in the same phase lycos ¢y | %0 :
with each other [as shown in the phasor 1

Vi

diagram (Fig. 8.5)]. Tosin % ¥m
s Applied voltage to the primary wind- {lm)

ing V|, leads the main flux ¢ by an Ey

angle n/2. Also it is in phase opposi-

tion to the induced emfs in the pri- 5, Vs

mary winding and secondary winding

Fig. 8.5 Ph i
in ideal transformers. In ideal trans- 118 Iﬂﬂford!}:ﬁ"&ﬁ:;‘“

formers there is no voltage drop in the
secondary winding and hence IV, = |E,.

¢ The no load current or exciting current I, lags behind the applied voltage
by an angle ¢,. It has two components [,, and /,,. The magnetising compo-
nent /,, is in phase with the main flux ¢, whereas, the other component I, is
in phase with the applied voltage. (This current is required to meet the
hysteresis and eddy-current losses occurring in the core.)

Thus, from the phasor diagram of Fig. 8.5, we have

I,= Jf,%, +12:1,=1,cos ¢, 1, =1,sin ¢,

I
and ¢, = tan™' ;l (In practice, ¢, is close to 90° and is called no load

power factor angle.)

When a transformer is connected to a supply, there actually occurs eddy-current
loss and hysteresis loss in the iron-core and appear as heat. This power is taken from
the ac supply at primary.,

The no load current component [, is used in magnetizing the core, (There is no
power loss due to this current). The current [, lags behind the applied voltage V, by
m/2. The product of [, and V, does not represent active power. This product is called
the reactive power. Therefore, the input active power at no-load is

Po = v1fw = V]fo cos ¢u . {8-6)
and, the reactive power is
W, = VI, = Vii, sin ¢, {8.7)

8.8 WORKING OF A TRANSFORMER ON LOAD

When the transformer is loaded, load current I, flows in the secondary winding.
Secondary number of turns being N,, the secondary ampere- tumns is I; Ns; it sets
up flux ¢ in the core, which opposes the flux ¢ already set up by the no load
current. As a result the flux linking with primary is reduced. The difference
between applied voltage and induced voltage in the primary will however exist
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Fig. 8.8(a) shows the phasor diagram of a transformer under lagging load
power factor and considering internal voltage drop (the transformer is now not an
ideal one). The voltage (~E,) has been replaced by V,” for convenience. Alterna-
tively V;" may be treated as a voltage drop in the primary in the direction of flow
of primary current. The primary current /| flows through primary resistance R,
and primary leakage reactance X,. Hence primary voltage is given as
Vi=V' + (R, +jX,), where V" is (-E, ).
Similary, E; = V; + I,(R, + jX,) where R, and X, are the resistance and leakage
reactance of the secondary side of the transformer.
Here, V, = the supply voltage (input voltage at primary)
E, = the induced voltage at primary
V\” = —E, (phasor E, reserved to the primary side in the phasor diagram)
I, = the no load (magnetising) current at primary (= [, + [,
E, = the secondary induced voltage
V, = the output voltage, i.e. terminal voltage at the secondary
I, = the secondary load current
¢ = the p.f. angle
1, = the referred secondary current to primary.
Figures 8.8(b) and 8.8(c) represent the phasor diagrams of the transformer (not
an ideal one) operating with unity power factor and leading power factor respec-
tively.

Fig. 8.8(a) Exact phasor diagram for Fig. 8.8(b) Exact transformer phasor

lagging power factor I, diagram for unity power
= (primary current); R, factor [I, and V, in phase]
X, and R,, X, = primary and

secondary winding

resistance and reactances.
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The equivalent circuit gives the interpretation of the above equations. Further,
we know the primary current [, is composed of two currents /5 and I,. Also, the
current [, consists of two components, [, and /. Therefore, the current /, can be
considered to be split into two parallel branches. The current [, accounts for the
core-loss, and hence is shown to flow through resistance R,. The current I,
represents the magnetising current and is shown to flow through a pure reactance
X,. This branch consisting of the parallel R, and X, is called the magnetising
branch of the transformer.

Using the impedance transformation, we can draw the simplified equivalent
circuit of a transformer, as referred to the primary side only or to the secondary
side only.

We have seen earlier that an impedance connected across the secondary ap-
pears as X” times, when referred to the primary. (Here, X = N/N,, where K is the
transformation ratio). Therefore to simplify the equivalent circuit of Fig. 8.9, we
can transfer the resistance R, and the reactance X, to the primary side, by simply
multiplying each of them by K. The total resistance and the total reactance in the
primary side then becomes

R,=R +K'®R, and X, =X, +KX,
where Ry = K'R, and X, =KX,

The equivalent circuit of the transformer now simply reduces to the one as
shown in Fig. 8.10(a).

1

Here, I, = =1
2 K 2
Vz’ = KV:
R =K°R,
X=X+ X;
X, =KX,
L=1+1.
Ap = A+ K2A
I (l2/K) T 2
o - > t ﬂAﬁ,—'—'—"ﬂtﬂj‘\—{»—
% Xor
vl 3R gx, T DE
}-fnr * I Vo= KV; D

o
Fig. 8.10(a) Equivalent circuit of transformer referred to primary

Similarly, the equivalent circuit as referred to secondary side can also be
drawn. But in this case the equivalent resistance and reactance as referred to
secondary side will be

R, =R, + (UKHR, and X, = X, + (I/KH)X,.
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The equivalent circuit referred to the secondary is shown in Fig. 8.10(b). Here R,

and X, represent the core resistance and the magnetizing reactance referred to
the secondary.

Kl A Re Xeo

t AWA—f o]
." A

VyiK R, X, Vs [:l

It ¥im

i
—
o
—
1
=
.

O»0r

or

Fig. 8.10(b) Equivalent circuit of transformer referred to secondary

8.9.1 Approximate Equivalent Circuit

Since in a transformer the magnitude of [, is very low (1 - 3% of the full load
current), we can neglect the magnetising branch for simplicity. The equivalent
circuit neglecting the magnetising branch is called the approximate equivalent
circuit (Fig. 8.10(c) and Fig. 8.10(d)).

Ryy=Ry + }}?RI;ROI =R, "'Ksz

X,,1=X2+ ﬁX1:Xm =Xi +K2X1
¥ : - +

W =W V=K,

I]_' = Kﬁ: !'2’= [.fy'.ﬁ'}

I =K,
R, = -LR,

K-

|

KII =f{=Kfﬁ + fz

.fzr fir ' .'2
o———ANN, T ——o oA O 0
h Ax Xen Ag X
r Ta r
T'-’t V2 T load T Vi T V2
o -0 L= o
=1, li=1z
Fig. 8.10(c) Approximate equivalent Fig. 8.10(d) Approximate equivalent
circuit of transformer circuit of transformer re-

referred to as primary ferred to as secondary
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810 REGULATION OF A TRANSFORMER

The regulation of a transformer (generally expressed as percentage regulation)
may be defined as

Secondary no load voltage — Secondary full load voltage 100
X
Secondary no load voltage
If E, = the secondary no load voltage
V, = the terminal voltage at secondary
E, -V
then percentage regulation = E 2 x 100 (8.10)
2

Therefore percentage regulation of a transformer is defined as the percentage
decrease in the terminal voltage of the transformer from no-load to full load
condition at a constant applied voltage.

8.10.1 Expression for Regulation

Let us consider the equivalent circuit of the transformer referred to the secondary
(as shown in Fig. 8.11)

h Xz Az I
o > AT —ANN——

b aftlels ]t

N

o
Fig. 8.11 Approximate equivalent circuit of transformer referred to as secondary

When the load is connected to the secondary side, current I; will start flowing.
Depending upon the nature of the load, current [, may be lagging the voltage V,
for inductive load, in phase of the voltage V, for resistive load and leading the
voltage V, for capacitive load,

Hence on the basis of the above current-voltage phasor relation, the load has a
lagging power factor, a unity power factor and a leading power factor respec-
tively. Expressions for regulation in each case will be as discussed below.

(i) Lagging power factor ‘The phasor diagram of the transformer referred to as
the secondary, when supplying a load of lagging power factor load, has been
shown in Fig. 8.12, where,
E, = the no load voltage
V, = the load voltage
LR, = the resistive drop referred to secondary
I,X,; = the reactive drop referred to secondary
and 6, = the angle between V, and 1; i.e. cos & is p.f. of the load.
[Oa = Vi ab = LR, cos &; be = [, X5 sin &y; cd
= (!1 X‘,ﬂ:l CcOs 32 - fﬁR‘,z sin Bz]




Transformers 545

Fig. 8.12 Phasor diagram of a transformer on lagging load, referred to as sec-
ondary

From Fig. 8.12
E} = (Oc) + (cd)? = (Oa + ab + bc)* + (cd)?
= (Vy + I, R, cos 8, + I, X, sin 6,)*
+ (I, X,; cos 8, - I, R, sin 6,)
where I, is the secondary current lagging V, by angle &,.
As (I, X,, cos 8, — I, R, sin 6) is very small (being the difference of two
quantities) it can easily be neglected.

Hence Ey=V,+ I, R,;;cos 6, + I, X5 sin 8,
or E,~Vo=(,Rycos 6 + 1, X, sin 8,). (8.11)
. E, -V,
Percentage voltage regulation = —E x 100%
2
IR LX
= [ 272 cos By + ——=sin 9,.] x 100% (8.12)
E, E, 2
= (R, cos 6, + X, , sin 8;) x 100% (8.13)

where (R, ) and (X, ) are the total p.u resistance and reactance respectively

_IZRnZ_ _!Zxol
Rp.u. E, »“lpu, EI

(ii) Unity power factor: Phasor diagram at unity p.f. has been shown in Fig. 8.13.
From Fig. 8.13 we have

, ifp X
E} = (V+ LR+ (hX,)'  (8.14) o feta
If the second term is neglected
{The second term (/,X,) is neglected as it does I» Va Is Rz
not contribute much in changing the magnitude Fig. 8.13 Phasor diagram of
of V,. On the other hand, it is responsible for the transformer for
the phase shift between E, and V, . Hence we unity p.f. load.
can reasonably neglect (1,X,)].
E,-V;
Hence percentage voltage regulation = x 100%
2
I3Ron 100%
= x
E,

= R,, x 100% (8.16)
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Leading power factor: For leading power factor (cos &),
IL=1cos 8 +jl,sin &
Ey=Vo+ 1, Z,5 =V, +j0+ (I cos & + jl; sin 8) (R +j X,5)
or E;=V,+ 13 R,5cos 8, -1, X5 sin 8,
+ j(I, R,» sin 8, + I, X, cos 6;)
Hence E3 = (V,+ I, R, cos 6 — I, X,5 sin 6,)°
+ (I, R,, sin 0, + L,X,; cos 6,)°.
The phasor diagram is shown in Fig. 8.14.
Now (I,R , sin 8, + I, X, cos 8,) is very small A
compared to (V, + I, R ; cos 8, — I, X, sin &).

E;
A f2 X2

2R

Fig. 8.14 Phasor diagram

Hence (f, R; sin 6, + I, X ; cos 8,) is neglected. of transformer for
S Ey=Vo4 1 Ry cos 8, —1, X5 sin &, leading power fac-
or E,—- Vo =1, Ryycos 6 — I, X5 5in 8, (8.17) tor load.
Percentage voltage regulation is
BV 00%= [h-ﬂ"2 cos 0, — 222 Sinﬂz] x 100% (8.18)
2 E 2
= (R, cos 6, - X, sin 6) x 100% (8.19)

8.11 CONDITION FOR ZERO (MINIMUM)
REGULATION

We can use the expression of regulation to find the condition for which the
regulation is zero. We can write at zero regulation,
LR,cos &+ 1, X,,sin8,=0
Eﬂ
or tan 8, = — . (8.20)
al .

The negative sign in the above condition indicates that zero regulation is
possible at a leading power factor. Also, if the transformer is not loaded at all, E,
=V, and this also gives zero regulation. Thus the regulation is zero if the trans-

Ro2

former is open circuited or operated at a leading p.f. so that 8, = tan™! . Also

ol
from the expression of regulation, it is evident that for a leading power factor

load if the magnitude of &, is high, the magnitude of (I, X, sin 8,) would become
more than that of (/; R,; cos 6). The regulation then may become negative. It
means, on increasing the load the terminal voltage increases at leading power
factor operation of the transformer.

8.11.1 Condition for Maximum Regulation

We can derive the condition for maximum regulation using the expression for
regulation. The regulation will be maximum if the differentiation of regulation
with respect to phase angle 8, is equal to zero. That is
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d .
E =(J1ROI COSGZ +szpl sin 61) ={
or ~LR,sinG,+1,X,,c086,=0
Xﬂ!
or tan 6, = . (8.20)
Ro2
Hence maximum regulation occurs only at lagging power factor and when 6, =
-1 xﬂz
tan
Ral

8.9 A single-phase transformer has 200 and 100 turns respectively in its secondary and
primary windings. The resistance of the primary winding is (.05 € and that of the
secondary is 0.3 Q. Find the resistance of (i) the primary winding referred to the second-
ary, (ii) the secondary winding referred to the primary. Also find the equivalent resistance
of the transformer referred to the primary.
Solution
Number of turns of primary winding N, = 100
Number of turns of secondary winding N, = 200
Resistance of primary winding R, = 0.05 Q
Resistance of secondary winding R; =03 Q

(i} Resistance of primary winding referred to secondary
. My Y 200 ¥
=R = R,[NI ) = 0.05 x (IEOJ =005x4=02Q.

(ii) Resistance of secondary winding referred to primary

m Y woY 03
R =Ry |—=| =03x|—| === 0Q=00750
* [NE] [200] 4

Equivalent resistance of the transformer referred to the primary
Ry =Ry + Ry =0.05+0.075=0.125 Q.
[Also, Rp=R;+R/'=03+02=050Q]

8.10 A 20 kVA, 1000/200 V single-phase transformer has a primary resistance of 1 Q
and a secondary resistance of 0.2 . Find the equivalent resistance of the transformer
referred to the secondary and the total resistance drop on full load.

Solution
If Ny and N, be the number of turns of the primary and secondary winding then
M _1000
N, 200 °
Resistance of the primary winding R, = 1 .
Resistance of the secondary winding £, = 0.2 Q.
Total equivalent resistance in terms of the secondary winding is (R’ + R,)

2
. N, (200)’
€. Ro=R|—| +R.=1x|—=| +02=004+02=0.2410.
L 02 I[Nl] 2 1000 +
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Full load secondary current
20x10°
I = = 100 A.
T
Total resistance drop on full load =1, R, =100 x0.24 =24 V. -

8.11 A single-phase transformer has turns ratio of 8. The resistances of the high voliage
and low voltage windings are 1.5 £ and 0.05 Q respectively and the reactances are 10 3
and 0.5 Q respectively. Find (i) the voltage to be applied to the high voltage side to obtain
a full load current of 100 A on the low voltage winding on short circuit and (ii) the power
factor on short circuit.

Solution
If Ny, and N, be the number of turns on the high voltage and low voltage windings then

Ny -8

N, (given).
Resistance of high voltage winding Ry, = 1.5
Resistance of low voltage winding R; = 0.05 Q
Reactance of high voliage winding X; = 10 £2
Reactance of low voltage winding X; = 0.5 Q
Full load current on the low voltage side = 100 A.

N0
full load current on the high voltage side = 100 x e -T =125 A.

H
- Equivalent impedance referred to the high voltage side

=(Ry+ R/ )+jiXy+ X)
= {1.5 + 0.05(8)°) + j{10 + 0.5(8)) = 4.7 + j42 = 42.26£83.6° Q.
(i) The voltage to be applied to the high voltage side to obtain full load current is 12.5
x 42.26 = 52825 V
(ii) Power factor on short circuit is cos 83.6° = 0.111. [

8.12 A 6600/440 V, 50 Hz single-phase transformer has high voltage and low vollage
wmdlng resistances of 0.5 Q and 0.0007 £ respectively and reactances of 2 £ and 0.001
0 respectively. Find the current and the input power when the high voltage winding is
connected to a 220 V 50 Hz supply, the low voltage being short circuited.

Solution

N
—h _8600 - ko -05Q, Ry = 0.0007 0,

N 40
Xy=2Q, X, = 0001 Q.
Equivalent impedance referred to the high voltage side

Zy=Ry+R N"2+‘x+x Ny )
eH = My L N, FATY7] L T":.—
6600 Y 6600
= 0.5 + 0.0007 (——-) +j z+o.m1[———~]
440 440

= 0.6575 + j2.225 = 2.32.£73.54" ).

Current in the high voltage side when low voltage is short circuited is 2.&3?!. A

=94.83 A.
Input power = 220 x 94.83 cos 73.54° = 5911 W = 5.9 kW. snsnmna
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§=1.3_ The equivalen! impedance of 2 10 kVA, 220/440 V, single-phase, 50 Hz trans-
former referred to the low voliage side is (0.2 + j0.5) ). The core loss resistance and
magnetizing reactance are 100 £ and 150 £ respectively, both referred to the low voltage
side. If the high voltage current is 20 A at a lagging p.f. of 0.8 find the low voltage input

current and the high voltage terminal voltage.
Solution
Ry =026
Xor =050
R, =100 Q | [Magnetizing branch resistance and reactance
Xp=150Q } at low voltage side]
Zo, = 0.5385268.2° Q.
ngh voltage current (I;,) = 20/~ cos™'0.8 = 20/-36.86° V

} [Low voltage side resistance and reactance]

The high voltage current referred to low voltage side = {; =20 x % =40 A.
The no load component of current (/) = 220 _ 129
100 " 150
=({2.2-jl47) A
Input current on the low voltage side = 40{0.8 - j0.6) + 2.2 — j1.47
= 34.2 - j25.47

= 42.64£-36.67° A.
High voltage side terminal voltage (V,) = {220 - 42.64.£-36.67°(0.2 + jﬁ.S]] ﬂ

= (220 - 42.64(0.8 - }06}[024-,!’05)]22—0

= (220 - 42.64(0.46 + j0.28)} %
= (200,38 - j11.94) x 2 = 401.47.£-3.41° V.

8.14 A 500 kVA, single-phase, 2000/200 V, 50 Hz. transformer has a high voltage
resistance 0.2 £ and a leakage reactance of 0.4 €. The low voltage winding resistance is
0.002 £ and the leakage reactance is 0.008 Q. Find (i) the equivalent winding resistance
and reactance referred to the high voltage side and the low veltage side, (ii) the equivalent
resistance and equivalent reactance drops in volts and in percent of the rated winding

voltages expressed in terms of high voltage quantities.

Solution
(i) Equivalent winding resistance referred to the high voltage side

2 2
N -
R, =R, +R| L = 0.2 +0.002 x (3':'--””] =02+02=04Q.
N, 200
Equivalent reactance referred to the high voltage side
N Y 2000
Xa=X,+X; L -04+0003x( } =04+08=120.
N, 200
Equivalent resistance referred to low voltage side

r
N, (200]
R.=R,+R,|—| =0002+02x
02 et "‘[N,] 2000

=0.002 + 0.002 = 0.004 Q.
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LE N IR AR R RN RN NN RERNENNENRNESHS.]
Equivalent reactance referred to low voltage side

2 2 ' ’
Ny 200
Xp=X;+X,|—| =0008 +04 x| ——| =0.008 +0.004 =0.012 £2.
N 2000
. ) 500%10°
(ii) Equivalent resistance drop referred to the high voltage side = [[R, .. 000
04=250x04=100V,

LR, 100
Percent equivalent resistance drop = v, X 100% = —— x 100% = 5%.
i 2000

Equivalent reactance drop referred to the low voliage side

500%10°
IIX“ = -—W X I,2=250>< IZ= va

Percent equivalent reactance drop
hXa 300

® 100% = % 100% = 15%.
2000

1 ERERENE

8.15 A 5kVA 440/220 V single-phase transformer has a primary and secondary wind-
ing resistance of 2  and 0.8 £ respectively. The primary and secondary reactances are 10
Q and 1.5 © respectively, Find the secondary terminal voltage at full load, 0.8 p.f.

lagging.
Solution
If V, be the secondary terminal voltage at full load and E, the secondary terminal voltage
at no load then
Ey=Vy+ IR, cos 6+ [, X, sin6,
ar Vz = Ez - rz RUI(U.S] - .sz,z(U.ﬁ]

2
R‘,:=2X[@) +08=05+08=13Q
440

220}
x.,z=m><(—] +15=25+15=40
—SXHP 2273 A
T 0 T

Vo=220-2273(1.3x 0.8 + 4 X 0.6) = 220 - 22,73 x 3.44 = I-‘fI.l..§‘\: .
8.16, A transformer has 4% resistance and 6% reactance drop. Find the voltage regula-
tion at full load (a) 0.8 p.f. lagging (b) 0.8 p.f. leading and (c) unity p.f.
Solution
(a) Regulation at 0.8 p.f. lagging = R, cos 6, + X, sin 6,
=0.04 x 0.8 + 0.06 x 0.6
= 0,032 + 0.036 = 0.068 or 6.8%.
(b) Regulation at 0.8 p.f leading = R, cos 6, - X, sin 6,
=0.04 x 0.8 - 0.06 x 0.6
= 0.032 - 0.036 = —0.004 or -0.4%.
(c) Regulation at unity p.f (= R, cos 6,) = 0.04 x 1 = 0.04 or 4%.
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8.19 A 40 kVA, 2500/500 V single phase transformer has the following parameters: R
=8 Q, R, =050, X,=20Q,X, =028 Q. Find the vollage regulation and the secondary
terminal voltage at full load for a p.f. of 0.8 lagging. The primary voltage is held constant
at 2500 V.

Solution

Equivalent resistance referred to low voltage side

500

2500
Equivalent reaciance referred to low voltage side

R:-DS+8X( ] =05+4032=0820Q

500
X3 =08 +20x [ﬁm) =08+08=160Q

40 % 10°

Full load secondary current [, = =80 A
Valiage regulation = (f; R,; cos & + 1, X, sin 8,)/E,

80
— {0.82 x (0.8) + 1.6 x (0.6
500 { % (0.8) + 1.6 x (0.6)}

= 12938 _ 558 or 25.6%.

500
If V, be the secondary terminal voltage then

E, -V,

=0.256 or, V,=(l-0.256)500=372V.

3 FEAEEER

8.20 A 2000/400 V single phase transformer has an equivalent resistance of 0.03 p.u.
and an equivalent reactance of 0.08 p.u. Find the full load voltage regulation at 0.8 p.f,
lag if the primary voltage is 1500 V. Find also the secondary terminal voltage at full load.

Solution
-V,

Voltage regulation = =Ry, cos & + X, sin 6,

2
E, -V,

or, =003 x 0.8 +0.08 x 0.6 =0.072

2
So, voltage regulation is 0.072 or, 7.2%.

When primary voltage is 1500 ¥V secondary voliage is 1500 x —25% = 300 V at no load

or, E; = 300 V. Hence, secondary terminal voltage V, = Ex(1 - 0,072) = 300 x 0,928 =
2?3-4 Vr HEEEREN

8.12 LOSSES AND EFFICIENCY OF
TRANSFORMER

Like any other machine, the efficiency of a transformer is defined as
Power output
"~ Power input
_ Power output
~ Power output + Power losses in the transformer
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To find the efficiency, we are to know various types of losses. There are two
types of losses in a transformer:

(a) Copper losses (or I’R losses or ohmic losses) in the primary and secondary
windings.

{b) fron losses (or core losses) in the core. This again has two components:
(i) hysteresis losses and (ii) eddy current losses.
The copper losses (P) also have two components: (i) the primary winding cop-
per loss, and (ii) the secondary winding copper loss,

’ Copper losses, (Pp) = Ille + 1'22 R,

= FR+IFR=IIR,

Also, Pe= DRy +I;R/=I3R,, (8.22)
(For correct determination of copper losses, the winding resistance should be
determined at the operating temperature of windings.)

When alternating current flows through the windings, the core material under-
goes cyclic processes of magnetisation and demagnetisation.

This process is called hysteresis.
The hysteresis losses (in watts) is given as,
P,=K,Bp fv (8.23)
where, K, = hysteresis coefficient whose value depends upon the material (K, is
0.025 for cast steel, 0.001 for silicon steel and 0.0001 for permalloy)
B,, = maximum flux density (in tesla)
n = a constant, 1.5 < n < 2.5 depending upon the material
S = frequency (in hertz)
v = volume of the core material (in m?)

The eddy currents are the circulating currents set up in the core. These are
produced due to magnetic flux being cut by the core. The loss due to these eddy
currents is called eddy current losses. This loss (in watts) is given by

P,=K, B} f*i*v (8.24)
where K, = constant dependent upon the material
¢ = thickness of laminations (in metre)

A comparison of the expressions of hysteresis and eddy current losses reveals
that the eddy-current loss varies as the square of the frequency, whereas the
hysteresis loss varies directly with the frequency. The hysteresis losses can be
minimised by selecting suitable ferromagnetic material for the core. The eddy-
current losses can be minimised by using thin laminations in building the core.
The total iron losses (P,) is given as

P,=P,+P,
The efficiency of the transformer in thus given as
Power output P,
= "Powerinput P, +P. + P
V51, cos ¢,

= (8.25)
VoI, cos @, + I3 Ry, + P
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8.13 CONDITION FOR MAXIMUM EFFICIENCY

Dividing the numerator and denominator in the above expression of efficiency by
(fy), we get
V, cos 8,
M=V, cos 0, + Iy Roy + P11

The transformer being operating at constant terminal voltage and constant power
factor, we know the value of (/,) at which the efficiency is maximum. Obviously,
the efficiency will be maximum when (/, R, + P/I;) is a minimum. (7)) is
maximum when its first derivative with respect to [, is zero.

F
ie, ﬂiz[rznm +—‘J =
or R, - — =0
lIr::
or !2 R, =P (8.26)

Thus, the efficiency at a given terminal voltage and load power factor is maxi-
~ mum for such a load current (I3) which makes copper losses equal to the con-
stant iron losses.

8.14 EXPRESSION FOR LOAD AT WHICH
EFFICIENCY IS MAXIMUM

Let I = Full load secondary current
Iy, = secondary current when efficiency is maximum

R, = equivalent resistance referred to the secondary
P; = core loss
Full load copper losses = 17 aRe2 =Py
Copper losses (when efficiency is maximum) are, Izm R,, (=P)

P- fzﬂpc l"2_.-:1”.‘:
Ry2 fz_anz Fa

ar, IZI'R_ szj ' = fsz ’ (8.2?)

Core loss
Full load copper loss

T
So, I, =

Current at maximum efficiency = current at full load x [J

Fe
Fa
or, (VA) output at maximum efficiency

NDW, Vz IZM = Vz Iz-ﬂ (-28}

Core loss
Full load copper loss

= full load (VA) output x J
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Hence, if the maximum efficiency occurs at n times the full load, then n =

JB1Pg) . (8.28a)

HVZ Iﬁ Ccos '91

Maximum efficiency = , where (cos 8,) is the load p.f.

HVZ Iﬁ msﬂz +2.Pc

821 In a 25 kVA, 2000/200 V transformer the iron and full load copper losses are
350 W and 400 W respectively. Find the efficiency at unity p.f. at (a) full load (b) half
load. Determine the load for maximum efficiency.

Solution
Output Output
Input  Output + Losses
(a) At full load and unity p.f.
Output =25 x 1P x 1 =25 x 10° W
Losses = 350 + 400 = 750 W
efficiency = ﬂ =0.97 or 97%
- 25,000 + 750
(b) At half load and unity p.f.
1

Output = 25 x 107 x 3= 125 x 10° W
Iron losses = 350 W

Efficiency =

2
Copper losses = (é—) x 400 = 100 W

Total losses = 450 W
12500
12500 + 450

If maximum efficiency occurs when load is (x) times the full load then copper
losses = (x* x 400) W
As core losses = copper losses, under maximum efficiency condition then (x* x

35
400) = 350, =J—= 9
)} = 350, or (x) m 0.935

Hence, load for maximum efficiency = 0.935 x 25 kVA = 23.375 kVA. |

Efficiency = = {1.965 or 96.5%

8.22 Find the efficiency of a 150 kVA transformer at 25% full load at
0.8 p f. lagging if copper losses are 1600 W at full load and iron losses are 1400 W,

Solution

Qutput at 25% full load and 0.8 p.f. lagging is
150 % 10" x 0.25 x 0.8 = 30,000 W
Copper losses = 1600 x (0.25) W = 100 W
Iron losses = 1400 W
Total losses = (100 + 1400) W = 1500 W

Qutput
Efficiency = utpy = 30,000 = 0.9524 or 95.24%.,
Oﬂ[pul + Losses 3U,Dﬂﬂ+150ﬂ EEEAENN

3 23 Calculate the efficiency at 25% overload for a 100 kVA transformer at 0.7 p.f. The
core losses are 800 W and full load copper losses are 1000 W,
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Solution

Load impedance = 10 + j5 = 11.18.226.56° &

Total series impedance = (0.5 + 10) + j(1.2 + 5) = 10.5 + j 6.2 = 12.194.230.56° Q
400

Load current, [, = ———0 A = 32.8.-30.56° A
12.194.230.56°
(i) Secondary terminal voltage = /5 x 11.18£26.56° = 366.7 V.
(ii) Magnetising current = 2 _ ;3% _ 5 _ 0,667 = 0.8332-53.14° A.
800 7 600

Hence primary current = load current + magnetising current
= 32.8/-30.56° + 0.5 - j0.667
=(28.74 - j17.34) = 33.57£-31.1°.
(iii) Input = (VI cos 8) = 400 x 33.57 cos (31.1°) = 11497.95 W.
Total losses = Tron losses + Copper losses
=400 x 0.833 cos 53.14° + (33.57) x 0.5 = 763.34 W

Efficiency = |1- 22| = 1= 76334 _ 9336 or 93.36%.
Input 11497.95

8.26 A 20 kVA, 2000/220 V single-phase transformer has a primary resistance of 2.1
and a secondary resistance of 0,026 £. If the total iron loss is 200 W find the efficiency
on (i) full load and at a p.f. of 0.5 (lagging); (ii) half load and a p.f. of 0.8 (leading).
Solution

Iron losses = 200 W

20,000
Full load pri t=——— =10A
ull load primary curren| 5

Total copper losses at full load = Ilz R +.f§ R,

(10 x 2.1 + (90.91)* x 0.026
=210 + 214.88 = 424.88 W,
(i) Output at full load and 0.5 p.f. lag = 20 x 10° x 0.5 = 10,000 W
Input = Qutput + Iron losses + Copper losses
= 10,000 + 200 + 424,88 = 10,624.88 W.

Output 10,000
So, efficiency = ——— = = 0.941 = 94.1%.
Input 10,624.88

(ii) Output at half load at 0.8 p.f. leading = 20 x 10° x % » 0.8 = BOOD W.

2
Copper loss at half load = 424.88 x (%] = 106.22 W
Input = 8000 + 106.22 + 200 = 8306.22 W

Efficiency = 3 =0.963 = 96.3%.

306.22

8.27 The primary resistance of a 440/110 V single-phase transformer is 0.28 ) and the
sec'&ndary resistance is 0.018 €. If the iron losses is measured to be 160 W when the rated
primary voltage is applied, find the kW loading to give maximum efficiency at unity p.f.
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Secondary copper losses at full load = (245.53)* x 0.00325 = 195.93 W.
Total copper losses at full load = (205.326 + 195.93) W = 401.25 W,
Iron losses = 170 W.
(i) Full load efficiency at a p.f. of 0.8 lag
Qutput 27.5%10° x 0.8
~ Output + Total Losses  27.5 x10° x 0.8+ 401.25 +170
(ii) Let maximum efficiency occurs when load is (x) times the full load. As core losses
= copper losses under this condition,
~ ¥ x401.25 = 170 or, x = 0.65
kVA output under this condition is = 0.65 x 27.5 = 17.9.
179x%10* x 0.8

17.9% 107 x 0.8 + 170 + (0.65)* % 401.25

= 14320 _ 4 9768 = 97.68%.
[4659-5 PaEIRAN

=10.975 = 97.5%.

(iii) Maximum efficiency

. 8.30 A 50 kVA, 3.3 kV/230 V single-phase transformer has an impedance of 4.2% and
.a.r."oi:lper loss of 1.8% at full load. Calculate the chmic value of resistance, reactance and
impedance referred to the primary side. Estimate the primary short circuit current, assum-
ing the supply voltage to be maintained.

Solution
Primary full load current = ———A = 15.15 A
42 _ LZ,

Now, 100 = v,

15152,
or 0.042 = ———

3300

or Z,=9.148Q

where Z,; = equivalent impedance referred to the primary.
S IR 15.15R,
Again, 0.018 = Kot BBy ol
Vil ¥ 3300
or R, =3920Q,
where R, = equivalent resistance referred to the primary.

ol =

.. equivalent reactance referred to the primary = \1' (9.148)° - (3.92)* 2 =R8.26 Q.

v
Under short circuit condition, the primary current = [z—’] = % A =360.73 A.

el

831 A 50 kVA, 440/110 V single-phase transformer has an iron loss of 250 W. With
the secondary windings short circuited full load currents flow in the windings when 25 V
is applied to the primary, and the power input being 500 W. For this transformer deter-
mine (i) the percentage voliage regulation at full load, 0.8 p.f. lagging, (ii) the fraction of
full load at which the efficiency is maximum.

Solution
Iron loss = 250 W.
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which is proportional to the square of the applied voltage is negligibly small as
compared to the copper loss. Therefore, the wattmeter reading gives the copper
loss. Let the various readings be W, V,. and /. Then

Rop = W, 1. (8.31a)
Zoy = Vx”:r (8.31b)
Xon = A (Zo)? = (R )? (8.31¢)

where, Ry is the equivalent resistance, (Xpy) is the equivalent leakage reactance
and Z,y is the equivalent impedance referred to the h.v. winding. These param-
eters refer to the winding on which measurements are made, i.e. h.v. side. From
these, the various parameters as referred to other winding i.e. l.v. winding can be
calculated.

8.15.3 Sumpner’s test (Back to back test or Regenerative test)

To determine the maximum temperature rise of a transformer Sumpner’s test is
performed. This test can also be performed to find out the efficiency of a trans-
former. Sumpner's test is essentially a load test. It requires two identical trans-
formers whose primaries are connected in parallel. The two secondaries are
connected in series with their polarities in phase opposition. The primary wind-
ings are supplied at rated voltage and frequency. A voltmeter, ammeter and
wattmeter are connected to the input as shown in Fig. 8.18. The range of the
voltmeter V, connected across the two secondaries should be double the rated
voltage of either transformer secondary. As the two secondaries are connected in
phase opposition, the two secondary emfs oppose each other and no current can
flow in the secondary circuit. A regulating transformer excited by an ac mains

supply is used to inject voltage in the secondary winding. The injected voltage is “ -

adjusted till the ammeter A, reads full load secondary current. The secondary

L=

A.C.
supply
o

Regulating
Transformers

)

Fig. 8.18 Sumpner’s test
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current causes full load current to flow through the primary windings whereas the
primary current remains confined to the dotted path as shown in Fig. 8.18. The
wattmeter W, indicates total core losses, W, indicates total copper losses and
ammeter A, indicates total no load current of the two transformers. Thus by this
method we can load the transformer to full load but the supplying energy is only
equal to that required for the losses only. This test can be continued for a long
time to determine the maximum temperature rise of a transformer.

8.32 Calculate the values of R,, X,, R, and X; in the diagram shown in Fig. 8.19 of a

single-phase 8 KVA, 22/440 V, 50 Hz transformer of which the following are the test
results:

Open circuit test Ay X

220 V, 0.9 A, 90 W on the low voltage I AT

side.
Short circuir test
20 V, 15 A, 100 W on the high voltage Vi FAo Xo vz
side.
Solution !
From the open circuit test data, °
No load p.f. cos 6, = 90 _pasas Fig- 819 Circuit diagram for Example
220x0.9 8.32
sin 8, = 0.89
Core loss resistance R, = i = 220 Q=537830Q
°" 1, cos8, 0.9x0.4545
Vi
Magnetizing reactance X, = ! 20 _ 274.65 Q1

I,sinG, 089x09
From short circuit test data,
Roy=Rpy= -2 0=0444Q
as?
ZOHZ o2 = §n=1,33n
where R, and Z, are the ‘equivalent resistance and impedance referred to the high
voltage side.

Hence, Xon =X = (133 —(044)2 = 1257 Q

Figure 8.19 shows the equivalent resistance R, and reactance X, referred to the low
voltage side or primary side.

2
Hence, R, = 0.444 x {@] =0.111 Q
440
2
and X, = 1.257 x [@) =03140Q
440
Also Ry = 537.83 Q and X, = 274.65 Q. ereees

8.33 Short circuit test performed on the h.v. side of a 100 kVA, 6600/440 V, single-
phase transformer yields the following results: 100 V, 6 A, 200 W. If the low voltage side
is delivering full load current at 0.8 p.f. lag and at 440 V find the voltage applied to the

high voltage side.

-
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(iii} From short circuit test data,
20 50
Rpy=— =2220,(Z,) = — = 16670
02 {3]2 o) 3

and (X2 = (16,612 —(2.22)} =16.52 .

If V, be the terminal voltage then,
E, = Vy=1I, Ry, cos 8, + I X, sin 8, where E, is the secondary voltage under no
load condition and cos &, is the load p.f. which is unity in this case.
(2000 - Vo) = 4222 x 1 + 16.52 x ()
or (Vy) = 2000 - 8.88 = 1991.12 V. saenass

8.35 The following results were obtained in tests on a 50 kVA, single-phase,
3300/400 V transformer.

Open circuit test: 3300 V, 430 W

Short circuit test: 124 V, 153 A, 535 W.

(supply given on h.v. side)

Calculate (i) the efficiency at full load and half full load both at 0.707 p.f. lagging, (ii) the
regulation at full load for p.f. of 0.707 (lagging and leading) and (iii) full load terminal
voltage under the condition of 0.707 p.f. (lagging).

Solution
For short circuit test data,
124 . 535
Z, =—0=8100,R, = 0=22850
'T 153 U (153
Xg = \/(3.1)2 - (22858 =771Q
(i) Rated t on the h.v. sid 'DmA 15.15 A
e n.v. c = = .
1 eda current on 5l 33m
1515 Y
So, rated copper loss = 535 x [ 153 ] =524.56 W

Iron loss = 430 W
Efficiency at full load and 0.707 p.f. lagging

50 % 10° x 0.707

= = 0.9737 or 97.37%.
50%10° x 0,707 +524.56 + 430
Efficiency at half load and 0.707 p.f. lagging is
50x10° xD.Tﬂ?x%
= =0.9623 or 96.93%.

2
50 % 10° X (0.707) X % +(%] X 524.56 + 430

(ii) Voltage regulation at full load and 0.707 lagging p.f. is
I, Ryycos @+ 1) Xq sin@  15.15(2.285 x 0.707 + 7.77 x 0.707)

- E, - 3300
0.0326 = 3.26%
Voltage regulation at full load and 0.707 p.f. leading
IRy cosB-1 Xppsin@  15.15(2.285x0.707 - 7.77 x 0.707)

E 3300
(~0.0178) or (~1.78%).

n
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continuity of supply is maintained. For satisfactory parallel operation of trans-
formers the following two conditions are necessary:

(a) The polarities of the transformers must be same.
(b) The turns ratios of the transformers should be equal.
The other two desirable conditions are:
(a) Equal per unit impedance in magnitude and phase angle
(b) Equal voltages at full load across transformer terminals.
Figure 8.20 shows two single-phase transformers in parallel, connected to the
same voltage source on the primary side. Terminals with proper polarity mark-
ings have been connected both on the h.v. and Lv. sides.

it

Fig. 8.20 Two-smgfe phase transformers in parallel

Here I is the load current and I, and [y are the current supplied by the two
transformers to the load.

Hence, Iy+1lg=1;.
If XK, and K, be the turns ratio of the two transformers
v
m:n VL = "I'K_]" - fA Z_,‘
Vv |4
d Vi=— -lgZg=— -1 -1\ Z
an L= %, Tlele= U -1 Zp

where, Z, and Z; are the equivalent impedance of the two transformers referred
to the secondary.
Solving the above two equations

Zgly V(K; - K})
Ia= Z,+2y K Ko(Zy +Z5) (8.32)
Zylg V(K; -Ky) (8.33)

B™ Z +Zy KKy (Z,+2Zp)

Each of these currents has two components; the first component represents the

transformer’s share of the load current and the other component is a circulating

current in the secondary windings. Circulating currents increase the copper loss

and may overload one transformer. In order to eliminate the circulating currents
the turns ratios must be identical, i.e. X, = K, = K.
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ZB 'r.!. ZA [L
Hence, I = and I =
AT Z +Z, B= z,+2,
Therefore, ’i = Z—B
IE z.l
ﬂlso, IAZB = IEZH
or §, = 8g, where (5,) and (Sp) are the VA of the two transformers.
Sp= —2 g 8.34
AT 74z, * (8.34)
Z,;
d -
an| S 742, by (8.35)
where §; is the total load VA.
Sa _ Zy
5, "z (8.36)

8.17 SINGLE-PHASE AUTO TRANSFORMER

An auto transformer is a single winding transformer in which a part of the wind-
ing is common to both the high voltage and low voltage side. Figure 8.21 shows a
step down auto transformer. The primary winding AB has N, number of turns and
the secondary winding BC has N, number of turns. The winding BC is common to
both the primary and secondary. The induced emf in the primary winding AB is

E, N,
E, and in the secondary winding BC is E,. Hence E_I = -ﬁ-‘,l— = K, where K is the
2 2

turns ratio. The input current is /| and the load current is /. The mmfs I;N; and
I3N; will be equal and opposite. If terminal C is a sliding contact, the output
voltage V, can be varied. The voltampere delivered to the load V, I, = V5 1) +
Va(l; = 1)), (V3 I}) is the voltamperes transferred conductively to the load through
winding AC and V,(I; — I,) is the voltamperes transferred inductively to the load
through winding BC which represents the rating of the equivalent two winding
transformer.

Output VA of auto transformer
Output VA of equivalent a two-winding transformer
WL a
T Vall,-1) a-1
Figure 8.22 represents a step up auto transformer. Here input voltampere V| [, =
Vi L+ Vil - 1),

Hence,

(8.37)

Output VA of auto transformer
Output VA of equivalent two winding transformer
_ Vil __a
T Vith-1) a-1

Hence

(8.38)
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Fig. 8.21 Step down auto transformer  Fig. 8.22 Step up auto transformer
8.17.1 Adavantages of an Auto Transformer

(a) For the same capacity and voltage ratio, an auto transformer requires less
winding material than a two-winding transformer. Hence there is saving in
copper.

(b) An auto transformer is smaller in size and cheaper than a two winding
transformer of same output.

(c) An auto transformer has higher efficiency since core loss and ohmic losses
are smaller.

(d) Voltage regulation of an auto transformer is better because of reduced
voltage drops in the resistance and ractance,

(e) An auto transformer has variable output voltage when a sliding contact is.
used for the secondary.

8.17.2 Disadvantages of an Auto Transformer

(a) There is direct connection between the high voltage and low voltage side. If
there is an open circuit in the winding BC (Fig. 8.21) the full primary
voltage would be applied to the secondary. This high voltage may cause
serious damage to the equipments connected on the secondary side.

(b) The short circuit current is larger for an auto transformer due to reduced
internal impedance.

8.17.3 Applications of Auto Transformers

(a) Auto transformers are used for obtaining continuously variable ac voltage.

(b) They are used for interconnections of power systems of different voltage
levels.

(c) They are applied for boosting of ac mains voltage by a small amount.

{d) Auto transformers are used for starting the induction motors and synchro-
nous motors.

8.18 TRANSFORMER COOLING

The core and copper losses cause heating of transformers. It is necessary to
ensure that the temperature of the transformer does not exceed the maximum
value, otherwise it may cause damage to the insulation. The following are the
methods for cooling these type of transformers.

i
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{a) Air Natural Cooling Small transformers up to 25 kVA are cooled by
natural circulation of air surrounding it.

(b) Air Blast Cooling In this type of cooling continuous blast of filtered air
is forced through the core and windings for better cooling.

(c) Oil Natural Cooling A majority of transformers have their core and wind-
ings immeresed in oil. Oil is a good insulating material and provides better
heat dissipation than air. Oil immersed transformers are enclosed in sheet
steel tank. The heat produced in the transformer is passed to the oil. The oil
is heated and it becomes lighter and rises to the top and its place is taken by
cool air from the bottom of the tank.

The heat of the air is transferred to the tank by natural circulation of air.
The heat is then transferred to the surrounding atmosphere.

(d) 0Oil Blast Cooling Here forced air is passed over cooling elements of
transformer immersed in oil.

(e) Forced Oil and Forced Air Cooling Heated oil is taken from the top of
the transformer tank to a cooling plant. Cooled oil is then circulated
through the bottom of the tank.

(f) Forced Oil and Water Cooling In this type of cooling metallic tubes
are situated inside the tank, below the oil level. Water is circulated through
these tbes to extract heat from the oil.

8.19 CONSERVATOR AND BREATHER

A conservator is an air tight metallic drum supported on a transformer top cover.
It takes up the expansion of oil with changes in temperature. When the oil is cold
the tank is filled with oil. When the temperature of the oil rises, the oil expands
and the expansion is taken up in the conservator. When the transformer cools, the
level of oil goes down and the air is drawn in. The incoming air is passed through
a device called breather for extracting moisture. A breather consists of a small
vessel which contains a drying agent like silica gel or calcium chloride.

8.20 DISTRIBUTION TRANSFORMERS AND
POWER TRANSFORMERS

Distribution transformers are used to step down the transmission voltage to a
lower value suitable for distribution. They are kept in operation all 24 hours in a
day whether they carry any load or not. They have better voltage regulation and
small leakage reactance.

Power transformers are used in generating stations or substations at each end
of transmission line for steping up or steping down the voltage. They are put in
service during load periods and are disconnected during light load periods. They
have greater leakage reactance and have maximum efficiency at or near full load.

8.21 NAME PLATE AND RATINGS

The specifications of transformers are given by BIS (Bureau of Indian Standard)
2026. As per this standard every transformer must be provided with the following
specifications:
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Type (power, distribution, auto, etc.), year of mannufacture, number of phases,

rated kVA, rated frequency, rated voltage of each winding, connection symbol,

percent impedance voltage at rated current, type of cooling, total mass, mass and
volume of insulating oil.

8.22 ALL DAY EFFICIENCY

It is usual for the primary of a transformer to be connected permanently to the
supply and for the switching of load to be carried out in the secondary circuit.
Since the copper loss varies with load but iron loss is constant and the efficiency
depending on loading and losses vary througout the day. For transformers which
are continuously excited but supply loads only intermittently, a low iron loss is
particularly desirable, but a low copper loss is specially important where the load
factor is high. Again for a transformer working on full load for greater part of the
day, maximum efficiency should be arranged 1o occur some where around the full
load value but for a transformer whose full load valuve may be supplied for only
1/4 of the day and the unit is only lightly loaded for the rest of the time, it would
be desirable to arrange maximum efficiency to occur at about 1/2 full load value.
Considering the above factors the efficiency of a transformer is better esti-
mated on an energy rather than a power ratio and thus we have the term “all day
efficiency”.
Output in KWh for 24 hr.
Input in KWh for 24 hr.

All day efficiency =

8.23 THREE-PHASE TRANSFORMER

The present day power system is a three-phase system. The change of voltage in a
three-phase system is performed either by a single three-phase transformer or by
a three single-phase transformers. The advantages of a three-phase transformer
over three single-phase transformers are:

(a) The space required is smaller.

(b) It is lighter and cheaper.

(c) It is more efficient.

A single unit three-phase transformer has a three-limbed core, one limb for
each phase winding. On each limb the low voltage winding is placed over the
core and the high voltage winding is placed over the low voltage winding with
suitable insulation between the core and low volt-
age winding as well as between the two wind-
ings. Figure 8.23 and Fig. 8.24 shows the
schematic diagram of a three-phase core type
and shell type transformer respectively. o—

The primary and secondary winding of a three-
phase transformer can be connected in star or  Fig. 8.23 Three-phase core
delta. Hence four main connections are possible, type transformer
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star-star, star-delta, delta-star and delta-delta. In
star-star connection both the primary and sec-
ondary windings are connected in star. The neu-
tral point is denoted by N for high voltage
winding and n for low voltage winding and the
connection is shown in Fig. 8.25. The phase
current is equal to the line current but the line

voltage is (ﬁ} times the phase voltage in both
the primary and secondary windings. For delta-
delta connection both the primary and second-
ary windings are connected in delta as shown in
Fig. 8.26. Here the line voltage is equal to phase
voltage on each side. The phase current is line
current divided by [q’? ) . As compared to a star-
star connection for the same terminal voltage
and current, a delta-delta connection has more

number of turns in each phase winding but less
cross-sectional area of conductors. Hence a

o

ja

o
‘_‘—)
—
o —
;C
O
G
-
d—t
-

Fig. 824 Three-phase shell
type transformer

delta-delta connection is more economical for large transformers of relatively
lower voltage rating. The star-star connection is not used in a three-phase three-
wire system due to undesirable effects of a third harmonic current.

E‘;Az : %
)

Fig. 8.25 Three-phase star-star trmfaﬁner

Az azig'
C!

°oCy ca ®

F1g. 8.26 Threr.-plmse delta-delta transformer

Figure 8.27 shows the connection for a three-phase star-delta transformer. On
the primary side the line voltage is (ﬁ} times the phase voltage while the line
and phasv: voltages are equal on the secondary side. Generally, the high vullagn
winding is star connected for reducing cost of insulation. This connection is
generally used for step down transforrhers at receiving end substations.
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N
Ay Ay ap a
b
By B: bs :
Cy Gz €2 £

Fig. 8.27 Three-phase star-delta transformer

The connection of a three-phase delta-star transformer is shown in Fig. 8.28.
On the primary side the line and phase voltages are equal, but on the seconday
side the line voltage is (ﬁ) times the phase voltage. These transformers are

used al sending and receiving end substations. At power stations the generator
feeds the delta winding and the star winding is connected to h.v. transmission
lines. In distribution transformers, feeders are connected to delta winding and the
star winding supplies three-phase four-wire distributors

n
Ai Ag da a,
B, B b by
Cy c! L2 &

Fig. B.28 Three-phase delta-star transformer

8.37 A transformer has its maximum efficiency of 0.975 at 20 kVA at unity p.f. During
the day it is loaded as follows:

10 hr: 3 kW at 0.6 p.I.

&8 hr: 10 kW at 0.8 p.f.

6 hr: 20 kW at 0.9 p.f,
Find the all day efficiency.

Solution
kWh output = (10 x 3) + (8 x 10) + (6 x 20) = 30 + 80 + 120 = 230 kWh
As maximum efficiency is 0.975 so total losses under this condition is [1 - 0.975] = 0.025
of output power.
At unity p.f. output power = 20 x | = 20 kW
Hence losses = 0.025 x 20,000 = 500 W
~. core losses = copper losses = % W= 250 W

As core loss is constant for all p.f. so total core losses in 24 hr.

250 x 24
= kWh = 6 kWh
10°
For the first 10 hr.
kVA load = - =
0.6

5
:
Total copper losses = 10 x (i) % 250 kWh = 0.156 kWh
20 1000
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For the next 8§ hr.

10
kVA load = 40 = 125
o= 08

2
Total copper losses = § x [%J 250

For the last 6 hr.

20
kVA load = — =2222
0.9
2 a5
Total copper losses = 6 x [22‘22) x ——kWh = 1.85 kWh
20 1000

Total copper losses = 0.156 + 0.781 + 1.85 = 2.79 kWh
Total loss = 6 kWh + 2.79 kWh = 8.79 kWh

All day efficiency = ——=20— = 0.963 or 96.3%.

230 +8.79

®x——kWh = 0.781 kWh.
1000

8.38 A lighting transformer rated at 10 kKVA has full load losses of 0.3 kW which is
made up equally from the iron losses and the copper losses. The duty cycle consists of full
load for 3 hours, half full load for 4 hours and no load for the remainder of a 24 hours
period. If the load operates at unity power factor, calculate the all day efficiency.

Solution

The load operates at unity power factor.
For the first three hours,

Energy output = 10 x 1 x 3 kWh = 30 kWh
For the next four hours,

Energy output = % ® 10x 1x4=20kWh

Total energy output = (30 + 20) kWh = 50 kWh
Full load losses = 0.3 kW

So, iron loss = {%]kw =0.15 kW

and full load copper loss = Qf kW = 0.15 kW
[ron loss energy = (0.15 x 24) = 3.6 kWh

0.15x3+ 915 .4

Copper loss energy = [ (2)? ) kWh = {0.45 + 0.15) kWh = 0.6 kWh

Energy loss = (3.6 + 0.6) kWh = 4.2 kWh
= 0.922 or 92.2%.

All day efficiency = 30
50+4.2

839 The maximum efficiency of a 100 kVA, single-phase transformer is 95% and
occurs at 90% of full load at 0.85 p.f. If the leakage impedance of the transformer is 5%,

find the voltage regulation at rated load 0.8 p.f. lagging.
Solution

Output at maximum efficiency = 100 % 0.9 »% 0.85 = 76.5 kW
Output _ 76.5

Efficiency = (0.95) = -
Output + Losses  76.5 + Losses
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.89
Ohmic losses for 7 hours = [F) x 120 = 9484 W
Energy lost as ohmic loss = 94.84 x 7 = 663,87 Wh
Daily energy lost as ohmic loss = (367.36 + 180 + 663.87) x 107 kWh = 1.211 kWh

50x24
kWh = 1.2 kWh

Daily energy lost as core loss =

Total loss = (1.211 + 1.2) = 1.411 kWh
Daily output = (30 + 24 + 56) = 110 kWh

. 110
All day effi = ——— ={0.9872 . X
y efficiency 110+ 1411 or 98.73% R

8.41 Two 200 kVA single-phasc transformers are to be operated in parallel. The internal
impedance of transformer 1 is (0.006 + 70.08) p.u. while transformer 2 has an internal
impedance of (0.008 + j0.05) p.u. How will they share a load of 300 kW at 0.8 lagging
power factor?
Solution

Z, =(0.006 + j0.08) = 0.08£85.71°

Z, = (0.008 + j0.05) = 0.0506.£80.91°

Load §, = 0—3”3 Z—cos™ 0.8 = 3752-36.87° KVA.
Load shared by transformer 1

Sl = zz Sf.
24 +Z,
0.0506.280.91°
5 = - x 375£-36.87°
{ 0.006 + 0.008) + j(0.08 + 0.05)
; 917 x —36.87°
= 0.0506£80.91%x 375236 8 = 145.12£-39.81° kVA,
0.13075.£ 83.85°
Load shared by transformer 2
4
§ = Z+2, S
0.08.85.71°
5= - X 375/4-36.87° = 229.44.7-35° KVA.
{0.006 +0.008) + j(0.08 +0.05) mEEEREE

842 A 1000 kVA wansformer with (0.02 + j0.1) p.u. impedance and a 500 kVA trans-
former with (0.015 + j 0.05) p.u. impedance are operating in parallel. The no load
secondary voltages of the two transformers are equal. How will they share a load of
1500 kVA at unity p.f. load?
Solution
Let base kVA = 100 kVA .

Z, =(0.02 + j0.1) = 0.102.£78.69°,
Converting impedance of second transformer to base kVA

2, = %‘% (0.015 + j0.05) = (0.03 + j0.1) = 0.104£73,3°
Load (§5;) = 1500£0° kVA.
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Hence, load shared by transformer I
0.104273.3°

(0.02 +0.03) + j{0.1 +0.1)

_ 1500x0.104.£73.3°

_ 0.206.£75.96°
Load shared by transformer 2

5, = 1500.£0° x

= 757.282-2.66° kVA,

0.102 x £78.69°
5, = 1500£0° x - =T2.92.£2.73° kVA.
(0.02+0.03) +j{0.1 +0.1)

843 A 200 VA, 240/120 V two-winding transformer is to be used as an auto trans-
former. The input voltage is 240 V. Find the secondary voltage. What is the maximum
VA rating of an auto transformer?

Solution

The auto transformer is shown in Fig. 8.29

Input ¥} = 240 V across winding BC

Hence voltage across winding AC is 120 V. “h e
Therefore, the voltage across winding AB, i.e I::| Va

secondary voltage of the auto transformer is (240 +

120) V i.e 360 V or V, = 360 V. Vi

Now current in the secondary winding = % A Y

for two-winding transformers.
_ 200 Fig. 8.29  Circuit diagram for

Hence for auto transformer /, = 120 A Example 8.43

The maximum VA rating of auto transformer is V, [,

200
ie [360% 2% | vA or 600 VA.
L€ [ 12&] or

.l;;ﬂ A 10 kVA, 2400/240 V two-winding A
transformer is reconnected as a step down auto L 216 T
transformer as shown in Fig. 8.30 and excited ' %

by a 2640 V source. The transformer is loaded 240V
so that the rated currents of the windings are
not exceeded. Calculate the currents in differ- 2640V
ent sections of the auto transformer and kVA

output. 2400V | |Load
Solution ¥ 1415? A *
o
. . 10,000 B
Current rating of 2400 V winding is A, Fig. 8.30 Circuit diagram for
i 4.167 A Example 8.44

0,000
Current rating of 240 V winding is 0 A iedloT A

Load current /; = (4.167 + 41.67) A = 45.837 A

2400 x 45.837
KVA output = ———————— = 110
1000

The currents in different sections of auto transformer is shown in Fig. 8.30. R —
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8.45 A three-phase step down transformer is connected to 3300 V on the primary side.
The ratio of turns per phase is 15 and the line current drawn from the mains is 30 A. Find
the secondary line voltage, line current and output when transformer is (i) ¥Y and (ii) A¥.

Solution

Input = (3V, I, ) = V3 x 3300 x 30 VA = 17147 kVA
Neglecting losses, output = 171.47 kVA

. [Nj]
Turns ratio | — | = 15.

(i

{ii) For AY connection primary is connected in delta and secondary in star.

N,
‘{lﬁ‘l N| .
™ = TM"_ = 15, where (V|p,) and (V,p,) phase voltage of primary and secondary
i 2
respectively.
Vi
Now, V"’h = I_ = @
NERRNE!
Hence, Vapy, = 3300 V=127V.

wﬁxls

Secondary line voltage = (12'." P \E)V =220V =Vy
For Y connection line current = phase current
(V3Vo by ) = 17147 % 10°

i, Secondary & ; 171.47 % 10° 450 A
1.&, aecon ne current 2 = = &
J3x220

Hence, vll’h = V”_ =3300 V

Vim 3300
Vo, = o = 222V =220V
LT 15

Hence secondary line voltage (V) = ZID'MG A"
Now, (ﬁ Vn.fu) = 171.47 x 10°

) 171.47 x10°
secondary line current = ————— = 260 A.

ﬁxzzﬂxﬁ

Messnsnsenns ADDIT]ONAL PRDBLEMS ssssnsmmnns

.3:4'6 The core of a single-phase 3300/440 ¥V, 50 Hz transformer is of square cross-
section, each side being 140 mm. If the maximum flux density in the core is not to exceed
1T, find the number of turns required for each winding.

Solution

Flux = Flux density x Area
=1 x (140 x 107%? = 0.0196 Wh.

If N, and N, be the number of turns of the primary and secondary windings respectively
then,

or

3300 = 4.44 x 0.0196 x 50 x N, (. E, = 4.44 ¢_fN,)
N, =7584 or, 758 (say) '
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N
As M_E
N, B
E,
So, Ny=N,—= =758 x 80 _ g,
EI 33m Al sERES

.Bili:p'_ For the no load test on a transformer, the ammeter was found to read 0.18 A and
the wattmeter 12 W. The reading on the primary voltmeter was 400 V and on the second-
ary volumeter was 240 V. Calculate the magnetizing component of the no load current, the
iron loss component and the transformation ratio.

Solution

Core loss or iron loss component of no load current I- = % =0.03 A.
No load current = (.18 A
So magnetizing component of no load current= \,‘ (0.18)* —=(0.03) =0.178 A.

. . 400 5§
Transformation ratio = — == = L.67:1.
240 3

_3.4_8 A single-phase transformer with a ratio of 440/200 V takes a no load current of 8 A
at a p.f. of 0.25 (lagging). If the secondary supplies a current 220 A at a p.f. of
0.8 (lagging), estimate the current taken by the primary from the supply.

Solution

Secondary load current [, = 220 A

N
load component of the primary current (= ") =1; X N_z =220x % =100 A.

1

No load component of the primary current [, = 8 A.

Referring to Fig. 8.31, the horizontal and vertical Vi)
components of [ are (I sin 8) and
(1 cos 8), where cos @ = 0.8. Similarly, the
horizontal and vertical components of [, are ([,
sin 8,) and ([, cos 8,) where cos 8, = 0.25. So,
the horizontal component of the primary current

= (I sin @+ 1, sin 8,
i.e. Iy =100 sin (cos™ 0.8) + 8 sin (cos™ 0.25)

=67.75 A
Vertical component of the primary current Iz

1
fiy= (1 cos 8+ 1,cos 8,) Va

=100 %x 0.8 + 8 x 025 = 82 A, Fig. 8.31 Figure for Example 8.48
So the total primary current [, = -.H (82)° +(67.75)° = 106.37 A, sssnans

$.49 A 6600/440 V single-phase transformer has a primary resistance of 140 £ and a
secondary resistance of 0,25 £). Calculate the equivalent resistances referred to the sec-
ondary winding and primary winding respectively.

Solution

Primary resistance R, = 140 Q

Secondary resistance R, = 0.25 0
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2
N

Secondary resistance referred to primary Ry = 0.25 x [H—l]

2

1
= 0.25 x [@] = 5625 Q.
440

So, equivalent resistance referred to primary
Ry=r + n =140 + 56,25 = 196.25 Q
NP
Now, primary resistance referred to secondary R, = 140 x [—er—}
1

140 2
= 140 x [—] = 0.6222 1.
6600

So, equivalent resistance referred to secondary
Ra= R +R,=0622+025=08724Q. e

8.50 A 17.5 kVA, 460/115 V single-phase, 50 Hz transformer has primary and second-
ary Tesistances of 0.36 Q and 0.02 Q respectively and the leakage reactances of these
windings are 0.82 £ and 0.06 £ respectively. Determine the voltage to be applied to the
primary to obtain full load current with the secondary winding short circunited. Neglect the
magnetizing current.

17500

Full load primary current [ = = 38.04 A

R =0360 and R,=0020Q
X, =082Q and X,=0.060.
Equivalent resistance referred to the primary

450

2
= 0.68 ).
1 15]

R, =R, + R =036 +0.02 (

Equivalent reactance referred to the primary

2
Xp =X, + X; =082 +0.06 x [%] - 178 Q.

Equivalent impedance referred to the primary

Zy = qﬁ'(ﬂ.ﬁﬁ)z +(1.78)* = 1.905 Q.

As the secondary is short circuited the voltage applied to the primary 1o obtain full load
current = [,Z;
= (38.04 x 1.905) = 7248 V. sansuns

8.51 A 20kVA, 2000/220 V single-phase transformer has a primary resistance of 2.1 Q
and a secondary resistance of 0,026 Q. If the total iron loss equals 200 W, find the
efficiency on (i) full load and at a p.f of 0.5 lagging (ii) half load and a p.f of 0.8 leading.
Solution

Iron loss = 200 W

20 %107

Secondary current = =9091 A

Equivalent resistance referred to the secondary

2
=21x [EJ + 0.026 = 0.0514 Q
2000
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Total copper losses = (90.91)% x 0.0514 = 4248 W
Qutput Qutput
Input - Output + Losses
(i) Efficiency at full load and 0.5 lagging p.f.

20%10° x 0.5

T 20%10° x 0.5+ 200 +424 8

(ii) Efficiency at half load and p.f. 0.8 leading

20x10° xU.Sx%

= » 100% = 96.3%.

2
20%10° x 0.8 x%+200+ 424.8)((%]

Efficiency =

¥ 100% = 94.12%.

8.52 The primary resistance of a 440/110 V single-phase transformer is 0.28 Q and the

secondary resistance is 0.018 £. If the iron loss is measured to be 160 W when rated
voltage is applied, find the kW loading to give maximum effeciency at unity p.f.

Solution

Iron loss = 160 W
For maximum efficiency, iron loss = Copper loss

So, (13 Rpy) = 160, where I, = Secondary full load current
and Ry, is the equivalent resistance referred to the secondary
1oy
Now, Ry =028 % | — | + 0.018 =0.0355 Q
o (440]
So, (ff % 0.0355) = 160 or, [, = 67.13 A
Vol x1 110x67.13
= = 7.38
103 103 EEARREN

* So, kW rating at unity p.f. =

8.53 The core of a single-phase transformer has a cross-sectional area of 15000 mm?
and the windings are chosen to operate the iron at a maximum flux density of 1.1 T from
a 50 Hz. supply. If the secondary winding consists of 66 turns estimate the kVA output if
the winding is connected to a load of 6 £ impedance value.

Selution
Area A = 15,000 mm? = 0.015 sqm
Flux density  B,, = 1.1 Wb/m®
f=50Hz.
N, = 66

E, = 4.44 ¢ _fN, = 4.44 B, AfN,
= 4.44 x 1.1 x 0.015 x 50 x 66 = 241.758 V.

If load is 6 £2 the current (f3) = &;’5& A=403 A

Eyl,

241,758 x 40.3
kVA output = [——-—-—]:

10°

= 0.743.
10°

?.;‘5.4. A 440/220 V single-phase transformer has a primary resistance of 0,29 £ and a
secondary resistance of 0.025 £. The corresponding reactance values are 0.44 £} and
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9091

{ii) Regulation at (0.5 lagging) p.f. = —/—— {0 0514 x 0.5 + 0.06025 sin(cos™ 0.5}}
0. 322 or 3.22%.
(iii) Regulation at (0.5 leading) p.f. = M (0.0514 x 0.5 — 0.06025 sin(cos™' 0.5))

= {—0‘01{)9] or, (-1.09%). sasunam
8:5_7_ A single-phase transformer is designed to operate at 2 V per turn and turns ratio of
311 the secondary winding is to supply a load of B kVA at 80 V, find (i) the primary
supply voltage, (ii) the number of turns on each winding and (c) the current in each
winding.

Solution
M _3_&
N, 1 E
E K
—_—= = 2
NN
E,=8V

where N, and N, are the number of turns of the primary and secondary windings respec-
tively.
(i) So,E,=3x80=240V
Primary voltage = 240 V.,

ow,
N]

E, 240
S0, (N)= —=—"— =120
o (===
E, g0
, (Na=-—="—" =40
Again, (N, 2 2
8000

(iii) Secondary current = W =100 A (- load is 8 kVA)

BOOO

Primary current = =33.33 A,

8.58 A single-phase step down transformer has the following particulars: Turns ratio
41, no load current 5 A at 0.3 p.f. ]aggmg Secondary voltage 110 V. Secondary load
10 kVA at 0.8 p.f. (lagging). Find (i) the primary voltage, neglecting the internal voltage
drop, (ii) the secondary current on load, (iii) the primary current and (iv) the primary p.f.

Solution
Ml_a A&
N, 1 E
E,=110V
{a) .. E=4x110=440V.

=90.91 A.

(b} Secondary load current () =
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(c) If (1) is the load component of the primary current then from [N, = I, N, or,

N
I =13N—2 =90.91 x % =273 A

1
if 1, is the primary current then,
Iycos 8 =1,cos 8, + I cos 8, where I, and [, the no load and load component
of primary current, cos 8, and cos @ are the no load p.f. and secondary load p.f.
respectively.
So, [icosB =5x%0.3+2273x08=19.684 A,
Again, I sin 6, = 5 sin(cos™ 0.3) + 22.73 sin(cos™ 0.8)
=184 A

I, = (19.684) + (1847 =2694 A.
Primary current is 26.94 A

lycos® 1968
= =731 ing.
I, 269 AEEINE

(d) Primary pf. =cos 8=

o

Iﬂ.S__g_ A 6.6 kV, 50 Hz single-phase transformer with a transformation ratio (1:0.06)
takes a no load current of 0.7 A and a full load current of 7.827 A when the secondary is
loaded to 120 A at a p.f. of 0.8 lagging. What is the no load p.f.?

Solution
L=120A
Load p.f. (cos @ = 0.8 lagging or, 8 = cos™' 0.8 = 36.87°
Moo
N, 0.06

No load primary current [, = 0.7 A
., N,
Load component of primary current (= I ) = [, N_I =120x006=72A
1
Full load primary current [, = 7.827 A
Let no load p.f. angle be 8,
Referring to Fig. 8.31

P =0y +1* 420, 1 cos (8, - 8)
7T.827)2 = (0.7 =(7.2)*
or cns{&,,—ﬂ}:t ) - 07y -(72) = 0.886
2x07x7.2
or (8, - 6) = cos™' 0.886 = 27.625°
or En = 21625“ + 36.3?0 = 64.495“'. TITRLY]

8.60 A 1 kVA single-phase transformer has an iron loss of 20 W and a full load copper
loss of 40 W, Calculate its efficiency on full load output at a p.f. of (0.8) lagging.
Solution
Efficiency on full load at 0.8 p.f. lagging

Output 1000 x 0.8

= = x 100% = 93%.
QOutput + Loss 1000 x 0.8 + 20+ 40
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_8:63: The following results were obtained in tests on a 50 kVA, single-phase,
3300/400 V transformer.

Open Circuir Test:
Primary voltage 3300 V, Secondary voltage 400 V, Input Power 430 W.
Short Circuit Test:
Reduced voltage on primary (124 V) to give full secondary current, primary current is
15.3 A and input power 535 W.
Calculate
(i) The efficiency at half load at 0.707 p.f. lagging.
(ii) The regulation and terminal voltage at full load for p.f. 0.707 leading.

Solution

From open circuit test iron losses = 430 W.
From short circuit test copper losses = 535 W,
Under short circuit test applied voltage = 124 V
and primary current = 15.3 A,
Hence equivalent impedance referred to the primary winding
Zy= 2 a-g10
15.3

Equivalent impedance referred 1o the secondary winding

N, Y 400 V
Zoy=Zoy X | — =3.1:~:[—] =0.119Q
01" =0 [n] 3300

If 1 is the primary current and Ry, is the equivalent resistance referred to the primary then

J’f Ry, =535
or Ry = 335 = 2,285 Q.
(15.3)
Hence equivalent resistance referred to secondary is

A00 2
Ry =2285x [—) = 0.03357 )
3300

Xn= .,l'([J'.llgi-z -(0.03357) =0.114 Q.

0x10°
30x10° 125 A

Full load secondary current /[, =
(i) Efficiency at [%] load at 0.707 p.f. lagging

50 % 10° x% x0.707
= x 100% = 96.92%.

2
50%10° x%xﬂ.?(ﬁ'+430+[%} x 535

(ii) Regulation at full load for p.f. 0.707 leading

1
= Ei{xmm 6, - X sin 6,)

% {0.03357 x 0.707 = 0.114 x 0.707} = -0.0178 or, -=1.78%

V.
Again, [l - Ez] = (-0.0178), where (V;) is the terminal voltage.

Hence, V, = {1 + 0.0178) E, = 1.0O178 x 400 = 407.12 V. sanzaws
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8.64 The daily variation of load on a 100 kVA transformer is as follows:

& a.m. to I p.m.: 65 kW, 45 KVAR
I pm.to7 pm.: 80 kW, 50 KVAR
7 pm. te 2 a.m.: 30 kW, 30 KVAR
2 a.m. to 8 a.m.: No load

The transformer has a no load core loss of 270 W and a full load ohmic loss of 1200 W,
Determine the all day efficiency of the transformer.

Solution
From 8 a.m. to | p.m.,

kVA = ./(65)2 +(457 =79
) 79 Y
Ohmic loss = | — | x 1200 =749 W
1040

x5
107

Energy lost as ohmic loss = kWh = 3.745 kWh.

From 1 p.m. to 6 p.m.,

kVA = 4/ (80)% +(50)° =94.34

Ohmic loss = (-91%2—4]— ® 1200 = 1068 W

6
Energy lost as ohmic loss = kWh = 6.408 kWh.

From 6 p.m. to 1 a.m.,

kVA = (30)* + (30)* =42.426

Ohmic loss = (“2 42'5] x 1200 = 216
216
Energy lost as ohmic loss = kWh = 1.51 kWh
10°
Daily energy lost as ohmic losses = (3.745 + 6.408 + 1.512) kWh = 11.665 kWh
24 % 270

kWh = 6.48 kWh

Daily energy lost as core loss =

Total energy loss = (11.665 + 6.48) kWh = 18.145 kWh
Daily kWh output =65 x 5+ B0 < 6 + 30 x 7 + 0 = 1015 kWh

E "
Al day efficiency = — NeTgy outpy = M5 00% = 98.24%.

nergy output + Energy loss 1015 +18.145

8.65 A 200V, 60 Hz single-phase transformer has hysteresis and eddy current losses of
250"'W and 90 W respectively. If the transformer is now energized from 230 V, 50 Hz
supply, calculate its core losses. Assume Steinmmetz’s constant equal to 1.6.
Solution
If W, and W, are the hysteresis and eddy current loss respective then

W,= K, fB: and W,=K_.f2B2
where K, and K_ are constants, fis the frequency, B, is maximum flux density and x is
the Steinmetz constant.
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Core loss = (V, , cos 8,) = 700 W, where cos 8, is the no load p.f. and V, is the voltage
of the primary winding.

700
2400 x% 0.64
The core loss component of exciting current

=1, cos B, = 0.64 x 0.456 = 0,292 A.
The magnetizing component of exciting current
= [, sin 8, = 0.64 x sin {cos" 0.456) = 0.569 A, T YIIIL

So, cos 6, = = (.456

8.68 A non-sinusoidal voltage v = 150 sin 314 - 75 sin 1570¢ is applied to the 250 turn
winding of a transformer. Find the core flux as a function of time.

Solution
If ¢ is the flux then

d
v=-=N ;:? ,» where (V) is the number of turns

do v
or — = -
a - N
or 0= -#erf:-#](lﬁﬂ sin 3141 — 75 sin 1570 1)dr
= — 1 [-Ecc)s 3144 +—?5— cos 15'.-'0:]
250 | 314 1570
of 6 = (0.0019 cos 3141 — 0.00019 cos 1570r) Wh. T

8.69 A voltage v = 200 sin 314 is applied to the transformer winding in a no load test.
The resulting current is found 1o be i = 3 sin(314r - 60°), Determine the core loss and rms
value of the exciting current.

Solution
The instantaneous exciting current { = 3 sin(314r - 60°)
RMS value of exciting current [, = -\1’3__— A=212A

2

The instantaneous applied voltage (v) = 200 sin 314 ¢

rms value of voltage V| = —ZQQV

No load power factor angle = (8,) = 60°

2003 200x3
. core loss (= V, I, cos 8,) = 0s 60° = Xx— =150 W.
2 \!E 2 ERaAREEE
8.70 A transformer has the following test data:
e Test no.!: 100% voltage, 6% current, p.f. = 0.25
Test no.2: 8% voltage, 100% current, p.f. = 0.4,

Identify the tests. Calculate the efficiency and percentage regulation at full load and unity
p.f.

Solution
As in test no. 1, full rated voltage is applied and the current is very less so the test must be
no load test or open circuit test.
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As in test no. 2, rated current is flowing and the applied voltage is very small so the test
must be short circuit test.
From test no. 2

z=9% _008pu
100

R=2Z_ cos 8=0.08 x 0.4 =0.032 p.u.
X = 0.08 x sin (cos”! 0.4) = 0.0733 pu.
where Z, R and X are the p.u. values of equivalenmt impedance, resistance and reactance.
The regulation at full load and unity p.f. = (0.032 x 1 + 0.0733 x 0) = 0.032 or 3.2%.
From test I core losses = Vil cos 8, = | x 0.06 ¥ (.25 = 0.015 p.u.
From test 2 full load ohmic losses (= °R) = 17 x 0.032 = 0.032 p.u.
Total losses = (0.015 + 0.032) p.u. = 0.047 p.u.

Losses 0.047
=]- = (0.9551 or 95.51%.
D'Ill‘put+]_£)53 1+U.D47 or EaNAmER

Efficiency = 1 -

.Bﬂl' In no load test of a single-phase transformer the following test data were obtained:
Primary voltage = 220 V
Secondary vollage = 110 V
Primary current = (.5 A
Power input 30 = W.
Find the turns ratio, magnetising component of no load current, loss component of no
load current and the iron loss. Resistance of primary winding is 0.6 Q.

Solution
Mk _220
Ny
No load current [, = 0.5 A
Power at no load (V, I, cos 8,) = 30 W.

0 _ 0.136 A, i.e loss component of no load current is 0.136 A.

Turns ratio = [

Hence, I,cos 8, =

Hence, cos 8, =0.272, i.e. sin 8, =0.962
Magnetising component of no load current is
I, sin 8,=0.5 x0.962 = 0481 A
Iron loss = Input power — Ohmic loss in primary winding
= (30 = (0.5)* x 0.6) = 29.85 W. sessnes

S.TZ An auto transformer supplies a load of 2.5 kW at 110 V and at unity p.f. If the
pl‘ll't'lan’ applied voltage is 220 V, calculate power transferred from the mains and power
conducted directly from the supply lines to the load.

Solution
V, =220V
V=110V
Power transferred from mains (V| - VoM,
Now output power = 2.5 kW at unit p.f.
Hence output kVA =25 x | kVA =25 kVA
Neglecting loss input kVA = Output kVA = 2.5
2.5x10° 250

Hence primary current [, = ————A=——7—A

220 22
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[(EE RN REENELNE] LR

Power transferred from mains = (220 - 110) x % *x1W=125kW

Power conducted directly from the supply lines to the load = 2.5 - 1.25 = 1.25 kW,

EAREESN

_3;7_3_ Two 2200/110 V transformers are operated in parallel to share a load of 125 kVA
at 0.8 p.f. lagging.

Transformers are rated as below:

A 100 kVA, 0.9% resistance and 1.0% reactance

B : 50 kVA, 0.1% resistance and 0.5% reactance

Find the load carried by each transformer.

Solution
Let base kVA be 100
Z, = (0.009 + j0.01) p.u.

Zy = (0.001 + 0.005) x % = (0.002 + j0.01) p.u. converting on 100 kVA.

Load is 125 kVA at 0.8 p.f. lagging
Hence, 5, = 125Z4—cos7' 0.8 kKVA = 125£-36.87° kVA
Load carried by transformer A

0.002 +0.01
(0.009 +0.002) + j(0.01 +0.01)
1252 -36.87° x 0.0102 £78.69°

0.0228.261.19°

55.922-19.37° kVA = 52.75 kW at lagging p.f.
Load carried by transformer 8

1252-36.87° %

(]

0.009 + j0.01
(0.009 +0.002) + j(0.01 +0.01)
1252 - 36.87° x 0.01345 £ 48°

0.0228£61.19°
= 73.74.2-50.06° kVA = 47.34 kW at lagging p.f.

125£-36.87° x

8.74 A three-phase 50 Hz transformer has a delta connected primary and star connected

secondary, the line voltages being 22000 V and 400 V respectively. The secondary has a

star connected balanced load at 0.8 p.f. lagging. The line current on the primary is 5 A.

Determine the current in each coil of the primary and in each secondary line. What is the

output of the transformer in k'W?

Solution

Primary line voltage V;, = 22000 V

Secondary line voltage Vy) = 400 V

Primary line current /;; =5 A

Since the transformer has delta connected primary and star connected secondary,
Primary phase voltage Vp, = 22000 V

Secondary phase voltage Vi, = A0

v3

Vien |_ 220003 _ 22043 5543

Turns ratio = [
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. 5
Primary phase current Jjp, = — A
NE]

Hence secondary phase current fypy, = % x55 V3A =275 A
3

Secondary line current = 275 A (as secondary is star connected)
Qutput of the transformer = vE) 3V I cos @
=3 Vo Iy cos 8
3 x400x 275 % 0.8 = 15242047 W = 152.42 kW,

8.75 A 50 HP, 220 V, three-phase motor has full load efficiency of 0.9 and power factor
0.8. Tt is fed from a 3300 V system from a 3300/220 delta star transformer. Find the phase
current of the primary and secondary winding transformer.

Solution

Ouiput of motor = 50 HP = 50 x 735.5 W = 36775 W
Efficiency = 0.9.

Output of motor
Input of motor
36775

Hence,

i.e. Input of motor = = 40861 W

Therefore output of lransft;nncr = 40861 W
Power factor (cos @) =

Hence (ﬁiﬁ_ 1; cos E:I = 40861, where V; and f; are line voliage and current of the

secondary winding of transformer
VL =220

Hence, I = 40861 A=134 A

V3 x220x08
Since the secondary winding of transformer is star connected the phase current is also

134 A.
3300

Tums ratio of transformer = = 2598
22003
H ' has t= 3 A_5157A
ence, pamary p ¢ curent = 2598 T : EEANEEE

Besscnnsnsan EXERCISES ssnsmnanmenn il

1. Define a transformer. Discuss the principle of operation of a single phase
transformer.

2. Distinguish between core type and shell type transformer. Why is the low
voltage winding piaced near the core? Why is the core of a transformer
laminated?

3. Derive an expression for the emf induced in a transformer winding.

4. Define an ideal transformer. Draw and explain the no load phasor diagram
of an ideal single phase transformer.

5. Draw the exact equivalent circuit of a transformer and describe briefly the
various parameters involved in it.



10.
I

12.

13.

14.
15.

16.

17.

18.
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Draw and explain the phasor diagram of a single-phase transformer under

lagging p.f.

Define voltage regulation of a transformer. Develop an expression for cal-

culating the voltage regulation of a two winding transformer under (i) lag-

ging p.f., (ii) unity p.f. and (iii) leading p.f.

What are the different types of losses in a transformer? Write an expression

for efficiency and develop a condition for maximum efficiency.

Explain why

(i) the open circuit test on a transformer is conducted at a rated voltage,

(ii) usually the low voltage winding is excited and the high voltage wind-
ing is open circuited for open circuit test,

(iii) the open circuit test gives core loss and short circuit test gives copper
loss,

(iv) usually low voltage winding is short circuited and high voltage wind-
ing is excited for the short circuit test.

Discuss about the Sumpner's test on single-phase transformer.

(i) Explain why parallel operation of transformer is necessary.

(ii) State the essential and desirable conditions which would be satisfied
before two single-phase transformers may be operated in parallel.

(iii) Deduce expressions for the load shared by two transformers connected
in parallel.

What is an auto transformer? State its merits and demerits over a two

winding transformer. What are the applications of an auto transformer?

Discuss about the different types of cooling used in transformers. Distin-

guish between a power transformer and a distribution transformer.

Define all day efficiency of a single-phase transformer.

What are the advantages of a transformer bank of three single-phase

transformers over a unit three-phase transformer of the same kVA rating?

What are the distinguishing features of YY, YA, AY and AA three-phase

conneclions?

The primary winding of a single phase transformer connected to a 500 V,

50 Hz supply takes 1.41 A and absorbs 125 W with the secondary winding

open circuited. The secondary open circuit voltage is 250 V. When the

secondary winding is short circuited and the primary is connected to a

250V, 50 Hz supply, the primary current is 15.1 A and the power absorbed is

92 W. Determine the shunt and series components of the equivalent circuit.

[Ans: Ry = 2000 €, X, = 360.23 Q, r,; =0.403 Q, x,, = 1.606 Q]

A 1100/230 V, 150 kV A single-phase transformer has a core loss of 1.4 kW

and a full load copper loss of 1.6 kW. Determine (i) the kVA load for

maximum efficiency and (ii) the maximum efficiency at unity power factor

load. [Ans: 140.312 kVA, 98.04%]

A 415/220 V transformer takes a no load current of 1 A and operates at a

p-f. of 0.19 lagging when the secondary supplies a current of 100 A at 0.8

p-f. lagging; find the primary current. [Ans.: 53.27 A]

[Hint: :

No load current, I, =1 A
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Armature
conductor

Armature
teath

Flux path

Field coil

Pole
shoe

(8} [V=E=lR= Vp] +; £

(B) [E= V= 14Rs= Vil
Fig. 9.2 Eguivalent circuits of the armature (a) de generator (b) dec motor

9.5 DIFFERENT TYPES OF EXCITATIONS IN
DC MACHINE

There are, in general, two methods of exciting the field windings of dc machines,
(a) Separate excitation
(b) Self-excitation.

9.5.1 Separate Excitation

The separately excited field winding consists of several hundred turns of fine
wire and is connected to a separate or external dc source as shown in Fig. 9.3(a).
The voltage of the external de source has no relation with the armature vollage,
i.e field winding energised from a separate source can be designed for any suit-
able voltage.

9.5.2 Self-excitation

When the field winding is excited by ils own armature the machine is called a
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(b) Level or Flat Compounded Generator the no load voltage is same
as that of the full load voltage.

(c) Under Compounded Generator the generated voltage decreases as
the load increases.

9.6 PROCESS OF VOLTAGE BUILD UP IN
SELF-EXCITED GENERATOR

Figure 9.4 shows the process of voltage build-up in a self-excited shunt genera-
tor. The line JA has a slope equal to the shunt field resistance Ry, When the
armature of the machine is rotated, a small voltage OB is generated due to
residual magnetism in the field poles. This voltage causes field current OC to
flow. This current OC increases the field flux and generates voltage OD which in
turn results in field current OF which will generate a still higher voltage. This
process goes on and the generated voltage continues to increase. This process

continues till point P is reached where the generated voltage is equal to [y Ry, I,

being the shunt field current. If the resis- ,
tance of shunt field be such that R, is %
equal to the slope of the line OA’ (which Tlt S p A
is tangent to the curve BP) the generated
voltage would remain at value OB only,
so no voltage will build up. The value of
R, corresponding to slope of the line OA
is known as critical field resistance. The
voltage build up is possible only if R is
less than critical value. If the speed of the 1 _
generator is decreased the slope of the 0 CE —
curve is lower. Hence for each value of Field current (/) Amps

Rsll there is a value C‘If critical Spﬂed- If Fig- 9.4 Vai'tage build up in a Sflf"
speed is less than critical speed, no volt-
age build up will occur.

The connections of the field circuit should be such that field current strength-
ens the residual flux. If the connections are such that field current decreases the
residual flux voltage will not build up.

For series generator the resistance of the load should be less than critical
resistance and load should be connected so that the load current exists. Then only
voltage will build up.

Hence the conditions for voltage build up in self-excited generators are:

(a) Residual magnetism must be present

(b) Field winding should be properly connected so that field current strength-
ens the residual magnetism.

(c) The resistance of the field should be less than the critical resistance

(d) The speed of the machine should be higher than the critical speed.

(e) For series generator load should be connectled and resistance of load should
be less than critical resistance.

DI _
B

Generated voltage (E) volts

excited generator
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9.7 EMF EQUATION OF A DC MACHINE

As the armature of a dc machine rotates, a voltage is generated in its coils, In
case of a generator, the emf of rotation E, is called the generated emf E, (or
armature emf) and E, = E,. The direction (polarity) of dynamically induced emf
can be determmed by Fleming's right hand rule.

In case of a motor, the emf of rotation E, is known as back emf E; (or counter
emf), and E, = Ej;. The expression, however, is the same for both conditions of
operation, whether generating or motoring; only the polarity is reversed if the
rotation of the machine is in the same direction in both the modes.

Let ¢ = Useful flux per pole in webers (Wh)
P = Total number of poles
Z = Total number of conductors in the armature
n = Speed of rotation of armature in revolutions per second {(rps)
A = Number of parallel paths in the armature between brushes of opposite

polarity

% = Number of armature conductors in series for each parallel path

Since the flux per pole is (¢), each conductor cuts a flux (P¢) in one revolution.
Generated voltage per conductor

Flux cut per revolution in Wb

= Time taken for one revolution in seconds

Since n revolutions are made in one second, one revolution will be made in
L/n second. Therefore, the time for one revolution of the armature is 1/n second.
P
I/n

The generated voltage E is determined by the number of armature conductors
in series in any one path between the brushes. Therefore, the total voltage gener-
ated is obtained as

E = (average voltage per conductor)
X (number of conductors in series per path)

The average voltage generated per conductor = =nPp V.

i.e. E -~ "p¢ x ZF"A
= = = l‘]) . "

Equation (9.1) is called the emf equation of a dec machine.

9.8 TYPES OF WINDINGS

Armature coils can be connected to the commutator to form either lap on wave
windings.

Lap Winding

The ends of each armature coil are connected to adjacent segments on the com-
mutators so that the total number of parallel paths (A) is equal to the total number
of poles P. Thus for lap winding, A = P.
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Wave Winding
In this winding, the ends of ecach of the armature coils is connected to the arma-
ture segement some distance apart, and only two parallel paths are provided
between the positive and negative brushes. Thus, for wave winding A = 2.

In general, lap winding is used in low-voltage, high-current machines and
winding is used in high-voltage, low-current machines.

9.1 The armature of a 4-pole 230 V wave wound generator has 400 conductors and runs
at 400 rpm. Calculate the useful flux per pole.

Solution
Number of poles P = 4;
emf E =230V
Number of conductors Z = 400
N = 400 rpm.
As the machine is wave wound the number of parallel paths A = 2
ZN
E= Pﬂﬂ . where @ is flux per pole
_ 60AE _ 60x2x230 = 0.043 Wb
T PZN 4x400x400 '

?:1: A 6-pole lap wound dc generator has 250 armature conductors, a flux of 0.04 Wb
per pole and runs at 1200 rpm. Find the generated emf.

Solution

Number of poles (P) = 6.

As the machine is lap wound the number of parallel paths, A (= P) = 6 Also, number of
armature conductors (Z) = 250

Flux per pole, ¢ = 0.04 Wb
Speed, N = 1200 rpm.
PoZN 6x0.04x250x1200
So, generated emf E= = =200V
60 A 60x6 sennnns

9.3 An 8-pole lap wound dc generator has 1000 armature conductors, flux of 20 m Wb
EN':F pole and emf generated is 400 V, What is the speed of the machine?
Solution
Number of poles (P) =8
.. Number of parallel paths A=P =8
Number of armature conductors (Z) = 1000;
Flux per pole (¢) = 20 m Wb = 0.02 Wb

PoZN

60 A
where N is the speed of the machine in rpm.
60 A x 400 60 x 8 x 400
= = = 1200 rpm.

P¢Z  8x0.02x1000

Emf generated (E) =400 V =

9.4 A 4-pole generator with 400 armature conductors has a useful flux of 0.04 Wb per
iat':-l'n:. What is the emf produced if the machine is wave wound and runs at 1200 rpm?
What must be the speed at which the machine should be driven to generate the same emf
if the machine is lap wound?
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Figure 9.5 shows a 2-pole dec generator rotating in a clockwise direction where
the brushes are placed in the geometrical neutral plane (GNP). The currents in
the conductors under the influence of North Pole (i.e alone GNP) carry currents
inwards while those under the influence of South Pole (i.e below GNP) carry
currents outwards. The direction of the flux due to the armature conductors in the
upper and lower half of armature is shown by dotted lines. The resultant flux lies
along GNP which is shown by OA while OB represents the main field flux. The
net flux is shown by OP. The magnetic neutral plane (MNP) coincides with GNP
in the absence of armature flux. When armature {lux is present, MNP shifts from
GNP in the direction of rotation. To facilitate commutator action it is essential to
place the brushes along MNP. Figure 9.6 shows brushes placed along MNP.
Armature mmf OA can be split into two components OC and OD. The component
OC is in opposition with the main field flux and called the demagnetising compo-
nent and OD is called the cross-magnetising component. Thus, armature reaction
distorts the main field flux by its cross-magnetising flux 0D and demagnetising
flux OC.

Fig. 9.5 Two-pole dc generator with Fig. 9.6 Two-pole dc generator with
brushes in GNP brushes at MNP

9.9.1 Method of Improving Armature Reaction
(Compensating Winding)

The demagnetising effect of armature reaction has a detrimental effect on the
operation of dc motors whenever there is a sudden change in load. This couses a
sudden change in flux/pole resulting in induction of large static emf which can
short-circuit the complete commutator (known as flashover). Armature reaction
AT (Ampere-turns) in dc machines can be

compensated by placing a compensating wind-

ing in the pole faces with its axis along the L e
brush axis and excited by the armature cur- la
rent in series connection (Fig. 9.7) so that it 2 9

causes cancellation of armature reaction AT Fig. 9.7 Compensating winding
at all values of armature current. (dc Motor)

Compensating
winding

9.10 COMMUTATION

Commutation is the process of producing a unidirectional or direct current from
the alternating current generated in the armature coils.
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The currents generated in the armature conductors of a de generator are alter-
nating. These currents flow in one direction when the armature conductors are
under north pole and in the opposite direction when they are under south pole.
As conductors move out of the influence of the north pole and enter south
pole, the current in them is reversed, When a brush spans two commutator seg-
ments, the winding element connected to those segements is short-circuited. Dur-
ing the period of short circuit of an armature coil by a brush the current in the
coil must be reversed and also brought up to its full value in the reversed direc-
tion. The time of short-circuit is called the period of commutation. The inductive
nature of the coil opposes the reversal of current from (+]) to (=F). If ¢ is the time
of short-circuit and L is the inductance of the coil, then the average induced
voltage in the coil is

i - 2L
eL:uLﬂz—L [<I=(+D] = —.
dr 1 4

This induced voltage is called the reactance veltage. The sudden reversal of
current as the brush leaves the segment may form an arc causing sparking at the
commutator and the brush.

9.10.1 Methods of Improving Commutation

The main cause of sparking at the commutator being the reactance voltage, it can
be minimised by the following methods:

(a) Use of High Resistance Carbon Brushes (use of high contact resistance
carbon brushes increases the circuit resistance of coils undergoing commu-
tation. Thus the reactance voltage is reduced.)

(b) Use of Interpoles (To reduce sparking at the commutator, small auxiliary
poles called interpoles are provided in the machine. These are narrow cross-
section poles with small cross-sectional area placed in-between the main
poles. The interpoles are also called commutating peles (or compoles). The
interpoles are wound with a small number of bigger cross-section conductor
turns and are connected in series with the armature. Flux is produced in
these poles only when current flows in the armature circuit. The flow of
current in the interpole winding is such that the polarity of an interpole in a
de generator is the same as that of the next pole ahead, in the direction of
rotation. In a dc motor, the polarity of an interpole is opposite to that of the
next main pole in the direction of rotation.

911 CHARACTERISTICS OF DC GENERATORS

9.11.1 OCC (Open Circuit Characteristics) of
DC Shunt Generator

Figure 9.8(a) shows a dc shunt generator on an open circuit being run at speed n
rpm by means of a primemover. The field excitation is varied by regulating the
resistance placed in the field circuit. The open circuit characteristic (OCC) so
obtained is shown in Fig. 9.8(b). The OCC at any other speed would be a scaled
version of the original OCC at rated speed (as V= E, o< @,).
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Air-gap line
, gap

n=m
Mz <y

Rheostat

— [y(amps.)

(b)
Fig. 9.8 Open circuit characteristic of a dc generator

9.11.2 Load Characteristics of DC Shunt Generator

The terminal voltage V versus armature cur- v
rent /, characteristic is called the internal char- 4
acteristic of a dc shunt generator and is drawn

in Fig. 9.9. The load characteristic of a dc I
generator is called the external characteristic. v"""‘:
It will only be slightly shifted from the inter-
nal characteristic as I} = I, - I, I, (field cur-

E

rent) is usually very small. y sls9),
9.11.3 Characteristics of Other Iy (rated)
Generators Fig. 9.9 Internal characterstic

of dc shunt generator
[terminal voltage V =
Induced voltage E -
drop  within the
armature]

Figure 9.10 (a) shows a series generator with
its external characteristic shown in Fig.
9.10(b). The external characteristic of a long
shunt compound generator and its connection
diagram are drawn in Fig. 9.11(a) and 9.11(b). The characteristic is a combina-
tion of the characteristics of shunt and series generators. Series winding turns can
be s0 adjusted that the OC (open circuit) voltage equals the full load voltage. The
generator is then known as level compound dc generator. i

——. V {volts)
.": Vmw _______
Tv [:| Load
la= = f;_‘____--: L‘.—'-'u rated
- 7 o — Iy= I, (amps)
(a) (b)

Fig. 9.10 External characteristic of a dc generator (series)
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_9=1.3. A 400 V, 6-pole shunt motor has a two-circuit armature winding with 250 conduc-
tors. The armature resistance is 0.3 Q, field resistance 200 £ and flux per pole is 0.04
Wh. Find the speed and the electromagnetic torque developed if the motor draws 10 A

from the supply.

Solution b :
Given P=6,Z=250,r,=03Q,A=2 s
and ry, = 200 Q v
Also, 9=0.04 Wb, [, = 10 Aand V=400V
Iy = % =2A (from Fig. 9.19) Fig. 9.19 A 400 V, 6-pole
dc shunt motor
IL=1-1,=10-2=8A (Ex. 9.13)
Back emf E,=V,~Lr,=400-8x03=3976V i
POZN
ie £,=397.6= 2P Ghere (V) is the speed in rpm
60 A
60 x 2 x397.6
= —— " =795 rpm
6 0.04 x 250
Electromagnetic power P, = £, I, = 397.6 x 8 = 31B0.8 W.
E T
Electromagnetic torque T, = L , where @ is the angular velocity
2m %795
But w=2r N radis = ———— radfs = §3.21 rad/s
60 60
I976x8
.= ———— Nm=3823 Nm.
83‘.2] sassEmw

9.14  An B-pole, 400 V shunt motor has 960 wave connected armature conductors. The
full load armature current is 40 A and the flux per pole is 0.02 Wb. The armature
resistance is 0.1 £ and the contact drop is 1 V per brush. Calculate the full load speed of
the molor.

Solution
Given P=8, V=400V, Z2=960,1 =40 A ¢=0.02 Wb,
r,=0.1 % and A = 2. Also total brush drop=2x1=2V
Back emf E,=V -1, r,—brush drop =400 - 40x 0.1 -2 =394 V
PopZN
Again, E, = 6‘:).-1 . where (N ) is the full load speed

N 60AE, 60 x 2 x 394
T PPZ  8x0.02x960

r.p.m = 308 rpm.

?il.S_ A 42 kW, 400 V dc shunt motor has a rated armature current of 100 A at
1500 rpm. The resistance of armature is (0.2 £). Find (i) the internal torque developed and
(ii} the internal torque if the field current is reduced to 0.9 times of its original value.

Solution
Given, V=400V, [, =100 A, N= 1500 rpm and r, = 0.2 02
Back emf Ey=V-L,r,=400-100%x02=400-20=380V
(i) Internal torque developed
E, 1, 2aN
T.= , Where w= radfs = angular speed

[0
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If N be the speed, we can write

PoZN
E,=474.72 =

60x2x474.72

o SOX XA m = 436 rom.
4x00346%944 T i

9.18 A dc series motor has an armature resistance of 0.03 € and series field resistance
of 0.04 Q. The motor is connected to a 400 V supply. The line current is 20 A when the
speed of the machine is 1000 rpm. Find the speed of the machine when the line current is
50 A and the excitation is increased by 20%.

Solution
Given, F,=0039Q,r, =004L, V=400V, IL‘ = .fﬂl =20 A
and Ny = 1000 rpm.

When line current is 50 A (i.e /;, = I, =50 A), we assume speed is N,
If ¢ be the flux when speed is 1000 rpm, the flux becomes (1.2 ¢) as this time
excitation is increased by 20%.

We know Ej e ¢N
Ey _ oM
E, 1.2¢ N,

However, Ea, =V~ !ﬂnfrﬂ + =400 - 20(0.03 + 0.04) = 3986 V
and E;,I =400 - 500003 + 0.04) = 3965 V

oo B 10003965
'T12E,  12x39%86

= 829 rpm.

9.15 SPEED EQUATION OF A DC MOTOR

The emf equation of a dc machine is given by

N PgZ
We have, E=
60 A
60 A
or N= — £
PZ ¢
E
Therefore, N=—
K¢
where = tZ
60 A

This equation shows that the speed of a dec machine is directly proportional to
the emf of rotation E and is inversely proportional to flux per pole ¢. Since the
expression for emf of rotation applies equally to motors and generators, it gives
the speed for both motors and generators.

If the suffixes 1 and 2 denote the initial and final values, we can write
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&
ot
[+ c-"u
R

@\.

59996} ldeal
Speed — ,.EJ_- o8
(M) T Practical
rpm

o —=Armalure current (/;), Amp

Fig. 9.20 Speed vs current characteristic of a dc shunt motor
9.17.2 Series Motor

The motor speed N for a series motor is given by
V=1, (R, +Ry,) ['EJ

¢ K¢
At low values of I, the voltage drop [/, (R, + R,)] is negligibly small in com-
parison wi_th v

N

Ne ¥
(o] Speed
Since V is constant, (rpm)
1 (N}T
Ne —
¢
In a series motor, the field flux ¢ is pro-
duced by the armature current flowing in Ar r;.—?- c LY A
the field winding so that ¢ < [,. Hence the ature Current (I, Amp
series motor is a variable flux machine. Fig. 9.21 Speed vs current char-
1 acteristic of a dc series
Also, No — motor

I

a

Thus, for the seriex motor, the speed is inversely proportional to the armature
(load) current. The speed-load characteristic is a rectangular hyperbola as shown
in Fig. 9.21.

The speed equation shows that when the load decreases, the speed will be very
large. Therefore at no load (or at light loads) there is a possibility of dangerously
high speed, which may damage the series motor due to large centrifugal forces.
Hence a series motor should never be run unloaded. It should always be coupled
to a mechanical load either directly or through gearing. It should not be coupled
by belt, which may slip at any time making the armature unloaded. With the
increase in armature current (i.e the field current) the flux also increases and
therefore the speed is reduced.

9.17.3 Compound Motor

The speed-armature current characteristics are shown in Fig. 9.22. In differen-
tially compound motor, because of weakening of field, speed increases with in-
crease in armature current while in cummulatively compound, the speed drops
because of increase of field flux with armature current.
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I
Also, = = (r pool)

£, &N LN
E,. I
or Ny= =22y, =219,30 400 = 1077 rpm
Ebu 'f.:, 195 20
L, &, I
'i"'1 = JTz = :1 (o gool)
A YA
or Te: _(E)z-i
T, 50/ 25°

Percentage change in lorque is [l - 4;-5-] x 100% or, 84%

9.23 A 400 V dc shunt motor having an armature resistance of 0.3 {2 and shunt field
;e.s'ismnce of 200 §, draws a line current of 100 A at full load. The full load speed is
1500 rpm and the brush contact drop is 2 V. Find (i) the speed at half load (ii) the speed
at 150% of full load.

Solution
Given V=400 V;r, =03 Q;r, =2009Q
Np = 1500 pm I, = 100 A
400
Ipy=— =2 A,
=7 200
So La=100-2=98 A

Eyn =V —1Iqr, — Brush drop = 400 — 98 x 0.3 - 2 = 368.6 V.
(i) At half load
100

So I, =50-2=48A
E, =V-1,r,-2=400-48x03-2=3836V

H a)a
E, N
i = —" {** ¢ = constant)
E,, Ny
or  Ny= 2836 1500 = 1561 rpm.

"~ 368.6
(i) At 150% of full load

I, =100x1.5=150 A

[a!=150—2=143ﬁ4
So Eb, =400- 148 x 0,3 - 2 = 353.6V
Eb:
353.60
Therefore ¥y = —— X N = *x 1500 = 1439 pm.
crefore Ey 17 3686 P S

9.19 SPEED CONTROL OF DC MOTORS

The speed of a dc motor is given by the relationship
v VLR,
K¢
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{b) Speed control is limited to give speeds below rated and increase of speed is
not possible by this method.
(c) For a given value of the external resistance the speed reduction is not
constant but varies with the motor load.
This method can only be used for small dc motors.

9.19.2 Variation of Field Flux (¢)

The flux in the dc motor being produced
by the field current, control of speed is
possible by field current variation. In the
shunt motor, field current control is
acheived by connecting a variable resistor

R in series with the shunt field winding
as shown in Fig. 9.29. The resistor R is Fig. 9.29 Speed control of dc shunt

called the shunt field regulator. motor by field flux control
The connection of R, in the field reduces the field current which in turn
reduces the flux ¢. The reduction in flux will result in an increase in the speed.
This method of speed control is used to give motor speeds above normal speed.
The variation of field current in a series motor is done by any one of the follow-
ing methods:
(a) A variable resistance R, is con-

Asa
) ) i +o A TO0 ™
nected in parallel with the series 1
field winding as shown in
Fig. 9.30. The parallel resistor is bv A
o

-

called the diverter. A portion of
the main current is diverted

R, thus the divert - -
through Ry, thus the .nre er re Fig. 9.30 Speed control of dc series
duces the current flowing through motor by using diverter in
the field winding. This reduces the the field circuit
.flux and increases the speed.
(b) The second method uses a tapped Fse
. - - p—
_ field control as shown in Fig. 9.31.
Here the ampere-turns are varied by L 4 R,
varying the number of field turns. This T v

arrangement is used in electric traction,

Figures 9.32(a) and (b} show the
typical speed/torque curves for shunt and -o
series motors respectively, whose speeds  Fig. 9.31 Speed control of dc series
are controlled by the variation of the field motor by using ‘tapped
flux. field control

The advantages of field control are that this method is easy and convenient
and since the shunt field current I;, is very small, the power loss in the shunt field
is also small.
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l Ry increasing
Rey
— Speed
{rpm) T Re, {rpm) Ry,
|I"I¢I'ﬁﬂ$mg HC Hd,
—» Torque (Nm) — Torque (Nm)

Fig. 9.32(a) Speed forque characteris- Fig. 9.32(b) Speed torque characteris-
tic of a shunt motor tic af a series motor

9.24 A shunt wound motor with an armature resistance of 0.2 €2 is connected across a
400V supply. The armature current is 40 A and the speed of the motor is 1000 rpm.
Calculate the additional resistance which should be connected in series with the armature
to reduce its speed to 700 rpm. Assume that the armaiure current remains the same.
Solution
Here r, =028, V=400V, ! =40 A and N, = 1000 rpm.
Let the additional resistance connected in series with armature R and N, = 700 rpm.
Ey=V-ILr,=40-40x02=392V
Epy=V-1Lr,+R) =400 - 40 (0.2 + R)
Now for shunt motor Ej, == N {as ¢ is constant).

E, N 1000

Hence —_— = —————

Eh: Ny T00

7 Tx392
or E, =—E = =244V
: mn " 10

274.4 = 400 - 402 + R)
or 8+40R=400-2744=12506V
or R=2940 Framan -

9.25 A series wound dc motor runs at 500 rpm and is connected across 220V supply.
The line current is 100 A and armature circuit resistance is 0.6 Q. Find the resistance to he
inserted in series 10 reduce the speed of the machine 1o 400 rpm assuming lorgue o vary
as the square of the speed.
Solution
Given Ny =500rpm, V=220V, I, =10A,(r, +r,)=061L
Ny =400 r.p.m and T, = N
E, = V- I, (r,+r,)=220-10x06=214V
E, =V-1,(06+R)
where R is the resistance to be inserted in series with the armature.
Now, for series motor T, e [2,
T, Ta N (500 s
Hence S e = e =
T, 1 Ng (400)° 16

or I

ay Ell|=sa
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L, =T,
so ?:-, 1= ﬁ‘fm _ th. 'fa. _ 2x48
I, ol, Ial, ix(!ta _f)
3 3
L 4
or E(IL: —E] =96
or ftz-% =72
or I, =7333A
KA f_,2=73.33—l.33=72&
Now, Eb| =400 -48x03=3856V
and E,, =400-72x03=3784V
Eb. _ N|¢1 _ lelh.
or 3856 _ 1000x2
3784 N, x133 )
Nz‘:l';?ﬁrpm EEEEEEE

9.31 A de shunt machine connected to a 400 V mains has an armature and field circuit
resistance of 0.2 £} and 250 {2 respectively. Find the ratio of the speed when the machine
acts as a generator to the speed when the machine acts as a motor, if the line current in
each case is 100 A,

Solution
Given V=400V, r,=02%, ry,=2500, I, =100 A
Also, Iy = ﬂ =16A

250

When the machine acts as a generator
=00+ 16=101L6A [ algrnl=ll.+!fl
E] VI, r,=400 + 1016 x 0.2 = 42032 V
Let the speed of the gencratur be N, when the machine acts as a motor.
Iaz =]100-1.6=984 A [fd‘mh” = - II]
So, Ey=V-], r,=400-984x02=38032V
E N N,
L= Rl ~ ==L (As flux is constant)
E, ¢N N
N 42032

or — = 2 = | 104,
Nz 380.32 [EEEELY

9.32 A dc shunt motor runs at 1000 rpm and takes an input of 700 W at 220 V under no
load conditions. The shunt field current is 1A and armature resistance is 0.2 €. Find the
speed when the machine is used as a generator if the line current is same in both the cases.
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Solution

Speed of motor N, = 1000 rpm
Terminal voltage V=220V
Input power P=T00 W

Hence input line current {; = % A=318A

Armature resistance r,=020

Shunt field current fp=1A

-~ Armature current I,=318-1=218A

Back emf E,=V-I,r,=220-218x02=21956 V
When the machine acts as a generator

Armature current I,=318+1=418 A

o Generatedemf E, =V + 1, r, =220+ 4.18 x 0.2 =220836 V
If N, be the speed of the generator

E, N
E, M,
E
or Ny= N, = 220835 1600 = 1006 rpm.
E, 219.56

;9333- A 220 V series motor has a total armature resistance of 0.3 £2. At speed 1500 rpm
It draws a line current of 10 A. When a 3 Q resistor is connected in scries with the
armature circuit it draws a line current of 6 A. Find the speed of the machine when the 3
£ resistor is connected and the ratio of two mechanical outputs. Assume the flux at 6 A is
75% of that with 10 A.

Solution

Given V=220V, 7, =03 Q, N, =1500rpm, I, =1, =10A R=30Q
Back emf without 3 Q resistor (E, ) =220-10x03=217Q

Back emf with 3 € resistor (E,,) =220-6x (3 +0.3)=2002V

If ¢ be the (since ‘ra: =6 A) flux in the first case, then flux with resistance connected
is 0.75 ¢ (given).
Eﬂ': _ Ny ¢

So ? = m {where N, is the new speed)
N N\ E,, 150022002 _ oo
or = = = m.
T 035E, | 075x217 P
E, 1, 217 x 1500
The ratio of the two mechanical outputs = e =0.88.
Eb] ‘faz 200.2 x 1845 SEEEEL

9.20 LOSSES IN A DC MACHINE

- There are three types of major losses in a dc machine.

(a) Copper Losses There are two types of copper losses. One is armature
copper loss and the other is field copper loss. Armature copper loss =
1? r,, where I, is the armature current and r, is the armature resistance.
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Field copper loss = Shunt field copper loss + Series field copper loss.
= I% ry + I% 7, where I, and I, are the shunt
and series field current, ry, and r,, are the shunt and series field resistance.

Brush contact loss is due to resistance of the brush contact. It is included
in armature copper losses.

(b) Iron Losses (Core or Magnetic Losses) These losses occur in the ar-
mature and field core. They are of two types—hysteresis loss and eddy

current loss. Hysteresis loss = K, B,l,;ﬁ f and Eddy current loss = Kz BAf
where B,, = maximum flux density, f = frequency of magnetic reversal and
K, and K, are constants,

(c) Mechanical Losses These losses consist of bearing frictional and wind-

age loss.

In a medium-size motor, armature copper losses are about 309 to 40% of the
total full load losses and field copper losses are about 20% to 30% of total full
load losses. Iron losses are about 20% and mechanical losses are about 5 to 10%
of the total full load losses. For small motors mechanical losses are comparable
with full load losses while for larger motors, mechanical losses may be neglected.

Iron losses and mechanical losses are constant for a particular machine and
they are together known as no load rotational losses.

Besides the above three types of losses there is an additional loss known as
stray load loss. All the losses which do not belong to any of the above categories
may be included in this group. In most machines stray load loss is taken as 1% of
the rated output of the machine and is usually neglected.

Efficiency of dc Machines
Output  Input — Losses
Efficiency n = 1 — Losses .., ZUWPW_ P
Input Input Input
For a generator, n = 1= WL’T-—-—-TESSSES. where V is the terminal voltage and I, is

the line current; V I, is the output power.
For a motor, 0, = 1 - lf:i—s;gi; here VI, is the input power. 1 may also be
L
expressed in 9, if multiplied by 100.
Condition for Maximum Efficiency for a dc Generator
_ Vi
VIg+1ir, +Velp +W,
Now, Vil + W, = constant (= C) and as (I;) is negligible so [ = 1,,.
Here, V I = output power

Mg

12 r, = armature copper loss
Vi Iy = shunt field copper loss
W, = No load rotational loss.
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Brush contact drop = 1 V per brush
Stray losses are 15 of output.

Find the efficiency at full load. Also find the input torque if the speed is 1000 rpm.

Solution

Given, Output = 100 W
Terminal voltage = 220 V

. 100 %107
Line current I = ———— =45454 A
220
. 220
Field current lp=—=1A
T 0
Armature current I=f +13,=45454 + 1 =43554 A

Field copper loss
I3 ry=1"%x220=220W
Armature copper loss
Ir =(455.54)" x 0.1 = 20751.67 W
Brush contact loss = 1 X 2 x 455.54 =911.08 W
Mechanical loss = 5000 W.
Iron loss = 5000 W
Stray losses = 0.01 x 100 x 10* = 1000 W
Total loss = 220 + 20751.67 + 911.08 + 5000 + 5000 + 1000
= 3288275 W = 32.88 kW
Input power = Quiput + Loss = (100 + 32.88) kW = [32.88 kW

Effici QP 100% = 290 4 100% = 75.25%
iciency = X = 3288 X = 75.
Speed = 1000 rpm
2 1000
Angular velocity w = —m:m— rad/s = 104.72 rad/s
Input 132.88 x10°
Input torque = il i = x Nm = 1269 Nm,

0] 104.72

9.36 A 400 V shunt motor with armature and field resistance of 0.1 £) and 200 £} takes
no load current of 10 A at 1500 rpm. If full load current is 100 A find the speed and
output torque at full load. Assume that the mechanical losses are same at no load and full

load.
Solution
Given, V=400V, r, =010, r, =200Q
At no load
Iy, =10 A
N, = 1500 rpm
V _ 400
lyg=—=—>=2A
* e, 200

I,=1, -1l=10-2=8A
Armature copper loss = {E]Z x U 1 = 6.4 W [at no load)
Back emf E, =V-1I,1,=400-8x0.1=3992V

Input power at no load = 4[)0 % 10 = 4000 W (= total loss)

So, constant losses (i.e mechanical loss + core loss + shunt field copper loss) = 4000 - 6. 4

=3993.6 W
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220
l.= —A=2A
110
Hence, [,=3-2=1A

Armature copper loss at no load (= I’r, ) = (1Y x02=02W.

Input at no load = Vx [, =220 x 3 = 660 W.
Thus, constant loss = 660 — 0.2 = 6598 W.
Back emf Ej, =V -1I,r,=220-1x02=2198V
At full load,
I, =30A
So, I,=30-2=28A
Armature copper loss at full load is (28° x02=1568 W
Total loss at full load = 156.8 + 659.8 = B16.6 W
Input power at full load = 220 x 30 = 6600 W.
~ output power at full load = (6600 - 816.6)W = 5783.4 W,

Qutput
pu X1M=5133.4
Input

Therefore, efficiency at full load = x 100% = 87.63%.

Back emf at full load
(Ep,)=220-28x02=2144V
If N, and &, be the speed at no load and full load respectively then
P M 2108
E, N, 2144
Change in speed from no load to full load is
N, =N, 219.8-2144

= = X [00% = ——————— x 100% = 2.46%.
Nl 219—8 IR RN NN ]

_9=-I.1_ A 250 ¥V, 200 kW dc generator when at rest takes an armature current of 400 A
with 8 V produced across its armature terminals. At no load condition and at rated speed
the line and shunt field currents are respectively 36 A and 12 A. Find the generator
efficiency at full load and half load.

Solution
When the generator is at rest, back emf E, =0
o O0=V-I,r,
or rn=Y-% _ona
I, 400

At no load condition,

IL=36Aand]l;=12A

[, =36-12=24 A
Armnlurc copper loss = I*r, = (24)* x 0.02 = 11.52 W [at no load]

Input = 36 x 250 W. .
Constant losses = 36 x 250 — 11.52 (-~ Constant losses
= input - armature copper loss) = 8988.48 ).
At full load,
Qutput power = 200,000 W
00,000

A =800 A,
Armature current (7,) = 800 + 12 = 812 A,

Line current I, =
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When the motor is at rest the starter handle § is kept in the “OFF"” position by
a spring and motor is disconnected from the supply. When the motor is to be
started the handle is moved to stud 1. The shunt field and the holding coil gets
the supply and entire starting resistance is connected in series with the armature.
The armature starts rotating and the handle is gradually moved through all the
studs until it touches the holding magnet. The helding magnet is called the no
volt release or low voltage release coil. In case of power failure the holding coil
gets demagnetized and the handle is brought back to “OFF” position by a spring
action. Again, if by any chance the shunt field winding gets open circuited the
holding magnet gets demagnetized and starter handle returns to the “OFF" posi-
tion.

There is another coil called overload release coil which protects the motor
against excessive load current. When armature current exceeds a particular value
the overload release coil attracts the soft iron armature and as a result the no volt
release coil gets short circuited. The starter is pulled back to the “OFF" position
by the spring action as the holding coil gets demagnetized. The motor is thus
automatically switched off.

No volt
release

Fig. 9.33 Three-point starter for a dec shunt motor

9.22 REVERSAL OF ROTATION OF DC MOTOR

The direction of rotation of a dc motor can be reversed by reversing the connec-
tions of either the field winding or the armature but not both.

It is to be noted that in order to reverse the direction of rotation of a com-
pound motor the reversal of the field connections involves both shunt and series
windings.

9.23 DC MACHINE APPLICATIONS

Applications of a dc machine are discussed as follows.
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9.48 A shunt motor has a rated armature current 50A when connected to
200 V. The rated speed is 1000 rpm and armature resistance is 0.1 £. Find the speed if
total torque is reduced to 70% of that at rated load and a 3£) resistance is inserted in series
with the armature.

Solution
Given, I, =50 A, V=200V, N, = 1000 rpm,
r=010,T,=07T,
As T,eo
So I,, =0.7 1, (¢ = constant for shunt motor)
or l,,=07x50=35A
Ey =V-1Iyr,=200-50%01=195V
E, =V I, +3)=200-350.1+3)=200-35x31=915V
. 'Eb| 1
Since = — (As ¢ = constant)
E, M
Es, 915
So Ny = — Ny = —= % 1000 = 469 rpm.
Eh 195 Iy

9.49 A dc series motor drives a load whose torque varies as cube of the speed. The
armature and series field resistance together is 2 2. The line current is 10 A when
connected to a 400 V supply and the speed is 1500 rpm. Find the resistance to be
connected in series with the armature to reduce the speed to 1000 rpm.
Solution

T, = I? (in series motor)
Here, T, N So, I? =N
Also, ratr,=20

Iy =10 A =(I,), V=400V and N, = 1500 rpm
When resistance R is connected in series with armatore, let speed N; = 1000 rpm and
armature current is 7,
Li _ N _aso0p
12 N3 000y

3
or I,= (%] % (100
I} =544 A

Ey, =V= I, (ra+ 1y + R) =400 - 544 2 + R)
Now, Ey =V-1, (r,+r,)=400-10x2=380V

E, I, N
Again B . (for series motor)

Ebz 'rat N?.

I, N 5.44 % 1000
Here, E, =21 x380= 2" x380=137.897 V
: 10 x 1500 _

ay 'l
e 400 - 5.44(2 + R) = 137.897
or R =46.18 L. asEwmemn
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If N, be the speed of the motor

E.
Ny= =2 Ny = 247625 . 300 rpm = 289 rpm.
E1 251'125 EEEREEm

9.54 The electromagnetic torque developed in a motor is 150 Nm. If the field flux is
decreased by 20% and armature current is increased by 15% find the new eleciromagnetic
torque developed.

Selution

Electromagnetic torque T, oo flux X armature current. If ¢, and Ia. be the flux and
armature current when the developed torque is 150 Nm then

150 =K ¢, I,, (where K is constant).
If T, be the new electromagnetic torque then

I,,=Kx08¢ x1151,=150x 08 x 1.15 = 138 Nm. R
9.55 A 250 kW, 230 V long shunt compound generator supplies 75% of the rated load
at rated voltage. The armature and series field resistance are 0.009 Q and 0.003 Q. Find
the efficiency of the generator if the shunt field current is 13 A. When the machine is run
as a motor at no load the armature current is 25A at rated voltage.

Solution
Here, P=250%0.75kW = 1875 kW
V=230V,
rp=0009Q and r,=00030
I,=13AandJ, = 5 = 187300 , _g15.22 A
So, I=I, +1,=82822A

Armature copper loss (= f§ )= (828.22) x 0.009 W = 6173.54 W,
Field copper loss = shunt field copper loss + series field copper loss
= {230 x 13 + (828.22)° x 0.003}W = 5047.8 W.
When the machine runs at no load as a motor,

I,=25A
I,=13+25=38 A
Input power = [ x V= (38 x 230)W = 8740 W .

Total copper losses = [¢25)% x 0.009 + 230 x 13 + (25)® x 0.003}W = 2997.5 W
No load rotational loss = Input power — Copper losses = (8740 — 2997.5) W = 57425 W,
For a generator,
Total losses = (6173.54 + 5047.8 + 5742.5) W = 16963.84 W = 16.964 kW
Output Output <100

Efficiency = 100 =
Input Output + Loss

= — 1875 o 100% = 91.7%.
1875 +16.964

9.56 A 600 V dc motor drives a 60 kW load 700 rpm. The shunt field resistance is

100 22 and armature resistance is 0.16 £1. If the motor efficiency is 85%, calculate the
speed at no load and speed regulation.

Solution
QOutput = 60000 W, V = 600, N; = 700 rpm, r,, = 100 €,
r, =016, n=0.85
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Output power 60000

= = =70 w
Input power Efficiency 0.85 588
Input power 70588 .
L™ Terminal voltage T e00 1763 A;
Vv 600
lp=— =—A=06A
sh s 100
I, =1, -1, (for motor) = 117.65 - 6 = 111.65 A
Also, E, =V-1I,r,=600-111.65x0.16=582136 V
At no load,
E"I =V=600V
It no load speed is N, then
Ey, 600
Ny=N— =700 x m = 721 .
=M 582,136 ¥ fpm
721-700
Speed regulation = 00 * 100% = 3%. tevnes

9.57 A 200 V shunt motor has r, = 0.1 £, ry, = 240 £ and rotational loss is 236 W. On
ful] “load the line current is 9.8 A with the motor running at 1450 rpm. Find (i) the
mechanical power developed (ii) power output (iii) load torque and (iv) full load efficiency.

Solution

Here, V=200V, r,=018, r,=2400Q, ;=98 A
Ny = 1450 rpm. Rotational loss = 236 W
V 200
lp=—=—=0833A
ST, 240
and I=Uy-1,)=98-0833=897A
Also, Ey=V-Lr,=200-897x01=199V

(i) Mechanical power developed is E, [, = 199 x 8.97 = 1785 W = 1.785 kW.
(i) Power outpul = 1785.9 - 236 = 1549 W = 1.55 kW.
Power output 1549 x 60

iii) Load torque = = = 10.2 Nm.
(5 ™ w 2n %1450

Output 1549
Input  200x9.8

=0.791 = 79.1%.

(iv)  Full load eificiency =

9.58 A 200 V shunt moior takes 10 A when running at no load. The brush drop is 2 V at
full load and negligible at no load. The stray load loss at line current of 100 A is 50% of
the no load loss. Find the efficiency at a line current of 100 A if armature and field
resistances are 0.2 £ and 100 £2 respectively.

Solution
V=200V, fj5,=10A, Brush drop =2V,
Vv 200
l,=— = =——A=2A
BT . 100

At no load, I=ligp=-14=10-2=8A
Again, (Input = Loss) = 200 x 10 = 2000 W (al no lead)
= No load rotational loss + Shunt field copper loss
+ Armature copper loss
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no load rotational loss = 2000 - 200 x 2 - 82 x 0.2 = 1587.2 W
[~ Shunt field copper loss = V x [, = (200 x 2) W,
Armature copper loss at no load = I? (no load) x r, = (82 x 0 0.2) W]
When i =100 A
I,=100-2=98 A

Stray load loss = 0.5 x 2000 = 1000 W
Armature copper loss = (982 % 0.2 W = 19208 W
Field copper loss = 200 x 2 W = 400 W
Total losses = No load rotational loss + Total copper loss + stray load loss

= |587.2 + (1920.8 + 400) + 1000 = 4908 W,

Input = 100 x 200 = 20,000 W
Losses]

Input

Efficiency = [1 - = [l -ﬂJ = 0.7546 = 75.46%.

20,000 R
959 A 24 kW, 240 V, 100 A, 1500 rpm dc series motor has the following full load
0sses expressed in percentage of motor input:

Armature copper loss = 3%

Field copper loss = 2.5%

Rotational loss = 2%
If the motor draws half the rated current at rated voltage determine the speed and shaft
power output.

Solution
Input power = 24 x 10° = 24,000 W
Rotational loss = 0.02 x 24,000 = 480 W
Armature copper loss = 0.03 x 24,000 = 720 W
Field copper loss = 0.025 x 24,000 = 600 W
Total copper loss = (720 + 600) W = 1320 W = I2(r, + r,,)

1320
or (ra+r)= e 0 =0.132
Ey =V =1, (r, +r,) =240 - 100(0.132) = 226.8 V.
Now, I, = l;ﬁ =50 A

E,, = 240 -50x 0,132 = 2334V
(i) If N be the required speed

E,, ¢ N 50x N (As ], = & in series motan
= = 5 e @ 1IN SErics motor
E, & x1500 1001500 L
100 %1500 2334
N= % =222 - 3087 rpm.
or 50 2268 L

(ii) Power developed = Eb; I, =2334 x50 =116T0 W
. Shaft power output = 11670 W — Rotational loss
= 11670 - 480 = 11190 W = 11.19 kW. asessas
9.60 A dc series motor runs at 1500 rpm and takes 100 A from 400 V supply. The
combined resistance of the armature and field is 0.5 £. If an additional resistance of 5 Q
is inserted in series with the armature circuit, find the motor speed if the electromagnetic
torque is proportional to the square of the speed.
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Solution
N=1500rpm; I,=1, = 100 A; V=400 V;
r,+r,)=05Q
TC = ¢ Iﬂ'
As oo,
T, e I2
Again T, N
Hence, I,=N
y I, = KN (K being a consant)
or, K= Joo L
1500 15
Now, Ey =V-Irg+r,)=400~-100x05=350V
and E,, =V —lp,(r, + 1, + 5) =400 - 1 5(5.5)
If the speed is N when 5 £ resistor is connected, then we can write
E, W, 350 1500 i flmmﬂ tpeed
_— or, = = 1500 rpm
E, N, 400 =551, N N, =N
or, 350 N = 600,000 — 5.5 x K »x N x 1500,
or, N = 667 rpm. samanms

9.61 A dc shunt motor runs at 750 rpm from 250 V supply and takes a full load line
current of 60 A. Its armature and field resistances are 0.4  and 125 Q respectively.
Assuming 2 V brush drop calculate no load speed for a no load line current of 6 A and the
resistance to be added series with the armature circuit to reduce the full load speed to 600

pm.

Solution

Given, Na=750 rpm; V=250 V; I; =60 A
ra=040, r, =1250Q
I,=6A

ml

250 14
=60 - =— = ol =1y -
lan =60 - ¢ ssn[ ” [ﬂ rg.]]
Eyy=250 - 58 % 04 =2=2248 V [ Eyy=V=Ipxr,)

ta=6- B8 =4 A [ e = ha= - - |
Ep =250-4x04-2=2464V [+ Epy= V-1, xr,—brush drop)
[Suffix »! stands for no load parameters while suffix fI stands for full load parameters)
If N be the no load speed then we have
N=Ngx Sh 2750 x 2464
Eyn 2248
If R be the resistance connected in series with the armature circuit then we can write,
E, = [250 - (0.4 + R) - 2] and N’ = 600 rpm

= 822 rpm

or E, = [248 - 60(0.4 + )] = 224 - 60 R.
24-60R 600 [ E» N
2464 822 [TW:T]
or 224 - 60 R = 179.85

or R=0.736 0. TRy
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Total losses = (Z881.2 + 480 + 2251.3)W = 5612.5 W

5612.5
—_— % = 30.52%.
!833?5 XIm 30 2 e asnEnm

9.64 A 220 V shunt motor takes 10,25 A on full load. The armature resistance is 0.8 Q
and the field resistance is 880 Q. The losses due to friction, windage and the iron amount
to 150 W. Find the output power and the efficiency of the motor on full load.

% loss =

Solution
Motor input on full load = 220 x 10.25 = 2255 W

Field current = 220 = 0.25 A
880

Armature current = 1025 A - 025 A= 10 A
Armature copper loss = (10)* x 0.8 = 80 W
Field copper loss = (0.25)* x 880 = 55 W
Total loss = total copper loss + friction, windage and iron loss
=(B0+55+150)=285 W
Qutput power = Input - Loss = 2255 - 285 = 1970 W

Output
Efficiency = — P 100% = L“; X 100% = 87.36%.

9.65 A 220 V shunt generator is rated to have a full load current of 200 A. The armature
and field resistances are 0.06 Q and 55 Q respectivcly. The rotational losses are 3 kW,
Find the input power of the generator and the load current for maximum efficiency.

Solution

Field current Iy, = L _a_ 4 A
Fh 55
Armature current [, = [y + I, =200 + 4 = 204 A

Armature copper loss ( Ij ®Xr)= (21}4)’ x 0,06 = 2496.96 W

Field copper loss = I3 Xr; = (4)* x 55 = 880 W
Rotational loss = 3000 W
Constant loss = Field copper loss + Rotational losses = 880 + 3000 = 3880 W
Variable losses (= Armature copper loss) = 2496.96 W
Input power of generator = output power + total losses

= 220 x 200 + 3880 + 2496.96

= 50.377 kW

[~ Total losses = Constant loss + Variable loss]
Condition for maximum efficiency is given by
Variable loss = Constant loss

If I, be the armature current for maximum efficiency then

1% % 0.06 = 3880 [+ Variable loss is (17 x 0.06) W and
or I,=2543 A constant loss is 3880 W]
Hence load current for maximum efficiency is (254.3 — 4) or 2503 A, sarrnan

?.6‘6 A de shunt motor has an armature resistance of 0.9 {2 and takes an armature current
of 18A from 230 V dc mains. Calculate the power output and overall efficiency of the
motor if the rotational losses are measured 10 be 112 W and the shunt field resistance is
300 Q.
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Solution
Ammature current = 18 A
Field current = 222 = 0767 A
300
Line current = 18.767 A
Armature copper loss = (182 %09 =291.6 W
Field copper loss = (0.767)* x 300 = 176,48 W
Total losses = 291.6 + 176.48 + 112 = 580.08 W
OCutput power = Input power — Loss = 18.767 x 230 — 580.08 = 3736.33 W = 3.74 kW.

Output
utpul x 100% = 3736.33

Input "~ 18.767x 230

9 ﬁ‘," A 4 kW, 105 V, 1200 rpm shunt motor when running light at normal speed takes
an ‘armature current of 3 A at 102 V, nominal voltage being applied to the field winding.
The field and armature resistance are 95 £) and 0.1 £ respectively. Calculate the output
power and efficiency of the motor when operating at 105 V and taking a line current of
40 A. Allow 2 V drop at the brushes.

Solution
Given, line current {; is 40 A

Field current £, = % A=1L1A

Overall efficiency =

% 100% = 86.56%.

s Armature current [, =40 - L1 =389 A [+ [, =1, - Iyl
Back emfonload E,=V -1, r, - Brushdrop= 105 - 389 x 0.1 -2=99.11 V
Hence, power developed by the armature = E J, = 99.11 X 38.9 = 38554 W
At light load,
Input to armature (= Total loss) = 102 x 3 =306 W
. Armature copper loss + field copper loss + brush loss + no load rotational losses
=306 W
field loss

p——F——,
-, No load rotational losses = 306 — (3)2x0.1 — 105x1.1 = 3x2 =1836W
S——— ——
no load brush loss
armature loss
At full load, output power = 105 x 40 - 183.6 - 38.9 x 2 - 105 x 1.1 - (38.9)* x 0.1
= 3672 W.
[Here, Output power = input power — total losses in the machine.

Total losses = rotational losses + brush loss + field loss + armature loss
= 183.6 + 389 % 2+ 105 x 1.1 + (38.9 x 0.1]

Output
Efficiency = P x100= 3762 x 100% = 87.42%.
I.npu.l 105 x40 (TR

9.68 Calculate the no load current taken by a 100 kW, 460 V shunt motor assuming the
armature and field resistances to remain constant and equal to .03 £2 and 46 £ respec-
tively. The efficiency at full load is 88%.

Solution
, 460

Field t=—A=10A
e curren 46

At light load,
Input (= losses) = I? R, + constant losses
or 460(I, + 10) = I? x 0.03 + constant losses . (i)
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Let the cutput power be P,.
If the load is increased by 30% the output power P, = 1.3 P, and let the back emf and

speed be E,, and N, respectively
We have, E, I, =13E, I, =13x211x60=16458 W

Now E,, =220-1I,x0.15=220-0.15x 16433
by
or E;, =220E, -2468.7 or E; - 220 E,, +2468.7=0
22048400 - 98748 _ 2202196
or Eb, = ; >
or E,, =208.14 V.
208.14

SDEEd= T x 1200 = 1184 rpm.

9.72 A ventilating fan is driven by a 220 V, 10 kW series motor and runs at 800 rpm at
full Toad. The total resistance of the armature circuit is 0.6 £2. Calculate the speed and
percentage change in torque if the current taken by the motor is reduced by 50% of the
full load value. The efficiency of the maotor is 82%. Assume the flux to be proportional to
the field current.

Solution
Output = 10,000 W
10,000
Input = ———— (- cfficiency = 0.82) = 12195.12 W,
0.82
Input  12195,12
At full load current L= Voltage == - 554 A
and speed N, = 800 rpm.
Let the flux be ¢, at this speed and load current.
Back emf (Ep)=220-554%x06=18676V [+ E, =V-Iyr]
When Current /, = 50% of I, 1.e I, = 27.7 A,

E, =220-27.7%0.6=20335V.
Let the flux be ¢, at this input current.

N E
If N, be the new speed then, 1t = 2
aM Ea.
E
So, Ny = Lﬁﬁ,_ 22 LN, (% ¢ oo [ in the series motor)
E,, 9 E, I
203.35
Ny= === x 2 x 800 = 1742 rpm.
or 2= 186,70 o

If T, and T, be the torque at full load and 50% of the full load then
(LY (2Y
L | :[E] = 4.
T, I 1

Hence percentage change in torque (A T%) is

1~ 42

x 100
1

or AT = x 100% = % % 100% = 75%.




654 Basic Electrical Engineering

9.73  An engine room ventilator fan series motor has a total resistance of 0.5 £ and runs
froma 110V supply at 1000 rpm when current is 28 A. What resistance in series with the
motor will reduce the speed to 750 rpm.? The load torque is proportional to the square of
the speed and the field strength can be assumed to be proportional to the current.
Solution

When current /; = 28 A, speed N| = 1000 rpm.

Given, torque T, = N[ . If ¢, be the flux then ¢, e< I,

Now for series motor T oo flz

Nf' oo flz or N, = [

E, =110-28%x05=96V
Let R be the resistance to be added to reduce speed to 750 rpm, i.e. N; = 750 rpm and let
flux be ¢.
E,, =110 - L(R +0.5),
where [, is the current at speed 750 rpm

Also, Nyes I,
I N
22 o =22 xog=21A
LN 1000
Also, E, =110-21(R + 0.5) @)

z
E, N, ¢ Ny I
£y, No& N

= — N = —
b= NxL, P T 1000%28
From Egq. (i) we have

or R=21740Q. R
974 A 230 V, 10 kW shunt motor with a stated full load efficiency of 85% runs at a
Efu;d of 1000 rpm. At what speed should the motor be driven if it is used as a generator
to supply an emergency lighting load at 230 V? The armature resistance is 0.2 £ and the
field resistance is 115 Q. Find the kW rating of the machine under this condition. Assume
that the line current is same in both the cases.

Solution
Output = 10 kW = 10,000 W
10000
Input = —— = 117647 W
P 05
Shunt field current = %A =2A (= Iy).
11764.7

Full load li L= ———A=351L15 A (=1
ull load line curren 530 (=1

When the machine runs as a motor
Armature current ((I,.) = I = 1,)] = 5115 -2=49.15 A
Back emf [(Ep) = V = Iy X 1] =230 -49.15x 02 = 22017V
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When used as a generator,
Armature current [, =l + 3] =51.15+2=53.15 A

Generated emf [Ey,, = V + I, % 7,] =230+ 53.15 x 0.2 = 240.63 V.
If N, be the speed of the generator then

N E
N, = 1000 x M = 1093 rpm ':...E..;-..i[.{l.
£ 220.17 w Ebm)
. . 5, 230x351.15
Rating of the machine (V x I, x 107) = —ﬁ—k‘w = 11.76 kW.

9.75 A series dc motor is run on a 220 V circuit with a regulating resistance of R £ for
speed adjustment. The armature and field coils have a total resistance of 0.3 £1. On a
certain load with R being zero, the current is 20 A and the speed is 1200 rpm. With
another load and R set at 3 £ the current is 15 A, Find the new speed and also the ratio of
the two values of the power output of the motor. Assume the field strength at 15 A to be
80% of that at 20 A.

Salution

With R=05
Line current I =20 A, N, = 1200 rpm
Backemf (E,)=220-20x03=214V.

With R=30Q
L=15A.
Hence, Back emf Eb: =220-15%33=1705V
170.5
The new speed Ny = 1200 X —195— = 1195 rpm
? 214%08 P

Power output = torque x speed i.e. Power output o= ¢ IN
Ratio of power outputs = (¢, N|/0.BdlN,)

20 x 1200
or, ratio of the two values of output is = ————— = 1.67.
15x1195x0.8

Besssnassnss EXERCISES srvrssveresm

1. Draw a neat sketch of a dc machine showing the different parts. State the
function of each part.
Derive the emf equation of a dc generator.
3. What are the different types of dc generators according to the ways in
which fields are excited. Show the connection diagram of each type.
4. Distinguish between
(i) self-excited and separately excited dc machines
(ii) lap connected and wave connected dc machines
(iii) cumulatively wound and differentially wound dc machines.
(iv) long shunt and short shunt dc machines.
5. What is armature reaction. Describe the effects of armature reaction on the
operation of dc machines. How is the armature reaction minimised?
6. What is commutation in a dc machine? Describe the various methods of
improving commutation.

Lo
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=N = 1800 x ——
'E,,1 112.4

(i) [;=125x40=50Aand [,=50-2=48 A

Eb! =120-48x02=1104V

HO4 _ 1766 o |

A 4-pole 240 V dc shunt motor has armature and shunt field resistance of

0.24 Q and 240 Q respectively. It takes 20 A from a 240 V dc supply while

running at a speed of 1000 rpm. Find the (i) field current, (ii) armature

current, (iii) back emf and (iv) torque developed in Nm.

[Ans. | A; 19 A; 235.44 V; 42.74 Nm]

[H:‘nr.- (i) Field current, I; = % A=1A

= 1864 rpm.

N, = 1800 x

(ii) Armature current, [, =20-1=19 A
(iii) Back emf, Ej, = 240 - 19 x 0.24 = 23544 V
E,1, 235 Ad %19

1000
2 —_—
X760

{iv) Torque T = Nm = 42.74 Nm]

A 220V separately excited dc machine has an armature resistance of 0.4 £.
If the load current is 20 A, find the induced emf when the machine operates
(i) as a generator (ii) as a motor. [Ans. 228 V; 212 V]
[Hint: (i) E=220+20%x04=228V
(i) E=220-20x04=212V]

The armature resistance of a 220 V dc shunt motor is 0.4 Q and it takes a
no load armature current of 2 A and runs at 1350 rpm. Find its speed when
taking on armature current of 50 A if armature reaction weakens the flux by
2%. [Ans. 1257 rpm]
The input to a 220 V, dc shunt motor is 11 kW. Calculate (i) the torque
developed and (ii) the speed at this load when the particulars of the motor
are given as:

No load current =5 A

No load speed = 1150 rpm

Armature resistance = 0.5 Q

Shunt field resistance = 110 Q [Ans. 87.1 Nm, 1031 rpm]
The full load current in the armature of a shunt motor is 100 A, the line
voltage being 400 V, the resistance of the armature circuit is 0.2 £, and the
speed 600 rpm. What will be the speed if the total torque on the motor is
reduced to 60% of the full load value and a resistance of 2 Q is included in
the armature circuit, the field strength remaining unaltered? [Ans. 423 rpm]
A dc shunt motor runs at 1500 rpm and takes an input of 880 W at 220 V
under normal conditions. The shunt field current is 2 A and armature resis-
tance is 0.1 . Find the efficiency when the machine is used as a generator
supplying 60 A at 220 V. [Ans. 91.26%)
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A 45 kW, 225 V dc shunt generator runs at 500 r.p.m at full load. The field

and armature resistance are 45 Q and 0.03  respectively. Calculate the

speed of the machine when running as a shunt motor and taking 45 kW
input at 225 V. Assume brush contact drop of 1 V per brush.

[Ans. 465.69 rpm]

Find no load and full load speeds of a 220 V, 4 pole shunt motor having

following data:

Flux 0.04 m Wb, armature resistance 0.04 £, 160 armature conductors,

wave connection, full load line current 95 A, no load line current 9 A, field

resistance 44 , [Ans. 1030.5 rpm, 1014.4 rpm]



THREE-PHASE
INDUCTION
MOTORS

10.1 INTRODUCTION

The whole concept of a polyphase ac, including the induction motor, was the idea
of the great Yugoslavian engineer, Nikola Tesla.

The induction motor is, by a very considerable margin, the most widely used
ac motor in industry. Induction motors normally require no electrical connection
to the rotor windings. Instead, the rotor windings are short-circuited. Magnetic
flux flowing across the air-gap links these closed rotor circuits. As the rotor
moves relative to the air-gap flux, voltages are induced in the short-circuited
rotor windings according to Faradays’ law of electromegnetic induction causing
currents to flow in them. The fact that the rotor current arises from induction,
rather than conduction, is the basis for the name of this class of machines. They
are also called “asynchronous™ (i.e. not synchronous) machines because their
operating speed is slightly less than synchronous speed in the motor mode and
slightly greater than synchronous speed in the generator mode. Induction ma-
chines are usually operated in the motor mode, so they are usually called “induc-
tion motors.”

Because of its simplicity and ruggedness, relatively less expensive and little
maintenance, this motor is often the natural choice, as a drive in industry. The
squirrel cage motor is often preferred over when a substantially constant speed of
operation is desired, the wound rotor motor is a competitor of the dc motor when
adjustable speed is required.

The chief disadvantages of induction motors are:
(a) The starting current may be five to eight times full-load current if direct on
line start is allowed.
(b) The speed is not easily controlled.
(c) The power factor is low and also lagging when the machine is lightly
loaded.
For most applications, their advantages far outweigh their disadvantages.
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10.2 CONSTRUCTION OF INDUCTION MACHINES

Similar to other rotating electrical machines, a three-phase induction motor also
consists of two main parts: the staror and the roror (the stator is the stationary
part and the rotor is the rotating part). Apart from these two main parts, a three-
phase induction motor also requires bearings, bearing covers, end plates, etc. for
its assembly.

The stator of a three-phase induction motor has three main parts namely, stator
frame, stator core and stator windings. The stator frame can either be casted or
can be fabricated from rolled steel plates. The stator core is built up of high
silicon sheet steel laminations of thickness 0.4 to 0.5 mm, Each lamination is
separated from the other by means of either varnish, paper or oxide coating. Each
lamination is slotted on the inner periphery so as to house the winding. The
laminations for small machines are in the form of complete rings, but for large
machines these may be made in sections. The insulated stator conductors are
connected to form a three-phase winding, the stator phase windings may be either
star or delta-connected.

The rotor is also built up of their laminations of the same material as the
stator. The laminated cylindrical core is mounted directly on the shaft or a spider
carried by the shaft. These laminations are slotted on their outer periphery to
house the rotor conductors. There are two types of induction motor rotors:

(a) Squirrel cage or simply cage rotor
(b) Phase wound or wound rotor or slip ring rotors.

In either case, the rotor windings are contained in slots in a laminated iron
core which is mounted on the shaft. In small machines, the lamination stack is
pressed directly on the shaft. In larger machines, the core is mechanically con-
nected to the shaft through a set of spokes called a “spider”.

The motor having the first type of rotor is known as a squirrel cage induction
motor. This type of rotor is cheap and has a simple and rugged construction. It is
cylindrical in shape and is made of sheet steel laminations. Here the slots pro-
vided to accommodate the rotor conductors, are not made parallel to the shaft but
they are skewed. The purpose of skewing is (a) to reduce the magnetic hum and
(b) to reduce the magnetic locking. The rotor conductors are short-circuited at the
ends by brazing the copper rings, resembling the cage of a squirrel and hence the
name squirrel cage rotor.

In present days, ‘die-cast rotors’ have become very popular. The assembled
rotor laminations are placed in a mould. The molten aluminium is forced under
pressure to form the bars, Figure 10.1 (a-c) shows a typical stator and rotor (both
squirrel cage type and slip ring type) assembly. Figure 10.1(d) shows the sche-
matic of a cage rotor separately,

The motor having the second type rotor, i.e. wound type rotor, is named as a
slip-ring induction motor. In this motor, the rotor is wound for three-phase, simi-
lar to stator winding using open type slots in the rotor lamination. Rotor winding
is always star connected and thus only three remaining ends of the windings are
brought out and connected to the slip rings as shown in Fig. 10.2. With the help
of these slip rings and brushes, additional resistances can also be connected in
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End rings

Copper bars
iron rotor

Stator winding Squirrel cage rotor

(a) (b)
Slip rings

Slip ring rotor
(c)

End ring

End ring : Rotor bars
(slightly skewed)

Schematic of a cage rotor
(d)

Fig. 10.1 Stator and rotor parts

t [

Stator Rotor Sliprings  Starting resistance

Fig. 10.2 Addition of external resistances to the rotor of wound rotor induction

motor

series with each rotor phase (Fig. 10.2). This will increase the starting torque
provided by the motor and will also help in reducing, the starting current. When
running under normal condition, the external resistances are removed completely
from the rotor by short circuiting these additional resistances from the rotor

circuit and rotor behaves just like a squirrel cage rotor.
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10.3 COMPARISON OF SQUIRREL CAGE AND
WOUND ROTORS

The advantages of cage rotor induction motor are as follows:
{(a) A rotor is of robust construction and cheaper.
(b) The absence of brushes reduces the risk of sparking.
(c) Squirrel cage rotors require lesser maintenance,
(d) Squirrel cage induction motors have higher efficiency and better power
factor.
On the other hand, wound rotors have the following merits:
(a) High starting torque and low starting current.
(b) Additional resistance can be connected in the rotor circuit to control speed.

10.4 ADVANTAGES AND DISADVANTAGES OF A
THREE-PHASE INDUCTION MOTOR

Advantages

(a) It is very simple, robust, rugged and capable of withstanding rough use.
{b) It is quite cheap in cost and reliable in operation.
(c) Its maintenance cost is low.
{d) The losses are reasonably small and hence it has sufficiently high effi-
ciency.
{e) It is mostly a trouble-free motor.
(f) Its power factor is reasonably good at full load operation.
(g) Itis simple to start (since it has a self starting torque).
An induction motor is equivalent to a static transformer whose secondary is
capable of rotating with respect to the primary.
Usually the stator is treated as the primary, while the rotor is treated as the
secondary. The induction motor operation is electrically equal even if the rotor is
primary and the stator operation is treated as secondary.

Disadvantages

(a) Its speed cannot be varied without sacrificing efficiency.

(b) Its speed decreases with an increase in load.

{c) Its starting torque is inferior to that of a dc shunt motor.

(d) For direct on line starting, the starting current is usually 5 to 8 times of the
full-load rated current.

(e) It runs at a low lagging power factor when it is lightly loaded.

10.5 PRINCIPLE OF OPERATION

A three-phase induction motor has a stator winding which is supplied by three-
phase alternating balanced voltage and has balanced three-phase currents in the
winding. The rotor is not excited from any source and has only magnetic coupling
with the stator. Under normal running conditions, the rotor winding (cage or slip-
ring) is always short circuited to allow induced currents to flow in the rotor
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. The resultant flux is (Fig. 10.3(d)),

6= (0 +@)? =34, |sin® 0t +cos’ ar

= Eap,, [ sin® @1 + cos® @1 = 1] (10.4)
?, .
and tan 8 = ¢— = cot @ = tan (90° — wi).
h
It implies 8= (90° - . (10.5)

The above equation shows that the resultant flux (¢,) is free from time factor.
It is a constant flux of magnitude equal to (%] times the maximum flux per

phase. However, @ is dependent on time and we can calculate 6 at different

values of (@r); when (@) =0, 8 = @2 corresponding to position P in Fig. 10.3(c).
Similarly, for @r = &2, 8 = 0°, corresponding to position Q,

when @t = &, 8 =-a/2, corresponding to position R,

K} 4
when wt = - 8 = —m, corresponding to position S.

It is thus observed that the resultant flux ¢, rotates in space in the clockwise
direction with angular velocity of o radians per second.

PN,
Since = 2afand f = 1—2{; , the resultant flux ¢, rotates with synchronous
speed (N,).

10.7 THE CONCEPT OF SLIP

The magnitude and frequency of the rotor voltages depend on the speed of the
relative motion between the rotor and the flux crossing the air gap. The differ-
ence between the synchronous speed and the rotor speed expressed as a fraction
(or percent) of synchronous speed is knows as slip, i.e.
Slip speed = (n, — n) revisec
n,—n

and slip (5) = " p-u. 10.6(a)
£

or n=n,(1-s)rps 10.6(b)
where n, = synchronous speed (rev/sec)

n = rotor speed (rev/sec)

s = slip.
When the speed is expressed in rpm, we can write

N,-N N,-N ‘

5= N, pu. = N, x 100 (in %)

and N=NJ(l - 5) rpm.

This slip s is a very useful guantity in studying induction motors.
The value of slip at full load is about 4 to 5% for small motors and about 2 to
2.5% for large motors. The slip at no load is about 1%. Thus the speed of an
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induction motor is almos: constant from no load to full load. If the machine has P
number of poles, the frequency of induced emf in the rotor, i.e. f; is given by

N, - Nxf [ PN, P(N, - N)
h= N, ! h= 12[}”7'2 120
andhenoe(fzf.ﬁ]=[N‘_N)]
N.'I'
ie. fr =sfy

At standstill of the rotor, 5 = 1, i.e. the frequency of rotor currents is f; (the
same as the supply frequency).

10.8 FREQUENCY OF ROTOR VOLTAGES AND
CURRENTS

Let us consider a typical pair of rotor bars. As the rotor “slips” backward through
the flux field, the flux linking these bars will vary cyclically. The voltage induced
in the rotor circuit is composed of the voltages in these two bars and the end
rings. It is at its peak at the instant when the rate of change of flux linkages is a
maximum. Thus one cycle of rotor voltage is generated as a given conductor slips
past two poles of the air-gap flux field. In other words, one cycle of rotor voltage
corresponds to 360 electrical degrees of “slips”. Then the frequency of the rotor
voltages and currents is given by

J> = pole-pairs slipped per second

. P PN, PN, Pn 107
n, s ”' h =10 " axe0 2 '

i.e., Rotor current froquency = Per unit slip x Supply frequency.
At standstill, rotor speed is zero.

(n, =n) n, =0
5= = =1

ny ny

and h=fi (10.8)

(n, —n)

10.1 A three-phase, 4-pole 50 Hz. induction motor runs at 1450 rpm. Find out the
EIEFOIEJ‘Ilagc slip of the induction motor.

Solution
120f 120%50
No= T -
f > 2 1500 rpm
Slip = s N _1500-1950 _ ) 033 = 3.33%
P_ N" B lsm - - - ’ ) EEEEREm

10.2 A three-phase, 50 Hz., 6-pole induction moior runs at 950 rpm. Calculate
{i) the synchronous speed
(ii) the slip and

(iii) frequency of the rotor emf.
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Solution

120 f  120x 50
G
N,-N 1000-950

(ii) Slip {s) = N, = 1000 = 0.05.

. percentage of slip = 0.05 x 100 = 5.
(iii) The frequency of rotor emf = 5.f; = 0.05 x 50 = 2.5 Hz. R

(i) We know, N, = = 1000 rpm.

10.3  The frequency of the emf in the stator of a 4-pole induction motor is 50 Hz., and
that in the rotor is 2 Hz. What is the slip and at what speed is the motor running?

Solution

We know fh=s5f
—f—z=£=ﬂ.ﬂ4=4%
H 50
Agai P.N,
s =35
120- f;  120x50
N;-T— 2 = 1500 rpm.
Speed of the motor
N=(l-35) N, =(1-004) x 1500 = 1440 rpm. e

104 A 10-pole induction motor is supplied by a 6-pole alternator, which is driven at
I4D[I' rpm. If the motor runs with a slip of 2%, what is its speed?

Solution
For induction motor: Synchronous speed is given by

120 f 120x70 PN, 6x1400

== =840 rpm | f= = =70Hz.
P 10 120 120
N . N,-N 840-N
oW 8| = =
P TN, 840
840~ N
0.02 =
N=3232rpm EEEEEAS

10.5 A three-phase 60 Hz induction motor has a no load speed of 890 rpm and a full
foad speed of 855 rpm. Calculate
(i) the number of poles
(ii) slip s at no load
(iii) slip at full load
(iv) frequency of rotor currents at no load
(v) frequency of rotor currents at full load.

Solution

(i) Since the no load slip of an induction motor is about one percent, the synchronous
speed is slightly larger than the no load speed of 890 rpm. For 60 Hz frequency, the
number of poles and their corresponding synchronous speeds are
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P 2 4 6 8 10
N, (rpm) 3600 1800 1200 900 720

It is obvious that the synchronous speed can be only 900 rpm and therefore the
number of poles is 8.

. . 900 - 850
(ii) No load slip (s) = 0 » 100 = 1.11%.

900855
(iii} Full load slip = ————— x 100 = 5%.
900
(iv) Atno load, f; (= 5f;) = ‘l'Tlé X 60 = 0.66 Hz.

5
v} At full load, f5 = — x 60 = 3 Hz.
") = 700

10.6 A three-phase 6-pole induction motor runs at 760 rpm at full load. It is s‘upplicd
from an alternator having four poles and running at 1200 rpm. Determine the full-load
slip of the induction motor.

Solution
Given the number of poles of alternator P4 = 4 and the synchronous speed of the alterna-
tor is 1200 rpm, the frequency f is NFy = 12004 = 40 Hz.

’ 120 120

.. Frequency generated by the alternator is 40 Hz.
For the given induction motor, P = 6, Speed at full load N = 760 rpm, supply fre-
quency from the alternator is f = 40 Hz.

120 120 % 40
. Synchronous speed of the motor, N, = —PT- = T = 800 rpm.
-N 800 - 760
.. The percentage slip, s = 100 = 8— x 100 = 5%.

391 A three-phase, 400 V, 50 Hz induction motor has a speed of 900 rpm on full-load.
The motor has six poles. (i) Find out the slip. (ii) How many complete alternations will
the rotor voltage take per minute?

Solution
(i) Given N =900 rpm, /= 50 Hz and P = 60.
120 f  120x50
i= =5 = z = 1000 rpm
) N, -N _ 1000 - 900
slip (s) = N, =" 000 = 0.1 or 10%.
(ii) Alternation of rotor voltage:
[ =35xf=0.01 x 50 = 0.5/sec or 30/min. ssanann

10,8 A three-phase, 6-pole, 50 Hz induction motor has a slip of 0.8% at no load and 2%
at full load. Calculate:
{i) the synchronous speed
{ii) the no-load speed
(iii) the full-load speed
(iv) the frequency of rotor current at standstill
{v) the frequency of rotor current at full load.
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Solution
) 120 120%50
{i) N, = T= G = 1000 rpm.

(ii) Speed at no load = (1 - slip at no load) X N, = (1 - 0.008) x 1000 = 992 rpm.
(iii) Speed at full load = (1 - slip at full load) X N, = (1 = 0.02) x 1000 = 980 rpm.
(iv) Frequency of rotor current at standstill f; = 5f = 1 x 50 = 50 Hz.
(v} Frequency of rotor current at full lnz'.ml,_r‘z = (slip at full load) x f

=10.02 x 50 = 1.0 Hz, sasanns

109 The voltage applied to the stator of a three-phase, 4-pole induction motor has a
frequency of 50 Hz. The frequency of the emf induced in the rotor is 1.5 Hz. Determine
slip and speed at which motor is running.

Solution
. - 120f  120x50
(i) N, = T= n = 1500 rpm.
Rotor emf frequency, f; = sf
or 1.5=5x50

slip (s) = % = 0.03 or 3.0%.
(ii) Actual speed of motoris N = (1 - 5) - N, = 1500 (1 - 0.03) = 1455 ipm. .. vusns

10,10 A three-phase, 50 Hz, 6-pole cage motor is running with a slip of 3%.
Calculate:
(i) the speed of the rotating field relative to the stator winding
(ii) the motor speed
(iii) the frequency of emf induced in the rotor
(iv)} the speed of rotation of rotor mmf relative to rotor winding
(v) the speed of rotation of rotor mmf relative to stator winding.

Solution

120 f 12050

O M= 5=

= 1000 rpm.

3
(i) N= N(1-5)= 1mo(1-ﬁ) =970 rpm.

(i) fo=of, = % x 50 = 1.5 Hz.

120 f; 120 1.5
P 6
(v) Since the rotor is rotating at 970 rpm and the rotor mmf is revolving at 30 rpm with
respect 1o rotor, therefore speed of the rolor mmf relative to the stationary winding
(stator) is (9?1}+30)rpm=10m1‘pm sEnumnw

(iv) Speed of rotor mmf relative to rotor winding = = 30 rpm.

109 TORQUE EXPRESSION OF AN INDUCTION
MOTOR

Operating Torque
In the induction motor, the torque T is given by . _
Te @-1I.-cos ¢, (10.9)
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where ¢ is the stator flux/pole and I, is the rotor current/phase under running
conditions, cos ¢, is the rotor power factor.

E E, 5
We have I= == (10.10)

Z, ,}R3+(sx2]2
and cos ¢, = -L—~ Rz/ﬁ,‘Rz’HsX ) (10.11)

Z,
("~ Resistance is indeperidem of relative speed)
where E, is rotor emf/phase

Z, is the rotor impedance = + K3 + (sX,)*

R_is the rotor resistance/phase.
E_, Z_, R, are the respective parameters of the rotor in running conditions. If s
be the slip of the motor, operating at rated speed, we can write

X, =sX,
E, =3sE,
and R, =R,
where, X, is the rotor reactance/phase under running condition.

In the standsiill condition,
X, is the rotor reactance/phase
E, is the rotor emf/phase
and R, is the rotor resistance/phase.
From the fundamentals, we have

Z) = R+ X2 = (RZ+X2 .
The equation of the torque can be rewritten as
E, R
zZ, Z,
[K, is the constant of proportionality in Eq. (10.9))
_K¢sE, R, Ki$sE, Ry

RE+X?  RI+(Xy)?
Again, the flux(¢) produced by the stator being proportional to the applied phase
voltage (E,), we can write

r=K¢—-

(10.12)

P E;
1.e., ¢=K2E|
Al E, N
¥ E, " N, ©
1
E,=—=--F
2 k 1

Substituting the expressions for ¢ and E, in Eq. (10.12) we get
1 - .
K, K E s (E/b)-R, *E 5 R 1013
= = 2 2 -
Rg +(3X-2)2 RZ +(SX:} .

K\ K,
k

where K=
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. sE; Ry

ie., e ——— (10.13a)
R; +(sX,)?

Here T is expressed in watts on per phase basis for KX = 1. In order to get the

value of three-phase torque, the expression obtained in (10.13) or (10.13a) is to

be multiplied by a factor 3, provided X is known and all the quantities in the RHS

of equation (10.13) are expressed in phase values. We will discuss later how K

can be obtained. Actually K = mi , where @, = 2mn,, n, is expressed in rps i.e.,
&

N,
equal to ( 0 ) For three phase, the electromagnetic torque T is

sE’R
m .rir2 +(sX2}1
sEZR SE*R.
ie. Tp=3 ———— W =.-§_..—E—-]——1--5—Nm . (10.13b)
R? +(sX,) Wy R +(sX;)

. 10.9.1 Starting Torque (T,)

At starting the rotor is stationary, the slip s = 1 and the rotor reactance X, is much
larger compared to the rotor resistance R,. So neglecting R, in Eq. (10.13 a), we
get for s = 1,
' E'R,
X3
or T,=<R, and T,e E} [assuming (X,) as constant]
The general expression of starting torque can be obtained from equation (10.13)
with s = 1.

:M

(10.14a)

KE’R,
Ty= ———— (10.14b)
&+
Thus for obtaining large starting torque, the rotor resistance R, as well as
applied voltage E, should be large.
To get the ﬂ1rac~phase starting torque, 7, obtained in Eq. ll]' 14(a) or (b) is to
be mu]yphed by-a fictor 3

10.9.2 Effect of Change in Supply Voltage in Torque
J and Slip

SEX R,
Since T o —— .
R? +(sX,)*
at rated speed, with low values of 5 we have
SE? R,

L=

(" (sX,) is very low)
Rz
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Again, il is given that T, = %Tm,‘:
K(0.25+r) E?

E .1 x 0134 K - EX.
(0.25+r) +(3.73)* 2

Simplifying,

r = 13.67 ohm or 0.75 ohm;
but we ignore the value of r = 13.67 ohm as it corresponds o T, lying in the region
where 5 > 1.
Y r=0.'?5ﬂ1u‘np-crphasc. . EsEENEE

10.15 A three-phase, 24-pole, 50 Hz, 3200 volt star connected induction motor has a
Eﬂf&'ﬁng rotor of resistance 0.016 © and standstill reactance of 0.270 £ per phase. Full
load torque is obtained at a speed of 247 rpm. Determine:

(a) the ratio of maximum to full-load torque.

(b) the speed at maximum torque, stator impedance being neglected.

Selution

) 120 f 120x50
(i)  Synchronous speed N, = -—;;-- = 2 = 250 rpm.
N, =N 250-247
Slip (s) = = =0.012.
N, 250
R
Also, S = == 2006 _ 039,
X, 0270
2.5 . -
We know, r == mz .
max Ll 3
T 2%0.059 x0.012
Here, =
ma (0.012)% +(0.059)
T, 0.012) +(0.059)*
or ma L ) = 2.56.

T 2x0.059x0.012
Let N' be the intended speed at maximum torque

N, -N' 250-N’

Then, Smax
N, 250
Sy = 0.059 from calculation we have got earlier,
. 250-N*
ie., 0.059 = 550
or N* = 23525 rpm. asuinas

10.16 A three-phase, 6-pole 50 Hz. induction motor develops a maximum torque of

30 Nm at 960 rpm. Calculate the torque produced by the motor at 6% slip. The rotor
resistance per phase is 0.6 2.

Solution
Given, f=50Hz,P=6
120/ _120x50
TP e T Pm

Speed at maximum torgue = 960 rpm
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N, — speed at maximum torque 1000 - 960

Slip at maximum to = =0M(=s
P raue N, 1000 (= Sma)
R
Also, Sy = ——
R
X, = 06 15
Snax 0.04
25 e
If T is the torque at slip s, ——=
q P TII'II.‘I 6'2 ‘I'J':':
here, 5§ =0.06, T, =30 Nm
2x0.06 x0.04
= —— %30 =27.602 Nm.
(0.06}2 + (004}1 sssasss

10.17 A 746 kW, three-phase, 50 Hz., 16-pole induction motor has a rotor impedance of
{0.02"+ j0.15)) ohm at standstill. Full load torque is obtained at 350 rpm.

Determine (i) the speed at which maximum torque occurs, (ii) the ratio of maximum to
full load torque, (iii) the external resistance per phase to be inserted in the rotor circuit to
get maximum torque at starting.

Solution

120 f 120x50

i = —= =375 rpm
P 16
Speed at full load = 350 rpm

375-350

*. Slip at full load = ——— =0.06
375

Slip at maximum torque

R

s o= 22002 2 4433

(1) Speed at which maximum torque occurs = (1 — 5., )N, = (l —%J »® 375 =325 rpm.
2
2
T 2 o+t {0.06)2 +(E]
max _ max

= - =133,
T 25 % 2y006x-2>
15

(i)

(iii) Let the external resistance per phase added to the rotor circuit be *r' L), so that R
rotor resistance per phase, Ry = (0.02 + r).
The starting torque will be maximum when Ry, = X,
0.02 +r=0.15
or r=0.l$ﬂpcrphasc. ARG EE®E

10.10 TORQUE SLIP CHARACTERISTICS OF A
THREE-PHASE INDUCTION MOTOR

The torque T of an induction motor (three-phase) is given by (Eq. 10.13)
_ KEIR, s
Rg + X gsz
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For a constant supply voltage E,, the value of E, is constant, Assuming R, as
constant, we can write

Tos — 5 (10.22)
R+ X252

At synchronous speed, slip s is zero, hence torque T is zero; at starting s = 1,
thus torque T is maximum.

Consequently, the torque slip curve starts from origin (i.e., s = 0), and ends at
s=1.
Case study I: When s (slip) is very low (at rotor speeds close to synchronous
speed), sX, < R, and T o< --S—l'- (at low-slips).

R;

i.e., Torque-slip curve at low values of slip is a straight line passing through the

origin, and torgue is maximum when s = f—
2
Case study II: When the load on the motor increases, the speed of the motor

decreases. When slip s is large, compared to R,, sX, is much large and hence sX,
> R,

T —5— ol ol (at high slips)
(sX3)*  sX? s

i.e., the torque T slip s curve for larger values of slip is approximately a
rectangular hyperbola. Consequently, any further increase in motor load, beyond
the point of maximum torque, results in decrease of the torque developed by the
motor. Eventually, the motor slows down. The maximum torque developed in an
induction motor is called the pull-out torque or break down torgue. This torque
is a measure of the short time over loading capability of the motor. Figure 10.4
Shows the torque-slip characteristics of an induction motor operating with con-
stant applied voltage, and constant frequency.

s _Hg-!-ﬂ
RAa+ra mex ®= X, A,

2 2
Smax (3)= Srmax (1)= o
X, ‘—{ Xz

z ¥

-4

t ©) I

= @ 3

g 5

g

(=] \ =

(o] (s=0)(N=Ng)

s=1{N=0)

N=0 < Slip

[rz> il

Speed —>
Fig. 104 Torque-slip characteristics of an induction motor
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Curve 1 represents (T-s) characteristic of an induction motor having low rotor
resistance or when no resistance is inserted in the rotor circuit.
R,

X,

Curve 2 represents the (T-s) characteristic of an induction motor. When an
external resistance of r; {/phase is inserted in the rotor circuit the magnitude of
the maximum torque remains unchanged, but the slip for maximum torque in
Smax(2) = (Ry + 1 )X,

Curve 3 represents the (T-s) characteristic of an induction motor, when an
external resistance of r, {fphase is inserted in the rotor circuit such that R, + r,
= X,, a condition for maximum torque is there at starting.

It may be noted here that (Ry + r3) > (Ry + r)) > R,

It is also seen that as the rotor resistance is increased, the pull out speed of
the motor decreases, but the maximum torque remains constant. However, for
squirrel cage rotors it is not possible to insert any rotor resistance under normal
operating conditions and hence it is not easily possible to enhance the value of
the starting or maximum torque for a squirrel cage induction motor.

Maximum torque is developed at 5, (1) =

10.11 EQUIVALENT CIRCUIT OF INDUCTION
MOTOR

In the case of an ideal induction motor, the equivalent circuit can be represented
like that of an ideal transformer. The only difference is that the rotor of induction
motor is not static and mechanical power is developed.

Figure 10.5(a) shows the equivalent circuit of an induction motor with all
quantities referred to the stator. During shifting of impedance or resistance from
the secondary to primary, the secondary quantity is multiplied by (k%), (where k =
transformation ratio = number of stator turns/number of rotor wurns). It is to be
remembered that the equivaient circuit is always drawn for the per phase values.

I (R (K2Xa)

Fig. 10.5(a) Equivalent circuit of an induction motor

Looking at the stator side, counter emfs are generated in all the three phases of
stator due to rotating air-gap flux wave. The application of a voltage E, to the
stator winding creates a mutual flux which sets up induced emf E,, in the stator
and rotor. Since E|, < E|, so this difference (£, — E,,) represents the impedance
drop [/, (R, + jX))]. The effect of no-load current /;y (= I~ + I, where I is the
core loss component and [, is the magnetizing component lagging by an angle
72 and is represented by a shunt consisting of R, and X, connected in parallel).
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Thus, Ry and X, account for working component and magnetizing component of
no-load current respectively.

Now, if we block the rotor and make the total rotor resistance equal to R./s by

inserting an additional resistance in the rotor circuit, then the rotor current, mmf,

reactance of rotor on stator, stator current and input to machine would be same as
they were when the rotor was running at slip s.

Also, — = Rz + Rz _—
5

5
. I . 1-s
= Actual resistance of rotor + Fictitious resistance | R, -—— |.
5

Let us calculate the rotor quantities with respect to the stator. If k is the effective
transformation ratio then total rotor resistance R, and reactance X,, when referred

to the stator, appear as R, and X, where (Ry = R,k%) and (X5 = Xok%).

01
Moreover, the rotor current /; when referred to the stator, appears as [/, (= f)

-
Also, Iy + Iy=1I, (stator current), In the above expression [Rz {__s]] is the
s

electrical analogue of the variable mechanical load and is the fictitious resistance
equivalent to load on the motor.

The equivalent circuit can be simplified by transforming no-load current com-
ponent to the supply side as shown in Fig. 10.5(b).

Fig. 10.5(b} Simplified equivalent circuit

The phasor diagram of the induction motor is shown in Fig, 10.5(c).

10.12 LOSSES AND EFFICIENCY

At starting and during acceleration the rotor core losses are high; with the in-
crease in speed these losses decrease to some extent. The friction and windage
losses are zero at start and with increase in speed these losses increase, However,
the sum of friction, windage and core losses is roughly constant for a motor even
with variable speed. Therefore, these categories of losses are sometimes lumped
together and called constant losses and are then defined as follows:

Pconstant 10ss) = Peore toss + Praechanical loss
Output power P, = Total mechanical power developed — Mechanical losses
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-—.'2

—Ej =E-Rily =ly/k:l, = "lg +1‘f ;

LR, 1-8
"1=\.|'§ ”2'2? 25 =izFy ”zﬁa'T

Fig. 10.5(c) Phasor diagram of a 3-phase induction motor on per phase basis

Losses in a three-phase Induction motor are of two types mainly (a) Fixed losses
and (b) Variable losses.

—— Core loss

(a) Fixed losses —— Bearing friction loss

—— Brush friction loss in wound rotors

— Windage loss

—— Stator ohmic loss (I*R loss in stator)

(b) Variable losses |— Rotor ohmic loss (/°R loss in rotor)

—— Brush contact loss for wound rotor motors only
— Stray load loss.

The rotor output gives rise to the development of gross torque or electromag-
netic torque T,, which is partly “wasted” (in the form of winding, and frictional
losses in the rotor), and partly appears as the useful shaft torque Ty, Let n be the
actual speed of the rotor (in rps) and T, be the gross torque (or electromagnetic
torque) developed by the rotor, then,

1"‘g % 2rn = Rotor output (Py)

Rotor output (F,)
or Gross torque Ts = > (10.23)

Since the copper losses in the rotor is negligible, so the input of the rotor
equals the output of the rotor.
Rotor input (£, )

T,= 2, (10.24)

(n, being the synchronous speed in 1ps)

From Eqs (10.23) and (10.24) we can write
Rotor output (P,) = T, x 27n

and Rotor input (P,p) = T, % 2an,
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.. Copper losses (ohmic loss) of rotor = Rotor input — Rotor output
=T, - 2x(n, —n)
{”s - -") -

ie. Po,=T, 21 " n,=T, 2n-s-n,=Slip X Rotor input (P,,)
]
Pry=8XxX P, (10.25)
when (P__,) is the rotor copper loss.
Hence gross mechanical power developed in rotor P,, is equal to (rotor input Py,
— rotor copper losses).

i.e., P, =Rotor input — 5 x Rotor input = Rotor input (1 — 5)

or, P, =P,(l-5) (10.26)
Hence, rotor efficiency
_ Output of rotor
" Rotor input
n,-=n Actual f rot
=(-5)=1-[= ]=i= specdof O 14,27)
n, n Synchronous speed qf the motor

[The torque of a polyphase induction motor may be expressed in “Synchronous Wats”, It is
dct'mod as the turquc which develops a power of 1 W at the synchronous spcad of the motor.
. Rotor input = T, X 2mn,, hence we can write
Rotor input in W
2rxn,
where n, is expressed in rps.]

T, {synchronous W) =

Also, Copper losses of rotor (P,,) = s X Rotor input (P,,)
Mechanical power in rotor (F,,)
(I-5)
= [IL] x Mechanical power developed in rotor (P,,) (10.28)
-8

.. Rotor input : rotor copper loss : mechanical power developed inrotor=1: 5
(1-3).

It may be noted here that T or T, (developed torque/gross torque/electromag-
netic torque) can thus be obtained from the following formula:

P
T(=T) = a;i Nm, where @, = 27n, and {P!E) is the air gap power of the
5

or P, =s5X

mwotor, i.e. the power being transferred from the stator to rotor. We have termed it
as rotor input earlier where rotor input (= air gap power) = (stator input — stator
copper loss — stator core loss).

The shaft output torque T, is developed at the output of the motor (i.e., at the
shaft) and is due to the output power which is the difference between the air gap
power (or rotor input) and the rotor losses. Rotor losses include rotor copper loss
and mechanical losses (we neglect the rotor iron loss). Thus the shaft torque is
obtained as

B
Ty, = — Nm,
(0]
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Three- (4) i T 000 e
phase \ /
supply 0 R Three-phase

at rated — “1— induction
voltage P W )._/ motor
an ¢ \
frequency . (no mechanical

\'\-___.r‘/ (sz |Dﬂd]

Fig. 10.7(a) Circuit diagram for no-load test on a three-phase induction motor

]

Iy Rotor circuit
?T open
a : X¢ B
[‘.'S =0, & :n]
L
o= ]

Fig. 10.7(b} Equivalent circuit at no load

Blocked Rotor Test The circuit is the same as shown in Fig. 10.8. The
motion of the rotor is blocked by a brake (or a belt). This test is analogous to the
short-circuit test of a transformer because the rotor winding is short-circuited
through slip rings and in cage motors, the rotor bars are permanently short cir-
cuited. Only a reduced voltage needs to be applied to the stator at rated fre-
quency. This voltage should be such that the ammeter reads rated current of the
motor.

I‘ - w
= NPy

AT
v Ve /
Reduced ~——— Three-phase
supply p—— + induction
voltage i - 'E‘Vz )/ motor
i i vy [
Q00— Blocked

. - ( Py) rotor

e =

Fig. 10.8(a) Circuit diagram for blocked rotor test

Fig. 10.8(b) Eguivalent circuit during blocked-rotor test
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The total power input on short circuit W, is equal to the algebraic sum of the
two wattmeter readings, i.e. equals the copper losses of the stator and rotor. Let
V. and [, be the voltage and current per phase; then the power factor under
blocked rotor condition is

she . .
cos 8,. = ——— [neglecting the core and mechanical losses].
ke 3(Voe) (Te) [neg g ]
Since in a R-L circuit, R = Z cos @ and X = Z sin 8, here we can wrile
V.
(R, + R)) = | == |cos B, (10.32a)
'rs.fc
¥ Vﬂc 5
X, + X,)= E sin 8. (10.32b)

The stator resistance R, is measured separately by using a battery, ammeter
and a voltmeter. Then R, can be found from equation 10.32(a). The reactances
(X,) and ( X, ) are generally assumed equal. avannas

10.18 A three-phase, 5 HP, 400 V, 50 Hz induction motor is working at full load with

an :fﬁc:cncy of 90% at a power factor of 0.8 lagging.

Calculate: (i) the input power and (ii) the line current.

Solution

Rating of the motor = 5 HP = 5 x 735.5 = 3677.50 watt; V = 400 V (line value); f =

50 Hz; full-load efficiency = 90% (= 0.9) and p.f = 0.8 (lagging)

Output

Input

Output 5% 735.5
09

(ii) For a three-phase induction motor

(1) -~ Efficiency n=

= 4.086 kW

. Input power =

Input power = 'JE VI cos ¢
or 4086 =3 ®x 400 x I; % 0.8

4086 _737A.

Hence the line current (;) = —————
J3 x400%08

10.19 A three-phase, 4-pole induction motor runs at a speed of 1440 rpm on 500 V,
50 Hz mains. The mechanical power developed by the rotor is 20.3 HP. The mechanical
losses are 2.23 HP, Determine (i) the slip, (ii) the rotor copper losses (iii) the efficiency.

Solution

0 N, = 120- f _llﬂxSD = 1500
) Ny= —0==— = rpm
' . N, =N 1500-1440
- Slip= = =0.04 or 4%.
N 1500

L
(ii) Mechanical power developed in rotor = Power output + rotor losses = 20.3 + 2,23

= 2253 HP = 22.53 x 735.5 = 16.571 kW

- Power transferred from stator to rotor (P, ) = 16571 _ 16571 _ 17261.46 W
(1=5) (1-004)

.~ Rotor copper losses = 17261.46 — 16571.00 = 690.46 W.
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Output _ 20.3x735.5 0,565 = 86.56%
Input 1726146

(iii) Efficiency (n) =

10.20 The full-load slip of a 500 HP, 50 Hz three-phase induction motor is 0.03. The
rotor 'winding has a resistance of 0.30 {¥/phase. Determine the slip and the power output,
if external resistance of 2 ohms is inserted in each rotor phase. Assume that the torque
remains same.

Solution
i) R,=030Q, Ry =2+03=230Q,5s=0.03
., RS-s 23%003
Slip &= R =53 =023

(ii) Let N, be the synchronous speed, then
N=N,(1-003)=097 N,
and N'=N, (1-0.23)=077 N, [N’ is the new speed when external resist-
ance of 2 ohm is inserted in each rotor phase]
Since the torque remains same, output is directly proportional to speed.

: ¥

= 397 HP.

" 5 [T R R R

- New motor output = 500 x 0

10.21 A three-phase, 50 Hz, 4-pole induction motor has a star connected wound rotor.
The rotor emf is 50 V between the slip rings at standstill. The rotor resisiance and
standstill reactance are 0.4 £ and 2.0 £ respectively. Calculate

(i) the rotor current per phase at starting with slip rings short circuited,

(ii) the rotor current per phase at starting if 50 £ per phasc resistance is connected

between slip rings,
(iii) the rotor emf when the motor is running at full load at 1440 rpm,
(iv) the rotor current at full load, and

(v) rotor power factor (p.f.) at full load.

Solution

i) E = % = 28.867 V.

At standstill with slip rings short circuited
E .
IL= 2 . 28867 14154,
(R + X" [(04)? +27)"5
(ii) The total resistance in the rotor circuit is 5.4 ochm per phase.

LT R—T Y

[(5.4)% +22)05
(i) Ful load slip = o %0 _ 004
i1 u ship= 1500 = [,
. Rotor emf = 28.87 x 0.04 = 1.555 V/Ph
@) I = i - 1.153 =282 A.
(R} +(sX, 1% [047 +(0.04%2)° "3

R, 0.4
(v} Rotor power factor (full load) = —

Zy  [042 +(0.04X,)2 0%

= (.98 (laggir.g)
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10,22 A three-phase, 4-pole, 50 Hz induction motor supplies a useful torque of 160 N-m
at 4% slip. Determine: (i) rotor input, (i) motor input, (iii) efficiency. Friction and
windage losses are 500 W and stator loss is 1000 W.

Solution

_ 120 f(1-5)  120%50(1-0.04)
(i) Motor speed, N=NJ(l - s5}= 7 = s

Gross power developed in rotor of motor

= 1440 rpm.

Tpan X 2N .
(P, = % + friction + windage losses.
160 % 2 x 1440
o, (P,)= T + 500 = 24615 W.
F 24615

~ Rotor input (P} = = 25640 W.

(-5)  (1-004)
(ii) Motor input (P,) = Rotor input (P,,) + stator losses = 25640 + 1000 = 26640 W
Net motor output (F,) 24615 — 500

Motor input (By) 26680 o0 =02

(iii) Efficiency (1) =

1023 A three-phase, 50 Hz, 4-pole induction motor has a slip of 4%. Determine (i)
speed of the motor, (ii) frequency of rotor emf. (iii) if rotor has a resistance of 1 € and
standstill reactance of 4 £}, calculate power factor (a) at stand still and (b) at speed of
1400 rpm.
Solution

, 120 f  120%50
(]} N_1-= _—
P 4

Now, slip (s) = 0.04 = (N, - NYN, =

= 1500 rpm.

(1500 - N)
1500
. Speed of motor, N = 1440 rpm.
(ii) Frequency of rotor emf, f, (= sf;) = 0.04 x 50 = 2 Hz = 120 rpm.
(iii} (a) atstandstill, N=0,s05=1|
~ Rotorreactance =4 X s=4x1=4Q
-~ Rotor impedance = (1 + j4) ohm = 4.123 £75.96° Q and p.f. (cos ¢)
= cos 75° 96" = 0.243 (lag).
[Rotor resistance is independent of slip and hence R; = 1 2]
(b} Slip at 1400 rpm speed is given by
5" = (1500 - 1400)/1500 = 0.067.
Rotor impedance (Z') = 1 + j (4 x 0.067) = (1 + j0.268) Q

1 = 0.966 lag.

and fcos )z ———8M8M8 ——
P (1% +(0.268)%)%

10.24  The power input to a 6-pole, three-phase, 50 Hz induction motor is 40 kW. Stator
loss is 1 kW. Friction and windage loss = 0.2 kW. Speed is 960 RPM. Calculate (i) the
slip, (ii) the BHP (iii) the rotor copper loss, and (iv) the efficiency 1.
Solution

120 f  120%x 50

i = —= =1
(i) N, - 73 000 rpm
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We know Pya = 2ENT
8840 x 60
T = e— = .
orque (T) 2% %950 88.90 Nm
245
Also, T, = —’:“ .
s(1450,)
(0.05)* +(0.2)*
Here, g = ———————— % 88.9 =72.63 Nm.
0.05(1+(0.2)?) I —

10.27 A three-phase, 440 V, 50 Hz. 6-pole induction motor running at 950 rpm takes
50 kW at a certain load. The friction and windage loss is 1.5 kW and stator losses =
1.2 kW. Determine (i) the slip (ii) the rotor copper loss (iii) the output from the rotor and

(iv) efficiency. -

Solution

N,-N 1000 -950
N, 1000

I

50x120
as N, = 3 =1000pm |.

(ii) Rotor copper loss = slip x rotor input = (.03 x 48.8 kW = 2.44 kW.
[rotor input = input — stator loss = 50 — 1.2 = 48.8 kW]
(iii) Rotor cutput = Rotor input — Rotor copper loss — Friction and windage loss
=48.8 — 2.44 - 1.5 = 44.86 kW.

X . motor output 44 .86
(iv) Efficiency ()= ————— x 100 = % 100 = 0.897 = 89.7%.
motor input saansen

=0.05.

(i) Slip =

10.28 A three-phase, 415 V, 50 Hz star connected 4-pole induction motor has stator
impedance Z;, = (0.2 + j0.5) £ and rolor impedance referred to stator side is Z, = (0.1 +
f0.5) Q per phase. The magnetizing reactance is 10 £ and resistance representing core
loss is 50 £ on per phase basis,

Determine (i) the stator current (ii) the stator power factor (iii) the rotor current.

Consider slip as 0.04.
Solution

/4

415

w\" 500
N

o

I 0.2 050 010 050

Fig. 10.9 Circuit diagram of Ex. 10.28

Let Z be the total impedance of the circuit (Fig. 10.9).
1-0.04
0.04
‘ Total resistance R, = 2.4 + 0.2 + 0.1 = 2.7 0

and total reactance X, =0.5+05=10Q

1=
Load resistance Ry = R{[ ]:ﬂ,l[ ] =240
5
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Impedance Z, = ,||{2.?}2 +1=4/829 =288 Q.

Angle of Z, is tan~! is (1/2.7) i.e., 20.323° (lag.)

Given, V,=415V.
415
v =— =240V
phase
(—3 .

oY a0
7z, T 288220325°
i.e.,, rotor current (referred to stator) = 83.36 A (Ans. of (iii))

= 83.36 £-20.323° A

[Also, I; = 83.36 £-20.323
=V 2400°
Z,  2.88/20325
and e = Iy cos @y, we have, [ = % =48 A
and 1,=;Dsin¢n=?l%}=z4z\
Ip=(4.8-j24) A
Thus, I=Iy+ I3 = (4.8 - j24) + (78.17 — j28.95) = (82.97 — j52.95) A
= = J(82.97)* +(5295) 98.44 A (Ans. of (i)
: 52.95

Again, 1 = —— =(.63818

gain. tan &1 = 597
or, @ =32.545°. : _
i.:q cos ¢] = CO0s (32.545”) = 0.843 {lngglng] {Ans. of (il)} ErEEEEE

10.29 A 20 Hp three-phase, 400 V star connected induction motor gave the following
test results:

DC test with the stator windings of two phases in series: 21 V, 30 A,

No load rest: Applied voltage 400 V line, line current 8 A, wattmeter reading (2360)
W and (-1160) W.

Shorrt circuit test: Applied voltage 140 V, line current 33 A, wattmeter reading 2820
W and -370 W.

Determine the parameters of the equivalent circuit. Assume X; = X,

Solution
Since two phases of stator windings are in series in the dc test, we have
2R = 21 =070 Q
30
or R, =0350.
No load test:
v,= 20 _ 23095V, =8A
V3
cos @, = 1200 =0.216
7 3% 23095x8
Vo 23095

=13365 Q.

R, = =
°" I, cos6, 8x0216
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Three-phass
supply

r'/_r'ﬁf Main switch (with fuse)

Dela-run Stator

| \ /
,l J '
Star-start ] 1 I Three-phase induction motor

Fig. 10.11 Star-delta starter

At § =1 (i.e., at starting),

T.= E‘l-!z'z x Ry [I5 is the rotor current reflected at primary at starting]

¥
I; fz’ 2

T 12 )
If T represents full load figure, 75 the full fold rotor current reflected to pri-
mary, we have I;= I;, neglecting the magnetizing branch current. Similarly 1;’
represents the starting current (f;) at stator, the magnetizing branch being
neglected.

2
T, i
We can write, —"=(—’J X8g (10.33)
T |1,

The starting line current of the motor with star-delta starter is thus also re-

duced to ﬁ full voltage starting line current. The starting torque which is

2
proportional to [i] is reduced to 1/3 of the full load torque. Thus, for star

V3

delta start though we are able to reduce the starting current, we sacrifice the
torque and the starting torque reduces to 1/3 of the full load torque.

Let us analyse the star delta starting method to find the torque. We assume that
the motor first operates with star connection [Fig. 10.12(a)] and when speeds up
it operates with delta connection of the stator [Fig. 10.12(b)].

In Fig. 10.12(a),
Starting line (phase) current {fmm)) is given by

J — z SR —3 “Ip(santy [ p(siany 15 the starting phase current]
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Is (detta)

Zg

g

o

(a) {b)
Fig. 10.12 Star-delta starting

In Fig. 10.12(b),
£

Starting phase current Ip . = 7
£

Starting line current /4.y, = J3 Ipistary

I sstamy [ 1 1
= | == Toum | + (V3 Ingun) = L.
I s tdeita) V3 Peam’ ™ 3

Using relation (10.33) we can write T, /T, = %Uﬂ“m)llﬂ)z x sq. Thus starting

torque is -% of that obtained in DOL starting.

This method is bit economical one but for motors rated beyond
3 KV, this method is not applicable. Like other three-phase motor starters, in this
starter also overload coil and no-voltage coils are provided for the protection of
the motor (not shown in the star-delta figure). An automatic star-delta starter can
also be made by using push button, contactors, time delay relay (TDR), etc.

Auto-Transformer Starter (Fig. 10.13)

In this method reduced voltage is obtained by some fixed tappings on the three-
phase auto transformer. Generally 60 to 65% tappings can be used to obtain a
safe value of starting current. The full rated voltage is applied to the motor by
taking the auto-transformer out of the motor circuit when motor has picked up the
speed upto 85% of its normal speed. Figure 10.13 shows the circuit.

Let us assume that the input voltage E is reduced to xE using auto-transformer
tappings.

.. the motor starting currnet is, I, = x/, where [ is the motor starting current
when full voltage E is applied. However, the cutrent drawn from the supply I ;ne)
is obtained from the relation

1 (line)

'rﬂmotnf}
. here we have I (line) = x - Iyoton = X1
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T_ 15(line)

Main switch

I

-

E

Lg]be

7

)T_l

I'.l:mr] Y

O

N

Auto-transformer

Start

Run

Stator

Rotor

Fig. 10.13 Auto-transformer starter

Hence from relation (10.33) we get

T,

= =x2
Ty

2
L - 3
1) "

It is found that while the starting torque is reduced by x* of that of DOL start,

starting line current is also reduced by same fraction.

10.15 COMPARISON AMONG DIRECT ON LINE

STARTER, STAR DELTA STARTER AND
AUTO- TRANSFORMER STARTER

. DOL starter .-

Star delta starter

Auto-transformer starter

. Full voltage is applied
to the motor at the time
of starting.

. The starting current is
5-6 times of the full
load current.

. The three windings are
connected generally in
star.

. Only three wires are to
be brought out from the
motor,

. Each winding gets 58%

of the rated line voltage
at the time of starting.

. The starting current is

reduced to % that of di-

rect on line starting.

. The three windings are

connected in star at the
time of starting, and then
in delia at the time of
running.

. Six wires to be brought

out from the motor.

1. The starting voltage can

be adjusted according to
the requirement.

. The starting current can

be reduced as desired.

. The three windings are

generally connected in
delta.

. Omly three wires are o

be brought out from the
motor.

(Contd)

{
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(Conid)
5. Easy to connect motor 5. Identification of three 5. Input and output connec-
with direct on line. starting leads and three tions of the auto-trams-
end leads is not so easy. formers are to be made
properly.

6. Very easy operation. 6. It is required that con- 6. Skilled operator is needed
nections are first to be for connection and start-

made in star, and then ing.

in delta either manually
or automatically.

7. Low cost. 7. More cost 7. High cost.

8. Less space required for 8, More space required 8. More space required.
installation.

9. Used formotorupto 9, Up to 10 HP 9. Large motors.
5 HP,

10.16 'SPEED CONTROL OF A THREE-PHASE

INDUCTION MOTOR
The sync}[}onous speed (N,) of a three-phase induction motor is given by
N 120 f

N, = - orN=N,(1-5)= -———;—(l—s}

The speed N of induction motor can be changed by the three basic methods.

(a) Frequency Control Changing the supply frequency f the speed can be
varied directly proportional to the supply frequency of ac supply.

(b) Pole Changing Speed control can also be obtained by changing the number
of poles P on the stator (as speed is inversely proportional to the number of
- poles). This change can be incorporated by changing the stator winding connec-
tions with a suitable switch. The change in the number of stator poles P changes
the synchronous speed N, of the rotating flux, thereby the speed of the motor also
changes.

(¢) By Changing the Slip This can be accomplished by introducing resistance
in the rotor circuit, which causes an increase in slip, thereby bringing down the
speed of the motor.
Change of Supply Frequency
If the frequency of the supply to the stator of an induction motor is changed its
synchronous speed is changed depending on the frequency and hence provides a
direct method of speed control. To keep the magnetization current within limits,
the applied voltage must be reduced in direct proportion to the frequency. Other-
wise the magnetic circuit will become saturated resulting in excessive magnetiza-
tion current.

The starting torque at reduced frequency is not reduced in the same propor-
tion, because rotor power factor improves with reduction in frequency. The torque
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that can be produced by the maximum permissible rotor current is equal to that at
rated conditions. Since power is the product of torque and speed, operation at
reduced speed results in lesser permissible output.

This methed of speed control is not a common method and hence this method
would be used only as a special case.

In earlier days, the variable frequency was obtained from a motor generator set
or mercury arc inverter. In recent days frequency control is used by SCR based
inverters or by using IGBT inverters,

Pole Changing

If an induction motor is to run at different speeds, one way is to have different
windings for the motor so that it will have different synchronous speeds and the
running speeds. Another method is used with suitable connections for a change-
over to double the number of poles. The principle of formation of consequent
poles is used. The method of changing the number of poles is accomplished by

producing two sections of coils for each phase which can be reversed with re- -
spect to the other section, It is important

to note in this connection that slot angle 1 2 2 2
(i.e. electrical degrees), phase spread, _@ *@ @ ‘@
breadth factor and pitch factors will be dif-

ferent for the low and high speed connec- < @)

tions. The three phases can be connected

in star or delta, thus giving a number of ! 2 3 4
connections. If 50% per pole pitch is used ﬁs 1@5 @SV/@S
for a high speed connection, a full-pitch

winding is obtained for low speed connec-
tion. The method of connecting coils of a (®)
four pole motor is shown in Fig. 10.14 for Fig- 10.14  Four-poleleight-pole
one phase and also change over connec- connections for one
. .. phase of induction
tions to obtain eight poles for the same wotor
machine with the same winding.

The methods of speed control by pole changing are suitable for squirrel cage
motors only because, a cage rotor has as many poles induced in it as there are in
the stator and can thus adopt when the number of stator poles changes.

By Line Voltage Control

The torque developed by an induction motor is proportional to square of voltage.
If the applied voltage to the motor is reduced, the torque is reduced and the slip is
increased. Therefore, this method of speed control is applicable over a limited
range only. This method is sometimes used on small motors driving fans, whose
torque requirement is proportional to square of speed.

10.17 REVERSAL OF ROTATION

The direction of rotation of a three-phase induction motor can be reversed by

reversing the direction of the rotation of the magnetic field. This can be done by
interchanging the connections of any two of the three wires of the three-phase
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power supply. This causes the currents in the phases 1o interchange their relative
timings in going positive and negative with the result that the magnetic field
produces reversal in direction of rotation.

10.32 A cage motor has a starting current of 40 A when switched on directly. Auto-
transformer with 45% tapping is used.

Determine (i) starting current and (ii) ratio of starting torque with auto-transformer to
the starting torque with direct switching.

Solution

The ratio of transformation (x) is 0.45
(a) .. Starting current with auto-transformer = {0.45)% x 40 = 8.1 A.

Starting torque with auto-tranformer 5
= (0.45)° = 0.2025.

Starting torque with direct starting

'19._3_3. A three-phase, 10 kW, 6-pole, 50 Hz, 400 V of delta connected induction motor
runs at 960 rpm on full load. If it draws 85 A on direct on line starting, calculate the ratio
for the starting torque to full load torque with ¥-A starter. Power factor and full load

efficiency are (.88 and 90% respectively.
Solution
Given: Qutput = 10 kW
No. of poles = 6
Frequency f = 50 Hz
N =900 rpm
177 = 90%
Full load p.f. = 0.88.
Full-load line current drawn by a three-plane A-connected induction motor is given as

Duiput in watt
(fp) =
J3- V, x P x efficiency
101000 0000
= = 10009 5224
V3 x400x0.88%09 54871
Now, full-load current per phase (A-connection)
Ih= 1322 _ 1052 A.
J3
On direct on line start the current /. drawn by the motor per phase is given as
Io=3 _49007A
J3
120 £ 120%50
Synchronous speed (N,) = T = 3 = 1000 rpm
. N, =N 1000 - 960
Full-load slip (s) = = = 0.04
N 1000
L, 1LY
— | — o
T, 3l )
T 2
~ Here o B [49‘01) x 0.04 = 0.290
Ty 3\1052
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Hence the starting current drawn by the motor is [I 1.55 % 223;}6

A], e, 13,83 A,
At full load condition the motor is delta connected.
4000

J3 % 415%0.85% 0.8

.~ The ratio of starting to full load current % = 1.689.

Hence full load line current is =8.184 A,

10.39 The following are the parameters of the equivalent circuit of a 415 V, three-phase,
:I;a.la star connected induction motor:
Stator impedance = (0.2 + j0.5) Q
Magnetizing reactance = 25 £}
Core loss resistance = 150 €.
Equivalent rotor impedance referred to the stator = (0.3 + j0.7)
Determine the stator current, rotor current, mechanical power output and input power at
slip of 4% using the exact equivalent circuit. .

Solution
The per phase exact equivalent circuit of the motor is shown in Fig. 10.15.

fy As Xs Xz |'£
— B0 OO0
Yl
- A
E; A, X, E, —3

Fig. 1015 Equivalent circuit of Ex. 10.39

Here, R, +jX,=(0.2+j0.5) Q

X, =250

anl.SI]ﬂ; 5= 0.04
Ry , _ 03
— 4+ =—— +j07T=(75+07)1Q
T T2 T o JO.T = ( A7

The paraliel combination of R, and X, gives
_ R, JX,) _150(j25) _ jlﬁﬂn
°T R, +jX, 150425 6+j

However, Z, is in parallel with |i£ + sz‘]
¥

Rl
z,[-l +;ng

5

z, +|:R£ +jX{]

£

Hence total input impedance is Z=Z, +
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Per phase current f,,. = 115 A
Per phase power W,,. = %‘LW =3000 W .

Per phase impedance Z,,. = B _ 866 o530
Iy 115
W,
Per phase resistance Ry, = —2- = —200_ 0 = 0.2268 0
2. a1s?

Per phase reactance X, = -J (0.753)° - (0.2268)? =0.718Q
Per phase rotor resistance referred to the stator,
R, =R, — R, =0.2268 — 0.2 = 0.0268 ).
We assume here that per phase stator reactance X, = Per phase rotor reactance X,'

Xae
X, = X{==3 =“';'3 =0359 Q.

Voltage across the magnetizing branch is obtained from the formula [E; - [(R, + jX,)).
This gives the required voltage as [254.03 - 25 (0.2 + j(.359)] V.
ie., (249.03 - jB.975) V or (249.192.2-2.064° V)

249192 _ 249192 ) _ 45963 .

Core loss resistance Ry =

I 32804
Magnetizing reactance X, = 249.192 _ 249.192 0 =10.054 Q.
f‘ 24.783
Hence the equivalent circuit parameters are
Ry =73963 Q Xp = 10.054 Q R =020
Ry =0.0268 Q X,= X, =0359 Q.

10.42 A 415V, 50 Hz, 8-pole three-phase delta connected squirrel cage induction motor
has a starting current of 30 A when connected directly to the supply. Find (i) the line and
phase current drawn by the motor when connected directly on line, {ii) the line current
when started by an auto-transformer with 70% tapping and (iii) the line current when
starled by a star-delta starter.

Solution
(i) Line carrent when connected directly to the supply is 30 A.
As the motor is delta connected the phase current under direct online supply is

30 A 217324,
=

3
(ii) At 70% auto-transformer tapping the applied line voltage is 415 % 0.7 V = 290.5 V.
As the motor is delta connected phase voltage is 290.5 V.,
When phase voltage is 415 V, the phase current is 17.32 A,
When phase voltage is 290.5 V, the current supplied by the auto transformer is

17.32 % 290.5
415

Hence phase current of the motor = 0.7 x12-124 = 8.48 A.

Hence the line current when started by auto-transformer starter is 8.48 x J3 =

14.7 A.

=12.124 A.
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(iii) When the motor is started by a star delta starter, the motor is connected in star at

the instant of starting. Hence, phase voltage of the motor during starting ﬂ"ﬂ' =

J3

N : 239.6
239.6 V. Phase current at phase voltage of 239.6 V is 17.32 X YT =10 A.
Line current (= phase current) = 10 A, at start.

1043 A 5 kW, 4-pole, three-phase star connected inductor motor has slipring rotor
resistance of 0,05 € and standstill reactance of 0.5 Q for phase. The full-load speed is
1450 rpm. Determine the ratio of maximum torque to the full-load torque, starting torque
to the full-load torque and ratio of starting torque to the full-load torque.

Solution

-
s

N = 1450 rpm (given)

~. sp(full load slip) = 1 - % = 0.033 (= 5) (i.e., 3.3%)

. ) R 005 .
Smax (8lip at maximum torque) = — =—— = 0.1 (i.c., 10%)
X, 05
T Full load torque ~ 2-5- 55,
T,  Maximum torque 2 + 2
2x0.033x0.1  (.0066
Here, r . = Q0066 _ 505
T 00334012 0011
Tiex
— = 1.68
T
- 2.5 2x%0.1
Also, ———2 = —F-=——0 - (,198,
T l+s,,, 1+0.1
We have seen in the text that
KE!R,
- R} + X2
KE? - sR,
and = —
RS +(5X,)°
T, KE'R, R}+(sX,)?
— = *®
T  RI+X?  KE!sR,
R} +(sX2)*  (0.05)% +(0.033%x 0.5 (0028 0336
(R +X2)s 0.033(0.05* +05%) 000833
ie. T/T = 0.336.  emenens

10.44 A 4 pole, 50 Hz, three-phase induction motor has a starting torque 17.8% of the
full load torque and maximum torque 135% of the full load torque. Determine the full
load speed and speed at maximum torque.
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Solution
Starting torque T,
Dlamingtorque _ L _178 _ 478
Full load torque T 1
Maimum torque  T... 135 135
Fullloadtorque 7 100
T,
Hence, = = 0B 5318
T 135
Now, at slip s if the torque be T, then we have I._ 2 where s, is the slip
m 5 +"£
Soax 5
at maximum torque.
T 2-5-5,. 2
- From equation 10.18(c), we have — = =
Tn  s* 45k, 5, Sax
.T:m 5
At starting s = 1, hence, from the above relations we can write,
T,
oo 2 0318
T 1 5
Sy 1
or 0.1318 52, — 25, + 0.1318 =0
or Say = 0.066.
120 % 50
Synchronous speed (N,) = = 1500 rpm.
If N, be the speed at maximum torgue
then Ny = (1 = 5, N, = (1 — 0.066) 1500 = 1401 rpm.
T 2
Tos S Sn
5.
Here, L = -z
1.35 Sa_, 0.066
U.Uﬁﬁ Sﬂ
2 0.066
or 1 1x gq X
135 52 +0.004356
or sa = 0.1782 54 + 0.004356 = 0
& s = 0.029.
Hence full load speed is [(1 — 0.029) 1500] or, 1456.5 rpm. cessess

10.45 An 8-pole, 50 Hz, three-phase induction motor has a full-load torque of 200 Nm

when the frequency of the rotor emf is 2.5 Hz. If the mechanical loss is 15 Nm determine
the rotor copper loss and the efficiency of the motor. The total stator loss is 1000 W.
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10.48 A three-phase squirrel cage induction motor has a full-load torque one third of the
maximum torgue. The rotor resistance and reactance are 0.25 and 30} respectively. Deter-
mine the ratio of starting torque to full load torque when it is started by (i) direct on line

starter (ii) auto-transformer starter with 60% tapping and (iii) star delta starter.

Solution
. T 1
Given: — -, T, =3T
T 3 s
Slip at maximum torque s, = & 035 0.083
X, 3
25-5,
Also, T = = = 2 ., where s is the slip.
T st s, Sy
Span 5
At any load if T, be the torque at starting then
Ty 2 2
T 1 5, |
Sopm ——+0.083
s T 0083
(]
or T, = 0.16486 T,,,.

{i) During direct on line starting
Ta=0.16486 x 3T = 0L49458 T [ Ty, = 371

(ii) During auto-transformer starting with 60% tapping T,, = x°. T,, (for direct on line)
ie. T, = (0.49458) (0.6)’T

or T,=0.178T.
(iii) During starting by a star delta starter

T, = % % T, (for direct for line)

ie., T, = % x 0.49458 T = 0.165 T.

10.49 A 6-pole, three-phase induction motor develops 35 HP including 3 HP mechani-
cal losses at a speed of 960 rpm when connected to 440 V, 3-phase mains. The power
factor is 0.8. Find (i) the slip (ii) the rotor copper loss (iii) the total input if stator loss is
3 kW and (iv) the efficiency.

Solution

Synchronous speed N, = 5 = 1000 rpm
Speed of the motor N = 960 rpm
. . 960
Slip = [l~—] = 0.04.
© Stip 1000
(ii) Gross mechanical power developed is 35 x 735.5 W = 257425 W.
or P, =25742.5 W = 25.742 kW.
B _ 25742
-5 1-004
Hence, rotor copper loss is .r.Fg. i.e., 0.04 x 26.81 or 1.072 kKW.

(iii) Stator loss 3 kW (given).
Hence, total input = 26.81 + 3 = 29.81 kW.

-~ Air gap power (P_,) = = 26.81 kW.
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(iv) = Input  =29.81 kW and
Output = (35 - 3) = 32 HP = 32 x (.7355 kW = 23.536 kW,

23536 x 100% = 78.95%.

Hence, efficiency is
i l ssgannn

10.50 A 15 kW, 4-pole, 50 Hz, three-phase induction motor has a mechanical loss 2%
of the output. For a full load slip of 3% determine the rotor copper loss and air gap power.

Solution
Output = 15 kW

. 2
lloss = — x 15=0.3 kW
Mechanical loss 100 x15=03%k

Slip = 0.03
Power developed by the rotor is P, = 15 = 0.3 = 14.7 kW
If P,, be the air gap power then (1 - )P, = P,

or Po= W = 1515 kW
1-003

Rotor copper loss sP, = 0.03 x 15.15 = 0.4545 kW, T L

1051 A 10 kW, 440 V, three-phase star connected, 50 Hz, 8-pole squirrel cage induc-
tion motor has the following per phase constants referred to the stator.
R=020 X, =19, R,=0180, X,=150Q, X,=30Q
The constant loss is 500 W and the slip is 5%.
Determine the stator current, output torque and efficiency.

Solution
The equivalent circuit of the induction motor is shown in Fig. 10.16,

0.20 1Q 1.50
LTy
Ay Xy Xz

Fig. 10.16 Equivalent circuit of Ex. 10.51

The per phase applied stator voltage E| = % V=254V
3
Slip s = 0.05 (given)
0.18
The total impedance from input = (0.2 +j1)+ ——————— 0 18
F30+——+jl. 5
0.05
-45 + j108
=024+j+ =S8
3.6+ j31.5
—024)+ 117£112.62
31.7£83.48°

=02 +j +3.69£29.14° Q
= 1.073 + j1.487 + 1.834.£54.186° Q.
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4
1.834.254.186°
Stator input power = V3 E, I, cos 54.186°

= V3 x 440 x 138.49 cos 54.186° = 61.757 kW

3(138.49)* x0.2
Air gap power Pls = 61.757 - % =50.25 kW [.. P,, = stator input power

. Stator current [, = 138.49.£-54.186°.

— stator copper loss, core loss being neglected in stator,]
Mechanical power developed
P,=(-5 P, =(1-005)5025= 47.737 kW.

Power output P, = [4?.?37 - %] = 47.237 kW.

1

47.237 x10°
Qutput torque T, = Wﬂm. [where N (rpm) is the speed of the motor,
P
T = @, = 20,1, = -rpm; N = (1 - 0.05) x 122250 _ 7025 rpm,)
@, 60
47.237 % 10° x 60
Hence ﬂ‘l.ltp'l.lt torque = W = 633,40 Nm
P t
Efficiency = ——— B = 47.237 » 100% = 76.48%.

Power input 61.757

10.52 A three-phase, 15 kW, 440 V, 50 Hz, 6-pole squirrel cage induction motor has a

delta connected stator winding. The motor during blocked rotor test yields the following

results: 240 V, 25 A, 7 kW. .
The dc resistance measured between any two stator terminals is 1 €. If the stator core

loss at rated voltage is 400 W determine the starting torque when rated voltage is applied.

Solution

If the stator winding resistance per phase is “r” then the
resistance between any two terminals (see Fig. 10.17) is

rir+r) r ’
r+(r+r) -
2r? ™
or EL =1 ? r o
", Fig. 10.17 Stator winding
or r= Eﬂ =150 (4)

2
At the rated voltage, power input during the blocked rotor test will be 7 x (%%) kW,

i.c., 23.52 KW. At rated voltage, stator current during blocked rotor test will be [25 X %}

2
or 45.83 A. Thus at rated voltage the stator copper loss will be | 3x [43'_33] x1.5| or,
3

3150.768 W.
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Air gap power P,, = Power inpyt — (Stator copper loss + Stator Core loss)
= (23520 - 3150.768 - 400) = 19.969 kW

120 f+ ~120x 50
Synchronous speed N, = < = 5 = 1000 rpm
Hence starting torque when rated voltage is applied Eg— =196 Nm = 190.79 Nm
g ford Be 18 apPree . 2x %1000 ' '
60

N,
[ w, =2mn, =2x "0 N, being expressed in rpm]

10.53 A three-phase squirrel cage induction motor gives a blocked rotor test current of
200% of the rated current when 30% of the rated valtage is applied. The starting torque is
30% of the rated torque. The motor when started by an auto-transformer limits the starting
line current to 160% of the rated current. Determine the percentage starting torque with
auto-transformer starting.

Solution
At 30% of rated voltage blocked rotor current is 200% (given)

At rated voltage blocked rotor current is

I.= %-fﬂ = 6.67 Iy, where Iy is the full load current.

Now, if x be the fraction of the voltage applied to the stator during auto-transformer
starting then per phase starting current would be

fo=221,
Here, I, = (6.67 Iy) (i)
Again it is given that (1) = 1.6 I, (ii)

From the equations (i) imd (ii) .
2=18 023088,
67

Also, T o< voltage?,

here, 0.3 Ty e (0.3V)%, where V is the rated voltage, Ty is the full load torque T.
. s 03

L. Voo ——

i.e R . T

From the text we know that
Starting torque with auto-transformer starting

Starting torque with direct on line starting
Hence starting torque will'l aul:o transformer snming is

B x = T,. = (0.23988)° x n 09 - Ty = 0.19187,

i.e., starting torque with autu-transfocrmer starting is 19.18% of the full-load torque.

10.54 The rotor resistance of an 8-pole, 50 Hz. wound rotor induction motor has a
resistance of 0.5 Q per phase. The speed of the rotor is 720 rpm at full load.
Determine the external resistance to be connected with the rotor circuit to reduce the
speed to 680 rpm for full-load torque.
Solution
120 f  120x50

Synchronous speed N, = 5 =

= 750 rpm.
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, 720
Slipts)=|1-—| =004
P (s) [ TSU]

If R, be the rotor resistance then the rotor copper loss is a'z R, where I, is the rotor
current. If P, be the air gap power or power input to the rotor then

s‘aa'g = I% Rl
1R, 0517
or 0.04 = ;—’=P—2 (i)
ag ag

The new speed N = 680 rpm.
s= (1—@] = 0.093
750

Let R be the total resistance of the rolor circuit.
In order that the full load torque remains same P,, should have the same value as the
previous one.

f% R
Hence, 0.093 = ' (ii)
g
From equations (i) and (ii)
0.093 = 0.4 R
0.5
or R=116250

Hence the external resistance to be connected is (R — R;) or {(1.1625 - 0.5), i.e., 0.6225 Q
. Pcrphm- TrLEEY
10.55 A three-phase induction motor has a starting torque 150% of full load torque and
maximum torque 200% of full load torque. Determine the slip at maximum torque, full
load slip and rotor starting current as a percentage of full load current.

Solution

We know that in any slip s the developed torque can be expressed in terms of maximum
torque, i.e.,

Snax b4
where T, is the maximum torque at slip 5.,
Starting torque (7} )

Now, = |. i
ow Full load torque (T) 5 (given)
Tl'l'lll
as well as ‘—T—._‘ =2 (given)
Hence T_’ = E:é = 2
' To 20 4 L s
Sprax s
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or P~ 26T 5, + 1=0
2.67+,(2.67) - 4
or sll'l:l.'l = 2
= (.45 (the other value is rejected as it is greater than 1)
Also, T = 2 = 2 =1
Toa S0 Smx S0 045 2
Spax S 045 s
or sq -4 %045 - 55+ (0457 =0
or sg = 1855 +0.2025=0
1.8+, (1.8)* - 4(0.2025)
or $g = 3 =0.12
At full-load rotor current may be obtained as
I = E
0 =
ﬁ +jX,
n
[refer approximate equivalent circuit neglecting the magnetising branch and stator imped-
ance]
2
or I = _Ez_
n
Similarly, starting current
2
e E .
R + X}
-fzﬂ : Rzz + X§
Hﬂ]]l;c f_ = —"—""i"“—" .
u i B
0.12 ?
N B coas
ow, Spnax = x, =0
=)
2 b
I X 2
Henc Ty R S OB+ o708
Ly R, Y [0.45 )2
+1 |55 *1
012X, 0.12
Hence 2% - J00798 =028
i 25t
I
or 22 =354

LR R N
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19.

20.

21.

22,

Basic Electrical Engineering
A 6-pole, 60 Hz induction motor rotates at 3% slip. Find the speed of the
stator field, the rotor and the rotor field. What is the frequency of the rotor
currents? [Ans: 1200 rpm, 1164 rpm, 1200 rpm, 1.8 Hz]
120 x 60

[Hint: N, = = 1200 rpm.]

-~ Stator field rotates at 1200 rpm. Rotor field rotates in the air gap in the
same speed.

N(rotor speed) = N,(1 — 5) = 1200(1 - 0.03) = 1164 rpm
The rotor speed is then 1164 rpm.
If frequency of rotor current is f,,

f=5f=003x60=1.8 Hz

Since rotor rotates at 1164 rpm while the speed of the rotor field is
1200 rpm, hence the field speed with respect to the rotor is (N, - N) i.e., 36
rpm].
A three-phase 8-pole squirrel cage induction motor, connected to a 400 V
(L — L) 50 Hz supply, rotates at 3% slip at full load. The copper and iron
losses at the stator are 2 kW and 0.5 kW respectively. If the motor takes 50
kW at full load, find the full load developed torque at the rotor.

[Ans: 605 Nm)]

(Hint: P, =P, -P_ -P

I

=50-2-05=475kW

ro fm 415X 10° 605 N
e, T 120x50 © ]
&x60

The power input to a three-phase induction motor is 50 kW, Stator loss is
1 kW. Find the gross mechanical power developed in the rotor and the rotor
copper loss per phase when the motor has a full load slip of 4%.
[Hint: P, =50kW;:s=004; P, =1kW.
' Po=Py, P, =49kW

Liets

Prey =5 X Pyg = 0.04 x 49 = 1.96 kW [: 128 kW per phasc)

Pm=Pag_‘Prru= (%
The loss at the stator of a three-phase squirrel cage 25 HP, 1500 rpm
induction motor is 2 kW. What is rotor mechanical power if the rotor
copper loss is 1| kW? What is the running slip? [Ans: 15.65 kW; 6%]
[Hint: Py, =25 x 746 x 107 = 18.65 kW
y P, =18.65-2=16.65kW
Pn=P, - P, =1665-1=1565kW.

P _ 1000

=—— =006 ie., slip is 6%.
P, 16650 e, slip is 6%
The rotor of a 6-pole, 50 Hz, slip ring induction motor has a resistance of
0.3 C/phase and it runs at 960 rpm at full load. How much external resis-
tance/phase must be added to the rotor circuit to reduce the speed to

800 rpm, the torque remaining constant? [Ans: 1.2 Q]

]- % = 15.68 kW],

Poy=sXPyis=



23.

24,

Three-Phase Induction Motors 721

EEANEFRE SN E IR NN AR

120 f

[Hint: N, = = 1000 rpm

1000 - 960
5p (fu“ load Slip) = W =0.04.

If r be the additional resistance per phase in rotor circuit, we can write
Spew P2 tr

*n R
Since the power input to the rotor and rotor current remain constant for

) . Rotor Cu loss
constant torque and hence from the relation, slip = ————, we have
Rotor input

Swew IRy +7) Ryt

5n 3R Ry
Substitution of the values of s; = 0.04,
1000 - 800
Spew = 00 - 0.2 and R, = 0.3, yields r = 1.2 Q2]

A three-phase, 50 Hz induction motor has an output rating of 500 HP,

3.3 kV (L - L). Calculate the approximate full-load current at 0.85 p.f.,

locked rotor current and no-load current. What is the apparent power drawn

under locked rotor condition? Assume the starting current to be 6 times full
load current and no load current to be 30% of full load current.

[Ans: Iy = 76.78 A; 1, 10aa = 23.093 A; ook roier = 460.68 A

‘Plocl'.ed rotor — 2633 KVA]

) 500 x 746
[Hint:  Ig= =76.78 A
J3 %3300 % 0.85

5 Lo te = 0.3%76.78 = 23.03 A

" Jiock rotor = Tsan
Hence I,,,, = 6 x I = 460.68 A.
Apparent power drawn during locked rotor condition is

Py= V3 x v, x1, = V3 x 3300 x 460.68 = 2633 KVA.]

A 4-pole, 60 Hz, 460 V, 5HP induction motor has the following equivalem
circuit paramelers:

R, = 1.21 &; X, =3100Q

Ry =0.742 Q; Xy =241 Q

Xﬂ = 656 Q

Find the starting and no-load current of the machine.

[Ans: 46.152-T0.67°A; 3.872£-89" A]
[Hint: With reference to the equivalent circuit of the induction motor, the
input impedance looking from the input side is

Z = (R +jX,) + iX, (Ry +jX7)

U OR X+ X,
j65.6(0.742 + j2.41)
0742+ j241+ j65.6

= [{[.21 +j3.1)+ :'ﬂ =5.75£70.72° L.
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At start 5 = 1.0. This means the load resistor in equivalent circuit is, shorted,
since | —s5=0.

vV,
[ o= kL

st ﬁziﬂ
At no load, s = 0, i.e., the load element in the equivalent circuit is open.
Zip (no load) = (R, + jX,) + jXo = (1.21 + j68.7) Q = 68.71.289° Q
Vit 460.£0°
Ly = = = 3.87£-89°A.]
V3Zppay, V3 (68.7148%°)
A 30 HP, 3-phase 6 pole, 50 Hz slip ring induction motor runs at full load
at a speed of 960 rpm. The rotor current is 30 A. If the mechanical loss in
the rotor is 1 kW while 200 W loss is being incurred by the rotor short
circuiting system, find the rotor resistance per phase. [Ans: R, = 0.287 Q]
N,-N
— =0.04

= 46.152-70.67° A.

[Hint: N, =100 rpm; s =
¥

** Rotor Cu loss = li x gross mech power developed in rotor Hence we

-5
can write for this problem,
0.04

1-0.04

or, 3Ix30"x R, =774.17

or, Ry =0.287 Q]

3I3R, +200 = (30 x 746 + 1000)

A 10 HP, 400 V(L - L), 50 Hz, 3-phase induction motor has a full load p.f. ~

of 0.8 and efficiency of 0.9. The motor draws 7 A when a voltage of 160 V
is applied directly across the live terminals, the motor being standstill.
Determine the ratio of starting to full load current when a star-delta starter

is used to start the motor. [Ans: (I /1) = 0.39]
10 % 746
(Hint: I = x =15A.
J3x400x0.8%09

I, at 160 Vinput=7.0 A
Iy at400 V(L - Lyis 2% »70=175 A.
s 160

With star delta starter,

‘fsta.ning = %X 'rs:r). 3% x 17.5 =5.833 A.
...
luins 5833 _ (20

Iy 15

A 75 kW, three-phase induction motor has 1500 rpm synchronous speed. It
is connected across a 440 V(L - L) supply and rotates at 1440 rpm at full
load. The two wattmeter method is applied to measure the power input
which shows that the motor absorbs 70 kW while the line current is 80 A. If
the stator iron loss is 2 kW and rotor mechanical loss is 1.5 kW, find
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EEFE RS EN SRR "am

| 6
ie fs = —xXx—xTn.
t/ph |r—3 r—3 n
Iy _ 1 % 6 =2

Iy
Hence, — =(2)®x0.05=02.
Ty

(i) Auto-transformer starting with 60% tapping:
At start, stator winding remain in delta connection. However, only
60% voltage is made available at stator.

60
L= x61y=361
ST 7

T
Hence 7" =(3.6)" x 0.05 = 0.648.]



SYNCHRONOUS
MACHINES

11.1 INTRODUCTION

A synchronous generator (or alternator) is the most commonly used machine for
generation of electrical power. It generates alternating voltage which is stepped
up and transmitted. A synchronous generator, like other electrical rotating ma-
chines, has two main components viz. the stator and the rotor. The component of
the machine (the winding or the core) in which the alternating voltage is induced
is called the armature. The armature winding is placed on the stator slots in the
stator core. The rotor consists of the field poles which produce the magnetic lines
of force. The poles are excited with dc supply (or may be permanent magnets in
small alternator).

A synchronous machine works as an alternator when the rotor is rotated by a
primemover. The same machine works as a synchronous motor, when a three-
phase ac supply is applied to the armature winding, the field being excited by de
supply in both the cases.

The construction of a synchronous generator depends upon the type of
primemover used to rotate the rotor. The types of primemovers are:

(a) In thermal or nuclear power stations, steam turbines are used to rotate at a
high speed (3000 rpm for a two pole 50 Hz. machine or 3600 rpm for a two
pole 60 Hz. machine) as at high speeds the efficiency of steam turbine is
comparitively higher.

(b} For hydroelectric power stations hydraulic turbines of different types are
used depending upon the water head available in that station.

(c) In diesel stations, lower rating alternators are used with diesel engines as
primemover at low speed.

(d) In captive power plants, high speed gas turbines are employed as
primemovers to rotate medium capacity alternators.
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11.2 OPERATING PRINCIPLE

A synchronous generator essentially consists of two parts:

1. Field magnet system (rotor)

2. Armature (stator)

A 3-phase distributed winding is placed on the stator in slots of a synchronous
generator to act as an armature. This machine works on the principle of electro-
magnetic induction (Faraday’s law). When there is a cutting of field flux by a
conductor or when there is a change of flux linkage in a coil, emf is induced in
the conductor,

The field magnet system is usually excited from a separate dc source of 110/
125 or 250 V supply. In conventional generators it is provided by a dc shunt or
compound generator called an exciter, mounted on the shaft of the alternator
itself. The field system (also known as rotor) is rotated within the armature
(stator), The exciting current is supplied to the alternator rotor through a slip ring
and brushes in conventional alternators. In modern alternators brushless excitation
and static exciters are also employed.

11.3 TYPES OF ROTORS

From the construction point of view there are two types of rotors:
(a) Salient pole type
{b) Cylindrical (or non-salient) rotor type.

11.3.1 Salient Pole Type

This type of rotor has a large number of projecting (salient) poles having their
cores bolted on to a heavy magnetic core of cast iron or CRGO steel of good
magnetic quality.
Alternators with salient pole rotors have the following features:

(a) Salient pole machines are larger in diameter but smaller in axial length.

(b) The pole shoes are wide and usually cover (2/3) pole-pitch.

(c) Poles of these rotors are laminated in order to reduce eddy current loss.

(d) These machines are suitable for medium speed (i.e. 120 to 500 rpm)

11.3.2 Cylindrical (or Non-salient) Type Rotor

A cylindrical rotor consists of a smooth solid forged steel cylinder having a
number of slots for accommodating field coils. Such type of rotors are generally
designed for 2-pole turbo-generators running at 3000 rpm (or 3600 rpm).
The salient features of non-salient type of altemators are:

(a) They are smaller in diameter and larger in axial length.

{b) Usually the number of poles on the rotor is two.

(c) Windage loss is less.

{d) Mechanically they are more balanced.

(e} These machines are suitable for speeds from 1000 to 3000 rpm.
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114 STATOR

Constructionally the stator for both types of alternators is identical. The stator is
made of laminations of special magnetic iron or steel alloy and can accommodate
armature conductors. The whole structure is fitted in a frame. The frame may be
of cast iron or welded steel plate. The laminations in the stator are insulated from
each other with paper or vamish depending upon the size of the machine. The
stampings also have openings which make axial and radial ventilating ducts to
provide efficient cooling.

Slots provided on the stator core are mainly of two types (a) Open type and
(b) Semi-closed type. Open type slots are commonly used because the coils can
be formed, wound and insulated prior to being placed in the slots. These slots
also provide facility in removal and replacement maintenance of defective coil.
However, these type of slots have the disadvantage of distributing the air gap flux
into branches which tends to produce ripples in the emf wave. The semi-closed
type slots are better in this respect but do not permit the use of pre-wound coils
and lacks in ventilation as well as poses ditficulty in maintenance.

11.5 FIELD AND ARMATURE CONFIGURATIONS

" There are two arrangements of fields and armatures:
(2) Revolving armature and stationary field.
(b) Revolving field and stationary armature.

11.6 ADVANTAGES OF ROTATING FIELD

In large alternators, rotating field arrangement is usually forward due to the
following advantages.

(a) Ease of Construction Armature winding of large alternators being com-
plex, the connection and bracing of the armature windings can be easily
made for the stationary stator.

(b) Number of Slip Rings If the armature be made rotating, the number of
slip rings required for power transfer from armature to external circuit is
atleast three. Also, heavy current flows through brush and slip rings cause
problems and require more maintenance in large alternators. Insulation re-
quired for slip rings from rotating shaft is difficult with the rotating arma-
ture system.

(c) Better Insulation to Armature Insulation arrangement of armature
windings can easily be made from core on stator.

(d) Reduced Rotor Weight and Rotor Inertia The field system being placed
on rotor, insulation requirement is less (for low dc voltage). Also rotational
inertia is less. It takes lesser time to gain full speed.

{e) Improved Ventilation Arrangement The cooling can be provided by
enlarging the stator core with radial ducts. Water cooling is much easier if
the armature is housed in the stator.
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Hence in almost all of the alternators the armature is housed in the stator while
the dc field system is placed in the rotor.

11.7 EXPRESSION OF FREQUENCY

The rotor being rotated at a steady speed by means of a primemover, the mag-
netic field of the rotors will also rotate to cut the stationary armature conductors.
This will change the flux linkage in the stator conductors and induce an alternating
emf in stator conductors. The direction of induced emf is given by “Fleming’s
right hand rule”. One cycle of emf will induce in a conductor when one pair of
poles passes over it (or when the angular distance travelled by the armature is
twice the pole pitch).
Let P = Number of magnetic poles
N = Rotating speed of rotor in rpm.
f = Frequency of generated emf in Hz.
Number of cycles/revolution = P/2 and
number of revolution per second = N/60
N P _PN
Frequency f= P b 7 = 120 Hz.
[For 3000 rpm two-pole alternators, thus f becomes 50 Hz. while for 3600
rpm, two-pole alternators, fis 60 Hz.]

11.8 DISTRIBUTED ARMATURE WINDING

The armature consists of the distributed winding.

In the distributed winding, the conductors of the coil are placed in several
armature slots under one pole. The induced emf per phase in the distributed
winding is to some extent less than the case when winding in such a way that the
number of slots is equal to the number of poles.

There are some specific advantages for the distributed winding.
(a) Voltage waveform is improved and wave form is more sinusodial in nature.
(b) Distorting harmonics are eliminated.
(c) Distributed winding is helpful in reducing armature reaction and armature
reactance too.
(d) Heat dissipation is better.
(e) The core is better utilised.
(D) Itis suitable for higher current density due to even distribution of copper.

11.9 SHORT-PITCH ARMATURE WINDING

In short-pitch windings, two coil sides (forming a coil) are not exactly 180°
electrically apart; the emf induced in the two sides are thus not in phase and the
resultant of induced emf in the coil is less than the arithmetic sum of the emf
induced in the coil sides of the full-pitched winding.

This winding is advantageous as the voltage waveform is improved and
distorting harmonic emf is further reduced thus making the output wave more
sinusoidal. Also, copper is saved in the coil ends. The inductance of the armature
winding is reduced due to lesser length of coil.
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- Number of conductors (or coil sides ) in series/phase (= Z)
= 2T (T is the number of turns)
Frequency of induced emf in Hz = f
Flux per pole in weber = ¢

Coil span factor K, = cos Ld
2

. m
sin ——
Distribution factor =

m sin )
Speed of rotor in rpm = N
Form factor (if emf is sinusoidal) K;=1.11.
In one revolution of rotor (60/N second) each stator conductor is cut by a flux .
of (Pg) Wh.
dg = P¢

Time taken by rotor poles to make one revolution dt = % s.

d
" Flux cutfsec. by stator conductor = a‘_¢
t

(according to principle of electromagnetic inductions),
. dg Pp PN
we can writre, — = ——=——

dr  60/N 60

d
. Average emf induced in conductor of the armature = d—f = (PgNI6O) V
PoN

i.e., Average emf/phase in the armature = 0 x 2DV

[ PgN
or E,/phase= i>-ch.' v
| 60

[Z being total number of conductors (=27)].

PON PONT
Eoo= 11122 sor| va[222 20T
\ 60 60

( Pop 120 f PN 120 f
E_ . .=|222%—x—xT Sf= = = —<
or s 0 P v [ 130 Hz or N 5

Hence E_  =444f9pT)V. (11.1)

This would have been the actual value if the winding per phase is full pitched
and concentrated. The winding being short pitched and distributed, the actual
voltage available/phase

Von = (444 KK, 0fT) V = (222 K. K; ¢fZ) V

Since most of the industrial synchronous generators are three phase, we can
write,

Line voltage V, = NE) Voo and Iy = I, (for star connection) while V; = Vi
I = v‘z I, (for delta connection of armature).
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.omB . 4x15®
s —'2—' s1n 2
Distribution factor K; = = 5 = 0.9576.

2
As the coil pitch is 2 slois less to a pole pitch hence the winding is short pitched by an
angle @ = 15° x 2 = 30°,

sin = 4sin —
e

Pitch factor Kp = cos % = cos 15° = 0.9659
Vp =444 K, K; ¢fT, where ¢ is the flux per pole

3810.62
¢= 4.44 % 0.9659 x 0.95766 x 60 % 1536 = 0.01 Wb.

11.5 A 4-pole, three-phase 50 Hz. star connected alternator has a single layer winding in
36 slots with 30 conductors per slot. The flux per pole is 0.05 Wb and winding is full
pitched. Find the synchronous speed and line voltage.
Solution
Given: P=4 f=50Hz

Number of slots § = 36.

Number of slots per pole per phase m = % =3
Number of conductors z = 30 x 36 = 1080.
Number of turns per phase T = % = 180
¢ = 0.05 Wb.
As the winding is full pitched, hence pitch factor £, = 1
Slot angle i = 180 _ 180° _ 20°
No. of slots per pole 36
4
n mp 3% 20°
sin — sin ——
Hence distribution factor K, = z2_, 2_ .0 0.96.
) . 20°  0.521
msin = 3sin =~
Now, if N, being the synchronous speed,
120 120 x 50
= Tf = = 1500 rpm.

Phase voltage Vp =444 K, K, 0 f T
=444 x 1 %096 % 0.05 x50 x 180 = 1918.08 V.,

Line voltage V| = V3 x 1918.08 = 3322 V.

11.6 Find the rms value of the phase voltage of a three-phase synchronous machine

having 30 poles, 180 slots, single layer winding and full pitch coils. Each coil has 8 turns.
Flux per pole is 0.03 Wb,
Solution

180

Mumber of slots per pole hase m= —— =2
amner Per POTe PEr PAASE M = 30x3
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Slot angle fi = 180° o 180 30°
No.of slots per pole 180
30
. mfi . 2300
o S 0.5

Distribution factor K; = = = 0.9659.

" =
msinE 5 gn 300 2%0.2588
2

As the coils are full pitched hence pitch factor X, = 1
Since the machine has single layer winding, total number of coils = % x No. of slots

=1 %180 =090.
2

8 x90
Total numbers of turns per phase T'= —3- = 240,

Hence rms value of the phase voltage V), is given by
V,=444 K, K, ¢ fT =444 x 1 x0.9659 x 0.03 x 50 x 240 = [543.89 V.

11.12 ARMATURE REACTION AND ARMATURE
WINDING REACTANCE

When a three-phase ac supply is given to the stator of the alternator, current I,
flows in each phase of the stator winding. This current I, produces a rotating
magnetic field in the air gap of the alternator. Hence the flux in the air gap is the
resultant of the flux produced by field current /; and armature current /. The net
air gap flux ¢ is given by

¢ = ¢y + ¢, where ¢y is the flux produced by
Irand ¢, is the flux produced by [,. As ¢y is Or b
produced by I, ¢;and I, are in phase. The emf S~ fr
induced in the stator winding E; lags behind the
field flux by 90°. If the stator current [, lags |
behind E; by an angle 8 then ¢, also lags be- Pa
hind E; by angle 6, as ¢, and /, are in phase.
The resultant flux ¢, is shown in Fig. 11.1.

It is clear that the main field flux ¢yis greatly
affected by the stator flux ¢, produced by the
stator current. This effect of the stator flux on the main field flux is termed as
armature reaction. This effect is also dependent on the power factor of the load.
The stator flux ¢, has a cross-magnetizing and demagnetizing effect upon the
main flux ¢;. If ¢, is resolved into two components, one component will act in
direct opposition to ¢, and reduces the net flux in the magnetic circuit. This is
called the demagnetizing effect. The other component of ¢, is perpendicular to ¢,
and it results in shifting the axis of the resultant flux. This is called the cross-
magnetizing effect. Under lagging power factor operation ¢, has both demagne-
tizing and cross-magnetizing effect. But at unity p.f. load f, and hence ¢, lies
along Ej;and the effect of ¢, on ¢ is purely cross-magnetizing. For leading p.f.
operation cross magnetizing effect persists but the other effect becomes magne-
tizing.

Iy

la

Fig. 11.1 Flux-current phasor
diagram
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A major part of the flux ¢, is thus armature reaction flux ¢, and a small part
of it is the leakage flux ¢,, which links only the stator winding and not the rotor
winding. This flux ¢,, induces a voltage E_, in the stator winding which lags ¢,,
by 90°. As I, is in phase with ¢, hence E,_ lags I, by 90° or it can be said that /,
lags —E,, by 90°. This voltage —E, can be represented as a voltage drop across a
fictitious equivalent reactance X, due to /.

Hence, E,, = j I.X,,. X,, is termed as armature reaction reactance or the
magnetizing reactance.

11.13 ARMATURE LEAKAGE REACTANCE AND
SYNCHRONOUS IMPEDANCE

A portion of the air gap flux ¢, produced by stator current /, links only the stator
winding and not the rotor winding. This flux ¢, is called the leakage flux which
induces an emf E,; in the stator winding. The induced emf E,; can be copsidered
equivalent to a voltage drop across a fictitious leakage reactance X,
Hence, E =j1X,.

The effect of armature reaction and the effect of leakage flux can be represented
by considering two fictitious reactances X, and X, . Synchronous reactance X, is

.. thus the sum of armature reaction reactance and the leakage reactance, i.e.

Xs = (xﬂr + Xﬂl)
As both X,, and X, are fictitious quantities, hence X, is also a fictitious
quantity. If R, is the resistance of the armature winding then syrchronous imped-
ance Z_ is obtained as

X
Z =R, +jX,= R2 + X? Ztan"! R—‘n.

a
The magnitude of R, is very small. Hence for practical purpose, Z, is assumed
to be equal to X,.

11.14 EQUIVALENT CIRCUIT AND PHASOR

DIAGRAM
The equivalent circuit of an alternator is shown in Fig. 11.2.
X.,- Hl X.j Il
.Ef EF Vi

l 4

Fig. 11.2 Eguivalent circuit of alternator

From the circuit diagram it is clear that the open circuit voltage E is the
summation of the terminal voltage V, and the drop across the synchronous imped-
ance X_ and the armature resistance.

Hence, E =V, X IR, +jl, (X, +X,) [where, X, = (X,, + X )]
=V, xIZ [Z, being equal to {R, +j (X, + X,)]]

Also, E=E +jX,I,

where E, is the emf induced by the resultant flux ¢,.
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Figure 11.3(a) and Fig. 11.3(b) show the phasor diagram of an alternator
under lagging p.f. and leading p.f. operation respectively.

jtaZy v
(b)
Fig. 11.3 Phasor diagram of cylindrical rotor alternator at (a) lagging p.f.

(b) leading p.f.

[8 is the power factor angle and the angle between E; and V,, i.e. §,is called
the power angle].

11.15 VOLTAGE REGULATION OF A
SYNCHRONOUS GENERATOR

Veltage regulation of a synchronous generator may be defined as the percentage
change in voltage from no load to full load when the field excitation and fre-
quency remain constant.

AT

Vi
where, V, is the no load voltage and Vj, is the full load voltage.

% regulation (AV) = ®x 100 (11.2)

Expression for Voltage Regulation

With reference to the phasor diagram of an alternator operating at lagging p.f.
load,
OH* = 0C* + CH?

or V, = y (Vg + AB+BCY +(DH - DC)>

= (Vg + IR cos ¢ + IX, sin §) + (X, cos ¢ — IR sin ¢)* (11.3)

Fig. 11.4 Phasor diagram of an alternator operation at lagging.load
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Field flux mmf (Fp) is opposed by F,. the armature reaction mmf and hence
resultant field mmf F decreases, when the p.f. in lagging. With leading p.f. opera-
tion, the resultant field mmf increases due to the magnetising effect of armature
reaction mmf F, being added to main field mmf Fe

Again, for leading p.f. operation, the expression for V, can be written as

V, = (Vg X IR cos ¢ — IX, sin 9)? + (X, cos ¢ + IR sin §)? (11.6)
Also, from Fig. [1.4 an alternate expression for regulation can be derived for
operation both in lagging and leading loads. In Fig. 11.4.

V, = {J(0G) +(GH)? = \[(OF + FG)? +(GE + EH)*
= J(Vn cos ¢+ IR)* + (V, sin ¢+ IX,)?

(for lagging loads) and

Vv, = \((V"cos¢+.fR]2+(V“ sin ¢ — IX,)* (1.7)
(for leading loads)

Regulation can be determined in practical machines by first measuring the dc
resistance of the stator at (which is say R ohms) and then finding Z, (synchronous
impedance) by obtaining the ratio of V, and I, where V, is the no load voltage at
the machine output where it is being operated with full speed and normal excitation
and [, is the short circuit current (being equal to the full load current) at the
machine terminal for operation at reduced suitable excitation at normal speed

v

when the terminals are shorted. Obviously, Z, = f—" all the quantities being
) sfe

expressed in per phase basis. Now we can find X (synchronous reactance) using

the formula,
X, =JZ2=-R?.

'l}:.’_ A 440 V, three-phase alternator, running at rated speed, has a 2 A excitation
current when short circuit is applied at its terminals. The short circuit magnitude is 50 A
(full load current). At this excitation the open circuit voltage is 150 V/phase. Assuming
the armature circuit resistance to be 0.5  per phase, obtain the value of regulation of the
alternator at (i) 0.8 p.f. lagging load and (ii) 0.8 p.f. leading load.

Solution

z,= %:39}@

X,= (3 -05 =296 Qph. (v Z =X +R?)

For lagging p.f. operation,
V,= \/(Vy +IR cos ¢ +IX, sin 9) +(IX, cos ¢ — IR sin §)?

2
[ﬂJ +50 % 0.5 X 0.8 +50 X 2.96 X 0.6
3

+(50 % 2.96 x 0.8 — 50 % 0.50 x 0.6)°
V131654 +10691.56 = 377.29 V/ph.
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377.29 - 40

—Va J3

v
AV (regulation)% = ——— x 100} = ——————— x 100 = 48.52%.
gulation)® = = 7

J3

If we use another formula of regulation, we can write,
Vo = J(VI,L cos ¢ + IR)? +(Vy, sin ¢ + IX,)*

. 2 2
440 440
= || —=x08+50x05| +| —=x06+50x296

J[ﬁ ] [ﬁ ]

= |[52087.7 +90252.46 = 377.286 = 377.29 Viph.

Hence V, obtained is same for both the formula and any one can be used to find
regulation of the given alternator at lagging p.f. We will find similarly that any of these
formulae can be used for leading p.f. operation too to find V.

For leading p.f. operation,

V,= \l’l:lv}.l_ +IRcos ¢ — IX, sin )% + (IX, cos ¢ + [R sin ¢)* |

_ [(254.04+50%0.5%0.8-50x 0.6 % 2.96)*
+(50 % 2.96 % 0.8+ 50x 0.5 x 0.6)*

= J 3431386 +17795.56 = 228.27 V/ph

Also, we can find V, using another formula
V, =  (V,, cos@+IR)? +(V sin g~ IX,
= /(254.04 X 0.8+ 50 % 0.5)? +(254.04 X 0.6 - sc-xz%}?

= /52089.85+19.57 = 228.27 V/ph

v, -V, 228.27 — 254.04
1= ——— x 100 =-10.14%.
Vi 254.04

[MNare: In subsequent examples, to maintain symmetry for the notations, we will replace

E, -V,
V, by Ecand Vy; by ¥, so that regulation is

AV(%) =

r

% IDUJ per phase.]

11. 8 A 1000 kVA, three-phase star connected alternator has a rated line to line terminal
vu]mgc of 3000 V. The resistance per phase is 0.5 £} and synchronous reactance 5 £2.
Calculate the veltage regulation at full load and 0.8 p.f. lagging.

Solution
Power output P = 1000 x 10° VA
Line voltage V; = 3000 V
If I; be the line current then
J3 Vv, 1, = 1000 x 10°

1000 % 10°
or I} = —A =19245 A,

ﬁ % 3000
From the phasor diagram (Fig. 11.2), the no load voltage Ey= V, + [,(R, + jX,) where, X,
=X, + X, =5 Qand R, =0.5 . (V,) is the terminal voltage per phase i.e. V,= 3000 V.

V3
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Also, l,=1,=19245 A,
3000 .. -1
Hence, E).= J_ 20° + 192.45£~cos™ 0.8 (0.5 + j5)
3
= 1732.1 + 192.45£--36.87° x 5.025.284.29°
= 1732.1 + 967.06247.72° = 2386.43 + j715.5
IE} = 2491 V (per phase).
2491 - 200
Voltage regulation of full load = —__v3 x 100% = 43.81%
3000
'J’E EEMEEEE

11.16 PHASOR DIAGRAM FOR A SALIENT POLE
ALTERNATOR: TWO-REACTION THEORY

As discussed earlier the rotor of cylindrical pole machines has uniform air gap
whereas in salient pole alternators the air gap is non-uniform. Figure 11.6 shows
a two-pole salient pole alternator rotating in an anti-clockwise direction. From
the figure it is clear that there are two axes of symmetry here. The axis of the
rotor pole is called the direcr or d axis and the axis perpendicular to the rotor
pole is called the guadrature or g axis. The direct axis flux path includes two
small air gaps under pole faces only whereas quadrature axis flux path has two
larger air gaps in the inter-polar regions. Hence with direct axis flux path has
minimum reluctance and quadrature axis flux path has maximum reluctance.
According to the two-reaction theory, the armature mmf F, produced by stator f,
is resolved into two componenets, one along the direct or d-axis and another
along quadrature or g-axis. The direct axis component of F, is F,; and the
quadrature axis component is F,,. The effect of F,, is either magnetizing or
demagnetizing (depending whether the p.f. is leading or lagging), whereas the
effect of F,, is entirely cross-magnetizing. Similarly, flux ¢, produced by stator
current /, is resolved into two components @,; and @,,; ¢,y induces direct axis
armature reaction voltage E_; and ¢, induces quadrature axis armature reaction
voltage E,,. If I, and I, be the two components of current /, along direct and
quadrature axis respectively then

g-axis {quadrﬂtura axis)

{dlract axis)

d-axis flux path

Fig. 11.6 2-pole salient pole alternator
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From the phasor diagram in Fig. 11.6, we have
Vy=V,cosd and Vy=V,sind (11.9)
Also, Va=1,X,
and “’,q = Ef - Id Xd
E; -V
;e Vi
Hence, I;= and [ = —.
d xd q X‘.‘
Substituting the values of [, and /, in Eq. (11.8) we get
E; -V v
p=v,| L |+v, | L
Xa Xq
VZE, WV, WV
=df__£f¢+d=i (11.10)

X,  X; X,

Substituting the values of V, and v, from Eq. (11.9) in Eq. (11.10), we have
V,E;sind V?sindcosd V7' sindcosd
P = —_— +

X 4 Xg

- HE"‘-Sina_lVIZ 1
VE;sind X, -X

JViE im0 1| X
X, 2 XaX,

———i]sin 26 (L1

For cylindrical rotor alternator X, = Xq. hence

V,E;sind V,Esind

I x,

where X, is the synchronous reactance. The

power angle curve for cylindrical rotor
alternator is shown in Fig. 11.9.

Equation (11.11) represents the

expression of output power for salient pole

alternators. The first component, i.e.

ViEs
X sin 8 | represents the power output
d

due to field excitation. The second
component of the power expression is due
to the saliency of the alternator and is

Pra b= — = — —

n &=
(rad)
Fig. 11.9 Power angle characteris-
tics for a cylindrical
rotor alternator

o

g ——————

independent of the excitation. This component of power is called the reluctance
power and it is directly proportional to (sin 28). The power angle characteristic
of the salient pole alternator is the resultant of two curves as shown in Fig. 11.10.
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Power
Resultant power

Field power

Reluctance power
I

o %\7:: Powrerangla §—
(rad)

Fig. 11.10 Power angle characteristics for salient pole alternator

11.9 A salient pole synchronous generator is rated at 200 MVA and 11 kV. Its armature
winding is star connected having negligible resistance; it is given that X; = 0.8 p.u., X, =
0.5 p.u. The generator is supplying rated MVA at rated voltage and at 0.8 p.f. lagging.

Find power angle and open circuit emf in p.u.

Solution
Xy=08pu; X, =05pu. R, =0 (given)
Taking terminal voltage as the reference phasor, V, = 1£0°
As power factor is (.8 lagging hence armature current /, is given by
I, =1£-36.87° p.u.
From phasor diagram (Fig. 11.8(b))
OA=V,+jl, X,
= 120° + 1Z-cos™ 0.8 x 0.5290°
=120°+0.5290° - 36.87° =1+ 0.52453.13* = 1.3 + j 0.4 = 1.36£17.1°
Hence power angle 6= 17.1%;
again referring to Fig. 11.8(b),
Iy= 1, sin (6 + @) = 1 sin (17.1° + 36.87°) = 0.809.
Open circuit emf Ej is obtained as
=10Al + 1ABl = 1.36 + [AX; — X} = 1.36 + 0.809 (0.8 — 0.5) = 1.6027 p.u.
1110 A 70 MVA, 13.8 kV, three-phase star connected salient pole alternator has a
direct axis reactance of 1.83 Q and quadrature axis reactance of 1.2 L. It delivers a load
of 0.8 p.f. lagging. Calculate the excitation voltage and voltage regulation.

Solution
X;=1830
X,=120Q
13.8x%10°
Phase voltage V,= ———— V = 7967.67 V
J3
. 70x10%
Line current [; = ————— A =2928.67 A
V3 x138x%10°

From the phasor diagram in Fig. 11.8(b),
OA=V +jl, X,
= 7967.67 + 2028.67.2-36.87° x 1.2.290°
= T967.67 + 3514.4453.13° = 10076.3 + j 2811.5 = 10461.19.215.6°
Powcr angle & = 15.6%;
. l;=1, sin (& + 8) = 2928.67 sin (15.6° + 36.87°) = 2322.644 A,
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Excitation voltage is given by
IEd =1V, + I, X, + 14 (X; - X))
= 10461.19 + 2322.536(1.83-1.2) = 11924.39 V = 11.92 kV,
Vaoltage regulation is found to be

l].Sli—M
AV = -—--——-3— *® 100% = 49.6%.
138
\"3 (EEERRR ]

1_1.11.' A 50 MVA, 11 KV, 50 Hz, 6-pole alternator has an armature resistance of
blddi p.u. and synchronous reactance of 0.75 p.u. At full load, the rated emf is 1.6 p.u.
Find the torque angle and power factor.
Solution
Considering L=1pu,V=1pu,

R, =0.001 pn. and X, =0.75 pu,

we have
E’=(Vcos 8+1,R) + (Vsin8+1,X)°
(1.6)* = (1 cos B+ 1 x0.001)* + (1 sin 8+ 1 x 0.75)°
or 2.56 = cos® 8 + (0.001)2 + 0.002 cos @ + sin® & + 1.5 sin 8 + 0.5625
or 1.5 sin 8 + 0.002 cos 6 = 2.56 — 1 — 0.5625 — (0.001)* = 0.9975.

By trial and error method solving the above equation cos 8 = 0.75 lagging or power
factor 0.75 lagging.
Hence Ecosd=V+ [, R,cos 8+, X sin@

or 1.6cos 6=1£0°+ 1 x 0,001 x0.75 + 1 x 0.75 % 0.66 = 1.4968
or Torque angle (§) = 20.69°.
[Torque angle is same as to power angle] seErane

Parallel Operation of Synchronous Generators

Generators are run in parallel to cater increase of load demand. Whenever more
power is needed, an additional generator is connected to the existing generator
bus and synchronised. When a small generator is brought up to an existing net-
work having a large generator, it is referred to as connecting this single generator
to the infinite bus. The following conditions must be satisfied for parallel opera-
tion of a generator with an existing generator bus:
(a) the terminal voltage of the incoming machine should be identical to the
existing bus bar voltage
(b) the frequency of both the generators must be idenfical during synchronisation
(c) the phase sequence of the incoming generator must be same as that of the
existing bus voltage sequence
(d) the phase relations of the incoming generator and the existing one should
coincide. '

A synchroscope is usually used for synchronising two synchronous generators
or a synchronous generator to the infinite bus. The pointer of the synchroscope
rotates clockwise when an alternator is running faster and anticlockwise when it
runs slower then the existing bus with which it is to be synchronised. When the
pointer is stationary and pointing upward, it is the right moment for synchronising
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the incoming alternator with the existing bus. The synchronising needs to be
closed at this instant without any further delay.

11.19 SYNCHRONOUS MOTOR

Any alternator can be operated as a synchronous motor and a synchronous motor
can also be operated as an alternator. For a given number of poles and fixed
frequency, it operates at only one speed known as synchrenous speed

i2
(N,. = Tf) so it works only at a constant speed. Damper winding is provided

for making it self-starting and also to prevent hunting.

11.20 PRINCIPLE OF OPERATION

When a three-phase stator winding of a synchronous machine is fed by a bal-
anced three-phase ac supply, then a magnetic flux of constant magnitude but
rotating at synchronous speed is produced.

Let us assume that the rotor be rotating round the stator at synchronous speed
having the same number of poles as stator. As the rotor is excited by an external
de source the poles of the rotor retain same polarity throughout but the polarity of
the stator poles changes as it is connected to an ac supply, i.e. the polarity of the
stator as poles are alternating. Two similar poles of stator and rotor repel each
other with the result that the rotor tends to rotate in a particular direction. After

(T/2) sec. [i.c. T= %J, the polarity of stator poles is reversed but the polarity of

the rotor poles remains the same. Under this condition stator N-poles attract rotor
S-pples and stator S-poles attract the rotor N-poles and hence the torque pro-
duced will be in the reverse direction and thus the rotor starts to rotate in the
reverse direction.

For frequency 50 Hz., these changes will occur 100 times in one sec, thus the
torque acting on the rotor of the synchronous motor is pulsating and the rotor
does not move in any direction and remains stationary. Therefore, the synchro-
nous motor is not self-starting.

Let us now consider that the rotor is rotated in a clockwise direction by some
external means so that torque is clockwise. After half a period later, the stator N-
pole and S-pole will become S-pole and N-pole. If the rotor speed is such that the
N-pole of the rotor also tumns by a pole pitch so that it is again under the N-pole
then the torque acting on the rotor will again be clockwise. Hence in order to
obtain a continuous and unidirectional torque, the rotor must be rotated with such
a speed that it advances 1-pole pitch by the time the stator poles interchange their
-polarity. This means the rotor miust rotate at synchronous speed with the stator.
At this instant the stator and rotor poles get magnetically interlocked (i.e. N-pole
of stator attract S-pole of rotor and vice versa). It is because of this magnetic
locking acting between the two, the motor rotates. The motor can rotate at syn-
chronous-speed only.
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When the mechanical load is applied to a synchronous motor its speed cannot
decrease since the rotor must operate at constant speed. Hence speed is indepen-
dent of load and can be varied only by varying the supply frequency.

11.21 EFFECT OF CHANGE OF EXCITATION OF A
SYNCHRONOUS MOTOR (V-CURVES) FOR
THE MOTOR DRIVING A CONSTANT LOAD

If a synchronous motor is loaded with a constant load, the input power (VI cos 8)
drawn from the supply will also remain constant. As the supply voltage is con-
stant, hence (f cos 8) will also remain constant. Under this condition, the effect
of change of field excitation on armature current, f can be studied.

As the dc excitation is changed, the magnitude of induced emf E changes. The
torque angle &, i.e the angle of lag of E from the axis of V remains constant as
long as the load on the motor remains constant,

Figure 11.11 shows the effect of varying excitation on the power factor of the
motor. When the magnitude of £ is less than V, the motor works at lagging p.f.
(Fig. 11.11(a)), when E is greater than V, the motor works at leading p.f.
(Fig. 11.11(b)) and when E = V, the motor works at unity p.f. (Fig. 11.11(c)).

Egr
1 ¥ Constant
- i it load

: _' ) currant
| Eg line
I | 1
! I 8 1
E I E 1

|El > | vl. motor IEl = |vl,motor  [E| = | V], motor

works at lagging works at leading works at upf,

p.t, flags Vby & p.f, lleads Vby @ fand Vin phase

(a) (b) {c)

Fig. 11.11

The excitation corresponding to the unity p.f. current drawn by the motor is
called normal excitation. Excitation higher than normal is called over exciration
and the excitation lower than normal is called under excitation. It can be ob-
served that the magnitude of current under normal excitation is the minimum,

Effect of change of excitation on armature current and p.f. at a constant load
are shown in Fig. 11.12.

In Fig. 11.12 at normal excitation the p.f. of the motor is unity. The magnitude
of armature current at this excitation is minimum. For excitation higher than the
normal excitation, the magnitude of the armature current increases and p.f. is
leading. For excitation lower than the normal excitation, the magnitude of the
armature current still increases but the p.f. is lagging.

As the shape of graph T versus I, is similar to the English alphabet “V™, it is
also known as the V-curve of the motor. A series of V-curves can be obtained by
changing the load on the motor.
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Fig. 11.12  Profile of power factor and current against excitation current in syn-
chronous motor

11.22 STARTING OF SYNCHRONOUS MOTORS

It is now evident that a synchronous motor needs an auxiliary starting arrange-
ment. The methods of starting of a synchronous motor are as follows:

(a) Starting with the help of a damper winding.

(b) Starting with the help of a separate small induction motor.

(c) Starting by using a dc motor coupled to the synchronous motor.

(d) Starting as induction motor and run as synchronous motor.

(a) Starting with the Help of a Damper Winding

In this method a synchronous motor is started independently using a damper °
winding. The damper winding is provided on the pole face slots in the field. Bars
of aluminium, copper, bronze or similar alloys are inserted in slots of pole shoes.
These bars are short-circuited by end-rings on each side of the poles. By short-
circuiting of these bars, a squirrel cage winding is virtually formed. When a
three-phase supply is given to the stator, a synchronous motor with damper wind-
ing will start as a three phase induction motor with the speed of rotation near to
synchronous speed. Now the d.c. excitation 1o the field winding of rotor is ap-
plied and the rotor will be pulled into synchronism. A reduced supply voltage
may be necessary, to limit the starting current drawn by the motor.

In this method since starting is done as an induction motor, the starting torque
developrd is rather low. Hence a large capacity synchronous motor may not be
able to start on full load if damper winding starting is employed.

(b) Starting with the Help of a Separate Small Induction Motor

In this method, a separate induction motor is used to bring the speed of the
synchronous motor to synchronous speed. The number of poles of the synchro-
nous motor needs to be more than that of poles of the induction moter to enable
the induction motor to rotate at the synchronous speed of the synchronous motor.
As the set attains synchronous speed, dc excitation is applied and as the rotor and
stator of the synchronous motor are pulled in synchronism, the induction motor is
switched off.
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(c) Starting by 'Usiug a dc Motor Coupled to a Synchronous
Motor

In this method, the dc motor drives the synchronous motor and brings it to
synchronous speed. Then the synchronous motor is synchronised with the supply.

(d) Starting as Induction Motor

In this method the rotor winding is shorted at start and no dc excitation is given.
The stator receives the applied voltage in steps and when near full speed is
attained by the rotor, the rotor short circuit is removed and dc voltage is applied.
The motor continues to operate as a synchronous motor. Instead of keeping the
rotor winding shorted at start, sometime there is one more additional winding
which helps the machine to start as an induction motor. This winding remains
open-circuited during the run of the machine as a synchrenous motor.

Out of these three methods, the method of using a damper winding for starting
the synchronous motor is mostly used, because it requires no external motor.

11.23 APPLICATION OF SYNCHRONOUS MOTOR

An over-excited synchronous motor operates at leading p.f. and takes a leading
current from the bus bar; so it can be used to raise the overall power factor of the
bus bar supplying load.

When the motor is run without load with over excitation for improving the
voltage regulation of a transmission line it is called a svnchronous capacitor or
synchronous condenser. Synchronous motors can be used in electric clocks as it
runs at constant speed.

11.24 COMPARISON BETWEEN SYNCHRONOUS
AND INDUCTION MOTOR

Synchronous moror

Induction motor

19

. It is internally not a self starting motor.

It runs at constant speed called
synchronous speed and this speed is
independent of the load.

It requires dc source for the field
excitation.

. It can be operated under a wide range

of power factors including lagging a
leading p.f.

It Tuns at synchronous speed only. The
only way to change its speed is by
varying the supply frequency.

It is used to improve the p.f. and in
that case it is called as synchronous
capacitor.

. It is a self-starting motor.
. The speed of the motor is always less

than the synchronous speed and its
speed decreases as the shaft load
increases.

. No dc exciter is needed.

. It runs with lagging p.f. only which

may be very low at light loads.

. Many power electronic methods are

available with which speed can be var-
ied.

. It is used only to drive a mechanical

load.

(Conid)
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Here V is the terminal voltage and E is the
counter emf

V=E+IR, +jIX (11.12)
The corresponding phasor diagram is shown
in Fig. 11,14,

The phasor qmgram {?f a.saln:nt pole syn- Fig. 1114 Phasor diagram of
chronous motor is shown in Fig. 11.15(a). From a cylindrical rotor
this phasor diagram the terminal voltage is ob- synchronous motor
tained as

V=E+ IR, +j IX;+j X, (11.13)

Fig. 11.15 Phasor diagram of a salient pole synchronous motor

The armature current I, can be decomposed into two components: {;, which is
lagging phasor E by 90° and [, which is in phase with E.

Figure 11.15(b) shows the phaser diagram in terms of the known parameters.
From this phasor diagram it is also evident that V = E + j I.X, + j [,X; + I,R,.
Next, ac is drawn from point a perpendicular to 7, and ac = jIX,. From point e,
i.e the terminal point of V, ed is drawn parallel to ac which meets the extended
line of vector E at d.

Hence cd = jl X,
Now, ac=cd + da
or X, = jlX, + jIX,
or JIX, =J 1.X, = J1X,
Hence V=E +_,inXq + Xy + IR,
=E+ IRy + jlXy + J1X g = Jl4X,
=E + IR, + jIX, + jl; (X; - X,). (11.14)

The equivalent circuit of the salient pole synchronous motor is shown in
Fig. 11.16.

MalXa=Xq}

Fig. 11.16 Equivalent circuit of a salient pole synchronous motor
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11.27 POWER AND TORQUE DEVELOPED IN A
CYLINDRICAL ROTOR MOTOR

Let S represent the per phase complex power drawn by the cylindrical rotor
synchronous motor.

*

. V-E
S=v-I,=V. T ,
where Z, is the synchronous impedance.
Vv E
RRAR A B P
Now E=IEl £-6
2 2 o X
and Z =12} £o= R +X; ZLtan E
Hence S=1VizL0°® - —li —IV1£0° - E1£9
1Z)1£-¢ 1Z,1£-9
iz Lo VIEL o ,
=z ¢ =P+j0
- Active power P per phase is
i IVIIE!
P= Z cos ¢ — iz cos (8 + ¢) (11.15)
and reactive power Q per phase is
e VIEl
Q= iz sin ¢ — iz sin (6 + ¢) (11.16)
Neglecting stator resistance (i.e § = 90%)
VIET
P= X, sin 6

where X, is the synchronous reactance.
Total active power (or total mechanical power developed) by the motor is
3WVIEI

P==xa

sin & (11.17)

3WVIIED
X,

=P, sin &, where P, =

Mechanical torque developed by the motor
sin &

Prm
= o,
where (@,) is the synchronous speed
3IVIE
T ow,lX,
= Tppay 8in &
where (T,,) is the maximum torque which is also known as pull-out torque.
The power angle characteristics is shown in Fig. 11.17.

sin 8 (11.18)
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' Fig. 11.17 Power angle characteristics of a cylindrical rotor synchronous motor

The synchronous motor can be loaded up to a maximum value of P, which
is called the static stability limit and after which it will lose synchronism. In
order to increase the stability limit at fixed applied voltage V the field current
should be increased which in turn will increase the excitation voltage E.

11.28 POWER AND TORQUE DEVELOPED IN
SALIENT POLE MOTOR

Neglecting the armature resistance, the sim-
plified phasor diagram of salient pole motor is
shown in Fig. 11.18.
From the phasor diagram

IVicos & = IEl + I X,

and . Wsind=[X,
Hence ‘fd = M and Fig. 11.18 Phasor dfﬂg‘l'ﬂlﬂ ﬂf
Xa a salient pole motor
ViIsin 8 (neglecting R,)
I, = (11.19)
Xy
If V; and V,, are the two components of V, then
Vy;=-IWsin
[-ve sign appears as for motor & is —ve and sin (- &8) = —sin §]
Vy=IMcos &
Per phase active power
P=Vi,+ V[,
IVicos & - |E IVlsin &
=Vl sin § - e +1Vlcos §- o
Xa q
IVIIEl sin &
- e + IW* sin & cos J[L—L]
L] Xy Xa
IVIIEI , Xa—Xg
= sin d + |V ———— sin 24 (11.20)
Xq 2X4X,
Hence total mechanical power developed
3VIE X, -
P, = sin 8+ 32 =——7 in 25 (11.21)
Xa 2X, X,
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In a single layer winding machine number of coils = %{numbcr of slots)

¥ 16 % 10 =80

=1
2
Total pumber of turns = 20 x 80 = 1600

Number of tums per phase Ty, = 12 = 533

Hence, emf induced per phase is
E=444f¢ Ty =444 x 50 x 0.025 x 533 = 2958.15 V
Total kVA = 3 x 2958.15 x 75 x 107 = 665.58
Hence output of the stator winding is 665.58 kVA, sasmams

11.19 A 4 pole three-phase, 50 Hz, 2500 V synchronous machine has 48 slots. Each slot

-

has two conductors. The coil pitch is 46 slots. Determine the flux per pole.

Solution
Number of slots per pole per phase m = 48 =
PEr poie per p 4x3
180° 180° x4
Slot angle @ = = =15°
angle Number of slots per pole 48
. mp . 4x15°
s — sin -
Distribution factor K; = 2. . 2 — = 05 _ 99576
) 4si 15° 0.522
msin 5 sm

Total number of slots = 48

but coil pitch = 46 slots.

Hence the coils are short pitched by (48 - 46) i.e., 2 slots
Short pitching angle ar = 2 x 15° = 30°

Hence pitch factor K, = cos% = cm-}g‘; = (.9659

Total number of conductors is (48 x 2) 1.e 96

Hence number of turns per phase T, = % =16
Emf per phase £ = 2200 V = 1443.42 V
J3
If ¢ be the flux per pole,
E=444 KK, f(Ty) ¢

Hence $= 1Aded = 0.439 Wh.
4,44 x0.9659 x 0.9576 X 50 X 16

11.20  Find the number of series turns required for each phase of a three-phase, star
connected 50 Hz, 10 pole alternator with 90 slots. The line voliage is 11 kV and the flux
per pole is 0.2 Wh.

Solution

Given, P=10 and §=90

11,000
Voltage per phase = ——— =6351 V

J3
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Also ¢ =02 Wb.
If T is the series turns in each phase, we can write
6351 =444 x02x50%T
6351 = 143

or ==
4.44 0.2 x50 TILIL

.21 A 2000 kVA, 11 kV, 50 Hz star connected synchronous generator has a no load
voltage of 13 kV. At full load the power factor is 0.8 lagging. Determine the synchronous
reactance, voltage regulation, torque angle and power developed. Neglect the armature
resistance.

Solution

2000 x 10°
Rated current f = —A =105 A

J3x11x10°
Power factor (cos 8) = 0.8 i.e., 8=cos™' 0.8 = 36.87°
13,000

3
11,000

NE]
If X, be the synchronous reactance then
7505.8£8 = 6351.20° + jl052-36.87° X,

Equating the real and imaginary terms,

7505.8 cos 8 = 6351.£0° + 105 sin 36.87° X, = 6351 + 63 X, (i)
and 7505.8 sin 8 = 105 cos 36.87° X, =84 X, © (i)
Squaring equations (i) and (ii) and then adding them

(7505.8)% = (6351) + 2 x 6351 x 63 X, + (63)° X? + (84)* X2

oF 11025 X2 + BOD226X, — 16001832 = 0
or X, =1857Q

No load voltage per phase E = V =75058V

V =6351V

Full load voltage per phase V =

13-11
x 100 = 18.18%

Voltage regulation =

Mow, from equation (i) we can wrile

B4 % 1.806

sind= ——— =0.0208
7505.8
o Torque angle (8) = 1.19°.
Power developed P=/3Vicos 8= /3 x 11 x 105 x 0.8 kW = 1600 kW.

I11.22 A three-phase alternator has reactance of 8 € and armature current of 200 A at
unity p.f. when running on 11 kV at constant frequency. If the emf is raised by 20%, input
remaining unchanged, find the new value of machine current and power factor.

Solution
When I=200A,cos8=1,
11,000
E= T +§ 200 x 8§ = 654930 £14.14° V
3

Mew value of emf is given by
IET = 1.2 x 6549.30 = 7859.16 V
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14.

15.

16.
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. Derive an expression for power developed as a function of power angle &

for salient pole alternator.

. Derive an expression for the torque developed in a three-phase cylindrical

rotor synchronous motor.

Explain the principle of operation of synchronous motor.

Explain various methods of starting of a synchronous motor.

Compare between an induction motor and synchronous motor.

What do you mean by hunting of a synchrenous motor? How do you pre-
vent hunting?

A three-phase, delta connected, 16-pole, 50 Hz synchronous generator has
144 slots and 10 conductors/slot. Coils are full pitch and the flux/pole is
0.0248 Wb. What is the value of alternator speed and what is the value of

no load voltage? [Ans: 1270 V]
. 120 f
[Hints: N= 3 375 rpm
144

No. of slotsfpole = 16 = =9

m = No. of slots/pole/ph = 3
B = 180°9 = 20°
in (3x20/2)°
Ky= OX2D 96 k=1
I xsin (20/2)°

x 10
Z (no. of conductors) =

= 480/ph.

E=4.44 % 0.96 x 1.0 x 0.0248 x 50 x % (T:g)

2
= 1268.5 V/ph.
Hence E; ;=Eyu=1270V.]

A 500 V, 50 kVA, 1-ph, 50 Hz, synchronous generator has armature resis-
tance of 0.5 £/ph. An excitation current of 10 A produces 100 A armature
current in any phase on short circuiting its terminals. At this same exciting
currents the open circuit voltage is 400 V. Calculate synchronous reactance.

[Ans: 3.97 C/ph]

. Vo _ 400
[Hints: ZJ/ph = e = 100 =40

XJph = 22 - R? =4 -05% =397Q]
A:single-phase alternator has six number of slots per pole. Obtain the value

of distribution factor if (i) all the slots are wound and (ii) only two-third of
the slots are wound. [Ans: 0.64: 0.84]

80° sin (6!32‘})
(Hints: () B= ]-—~ =30° Ky= —— 22 — 064

6 sin ( 3DGJ
2
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18,

19.

20.
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(i) B=30%m= % of 6 = 4

sin [4 X 3—03]
K;= —E = 0.84.]
4 sin (ﬂ)
2

A A-connected, 3 ph, 50 Hz, 8000 V(L - L), 750 rpm alternator has 3 slots/
pole/ph. Coil span is 7 slots. There are 10 turns/coil. Find the coil span,
distribution factor and flux/pole. [Ans: 140°; 0.94; 333 mWb]
[Hints: Pole pitch has 3 x 3 = 9 slots.

~ Coil sﬁmn = % % 180° = 140°

180° - 140°

K¢ = cos = 0.94

m =3 (given); f= l_ﬁ_ﬁ_ = 20°

sin (3‘.‘{ %)

K= -_3T =0.96

s "2—
E=444 o KK, fT
Hence ¢= £ 8000

4449 K Ky fT ~ 4.44x094x0.96x50x T
where T = No. of poles x No. of slots/pele/ph x (No. of turns/coil} + 2
=8x3x10/2=120

Thus, # =333 mWhb.]
A three-phase,16 pole synchronous generator has a resultant air gap flux of
0.06 Wb per pole. The flux is distributed sinusoidally over the pole. The
stator has two slots per pole per phase and four conductors per slot are
accommodated in two layers. The coil span is 150° electrical. Calculate the
phase and line induced voltages when the machine runs at 375 rpm.

[Ans: 795.3 V, 1377.5 V]
A three-phase star connected alternator is rated at 1600 kVA, 13.5 kV. The
armature effective resistance and synchronous reactance are 1.5 € and 30
Q respectively per phase. Determine the percentage regulation for a load of
1280 kW at p.f. of 0.8 leading. [Ans: —12%]
A 550V, 55 kVA, 1 - ¢ alternator has dc resistance of 0.2 €} per phase, A
field current of 10 A produces an armature current of 200 A on short circuit
and 450 V on open circuit. Determine the synchronous reactance of the
alternator armature winding and voltage regulation at full load with 0.8 p.f.

(lag) load. [Ans: 2.24 Q; 30.91%]
55x%10°
Hints: [= —— =100 A
[Hints 550
Vaie
z,= 2 =0 555 Quph




SINGLE-PHASE
INDUCTION
MOTORS

12.1 INTRODUCTION

Single-phase induction motors have numerous and diversified applications both
in home and industry. It is probably safe to say that single-phase induction motor
applications far outweigh the three-phase motor applications in the domestic sec-
tor. At home normally only single-phase power is provided, since power was
originally generated and distributed to provide lighting. For this reason early
motor-driven appliances in the home depended on the development of the single-
phase motor. Single-phase induction motors are usually small sized motors of
fractional kilowatt rating. They find wide applications in fans, washing machines,
refrigerators, pumps, toys, hair dryers, etc. Single-phase induction motors operate
at low power factors and are less efficient than three-phase induction motors.

12.2 PRODUCTION OF TORQUE

From the study of three-phase induction motors it is seen that the three-phase
distributed stator winding sets up a rotating magnetic field which is fairly con-
stant in magnitude and rotates at synchronous speed. In single-phase induction
motor there is only single field winding excited with alternating current and
therefore it is not inherently self-starting since it does not have a true revolving
field. Various methods have been devised to initiate rotation of the squirrel cage
rotor and the particular method employed to start the rotor of single phase motor
will designate the specific type of motor.

Consider the behaviour of the magnetic field set up by an ac current in the
single-phase winding. With reference to Fig. 12.1 when the current is flowing in
the field winding, if the current is sinusoidal, neglecting the saturation effects of
the magnetic iron circuit, the flux through the armature will vary sinusoidally
with time. The magnetic field created at a particular instant of time, will reverse
during the next half cycle of the ac supply voltage. Since the flux is pulsating it
will induce currents in the rotor bars which in turn will create a rotor flux which
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BEE R E RS SRR maw

Squirrel cage .
rotor Simple field wind

T
%6656

=1 £

Main
flux

Single ° ‘; |’
phase ac

Direction of torque, shown by small arrows

Fig.12.1 Torgue produced in the squirrel cage of a single-phase induction motor

by Lenz’s law opposes that of the main field. The direction of the rotor current as
well as the torque created can also be determined. It is apparent that the clock-
wise torque produced is counteracted by the counter-clockwise torque and so no
motion results, i.e. the motor is at standstill.

However, any pulsating field can be resolved into two components, equal in
magnitude but oppositely rotating phasors as shown in Fig. 12.2(a). The maxi-
mum value of the component fields equals half of the main field. A physical
interpretation of the two oppositely rotating field components is predicted in
Fig. 12.2(b). Each component field guides around the air gap in opposite direc-
tions with equal velocities, their instantaneous sum represents the instantaneous
resultant magnetic field which changes from (¢,,,,) to (¢,,;,). This method of field
analysis is commonly known as the double revolving field theory. Each field
component acts independently on the rotor and in a similar fashion as of the
rotating field in a three-phase induction motor. The only difference is that here
there are two fields, one tending to rotate the rotor clockwise and the other
tending to rotate the rotor anticlockwise.

0= 91+ 92

(b)
Fig. 12.2 Pulsating field resolved into two oppositely rotating fields

The torque slip curve of the actual motor can be obtained by applying the
principle of superposition to the hypothetical constituent motor. The clockwise
flux component produces torque called the forward torgue which is operating at
slip "s". The counterclockwise flux component produces a backward torque which
operates at slip (2-s). Their individual torque slip curves will have the form
shown in Fig. 12.3 and the algebraic sum of their ordinates will give the resultant
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Fig. 12.3 Torque-speed characteristic of a single-phase squirrel cage induction
motor

torque. It is observed that at standstill (s = 1) the two torque components pro-
duced are equal but acting in opposite direction. Although the net torque pro-
duced at standstill is zero, it is seen that if the rotor is advanced in either direction,
a net torque will result and the rotor will continue to rotate in the direction in
which it has been started. The component torque in the direction of rotation may
be termed as forward torque while the other one may be treated as the backward
torque.

Thus, once started the single-phase motor having a simple winding will con-
tinue to run in the direction in which it is started. The manual self-starting is not a
desirable feature in practice, and modifications are introduced to obtain the torque
required to start. To accomplish this, a quadrature flux component in time and
space with the stator flux must be provided at standstill. Auxiliary windings are
normally placed on the stator to provide starting torque. The auxiliary winding is
also called starting winding.

12.3 EQUIVALENT CIRCUIT OF A SINGLE-PHASE
INDUCTION MOTOR

At standstill the equivalent circuit of a single-phase induction motor is exactly
similar to that of a transformer on short circuit. The equivalent circuit at standstill
condition is shown in Fig. 12.4. R. and X, represent the core loss and magnetiz-

ing reactance. r, and x, are the resistance and leakage reactance of the stator, r’
and 3 are the resistance and leakage reactance of the rotor referred to the stator.

i Xy ] X
—AM— T ANA— T ——
Rr x*

Fig. 12.4 Eguivalent circuit of a single-phase induction motor at standstill
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The air-gap flux can be resolved into two oppositely rotating components,
These components at standstill are equal in magnitude, each one contributing an
equal share to the resistive and reactive voltage drops in the rotor circuit. Hence
r, and x, can be split into two parts, each one corresponding to the effects of one
of the magnetic fields. E; and E, are the voltages set up by the two oppositely
rotating fields. viz. forward and backward rotating fields respectively. The equiva-

lent circuit considering the effect of forward and backward flux component is
shown in Fig. 12.5.

ry Xy
o—AAN—— T ——— 7~ — — — — ——
A "'2' A
2
Ae Xy
—= —_ ' E; (Forward
2 > x r )
2
Vymmmmmmmmmm = et I--
rf
Re Xo 2
2 2 x Ep (Backward)
Y 2
o
[ ———————————————————————————— — — ———— — ——— J__

Fig. 125 Equivalent circuit at standstill showing the effect of forward and
backward flux components

When the motor is running at a slip s, the slip for the forward field is s and for
backward field is (2 — 5). Hence the resistance in the forward field becomes

#
R

2(2—-15)

5

rf
(ELJ and in the backward field becomes ( ] As s is normally very

’

"
small, [%J is much higher than [
5

*

’
o 22_ SJ - Hence E,is much greater than E,,.

The equivalent circuit at any slip (s) is shown in Fig. 12.6.
From Fig. 12.6

P ;= air-gap power of forward field = (IZI-I" ¥ 2 W
2s

¥

i
2(2-15)

P, = air-gap power of backward field = (1, )

P
Ty = torque due to forward field = g Nm
2nn

i

Nm

T, = torque due to backward field =

g
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h n X1
o AN T
By
2
fz

Ae Xo 2(2-s)
e k. Ep (Backward)
2 2 X

2

o

Fig. 12.6 Equivalent circuit of a single-phase induction motor at any slip s

Net torque, T = T_,-- T,

Rotor copper loss due to forward field (P ) = 5Pys

Rotor copper loss due to backward field (P o, p) = (2 = 5)Py,
Total rotor copper 108s (P yo))= $Pyr + (2 = $)P,

Mechanical power developed (= P,) = (1 - s)(f’mr - Pgy).

124 DETERMINATION OF PARAMETERS OF
EQUIVALENT CIRCUIT

The parameters of the equivalent circuit of a single-phase induction motor can be
determined from the no load and blocked rotor test.

12.4.1 Blocked Rotor Test

In this test a very small voltage is applied to the stator and the rotor is blocked
{Care is to be taken such that the stator current does not exceed the f.l. current).
The voltage, current and power input to the stator are measured. When the rotor

R X
is blocked, s = 1 and hence parallel combination (—:—;-—) and [T’J is much

r! x.i
greater than [% +j ?z] (in Fig. 12.6). Therefore under blocked rotor test the

equivalent circuit reduces to that shown in Fig. 12.7. Since (R_/2) and (X ,/2) are
of very high values hence they can be neglected in the equivalent circuit.

Let V., I, and W, be the input voltage, current and power during blocked
rotor test,

. . W,
The total resistance (r, + ') = — =R,

Total impedance, Z. = Ii
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lsc r Xy
NS N
e 5
2
s (Forward)
]
2
Vm r!
2
, (Backward)
X
2
Y

Fig. 12.7 Equivalent circuit under blocked rotor condition

Hence total reactance (x, + x;) =  Z2 — R=.

Generally, , = »° and x; = x,. Hence r;. 5, x, and x; can be determined
from this text.

12.4.2 No Load Test

In this test the motor is run on no load condition and voltage V,, current /, and
power W, to the stator are measured. At no load s is very small and core loss

*

r
resistance R, is neglected. Hence from Fig. 12.6, (i) is much greater than
5

X, ry nY.
—|. Also, ————| =—=| is much smaller than X¢.f2. Therefore under no
2 2(2-15) 4

load condition the equivalent circuit can be reduced to that shown in Fig. 12.8.

! X
Here, (-rz—) and [T@) are thus neglected in equivalent circuit.
5
No load p.f. (cos 6y) = —
pf. (cos &) V.1
fﬂ ry X4
AN OO0
X¢
2
Vo ’::
%
2

L=

Fig. 12.8 Eguivalent circuit under no load condition



776

Basic Electrical Engineering

X ’ .
Now voltage across (Tﬁ') is |:V,, -1,2-8, [[i‘i + %]+ j{.rl + %JH
. X3
o3
121

2.1 A 200 W, 240 V, 50 Hz single phase induction motor runs on rated load with a slip
of 0.05 p.u. The parameters are
=114 0, xn= 14.5 Q,
 =138Q, x5 =144 0Q,X,=270Q
Calculate (i) power factor, (ii) input power and (iii) efficiency.
Solution
From Fig. 12.6 neglecting the core loss resistance R the total series impedance

Ko &
2(2-1) 2

V,—-1,£-8, I:[q +

I

%o

2
and an can thus be determined.

Hence,

7

L= l'|+j".r| +

x ’ ¥ x #
25 22 2(2-5) 22
270 % 14.4 . 270%13.8 270x14.4 i 270%13.8
TTax00s T a T4z -005)
=114 +/14.5 + +
138 .(gmﬂ_@_] 13.8 270 +14.4
2 x0.05 2 2 2(2-005) 2
- i 972 + j477.
1145145 + 9?2+:118630 9 21'_]‘ 7.69
138 + j142.2 3538+ j142.2
1144145 + 18655£92.98 N 1083£153.83
198.245.86°  142.24288.57°

= 11.4 + jl4.5 + 94.22.247.12° + 7.6.£65.25°

= (114 + 64.11 + 3.18) + j(14.5 + 69 + 6.9) = (78.69 + j90.4) 02,
240£0° 240£0°

78.69 + j90.4  119.85248.96°

Hence power factor is (cos 48.96°) lagging, i.c. 0.656 lagging.
Input power = 240 x 2 x 0.656 W, i.e. 314.88 W.

Qutput power is 200 W,

Output 200
Input  314.88

~ Input current = =2/-48.96" A

Hence efficiency = = 0.635, i.e. 63.5%.

12.2 A 230V, 50 Hz. 4-pole single-phase induction motor has the following parameters:
ry = 2.51 0, X = 4.62 0Q, ra' =781 Q, I£ =462 0Q

and X, =150.88 Q

Determine the stator main winding current and power factor when the motor is running at

a slip of 0.05.
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Solution

The total series impedance is obtained as
.150.88 7.81 + . 4.62 . 150.88 7.81 + .4.62
772 |2x00s ' 2 2 |22-005) 72

Z =251+ /4.62 +

-+
781, .[ﬂJrlso.sa) 781 .(lsn.sa+@)
2x0.05 2 2 2(2-0.05) 2 2
~174.26 4589186  -174.26 +151.07

78.1+ j17.75 24 j71.75
5894.40£91.69° 230.62£139.077°

110.20£44.87° * T1.77 £88.50°
= 2.51 + j4.62 + 53.48./46.82° + 2.965.250.58°
=(2.51 + 36.596 + 1.88) + j(4.62 + 39 + 2.3)

= 40.986 + j45.92 = 61.54£48.25° O

230 20°

Stator main winding current is ———————— i.e. 3.732-48.25° A.
oF M ® 6154 248.25°

Hence power factor is (cos 48.25°) i.e. 0.666 lagging.

=251 + /462 +

=2.51 +j4.62 +

12.3 In a 6-pole single-phase induction motor the gross power absorbed by the forward
4fd backward fields are 160 W and 20 W respectively. If the motor speed is 950 rpm and
the no load frictional loss is 75 W, find the shaft torque.

Solution

Air-gap power of forward field Py, = 160 W
Air-gap power of backward field P, = 20 W.

Net power = P s~ P, = 160 W - 20 W = 140 W.

120 % 50
Synchronous speed N, =

Speed of motor N, = 950 rpm.

Moo i o - 1000950
ence slipsf = ———— = LU
P 1000

Power output is (1 - 5) x 140 — 75 = 58 W (= shalt power).
shaft power 58
2% 24 95

2w —
0 76

= ]D[E] rpm.

Shaft torque = = (.58 Nm.

12.5 STARTING OF SINGLE-PHASE INDUCTION
MOTORS

Since a single-phase induction motor does not have a starting torque, it needs
special methods of starting. The stator is provided with two windings, called
main and auxiliary windings, whose axes are space displaced by 90 electrical
degrees. The auxiliary winding is excited by a current which is out of phase with
the current in the main winding, both currents derived from the same supply. If
the phase difference between the two currents is 90° and the mmfs created by
them are equal, maximum starting torque is produced. If the phase difference is
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not 90° and the mimfs are equal, the starting torque will be small, but in many
applications it is still sufficient to start the motor. The auxiliary winding may be
disconnected by a centrifugal switch after the motor has achieved about 75%
speed.
Single-phase induction motors are usually classified according to the auxiliary

means used to start the motors. They are classified as follows:

I. Split-phase motor

2. Capacitor start motor

3. Capacitor start capacitor ran motor

4. Shaded pole motor.

126 SPLIT PHASEINDUCTION MOTORS

One of the most widely used types of single-phase motors is the split phase
induction motor. Its service includes a wide variety of applications such as refrig-
erators, washing machines, portable hoists, small machine tools, blowers, fan,
centrifugal pumps, etc.

The essential parts of the split phase motor is shown in Fig. 12.9(a). It shows
the auxiliary winding, also called the starting winding, in space quadrature, i.e.
90 electrical degrees displacement with the main stator winding. The rotor is
normally of squirred cage type. The two stator windings are connected in parallel

- -
© -

E

Single Main & , Centrifugal
switch
phase ac winding
voltage
r
@ “T00™
Auxiliary
{or starling) winding
(a)
v
la
Im
(b)

Fig. 12.9 Split phase motor (a) Schematic representation (b) Phasor diagram
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o Single-phase ¢
ac

Main

Centrifugal
switch

(a)
9 Single-phase
ac T Autotransformer
Main
Run
Start > CT
Start

(b)
Fig. 12.12 Capacitor start capacitor run motor

classified as a reversible type motor. These motors are manufactured in a number

of sizes from 1/8 to 3/4 hp and are used in compressors, conveyors, pumps and
other high torque loads.

124 A 220 V single-phase induction motor gave the following test results:
Blocked rotor test: 100V, 9 A, 380 W
No load test: 20 V,5A, 120 W
Find the parameters of the equivalent circuit neglecting the core loss resistance. Also find

the iron, friction and windage loss.

Solution

From Art. 12.4.1
380

r+ l"]' = {1=4.69 ﬂ;
92
Ve 100
Zyl=—]=—=11L1110
) - 2
Hence  x,+ x5 = (LI} —(4.692 =104,
ro= r; = % = 2.345 € and
n=1x = 10 =51

2
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12.9 SHADED POLE MOTORS

Like any other induction motor, the shaded pole motor is caused to run by the
action of the magnetic field set up by the stator windings. There is, however, one
extremely important difference between the poly phase induction motor and the
single-phase induction motor discussed so far. As discussed, these motors have a
truly rotating magnetic field, either circular, as in three-phase machine, or of
elliptical shape as encountered in most of the single-phase motors. In the shaded
pole motor the field merely shifts from one side of the pole to the other. In other
words, it does not have a rotating field but one that sweeps across the pole faces.

An elementary understanding of how the magnetic field is created may be
gained from the simple circuit in Fig. 12.13, illustrating the shaded pole motor.
As can be seen, the poles are divided into two parts, one of which is “shaded”,
i.e., around the smaller of the two areas formed by a slot cut across the lamina-
tions, a heavy copper short circuited ring, called the shading ceil, is placed. That
part of the iron around which the shading coil is placed is called the shaded part
of the pole. When the excitation winding is connected to an ac source, the mag-
netic field will sweep across the pole face from the unshaded to the shaded
portion. This, in effect is equivalent to an actual physical motion of the pole, the
result is that the squirrel cage rotor will rotate in the same direction.

Shading
pole

=

=

Shading pole
Fig. 1213 Shaded pole motor

To understand how this sweeping action of the field across the pole face
occurs, let us consider the instant of time when the current flowing in the excita-
tion winding is starling lo increase positively from zero, as illustrated in
Fig. 12.14(a). In the unshaded part of the pole the flux will start to build up in
phase with the current, Similarly, the flux ¢, in the shaded portion of the pole will
build up, but this flux change induces a voltage in the shading coil which causes
current to flow. By Lenz’s law, this current flows in such a direction as to oppose
the flux change that induces it. Thus the building up of flux ¢, in the shaded
portion is delayed. It has the overall effect of shifting the axis of the resultant
magnetic flux into the unshaded portion of the pole. When the current in the
excitation coil is at or near the maximum value as indicated in Fig. 12.14(b), the
flux does not change appreciably. With an almost constant flux, no voltage is
induced in the shading coil and therefore it, in turn, does not influence the total
flux. The result is that the resulting magnetic flux shifts to the centre of the pole.
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Simple motors of this type cannot be reversed but must be assembled so that
the rotor shaft extends from the correct end in order to drive the load in the
proper direction. There are specially designed shaded pole motors which are
reversible. One form of design is to use two main windings and a shading coil.
For one direction of rotation one main winding is used and for the opposite
rotation the other; such an arrangement is adaptable only to distributed windings,
hence this necessitates a slotted stator.

Another method employed is to use two sets of open circuited shading coils,
one set placed on each side of the pole. A switch is provided to short circuit
either the shading coil, depending on the rotational direction desired offsetting
the simple construction and a low cost of this motor. This motor has a low
starting torque, little overload capacity and low efficiencies (5 to 35%).

These motors are built in sizes ranging from 1/250 hp upto about 1/20 hp.
Typical applications of shaded pole motors are where efficiencies are of minor
concern such as in toys and fans.

Weresasenres  EXERCISES setvssensnem

1. A three-phase induction motor develops a starting torque, but a single phase
induction motor does not. Why?

2. Explain the operation of a single-phase induction motor on the basis of
double revolving field.

3. Draw and explain a typical torque speed curve of a single phase induction
motor on the basis of the double revolving field theory.

4, Discuss the procedure to determine the parameters of equivalent cicuit of
single-phase iffduction motor.

5. Draw and explain the equivalent circuit of a single-phase induction motor.

6. Briefly discuss the different methods for starting single phase induction
motors.

7. Discuss the differences between capacitor start, capacitor start capacitor
run and permanent split capacitor motors.

8. Describe the construction and working principle of a shaded pole motor,

9. Discuss the procedure to determine the parameters of an equivalent circuit
of a single-phase induction motor.

10. A 220V 50 Hz single-phase induction motor gave the following test results:
Blocked rotor test: 110 V, 10 A, 400 W.
No load test: 220 V, 4 A, 100 W.
Find (a) the parameters of equivalent circuit (b) the iron friction and wind-
ing losses. [Ans: ry=r =2Q,x = x; =5.125Q, X, =889 Q, 60 W]
11. A 250 W, 230 V, 50 Hz capacitor motor has the following impedances at

standstill; '
Main winding: (7 + j3) Q
Auxiliary winding: (11.5 +j5) Q
Find the value of the capacitor to be connected in series with the auxiliary
winding to give a phase displacement of 90° between the currents in the
two windings. [Ans: 156 pUF]



ELECTRICAL
MEASURING
INSTRUMENTS

13.1 INTRODUCTION

Instruments which measure electrical quantities like voltage, current, power, en-
ergy etc. are called electrical instruments. These instruments are generally named
after the electrical quantity to be measured. The instruments which measure cur-
rent, voltage, power and energy are called ammeter, voltmeter, wattmeter and
energy meter respectively,

13.2 TYPES OF INSTRUMENTS

The following types of electrical instruments which are commonly used:
(a) Indicating instruments
(b) Integrating instruments
(c) Recording instruments

(a) Indicating Instruments

The instruments which directly indicate the instantaneous value of an electrical

guantity at the time when it is being measured are called indicating instruments.
Any indicating instrument has a pointer which sweeps over a calibrated scale

and it directly gives the magnitude of the electrical quantity. Ammeters, voltme-

ters and wattmeters are examples of indicating instruments which are commonly

used.

(b) Integrating Instruments

The instruments that measure the total quantity of electricity (like ampere-hours
or electrical energy in watt-hours) for a given time are called integrating instru-
ments. In such instruments there are sets of dials and pointers which register the
total quantity of electricity or electrical energy supplied to the circuit in a given
time.
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However, the integrating instruments do not indicate the rate at which the

quantity of electricity is flowing but only provide the summation of electrical
quantity (or energy) being supplied for any given time.

(c) Recording Instruments

The instrument which gives a continuous record of the changes of the electrical
quantiry to be measured is called a recording instrument,

In recording type of instruments, the moving system usually bears an ink pen
which rests on a paper wrapped over a drum. The drum rotates with a slow
uniform speed and the motion of the drum is in a direction perpendicular to the
direction of the pointer. The path traced out by the pen indicates the changes in
the magnitude of electrical quantity under observation over the given time. An
Electrocardiogram (ECG) machine is a typical example of these type of instruments.

13.3 WORKING PRINCIPLE OF ELECTRICAL
INSTRUMENTS

Since an electrical quantity cannot be observed physically, it is necessary to
convert the given electrical quantity into a mechanical force and then measure
that force. This mechanical force moves the pointer on a calibrated scale and
indicates the value of electrical quantity 10 be measured. This conversion of
electrical quantity under measurement is achieved by utilising the following ef-
fects of electrical current:

(a) Magnetic effect For voltmeters, ammeters and wattmeters.
(b} Thermal effect For ammeters and voltmeters.
(c) Electrodynamic effect For voltmeters, ammeters and wattmeters.
(d) Electromagnetic induction For voltmeters, ammeters,

effect wattmeters and energy meters.
(e} Chemical effect For dc ampere hour meter.

13.4 DIFFERENT TORQUES IN INDICATING
INSTRUMENTS

An indicating instrument indicates the value of electrical quantity at the time
when it is being measured. It consists of a pointer attached to the moving system
pivoted in jewelled bearings which moves over a graduated scale. In order to
have the proper operation of indicating instruments, the following torques are
essential:

(a) Deflecting torque (or Operating torque) (7,)

(b) Controlling (or Restraining torque) (7,)

{c) Damping torque (T,)

13.4.1 Deflecting Torque (T,)

The deflecting torque (or operating torque) is an essential requirement of an
indicating instrument in order to initiate the movement of the pointer. The
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deflecting torque causes the moving system to move from zero position to the
required value when the instrument is connected in the circuit to measure the
electrical quantity. The deflecting torque is developed by utilising any of the
known effects of current (or voltage).

1342 Controlling Torque (T)

Once the detlecting torque is developed, the pointer will continue to move and
will be independent of the value of electrical quantity to be measured. It is then
essential to control the movement of the pointer and this requirement makes that
the controlling torque must be provided. The controlling torque opposes the
deflecting torque of the moving system so that the pointer comes to the rest
position when the two opposing torques are equal. The purpose of providing the
controlling torque is three-fold:
(a) to oppose the deflecting torque and get increased with the deflection of the
moving system.
(b) to make the pointer to come to rest when 7. =T,
(c) to bring the pointer back to zero position when the deflecting torque is
removed.

13.4.3 Generator of Controlling Torque

The following two methods are commonly used to provide controlling torque in
indicating instruments:

(a) Spring control

{b) Gravity control

(a) Spring control Dial
This is the most common method of provid-
ing controlling torque in electrical instru-
ments. In this method, generally two spiral
springs (or hair springs) P and Q of phos-
phor bronze are attached to the moving sys-
tem, as shown in Fig. 13.1 (springs are Control
wound in the opposite direction of each other springs
to compensate for changes in temperature),
One end of each spring is attached to the
spindle, while the other end is attached to a
fixed point in the instrument. The two
springs provide the necessary controlling
torque as well as they provide electrical con-
nection to the operating coil.

The moving system is statically balanced in all positions by balance weights
and an arrangement, called zero adjuster, is provided on the pointer to adjust the
zero of the pointer.

When the instrument is not in use, the two springs are in their natural position
without any tension or compression and the controlling torque is zero. When the
instrument is in the process of measuring of an electrical quantity with producticn

Balance
> weights

Fig. 13.1 Spring control method
of providing controlling
torque
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L]
of the deflection torque, the pointer moves and one of the springs is unwound
while the other gets twisted. The resultant twist in the springs provides the con-
trolling torque. More the deflection, more is the twist and hence greater will be
the controlling torque. Hence the controlling torque becomes directly propor-
tional to the deflection @ of the moving system, i.e.

T.< 8
The pointer comes to rest at a position when the controlling torque is equal to
detlecting torque (ie. 7. =T,)

Advantages of Spring Control

(i) It is suitable for portable instrument as it works in any position of the
instrument.
(ii) There is practically no increase in the weight of the moving system.

Disadvantages of Spring Control

(i) Change in temperature may affect the spring length and hence the control-
ling torque.
(ii) The controlling torque cannot be adjusted normally.

(b) Gravity Control

In this method, a small adjustable weight
W (control weight) is attached to the spindle
{moving system), as shown in Fig. 13.2. It
" provides the necessary controlling torque.
The controlling torque can be varied by |nitial position _*
changing the position of weight W on the
arm.
In the initial rest (or zero) position of 4
the pointer, the control weight is suspended Control
vertically downwards and, therefore, it does weight (W)
not produce any torque. However, under Fig. 13.2  Gravity control method
the action of a deflecting torque, the pointer of providing controlling
moves from zero position (from left to torque
right) and the control weight moves in the opposite direction, as shown in
Fig. 13.2 (dotted). Due to gravity, the control weight would always try to come to
its original position (i.e. vertical) and hence
it produces a opposing torque on the mov-
ing system. This torque {controlling torque)
opposes the deflecting torque and the
pointer would come to rest at a position
when the magnitude of controlling torque
becomes equal to the deflecting torque. &*‘“"'iv sin @
As the pointer gets deflected through an ;
angle € from its zero position when mea- :; o:; A
suring an electrical quantity, the control
weight will also move through an angle 8
but in the opposite direction as shown in
Fig. 13.3.

Dial

(Final position)

(AR . S

PEElEnCB

f—— O ——|

Fig. 13.3 Direction of movement of
pointer in gravity control
method
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Under damped

-

n AW Steady
deflection

Deflection
Critically damped

over damped

—»Time

Fig. 13.4 Deflection profile showing underdamping, overdamping and critical
damping conditions

13.51 Methods of Generating Damping Torque

The following are the common methods employed for providing damping torque:
(a) Air friction damping
(b) Eddy current damping

(a) Air Friction Damping

In this method, a light aluminium vane (or a piston) is attached to the spindle and
it moves with a small clearance in a rectangular or circular air chamber closed at
one end (as shown in Figs 13.5 and 13.6). As the pointer moves forward, the vane
comes out of the chamber and a partial vacuum is created in the closed space.
The atmospheric pressure then opposes the moving system in its rapid clockwise
movement. When the pointer moves backward (i.e. anti-clockwise), the piston is
pushed into the air chamber, compressing the air in the closed space. This com-
pressed air tries to push out the piston and thus opposes the movement of the
pointer in anti-clockwise direction. In this way, motion (backward or forward) of
the pointer is opposed and hence, necessary damping is produced.

Dial

Control spring

Pointer
Air
chamber Vane
Spindle Pivot Spindle
Fig. 13.5 Air friction damping Fig. 13.6 Movement of pointer in air

friction damping

(b) Eddy Current Damping

It is one of the most effective and efficient method of damping. We know that
when a conducting (but non-magnetic material such as aluminium or copper) disc
is rotated in a magnetic field, eddy currents are induced in the disc according to
Faraday’s laws of electromagnetic induction. These eddy currents counteract with
the magnetic field to produce a force which opposes the motion providing the
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necessary damping torque. The eddy currents and hence the damping torque
exists as long as the moving system is in motion.

Figure 13.7(a) shows a form of eddy current damping. A thin aluminium disc
is attached to the spindle and is allowed to rotate horizontally in the air gap of a
permanent magnet. When the pointer (or the spindle) moves, the aluminium disc
also moves and cuts the magnetic lines of force produced by the permanent
magnet. This induces eddy currents that produces a force opposing the motion of
the disc.

Dial

Damping
force
N s
o | [ )
c = Damping
S magnet Motion
Matal of coil
Spindle —» former
Pivot
{a) {p)

Fig. 13.7 Eddy current damping

In Fig. 13.7(b), the operating coil (coil which produces deflecting torque) is
wound on an aluminium former. When the coil moves in the field of the perma-
nent magnet, eddy currents are induced in the aluminium former, providing the
necessary damping torque.

136 TYPES OF INDICATING INSTRUMENTS

The following types of instruments are commonly used:
(a) Moving iron (MI) instruments,
(b) Moving coil (MC) instruments.
(c) Dynamometer instruments.
(d) Electrostatic instruments.
(e) Induction instruments.

13.61 Moving Iron Instruments

These instruments are reasonably accurate, cheaper and simple in construction.
These instruments are widely used in laboratories and on electric panel boards.
Moving iron instruments are usually used either as ammeters or voltmeters,
Moving iron instruments are of two types:

1. Attraction type

2. Repulsion type.
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Atfraction type Moving Iron Instruments

Principle The operation of these instruments are based on the following prin-
ciple when an unmagnetised sofi iron piece is placed in the magnetic field of a
coil, the piece is attracted towards the coil. The moving system of the instrument
is attached to a soft iron piece and the operating current is passed through a coil
placed adjacent to it. The operating current sets up a magnetic field which at-
tracts the iron piece and thus creates deflecting torque in the pointer to move over
the scale.

Construction It consists of a hollow cylindrical coil (or solenoid) that is
kept fixed (as shown in Fig. 13.8). An oval shaped soft iron piece is attached to
the spindle in such a way that it can move in or out of the coil. The pointer is
attached to the spindle so that it is deflected with the motion of the soft iron
piece. The controlling torgue on the moving system is usually provided by spring
control method while damping is provided by air friction.

Working Principle When the instrument is connected in the circuit, the
operating current flows through the coil. This current sets up a magnetic field in
the coil. The coil then behaves like a magnet and it attracts the soft iron piece
towards it. The pointer attached to the moving system moves from zero position
across the dial.

Air chamber

Dial

Control /_7
spring
“\"“‘ Moving iron lamina

Balance
weight

Coll
Fig. 13.8 Attraction type moving iron instruments

If current in the coil is reversed, the direction of magnetic field also reverses
and so does the magnetism produced in soft iron piece. Hence the direction of
deflecting torque remains unchanged. Therefore, such instruments can be used
both for dc as well as ac measurement of current and voltage.

The force F pulling the soft iron piece towards the coil depends upon:

(i) The field strength H produced by the coil.
(ii) The pole strength M developed by the iron piece
i.e F o< MH
Fo B (2 Mo H)
Thus, deflecting torque (T,) == F =< H*
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If the permeability of iron is assumed to be constant, H =< |

T, I
Since the controlling torque is provided by the springs, T, =< 6 (deflection),
and in the steady position of deflection,

T,=T,
8 =< I? (for dc)
and 0o 12, (for ac).

Since the deflection 8 = I%, hence scale of such instruments is non-uniform
{being crowded in the beginning).

Repulsion type Moving Iron Instruments

Principle These instruments are based on the principle of repulsion between
the two iron pieces magnetised with same polarity.

Construction Any repulsion instru-
ment consists of a fixed cylindrical hol- Coil
low coil that carries the operating current
{Fig. 13.9). Inside the coil, there are two
soft iron pieces of vanes, one of which is
fixed and other is movable. The fixed
iron vane is attached to the coil whereas
the movable vane is attached to the
spindle. Under the action of deflection
torque, the pointer attached to the spindle
moves over the scale.

The controlling torque is produced by
spring control method and damping
torque is provided by air friction damping in repulsion type of instruments.

A
’ Air chamber

Fig. 13.9 Repulsion type moving
iron instruments

Working Principle When the instrument is connected in a circuit and cur-
rent is flowing through the circuit, current sets up a magnetic field in the coil
within the instrument. The magnetic field magnetises both the iron vanes in the
same direction (i.e. both pieces become magnets with the same polarity) they
repel each other. Due to this force of repulsion, only movable iron vane can move
as the other piece is fixed and cannot move. The result is that the pointer attached
to the spindle moves from zero position.

If current in the coil is reversed, the direction of deflection torque remains
unchanged. This is because both iron vanes are in the same magnetic field and so
they will be magnetized similarly and consequently repel each other irrespective
of the direction of magnetic field. Hence, such instruments can be used both for
ac and dc measurements.

The deflection torque is generated due to the repulsion between the similarly
charged iron pieces. If the two pieces develop pole strengths M, and M, respec-
tively, we can write

Instantaneous deflecting torque (=< repulsive force) == MM,
or Instantaneous deflecting torque, T, = H* [Since pole strength developed are
proportional to H.]
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Assuming constant permeability of iron, H =< current through the coil.
- Instantaneous deflecting torque, T, o< i
However, controlling torque provided by springs T. o< 6.
.. In the steady position of deflection, when T, =T,

B i?
ie. @ o< I* (for dc)
o J2  (for ac)

Since deflection € is proportional to %, therefore scale of such instruments is
non-uniform (being crowded in the beginning). Scale of such instruments may be
made uniform by using tonge shaped iron vanes.

13.6.2 Advantages and Disadvantages of Moving
Iron Instruments

The moving iron instruments have the following advantages:
{a) These are cheap, robust and simple in construction.
(b) The instruments can be used for both ac as well as de circuits.
(c) These instruments have a high operating torque.
(d) These instruments are reasonably accurate.
The following are the disadvantages of moving iron instruments:
(a) These instruments have non-uniform scale.
(b) These instruments are less sensitive to changes of operating variables.
{c) Errors are introduced due to change in frequency in case of ac measure-
ment.
(d) Power consumption of these instruments are relatively higher.

13.6.3 Errors in Moving Iron Instruments

The errors which may occur in moving iron instruments can be divided into two
categories:

{a) Errors with both dc and ac measurement.

(b) Errors with ac measurement only.

Errors with both dc and ac Measurement

(i} Errors due to Hysteresis Since the iron parts move in the magnetic field,
hysteresis loss occurs in them. The effect of this error will result in higher read-
ings when cwrent increases than when it decreases. The hysteresis error can be
eliminated by using “mumetal” or “permalloy”™ which have negligible hysteresis
loss.

(ii) Error due to Stray Fields Since the operating magnetic field is com-
paratively weak, therefore such instruments are susceptible to stray fields. This
may give rise to wrong readings. This error is eliminated by shielding the instru-
ment with iron enclosure.

(iii) Error due to Temperature Changes in temperature affect the circuit
resistance of the coil and stiffness of the control springs.
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We can write
LR, =(U-1)R (I, =1-1)
or I, (R, +R)=IR,
I R, +R,
In R
or =1 R"'h;ﬂ’

£

R,

+R
i.e. Circuit current= Full scale deflection (f.s.d.) current X =

L

]

Instrument Constant The ratio of current to be measured to the full scale
deflection current is called instrument constant i.e.,

I R, +R
Instrument constant = — =———
I R,

With different shunts, the same instrument will have different instrument con-
stants. ’

2. Extension of Voltmeter Range Rm

The range of a voltmeter can be extended
by connecting a high resistance (R) in
series with its coil as shown in Fig. 13.12.
The voltmeter is connected with the two © Ay
points (A and B) across a resistance (r)
whose voltage drop is to be measured. T Supply I:I Load
Theory
We consider the circuit shown in I
Fig. 13.12. Let (V) volts be the maxi- © *
mum voltage to be measured (i.c. the Fig. 1312 Extension of range of
drop across r) voltmeter
Let R,, = Voltmeter resistance

R = High resistance in series with voltmeter coil.

I, = Full scale deflection current for voltmeter.

Since voltmeter is connected in parallel with resistance r, hence

voltage across AB (i.e. across r) = Voltage across voltmeter

or V=1 (R+R,)
or .!'1'.'+,!?L'J,,.,=L
Iy
v
R= I - R,

Hence, required high resistance R
_ Max. voltage to be measured

— Voltmeter resistance,
f.s.d. voltmeter current
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unchanged. Therefore, such instruments can be used for both d¢ and ac measure-
ments.

Let
I = Current through fixed coil.
Iy = Current through moving coil.
. To o IFIH
Since I = I, = I; the fixed and moving coils being in series,
T, o I* (i)

The control is by springs and hence the controlling torque is proportional to the
angle of deflection i.e.
T .8 (i)
The pointer comes to rest at a position when T, =T,
Thus comparing equation (i) and (ii), we get,
fo I
It is clear that deflection of the pointer is directly proportional to the square of
the operating current. Hence, the scale of these instruments is non-uniform (being
qmwded in their lower parts and spread out at the higher side).

Advantages

1. These instruments can be used for both ac and dc measurements.
2. These instruments are free from hysteresis and eddy current errors.

Disadvantages

(a) Since torque/weight ratio is small, therefore, such instruments have fric-
tional errors which reduce the sensitivity.

(b) Scale is not uniform (in case of ammeters and voltmeters)

(¢) A good amount of screening of the instrument is required to avoid the
effect of study fields.

(d) These instruments are costlier then other types and therefore, they are rarely
used an ammeters or voltmeters.

13.6.9 Dynamometer type Wattmeter

A dynamometer type wattmeter is most commonly employed for measurement of
the power in a circuit. It can be used to measure power in ac as well as dc
circuits.

Construction In a dynamometer type wattmeter (Fig. 13.14) the fixed coils
are connected in series with the load and carry the circuit current. These coils are
called current coils. The moving coil is connected across the load and carries
current proportional to the voltage, It is called potential coil. Usually a high
resistance is connected in series with the potential coil to limit the current through
the potential coil.

The controlling torque is provided by springs. Springs also serve the addi-
tional purpose of leading current into and out of the moving coil. Air friction
damping is employed in such instruments.
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T, =< Iyl
or T,= vi
ie. T, e power

AC Working of Dynamometer Wattmeter

Let us now suppose that in an ac circuit,
¢ = instantaneous voltage across load
i = instantaneous current through load
If the load has lagging power factor cos ¢, we can write
e=E, sin ax
i= I sin (wr— ¢)
Current through fixed coil, fg o< i
Current through moving foil, ;=< ¢
Due to large inertia of the moving system, the deflection will be proportional
to the average torgue.
Mean deflecting torque =< Average of Iy I

ie., T, e Average of ¢ % i
or, T, == Average of (E,, sin a¥) x (I, sin (&t — §))
e« El cos ¢

« Power (ac)
Hence, the dynamometer type wattmeter can be used for the measurement of
both ac and dc power.

Since T, e power
and T,«< 8
y 0 =< power

Hence, such instruments have a uniform scale.

Advantages

A dynamometer wattmeter has the following advantages:
(a) It has uniform scale.
(b) By careful design, high accuracy can be abtained.
(c) It can be used for ac as well as de measurements.
Disadvantages
A dynamometer wattmeter has the following disadvantages:
(a) At low power factors, the inductance of the potential coil causes error in
measurement.
(b) The readings of the instruments may be affected by the stray fields acting

on the moving coil. In order to prevent it, the instrument is shielded from
external fields by enclosing it in a soft iron case.

13.6.10 Induction Type Energy Meter (Single-Phase)

Single-phase induction type energy meter (Fig. 13.16) is extensively used to
measure the electric energy supplied to a single-phase ac circuit in a given time.
This is suitable only for use with ac application.
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The braking torque T} is proportional to the disc speed N i.e.
Tgee N
or Tp= KN (ii)
The disc achieves steady speed N when the braking torgue is equal to the deflect-
ing torque.
From equations (i) and (ii),
K.N=K, Vicos ¢
Multiplying, both sides by time ‘¢’
KNt = K (VI cos gp
or Nt = K3Pt P =VI cos ¢ and K3=:—Ij|
2
Since the product Nt represents the number of revolutions of the disc in time
‘t" and the product Pt represents the energy passing through the meter in time z,
therefore, number of revolutions of the disc is proportional to the energy passing
through the meter i.e,
Number of revolutions of disc == Electrical energy passing through the meter.

13.6.11 Errors of induction type energy-meters

The following are the common errors which may creep in an energy meter:
1. Phase and speed errors
2. Frictional error
3. Creeping error
4. Temperature error
5. Frequency error.

1. Phase and Speed Errors

(a) Phase Error This error is introduced because the shunt magnet flux does
not lag behind the supply voltage by exactly 90° (due to some resistance of the
coil and tron losses in the core).

In order to remove this error, flux due to the shunt magnet should be made to
lag behind the supply voltage by exactly 90°. This is accomplished by adjusting
the position of the shading ring filled on the central limb of the shunt magnet.
Since the inductance of the shading loop is high as compared with its resistance,
the current circulating in the loop will lag behind the supply voltage by nearly
90°. By altering the position of this ring on the central limb of the shunt magnet,
90° displacement can be adjusted,

(b) Speed Error Sometimes, the speed of the disc of the energy meter is
either faster or slower, introducing an error.,

The speed of the energy meter can be adjusted to the desired value by chang-
ing the position of the braking magnet. If the braking magnet is moved towards
the center of spindle, the braking torque is reduced, increasing the speed of the
disc and vice versa.
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In this chapter different types of worked-out examples are set covering the full
syllabus of the basic electrical engineering course. The reader is referred to the
following section for the worked-out examples.

.lf;i..l. A coil has a resistance of 10 €2 at 0°C and 15 € at 100°C. What is the temperature
co-efficient of the resistance of the coil? At what temperature will its resistance be 30 Q7

Solution
Since R=R,(1 + ) (i)
; 15 = 10[1 + o x 100]
@, = 0.005 per °C at 0°C
Also using Eq. (i) we have,
30 = 10¢1 + 0.0005 x T
ie. T = 400°C R

14.2 A copper coil is found to have its resistance as 90 £ at 20°C and is connected to a
230 V supply. By how much must the voltage be increased to keep the current constant, if
the temperature of the coil rises to 60°C. Take the temperature co-efficient of copper as
0.00428 per °C at 0°C.

Solution
Since Rap = R,(1 + oy x 20) and
Rey = R (1 + o % 60),
Ry R, (1+a, x20)
we have _—

Ry R,(1+ o, x 60)
Ryp[1+(60x 0.00428)] 90 x[1 + (60 x 0.00428)]
[1+(20x0.00428)]  [1+(20 x0.00428))

Current taken by coil at 20°C is thus, Ly = % = 2.56 A,

Reo =104.4 Q

At 60°C o keep the current constant, the voltage must be (2.56 x 104.4) or, 267.26 V
therefore the voltage must be raised by (267.26 — 230) i.e., 37.26 V. e peg——
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l:l.&_ The resistance of the field coil of a motor is 200 & at 15°C. After the motor
worked for a few hours on full load, the resistance increases 1o 240 £). Calculate the
lemperature rise of the field coil assuming the temperature co-efficient of resistance is
0.0042 per °C at 0°C.

Solution

Ry R.(1+a,xTy)

R R(+a xT)

We can write,

R(l+a, xT3)
RL e ———
(1+a, xT,)

or (l+a¢T2]=R—2(l+a¢T,}=@[l+0.0042x15]

R, 200

oy T, = 1.2 + 00756 — 1 = 0.2756
or T, = 0216 _ 6560c,
: 0.0042

. Temperature rise = 65.6 — 15 = 50.6°C. sansnnn

14.4 Two resistors are made of different materials and have temperature coefficients o,
and a/°C at 0°C. They are connected in parallel across voltage source and consume equal
power at 25°C. If @, = 2@, while o, = 0.005 per °C, find the ratio of the power consumed
for both the resistors at 60°C,
Solution
At 25°C, the resistors consume same power. Since both the resistors are connected across
a single source hence we can write at 25°C, VYR, = VZIR,.
i.e. Rl = 'R'I
Hence we have
R(1 + 250) = R5(1 + 250,)

Rm 1+ 256‘.’2

R, 1+25q
However, at 60°C we can write

V2R, R R,(1+60a)

ViR, TR, R,(1+60ay)
P (1+25a)(1+60¢)
or B (1+250)(1+60a,)’
where P, and P, are the power consumed by the second and first resistor at 60°C
respectively.
Since o, = 2ar, we have

B (1+25a)(1+60x2a;)

B (1+25%20,)(1+600,)

1425a; +120@, +30000; 300003 +145a; +1

1+50@, +600; +3000a} 300002 +110a, +1
with @ = 0.005/°C, we have at 60°C

P, 3000%0.005% +145x 0.005 +1

A 3000%0.005% +110x0.005 +1

B
or — = 1.1076.

R

1

ie.
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l=.|.5 A cylindrical copper conductor has a resistivity p while the resistance between the
opposite ends is (R). Assuming its volume to be v, length L and diameter D, find an
expression for the length and diameter in terms of the resistivity,

Solution
. LI Lz 2
R= p£=p—=p— '.Hvt:-lnnl‘:[!;}:'Twl L]
A n-Dz v
== . L
4
Hence, L= [&]
2
mD*
- pL 16
Also, R=p-Lt -4 . P _ &
xD®  (ap? Y “#D' 2D
4 T 16
B [lﬁvp}lﬂ
RIR . LR NN NN N

'ls_ilﬂ. A solution of resistivity 22 £ em is poured to fill a glass container whose top and
bottom ends are made up of two electrodes (Fig. 14.1). A dc voltage of 220 V is applied
across the electrodes when the power absorbed by the liquid solution is 22 kW. If the area
of each electrode is circular and of 100 cm? value, find the distance between the elec-
trodes. Neglect the thickness and resistance of the electrodes.

+
Electrode -1

>

1+
220V |~
(DC)
- “Electrode -2
Fig. 14.1
Solution
Current [ through the solution is obtained as
3
1= 22X 0 a
v 220
From R= p% . we gel
220
RxA (VixA oo 1%
= = = = 10 cm.
[ P 22

Thus the length of the liquid path is 10 cm.
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14.7 A resistor is wound using a wire of resistivity p, whose length is [;, and diameter
:t;.'l'}ue to some effect, it is subsequently needed to replace the original wire by another
wire of resistivity p,. Assuming the diameter of the new wire being 1.5 times of the
diameter of the original one, find the ratio of the resistivities of these (wo wires assuming
the resistance and surface area of both as same at the operating temperature,

Solution
As per the question,

Ah _ ph
4 A
! l nd? 14 | d?
pe. Pr b A b AR L S
oA L omdia b L df
Also, nd,l, = nd 1 (surface area being same).
. I dy
1.E. —_— = —
L 4
d, d} di (154,
P =_1x_2=_2={ ) = 3.375.

P d, dlz df df
Thus the resistivity of the second wire is 3.375 times more than the resistivity of the first
one,

_l:l.'B_ Determine the equivalent capacitance of i5| Iﬁ;
the network shown in Fig. 14,2, All values b J. i J_ i J_
shown in the figure are in pF. 2 5
Solution c= :l: ] 3
The network shown in Fig. 14.2 is reduced to a T N .
simpler network as shown in Fig, 14.3. @ l1l5 g
Here,
1 15 Fig. 14.2
G = =—puF
l + l -+ l 8 a il
N I
2x1l 2 C c
C} = = I-IF GE ) 1
2+1 3 = -l- -l- -|-
Further network reduction is shown in Fig. 14.4 :-35
where, Cy = —'g + 3 = 4.875 uF, Fig. 14.3
i}
L s
C;l- '|'ca C= Te Te,
o o

Fig. 14.4 Fig. 14.5

Since two capacitances of 5 pF each and 4.875 pF are in series, we have the equivalent
capacitance of these three capacitance as

Ci= + = 1.65 WF. (Fig. 14.5)

1,1
5 5 4875
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Hence C, the equivalent capacitance is

C=C+Cy= % +1.65 = 2.3167 pF.

lil 9 A parallel plate capacitor has three identical parallel plates. The outer two plates
are connected by metals. When the inner plate is at the middle of the two outer plates the
capacitance is C;. When the inner plate is four times near to one plate as the outer, the
capacitance is C,. Determine the ratio C/C,.

Solution
Let us assume the distance between the two outer plates be 54, area of cross-section of
each plate A and the permitivity of the medium is &
24¢
25d 254 254

54
Again, C, = £+£=_E
d 44 4d
C 2x4
Hence, = = -5 . 1:1.56.
Cz 25%x5 125 TIILIEL

14.10 A capacitor consists of two parallel circular metal dises of 15 cm radius and
20 mm apart. Between the discs there are three different layers of dielectrics having
different thicknesses given as follows:
Thickness d
7 mm
5 mm
§ mm

Determine the voltage gradient in each dielectric when 1000 V (dc) is applied across it.

Solution
Area of each plate A = m* = m0.15)* = 0.0706 sq m.

=] A b M

AE AxX gy
Capacitance C = ° = x 10°
dy dy dy 7,5,8
Y ot 27507
LT - T -
0.0706 x 8.854 x 107" x10°
1+l+E
2 7
= 0625 . 10oF
5.643

=0.111 x 10 F = 111 pF.
Charge Q = VC = (1000 x 0.111 x 10™*) Coulumb

1000 % 0.111x 10~°
2] = C/m? = 1.572 pC/m?.

Charge density D[=

A 0.0706
- Voltage gradient for the
1.572x10°¢
Ist dielectric, E, = —2—= V/im = 0.0888 x 10° V/im
E,6  BB54x1071 x2
. , D 1.572x10°%
2nd dielectric, E, = = Vim = 0.0355 x 10° V/m

E,€; B.BS4Ax107'? x5

4
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' 1.572 x10°°
3rd dielectric, Ey = —2—= - Vim = 0.025 x 10° V/m.
E,Eq 3.354x]0"'2><7 sasEEEn

14,11 . An air capacitor consists of two parallel square plates of 60 cm side. When the

two plates are 2 mm apart the capacitor is charged to a voltage of 240 V. Determine the
work done in separating the plates from 2 mm to 5 mm.

Solution
When the separation between the plates is 2 mm;
Ag _ (0.6x0.6)xg,
I 2x1073

Energy stored W, = +C,V2= % x 180 X £, X (240)? = &, x 5184 k.

t'1=

=180 ,

= B

When the separation between the plates is § mm;
Ae _(06x06)xe,

T d, 5x10°3

Energy stored W, = %Cz = —;- x 72 g, x (240)* = €, x 2073.6 kJ

Cg =72£D

Work done in separating the plates from 2 mm te 5 mm is
(W)~ Wy) = (5184 - 2073.6) x 10° x 8,854 10712 J = 27.54 p.- cenenns

14.12 Two capacitors A and B have capacitances of 50 pF and 30 uF respectively.
When 230 V, 50 Hz voltage is applied, find the current and maximum energy stored.
Assume A and B are connected in (i) series and (ii) parallel,

Solution

(i) When the capacitances are connected in series the equivalent capacitance is
5030 150

The current I = Vo C = 230 X 2t X 50 X 1—29 x 10° = 1.355 A,

Maximum energy stored = %Cl’fm = %x % x 1078 x _iZSD x J2 ) =00921]. .
{ii) When the tapacitances are connected in parallel the equivalent capacitance is
C = (50 + 30)pF = 80 pF '
Current I = Vo C =230 x 2rx 50 x 80 x 10° A =578 A

SCVE, = 3 x 80X 10%x (2 x 230 = 4232

. When the capacilances are connected inseries, the current is 1.355 A while the
energy stored is 0.992 I In parallel connection, the current is' 5.78 A and 'the
_energy stored is 4.232 I. : : '

Maximum energy stored =

llé_l..l..'!i. A 10 puF capacitor is connected through a 2 M resistance 1o a direct current
source. After remaining on charge for 30s the capacitor is disconnected and discharged
through a resistor. Find what percentage of the energy input from the supply is dissipated

in the resistor.
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Solution :
Given, C=10x10°F
=2x10°Q
A = C.R = 20 s (time constant)
v=W1-e'), wehaveatt =30 s,
v= V(1 -0 = 07768 V.
Energy stored in the capacitor (at t = 30 s) is given by

o= % % 10 % 107 x (0.7768)° V2

2

=3.0326V* x 107 (= energy dissipated in the resistor)

But . i= ;‘E—i Cv)
g dt dt
- ‘:—{Cv(l e—l‘ﬂ.)]_ CV){ 1 -—l'.".l = %E—Hl [ )‘.=RC]
t v? %
. Total input = Jvm=_I gy = Y gg (e
(] energ}'_.mpu i = € = [e ]3“

"“' =7.768 x 1075 V2,

Percentage of the energy input from the supply dissipated in the resistor =

30326 x10°° V?
N  -0.3904 or, 39.04%
7.768x107° v srecaes

14,14 Calculate the maximum energy stored in the
capacitor and energy dissipated in the resistor in the
time interval 0 < f < 1 s in the circuit shown in
Fig. 14.6.

Solution _
The expression for the energy stored in the capacitor is,

= %cpf:‘ 12 x 10 X 107 (100 sin 7)*
1

10 MQ —10 pF

% 107! sin® m = 0.05 sin® xr. ]

The energy will be maximum when (sin® 1) = 1. Hence maximum energy stored in the
capacitor is 0.05 1.

: . 100 sin xr 5 .
The current through the resistor i = ———— = (107" sin ) A
10 x10%

Energy dissipated in the resistor in the time interval 0 < ¢ < 1s
: 1

= Jizra
(107 sin m)* x 10 x 10° dr

10‘3 sin® ar dr

al—.u gt_r—o =
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1
-3
10 J(l — cos 2m)dt
0

. 1 .
1073 sin 27t 1073 sin 2
= - = 1- =0.5 ml.
2 [ 2r :L 2 [ 2r

14.15 Determine the voltage across the capaci-  {f) 4

EREAW

tor when a current waveform shown in Fig. 14.7 40

is applied to a 10 pF capacitor. mA
Solution — e -
1 4] 2 4 6 8 10 t
We know, vollage across capacitor v = —Ii dt (in ms)
C
_ Fig. 14.7
Here, i = 40 mA = 0.4 A (from 0 to 10 ms).
Hence, ve = %J'ﬂ.m dt (from 0 to 10 ms).
or v — | 0.04 ¢t
“7 Jox 1nr" J
= 10° x 0.04¢ + K = 4000 ¢ + K, where K is constant
Atr=0, v = 0; this gives K = 0.
With this the general expression become v = 40007
y Att=10ms (=0.01 s), vp =40 V.,
thn 1 = 10 ms then
i=0
Hence, ur=%jt}xd:+4u [+ Att= 10 ms, ve = 40 V]
or ve = 40 volts at 7 2 10 ms.
The voltage waveform across the capacitor is represented in Fig. 14.8.
40V
o
o 2 4 6 8 10 {ms)
Fi&ld's SEERERN

14.16 A triangular voltage wave (shown in Fig. 14.9) with a peak amplitude of 150 V
and frequency 75 KHz. is applied across a 0,03 uF capacitor, Determine the rms value of
the current flowing in the capacitor.

150V

PN

O 0.00335 g.g0 0.0133 ms
ms ms t—

Fig. 14.9
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Solution
From the given data,
Frequency f= 75 x 10° Hz.

1
Time period T = ? =0.0133 ms

The voltage rises from 0 to 150 V in 0.00335 ms. Also, C = 0.03 x 10° F.
The peak value of the current flowing through the capacitor [=C%) =003 x 107 x
150

0.00335
The current wave through the capacitor is rectangular when a trinngular voltage wave-
form is applied.
Hence rms value of the current flowing through the capacitor is 0.001343 A,

=0.001343 A,

14.17  Determine the current through a 20 pF capacitor when a voltage waveform shown
in Fig. 14.10 is applied.

Solution SV 4 __
T 1 1
dv I
= ce o | i
di | . TR T
From the given figure, for r < 2 ms, 0 1 2 3 4 5 6
Ve =1L —_
Hence, i=0A, (m. sec)
Fig. 14.10
For 2<1 <3 ms, we find ve = x|V
1x107?
dv, d 5
i[=C—|=20x10"% — t]| =20 x 107 x 5000 = 0.1 A.
dr dr | 1x107
Fort>3 ms
i=20%10% di (5)=0A. [ Ve =5 V (constant)]
t

The current waveform is shown in Fig. 14.11.

01TA—TT""T""TT "~~~ ——~—
1{A) 1
0 1 2 3 4 5 6 ?
—
(ms)

Fig. 14.11

EEEEEER

14.18 The current waveform through a (0.5 H inductor is shown in Fig. 14.12. Calculate

the voltage across the inductor at 0 ms, 8 ms and 14 ms.
Solution
We know that the voliage across the inductor is
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2 4 6 B 10 12 14 N t—>
{ms)
Fig. 14.12
5x107%
For t < 6 ms, i= X ]
6x107?
d (5x10? D.5x5%107}
v, =05 — t] = =0.4167 V.
dt | gx10°? 6x1073
For6<¢:<12ms
d 3
=05 —(5x 107 =0
L .rii‘( )
) 5x1073
Forl2<t<15ms,i= —
Ix10?
05 [ X107 ) 05xS. _ oemv
v, = (L5 — - = - = . *
‘ de | 3x10°? 3
- AL 1=0,v,= 04167V
Al t=8ms, vy =0
At = 14]‘]‘]5,1"'[:-0.533 V. sEREEES

}:l.'l.?" Simplify the diagram shown in Fig. 14.13.
Solution
Combining 2 uF and 6 pF capacitors in series,

I ]nr. %uF;ﬂmre-

2pF

1
IsuF —5uF
_|_

—_——f -
2 6

equivalent capacitance is [ —
-

fore we see that the capacitances 5 UF and %pF are 5H

3 Fig. 14.13
in parallel. The equivalent capacitance is (5+-£J

= 6.5 yF.
Again, it is observed that 7 H and 5 H inductors are in parallel. Their combined

Tx5 ’
inductance becomes (-—-] or, E H. However, [% H) and (1 H) inductors are in

T+5 12
series. 391H
; © o™
The equivalent inductance is then (1 +£] or, 47
12 12 L 6.5yF
(=3.91 H).
The simplified diagram is shown in Fig. 14.13(a). o

Fig. 14.13(a)



826 Basic Electrical Engineering

14.27 Determine the total energy stored in the
passive network shown in Fig. 14.16 at 1 = 0.
Assume K = 0.5 and terminals x and y (i) open 5 cos 15t

circuited (i1) short circuited.
Solution
M=K\ JLL =05/03x3H =0474 H. Fig. 14.16

Let us consider the two mesh currents i; and i, are flowing the clockwise direction in the
two meshes.
From Fig. 14.16, we have
i) =5£0° A,
(i) When x and y are open circuited i, = 0

Hence total energy stored is -%-L,i T= = x03x5=375]

1
2
(i) When x and y are short circuited,
iy(r) = 5 cos 15r and voltage v,, across xy is 0.
Hence, v, = Sd—‘z + 0.4745-'1— =0
. dr dt

or, — = =————(5cos 15#) = % 5 % 15 sin 15¢ = 11.85 sin 151,

diy 0474 d 0.474
dr 3 dt 3
I
Hence i,(f) = I 11.85 sin 15¢ dt = -0.75 cos 15¢ (assuming zero initial point)

Energy stored is
[% x03x5° +% x 3% (0.75)% +0.474 5(-{).?5)] =28171.

14.28 In the circuit shown in Fig. 14.17 Ly =2 H, L, =5 H and M = 1.8 H. Find the

expression for the energy stored after the circuit is connected to a dc voltage of 30 V.
Assume M to be positive.

M
Solution L
If i; and i; be the currents in the two coils, we can write !

0= ]Z,1ﬂ+"kl'ﬁ (i) Fig. 14.17
dt dt . 8. 1%
0= deihwdi (ii)
dt dt
From Eq. (ii), we get
dy _ M d
dt L, dr

-~ From Egq. (i), we get
30 = dil,.{.”[_idi]:dl[ _Lz]:diﬂ
dr L, dt dt

L dr L
_M? 182
I‘L‘IEM 22X 5{1'3} =1.352 H.

The equiva]cnt inductance =
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Solution
Current i= [lﬁsin i;-r]A

Voltage (instantaneous) across the resistor is (D.S % 15 sin % .r) V.

ie. Vg = [7.5 sin g :) V.
Also, voltage across the inductor is given by

di d . bid T n
=L-—=5§— -1} = = —i= - .
v=L ” sdr [lSsm3l) 75 stsr [251:00&3:]\’

Power across the resistor is
R = (225 sin? %:J 0.5 = 1125 sinz(%r] w.

The energy stored by the inductor is maximum when the current through it is maxi-
mum.

Current is maximum when (sinlz %r] =1

2z n
i.e. 1 - cos Tr =2Dr,cusTr =-l=cos

ZE.' 3
—t=x orf= ==
2

3
Hence energy stored in the inductor is maximum at ¢ = 3/2s. In another 3/2s energy
will be recovered from the inductor.

3
Hence in (% + —;— = 35) energy dissipated in the resistor is I(l 12.5sin? %r] dr

3
]—B—EI l-cos-z—iF—l dr
2 4 3

sin 21:!
112.5 3 1125|, sin2m
= = = - = 168.75 I.
3 t - > Y 168.75 1
3 3

_1:1._3.1. Two coils having self-inductances of 0.3 H and 0.5 H are connected in series
across a 230 V, 50 Hz supply. What current will flow if the coupling co-efficient of the
coils is 0.457

Solution

Mutual inductance M = J LL, =045,/03%x05 =0.1743
When connected in series the equivalent impedance is given by
L=l +L,22M=03+05%2 x0.1743 = 1.1486 H or 0.4514.
Hence X, = 100m x 1.1486 = 360.84 Q
or X, =100 x 0.4514 = 141.8 Q
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Currentis, —29_A =0.6374 A
360.84
or 230 4 _ 1622 A
141-E AEEEREEN

li-._J'Z. Two coils are connecled in series with samie polarities and the combined induc-
tance is found to be 0.567 H. When the coils are connected in series with reverse polari-
ties then the combined inductance is 0.267 H. The self-inductance of one coil is 0.3 H.
Determine the mutual inductance and the coupling coefficient.

Solution

Let L, and L, be the self-inductances of the two coils and M the mutual inductance. Then
Ly + Ly + M = 0.567

and L+ L,—-M=0267

Hence Ly +L,=0417

But L, =03H,

L,=0417T-03=0.117TH

and M=0417-0267=0.15H

We know, M= K LL, ,where X is the coupling co-efficient
Hence K= —21  _og8

J03%0.117 '

14.33 Write three mesh equations for the circuit shown in Fig. 14.20.

S5 EE)

M 3H
Fig. 14.20

Solution

The mutual inductance and the self inductances are replaced by their impedances and the
corresponding circuit is shown in Fig. 14.21.

(;lf_m’j jossr f@ 20

jaﬁﬂ

Fig. 14.21

Applying KVL in the first mesh (lefimost mesh}),
2y + jwSi| — i) + Jeiy - i) =V,
or (2 + §jw}i, - 8jwiy + Jjwiy =V, (i)
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Applying KVL in the second mesh (middle mesh),

Sjw(iy - iy) + 3j@(iy - iy) + j_miz + Jjoliy - i3) + 3jwli; - i) =0

. 1
-8jei 14 jw+—| i, - 6jwi, = it
or jari; + [ J jm] = 6jwi, =0 (ii)

Applying KVL in the third mesh (rightmost mesh),
Jjwliy = iy) + Jw(iy ~ i) + 2i; =0
or Jwiy — 6jwi, + (2 + Jjw)i; = 0. {iii)

14.34 When a coil of 1200 turns is linked with a flux of 4m wb, a certain value of

current flows through the circuit. When the circuit gets opened, the flux falls to its
residual value of 1.5 m wb in 40 m secs. Find the average value of the induced emf.
Solution

Average emf in volts = Rate of change of flux linkages.
Change of flux = (4 - 1.5) x 107 = 2.5 x 107 wh. (= d¢)
Time for the change (dr) = 0.04 secs (given)

~. Rate of change of flux linkage [N%g] 1200 x 2T V.
!

14.35 A one-turn coil of axial length 0.4 m and a diameter of 0.2 m rotates at a speed of

500 rpm in a vniform flux density of 1.2 T. Calculate the induced emf.

Solution

Diameter of the armature = 0.2 m.
Circumference (=2nr) = md = e x 107 x 2 =0.628 m
In one second the armature turns (500/60) revolutions.

2. In one second a coil side travels _58%9, ® 0,628 m.

ie. v=25233 m/s.
induced emf (E) = Blv= 1.2 x (2 x0.4) x 5,233 V
= 5.024 V, in the entire coil having 2 turns. [

1436 A straight horizontal conductor carries a current of 150 A at right angles to a
uniform magnetic field of 0.6 Tesla. Find the force developed per meter length and the
direction in which it acts.

Solution
F=(BIYN=0.6x150 %1 =90 N/m.

{Assuming the current flowing away from the observer, the force acts from right to left to
move the conducter horizontally]. -

14.37 An armature conductor has an effective length of 400 m and carries a current of
25 A. The flux/pole is 0.5 Tesla. Determine the force in Newtons exerted on the armature
conductor.

Solution
F=BIN=05x25x400% 102 =5N.

BEAE e



832 Basic Electrical Engineering

1
Th = — m.
U8 H 125 800 AT/m
Also, B=£=—-M =05T
A 1500%107"
: B 05x125 (625
A * B = A = —_—= =
gain uH or, i 0 ._]mu 000
Also # =4, - i, o= i — 0.625 _ 6250

B, 1000x4wx107  4m
Thus relative permeability of the iron sample = 497.5.

125 %10°
(i) Reluctance of ifon s[= L]= - = 1.33 x 10° AT/Wb

HA ) 0.625x1500%10°°

(iii) Since (HI) is the m.m.f is we have the mmf in the given problem as {800 x 1.25)
ZIM.;AT [ EENRRN]

14.42  An iron core has a cross-section of 500 mm? and having a length of 100 cm. A
magnetizing force of 500 AT in it produces a magnetic flux of 400 p wb. Determine
(i) the relative permeability of the material and (ji) the reluctance of the magnetic circuit.
u, =4nx 107 Him.

Solution
. @ 400 % 1078
(i) B= —;Here B= —— =0.8T.
A 500 % 10°¢
Also, as H is given by the ratio of total mmf and length hence,
H= %=$ = 500 AT/m.
Also, since B(= pH) =y, - 4, - H, we have
B 0.8
vur = = = ‘2?5
HoH 4% %1077 %500
Length !

(ii) Reluctance = =
HxArea  p,p, XA

1
4xmwx1077 %1275 %500 % 10°°

= 1.25 x 10° AT/Wh.

_1:1.4;3: An air-gap of 3 mm thickness and area of 650 mm? is made by a cut in the iron of

a magnetic circuit. If a flux of 0.05 Wb is required in the air-gap, find the ampere-turns
required for the air-gap to produce the necessary flux. Assume Y, = 41 10”7 H/m.

Solution
Sx 102
0.05 T

Flux density in the air-gap is B = =
Y &ap 650 % 10-° 6.5

Also we know B =g x H

5107
y[=i] = — =6.12x 10" AT/m
i, 65x4xmrx1077

Air-gap (=3 mm) = 3 x 107% m.
- Required-ampere turns = 6.12 x 107 x 3 x 107 = 183600 AT. -
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Solution
Transforming 2A current source and 1A current source into voltage sources a new circuit

is obtained (Fig. 14.34).

2000 a0 Q 7000 50002
A A |F—— AV
700V
+ +
400V — —ov
Fig. 14.34
Now, current through 500 {2 resistor is
400 + 700 -
W+70-10___109 , _ 0641176 A.
200 + 300 + 700 + 500 1700
The veliage across the 500 £ resistor is (500 x 0.641176) = 320.59 V P

14,62 By using source transformation technique find the current through the 8 £) resistor

in Fig. 14.35.
2v

60 v
AAA =
taa~
10A an 20 50 40 5A
Fig. 14.35

Solution
As 3 Q is in parallel with 10 A source and 4 £ is parallel with 5 A source, the current

sources can be transformed into voltage sources as shown in Fig. 14.35(a).

90 /1,9{\ 50 40
—+ AN AN AN

NS + ¥ -
80
+ +
SDV]' g?ﬂ = 20V

Fig. 14.35(a)

Transforming 30 V source into current source the circuit shown in Fig. 14.36 is obtained.
10v
paN 90
~ ¥ AN AMNA—
\/ L
B .
i;i A § 90 220 20V

Fig. 14.36
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gx2
Now, 9 Q and 2 £ are in parallel. Their combined resistance is [9 " 2]01';:—‘:—

Transforming the current source into voltage source the circuit in Fig. 14.36(a) is
" gbtained.

i+

-+ 20V

=8

Fig. 14.36(a)

If current (i) flows through 8(2 resistor then applying KVL

~ﬂ'+ls—i ~1v+v+9+20=0
11 11
117. 60 .
Oy = —i =20 - —
or v 11! T (i)
‘However from the circuit it is clear that v = &
Hence from Eq. (i) we have )
9xgi- Ui _g9_ 80
11 11
792-117 .  220-60
or i =
11 11

or, i=0237 A, ST

14.63 In the circuit shown in Fig. 14.37(a) 1000 50V
Sitaine A—i
(i) the power delivered in R, when (Rp) =
500 Q 2000 40V
(i) the maximum power that can be AW :=+
delivered to (R;) and value of (R;) for [+ 20V
maximum power transfer T
(iii) the possible values of R; so that power ALY
across R is 0.5 W. R.l
Solution Fig. 14.37(a)

 Let us first find the Thevenin's equiva- 1000
lent circuit. Removing the load resistance AAN _,_{

R; the corresponding circuit is shown in {
Fig. 14.37(b).
20002

50+40 i+
'i"]'n:|11esl't-::urrer|ti=—:i . MW Taov
100+200 20

Hence Thevenin’s voltage is

|

50V

oy

9 oV ————
Vi, =20-40+200 x = =40 V. a b

Fig. 14.37(b)
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50 100
——AMA T AN
1 A*
—_ 0i —
H2o0v £)roa 10V
Fig. 14.38
50 i 106
—AAN——
h
h
20V 100
T
Fig. 14.39
H I 20V 2A
ere b 10x10
5+
10+10
Also, E =1 =1A (-ve).
Next we remove 20 V battery, shown in Fig. 14.40
I 15
AN AN
5Q 1,5 100 l
A
C)mn Tov
Fig. 14.40
Here, Iy = 0 __10 ,
Fx10 1333
10+
5+10
1r=irx ——=10 43 _g2s5a

1045 1333 15
= Using superposition principle, the current through the ammeter is
ly=+1] =-1+025=-075 A
(negative sign indicates that the direction of the current is upwards through the ammeter
in the corresponding figure.)

sEFarEEN

_1:516_5' In the circuit of Fig. 14.41, find (f) using superposition theorem.

Solution
Let us first remove 2A source. Sec Fig. 14.42.
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'l:i-._ﬁﬁ_ Determine the Thevenin's equivalent and Norton's equivalent of the circuit shown
in Fig. 14.44.

50 8Q
AW AN
+ >
BV— 0A(}) 230 Ry
Fig. 14.44

Solution

Removing the load resistance R, and transforming the 10 A current source into voltage
source circuit shown in Fig. 14.45 is obtained.

50 3'5:"' 3n 80
AA— WA AN a
, }
5V = Vin
.
Fig. 14.45

The open circuit voltage is the Thevenin’s equivalent voltage Vi,
Here, Vin=Va=35+430=35V.

Removing the sources, Thevenin's equivalent resistance can be obtained and the cGrre-
sponding circuit is obtained as shown in Fig. 14.46.

50 30 80
LAAS A o

Fig. 14.46
Hence, Ro,=84+3+5=160. 160
Therefore Thevenin’s equivalent circuit can be J_ MW
obtained as shown in Fig. 14.47. asv Re
Now, to find Norton’s equivalent current [y the T
load resistance R; is short circuited as shown in
Fig. 14.48. Fig. 14.47
50 SOIV in 80
AMN— T WV Ay a
5\;—__: Iy
b

Fig. 14.48
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15A
©
AL
40
Ssa
sov() A
+ 30A gﬁﬂ
aov
- +
240 180V
AN
120
Fig. 14.53 Fig. 14.54
440
ANy
?2[] gﬁﬂ
240
AN
e ﬂ e —
R,
Fig. 14.55 casnnas

.l-.'l.lﬁ'gl In Fig. 14.56, find the current through the 2  resistor and obtain power loss, Use
Norton's theorem.

W VY - x
10 100

@  sazv 220

Fig. 14.56

Solution
Let us remove 2£) resistor and short the terminals x-y (Fig. 14.57).
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@ 1= 29 _ 0766 A.

g

(ii) Pf(=cos ¢) = % = (.733 (lagging) and ¢ = 42°36".

(iii) Voltage across A, v, = 0.766 x 143.4 = 109.8 V.
Voltage across B, vy = 0.766 x 160.5 = 122.9 V.

(iv) cos g, = —2 = 0.837 (lagging) or, §, = 33.175°

143.4 -
and cos ¢ = % = 0.623 (lagging) or, ¢z = 51.46°.
Thepl'wsc difference ¢=5]¢46¢'"33-]T5¢ = 18.285°. aERsEEE

14.72 Two coils are connected in series. When 2A d.c. is passed through the circuit, the
voltage drop across the coils are 20 V, and 30 V respectively and when 2 A ac is passed at
40 Hz, the drop becomes 140 V and 100 V respectively. If two coils are connected to
230 V, 50 Hz mains, calculate the current flowing through the coils.

Solution

DC condition

R, = % =100, Ry= 3—2‘} =150.
AC condition

Z, = % =70 ohm, Z, = % =50 Q.

X, = 1!70’-102 =./4900-100 =69.3 Q.
Xg = 1!50“-152 2500 - 225 =47.7 Q.

Since X is proportional to frequency, therefore at 50 Hz,
X, = 69.3x % = 86.6 Q.

XB =477 % % = 59.7 £}

For the total series circuit (R) =10+ 15=2502
(since resistance is independent of frequency) and

X =86.6 + 59.7 = 146.3 12 (at 50 Hz).

< Now Z= 1’ 250 +146.3 = 148.1 Q.

230
.~ Current I= 1481 = 1.55 A (at 50 Hz). I

'ln‘l._'?':l. A resistor of 8  is connected in series with an inductive load and the combina-
tion is placed across a 100 V supply mains. A voltmeter when connected across the load
and then across the resistor and indicates 48 V and 64 V respectively.
Find
(i) the power ccmsumed by the load.

(ii) the power consumed by the resistor

(iii) the total power taken by the supply

(iv) the power factors of the load and the whole circuit.

Solution
{i) Current in 8 £ resistor (i.e, the current in the circuit) = 64/8 = 8 A,
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14.75  An inductance coil of 8 € resistance and 0.02 H inductance is connected in
parallel with another inductive coil of 10 £ resistance 0.05 H inductance. The combina-
tion is connected across a 10 V, 50 Hz supply. A capacitor of 80 pF is connected in series
with a 20 Q resistor and the combination is connected in parallel with the same supply.
Calculate the total current taken from the mains and its phase angle with respect to the
applied voltage.

Solution
Let the branches be A, B, C respectively.
then: Xy=2nfL=2x%314x50%x0.02=0628Q
Z,= ,J 8! +6.287 =102 £
] .
and cos @y = 02 - 0.785 (lagging)
. 6.28
sin ¢, = — = 0.616.
™= o2
100
Iy=— =98 A.
A7 02
Next, Xp=2x314x50x005=157 Q.

Zg= /102 +15.77 =.[100+246.5 = 18.6 Q.
10

cos ¢y = g6 = 0.537 (lagging)

sin g5 = % = 0.845
100
=0 _s374
B7 186
1 10°

In branch C, X.= =398 Q.

27fC  2x3.14%50%80

then, Ze= /207 +39.8° =4454 0.

cos g = —20— = 0.449 (leading).
sin @ = %; = (.894
100

Io= —— =224 A.
4454

Adding the active and reactive current components ([, and J, respectively)
I,=1,cos ¢, + Igcos §g + I cos @
= (9.8 x 0.783) + (5.37 2 0.537) + (2.24 x 0.449) = 11.59 A,
I, =-1, sin ¢, ~ Iy sin ¢y + [ sin ¢
= —{9.8 % 0.616) — (5.37 x 0.845) + (2.24 x 0.894)
=-6.04 - 4.54 + 2.04 = -8.54,

Then ()= JI2+12 =J11.59% x8.547 = 1438 A;
Cos ¢ = % = 0.805 (lagging), ¢ = 36° (approx). I

14.76 Three loads, 2 &, 4 Q and 5  are connected across the ac lines as shown in
.F;g" 14.61. The resistances of the lines as well as the neutral has value of 1 £ each.
Obtain the amount of power delivered to each of the three loads as well as the power loss
in the neutral wire and the lines.



Review Problems 855

10 A
a A :
+
10020°v(~) ho )  3ea
n AAA N 50
10
+
1ua.:n°vc~) Iz ) §4n
b Yy 5
Fig. 14.61

Solution
The three loads in the circuit are 2 ©, 4 Q and 5 £2. The two lines are aA and bB having
resistance of 1  each and neutral nN has resistance of 1 .
The mesh currents are respectively I, I, and Iy
The three mesh equations are
~100£0° + [, + 20, - )+ (I, - 1) =0
=100£0°% + (L, =)+ 4L, -1 + 1, =0
S+ 4l -Ly+ 2, -1))=0
The above equations can be rearranged as
4I| - fz + ﬂ: = 100£0°
~I; + 615 - 41y = 100£0°
2+ 4, - 115=0
Solving the equations we get

I, =3023 £0° A
L=22i £0° A
and I =059 £0° A.

- Current through 1 £ resistor in line ad is 30.23 £0" A, current through 1 £ resistor in
line b8 is -22.120° A,
Aisa, [, (current though neutral) = 1, - [, = -8.1320° A,
Hence power loss in the two lines and the neutral wire are:
P, =(30.23 x 1 = 913.853 W,
Py = (2212 x 1 = 488.4 W.
Py = (8.13)* % 1 = 66.097 W.
Power delivered to the loads:
Py = (I, - I))* x 2 =(30.23 - 0.59)" x 2 = 1757 W.
Pyg= (- 1) x 4 = (22.1 - 0.59)> x 4 = 1850.7 W.
Pey =1 x5 =(0.59)° x 5 = 1.7405 W.

14,77 Determine the value of v in the circuit shown
in Fig. 14.62,
Solution

As 30 and 20} are in parallel, voltage across each of

the resistances is v and combining them the circuit is
redrawn as shown in Fig. 14.63. Fig. 14.62
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14,83 Determine v and i} at r = (04) for the circuit ) 7
shown in Fig. 14.74 if w(07) = V. h 6n i
Solution 50 ?10 0
5 € and 10 £ resistors are in parallel and the combi- ¢ v |
nation is in series with 6 € resistor. The equivalent T— i
X 10
resistance is thus [6 + i.e., 9.33 €. The sim- Fig. 14.74
L 5 + 10

piified circuit is shown in Fig. 14.75.

l_'" -—“1

I
Now, y=V e 9BC 9.330 !
At t=(0+)v=V, . |
dv 1 _x v € |
i=Cc% = CV,,[——--——--]E 933 C ——|;
S 9.33C. ———e i
X Fig. i4.75
or i= _E_ e 98C &
9133
VIJ
Al .fnu+'|'=_._.._
933 ..

14,84 Find the current i through the 50 £ resistor in Fig, 14,76 a1 tiy 1 = (07 iy 7 =

(O"), (iii) r = o= ond (iv) r = 2 ms.

1H
TR0 -!
t=0 [} |
20 mA D 5002 éam:‘.
i
| |
Fig. 14.76
Solution
(i) At r=0"

(ii)

i=0(" 20 mA will flow through the short circuiied path i.c.. through the swiwn
At =0
There are two parallel paths: One is a 50 £ resisior, another is a 30 £ resistor i
series with 1 H inductor, According to the property of the inductor no current wi
flow through it at t = 0+. Hence all current will flow through the 50 L2 resistor.
At =04+, i =20 mA.

{iil) At [ = o=, inductor will act as a short circuit.
Hence current i at 1 = oo is 20 x 30 __%o 7.5 mA (flowing throug!
30+50 BO -
50 £ resistor).
{iv) Current through the 30 £2 resistor at r = es is [, = 20 30 = 12.5 mA.
T

At any time 1. current through the inductor is, e = 12.5¢ 3% = 125"
mA. At t = 2 ms current through the 30 £ resistor is thus 12.5 e IBA0T A e,
11.77 mA. Thus current through 50 £ resistor at r = 2 ms, is (20 mA - 11.77 maA)
i.e., 8.23 mA.

(LN
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14.85 What is reading shown by the wattmeter in the circuit of Fig. 14.777 Identify the

source s generating this power. The positive terminal of the potential coil of the wattmeter
is connected separately to (i) x, (ii) ¥ and (iii) z. Check your result in each case,

; 100 + f75
20 L
o Y x
20
+| - ~
~ o ! 5\ .
_C)sazu Vo .. e 5g§
\ ,/ Potential
N -~ coil
laad
Fig. 14.77
Solution
The paralle] combination of 5 {2 and —j10 £} is

5(-j10)  50£-90°
5-j10  11.18£-63.43°
Let us consider that a current [/ flows through the mesh. Hence applying KVL we get
=50£0° + 21+ (100 + j75) + 2+ (4 -2 =0
or =50=-ji5-6I=0
50+ j75

or = "% =-833 - j12.5 = 15£-123.68° A.

(i) When the potential coil lead is connected at point x the wattmeter measures the
potential given by

5(- j1)

5-j10

=44722-26.56° Q2 = (4 - j2) Q.

¥ 15£-123.68° = 4.472.£-26.56° % 15£-123.68°

= 67.082-15024° V.
The wattmeter reading is: 67.08 x 15 cos {(=150.24° + [23.68°) = 900 W.
. As the potential coil is in parallel with the 5 £ resistor this power is absorbed by
5 £ resistor,
(ii) When the potential coil lead is connected at point y wattmeter measures the poten-
tial:
50£0° - j2I - (10 + j75) = 50 — j2 x 15£-123.68% - 100 — j75
= =50 - j75 + j16.636 - 24.96
= (-74.96 - j58.364) = 952-142.1° V,
The wattmeter reading is thus, [95 x [5 cos (=142.1° + 123.68°)] or 1352 W,
This power is absorbed by the 2 £ and 5 £ resistor.
{iii) When the potential coil lead is connected at point Z, the wattmeter measures the
potential:
(50 -2 V, ie., 50 — j2 x 152-123.68° V.
The measured potential is thus (50 - 30£-33.68°%) or, (25 + j16.63) V
or, 30£33.65° V.
The wattmeter reading is therefore [30 x 15 cos (33.53° + 123.68%)] W or,
(-415.172) W,
As the reading is negative this power is absorbed by a 50 V source. L...cuss
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C 7 r T f2
- %j%cosz{25:);1'!+%J60cm3{25:)dr+%j-25cos‘(25f]dl
" %
367 60
11
= | — —_——- d —_
T-![2+2ms(§[lr] r] T

[Ecos(ﬁrh cos('fil)+ ms(l&l) dr

+B
rlis 2

2 Wy = gl-_-.-g

[l +lcos(50.'}+é+;cus(100:) ]l

!
Jaxﬁ(l) {: |] 1" |: 1]
L)seox2sx0+25x2s(Lal]x L S N .
2 \25 4 8) 25 25

= ’13+% =5232 V.

14.89 For the circuit shown in Fig. 14.79 5—j8
determine the power factor of the combined i! II
load if load impedance Z; = 15 Q.
. +
SGIHI'IEH Ewéaﬂn v(""“)
100.£30° -
Current through the circuit, f = ———
5-j8+15
_ 100£30° Fig. 14.79
20- j8
100.£30°
= —— =4.64251.8° A,
21.542-21.8°

Hence power factor is cos (51.87 - 30°) = 0.928 leading.
(since current is leading w.r.t. voltage)

14.90 Calculate the average power delivered to each passive element for the circuit

shown in Fig. 14.80.

j200 -jsoQ
TG i
+ +
20230°V “") D §5ﬂ ’.D 10£0°V
mesh-1 mesh-2
Fig. 14.80
Solution
Applying KVL in mesh I,
=20230° + j20i, + 5(, = i,) =0 0}

Applying KVL in mesh 2,
—j50i, + 10£0° + 5(i, - i,) = 0 (ii)
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10° !l=ﬂﬂ
10 =100 / {10 = 5 = 500)
° | F——0
20002 \jaC 1000 1= [L]u:i@n
E& 10 x 200 i
[
Fig. 1491

Here, 100 €2 and 500/ £2 (or —/500 Q) are in parallel. Their combined impedance is
(o= (i%)
or, R

100 - j500 1= j5

- j500
Also, j50 Q and [g]ﬂ or, (=f1000 ) are in series with [1"' 5 ]ﬂ.
-]

Their combined impedance is obtained as

Z, = j50 - j1000 J500
N TR
500.£90°
= - 950 -

5.099.£-78.69°
= - j950 - 98.058.£168.69° = (96.15 - /969.23) Q2 = 973.99 £-84.33° Q).

However, £, is in parallel with 200 £2. hence the equivalent impedance of the network is

200x973.99£-84.33° 200 x 973.99£-84.3%°

= =192,2£-11.32° Q.
200 +973.99£-84.33° 296.15 - j969.23

14.102  Determine the voltage across the series combination of a resistor of 100 Q and
inductor of 100 mH when a current of 10 mA flows through them.
Solution
The phasor form of current of (10¢**) mA can be written as

I'=10£0° mA with angular velocity of 4000 rad/s.
Impedance Z = R + jwL = 100 + j x 4000 x 0.1 = 100 + j400 = 412.3275.96° .
Voltage across the series combination is = 10£0° x 107% x 412.3.£75.96° = 4.123.£75.96° A.
or, we can say the voltage across the series combination is 4,123 /(3000 + 75.96%)

14.103 Determine the values of i}, i, and i in the circuit shown in Fig. 14.92 at r = 0.2s.

50

AN/ ol
fy i
t=0
5A I 100 05H
‘y

Fig. 14.92
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Solution

Fort <0,
i,:l]
, 5 25 5
=58 —m——=—==A
& 5+10 15 3
iy=5x 0 __30_10,

10+5 15 3

For 1 > 0, total current of 5 A from current source flows through the short circuited path
and 10 £ resistor is shorted out.
Hence for r > 0 (at 1 = 0.2 5) i, = 0A. Now, at 1 < 0 current through the inductor is
. _ 10

I.n =iy = 3 AL
Hence, at 1 > 0,

. il 0.5

iy=fpe™, where A= — =0.1s.

5
oA t=02s
0.2
iy= %e 01 =045 A.

The current 0.45 completes its path through the short circuited path.

Hence, iy =5-045=455Aatr=02s.

[At ¢ = 0+, iy will continue to flow in the same direction before swilching as the
current through the inductance will not change instantly following switching, thus iy will
have direction flowing from node x to node y during ¢ = 0(~) as well as during r = 0{+).]

14.104 A voltage v = 3000 sin @t + 500 sin 3¢ + 200 sin 5 @t is applied to a series R-
L-C circuit having a resistance of 15 £, capacitance of 50 UF and a variable inductance.
Determine the value of the inductance that will give resonance with the third harmonic.
Find the rms values of voltage and curremt with this value of inductance in the circuit.

Assume @ = 300 rad/s. Also find the rms value of the total current.

Solution
For resonance with the third harmonic,

1 | 1
Ga)lt= — v, =—— here w, =(3w)
LC JLC
or (3 x 3IlelII,11 = A
LC
or L= 1 = 0.0247 H.

(900)* x50 %107
Rms value of voltage = ——+/(3000)? +(500) +(200)® = 2155.23 V.
2

J_
For the third harmonic
X (=Xp)=3x300x0.0247=2223Q

Peak value of third harmonic current is % A, or, 3333 A,

For fundamental frequency
. 1 [ 22.23
Zy =15+ nJL——-—)=15+ [-———3):22.23]
! ! { C N3
=15 -j59.28 = 61.15/-75.8° W
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Peak value of fundamental current is thus 6_:1 L EISE A, 49.06 A.

For the fifth harmonic, we have
[ 2223 Ix 22.23]

Zs=15+4] X5-—
= 15 + j23.712 = 28.06257.68°0.

. . 200
Peak value of the fifth harm t
ak value o i onic curren 13[2&06

A] or, 7.127 A.
- Rms value of the total current

L [(33.33) + (4906 +(7.127)* =4225 A.

5m
.1.4_1»..1?_5. A voltage v = 100 sin ax + 75 sin (3&! +%) + 40 sin (Smu?) is applied

1o a circuit of resistance 30 £ and inductance 0.075 H. Derive (i) expression for current
(ii) the rms value of current and voltage (iii) total power supplied and power factor.
Assume @ = 314 rad/s.

Solution
Fundamental reactance, X,(= @) = 314 x 0.075 01 = 23.55 L.

Fundamental impedance, Z, = /(30)? +(23.55) Ztan™! (%] = 38.14£38.14° Q.

Fundamental current, i, = 318[:?4 sin (orf — 38.14°) = 2.622 sin (ox — 38.14°) A
. 2.622
rms value of fundamental current is = 1.854 A.
J2
rms value of fundamental voltage is l%\' =701V,
2

Fundamental power (= i{R) = (1.854)* x 30 = 103.12 W.
Similarly for third harmonic X, (= 3 @l) = 3 x 23.55 Q = 70.65 Q.

Z, = | (30)? +(70.65)? Ztan™ [%) = 76.755467° Q

sin (aax +§ —ﬁ'.-’“] = 0977 sin (3ex - 7°) A.

=
17 76755
rms value of current is 0.977 A =0.601 A,
J2 i
.75
rms value of voltage is — A =53V,
NE)

Power 3R = (0.691)> x 30 W = 14.32 W
For the 5th harmonic,
X(=5wl)=5%x2355=117.75Q

Z = (302 + (117.75)% ZLtan™! %{'}75— = 121.51275.7° Q

b}/
iy = [%)sin {5 o+ —— 75.1°] = 0.329 sin (Sox + 74.3°)
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Solution

In a parallel ac circuit resonance occurs when the net susceptance of the circuit is zero,

However, admittance y = ———— + joC
R+ joL
R- joL ) R - joL + joC (R* +@* )
= ——— +joC=
R + 0?2 R* + 212
. Al resonance,
CR+ 1) =L
L-CR? 2
or ﬂ)zz —=L—£—
cr? Lc p
of - | L_R
Lc f?
~. Al resonance, y = 2322 = R p = R .
R+’ g, pf 1 R Rz+(é_n=]
LC p2 C
Here, R=2Q, L=20%x10Hand C=1x 10%F.
2 2
Hence (y)= = =0.185.
zuxlu-ﬁ 4+l:20—4]
24 — 22
1%10°°

Current input for resonance frequency is f = Vy =230 x 0.1 = 23 A,
At 90% of resonant frequency, the frequency is

2 12 2
=09 LK _g9 10" __ 2
Lc p? 20x1  4p0x10712
= 0.9 x 10° ’l~i =0.18 x 10° rad/s.
20 200

R+ jo(RPC+al’C-L)
R2 +mI2L2
2+ jon{(4x10°° +(0.18 x20)* 1075 - 20 x10°% )

- 22 4(0.18 x 20)?
= (0.1179 - j0.032) § = 0.1222-15.185° §
Hence current input is Vy; (= 230 x 0.122) or, 28.06 A.

14.108 Determine the impedance of the circuit shown in Fig. 14.93 and the power

LE R R LN
consumed in each branch.

10 30
030 0750

AMN |
20
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8

ie. R= ——— and &’C= —.
0.05w*C 0.05
Hence, R= 431— -8Q
0.05 x —
0.05
8k + 205 m+929'—5-
Total impedance is £

ie.,
8+R 8+8
64 4+ (0.05/C
2o 20

16
vV 150
Also, Z=—=—"72=60
? I 25
. 64 +(0.05/C)
- 16
or C =156 mF.

Hence the resistance and capacitance of the shunt circuit is 8 £ and 1.56 mF respectively.

14.112 Two impedances having the same magnitude are joined in parallel. The p.f of

one impedance is 0.7 and that of other is 0.6. Determine the p.f. of the combination.

Solution
Let (Z) be the magnitude of each impedance. For the first impedance we have
cos 8; = 0.7 and hence sin 8, = 0.714
Hence, Z, = Z(0.7 + j0.714)
Similarly, Z, = Z{0.6 + j sin (cos™! 0.6)} = Z(0.6 + /0.8)
The impedance of the parallel combination
4z, Z2(0.7 + j0.714)(0.6 + j0.8)
Z,+Z,  Z(0.7+0.6+ j0.714 + jO.8)

0.999 £98.7°
=2 ————— =Z(0.5£49.359) Q
1.995.249.35% o )

Hence the power factor of the combination is cos 49.35° = 0.65.

14,113  An inductive coil is connected across a variable frequency alternating current
source of 230 V. When the frequency is 100 Hz, the current is 20 A and when the
frequency is 60 Hz, the current is 25 A. Delermine the coil parameters and the time

constant of the coil.

Solution

Let R and L be the resistance and inductance of the coil.
‘When the frequency is 100 Hz

% = | R + (22 x100L)*.
or R? +394784.2 L2 = 132.25 (i)
‘When the frequency is 60 Hz

20 .}R1 + (21 % 60L)
25

or R+ 142122312 = 84.64 (i)
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Solving equation (i) and equation (ii) we get

L =001373 H
and R=1761%.
Time constant of the coil is (%)J'—?;ﬂs =0.0018 s = 1.8 ms.

_l;l;l_l:t. An inductive coil 1akes 20 A and dissipates 1500 W when connected to a 230 V,
50 Hz. supply. Determine the impedance, resistance, reactance and power factor of the
circuit.

Solution
Given iI=20A

P=1500 W

V=230V

d 22120 _ 159,

Impedance, EHE =

P=Vlcos 8
Hence p.f. (cos 8) = - =—5%_ _ (.32,

Vi 230x20

Resistance, R=Zcos 8=11.5x0.326 =3.749 Q
Reactance, X = Z sin 8= 11.5 x sin (cos™ 0.326) = 10.87 Q sensnns

};4_1_1;5 An iron cored coil of resistance 8 £} takes 12 A when connected to a 230 V, 50

Hz mains. The power dissipated is 1500 W. Determine the iron loss, inductance and
power factor. Assume the coil to be equivalent to a series impedance.

Solution
Resistance of the coil, R = 8 ).

I=12A
V=230V
Vi 23p
Impedance 2= —==—"——() =19.17 02
ped 12

Ohmic loss is, PR = (12 x 8§ = 1152 W
Total power dissipated is 1500 W.
Hence iron loss = (1500 = 1152) = 348 W,
1500

Total resistance (resistance of coil + resistance of core) = ? 0 =104240.
1

Inductive reactance X = \;'I{I‘J.l'?}2 ~(1042) =16.09Q.
16.09

Inductance = =0.05 H.
= 50
10.42
f. of th 1= —— =(.543.
p 0 c‘erUI 9[7 FEEEREAR

14.116  An alternating voltage of (100 + j80) is applied to a circuit and current through
the circuit is (10 + j15) A. Determine the impedance of the circuit, power consumed and
the phase angle.

Solution

Impedance Z = = = = T.103.£-17.65° £2.

10+j15  18.03£56.31°

v 100+ 80  128.06.38.66°
I
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Power consumed P = VI cos 8= 128.06 x 18.03 cos 17.65° = 2200 W,
Phase angle is 17.65"°. asmnnun

14,117  An auracted armature type of relay operating at 250 V, 50 Hz single phase ac
supply draws a current of 4 A at p.f. 0.15 lag to attract the plunger from open to closed
position. The same relay draws 1.5 A at p.f. of 0.07 lag when the armature operates (i.e. in
closed position). How much energy is spent in operating the relay?
Solution
. ‘When the plunger is at apen position, the impedance

Vv _ 250
= —="—0 =625

I 4

Power factor {cos &) = 0.15
Inductive reactance X = Z sin 6= 62.5 sin (cos™' 0.15) = 61.8 Q.

618 _ 01961

Inductance L =
nauctanee &= S rxs0

Hence energy stored is (%sz ] = % #0196 x (4)1 =1.571
When the plunger is at closed position

vV 250
Impedance Z = TEEH =167 2

Power factor (cos 8) = 0.07.
Inductive reactance X = Z sin 0 = 167 sin (cos™! 0.07) = 166.5 Q.

1865y _os3m
x50

Inductance L =

Hence energy stored is (%HZJ = % x0.53 % (1.5 =0.59 1,

Energy spent in operating the relay is (1.57 - 0.59) or, 0.98 J. [

J4.118 The load 1aken from a single-phase supply consists of a filament lamp load of
10 kW at unity power factor, motor load of 80 kVA at 0.8 p.f. (lagging) and motor load of
40 kVA at 0.7 p.f. {leading). Find the total load taken from the supply in kW and in kVA
and the p.f. of the combined load. Also calculate the main current if the supply voltage is

250 V.
Solution

. _ Active power 10 _
Load (a): Apparent power, 5, ————— 10 kVA.
Active power P, = 10 % 10 = kW
Reactive power, @, = §, x sin 8= 10 x 0 = 0 KVAR.
Load (b): Apparent power, 5, = B0 kVA at a power factor of 0.8 (lagging).
Active power, P, = 80 x 0.8 = 64 kW
Reactive power, , = 80 x 0.6 = 48 KVAR (lagging).
Load (c): Apparent power, 5. = 40 kVA. at a power factor of 0.7 (leading).
Active power, P_ = 28 kW
Reactive power, Q. = 40 x 0.7143 = 2B.57 KVAR
. Total power taken from the supply (the net apparent power)
=10 + 80 + 40 = 130 kVA.
Total active power = 10 + 64 + 28 = 102 kW
Total reactive power = 0 + 48 — 28.57 = 19.40 KVAR
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When one of the resistors is removed as shown
in Fig. 14.95(a) and Fig. 14.95(b).

v R R
Line current / = — v v
2R R
2 R
v v?
Total power = 2(—] R=—.
2R 2R i
Hence, reduction in power is {a) (b)
2 2 2 .
L I e or 50%. Fig. 14.95
R 2R R

(ii) When the load is delta connected,

Phase current [ = %

2 2
Total power is [3(1] R] or E'L__
R R

When one resistor is removed
as shown in Fig. 14.96{a) and v A
Fig. 14.96(b), then current in each + ‘:
o
o | o
)

=

Y

2 a2 (a) (b
Total power is 2[%] R or - Fig. 14.96

resistor is K
R

. C[3v?) [2v? v2
Hence reduction in power is rans , or, T,i.e. 33.3%.

14.126 A three-phase star connected alternator supplied a 1500 H.P. delta connected
induction motor having a power factor 0.8 and efficiency 90%. Determine the active and
reactive components of the phase current of alternator and motor. Assume line voltage to

be 1000 V.

Solution
Output of the induction motor is = (1500 x 735.5) W = 1103250 W
1103250

Input of the induction motor is W, or 1225.83 kW, -

If the line current of induction motor be I then
J3 Vi cos 8= 1225.83 x 10°

1225.83 % 10°
or = ————— A =88469 A

3 %x1000%0.8
Line current of the alternator is also (884.69) A
As alternator is star connected, hence phase current of alternator (= line current) = 884.69 A
Active component of current is (884.69 x 0.8) = 707.752 A
Reactive component of current is [884.69 sin (cos™ 0.8)] =530.8 A
As motor is delta connected, we have,

Phase current of motor = M A =510776 A

Active component of current = (510.776 x 0.8) 408.62 A.
Reactive component of current = (510.776 % 0.6) 306.46 A, R
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Solution R
The three-phase system is shown in Fig. 14.99.
Considering Ej, as reference, we can write noa
440 440
Eg= Z2£0°V: Ep= == £-120°
N G -9 200

440 Yv—"'x

and  Ey= T2 £-240°

J3

Current through the R branch Iy = % Z0°510
3

Bo
= 254/-50° A. Fig. 14.99

Current through the ¥ branch Iy = (ﬂé—lm"] /[— J15) = 16.9352-30° A,

V3

Current through the 8 branch Iy = ij—_g £-240°120 = 12.7£-240° A.
3

The resultant current [ = I + Iy + Iz = 25.42-90° + 16.9352-30° + 12.7£-240°
= -j25.4 + 14.67 - j8.467 - 6.35 + j11
= 8.32 - j22.87 = 24.336£-70°

Potential of the neutral point to earth

24.336£-70° 24.336£-10° 24.3362£-70°
ML oL © 005-j0.1+ j0.067  0.05- j0.033
10 =15 20

= 404.975£-36.515° V.

Voltage across load in phase R is (Egy) = Eg - Ey = % Z0° - 404.9752-36.575°
3

==73.22 + j241.31
= 252.17£106.88° V

Voltage across load in phase ¥ is (Eyy) = Ey - Ey = 20 /_120° - 404.975.£-36.575°

V3
= 450.724£177.29° V.
Voltage across load in phase B is

(Egy)=Ep—-Ey= %4{240" = 404.975.£-36.575" = 646£134.43° V.

3 AsanEEn

14.130 Three equal inductors connected in star take 10 kW at power factor of 0.85 when

connected to a 440 V, 3-wire supply. If one inductor is short circuited, determine the line
currents,

Solution
10,000
Line current before short circuit is [} = ——— = 15437 A
V3 x440%085
440/4/3
Impedance in each phase Z = T 4;’;_ Q =16.456

Power factor is cos 8 = 0.85.
Hence, 8 = 31.788°,

Suppose phase B is short-circuited. Hence star point N and phase B are now at same
potential (ground potential).
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The three line voltages before short are
Viy = 440£0° V
Vi = 4402-120° V
Vi = 440£-240° ¥V
Since one inductor is shorted,
Vis —440.£-240° .
[= 7] = Teasezatzgss | V=l
= -26.738£-271.788°
= -0.834 - j26.72 = 26.7382-91.787° A
e Vyy  440£-120°
2T Z T 16456£31.78%°
and Iy=~(I + I,) = 0.834 + j26.72 + 23.56 + j12.64
= 24.394 + j39.36 = 46.3258.21° A. casssen

Hence, I,

= 26.738Z-151.788° A

14.131  Three equal impedances of 10 £ each and with a phase angle of 30° (lagging)
makes a load on a three-phase aliernator generating 100 V per phase. Calculate the
current per line and the total power when connected as (i) altenator in star and load in
star, (ii) load in delta but alternator in star, (iii) alternator as well as load in delta and (iv)

alternator in’ delta but load in star.
Solution
{i) Given: Phase voltage = 100 V, impedance per phase of load = 10 2.

Load current per phase = % =10A

Line current (= phase current) = 10 A

Total power P = V3 Vi cos ¢

But, V(= J3 Vep) = 1.732 x 100 = 173.2 V and 1 = 10 A,

J3 x173.2 %10 x cos 30°
P= = 2.598 kW.
1000

(i) Line voltage = (v/3 x 100) V
Voltage per phase of load = V3 x 100 V.

v 3x100
Current per phase of load = i:—J_—— A

th 10
Line current (= phase current) = \G X ‘Ji x10=30A
3 x+/3 210030 x0.866
Total Power, P = \E Vlicos ¢ = J- J‘ 1000 = 7.794 kW,

(iii) Line voltage = 100 V
Votage per phase of load = 100 V

Current per phase of load = % =10 A

Line current [\Efp,,} =1.732 x 10 = 17232

Ix100x+3 x10x0.860
Total power = V3 Vicos ¢ = V3 :t;-m = 2.598 kW
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(ii) If the machine is operated as a shunt generator with the same field flux, the arma-
ture and field resistance being 1.0 L2 and 200 £, determine the output current when
the armature current is 25 A.
(iii) If due to a drop in speed the emf becomes 380 V, determine the load current if a
40 £2 load is connected at its terminals.

Solution
(i) Here Z=90x 6 = 540
540 % 0.03 x 1500 4

E=2""""""7"x% _4os5v
60 “3
ZN
(v E= 22 2 nd for lap wound A = P]
60 A

(ii) If I, = 25 A, the armature voltage drop is (25 x 1.0) = 25 V. Since the same field
flux and speed are to be assumed, then the same emf is being generated.
From V=E- IR, we have
V=405-25x1=380V

Iy= 230 - 19A.

Hence machine output current = (I, - [,) = (25 - 1.9) = 23,1 A.
(iii) Let f; = the load current

then I x40 = V (the terminal voltage)
Also, V=E-IR,
or V=380-1,x 10
or V=380-100,+1) [ I, =1 + Iy)
e ILK4O=380—J',],—I_;_
or 410, =380 - I (i)
v v 401, I ..
Also, lp= ——s—s——"=> ii
W TR T200 200 5 @
1
.~ we have, 41/; = 380 - —? fusing (ii) in (i))
i.e. IL=!20-E'—922A
206 [ EEREERT]

14.139 A short shunt dc compound generator develops 250 at its terminals and delivers
a load current of 50 A. the resistances of the armature, series field and shunt field are
0.05 €, 0.04  and 100 L respectively. Find the emf generated and armature current if

there is a drop of 1 volt at each of its brushes.

Solution

Refer Fig. 14.102

Here, V=250V = Vy, (in Fig. 14.102); I =50 A
R, =0.04 Q; R, = 100 Q; R, = 0.05 Q.
Voy = Vyy + IR, =250 + 50 x 0.04 =252 V

R ST ON
=
Ra

I, = Lo + Iy = 50 + 2.52 = 52.52 A,
Hencc generated emf E = Vi + IR, + brush drop
=252 + 5252 x005+2%x1=256626V
Hence emf generated = 256.620 V
and armature current = 52,52 A,
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_lt_!._l_d_!-. A 24 kW, 240 V dec self-excited shunt generator driven at 1000 rpm has an
armature resistance of 0.1 £ while the field current is 2.5 A. The rotational losses are
750 W. Assuming constant speed and neglecting armature reaction, determine
(i) the armature induced emf
(ii) the developed full load torque
(iii) the full load efficiency.

Solution
P w)x10° 24 x10°
(i) At full load, 1, = —oneT EWIXI07
v 240
L=l +I4=100+25=1025 A
E=V+IRR, =240 + 102.5 x 0.1 = 250.25 V.
(ii) Electrical power developed
P, =E x I, =250.25 x 102.5 = 25650.625 W.
E-I,  25650.625

2N Ixxl@
60

= 100 A.

. Torque developed T = = 244,84 Nm.

(ili) Total losses = P + IR, + V- I
=750 + (102.5)* % 0.1 + 240 x 2.5 = 2400.63 W.

t 24 %10 % 100
ot = 90.90%.

.. Efficiency () = =
output +losses 24 % 10° + 2400.63 ssssanse

14.143 A 400 V long shunt compound generator has a constant loss (rotational + shunt
excitation losses) of 4 kW. The armature, series field and shunt field resistances are 0.08,
0.02 and 100 2 respectively. Calculate the maximum efficiency and the load at which it

oCCurs.

Solution

For maximum efficiency, we know that Constant loss = Variable losses. Let the armature
current for the maximum efficiency load be I

Here, 12 (008 +0.02)= 4000

-— ]

varishle logs constant loss
I,= 4000 _ 00 A
0.1
. . 400
. Corresponding load current is Iy = [, — I, = 200 - 100 - 196 A
.+ Required load = 196 x 400 = 78.4 kW. Hence the output is 78.4 kW,
Quiput _ 78400100

= 90.74%.

Maximum efficiency =

Output + Losses 78400 + 2 x 4000

14.144 An over-compounded dc generator is supplying a load at 220 V. If the machine

terminal voltage is 220.2 V when the load current is 10 A, what will be the machine
terminal voltage when the load is 600 A?

Solution

When the load current is 10 A, the voltage drop in the cables, between machine terminals
and load = (220.2 - 220) = 0.2 V.
600

By proportion, the voltage d.rup for 600 A would be (0.2 KHJ =12V,
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If the load voltage is still to be 220 V, the terminal voltage would need to be raised to
(220 + 12) =232 V.
= The machine terminal voltage is 232 V.

nemanEw

};4..1:1;5. A dc shunt generator delivers 50 kW at 250 V when the speed is 400 rpm. The
field resistance and armature resistance are 50 L and 0.02  respectively. Determine the
machine’s speed when running as a shunt motor taking 50 kW input at 250 V. Consider

2 V for brush-contact drop.

Solution
As a shunt generator;

50x10°
50 kW at 250 V gives a load current of (I;) = 3% =200 A
250 v
Fieldcurrent f, = — =5A |+v [, =—
b Basn [ raet]

= Armature current (I} = [; + I, =200 + 5 = 205 A.
« E=V+ IR, + brush voltage drop,
we get, E = 250 + (205 x 0.02) + 2.0 = 250 + 4.1 + 2.0 = 2561 V.
As a shunt motor:
250
Input current = 0 5A.
=~ Armature current [, = I} = 1, =200-5=195 A
Back emf, E,=V -[_R, - brush voltage drop
=250-39-2=244.1V.
Again, E and E, being proportional to flux and speed, we can write,
E=K¢N and alsoE,=K¢N

5= 400
Thus £ =2x or N =382 rpm.
Eb Sx N
[¢ can be substituted by field current as flux is assumed to be proportional to be field
ampere turns and hence the exciting current.] aessnas

14.146 The emf induced in the armature of a 450 kW, 250 V dc shunt generator is
260 V when the field current is 20 A. The armature circuit resistance is 0.004 Q. Calculate:
(i) The load current [
(ii) The power generated Ps
{iii) The power output
(iv) The electrical efficiency n.

Solution

(i) Let the load current be I}
S Armature current [, =1, + 20 [ I, =1, + I 4]
. Induced emf E = Terminal voltage V + I R, drop, we have
260 = 250 + (I, + 20) x 0.004

260 - 250
Iy = W - 20 = 2480 A.

(ii) Power generated P, = Ei, = 260 (2480 + 20) = 650 kW,
(iii) Power output VI, = (250 x 2480) W = 620 kW.

Output
P 100 = 6200

— x 100 = 95.38%
Input 6500

(iv) Electrical efficiency (1) =
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'lé_l_l.-d_'?_ A 4-pole dc motor whose armature is (.36 m in diameter and has 720 conductors
has effective length of 0.3 m. The flux density of the field under the poles is 0.7T. Each
conduclor carries 30 A. If the armature rotates at 680 rpm, calculate the torque in Nm and

the power developed if only two-thirds of the conductors are effective.

Solution
Force developed by one conductor is given by F = (BIL) =07 x 30 x 03 =63 N.
Number of conductors in the field at any instant = 2/3 X 720 = 480.

Total force = 480 x 6.3 = 3024 N.

Torque = force x radius = 3024 x 0.18 = 544.32 Nm
i.e.,, Torque exerted = 544 N-m.

2x3.14 x 680 x 544
Power developed = 2rNT =
60 60

=3.14 x 68 x 181,333 W = 38.7 kW, sesnnmn

14 148 A 220 V dc shunt motor draws a current of 3 A on light load at 1250 rpm and
draws of current of 40 A on full load at the same speed. Calculate the speed on full-load,
if the armature resistance is .29  and the field resistance is 165 £. Due to the armature
reaction, the flux per pole is 4% less than the no-load value.

Solution

At no load
Voltage across the shunt field = 220 V.

Current through the shunt field, I, = % =133 A,

Armature current f, =1 - [ = 3.0 - 1.33 = L.67 A.

Voltage drop across the armature (= [,R,) = 1.67 x 0.29 = 0.484 V
Back emf Epy = 220 - 0484 = 219515 V. [ E, =V -1.R,]

At full load:

Current through shunt field remains same and hence [/, = 1.33 A,
Armature current [, = 40 = 1.33 = 38.67 A,

WVoltage drop across armature = [ R, =38.67 x 029 =11.23 V.
Back emf is obtained as E, = 220-11.23 = 208.77 V.

Since, E, = ¢ N, we can wrile E, = K ¢ ¥

E N,
Hence for no-load and full load condition, B0 _ M .
E, &N
But ¢, = 0.96 ¢,
Ebn %Nﬂ N Nn X Eb:
= or, T —
E,  096x¢,-N, ' 096X E,
1250 » 208.77
= ——————————— = |138.3 = 1238 rpm
0.96 x 219.515
.. speed on full load is 1238 rpm. sranman

14.149 A dc shunt motor is rated for 220 V and has an armature winding resistance of
0.4 . Tt draws armature current of 2 A at no-load and 50 A at full-load, the full-load
speed being 500 rpm. Assuming the flux to be constant for no-load and full-load opera-

tions, find the no-load speed of the motor.
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Solution
At no-load, E, = V=-ILR,=200-(2x04)=199.2V
At full-load, E,,] =200-(50x04)=180 V.

Since this is a shunt motor, the feld current is constant and therefore the same con-
stant flux can be assumed for the no-load and full-load conditions.

Since Ey, = K¢N, and E, = K¢N,, while ¢, = ¢,,
We Can write,
E,,  K@yN, Ny xE,
E, K¢ N, ’ Ep,
Ny = 500 x ‘:‘9'2 = 553 1pm.

14,150 A 200V, 4-pole lap wound dc motor has 600 conductors in the armature wind-
ing and has a resistance of 0.3 £2. The resistance of the shunt field circuit is 100 € while
the flux per pole is 0.02 Wb. At no load, the input current is 3 A, while the normal full-
load current in the armature is 50 A. Determine the speed regulation of the motor from
no-load to full-load. Ignore the armature reaction effect,

Solution

Back emf on no-load E, =200- I“FR,,

Shunt field current [, =2 A

I, =l -ly=3-2=1A

E,, =200-(I1x03)=199.7 V.

- - Z-4,N, p
o load speed of the motor is given by (N,) where E, = 50 A
600 % 0.02 x N,
or 199.7 = — [+ for lap-winding A = P]
or 199.7 = 0.2 x N,
Ny = ”% = 998.5 rpm.

Again, Back eml £, on full-load is given by:
E, =200~ 1, R,=200-(50-2)x 0.3 =1856 V.

Since, E,, = K¢\N, assuming a constant flux and with ¢, = ¢y,
we have
E, KN, No - By,
= , where N, =
E,, Koy Ny E,
N 998.5x 185.6 928
URENTTY B

. Full load speed = 928 rpm.
No-load speed — Full load speed x 1

Full-load speed

998.5-928
= ——— x 100 = 7.6%
928 CEERE Y ]

Thus speed regulation 00
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_lil._l_i_l_ A 105 V, 3 kW dc shunt motor has a full-load efficiency of 82%. The field and
armature resistances are 90 £ and 0.25 Q respectively. The full-load speed of the motor is
1000 rpm. Determine the speed at which the motor will run at no-load if the line current
at no load is 3.5 A. Also determine the resistance to be added to the armature circuit, in
order to reduce the speed to 800 rpm, the torque remaining constant at full-load value.

Ignore the armature reaction and brush drop.

Solution
On no-load,
v 105

f,h[zgl—?ﬂ-_n?a

No-load current [, W 3.5 A (given)
Ig=35-117=233 A (vl =1 - 1)
and Ep=V-=1I4R, =105-(233 x0.25) =105 - 0.58 = 104,42 V.
On full-load, output = 3 x 1000 W.
Output 3x 1000 x 100

Input = Efficiency = 52 = 3660 W
Input line current L, = % =34.86 A.

{1, =3486-1.17 =337 A and
E,, =105 - (33.7 x 0.25) = 96.57 V.

Ey,  KogN,
Ee¢Nor E=K ¢N, we can write — =
E, K@h
N o X x M 1080
ar, b= = rpm.
E, X¢

Again, since T is constant and T e ¢ [, we can wrile
TZ:K%ICI:_ H.['ld TI:KﬁlIﬂ.

T K-¢,-1,,
— = ——— bt
Ti K.ﬁl.fﬂq

But Tz = Tl and ¢2 = ¢|_.
I,,=1, =337 A

If R is the added rcs:slanc: to reduce speed then we can write
E,, =V- I, xR+ R)=105-33.7 (R +0.25)
Also Ej, == ¢ N, since flux is constant, we can write

Ey, 800 800
—_ —— . E, =9657T%x —
E, 1o Tk 1000
. Back emf (at reduced speed) = 77.26 V,
thus we have 77.26 = 105 - 33.7 (R + 0.25)
rR=1931 _4s570.
337

14.152 - A 4-pole dc shunt motor has a wave wound armature with 294 conductors. The
flux per pole is 0.03 Wb and the resistance of the armature is 0.35 Q. Determine (i) the
speed of the armature and (ji) the torque developed, when the armature current is 200 A

and the supply is 230 V dc.
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Solution
(i) V=E, + IR
ar Ey=V - IR, =230 - (200 % 0.35) = 160 V
ZgN p
Si E,= -
nce b 60 X A
B E, xﬁ[]-A 160 %60 x 2 s44
ere, = — = = m,
Zy P 294 x0.03x 4 P
(ii) Again torque is given by:
T=0159%xZ ¢ I‘,(%) Nm
=0.159 x 294 x 0.03 x 200 x 4/2 = 560.95 Nm. sssunusn

14.153 A 230 V dc shunt motor runs at 600 rpm when taking a line current of 50 A. The
field and armature resistances of the motor are 104.5 2 and 0.4 £ respectively. Determine
(i) the no-load speed if the no-load line current is 5 A. (ii) The resistance to be placed in
the armature circuit in order to reduce the speed to 500 rpm when taking a line current of
50 A, (iii) The percentage reduction in the flux per pole in order that the speed may be
750 rpm, when taking an armature current of 30 A with no added resistance in the
armature circuit. Ignore the effect of armature reaction but allowing a brush drop of 2 V.

Solution

230
Iy = =% =22A; 1, =5-22=28A
B " 1045 4
Also, Iy =22A: 1, =50-22=47.8A
Again, E,, =230 - (47.8 X 0.4) - 2 = 20888 V
and E,, =230 - (2.8 % 0.4) - 2 = 22688 V.
E, K& N Ey-N 226.88 x 600
() Since ——= KON e M= T L = 651 pm.
E,, K& Ny E,, 208.88

(ii) At 600 rpm, Eh = 208.88 V.

Assuming a constant flux, then for 500 rpm.

E, =208.88x % = 174.07 V.
.. The voltage across the armature has to be reduced by (230 - 174.07) = 5593 V
Since V=E,+ (R, +R) +2
V-E,=1(R,+R)+2
or 5593=IR,+IR+2
I,-R=5593-2-(478x04)=3481V.

R= M1 0.73 0.
478

(iii) Let the reduced flux be ¢,.
E,, K¢y Ny
E, Ko N
or Eb!=23~0—(30x0.4}~2=216\r'.
2160 _ T, X750
208.88 2.2 x 600
Thus current {and therefore flux) is to be reduced to % = 82.7%.

or Iy =182A
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14.154 A 250 V dc shunt motor drives a load whose torque varies as the cube of the
speed. This motor takes 20 A when running at 1200 rpm. If the field current is kept
constant and the speed is varied by external resistance in the armature circuit, determine
the resistance needed to bring the speed down to 900 rpm. Ignore the armature resistance,

Solution
From the given conditions, we can write T o ¢ I, « N°, Here ¢ is constant.

3
To [i]
I, N,

MY 900 Y

2

22} g 2 [20) 420 = 54375
la [N] fa, (1200]

E;
Here, [ ” ] = (ﬁj = 0.75.

E,, 1200
or, Ek; =0.75x Es, =0.75 x 250 = 187.5 V.
But E,=V-ILR,
Here, 187.5=V- qu (R, +R,)=250-84375 (R, + R,)
Since R, =0 (given)

R =740’ﬂ [ERENN N

14.155 A shunt cnnnected dc motor draws a total current of 56 A from a 650 V supply
when delivering its rated output at its rated speed of 1000 rpm. The resistance of the field
circuit and armature are 300 £ and 0.50 £ respectively and the mechanical losses are

1.90 kW, Determine the useful power output, torque and efficiency.

Solution

Field current (I,) = ——=20 =2.16 A.

Ry, 300
Hence armature current (1) = I, - [;, = 56 - 2.16 = 53.83.
Let the suffix 1 denote the initial condition of rated output and rated speed,
then E=V- Ia. R, =650 - 53.83 x 0.50 = 623.08 V
Gross power output E, [,; = 623.08 x 53.83 = 31.54 kW
Thus net power output = Gross power — Mechanical loss = 33.54 - 1.90 = 31.64 kW
(i.e. the useful power output is 31.64 kW)

Since speed = 1000 rpm = 27 x % 104.7 rad/sec.

31.64%10° -
Hence torque T'= ﬁ—x = 302.3 N-m.
104.7

i.e. useful torque is 302 N-m.
Again, input power = (V x ILl] = 650 x 56 = 36.4 kW, while output power
= 31.64 kW.

Efficiency 1 = 3164

364
.. the percentage efficiency is 86.92%. sxrunns

x 100



Review Problems 899

_1:_:_1_555 A dc shunt motor of 500 V has a full load armature current of 20 A. 3% of the
input power to the motor is dissipated as heat energy. What would be the armature current
on starting if 500 V is supplied across the armature?

Calculate also the value of starting resistance required to limit the starting current to

twice the full load current.

Solution

Since the field current is small, we can ignore the field current.
Input power (= V) = 500 x 20 = 10,000 W,
Again, 3% of the input power (i.e. (3:'[00} x 10,000.00) is 300 W which is dissipated
as heal in the armature. This is cupp:r (or PR 1oss).
PR, =300 or, 20°.R, =300
R,= @ 3 = (.75 L.
400 4
The starting current with only armature resistance to limit the armature current is given
500
by, (I,,) = 075 666.6 A.
- The twice full load current will be 20 X 2 = 40 A.
Total resistance required in the armature circuit to limit starting current to 40 A is

(ég—}-] or 12.5 €. Since R, = 0.75 Q, the series resistance would be 12.5 — 0.75

40
=11.75 0. mEE s

14.157 A belt driven 250 kW de shunt generator running at 500 rpm which supplies full
load power to a 500 V bus bar. When the belt breaks down, it continues to run as motor
taking 20 kW from the bus bar. What would be new speed and torque developed? Given:
R, =0020Q
Ry =100 Q.
Assume a constant voltage drop in each brush as 1.5 V. Ignore the armature reaction
effect.

Solution

250 x10°
I (as shunt gencrator) = shlakhdl =500 A and I, = 300 _ 5A.
1 500 e

I, =500+5=505A [ Ay = Iy +14]
E, =500 + (505 x 0.02) + (2 x 1.5) =513.10 V.
[E=V+ I:J.R!! + brush drop for generator]

B 20,000 B
Ii‘-—z (as motor) = -—5-06—- =40 A.

Also E’d: (=;f-z"*h’=4”‘5=35 A " Ey =V —1, R - brush drop
oo, 31310500 =500 -350x0.02 - 3
N, = 483.63 rpm
Eﬁ'!‘
2zN
Ey-la,  4963x35x60
T= = = 342.84 Nm.

2r-N,  2mx483.63
60 sssnses
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14.158 A 440 V dc shunt motor runs at a speed of 1000 rpm when on no-load. After a
few hours of loading its temperature rises by 28°C and the supply voltage falls to. 436 V.,

Calculate the new speed of the motor when the armature current is 85 A. The cold
armature resistance is 0.04 £, Temperature co-efficient of the armature and field conduc-

tor is 0.4% per degree centigrade.

Solution
Let R, be the cold resistance of the field winding and R,pqq) and R,y be the hot field
winding and armature winding resistances respectively,
Ry (H) = Ry (1 + 28 x 0.0044) = 1.1232 R,

and R,(H)=0.04 (1 + 28 x 0.0044) = 0.0449 €.
Assuming armature current on no load to be zero, we can write

E; =V, =440 V (at no load-condition)

Ey =V, = IRy = 436 - 85 x 0.0449 = 432.1835 V.

E, ﬂNl jr:hl N1 Vi"Rshtc} EL

_x
Ey &N, fd:: Nz VilRywy N2

440 440/ Ryye) » 1000
4321835~ 436/1.1232Ry,, N,
N:::lll?:rpm EEEEEE.

.19._1.5-9' A 240 V dc series motor develops a shaft torque of 200 N-m at 92% efficiency
while running at 600 rpm. Calculate the motor current.

Solution
600
Power output = 2aNT = 2o % w0 X 200 = 12566 W,

12566
Po tW=—— =13659 W
wer inpu 092

13659
240

.~ The motor current {/) = = 56.91 A.

};4.'1.15._11. A 220 V dc series motor takes 60 A. The armature resistance is 0.1 £ and the

series field resistance is 0.08 €1 If the iron and friction losses are equal to the copper
losses at this load, calculate the BHP (broke horsepower) and electrical efficiency.

Solution
Motor resistance= 0.1 + 0.08 = 0.18 Q.
E,=V-IR,=220-(60x0.18)=2092V,
Input power = 220 x 60 = 13200 W.
Copper losses = 648 W [(60)* x 0.18 = 648 W]
Quiput = 11904 W (13200 - 2 x 648 = 11904 W)
11904

BHP = ——— = 16.18.
735.5
11904
Effici x 100 = 90.18%.
l:lEl'IC]f (n) 32m TEEEEER

14.161 A dc series motor develops 40000 W and takes a current of 80 A when running
at 1200 rpm. Calculate siarting torque if the starting current is 150% of the rated current.
Magnetic circuit remains unsaturated.
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Solution
Output of dc series motor = 40000 W (given).
2aNT = 2 X ligu x T = 40000
40000 x 60 _1omo
= —— Nm.
23: x 1200 o
For a series motor {with unsaturated field), T o< ."ﬁ
1000 =K - (80)

At starting [, = 120 A (starting current = 150% rated current)

% = (_1_22]1 [T, being the starting torque.]
1000/ 80
T,=(@] x 1900 _ 715.90 Nm.
g0 n

14.162 A 220 V dc series motor is working with an unsaturated field taking a current of
100 A at 800 rpm. Calculate the speed of the motor when it develops half the torque.
[Given: the total resistance of the motor is 0.1 ohm]
Solution
For dc series motor,

Torque T = KI?

2
ik
L, 1
a
But T; = 0.5T; (as per the given condition)
T,
L 1007 g 1002 x 0.5 = 5000.
05, 2
1, =10450 =10x7.07 =707 A.

a
Under the first co;dition.
E, =V- f“I(R, +R,)=220-(100 x 0.1) =210 V.
Under the second condition
E, =V- fﬂl(R, +R,)=220-70.7x 0.1 =21293 V,
However, E,=K¢N.

E, N,

—_— = i and also @ e< I,

Ey, &N,
. Ebl |'.I| -N]
L.¢ —_—=

Ebl IﬂI 'N1

1o M Ey,  100x800 % 212.93
Ny= 2 X = 1147 pm
1, E, 707 %210

o Speedathn]ftorquc=ll47rpm- sesmmmn
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Solution
Here full-load resistance drop = 1.5% = % x 100.

and We=PR=Fx0015x% % =0.015 VI = 1.5% of VI.
Also, full load copper loss = 1.5%

2
- Copper loss at half load = [é) x 1.5 =0.375%

Since maximum efficiency also occurs at full load, therefore, iron loss are also = 1.5%.

Hence efficiency 1 at half load = ———20— x 100 = 96.39%.
50"’15"’0.3?5 [EEER RN ]

14.170 A single-phase transformer of 500 kVA capacity has an iron loss of 4.5 kW and
a full-load copper loss of 7.8 kW,

Calculate (i) The efficiency of the transformer at half-load for a power factor of unity.
{ii)Also calculate the load for maximum efficiency and the value of maximum efficiency
when the power factor is (a) unity {(b) 0.7 (lagging).

Solution
Since copper loss a (current)?
» Copper loss & (kVA)®
(i) Half-load copper loss at unity power factor = 7.8 x0.5% = 1.95 kW
Iron loss = 4.5 kW (given).
The total losses = 1.95 + 4.5 = 6.45 kW

Transformer output (at unity p.f.} = 0.5 x 500 = 250 kW,
Output power 250
Input power 250+ 6.45
We know the condition of maximum efficiency occurs when copper loss equals the
iron loss, Let the maximum efficiency occurs at 1/x of the full-load kVA, thus

Full-load copper loss

x® 100 = 97.5%

Efficiency n =

Iron loss =
2
Full-load copper |
Thus x= 058 = T_ﬂ = 1.317.
Iren loss 4.5
~ kVA for maximum efficiency = 500 x ; 3]” = 380 kVA.

and total losses at maximum efficiency = 2 x Iron loss = 9.0 kW.
(ii) (a) When p.f. is unity
Output power = kVA x 1 = 380 kW
Total losses = 9 kW

380

Efficiency = x 100 = 97.7%.
380+9

(b) When p.f. is 0.7 lagging
Output power = 380 x 0.7 = 266 kW
Total losses = 9 kW.

266 *x 100 = 96.7%.

efficiency = ———
(26&_'-9} (AR RN NN ]
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Secondary current f; = -22;26 =0.1 A.
Primary current f| is to be found out.
Now for an ‘ideal’ transformer, Output power = Input power.
Vools  22x0.1
Vi, 2x01 0.01 A.
“ 220 ERsamEN

1 =

14.173 A transformer with 100% efficiency has 200 turns in the primary and 40000
turns in the secondary. It is connected 10 a 220 V, 50 Hz main supply and the secondary
feeds to a 100 k&2 resistance. Calculate the secondary potential difference per turn and the

power delivered to the load.
Solution

Primary turns N, = 220

Secondary turns N, = 40000
Primary voltage ¥V, =220V

Load resistance = 100 kQ = 10° Q.

Vi N,
Vi N
N
Va=V¥ - —2 =220x 40000 = 44000 V.
N
V2 44000
- Th tential diffe turn is: — = —— =1.1 V.
e secondary poten ifference per turn is A ) f
The power delivered by the “ideal’ (100% efficiency) transformer to the load is
v vy 44000)°
Voxly=Vyx 2 = 2 - G000 _ 036 kw
load resistance  load resistance 10° anemans

14174 A residential area requigeg#800 kW of electric power at 220 V and is 3 km
away from the generating source. 1he source is generating power at 440 V, the resistance
of the line carrying power is 0.5 ohun/km. The area gets power from the line through a
{4000/220) ¥V step-down transformer at a sub-station in the load area.
Determine:
(i) the line ochmic power loss
(ii) how much power must the plant supply
(iii) find the ratio of the step-up transformer at the plant.

Solution

The resistance of the two-wire line is:

R=05x3=15(€L
The 800 kW power is transmitted at 4000 V through the line. Thus, the rms current in the
line is:

{i} The line power loss is
Upe)® - R = (200)> x 1.5 = 60 kW
(ii) Thne power to be supplied by the plant is power required + power loss = (800) kW +
(60) kW = 860 kW.
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(iii) The voltage drop across the line is
I XR=200x1.5=300V
The plant generates power at 440 V. It has to be stepped up so that after
suffering a line drop of 300 V it reaches the substation in the town at 4000 V.
Hence the step-up transformer at the plant should be (440/4300) V voltage mti-u..
_14_1;1_'."5_ A single-phase step down transformer of (1200/400) V, 50 Hz, have the follow-
ing parameters:
R =020,X,=05Q
Ry;=0.029Q, X, =0.06 Q.
Ry = 12000 Q, and X, = 2000 .
Calculate:

(i} The primary current and power factor of a transformer when a load impedance of
(8 + j6) £2 is connected across its secondary terminals and its primary is connected
to a 1200 V supply mains.

(ii) The short-circuit current and short circuit power factor of the transformer,

Solution
Vi v 1200 . 1 1200
L=l +l,=—+— = ———+—=X—— = (0.1 - j0.6) A.
b R, Xy 12000 j 2000 = (©-1=709)
Ry =R, +K - R, + KR,
2 2
=02 +0.02 (@) + (@] X 8= 7238 Q.
-\ 400 400
Similarly,
X = X, + KX, + KX,
=05+3 %006 +3*x6=75504Q [—.—x:%za]

- Y - 1200
Ry + jXp 7238 + j55.04
Primary current {, = [y + Iy, = (0.1 = j0.6) + (10.5 - j7.99) = (10.6 - j8.59) A

The magnitude of the primary current is f; = 13.6 A while the power factor is [EL'S)

13.6
or 0.78 (lag)
Again, R =X/ =0 {(given)
and Z;;. (Z referred to primary) = (R; + K* - R,) + j(X, + K°X,)
= R,y +jX,; = (0.38 + j1.04) Q.

1200 _ 1200
038+ jLO4  1.107
This is the primary short circuil current as I is extremely negligible in comparison to

R
this. Power factor (on short circuit) is [Z—T] ie., 038 . or, 0.343,
eg

I, = (10.5 — j7.99) A

= 1085.8 A.

~ gy (on short circuit) =

l+lﬂ? ERSEENEN
_la_i..lﬂi_ A 2300/575/230 V three-winding (P/S/T) transformer has a total of 300 turns on
its high voltage primary side. Each of the two secondary windings (say A and B) is rated
for 200 kVA. Calculate the primary current, (i) when the 230 V secondary winding carries
its rated current at unity power factor. (i) when the 575 V winding carries its rated
current at 0.5 lagging. Ignore the magnetizing current, internal drops and losses.
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Solution

Let 2300/575/230 V be the voltages of windings P, S, T respectively.
The rated current for S is I, = 2“;’;]:“ -3478 A
The rated current for Tis L5 = 200 _ g60.6 A

Since I, , is at p.f. 0.5 (lagging),

. I, = (1739 = j301.2) A.

I,y is at unity p.f.
Ig = (869.6 - j0) A.

, =(173.9 - 301.2) % = (695.6 — j1204.8) A [referred to P side}
, 2300 ,
and I35 =(869.6 - j0.0) % = B696 A [(referred to P side)]
I = I, +1{y =695.6 - j1204.8 + 8696 = 9391.6 — j1204.8
7] =9468.46 A [total primary load current]

14.177 A transformer has maximum efficiency 77 at 95% at a load of 100 kW, Determine

RN

the constant loss of the transformer.
Solution

We know at maximum efficiency.
Constant loss W, = copper loss W,

utout
(efficiency)p,, = U o
output power + 2W;
100 10°

or 095= —————

100 % 10° +2-W,
or 2. W, % 0.95 = 100 x 10* - 0.95 x 100 x 10°

100 % 10°(1-0.95)

W= ————— =2631.58 W = 2,63 kW.
2x0.95 sssamea
.l:!..l_‘»"_s_ A single-phase transfoprmer on open circuit gave the following test results:
216 V 45 Hz 58.2 W
264 V 55 Hz FENA
Calculate the eddy current and hysteresis losses separately at 240 V, 50 Hz.
Solution
Vv _216
For the first test, f_ 5 =48
For the second test, 14 264 =48
,I" 55
vV _ 240
40 V, —=— =4

At 2 750 B
Since V=E=444fN ¢,

Vv
then ? = K¢, where K is a constant (K = 4.44 N).

As Vis constant, the flux and flux density are constant.
We know, hysteresis loss (P,) = for, P, = af



912 Basic Electrical Engineering

Slip at maximum torque s, = H—2=E =0.2.
" X, 15

50
(1 -0.2) = 800 rpm.

Speed N, at maximum torque = Ny(1 - s5,) =

14183  An B-pole, 50 Hz squirrel cage induction motor has a rotor resistance and stand-
still reactance of 0.05 £ and 0.5 £} per phase respectively. Determine the speed at maxi-
mum torque condition and the external rotor resistance per phase to give two thirds of

maximum torque at starting.

Solution

. . R, 005
Slip at maximum torque 5, = —=——. = 0.1

lip o X, ©O5

. 120 x50
Speed (N,) at maximum torque = (1 - 0.1) % =675 rpm.
3 B
Maximum torque T,, = = is synchronous .
rq 270.%, [, is synchronous speed.]
2 E}
The required torque T = ET'" = zmsz ; at starting i.e. ats =1,
3.1'E21R1"

= ————— |
m,[Rf +szX.‘,2)

where R, is the new rotor resistance

} JEIR,
@, (R +X3)
3 1o 2
Now, Ex &
O‘J,(R?"‘x%) zmsxz
6R;X; = R +X;
or R —6x05R; +(0.572=0
or R - 3R, +025=0
3t1/9-1
or Ri = ——— =152 1414=0086 Qor 2914 0

- External rotor resistance per phase is (0.086 — 0.05) 2 = 0.036 Q2 or (2.914 - 0.05) Q
= 2,864 Q. sErEEEEE
14.184 A 11 kV star connected squirrel cage induction motor has full load slip of 4%
and ‘standstill impedance of 8 £). The full load current is 30 A and the maximum starting
current which can be drawn from the line is 75 A. Find the tapping on the auto trans-
former used for starting the motor. Also give the value of the starting torque in terms of
the full load torque.

Solution

_ ) 11000143
Without auto transformer the current at standstill condition is T = 793.85 A.
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Let the tapping on the auto transformer be x.
Hence, 793.85x*=75
x =0.307
Therefore the tapping on the autotransformer is 30.7%
If T, is the starting torque and T} is the full load torgue then,
2
Ti = [E) x 0.04 = 0.25.
Ta 30

AEESENEN

14,185 The input power to the rotor of a three-phase, 50 Hz, 4-pole induction motor is
50 kW. The rotor emf makes 120 alternations per minute. Determine (i) slip (ii) speed (iii)
mechanical power developed (iv) rotor copper loss per phase (v) rotor resistance per

phase if rotor current is 50 A and (vi) torque developed.

Solution
(i) If (s) be the slip then
120
5f= 0
120
or 5= =
60 x50

(i) Speed = (1-s5) N, = (1 - 0.04) 120 % 50

(iii) Now, P, = 50 kW.
Mechanical power developed (P,) = (1 — 5) P,y = (1 - 0.04) x 50 = 48 kW,
(iv) Rotor copper loss (P,) = sP,; = 0.04 x 50 = 2 kW
Hence rotor copper loss per phase = %k‘w = (L.667 kW = 667 W

= 1440 rpm.

(v) Rolor copper loss per phase (= / %Rz) = (50)% x R, = 667
667

Rotor resistance Ry = =0.2668 Q.
502
(vi) T developed T i 50000 31847 N [ MN’]
v ue aevelo = = —— = X =M. s =
v . ped @, 120 % 50 60
2n
4 xm EENEEFRADN

_15._1_35 The power input to a three-phase, 6-pole, 440 V, 50 Hz induction motor is
30 kW at 970 rpm, The mechanical loss and the total stator losses are 1.5 kW and 2
kW respectively. Determine the rotor copper loss, gross torque and the rotor resistance

per phase if the rotor phase current is 110 A,

Solution
Air-gap power P, = 50 - 2 = 48 kW

Slip (s) [l—ﬁ—:] =1- 1231050 =1 -0.97 = 0.03.
6
= Rotor copper loss P, = 5P, = 0.03 x 48 = 1.44 kW
Mechanical power developed P, = (1 - 5)P,, = 0.97 x 48 = 46.56 kW.
Power output = 46.56 — 1.56 = 45.06 kW.
45.06 x10° [ 27N, P}

Gross torque = T axs0 - 430.5 Nm. @, = o and T =—
A @,

6 [EE RN R R

2o x
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If rotor resistance is R,,

1440
J§Rz=—'3
Ry = —%44.;9 = 0.039 Q.
3)((110}2 seEEEEE

14.187 A 50 Hz slip ring induction motor having star connected rotor gives 750 V at
standstill between the slip rings. Rotor resistance and reactance per phase are 0.3 { and
5 2 respectively. Calculate the rotor current and p.f. at standstill when an external imped-
ance of (3 +j10) Q is connected with the rotor. Also calculate the current and p.f. when

the slip rings are short-circuited and the motor is running at a slip of 3%.

Solution
Ey=12vy =433V,

NE

When external impedance is connected the total rotor impedance at standstill is (Z) =
JB3+037 +(5+107 =153 Q.

At standstill, rotor current = % A =283 A.

A 153
when the slip rings are short circuited and the motor is running at a slip of 3%,

Zy= J[l’llj)l2 +(0.03x5) =0.3354 Q.

Rot (g SE 003X maaA
otor curren e A T = 38.
Power factor = 0.3 = (.89 (lag).
3.354 AAENEERS

_14_1;1.8_3_ The rotor of a three-phase induction motor has 0.03 €2 resistance and 0.5 Q
standstill reactance per phase. Determine the external resistance to be connected in the
rotor circuit to get one third of the maximum torque at starting. Neglect stator impedance.

By what percentage will the external resistance change the current and p.f. at starting?

Solution
T 2 _1
T, L., 3
S
L +8,=6
S )
or s2 —6s,+1=0
6+./36-4
or $p= ———— =5820r0.18

As induction motor cannot have slip more than 1, hence value of s,, is 0.18.

For negligible stator impedance '—2 =X,
i
or R, =0.18x05=0.09 .
External resistance to be connected in the rotor circuit is (0.09 - 0.03) = 0.06 Q.
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Number of tums (T) = (2 x 90) = 180.

Slotsfpole = 180 _ 9
20

Slot angle ff = ,l_é’?!ﬁ = 20°,

Number of slots in a phase group = % =3. (=m)

sin m—ﬁ
hence (K;) = = 0.9598.
m sin 3
) Ve =444 KoK 0 fT=444 x 1 x0.9598 x 0.03 x 50 x 180 = 1150.6 V.
. Open circuit line voltage V| = \E x 11506 = 199285 V. tesrena

14.200 An 11 kV star connected synchronous motor has an input current of 100 A. The
synchronous reactance and resistance are 25 £ and 0.5  respectively. Determine the
power input to the motor and the induced emf for a p.f. of 0.75 lagging.

Solution

Line voltage V; = 11 kV.
Armature current [, = 100£-cos™" 0.75° = 100£-41.41° A.
X =25QudR, =10

£

. Power input to the motor = 3 V, I, cos 8 = (V3 x 11000 x 100 x 0.75)
= 1428941.916 = 1428.94 kW,

Induced emf per phase

E= VH.. - u{Ra + jX5}

= L0 _ 00.-41.41° 0.5 + j25)

J3
= 6351 - 100£-41.41° x 25.005.£88.25°
= 6351 - 2500.5£47.44° = 5010.7£-21.567° V. sassnen

14,201  The full-load current of a 3.3 kV star connected synchronous motor is 100 A at
{.8 p.f. lagging. The mechanical loss is 25 kW and the per phase resistance and reactance
of the motor is 0.3 £ and 10 £ respectively. Determine the excitation emf, torque angle,

efficiency and shaft output of the motor.

Solution
Given : R,=03%
X, =100
3300
Vep= —V =19053 V
J3

I,=100 A; cos 8= 0.8 (lagging).
The excitation emf is E= 1905.3 - 100£—cos™! 0.8 (0.3 + j10)
= 1281.41 - j782.09 = 1501.222-31.397° V/ph
< Excitation emf is 1501.22 V per phase and the torque angle is 31.397°,
Let ¢ be the angle between E and [f,. Mechanical power developed is (3 E [, cos ¢),
ie., P =3 x 1501.22 x 100 cos (-36.87° + 31.397°)
= 448312.89 W = 44831 kW




MULTIPLE CHOICE
QUESTIONS

15.1 CIRCUIT ELEMENTS, KIRCHHOFF'S LAWS,

AND NETWORK THEOREMS

Identify the passive elements among the following.
(a) voltage source (b) current source
(c) inductor (d) transistor

. Determine the total inductance of a parallel combination of 100 mH, 50 mH

and 10 mH.
(a) 7.69 mH (b) 160 mH (c) 60 mH (d) 110 mH

. If the voltage across a given capacitor is increased, the amount of stored

charge

(a) increases (b) decreases

(c) remains same (d) is exactly doubled

How much energy is stored by a 100 mH inductance with a current of 1 A?
(a) 100] (b) 11 (c) 0.05] (d) 0.011]

. The following voltage drops are measured across each of three resistors in

series 5.2 V, 8.5 V and 12.3 V, What is the value of the source voltage to
which these resistors are connected?

(a) 82V (b) 123V (c) 52V (d) 26 V

A certain series circuit has 100 €2, 270 £ and 330 Q resistors in series. If
the 270 £ resistor is removed, the current will

(a) increase (b) become zero

(c¢) decrease (d) remain constant

. A series circuit consists of a 4.7 k2, 5.6 k{2, 9 k{2 and 10 k£2 resistors.

Which resistor has the highest voltage across it?
(a) 4.7kQ (b) 5.6 kQ (c) 9 kQ (d) 10kQ

. The total power in a series circuit is 10 W. There are five equal value

resistors in the circuit. How much power does each resistor dissipate?
(a) 10W (b) 5W {c) 2W d 1W
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. When a 1.2 kQ resistor, 100 € resistor, 1 k€ resistor and 50 £ resistor are

in parallel, the total resistance is less than

(a) 1000 (b) 50Q (c) 1.2kQ (d) 1 kQ

If one of the resistors in a parallel circuit is removed, what happens to the
total resistance?

(a) decreases {b) increases

(c) exactly doubles (d) remains constant

Six light bulbs are connected in parallel across 110 V. Each bulb is rated at
75 W. How much current flows through each bulb?

(a) 0.682A  (b) 0.7 A © 75A (d) 110 A
Superposition theorem is valid only for

(a) linear circuits (b) non-linear circuits

{c) both (a) and (b) (d) neither (a) nor (b)

When superposition theorem is applied to any circuit, the dependent volt-
age source is always

(a) opened (b) shorted

(c) active (d) none of the above.

Maximum power is transferred when the load resistance is

(a) equal to source in resistance

{b) equal to half of the source resistance

{c) equal to zero

(d) none of the above

The superposition theorem is not valid for

(a) voltage responses (b) current responses

(c) power responses (d) all the above.

Determine the current [ in the circuit (Fig. 15.1)

{(a) 25 A by 1A 20

(c) 12 A (dy 45 A ANA-

The reciprocity thecrem is appli- /

cable to G 2A 20

(a) linear networks only 10A

{b) bilateral networks only
{c) both (a) and (b)

{d) neither (a) nor (b)
Thevenin voltage in the circuit Fig. 15.1
shown in Fig. 15.2 is an
(@ 3V (b) 25V ‘“é‘\;;v MV
2V )y 0.1V
Three equal resistances of 3 £ are <+ 0.1 v,

connected in star what is the re- Vs

sistance in one of the arms in an
equivalent delta circuit?

(a) 10Q (b) 38 .
() 90 ) 27 Q Fig. 15.2

Three equal resistances of 5 £ are connected in delta. What is the resist-
ance in one of the arms of the equivalent star circuit?

(a) 5Q (b) 1.67 Q2 c) 10Q (d 15Q
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Multiple Choice Questions

Norton’s current in the circuit (Fig. 15.3)

is given by 50
(a) (2i/5) (b) zero 24

(c) infinite (d) none §
The nodal method of circuit analysis is

based on

(a) KVL and Ohm’s law
{b) KCL and Ohm'’s law Fig. 153
(¢) KVL and KCL

(d) both (a) and (b)

A practical voltage source consists of an ideal voltage source in
(a) series with an internal resistance

(b) parallel with an intemnal resistance

{c) both (a) and (b)

(d) neither (a) nor (b)
Find the voltage between A and

+
100V 1 KQ

B in a voltage divider network 5KQ

(Fig. 15.4)

(a) 90V (b) 9V 4KQ

(c) 100V (d) 0V

The algebraic sum of all the currents Fig. 15.4
meeting a junction is equal to
{(a) 1 (b) -1 (¢) zero (d) can’t say

Answer (15.1)

L.
.
17.
25.

© 2@ 3@ 4@ 5@ 6@ 7 @
(b) 10. (b) 1L (a) 12. (@) 13. (c) 14. (a) 15. (c)
(c) 18. (b) 19. (&) 20. (b) 21. (@) 22. (b) 23. (a)
(©)

15.2 ELECTROMAGNETIC INDUCTION AND

INDUCTANCE

8. ()
16. (c)
24. (a)

1. In electrical machine laminated cores are used with a view to reduce

2.

3.

(a) copper loss (b) hysteresis loss

(c) eddy current loss (d) all of the above
The unit of retentivity is

(a) dimension less (b) ampere turn

(c) ampere turn/meter (d) ampere turn/weber
The permeability of all non-magnetic materials including air is

(a) 2rx 107 H/m (b) 4xx 10”7 H/m

(¢) mx 1077 H/m (d) 6mx 10”7 H/m

4, A coil of 400 turns has a flux of 0.5 mWhb linking with it when carrying a

current of 2A. What is the value of inductance if the coil?
(a) 100 H (b) 10H () 0.001H (d) 0.1H
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. The magnetism left in the iron after exciting field has been removed is

known as )
(a) reluctance (b) performace
(c) susceptance (d) residual magnetism

The initial permeability of an iron rod is
() the permeability almost in non-magnetised state
(b) the lowest permeability of the iron rod
(c) the highest permability of iron rod
(d) the permeability at the end of the rod

. A crack in the magnetic path of the inductor will

(a) not affect the inductance of the coil

(b) increase the inductance value

(c) decrease the inductance value
Magnetic moment is the

(a) pole strength (b) vector quantity

(c) scalar quantity {d) universal constant
A conductor of length 1 m moves at right angles to a magnetic field of flux
density 1 wb/m? with a velocity of 20 m/s. The induced emf in conductor
will be

(a) 100V (b) 20V {c) 2V (d) 40V
The tubes of force within the magnetic material are known as
(a) tubes of induction (b) electric flux

{c) lines of force (d) none of the above

A magnetic field exists around

(a) copper (b) iron

{c) moving charges (d) aluminium
Reciprocal of permeability is

(a) conductivity (b) reluctivity

(c) susceptibility (d) permitivity

When the current in a circuit is constant, what will be the value of induced
voltage?

{a) same value as current (b) can’t say

(c) half of the current value (d} zero

Presence of magnetic flux in a magnetic circuit is due to

(a) mmf (b) emf

(c) low reluctance path (d) none of the above

In the left hand rule, forefinger always represents

(a) voltage

(b) current

(c) magnetic field

(d) direction of force on the conductor

At radio frequencies, the iron core material of inductors
{a) has a low permeability

(b) is laminated

(c) is called ferrite

(d) reduces inductance as well as losses
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17. Suceptibility is positive for
(a) ferromagnetic substances (b) Paramagnetic substances
(c) non-magnetic substances (d) none of these
18. The area of the face of a pole is 1.5 m? and the total flux is 0.18 webers.
The flux density in the air gap
(a) 0.12 tesla (b) 120 tesla
{c) 1.2 tesla (d) 1.2 107 tesla
19. A conductor of 0.2 m long carries a current of 3 A. at right angle to a
magnetic field of 0.5 tesla. The force acting on the conductor will be

(a) 30N (b) 3.0N {c) 1.0N (dy 0.3N
20. Reluctivity is analogous to
(a) resistivity (b) permeability
{c) conductivity (d) none of these
21. Which of the following magnetic path will require the largest mmf?
{a) iron core (b) air-gap
(c) filament (d) inductance coil

22. Two parallel long conductors will carry 100 A. If the conductors are
separated by 200 m, the force per meter of the length of the each conductor

will be
(a) 100N (b) 10N (c) I N (d) 0.1 N
23. The reciprocal of reluctance is
{a) permeance {(b) conductance
{c) suceptance (d) admittance
24. The area of hysteresis loop is the measure of
(a) permitivity (b) permeance
(c) energy loss per cycle (d) magnetic flux
25. Sparking occurs when a load is switched off because the circuit has
(a) high capacitance (b} high impedance
(c) high inductance (d} high resistance

Answers (15.2)

1.{(e) 2. {(d 3. () 4 (d 5 (d 6 (a 7.(c) B8 (b)
9. (b 10. (a) 11. (c) 12. (b) 13. (d) 14. (a) 15 () 16. (c)
17. (a) 18. (a) 19. (d) 20. (a) 21. (b) 22. (d) 23. (a) 24. (c)
25. (a)

15.3 FUNDAMENTALS OF AC CIRCUITS

1. Peak value being the same, which of the following will have the highest rms
value?
(a) sine wave
(b) half wave rectified sine wave
(c) triangular wave
(d) square wave
2. The peak value of a sine wave is 400 V. The average value is
(a) 2548V (b) 5656 V (c) 2828V (d) 400V
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When the current and voltage in a circuit are out of phase by 90°, the power
is

(a) zero (b) undefined (c) maximum (d) minimum
The positive maximum of a sine wave occurs at

(a) 180° (b) 90° (c) 45° (d) 0°
In purely inductive circuit

(a) reactive power is zero (b) apparent power is zero

(c) actual power is zero (d) none of above
Form factor of a sine wave is

(a) 0.637 (b) 0.707 {c) 1.11 (d) 1414
What is the periodic time of a system with a frequency of 50 Hz?

(a) 0.2 (b) 25 {c) 0.02s (d) 20s
For the same peak value, which wave will have the least rms value?

(a) square wave (b) triangular wave

(c) sine wave (d) full wave rectified sine wave
Inductive reactance of a circuit is more when

(a) inductance is more and frequency of supply is more

(b) inductance is more and frequency is less.

(c) inductance is less and frequency is less

(d) inductance is less and frequency is more
Inductance affects the direct current flow at the time of

(a) turning on and off (b) operation

(c) turning on (d) turning off
In a series RC circuit as frequency increases

(a) current decreases (b)current remains unaltered

(c) current increases
Which of the following waves has unity form factor?

(a) triangular  (b) square (c) sine wave (d) square wave
The current in a circuit is given by { = 50 sin wr. If the frequency be 25 Hz,
how long will it take for the current to rise to 25 amp?

(a) 0.02 sec (b) 0.05 sec

(€) 3.33 x 107 sec (d) 0.033 sec
In a parallel RC circuit, the supply current always the applied
voltage

(a) lags (b) leads

(c) remains on phase with (d) none of the above
For a given power factor of the load, if the p.f. of the load decreases, it will
draw from the supply

(a) less current (b) more current

(c) same current
In a series circuit on resonance, the following will occur:

(a) X, =X, (b) V, =V,

(c) Z=Rand V=V, (d) all above
P.F. of following circuit will be zero when the circuit contains

(a) capacitance only (b) resistance only

(c) inductance only (d) capacitance and inductance
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In the armaiure, dc generator generates

(a) ac voltage (b) oscillating emf

(c) dc voliage (d) ac superimposed over dc
The commutator segments of a dc machine are made of

(a) iron {b) carbon

(c) stainless steal {d) hard copper

In dc machines, lap winding is used for

(a) high voltage low current (b) low voltage low current

(c) high voltage high current {d) low voltage high current
Fractional pitch winding is used in de machine

(a) 1o reduce sparking

(b} to increase the generated voltage

(c) to save the copper because of shorter end connection

(d) due to (a) and (c) above
Magnetic field in a de generator is produced by

(a) electromagnets {b) both (a) and (c)
(c) permanent magnet {d) none of these
The sparking at the brushes of a dc generator is due to
(a) reactance voltage (b) armature reaction
{c) light load (d) high resistance of the brushes
. In dc generators, current to the external circuit from armature comes out from
{a) commutator (b) slip rings
{c) brush connection {d) none of above

What type of compounding would be desirable in a dc generator feeding a
long transmission line?

(a) over compounding (b) flat compounding

(¢) under compounding (d) any one of the above

Which would have the highest percentage of voltage regulation?

{a) a shunt generator (b) a series generator

(c) a compound generator (d) a separately excited generator

The ripples in a dc generator are reduced by

(a) using equalizer rings

(b) using conductor of unnealed copper

(c) using carbon brushes of superior quality

(d) using commutator with large number of segments

Which of the following speed control methods of de motor require auxiliary
motor?

(a) flux control (b} voltage control

(c) armature control (d) Ward Leonard control
Compensation winding in a de machine is connected

(a) in series of field winding {b) directly across the supply

(¢) in series of interpole winding (d) in series of armature winding
While pole flux remains constant, if the speed of the generator is doubled,
the emf generated will be

{a) twice (b) half

(¢) nominal value (d) slightly less than nominal
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The critical resistance of a dc generator refers to the resistance of

{a) load (b) brushes (c) field (d) armature

If the supply voltage in a shunt motor is increased, which of the following
will decrease?

(a) full load current (b) starting torque

(c) full load speed (d) none of the above

Which device changes the alternating emf generated by the dc generator in
its armature coil, to dc?

(a) rectifier (b) rotary converter

(c) commutator (d) slip ring

In a dc generator probable cause of failure to build up voltage is

(a) imperfect brush contact

(b} field resistance higher than critical resistance

(c) no residual magnetism in the generator due to faulty shunt connection
(d) all of the above

Stray losses in dc machine are

(a) magnetic losses (b) mechanical losses

(c) windage loss {d) all of these

Which of the following parts of a dc motor can sustain the maximum tem-
perature rise?

(a) slip rings (b) armature winding

(c) commutator (d) field winding

If the resistance of the field winding of a dc generator is increased the
output voltage will

(a)} decrease (b) increase

(c) remain same (d) fluctuate heavily

The voltage between commutator segments should exceed than

(@) 2V (b) I5V (c) 0,002V (d) 1OV

What is the flux in the armature core section of dc machine if the air gap
flux be f

(a) ¢ ® 15¢ (o) 92 () 0.1 ¢

Full load speed of a dc motor being 1000 rpm, and speed regulation being
9%, no load speed will be

(a) 900 rpm (b) 1000 rpm (c) 1110 rpm  (d) 1200 rmp

The conventional exciter of a turbo generator is basically a

(a) shunt generator (b) separately excited generator
(c) series generator (d) compound generator

The flux set up by armature current has a

(a) magnetizing affect (b) demagnetizing effect

(c) cross-magnetizing effect {d) both (b) and (c)

If residual magnetism is not present in a dc generator, the induced emf at
zero speed

(a) 10% of rated voltage (b) impracticable

(c) zero {d) the same as rated voltage

Which motor will have the least percentage increase of input current for the
same percentage increase in torque?

{a) shunt motor (b) separately excited motor

{c) series motor (d) cumulatively compound motors
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. Distribution transformers have core losses

(a) more than full load copper loss

{b) equal to full load copper loss

(c) less than full load copper loss

{d) negligible compared to full load copper loss

The high frequency hum in a transformer is mainly due to

(a) lamination is not proper (b} magnetostriction

{c) tank walls (d) oil of the transformer

A single-phase transformer when supplied from 220 V, 50 Hz has eddy
current loss of 50 W. If the transformer is connected to a voltage of 330 V,
50 Hz, the eddy current loss will be

{a) 16875 W (b) 1125 W (c) 75W (d) 50 W

. Low voltage windings are placed nearer the core in the case of concentric

windings because

{a) it reduces leakage flux (b) it reduces hysteresis loss

(c) it reduces eddy current loss (d) it reduces insulation requirement
Continuous disc winding is suitable for

(a) high voltage winding of large transformer

(b) low voltage winding of large transformer

{¢) high voltage winding of small transformer

(d) low voltage winding of small transformer.

Short heat run test on transformers is performed by means of

(a) short circuit test

(b) half time on short circuit and half time an open circuit

(c) Sumpner’s test

(d) open circuit test
The amount of leakage flux in the transformer windings depends upon
(a) mutual flux (b) load current(c) applied voltage (d) turn ratio

The efficiency of a transformer at full load 0.85 p.f. (lag) is 95%. Its
efficiency at full load 0.85 p.f. (lead) will be

{a) 95% (b) more than 95%

(c) 100% (d) less than 95%
For small power transformers, it is preferable to use

(a) corrugated tank (b) tubed tanks

(c) radiator tank {d) tank with separate coolers.
The core in a large power transformer is built of

(a) mild steel (b) ferrite (c) castiron (d) silicon steel
For all sizes of distribution transformers, it is preferable to use

(a) radiator tank (b) plain sheet steel tank

(¢) tubed tanks (d) corrugated tank

When a two-winding transformer is connected as an auto transformer its
efficiency (full load)

(a) increases (b) remains same

(c) decreases (d) rises to 100%




19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Multiple Choice Questions 937

BEAERA PRI R NRE I E R L]

. In an ideal transformer, the impedance transforms from one side to the

other:

(a) in direct ratio of tums

(b) in direct square ratio of turns

(c) in inverse ratio of turns

(d) in direct ratio of square root of turns.
Distribution transformers have core losses

{(a) negligible compared to full load copper loss
{b) more than full load copper loss

(c) less than full load copper loss

(d) equal to full load copper loss

Cross-over winding is suitable for

(a) high voltage winding of large transformer
{b) high voltage winding of small transformer
(c) low voltage winding of small transformer
(d) low voltage winding of large transformer
Transformer oil is used as

(a) an inert medium (by an insulant only

{c) a coolant only (d) both as an insulant and a coclant
A transformer may have two or more ratings depending upon the type of
{a) insulation used (b) winding used

{c) core used (d) cooling used

Breather mounted on transformer tank contains

{a) calcium (b) ol (c) water (d) liquid

Buchholz relay is a

{a) gas actuated device (b) voltage sensitive device

(c) frequency sensitive device  (d) current sensitive device

A transformer opearates most efficiently at 3/4th full load. Its iron loss (Pi)
and full load copper loss (Pc) are related as

{a) Pi/Pc=4/3 (b) Pi/Pc = 16/9

{(c) PifPc =3/4 (dy Pi/Pc =9/16

A 211 ratio, two winding transformer is connected as an auto transformer.
Its KVA rating as an auto transformer compared to a two-winding trans-
former is

(a) 3 times (b) 2 times (c) same (d) 1.5 times
The load of a centain transformer is reduced to 50%; the copper loss would
become

(a) 0.25 times (b) 0.5 times

{c) same as before (d) 2 times

A transformer has negligible resistance and a p.u. reactance of 0.1. Its
voltage regulation on full load will a leading p.f. angle of 30° leading is
(a) -10% (b) 10% (c) 5% (d) -5%

During SC test at full load current the power input to a transformer com-
prises predominantly

(a) eddy current loss (b) copper loss

(c) core loss (d) both (b) & (c)

The power transformer is a constant device.
(a) current (b) voltage (c) main flux (d) power
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The colour of fresh dielectric oil for a transformer is
(a) grey - (b) dark brown
(c) pale yellow (d) colourless

. A conservator is used

(a) for better cooling

(b) to act as an oil storage

(c) to take up the expansion of oil due to temperature rise

(d) none of the above.

On the two sides of a star/delta transformer

(a) the voltage and currents both differ in phase by 30°

(b) the voltage & currents are both in phase

(c) the currents differ in phase by 30° but voltages are in phase

With peaked emf in the transformer windings, the hysteresis loss is,

(a) reduced (b) increased (c) constant  (d) zero

R = equivalent resistance, X = equivalent reactance, P; = core loss. The
load current for maximum efficiency operation of a transformer is given by

(@) JBIR (b) P,/X © JRIX  (d) P/R

When the supply frequency to the transformer is increased, the iron loss
will

(a) increase (b} fluctuate (c) decrease (d) not change
The best method to obtain the efficiency of two identical transformers un-
der load conditions is

(a) a open circuit test (b) a back to back test

(¢) a short circuit test (d) none of the above

Spacers are provided between the adjacent coils

{a) lo provide free passage to the cooling oil

(b) to insulate the coils from each other

(¢) due to both reasons

{d) no use at all

If full load Cu loss of a transformer is 1600 W, its Cu loss at half load will
be

(a) 400 W (b) 800 W {c) 1600W (d) 200 W

Which of the following gives the highest secondary voltage for a given
primary voltage?

(a) Y-A connection (b) Y-¥ connection

{c) A-A connection (d) A-Y connection

The main purpose of using magnetic core in a transformer is to

(a) prevent eddy current loss

(b) eliminate magnetic hysteresis

{c) decrease iron losses

(d) decrease reluctance of the common magnetic flux path

Greater the secondary leakage flux

(a) less will be the primary induced emf

(b) less will be the secondary induced emf

{c) less will be the secondary terminal voltage
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Answer (15.5)

1.

9.
17.
25.
33
41,
49,
57,
65.

© 2@ 3@ 4@ 5@ 6@ 7.0 8 @
(d 10. (@ 11 (¢) 12.(b) 13. (a) 14. (¢) 15 (d) 16. (c)
(@ 18. () 19. (¢) 20. (b) 2L (d) 22. (d) 23. (@) 24. (a)
(d) 26. @ 27. (¢) 28.(d) 29. (b) 30. (¢) 31. (&) 32. (c)
(a) 34. (@) 35. (a) 36. (a) 37. (b) 38. (a) 39. (a) 40. (d)
(d) 42. (b) 43. (c) 44. (c) 45. (b) 46. (¢) 47. (¢) 48. (¢)
(¢) 50. (c) Sl (@) S52.(b) 53. (a) S54. (@) S55. (a) 56. (b)
(a) S8 (d) 59. (b) 60. (b) 6L. (c) 62. (d) 63. (b) 64. (d)
(a) 66. (d) 67. (b) 68. (d) 69. (a) 70. (b)

15.6 INDUCTION MOTOR

1.

e

For a 3-phase induction motor, what frequency of rotor currents would you
observe?

{a) slip frequency () {b) same as stator frequency (f)
© sf+f @ f-sf
. For 4% drop in supply voltage, the torque of an induction motor decreased
by
(a) 4% (b) 8% (c) 16% (d) 2%

. The power factor of star connected induction motor is 0.5. On being

connected in delta, the power factor will

{a) become zero {b) remain the same
{¢) reduces {(d) increases

. In a double cage induction motor, the inner cage has
{a) Low R and low X {b) Low R and high X
(c) High R and high X (d) High R and low X

. The direction of rotation of a three phase induction motor is reversed by

{a) rewinding the motor

(b) adding a capacitor in any phase

(c) interchanging the connetion of any two phases

{d) interchanigng the connection of all the three phases

. The resistance R of the exciting branch of the equivalent ckt. of a 3¢

induction moter represents

(a) stalor core loss (b) stator copper loss

(c) friction and windage losses (d) rotor copper loss.
For controlling the speed of an Induction motor the frequency of supply is
increased by 10%. For magnetizing current to remain the same, the supply
voltage must

{2) remain constant {b) be increased by 10%

{c) by reduced by 10% (d) reduced by 20%

For maximum starting torque in an induction motor

(a) rp=x,; (b} ry=15x, (c) ry=05x (d) 2r; = 3x,

. The double cage rotors are used to

(a) increase pull out torque (b} increase starting torgque
(c) improve efficiency (d) reduce rotor core losses
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