Basic Electrical
Engineering

THIRD EDITION



About the Author

Ravish R Singh is presently Director at Thakur Ramnarayan College of
Arts and Commerce, Mumbai. He obtained a BE degree from University of
Mumbai in 1991, an MTech degree from IIT Bombay in 2001, and a
PhD degree from Faculty of Technology, University of Mumbai, in 2013.
He has published several books with McGraw Hill Education (India) on
varied subjects like Engineering Mathematics, Applied Mathematics,
Electrical Networks, Network Analysis and Synthesis, Electrical Engineering,
Basic Electrical and Electronics Engineering, etc., for all-India curricula as
' well as regional curricula of some universities like Gujarat Technological
University, Mumbai University, Pune University, Jawaharlal Nehru Technological University,
Anna University, Uttarakhand Technical University, and Dr A P J Abdul Kalam Technical
University. Dr Singh is a member of IEEE, ISTE, and IETE, and has published research papers in
national and international journals. His fields of interest include Circuits, Signals and Systems, and
Engineering Mathematics.

Lx




Basic Electrical
Engineering

THIRD EDITION

Ravish R Singh

Director
Thakur Ramnarayan College of Arts and Commerce
Mumbai, Maharashtra

Education

McGraw Hill Education (India) Private Limited
CHENNAI

McGraw Hill Education Offices

Chennai New York StlLouis San Francisco Auckland Bogota Caracas
Kuala Lumpur Lisbon London Madrid Mexico City Milan Montreal
San Juan Santiago Singapore Sydney Tokyo Toronto



EM=HEN] McGraw Hill Education (India) Private Limited
Published by McGraw Hill Education (India) Private Limited
444/1, Sri Ekambara Naicker Industrial Estate, Alapakkam, Porur, Chennai 600 116

Basic Electrical Engineering, 3e

Copyright © 2019 by McGraw Hill Education (India) Private Limited.

No part of this publication may be reproduced or distributed in any form or by any means, electronic, mechanical,
photocopying, recording, or otherwise or stored in a database or retrieval system without the prior written permission of
the publishers. The program listings (if any) may be entered, stored and executed in a computer system, but they may not
be reproduced for publication.

This edition can be exported from India only by the publishers,
McGraw Hill Education (India) Private Limited.

[1]23456789 DI03074 22 21 20 19 [1§]

Printed and bound in India.

ISBN (13): 978-93-5316-172-9
ISBN (10): 93-5316-172-X

Director—Science & Engineering Portfolio: Vibha Mahajan
Senior Portfolio Manager—Science & Engineering: Hemant K Jha
Portfolio Manager—Science & Engineering: Navneet Kumar

Production Head: Satinder S Baveja
Copy Editor: Taranpreet Kaur
Assistant Manager—Production: Anuj K Shriwastava

General Manager—Production: Rajender P Ghansela
Manager—Production: Reji Kumar

Information contained in this work has been obtained by McGraw Hill Education (India), from sources believed to be reliable.
However, neither McGraw Hill Education (India) nor its authors guarantee the accuracy or completeness of any information
published herein, and neither McGraw Hill Education (India) nor its authors shall be responsible for any errors, omissions, or
damages arising out of use of this information. This work is published with the understanding that McGraw Hill Education
(India) and its authors are supplying information but are not attempting to render engineering or other professional services. If
such services are required, the assistance of an appropriate professional should be sought.

Typeset at APS Compugraphics, 4G, PKT 2, Mayur Vihar Phase-III, Delhi 96, and printed at

Cover Designer: APS Compugraphics
Cover Image Source: Shutterstock

Cover Printer:

Visit us at: www.mheducation.co.in

Write to us at: info.india@mheducation.com
CIN: U22200TN1970PTC111531

Toll Free Number: 1800 103 5875



Dedicated
to
My son, Aman
and
daughter, Aditri






Preface

Contents

Roadmap to the Syllabus

1. Basic Concepts

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

Voltage 1.2
Current 1.2
Sources 1.2

Ohm’s Law 1.5

Resistance 1.5

Series Circuit 1.10

Parallel Circuit 7.10

Short and Open Circuits /.12

Review Questions 1.23

Multiple Choice Questions 1.23

Answers to Multiple Choice Questions 1.26

2. DC Circuits

2.1
2.2
23
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11

Kirchhoff’s Laws 2.2

Mesh Analysis  2.29

Supermesh Analysis 2.4

Nodal Analysis  2.48

Supernode Analysis  2.65

Source Transformation 2.71

Star-Delta Transformation 2.86
Superposition Theorem 2.716

Thevenin’s Theorem 2.153

Norton’s Theorem 2.188

Maximum Power Transfer Theorem 2.205
Review Questions 2.240

Multiple Choice Questions 2.240
Answers to Multiple Choice Questions 2.247

3. AC Fundamentals

3.1
32

Generation of Alternating Voltages 3.2
Terms Related to Alternating Quantities 3.3

Xi
Xiii

1.1-1.26

2.1-2.247

3.1-3.60



viii Contents

33
3.4
3.5
3.6

Root Mean Square (RMS) or Effective Value 3.4
Average Value 3.6

Phasor Representations of Alternating Quantities 3.38
Mathematical Representations of Phasors 3.45
Review Questions 3.57

Multiple Choice Questions 3.58

Answers to Multiple Choice Questions  3.60

4. Single-Phase AC Circuits 4.1-4.126
4.1 Behaviour of a Pure Resistor in an ac Circuit 4.2
4.2 Behaviour of a Pure Inductor in an ac Circuit 4.3
4.3 Behaviour of a Pure Capacitor in an ac Circuit 4.5
4.4 Series R-L Circuit 4.10
4.5 Series R-C Circuit 4.36

4.6
4.7
4.8
4.9
4.10

Series R-L-C Circuit 4.47

Parallel ac Circuits 4.62

Series Resonance 4.90

Parallel Resonance 4.106

Comparison of Series and Parallel Resonant Circuits 4.7/09
Review Questions 4.122

Multiple Choice Questions 4.123

Answers to Multiple Choice Questions 4.126

5. Three-Phase Circuits 5.1-5.70

5.1
5.2
53
54
5.5
5.6
5.7
5.8
59
5.10
5.11
5.12
5.13
5.14
5.15

Polyphase System 5.2

Generation of Polyphase Voltages 5.2

Advantages of a Three-Phase System 5.5

Some Definitions 5.5

Interconnection of Three Phases 5.6

Star or Wye Connection 5.6

Delta or Mesh Connection 5.7

Voltage, Current and Power Relations in a Balanced Star-connected Load 5.7
Voltage, Current and Power Relations in a Balanced Delta-connected Load  5.70
Balanced y/A and A/y conversions  5.12

Relation Between Power in Delta and Star Systems 5.7/3

Comparison Between Star and Delta Connections  5./4

Measurement of Three-Phase Power 5.44

Measurement of Reactive Power by One-Wattmeter Method  5.46

Measurement of Active Power, Reactive Power and Power Factor by Two-Wattmeter
Method 5.47



Contents ix

5.16 Effect of Power Factor on Wattmeter Readings in Two Wattmeter Method  5.50

Review Questions 5.67
Multiple Choice Questions 5.67
Answers to Multiple Choice Questions 5.70

6. Single-Phase Transformers

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15

Single-Phase Transformers 6.2

Construction 6.2

Working Principle 6.4

EMF Equation 6.4

Transformation Ratio (K) 6.5

Rating of a Transformer 6.6

Losses in a Transformer 6.13

Ideal and Practical Transformers 6.74

Phasor Diagram of a Transformer on No Load 6./6
Phasor Diagram of a Transformeron Load 6.18
Equivalent Circuit 6.21

Voltage Regulation 6.27

Efficiency 6.33

Open Circuit (OC) Test  6.47

Short-circuit (SC) Test 6.49

Review Questions 6.66

Multiple Choice Questions 6.67

Answers to Multiple Choice Questions  6.69

7. DC Machines

7.1
7.2
7.3
7.4
7.5
7.6

DC Machines 7.2

Principle of Operations 7.2

Construction 7.2

Classification 7.4

EMF Equation 7.5

Voltage—Current Relationships and Applications 7.6
Review Questions 7.16

Multiple Choice Questions 7.16

Answers to Multiple Choice Questions 7.17

Appendix: Additional Solved Mumbai University Examination Questions

Index

6.1-6.69

7.1-7.17

A.1-A.49
1.1-1.4






Preface

Basic Electrical Engineering is a core subject which is studied by first year engineering
students of all branches. The syllabus of this course is designed to inculcate fundamental
understanding of the subject amongst the students.

AIM

The second edition of Basic Electrical Engineering is designed for first year engineering
students of University of Mumbai. Often, first year engineering students face difficulties
while trying to grasp the nuances of the subject through various reference books. Hence,
this text serve as a one stop easy solution to address all the pain points of the students. It
comprises of a judicious mix of theory and a plethora of solved and unsolved problems.

Salient Features

e Solutions of MU examination question papers from 2012 to 2018 placed
appropriately within the book

e Steps for drawing phasor diagrams have been covered in detail

e Each section concludes with exercises, review questions and multiple choice
questions to test understanding of topics

e Rich exam-oriented pedagogy:
¢ Solved MU problems within chapters: 106

Solved examples within chapters: 340

Unsolved exercise problems: 251

Chapter end review questions: 56

Multiple choice questions: 126

L 2R JBR NN 4

Chapter Organisation
This book is divided into seven chapters.

Chapters 1 and 2 comprehensively cover de circuits and relevant topics like Kirchhoff’s
laws, ideal and practical voltage and current source, mesh and nodal analysis, supernode
and supermesh analysis, source transformation, star-delta transformation, superposition
theorem, Thevenin’s theorem, Norton’s theorem, maximum power transfer theorem.
Chapter 3 deals with ac fundamentals having detailed coverage on root mean square and
phasor representations of alternating quantities.

Chapter 4 deals with analysis of single-phase ac circuits. Topics like behavior of R, L, C,
series R-L circuits, series R-C circuits, series R-L-C circuits, series and parallel ac circuits
and resonance are discussed in this chapter. Chapter 5 discuses three-phase ac circuits



xii  Preface

with lucid coverage on three-phase circuits, star or wye connection, delta or mesh connection
and their relation. It also talks about measurement of three-phase power in detail.

Chapter 6 talks about single-phase transformers covering their construction, principle of
working, emf equation, losses, ideal and practical transformers, and open-circuit and short-
circuit tests.

Chapter 7 introduces principle of operation of DC motors and DC generators along with
construction and classification of DC machines and emf equation.
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Roadmap to the Syllabus

Basic Electrical Engineering (FEC105)
(As per the latest syllabus of Mumbai University 2017-18 Regulation)

The text is useful for engineering students of all disciplines.

Unit |: DC Circuits

Kirchhoff’s laws, ideal and practical voltage and current source, mesh and nodal analysis,
supernode and supermesh analysis, source transformation, star-delta transformation,
superposition theorem, Thevenin’s theorem, Norton’s theorem, maximum power transfer
theorem.

GO TO Chapter 1 — Basic Concepts
Chapter 2 — DC Circuits

Unit 2: AC Circuits

Generation of alternating voltage and currents, rms and average value, form factor, crest factor,
AC through resistance, inductance and capacitance, R-L, R-C and R-L-C series and parallel
circuits, phasor diagrams, power and power factor, series and parallel resonance, Q-factor and
bandwidth.

GO TO Chapter 3 — AC Fundamentals
Chapter 4 — Single-Phase AC Circuits

Unit 3: Three-Phase Circuits

Three-phase voltage and current generation, star and delta connections (balanced load only),
relationship between phase and line currents and voltages, phasor diagrams, basic principle of
wattmeter, measurement of power by one and two-wattmeter methods.

GO TO Chapter 5 — Three-Phase Circuits




xiv.  Roadmap to the Syllabus

Unit 4: Single-Phase Transformer

Construction, working principle, emf equation, ideal and practical transformer, transformer
on no-load and on load, phasor diagrams, equivalent circuit, OC and SC test, regulation and
efficiency.

GO TO Chapter 6 — Single-Phase Transformers

Unit 5: DC Machines

Principle of operation of DC motors and DC generators, construction and classification of DC
machines, emf equation.

GOTO Chapter 7 — DC Machines



chapter 1

Basic Concepts

Chapter Outline
1.1 Voltage 1.5 Resistance
1.2 Current 1.6 Series Circuit
1.3 Sources 1.7 Parallel Circuit

1.4 Ohm’s Law 1.8 Short and Open Circuits
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1.1 VOLTAGE

We know that like charges repel each other whereas unlike charges attract each other. To
overcome this force of attraction or repulsion, a certain amount of work or energy is required.
When the charges are moved, it is said that a potential difference exists and the work or
energy per unit charge utilized in this process is known as voltage or potential difference.
work done W

charge 0
1.2 CURRENT

There are free electrons available in all conductors. These free electrons move at random
in all directions within the structure in the absence of external voltage. If voltage is
applied across the conductor, all the free electrons move in one direction depending on the
polarity of the applied voltage. This movement of electrons constitutes an electric current.
The conventional direction of current flow is opposite to that of electrons.
Current is defined as the rate of flow of electrons in a conductor. It is measured by the
number of electrons that flow in unit time.
_ charge QO

time t

1.3 SOURCES

A source is a basic network element which supplies energy to the networks. There are two
classes of sources, namely,
(i) Independent source (i) Dependent source

1.3.1 Independent Sources

Output characteristics of independent sources are not dependent on any network variable
such as a current or voltage. Its characteristics, however, may be time varying. There are
two types of independent sources:

(i) Independent voltage source (i1) Independent current source

Independent Voltage Source An independent volt- ¢ ?
age source is a two-terminal network element that
establishes a specified voltage across its terminals.
The value of this voltage at any instant is independent
of the value or direction of the current that flows 1 V) @
through it. The symbols for such voltage sources are
shown in Fig. 1.1.

The terminal voltage may be a constant, or it may
be some specified function of time.

(a) (b)

Fig. 1.1 Independent voltage source
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Independent Current Source An independent ° °
current source is a two-terminal network element which
produces a specified current. The value and direction
of this current at any instant of time is independent
of the value or direction of the voltage that appears /<+> it) f>
across the terminals of the source. The symbols for
such current sources are shown in Fig. 1.2.

The output current may be a constant or it may be a

function of time. o 0
(a) (b)

Fig.1.2 Independent current source

1.3.2 Dependent Sources

If the voltage or current of a source depends in turn

upon some other voltage or current, it is called as dependent or controlled source. The
dependent sources are of four kinds depending on whether the control variable is a voltage
or current and the source controlled is a voltage source or current source.

Voltage Controlled Voltage Source (VCVS) A voltage controlled voltage source is a
four-terminal network component that establishes a voltage v, between two points ¢ and
d in the circuit that is proportional to a voltage v, between two points a and b.

The symbol for such a source is shown in Fig. 1.3.

———o0C
ag— 3
Vab H Vap Ved
bo—F—— ——>od

Fig.1.3 Voltage controlled voltage sources (VCVS)

The (+) and (—) sign inside the diamond of the component symbol identify the
component as a voltage source.
Ved = H Vap
The voltage v,; depends upon the control voltage v,;, and the constant £, a dimensionless
constant called voltage gain.

Voltage Controlled Current Source (VCCS) A voltage controlled current source is a
four-terminal network component that establishes a current i.; in a branch of the circuit
that is proportional to the voltage v, between two points @ and b.

The symbol for such a source is shown in Fig. 1.4.

fcd
o1 =~  oc
+ +
Vab 9m Vab Ved
bo———— od

Fig.1.4 Voltage controlled current source (VCCS)
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The arrow inside the diamond of the component symbol identifies the component as a
current source.
led = &m Vab
The current i, depends upon the control voltage v,, and the constant g, called the
transconductance or mutual conductance. Constant g,, has dimension of ampere per volt
or siemens (S).

Current Controlled Voltage Source (CCVS) A current controlled voltage source is a four
terminal network component that establishes a voltage v, between two points ¢ and d in
the circuit that is proportional to current i, in some branch of the circuit.

The symbol for such a source is shown in Fig. 1.5.

iab
ao —0+ c
llap Ved
b O _: d

Fig. 1.5 Current controlled voltage source (CCVS)

Ved =T iab
The voltage v.; depends upon the control current 7,, and the constant 7 called the

transresistance or mutual resistance. Constant 7 has dimension of volt per ampere or
ohm (Q2).

Current Controlled Current Source (CCCS) A current controlled current source is a four-
terminal network component that establishes a current i.; in one branch of a circuit that is
proportional to current i, in some branch of the network.

The symbol for such a source is shown in Fig. 1.6.

iab Ied
—— ——
ao ——o¢C
+ +
ﬁiab
bo _: d

Fig. 1.6 Current controlled current source (CCCS)

icd = [)) iab
The current i.; depends upon the control current i, and the dimensionless constant 3,
called the current gain.
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1.4 OHM’S LAW

According to Ohm’s law, the potential difference across any two points on a conductor is
directly proportional to the current flowing through it, provided the physical conditions, viz.,
material length, cross-sectional area and temperature of the conductor remain constant.

Vel
V=RI

where R is the resistance between two points of the conductor.

Limitations

1. Ohm’s law does not apply to nonmetallic conductors. For example, for silicon
carbide, the relationship is given by V= KI™ where K and m are constants and m is
less than unity.

2. Ohm’s law also does not apply to nonlinear devices such as zener diodes, voltage
regulator tubes, etc.

3. Ohm’s law is true for metal conductors at constant temperature. If the temperature
changes, the law is not applicable.

1.5 RESISTANCE

Resistance is the property of a material due to which it opposes the flow of electric
current through it.

Certain materials offer very little opposition to the flow of electric current and are
called conductors, e.g. metals, acids and salt solutions. Certain materials offer very high
resistance to the flow of electric current and are called insulators, e.g. mica, glass, rubber,
Bakelite, etc.

The SI unit of resistance is ohm and is represented by the symbol €. A conductor is said
to have a resistance of one ohm if a potential difference of one volt across its terminals
causes a current of one ampere to flow through it.

The resistance of a conductor depends on the following factors:

(1) Itis directly proportional to its length.

(i1) It is inversely proportional to the area of cross section of the conductor.

(iii) It depends on the nature of the material.
(iv) It also depends on the temperature of the conductor.

Hence,
[
Roc—
A
L
R= PA

where / is length of the conductor, 4 is the cross-sectional area and p is a constant known
as the specific resistance, or resistivity of the material.
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Specific Resistance The specific resistance, or the resistivity of a material, is the
resistance offered by unit length of the material of unit cross-section. If the length is in
metres and the area of cross-section in square metres, then the resistivity is expressed in
ohm metres (Q2-m).

Table 1.1 shows the resistivities and temperature coefficients of various materials at 20 °C.

Table 1.1
Material Resistivity (£-m) Temperature coefficient/ °C
Silver 1.58 x 1078 0.0038
Copper 1.72x 1078 0.0039
Gold 244 % 108 0.0034
Aluminium 2.82% 108 0.0039
Calcium 336% 1078 0.0041
Tungsten 5.60%x 108 0.0045
Zinc 590x% 1078 0.0037
Nickel 6.99 X 1078 0.006
Iron 1.0x 1077 0.005
Platinum 1.06 X 1077 0.00392
Tin 1.09 X 1077 0.0045
Lead 22 %107 0.0039
Manganin 4.82% 1077 0.000002
Constantan 4.9% 107 0.000008
Mercury 98% 1077 0.0009
Nichrome 1.10 X 107 0.0004
Carbon 5-8x 1074 -0.0005
Germanium 4.6 % 107! —0.048
Silicon 6.40 X 102 -0.075
Glass 1010 — 104
Example 1

Calculate the resistance of a copper conductor having a length of 2 km and a cross-section of
22 mm?. Assume the resistivity of copper is 1.72 X 107% Q-m.

Solution [=2km=2x10m
A=22mm?=22x10°m?
p=172x10%Q-m

Resistance of copper conductor

o ol



Resistance 1.7

2%x10°

1.72><1o—8><—6
22%10”

1.56 Q
Example 2

Calculate the resistance of a copper tube with the external diameter of 10 cm, internal diameter
of 9 cm, length of 2 m and resistivity of copper as 1.72 x 1078 Q-m.

Solution di=10cm=0.1m
dr, =9 cm=0.09m
[=2m
p=172x10%Q-m /
Area of cross section of copper tube ‘P f
A= EdZ _£d2 ‘@
1 2
4 4
o 2 T 2 Fig. 1.
= = x(0.1)" ==x(0.09 g- 1.7
2 0.1) 2 (0.09)
=1.49%x 103 m?
Resistance of copper tube
[
R= PZ
5 2
= 1.72x10 X——
1.49x10™
= 23.09 nQ

Example 3

Calculate the resistance of 100 m length of a wire having a uniform cross-sectional area of
0.1 mm?, if the wire is made of manganin having a resistivity of 50 x 1078 Q-m. If the wire is
drawn out to three times its original length, by how many times will the resistance increase?
Solution /4 =100 m
A, =0.1mm?>=0.1x10"°m?
P =50x10"®%Q-m
Resistance of the wire

P
1 plAl -
= 50x107° x ————

0.1x10~
=500 Q

If the wire is drawn out to three times its original length, its volume remains constant.
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Volume = Azlz = Alll

A _ b
4k
P2 = P
L =3I,
12
NOW, R2 = P

B Ppbh A _p b bh_j545_9
R pr b A py L
R2:9R1

Hence, resistance will increase by nine times its original value.

Example 4

A piece of silver wire has a resistance of 3 2. What will be the resistance of a manganin wire
one-third the length and one-third the diameter, if the resistivity of manganin is 30 times that
of silver?

Solution Let Ry, p;, [}, 41 and R,, p», 5, A, be the resistance, resistivity, length and area

of cross-section of silver and manganin wire respectively.

For silver wire, R; =3 Q

o 1 1
For manganin wire, /, = 511’ d, = §d1’ p, =30p,

R, = p -
1= P 4
/
R, = 2
2= P 4,
Ry _ P b A
R P LA
But A = ﬂdlz and 4, = £d22
4 4

where d; and d, are diameters of the silver and manganin wires respectively.

"
+ 4
2
&_&.&.(ﬂJ
R p L \d
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_ 1) ap
= (30)(3)(3)
=90
R, = 90R, = 90(3) = 270 Q

Resistance of manganin wire =270 Q

Example 5

A 10 m long aluminium wire of 2 mm diameter is connected in parallel to a 6 m long copper
wire. A total current of 2 A is passed through the combination and found that current through
the aluminium wire is 1.25 A. Calculate the diameter of the copper wire. Specific resistance of
copper is 1.6 X 1075 Q-cm and that of aluminium is 2.6 X 1076 Q-cm.

Solution  For aluminium wire, /; =10 m, d; =2mm=2x 103 m, [, = 1.25A
P =2.6%x10°Q-cm=2.6x10"°Q-m

For copper wire, [, =6 m
P =1.6Xx10°Q-cm=1.6x 10" Q-m
I, =2A

An aluminium wire and copper wire are connected in parallel.

For aluminium wire
14

v
I, 125
T
4

For copper wire
L =2-125=0.75A

R VoV
I, 0.75
T 2

A, = —d

27 4%

125 1.6x107° 6 (2x107)°
075  26x107° 10 45

d, = 0.94 mm

Diameter of copper wire = 0.94 mm
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1.6 SERIES CIRCUIT

Resistors R; and R, are said to be connected in series when the same current flows through
each resistor.

R Ry Voltage across Ry =V, =R; [

Voltage across R, =V, =R, 1
The total voltage applied should be balanced by the

I sum of voltage drops around the circuit.
V= Vl + VZ
I | = Rl I+ R2 I
¥ =R, +Ro) 1

Fig.1.8 Series circuit
=Ryl where Rp=R,+R,
Hence, when a number of resistors are connected in series, the equivalent resistance is

the sum of all the individual resistance.
Note

1. Same current flows through each resistor.

2. Voltage drops are additive.

3. Resistances are additive.

4. Power is additive.

5. The applied voltage equals the sum of different voltage drops.

Voltage Division in a Series Circuit
V
] =

RV:RIV
"Ri+R, R +R,

Hence, voltage across R =V=R/I=

Vv R v

Similarly, voltage across R, = V,=R,[= R,

1.7 PARALLEL CIRCUIT

Resistors R; and R, are said to be connected in parallel when the potential difference
across each resistor is same.

V
11:—
Rl
12: r

R,
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/1 R1
V NN
Since, I=L+L=—+— |
1 R2
173 R
_ 1 1 NN\
[=V] —+—
1 2 I :
1 1 1 v
1=L where —=—+— ) o
Ry R, R R, Fig.1.9 Parallel circuit

Hence, when a number of resistors are connected in parallel, the reciprocal of the total
resistance is equal to the sum of reciprocals of individual resistances.
Note
1. Same voltage appears across all resistors.
2. Branch currents are additive.
3. Conductances are additive.
4. Power is additive.

Current Division in a Parallel Circuit

Case (i) When two resistances are connected in parallel,

_ R1R2
" R +R,
AISO, V:RTI:Rlllszlz

14 R 1 R
Hence, current through R, =/, = — = ~L—=—2—
R R R+R
.. . R-1 R
Similarly, current flowing through R, =1, = — = e M W |
R, R, R+R,

Case (ii) When three resistances are connected in parallel,

1 1 1 h R
L = —4+—+— : ’\/,%/\,
R, R R, R / I ,\Nz\’
R
_ RyRy + RyR, + R|R, ls ’\/\?\/
R1R2R3
I
Ry = R\ Ry Ry y
RyR; + B3R + RiR,
Fig.1.10 Parallel circuit
AISO, V:RTI:R1]1:R212:R3I3
V. Ryl R,R
Current through R, =/, = — = -1~ = 23 1
V. Ryl RyR,

Current through R, =1, = —= =
R, R, RR,+RR;+RR
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Current through Ry = 1; = K = Rel - RiR,
Ry Ry RR,+R,R;+RyR,
1.8 SHORT AND OPEN CIRCUITS

When two terminals of a circuit are connected by a wire, they are said to be short circuited.
A short circuit has following features:
A (i) It has zero resistance.

(i1) Current through it is very large.

(ii1) There is no voltage across it.
B When two terminals of a circuit have no direct connection
Fig.1.11  Shortcircuit  between them, they are said to be open circuited. An open circuit
A has the following features:

(1) It has infinite resistance.

(i) Current through it is zero.
B (ii1) The entire voltage appears across it.
Fig.1.12  Open circuit

Circuit

Circuit

1.8.1  Open Circuits and Short Circuits in a Series Circuit

When an open circuit appears in a series circuit, the equivalent resistance becomes infinite
and no current flows through the circuit.

/ Rq Ra A B
MY MY o o
I L
I r
\
Fig.1.13 Openin series circuit
4 4
I _————= 0

TR AR 4w
VAB = V—Rll—Rzlz V

When a short circuit appears in a series circuit,
as shown in Fig. 1.14, the resistance R, becomes
MW ZEero.

a4
R +0 R,
Vig =0

<

Fig.1.14 Short in series circuit
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1.8.2 Open Circuits and Short Circuits in a Parallel Circuit
When an open circuit appears in a parallel circuit, no

h A B R
current flows through that branch. The other branch o AN
currents are not affected by the open circuit. !

10 e i
; Vv
2= 5 X
R, It
_ Vv
Vap =V Fig.1.15 Open in parallel circuit
When a short circuit appears in a parallel circuit, the
equivalent resistance becomes zero. 1Al R B
A%
I 1= 0 I Ry
A%
12 =0
Vig =0 [t
Vv

Fig.1.16 Short in parallel circuit

Example 1

Find an equivalent resistance between terminals A and B.

Ao A% A% A% OB
10 Q 10Q 10 Q

Fig. 1.17

Solution Marking all the junctions and redrawing the network,

Ao N N N o B
10Q Cl 100 D 10Q
(a)
D
Ao °
10Q %09 10Q
Bo °
c
(b)
Fig.1.18

R,z =10(/10]10=3.33Q
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Example 2

Find an equivalent resistance between terminals A and B.

6 Q
Ao MWV
8Q 10 Q
Bo A
12Q
Fig. 1.21

Solution Marking all the junctions and redrawing the network,

D
Ao R c Ao ?
8 Q 10 Q 8Q 6Q 10 Q 12Q
B D
Bo
12Q C
(a) (b)
Fig.1.22
R,p = 816]|]10]| 12=2.11 Q
Example 3
Find the equivalent resistance between terminals A and B.
2Q 15Q
B
A
10 Q
8 Q
L
200 10 Q
30 Q 40 Q
Fig.1.23

Solution Marking all the junctions and redrawing the network,
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20 ¢ 150

B
A
100
8Q
N D
200 10Q
30Q E 400
(a)
2Q C E 2Q
B o— W\ BO— NN—
§259 §509 §5og §12.5Q
AO— Wy AO—MN——
8Q D, F 8Q

(b) (©
Fig.1.24

RAB = 225 Q

Example 4

A resistor of 5 2 is connected in series with a parallel combination of a number of resistors
each of 5 €. If the total resistance of the combination is 6 €2 find the number of resistors

connected in parallel. [May 2016]
Solution
Rg=5Q
Rr=6Q

. . 5
If n resistors each of 5 € are connected in parallel, R, = "

Ry= R, +R, :5+§
n
Fig. 1.25

5+§

n
n=>5
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Example 5
Find equivalent resistance across terminals A and B.
5Q
Ao 0B
2Q 3Q
Fig. 1.19 [Dec 2015]

Solution Simplifying the network by series-parallel reduction technique,

5Q
% o
4Q [ 4Q 1.5Q 3Q 4Q 4Q 55Q 3Q 4 Q
A O— VW W M MV MWA—o0 B Ao0—WV %% M MV oB
W\ AW
5Q 5Q
(a) (b)
4Q 262Q 3Q 4 Q
A 0—AM AN A MA—o B A 4Q 562Q 4Q 5
Wy
5Q 5Q
(c) (d)
4Q 265Q 4Q 10.65 Q
A0—W\N—— WN——MWA—08 Ao AN~ oB
(e) )
Fig. 1.20
RAB =10.65Q
Example 6
Determine the current delivered by the source.
%
4Q
30V 2Q 20 30 20
WV aw
1Q 1Q

Fig. 1.26
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Solution The network can be simplified by series—parallel reduction technique.

4Q

/\/\/\/\ -
AMA- A%
4Q

30 V= 20 2Q 30/ 30V 2Q 2Q 1.5Q
3Q
NN
10 1Q
(a) (b)
35Q
30V 20 2Q 30V — 2Q 1.27 Q
AN
10 Yo
(c) (d)
30V — ZQ§ 227 Q 30V —— D §1.06Q
/
(e) ®)
Fig. 1.27
30
I=——=283A
06

Example 7

Three equal resistors of 30 £2 each are connected in parallel across a 120V dc supply. What is
the current through each of them (i) if one of the resistors burns out, or (ii) if one of the resistors
gets shorted?

i i, i

120 V §3og §309 §3og

Fig.1.28
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Solution (i) If one of the resistors burns out, it will act as an open circuit.

+O
I I I3
120V 30Q 30 Q
S0 zma C
-0
Fig.1.29
[3:0
12
30

(i1) If one of the resistors gets shorted, the effective resistance becomes zero.

+0O
Iy I Iy
120V §3OQ §309
-0
Fig. 1.30
11 = 12 = 0

Example 8

A lamp rated at 100 V, 75 W is to be connected across a 230 V supply. Find the value of
resistance to be connected in series with the lamp. Also find the power loss occurring in the
resistor.

. R =
Solution ! @ L A V=100V
P, =75W
100V | V=230V
230V
Fig. 1.31
(1) Value of resistance
Rated current of the lamp
B
1=8-7 o754
Vv, 100

Lamp will operate normally on 230 V supply if the current flowing through the lamp
remains the rated current, i.e., 0.75 A.
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Voltage across resistor R
V,=230-100=130V

Resistance R = ﬁ =173.33Q
0.75

(i1) Power loss occurring in the resistor
SN (ED

R 17333
Example 9

A 100V, 60 W lamp is connected in series with a 100 V, 100 W lamp and the combination is
connected across 200 V mains. Find the value of the resistance that should be connected in
parallel with the first lamp so that each lamp may get the rated current at rated voltage.

X =97.5W

Solution

R
W v, =100V
| V, =100V
100 vV | 100 V
P, =100 W
200V V=200V
Fig.1.32
Rated current of lamp L,
B 60
I, =-1t=—=0.6A
V100
Rated current of lamp L,
P,
, = 22 @ =1A
v, 100

Let R be the value of resistance that should be connected in parallel with the lamp L,
so that rated current flows through lamp L.
Current through resistor R
I=1-0.6=04A
Vi 100

Resistance R=—=—=250Q
I 0.4

Example 10

A 100V, 60 W lamp is connected in series with a 100 V, 100 W lamp across 200 V supply. What
will be the current drawn by the lamps? What will be the power consumed by each lamp and

will such a combination work?
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Solution V=100V, P =60W
V, =100V, P, =100 W
V=200V

(i) Current drawn by the lamps
Resistance of lamp L,

Rl =
2 2
W (100" =166.67Q
B

Resistance of lamp L,

vy (100)°

) = LW LT Yo

P, 100

Current drawn by the lamps
Vv 200

L1/ L2 /)
£ £

N N
~—— 100V : 100 V.

200V

1= = =
R +R, 166.67+100

(ii)) Power consumed by the lamps

Fig. 1.33

0.75 A

Power consumed by lamp L, = I’R; = (0.75)?> x 166.67 = 93.75 W
Power consumed by lamp L, = I’R, = (0.75)?> x 100 = 56.25 W

Ifa 100 V, 60 W lamp draws a power of 93.75 W, its filament will be overheated and
will burn out. Hence, such a combination will not work.

$

Useful Formulae

1. V=RI
/
2. R=p VI
3. Resistors Ry and R, in series
(1) Rr=R, t Ry
(i) V=V + 1,
(iii) P=P, + P,

(iv) V= i v
|+ Ry
R

) = 4

4. Resistors R; and R, in parallel
1 11

) — = —+—
i) I=1,+1,
(111) P:P1+P2
(i) 1= =22
W) L= -1
R +R,
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Calculate the resistance of a 100 m length of wire having a uniform cross-sectional
area of 0.1 mm? if the wire is made of material having a resistivity of 80 x
108 Q-m. [800 Q]
Find the resistance of a 2000 km cable at 20 °C, having a diameter of 0.7 cm.

Assume specific resistance of copper at 20 °C as S per °C for 1 m length and
1 mm? cross-section. 58 [896.01 ]
A silver wire has a resistance of 2.5 Q. What will be the resistance of a manganin
wire having a diameter half of the silver wire and one-third length? The specific
resistance of manganin is 30 times that of silver. [100 ]
Calculate the resistance of a 100 m length of wire having a cross-sectional area of
0.02 mm? and a resistivity of 40 pQ-cm. If the wire is drawn out to four times its
original length, calculate its new resistance. /2000 €, 32000 2]
A copper wire of 1 cm diameter had a resistance of 0.15 €. It was drawn under
pressure so that its diameter was reduced to 50%. What is the new resistance of the
wire? [2.4 Q]
A lead wire and an iron wire are connected in parallel. Their respective specific
resistances are in ratio 49 : 24. The former carries 80% more current than the latter
and the latter is 47% longer than the former. Determine the ratio of their cross-
sectional areas. [0.4]
Two wires, one of aluminium and one of copper, offer the same resistance. The
diameter of cross-section of the aluminium wire is double that of the copper wire.
If the resistivities of aluminium and copper are 0.028 pQ-m and 0.0168 pQ-m
respectively, find the ratio of length of the wires. [0.3]

Find the resistance between terminals 4 and B.

24 Q
AN
b
TB

AN AN

8Q 8Q

Fig.1.34

[492]
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1.9 Find the resistance between terminals 4 and B.

40
A%
40 4Q
§ 8Q 8Q
4Q 8Q 4Q
i W——rp
Fig.1.35
[2.67 ]
1.10 Find the equivalent resistance between terminals 4 and B.
120 40Q 60 Q
Ao N N N oB
Fig. 1.36
[8 2]

1.11 What is the equivalent resistance between terminals 4 and B of the networks as
shown in Fig. 1.37?

AO—m— Ao AN o}
4Q

4Q

Bo—— Bo e}

(a) (b)
Fig.1.37

[(@) 0 (b) 0]

1.12 Find the equivalent resistance between terminals 4 and B.

Fig.1.38

[4 2]
1.13 Find the equivalent resistance between terminals 4 and B.

40
Ao AN
40

4Q

Bo

AV
40

Fig.1.39
[4 8]
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1.14 Find the equivalent resistance between terminals 4 and B.

10 2Q 2Q
Ao—AMN 04% M
3Q 3Q 2Q
Bo M Wy
2Q 2Q
Fig.1.40

[3Q]

1.15 A circuit consists of two parallel resistors, having resistances of 20 € and 30 Q

respectively, and is connected in series with a 15 Q resistor. If the current through

15 Q resistor is 3 A, find (i) current through 20 Q and 30 Q resistors, (ii) the
voltage across the whole circuit, and (iii) total power.

[() 1.8 4, 1.2 A (ii) 81 V (iii) 243 W]

1.16 A resistor of 10 € is connected in series with two resistors each of 15 Q arranged in

parallel. What resistance must be connected across this parallel combination so that

the total current taken shall be 1.5 A with 20 V applied? [6 Q2]

1.17 A resistor of R € is connected in series with parallel circuit consisting of two

resistors of 8 Q and 12 Q respectively. The total power dissipated in the circuit is

70 W when applied voltage is 20 V. Calculate the value of R. [0.914 Q]

1.18 A lamp rated 110 V, 60 W is connected with another lamp rated 110 V, 100 W

across 220 V mains. Calculate the resistance that should be joined in parallel with

the first lamp, so that both the lamps may take their rated power. [302.5 Q]

$

Review Questions

1.1 What are the factors governing the value of resistance? Explain the term resistivity.

$

Multiple Choice Questions

Choose the correct alternative in the following questions:

1.1 If the length of a wire of resistance R is uniformly stretched to # times its original
value, its new resistance is

(a) nR (b)

(c) n’R (d)

§N|w I | =
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1.2 Two wires A and B of the same material and length L and 2L have radius » and 2r
respectively. The ratio of their specific resistance will be
(a) 1:1 (b) 1:2
(c) 1:4 (d 1:8

1.3 A length of wire having a resistance of 1€ is cut into four equal parts and these
four parts are bundled together side-by-side to form a wire. The new resistance will

be

1 1
(@) o Q (b) G Q
(b) 4Q (c) 16 Q

1.4 The hot resistance of the filament of a bulb is higher than the cold resistance
because the temperature coefficient of the filament is
(a) negative (b) infinite
(¢) zero (d) positive

1.5 A network contains linear resistors and ideal voltage sources. If values of all the
resistors are doubled then the voltage across each resistor is
(a) halved (b) doubled
(¢) increased by four times (d) not changed

1.6 A 10V battery with an internal resistance of 1 €2 is connected across a nonlinear
load whose V-I characteristic is given by 7 I = V2 + 2V. The current delivered by
the battery is

(@) 0 (b) 10A (c) SA (d 8A
1.7 All the resistors in Fig. 1.41 are 1 Q each. The value of / will be

Fig. 1.41
1 2 4 8
1 N A 3
@ 54 ® 7 © 13 @ 54

1.8 For the circuit shown in Fig. 1.42, the equivalent resistance will be

12Q 12Q 12Q

Fig. 1.42
(a) 36 Q (b) 12Q (c) 6Q (d) 4Q
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Two incandescent light bulbs of 40 W and 60 W rating are connected in series
across the mains. Then

(a) the bulbs together consume 100 W (b) the bulbs together consume 50 W
(c) the 60 W bulb glows brighter (d) the 40 W bulb glows brighter

Twelve 1 Q resistors are used as edges to form a cube. The resistance between the
two diagonally opposite corners of the cube is

3
@ 3 () 10 © 20 @ 59
6 5 2
All resistors in the circuit shown in Fig. 1.43 are of R Q each. The switch is initially

open. When the switch is closed the lamp’s intensity
Lamp

22‘0 Y m

5 o

Fig.1.43

(a) increases (b) decreases

(c) remains the same (d) depends on the value of R

Two 2 k€, 2 W resistors are connected in parallel. Then combined resistance and
wattage ratings will be

(a) 4kQ, 4 W (b) 1kQ,4W

(c) 1kQ,2W (d) 1kQ, 1W

Two electrical sub-networks N; and N, are connected through three resistors as

shown in Fig. 1.44. The voltages across the 5 € resistor and 1 €2 resistor are given
to be 10 V and 5 V respectively. Then the voltage across the 15 € resistor is

50Q

N4

N

(a) —105V (b) 105V (c) -15V d 15V
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Answers to Multiple Choice Questions

1.1 (c) 1.2 (b) 1.3 (b) 1.4 (d) 15 16 (c)
1.7 (d) 1.8 (d) 1.9 (d) 1.10 (a) L1l () 112 (b
113 (a)



Chapter 2

DC Circuits

Chapter Outline
2.1 Kirchhoff’s Laws 2.7 Star-Delta Transformation
2.2 Mesh Analysis 2.8 Superposition Theorem
2.3 Supermesh Analysis 2.9 Thevenin’s Theorem
2.4 Nodal Analysis 2.10 Norton’s Theorem
2.5 Supernode Analysis 2.11 Maximum Power Transfer

2.6 Source Transformation Theorem



2.2 Basic Electrical Engineering

2.1 KIRCHHOFF’S LAWS

The entire study of electric circuit analysis is based mainly on Kirchhoft’s laws. But
before discussing this, it is essential to familiarise ourselves with the following terms:
Node A node is a junction where two or more circuit elements are connected
together.
Branch An element or number of elements connected between two nodes
constitute a branch.
Loop  Aloop is any closed part of the circuit.
Mesh  Amesh is the most elementary form of a loop and cannot be further divided
into other loops. All meshes are loops but all loops are not meshes.

Kirchhoff’s Current Law (KCL) The algebraic sum of currents meeting at a junction or
node in an electric circuit is zero.

Consider five conductors, carrying currents /,, I,, 15, I, and I5 meeting at a point O as
shown in Fig. 2.1. Assuming the incoming currents to be positive and outgoing currents
negative, we have

L+ (L) + L+ (L) +1s=0
L —-L+L-1,+15=0
L+L+I =1L+,
Thus, the above law can also be stated as the
sum of currents flowing towards any junction in an

electric circuit is equal to the sum of the currents
flowing away from that junction.

Kirchhoff’s Voltage Law (KVL) The algebraic Fig. 2.1 Kirchhoff’s current law
sum of all the voltages in any closed circuit or
mesh or loop is zero.

If we start from any point in a closed circuit and go back to that point, after going round
the circuit, there is no increase or decrease in potential at that point. This means that the
sum of emfs and the sum of voltage drops or rises meeting on the way is zero.

Determination of Sign A rise in potential can be assumed to be positive while a fall in
potential can be considered negative. The reverse is also possible and both conventions
will give the same result.

(i) Ifwe go from the positive terminal of the battery or source to the negative terminal,
there is a fall in potential and the emf should be assigned a negative sign. If we go
from the negative terminal of the battery or source to the positive terminal, there is
arise in potential and the emf should be given a positive sign.



Kirchhoff’s Laws 2.3

—_ —_—

(a) Fall in potential (b) Rise in potential
Fig. 2.2 Sign convention

(i) When current flows through a resistor, there is a voltage drop across it. If we go
through the resistor in the same direction as the current, there is a fall in the potential
and the sign of this voltage drop is negative. If we go opposite to the direction of
the current flow, there is a rise in potential and hence, this voltage drop should be
given a positive sign.

I+ — - + I
——VWWN—— NN
—_— —_—
(a) Fall in potential (b) Rise in potential

Fig.2.3 Sign convention

Example 1

The voltage drop across the 15 S resistor is 30 V, having the polarity indicated. Find the value

of R.

2A
AN o)
5A 5Q
O
AN VWA= o
- +
1505 30V §R
+ _
/
[
||
100 V
Fig. 2.4

Solution Current through the 15 Q resistor
_ 30

I==—=2A
15

Current through the 5 Q resistor=5+2=7A
Applying KVL to the closed path,
~5(7)-R(2)+100-30=0
—35-2R+100-30=0
R=175Q
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Example 2

Determine the currents I;, I, and I;.

Fig. 2.6
From Fig. 2.6,
L =1-L+9+L+4
L,—-1;=13 )
Also, -121,-8(,-1,)=0
201, +8, =0 2)
and, -121,-161; =0 3)
Solving Egs (1), (2) and (3),
I, =4A
L, =10A

L=-3A
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Example 3

Find currents in all the branches of the network.

Fig. 2.7
Solution Let [,=x
Then Ipp=x-30
Iz =x+40
Ipc=x—-80
Iy =x-20
Iy, =x—-80

Fig. 2.8

Applying KVL to the closed path AFEDCBA,
—0.02 x—0.01 (x—30)—0.01 (x +40) — 0.03 (x — 80) —0.01 (x —20) — 0.02 (x —80) =0
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x=41A
Ly=41A
Ly=41-30=11A
Iy =41 +40=81A
Ipe=41-80=-39A
Iop=39A
Iop=41-20=21A
Iy, = 41 -80=-39 A
Lz =39A

Example 4

Find currents in all the branches of the network.

4Q
& AV C__,4a

2Q§ >0 §59

TA 0 4N A

Fig. 2.9

Solution Assigning currents to all the branches,

(1-x=y) 49 c
B A% 1A

y (x+y)

2Q§ > §59

(1-x)
1A O 10 X A

Fig. 2.10

Applying KVL to the closed path OBAO,
2(1-x)-3y+1(x)=0
3x-3y=2

(M
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Applying KVL to the closed path 4BCA,
3y—4(1l—x-y)+5x+y)=0

Ox+ 12y =4 )
Solving Egs (1) and (2),
x=057A
y=-0.095A
Ip,=057A
Ipp=1-0.57=043A
L,z =0.095A

Lic = 0.57-0.095=0475 A
Iye=1-0.57+0.095=0.525 A

Example 5
What is the potential difference between points x and y in the network?
20 X 4v
M~ o I
h - 4V + =
2V_— 30 3Q 5Q
I
o
y
Fig. 2.1
Solution
2
I,= ——=04A
2+3
4
I,=——=05A
2 345

Potential difference between points x andy =V, , =V, -V}
Writing KVL equation for the path x to y,
Vit3L +4-3L-V,=0
V,+3(0.4)+4-3(05)-V,=0
Vi=V,=-37
Ve =-37V

g
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Example 6

Find the voltage between points A and B.

10 Q q — 20V 4Q/> 6 Q
Iy Iy
oy [ AW {1
@ sa 5v 120 15V
Fig. 2.12

Solution

20
L= =133A
10+5
1
I, = —5=1.5A
4+6

Voltage between points A and B=V, 3=V, -V
Writing KVL equation for the path 4 to B,
V,=5,-5-15+6L,-V;=0
V,—5(1.33)-5-15+6(1.5)-Vz=0
V,—Vg=17.65
Vg =17.65V

Example 7

Determine the potential difference Vg for the given network.

A 2A
0 o ©
5V— 2Q 5Q 4Q
8V
Fig. 2.14

[May 2014]
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Solution The resistor of 3 Q is connected across a short circuit. Hence, it gets shorted.

A

A

o
_/

100
+ +
5V 20 50
I 8V I
B

4Q

AN

Fig. 2.15
2
L, =2A
Potential difference Vig=Vi=V;p

Writing KVL equation for the path 4 to B,
V,=21,+8-5L,-V;=0
V,=2Q2.5)+8-52)-Vz=0

Vi=Vp=17
Vig =TV
Example 8
Find the voltage of the point A w.r.t. B.
50 5A
’ &
- _
1
10V D 3Q_§ oy §+3Q :) 240
/1 I2
Bo
Fig. 2.16
1
Solution I, = 10 =1.25A
543
I, =5A

Applying KVL to the path from 4 and B,
V,=31,-8+3L,—-V;=0
V,—3(1.25)-8+3(5)-Vz=0
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Example 9

V,—Vy=-325

Vi

5=-325V

Determine the value of resistance R as shown in Fig. 2.17.

Solution

45

I

6009§

I

C\D 1.2 kQ
5V

[Dec 2012]

6/)1.2“2
5V

35V
&
Fig. 2.17
+ o
l1
600 Q §
35V

o

Fig.2.18
5
L=——==417TmA
1.2x10
5
I, = — =833mA
600

I=1,+1,=417+833=12.5mA



Applying KVL to the circuit,

35-6001, — RI =
35-600(8.33 % 103) — R(12.5x 1073) =

R =

Example 10

Kirchhoff’s Laws 2.1

0
0

2.4kQ

What values must R; and R, have
(a) whenl, =4 Aandl, = 6 A both charging?
(b) when I, = 2 A discharging and I, = 20 A charging?
(¢c) whenl, =0?

® (h+h) 29 © @
I I
Ry R,
1MoV —
T 80V T 50V
@ ® ©®©
Fig. 2.19

Solution Applying KVL to closed path abcfa,
110-2(;+L)—-R, [,-80=0
110-21,-2,-R, [,-80 =0
2+R) I, +2I, =30
Applying KVL to closed path fcdef,
80+R, [,-R, ,-50=0
R, I,-R, I, =-30
Case (a) 1,=4Aand I, =6 A both charging
ie. I, =4A and L, =06A
Substituting /; and 7, in Eq. (1),
2+R)4+2(6)=30
R, =25Q
Substituting R}, 1, and /, in Eq. (2),
2.5(4)—R,(6) =-30
R, = 6.67 Q

o

2
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Case (b) I, =2 A discharging and 7, = 20 A charging
ie. I, =-2Aand,=20A
Substituting /, and 7, in Eq. (1),
(2+R))(-2)+2(20) = 30
R, =3Q
Substituting R,, /; and /, in Eq. (2),
3(-2)-R, (20) = -30
R,=12Q
Case(c) I1,=0
Substituting in Eq. (1),
2+R)(0)+2, =30

L, =15A
Substituting /; and 7, in Eq. (2),
0—-15R, =-30
R,=2Q
Example 11
Find I, and I, when (a) R = 2.3 Q, (b) R = 0.5 €2, and (c) for what values of R is I;, = 0?
® (h+h) 020 © ®
f i
02Q
130V = 2R
I 110V
@ @ ®
Fig. 2.20

Solution Applying KVL to closed path abcda,
130-02(/,+1,)-0.2[,-110 =0
0.47, +0.21, = 20
Applying KVL to closed path dcefd,
110+0.21,-RI, =0
0.21,-RI, =-110

&)

2



Case (a) R=23Q
Substituting R in Eq. (2),
0.21, -2.31, = -110
Solving Egs (1) and (3),
I,=25A
I, =50A
Case(b) R=0.5Q
Substituting R in Eq. (2),
0.27,-0.51, =-110

Solving Eqgs (1) and (4),
I, =-50A
I, =200A
Case(c) I1,=0
Substituting /; in Eq. (1),
0.27, =20
I, =100 A

Substituting /; and 7, in Eq. (2),
0.2(0) — R (100) =110
R=11Q

Example 12

Kirchhoff’s Laws  2.13

&)

“)

Find the value of R.
100 3A

80V — 14 Q

Fig. 2.21

Solution Assigning currents to all the branches,

@ J 10Q @ 3A

i (I-3)

80V 14 Q

©) @

Fig. 2.22
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Applying KVL to closed path abcda,
80-10/-14(-3)=0
I1=508A
Applying KVL to closed path dcefd,
14(I-3)-3R=0
14 (5.08—3)-3R =0

R=9.71Q
Example 13
Determine current drawn by the ammeter shown in Fig. 2.23.
10 Q 5Q
J_ VY
9V
30 Q A
5o : ®

Fig. 2.23

Solution Assigning currents to all the branches,
Applying KVL to closed path abcda,

S +L)+9-10,+1,)-301,=0 ® 10 Q © 50Q
AN AN
451,+ 151, =9 (1) gyl "
Applying KVL to closed path dcefd, 300
301, —5L,= 0 2  5¢
Solving Egs (1) and (2),
L=04A ® @
Fig.2.24
Current drawn by ammeter = 0.4 A
Example 14
Find branch currents in various branches of Fig. 2.25.
10 Q 20 Q
NN NN
0.1Q 0.2Q
-
2V 4V

Fig. 2.25



Solution Assigning currents to various branches,

Kirchhoff’s Laws  2.15

L 100 L 200
® h 02 © b w ®
(1 =h)
010 020
<50
ZVT .[4V
@ @ ®

Fig.2.26

Applying KVL to closed path abcda,
2-01,-101,-5(,-1,)=0
15.11, -5, =2
Applying KVL to closed path dcefd,
5, -15)—-20,-02,-4=0

51,-2521, =4
Solving Egs (1) and (2),
1, =0.086 A
I, =-0.142 A
Example 15

e

2

Find the value of R and current flowing through it when the current is zero in the branch OA.

A

Fig. 2.27
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Solution Assigning currents to all branches,

Fig. 2.28

Applying KVL to the closed path OACO,
4801, — 1.5 (I, =) + R (I, + I;) =0
But current in the branch OA is zero,
ie. ;=0
—1.5,+R, =0 (1)
Applying KVL to the closed path BOCB,
—4L, —R(L,+L)-2,+1,)+10=0
But ;=0
-2I,-(6+R) I, =-10 2)
Applying KVL to the closed path BOAB,
—41,+ 480, +1, =0

But ;=0
-4L+1,=0 3)
I, =4I,
Substituting /; in Eq. (1) and (2),
—6l,+RI, =0 4)
and — 141, -RI, = -10 ®))

From Eq. (4) and (5)
I, =05A
Substituting /, in Eq. (4),
-6(0.5+R(0.5=0
R=6Q
Currentinbranch  OC=1,+15L=05A
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Example 16
Find the current supplied by the battery.
2Q

A%

50 V=

2
Vi

Fig.2.29

Solution Assigning currents to all the branches,

waw 22 ®
[ I
6Q 20
50 Vo ® ” Ng\g ©
(h=13) (2 + 1)

4Q 3Q

© ©
Fig. 2.30

Applying KVL to the closed path OABEDO,
50-2;+L)—-6l,—-4(, —1;)=0

121, + 21, — 4L, = 50

Applying KVL to the closed path BCEB,

— 2L+ 50+ 61, =0
61, 2L, + 5, = 0

Applying KVL to the closed path ECDE,
=5, - 3(L,+L)+4(,—1;)=0

41, -3,-12,=0
Solving Egs (1), (2) and (3),
1, =2817TA
I, = 6.647 A
I;=-0.723 A

(M

2

3
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Current supplied by the battery =7, + I,
=2.817+6.647
=9464 A

Example 17

Find the value of current flowing through the 2 £ resistor.

16 Q
2%%Y

16 Q 32Q
20V —— — 20V

2Q

Fig. 2.31

Solution Assigning currents to all the branches,

(I1 + I) B I, 16Q c W+h-1h)
A A D
I
32Q
16 Q
11— 1
20V (= 1) — 20V
FYI3
2Q
o} G E
Fig. 2.32

Applying KVL to the closed path O4ABFGO,
20-161,-2;, =0
161, +21; = 20 (1)
Applying KVL to the closed path BCFB,
—161,+32(1,- ;) + 161, =0
481, — 161, +321; =0 2)
Applying KVL to the closed path GFCDEG,
21,-32(1,-1;)-20 =0

=321, + 341, = 20 3)
Solving Egs (1), (2) and (3),
I, = 1.05A
I, = 632A
I; = 1.58 A

Current through the 2 Q resistor = /3 = 1.58 A
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Example 18
Find the value of current flowing through the 4 € resistor.
2Q 2Q
NN NN
12V —— 12Q ——10V
NN NN
1Q 3Q
K WA
24V 40
Fig. 2.33
Solution Assigning currents to all the branches,
I 2Q I 2Q
A 2 A B I3 C
(b—15)
12V = 120 — 10V
(h—1h) (h=1s) ;_9
b 10 E 3Q
Sy WA
G | H
24V 4Q
Fig. 2.34

Applying KVL to the closed path ABEDA,
20L,-12(L,-L)+1(;-L)+12=0
1, — 150+ 121, = -12
Applying KVL to the closed path BCFEB,
20L,-10+3(,- ) +12(,- ;) =0
31, + 121, - 1715 = 10
Applying KVL to the closed path DEFHGD,
-1, -5L)-3(;—1;)—4[,+24 =0
=81, +1,+3;=-24
Solving Egs (1), (2) and (3),

I, =411A
I, =272A
I, = 2.06

Current through the 4 Q resistor =7, =4.11 A

(M

2

3)
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Example 19

Find the value of current flowing through the 10 L resistor.

5Q 10 Q 12Q
AN AN AN
4V —— 15Q 8Q 6V
Fig. 2.35

Solution Assigning currents to all the branches,

(h+h) 5Q g 1, 10Q o 12Q (2—1I)
A A A AN D
Iy I3
e 6V
4v 15Q 8Q

I
®
m
m

Fig. 2.36
Applying KVL to the closed path ABGHA,
=S, +1,)-151,+4 =10
-20/,-5I, = -4 (1
Applying KVL to the closed path BCFGB,
-10,, -8, + 151, = 0
151, - 101, -8, =0 2)
Applying KVL to the closed path CDEFC,
—12(,-L)-6+8,=0

—121,+ 201, = 6 3)
Solving Egs (1), (2) and (3),
I, =0.19A
I,=0.032 A
I;=032A

Current through the 10 Q resistor =/, = 0.032 A



Kirchhoff’s Laws

Example 20

2.21

Determine the current supplied by each battery.

20 Q
NN
1Q 400 2Q
10 Q
8V _|_ _|_ 12V
Fig. 2.37
Solution Assigning currents to all the branches,
(Ih—12) 20 Q
A B
I & (=L +I3)
400 20
1Q
8V _|_ 12V
L c
E D
Fig. 2.38

Applying KVL to the closed path ADEA,
-40,+8—-11, =0
1, +40, =8

Applying KVL to the closed path ABDA,
20/, —1,)—10({; -1, + ) + 401, = 0
—307, + 701, - 10; = 0

Applying KVL to the closed path BCDB,
2L,-12+10(, -, + ) =0

107, — 101, + 121; = 12
Solving Egs (1), (2) and (3),

I, = 0.1005 A
L, =0.197A
I, = 1.081 A

Current supplied by the 8 V battery =17, =0.1005 A
Current supplied by the 12 V battery = /; = 1.081 A

M

2

3)
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Example 21

Find the value of the unknown resistance R such that 2 A current flows through it.

2A R
Y
2Q 4Q
A% A%
10V —_— 30 %59
Fig. 2.39

Solution Assigning currents to all the branches,

2A R
A AN B
(h-2) 29 p 4Q (1-h-2)
E N N C
I I (I1 - I)
10V_‘|'_ 3Q %59
H G F
Fig. 2.40

Applying KVL to the closed path ABCDEA,
2R+4(1,-1,-2)+2(,-2)=0
6/, —4,—-2R =12 (1)
Applying KVL to the closed path HEDGH,
10-2(/,-2)-3,=0
21, +3, =14 2)
Applying KVL to the closed path GDCFG,
3L,-4,-,-2)-5(,-1,)=0
9, — 121, =8 3)
Solving Egs (1), (2) and (3),

1, =376 A
L=216A
R=098Q

Unknown resistance R =0.98 Q



Example 22

Kirchhoff’s Laws

2.23
Find the current delivered by the 12V battery.
3Q
NN
5Q 2Q
A% A%
4 Q% 40 —12v
A%
40
Fig. 2.41
Solution Assigning currents to all the branches,
3Q (11— 1)
A A%
- 5Q 2Q I
£ (I2—13) D S 2 PN
(I = 13) s h
4Q % 40 _|T12 Vv
H F
G n m
Fig. 2.42
Applying KVL to the closed path ABCDEA,
3, -L)-2L,-5(,-5)=0
3[,-10L,+5;=0 (1)
Applying KVL to the closed path HEDGH,
AL -L)+5(,—1;)—4,=0
41, +5,- 131, =0 )
Applying KVL to the closed path GDCFG,
4L, +21,-12+41, =0
A4l + 21, + 4, = 12 3)
Solving Egs (1), (2) and (3),
I, =1.66 A
I, =093A
I, =0.87A

Current delivered by the 12 V battery =7, = 1.66 A
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2.1 Replace the network of sources shown below with
() Ve (1) Ly

i
0 3V 2V -1V
1 S S [ S
o— 1V
a
2l 2
a
1]}
-5V
Fig. 2.43 [_ 4 V]
(i)
1A DAA
—/ o/
o (D2A DA o
b \_/ \_/ b

(D 5A
=/

Fig. 2.44 [8 4]

2.2 Find /, and V, in the network shown in Fig. 2.45.
Fig- 2.45 [~54,-15V]
2.3 Find V| and V, in the network shown in Fig. 2.46.
9V 18V
1 1
-0
12V V, —10V
+0
1 1
g 3V

Fig. 2.46 2V,5V]
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2.4 Find the values of unknown currents as shown in Fig. 2.47.

5A
&
I3 12A
10A I I 6A N
7A 1A
)
\_/8A

Fig. 2.47
[1,=2A41,=2A4,1;=4A4,1,=104]
2.5 Find the current in the branch XY as shown in Fig. 2.48.

160A X 0.05Q 40A
0.1Q
0.05Q 0.05Q
50 A 010 Y 70A
Fig. 2.48 [40 A]

2.6 Find / and V; for the network as shown in Fig. 2.49.

y A
1A I
6A
X sa /ZQ ?ﬁsf
AW AW
1A

40 AN

Fig. 2.49
[34,19V]

2.7 For the network as shown in Fig. 2.50, determine
(1) 1;,,and 4
(i) R
(i) £
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50 Q §20 Q R
1A I
[t AN AN
45V 30Q O05A 400 k
10 Q 200
30V /\/\ E
Fig. 2.50

[() 0.34, 1.5A4,—0.7 A (ii) 71.43 Q (iii) 174 V]
2.8 Find the value of current flowing through the 5 Q resistor.

5Q 8 Q
A% A%

4V §1og Tev

Fig. 2.51
[0.071 A]
2.9 Find the value of current flowing in the 4 € resistor.

5A<D 220 Q 2A 240

Fig. 2.52
[1.34 4]
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2.10 Find the current /;.

10 L 20

Iy

NN
w
o)

I3
40 SQ
[ A
10V 2Q
Fig. 2.53

[1.83 4]
2.11 In the network shown in Fig. 2.54, determine the value of £, which will reduce the
galvanometer current to zero.

AANA I
2Q 2V
Fig. 2.
'6:2:34 [~0.0322 V]
2.12 Determine the current supplied by the battery.
10 Q 1Q
A% A%
2Q
20
10V 2100
AV
1Q
Fig. 2.55

[0.87 A]
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2.13 In the network shown in Fig. 2.56, find the voltage between points 4 and B.

5Q A 3Q
MV MY
50 l
2A CD 20 50 30V
6V [
MV MV
3Q B 20 B
Fig. 2.56
[5V]
2.14 In the network shown in Fig. 2.57, find the voltage between points 4 and B.
50 40 B
M MY
100 —30V 260 10Q
2 M [ —wW\ [
15Q 5v 4Q 20V
Fig. 2.57
[30V]
2.15 Using KVL and KCL, find the values of V" and / in Fig. 2.58.
10Q /
AV — 50V —30V
A%
15Q
Fig. 2.58
[80V,—2.33 A]

2.16 Using KCL, find the values of V,p, 1, I, and 15 in Fig. 2.59.

A

15A<D

I
2180

L

120 Q 10A

I3

290

B
Fig. 2.59

[20V, 1.11 A, 1.67 A, 2.22 A]
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2.2 MESH ANALYSIS

A mesh is defined as a loop which does not contain any other loops within it. Mesh analysis
is applicable only for planar networks. A network is said to be planar if it can be drawn
on a plane surface without crossovers. In this method, the currents in different meshes are
assigned continuous paths so that they do not split at a junction into branch currents. If a
network has a large number of voltage sources, it is useful to use mesh analysis. Basically,
this analysis consists of writing mesh equations by Kirchhoff’s voltage law in terms of
unknown mesh currents.

2.2.1 Steps to be Followed in Mesh Analysis

1. Identify the mesh, assign a direction to it and assign an unknown current in each
mesh.
2. Assign the polarities for voltage across the branches.
3. Apply KVL around the mesh and use Ohm’s law to express the branch voltages in
terms of unknown mesh currents and the resistance.
4. Solve the simultaneous equations for unknown mesh currents.
Consider the network shown in Fig. 2.60 which has three meshes. Let the mesh currents
for the three meshes be /;, I, and /; and all the three mesh currents may be assumed to
flow in the clockwise direction. The choice of direction for any mesh current is arbitrary.

Vo
1 I
il
R4 é Rs
Vi —
I I
—\W\ AN
SR
I
[ AW

V3 Rs
Fig.2.60 Mesh analysis

Applying KVL to Mesh 1,
V=R, -5L)-R, (I, - ) =0

R+ R) L R - R, 3=V (2.1)
Applying KVL to Mesh 2,
Vy=Ry L, =Ry (L—L)—R, (I, 1)) =0
R, [+ (Ry+Ry+RY)L,—R, [; =V, (2.2)
Applying KVL to Mesh 3,

“Ry(l5 1))~ Ry (I, — 1) —Rs 5+ V3 =0
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Ryl =Ry [+ (Ry + Ry + Rs) I; = V3 (2.3)
Writing Egs (2.1), (2.2) and (2.3) in matrix form,
R +R, —R, —-R, 1, 14
-R, R +R;+R, -R, L =V,
In general, -R, -R, Ry+ Ry +Rs || L4 14
Ry Ry Ry | "
Ry Ry Ry ||| = |V,
Ry Ry Ry || [ 8
where,
R, = Self-resistance or sum of all the resistances of Mesh 1

R, =R,; = Mutual resistance or sum of all the resistances common to meshes 1 and 2
R,; = R;; = Mutual resistance or sum of all the resistances common to meshes 1 and 3
Ry = Self-resistance or sum of all the resistances of Mesh 2
R,y = Ry, = Mutual resistance or sum of all the resistances common to meshes 2 and 3
Ry; = Self-resistance or sum of all the resistances of Mesh 3

If the directions of the currents passing through the common resistor are the same, the
mutual resistance will have a positive sign, and if the direction of the currents passing
through common resistor are opposite, then the mutual resistance will have a negative
sign. If each mesh currents are assumed to flow in the clockwise direction, then all self-
resistances will be always positive and all mutual resistances will always be negative.

The voltages V', V, and V; represent the algebraic sum of all the voltages in meshes 1,
2 and 3 respectively. While going along the current, if we go from negative terminal of
the battery to the positive terminal, then its emf'is taken as positive. Otherwise, it is taken
as negative.

Example 1
Find the value of current flowing through 1 (2 resistor.
3Q 3Q
ANV ANV

5Q
;49 ;19
1OV-|—

Fig. 2.61 [May 2015]



Solution Assigning clockwise currents in two meshes,

3Q 3Q
AW AW
5Q
% ) Zaa k) 10
10V
-

Fig. 2.62

Applying KVL to Mesh 1,

121, - 41, =10
Applying KVL to Mesh 2,
-A,-1)-3,-11,=0
-41, +81,=0
Solving Eqs (1) and (2),
I,=1A
I,=05A
ILo=L=15A
Example 2

Mesh Analysis

2.31

)

)

Find the value of current flowing through 5 (2 resistor.

1Q 2Q
A% ANV
3Q 50
10V — N
il
% 5V %49
6 Q

Fig. 2.63
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Solution Assigning clockwise currents in three meshes,

1Q 2Q

MRS T

Fig. 2.64
Applying KVL to Mesh 1,
10-1(7) =30, - 1) -6(, - 1;) =0
107, - 31, -61; =10 1)
Applying KVL to Mesh 2,
3,-1)-2,-5I,-5=0
=31, +107, =-5 2)
Applying KVL to Mesh 3,
—6(;—-1)+5-4;+20=0
-6/, + 101; =25 3)

Writing equations in matrix form,
10 -3 -6][r,] [10]
-3 10 0| ,|=|-5
-6 0 10| L 25

We can write matrix equation directly from Fig. 2.64.
Ry Ry R[4 [n
Ry Ry Ry || L |=|V;
Ry Ry R[] [N

where R, = Self-resistance of Mesh 1 =1+3+6=10 Q
R, = Mutual resistance common to meshes 1 and 2 =-3 Q

Here, negative sign indicates that the currents through common resistance are in opposite
direction.

R,; = Mutual resistance common to meshes 1 and 3 =—-6 Q
Similarly,

R, =-3Q

Ry, =3+2+5=10Q

Ry; =0



Ry =—6Q
Ry, =0
Ry =6+4=10Q
For voltage matrix,
V=10V
V,=-5V

Mesh Analysis  2.33

V; = algebraic sum of all the voltages in Mesh3=5+20=25V

Solving Egs (1), (2) and (3),

1, =427A
I, =0.78 A
I, =5.06A

Lo =1=078A

Example 3

Find the value of current flowing through the 2 Q resistor.

6 Q 2Q
MY A'%Y
10V =/ 1Q 3Q 10Q
|
20V
Fig. 2.65

Solution Assigning clockwise currents in the three meshes,

6Q 2Q
M A%

I b

Applying KVL to Mesh 1,
10-61,-1(/,-1,) =0
71, -1, =10
Applying KVL to Mesh 2,
(1) 2L, 3(,~ 1) =0
—1,+6l,-31; =0

10V & D 1Q D 393 10Q

(M

2
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Applying KVL to Mesh 3,
-3(;,-1,)—-10,-20=0
-31, + 13;=-20
Writing equations in matrix form,
7 -1 0| [ 10
-1 6 3|, |=| O
0 -3 13|| 4 =20

Solving Egs (1), (2) and (3),

I, =134A
L =-062A
L =-168A

Lo=1=-0.62A

Example 4

A3)

Determine the value of current flowing through the 5 Q2 resistor.

1OIV
0

8V — §1Q §4Q

Fig. 2.67

Solution Assigning clockwise currents in the three meshes,

M
Iy

A%,

2Q

§1Q §4Q
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Applying KVL to Mesh 1,
8—1(/,-L)-2(,-1;) =0

3,-1,-2I; =8 (1)
Applying KVL to Mesh 2,
10-45, -3, - L) - 1(l,-1,) =0
—1,+81,-31; =10 2)
Applying KVL to Mesh 3,
2(;-1,))-3(;—1,)-5L+12=0
21, -3, + 10, =12 3)

Writing equations in matrix form,
3 -1 2|, 8
-1 8 3|, |=|10
-2 3 10| 4 12
Solving Egs (1), (2) and (3),
I,=6.01A
,=327A
I;=338A
Lio=1;=338A

Example 5

Find the value of current flowing through 4 (2 resistor.
10V

i

II
™ 10Q 20
12V

A
1Q

|
II
24V

53 o=

Fig. 2.69 [Dec 2015]

Solution Assigning clockwise currents in three meshes,

10V
|
A% II g
20
I Iy < 2Q
vl < Fre
we A~
1Q >I3 3Q
It A
24V 4Q

Fig. 2.70
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Applying KVL to Mesh 1,
12121, - 10(/;, - L) - 1({; - ;) =0
131, - 100, - I; = 12
Applying KVL to Mesh 2,
-10(/,-1;)-10-21,-3(l,-1;) =0
104, + 151, - 31, =-10
Applying KVL to Mesh 3,
—1(;-1)-3(;—-1,)—4+24 =0
~I, -3, + 81, =24
Writing equations in matrix form,
13 -10 -1{| 12
-10 15 3|| 1, |=|-10
-1 -3 8| L 24

Solving Egs (1), (2) and (3),

I, =279A
=201A
=41A

Lo=L=41A

Example 6

&)

2

3)

Find the value of current supplied by the battery.

IS
e

Fig. 2.71

Solution
Applying KVL to Mesh 1,
430 -1 —hL) -4, - 1) =0
8, —1,—4l; =4

(M
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Applying KVL to Mesh 2,
2L, -5, - 1)) - 1(,—1;) =0
~1,+8L,-5I,=0 (2
Applying KVL to Mesh 3,
6L, —4(l; - 1)) -5(l;—1,) =0
—41, -5, +151; =0 3)
Writing equations in matrix form,
8 -1 4| [ 4
-1 8 5|1, |=|0
-4 =5 15|| L 0

Solving Egs (1), (2) and (3),

1, =0.66 A
I, =024A
1, =0.26A
Current supplied by the battery =1, = 0.66 A.
Example 7
Determine the voltage V which cause the current I, to be zero.
6 Q
A%

20V —

Solution
Applying KVL to Mesh 1,
20-61,-2(I,- ) -5, - ;) -V =0
V+131,-2I,—51; =20 (1)
Applying KVL to Mesh 2,
—2(,-1)-3L-1,-1;) =0
2, -6, +1,=0 2)
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Applying KVL to Mesh 3,
(I, -L)—4L,+V-5,-1) =0
V+5I,+1,-10L =0 3)

Putting 7, = 0 in Egs (1), (2) and (3),
V—2I,-51; =20
—6L,+1;=0
V+1,-10, =0
Writing equations in matrix form,
1 2 5|V 20
0 -6 L, |=| O
1 1 —10|| L 0

Solving Egs (1), (2), and (3),
V=437V

Example 8

Find the value of current flowing through 10 € resistor in the circuit shown in Fig. 2.73.

10 Q 25V
WY It

Fig. 2.73 [May 2016]

Solution Assigning clockwise currents in two meshes,

10Q 25V

A~ It
D

150 15V

—Wv It

5A

Fig. 2.74
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Applying KVL to Mesh 1,
-107, -25+15-15(1,-1,) =0
251, - 151, =-10 €))
Mesh 2 contains a current source of 5 A. Hence, we can write current equation for
Mesh 2. Since direction of the current source and the mesh current 7, are opposite,

L,=-5 (2)
Solving Eqgs (1) and (2),
I, =-34A
Loy =1,=-34A
Example 9

Find the value of current flowing through the 2 € resistor.

3Q

oa(D ) iij 5% f

I L 2] v

Fig. 2.75

Solution Mesh 1 contains a current source of 6 A. Hence, we can write current equation
for Mesh 1. Since direction of the current source and the mesh current /; are same,

I, =6 (1)
Applying KVL to Mesh 2,
36 -12(,-1)—-6(I,— ;) =0
—12I, + 181, — 6I; = 36 )
Applying KVL to Mesh 3,
—6(l;—1,)-3L-2-9=0
-6, + 111, =-9 3)
Solving Egs (1), (2) and (3),
L=TA
I, =3A
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Example 10

Determine the mesh currents 1, I, and I; in the network of Fig. 2.76.
30V
h35a %6 Q
AW
/
P O R Y
1A 3 ?10 Q 50

AN
Fig. 2.76

Solution Applying KVL to Mesh 1,
-30-6/,-15(/,-1,)=0
211, —-151, =-30
Applying KVL to Mesh 2,
For Mesh 3,
Solving Egs (1),(2) and(3),

Example 11

(M

2

3)

Find the current through the 5 Qresistor in the network of Fig. 2.77.

3A

)
UD

NORLSSIE:

Fig. 2.77

I\J

) 3A

oy

Solution Writing current equations for Meshes 1, 2 and 4,
I, =4
1,=3
1,=-3

(1)
)
€)
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Applying KVL to Mesh 3,
Sy =1)=2(I3=1,)=2(I3-14)-2=0 (4)

Substituting Eqs (1),(2) and (3) in Eq. (4),

—S(Ly—4) = 2(I; = 3)=2(I; +3)-2=0

2.3 SUPERMESH ANALYSIS

Meshes that share a current source with other meshes, none of which contains a current
source in the outer loop, form a supermesh. A path around a supermesh doesn’t pass
through a current source. A path around each mesh contained within a supermesh passes
through a current source. The total number of equations required for a supermesh is equal
to the number of meshes contained in the supermesh. A supermesh requires one mesh
current equation, that is, a KVL equation. The remaining mesh current equations are KCL
equations.

Example 1

Find the current through the 10 Qresistor of the network shown in Fig. 2.78.

5Q
) ) )
2V-|- Iy I Iy

Fig. 2.78

Solution Applying KVL to Mesh 1,
2-11,-10(/, - 1,)=0
117, -101, =2 (1)
Since meshes 2 and 3 contain a current source of 4 A, these two meshes will form a
supermesh. A supermesh is formed by two adjacent meshes that have a common current

source. The direction of the current source of 4 A and current (/5 — 1,) are same, i.e., in the
upward direction.
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Writing current equation to the supermesh, 1
Ii—-1,=4 (2)

Applying KVL to the outer path of the supermesh,
-10(/,-1,)-51,-151;=0

107,151, -1515,=0 (3)
Solving Egs (1), (2) and(3),
I;,=122A 4)

Current through the 10 Q resistor =/, — 1, = —(2.35) —(-2.78) = 0.43 A

Example 2

Find the current in the 3 Qresistor of the network shown in Fig. 2.79.

[ L

7V I

I Y)7A 32

S0

2Q

Fig. 2.79

Solution Meshes 1 and 3 will form a supermesh.
Writing current equation for the supermesh,

L-1;=7 (1)

Applying KVL to the outer path of the supermesh,
7-1(1,-1,)-3(3-1,)-13=0
-1, +41,-41,=-7 (2)
Applying KVL to Mesh 2,
-1(I,-1))-21,-3(1,-1;)=0
1, -61,+31;=0 3)
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Solving Egs (1),(2) and (3),
I,=9A
L,=25A
I;=2A

Current through the 3 Q resistor=/,—[;=25-2=05A

Example 3

Find the current in the 5 Qresistor of the network shown in Fig. 2.80.

§109 D %29

2
50V P 2A i
) Z10
%59 Iy
Fig. 2.80

Solution Applying KVL to Mesh 1,
50-10(, = 1,)=5(;-13)=0
151, =101, —=51; =50 (1)
Meshes 2 and 3 will form a supermesh as these two meshes share a common current
source of 2 A.
Writing current equation for the supermesh,
IL—1;=2 “4)
Applying KVL to the outer path of the supermesh,
-10(1, =1))-21, =11, -5(13-1;)=0

-151,+121, +61; =0 (3)
Solving Egs (1),(2) and(3),
I,=20A
1, =1733 A
1;=1533A

Current through the 5 Q resistor =/, —I; =20 - 1533 =4.67 A
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Example 4

Determine the power delivered by the voltage source and the current in the 10 €2 resistor of the
network shown in Fig. 2.81.

5Q

AW
3AD

2

5Q

Fig. 2.81

Solution Meshes 1 and 2 will form a supermesh.

Writing current equation for the supermesh,
h=1,=3 6]
Applying KVL to the outer path of the supermesh,
50-51,-51,-10(1, = 1;)-1(1; = 15)=0

—61, =151, +111; =-50 (2)
For Mesh 3,
I;=10 3)
Solving Egs (1),(2) and (3),
1,=9.76 A
1, =6.76 A
1;=10A

Power delivered by the voltage source = 50 7, =50 x 9.76 =488 W
Lioo=13-1,=10-6.76=3.24 A
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Example 5

For the network shown in Fig. 2.82, find current through the 8 Qresistor.

60
AN
/2:)
20 ‘0 60 10
)
3A P 2 \@__ 12A
ly

10V
Fig. 2.82
Solution Writing current equations for meshes 1 and 4,
I=-3 (0
I,=-12 )

Meshes 2 and 3 will form a supermesh.
Writing current equation for the supermesh,

Iy—-1,=17 3)
Applying KVL to the outer path of the supermesh,
5-4(1,—-1))—-61,—-8(l3—1;,)+10=0
5-4(1,+3)-61,-8(;+12)+10=0

~101, —81; =93 @
Solving Egs (3) and (4),

I,=-828A

I;=-128A

Lyo=1—1,=-128+12=10.72 A

2.1 Find the value of current flowing through the 10 € resistor.

6Q 2V 100 5Q
A H—AW A
5V §4Q §159 —20V
Fig. 2.83

[0.68 A]
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2.2 Find the value of current flowing through the 20 Q resistor.

15 Q 60V
AN [t
20V §2OQ 15§z§
10 Q 5Q
A% AN
40V 50
X AN
Fig. 2.84

2.3 Find the value of mesh currents.

10 Q
MA
10 Q 10Q 10 Q
MA %A% VWV
100V — §1OQ

—— 50V

Fig.2.85

2.4 Calculate the current through the 10 Q resistor.

10Q

M\
MV MV
4Q 2Q

25V<? 7Q C:RQV
WY MW\
2Q 3Q
Fig. 2.86

[1.46 A]

[3.75 4,0, 1.25 4]

[1.62 4]



2.5 Find the value of current flowing through 10 Q resistor.
30 Q

10 Q
A%

Supermesh Analysis  2.47

10A<D

250

§2OQ

A%

- 100V

Fig. 2.87

[0.37 A]

2.6 Find the value of current flowing through the 2 Q resistor.

10Q

0V
|

sa(H)

MY

Fig. 2.88

[54]

2.7 Find the value of current flowing through the 20 € resistor.

10 Q

20Q

5Q

10V—

A%

A%

§4Q

280

MY

O

Fig. 2.89

[0.61 A]

2.8 Find the value of current flowing through the 8 Q resistor.

Fig. 2.90

Q 25A

[16.2 4]
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2.9 Find the current through the 1 Q resistor in the network shown in Fig. 2.91.

1Q
AW

mf =30 (H)1a oo

10V =

Fig. 2.91

[0.95 4]
2.10 Find the current through the 4 Q resistor in the network shown in Fig. 2.92.

éli \
1

5A<T> §ZQ CT)ZA §4Q

Fig. 2.92

[1.34 4]

2.4 NODAL ANALYSIS

Nodal analysis is based on Kirchhoff’s current law which states that the algebraic sum of
currents meeting at a point is zero. Every junction where two or more branches meet is
regarded as a node. One of the nodes in the network is taken as reference node or datum
node. If there are n nodes in any network, the number of simultaneous equations to be
solved will be (n — 1).

2.4.1 Steps to be followed in Nodal Analysis

1. Assuming that a network has » nodes, assign a reference node and the reference
directions, and assign a current and a voltage name for each branch and node
respectively.

2. Apply KCL at each node except for the reference node and apply Ohm’s law to the
branch currents.

3. Solve the simultaneous equations for the unknown node voltages.

4. Using these voltages, find any branch currents required.
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Example 1
Calculate the current through 2 Q resistor for the network shown in Fig. 2.93.
Va 0.5Q Vs
1Q 10 1Q
2Q
20V _‘, _‘, 20V
==
Fig. 2.93

Solution Assume that the currents are moving away from the nodes.

Applying KCL at node 4,
V,-20 V, V,-V
4 s Va Ya"Vs

1 L os f
1 1 1 1 20
1 1 05 0.5 1
4V, -2V =20 (1)
Applying KCL at node B,
- Ve Vgp—=2
Ve —V4 B VB 0 _ 0

0.5 2 1

1 1 1 1 20
——V,+ (—+—+—j Vg = =—

0.5 05 2 1 1
—2V,+3.5V,=20 ()

Solving Egs (1) and (2),

V, =11V

Ve=12V

Vv, 12
Current through 2 Q resistor = 73 =5 = 6A
Example 2
Find the voltage at nodes 1 and 2.
10 Vi 20 Vo
1A 2Q 1Q 2A

=

Fig. 2.94
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Solution Assume that the currents are moving away from the nodes.

Applying KCL at Node 1,

L hh
2 2
1 1 1
n-=v, =1
(2 2) bp'2
Vi-05V,=1 (1)
Applying KCL at Node 2,
AN
1 11 : 2
— N+ -+=|V, =2
2 1 2
05V, +15V,=4 )
Solving Egs (1) and (2),
V=2V
V,=2V
Example3
Find the value of current flowing through 4 € resister.
30
6 Q 4Q 5A
( = 20 O
Fig. 2.95 [Dec 2014]
Solution Assume that the currents are moving away from the nodes.
Applying KCL at Node 4,
V. -
4=6 Ya VaVe
3 6 4
I 1 1 1
—+—+— |V, —=V5y=2
(3 6 4) 4t
075V, —025Vz=2 (1)
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Applying KCL at Node B,
Vo=V, Vs _s
4 2
1 1 1
—V V=5
4 AT (4 2) B
—025V,+0.75Vz=5 2)
Solving Egs (1) and (2),
=55V
V,=85V
Ve =V S-=5.
Lo =-2 4 835755750
4 4
Example 4

For the network given below, find value of current flowing through the 3 Q resistor.

Q
N a8

(D Fon  fa O

Fig. 2.96 [May 2013]

Solution Assume that the currents are moving away from the nodes.
Applying KCL at Node 1,

5_V1 n-nr,
"0 3
11 1
Vi—=V,=5
(10 3) 17372
0.433V,-0.333V, =5 (1)

Applying KCL at Node 2,
V-n " V,—10
I W IS _
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—0.333/,+1.533V, =10 2)
Solving Egs (1) and (2),
V, =19.89V
V,=10.84V
L = " ;Vz _10.89 ; 10.84 302 A

‘I::xample s

Find the value of current flowing in the 100 Q resistor.

200V, 30Q
o I\/\/\I o
60 V— 1A 50 Q §1oog
40V
L
Fig. 2.97

Solution Assume that the currents are moving away from the nodes.
Applying KCL at Node 1,

h=60 K-V,
20 30

1 1 1
(—+—)Vl——V2 :@H
20 30 30 20

0.083 ¥, — 0.033 V, = 4 (1)

=1

Applying KCL at Node 2,

30 50 100

1 1 1 1 4
-—— VNt —=t—=+— 1V :—0
30 30 50 100 50

~0.033 ¥, +0.063 7, = 0.8 ©)



Solving Egs (1) and (2),

Nodal Analysis

2.53

V,=6725V

V, =48V
. Vv, 48
Current through the 100 Q resistor = ——=——=0.48 A
100 100
Example 6
Find V, and V.

2A<D 220

—VWA—es

1V

10 Vg 2Q
A% ®
20
1A [2v

M—

Fig. 2.98
Solution Assume that the currents are moving away from the nodes.
Applying KCL at Node 4,

2 2 1
1 1 1 1 1
—+—+— |V, = = |V, =2+—
(2 2 1) 4 (1) B 2
2V, - V=25 (1)
Applying KCL at Node B,
V. — _
B VA+VB 2 =1
1 2
1 1 1 2
- V,+|-+=1|Vy=1+—
(1) A (1 2) P

—V,+15Vy,=2
Solving Egs (1) and (2),

(2)
V,=2875V
Ve =325V
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Example 7
Find the values of currents I;, I, and 1.
v, 10Q Vv, 20
° W
5Q
203 D D 4Q D T 50V
14 I I3
[25v
Fig. 2.99

Solution Assume that the currents are moving away from the nodes.

Applying KCL at Node 1,
V. - —
L+ V=25 + ot 0
2 5 10

1 1 1 1 25
b

_+_
2 510 10
08V,-01V,=5
Applying KCL at Node 2,
V., — —(-
N B Vam(50)
10 4 2

1 1 1 1 50
-—— VNt =+t |V ==
10 10 4 2 2

—0.1 V,+0.85 V, =-25

0

Solving Egs (1) and (2),
V, =261V
V,=-29.1V
v, -2.61
I, N8l 50
2
I, - K=V _261-(=290) ..,
10 10
+50 -29.1
= 2¥0 229143014 450

2

(M

2
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Example 8
Find the values of currents I;, I, and I; and voltages V, and V.
I 02Q L, 03Q L 0.1Q
MW ‘@ MW ‘@ MW
+ +
120V Va_ V"_ — 110V
30A 20A
=
Fig. 2.100

Solution Applying KCL at Node a,

I, =30+1,
120-V, _ 30+V" -V,
0.2 0.3
36-0.3V,=18+0.2V,-0.2V,
0.5V,-0.2V, =342 (1)
Applying KCL at Node b,
L+1; =20
Vaofst +11%._1Vb -0
0.1V, -0.1, +33-0.3V,, _ 50
0.03
0.17,-0.4V,=-324 ()
Solving Egs (1) and (2),
V,=112V
v, =109V
I - 120-V, :120—112:40A
0.2 0.2
5= V,=V, :112—109=10A
0.3 0.3
I = 110-V, =110—109=1OA

0.1 0.1
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Example 9

Calculate the current through the 5 Q resistor.

&
)

Vi 3Q

4A<D 20

FWA—0 S
N
o)
:

20V

40 Q 8A

llem

Fig. 2.101

Solution Assume that the currents are moving away from the nodes.

Applying KCL at Node 1,

4+5+M:0
2 3
1 1 1
—+= |V ==V, =
(2 3)1 372 =4
083V,-033V,=-4
Applying KCL at Node 2,
Bl Va=(20 V=W _,
3 2 5
1 1 1 1 1 2
——Vl+(—+—+—)V2——V3:——O
3 3 25 5 2
033 V,+1.03V,-0.2V; =-10
Applying KCL at Node 3,
V. —
5 4
1 11
——V2+(—+—jV3 =38
5 5 4

-02V,+045V; =28
Solving Egs (1), (2) and (3),
V, =-8.76V
V,=-9.92V
V;=1337V

(M

2

A3)



Nodal Analysis

Vi=V, 1337-(-9.92
Current through the 5 € resistor = 3 5 2 = 5( ) =4.66 A

Example 10

2.57

Find the voltage across the 5 Q2 resistor.

2Q Q
\ZK » V3

4Qi 100 Q ;209
12V
T

9A
S,
40
ANV
V, 5

=
Fig. 2.102

Solution Assume that the currents are moving away from the node.
Applying KCL at Node 1,
V — — —
-2 ViV ViV
4 2 4
1 1 1 1 1 12
—+—+= |V =-=V, ==V =-9+—
4 2 4 2 4 4
Vi-05V,-025V, =—6
Applying KCL at Node 2,

v,-v, VvV, V,-V,
Rl W B Tl

2 100 5

+9 =0

1 111 1
— V| —t= |V, ==V, =0
2100 5 5

—05V,+071V,-02V;=0
Applying KCL at Node 3,

V. — -
N
5 20 4

(M

2
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5 5720 4
—025V,-02V,+05V;=9 3)
Solving Egs (1), (2) and (3),
V, =635V
V,=11.76 V
V;=2588V

Voltage across the 5 Q resistor = V3 — V, =25.88 - 11.76 = 14.12 V

Example 11

Determine the value of current flowing through the 5 € resistor.

36V 40
{t A
v, 2Q Vs 50Q A
NV 2 ANNN——0
3A(> 240 %oog 2200
==
Fig. 2.103

Solution Assume that the currents are moving away from the nodes.

Applying KCL at Node 1,

V. — —36—
Vo Kt Gim36-W
4 2 4
1 1 1 1 1 36
= [V —= V==V =3+
4 2 4 2 4 4
Vi-05V,-025V; =12 (1)
Applying KCL at Node 2,
v, — -
h=n,n nh-rh_,
2 100 5
1 1 1 1 1
N+ =+—+= |V, —=V; =0
2 2 100 5 5

0.5V, +0.71 V,—02 V5 =0 @)



Applying KCL at Node 3,
Kty Vi Vi=(360-1 _
5 20 4

1 1 (1 1 1
——K——Kﬁ{}+——+%%@=—9
4 5 7 5

—025V,-02V,+05V;=-9
Solving Egs (1), (2) and (3),

V,=1341V
V, =706V
V,=-847V

Vy=V; _ 7.06—(-8.47)

Current through the 5 Q resistor =

5

=3.11A

Nodal Analysis

2.59

3)

Example 12
Find the voltage drop across the 5 Qresistor in the network shown in Fig. 2.104.
40
VW

o
)
N

>

Fig 2.104

Solution Assume that the currents are moving away from the nodes.

Applying KCL at Node 1,

whh Kol
5 4
11 1 1
R | /AN /A /A |
(5 4] bgi2 473

045V, —0.2V, —025V; =—1

-
N

| f—MWN—9 <
o

®

e
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Applying KCL at Node 2,
BV Vs _
5 1

1 1
5 5

02V, +12V,=2 )

2

Applying KCL at Node 3,
V. —
_3 + u + 2 — 0
2 4

RV AT
4 2 4
025V +0.75V; =2 3)

Solving Egs (1),(2) and (3),

Vy=—4V

V,=1V

Vy=—4V

Vsq=V, -V =1-(-4)=5V

Example 13
Find the power dissipated in the 6 Qresistor for the network shown in Fig. 2.105.
Vi
s % 1Q 2Q
6 Q
20V V, Vy
5A 50
Fig. 2.105

Solution Assume that the currents are moving away from the nodes.
Applying KCL at Node 1,

—20 V-V, V-V
4 +V1 V2+1 3 _

0
3 1 2
1 1 1 2
—+1+— 1/1—1/2——1/3=—0
3 2 2 3

1.83V, =V, —0.5V; =6.67 (1)



Applying KCL at Node 2,

Nodal Analysis

2.61
v, — —

h-h Vn-n_;

1 6

1 1
=N+ 1+= |V, ==V3=5
1 ( 6] 2 6 3

T +1.17V, =017V =5
Applying KCL at Node 3,

5
1 1

6

1 1 1
——Vl——V2+(—+—+—)V3=O

2 6 2 56
Solving Egs (1),(2) and(3),

()
V. — -
Hh=-n n nh-n_,
2
—0.57,—0.17V, +0.87V; =0

3)
V,=23.82V
V, =274V
V,=19.04V

Vo=Vy  27.4-19.04
Power dissipated in the 6 Q resistor =(1.39)> x 6 =11.59 W
Example 14

=139A

resistor zero.

w

Q Vv,
AW

Find the voltage V in the network shown in Fig. 2.106 which makes the current in the 10 £2

— 50V

Fig. 2.106
Solution Assume that the currents are moving away from the nodes.



2.62 Basic Electrical Engineering

Applying KCL at Node 1,

=0
3 2 10
1 1 1 1 1
(—+—+—)V1——V2——V=0
32 10 10 3
0937, -0.1V,-033V =0 (1)
Applying KCL at Node 2,
v, — -
5 VI+E+V2 50:0
10 5 7
1 1 1 1 50
—— N+ —+=+= |V, ==
10 10 5 7 7
—0.1/,+0.44V, =7.14 2)
=V
Lpo=—"—2=0
10Q 10
=¥, =0 3)
Solving Egs (1),(2) and (3),
V' =5282V
Example 15
Find node voltages.

v, 59 y, 40
AN AN

1A(D) §29 §209 §1og — 5V

Fig. 2.107 [May 2016]

Solution Assume that the currents are moving away from the nodes,
Applying KCL at Node 4,

Va Ya=Vp _
25

1
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1 1 1

2 5
07V,-02V, =1 (1)
Applying KCL at Node B,
V — _
B VA+V_B+VB VCZO
5 20 4
1 1 1 1 1
-V —+—+—= |V —=V-=0
54 (5 20 4] B g c
—02V,+0.5V;—025V,. =0 2)

Node C is directly connected to a voltage source of 5 V. Hence, we can write voltage
equation at Node C.

Ve ==5 3
Solving Egs (1), (2) and (3),

V, =081V

Vy =-218V

Ve=-5V
Example 16
Find V, and V,.

50 Q A T\ 2A
YW =

80V —/—

=
Fig. 2.108

Solution Assume that the currents are moving away from the nodes,
Applying KCL at Node a,
V,-80 V,-V,
+
50 10

+2 =0
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LY, 1, 80,
50 10 10 50

0.12¥,-0.1 V,=-0.4 (1)
Applying KCL at Node b,
vV, — -
b Ve Vo Vo=Ve _
10 50 20
1 11 1 1
eV | —t—F+— |V, —— V. =
10 ¢ (10 50 20)*’ 20 ¢~ 0
0.1 ¥,+0.17 ¥, —0.05 V,=0 2)

Node c is directly connected to a voltage source of 20 V. Hence, we can write voltage
equation at Node c.

V,.=20 3)
Solving Egs (1), (2) and (3),

V,=3.08V

V,=7.69V

Vi=V,-V,=3.08-7.69=-4.61V

Vy=V,—V.=7.69-20=-1231V

Example 17

Find the voltage across the 100 S resistor.

20 Q 7] 20 Q

7% » Ve

?1009

60V —

Fig. 2.109

Solution Node 4 is directly connected to a voltage source of 60 V. Hence, we can write
voltage equation at Node 4.
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Vy=060 @)
Assume that the currents are moving away from the nodes.
Applying KCL at Node B,
Ve =Va V=V Vs _ 6
20 20 20
1 I 1 1 1
—V,H —=+—=+—=|Vy——V.=0.
20 4 (20 20 20] 575 c =06
—0.05V,+0.15V;—-0.05V-= 0.6 2)
Applying KCL at Node C,
50 20 50 100
_LVA _LVB + L+L+L+L VC :E
50 20 50 20 50 100 50
—0.02V,-0.05V;+0.1 V.= 0.24 3)
Solving Egs (1), (2) and (3),
Ve =31.68V
Voltage across the 100 Q resistor = 31.68 V
2.5 SUPERNODE ANALYSIS

Nodes that are connected to each other by voltage sources, but not to the reference node
by a path of voltage sources, form a supernode. A supernode requires one node voltage
equation, that is, a KCL equation. The remaining node voltage equations are KVL

equations.

Example 1

Determine the current in the 5 2 resistor for the network shown in Fig. 2.110.

v, 20

20V,
MW

10A (}) Z30

IH—— MW
o)
—
o (6;]
< o)

Fig. 2.110
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Solution Assume that the currents are moving away from the nodes.
Applying KCL at Node 1,

h h=n

3 2

11 1
(—Jr—)V1 -V, =10

10=

3 2
0.837,-0.5V, =10 (1)
Nodes 2 and 3 will form a supernode.
Writing voltage equation for the supernode,
Vy=V3=20 @
Applying KCL at the supernode,
hoh b K100
2 1 5 2

1 1 I 1
——V+| =+ 1|V +|=+=|V3=2
2 2 5 2

0

05V +15V,+0.7V3=2 3)
Solving Eqgs (1),(2) and(3),
V,=19.04 V
V,=11.6V
V;=-84V
V;-10 -8.4-1
Iso = 35 = 85 0 368A

Example 2

Find the power delivered by the 5 A current source in the network shown in Fig. 2.111.

7 10V V,
||

3Q
1Q

0 v, (1) sa =50

2Q

-|||—q

Fig. 2.1
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Solution Assume that the currents are moving away from the nodes.

Nodes 1 and 2 will form a supernode.

Writing voltage equation for the supernode,

I/l_VZZIO

Applying KCL at the supernode,

2+
3 5 1

W-vs V, VsV
LU WL T Rl

5

1 1 1
—Vi+| =+ | V= =+1|V3=3
3! & )2 & )3

033V, +1.2V, -1.337, =3

Applying KCL at Node 3,

Vy — —
sV Bl T
3 1 2

0

1 1 1
Vi =Vy+| = +1+= |15 =0
3 302

~0.33V, -V, +1.837,=0

Solving Egs (1),(2) and (3),

V,=13.72V
V,=372V
Vy=451V

Power delivered by the 5 Asource=5V,=5x3.72=18.6 W

Example 3

(M

2

3)

In the network of Fig. 2.112, find the node voltages V,;, V, and V.

050
AN
4A()) 020 S10
=—

Fig. 2.112
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Solution Assume that the currents are moving away from the nodes.

Applying KCL at Node 1,

_h=h b

1 1 1 1
NV -1y =4
033 0.5 0.33 0.5

0.33 0.5

503V, -3.03V,-2V;=4 (1)
Nodes 2 and 3 will form a supernode.
Writing voltage equation for the supernode,
Vi—V,=5 )
Applying KCL at the supernode,
V —_ —
LA
033 02 1 0.5
1 1 1 1 1
———— N+ ——=+—= |V +|1+—|V5=0
033 0.5 033 0.2 0.5
=5.03V,+8.03V, +31;=0 3)
Solving Egs (1),(2) and (3),
Vy=2.62V
V,==0.17V
V3 =483V
2.1 Find the current /...
5Q 20 Q
—— W\ wy
Ix
24V 2A 20Q 38V

Fig. 2.113

[-0.93 A]
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2.2 Find V, and V.

2A<D S20 $2° 1A Loy

Fig. 2.114

[2.88V,3.25V]
2.3 Find the current through the 6 Q resistor.

4A<D 2100 250 Q 3A Zeo

Fig. 2.115
[2.04 A]
2.4 Calculate the value of current flowing through the 10  resistor.
10 Q
MV
M MY
40 20Q
25V CR 7Q GR 12V
M MY
20Q 3Q
Fig. 2.116
[1.62 4]
2.5 Find the value of current flowing through the branch ab.
10 Q 10
MY M a
20Q
10V— 10 Q
20 §
A% b
10
Fig. 2.117

[0.038 A]
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2.6 Find the value of current flowing through the 4 € resistor.

40 1o|v
A |
2Q 2Q
AN\ A%
20%
§ 20 § 2Q CD 5A
6 V_.IT
Fig. 2.118
[1.34 A]
2.7 Find the value of current flowing through the 40 € resistor.
50 Q 10 Q
AN AN
25V 2200 2400 =10V 2300
Fig. 2.119
[0.0862 A]
2.8 Find the value of current flowing through the 10 € resistor.
20A
-
_/
5Q 10 Q 20Q
A% WY WY
80V — 2500 —20V
Fig. 2.120
[1.17 A]

2.9 Find the current through the 4 Q resistor in the network shown in Fig. 2.121.
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2L 20
N
20 6V 2V
V— | L
20 3Q §4Q
3A
Fig. 2.121
[14]
2.6 SOURCE TRANSFORMATION

A voltage source with a series resistor can be converted into an equivalent current source
with a parallel resistor. Conversely, a current source with a parallel resistor can be
converted into a voltage source with a series resistor.

R

Fig.2.122  Source transformation

Example 1

Replace the given network with a single current source and a resistor.
oA
10A d} 60

20V L 50

OB
Fig. 2.123

Solution Since the resistor of 5 € is connected in parallel with the voltage source of
20 V it becomes redundant. Converting parallel combination of current source and resistor
into equivalent voltage source and resistor,
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A A
6OVi SOVi

=
6 Q 6Q
20V
IB B
Fig. 2.124
By source transformation,
OA
1333 A D 60
oB
Fig. 2.125

Example 2

Convert the given circuit into a single current source in parallel with a single resistance between

points A and B.
l O A

5Q -‘—SV
O B

Fig. 2.126 [Dec 2014]

Solution Converting the series combination of the voltage source of 10 V and the
resistor of 5 Q and series combination of voltage source of 8 V and the resistor of 4 Q
into an equivalent current sources and resistors,

OA

2a(d 5Q§ M 2a §4Q

OB

Fig. 2.127
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Adding two current sources,

N ; 2220

Fig. 2.128

Example 3

Convert the circuit given in Fig. 2.129 to a single voltage source in series with a resistor.

Fig. 2.129 [May 2013]

Solution By source transformation,

e () Son (Dasn

Fig. 2.130

Adding two current sources and simplifying,

4375A CT) § 2670

Fig. 2.131
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Again by source transformation,

2.67Q

11.68V T

Fig. 2.132

Example 4

Reduce network shown into a single source and a single resistor between terminals A and B.

*A
1A 2Q EZQ
4V
30 § ? .
6V-—T 3V
¢B
Fig. 2.133

Solution Converting all voltage sources into equivalent current sources,

24
1A 20 20 2A
2A 3Q 10 3A

oB

Fig. 2.134

Adding the current sources and simplifying the network,

A

1Q 3A

0.75Q 1A

B
Fig. 2.135
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Converting the current sources into equivalent voltage sources,

o4 A
w7

10 375V
=
075 Q 1.75 Q
075V 7B B
Fig. 2.136

Example 5

Replace the circuit between A and B with a voltage source in series with a single resistor.

O A
5Q 6 Q
3A<¢> 50 Q
30 Q
20V
L B

Fig. 2.137

Solution Converting the series combination of voltage source of 20 V and a resistor of
5 Q into equivalent parallel combination of current source and resistor,

O A

SACD 30 Q 50 Q Q) 4A 5Q 6Q

O B

Fig. 2.138

Adding the two current sources and simplifying the circuit,

OA

7A<D 30(|50(|5]6=238Q

OB

Fig. 2.139
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By source transformation,

2.38Q
NVVV OA
16.67V
OB
Fig. 2.140

Example 6

Reduce the circuit shown in Fig. 2.141 into a single current source in parallel with single
resistance.

30
YAA'AY

3A(1) 30 2a(}) 6@ 60

[ )
>

(]
o

Fig. 2.141 [May 2014]

Solution Converting the parallel combination of the current source of 3 A and the
resistor of 3 Q into an equivalent series combination of voltage source and resistor,

30 30
A% VAV ° A

oV — (1) 24 §6§2 §69

Fig. 2.142

Again by source transformation,

1.5A f) ;69 <1 2A ;69 ;69

Fig. 2.143
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Adding the two current sources and by series-parallel reduction technique,
° A
35A D ; 20
o B
Fig. 2.144
Example 7
Find the power delivered by the 50 V source in the circuit.
5Q 3Q
2Q
50 V 10A 10V
Fig. 2.145 [Dec 2012]

Solution Converting the series combination of voltage source of 10 V and resistor of

3 Q into equivalent current source and resistor,

5Q

<D10A §29 <D3.33A §39

50V
_|_

Fig. 2.146

Adding the two current sources and simplifying the circuit,

S0 120
<D13.33A '
50 V T

Fig. 2.147
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By source transformation,

5Q /\17 1.2Q

50V 16V
L 1

Fig. 2.148
Applying KVL to the circuit,
50-5/-121-16=10
I1=548A
Power delivered by the 50 V source = 50 X 5.48 =274 W

Example 8

Find the value of 1.
2Q

0V — §6Q ;39

Fig. 2.149

[Dec 2013]

Solution Converting the series combination of the voltage source of 10 V and the

resistor of 2 € into equivalent current source and resistor,

5A<D %29 %69

3Q

O

Fig. 2.150
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Adding the two current sources,

104 f> ;29 ;69 ;39

Fig. 2.151

Simplifying the circuit,

~

3Q

10A D ;1-5Q

Fig. 2.152
By current-division rule,
1.5
1.5+3

I =10x =333A

Example 9

Find the value of current flowing in the 4 £ resistor.

6V
|
|

Al B (Dm 3

Fig. 2.153

Solution Converting the parallel combination of the current source of 5 A and the

resistor of 2 € into an equivalent series combination of voltage source and resistor,

2Q 6|V
|
L

10V T CDzA 4Q

Fig. 2.154
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Adding two voltage sources,
20

4V — G)zA 40

Fig. 2.155
Again by source transformation,

2A<D 2Q (DzA 4Q

Fig. 2.156
Adding two current sources,

4A<D 2Q 4Q

Fig. 2.157
By current-division rule,

L = 4X =133A

2+4

Example 10

Find the value of current flowing through the 10 € resistor.

A 30 1(I)V

AMA |

1Q

10A(D) §1OQ gsg

30V

Fig. 2.158 [Dec 2014]
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Solution Adding two voltage sources,

3Q
A
MW

1Q

Q) §1og §59

Fig. 2.159

Converting the series combination of the voltage source of 20 V and the resistor of 1 Q
into an equivalent current source and resistor,

A 3Q
A

10A () §109 gsg §1Q (M 20A

Fig. 2.160

Converting the parallel combination of the current source of 20 A and the resistors of
5 Q and 1 Q into an equivalent series combination of current source and resistor,

A 30 0.830Q
AMAA A

10a®) §1og — 166V

Fig. 2.161

Converting the series combination of the voltage source of 16.6 V and the resistors of 3 Q2
and 0.83 Q into an equivalent current source and resistor,

INO) §1OQ §3.83Q @) 433A

Fig. 2.162
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Adding two current sources,

1433A(%) §109 §3.839

B
Fig. 2.163
By current-division rule,
14.33x3.83
3.83+10
Example 11
Find the value of current flowing through the 8 € resistor.
6 Q 6 Q 1Q
A A A

18V—=— ieg C)ZA

Fig. 2.164

[May 2015]

Solution Converting the series combination of the voltage source of 18 V and the

resistor of 6 € in to equivalent current source and resistance.

6 Q 1Q
W

3sn(d) §6 Q gs a (Maa

(a)

6 Q 1Q
AW

3sn(d §3Q D 2a 8 Q

(b)
Fig. 2.165

8 Q



By source transformation,

Source Transformation

6 Q 1Q
3 Q
M2a 8 Q
9V
T
(@)
1Q
9Q
M2a 8 Q
9V
T
(b)
Fig. 2.166
By source transformation,
1Q
Q) § 9o  (P2a 8 O
(@)
1Q
sa() 903 8 Q
(b)
Fig. 2.167
By source transformation
1Q
AV
9 Q% )
=50
I
27V
T
Fig. 2.168

Tog = ——1
82794148

27 =15A

2.83
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Example 12
Find the voltage across the 4 Q resistor.
3Q 2Q 1Q
AV AV AV

6V Z60 G 3A 240

Fig. 2.169 [May 2016]

Solution Converting the series combination of the voltage source of 6 V and the resistor
of 3 Q into equivalent current source and resistor,

20 1Q
CD 2A 3Q 6Q CD 3A 40
Fig. 2.170
By series—parallel reduction technique,
2Q 1Q
MY MY
CD 2A 220 G 3A 240
Fig. 2.171
By source transformation,
2Q 1Q 1Q
MY AN MY
2Q 4Q

G 3A 240 G 3A 240
[ [

(a) (b)
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40 10
AN AN
I
——16V 40
(e)
Fig. 2.172
1= 16 1.78 A
4+1+4
Voltage across the 4 Q resistor = 4/
=4 x1.78
=712V

3

Exercise 2.4

1.1 Replace the given network with a single voltage source and a resistor.

2Q

5A<D 2Q 3Q G 10A 2Q 2Q

—_— 10V

Fig. 2.173
[8.6V,0.43 Q]

1.2 Use source transformation to simplify the network until two elements remain to the
left of terminals a and b.

6 kQ 3.5 kQ

2kQ 3kQ G 20 mA 12 kQ

Ob

Fig. 2.174
[88.42V, 7.92 k Q]
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2.7 STAR-DELTA TRANSFORMATION

When a circuit cannot be simplified by normal series—parallel reduction technique, the
star-delta transformation can be used.
Figure 2.175(a) shows three resistors R, Rz and R connected in delta.
Figure 2.175(b) shows three resistors R;, R, and R; connected in star.
1 1

R4
Rc Rs

R, Rs

2 NN\ 3 2 3
Ra

(a) (b)
Fig. 2.175 Delta and star networks

These two networks will be electrically equivalent if the resistance as measured
between any pair of terminals is the same in both the arrangements.

2.7.1 Delta to Star Transformation

Referring to delta network shown in Fig. 2.175(a),
the resistance between terminals 1 and 2 =R || (R, + Rp)

R-(R,+R
R,+Rz+R-
Referring to the star network shown in Fig. 2.175(b),
the resistance between terminals 1 and 2 =R, + R, (2.5)
Since the two networks are electrically equivalent,
R-(R,+R
R +R, = RelRa*Re) (2.6)
R,+ Ry +R-
R,(Ry+R
Similarly, R,+R; = Ri(Rs +Re) (2.7)
R,+Ry+R-
Ry(R,+R
and Ry +R, = B(A—C) (2.8)
R,+Ry+R-
Subtracting Eq. (2.7) from Eq. (2.6),
RyR-—R,R
R —Ry= BC  TATB (2.9)

R,+ Ry +R-
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Adding Eq. (2.9) and Eq. (2.8),

RBRC
R = ——+— (2.10)
R,+Ry+R,
R,R
Similarly, R,= —4C€ (2.11)
R,+Ry+R,
_ RARB (2 12)
> R, +Ry+R. '

Thus, star resistor connected to a terminal is equal to the product of the two delta
resistors connected to the same terminal divided by the sum of the delta resistors.

2.7.2 Star to Delta Transformation

Multiplying the above equations,
R,RyRE

R R, = 2.13)
U R+ Ry R (
2
Ry Ry = RiRyRe 5 (2.14)
(Ry+Rp +Re)
R,R3R
RyR, = 4 B¢ (2.15)

(Ry+Ry+Rec)’
Adding Eqs (2.13), (2.14) and (2.15),
R RgRo(Ry+ Ry +R)
(R, +Ry+Re)
__ RARpRc
R,+Ry+R-
= RyR,
=Rz R,
=RcR;
R R, + R,Ry + RyR,
Ry
RyR,

R, R, + R, Ry + Ry R,=

Hence, R, =
A

1

R
B R,
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RiR,

2

_ RR, +RyR; + RyR,
R3
RIRZ

Re

3

Thus, delta resistor between the two terminals is the sum of two star resistors connected
to the same terminals plus the product of the two resistors divided by the remaining third
star resistor.

Note: When three equal resistors are connected in delta, the equivalent star resistance is
given by

RyRp R,
RY == — s ==
Ry+R\+R, 3
or R, = 3Ry
A
Ry
Ry Ry
B c
Fig. 2.176
Example 1
Convert the star circuit into its equivalent delta circuit.
A
20
N
B @ @ C
Fig. 2.177 [May 2015]
Solution Converting the given star network to delta, A
2x6
Ry=2+6+=—==11Q Re Ra
6x4
Ry=6+4+-——=220Q B VIV c
2 B

Fig. 2.178



Re =4+2+4L62=7.33Q

Example 2

Star-Delta Transformation

2.89

Find an equivalent resistance between terminals A and B.

45Q

AO

75Q

40Q

3Q

3Q

W\
3Q

Fig. 2.179

45Q

75Q

Solution Converting the two delta networks formed by resistors of 4.5 Q, 3 Q and
7.5 Q into equivalent star networks,

40
R3
Ri
A
Ra
30
Fig. 2.180
4. .
R = R=—XT2 5050
45+75+3
Ry= R = 7.5%3 _L
45+75+3
4.
3:R4=——2§i—=099
45+75+3
40
090
2250
A
15Q
30

Fig. 2.181

Ry
Re
B
Rs
09Q
2.25Q

B

1.5Q



2.90 Basic Electrical Engineering

Simplifying the network,

58Q
MW
Ao—AMA—— —W-——o8
2.25Q 225Q
AW
6 Q
(a)
2.25Q 295Q 225Q
Ao N A% A% oB
(b)
7.45Q
Ao NN oB
(c)
Fig. 2.182
R =745Q
Example 3
Find an equivalent resistance between terminals A and B.
10 Q
AN
Ao© A% c W——F—WWy OB
10 Q 10 Q 10 Q
10 Q
Fig. 2.183

Solution Redrawing the network,

D

Fig. 2.184
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Converting the delta network formed by three resistors of 10 Q into an equivalent star
network,

C
Ry 10 Q
Ry
A B
Rs 10Q
D
Fig. 2.185
R =R,=R, = 10x10 =&Q
10+10+10 3
C

Simplifying the network,

1 EQ
?09 MV
Ao———MN— oB
a0
?Q
(@)
10, 2,
Ao AN AMA—o0 B
(b)
10Q
Ao AN °oB
(c)
Fig. 2.187

Ryp=10Q
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Example 4

Calculate R, for the circuit shown in Fig. 2.188.
10 Q
AAAY

10 Q 450 20 Q
VYW AAAY NVN—T—%y
AAAY
20 Q
Fig. 2.188 [Dec 2012]

Solution Redrawing the network.

Fig. 2.189

Converting the delta network formed by resistors of 10 €2, 10 Q and 45 Q into an equivalent star
network,

R __10x10 =1.54Q
' 10+10+45

R =R = B o0
20 10+10+45

Fig. 2.190
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Simplifying the network,

26.92 Q
1.54 Q AN
x© A% —Oy
26.92 Q
(a)
1.54 Q 13.46 Q
X W AN oy
(b)
15Q
x© oy
(c)
Fig. 2.191
R,=15Q

L e T

Find an equivalent resistance between terminals A and B.

1Q

Fig. 2.192

Solution Converting the star network formed by resistors of 3 €, 4 Q and 6 € into an

equivalent delta network,

9Q 1.5Q

Ry Ry
R

AN
AN C
1Q

B

Fig. 2.193

4
Ry=6+4+ —6>3< =180

Ry=6+3+ %:13.59
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Ry=4+3+ %:99

Fig. 2.194
Simplifying the network,
A
6 Q 1.35Q
B MWV c
0.9Q
Fig. 2.195
R;p=06]|(135+0.9)
=61 2.25
=1.64Q
Example 6
Find an equivalent resistance between terminals A and N by solving outer delta ABC.
A
12Q 12Q
N
2Q A 2Q
B 120 ¢
Fig. 2.196

Solution Converting outer delta ABC into a star network,

o 12x12
Yo124+12+412
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A
40 2Q
2Q 2Q
40 M 4Q N
C B C
B [
Fig. 2.197
Simplifying the network,
40
M
Ao W1 Aoy oM
2Q 2Q
20% 20 60 $60
4Q 4Q
No .
e @ (b)
40
Ao *—\\\/ M Ao * *
2Q 3Q 2Q 7Q
No . No 3
c) A (d)
1.56 Q
N
(e)
Fig. 2.198
R,y=156Q
Example 7
Find an equivalent resistance terminals between A and B.
4Q 41 Q 15Q
AV AV
2Q 6 Q 15 Q 4Q
NN NN NN
JYe) 17Q 1Q
A B

Fig. 2.199

Solution The resistors of 2 Q and 4 Q and the resistors of 4 Q and 11 Q are connected
1n series.
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410 150
M M
6Q
260 150 150
MW AW
l 60 170

O

Fig. 2.200

Converting the two outer delta networks into equivalent star networks,

_ _6x6
64646
_ o 15x15
Z 15415415
41 Q
NN
2Q 5Q
2Q 5Q
A B
20 17.Q 5Q
N
Fig. 2.201
Simplifying the network,
48 Q
AN
AO0——MN— —VWA——=o0B
2Q 5Q
A%
24 Q
(a)
2Q 16 Q 5Q
Ao AN AN AN o B
(b)
23 Q
Ao MY OB
()
Fig. 2.202

Ry=23Q
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Example 8
Find an equivalent resistance between terminals A and B.
15 Q 20 Q
Ao NV NN
25 Q

1502 230

Fig. 2.203 [May 2014]

Solution Drawing the resistor of 30 € from outside,

15Q 20Q
Ao AN NN

4503 2350 2300

Fig. 2.204

Converting the delta network formed by resistors of 20 Q, 25 Q and 35 Q into an equivalent
star network,

15 Q
A o——MN——
Ro R
450 § 1
§ 300
R3
Bo AN
40 Q
Fig. 2.205
20x35
R = =" —=875Q
20+35+25
20X25 6250

R,=——"—7—=
2 20435425
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35%25
;= ————=10.94Q
204+35+25
Redrawing the network,
15 Q 6.25 Q 8.75 Q
Ao—AMW M MW
10.94 Q
§45 Q 40 Q §30 Q
Bo
Fig. 2.206
Simplifying the network,
15 Q 6.25 Q
Ao AN N
450 50.94 Q 38.75Q
Bo
(a)
15 Q 6.25 Q
Ao M
%45 Q 22.01 Q
Bo
(b)
15 Q
Ao VWV
%45 Q 28.26 Q
Bo
(c)
15 Q
Ao AN
17.36 Q
Bo
(d)
A
32.36 Q
B
(e)
Fig. 2.207

R,z =3236Q



Example 9

Star-Delta Transformation

2.99

Find an equivalent resistance between terminals A and B.

Ao

°oB

10 Q 200 50
o AW M
5Q 15Q
1og§ §259
20
VWV M
5Q 30Q
Fig. 2.208

Solution The resistors of 5 Q and 25 Q and the resistors of 10 Q and 5 Q are connected

in series.

Fig. 2.209

°oB

Converting the delta network formed by the resistors of 20 Q, 5 Q and 15 Q into an

equivalent star network,

10 Q
Ao

VWV

20%x5
Rl = — =
20+5+15
20x1
R = 0x15 _7
20+5+15
R, = 5%x15

20+5+15

oB

Fig. 2.210

1.875Q

W\
30Q
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Redrawing the network,

10Q 250
Ao AN AN
0B
1250Q
Ao AW
3750
3.8759§
AW oB
30 Q

(b)
Fig. 2.211

Converting the delta network formed by the resistors of 3.875 €, 37.5 © and 30 Q into
an equivalent star network,

125Q
Ao MY
Rq
B
15Q Re
Rs
Fig. 2.212
R, = 3.875%x37.5 —5040
3.875+37.5+30
3.875x30
Rs = X0 1630
3.875+37.5+30
37.5%30
Ry = a =15.76 Q

3.875+37.5+30
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Simplifying the network,

125Q 2.04Q
AO
15.76 Q
B
15Q 1.63Q
(@)
14.54 O
Ao
15.76 Q
M ’
16.63 Q
(b)
14.54 Q
Ao
15.76 Q
M ’
16.63 Q
(c)
7.76 Q 15.76 Q 23.52Q
AO OB AO OB
(d) (e)
Fig. 2.213
Ry =2352Q
Example 10
Find an equivalent resistance between terminals A and B.
A
60 ? 49
3Q 5Q
5Q 280 40
B
Fig. 2.214
Solution | Converting the star network formed by the
6Q ? 40 resistors of 3 Q, 5 Q and 8 Q into an equivalent
R, delta network,
3x5
R =3+5+——=9875Q
R2 Rs 8
50 40Q 3%8
R,=3+8+ 5 =158Q
b 5x8
B Ry=5+8+ — =2633Q
Fig. 2.215 3
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6 Q $ 4Q
— W\ A%
9.875 Q
A%

15.8Q 26.33Q

50% 240

o
B
Fig. 2.216

The resistors of 15.8 Q and 5 Q and the resistors of 26.33 Q and 4 Q are connected in
parallel.

A
6Q ? 4Q
MY A%
9.875Q
A%
3.8Q 347 Q
B
Fig. 2.217

Converting the delta network into a star network,

R - I8XO8TS )00
3.849.875+3.47
- 383
3.849.875+3.47
3.47%9.875

T 38498754347
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2.103

A
6Q 7 40Q
MW %% A
6 Q T 4Q
M M
R4 Rs 219 Q 20Q
Rs 0.77 Q
B B
(a) (b)
Fig. 2.218
Simplifying the network,
0.77 Q
o :
VY
6 Q 219Q
(@)
6 Q
W 0.77 Q
AO0— B
M\
8.19Q
(b)
3.46 Q 0.77 Q
Ao AN AW oB fo K230 oB
(c) (d)
Fig. 2.219
R,;z=423Q
Example 11
Find an equivalent resistance between terminals A and B.
60 4Q
AN\ I AW\
AO AV ® VW
50 30
4 Q% %g Q
BO o—o

Fig. 2.220
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Solution Converting the star network formed by the resistors of 3 €2, 4 Q and 5 Q into
an equivalent delta network,
5Q 3Q

AN AV Rs
AN
40
= R1 R
(a) (b)
Fig. 2.221
5x4

R, = 5+4+T=15.67Q

R, = 3+4+¥:9.4Q

5%3
Ry = 5+3+%=11.759

Similarly, converting the star network formed by the resistors of 4 Q2, 6 Q and 8 € into
an equivalent delta network,

6 Q 4Q

A A Re

MY

8Q

(a) (b)
Fig. 2.222

R, = 6+8+6TX8=26Q

R, = 4+8+%=17.33Q

R = 6+4+%:139

These two delta networks are connected in parallel between points 4 and B.

13Q
MY
Ao NV
11.75Q
26 Q 15.67 Q 94 Q 17.33 Q
Bo

Fig. 2.223
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The resistors of 9.4 Q and 17.33 Q are in parallel with a short. Hence, the equivalent
resistance of this combination becomes zero.
Simplifying the parallel networks,

Ao M\
6.17 Q
9.78 Q
Bo
Fig. 2.224

R, =6.17]9.78=3.78 Q

Example 12

Find the value of current ﬂowing through 6 Q resistor.

FN %—%—% §5£2<>5A

1 Q 5 V
Fig. 2.225 [Dec 2015]

Solution Converting the parallel combination of the current source of 5 A and the resistor
of 5 Q into an equivalent series combination of voltage source and series resistor,

5Q 5Q 6 Q
MN MN M
5Q 5Q 50
50 —|—25V
AAA |
1Q 5V
Fig. 2.226

Converting the delta network formed by three 5 € resistors into an equivalent star
network,

5Q 1.67 Q 1.67 Q 6 Q
M M M
1.67 Q 5Q
50 —|—25V
w—i|
1Q 5y

Fig. 2.227
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By series-parallel reduction technique and adding two voltage sources,

6.67 Q 13.67 Q
A e
26670Q =20V
Fig.2.228

Again by series-parallel reduction technique,

13.67 Q
%%
3330% I =20V
Fig. 2.229
20
= —=1.18A
13.67+3.33
lg = li3670= 1= 1.18 A
Example 13
Determine the current supplied by the battery.
4Q 6Q
40Q 6Q
50V 2Q
Fig. 2.230

Solution Converting the delta network formed by resistors of 6 €2, 6 Q and 6 Q into an
equivalent star network,

4Q

l AV
50V 2Q

Fig. 2.231




Star-Delta Transformation

Simplifying the network,

2.107

6 Q
::: 2Q
6 Q
||
56 \% 2Q
(@)
3Q 2Q
L
50V 2Q
(b)
5Q
/
—AW———
50V 2Q
(c)
Fig. 2.232
50
I=——=714A
542
Example 14
Calculate the value of current flowing through the 10 €2 resistor.
. 180V
i F
8 4Q 300 17 Q
34 Q
A B NV )
12Q 12Q 30 Q 13 Q
AN
C 10 Q E
Fig. 2.233

Solution Between terminals 4 and B resistors of 8 Q and 4 Q are connected in series.
Similarly, between terminals F and E, resistors of 17 € and 13 € are connected in series.

180 V
{t F
300
120 340
A B AN ) §SOQ
120 /§1/29 30Q
NV
¢ 10 Q E

Fig. 2.234



2.108 Basic Electrical Engineering

Converting delta ABC and DEF into an equivalent star network,

| 180 V
I+
34 Q
10 MWV 10Q
4Q 10Q
4Q
AA 10Q
10 Q
Fig. 2.235
Simplifying the network,
, 180 V
T
, '\/\/\/48 Q
40 T %vé
AV
24 Q
(a)
180V
T
1
AV AV AN
4Q 16 Q 10 Q
(b)
Fig. 2.236
180
= —— =06A
4+16+10
By current-division rule,
I'=Lio=116=6X 48 =
24 Q 10 Q 24 + 48
Example 15
Determine current flow through the 20 £ resistor in the following circuit in Fig. 2.237.
15 Q 40 Q
VWV AA%Y
15Q 15Q 36 Q 36 Q
VVVV
20 Q 36 Q
It
200 V

Fig. 2.237 [Dec 2013]



Star-Delta Transformation

Solution Converting the two outer delta networks into equivalent star networks,

~15x1s
Ry = 15+15+15

36x36
RYZ - =
36+36+36
400
5Q 12Q
50 12.Q
50 12Q
20Q
I
200V
Fig. 2.238
Simplifying the network,
57 Q
A%
50 120
VVV VW
! I VWA
37Q
||
||
200V
(a)
50Q 22.44 Q 120
YA%A'AY NAYAYAY VWV
1
[
||
200V

(b)
Fig. 2.239

2.109
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200

1= 044+ 12

By current-division rule,

5.07A

Lyyo=1y70= 5.07 % =3.07A
20Q 37Q 57437
Example 16
Find the current supplied by the battery.
40 Q 20 Q
VY VY
%o o

VY VY

10 Q 30 Q
{+ A%

15V 5V

Fig. 2.240

Solution Converting the star network formed by resistors of 40 €, 20 Q and 50 Q into

an equivalent delta network,

40
R, = 40+20+

40
R, = 40+ 50 +

20
Ry =20+50+

R4
AV
R
R3
10Q 30 Q
X
15V 5Q
Fig. 2.241
x 20
=76 Q
x50
=190 Q
x50
=95Q
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76 Q
A%
190 Q

95 Q
10 Q 30Q

o,
15V 5Q

Fig. 2.242

The resistors of 190 Q and 10 Q and the resistors of 95 Q and 30 Q are connected in
parallel.

NV
9.5Q 22.8Q

I AN
15V 5Q

Fig. 2.243

Simplifying the network,

15V 5Q
(b)
Fig. 2.244

15

I= 26745 =0.542 A



2.112  Basic Electrical Engineering

$

Useful Formulae

Rc Rs R
Ry R3
Ra
Delta Star
Delta to star transformation Star to delta transformation
RzR R,R
R,+Ry+R Ry
R R
R,+Ry+R R,
RR
R,+Ry+R. Ry
2.1 Find the equivalent resistance between terminals 4 and B.
A 6Q 1Q
6Qs 6Q 30458% =50
B
L—eo
3Q 3Q
Fig. 2.245
[5€)

2.2 Find the equivalent resistance between terminals 4 and B.

40 Q 60 Q

20Q 30Q

100 Q
Fig. 2.246
[25 Q]



Star-Delta Transformation  2.113

2.3 Find the equivalent resistance between terminals 4 and B.

° A

Fig. 2.247

2.4 Find the equivalent resistance between terminals 4 and B.

20Q
MW\
10Q 45Q 20Q
Ao MW\ A%
20Q
A%%
Fig. 2.248

2.5 Find R ; by solving the outer delta (X—B—Y) only.

9Q
Fig. 2.249

OB

2.6 Find the equivalent resistance between terminals 4 and B.

3Q

A% 0A

20 §89 §6§z

o B

Fig. 2.250

[17 Q]

[1.41 ]

[2.625 ]
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2.7 Find the equivalent resistance between terminals 4 and B.

Ao
3Q 6 Q
3Q
N
3.25Q 25Q
Bo
Fig. 2.251
[3.5 )
2.8 Find the equivalent resistance between terminals 4 and B.
50 5Q
1Q 39 1Q
A%
5Q
Fig. 2.252
[1.82 Q]
2.9 Find the equivalent resistance between terminals 4 and B.
3Q 8 Q 9Q
N N ANN— o B
3Q ; 6 Q § § 9Q 5Q
Ao —\VW N N
6 Q 4Q 4Q
Fig. 2.253
[10.32 Q]
2.10 Find the equivalent resistance between terminals 4 and B.
6 Q 3Q
O NV NV 0
A B
6 Q
6 Q 6 Q
6 Q 6 Q
NN M\
Fig. 2.254

[4.59 Q]
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2.11 Find the equivalent resistance between terminals 4 and B.

5Q 2Q
Ae——AN, AN
40
40
203 ‘o 220
4Q
Be NN
2Q
Fig. 2.255
[6.24 Q]
2.12 Determine the value of current /.
] 4Q 3Q
NN NN
4Q 5Q
50V 603 220 280
2Q
Fig. 2.256
[8.59 4]
2.13 Find the voltage between terminals 4 and B.
4
1 A<D 10 20
B 20 1Q
® NN
1Q
Fig. 2.257
[0.56 V]

2.14 Determine the power supplied to the network.

100 V—— 3Q 6 Q

Fig. 2.258
[4705.88 ]
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2.15 Find the value of current /.

20Q

ANV

30 10Q

0.474 Q

Ay

2V
Fig. 2.259
[0.25 A]
2.16 Determine the value of current flowing through the 10 € resistor.
4Q 24 Q 130
NV NN NV
280 2120 2300 2170
12Q 10 Q 30 Q
NV NV NV
180 V
I
Fig. 2.260
[3.84 A]
2.8 SUPERPOSITION THEOREM

It states that ‘In a linear network containing more than one independent sources, the
resultant current in any element is the algebraic sum of the currents that would be
produced by each independent source acting alone, all the other independent sources
being represented meanwhile by their respective internal resistances.’

The independent voltage sources are represented by their internal resistances if given or
simply with zero resistances, i.e., short circuits if internal resistances are not mentioned.

The independent current sources are represented by infinite resistances, i.e., open circuits.

A linear network is one whose parameters are constant, i.e., they do not change with
voltage and current.

Explanation Consider the circuit shown in Fig. 2.261. Suppose we have to find current
1, flowing through R,.



Superposition Theorem

®-

2.8.1

R4 R3
AN AN
2R, 2R
Fig. 2.261 Superposition theorem

Steps to be followed in Superposition Theorem

2.117

1. Find the current 7 flowing through R, due to independent voltage source ‘7,
representing independent current source with infinite resistance, i.e., open circuit.

Ry

Rs3

MY

25,

A%

Yi;

=5,

Fig.2.262 Step1

2. Find the current 7} flowing through R, due to independent current source ‘7,
representing the independent voltage source with zero resistance or short circuit.

R4

Rs3
AN

MY

=5,

17

Rq

OF

3. Find the resultant current /, through R, by the superposition theorem.

I=I+1f

Example 1

Fig.2.263 Step2

Find the value of current flowing through the 2 € resistor.

40V —

5Q

2Q

10 Q

—— 10V

Fig. 2.264
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Solution Step I: When the 40 V source is acting alone

I 5Q 7 2Q
I aA%A e

40V -

10 Q

Fig. 2.265

By series—parallel reduction technique,

I 5Q
> VW————

40V - 1.67 Q

Fig. 2.266
40
= =06A
5+1.67
From Fig. 2.265, by current-division rule,

10
I'=6x =5A(—>)
10+2
Step II: When the 20 V source is acting alone
I 5Q 2?‘\/ 2Q
— i —
10Q
Fig. 2.267

By series—parallel reduction technique,

VW

20V
Ja 5Q I

§1.67Q

Fig. 2.268

5+1.67

3A



From Fig. 2.267, by current-division rule,

1
1”7 =3x 0 _ 25A(«)=-25A(>)
10+2
Step III: When the 10 V source is acting alone

5Q 2Q

AN AN
2100 — 10V
Fig. 2.269

By series—parallel reduction technique,

Superposition Theorem  2.119

2Q
W l
3.33Q § 10V
1z
Fig. 2.270
10
I = =1.88A(—>)
333+2
Step 1V: By superposition theorem,
I — I/ + I,/ +I/I,
=5-25+1.88
=438A(>)
Example 2
Find the value of current flowing through the 1 €2 resistor.
4Q
T 1
50V 40V
100V ——
1Q 2Q

Fig. 2.271
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Solution Step I: When the 100 V source is acting alone
1 4Q

100V —— 10 §29

Fig. 2.272

By series—parallel reduction technique

I 4Q
et AA
100V = Zo67Q
Fig. 2.273
_ 100 2141 A
4+0.67
From Fig. 2.272, by current-division rule,

I =214l x 2 = 1427A{)
1+2

Step I1: When the 50 V source is acting alone
40

o §29

Fig. 2.274
By series—parallel reduction technique,
%)
50 V
21330

1Q

Fig. 2.275
50

” _

ey =2146 A(T)=-2146A ()



Superposition Theorem

Step 111: When the 40 V source is acting alone

R
r J_40 Y
1Q 2Q
Fig. 2.276
By series—parallel reduction technique,
I
J_40 \%
080%
2Q
Fig. 2.277
4
= 0__ 1429 A
0.8+2
From Fig. 2.276, by current-division rule,
4

I” = 1429x —— =1143 A (1)
4+1

Step 1V: By superposition theorem,
I=I+1"+1"
=1427-21.46+11.43

2.121

=424A 1)
Example 3
Find the value of current flowing through the 8 € resistor.
5Q 10Q 12Q
AV AV
4v T 2150 Sse eV

Fig. 2.278
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Solution Step I: When the 4 V source is acting alone

I 5Q L 10Q 12Q
A% W\
I/
4v— §159 8Q
Fig. 2.279

By series—parallel reduction technique,

I 5Q L 10Q I 5Q I
—AW\ - —— AW -
4v—— 2150 480 4V 2150
(a) (b)
I 5Q
e AAY
4av—_— § 7.45Q
(c)
Fig. 2.280
4
1= =032A
5+7.45
From Fig. 2.280(b), by current-division rule,
15
I,=032x—— =0.16 A
15+14.8
From Fig. 2.279, by current-division rule,
12

I'=0.16x—— =0.096A{)
12+8
Step II: When the 6 V source is acting alone

5Q 10Q 12Q
A% A%

§159 §89 ——6V

Fig. 2.281
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By series—parallel reduction technique,

10 Q 12Q 120
M AMN—=
7
3.75Q g8a eV 13750 8Q —6vV
(a) (b)
12 Q I
NN <
5060 % —6vV
(c)
Fig. 2.282
1= _6 . 0.35A
12 +5.06
From Fig. 2.282(b), by current division rule,
13.75
I” = 035x———— =022A()
13.75+8
Step Il1: By superposition theorem,
I1=1r+1"
= 0.096 +0.22
=0316A{)
Example 4
Find the value of current flowing through the 4 Q resistor.
12 Q 4Q
AV AV

40V = 250 230 Q 8A

Fig. 2.283
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Solution Step I: When the 40 V source is acting alone

; 12Q 7 4Q
N AV

40V — §59 §3Q

§2.92 Q

Fig. 2.284
By series—parallel reduction technique,
7 12Q r I 12Q
40V 250 270 a0V

(@) (b)

Fig. 2.285

40
1= ——=268A
12+2.92

From Fig. 2.285(a), by current-division rule,

5
I'=268X——=112A(>)=-1.12 A («
— =) (©)
Step II: When the 8 A source is acting alone

12Q 4Q
M MW

250 230

G 8A

Fig. 2.286

By series—parallel reduction technique,

4Q

A

3530 230

G 8A 7530

NV

A%
w
o)

(@) (b)
Fig. 2.287



Superposition Theorem

From Fig. 2.287(b), by current-division rule,
” 3

1”7 = 8x =228A(«)
7.53+3
Step 111: By superposition theorem
I1=1r+1r
=-1.12+2.28
=116 A(«)

Example 5

2.125

Find the value of current flowing in the 10 2 resistor.

20
MV
e 2100 G 4A 250
10V

Fig.2.288
Solution Step I: When the 10 V source is acting alone

20
MW

2100 250

10V

Fig. 2.289

By series—parallel reduction technique,

10V

T

(@) (b)
Fig. 2.290

1= 10 =195A
1+4.12
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From Fig. 2.290(a), by current-division rule,
7

I'=195x% =08A{)
7+10
Step I1: When the 4 A source is acting alone
2Q I
NN—

1

103 100 G 4A 250

Fig. 2.291
By series—parallel reduction technique,

2Q I

A~

AMA——

09103 G 4A Z50 29103 G 4A

Ssa

(a) (b)
Fig. 2.292

I=4x =2.53A
291+5

From Fig. 2.291, by current-division rule,

17 = 2.53x =023A(
1+10 )
Step Il1: By superposition theorem,
I=1r+1
=0.8+0.23
=1.03A{)
Example 6
Find the value of current flowing through the 8 €2 resistor.
8Q
NN

5A<D 2120 2300 G 25A

Fig. 2.293



Solution Step I: When the 5A4 source is acting alone

Fig. 2.294

By current-division rule,
, 12
L
12+8+30

Step II: When the 25 A source is acting alone

=12A(>)

o 8Q
— \W

1203 2300 (} 25A

Fig. 2.295
By current-division rule,
I"=25X—— =15A(>)
30+12+8
Step Il1: By superposition theorem,
I1=1r+1r
=12+15
=162A(—>)
Example 7
Find the value of current flowing through the 4 (2 resistor.
2Q
NN
5@ 6 Q
v 240
20V T 60

Fig. 2.296

Superposition Theorem  2.127
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Solution Step I: When the 5 A source is acting alone

2Q
A%
o L
5Q
Z40
6 Q
Fig. 2.297
By series—parallel reduction technique,
2Q
A% 20 ’
60 A% >
5A () 40Q
) = 5A (D 28730
273 Q

(@)
Fig. 2.298

From Fig. 2.298(b), by current-division rule,
8.73

§4Q

I'= 5x =343A1)
8.73+4
Step I1: When the 20 V source is acting alone

2Q
N

6 Q

I 5Q Vd
20V T 6 Q
Fig. 2.299

By series—parallel reduction technique.

20V —— §eg §109

Fig. 2.300

20V ——




Superposition Theorem

2.129

20
1= =229A
5+3.75
From Fig. 2.300(a), by current-division rule,
7= 229x—0 = 0.86 A (1)
6+10
Step ll1: By superposition theorem
I1=r+1r
=3.43+0.86
=429A{)
Example 8
Find the value of current flowing through the 3 € resistor.
2Q
AV
5Q 3Q
5A <D
10 Q 4Q T 20V
Fig. 2.301

Solution Step I: When the 5 A source is acting alone

20Q
NN
5Q 3Q
5A (D
10 Q 40
Fig. 2.302
By series—parallel reduction technique,
I 2Q
Yy

5A<D 2150 230

Fig. 2.303
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By current-division rule,
w15 _3754 )
15+2+3

—

Step II: When the 20 V source is acting alone
2Q

5Q

10Q

Fig. 2.304

By series—parallel reduction technique,

I s
20 Q§ §4Q —20V
(a)
Fig. 2.305
=22 —6a
3.33

From Fig. 2.305(a), by current-division rule,

=1AM=-1A()

I”= 6X

—_— 20V

20+4
Step III: By superposition theorem,
I=r+1
=375-1
=275A 1)
Example 9
Find the value of current flowing in the 1 Q resistor.
Sx
2Q 3Q

av— 10 CP 3A

Fig. 2.306



Superposition Theorem

Solution Step I: When the 4 V source is acting alone

2Q 3Q
Ay AW
4V —— 1Q
Fig. 2.307
By current-division rule,
4
I'=—=133A{)
2+1
Step I11: When the 3 A source is acting alone
2Q 3Q
AAVAY Iz
10 3A
Fig. 2.308

By current-division rule,

I”=3><L=2A(~L)

1+2
Step I11: When the 1 A source is acting alone
V1A
2Q 3Q
A% %Y
1Q
Fig. 2.309
Redrawing the circuit,
12
3Q
2Q 10
1A
Fig. 2.310

By current-division rule,

1"'—1><i—066A 1
2+1 ' )

2.131
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Step 1V: By superposition theorem,
I — 1/ + ]// +1/I,

=1.33+2+0.66
=4A{)
Example 10
Find the voltage V.
A
6V 50
5A 10V
B

Fig. 2.311

Solution Step I: When the 6 V source is acting alone

6V 5Q

L o8B
Fig. 2.312
Vg =6V
Step II: When the 10 V source is acting alone
oA
+
5Q
Vag”
v _
| B
Fig. 2.313
Since the resistor of 5 Q is shorted, the voltage across it is zero.
Vg =10V
Step I11: When the 5 A source is acting alone
—-?—A
5Q
Vag”

SA@ .

Fig. 2.314

Vag’

[Dec 2014]



Superposition Theorem  2.133
Due to short circuit in both the parts,
VAB/// — O V
Step 1V: By superposition theorem,
Vig = Vag' + Vag" + Vg™
=6+10+0
=16V
Example 11
Find the voltage across 4 kS2.
1kQ 15V
WA 1
10maA (1) A — 25V a0
Fig. 2.315 [May 2016]

Solution Step I: When the 10 mA source is acting alone
1kQ

10 mA D 4 kQ 3 kQ

Fig. 2.316

Since 3 kQ resistor is connected in parallel with short circuit, it gets shorted.

1kQ

1oma (1) 4k

Fig. 2.317
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By current division rule,

I=10mx—*k =2mA()
1k+4k

Step II: When the 25 V source is acting alone

1kQ

4 kQ — 25V

3 kQ

Fig. 2.318

Since 3 kQ resistor is connected in parallel with 25 V source, it becomes redundant.

J—— =5mA{)
4k +1k

Step III: When the 15 V source is acting alone

1kQ 15V

4 kQ
3 kQ

Fig. 2.319
Since series combination of 4 kQ and 1 kQ resistor is connected across a short circuit, it
gets shorted.
=0
Step 1V: By superposition theorem,
I=r'+1"+1"
=2mA+5mA+0
=7mA{)



Superposition Theorem

Example 12

2.135

Find the current through the 5 Q resistor.
5Q 10 Q

24vT 2A<D gzog ——36V

Fig. 2.320

Solution Step I: When the 24 V source is acting alone
5Q 10 Q

24N —— 20Q

Fig. 2.321

By series—parallel reduction technique,

24V 6.67 Q
Fig. 2.322
, 24
I = =2.06A(—)=-2.06A (<)
54+6.67
Step II: When the 2 A source is acting alone
By series-parallel reduction technique,
5Q 10 Q 50Q

2A<D 20Q 2A<D 6.67 Q

Fig. 2.323
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From Fig. 2.323(b), by current-division rule,
6.67
5+6.67

1”7 =2x =1.14 A («)

Step 111: When the 36 V source is acting alone

By series-parallel reduction technique,
50 10Q 10Q

- -

20Q —— 36V 4Q —_— 36V

(@) (b)
Fig. 2.324

36
10+4
From Fig. 2.324(a), by current-division rule,

=2.57A

1”7 =2.57x 20 2.06 A (<)
20+5

Step 1V: By superposition theorem,
I — I/ + [Il + I/’/
=-2.06+1.14+2.06

=1.14A(«)
Example 13
Find the value of current flowing through 30 S2 resistor.
30 Q
M
10V/10Q — 2Q
Q 2A/20 Q 200
T 100 V

Fig. 2.325 [Dec 2015]



Superposition Theorem

Solution Step I: When the 10 V source is acting alone

30Q 1

MV
10VJ_

10 Q
Fig. 2.326
By series-parallel reduction technique,
30Q 1

T M

10V

2200 §1.82 Q
10Q

T

1ovJ— 10V
s 200 £31.82Q D $£1228Q

10 Q 10 Q
(b) (c)
Fig. 2.327
1= _10 0.45A
10+12.28
From Fig. 2.327(b), by current-division rule,
= 045><L—0 17A(=)=-0.17A
A T YIrY M —-017A L)

Step II: When the 24 source is acting alone

1003 (D2a z200 220 200

Fig. 2.328

2.137
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By series-parallel reduction technique,

1”

=2

2A(}) $6670 21820

Fig. 2.329
By current-division rule,

6.67

"= 2X——
6.67+31.82

=035A («)

Step-111: When the 100 V source is acting alone

220

30Q
M
2Q
10 Q§ 2 200 2200
_|_ 100 vV
Fig. 2.330
By series-parallel reduction technique,
30 Q 1”' IIII
A
20Q s 20
672Q% S0 36670QZ
_|_ 100 V 100 V
(a) (b)



By current-division rule,

Step 1V: By superposition theorem,

Example 14

[=1+1"+1"

=-0.17+0.35+2.36
=2.54A (<)

20
12.94 Q§
j 100 V
(c)
Fig. 2.331
1= 100 =6.69 A
12.94+2
I” = 6.69x————=236A (<)
20+36.67

Superposition Theorem 2.139

Find the value of current flowing through the 5 € resistor.

24V —

— 10V

5Q 10 Q

A AW

2A 10 Q
Fig. 2.332

Solution Step I: When the 24 V source is acting alone

24V —

5 10Q
AN AN
= 10 Q

—
[

Fig. 2.333

24V

5Q

(b)

5Q

[May 2015]



2.140 Basic Electrical Engineering

= 0aA(s)=—24A ()
5+5

Step Il When the 2 A source is acting alone

50 100
A AMAN
P
INO) 100
SQg 2a(d §59

(a) (b)
Fig. 2.334

7 =2x— =1 A(e)
5+5

Step III ' When the 10 V source is acting alone

5 Q I/// 10 Q I 10 Q I//I
AN AN AN
10Q —-— 10V 3.339§ — 10V
(a) (b)
Fig. 2.335
1= L =0.75A
10+3.33

By current-division rule,

I'"=0.75% 10 =0.5A(«)
10+5

Step IV By superposition theorem,
=+ 1"+
=-24+1+05
=-09A («)
I=09A (—)



Superposition Theorem

Example 15

2.141

Find the value of current flowing through the 4 € resistor.

6|V
|t

Fig. 2.336

Solution Step I: When the 5 A source is acting alone

r

5A 2Q 4Q
Fig. 2.337
By current-division rule,
2
I'=5x =1.67A({)
2+4

Step 11: When the 2 A source is acting alone

Fig. 2.338
By current-division rule,
17 =2x =0.67A(
2+4 )
Step III: When the 6 V source is acting alone
6V

20 > 4Q
1///

Fig. 2.339
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Applying KVL to the mesh,
_2['// o 6 o 4]/// — O
I"=-1A{)

Step 1IV: By superposition theorem,
I — 1/ +I// +1///

=1.67+067-1
=134A{)
Example 16
Find the value of current flowing through the 5 € resistor.
2A
(<)
N4
3Q 6 Q 6 Q
AAA AAA AN

5A(D S50 S100 Ss0

z AW [t A
2Q 10V 4Q
Fig. 2.340 [Dec 2014]

Solution Step I: When the 5 A source is acting alone

30 A 60Q 60Q
M P M MW

NG, gsg §1OQ

AN
w
[®)

Iq I I3
2 AW WS
2Q 4 Q
Fig. 2.341

Writing equations in matrix form,
1 0 0 |[] 5
-5 23 -10||1,|=]|0
0 -10 23 ||L 0
I, =5
I,=134A



I;=058A
I'=I,-1,=5-134=3.66A )
Step 11: When the 10V source is acting alone

Superposition Theorem  2.143

A 6Q 6Q
1z AW VW
14 I
W I AMAN
2Q 10V 4 Q
Fig. 2.342

Writing KVL equations in matrix form,

23 -10[ 4] _[10

10 23 ||| |0
1,=054A
L,=023A
I"=-I,=-054A ()

Step IlI: When the 2 A source is acting alone

/oA
/)
2A
AN AN
)2 6Q
g 10 Q
i)
I I
A A
B 2Q 4 Q
Fig. 2.343

Writing equations in matrix form,
23 -10 0 ||, 0
-10 23 —6||,|=| 0
0 0 1|4 -2
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L=-0.64A

I”=-1,=-028A ()
Step IV: By superposition theorem,
I=r'+1"+1"
=3.66-0.54 + 0.28

=34A
Example 16
Find the value of current flowing through the 3 € resistor.
9Q
AAAY

ZQ§ @SASQ §SQ

Fig. 2.344 [Dec 2012]

Solution Step I: When the 4 V source is acting alone

9Q
A%
)
A A p
7Q 5Q
2Q D 3Q
—
4V
Fig. 2.345

Writing KVL equation in matrix form,

s N

I'=L=039A ()
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Step II  When the 15 A source is acting alone

9Q

15A D
/

2

VA

70 50
20 D 30
I3

Fig. 2.346

I

s Uz

Writing the current equation for the supermesh,
L—1, =15 (1)
Writing the voltage equation for the supermesh,
91, ~5(I,~ 1) ~7(1,~ 1) =0
-161,-5L,+12,=0 )
Applying KVL to Mesh 3,
2L-T7(L,-1)-5(;-1,) -3, =0
=70, -5L,+17I; =0 3)
Solving Egs (1), (2) and (3),
I"=L=317A )
Sep IIl  When the 5 A source is acting alone

9Q
NN
i
NN AYAAY
7Q 50Q
20 D - D 30
I I3

Fig. 2.347

Applying KVL to Mesh 1,

91, ~5(I,~ L)~ 7(,~L,) =0
211, - 7L, 51, =0 (1)
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Writing the current equation for the supermesh,
L-L=5 (2)
Writing the voltage equation for the supermesh,
-2, -7, -1,)-5;—-1,)-3;=0
121, -9, -85, =0 3)
Solving Egs (1), (2) and (3),
1”=L=-246A (|)
Step IV By superposition theorem,
I=0I+1"+1"=039+3.17-246=1.1A
Viq=31=3(1.1)=33V

Example 17
Determine the value of current flowing through R; = 2 € in the circuit shown in Fig. 2.348.
2Q
AAAY
5A
()
N
10 1Q
AYA%AY ANN—

svi—: (l) 4A §RL=2Q

Fig. 2.348 [May 2013]

Solution Step I: When the 6 V source is acting alone

20
NV
6V T §RL=ZQ 6V T 3 §RL=ZQ
P
(a) (b)

Fig. 2.349



Superposition Theorem

2Q
%%
10 /1D 10
A% A%
I//
D (D ) grzo
l2 I3
Fig. 2.350
Applying KVL to Mesh 1,
41— -1, =0
Writing the current equation for the supermesh,
L1, =4

Writing the voltage equation for the supermesh,
-1, -1)—-1(y;—-1)-2; =0
21, -1,-3, =0
Solving Egs (1), (2) and (3),
I"=L=-067A (1)
Step III  When the 5 A source is acting alone

20
VWV

1Q

5A
()
NI

10
NV

% R =2Q

14

Fig. 2.351

2.147

()

2

A3)
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Simplifying the circuit,

5A 5A
()
N\ )
1Q
AN AN
10 MA
] AYAAY
AN 20
! 1Q (b)
(a)
Fig. 2.352

1
I=5x——=167A (T
1+2

1
I” =—1.67 x 5 =-084A )

Step IV By superposition theorem,
I=I+1"+1"=2-067-084=-049A )

Example 18
Determine the value of current flowing in the 1 Q resistor.
2Q
VIV
1o §
5A §3Q N ;
2Q
VVV
2Q

Fig. 2.353 [Dec 2013]



Superposition Theorem

Solution Step I: When the 5 A source is acting alone

! 20

VVVV
103
5A 3Q
S20

2Q

Fig. 2.354

Simplifying the network,

I

sa(}) §1.zg %Q

VAV
1Q
Fig. 2.355
By current-division rule,
I'= 5><L=1.875A(¢)
1.2+1+1

Step Il When the 3 V source is acting alone

2Q

17 VAYAVAY
I \/
19% ;39

I3

Fig. 2.356

2.149
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Applying KVL to Mesh 1,
21,-3-3(,-;) =0

51,3, =-3 (1)
Applying KVL to Mesh 2,
3-2L,-2(l,-15) =0
41, -21, =3 2)
Applying KVL to Mesh 3,
“3L-1)-2(L-5)-5,=0
-31,-2,+6; =0 3)
Solving Egs (1), (2) and (3),
1,=-0.66 A
1,=07A
I,=-0.09 A

1”"=-1;=0.09A
Step 11l By superposition theorem,
I=I+1"=1875+0.09=1.965A )

Example 19
Find the value of current flowing through the 6 € resistor.
1(1 v 20
/! VVVV

an(}) gmg §5Q ()3a ;69

Fig. 2.357 [May 2014]

Solution Step I: When the 4 A source is acting alone

2Q
r
wd D e D D)
6Q
14 I I3

Fig. 2.358
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Writing equations in matrix form,
1 0 01| 4
-10 17 =5|| 1, |=|0
0 =5 11| L 0
Ir'=5=123A )
Step Il When the 10 V source is acting alone

10V 20
I A
”
§109 :> ;59 D §69
I I
Fig. 2.359

Writing KVL equation in matrix form,
17 =51 1 -10
S
I"=L=-031A)

Step Il When the 3 A source is acting alone

2Q
VVVV

%109 ;59 Q 3A ;69

Fig. 2.360

By series-parallel reduction technique,

2
179; ;59 CT 3A %69 3.869% CT 3A

(a) (b)

Fig. 2.361
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By current-division rule,
3.86
"= 3X =1.17A (4
! 3.86+6 ()

Step IV By superposition theorem,

[=I'+1"+I"=123-031+1.17=2.09A )

3

Exercise 2.6

2.1 Find the value of current flowing through the 1 Q resistor.
1Q

2Q

10V
_|_

30 1A<D 29§

Fig. 2.362

2.2 Find the value of current flowing through the 10 € resistor.

10 Q 30Q
AVAYAY
10A D 50 20Q —= 100V
Fig. 2.363

2.3 Calculate the value of current flowing through the 10 Q resistor.

10 Q

4Q 2Q

2Q 3Q
Fig. 2.364

[0.95 4]

[0.37 A]

[1.62 4]
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2.4 Find the value of current flowing in the 2 € resistor. Also, find voltage across the
current source.

1Q 30
2Q
8V _|_ 1A
Fig. 2.365
[34,9V]
2.5 Find the current /..
5Q 20 Q
—>1X
24V—_— 2A 20Q —=36V
Fig. 2.366
[-0.93 4]
2.9 THEVENIN’S THEOREM

It states that ‘Any two terminals of a network can be replaced by an equivalent voltage
source and an equivalent series resistance. The voltage source is the voltage across the
two terminals with load, if any, removed. The series resistance is the resistance of the
network measured between two terminals with load removed and constant voltage source
being replaced by its internal resistance (or if it is not given with zero resistance, i.e., short
circuit) and constant current source replaced by infinite resistance, i.e., open circuit.’

A

I

1 1 1
1 1 1
1 1 1
1

1 1 1
i | |
| Network | VTh= i R,
| | |
1 1 1
1 1 1
1 1 1

Fig.2.367 Thevenin’s theorem

Explanation The above method of determining the load current through a given load
resistance can be explained with the help of the following circuit.
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R1 RS R1 R3

ANV A% A NMVN—O0A

+
V—_= Ry R, V— R, |72
B ©oB

(a) (b)
R Ry
NN OA A
R, Ry Ry, V= 7 R,
I
oB B

()

(d)

Fig.2.368 Steps in Thevenin’s theorem

2.9.1

1. Remove the load resistance R; .

Steps to be followed in Thevenin’s Theorem

2. Find the open circuit voltage V7, across points 4 and B.
3. Find the resistance Ry, as seen from points 4 and B with the voltage sources and

current sources replaced by internal resistances.

4. Replace the network by a voltage source V7, in series with resistance Ryy,.

5. Find the current through R; using Ohm’s law.
IL — VTh

Example 1

Find the value of current flowing through the 2 Q resistor.

—10V

50 2? v 20
Fv» I A
40V T §1o Q =
Fig. 2.369

Solution Step I : Calculation of Vy,
Removing the 2 Q resistor from the network,



Thevenin’s Theorem

5Q Z?V A B
W — Q Vo
L]
aov— I 2100 10V
Fig. 2.370
Applying KVL to the mesh,
40-51-20-10/=0
151 =20
I1=133A
Writing V', equation,
10/—Vy, +10=0
Vi, =107+ 10
=10(1.33)+ 10
=2333V

Step II: Calculation of Ry,

Replacing voltage sources by short circuits,

5 Q A B
AN 0 Rrh
2100
Fig. 2.371

Ry, =5110=333Q
Step III: Calculation of I;

3.33Q
a%%% A
23.33V—— v 2Q
Iy
B
Fig. 2.372
L= -2 _4384

3.33+2

2.155
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Example 2

Find the value of current flowing through the 8 Q resistor.

5Q 10 Q
AN AN
250 V= §5 Q
i
I
75V
Fig. 2.373

Solution Step I: Calculation of Vy,
Removing the 8 Q resistor from the network,

;] 5Q 10 Q
—— A= AW oA
+
250 V §5 Q Vi
/| oB
75V
Fig. 2.374
= 20 _o5a
. . 5+5
Writing V', equation,
250 -51-Vy,—75=0
Vi = 175 =51
=175-5(25)
=50V
Step 1I: Calculation of Ry,
Replacing voltage sources by short circuits,
50Q 10 Q
MY AN A
§5 Q R
0B

Fig. 2.375

Ry = (5]5)+10=125Q
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Step III: Calculation of I;

1250
50 V== ) 80
I
B
Fig. 2.376
L=-% 2444
12.5+8

Example 3

Fig. 2.377

Solution
Step I: Calculation of Vy,
Removing the 2 Q resistor connected between terminals A4 and B,

20 10 30
— =
e
D 129<> —4v
T
Fig. 2.378

Applying KVL to Mesh 1,
2-21,-12(,-1,) =0

141, - 121, =2 (1)
Applying KVL to Mesh 2,
-12(,-1)-1,-3,-4=0
— 121, + 161, =—4 2)
Solving Egs (1) and (2),

L=-04A
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Writing V7, equation,

Vin—3L,—4=0

Vi = 4 + 31,
=4+3(-0.4)
=28V

Step II: Calculation of Ry,
Replacing all voltage sources by short circuits,
2Q 10 3Q

A
12Q Ry,

57
Fig. 2.379
Ry, =[] 12) +1][|3=1.43 Q

Step III: Calculation of I;

1.43Q
A
28V 3 20
I
B
Fig. 2.380
I, = 0 0.82 A
Los+rer
Example 4
Find the value of current flowing through the 8 Q resistor.
12Q 10 Q A 4Q
AN AMAA A
12Q
24\ — ; 120 ; 8Q
-|— 32V
B
Fig. 2.381 [May 2015]

Solution Step I: Calculation of 'V,
Removing 8 € resistor connected between A and B,



12Q 10Q 4Q

24V —

Fig. 2.382

Applying KVL to Mesh 1,
24-121,-12(,-1,)=0
241, - 121,=24

Applying KVL to Mesh 2,
-12(,-1))-101,—-4,-12[,-32=0
-121,+381,=-32

Solving Egs (1) and (2),
1,=0.69 A
I,=-0.63 A

Writing Vo, equation,
Vin—4L, —121,-32=0
Vip=32+4(-0.63) + 12 (-0.63)

=2192V
Step 1I: Calculation of Ry
Replacing all voltage sources by short circuits,

12Q 10Q 4Q
M A
B!
§12Q Rrh 12Q
i
(@)
10 Q 4Q
A
6Q Rrh 120
T
(b)
Fig. 2.383

Rpy=8Q

Thevenin’s Theorem  2.159

(M

2
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Step I1I: Calculation of I

8Q
A A
2192V — > 8 Q
Iy
B
Fig. 2.384
21.92
I; = =137A
8+38
Example 5
Find the value of current flowing through the 10 L resistor.
6Q 2Q
10V 1Q 3Q 10Q
—‘7 I
1]
20V
Fig. 2.385
Solution
Step I: Calculation of Vy,
Removing the 10 € resistor from the network,
6Q 2Q
- - - - 0A
+|— +
10V I’D 1Q I/D 3Q Vin
1 . 2 B
|—=o8
20V

Fig. 2.386
Applying KVL to Mesh 1,
10-6/,-1(/,-1,) =0
71, -1, =10
Applying KVL to Mesh 2,
-1,—-1)-2,-31, =0

)



Thevenin’s Theorem

I,-6I, =0
Solving Egs (1) and (2),
I, =024 A
Writing V7, equation,
3L, -V —20=0
Vin=31,-20
=3(0.24)-20
=-19.28V
=19.28 V (terminal B is positive w.r.t A)

Step 1I: Calculation of Ry,
Replacing voltage sources by short circuits,

2.161

2

6Q 2Q
OA
1Q 30 ~— Ry,
OB
Fig. 2.387
Ry, =1[(6]] 1) +2]]]3=1.47 Q
Step III: Calculation of I;
1.47Q
OA
IL
19.28V—— U 10 Q
OB
Fig. 2.388
10
I, = 6x =1.68 A (T
L 052 ()
Example 6
Find the value of current flowing through the 10 € resistor.
10 Q 30 Q
J‘100 \Y

10A 5Q 20 Q T

Fig. 2.389




2.162  Basic Electrical Engineering

Solution
Step I: Calculation of Vy,
Removing the 10 Q resistor from the network,

AV, B 30 Q
+ — — +
+ + i
10A(4 50 200 C 100V
OR® . T
Fig. 2.390
For Mesh 1,
I, =10
Applying KVL to Mesh 2,
100 —-307,—-201, =0
L =2A
Writing V', equation,
51— Vi, — 200, =0
Vi, =51, — 201,
=5(10)—20(2)
=10V

Step 11: Calculation of Ry,
Replacing the current source by an open circuit and the voltage source by a short circuit,

R
AlB 30 Q
O l (e,
50 20 Q
Fig. 2.391

Ry, =5+(20]|30)=17Q
Step III: Calculation of I;

17Q
A
10V —— 7 10 Q
IL
B
Fig. 2.392
L=-2 —037A

L 51167
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2.163

Example 7
Find the value of current flowing through the 40 £ resistor.
50 Q 10 Q
25V —— 20Q 40 Q —— 10V 30 Q
Fig. 2.393
Solution
Step I: Calculation of Vo,
Removing the 40 Q resistor from the network,
50 Q 10 Q
+ = ¥ =
A
+0
25V —— 20 Q Von —_— 10V 30 Q
I=o
B
Fig. 2.394
Since the 20 Q resistor is connected across the 25 V source, the resistor becomes redundant.
Vago =25V
Applying KVL to the mesh,
25-50/—-10/+10 =0
I =058 A

Writing V7, equation,
Vi, —10I+10 =0
Vin =10 () —10

=10(0.58)-10

=-42V

=4.2 V (terminal B is positive w.r.t. A)
Step II: Calculation of Ry,
Replacing the voltage sources by short circuits,

50 Q 10Q

Fig. 2.395
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Ry, =5010=8.33 Q
Step III: Calculation of I;

8.33Q

OA

IL

42V _—_— \j 40 Q

OB

Fig. 2.396

L=—19 —g00aM
333+2
Example 8

Find the values of current flowing through the 10 (2 resistor.

50V —

——20V

Solution
Step I: Calculation of Vy,

Removing the 10 € resistor from the network,

6Q %y 10Q 50
il AVAVAY
;4 Q ;159
Fig. 2.397
5Q

6Q

50V —— D 4Q

2V+ —
| Vor O
\}—O Th

A B

(\ T 20V

Fig. 2.398



Writing V7, equation,
4, +2 -V, — 151, =0
Vip =41, +2 - 151,
=4(5)+2-15(1)
=7V
Step 1I: Calculation of Ry,
Replacing voltage sources by short circuits,

6Q R 50
O O
A L B
4Q 15Q
Fig. 2.399

Ry, =(6]]4)+ (5] 15)=6.15Q
Step III: Calculation of I;

6.15Q

AN oA
VN 10Q

IL

OB
Fig. 2.400
50
[, = ——— =043A
1+1.33
Example 9

Thevenin’s Theorem  2.165

Determine the value of current flowing through the 24 Q resistor.

220V —— NV
24 Q
50 Q 5Q

Fig. 2.401
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Solution

Step I: Calculation of Vy,
Removing the 24 Q resistor from the network,

+ +
30 Q 20 Q
1 +Vi, — h

220V —— o Mo
A B
+ +
50 Q"7 S50
Fig. 2.402
I, = 220 _ 275A
30+50
22
= 220 _ 8.8A
20+5
Writing V7, equation,
Vi +307, —207, =0
Vi =201, — 301,
=20 (8.8) —30(2.75)
=935V
Step 1I: Calculation of Ry,
Replacing the voltage source by short circuit,
30Q 20 Q
Ry,
A B
50 Q 5Q
Fig. 2.403
Redrawing the circuit,
300 20Q
A B
50 Q 50
Fig. 2.404

Ry = (30 50) +(20]]5)=22.75Q
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Step III: Calculation of I;

2275 Q
A
93.5Q—— /> 24 Q
I
B
Fig. 2.405
93.5
]L - - =
2275+ 24
Example 10
Find the value of current flowing through the 3 Q resistor.
4Q 5Q
§3 Q
1Q 8Q

[
|
50V
Fig. 2.406
Solution
Step I: Calculation of Vy,
Removing the 3 Q resistor from the network,

Fig. 2.407
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Applying KVL to Mesh 1,
50-20,-1(,-L)-8(,-1,) =0

117, -9, =50 (1
Applying KVL to Mesh 2,
-4, - 51, - 8(l, - 1,) - 1(l, - 1,)=0
91, +18, =0 2)
Solving Eqgs (1) and (2),
I, =7.69 A
I, =385A

Writing Vo, equation,
Vin—5L,-8(,—1)) =0
Vin =5L+8 (I, - 1))
=5(3.85) + 8(3.85 - 7.69)
=-1147V
=11.47 V (the terminal B is positive w.r.t. 4)

Step 1I: Calculation of Ry,
Replacing the voltage source by a short circuit,

Fig. 2.408
Redrawing the network,
A
4Q 5Q
20
1Q 8Q
B

Fig. 2.409
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Converting the upper delta into equivalent star network,

4x2
Ri= 22 —013Q
4+2+5
4
2=i=1.829
4+2+5
344245

Fig. 2.410

Fig. 2.411

Simplifying the network,

1.82Q

1.73Q 8.91Q

B
Fig. 2.412

Ry, =1.82+(1.73]18.91)=3.27Q
Step III: Calculation of I;

3.27Q

11.47 V =

Fig. 2.413
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_ s 7
]L_12+2.92 = 183A()

Example 11

Find the value of current flowing through the 20 €2 resistor.
120V

L “

45V
20Q 15Q

10 Q 5Q

|
|
5Q 20V
Fig. 2.414
Solution

Step I: Calculation of Vy,
Removing the 20 Q resistor from the network,

I
- + _TB - +

100 *50
IZ

|
+ |
5Q 20V

|
I
Fig. 2.415

Applying KVL to Mesh 1,
45-120-151, -5, - L,)-10(/; -1,) = 0

301, — 151, =75 (1)
Applying KVL to Mesh 2,

20-5L,-10(,-1))-5(,-1,) =0

—151, + 201, =20 2)

Solving Egs (1) and (2),

I, =-32A
L=-14A



Writing V7, equation,
45 -V, —10 (L, - 1,) =0
Vip =45-10 (1, - 1,)
=45-10[-3.2—-(-1.4)]

Thevenin’s Theorem  2.171

=63V
Step II: Calculation of Ry,
Replacing voltage sources by short circuits,
b
Ry 15 Q
10 Q B 50
5Q
Fig. 2.416
Converting the delta formed by resistors of 10 €2, 5 Q and 5 Q
into an equivalent star network,
1
R =10 550
20
1
R =10 550
20
5x5

Ry=22=125Q
20

Th

25Q 15Q

250 1250

Fig. 2.418

Fig. 2.417
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Simplifying the network,

25Q

L

R,
B

25Q

Fig. 2.419

16.25 Q

Ry = (16.25]]2.5)+2.5=4.67Q

Step III: Calculation of I;

4.67 Q

63V
Fig. 2.420
L =—95 _ _5ssa
4.67+20

Example 12

Find the value of current flowing through the 3 € resistor.

oa ()

Solution
Step I: Calculation of Vy,

12Q
Sea
.|_ 42V
Fig. 2.421

Removing the 3 Q resistor from the network,

3Q

Fig. 2.422
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Writing equation for Mesh 1,

1,=6 €]
Applying KVL to Mesh 2,
42 -12(,,-1))-61,=0
-121,+181, =42 2)
Solving Egs (1) and (2),
I, =633A
Writing V7, equation,
Vi, =61,=38V
Step 1I: Calculation of Ry,
Replacing voltage source by short circuit and current source by open circuit,
A
120 6Q Ry -
B
Fig. 2.423
Ry, =6]12=4Q
Step III: Calculation of I;
4Q
A
38V _—_— D 30
IL
B
Fig. 2.424
I, = 38 543 A
4+3
Example 13
Find the value of current flowing through the 30 L resistor.
15 Q 60 Q 30 Q
NV Vv A%y
150 V' —— 13A 40 Q — 50V
Fig. 2.425 [May 2016]
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Solution
Step I: Calculation of Vy,
Removing the 30 Q resistor from the network,

60 Q
] 150 ] _ £V s
1T
150 V—_— ) 13A ) 40 Q 50V
I I, = T
Fig. 2.426

Meshes 1 and 2 form a supermesh.
Writing current equation for supermesh,
L—1,=13 (1)
Writing voltage equation for supermesh,
150 — 157, — 601, — 401, =0

151, + 1007, = 150 2)
Solving Egs (1) and (2),
I, =-10A
L, =3A

Writing V7, equation,
400, — V1, —50 =0

Vi, =401, — 50
= 40(3) - 50
=70V

Step 11: Calculation of Ry,

Replacing the voltage sources by short circuits and the current source by an open circuit,
15 Q 60 Q R

A Y

A B

40 Q

Fig. 2.427

Ry, = 75140 =26.09 Q
Step I11: Calculation of I

26.09Q
A
70y —— <> 300
IL
B

Fig. 2.428



I

Example 14

70

~ 26.09+30

=125A

Thevenin’s Theorem

2.175

Find the value of current flowing through the 20 Q2 resistor.

10 Q
A%
5A<D §59 20Q 100V
Fig. 2.429
Solution
Step I: Calculation of Vy,
Removing the 20 Q resistor from the network,
10 Q
4
A
5A('1 5Q Vin =100V
® i
Fig. 2.430
From Fig. 2.430,
Vi =100V

Step II: Calculation of Ry,

Replacing the voltage source by a short circuit and the current source by an open circuit,

10Q

5Q

5Q

iy

RTh

TB

Fig. 2.431

(b)
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Step III: Calculation of I;

0Q
A
100V—— /D 20Q
IL
B
Fig. 2.432
100
I, =—=5A
20
Example 15
Find the value of current flowing through the 20 Q resistor.
10 Q 20 Q 5Q
10 V:F\N\ 40 8Q Q 2A
Fig. 2.433
Solution
Step 1: Calculation of Vy,
Removing the 20 € resistor from the network,
10 Q + _ 5Q
Q Vin O rdVAVAV

+ p—

+
10V —_— t) §4Q
Iy -

Fig. 2.434

10
' 10+4

I, =2A
Writing the V7, equation,
41—V, +81L,=0
Vin =4 (0.71) + 8 (2)
=18.84V

=0.7TA




Step 11 : Calculation of Ry,

Thevenin’s Theorem

Replacing the voltage source by short circuit and current source by an open circuit,

2.177

Rh Rrn
10Q 5Q
AVAVAY O O —0 oO——of
A B A B
o
4Q 8Q 2.86 Q; ;8 Q
o

(a) (b)

Fig. 2.435

Ry, =10.86 Q
Step III : Calculation of I;
10.86 Q
A
18.84 V — D 20Q
I
B
Fig. 2.436
18.84
;= ——=061A
10.86 + 20
Example 16
Find the value of current flowing through the 5 € resistor.
100 50 V 20 50 V
I ]

100V — 5Q 2Q 3Q

Fig. 2.437

Solution
Step I: Calculation of Vy,
Removing the 5 Q resistor from the network,
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10 Q S0V 29 S0V
¥ = L = i
Ad+ +(— +
100 V== V> 20 ) 30
h BY~ 1+ -
Fig. 2.438

Applying KVL to Mesh 1,

141,-21, =150 (1)
Applying KVL to Mesh 2,
-2(,-1)+50-35L,=0
-20L+5L,=50 2)
Solving Egs (1) and (2),
I, =12.88A
I, =1515A

Writing the V5, equation,
100-101, =V, =0
Vi, =100 —10 (12.88)
=-288V
=28.8 V (terminal B is positive w.r.t. 4)
Step II: Calculation of Ry,
Replacing voltage sources by short circuits,

10 Q 2Q
Ad
Ry, 2Q 3Q
BO
(a)
10 Q 2Q 10 Q 32Q
Ab AS
R, 1.2Q R,
BO BO
(b) (c)
Fig. 2.439

Ry =10]32=242Q



Step III: Calculation of I;

_ 2838
242+5

L

Example 17

242Q

28.8V o

L ()

=388A(T)

Fig. 2.440

Thevenin’s Theorem

5Q

2.179

Find the value of current flowing through the 10 Q resistor.

10 Q

15V—F—

Solution
Step I: Calculation of Vy,

2Q 2Q

1Q

10V

L oon—1L |

1Q

Fig. 2.441

Removing the 10 € resistor from the network,

10

15V =

Applying KVL to Mesh 1,

1Q

Fig. 2.442

“15-21,~1 (I, - L)~ 10— 11;=0
A —1,=-25

(M



2.180 Basic Electrical Engineering

Applying KVL to Mesh 2,
10-1(,-1)-2,-1,=0
-1,+41, =10 2)
Solving Egs (1) and (2),
I, =—6A
L=1A

Writing Vo, equation,
Vi t2L,+21,=0
Vi =21, + 21,
=2(-6)+2(1)
=-10V
=10V (the terminal B is positive w.r.t. 4)

Step 1I: Calculation of Ry,
Replacing voltage sources by short circuits,

- Ry
A B
2Q 2Q
1Q 10
1Q
Fig. 2.443

Converting the star network formed by resistors of 2 Q, 2 Q and 1  into an equivalent
delta network.

—— o Ry,

2Q 2Q
1Q 10
AAY
1Q
Fig. 2.444
2x2

R1=2+2+—1 =8Q

2x1
Rz=2+1+_;< =40



_ 0 Ryy —0————
A B

1.33Q

Thevenin’s Theorem  2.181

2x1
Ry =2+1+—=4Q
2
o R‘rh o
A l B
8Q
4Q 4Q
1Q 1Q
(a)
——o0 Ry, 00—
A Y B
8Q
0.8Q 0.8Q
(b)
Fig. 2.445
Ry, =133 Q
Step I11: Calculation of I
1.33Q
A
W
M0V__—_— 10 Q
B
Fig. 2.446
10
I, =———=088A(T
b133+10 )
Example 18
Find the value of current flowing through the 1 € resistor.
1A
(—)
N
2Q 3Q

4V —_— 1Q Q)SA

Fig. 2.447
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Solution
Step I: Calculation of Vy,

Removing the 1 Q resistor from the network,
1A

D
\_/
-

s 2 _SQ+
+ - l+ -
Ao+
V.

= O

Th
Iy
B T—

2Q

Fig. 2.448
Writing the current equation for meshes 1 and 2,

Writing V7, equation,
4-2,-L)-Vy, =0
Vip =4-2(-3-1)
=4-2(-4)
=12V
Step II: Calculation of Ry,
Replacing the voltage source by a short circuit and the current source by an open circuit,

O O
2Q 3Q
— VWV NV
Al !
RTh
B
T T
Fig. 2.449
Ry, =2Q
Step III: Calculation of I;
2Q
A
12V ) 10
IL
B

Fig. 2.450



12

I, =—— =4A
S |

Example 19

Thevenin’s Theorem

2.183

Find the value of current flowing through the 3 Q resistor.

2Q 1Q

l /\/\/\/
10V ;29 Q 10A

[

3Q

Fig. 2.451
Solution Step I: Calculation of V7,
Removing the 3 Q resistor from the network,
2Q 1Q

1ov% 20 Q 10A

Fig. 2.452

By source transformation,

2Q 1Q
AA A AVAYAY,
+
2Q
10V — ) s
I _|_20V

Fig. 2.453
Applying KVL to the mesh,
10-2/-2/-20=0
41 =-10
I1=-25A

Writing Vo, equation,
10-21-Vy, =0
Vip = 10-21



2.184 Basic Electrical

Engineering

=10-2(-2.5)

=15V

Step II: Calculation of Ry,
Replacing voltage source by a short circuit and current source by an open circuit,

Step III: Calculation of I;

2Q 1Q
AVAVAY AVAYAY OA
2Q Rn
o B
Fig. 2.454
Ry, =Q2)2)+1=1+1=2Q
2Q
A
15V = D 30
I
® B
Fig. 2.455
I, = i =3A
2+3

Example 20

Find the value of current flowing through the 60 €2 resistor.

10Q
VWA

80V o

50 Q

;609

;509

Fig. 2.456

[May 2014]
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Solution Step I: Calculation of V7,

_ 100
AN
+
50 Q l 50 Q
80V D TN Ao* ;
I 3 V1 I -
BO_
AW i
100
Fig. 2.457

Writing KVL equation in matrix form,

60 0 |1/ | |80
0 120||5,] |0
1,=2.67TA
I,=133A
Writing V7, equation,

80—-10(/, - 1) =V, —10,=0
=80-10(2.67 —1.33) - 10 (1.33)
=533V

Step II  Calculation of Ry,
Replacing voltage source by short circuit,

8.33Q
10Q VAV J)
AV A
50 Q A ; 50 Q Rrn
R TB
B¢ W
VAYAVAY
100 8.330
(a) (b)
Fig. 2.458
Ry, = 16.66 Q

Step III  Calculation of /;

16.66 Q
VAV A
53.3V D 60 Q
1
B

Fig. 2.459
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. 533
L 16.66+60

2.1 Find the value of current flowing through the 6 Q resistor.
10V o0

I AAN

4A<D 10Q 50 Q 3A 60

Fig. 2.460

[2.04 4]
2.2 Find the value of current flowing through the 2 Q resistor connected between
terminals 4 and B.

4Q 5Q
10V —/— 10 Q 2Q

Fig. 2.461
[1.26 A]
2.3 Find the value of current flowing through the 5 Q resistor.
5Q

L 30V

40V 20V
100V —(— —
20 € 6Q 79% 50V< 4Q

20V 10 Q

Fig. 2.462
[4.67 A]
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2.4 Find the value of current flowing through the 20 € resistor.
15Q 40 Q 21Q

Fig. 2.463
[1.54 A]
2.5 Calculate the value of current flowing through the 10 Q resistor.
10 Q
40 20
25V CR 7Q (?12 Vv
20 30
Fig. 2.464
[1.62 A]
2.6 Find the value of current flowing through the 2 Q resistor.
50 20|v 20
VY [
40V _‘, 10 Q =10V
Fig. 2.465
[9.375 A]
2.7 Find the value of current flowing through the 5 € resistor.
10V
|
|
8V —— 1Q 40
20 30
|
| T
50 12V

Fig. 2.466

[24]
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2.10 NORTON’S THEOREM

[Dec 2013]

It states that ‘Any two terminals of a network can be replaced by an equivalent current
source and an equivalent parallel resistance.’ The constant current is equal to the current
which would flow in a short circuit placed across the terminals. The parallel resistance
is the resistance of the network when viewed from these open-circuited terminals after all
voltage and current sources have been removed and replaced by internal resistances.

Network

By
<z

Fig.2.467 Norton’s theorem

Explanation The method of determining the load current through a given load resistance can be
explained with the help of the following circuit.

R, R Ry Ry

l A AN A
R, § R, R, § In

(c) (d)

Fig.2.468 Stepsin Norton’s theorem

2.10.1 Steps to be followed in Norton’s Theorem

1. Remove the load resistance R; and put a short circuit across the terminals.

2. Find the short-circuit current 7, or /.

3. Find the resistance R, as seen from points 4 and B by replacing the voltage sources
and current sources by internal resistances.
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4. Replace the network by a current source /,, in parallel with resistance R

5. Find current through Ry by current—division rule,

InRy
[L = —_— e—,|,|,™
Ry +R;

Example 1

For the given circuit in Fig. 2.539, find the Norton equivalent between points A and B.

1Q 1Q
A A A
10V ; 10 R.=2Q
B
Fig. 2.469 [May 2015]
Solution
Step I: Calculation of I
Replacing 2 Q resistor by short circuit,
1Q 1Q
A A A
10V=— D) % Q ) In
B
Fig. 2.470
Applying KVL to Mesh 1,
10-1/,-1(,-1,)=0
21, =15,=10 (1)
Applying KVL to Mesh 2,
-1(,-1)-1,=0
—1,+2,=0 ..(2)
Solving Egs (1) and (2),
[,=6.67A

L=1,=333A
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Step II: Calculation of Ry
Replacing voltage source by short circuit,

1Q 1Q
ANV AW oA
; 1Q ~—Ry
o B
Fig. 2.471
Step IlI: Norton’s equivalent network
A
333A(}) §1.5 Q 20
B
Fig. 2.172
Example 2
Find the value of current through the 10 £ resistor.
5Q
AAYAY
1Q
10 Q (D ap 215Q
2V

Fig. 2.473
Solution

Step I: Calculation of Iy
Replacing the 10 € resistor by a short circuit,

5Q

" IPCDZ‘D 150

Fig. 2.474



Applying KVL to Mesh 1,
2-11,=0
I, =2
Meshes 2 and 3 will form a supermesh.
Writing current equation for the supermesh,
L-1,=4
Applying KVL to the supermesh,
—51,-151; =0
Solving Egs (1), (2) and (3),

I,=2A
L=-3A
L=1A

Iy=1-5L,=2-(-3)=5A

Step II: Calculation of Ry

Norton’s Theorem  2.191

(M

2

A3)

Replacing the voltage source by a short circuit and current source by an open circuit,

5Q
|
1Q ~— Ry
il
Fig. 2.475
Ry=1](5+15=095Q
Step I11: Calculation of I
A
IL
SACD 0.95Q 10Q
B
Fig. 2.476
I, =5x% 095 043 A

10+0.95
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Example 3
Calculate the value of current flowing through the 15 €2 load resistor in the given circuit.
4Q 6Q
NV NV
+ 8Q
4A
Fig. 2.477 [May 2013]
Solution
Step I: Calculation of I
4Q 6 Q
AA%Y A%
8Q A
30V T D D Iy
h 4n " B
Fig. 2.478

Writing the current equation for the supermesh,
I, -1 =4 (1)
Writing the voltage equation for the supermesh,
30-41,-61,=0

41, + 61, =30 2)
Solving Egs (1) and (2),

I, =54A

IL,=14A

Iy=5L=14A



Step II: Calculation of Ry

Norton’s Theorem 2.193

4Q 6Q
AAAY AAAY
w L
~ Ry
T B
Ry=10Q
Fig. 2.479
Step III: Calculation of I;
0 A
I
1.4A<T> §1OQ §15Q
o B
Fig. 2.480
I, =14x =0.56 A
L 10+15
Example 4
Find the value of current flowing through the 10 L resistor.
537"
|
20 VJ_
;2 Q 10 Q
5Q

Fig. 2.481
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Solution
Step I: Calculation of I
Replacing the 10 Q resistor by a short circuit,

8Q 12V
in | F—q4
20V
2Q Iy
oaZ )
i l
B
Fig.2.482

Applying KVL to Mesh 1,
—51,+20-2(1,-1,) =0
71, -2, =20
Applying KVL to Mesh 2,
2(,-1))-8L,-12 =0
21, + 101, =-12
Solving Egs. (1) and (2),
1, =-0.67A
Iy=1=-0.67TA
Step II: Calculation of Ry,
Replacing voltage sources by short circuits,

8 Q

J)A

50 20 ~—Ry

e

Fig. 2.483

Ry=(5|12)+8=943Q
Step III: Calculation of I;

0.67 A (D 9430 10Q

Fig. 2.484

9.43

I, =0.67x ———=033A(T)

9.43+10

(M

2



Norton’s Theorem

Example 5

2.195

Find the value of current flowing in the 10 € resistor.

50 Q
20 Q
50V —=— 40 Q 10 Q
-|_ 10V
Fig. 2.485

Solution
Step I: Calculation of I,
Replacing the 10 € resistor by a short circuit,
50 Q

A
20Q
50V 40 Q Iy
—|— 0V
B
Fig. 2.486

The resistance of 40 Q becomes redundant as it is connected across the 50 V source.

40Q 1 20 9}
50 V- X Yy
I1

Fig. 2.487

Applying KVL to Mesh 1,
50-507,-20(,-1,)—10=0
701, -201, =40
Applying KVL to Mesh 2,
10-20(,-1,) =0
—2017,+207, =10
Solving Egs. (1) and (2),
I, =1A
L, =15A
Iy=L=15A

(M

2
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Step II: Calculation of Ry
Replacing voltage sources by short circuits, resistor of 40 € gets shorted.

50 Q
OA
- RN
40 Q 20Q
OB
Fig. 2.488

Ry =50][20 = 14.28 Q

Step III: Calculation of I; A
IL
14.28
[;=15x—=0.88A
f 428410 15a(1)  Zazso 100
B
Fig. 2.489
Example 6
Find the value of current flowing through the 10 Q resistor in Fig. 2.490.
6Q 2Q
10V L 10 3Q 10 Q
[ {
20V
Fig. 2.490
Solution
Step I: Calculation of Iy
Replacing the 10 € resistor by a short circuit,
6Q 2Q
L A
10V 10 3Q
T /) ) l}j In
I, A 3
} B
) 20V
Fig. 2.491
Applying KVL to Mesh 1,
10-6/,-1(,—-1)=0
70, -1, =10 1
Applying KVL to Mesh 2,

N ,—1)-2L,-3(,—I5) =0
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-1, +6I,-3;=0 2)
Applying KVL to Mesh 3,
3 (;-1,)-20=0
3,-3;=20 3)
Solving Egs. (1), (2) and (3), e 28 on
I, =-13.17A
Iy=L=-13.17TA 1Q 3Q =Ry

Step II: Calculation of Ry,

Replacing voltage sources by short circuits, Fig. 2.492
Ry=[6]|1)+2]]|3=146Q

Step III: Calculation of I;

oB

2Q
A
IL
1317 A 1.46 Q 10 Q
B
Fig. 2.493
I, =13.17 x _ 146 1.68 A(T)
1.46+10

Example 7

Find the value of current flowing through the 10 L resistor.
10 Q 20 Q 30 Q

Fig. 2.494

Solution
Step I: Calculation of Iy
Replacing the 10 € resistor by a short circuit,
A Iy B 20 Q 30Q

Fig. 2.495
Applying KVL to Mesh 1,
50-20(,-1,)-40=0
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207, - 201, =10
Applying KVL to Mesh 2,
40-20 (1, —1,)—20,-20(l,— ;) =0
—201, + 601, — 2015 = 40
Applying KVL to Mesh 3,
—20 (I;—1,)—30/;—100 =0
—201, + 5073 =—-100
Solving Egs. (1), (2) and (3),
I, =081A
Iy=1,=081A
Step 11: Calculation of Ry

Replacing voltage sources by short circuits,

Ry 20 Q 30 Q
AV B
20 Q 20 Q

Fig. 2.496
Ry =1[(2030)+20] ]| 20=12.3 Q

Step I11: Calculation of I

A
IL
0.81A 12.3 Q 10Q
B
Fig. 2.497
I, =0.81 x 123 G454
12.3+10

Example 8

(M

2

3)

Obtain Norton's equivalent network as seen by R;.

300 40V 00

RL
120 VIT %eog %309 _‘Lov

Fig. 2.498




Solution
Step I: Calculation of I
Replacing the resistor R; by a short circuit,

oo 40V 100 A

120V %GOQ j

Fig. 2.499

Applying KVL to Mesh 1,
120 -30/, - 60 ({,-1,) =0
907, — 607, = 120
Applying KVL to Mesh 2,
—-60 (I, —1,) +40—-10,,-30 ([, - 1;)=0
—601/, + 1007, — 307; =40
Applying KVL to Mesh 3,
-30(;-5L)+10=0
307, —30/; =-10
Solving Egs (1), (2) and (3),
=4.67A
Iy=5L=467A
Step II: Calculation of Ry,
Replacing voltage sources by short circuits,

30 Q 10 Q A Ry B
e}
60 Q 30Q
Fig. 2.500

Ry =1[(30]]60)+10] |30 =15Q
Step Il1: Norton's equivalent network

A
467A 15Q R,

B

Fig. 2.501

30@ 10V
)

Norton’s Theorem

2.199

(M

2

3)
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Example 9
Find the value of current flowing through the 8 € resistor.
5V
I
5A 120 40Q 2A 8Q
Fig. 2.502

Solution
Step I: Calculation of I
Replacing the 8 € resistor by a short circuit,

5V
I A
SA 120 4Q 2A Iy
B
Fig. 2.503

The resistor of the 4 € gets shorted as it is in parallel with the short circuit. Simplifying
the network by source transformation,

12Q 5

v

—AA—]| A

60V = 2A ) I
I, I

B

Fig. 2.504

Meshes 1 and 2 will form a supermesh.
Writing current equation for the supermesh,

L1, =2 (1)
Applying KVL to the supermesh,
60—-12/,-5=0
121, =55 )
Solving Egs (1) and (2),
I, =458 A
I, =6.58 A

Iy=1,=658A
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Step II: Calculation of Ry

Replacing the voltage source by a short circuit and the current source by an open circuit,

O A
120 4Q ~—Ry
OB
Fig. 2.505
Ry=124=3Q
Step III: Calculation of I; P
IL
6.58 A D 30 8Q
B
Fig. 2.506
15
[, =658x — =1.79A
2+3
Example 10
Find value of current flowing through the 1 (2 resistor.
2Q
AAVAY;
§ 10
1A<D §3Q Ay ;29
NV
2Q
Fig. 2.507
Solution
Step I: Calculation of I
Replacing the 1 € resistor by a short circuit,
oA
2Q
NV
IN
1A<D §3Q 1 v §29
NV OB
2Q

Fig. 2.508
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By source transformation,

20 )

I3

D 2
3Q 1v§29
3V
o)
NN OB
20Q

Fig. 2.509

Applying KVL to Mesh 1,
—3-3,-2(;,-5L)+1=0

51,-21, =-2 (1)
Applying KVL to Mesh 2,
-1-2,-1L)-21,=0
4, -2, =-1 )
Applying KVL to Mesh 3,
2(L-1)-2(-5)=0
21, -2, + 41, =0 3)
Solving Egs. (1), (2) and (3),
I, =-0.64 A
I, =—055A
I; =—059A

Step II: Calculation of Ry,
Replacing the voltage source by a short circuit and the current source by an open circuit,

20 2Q
oA
20
—AA— o— . o
A B
~Rw A AN
30 § 20 N 6
(b)
AAaY oB A 1.2Q 1Q B
2Q o AYAYAY AYAAY, o
(a) (c)
Fig. 2.510
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Step III: Calculation of I;

0.59A 220 1Q

Fig. 2.511

I, =0.59 x 2.2 =041A
22+1

$

Exercise 2.8

2.1 Find the value of current flowing through the 10 Q resistor.

6Q 2V 100 SQ
I
5V = 40 15Q =20V
Fig. 2.512
[0.68 A]
2.2 Find the value of current flowing through the 20 Q resistor.
10 Q 20 Q 5Q
10V—_ 4Q 8Q ({ 2A
Fig. 2.513

[0.61 4]
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2.3 Find the value of current flowing through the 2 Q resistor.

10 10V
I
5A <D 5Q 3Q 20
20V
|1
|1
Fig. 2.514
[54]
2.4 Find the value of current flowing through the 5 € resistor.
3Q 6 Q 6 Q
6 ACD 5Q 10Q 2A 3Q
|
| T
10V 2Q 4Q
Fig. 2.515
[4.13 4]
2.5 Find the value of current flowing through the 15 € resistor.
2Q 1Q
100 —12v 150 40 G 2A
Fig. 2.516
[0.382 A]
2.6 Find Norton’s equivalent network.
2Q 1Q 1Q
NN—O0 A
5V 2Q 22Q 1Q Q 2A
OB
Fig. 2.517

[1.84, 1.67
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2.7 Find Norton’s equivalent circuit for the portion of network shown in Fig. 2.518 to
the left of ab. Hence obtain the current in the 10 € resistor.

| o
L 4Q 6! 9Q 10 Q
i7v 295* oa 12V
- g o
[0.053 4]
2.1 MAXIMUM POWER TRANSFER THEOREM

[Dec 2012, 2015, May 2013, 2014]

It states that ‘the maximum power is delivered from a source to a load when the load
resistance is equal to the source resistance.’

4
Ry +R,

R

S

% D .

Fig. 2.519 Maximum power transfer theorem

2
. R
Power delivered to the load R, =P=P R, = V—Lz
(Rs +Ryp)
To determine the value of R; for maximum power to be transferred to the load,
ar _
dR,

P _d V?
dR, dR, (Rs+R,)*

R
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_ V’[(Rs +R,)> —(2R)(Rs + Ry)]
(Rs +R; )4

(Rs+ RL)2 —2R;  (Rg+R;) =0
RZ +R2+2R¢R, — 2R, Ry—2R,> =0
R; =Ry

Hence, the maximum power will be transferred to the load when load resistance is
equal to the source resistance.

2.11.1  Steps to be followed in Maximum Power Transfer Theorem

1. Remove the variable load resistor R;.

2. Find the open circuit voltage V7, across points 4 and B.

3. Find the resistance Ry, as seen from points 4 and B with voltage sources and current
sources replaced by internal resistances.

4. Find the resistance R; for maximum power transfer.

R, =Ry,
5. Find the maximum power.
R
I = Vin Vi L AR A
L Ry, +R, 2R
Th L Th
Vn D R =Ry,

!

V 2 V 2 T L
P =I2R, = 5 XRy=—1 . ok
max 4Ry 4Ry, Fig. 2.520 Equivalent circuit

Example 1

Find the value of resistance R; for maximum power transfer calculate maximum power.

2Q R,

2Q

T L. ]

2Q

3V 10V

Fig. 2.521

Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,



Maximum Power Transfer Theorem

2Q

Fig. 2.522

Applying KVL to the mesh,
3-21-21-6=0
I1=-075A
Writing V7, equation,
6+2]-Vy,—10=0
Vip =6+21-10
=6+2(-0.75)-10
=-55V
= 5.5V (terminal B is positive w.r.t 4)
Step II: Calculation of Ry,
Replacing voltage sources by short circuits,

20
RTh
A B
20
20
Fig. 2.523
Ryp=Q212)+2=3Q
Step III: Value of R,
For maximum power transfer
Step IV: Calculation of P,,,,
3Q
A
55V 30
B

Fig. 2.524

2.207
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Example 2

Find the value of resistance R; for maximum power transfer and calculate maximum power.

5Q
R, 4A
VT % #) T Y

Fig. 2.525

Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,

50
— + -
+|A +
1Q 50
. Vi 4n ) :
TB p 1, T 10V

8V

T

Fig. 2.526

Meshes 1 and 2 will form a supermesh.
Writing current equation for the supermesh,
L—-1,=4 (1)
Applying KVL to the supermesh,
8—11,-51,-5,-10=0
-6, -5,=2 2)
Solving Egs. (1) and (2),

I, =-2A
I,=2A
Writing V', equation,
8—11,—Vy, =0
Vin =81
=8-(-2)

=10V
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Step II: Calculation of Ry,

Replacing the voltage sources by short circuits and current source by an open circuit,

5Q
A
1Q l
Rrn 50
T B
Fig. 2.527

Ry, =101 1=0.91Q
Step III: Value of R,
For maximum power transfer

R, =R, =091 Q 0.91Q A
Step IV: Calculation of P,,,,
y2 1072 10V /— 0.91Q
iy = 2 = 0" 747w
4R, 4x0091 B
Fig. 2.528

Example 3

Find the value of the resistance R; for maximum power transfer and calculate the maximum

power.
10 Q 2Q

Fig. 2.529
Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,
10Q 2Q

A= AN o +A
+(= +
50 A D 593 3Q Virn
l1 )+ I2 _
o-B

Fig. 2.530
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For Mesh 1,
I, =50
Applying KVL to Mesh 2,
S ,—-1)-2,-3,=0
51,-10, =0
1, =2I,
I, =25A

Vi, =3L,=325)=75V
Step II: Calculation of Ry,
Replacing the current source by an open circuit,

10 Q 2Q
NMVV OA
50 3Q Ry,
oB
Fig. 2.531
Ry =7113=2.1Q
Step III: Value of R,
For maximum power transfer
R, =Ry, =2.1Q
Step IV: Calculation of P,,,,
21Q
A
75V 21Q
B
Fig. 2.532
2 2
o = i T3 60 64w
4R, 4x2.1
Example 4
Find the value of resistance R; for maximum power transfer and calculate maximum power.
3Q
> 6A 20 R,
10V 'l'
4Q

Fig. 2.533
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Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,

3Q
ANW—o A
- + +
+
1oV T, L - _
NV\N—o B
40

Fig. 2.534
Meshes 1 and 2 will form a supermesh.
Writing the current equation for the supermesh,
L1, =6 (1)
Applying KVL to the supermesh,
10-51,-2,=0

51,+2L, =10 2)
Solving Egs (1) and (2),
I, =-029A
L, =571A

Writing V', equation,
Vip =21,=11.42V
Step 1I: Calculation of Ry,
Replacing the voltage source by a short circuit and the current source by an open circuit,

3Q
A
5Q 2Q <~—Ry,
B

4Q

Fig. 2.535
Ry, =(5]12)+3+4=843Q
Step III: Value of R;
For maximum power transfer

R, =Ry, =843 Q
Step 1V: Calculation of P

max

8.43 Q

1142V — 8.43 Q

Fig. 2.536
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Vin _ (11.42)°
4Ry, 4x8.43

=387TW

max

Example 5

Find the value of resistance R; for maximum power transfer and calculate the maximum power.

10 Q

120vJT %RL 50 6A

Fig. 2.537

Solution

Step 1: Calculation of Vy,

Removing the variable resistor R; from the network,
10Q

IAC
L AJ)+ + 5
120V o 59/) 6A
—( [ BT— + 1,

Fig. 2.538
Applying KVL to Mesh 1,
120- 10/, - 5(/; - 1,) =0
151, - 51, =120 1)

Writing current equation for Mesh 2,

I, =-6 2)
Solving Egs (1) and (2),

I, =6A

Writing V', equation,
120101, =V, =0
Vi = 12010 (6)
=60V
Step 1I: Calculation of Ry,
Replacing the voltage source by a short circuit and the current source by an open circuit,

10 Q

A
R, S0

il

Fig. 2.539
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Ry, =10115=3.33Q
Step II: Value of R,
For maximum power transfer
R, =Ry, =3.33Q
Step 1V: Calculation of P

max

3.33Q
A
1 3.33Q
60V T
B
Fig. 2.540
Vi 60)°
P, = 0= CO" 7007w
4Rp, 4%3.33
Example 6
Find the value of resistance R, for maximum power transfer and calculate the maximum power.
10 Q
R, 3A 250Q 6Q
20V '|'
Fig. 2.541
Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,
10 Q
A $+ + -
Vin 3A K _25 Q g 6 Q
BT Te -
20V — l ly
Fig. 2.542
For Mesh 1,
1, =3 D
Applying KVL to Mesh 2,

25, —1,)— 101, — 61, =0
251, + 411, =0 @)
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Solving Egs (1) and (2),
I, =183A
Writing Vo, equation,
20+ Vo — 104, - 61, =0
Vin=-20+10 (1.83) + 6 (1.83)
=928V
Step II: Calculation of Ry,

Replacing the voltage source by a short circuit and the current source by an open circuit,

10 Q

Fig. 2.543
R, =251]116=9.76 Q
Step III: Value of R,
For maximum power transfer
R, =Ry, =9.76 Q
Step IV: Calculation of P,,,,

9.76 Q
A
928V — 9.76 Q
B
Fig. 2.544
2 2
po= i 028 oy

M 4Ry 4%9.76

Example 7

Find the value of resistance R; for maximum power transfer and calculate maximum power.

1Q 2Q 5Q

5V = <+ 1A ;109 S /gRL

Fig. 2.545
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Solution
Step I : Calculation of Vy,
Removing the variable resistor R; from the network,

1Q 2Q 5Q
T - T = o +A
+|- +
5V~ :) <+ 1A:>§ 100Q :> 3Q Vn
/1 I2 -1+ /3 -
o -B
Fig. 2.546

Meshes 1 and 2 will form a supermesh.
Writing the current equation for the supermesh,
L-1=1 (1)
Writing the voltage equation for the supermesh,
5-1,-10(,-5)=0

I,+10L,—-10L=5 2)
Applying KVL to Mesh 3,
-10(;-15)-25L-35L=0
-10,+151;=0 3)
Solving Egs (1), (2) and (3),
1,=038A
I,=138A
I;=092A

Writing V', equation,
Vin=315=2.76 V
Step II: Calculation of Ry,
Replacing voltage source by a short circuit and current source by an open circuit,

10 2Q 5Q
o A
§109 3Q ~— Ry,
o B
(a)
2Q 5Q 5Q

o A o A
0.91 Q§ § 3Q <~ Ry, 1.48 Q§ ~— Ry,
o B o B

(b) (c)
Fig. 2.547
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=6.48 Q

Step III: Value of R,
For maximum power transfer
R, =Ry, =648 Q
Step 1V: Calculation of P

max

6.48 Q
A
276 V—_— 6.48 Q
B
Fig. 2.548
2 2
QT gy

M AR, 4X6.48
Example 8

For the circuit shown, find the value of the resistance R for maximum power transfer and

calculate the maximum power.

8V

T6V

Fig. 2.549
Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network

= §>D§>?

Tev

Fig. 2.550
From Fig. 2.550,
L—1,=2
I, =-3A
Solving Egs (1) and (2),
I, =-5A

(M
2
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Writing V7, equation,
8-21,—1L,—Vy—6=0
Vip =8=2(-5)—-(-3)-6
=15V
Step II: Calculation of Ry,
Replacing the voltage sources by short circuits and the current source by an open circuit,

20 10 Rr,
O
A l B

2Q

Fig. 2.551
Ry, =5Q
Step 111: Value of R,
For maximum power transfer
R, =Ry, =5Q
Step 1V: Calculation of P,,,,

5Q
A
15V — 5Q
B
Fig. 2.552
2 2
P = o _ (15) =1125W

Example 9

Find the value of resistance the R; for maximum power transfer and calculate the maximum
power.

15Q R, 18 Q
AN AN
5Q 15Q 27 Q %QQ
10 Q 20Q 27 Q
|y
II
100V

Fig. 2.553
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Solution
Step I: Calculation of Vy,

Removing the variable resistor R; from the network,

15 Q A B 18 Q
oV, ©
+ _
5Q 15Q 27 Q 9Q
10Q 20 Q 27 Q
I
|I
100V
Fig. 2.554

By star-delta transformation,

Fig. 2.555

I 100
5+5+20+9+9
Writing V7, equation,
100 =51V, —91=0

=2.08A

Vi, = 100 — 147
=100 — 14(2.08)
=70.88 V

Step 1I: Calculation of Ry,
Replacing the voltage source by a short circuit,
© Rqp

9Q
5Q

5Q
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50 L g 9¢
—— A0 Ry 05 AN ——

5Q 9Q

5Q A B 9Q
— AAA—0 Ry 0 AAA——

9.920
(d)
Fig. 2.556
Ry, =23.92Q
Step III: Value of R;
For maximum power transfer
R, =R,=23.92Q
Step IV: Calculation of P,,,,
23.92 Q
A
70.88V —— 23.92Q
B
Fig. 2.557
2 2
i _ (7088)" 5251 W

P =
T 4Ry, 4%23.92

2.219
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Example 10
Find the value of resistance R; for maximum power transfer and calculate the maximum
power.
2A
5Q
N (~)
8OV T r 20V
RL
Fig. 2.558
Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,
50 2A
+ _
8OV T T 20V

Fig. 2.559

Applying KVL to Mesh 1,
80—51,—10(/, - 1,)—20(/;, - 1,)—20 =0

351, -30, =60
Writing the current equation for Mesh 2,
I, =2
Solving Egs (1) and (2),
I, =343A

Writing V7, equation,
Vin—20(,—1,)—20=0
Vi, =203.43 -2)+ 20
=48.6V
Step II: Calculation of Ry,

e
2

Replacing the voltage sources by short circuits and the current source by an open circuit,



Maximum Power Transfer Theorem  2.221

50
O [e;
10 Q 20 Q
A
RTh
T B
Fig. 2.560
Ry, =151120=8.57Q
Step III: Value of R,
For maximum power transfer
R; =Ry, =8.57Q
Step IV: Calculation of P,,,,
8.57 Q
A
486V —— 8.57 Q
B
Fig. 2.561

Vi _ (48.6)°

= =689 W
M 4R 4%8.57

Example 11

Find the value of resistance R for maximum power transfer and calculate the maximum
power.

100 206
100V T M
R
30 Q 40 Q
Fig. 2.562

Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,
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100V T
30Q = =40 Q
Fig. 2.563
I, = 100 =25A
10+30
I, = 100 =1.66 A
20+40

Writing V7, equation,
Vi + 101, =201, =0
Vin =201, — 107,
=20(1.66) — 10(2.5)
=82V
Step II: Calculation of Ry,
Replacing the voltage source by short circuit,

100 20Q
2R g
30Q 40 Q
Fig. 2.564
Redrawing the network,
100 20Q
A B
300 40Q
Fig. 2.565

Ry = (10 ]| 30) + (20 || 40) = 20.83 Q
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Step II: Value of R,
For maximum power transfer

R; =Ry, =20.83 Q
Step 1V: Calculation of P,

20.83 Q
A
82V 20.83 Q
B
Fig. 2.566

M 4Ry, 4%20.83

Example 12

For the given circuit find the value of R, for maximum power transfer and calculate the maximum
power absorbed by R;.

4Q 5Q
ZR
2Q 1Q 8Q
il P
|I
10V
Fig. 2.567 [Dec 2014]

Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,

Fig. 2.568
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Applying KVL to Mesh 1,
10-21,-1(,-1,)-8U,-1,)=0

111, -91,=10
Applying KVL to Mesh 2
41, -5,-8(,-1,))-1U,-1;)=0
91, + 181,=0
Solving Eqgs (1) and (2),
I,=154A
I,=07TA

Writing Vi, equation,
-1U,-1)—-4l,- V=0
Vi =-1U, - 1)) - 41,
=-1(0.77 - 1.54) - 4(0.77)
=-231V

=2.31 V (the terminal B is positive w.r.t. A)

Step II: Calculation of Ry,
Replacing the voltage source by a short circuit,

Fig. 2.569

Redrawing the network,

Fig. 2.570

)

2)
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Converting the upper delta into equivalent star network,

4x2

| =———=0.73Q
4+2+5
4
R = 10
4+2+5
2
=2%2 _g910
4+2+5

Fig. 2.571

Fig. 2.572

Simplifying the network,

1.82Q

1.73Q 8.91Q

B
Fig. 2.573

Ry, =1.82+(1.7311891)=3.27 Q

Step III: Value of R,
For maximum power transfer
R, =Ry, =327Q
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Step IV: Calculation of P

max

3.72Q
WW A
231V — 3.27Q
B
Fig. 2.574

VR (2317
T 4Ry, 4x3.27

=041W

Example 13

Determine the value of R for maximum power transfer. Also find the magnitude of maximum
power transferred.

1 gsog
100V T 404

60 Q ?509

Fig. 2.575 [Dec 2012]

Solution
Step I: Calculation of Vy,

L Uh + lp
400 50 Q
100V T - * (=

+ A B av+
60 Q 50 Q

Fig. 2.576

_ 100 “ 1A
40+ 60

. 100
2 50+50

I

1A
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—401,+ Vi —2+ 501, =0
—40(1) + Vi, — 2+ 50(1) =0

Step II: Calculation of Ry,

Vi, =-8V
=8 V (terminal B is positive w.r.t. 4)

%mg 00
‘) RTh o
A B
60 Q 50 Q
(a)
40 Q 50 Q
VWV VWV
Ao— ——o B
A% NV
60 Q 50 Q
(b)
24 Q 25Q
AC A% A% oB
()
29Q
Ac NV °B
(d)
Fig. 2.577
Ry, =49 Q
Step I11: Value of R
For maximum power transfer
R=Rp,=49 Q
Step 1IV: Calculation of P,,,,
8V —
49 Q
B

Fig. 2.578
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i _ @)
P .= = =033 W
T 4Ry 4x49
Example 14
Find the value of resistance R; for maximum power transfer and calculate the maximum
power.
6Q Al
= A%
72V 50
3Q 40
Fig. 2.579
Solution

Step I: Calculation of Vy,
Removing the variable resistor R; from the network,

22V

Fig. 2.580
Applying KVL to Mesh 1,
72-61,-3(,-1,)=0
91, -3, =72
Applying KVL to Mesh 2,
=3 (,-1)-2,-4,=0
-31,+9, =0
Solving Egs (1) and (2),
I, =9A
I, =3A

Writing V7, equation,
Vin—6[, -2, =0

Vi =61, +2L,=6 (9) +2 (3)=60 V

(M

2
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Step II: Calculation of Ry,
Replacing voltage source by a short circuit,

A 2Q
6 Q R
. ThB o \O
& 50 :
4Q
2Q
RTh
3Q 4Q
B
(a) (b)
Fig. 2.581

Ry =[(6][3) +2][[4=2Q
Step III: Value of R,

For maximum power transfer

Step IV: Calculation of P,,,,
2Q
A
60V & 2Q
B
Fig. 2.582
_ V(60 _
P = IR, T axa 450 W

Example 15

For the circuit shown, find the value of the resistance R; for maximum power transfer and
calculate maximum power.

10 Q 2Q

25A D 50 Q 10A é’RL 10 Q —30V

Fig. 2.583
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Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,

10 Q 20
+OA
25A D 5Q Q 10 A Vi, 10 Q — 30V
_oB
Fig. 2.584

By source transformation, the current source of 25 A and the 5 € resistor is converted
into an equivalent voltage source of 125 V and a series resistor of 5 Q. Also the voltage
source of 30 V is connected across the 10 Q resistor. Hence, the 10 Q resistor becomes
redundant.

10 Q 2Q
50 +OA
10A( 4 Vin —=30V 100
D,
125V —|—
Fig. 2.585
Applying KCL at node,
VTh—IZS_ 10+ VTh_3O :0
15 2

Vo, =58.81V

Step II: Calculation of Ry,
Replacing the voltage source by a short circuit and the current sources by open circuits,

10Q 2Q
LA

50 Ry 10Q
0B

Fig. 2.586
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Simplifying the network,

LA
15 Q Rqp 2Q
OB
Fig. 2.587
Ry, =15]2=1.76 Q
Step 111: Value of R,
For maximum power transfer
R, =Ry, =1.76 Q
Step 1V: Calculation of P,,,,
1.76 Q
A
58.81V —— 1.76 Q
B
Fig. 2.588
2 2
_ T G887 g1 05w

4R, 4x1.76

Example 16
Find the value of R; for maximum power transfer and calculate maximum power.
5A
A\~
1Q 20
10V/R2Q = Q 5A ézg ,§’RL
-[ 5A

Fig. 2.589

[Dec 2015]
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Solution
Step I: Calculation of Vy,

Removing the variable resistor R; from the network,

5A
AW oA
+
1Q "o
10V2Q == (P)sa §2Q Vi
T5A
— o8B
Fig. 2.590

By source transformation, the current source of 5 A and parallel resistor of 2 € is converted
into an equivalent voltage source of 10 V and series resistor of 2 . Similarly, the other
current source of 5 A and parallel resistor of 1 Q is converted into an equivalent voltage
source of 5 V and series resistor of 1 Q.

5V 1qQ
II —_

— o
il 1 * +
10V 10V *<o0
" D
_ Ll v
5A Th
S+

2Q 2Q
I

+

Fig. 2.591

Applying KVL to Mesh 1,
—20,+10-10-2(1,-1,) =0

41, -21, =0 (1)
Applying KVL to Mesh 2,
2, -1,)+10+5-1,-2,-5=0
21, + 51, =10 2)
Solving Egs (1) and (2),
I, =125A
I, =25A
Writing V7, equation,
5+2L -V, =0
Vi =5+21,
=5+2(2.5)

=10V
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Step 1I: Calculation of Ry,

Replacing the voltage sources by short circuits and current sources by open circuits,

1Q
MV °A
2Q § § 2Q § 29 Rp
40 B
Fig. 2.592
By series-parallel reduction technique,
1Q
MY ° A ° A
20% 20 Rr, 202 220 R
(a) (b)
—o A
10 § Rrn
B * ) B
(c)
Fig. 2.593
Ry =1Q
Step III: Value of R,
For maximum power transfer
Step IV: Calculation of P,,,,
1Q
A 9 A
10V — 2120

Fig. 2.594
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Vi o (10)
S _097_ osw
4Ry, 4x1
Example 17
For the given circuit, find the value of ‘R;’so that maximum power is dissipated in it. Also, find
P
20 1o|v
i YAAYAY 1|
8V T~
10Q R,
VVV VAV
2Q 3Q
I WA
12V 80
Fig. 2.595 [Dec 2013]
Solution
Step I: Calculation of Vy,
Removing the resistor R; from the network,
20 10V
i
[ I
Wt ) g
] Vih
1 —
Bo_
VYWE =
T 20 T30
»
I A
! 80
12V
Fig. 2.596
Applying KVL to Mesh 1,
8-21,-11,-2(/,-1,) =0
51,-21,=8 )

Applying KVL to Mesh 2,
=2(,-1,)-3,-8L,+12=0
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21, + 131, =12 2)
Solving Egs. (1) and (2),
I, =21A
I,=125A

Writing V7, equation,
1, +10- V5, +3L,=0
Vi = 11, + 10 + 31,
=1(2.1) + 10 + 3(1.25)

=1585V
Step II: Calculation of Ry,

Replacing the voltage sources by short circuits,

2Q
— o l
w 1TQ ! Rth
R, BY
2Q 3Q

8 Q
Fig. 2.597

Converting the delta network formed by resistors of 2 2, 1  and 2 Q into equivalent star
network,

2x1
= :0.49
R, 24142
- 2 40
20 241+2
2x%x2
R.= =0.8Q
324142

8Q

Fig. 2.598
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Simplifying the network,

0.4 Q
VWV oA
34Q
VW Rm
VWV OB
8.8Q
(a)
2.45 0.4 Q
VW VVV\ oA
Rrh
OB
(b)
Fig. 2.599
Ry, =2.85Q
Step III: Value of R;
For maximum power transfer
R, =Ry, =2.85Q
Step IV: Calculation of P,,,,
2.85Q
YA%A'AY A
15685V " 2850
B
Fig. 2.600
Vi, (15.85)
P == US89 _ s oaw
4Ry, 4x2.85
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Example 18

For the circuit shown, find the value of the resistance R; for maximum power transfer and
calculate maximum power.
20 1‘2 v 20
\
|1

6}\}/7

4Q 5Q

10V=— 10Q é’EL
4A svT

Fig. 2.601

Solution
Step I: Calculation of Vy,
Removing the variable resistor R; from the network,

20 122V 20 6V
AAA—| o +a
40 +
5Q
10 Q 10V /) - Vi
4v ! 8V
1 oms
Fig. 2.602
Applying KVL to the outer path,
10-2/-12-5I-8=0
10
I=——=-143A
Writing V7, equation, 7
8+5[+6—-Vy, =0
Vi, =8+6+51
=8+6+5(-143)
=685V

Step II: Calculation of Ry,
Replacing voltage sources by short circuits and current source by an open circuit,

20 20
AA%Y OA
40

10Q 50 R

Fig. 2.603
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Ry =(215)+2
=343Q
Step III: Value of R,
For maximum power transfer
R, =Ry, =343 Q
Step 1V: Calculation of P,

max

3.43Q
A
6.85V—_— 343 Q
B
Fig. 2.604
_ Vi _ (6.85)° oW

T4R., 4x3.43

3

Exercise 2.9

2.1 Find the value of the resistance R; for maximum power transfer and calculate
maximum power.
30 1Q

6V 20 10 (4)24 R,

Fig. 2.605

[1.75 2, 1.29 W]
2.2 Find the value of the resistance R; for maximum power transfer and calculate the
maximum power.

20
40 5Q
50 V—— A%
2Q 8Q
Fig. 2.606

[4.51 Q, 4.95 W]
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2.3 Find the value of the resistance R; for maximum power transfer and calculate the

maximum power.
30 60Q
90
110V —
E%k/ﬁg

Fig. 2.607

[2.36 £, 940 W]
2.4 Find the value of the resistance R; for maximum power transfer and calculate the
maximum power.

8A
()
N

2A

2Q

2V Q 2Q
N

Fig. 2.608

[2.18 £, 29.35 W]
2.5 Find the value of the resistance R; for maximum power transfer and calculate the
maximum power.

60 30 30 A

18V —— 6Q 6Q 3Q

Fig. 2.609

[2.Q 0.281 W]
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2.6 Find the value of the resistance R; for maximum power transfer and calculate the

maximum power.
3Q

2Q

Q 6A 20 R,

3V

2Q
Fig. 2.610

[6 £ 2.52 W]
2.7 Find the value of the resistance R; for maximum power transfer and calculate
maximum power.

40 Q 50 Q
R, 2V
100V —/
60 Q 50 Q
Fig. 2.61

[49 Q 0.32 W]

Review Questions

2.1 State and explain Kirchhoff’s voltage and current law.

2.2 Define delta network and star network and derive the formulae to convert a delta
network into its equivalent star network.

2.3 Derive the formulae to convert star connected network into its equivalent delta
connected network.

2.4 State and explain superposition theorem.

2.5 State and explain Thevenin’s theorem.

2.6 State and explain Norton’s theorem.

2.7 State and prove maximum power transfer theorem.

$

Multiple Choice Questions

Choose the correct alternative in the following questions:
2.1 The nodal method of circuit analysis is based on
(a) KVL and Ohm’s law (b) KCL and Ohm’s law
(¢) KCL and KVL (d) KCL, KVL and Ohm’s law



2.2

2.3

24

2.5

2.6

Multiple Choice Questions  2.241

A network contains only an independent current source and resistors. If the values
of all resistors are doubled, the value of the node voltages will

(a) become half (b) remain unchanged

(c) become double (d) none of these
Superposition theorem is not applicable to networks containing

(a) nonlinear elements (b) dependent voltage source
(c) dependent current source (d) transformers

The value of R required for maximum power transfer in the network shown in

Fig. 2.612 is
5Q 4Q

25y T 20Q CD:«;A R

Fig. 2.612

(a) 2Q (b) 4Q (c) 8Q (d) 16 Q
The maximum power that can be transferred to the load R; from the voltage source
in Fig. 2.613 is

100 Q
10V R,
Fig. 2.613
(a 1W (by 10W (c) 025W (d 05W
The value of R; for maximum power transfer is
9Q
NV
6 Q 6Q
NV %%

2 VCD §6 a (A §9 Q/?RL

Fig. 2.614

(a) 3Q (b) 1.125Q (c) 4.1785Q  (d) none of these
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2.7 The Thevenin impedance across the terminal 4B of Fig. 2.615 is

OA

2Q

1A(4 30 20
® S

OB

2Q

Fig. 2.615
(a) 22Q ® 20 © 9Q @ Lo
9 5

2.8 The Thevenin equivalent of the network shown in Fig. 2.616(a) is 10 V in series
with a resistance of 2 Q. If now, a resistance of 3 € is connected across AB as
shown in Fig. 2.616(b), the Thevenin equivalent of the modified network across
AB will be

______

——OA —O A
Network Network gﬁ
——OB -0 B

(a) ®
Fig. 2.616

(a) 10V in series with 1.2 Q resistance
(b) 6V in series with 1.2 Q resistance
(c) 10V in series with 5 € resistance
(d) 6V in series with 5 Q resistance
2.9 The current /, in the circuit of Fig. 2.617 is equal to

11=5A [2=3A
—_— -
AN AN
A
0\\)

®»

WV WV
— ~—
14=? [3=4A

Fig. 2.617
(a) 12A (b) -12A (c) 4A (d) none




Multiple Choice Questions

2.10 The voltage V in Fig. 2.618 is equal to

O

5V §2Q 4v

w
[®)

E

+
<
|

Fig. 2.618
(a) 3V (b) 3V (c) 5V (d) none
2.11 The voltage V'in Fig. 2.619 is equal to

2A
2Q
Ho—(——Wh
"4 5V
L 5
Fig. 2.619
(a) 9V (b) 5V (c) 1V (d) none
2.12 The voltage V in Fig. 2.620 is
3Q
o AN
$
\Y 10V 5A
o
Fig. 2.620
(a) 10V (b) 15V (c) 5V (d) none

2.13 In the circuit of Fig. 2.621, the value of the voltage source £ is

Vy \/oov

2V 1V

4v 5V
Vi /\01ov

Fig. 2.621

T
o8

(@) -16V (b) 4V ) -6V d) 16V

2.243
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2.14 The voltage V, in Fig 2.622 is

49 20
WA ; WA
12v— 403V 220
Fig. 2.622
4
(@) 2V () 3V © 4V d 8V

215 If R, =R, =R, =R and R; = 1.1 R in the bridge circuit shown in Fig. 2.623, then
the reading in the ideal voltmeter connected between a and b is

Ry
R b
10V (V)=
a R3
Rz
Fig. 2.623
(a) 0238V (b) 0.138V () —0238V  (d) 1V
2.16 The voltage across terminals a and b in Fig. 2.624 is
2Q a 1Q
AN
1V 220 3A
b
Fig. 2.624
(@) 0.5V (b) 3V () 3.5V d) 4V

2.17 A delta-connected network with its wye-equivalent is shown in Fig. 2.625. The
resistors R, R, and R; (in ohms) are respectively

a
a

R4

Ry Rs

b 15 Q ¢ b
Fig. 2.625
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2.19

2.20

2.21

2.22

Multiple Choice Questions  2.245

(a) 1.5,3and 9 (b) 3,9and 1.5
(¢) 9,3and 1.5 (d) 3,1.5and 9

If each branch of a delta circuit has resistance \/gR, then each branch of the
equivalent type circuit has resistance

R R
— b) 3R 33 R d —
@ 7 (b) © 33 @
The voltage V; in the Fig. 2.626 is
20
Liev

+

8A<> §1OQ - §129 Vo

Fig. 2.626

(a) 48V (b) 24V () 36V d) 28V

If V=4 in Fig. 2.627 the value of /; is given by

10
MW

Is<> 403 20% zgé%

Fig. 2.627
(a) 6A (b) 25A (c) 12A (d) none of these
The value of V,, V, and V_ in Fig. 2.628 shown are

+ Vy— + Vy— +V,-
1
+ + + +
8V 2v([] 1v[] 2V
Fig. 2.628
(a) —6,3,-3 b)) -6,-3,1 () 6,3,3 d 6,1,3

Viewed from the terminal 4B, the following circuit can be reduced to an equivalent
circuit of a single voltage source in series with a single resistor with the following
parameters:
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Fig. 2.629

(a) 5 volt source in series with a 10 € resistor
(b) 1 volt source in series with a 2.4 € resistor
(c) 15 volt source in series with a 2.4 € resistor
(d) 1 volt source in series with a 10 € resistor

2.23 Consider the star network shown in Fig. 2.630. The resistance between terminals
A and B with C open is 6 Q, between terminals B and C with 4 open is 11 Q and
between terminals C and 4 with B open is

A
Ra
Rp Rc
B
C
Fig. 2.630
() Ry=4Q, Rz=2Q, R-=5Q
b)) Ry;=2Q, Ry=4Q, R-=7Q
(c) Ry=3Q, Rz=3Q, R-=4Q
(d) Ry=5Q, Ry=1Q, R-=10Q
2.24 In Fig. 2.631, the value of R is
RQ
A%
14 Q 1Q
A% A%
10A 4 \5A
2Q
1oov@ ©4ov
Fig. 2.631

(a) 10 Q (b) 18 Q (c) 24 Q d)12Q



2.1 (b)

2.7 (a)
2.13 (a)
2.19 (d)

Multiple Choice Questions

Answers to Multiple Choice Questions

2.2 (¢)
2.8 (b)
2.14 (¢)
2.20 (a)

2.3 (a)
2.9 (b)
2.15 (¢)
2.21 (d)

2.4 (¢)
2.10 (a)
2.16 (¢)
2.22 (b)

2.5 (¢)
2.11 (d)
2.17 (d)
2.23 (b)

2.6 (a)
2.12 (a)
2.18 (a)
2.24 (d)

2.247
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3.1 GENERATION OF ALTERNATING VOLTAGES

An alternating voltage can be generated either by rotating a coil in a stationary magnetic
field or by a rotating a magnetic field within a stationary coil. In both the cases, the
magnetic field is cut by the conductors or coils and an emf'is induced in the coil according
to Faraday’s laws of electromagnetic induction. The magnitude of the induced emf
depends upon the number of turns of the coil, the strength of the magnetic field and the
speed at which the coil or magnetic field rotates.

Consider a rectangular coil of N turns of area 4 m? and rotating in anti-clockwise
direction with angular velocity of @ radians per second in a uniform magnetic field as

shown in Fig. 3.1(a). ¥
o rad/s
N

Coil

X’

(b)

Fig. 3.1 Generation of alternating voltage

Let ¢,, be the maximum flux cutting the coil when its axis coincides with the XX axis
(reference position of the coil). Thus when the coil is along XX’, the flux linking with it
is maximum, i.e., ¢,,. When the coil is along YY”, i.e., parallel to the lines of flux, the flux
linking with it is zero.

The coil rotates through an angle 6 = wt at any instant ¢.

At this instant, the flux linking with the coil is

¢ = ¢, cos wt



Terms Related to Alternating Quantities 3.3

According to Faraday’s laws of electromagnetic induction,

= _ Nﬂ e
. Ve
= —=N—(¢,, cosar) i
dt 5 — 3. 2. 0 o
=N ¢,, ®sin @t 2 12
= E, sin ot B B
where E =No o Fig.3.2 Sinusoidal waveform
m m
= maximum value of induced emf
When wt =0, sin wt =0, e=0
/4 .
When a)t=5, smE=1 e=FE,

If the induced emf is plotted against time, a sinusoidal waveform is obtained.

3.2 TERMS RELATED TO ALTERNATING QUANTITIES

[May 2015]

Waveform A waveform is a graph in which the instantaneous value of any quantity is
plotted against time. Figure 3.3 shows a few waveforms.

Cycle One complete set of positive and v v
negative values of an alternating quantity is
termed a cycle.

‘ —t t

Frequency The number of cycles per second of
an alternating quantity is known as its frequency. v
It is denoted by f'and is measured in hertz (Hz)

or cycles per second (c/s).

Time Period The time taken by an alternating
quantity to complete one cycle is called its time
period. It is denoted by 7 and is measured in seconds.

AL
S

Amplitude The maximum positive or negative value of an alternating quantity is called
the amplitude.

Fig.3.3 Alternating waveforms

Phase The phase of an alternating quantity is the time that has elapsed since the quantity
has last passed through zero point of reference.

Phase Difference This term is used to compare the phases of two alternating quantities.
Two alternating quantities are said to be in phase when they reach their maximum and
zero values at the same time. Their maximum value may be different in magnitude.
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A leading alternating quantity is one which reaches its maximum or zero value earlier
compared to the other quantity.

A lagging alternating quantity is one which attains its maximum or zero value later
than the other quantity.
V8 A plqs (+) sign, when u‘sed iI,l connection With the

phase difference, denotes ‘lead’ whereas a minus (—)

ARy sign denotes ‘lag’.

g~ \></ v, =V, sin ot

vg =V, sin (@t + ¢)
Here, the quantity B leads 4 by a phase angle ¢.

Fig.3.4 Phase difference

3.3 ROOT MEAN SQUARE (RMS) OR EFFECTIVE VALUE

Normally, the current is measured by the amount of work it will do or the amount of heat
it will produce. Hence, rms or effective value of alternating current is defined as that value
of steady current (direct current) which will do the same amount of work in the same time
or would produce the same heating effect as when the alternating current is applied for
the same time.

Figure 3.5 shows the positive halfcycle ofanon-sinusoidal alternating current waveform.
The waveformis divided in m equal intervals with the instantaneous currents, these intervals
being i, i, ..., i,,. This waveform is applied to a circuit consisting of a resistance of R ohms.

t t t
Then work done in different intervals will be (ilsz—j, (i%Rx—), ey (i,in—j
m m m

joules.

Thus, the total work done in ¢ seconds on applying an alternating current waveform to
T R

a resistance R = ™LX Rt joules

m

Let / be the value of the direct current that while flowing through the same resistance
does the same amount of work in the same time ¢. Then

2 2 2
[ O

PRt = X Rt

m

2 2 2
_ g iy iy,

Lttty _,|i|<_ m
m

Fig.3.5 Mid-ordinate method

Hence, rms value of the alternating current is given by

2 2 2
I+, +...+1 R
Iins = \IIZT'" = \/Mean value of (i)




Root Mean Square (rms) or Effective Value 3.5

The rms value of any current i(f) over the specified interval ¢, to ¢, is expressed
mathematically as

The rms value of an alternating current is of considerable importance in practice
because the ammeters and voltmeters record the rms value of alternating current and
voltage respectively.

3.3.1 RMS Value of Sinusoidal Waveform
v="V,sin 0 0<6<2rm

1 2n
Vo= |— j v (6)d6

T / o

| Py 2n
- \/z_jVjsinzede

T Fig. 3.6 Sinusoidal waveform

221
- V—’" J sin’0d 0

2r 0

221
_ \/V_mj-[l cos29) 46

Ty 2
_ \/V_j[g_sin29}2ﬂ

2r| 2 4

p2
= \/_m{2_7r_0_0+0}

2w 2

2
N2
U

V2

=0.707 1V,

Crest or Peak or Amplitude Factor It is defined as the ratio of maximum value to rms
value of the given quantity.
Maximum value

Peak factor (kp) - rms value
valu
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3.4 AVERAGE VALUE

The average value of an alternating quantity is defined as the arithmetic mean of all the
values over one complete cycle.

In case of a symmetrical alternating waveform (whether sinusoidal or non-sinusoidal),
the average value over a complete cycle is zero. Hence, in such a case, the average value
is obtained over half the cycle only.

Referring to Fig. 3.5, the average value of the current is given by

iy .ty
avg = m
The average value of any current i(¢) over the specified interval ¢, to ¢, is expressed
mathematically as
)

|
Ly, = [i)ar

274,
3.4.1 Average Value of Sinusoidal Waveform [Dec 2013]
v=7V,,sin 0 0<0<2rm

Since this is a symmetrical waveform, the average value is calculated over half the cycle.

avg

V.. = ljv(e)de
n 0

171'
= —[7,sin6 d6
n-O

v,
= —mISInG do Fig.3.7 Sinusoidal waveform
T 0
v
= 2 [-cosO]}
T

= Do
T

2w,

T
=0.637V,

Form Factor It is defined as the ratio of rms value to the average value of the given
quantity.

1
Form factor (k) = 1S vatue

Average value
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Example 1

An alternating current takes 3.375 ms to reach 15 A for the first time after becoming
instantaneously zero. The frequency of the current is 40 Hz. Find the maximum value of the

alternating current. [May 2014]
Solution i=15A
t=3375ms
f=40Hz
i=1,sin2nft
15=1,sin (2 x 180 x 40 X 3.375x 1073) (angle in degrees)
15=1,%x0.75
I,=20A
Example 2

An alternating current of 50 c/s frequency has a maximum value of 100 A. (i) Calculate its value

1
500 second and after the instant the current is zero. (ii) In how many seconds after the zero

value will the current attain the value of 86.6 A?

Solution f=50c/s
I, =100 A

(i) Value of current i second after the instant the current is zero
i=1,sin2nft
= 100 sin (2 x180x 50 % &) (angle in degrees)

= 100 sin (30°)
=50A
(i1) Time at which current will attain the value of 86.6 A after the zero value
i =1,sin 2mft

86.6 = 100 sin (2 x 180 x 50 X 1) (angle in degrees)
sin (18000 7) = 0.866
18000 ¢ = 60°

t= L second
300
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Example 3

An alternating current varying sinusoidally with a frequency of 50 c/s has an rms value of
20 A. Write down the equation for the instantaneous value and find this value at (i) 0.0025 s, and
(ii) 0.0125 s after passing through zero and increasing positively. (iii) At what time, measured
from zero, will the value of the instantaneous current be 14.14 A?

Solution f=50c/s
I..=20A

I, =1,.xN2 =202 =2828A
Equation of current, i = [, sin 27ft
= 28.28 sin (1007 x ¢)

= 28.28 sin (100 x 180 X #) (angle in degrees)
(1) Value of current at ¢ = 0.0025 second
i = 28.28 sin (100 x 180 x 0.0025) (angle in degrees)
= 28.28 sin (45°)
=20A
(i1) Value of current at # = 0.0125 second
i =28.28 sin (100 x 180 x 0.0125) (angle in degrees)
= 28.28 sin (225°)
=-20A

(ii1) Time at which value of instantaneous current will be 14.14 A
i = 28.28 sin 1007t

14.14 = 28.28 sin 18000 ¢ (angle in degrees)
sin 18000 ¢ = 0.5
18000 ¢ = 30°
t = 1.66 ms

Example 4

An alternating current of 60 Hz frequency has a maximum value of 110 A. Calculate (i) time
required to reach 90 A after the instant current is zero and increasing positively, and (ii) its

value 4 second after the instant current is zero and its value decreasing thereafter.
600
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Solution f=60Hz
I,=110A

(1) Time required to reach 90 A after the instant current is zero and increasing positively.
i =1,sin2mft '

1

90 = 110 sin (2 X 180 x 60 X ©) oA (2ngle in degrees)
sin 21600 ¢ = 0.818 5 7 7t
21600 ¢ = 54.88° 2\/
t =2.54 ms Fig. 3.8

(i1) Value of current L second after the instant current is zero and decreasing
thereafter. 0
From Fig. 3.8,
1
600
1

=

600
1 1
+ —_—
2x60 600
=0.01s
i =1, sin2xft
=110 sin (2 X 180 x 60 x 0.01) (angle in degrees)
=—-64.66 A

T
2

1
—+
2f

Example 5

A sinusoidal wave of 50 Hz frequency has its maximum value of 9.2 A. What will be its value at
(i) 0.002 s after the wave passes through zero in the positive direction, and (ii) 0.0045 s after
the wave passes through the positive maximum.

Solution f=50Hz
I,=92A
(i) Value of current at 0.002 s after the wave passes through zero in the positive direction
i=1,sin2mft
= 9.2 sin (2 X 180 x 50 x 0.002) (angle in degrees)
=541A
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(i1) Value of current 0.0045 s after the wave passes through the positive maximum
From Fig. 3.9,

t= T +0.0045
4

- L 1 0.0045
4f

= ! +0.0045
4x50

=9.5ms
i=1,sin2mft
=9.2sin(2x 180 x50 % 9.5x107%) (angle in degrees)
=144A
Example 6

An alternating current varying sinusoidally with a frequency of 50 Hz has an rms value of
current of 20 A. At what time measured from negative maximum value will the instantaneous

current be 102 A?

Solution i)
Jf=50Hz 28.28 A f---- :
I..=20A 1414 AT~ 1 ---------------------
(i) Time at which instantaneous current 0 T I 13T /T ~!
will be 1032 A SN
i= 1042 A=14.14A Fig. 3.10
I =12 =202 =2828A
i =1,sin2mft
14.14 = 28.28 sin (2 X 180 x 50 X ¢) (angle in degrees)
0.5 = sin (18000 ¢)
18000 ¢ = 30°
t=1.67 ms

(i) Time, measured from negative maximum value, at which instantaneous current will
be 10v2 A

t= = +1.67x1073
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-1 iie7x107
4 x50
= 6.67 ms
Example 7
An alternating voltage is represented by v = 141.4 sin 377t. Find (i) max-value (ii) frequency
(iii) time period. [May 2016]
Solution v=14145sin3771¢

(i) Maximum value

Comparing with the equation v =V, sin 27/,

V,=1414V
(i) Frequency
2nf =377
377
= — =60H
! 2n “
(iii) Time period
1 1
T=—=—=16.67Tms
f 60
Example 8
An alternating voltage is given by v = 141.4sin 314t. Find (i) frequency, (ii) rms value,
(iii) average value, and (iv) instantaneous value of voltage, when t is 3 ms. [Dec 2012]
Solution v=1414sin314¢

(i) Frequency
Comparing with the equation v =V, sin 27 ft,

2rf =314
314
f=—=4997Hz
2r
(i) rms value
v,=1414V

v
V.= —F==9998V
V2

rms

(i) Average value
v - 2V, _ 2x1414

T T

=90.02V
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(iv) Instantaneous value of the voltage at 7 = 3 ms
v=14145sin314x3x103=11436V

Example 9

An alternating current is given by i = 14.14 sin 377 t. Find (i) rms value of the current,
(ii) frequency, (iii) instantaneous value of the current when t = 3 ms, and (iv) time taken by the
current to reach 10 A for first time after passing through zero.

Solution i=14.14sin377¢
(1) The rms value of the current
1, 1414
Lo = E = T =10A
(i) Frequency
2rf'= 377
f= 377 60 Hz
2r
(ii1)) Instantaneous value of the current when ¢ = 3 ms
i = 14.14 sin (377 x 3 x 107%) (angle in radians)
=12.79A
(iv) Time taken by the current to reach 10 A for the first time after passing through zero
i=14.14sin 377 ¢ (angle in radians)

10 = 14.14sin 377 ¢
sin 377 t = 0.707
377¢t=0.79
t =2.084 ms

Example 10

An alternating current varying sinusoidally at 50 Hz has its rms value of 10 A. Write down an
equation for the instantaneous value of the current. Find the value of the current at (i) 0.0025
second after passing through the positive maximum value, and (ii) 0.0075 second after passing
through zero value and increasing negatively.

Solution f=50Hz
I..=10A
(i) Equation for instantaneous value of the current
I=1..%xJ2 =1042 =14.14 A
i=1,sin2mft
= 14.14 sin (2 x 180 x 50 X f) (angle in degrees)
= 14.14 sin (18000 ¢)
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(i) Value of the current at 0.0025 s after passing through the positive maximum value

From Fig. 3.11(a), .
T N

t

Z +0.0025 1414 A F----

— L 1 0.002 0
4f

S +0.0025
4x50

=7.5ms
i =14.14 sin (18000 x 7.5 X 10‘3)
=10A

l\)|~|

Fig. 3.11(a)

(angle in degrees)

(ii) Value of the current 0.0075 s after passing through zero value and increasing negatively

From Fig. 3.11(b),

r= L 100075 &
2 14.14 A

1

— —+0.0075
2f

= ! +0.0075
2%x50
=17.5ms
i = 14.14 sin (18000 x 17.5 x 1073)

=-10A

Example 11

N[~

Fig. 3.11(b)

(angle in degrees)

Draw a neat sketch in each case of the waveform and write expressions of instantaneous value

for the following:

i) Sinusoidal current of amplitude 10 A, 50 Hz passing through its zero value at wt = r and
(i) p passing 2 p

increasing positively

T
(it) Sinusoidal current of amplitude 8 A, 50 Hz passing through its zero value at ot = s and

increasing positively.
Solution (i) The current waveform is lagging in nature.
i =1,sin (2n fi — @)

=10 sin (27r><50><t—§)

= 10 sin (100m —%)

10A

A

Fig. 3.12(a)
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(i1) The current waveform is leading in nature.
i=1,sin(2n fi + ¢)

-

) . 8A
= & sin 27r><50><t+€

|
oy

. T
= 8 sin (1007” + gj Fig. 3.12(b)

Example 12

T
The instantaneous current is given by | = 7.071 sin| 157.08t — z . Find its effective value,

periodic time and the instant at which it reaches its positive maximum value. Sketch the
waveform from t = 0 over one complete cycle.

Solution i =7.071 sin (157.08t—%)
(i) Effective value
I, 7071 _
Ieff:]rms: $=T =5A
(i) Periodic time
2nf = 157.08
f=25Hz
T= 7 = E =0.04 s

(ii1) Instant at which the current reaches its positive maximum value, i.e., i = 7.071 A
7.071 = 7.071 sin (157.0& - %) (angle in radians)

1 = sin (157.08¢—0.785) 7.071 A

1.5708 = 157.08¢—0.785 /\

t=0.015s g

(iv) The waveform is shown in Fig. 3.13.

o
A\:,
.b|g"
=€
g

Fig. 3.1
Example 13 &3

A 60 Hz sinusoidal current has an instantaneous value of 7.07 A at t = 0 and rms value of 1 02 4.
Assuming the current wave to enter positive halfat t = 0, determine (i) expression for instantaneous

current, (ii) magnitude of the current at t = 0.0125 second, and (iii) magnitude of the current at
t = 0.025 second after t = 0.

Solution f=60Hz



i(0)=7.07 A
I..= 1042 A
(i) Expression for instantaneous current
L,= I x~\2=10J2x+2 =20A

Since i =7.07 A at ¢ = 0, the current is leading in nature.

Atr=0,
i=1,sin (2w fi+ ¢)
7.07 = 20 sin 2rx 60 X 0 + @)
¢ = 20.7°
i =20 sin (1207t + 20.7°)
(il)) Magnitude of current at = 0.0125 second
i =20 sin (120 x 180 x 0.0125 + 20.7°)
=—187A
(iii) Magnitude of current at # = 0.025 second after t =0
Time corresponding to a phase shift of 20.7°
20.7° »

360°
20.7° 1
X JR—
360°  f
20.7° 1
X —_—
360° 60
= 0.958 ms
Time 0.025 second after 1 =0

t=0.958x 103+ 0.025
= 25.958 ms

Average Value 3.15

(angle in degrees)

Fig. 3.14

i =20sin (120 X 180 x 25.958 x 103+ 20.7°)  (angle in degrees)

=-1322A
Example 14

A 50 Hz sinusoital voltage applied to a single-phase circuit has an rms value of 200 V. Its value

att=01is (\/3 x 200) V positive. The current drawn by the circuit is 5 A (rms) and lags behind
the voltage by one-sixth of a cycle. Write the expressions for the instantaneous values of voltage
and current. Sketch their waveforms and find their values at t = 0.0125 second.

Solution f=50Hz
Vins = 200V

rms

L. =5A
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v (0) = V2 X200 =282.84 V
(1) Instantaneous value of voltage
V, = Vo X2 =20042 =282.84V
v ="V,sin 2 ft+ @)

Att=0,
282.84 = 282.84 sin (0 + ¢)
sin ¢ =1
¢ = 90°

v =282.84 sin (2w x 50 x ¢ + 90°)
= 282.84 sin (100 7 ¢ + 90°)
(i1) Instantaneous value of current
The current lags behind the voltage by one-sixth of a cycle.

= l><360=6O°
6

L, =Ly X 2 =52 =7.07A
i =1, sin (2 ft+90° — 60°)
=7.07 sin 27 x 50 x ¢ + 30°)
= 7.07 sin (1007 ¢ + 30°)
(ii1) Voltage and current waveforms are shown in Fig. 3.15.
(iv) Value of voltage at = 0.0125 s
v = 282.84 sin (100 x 180 x 0.0125 + 90°) !

(angle in degrees) va .
=200V % : >t
(v) Value of current at £=0.0125 s 2 V
i =7.07 sin (100 x 180 x 0.0125 + 30°)

Fig. 3.15

(angle in degrees)
=-06.83A

Example 15

At the instant t = 0, the instantaneous value of a 50 Hz sinusoidal current is 5 A and increases
in magnitude further. Its rms value is 10 A. (i) Write the expression for its instantaneous value.
(it) Find the current at t = 0.01 s and t = 0.015 s. (iii) Sketch the waveform indicating these
values.

Solution f=50Hz
i(0)=5A
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I..=10A

ms
(1) Expression for instantaneous value of current

L, = Lnx N2 = 1042 = 1414 A
Since i =5 A at ¢t = 0, the current is leading in nature.
i =1, sin (2nft+ @)

Att=0,
5=14.14sin (2 x 180 x 50 X 0 + ¢) (angle in degrees)
5=14.14sin ¢
¢ =20.7°

i = 14.14 sin (1007 ¢ + 20.7°)
(i1) Current atz=0.01s

i =14.14 sin (100 x 180 x 0.01 +20.7°) (angle in degrees)
=-5A
(iii) Current at = 0.015 s
i = 14.14 sin (100 x 180 x 0.015 + 20.7°) (angle in degrees)
=-1323A
(iv) Waveform
i)
1414 A -~
0 > {(s)
BAL o N
—1323A[~" TS

Example 16

In a certain circuit supplied from 50 Hz mains, the potential difference has a maximum value
of 500 V and the current has a maximum value of 10 A. At the instant t = 0, the instantaneous
values of potential difference and current are 400 V and 4 A respectively, both increasing in the
positive direction. State expressions for instantaneous values of potential difference and current
at time t. Calculate the instantaneous values at time t = 0.015 second. Find the phase angle
between potential difference and current.

Solution f=50Hz
v, =500V
I,=10A
v (0) =400V
i(0)=4A

(1) Expression for instantaneous values of potential difference and current.
Since v=400 V and i = 4 A at ¢ = 0, the voltage and current waveforms are leading in
nature.
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v="V,sin(2rft+ ¢;)

(a)
Att=0,
400 = 500 sin 2z x 50 x 0 + ¢)
¢, = 53.13°
v = 500 sin (1007tz + 53.13°)
(b) i=1,sin(2rft+ ¢,)
Att=0,
4 =10sin 2rx50%x 0+ ¢,)
¢, = 23.58°
i =10 sin (1007 ¢t + 23.58°)
(i1) Instantaneous values of potential difference and current at = 0.015 second
(a) v = 500 sin (100 x 180 x 0.015 + 53.13°) (angle in degrees)
=-300V
(b) i =10 sin (100 x 180 x 0.015 + 23.58°) (angle in degrees)
=-9.17A

(iii) Phase angle between potential difference and current
¢ = ¢, — ¢, =53.13°—23.58°=29.55°

Example 17
Find the following parameters of a voltage v = 200 sin 314 t:
(i) frequency, (ii) form factor, and (iii) crest factor.

Solution v =200sin314¢

(1) Frequency
v=1"V,sin2xft

2rf =314
J 2r g
For a sinusoidal waveform,
2v,,
o =
Vm
Vrms = E

(i1) Form factor



Average Value 3.19

(ii1) Crest factor

Example 18

A non-sinusoidal voltage has a form factor of 1.2 and peak factor of 1.5. If the average value of
the voltage is 10 V, calculate (i) rms value, and (ii) maximum value.

Solution kf: 1.2
kp =1.5
Vavg =10

(i) rms value

k'i ms
f Vg
12 = Vims
10
Vims = 12V
(i1) Maximum value
A
r VITl’lS
%
15=m
12
V,=18V

Example 19

The waveform of a voltage has a form factor of 1.15 and a peak factor of 1.5. If the maximum value
of the voltage is 4500 V, calculate the average value and rms value of the voltage.

Solution k= 1.15
k, =15
v, =4500V
(1) rms value of the voltage
— Vm
kp = V_rms
~ 4500
1.5 = V_rms
Vs = 3000 V

rms



3.20 Basic Electrical Engineering

(i1) Average value of the voltage
V.

k — ms

o Vavg
3000

1.15= —
Vavg

Vigg = 2608.7V

Example 20

A 50 Hz sinusoidal current has a peak factor of 1.4 and a form factor of 1.1. Its average value
is 20 A. The instantaneous value of the current is 15 A at t = 0. Write the equation of the current
and draw its waveform.

Solution f=50Hz
k,=14
ke=1.1

Iy =20A
i(0)=15A

(i) Equation of current

I -
k.= rms
/ [avg
1.1 = Irms
20
I.c=22A
k,= Ly
r IITHS
1
1.4=-"2
22
I, =30.8A

Since i = 15 A at £ = 0, the current is leading in nature.
i=1,sin (2w ft+ @) ik
Atz=0, 308Af-
15 = 30.8 sin (27X 50 X 0 + ¢) /\
¢ = 29.14° -29.14° ot
i =30.8 sin (1007 ¢ + 29.14°)
(i1)) The waveform is shown is Fig. 3.17.

Fig. 3.17
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Example 21

Find the average value and rms value of the waveform shown in Fig. 3.18.

Fig.3.18

Solution v=7V,sin 0 0<6<m

(1) Average value of the waveform

avg

17[
Vi = — | v(6) a6
7Z'0
lﬂ
= —[7,sin6 do
T

_ [—cos O],
n

= Doy
T

_2m

T
=0.637V,

(i1) rms value of the waveform

17,
V= —jv 6) do

T
0
T

[Vsin®6 do
0

2

T

_ \/n
= ’—Tsm 6 do
0

2w
_ \/V_mj(l cos29)d(9
Ty 2
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—- -0+
2 4 4

14 {n sin 27 sinO}

Example 22

Find the average and rms values of the waveform shown in Fig. 3.19.

2r 3n o
Fig. 3.19
Solution v=1>V,sin@ 0<6<rm
=0 T<0<2m
(1) Average value of the waveform
2r

avg

1
= — 0)do
v 27!'2')“}()

1 T 2r
= —|[¥,sin6 do+ [0d6
2 0 o

1 V3

= —ij sin@ do
2
Vm

= g[—cosﬁ];r

Vm
= 2 [1+1
o Ll

Vm

T
= 03187,



(i1) rms value of the waveform

V

127r

2
= |— 0)do
rms 27r-([v()

|

2r

)
Bl

1 T 2
- 2—@.V,,2,sin20 de+j0d0]
0 T

1 T
—jV2s1n29d9
0

= Vi _[sm 0 do

l\)
>~I

0

:\:l) |§‘I\)

I(

1—cos26

Jao
2

o
2

mn29}

|
B

- |§‘I\)

[+

I
o N

[
o
s

Example 23

sin 27r

2

sinO}
+
4

Average Value 3.23

S <

=

v=20
=V,sin @

Solution

T 27 97 3
4

Fig. 3.20
0<06<m/4
w4<0<nm
T<0<2m
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(1) Average value of the waveform

avg

1271
Ve = — | v(0) dO
2ﬂ!v()

1 T
= — J. V,sin@ do
2r
/4

V
= L[ cost) s

= Doy 0907
= 5 L T0.707]

02727,

(i1) rms value of the waveform

rms

1271:
V.= |— | v*(6)de
27r-£v()

1 T
b | Vsin®0 do
T

/4

2
_ |V j sin2 0 de
272:71/4

T
4 J-(l—cos20)d0
21w 2
/4

0 sin29T
2 4

/4

_ \/V_,f{z_ sin 27 N sinﬂ/Z}
2

4 8 4
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Example 24

A full-wave rectified wave is clipped at 70.7% of its maximum value as shown in Fig. 3.21. Find
its average and rms values.

v

Vi |
0.707 Vi |- ™

o = ir T 2n 0

4 4
Fig. 3.21
Solution v=1V,sin 0 0<O0<m/4

=0.707 v, 4 < 0<3m/4
=V,sin@ 3md<0<rm

(1) Average value of the waveform

17[
- ;jv(@)d@

avg

/4 3r/4
= jV sm9d9+j 0.707V, d9+j v, sin@ do
/4 3r/4

. Vm T, 3717/4 T
AT N
%
= —2(0.293+1.11+0.293)
T

=054V,

(i1) rms value of the waveform

Vi = /ljvz(e)de
71'0

1 /4 3r/4 T
—| [¥ysin*0do+ [ (0.7077,)2d6+ [ ¥, sin>6 do
T 0 /4 3r/4

V_nf [Q_sin20}”/4 0.499[0T/* + [Q_SinZOTr
rll2 4 | ”/“243,,/4
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= /0.3417?
=0.584 1,

Example 25

Find the rms value for the given waveform as shown in Fig. 3.22.

%

Sinusoidal nature

Vin
0.866 V,,

0 ¢ 2 7

6
Fig. 3.22 [Dec 2014]
Solution
At 6= 9, v=0.866V,
v=1V, sin 0
0.866 V,, =V, sin ¢
/4
"3
y=V, sin 6 0<9<%
T 0< Ul
=0.866V,, 3 5
T
=V,sin 6 5 < O<m
_ L2
Vo = ;jo V2(6) do

/3 /2
=\/lU” stin20d9+j” (0.866 V)2 de+j’r Vjsinzede}
TlLd0 /3 /2

2 |fe sin20T"? 2 [0 sin207"
= 7’"{':5— 4 :| +0.75 [9]”/3 + E— 4
0 /2
= ,/0.472V?
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Example 26

Find the rms value of the waveform shown in Fig. 3.23.

0 \\J
~0.866 Vi [T ’

Fig. 3.23

Solution The equation of the waveform is given by v =V, sin (6 + ¢) where ¢ is the
phase difference.

When 0=0, v=0.866 V.
0.866 ¥, = ¥, sin (0 + ¢)

6 = sin"! (0.866) = %

v=1V,sin (0+£)
3

The time period of a complete sine wave is always 27. Since some part of the waveform
is chopped from both the sides,

Time period = 2w — %-%: 4

3

1 4r/3
Vims = | V2 sin (9+ )de
anj3 J 3

3 4r/3 -
[ v sin2(9+—j do
47r 0 3

3V2 4r/3
\/ 1 cos2(9+7r/3)}d9

Am 2

Arc | 2 4

= /0.6031V;2

=0.776 V,,

_ [g_ sin2(9+ﬂ:/3)}4”/3

0
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Example 27

Find the average and rms values of the waveform shown in Fig. 3.24.

T

o
N[~

Fig. 3.24

Solution v=1V 0<t<T2

m

=0 72<t<T

(i) Average value of the waveform

avg

| T/2 T
= ?{j Vydi+ | Odt}

0 T/2

1 T
Vo= ?-([v(t)dt

=057V,
(i1) rms value of the waveform
1% V() dt

rms

N =
S =

L 7P
= —IVzdt
T "
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B
2
=0.707 V,,

Example 28

Find the average value of the waveform shown in Fig. 3.25.

«s)
0 1 2

Fig. 3.25 [Dec 2014]

Solution
v =4t

1 ¢T
Vg = ﬂo w()dt

1 ¢l
Ijo4z dt
1
2
1%]
2 1o
_ 4(1_oj
2

=2V

Example 29

Find the rms value for the given waveform in Fig. 3.26.

t(s)

Fig. 3.26 [May 2015]
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Solution
i=101¢ O<t<1
=0 1<t<?2

_ LT
I = /Tjoz (t)dt

_ \/%[ J'; (1002 dt + fo dt}

1 A7
= —xlOO{—}
2 3],

0 0.01 0.02 t
Fig. 3.27 [May 2013]

Solution

100
V()= —— t=10000¢  0<¢<0.01
0.01

1 T
2
yoo- ;lv (t)dt

1 0.01
— | (10000¢)dt
0.01 { ( )




) \/1 )0 {(0.01)3 ] o}
3

=57.74V

Example 31

Average Value 3.31

Find the average and rms values of the waveform shown in Fig. 3.28.

ol T 2T 3T
Fig. 3.28
. Vm
Solution y= 71 0<t<T

(1) Average value of the waveform

1T
v.o.= ?.([v(t)dt
T
= lJ.V_mt d[
T T

T

Vm{tz}
= Im L

T 2 o

v, T’
-
=057V,
(i1) rms value of the waveform

1 T
Vo = /?Ivz(t)dt

V2
= "’tdt
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V2 T3
(5
V2

RE

= 05777V,

Example 32

Find the average and rms values of the waveform shown in Fig. 3.29.

v

ol
b0
N
W2
N

Fig. 3.29 [May 2016]

Solution y=t 0<r<l1
=1 1<1<2

(1) Average value of the waveform

avg

1 1 2
= 5[}[ldt+-!.ldt}

1 tz}l 5
= 1|5 |+
2 {2 .

= l[1—o+2—1}
202

=075V

(i1) rms value of the waveform

1T
_ 2
Vims = ?!;v (t)dt

1 1 2
= \/Eljtzdt+ | (l)zdt]
0 1

1 T
Vo= F.([v(t)dt
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Average Value 3.33

Find the average and rms values of the waveform shown in Fig. 3.30.

v
100
80
60

40

0

Solution

7 8

(i) Average value of the waveform

V

~ 0+40+60+80+100+80+60+40

=575V

avg

(i1) rms value of the waveform

8

V

=6442V

Example 34

- \/ 02 +(40)? +(60)% + (80)2 + (100 + (80)° + (60)? + (40)?

8

Find the average and rms values of the waveform shown in Fig. 3.31.

v
20 f-———-
0] t

Solution

1 2 3 4 5 6
Fig. 3.31

(1) Average value of the waveform

v,

avg

~ 0+10+20

=10V
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(i1) rms value of the waveform

v

rms

) \/02 +(10)% +(20)2

=129V
3

Example 35

Find the effective value of the resultant current which carries simultaneously a direct current of
10 A and a sinusoidally alternating current with a peak value of 10 A.

Solution
i1
10A

o

(b)

Fig. 3.32

i=1i;+i,=10+10sin 6

L= 4’— _[ (0)do

1277:

j(10+10sm9) do
2r 0

2

\/L J (100 +200sin 6 +100sin” 6)d6
0

2

S

100

(1+2sin6 +sin” ) d6

a2 S
o—Y

N

77.'

10
REZ

=

1+25in9+(%ﬂd€
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. 27
100 9—20059+Q— sm20:|
2 4

\/100 2 — 2c0527r+27ﬂ—sm4n—0+20050 0+¥}

\/100 2n—2+2—ﬂ+2}
2
100

27z
=1225A

Example 36

Find the effective value of a resultant current in a wire which carries simultaneously a direct

T
current of i; = 10 A and alternating current given by i, = 12 sin ot + 6 sin (3a)t = g) +

4 sin (Swt + %j .

Solution ii=10A
i, = 12 sin @t + 6 sin (3(0[ —g)+4 sm(Sa)t + 3)

i=i+i

10+ 12 sin wt + 6 sin(3wt—%) + 4 sin(Sa)t +§)

= 10+ 12 sin 8+ 6 sin (30— 30°) + 4 sin (50 + 60°)

1 (27 2
Loy = \/%J@ i7(6)do

2
_ \/% jo "[10 +125in0 + 6sin(36 — 30°) + 4sin(50 + 60°)>dO
T

= 14.07 A
Example 37

Find the relative heating effects of two current waves of equal peak value, one sinusoidal and
the other, rectangular in shape.
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Solution i
rms value of the rectangular wave = /,, Im
1
rms value of the sinusoidal current wave = —%&= 0 T 2 9
V2
Heating effect due to the rectangular current wave = (1,))> RT Fig. 3.33
. . 1Y a,)?
Heating effect due to the sinusoidal current wave = ﬁ RT = 5 RT
. . (Im )2 2
Relative heating effects = RT:(1,)" RT
2
1
=—1:1
2
=1:2
Useful Formulae
Average Value and rms value
Fo- 1 } Tyt P max value
e 5 P rms value

T
_ 1 _ ms value
Fims ?Jf (D)t kf  avg. value
0 g

3.1 An alternating current varying sinusoidally with a frequency of 50 Hz has an rms
value of 20 A. Write down the equation for the instantaneous value and find this
value (i) 0.0025 second, and (ii) 0.0125 second after passing through a positive
maximum value. At what time, measured from a positive maximum value, will the

instantaneous current be 14.14 A? [i=2828sin 100 wt, 20 A, —20 A, ﬁ s/
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3.2 Acertain waveform has a form factor of 1.2 and a peak factor of 1.5. If the maximum
value is 100, find the rms value and average value. [66.67 V, 55.67 V]
3.3 Find the root mean square value, the average value and the form factor of the
resultant current in a wire that carries simultaneously a direct current of 5 A and a
sinusoidal alternating current with an amplitude of 5 A. [6.12 4,54, 1.224]
3.4 Find the relative heating effects of two in-phase current waveforms of equal peak
values and time periods, but one sinusoidal and the other triangular. [3:2]
3.5 Prove that if a dc current of / amperes is superimposed in a conductor by an ac
current of maximum value / amperes, the root mean square value of its resultant is

31
2
3.6 Find the average values and rms values of the waveforms shown in Fig. 3.34 to

Fig. 3.37.

v v
Vi b--------
0.866 V- -+ ;I
2r 6 0 L T 6
2
[0.543 Vp,, 0.674 V] [0.622 V/p, 0.687 V]
Fig.3.34 Fig. 3.35

0 2 4\78 10 !
i ' t
TSR v 0 K3 2r T

3 3
[7.5V, 8.666 V] [0.67 Vi, 0.745 V)]
Fig. 3.36 Fig. 3.37

3.7 Find the rms value of the periodic waveform with time period 7 given in
Fig. 3.38.
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v

10V f----

0 T3 2773 T 4T/3 5T/3 2T

Fig. 3.38
[7.45V]
3.8 A voltage wave has the variation shown in Fig. 3.39.
(1) Find the average and effective values of the voltage.
(i1) If this voltage is applied to a 10 Q resistance, find the dissipated power.

20V f--mnnee . .
0 5 : 9 12 1s)
Fig.3.39
[10V, 1291V, 16.67 W]
3.5 PHASOR REPRESENTATIONS OF

ALTERNATING QUANTITIES

The alternating quantities are represented by phasors. A phasor is a line of definite length
rotating in an anticlockwise direction at a constant angular velocity @. The length of a
phasor is equal to the maximum value of the alternating quantity, and the angular velocity
is equal to the angular velocity of alternating quantity.

As shown in Fig. 3.40(a), consider a phasor OP = I,,, where 1, is the maximum value of
the alternating current. Let this phasor rotate in an anticlockwise direction at a uniform
angular velocity of @ radians/second. The projection of the phasor OP on the Y-axis at
any instant gives the instantaneous value of that alternating current.

OM = OP sin ot

=[,sinwt=1
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wrad/s

(a) (b)

Fig.3.40 Representation of alternating quantities in terms of phasors

Thus, if we plot the projections of the phasor on the Y-axis versus its angular position
point by point, a sinusoidal alternating current waveform is obtained.

Phasor Diagram using rms Values  Sinusoidal alternating currents and voltages can be
represented by phasors. Electrical measuring instruments like ammeters and voltmeters
are calibrated to read the rms values of ac quantities. Hence, instead of using maximum
values, it is more convenient to draw phasor diagrams using rms values of alternating
quantities. However, such a phasor diagram will not generate a sine wave of proper
amplitude unless the length of the phasor is multiplied by /2 .

Example 1

9 T
Two currents i, and i, are given by the expressions i; = 10 sin (wt T Z) and i, = 8 sin (a)t = —) .

Find (i) i, +i,, and (ii) i;— i,. Express the answers in the form i = I, sin (0t + ).

Solution i, = 10 sin (w; + %)

i, = 8 sin (a)t—gj

(i) Let phasors 7, and ], represent the alternating currents i, and i, respectively in
terms of their maximum values.

(a) Analytical method:
Resolving [, and [, into x- and y-components,

Xx = 10 cos (45°) + 8 cos (—60°) = 11.07
Yy = 10 sin (45°) + 8 sin (—60°) = 0.14

Magnitude of (7, + T,) = VE) +(Zy)?

= JU1.07)? +(0.14)
~11.07A
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y
Iy = 10245°
45°
X
0
60°
T, = 8,-60°
Fig. 3.41
Xy
Phase angle ¢ = tan™!| ==
gle ¢ (ij
_1( 0.14
= tan | ——
11.07
=0.72°

i =1, +i,=11.07 sin (wt + 0.72°)
(b) Graphical method: The phasor sum [, + [, is obtained by adding phasors 7, and
I, by the parallelogram law.

y

11 Scale:1cm=2A

45° T

60°

Fig. 3.42
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(i1) (a) Analytical method:

. y Iy = 10£45°
—i2
60° 45°
0 X
60°
I, =8,-60°
Fig. 3.43

Resolving [, and -], into x- and y-components,
>x = 10 cos (45°) — 8 cos (-60°) = 3.07
Sy = 10 sin (45°) — 8 sin (-60°) = 14

Magnitude of (7, — 7,) = V(Z07 +(Zy)’°
= \J(3.07)* + (14)*

1433 A

Xx

= tan”! (i)
3.07

77.63°
i =i, —iy=14.33 sin (o + 77.63°)

(b) Graphical method: The phasor sum 7, — I, is obtained by adding phasors 7, and
— 1, by the parallelogram law.

)
Phase angle ¢ = tan”~! (—yj



y -_
7AN I

_ T,
5 1

77.63°

60° 45°
0
60°
I
Example 2

Solution
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Scale: 1cm=2A

Fig. 3.44

T
Three voltages are represented by v, = 10 sin @t, v, = 20 sin (wt - 6) and v; = 30 sin (a)t + ”).
Find the magnitude and phase angle of the resultant voltage.
v; = 10 sin ot

v, = 20 sin (a)t—z)
6
vy = 30 sin (thrEj
4

in terms of their maximum values.
(a) Analytical method:

Resolving [71, 172 and 173 into x- and y-components,

Sx = 10 + 20 cos (~30°) + 30 cos (45°) = 48.53
Yy = 20 sin (-30°) + 30 cos (45°) = 11.21

Magnitude of (7 + 7, + 7,) = /(Zx)” + ()’

= J(48.53) +(11.21)2
= 4981V

Let phasors Vs Vy and y, represent the alternating voltages v, v, and v, respectively
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y
V3 = 30£45°
45°
— X
0 Vy =10£0°
V, =20£-30°
Fig. 3.45

a2y
Phase angle ¢ = tan™!| ==
gle ¢ (ij

_ _1 ( 11.21 j
=tan | ——
48.53
= 13°
v = 49.81 sin (ot + 13°)
(b) Graphical method: The phasor sum v, v, is obtained by first adding phasors

7, and v, by the parallelogram law and then adding y, to the resultant of 4 and v, by
the parallelogram law.

________

Example 3

The instantaneous voltages across each of the four coils connected in series are given by
v; =100 sin ot, v, =250cos o, v;=150sin (wt+2), v, = 200 sin (wt—ﬂ)
4

Determine the resultant voltage by analytical method.
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Solution v, = 100 sin o¢
v, = 250 cos @t =250 sin (wt + 90°)

vy = 150 sin (a)t+£)
6
v, = 200 sin (wt—%)

Let phasors 7/, 7, 7, and y, represent the instantaneous voltages vy, v,, v3 and v,

respectively in terms of their maximum values.

y
Vs A
30°
— X
0INJass V4
Vs
Fig. 3.47

Resolving 171, 172, [73 and [74 into x- and y-components,
>x = 100 + 250 cos (90°) + 150 cos (30°) + 200 cos (-45°) =371.33
2y = 250 sin (90°) + 150 sin (30°) + 200 sin (—45°) = 183.58

Magnitude of (3, + y,+ 7, + ) = V(E) +(Zy)?

— J(371.33)% +(183.58)
— 41423V

2
4
Ph le g = tan | —
ase angle ¢ ( )

_1(183.58
= tan
371.33
26.31°
V= v+ v, + v+ v, =414.23 sin (ot + 26.31°)
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3.6 MATHEMATICAL REPRESENTATIONS OF PHASORS

A phasor can be represented in four forms.
(i) Rectangular form

V =X+jY
Magnitude of phasor, V' = / x2 ;+ y?2

Y
Phase angle ¢ = tan™! | —
gle ¢ ( X)

(ii) Trigonometric form
V =V (cos ¢ £ sin ¢)
(iii) Exponential form
v o=Vei?
(iv) Polar form
V=VZ%¢
Significance of Operator j The operator j is used in rectangular form. It is used to
indicate anticlockwise rotation of a phasor through 90°. Mathematically,

j=~-1
Whenever a phasor is multiplied by j, the phasor is rotated once in the anticlockwise
direction through 90°. The power of j represents the number of times the phasor should
be rotated through 90° in the anticlockwise direction.

Example 1

Two sinusoidal currents are given as
i, =10 2 sin wt, i, =20 2 sin (ot + 60°).

Find the expression for the sum of these currents.

Solution i, = 10 2 sin wt
i, = 20 2 sin (@t + 60°)
Writing currents 7, and 7, in the phasor form,

I = Mgooz 10.£0°

V2
— 2042

I, = ——— £60° =20£60°

V2
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I =1 +1,

10.£0° + 20.£60°
= 26.46 £40.89°

i = 26.46 /2 sin (ot + 40.89°)
= 37.42 sin (wt + 40.89°)

Example 2

The following three sinusoidal currents flow into the junction i; = 3\/5 sin ot i, = 5\/5 sin
(ot + 30° and i; = 6\/5 sin (ot — 120°). Find the expression for the resultant current which
leaves the junction.
Solution i, = 32 sin ot
i, = 52 sin (ot + 30°)
iy = 62 sin (wt - 120°)
Writing currents #,, i, and #; in the phasor form,

NP

I, = =5 £0°=3.40°

NG
- 52

7, = 22 /300 =5.,30°
2
NG

Iy = —— £-120° = 6£-120°

2
The resultant current which leaves the junction is given by
I=1+15L+1,
= 3£0°+5£30° + 6£-120°
=5.124£-31.9°
i = 5.1/2 sin (wt - 31.9°)
= 7.21 sin (@t —31.9°)

Example 3

In a circuit, four currents as indicated below, are meeting at a point. Find the resultant current.
i; = 5 sin wt, i, = 10 sin (0t —30°)
i; = 5cos (wt—30° i, = —10sin (ot + 45°)
Solution i, = 5sin ot
i, = 10 sin (@t —30°)
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iy = 5 cos (wt—30°) =5 sin (w? + 60°)
i, = —10 sin (wt + 45°) = 10 sin (w? + 225°)

Writing currents i}, i,, i3 and i, in the phasor form,

- 5
I, = == £0°=3.54.0°

V2

5 =19 30027072300

J2

- 5
I; = —= £60°=3.54260°

V2

T 10
Iy = — £225°=7.07£225°

V2

Resultant current 7 = I, + I, + I, + I,
=3.54/0°+7.07£-30° + 3.54260° + 7.07.£225°

= 8.44./-40.36°
i = 8.44 /2 sin (w1 —40.36°)
= 11.94 sin (ot — 40.36°)

Example 4

Find the resultant voltage and its equation for the given voltages.

e; = 20 sin 0t, e, = 30 sin (cot—j), e; =40 cos (a)t+76rj

Solution e, = 20 sin ot

e, = 30 sin (wt_%) =30 sin (w? — 45°)

e; = 40 cos (a)t+£] = 40 sin (wr + 120°)
6

Writing voltages e, e, and e; in the phasor form,

— 20
E = ﬁ Z£0°=14.14£0°

— 30
E, = E £-45°=21.21£-45°
— 40
Ey = —= £120°=28.28£120

V2
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Resultant voltage E = E, + E, + E,
= 14.1420° + 21.21.£-45° + 28.28 £120°
= 17.75£32.33°
e = 17.75/2 sin (ot + 32.33°)
= 25.1 sin (@t + 32.33°)

Example 5

Obtain the sum of the three voltages.
v, = 147.3 cos (wt + 98.1°)
v, = 294.6 cos (wt—45°)
v; = 88.4 sin (0t + 135°)

Solution v, = 147.3 cos (wt +98.1°) = 147.3 sin (wt + 188.1°)
v, = 294.6 cos (wt —45°) = 294.6 sin (0t + 45°)

vy = 88.4 sin (wt + 135°)
Writing voltages v, v, and v; in the phasor form,
147.3
v, = TLlS&I" =104.16£188.1°

_ 294.6
V, = —= £45°=208.31£45°

J2

v, = @41350— 62.51/135°
3 \/5 .

Resultant voltage 7 = V, + ¥, + 7,

104.16.£188.1° + 208.31.£45° + 62.51.£135°

= 176.82£90°
v = 176.82 /2 sin (ot + 90°)
= 250.06 sin (@t + 90°)
Example 6
Find vectorially the resultant of the following four voltages.
e; = 25 sin wt, e, = 30 sin (wt_,_”),
6
e;=30 cos wt, e, = 20 sin (wt_nj
6

Obtain the answer in similar form.
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Solution e; = 25 sin wt
e, = 30 sin (wt+%) =30 sin (@t + 30°)
e; = 30 cos wt =30 sin(w? + 90°)
e, = 20 sin (a)t—%) =20 sin (@t —30°)

Writing voltages e, e,, e; and e, in the phasor form,
= 25

El = EZOO = 1768400

— 30 o o
E, = 5430 =21.21430

T 30 o o
E, = 5490 =21.21£90

= 20

E, = 54—30": 14.14£-30°

Resultant voltage E = E, + E, + E, + E,
= 17.68£0°+21.21£30°+ 21.21.£90° + 14.14£-30°
= 54.26£27.13°
e = 54.26./2 sin (ot +27.13°)
= 76.74 sin (ot + 27.13°)

Example7 . S

Two currents i; = 100 sin (wt+£] and iy = 25 sin (a)t—%) are fed to a common conductor.
4

Find the total current. If the conductor resistance is 10 £, what is the power dissipated in the

conductor. [Dec 2015]
. . . T
Solution iy =100 sm(a)t + Zj
i, = 25sin (wt - 1)
6
R=10Q
Writing currents 7, and i, in the phasor form,
- 1
I, = ﬂ445° =70.71 L45°A

2
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I =B 30°-17.68 £ -30°A

N

Total current 1 =1, + 1,
=70.71£45°+17.68 £ -30°
=772 £32.22°A

i=77.22 sin(cwr +32.22°)
=109.18 sin(et +32.22°)

Power dissipated in conductor

P=PR=(77.2)>x 10 =59.59 kW

Example 8

Tvo currents are represented by i; = 15 sin (wt + ”) and i, = 25 sin (a)t,«.nj. These currents
3 4

are fed into a common conductor. Find the total current in the form i = I, sin (ot + ¢). If the
conductor has a resistance of 10 €, what will be the energy loss in 24 hours? [Dec 2013]

Solution i; =15sin ((Dl-l—%)

i, =25 sin (a)t +£)
4

R=10Q
t = 24 hours = 86400 seconds
Writing currents i; and i, in the phasor form,
- 15
I, = —= £60° =10.61.£60°
V2

25
I, = 54450 =17.68£45°

Total current 7 = I, + I,
=10.61260° + 17.68.£45°
=28.06 £50.62°
i =28.06+/2 sin (ot + 50.62°)
=39.68 sin (ot + 50.62°)



Mathematical Representations of Phasors  3.51

Energy loss in 24 hours

E = PRt where [ is the rms value of the current
= (28.06)% x 10 x 86400
=6.8x10%J
Example 9
The voltage drops across four series-connected impedances are given:
v, =60sin | g+ ™ v, = 75 sin [wt_ﬂr)
6 6
v; = 100 cos (a,t.,.”), v, =V,, sin (ot + ¢,)
4
Calculate the values of V ,,, and ¢, if the voltage applied across the series circuit is
140 sin (wt N 3”) [May 2013]
5
Solution v; = 60 sin (a)t + g) =60 sin (@t + 30°)

v, =75 sin (a)t—%) =75 sin (@t — 150°)
b4 .
vy = 100 cos (wt+zj =100 sin (wt + 135°)

v = 140 sin (wt+3?n) =140 sin (ot + 108°)

Writing voltages v;, v,, v; and v in the phasor form,
_ 60

V= 5430":42.434300

_ 75 o o
v, = 54—150 =53.03£-150
— 100

vy = $4135°=70.714135°
_ 140

V = —=Z£108°=98.99108°

NG

For series-connected impedances,
V=RtV T,

V4:

~

A
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= 98.99£108° —42.43.£30° — 53.03£-150° - 70.71£135°

= 57.13 £59.96°
v, = 57.13/2 sin (ot + 59.96°)
= 80.79 sin (@t + 59.96°)

Viw = 80.79V
¢y = 59.96°
Example 10

A circuit consists of three parallel branches. The branch currents are given as i; = 10 sin ot
i, =20sin (ot + 60°) andi; = 7.5 sin (ot — 30°). Find the resultant current and express it in the
formi =1, sin (ot + ¢). If the supply frequency is 50 Hz, calculate the resultant current when

(i) t = 0 (ii) t = 0.001 s.
Solution i; = 10 sin ot
i, = 20 sin (@t + 60°)
iy = 7.5 sin (ot — 30°)
Writing currents #;, i, and #; in the phasor form,

10 :
[1 = 540 =7.07£0

T 2’0 o o
I, = 5 460° 1414260

_ 75 . .
I = 54-30°=532-30

Resultant current [, = I, + 1, + I

7.07 £0°+14.14 £60° + 5.3 £-30°
=21.04 £27.13°
i =21.042 sin (wt+27.13°)
= 29.76 sin (wt + 27.13°)
(1) Resultant current at £ =0
i =29.76 sin (0 +27.13°)
=13.57A
(i1) Resultant current at = 0.001 s
i =29.76 sin 2rft+ 27.13°)
= 29.76 sin (2 x 180 x 50 x 0.001 + 27.13°)
=21.09A

(angle in degrees)
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Example 11

Two currents, Tl =10.50°A and I. 5 =352-100° 4, flow in a single-phase ac circuit. Estimate

WL +1L() 1.1, (i IQ
2

Solution I, = 10£50° A
I, =5/-100° A
@) I, + I, = 10£50°+524-100°= 6.2 £26.21° A
(ii) 1. T, = (10£50°) (5£-100°) = 50 £-50° A
(ii) é—; = % =2/150°A
EXAMPIE 12 e

Two voltages having rms values of 50 V and 75 V have a phase difference of 60°. Find the
resultant sum of these two voltages.

Solution V=50V
V, =175V
¢ = 60°
Let v, =50£0°V

v, =75 £-60°V
Resultant voltage V = V| + 7,
= 50£0° + 75£-60°
=108.97 £-36.58°V

Example 13

Two single-phase alternators supply 300 A and 400 A respectively at a phase difference of 20°
to a common load. Find the resultant current and its phase relation to its component.

Solution I, =300A
I, = 400 A
¢ = 20°
Let I, =300 £0° A

I, = 400 £-20° A
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Resultant current 7 = I, + I,
300£0° + 400£-20°

= 689.59 L-11.44° A

L e S

Two voltage sources have equal emfs and a phase difference o. When they are connected in
series, the voltage is 200 V. When one source is reversed, the voltage is 15 V. Find their emfs

and phase angle o.

Solution E, =FE £0°
E, =EZo°
E = E=E
EZ EZ
i 180° - o -
o — — o
E4 Ei~——""+—-t--- >
(@) (b)

Fig. 3.48

When two sources are connected in series,

\/E12 +E; +2E,E,cosa =200

JE? + E? +2E%cosar =200

2E? + 2F? cos o= 40000 (D)
When one source is reversed,
\/E12 +E22 —2EEycosa =15
\/E2 +E?-2E%cosa = 15
2F? —2F? cos o =225 2)
Adding Eqgs (1) and (2),
4F? = 40225
E?=10056.25
E=100.28V

2E? + 2E? cos o= 40000

20112.5+20112.5 cos o= 40000
cos o= 0.988
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o= 8.58°

Example 15

Two sinusoidal sources of emf have rms values of E; and E, and a phase difference of a. When
connected in series, the resultant voltage is 41.1 V. When one of the sources is reversed, the
resultant emf is 17.52 V. When phase displacement is made zero, the resultant emf is 42.5 V.

Calculate E |, E, and a.

Solution E, =FE, £0°
E,=E, Za®
Ez EZ
i 180° — o /
o — — o
E4 Ej<——4—<---- >
(a) (b)

Fig. 3.49

When two sources are connected in series,

JE? + E2 +2EE,cosar = 41.1
E3 + B3+ 2E,E, cos o = 1689.21

When one of the sources is reversed,

JE? + B2 —2EE,cosar = 1752
E? + E? —2E,E, cos o = 306.95

When phase displacement is made zero,

JE? + E2 +2E,E,cos0° = 42.5
E, +E,=425
Adding Egs (1) and (2),
2(E3 +E3) = 1996.16
E?+E3? =998.08
(42.5 - E,)* + E2 = 998.08
1806.25 — 85E, + E3 + E2 = 998.08
E} —42.5E,+404.09 = 0
Solving Eq. (4),

E,=28.14V or E,=1436V
E =1436V or E =28.14V

e

2

3)

“)
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Subtracting Eq. (2) from Eq. (1),

3.1

3.2

33

34

4E\E, cos oo = 1382.26
4% 14.37x28.14 cos o = 1382.26
cos o = 0.855
o= 3124°

Find the resultants of the following voltages:
(2) v, = 60 cos 6, v, = 40 sin (9 _ Ej, vy=15sin 0  [43.22 sin (6 + 35.92°)]
3
(b) e, =50 sin wt, e, =100 sin (o + 120°), e; = 120 sin (wf — 30°)
[107.27 sin (wt + 14.35°)]

(c) v, =42 sin(wt+135°),v,= —4/3 sin (ot + 60°), vy =4 cos (wt— 150°)
[7.73 sin (0t — 135°)]

(d) e, =25 sin wt, e, =10 sin (wt+z), e; =30 cos wt, e, =20 sin (a)t—zj
6 4

[52.14 sin (ot + 23.57°)]
(e) v, =10 sin wt, v, =—10 cos wt [14.14 sin (0t —45°)]

Three alternating currents i; = 141 sin (wt+%), i, = 30 sin (a)t+§) and iy =

20 sin (a)t + %) are fed into a common conductor. Find graphically or otherwise

the equation of the resultant current and its rms value.
[167.5 sin (0t + 45.6°), 118.54]

Four wires, p, g, r, s are connected to a common point. The currents in lines p, g and
. T . .
rare 6sin (a)t + %j, 5cos (a)t + 5) and 3 cos (a)t + Ej respectively. Find the current
3

in the wire s. [9.99 sin (0t — 66.84°)]
A sinusoidal voltage V,, sin @t is applied to three parallel branches yielding branch
currents as follows:

i; = 14.14 sin (wt — 45°) i, =28.3 cos (wt — 60°) i3 ="7.07 sin (ot + 60°)
Find the complete expression for the source current. Draw the phasor diagram in
terms of effective values. Use the voltage as reference.  /39.4 sin (wt + 15.1°)]
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3.5 A sinusoidal voltage V,, sin «¢ is applied to three parallel branches. Two of the
branch currents are given by

i, =14.14 sin (wt —37°) i, =28.28 cos (wt — 143°)
The source current is found to be i = 63.8 sin (wt + 12.8°).
(1) Find the effective value of the current in the third branch.
(i1) Write the complete time expression for the instantaneous value of the current
in part (i).
(i) Draw the phasor diagram showing the source current and the three branch

currents. Use voltage as the reference phasor.
[39.954, 56.51 sin (wt + 53.12°)]

3.6 A voltage wave e(f) = 170 sin 120 ¢ produces a net current of 14.14 sin 120 ¢ +
7.07 cos (120 ¢+ 30°).

(1) Express the effective value of the current as a single phasor quantity.

(i1) Draw the phasor diagram. Show the components of the current as well as the
resultant.

(i) Determine the power delivered by the source. [8.66 £30°A4, 901.7 W]

3.7 The instantaneous values of two alternating voltages are represented by v, = 60 sin 8
and v, = 40 sin (6 — 7/3). Derive an expression for the instantaneous value of

(i) the sum, and

(i1) the difference of these voltages.
[87.17 sin (60— 23.41°), 52.91 sin (6 + 40.89°)]

$

Review Questions

3.1 Define the following terms related to alternating quantities:

(1) Waveform (i1) Cycle (iii) Periodic time
(iv) rms value (v) Average value (vi) Form factor
(vii) Peak factor (viii) Amplitude (ix) Frequency

3.2 Explain the concepts of phase and phase difference in alternating quantities.

3.3 Derive an expression for the average value of a sinusoidally varying current in
terms of peak value.

3.4 Find the rms value of a full-wave sinusoidal current whose maximum value is 7,,.

3.5 Derive an expression for the rms value of a sinusoidally varying quantity in terms
of its peak value.

3.6 Define phasors and explain how phasors can be used to represent a sinusoidal
quantity.
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3.7 What is the physical significance of the operator ;.

3.8 What are the different mathematical representations of phasors?

$

Multiple Choice Questions

Choose the correct alternative in the following questions:

3.1

3.2

33

34

3.5

3.6

3.7

3.8

3.9

A current is said to be alternating when it changes in

(a) magnitude only (b) direction only

(c) both magnitude and direction (d) neither magnitude nor direction

An alternating current of 50 Hz frequency and 100 A maximum value is given as
(a) i=200 sin 628 ¢ (b) i=100sin314 ¢

(c) i=1002 sin314¢ (d) i= 10042 sin 157 ¢

An alternating current of 50 Hz frequency has a maximum value of 100 A. Its
value % second after the instant the current is zero will be

(a) 25A (b) 125A (c) 50A (d) 75A

A sinusoidal voltage varies from zero to a maximum of 250 V. The voltage at the
instant of 60° of the cycle will be

(a) 150V (b) 2165V (c) 125V (d) 108.25V

An alternating current is given by the expression i = 200sin (3 141 + Ej amperes. The
maximum value and frequency of the current are

(a) 200 A, 50 Hz (b) 1002, 50 Hz
(c) 200 A, 100 Hz (d) 200 A, 25 Hz

. T .
The average value of the current i = 200 sin ¢ from t =0 to ¢ = 3 is

400 by 200 L o E
@400 (b)) — © 700 @ 205
The rms value of a half-wave rectified current is 50 A. Its rms value for full wave

rectification would be

50 100
(a) 100 A (b) 70.7A () o A (d) o A
When the two quantities are in quadrature, the phase angle between them will be
(a) 45° (b) 90° (c) 135° (d) 60°
The phase difference between the two waveforms can be compared when they
(a) have the same frequency (b) have the same peak value

(c) have the same effective value (d) are sinusoidal



3.10

3.11

3.12

3.13

3.14

3.15
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If two sinusoids of the same frequency but of different amplitude and phase
difference are added, the resultant is a

(a) sinusoid of the same frequency

(b) sinusoid of double the original frequency

(c) sinusoid of half the original frequency

(d) non-sinusoid

Two alternating currents represented as i; = 4 sin ¢ and i, =10sin| ¢ + —) are

fed into a common conductor. The rms value of the resultant current 1s

(a) 9.62 A (b) 8.83A (c) 1248 A (d) 13.6A
A constant current of 2.8 A exists in a resistor. The rms value of the current is
(a) 2.8 A (b) 2A () 14A (d) undefined

The current through a resistor has a waveform as shown in Fig. 3.50. The reading
shown by a moving coil ammeter will be

2r 3

Fig. 3.50
(a) 2 A (b) 25 A (c) 2 A (d) 0
V2 V2 7

Which of the following statements about the two alternating currents shown in
Fig 3.51 is correct?

Fig. 3.51

(a) The peak values of i; and i, are different

(b) The rms values of i; and i, are different

(c) The time period of current i; is more than that of the current i,

(d) The frequency of current i, is more than that of the current i,.

The alternating voltage e = 200 sin 314 ¢ is applied to a device which offers an
ohmic resistance of 20 Q to the flow of current in one direction while entirely
preventing the flow in the opposite direction. The overage value of the current will be
(a) 5A (b) 3.18A () 1.57A (d) 1.10A
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Answers to Multiple Choice Questions
3.1 () 3.2 (b) 3.3 () 3.4 (b) 3.5 (a) 3.6 (b)
3.7 (b) 3.8 (b) 3.9 (a) 3.10 (a) 311 (¢) 312 (a)
3.13 () 3.14 (¢ 3.15 (b)
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4.1 BEHAVIOUR OF A PURE RESISTOR
IN AN AC CIRCUIT

Consider a pure resistor R connected across an alternating voltage source v as shown in
Fig. 4.1. Let the alternating voltage be v=V,, sin wt.

R

VR =

o
v=Vp,sin ot

Fig. 4.1 Purely resistive circuit

Current The alternating current i is given by

R N . %4
i=—=—sin wt=1,sin ot o] =
R R mR

where /,, is the maximum value of the alternating current. From the voltage and current
equation, it is clear that the current is in phase with the voltage in a purely resistive
circuit.

Waveforms The voltage and current waveforms are shown in Fig. 4.2.

v
i

T

Fig. 4.2 Waveforms

Phasor Diagram The phasor diagram is shown in Fig. 4.3. The voltage and current
phasors are drawn in phase and there is no phase difference.

T Vv

Fig. 4.3 Phasor diagram

Impedance 1t is the resistance offered to the flow of current in an ac circuit. In a purely
resistive circuit,

=" — m =R
I, VIR

m

Z—K | %
T

Phase Difference Since the voltage and current are in phase with each other, the phase
difference is zero.

0= 0°
Power Factor It is defined as the cosine of the angle between the voltage and current
phasors.



Behaviour of a Pure Inductor in an ac Circuit 4.3

Power factor = cos ¢ =cos (0°) =1
Power Instantaneous power p is given by p
p=Vvi
=V, sin ot I, sin ot
=V, I, sin* ot

0 T 2 6
N T(l —cos 2a)t) Fig. 4.4 Power waveform
lem Vm]m
5 5 cos 2wt
. 1 . 1
The power consists of a constant part —2~~ and a fluctuating part ==~ cos 2wt. The

frequency of the fluctuating power is twice the applied voltage frequency and its average

value over one complete cycle is zero.

VI V. 1
Average power P= 1 =L L =7]]

2 22

Thus, power in a purely resistive circuit is equal to the product of rms values of voltage
and current.

4.2 BEHAVIOUR OF A PURE INDUCTOR IN AN
AC CIRCUIT

Consider a pure inductor L connected across an alternating voltage v as shown in Fig. 4.5.
Let the alternating voltage be v =V, sin ®t.

L
7000

v —

A
)

v =Vp,sin ot

Fig. 4.5 Purely inductive circuit

Current The alternating current 7 is given by

i= %jvdt
= %J.Vm sinwt dt

V
= " (—coswt
WL ( )
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v, . ( nj

= Lsin| ot ——

ol 2
= Imsin(a)t—zj Im:V—’”
2 oL

where 7, is the maximum value of the alternating current. From the voltage and current
equation, it is clear that the current lags behind the voltage by 90° in a purely inductive circuit.

Waveforms The voltage and current waveforms are shown in Fig. 4.6.

Fig. 4.6 Waveforms

Phasor Diagram  The phasor diagram is shown in Fig. 4.7. Here, voltage V is chosen as
reference phasor. Current / is drawn such that it lags behind ¥ by 90°.

%

T
Fig. 4.7 Phasor diagram

Impedance In a purely inductive circuit,
Vv v,

m

= _—gL
I 1, V, oL

m
The quantity @wL is called inductive reactance, is denoted by X, and is measured in ohms.
Foradcsupply, f=0 .. X;=0
Thus, an inductor acts as a short circuit for a dc supply.

Phase Difference It is the angle between the voltage and current phasors.
¢ = 90°

Power Factor It is defined as the cosine of the angle between the voltage and current
phasors.

pf = cos ¢ =cos (90°) =0
Power Instantaneous powers p is given by
p=Vi
. . b4
=V, sin ot 1, sin (a)t _Ej
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=—V,l, sin ot cos wt p
Vi, .
=- % sin 2wt

The average power for one complete cycle, \/% v%ﬂ o 0
P=0.

Hence, power consumed by a purely inductive
circuit is zero. Fig. 4.8 Power waveform

o

During first — duration of cycle, the power is negative and power flows from the
inductor to source. During the B to & duration of cycle, the power is positive and

power flows from the source to the inductor. The same cycle repeats from 7 to 2.
Hence, the resultant power over one cycle (upto 8 = 27x) is zero, i.¢., the pure inductor
consumes no power.

When power is positive, the energy is supplied from the source to build up the magnetic
field in the inductor. When power is negative, the energy is returned to the source and
magnetic field collapses. Hence, power circulates in the purely inductive circuit. The
circulating power is called as reactive power.

4.3 BEHAVIOUR OF A PURE CAPACITOR
IN AN AC CIRCUIT

[Dec 2013]

Consider a pure capacitor C connected across an alternating voltage v as shown in Fig. 4.9.
Let the alternating voltage be v =V, sin ®t.

v =V, sin ot

Fig. 4.9 Purely capacitive circuit

Current The alternating current i is given by
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=wCV, cos ot
oCV,, sin (@t +90°)
I, sin (wt+90°) ...(I,=wCV,)

where 7, is the maximum value of the alternating current. From the voltage and current
equation, it is clear that the current leads the voltage by 90° in a purely capacitive circuit.

Waveforms The voltage and current waveforms are shown in Fig. 4.10.

Fig. 4.10 Waveforms

Phasor Diagram  The phasor diagram is shown in Fig. 4.11. Here, voltage V is chosen
as reference phasor. Current / is drawn such that it leads /" by 90°.

T

v

Fig. 4.11  Phasor diagram

Impedance 1In a purely capacitive circuit,

1 I, oCV, oC

The quantity v is called capacitive reactance, is denoted by X, and is measured in
ohms.

Foradcsupply, f=0 .. Xo=eoo

Thus, the capacitor acts as an open circuit for a dc supply.

Phase Difference It is the angle between the voltage and current phasors.

9 = 90°

p Power Factor It is defined as the cosine of the
/\ angle between the voltage and current phasors.

pf = cos ¢ =cos (90°) =0

%/ﬂ %/2:: ®  Ppower Instantaneous power p is given by
p=vi

=V, sin wt I, sin (ot + 90)

o

Fig. 4.12  Power waveform
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=V,l, sin @t cos wt

m-m

sin 2wt

The average power for one complete cycle, P = 0.
Hence, power consumed by a purely capacitive circuit is zero.

When power is positive, i.e., voltage increases across the plates of capacitor, energy is
supplied form source to build up the electrostatic field between the plates of capacitor and
the capacitor is energized. When power is negative, i.e., voltage decreases, the collapsing
electrostatic field returns the stored energy to the source. This circulating power is called
as reactive power.

Example 1

An ac circuit consists of a pure resistance of 10 ohms and is connected across an ac supply of
230V, 50 Hz. Calculate (i) current, (ii) power consumed, (iii) power factor, and (iv) write down
the equations for voltage and current.

Solution R=10Q
V=230V
f=50Hz
(i) Current
I= K=@=23A
R 10

(i1)) Power consumed
P=VI=230x23=5290 W
(ii1) Power factor
Since the voltage and current are in phase with each other, ¢ = 0°
pf = cos ¢ =cos (0°)=1
(iv) Voltage and current equations
v, =2 V=12x%x230=32527V
I, =J21=.2 x23=3253A
o= 2nf=21rx50=2314.16 rad/s
v =1V, sin ot=32527sin 314.16 ¢
i=1,sin wt=32.535sin314.16 ¢

Example 2
A voltage of 150 V, 50 Hz is applied to a coil of negligible resistance and inductance 0.2 H.
Write the time equation for voltage and current. [Dec 2012]
Solution Vs = 150V

rms

f=50Hz
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L=02H
X, =21fL=21x50%0.2=62.83 Q
V, = Va2 =1504/2 =212.13 V
LoV 21213
"X, 62.83
v =V, sin 27ft =212.13sin 27 x 50 X 1 = 212.13 sin 1007t
i = I,,sin (27t — 90°) = 3.38 sin (10077 — 90°)

=338A

Example 3

An inductive coil having negligible resistance and 0.1 henry inductance is connected across
a 200 V, 50 Hz supply. Find (i) inductive reactance, (ii) rms value of current, (iii) power,
(iv) power factor, and (v) equations for voltage and current.

Solution L=01H
V=200V
f=50Hz

(1) Inductive reactance
X, =2rnfL=2rx50x0.1=31.42Q
(i1) rms value of current
- L2 67
X, 3142
(iii)) Power
Since the current lags behind the voltage by 90° in purely inductive circuit, ¢ = 90°
P="VIcos ¢=200x6.37 x cos (90°) =0
(iv) Power factor
pf=cos ¢=cos (90°)=0
(v) Equations for voltage and current

v, = N2 V= 12x200=282.84V
I,=N21=2%x637=9A
w=2nf=2xx50=314.16 rad/s
v=1V,sin of=282.84 sin314.16 ¢

i=1,sin | ot—Z | =9sin (314.16t—£)
2 2

Example 4

The voltage and current through circuit elements are

v=100sin (314 t + 45°) volts

i=10sin (314 t + 315°) amperes
(i) Identify the circuit elements. (ii) Find the value of the elements. (iii) Obtain an expression for
power.
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Solution v =100 sin (314 ¢ + 45°)
i=10sin (314 ¢+ 315°)
= 10sin (314 ¢+ 315° - 360°)
= 10sin (314 ¢ —45°)
(1) Identification of elements

From voltage and current equations, it is clear that the current i lags behind the
voltage by 90°. Hence, the circuit element is an inductor.
(i1) Value of elements

X, = V_Vy 100 10 Q
I 1, 10
X, = oL
10 =314L
L =318 mH
(ii1) Expression for power
10010

V.. . .
p= —%stmt = sin(2x314¢) =-500 sin 628 ¢

Example 5

A capacitor has a capacitance of 30 microfarads which is connected across a 230 V, 50 Hz
supply. Find (i) capacitive reactance, (ii) rms value of current, (iii) power, (iv) power factor, and
(v) equations for voltage and current.

Solution C=30uF
V=230V
f=50Hz

(i) Capacitive reactance
1 1
2nfC 2mx50x30%107°

Xp= =106.1 Q

(i) rms value of current
Vo230

J= —-=
X. 106.1

=2.17A
(iii)) Power
Since the current leads the voltage by 90° in purely capacitive circuit, ¢ = 90°

P ="VIcos ¢=230x2.17 x cos (90°) =0
(iv) Power factor

pf=cos ¢ =cos(90°)=0

(v) Equations for voltage and current
v, =2V=12 x230=32527V
I,=21=2 x217=3.07A
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®=2rf=2rx50=314.16 rad/s
v =V, sin wt=32527sin 314.16 ¢

T
i=1,sin (a)t+§) =3.07 sin (314.16t+5j

Example 6
Find the rms value of current flowing through a 314 UF capacitor when connected to a 230V,
50 Hz, 1¢ AC supply. [Dec 2015]
Solution C =314 uF
V=230V
f=50Hz
1 1
Xo= = 7 =10.14Q
2 fC 2w x50x314%x10”
= 7 = 230 =22.68 A
Xco 10.14
4.4 SERIES R-L CIRCUIT
Figure 4.13 shows a pure resistor R connected in series with R L
a pure inductor L across an alternating voltage v. ~ Vg Vi ]
Let V' and / be the rms values of applied voltage and ;
curren‘F. . ' VAN
Potential difference across the resistor = V=R [ @/
Potential difference across the inductor = V; = X 1 v =V, sin ot

The voltage 7, is in phase with the current I whereas  Fig-413 Series R-L circuit
the voltage I7L leads the current 7 by 90°.

Phasor Diagram
Steps for drawing phasor diagram

1. Since the same current flows through series circuit, / is taken as reference
phasor.

2. Draw J/, in phase with I.
3. Draw 7, such that it leads 7 by 90°.
4. Add 7, and ¥, by triangle law of vector addition such that
V=TT
5. Mark the angle between / and ¥/ as ¢.
The phasor diagram is shown in Fig. 4.14.
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Vi
cos¢=7R

¢ A

Vr
(b)

>
~I

(@)
Fig. 4.14 (a) Phasor diagram (b) Voltage triangle

It is clear from phasor diagram that current / lags behind applied voltage / by an angle

¢ (0° < 9 <90°).

Impedance v i
7
L —R+jX,=Z
1
Z=7/¢

Z= R+ x} =R+’

o (2
R R

The quantity Z is called the complex impedance of the R-L circuit.

Impedance Triangle The impedance triangle is shown in Fig. 4.15.

Z XL cos ¢ = ;
a
R
Fig. 4.15 Impedance triangle

Current From the phasor diagram, it is clear that the current / lags behind the voltage V'
by an angle ¢. If the applied voltage is given by v = V,, sin w? then the current equation

will be

i=1, sin(0t- @)

3

where 1, =

oL
d =tan! | —
an ¢ = tan ( 2 j
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Waveforms The voltage and current waveforms are shown in Fig. 4.16.

v
i

S

Fig. 416 Waveforms

Power Instantaneous power p is given by
p=vi
=V, sin ot I, sin (ot — ¢)
=V, 1,sin ot sin (ot — @)

_ v [cos¢—c0s(2wt—¢)}
m-m 2

V. I VI
mz’" cos ¢ — %cos Qwt — )

m-m

Thus, power consists of a constant part cos ¢ and a fluctuating part

m Im

VT cos (2wt — ¢). The frequency of the fluctuating part is twice the applied voltage

frequency and its average value over one complete cyce is zero.

m [m

V.1
Average power P = cos ¢ = T’;TZ cos ¢=VIcos ¢

Thus, power is dependent upon the in-phase component of the current. The average
power is also called active power and is measured in watts.

We know that a pure inductor and capacitor consume no power because all the power
received from the source in a half cycle is returned to the source in the next half cycle.
This circulating power is called reactive power. It is a product of the voltage and reactive
component of the current, i.e., / sin ¢ and is measured in VAR (volt—-ampere-reactive).

Reactive power Q = VI sin §.

The product of voltage and current is known as apparent power (S) and is measured in
volt—ampere (VA).

S=P*+0*
Power Triangle In terms of circuit components,
R
cos ¢ = —
¢ Z

and V=271
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P = VIcos q)zzuE =IR s P
VA Q cos ¢ =

X
Q=VIsin¢=Z]I7L=12XL A s

S=VI=7ZII=17 Fig. 4.17 Power triangle
The power triangle is shown in Fig. 4.17.
Power Factor It is defined as the cosine of the angle between the voltage and current

phasors.

pf=cos ¢
. Vr
From voltage triangle, pf=

v

: . R
From impedance triangle, pf= Z
P

From power triangle, pf= S

In case of an R-L series circuit, the power factor is lagging in nature since the current lags
behind the voltage by an angle ¢.

EXAIMIPIC 1 e

An alternating voltage of 80 + j60 V is applied to a circuit and the current flowing is
4 —j2 A. Find the (i) impedance, (ii) phase angle, (iii) power factor, and (iv) power consumed.

Solution 7 =80+,;60V
I

(i) Impedance

7 ; 100£36.87°
7o 1 _80%j60 10023687 ) 50 634300
T 4-j2  447/-2656°
7=2237Q
(i) Phase angle
6= 63.43°

(iii) Power factor
pf=cos ¢ =cos (63.43°) = 0.447 (lagging)

(iv) Power consumed
P=VIcos ¢=100x4.47x0.447=199.81 W
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BRIl 2 e

The voltage and current in a circuit are given by V = 150 £30° V and I =2.-15°4. If the
circuit works on a 50 Hz supply, determines impedance, resistance, reactance, power factor and
power loss considering the circuit as a simple series circuit.

Solution y =150 £30°V
I =2/-15°A
f=50Hz

(i) Impedance
7= L_ DO oo 4se0-s3.03 +53.03 Q
1 2£-15°
Z=175Q
(i1) Resistance
R =53.03Q
(iii)) Reactance
X =53.03Q
(iv) Power factor
¢ = 45°

pf = cos ¢ =cos (45°) = 0.707 (lagging)

(v) Power loss
P="VIcos $=150%x2x0.707=212.1 W

L e T

An rms voltage of 100 £0° V is applied to a series combination of Z, and Z, when
Z, = 20 £30°Q. The effective voltage drop across Z; is known to be 40 £=30° V. Find the

reactive component of Z,.

Solution V =100 £0°V
Z, =20 £30°Q
i =40 £-30°V
= 7, 40£-30°
I=L=""2"" —0/ 60°A
Z,  20£30°
7=V _10020° _ 55 60e=2s +j43.3Q
I 2/-60°
Z, =20 £30°=17.32 +;10 Q

Zy=7—7,=25+/433-1732-/10="7.68 +,333 Q

Reactive component of Z, =33.3 Q
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Example 4

A voltage v(t) = 177 sin (314t + 10°) is applied to a circuit. It causes a steady-state current
to flow, which is described by i(t) = 14.14 sin (314t — 20°). Determine the power factor and
average power delivered to the circuit.

Solution v(t) = 177 sin (314¢ + 10°)
i(f) = 14.14 sin (314¢-20°)
(i) Power factor
Current #(7) lags behind voltage v(¢) by 30°.
¢ = 30°
pf = cos ¢ = cos (30°) = 0.866 (lagging)
(i1) Average power
177 14.14

P=VIcos 0= —X—— X 0.866=1083.7 W
RN RN

Example 5

When a sinusoidal voltage of 120 V (rms) is applied to a series R-L circuit, it is found that there
occurs a power dissipation of 1200 W and a current flow given by i(t) = 28.3 sin (314t — ¢). Find
the circuit resistance and inductance.
Solution V=120V
P =1200 W
i(f) = 28.3 sin (314t — ¢)
(1) Resistance

= 283 _ 20.01 A
2
P =Vicos ¢
1200 = 120 x 20.01 X cos ¢
cos ¢ = 0.499
¢ = 60.02°
7-L- 20 _4q
I 20.01
Z=7/0=6260.02°=3+;52Q
R=3Q
(i1) Inductance
X, =52Q
X, = oL
52=314x%L

L=0.0165H
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Example 6

In a series circuit containing resistance and inductance, the current and voltage are expressed

as i(t) =5 sin (3]4t + 2?”) and v(t) = 20 sin (3]4t + 5_7[) (i) What is the impedance of the
6

circuit? (ii) What are the values of resistance, inductance and power factor? (iii) What is the
average power drawn by the circuit?

Solution i(f) = 5sin (314”2?”)

v(f) =20 sin [314t+5?ﬂ)

(1) Impedance

VW 20
7 I, 5

(i) Power factor, resistance and inductance
Current i(7) lags behind voltage v(¢) by an angle ¢ = 150° — 120° = 30°
pf=cos ¢ =cos (30°) = 0.866 (lagging)
Z =4 /30°=3.464+,2 Q

R=3.464 Q
X, =2Q
X, =0l
2=314%XL
L=637mH

(iii)) Average power
P=VIcos ¢ 20><5 x 0.866 =433 W
=VIcos § = —=X—= x0.866 =43.
V2042

Example 7

A series circuit consists of a non-inductive resistance of 6 2 and an inductive reactance of 10 €.
When connected to a single-phase ac supply, it draws a current i(t) = 27.89 sin (628t — 45°).
Calculate (i) the voltage applied to the series circuit in the form V,, sin (0t + ¢), (ii) inductance,
and (iii) power drawn by the circuit.

Solution R=6Q
X, =10Q
i(f) = 27.89 sin (628¢ — 45°)
(1) Voltage applied to the series circuit
Z =R+jX,=6+/10=11.66 £59.04° Q
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27.89
—=£-45°=19.72 L45° A

J2

= Z I =(11.66 £59.04°) (19.72 £-45°) =229.95 £14.04° V
v = 229.95+/2 sin (ot + 14.04%) = 325.2 sin (@t + 14.04°)

I

(i1) Inductance

X; = oL
10 = 628 x L
L =159 mH

(iii) Power drawn by the circuit
P = VIcos ¢=229.95x19.72 X cos (59.04°) =2332.78 W

Example 8

A coil having a resistance of 10 Q and an inductance of 40 mH is connected to a
200 V, 50 Hz supply. Calculate the impedance of the coil, current, power factor and power
consumed. [May 2015]

Solution r=10Q

10Q 40 mH
L=40 mH : AMAA s E
V=200V S |
f=50Hz
X, =2mfL=21rx50x40x 103 =12.57 Q ©,
(i) Impedance of coil 200V, 50 Hz
Fig. 4.18

Zeon = 7+ jX; =10+ 12.57 = 16.06 £ 51.5° Q
(i1) Current
V. 200

=——=1245A
v/

I'= 16.06

coil
(ii1) Power factor

pf = cos ¢ =cos (51.5°) =0.62 (lagging)
(iv) Power consumed

P = VIcos ¢=200x 16.06 x 0.62 =2 kW



4.18  Basic Electrical Engineering

Example 9

When an inductive coil is connected to a dc supply at 240 V, the current in it is 16 A. When
the same coil is connected to an ac supply at 240 V, 50 Hz, the current is 12.27 A. Calculate
(i) resistance, (ii) impedance, (iii) reactance, and (iv) inductance of the coil.

Solution Fordc: V=240V,I=16A

Forac: '=240V,/=1227A
(i) Resistance
When an inductive coil is connected to a dc supply,

f=0
X, =2rnfL=0
The coil behaves like a pure resistor.
V240
= T 16 =15Q

(i1) Impedance
When the coil is connected to an ac supply,

Vo 240
Z= —=—"—7 =1956Q

(iii) Reactance I 1227

X, = NZ2 - R* =/(19.56)> = (15)> =12.55Q
(iv) Inductance

X, =2rnfL
12.55 =2nx50x L
L=0.04H

Example 10

An inductive coil draws 10 A current and consumes 1 kW power from a 200 V, 50 Hz ac supply.
Determine (i) impedance in Cartesian and polar forms, (ii) power factor, and (iii) reactive and
apparent power.

Solution I=10A
P=1kW
V=200V
f=50Hz
(i) Impedance in Cartesian and polar forms
7z = d = 200 20Q

710
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P =TIcos ¢
1000 = 200 x 10 X cos ¢
cos ¢ =0.5

¢ = 60°

Expressing 7 in polar form,
Z =7/ ¢ =20 2£60°Q
Expressing 7 in Cartesian form,
Z =10+,17.32Q
(ii) Power factor
pf = cos ¢ =cos (60°) = 0.5 (lagging)
(iii) Reactive and apparent power
Q = VIsin ¢ =200 x 10 x sin (60°) = 1.73 kVAR
S=VI=200x10=2kVA

Example 11

A coil connected across a 250 V, 50 Hz supply takes a current of 10 A at 0.8 lagging power
factor. What will be the power taken by the choke coil when connected across a 200V, 25 Hz
supply? Also calculate resistance and inductance of the coil.

Solution V, =250V
fi = 50 Hz R XL
I, =10A 10A
pf = 0.8 (lagging) 250 V, 50Hz
V,=200V Fig. 4.19
f,=25Hz
(1) Resistance and inductance of the coil
R0y
I, 10

¢, = cos! (0.8) =36.87°
Z, = Z, £, =25.36.87°=20+;15Q

R=20 Q
X, =15Q
X, =2nf L
15 =2nx50x%xL
L =0.0477H

(i1) Power taken by the choke coil when connected across a 200 V, 50 Hz supply.
X, =2nf, L=21rx25x%0.0477="7.49 Q
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Z, =R+ X, =20+;7.49=21.36 £20.53° Q

7, =2136Q

¢, = 20.53°
=220 g56a
2z, 2136

P =V, 1, cos ¢, =200 x 9.36 x cos (20.53°) = 1.753 kW
Example 12

A load of 22 kW operates at 0.8 lagging power factor when connected to a 420 V, single-
phase, 50 Hz source. Find (i) current in the load, (ii) power factor angle, (iii) impedance,
(iv) resistance of load, (v) reactance of load, (vi) voltage and current equations.

Solution P =22kW
pf = 0.8 (lagging)
V=420V
f=50Hz
(i) Current in the load
P=1VIcos ¢
22 x 103 = 420 x I x 0.8
I=06548A

(i) Power-factor angle
¢ = cos™! (0.8) =36.87°
(iii) Impedance
Vo 420

Z=—=——=641Q
[ 6548

(iv) Resistance of load

R=Zcos $=6.41x0.8=5.13Q
(v) Reactance of load

X; = Zsin ¢ =6.41 x sin (36.87°) = 3.85 Q
(vi) Voltage and current equations
v ="V, sin2nrft=420 V2 sin (2 x 50) t=593.97 sin 1007 ¢
The current lags behind the voltage by 36.87°
i=1,sin (2xfi — ¢) = 65.48 V2 sin (2% 50 £ —36.87°)
= 92.6 sin (1007 t — 36.87°)
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Example 13

A choke coil is connected in series with a fixed resistor. A 240V, 50 Hz supply is applied and a
current of 2.5 A flows. If the voltage drops across the coil and fixed resistor are 140 V and 160
V respectively, calculate the value of the fixed resistance, the resistance and inductance of the
coil, and power drawn by the coil.

Sewdon Choke Coll___
V=240V | :
| r XL ! R
f=50Hz ——AAA— T A
I=25A TS a— 160 V
25A )
Vit =140V
'« 240V, 50 Hz—M8M88>
Ve =160V Fig. 4.20 ’
(1) Resistance of fixed resistor
Ve 160
= R=— -640Q
I 25
(i) Resistance and inductance of the coil
Ve 140
Zcoil = %:g :569
Zcoil = \[7"2 +XL2 =56
2+ X3=3136 (1)
V240
Z= —=—-=96Q
I 25

Z =(R+r)+jX,

Z=JR+r+X;
96 = \J(64+7)? + X2
(64 +r)*>+X? =9216 ()
Subtracting Eq. (2) from Eq. (1),
(64 +7)* —* = 6080
4096 + 128 r + r* — > = 6080
128 r=1984
r=155Q
Substituting the value of 7 in Eq. (1),
(15.5)* + X? = 3136
X? =2895.75
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X, =5381Q
X, =2nfL
53.81 =2nx50x L
L=0.17H

(iii) Power drawn by the coil
P, =FPr=(2.5)?x155=96.875W

coil —

Example 14

A 100 Q resistor is connected in series with a choke coil. When a 400 V, 50 Hz supply is applied
to this combination, the voltages across the resistance and the choke coil are 200 V and 300 V
respectively. Find the power consumed by the choke coil. Also, calculate the power factor of the

choke coil and the power factor of the circuit. [Dec 2012]
Solution R=100Q Choke Coil
V=400V | |
: r X, | R=100Q
f=50Hz ——— VW00 ——
Ve=200V 300V 200V
V=300V
coll ‘«—— 400V, 50 Hz ———>

(i) Power consumed by choke coil

Fig. 4.21
Ve 200
R 100
Vi 300
Zooit = %‘1=7:1509
JrE+ X2 =150
2+ X2 = 22500 (1)
4
7= 00
I 2

Z=R+r) +jX;
Z= (R+r)*+X] =200
(100 + 7)? + X7 = 40000 2)
Subtracting Eq. (1) from Eq. (2),
(100 + 7)> — 2 = 17500
10000 + 2007 + 7% — 72 = 17500
2007 = 7500
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r=375Q
Substituting the value of 7 in Eq. (1),
(37.5)* + X? = 22500
X? =21093.75
X, =14524 Q
P =Pr=(2)x37.5=50W

coil
(i1) Power factor of the choke coil

r 375

= ——=""=0.25 (laggi
o~ 7 7150 (lagging)

pe
(iii) Power factor of the circuit
R+r 100+37.5

Z 200

Pleircuit = = 0.6875 (lagging)

Example 15

A resistor of 25 €2 is connected in series with a choke coil. The series combination when
connected across a 250V, 50 Hz supply, draws a current of 4 A which lags behind the voltage by
65°. Calculate (i) resistance and inductance of the coil, (ii) total power, (iii) power consumed

by resistance, and (iv) power consumed by choke coil. [May 2014]
Solution R=25Q RN Coil
V=250V r XL R=25Q
£= 50 Hz YT
I=4A 4A
¢ = 65° ~ 250V,50Hz————»
(i) Resistance and inductance of the coil 0= 65°Fig. a2
Z= 4 = 20 _ 62.5Q
I 4
7 =7/0=62.5 265 =2641+j56.64 Q
But Z =R+r+jX,
X; = 56.64 Q
R+r=2641
r=2641-25=141Q
X, =2rfL

56.64 =27 x50 %L
L=0.18H
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(i) Total power
P=P(R+r)=(4)?x2641=42256 W
(iii) Power consumed by resistance
Pp=PR=(4?%x25=400 W
(iv) Power consumed by choke coil
P ,=Pr=4)yx141=2256W

coil —

Example 16

When a resistor and a coil in series are connected to a 240 V supply, a current of 3 A flows,
lagging 37° behind the supply voltage. The voltage across the coil is 171 volts. Find the

resistance and reactance of the coil, and the resistance of the resistor. [May 2014, Dec 2015]
Solution V=240V Coil
[=3A o x| R
¢ =37° paaAenkiii
Ve = 171V A 71V I
(i) Resistance and reactance of the coil 240V
=37°
Zeoil = % = % =57Q (pFig. 4.23
Jri+XE =57
2+ X? = 3249
= v = 240 =80 Q
1 3
Z =7/=280 £37°=63.89 +48.15Q
But Z=R+r+jX,
X, =48.15Q
2+ X? = 3249
r? + (48.15)> = 3249
= 931.04
r=30.51Q
(i1) Resistance of the resistor
R+r=63.89

R+30.51 = 63.89
R =3338Q
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Example 17

A choke coil and a resistor are connected in series across a 230V, 50 Hz ac supply. The circuit
draws a current of 2 A at 0.866 lagging pf. The voltage drop across the resistor is 100 V.
Calculate the power factor of the choke coil.

Solution
V=230V prmemnee col . ,
f=50Hz oo X R
—— NN 000
I=2A R !
f«<—100 v —
pf = 0.866 (lagging) 2A
Vg =100V 230V,50Hz ——»]
_ Vp 100 00 pf = 0.866 (lagging)
7 2 5 Fig. 4.24
UL
1 2
pf = 0.866 (lagging)
¢ = cos™! (0.866) = 30°
Z=27/$p=115 £30°=99.59 +,57.5Q
R+r=299.59
50 +r=99.59
r=149.59 Q
X, =575Q
Zeot = 2+ X2 = (49592 +(57.5)7 =75.93Q
r 49.59 .
pfoi = a = 7503 =0.653 (lagging)
Example 18

A circuit consists of a pure resistor and coil in series. Power dissipated in the resistor and in
the coil are 1000 W and 250 W respectively. The voltage drops across the resistor and the coil
are 200 V and 300 V respectively. Determine (i) value of pure resistance, (ii) resistance and
reactance of the coil, (iii) combined resistance of the circuit, (iv) combined impedance, and
(v) supply voltage.

Solution Py =1000 W
Py =250W
Ve =200V

Voot = 300V
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(i) Value of pure resistance R Coil ____
P, = V_R2 i r XL E R
R I !
I —
1000 M / 300V | 200V
R Vv
R=40Q Fig. 4.25
(i1) Resistance and reactance of the coil
Ve=RI
200 = 40/
I=5A
Py = Pr
250 = (5 xr
r=10Q
Zooin = @22 =60 Q

I
X, = 72, - = J(60)* —(10)2 =59.2 ©

coil —
(ii1) Combined resistance of the circuit
R;,=R+r=40+10=50Q

(iv) Combined impedance

Z= \/(R+r)2 +X] = \/(50)2 +(59.2)* =775Q
(v) Supply voltage
V=ZI=715%x5=3875V

Example 19

Two coils A and B are connected in series across a 240 V, 50 Hz supply. The resistance of A is
5 Qand inductance of Bis 0.015 H. If the input from supply is 3 kW and 2 kVAR, find inductance

of A and resistance of B. Calculate the voltage across each coil. [May 2013]
Solution
=50 La g Lg=0.015H
NN B0 NN o0
P=3kW
0=2kVAR

<« 240V,50Hz ——

Fig. 4.26
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(1) Inductance of A and resistance of B

2
tan¢=g=—=0.67

P 3
¢ =33.69°
P =VIcos ¢
3000 =240 x I X cos(33.69°)
1=15.02A
ZT=K =ﬂ=15.989
I 15.02

Zyp=Z;Z¢=1598233.69°=(13.3+,8.86) Q
rp=r,try=133Q

rp=83Q

Xp =2nfLy=21x50x0.015=4.71 Q
Xr=X,+X;=28.86

X, =415Q
X, =2nfL,

415 =2rx50x L,
L,=0.013H

(ii) Voltage across each coil

Zy= \/”f +X; = \/(5)2+(4.15)2 ~65Q

Zp = \/ré +Xp = \/(8.3)2+(4.71)2 =954 Q

V,=Z,0=65x1502=97.63V
Ve =2Z,1=9.54%15.02= 14329V

Example 20

Two coils are connected in series across a 200 V, 50 Hz ac supply, The power input to the
circuit is 2 kW and 1.15 kVAR. If the resistance and the reactance of the first coil are 5 2 and
8 Qrespectively, calculate the resistance and reactance of the second coil. Calculate the active

power and reactive power for both the coils individually. [Dec 2014]
Solution P;=2kW
O = 1.L15kVAR
rA = 5 Q

X, =8Q
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__________________________________________

200V, 50 Hz
Fig. 4.27

(i) Resistance and reactance of the coil B

Py = VIcos ¢
Q= VIsin ¢
tan ¢ = &=g=0.575
P 2
¢ =129.9°
Py = VIcos ¢
2000 = 200 x I x cos (29.9°)
I=1154A

Pp=1%(ry+rp)
2000 = (11.54)> (5 +rp)
rg = 10.02 Q
Qr=1° X, +Xp)
1.15 x 10° = (11.54)* (8 + Xp)
Xz =0.64Q
(i1) Active power and reactive power for both the coils individually
P, = Pr,=(11.54)>x5=665.86 W
0, =1*X,=(11.54)>x 8 = 10.65.37 VAR
Py =1ry=(11.54)>x 10.02 = 133438 W
Qp = 1? Xz = (11.54)> x 0.64 = 82.53 VAR

Example 21

A coil A takes 2 A at a power factor of 0.8 lagging with an applied p.d. of 10 V. A second coil B
takes 2 A with a power factor of 0.7 lagging with an applied voltage of 5 V. What voltage will
be required to produce a total current of 2 A with coils A and B in series? Find the power factor
in this case.

Solution
Coil4: I,=2A, pf,=0.8(lagging), V,=10V
Coil B: Iz=2A, pfy=0.7(lagging), Vz=5V
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I1=2A
______ Coll A_____. . CoilB
i ra Xa E rg Xg |
" VVAV000 VA T00
2A 2A
10V 5V
pf = 0.8 (lagging) pf = 0.7 (lagging)
Fig. 4.28
For Coil 4, ¢, = cos ! (0.8) =36.87°
vV, 10
Z,=-A=—1=5Q
Z,=7Z,2¢,=523687°=4+;3Q
ry=4Q
X, =3Q
For Coil B, ¢ = cos™ (0.7)=45.57°
-3 550
B, 2 7
Zy=17ZyLp=2524557°=1.75+1.78 Q
rp=175Q
Xz =1.78Q
When coils 4 and B are connected in series,
______ CollA . . _ColB _____
i ra XA E i s XB E
AT A0
2A
v
Fig. 4.29

Z=r,tjX +rp+jXz=4+,3+175+,1.78
= 5.75+j4.78 =7.48 £39.74° Q

Z=1748Q

¢ = 39.74°

V=ZI=748x2=1496V

pf = cos ¢ =cos (39.74°) = 0.77 (lagging)
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Example 22

When a voltage of 100 V is applied to a coil A, the current taken is 8§ A and the power is 120 W.
When applied to a coil B, the current is 10 A and the power is 500 W. What current and power
will be taken when 100 V is applied to the two coils connected in series?

Solution
Coil4: V,=100V, I[,=8A, P, =120W
Coil B: Vy =100V, I;=10A, Pz=500W

______ Col A _____. ... CaolB .
i >z XA E i s XB E
—:—’\A/\/—QRTO“—E _i_/\/\/\/_r‘m\_i
8A 10A
100 V 100 V
Pa=120 W Pg =500 W
Fig. 4.30
vV, 100
For Coil 4, Z,=AL=—-=125Q
I, 8
P, =12r,
120 = (8)* x 7,
ry=1875Q
= 2 2 _ 2 2 _
Xy \/ZA — 2 =\(12.5)2 - (1.875)> =12.36Q
or Coil B, 5= 00
Py =1I}ry
500 = (10)* x rg
rg=5Q

Xz = \/Z§ —rp = \/(10)2 —(5)* =8.66 Q
When coils 4 and B are connected in series,




Example 23

Z = I’A+jXA+rB+jXB
= 1.875 +12.36 + 5 + j8.66
= 6.875 +,21.02
=22.11 £71.89° Q

Z=2211Q
¢ = 71.89°
V10 5a
Z 2211

P =P (r,+rg)=(4.52) x (6.875) = 140.64 W
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In a particular circuit, a voltage of 10 V at 25 Hz produces 100 mA, while the same voltage at
75 Hz produces 60 mA. Find the values of components of the circuit.

Solution

Case (i)

Case (ii)

V,=10V,  f, =25Hz,
V,=10V,  f,=75Hz,
V,=10V,  f, =25Hz,
Ko 10

Z = Lt=—o—=1000Q
I, 10010
V,=10V,  f, =75Hz
v, 10
= 2= =166.67 Q

7 -
2L, 60x107

I, = 100 mA
I, = 60 mA
I, = 100 mA
I, = 60 mA

As frequency increases, impedance of the circuit increases. In a series R-L circuit,
inductive reactance X; increases with frequency. Hence, impedance increases.

Hence, the circuit consists of a resistance R and an inductance L.

Z, = R+ X} =R+ @ux25x 1)> =100Q

R2+ (507L)> = 10000

(M

Z,= R+ X} =R*+Qux75x L) =166.67Q

R?+ (1507L)? = 27778.89
Solving Egs (1) and (2),

R =88.1Q
L=03H

2
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Example 24

When 1 A is passed through three coils A, B and C in series, the voltages across them are 6 V,
3 Vand 8 V respectively on a dc supply and 7'V, 5 V and 10 V respectively on an ac supply. Find
the power factor and the power dissipated in each coil and the power factor of the whole circuit.

Solution I=1A
On dc supply, Vy=6YV, Ve=3V, Ve=8V
On ac supply, V=17V, V=15V, Ve=10V
For dc supply, =0
X, =2rnfL=0
The coils behave like pure resistors.
V, 6
R,=2==-=6Q
I 1
Ve 3
I 1
Ve 8
R.=-5=-=8Q
I 1
V, 7
For ac supply, Z,= TZT =7Q
Ve 5
Zy=-"L===50
I 1
ze= Yol g
cr o1

X, = JZZ-R: =7 - (6)> =3.6Q
Xy =z -R; =5 -3 =40

Xe= 22~ R =10y -8 =62
(i) Power factor of Coil 4

pf, = ;—j =g =0.857 (lagging)
(i) Power factor of Coil B

pfs = g—i :é = 0.6 (lagging)
(iii)) Power factor of Coil C

pfe = ke = Ll = 0.8 (lagging)

CZ. 10
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(iv) Power dissipated in Coil 4
P,=PR,=(1x6=6W
(v) Power dissipated in Coil B
Pp=PRy=(1*%x3=3W
(vi) Power dissipated in Coil C
Po=PR-=(1*x8=8W
(vii) Power factor of the whole circuit
Z= Ry +jXy+ Rp+jXp+ Re+jXc
=6+,3.6+3+j4+8+6
=17+;13.6=21.77 £38.68° Q
pf; = cos (38.68°) = 0.78 (lagging)
Example 25

An air-cored coil takes 5 A of current and consumes 600 W of power when connected across

a 200V, 50 Hz ac supply. Calculate the value of the current drawn by the coil if the supply
frequency increases to 60 Hz.

Solution I=5A
P =600 W
V=200V
For f=50Hz
Z= r_200 =40 Q
1 5
P="Ir
600 = (5)> x r
r=24Q

X, = 7212 = 40y — (24 =320

X, =2rnfL
32=2xx50xL
L=0.1019 H
For f=60Hz
X; =2m x60x0.1019=38.4 Q
r=24Q

Z= P+ X} =24 +(38.4) =4528Q
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- L-20 _yai7a
Z 4528

Example 26

When an iron-cored choking coil is connected to a 12 V dc supply, it draws a current of 2.5 A
and when it is connected to a 230 V, 50 Hz supply, it draws a 2 A current and consumes 50 W of
power. Determine for this value of current (i) power loss in the iron core, (ii) inductance of the
coil, (iii) power factor, and (iv) value of the series resistance which is equivalent to the effect
of iron loss.

Solution For dc V=12V, I1=25A

For ac V=230V, I=2A, P=50W
In an iron-cored coil, there are two types of losses.
(i) Losses in core known as core or iron loss

(i1) Losses in winding known as copper loss

P=PR+P,
P B
FE
P
Rr=R+ —
I

where R is the resistance of the coil and 5’2 is the resistance which is equivalent to the

effect of iron loss. 1

For dc supply, =0

X, =0
R= 12 =48Q
25
For ac supply, Z= gzo =115Q

(1) Iron loss

P,=P-PR=50-(2)>x48=30.8W
% = 5—02 =12.5Q

(@

X = \/22 — Ry =\/(115)2 —(12.5) =1143Q

Ry

(i1) Inductance
X, = 2rxfL
1143 =2nx50% L
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L=0363H
(ii1) Power factor
R, 125
pf = 7T = 115 =0.108 (lagging)
(iv) The series resistance equivalent to the effect of iron loss
K 308 170
i 12 (2)2 °

Example 27

An iron-cored coil takes 4 A at a power factor of 0.5 when connected to a 200 V, 50 Hz supply.
When the iron core is removed and the voltage is reduced to 40 V, the current rises to 5 A at a
pfof 0.8. Find the iron loss in the core and inductance in each case.

Solution With iron core 1=4A, pf= 0.5, V=200V
Without iron core 1=5A, pf= 0.8, V=40V
(1) Inductance of the coil
(a) When the iron core is removed,
_V_40

Z=—=—=8Q
I 5
R

f= =

Tz

08—5

' 8

R=640Q

X, = NZP-R> =(8)> - (6.4) =48Q

X, =2nfL

48 =2xx50x%xL

L =0.0153H

(b) With iron core,

V200
Z=—="-=50Q
I 4
R
f= L
Pz
R
05= L
50
R;=25Q

X, = 72 - R =[50 - (25) =433 Q
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X, = 2nfL
433 =2rx50x L
L=0.1378H

(i1) Iron loss
P;=P—PR=VIcos ¢—PR=200%x4x0.5—-(4)*>%x64=297.6 W

4.5 SERIES R-C CIRCUIT
Figure 4.32 shows a pure resistor R connected in series with a R ¢
pure capacitor C across an alternating voltage v. < Vg \','C ~

Let V and I be the rms values of applied voltage and current. j
Potential difference across the resistor = V=R [
Potential difference across the capacitor = V.= X/

o
— . . . = v =Vp, sin ot

The voltage J, is in phase with the current / whereas voltage

_ _ Fig. 4.32 Series R-C circuit

V. lags behind the current 7 by 90°.

AN
Phasor Diagram
Steps for drawing phasor diagram

1. Since the same current flows through series circuit, / is taken as reference
phasor.

2. Draw y, in phase with I.

3. Draw I7C such that it lags behind I by 90°.

4. Add Ve and Ve by triangle law of addition such that
V= T+ T

5. Mark the angle 7 and 7 as ¢.

The phasor diagram is shown in Fig. 4.33. It is clear from phasor diagram that current [
leads applied voltage 7/ by an angle ¢ (0° < ¢ < 90°).

VR ) VR
V
¢ 0 cos ¢ = R

Ve Y Ve 4

(@) (b)
Fig. 4.33 (a) Phasor diagram (b) Voltage triangle
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Impedance
V="V +V,
= RI —jX.1
= (R-jXoI

=R-jX.=7

7/-¢
/ 1
= JR*+ X0 = [R* +—
W

C2
1

oo i)l
R wRC

The quantity Z is called the complex impedance of the R-C circuit.

NN IS

Impedance Triangle The impedance triangle is shown in Fig. 4.34.

R
NV,

R
Xc cos ¢ = —-
7 V4

Fig. 4.34 Impedance triangle

Current From the phasor diagram, it is clear that the current / leads the voltage V' by an
angle ¢. If the applied voltage is given by v =V, sin @¢ then the current equation will be

i=1,sin(0t+ ¢)

where I, =

and ¢ = tan’! e tan ! (;j
R WRC

Waveforms The voltage and current waveforms are shown in Fig. 4.35.

Vi
z

v
i

A=<

Fig. 4.35 Waveforms

Power

Active power P = VIcos ¢=1I°R
Reactive power  Q = VIsin ¢ = PX,.
Apparent power S = VIi=PZ
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Power Triangle The power triangle is shown in Fig. 4.36.
P
Y
P
Q Cos ¢ =
s S
Fig. 4.36 Power triangle

Power Factor It is defined as the cosine of the angle between voltage and current
phasors.

pf =cos ¢
. Va
From voltage triangle, pf = T
. . R
From impedance triangle pf = 7
. P
From power triangle, pf = 5

In case of an R-C series circuit, the power factor is leading in nature since the current
leads the voltage by an angle ¢.

Example 1

The voltage applied to a circuit is e = 100 sin (ot + 30°) and the current flowing in the circuit is
i =15 sin (ot + 60°). Determine impedance, resistance, reactance, power factor and power.

Solution e = 100 sin(wt + 30°)
i = 15 sin (wt + 60°)

(i) Impedance

E =19 py
J2

1= E460°A
J2

o 1\%)430’

7-Z- 152— — 6.67 £-30°=5.77— 333 =R X,
I 2 600

N

Z=06.67Q
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(i1) Resistance
R=5.77Q
(ii1) Reactance
Xe=333Q
(iv) Power factor
pf = cos ¢ =cos (30°) = 0.866 (leading)
(v) Power

P = Elcos 9= = x -2 % 0.866 = 649.5 W
= COS Q= —= X —= . = .
V2

Np

Example 2

The voltage and current in a circuit are given by e = 100 sin(wt + 30°) and i = 50 sin (@t + 60°).
Determine the impedance of the circuit. Assuming the circuit to contain 2 elements in series find
resistance, reactance and power factor of the circuit. [Dec 2014]

Solution e = 100 sin (et + 30°)
i = 50 sin (@t + 60°)
(i) Impedance
— 1
E= ﬂé 30°V

D

7=22 /600
2
b 1\;)9430"
Z="=3N2 _2,-30°=173—jl=R—- jX,
I 50
—=Z£60°
2
Z=2Q
(ii) Resistance
R=173Q
(ii1) Reactance

(iv) Power factor
pf = cos ¢ = cos (30°) = 0.866 (leading)
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Example 3

A series circuit consumes 2000 W at 0.5 leading power factor, when connected to 230 V, 50 Hz
ac supply. Calculate (i) current, (ii) kVA, and (iii) kVAR.

Solution P =2000 W
pf = 0.5 (leading)
V=230V
(i) Current
P ="VIcos ¢
2000 = 230 x 1% 0.5
I=1739A
(i1) Apparent power
S=VI= L — 2000 =4 kVA
cos¢ 0.5

(iii) Reactive power
¢ = cos™! (0.5)=60°
O = VIsin ¢ =230 x 17.39 x sin (60°) = 3.464 kVAR

Example 4

A resistor R in series with a capacitor C is connected to a 240 V, 50 Hz ac supply. Find the value of
C so that R absorbs 300 W at 100 V. Find also the maximum charge and maximum stored energy
in C.

Solution V=240V
f=50Hz
P=300W
Ve=100V
(1) Value of C
Vi
="
2
300 = 1007
R=3333Q
P=PR

300 = I* x 33.33
I1=3A
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240
7= -2 500
I 3

Xo= 72 _ g2 =80 -(33.33) =72.72Q

1
X =
¢ omfC
1
7272 = ——————
2 x50xC
C =43.77uF

(i1) Maximum charge

Ve= V7 =72 = J2407 — (1007 =218.17V
Vema = 218.17 x /2 =308.54 V
Onax = CVemax = 43.77 x 1070 x 308.54 = 0.0135 C

(ii1) Maximum stored energy

E

ma

1 1
= 5 € Vepae) = 7% 43.77x 1070 x (308.54)” = 2.08 ]

Example 5

A capacitor of 35 uF is connected in series with a variable resistor. The circuit is connected
across 50 Hz mains. Find the value of the resistor for a condition when the voltage across the
capacitor is half the supply voltage.

Solution C=35pF
f=750Hz
v.= Ly
€ 2
X.— - 1 =90.946 Q
© 2mfC  2rx50x35%107° '
o= Ly
)
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1
X. = =7
)
Z=2X,

Z=R*+ X}
(2X)? = R* + X2
R? = 3X2 =3 x (90.946) = 24813.35
R=1575Q

Example 6

A voltage of 125 V at 50 Hz is applied across a non-inductive resistor connected in series with a
capacitor. The current is 2.2 A. The power loss in the resistor is 96.8 W. Calculate the resistance
and capacitance.

Solution V=125V
f=50Hz
I1=22A
P=968W
(1) Resistance
Vo125
Z=—=—=5682A
I 22
P=1°R
96.8 = (2.2)> xR
R=20Q

(i1) Capacitance

Xe = Z?—R? = /(56.82)> — (20)® =53.18Q

1
Xe=
2rfC
53.18 = 2 x50xC

C = 59.85 uF
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Example 7

A resistor and a capacitor are connected across a 250 V supply. When the supply frequency is
50 Hz, the current drawn is 5 A. When the frequency is increased to 60 Hz, it draws 5.8 A. Find
the values of R and C and power drawn in the second case.

Solution V=250V
£, =50Hz
[ =5A
f, =60 Hz
I,=58A
(1) Values of R and C
For f; =50 Hz,
Vo250
Z=—=—=50Q
LV LV
Z,= |R? = |R* +
! \/R +(2nflcj (1007:0)
P
Ru( j ~ 2500 )
1007 C
For f, = 60 Hz,
Vo250
Z,= —=""=431Q
12 5-8
1Y LY
Z,= |p2? = |R*+
2 \/R +(2nf2cj (uoncj
1 2
R? +( j =1857.9Q )
120nC
Solving Egs (1) and (2),
R =19.96 Q
C =69.4 pF

(i1) Power drawn in the second case

P,=BR=(58)?%x19.96= 671.45W
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$

Useful Formulae

P
TS

Phasor Diagram

3 ]

Impedance R+jX;,ZZ¢
Phase Difference 0° < ¢<90°

Ve R P

Power Factor R__Z

Vv Z S

P="VIcos =R
Q= VIsin ¢ = I°X,
S=Vi=P7Z

Power

R L C
Voltage V., sin ot V., sin ot V., sin ot
Current 1, sin ot 1, sin (@t —90°) 1,, sin (et + 90°)
Waveform v v v
i i
ol N—/ 2" oz ﬂ\>¢/ 7 0 V{/zn
Phasor Diagram I v 1% i
L—V
I
I d R L 1 !
mpedance 0) —=—J—
P / joC oC
Phase Difference 0° 90° 90°
Power Factor 1 0 0
Power Vi 0 0
Series R-L Circuit Series R-C Circuit
Voltage V., sin ot V., sin ot
Current 1, sin (wt — ¢) 1, sin (0t + @)
v v
| im
Waveform 0

>

R_jXCJZL_(D
0° < < 90°
Vg R _P

Vo zZ S
P="VIcos ¢=IPR
0= VIsin ¢= X,
S=Vi=PZ
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$

Exercise 4.1

A 250V, 50 Hz voltage is applied across a circuit consisting of a pure resistance of
20 Q. Determine (i) the current flowing through the circuit, and (ii) power absorbed
by the circuit. Give the expressions for the voltage and current.

[() 12.5 A (ii) 3.125 kW (iii) v = 353.6 sin 314 t, i = 17.68 sin 314 t]

A purely inductive circuit allows a current of 20 A to flow through a 230 V,
50 Hz supply. Find (i) inductive reactance, (ii) inductance of the coil, (iii) power
absorbed, and (iv) equations for voltage and current.

{(z) 11.5 Q (ii) 36.62 mH (iii) 0 (iv) v = 325.27 sin 314 t, i = 28.28 sin (314t—%ﬂ

A capacitor connected to a 230 V, 50 Hz supply draws a 15 A current. What current
will it draw when the capacitance and frequency are both reduced to half?

[3.75 4]
Calculate the impedance of the circuit shown in Fig. 4.37.
R L
00
5A
16V, 12V
|
Fig. 4.37

[4 4]

An ac circuit has the following voltage and current: v = 325 sin 314 ¢,
i=65sin (314 ¢t — 1.57). Find (i) frequency, (ii) rms value of voltage and current,
(ii1) impedance, and (iv) power factor.
[50 Hz, 229.81V, 45.96 A, 5 2 0.99 (lagging)]
Two sources of an electromotive force represented respectively by 200 sin ¢ and
200 sin (wt + 7/6) are in series. Express the resultant in vector notation with
reference to 200 sin @¢ and calculate the rms current and power supplied to a
circuit of 8 + j6 Q impedance. [273.2 £ 15°V,27.32 £—21.87° 4, 5971 W]
The voltage applied to a series circuit consisting of two pure elements is given by
v =180 sin @t and the resulting current is given by i = 2.5 sin (@t — 45°). Find the
average power taken by the circuit and the values of the elements.
[159 W, 50.91 £, 50.91 Q]
Find an expression for the current and calculate the power when a voltage
represented by v = 283 sin 100 m¢ is applied to a coil having R = 50 Q and
L=0.159 H. [4 sin (100 nt — 7/4), 400 W]
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4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

A voltage V' = (150 + j180) V is applied across an impedance and the current is
found to be / = (5 — j4) A. Determine (i) scalar impedance, (ii) reactance, and
(iii) power consumed. [36.6 €2, 36.6 £, 30 W]
The current in a series circuit of R =5 Q and L = 30 mH lags the applied voltage by
72°. Determine the source frequency and the impedance Z. [81.63 Hz, 16.18 £2]
Current flowing through an inductive circuit is 15 sin (@f + 7/4). When the voltage
applied across it is 30 cos @, find the pf of the circuit. [0.707 (lagging)]
Voltage and current in an ac circuit are given by
v =200 sin 377 ¢ i=8sin (377 t — m/6)
Determine true power, reactive power and apparent power drawn by the circuit.
[692.82 W, 400 VAR, 800 VA]
A current of 5 A flows through a non-inductive resistor in series with a choke
coil when supplied at 250 V, 50 Hz. If the voltage drops across the coil and non-
inductive resistor are 200 V and 125 V respectively, calculate the resistance and
inductance of the impedance coil, value of non-inductive resistor and power drawn
by the coil. Draw the vector diagram. [5.50 0126 H, 25 2, 137.5 W]
Two coils 4 and B are connected in series across a 200 V, 50 Hz ac supply. The
power input to the circuit is 2 kW and 1.15 kVAR. If the resistance and reactance
of the coil 4 are 5 Q and 8 Q respectively, calculate resistance and reactance of the
coil B. Also, calculate the active power consumed by coils 4 and B.
[10.03 €, 0.642 €, 665. 3 W, 1334.7 W]
A choking coil and a pure resistor are connected in series across a supply of 230V,
50 Hz. The voltage drop across the resistor is 100 V and that across the chocking
coil is 150 V. Find graphically the voltage drop across the inductance and resistance
of the choking coil. Hence, find their values if the current is 1 A.
[109.98 V; 102 V; 0.366 H, 102 ]

For Fig. 4.38, find R and L.
10 Q R L

~—20V

| 224V

36 V/60 Hz ———

Fig. 4.38
[4.928  0.0266 H]
Voltage and current for a circuit with two pure elements in series are expressed as
follows:

v (#) =170 sin (6280t+§) volts

i (f)=28.5sin (6280t+£j amperes
2

Sketch the two waveforms. Determine (i) frequency, (ii) power stating its nature,
and (iii) values of the elements. [(i1) 0.866 (leading) (iii) 17.32 Q, 16 uF]
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A load consisting of a capacitor in series with a resistor has an impedance of 50 Q
and a pf of 0.707 leading. The load is connected in series with a 40 Q resistor across
an ac supply and the resulting current is of 3 A. Determine the supply voltage and
overall phase angle. [249.69 V, 25.135°]
A capacitive load takes 10 kVA and 5 kVAR, when connected to a 200 V, 50 Hz ac
supply. Calculate (i) resistance, (ii) capacitance, (iii) active power, and (iv) pf.
[3.464 Q 1.59x 1073 F, 8.66 kW, 0.866 (leading)]

A resistor of 100 € is connected in series with a 50 UF capacitor to a 50 Hz, 200 V
supply. Find:
(i) impedance (ii) current (iii) power factor  (iv) phase angle
(v) voltage across the resistor and across the capacitor

[118.6 Q, 1.69 A, 0.845 (leading), 32.48°, 168.712 V, 107.42 V]

SERIES R-L-C CIRCUIT

Figure

4.39 shows a pure resistor R, pure inductor L and pure capacitor C connected in

series across an alternating voltage v.

R L (%
——ANA— T —— —
fe— Vg —=— v —= vg >

i A

)
)

v =V, sin ot
Fig. 4.39 Series R-L-C circuit

Let V and [ be the rms values of the applied voltage and current.

Potential difference across the resistor = V=R [

Potential difference across the inductor =V, =X, [

Potential difference across the capacitor = V= X/

The

voltage V, is in phase with the current 7, the voltage ¥/, leads the current I by

90° and the voltage ¥ lags behind the current 7 by 90°.

V =V +V, +V,

Phasor Diagram  Since the same current flows through R, L and C, the current / is taken
as a reference phasor.

Case (i) X, >X.
The reactance X will be inductive in nature and the circuit will behave like an R-L

circuit.
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Vi
v
¢ Vi-Ve ,
Iz _
R l Ve

Fig. 4.40 Phasor diagram

Case (i) X.>X,
The reactance X will be capacitive in nature and the circuit will behave like an R-C

circuit.

_ TVL

Vg _
]

(p — —

2 Ve-V,

v

Ve

Fig. 4.41 Phasor diagram

Impedance
V = Vp+V, +Ve=RT +jX 15X =[R+j (X, ~X)] T

V —
T =R+jX-X)=2
Z=7/Z¢
Z= R +(X, - Xc)’
X, -X
o= tan ™! (—L C )
R
Impedance Triangles Impedance triangles are shown in Fig. 4.42.
Case (i) Xo> X,

Case (i) X, >X.

R
z N
XL-Xe Xo— XL
V4
e
R

Fig. 4.42 Impedance triangles
Current Equation If the applied voltage is given by v =V, sin @? then current equation

will be
i =1, sin (0t + @)
‘~’ sign is used when X; > X.
‘“+ sign is used when X, > X;.
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Waveforms The voltage and current waveforms are shown in Fig. 4.43.
Case (i) X,>X, Case (ii) X.>X,

T T

Fig. 4.43 Waveforms
Average power P = Vlcos ¢ = I’R
Reactive power Q= Visin ¢ = PX
Apparent power S = VIi=PFZ

Power

Power Triangles Power triangles are shown in Fig. 4.44.
Case (i) X, >X, Case (i) Xo>X,

P
//‘ \\I
S Q
S Q
[
P

Fig. 4.44 Power triangles

Power Factor 1t is defined as the cosine of the angle between voltage and current phasors.

pf=rcos ¢
Ve R P
pf= R==2Z2
vz S

Example 1

A resistor of 20 £, inductor of 0.05 H and a capacitor of 50 UF are connected in series. A
supply voltage 230V, 50 Hz is connected across the series combination. Calculate the following:
(i) impedance, (ii) current drawn by the circuit, (iii) phase difference and power factor, and
(iv) active and reactive power consumed by the circuit.

Solution R=20Q R L c
L=005H 000 L
C =50uF
V= 230V 230V,50 Hz —— >
f=50Hz Fig- 4-45

(i) Impedance
X, =2nfL=2mx50x0.05=15.71 Q
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| 1
T 2nfC 2rx50x50x10°
Z = R+jX, — X,

=20 +/15.71 - j63.66

— 51,95 £-67.36° Q

X, = 63.66 Q

Z=5195Q
(i1) Phase difference
¢ =67.36°
(ii1) Current
_r_ 230
1= 7 = 51.95 =443 A

(iv) Power factor
pf = cos ¢ =cos (67.36°) = 0.385 (leading)
(v) Active power
P =7VIcos ¢=230x4.43 x0.385=392.28 W
(vi) Reactive power
O = VIsin ¢ =230 x 4.43 X sin (67.36°) = 940.39 VAR

Example 2

A circuit consists of a pure inductor, a pure resistor and a capacitor connected in series.
When the circuit is supplied with 100 V, 50 Hz supply, the voltages across inductor and
resistor are 240 V and 90 V respectively. If the circuit takes a 10 A leading current, calculate
(i) value of inductance, resistance and capacitance, (ii) power factor of the circuit, and
(iii) voltage across the capacitor.

Solution
R L c V=100V
— N A— T — -
104 <— 90 V=240 V —> vct Vf: ;goH\i
<——100V, 50 Hz ———> Vz=9OV
Fig. 4.46 I=10A

(i) Value of inductance, resistance and capacitance
Ve _20
I 10

=9Q
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v, 240
= LE="—1=240Q
I 10
V100
Z=—=—=10Q
I 10

Z = R+jX, 5 Xc=R—jXc—Xp)

Z= R +(Xc-X,)

10 = (9) + (X —24)

Xo=12836Q
X, =2nfL
24 =2xx 50 x L
L=0.076 H
Xe= !
2r fC
28.36 = N
2r x50xC
C =112.24 uF
(i1) Power factor of the circuit
R 9 .
pf = 7 = 0 =0.9 (leading)

(ii1) Voltage across the capacitor
Ve=X-1=2836x10=283.6 V

Example 3

Two impedances Z; = 40£30° 2 and Z, = 30 £60° 2 are connected in series across a single-
phase 230V, 50 Hz supply. Calculate the (i) current drawn, (ii) pf, and (iii) power consumed by
the circuit.

Solution Z, =40 £30° Q 7] 7]
Z, =30 £60° Q

(i) Current drawn Fig. 4.47

7 = Z,+ Z, =40 £30° + 30 £60° = 67.66 £42.81° Q
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(i1) Power factor

pf = cos ¢ =cos (42.81°) = 0.734 (lagging)
(ii1) Power consumed

P ="VIcos $=230x3.4x0.734=573.99 W

Example 4

A circuit takes a current of 3 A at a power factor of 0.6 lagging when connected to 115V, 50 Hz
supply. Another circuit takes a current of 5 A at a power factor of 0. 707 leading when connected to
the same supply. If the two circuits are connected in series across a 230V, 50 Hz supply, calculate
(i) current, (ii) power consumed, and (iii) power factor.

Solution Circuit 1: I, =3 A, pf,=0.6 (lagging), V=115V
Circuit2: I,=5A, pf,=0.707 (leading), V,=115V
V=230V
For Circuit 1, ¢, = cos™! (0.6) =53.13°
Z, = ﬁ:g =38.33Q
A 3
Z,=Z7,£L¢p, =38.33 £53.13° Q
For Circuit 2, 0, = cos™! (0.707) = 45°
Z,= 143 = s 23 Q
I,

Zy,=2, 2, =23 L45°Q
When the two circuits are connected in series,
Z= Zl+ Zz =38.33 £53.13°+23 /-45°=41.82 £20.14° Q

(i) Current

y_ 230 =55A
Z 4182

(ii)) Power consumed
P="VIcos ¢=230x5.5xcos (20.14°) = 1.187 kW

(ii1) Power factor
pf=cos ¢ =cos (20.14°) = 0.939 (lagging)

Example 5

TBvo impedances Z; and Z,, having the same numerical value, are connected in series. If Z; has
a pfof 0.866 lagging and Z, has a pf of 0.8 leading, calculate the pf of the series combination.

Solution pf; = 0.866 (lagging)
pf, = 0.8 (leading)
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Z,=2,=7
¢, = cos™! (0.866) =30°
¢, = cos™! (0.8) =36.87°
Z, =729, =7 230°=0.866 Z+/0.5ZQ
Z, =7/-¢,=72-3687°=08Z —j0.6 ZQ
For a series combination,
7 =Z,+Z, =0866 Z+j0.5Z+0.87Z—j0.6Z
=1.666 Z—j0.1 Z=Z7(1.666 —;0.1) = 1.668 Z £/-3.43° Q
pf = cos (3.43°) =0.9982

Example 6

A coil of 3 Q resistance and an inductance of 0.22 H is connected in series with an imperfect
capacitor. When such a series circuit is connected across a 200 V, 50 Hz supply, it has been
observed that their combined impedance is (3.8 + j6.4) €. Calculate the resistance and
capacitance of the imperfect capacitor.

Solution re3e Col Imperfect Capacitor
L=022H L r X 11 R Xo
: I E /\/\/\/ 1
V=200V o P |
f=50Hz

Z=38+j6.4Q
(i) Resistance of the imperfect capacitor
Z =38+64Q
X, =2rfL=2m x50x0.22=69.12 Q
Z =3+j69.12+R—jX.=(3+R)+(69.12 - X,)
3+R=38
R=10.8Q
(ii) Capacitance of the imperfect capacitor
69.12-X.=64

200V, 50 Hz
Fig. 4.48

X.= 62720
e !
c 2r fC
6272 = S rx50xC

C = 50.75 uF
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Example 7

An R-L-C series circuit has a current which lags the applied voltage by 45°. The voltage across
the inductance has a maximum value equal to twice the maximum value of voltage across the
capacitor. Voltage across the inductance is 300 sin (1000t) and R = 20 Q. Find the value of
inductance and capacitance.

Solution ¢ = 45°
v, = 300 sin (10007)
R=20Q

(1) Value of inductance

VL(max) = 2VC(max)

V, =2V,
1X, =21 X
X, = 2X,
R
cos ¢ = 7
0
cos (45°) = 2
Z =28.28Q

For a series R-L-C circuit,

zZ= \/R2+(XL _XC)2

2828 = /(20> + (2X¢ - X()’

= 400+ X2

Xe=20Q
X; =2X,=40Q
X; = oL
40 = 1000 x L
L= 0.04H
(i1) Value of capacitance
oL
¢ wC
1
20= J000x C

C =50pF
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Example 8

A coil having a power factor of 0.5 is in series with a 79.57 uF capacitor and when connected
across a 50 Hz supply, the p.d. across the coil is equal to the p.d. across the capacitor. Find the
resistance and inductance of the coil.

Solution pfeoi = 0.5
C =79.57 uF
f=50Hz
Voot = Ve
(1) Resistance of the coil
1 1
X 2mfC T 2awsoxrosTx100 08
Veoit = Ve
IZ.y = 1Xc
Zoii = Xc=40Q
R
Pt = cos o= ——
coil
0.5 = &
40
R=20Q

(i1) Inductance of the coil

X, = 72, -R* = J(40)> = (20)> =34.64 Q

coil

X, =2rfL
34.64 =2m x50 x L
L=0.11H

Example 9

A 250 V, 50 Hz voltage is applied to a coil having a resistance of 5 2 and an inductance of
9.55 H in series with a capacitor C. If the voltage across the coil is 300V, find the value of C.

Solution V=250V
f=50Hz
R=5Q
L=9.55H

Voot = 300V
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X, =2nfL=21x50x9.55=3000 Q

Zoy = R?+ X2 =(5)> +(3000)> =3000

coil —

Veoir _ 300 Cola
© Z.y 3000
Z—Kz@—%OOQ
I 01

When X, > Xp,  Z= \R*+(X, - X)

2500 = (5) + (3000 X )’
X, = 500

1 1
O 2xrx. 2mxsoxson  O37THE

When Xo>X,, Z= R +(Xc—X,)

2500 = (5)° + (X - 300)*
X, = 5500

1 1
2fXp 2% 50%5500

C= =0.58 uF

Example 10

Draw the phasor diagram for the series circuit shown in Fig. 4.49 when the current in the
circuit is 2 A. Find the values of 'V, and V, and show these voltages on the phasor diagram.

5Q 3Q 6Q 8Q 40
AN |—W
| g |
Va
Fig. 4.49
Solution 71 =j3+6—-j8=6—j5=7.81 £-39.8°Q

Z,=5+j3+6-8+4=15-j5=1581 £-18.43°Q
I=2A
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(1) Values of V; and V,

Let I1=2/0°A
V,=27,1=(7.81 £-39.8°) (2 £0°) =15.62 /-39.8°V
V,=27,1=(1581 £-18.43°) (2 £0°) =31.62 £-18.43° V

(i1) Phasor diagram

Fig. 4.50

Example 11

Draw a vector diagram for the circuit shown in Fig. 4.51 indicating terminal voltages V; and V,
and the current. Find the value of (i) current, (ii) V,; and V,, and (iii) power factor.

10Q 0.05H 20 Q 0.1H  50uF
— NV A—T00 AYAYAY, H00 I}
Vi f Vo
200V, 50 Hz
Fig. 4.51
Solution
(1) Current

Xp, = 27fL=21x50x0.05=15.71 Q
Xy, = 2mfL=27x50x0.1=31.42Q
1 1
XC: = _6
2rfC  2mx50x50x%10
Z = 10+/15.71 +20 +;31.42 — j63.66
=30 -,16.53 =34.25 /-28.85° Q
V. 200

Z= T =584A
7 3425

=63.66 Q

1

(i1) ¥, and V,
Let I =5.84 L0°A
Z,=10+;15.71=18.62 £57.52 Q
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V,=2Z,1=(18.62 £57.52°) (5.84 £0°) = 108.74 £57.52° V
Z,=20+;31.42 - j63.66 =20 —j32.24 = 37.94 /-58.19° Q
V,=27,1=(37.94 £-58.19°) (5.84 £0°) =221.57 /-58.19°V

(ii1) Power factor

pf = cos ¢ = cos (28.85°) = 0.875 (leading)

(iv) Vector diagram

Example 12

Vi

57.52°

58.19°

Vs
Fig. 4.52

=~

Find the values of R and C so that V., = 3V, V, and V, are in quadrature.

0.0255 H 6 Q ﬁ R
7500 il
V, : v,
240V, 50 Hz
Fig. 4.53

Solution

Z . =6+j8=10£53.13°Q

v, =3V,
12,=3127,
z,=3Z,

X, =2nfL=21mx50x%x0.0255=8 Q

V. and I/:V are in quadrature, i.e., phase angle between V. and Vy is 90°. Hence, the angle

between Z, and Z, will be 90°. The impedance Z, is capacitive in nature.

Z,=2,/-¢

y

R=266Q
X.=2Q

—_ 10
Z,= EY Z£(53.13-90)° =3.33 £-36.87°=2.66 —;2 Q
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1
X =
¢ anfc
1
2: - @
2 x50xC
C =159 mF

Example 13

A pure resistor R, a choke coil and a pure capacitor of 15.91 UF are connected in series
across a supply of V volts and carries a current of 0.25 A. The voltage across the choke coil is
40V, the voltage across the capacitor is 50 V and the voltage across the resistor is 20 V. The
voltage across the combination of R and the choke coil is 45 V. Calculate (i) supply voltage,
(ii) frequency, and (iii) power loss in the choke coil.

Solution C=1591 uF Choke coil
OKe COl
I1=025A R 17 X 1 C=1591uF
Von =40V
025AA Tttt
Ve=30V 20 V = 40 V == 50 V
Vep=20V , 45V >
Vicoit =45V Fig. 4.54
(i) Supply voltage
v, 20
R=-2=""=80Q
I 025
Vu 40
Ve 50
X, =—F=——=200Q
I 0.25
Ve coil 45
ZR—coil = 1001 = E =180 Q
Zcoil = \,}"2 +X£ = 160
P2+ X2 = 25600 0]
Zpeost =(R+1+jX,

Zpecoil = A (R +r)2 + XZ
180 = /80 +r)? + X}

(80 + r)*> + X, = 32400 2)
Subtracting Eq. (1) from Eq. (2),
(80 + r)> — * = 6800
6400 + 160 r + 7> — > = 6800
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160 » = 400
r=25Q
Substituting the value of 7 in Eq. (1),
(2.5)* + X;? = 25600
X2 =25593.75
X, =159.98 Q
Z=R+r+jX,—jX,=80+25+;159.98 ;200
=82.5-740.02=91.69 £~-25.88° Q
V=7Z1=91.69x%x0.25=2292V

(ii) Frequency 1
X. =
¢ 2nfC
1
200 = s
2r f x15.91x10
f=50.02 Hz

(ii1) Power loss in the choke coil
P, =PFPr=(0252?x25=0.156W

coil

Exampletd

Two impedances, one inductive and the other capacitive, are connected in series across the
voltage of 120 £30° V and a frequency of 50 Hz. The current flowing in the circuit is 3/—15°A.
If one of the impedances is (10 + j 48.3) €, find the other. Also calculate the values of L and C

in the impedances.
2= -

3/-15°A
1204£30° V. ———>
Fig. 4.55
Solution V=120 £30°V
f=50Hz
1=3Z£-15°A
Z, =10+,;483Q
(1) Impedance Z, 3
7 = Z:M =40 £45°=28.28 +j 28.28 Q
1 3£-15°
Z=7+17
Z, =7 — Z, =28.28+;28.28 10,483 =18.28—,20.02 Q
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(i1) Value of L
Z, =10+j483=R,+j X,
X, =483
X, =2rfL
483 =2rx50x L
L=0.1537H
(ii1) Value of C
Z, =1828-;20.02=R,—j X,
Xo=20.02
1
XC =
2r fC
1
20.02 = ———
2 x50x C
C =159 uF
Exercise 4.2
4.1 In an RLC series circuit, the voltage across the resistor, inductor and capacitor are

4.2

4.3

4.4

4.5

4.6

10V, 15 V and 10 V respectively. What is the supply voltage? [11.18 V]
A resistor R, inductor L = 0.01 H and capacitor C are connected in series. When
a voltage of 400 sin (3000 ¢ — 10°) is applied to a series combination, the current
flowing is 10+/2 cos (3000 ¢ —55°) A. Find R and C. [20 €, 6.66 urj
A resistor of 20 €, an inductor of 0.2 H and a capacitor of 100 UF are connected in
series across a 220 V, 50 Hz supply. Determine
(1) impedance (ii) current flowing through the circuit
(iii)voltage drop across each element (iv) power consumed

[36.9 Q, 596 A, 119.2V,374.52V, 189.64 V, 710.43 W]
A series R-L-C circuit having a resistance of 8 €, an inductance of 80 mH and
a capacitance of 100 uF is connected across a 150 V, 50 Hz supply. Calculate
(i) current, (i1) power factor, and (iii) voltage across the inductance and capacitance.

[(i) 14.35 A (ii) 0.766 (leading) (iii) 360.47 V, 457.04 V]
An emf of 100 V, 50 Hz is applied to an impedance Z; = 8 +j6 Q. An impedance
Z, is added in series with Z,. The current becomes half of the original and leads it
by 20°. Determine Z,. [(11.14—50.2) Q]
In a series RLC circuit, the inductor is imperfect and the capacitor has no leakage
but has a lead resistance. When the circuit is connected to a 50 Hz supply, the
voltage drop across the resistor and the inductor is 200 V. The voltage drop across
the resistor and the capacitor is 250 V. The voltage drop across the resistor alone
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4.7

4.8

4.9

4.7

is 150 V. The voltage drop across the capacitor and inductor are 125 V and 100 V
respectively. If the current flowing through the circuit is 1 A, find graphically

(i) capacitance (i1) lead resistance of the capacitor
(iii) inductance (iv) resistance of the inductor

(v) applied voltage

[33.5 uF, 81.25 €, 0.3 H, 25 2, 256.26 V]

Two impedances of 10 £30° Q and 20 £ —45° Q are connected in series. Calculate
the power factor of the series combination. [0.9281 (lagging)]

Two impedances Z, and Z, are connected in series across a 230 V, 50 Hz ac
supply. The total current drawn by the series combination is 2.3 A. The pf of Z, is
0.8 lagging. The voltage drop across Z, is twice the voltage drop across Z, and it is
90° out of phase with it. Determine the value of Z,. [44.719 Q]

In the arrangement shown in Fig. 4.56, C = 20 microfarads and the current flowing
through the circuit is 0.345 A. If the voltages are as indicated, find the applied
voltage, frequency and loss in the iron-cored inductor. Draw the phasor diagram.

R _L_ o}
Q — 000 Q
I 25V —>}=<— 40 V—=|<—55 v—>|
| 50V {
Fig. 4.56

[34.2V, 50 Hz, 1.89 W]

PARALLEL AC CIRCUITS

In parallel circuits, resistor, inductor and capacitor or any combination of these elements
are connected across same supply. Hence the voltage is same across each branch of the
parallel ac circuit. The total current supplied to the circuit is equal to the phasor sum of
the branch currents.

For the parallel ac circuit shown in Fig. 4.57,

"z ]

v =V, sin ot

Fig. 4.57 Parallel ac circuit
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L1
Y=Y4+Y,

where Y represents the admittance of the circuit and is defined as the reciprocal of
impedance. The real part of admittance is called conductance (G) and the imaginary part
is called susceptance (B), and these are measured in mhos (U) or siemens (S).
If Z,=R+jX,, and Z,=—jX,
1 1
+
R+jX, —jX¢
R-jX, .1
2., 2 Iy
R +X; Xc
R |1 X,
I i . )
G +jB
_ R
R* + X7
1 X;
B= ———=—
Xe R*+X}
The current in the parallel ac circuit can be found as the phasor sum of the branch
currents,

N

then,

Ni| —

where, G=

ie., I =1L+,
Note: 1. For a series R-L circuit, G
7 =R+jX, W,
7_ 1__ 1 _R-jX, N B
Z R+jX, R*+X;
- R - ; 2XL - G- jB, Fig. 4.58 Admittance triangle
RP+X? "R+ X}
where G= % and B, = A Y
R*+X7] R* + X7 Be
2. For a series R-C circuit, A 5
Z=R —JjXc Fig. 4.59 Admittance triangle
_ 1 1 R+ jXc R Xe
=7k x, R+x2 rR+ix: 'Rix2
c C C C

= G+jB.
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R Xc
where G=—F—>ad Bc= —5——5
R*+X¢ R+ X¢

Example 1

A resistance of 10 €2 and a pure coil of inductance 31.8 mH are connected in parallel across
200 V; 50 Hz supply. Find the total current and power factor.

[May 2015]
Solution V=200V o

R=10Q Gy
L=31.8 mH
X, =27fL=2mx50x31.8x 107 =10 Q YA
Lo=L =295 ~

R 10 ©
IL = - = - = = 204 - 900 A Fig. 4.60

JjX; Jj10 10£90°

(1) Total current

I=1Ix+1; =20£0°+20/£—-90° A =28.28 L—45°A
(i1) Power factor

pf = cos ¢ = cos (45°) = 0.707 (lagging)
Example 2

A coil having a resistance of 50 €2 and an inductance of 0.02 H is connected in parallel with a
capacitor of 25 UF across a single-phase 200 V, 50 Hz supply. Calculate the current in coil and

capacitance. Calculate also the total current drawn, total pf and total power consumed by the
circuit.

Solution R=50Q
It R L
L=002H —7—’\A/\/—”€Y(YG“—
C = 25uF / = c
V=200V L—ZOOV,SOHZ—»
f=50Hz

Fig. 4.61
(1) Current in coil and capacitance

X, =2nfL=21x50x%0.02=06.28 Q
1 1

T 2nfC 2mx50%25%10°°
Z,=R+jX,=50+;628=50.39 £7.16° Q
Z, = —jXo=—-j127.32=127.32 £-90° Q
V =200 £0° =200V

X, =12732Q
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- 200 _ 397 £-7.16°A

v

Z, 50.39/7.16°
- ¥ 200

A

I, =

~

2 = =——— =157 £90°A
127.32£-90°

(i1) Total current
T =1 +1,=397 £-7.16° + 1.57 £90° = 4.08 £15.27° A

(ii1) Total pf
pf = cos ¢ =cos (15.27°) = 0.965 (lagging)

(iv) Total power consumed
P =VIcos ¢=200x4.08 x0.965 =787.44 W

Example3 .. S

For the circuit shown in Fig.4.62, find supply current, current in each branch and total pf.

10 Q 0.12H
M 00

20 Q 40 uF

|_

(<)
N %
200V, 50 Hz

Fig. 4.62 [May 2016]
Solution (i) Supply current

X; =2nfL=21r%x50%x0.12=37.7Q

1 1

2rfC 2w x50x40%x10~

Z, =10+ j37.7=39£75.14°Q
Z,=20—;79.58=82.05 £ —75.89°Q

7 - Z,Z, (39£75.14°) (82.05£ —75.89°) 1l /53630 0
“Z+Z, 39275.14°+82.05/—75.89° : :

_ 200207 =3.22/-53.63°4

7
Z,, 62.11/53.63°

21+ 2, 39./75.14° +82.05.£ — 75.89°

=5.13 £-75.14°A
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I,=1-1=322/-53.63°-5.13/~75.14°=2.43/75.91°4
pf = cos ¢ = cos(53.63°) = 0.593 (lagging)

Example 4
Calculate the branch current I, and I, for the circuit shown in Fig. 4.61.
I, 150 31.4Q
NV 00
40 Q 63.7 Q
AN 1
I2
o
200V, 50 Hz
Fig. 4.63 [Dec 2012]
Solution Zl =15+;31.4=34.82£64.47° Q
Z, =40 —-/63.7=7522/-57.87°Q
V =200V
(1) Branch current /,
I LA - =57524-64.47° A
b Z, 348264470 T T
(i) Branch current 7,
2 Vo 200 =2.66£57.87° A
7, 1522/-5787° '

Example 5

Two impedances Z1= 30 £45° Q and Z, = 45230° Q are connected in parallel across a
single-phase 230V, 50 Hz supply. Calculate (i) current drawn by each branch, (ii) total current,
and (iii) overall power factor.

Also draw the phasor diagram indicating the current drawn by each branch and the total
current, taking the supply voltage as reference.

Solution Z, =30 £45°Q
Z, =45 /30°Q
V=230V
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(i) Current drawn by each branch

Let V =230 £0°=230V
L=V _ 20 o6 a50A
Z, 30245
L=V __ 20 _s11 3004
Z, 45/30°

(i1) Total current

I =1 +1,=7.67 Z-45°+5.11 Z-30°=12.67 Z-39.01° A
(ii1) Overall power factor

pf = cos ¢ =cos (39.01°) = 0.777 (lagging)
(iv) Phasor diagram

Example 6

Tvo circuits, the impedances of which are given by Z; = (10 + j15) ohms and Z, = (6 —j8) ohms,
are connected in parallel across an ac supply. If the total current supplied is 15 A, what is the
power taken by each branch?
Solution  Z;= (10 +,15) Q
Zz =(6—-/8)Q
I=15A
2,Z, (104 j15)(6— ;8)

7= —=—-=% i — =10.32 £/-20.45°Q
Z,+Z, 10+ j15+6— 8
V4
1
V=ZI=1032x15=1548V
Let V =154.8 £0°=154.8V L 22 |
T—K— 154.8 =8.59 /-56.31°A o
' Z T 10+415 ' Fig. 4.65
L= L 1548 _sis /53030
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P,=I}R, =(8.59)*x 10 ="737.88 W
P,=I3R,=(1548)’x 6 = 143778 W

Example 7

A circuit consists of a 25 Q resistor, 64 mH inductor and 80 UF capacitor connected in parallel
across a 110 'V, 50 Hz single-phase supply. Calculate the individual currents drawn by each

element, the total current drawn from the supply and the overall power factor of the circuit.
Draw the phasor diagram.

Solution R=25Q Ao
L = 64 mH I b
C =80 uF ﬁ
V=110V
f=50Hz 110V, 50 Hz—————
(1) Individual currents Fig. 4.66
X, =21 fL =2nX50% 64 x 1072 =20.11 Q
1 1
= = — =39.79Q
2nfC  2mrx50x80x%10
Z,=R=25Q
Z, = jX; =j20.11 Q
Let V =110£0°=110V
- ¥V 110
I, = ==— =44 /0°A
Z, 25
-V 110
L= =—=— =5.47 /-90° A
Z, j20.11
-V 110
L= ==——— =276 /90° A
Z,  —j39.79

(i) Total current
I=1+0L+1,=44 £0°+ 547 £/-90° + 2.76 £90°
=517 £-31.63° A

(iii) Overall power factor

pf = cos ¢ =cos (31.63°) = 0.851 (lagging)
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(iv) Phasor diagram

31.63°

|

Fig. 4.67

Example 8

An ac circuit connected across a 200V, 50 Hz, supply has two parallel branches A and B. Branch
A draws a current of 4 A at 0.8 lagging power factor, while the total current drawn by the
parallel combination is 5 A at unity power factor. Find (i) current and power factor of Branch

B, and (ii) admittances of branches A and B, and their parallel combination both in polar and
rectangular forms.

Solution V=200V,

Ia
f=50Hz
I,=4A /s
pf, = 0.8 (lagging) /
I=5A ~—————— 200V, 50 Hz —————>
pf=1

Fig. 4.68
(i) Current and power factor of Branch B

¢, = cos1(0.8) =36.87°
¢ = cos”!(1)=0°

I,=1,/-¢,=4 £-36.87° A
I=1/£9p=520°A
T=1,+1,

Iy=1-1,=520°-4/-3687°=3 /53.13°A

pfp = cos (53.13°) = 0.6 (leading)
(i1) Admittances of branches 4 and B and their parallel combination

Let ¥ =200 £0° =200V
- I, 4£-3687°
Y,= 4=—"—"—"""—"=0.02/-3687°0
V.o 200£0°
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5 _ Iy 3453.13°
Bov 20020
Y =7, +Y,=0.02 £-36.87°+0.015 £53.13° T = 0.025 £0° U

=0.015 £53.13°C

Example 9

Two circuits A and B are connected in parallel to a 115 V, 50 Hz supply. The total current taken
by the combination is 10 A at unity power factor. Circuit A consists of a 10 € resistor and
200 UF capacitor connected in series. Circuit B consists of a resistor and an inductor in series.
Determine (i) current, (ii) power factor, (iii) impedance, (iv) resistance, and (v) reactance of the
circuit B.

Solution
_______ Za . V=115V
{1 f=S0Hz
_______ Zs______. I=10A
10A ' Rs Xg | pf= 1
Igv !
° R,=10Q
l«——— 115V, 50 Hz ———>

. C =200 uF
Fig. 4.69
(i) Current I,
1 1
Xe= = 6
2rfC 2w x50%200x%10
Z,=10-;1592=18.8 £-57.87° Q

=1592Q

- 14 115

ly==—=—"—"7"""=61245787°A
Z, 18.8£-57.87°

7 =10 £0° A

Iy =T —1,=102£0°-6.12 £57.87°=8.5/-37.54° A
(i1) Power factor of Circuit B

pf = cos (37.54°) = 0.79 (lagging)
(iii) Impedance of Circuit B

_ry__ 1
I, 8.5£-37.54

(iv) Resistance of Circuit B

Ry =10.73 Q
(v) Reactance of Circuit B

X, =824Q

Zy =13.53 £37.54° Q=10.73 +j 8.24 Q
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Example 10

Tvo circuits, the impedances of which are given by Z, = (6 + j8§) L2 and Z, = (8§ — j6) &, are
connected in parallel. If the applied voltage to the combination is 100 V, find (i) current and
pf of each branch, (ii) overall current and pf of the combination, and (iii) power consumed by

each impedance.

. 7 _ . I
Solution fl =6+;8Q ! Z
2 p2
V=100V L= |
I
(1) Current and pf of each branch 100V
V =100 £0°=100V Fig. 4.70
- ¥V _ 100
I, === —=10 £-53.13° A
Z, 6+;8
- V100
]2 = == - = 10 £36.9° A
Z, 8—j6

cos ¢; = cos (53.13°) = 0.6 (lagging)
cos ¢, = cos (36.9°) = 0.8 (leading)
(i1) Overall current and pf of the combination
I=1,+1,=10£-53.13°+ 10 £36.9° = 14.14 /-8.13° A
pf = cos ¢ = cos (8.13°) = 0.989 (lagging)
(iii) Power consumed by each impedance
P, =R, =(10)>x (6) = 600 W
P, = PR, =(10)> X (8) = 800 W

Example 11
Two impedances of 12 +j 16 2 and 10 —j 20 £ are connected in parallel across 230 V supply.
Find the kW, kVA, kVAR and power factor of each branch. [Dec 2015]
Solution f_l =12+/16Q I
Z, =10-;20Q
I
V=230V
Let /' =230 £L0°V !
_ 230V
- Vo 230£0° -
I, === =11.5 £-53.13°A Fig. 4.71

L Z 12+ 16
+ _ V. _230£0°
2 Z, 10-,20

=10.29 £63.43° A
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(1) kW, kVA, kVAR and power factor of branch 1
B =V I cos¢ =230x11.5xco0s(53.13°) =1.59 kW

S =V1I=230x11.5=2.65kVA
O, =VI;sing, =230x11.5%sin(53.13°) =2.12kVAR
pf; = cos@; = cos(53.13°) = 0.6 (lagging)

(i1) kW, kVA, kVAR and power factor of branch 2
P, =V 1, cosp, =230x10.29 x cos(63.43°) =1.06 kW

S, =V1,=230x10.29=2.37kVA
0, =V 1,sin¢, =230x10.29 xsin(63.43°) =2.12kVAR
pf, =cos¢, = cos(63.43°) = 0.447 (leading)

Example 12

Two impedances R; — j XCJ and R, + jXLz are connected in parallel across a supply voltage

v=1002 sin314t. The currentflowing through two impedances are i;=102 sin (314t + g)

andi,= 10 J2 sin ( 3]4t— Ej respectively. Find the equation for instantaneous value of total
4

current drawn from the supply. Also find values of R}, Ry, X, and X, Ly

Solution Z, =R, —j Xe,

Zy =R, +j X}
v =1004/2 sin314¢

i, = 1042 sin [314z+§j
. . T
i, = 104/2 sin (314:—2)

(1) Instantaneous value of total current
Writing v, i; and i, in polar form,
y =100 £0°V
I, =10 £45° A
I, =10 £45° A

7 =1, + I, = 10£45° + 10.£-45° = 14.1420° A
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i=1,sin 27w ft = 14.14~/2 sin 314 t=20sin 314 ¢
(ii) Values of R, Ry, X¢. alnd X,
= ¥V _100L0°
Z j—

=10 £45°=7.07—-;7.07 Q

LT 102450
R, =707Q
X, =707Q
_ ¥V 100£0°
Z, = Z=m =10 £45°=7.07 +;7.07 Q
R,=7.07Q
X, =707Q

Example 13

An impedance of (7 + j5) 2 is connected in parallel with another impedance of (10 — j8) €2
across a 230V, 50 Hz supply. Calculate (i) admittance, conductance and susceptance of the
combined circuit, and (ii) total current and power factor.

Solution o | E
Z,=(T+5Q
Z,=(10-/8)Q [ 2 |
V=230V :
230V
6] Adm@ttance, conductance and susceptance of the combined Fig. 4.72
circuit
— 1 1
Y, = 71= 7+ 75 =0.12£-35.54° 0
Y, = —L = L 0.08£38.66° U
Z, 10—,8
Y=Y,+7,
=0.12£-35.54° + 0.08 £38.66°
=0.16 £-7.04° O
=0.16—,0.02 0
Y=0.160
G=0160

B=0.020
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(i1) Total current and power factor
I=V7Y=(230£0°(0.16 £-7.04°) = 36.8 £-7.04° A
I1=368A
pf = cos ¢ = cos (7.04°) = 0.99 (lagging)

Example 14

Two impedances Z, and Z, are connected in parallel across a 200 V, 50 Hz ac supply. The
current drawn by the impedance Z, is 4 A at 0.8 lagging pf. The total current drawn from the
supply is 5 A at unity pf- Calculate the impedance Z,.

Solution V=200V
I, = 4 A at 0.8 lagging pf
I =5 A atunity pf
I,=4Z-—cos'(08)=4,/-3687°A
I=5Zcos'(1)=520°A

I=1,+1,
I,=1-1,=520°-4/-36.87°=3 £53.13°A
_ V. 200£0°
Z,= ==—"—"—=606.67 £-53.13° Q
I, 3/£53.13°
Example 15
Compute Zeq and qufor the circuit is shown in Fig. 4.66.
O
5Q
jSQg 15Q§ —-10Q ——
j8.66 Q
O
Fig. 4.73
Solution Z,=j5Q
Z,=5+8.66Q
Z,=15Q
Z,=—10Q
Y =Y, +Y,+Y;+7,

1 1 1

1
21 22 Z3 24
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1 1 1 1

j5 5+j8.66 15 —jl0
=022 £-57.99° O

— 1 1
2o 7, " 02225795 ~ 454 45799°Q
Example 16
Find currents 1, and 1, in Fig. 4.74.
25 290° A
O
Iy I
3Q 10 Q
—j4 Q
T
Fig. 4.74 [May 2014]
Solution Z,=3-j4Q
Z,=10Q
I=25290°A
By current-division rule,
I, =1 Z = (25 £90° S =18.38 Z107.1° A
A A )3 ja10 ¥ '

I,=1-1,=25/90°-18.38 £107.1°=9.19 £54° A

Example 17

Three impedances of 25 £53.1° €, 5 £~53.1° Q and 10 £36.9° Q are connected in parallel.
The combination is in series with another impedance of 14.14 £45° Q. Calculate the equivalent
impedance of the circuit.

Solution Z,=25/53.1°Q

Z,=5/531Q
Zy =10 £36.9°Q

Z,=14.14 £45° Q
— 1 1 1 1 1 1 1
Z 7\ Z, Z3 25£53.1° 5£-533.1° 10£36.9°

=0.23 £16.86° U
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Z =427 /-16.86° Q
Zo=Z+Z,=427 £-16.86° + 14.14 £45°=16.58 £31.87° Q

Example 18

A voltage of 200 £25° V is applied to a circuit composed of two parallel branches. If the branch
currents are 10 £40° A and 20 £-30° A, determine the kVA, kVAR and kW in each branch. Also,
calculate the pf of the combined load.

200 £25°V
=10 £40° A
I, =20 /-30°A
Phase difference between V and /,
¢, = 40° —-25°=15°
Phase difference between V" and 7,
¢, = 25° —(-30°) =55°
cos ¢; = cos (15°) =0.97 (leading)
cos ¢, = cos (55°) = 0.57 (lagging)
(1) kVA, kVAR and kW for the branch current of 10 £40° A
P, = VI, cos ¢; =200 x 10 x 0.97 = 1.94 kW
Q, = VI, sin ¢; =200 x 10 x sin (15°) = 0.52 kVAR
S, = VI;=200x 10=2kVA
(i1) kVA, kVAR and kW for the branch current of 20 £-30° A
P, = VI, cos ¢, =200 x 20 x 0.57 =2.28 kW
0O, = VI, sin ¢, =200 x 20 X sin (55°) = 3.28 kVAR
S, = VI, =200 x 20 =4 kVA

Solution vV
I,

(ii1) Power factor of the combined load

I, =10 £40° A
I, =20 /-30°A

I=1,+1,=10 £40°+20 £/-30°=25.24 /-8.14° A
¢ = 25° — (-8.14°) = 33.14°

pf = cos (33.14°) = 0.84 (lagging)
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Example 19

The load taken from a supply consists of a (i) lamp load of 10 kW at unity power factor,
(it) motor load of 80 kVA at 0.8 power factor lagging, and (iii) motor load of 40 kVA at 0.7
power factor lagging. Calculate the total load taken from the supply in kW and in kVA and the
power factor of the combined load.
Solution Lamp load: P, = 10 kW, pf, =1
Motor load: S, = 80 kVA, pf, = 0.8 (lagging)
Motor load: S; =40 kVA, pf; = 0.7 (lagging)
(1) Total load in kW
For motor loads,
Py, =5, xpf,=80x0.8 =64 kW
Py =8, xpf;=40x0.7=28 kW
P=P +P,+P;=10+64+28=102kW
(i1) Total load in kVA
For lamp load,
| = i = & =10 kVA
pf; 1
S=8+S5,+85=10+80+40=130kVA
(ii1) Power factor of the combined load

P 102
f=— =— =0.785 (laggi
PF= 5= 130 (lagging)

Example 20

Two circuits have the same numerical value of impedance. The pf of one is 0.8 lagging and that
of the other is 0.6 lagging. What is the pf of combination if they are connected in parallel?
Solution pf; = 0.8 (lagging)
pf, = 0.6 (lagging)
Z, =7 Zcos' (0.8)=Z £36.87° Q
Z,=17Zcos 1 (0.6)=Z7 £53.13°Q
For parallel combination,
7,2,
Z,+7Z,
_ (£4£36.87°)(Z££53.13°)
- 7/36.87°+7./53.13°

7 =
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Z2290°
T Z(L4+ j1.4)
Z2290°
~ 1.987./45°
= 0.505 Z £45° Q
pf = cos (45°) =0.707

Example 21

When a 240 V, 50 Hz supply is fed to a 15 L resistor in parallel with an inductor, the total
current is 22.1 A. What value must the frequency have for the total current to be 34 A?

Solution V=240V , 15Q
AN
R=15Q
I=221A Iy L
Let V =240 £0°V 7ou0
= 221A
-V 240£0°
I, = —= =16 £0°=16 A <—— 240V, 50 Hz —|
R 15£0° :
_ Fig. 4.75
- Vo 240£0° 240
Iy= —=——"— ="+ £90°=—j 240 5
X, X, £90° X, X,
T=16-; 220
XL
240\ _
(16)2+( ] 22.1
XL
57600
256+ ——— = 488.41
XL
X, =1574Q
X, = 2rnfL
15.74 = 2a x50 X L
L=005H

Let the new frequency be ffor the total current of 34 A.

2
\/(16)2 +(—240 j =34
21 f % 0.05

57600

256+ — = 1156
0.0987 1

f=2547Hz
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Example 22

Determine the current in the circuit of Fig. 4.76. Also, find the power consumed as well as pf.
40 0.02 H

2q 200 puF

)
@
100V, 50 Hz
Fig. 4.76
Solution Xp, = 2nfL, =27x 50 X 0.01 =3.14 Q
X;, = 2nfL, =27 50 X 0.02 = 6.28 Q
1 1

X.= = =15.92Q
€ 2nfC 2w x50%200x107°

Z,=6+;3.14Q

Z,=4+j628Q
Zy=2-j1592Q
Z=7+ EALS
Z,+ 7,
= (6+/3.14) + @+ /028)CE=JI92) 1557 1307500
(4+j6.28)+(2— j15.92)
_ ¥V 100£0° .
T 7 T 2rz30750 P e0TA

P = VIcos ¢=100x5.79 x cos (30.75°) =497.94 W
pf = cos ¢ =cos (30.75°) = 0.86 (lagging)

Example 23

Two impedances Z ;= (4 +j3) Qand Z = (10 —j7) £ are connected in parallel and impedance
Zo = (6 +j5) Q is connected in series with parallel combination of Z,and Z. If the voltage
applied across the circuit is 200 V at 59 Hz, calculate (i) currents flowing in Z,, Zz and Z, and
(ii) total power factor of the circuit.

Solution Z,=(4+3)Q
Zy=(10—j7)Q
Zo=(6+5)Q
V=200V

f=59Hz
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(1) Currents ﬂ(lwing inZ,, Zgand Z In Z,
§A= 4+j3=5./3687°Q I :|_I.‘L Ze
Zp=10—-;7=12.21 £-35°Q _ Zs
Zo=6+j5=7.81 £39.81°Q s
7 _ZAZE +ZC 200.V, 59 Hz
ZA + ZB Fig. 4.77

5/36.87°)(12.21£ -35°

_ { ) ) +7.81 £39.81°
5/36.87°+12.21£-35°

11.8 £32.17° Q

-V 200.£0°

Io= 2 =727 =16952/-32.17°A
Z 11.8432.17°
- -7, (12.21£-35°)
= _ = 1 . 4— 21 °©
la=le Z,+7Z, (16952 =3217) 5 3687412212 35°

14.21 £-51.21° A

Iy=1.-1,=16.95 £-32.17° - 14.21 £-51.21° =582 £20.64 A
(i1) Total power factor of the circuit
pf= cos (32.17°) = 0.85 (lagging)

Example 24

In a series—parallel circuit, the parallel branches A and B are in series with Branch C. The
16
impedances are Z, = (4 + j3)  Z, = (4—j?j Qand Z, = (2 + j§) Q. If the current

1o = (25 +j0) A, determine the branch currents, voltages and the total voltage. Hence, calculate
active and reactive powers for each branch and the whole circuit.

Solution Z,=(“4+3)Q Ia
A
I}
7. = [4_:10)g i .
? 73
Zo=(@2+/8)Q - I e
I-=(25+,0)=25-0°A Fig. 4.78
(i) Branch currents
By current-division rule,
Z [+-7%)
I, =1, =—2=—=(25+0) =20 £-36.87° A
ZatZs 4+ j3+4= )

Iy=1-—1,=2520°-20 £-36.87°=15 £53.13° A
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(i1) Voltages and total voltage
Vy=Vy=2Z,1,=(4+,3) (20 £-36.87°) = 100 £-1.02° V
Ve=ZcI-=(2+)8) (25 £0°) =206.16 £ 75.96°V
V=V,+V:=100 £-1.02° +206.16 £75.16° = 249.7 £52.27° V
(ii1) Active and reactive powers for each branch and the whole circuit
P, =13R,=(20)> x4 =1600 W
Py =12 Rz=(152x4=900 W
Po=12R-=(25° x2=1250 W
P =P, +Pp+P-=1600+900 + 1250 = 3750 W
0, =17 X,=(20)>x 3 =1200 VAR

0y = I3 Xz = (15)* x? = 1200 VR

Q¢ = 12 X =(25)*x 8 = 5000 VAR
Q= Q,+0p+0c= 1200 + 1200 + 5000 = 7400 VAR

Example 25
Find the applied voltage V,p so that a 10 A current may flow through the capacitor in Fig. 4.72.
I 2Q 0.0191H
" \V\\N—000>
A 8Q 0.0318 H B
T AT
L TQ 398 uF
= AnA—|
Fig. 4.79
Solution XLI =2xfL,=2nx50x0.0191 =6 Q
XL2 =21fL,=21x50x0.0318=10 Q
1 1

X 210 T 2m x50 %398 %10
= 24/6=632 £71.56° Q
=7 j8=10.63 £-48.8°
L= 8+/10=12.8 £51.34° Q
472, Q908
Zi+7Z, 2+ j6+7—-j8)
Let I, =10 Z0° A

V, = Z,1,= (10.63 £-48.8°) (10 £0°) = 106.3 £-48.8° V

NI NI

Z= +(8+/10)=19.91 £45.53° Q
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=106.3 £-48.8°V

1 = 72
I = 4 10632458 16.82 /-120.36° A
7, 632/71.56°
T =1 +1,=1682 Z-120.36° + 10.£0° = 14.58 /-84.09° A
V= ZT =(19.91 £4553°)(14.58 £-84.09°) = 290.28 /—38.56° V

Example26

If a voltage of 150 V applied between terminals A and B produces a current of 32 A for the
circuit shown in Fig. 4.80, calculate the value of the resistance R and pf of the circuit.

50Q
A R B
o—— —AN\V\N——o0
j4Q
500
Fig. 4.80
Solution V=150V
I1=32A
= @ =4.687 Q
32 T
5 _OUD G290
5+ j4 64./38.66°

=3.125 £5134°+R=195+,2.44+R

J.95+ R) +(2.44)> = 4.687
(1.95+ R)*> + (2.44)* = (4.687)*
(1.95 + R)> = (4.687)% — (244)>
195+R=4
R=2.05Q
Total resistance  1.95+2.05

B = =0.853 (laggi
P Total impedance 4.687 (lagging)

L e

An impedance of R + jX ohms is connected in parallel with another impedance of —j5 ohms. The
combination is then connected in series with a pure resistance of 2 €. When connected across a
100V, 50 Hz ac supply, the total current drawn by the circuit is 20 A and the total power consumed
by the circuit is 2 kW. Calculate (i) currents through parallel branches, and (ii) R and L.

Solution P=2kW
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V=100V
I=20A
(i) Currents through parallel branches Iy R X
AT
P="VIcos ¢ ,\2/3\/
2000= 100 x 20 X cos ¢ —/”5
cos ¢ =1 H
¢ =(° Vp I Ve—>
V =100 2£0°V ————— 100V, 50 HZ ———>
T =20£0°A
Vp = 2x20° £0° =40 £0°V
V=V — Vy=100 £0°—40.£0° =60 £0° V

Zo 54-90°

Iy =1-1,=20£0°-12 £90°= 23.32 £-30.96° A

20A Ic

Fig. 4.81

I =

(i1) Resistance and inductance

Zy = 60207 =2.57 £30.96° Q=22 +,1.32Q
23.32/ —30.96°
R=22Q
X, =132Q
X, = 2rnfL
132 =2nx50xL
L=42mH

Bxample28

The circuit of Fig. 4.82 takes 12 A at a lagging power factor and dissipates 1800 W. The reading
of the voltmeter is 200 V. Find R;, X, and X,.

R4 X4

| 10 Q

@ 200 V 23 Q (\D

Xz

Solution I=12A
P =1800 W
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Let I =12 Z0°A
Z, = @—16679
212 :

Z,= RZ+X;
16.67 = /(10)* + X}

(16.67)> = 10>+ X2
277.88 = 100 + X3

X, =13.33Q
v, = (12 £0°) (10+/13.33)=(12 £0°) (16.67 £53.13°) =200 £53.13°V
P ="VIcos ¢
1800 = 200 x 12 X cos ¢
cos ¢ = 0.75
¢ =4141°

Applied voltage I_/req =200 £41.41°V
Voltage across parallel branches = 200 £41.41° — 200 £53.13° =40.84 £ —-42.73°V
Current through capacitor = 40842 - 42.737 _ 2.04 £47.27° A
20£ -90°
Current through R; and X| = 12 £0° —2.04£47.27° = 10.72£-8.03° A
_ 40.84£-42.73°
217 10724 -8.03°
R, =3.13Q

X, =217Q

=3.81 £-34.7°Q=3.13—-,2.17Q

Example 29

For the circuit shown in Fig. 4.83, calculate (i) total admittance, total conductance and total
susceptance, (ii) total current and total pf, and (iii) value of pure capacitance to be connected
in parallel with the above combination to make the total pf unity.

6Q 8Q
7500
8Q 6Q
~——— 200V, 50 Hz ——

Fig. 4.83
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Solution
(i) Total admittance, total conductance and total susceptance

Z, =6+j8=1053.13°Q
Z, =8-j6=10 £-36.87°Q
1

Y, = é=—o=0.14—53.13°6
Z, 10£53.13
Y, = _L = _ =0.1£36.87°0O
Z, 10£-36.87°
Y =Y +Y,
= 0.1 £-53.13°+ 0.1 £36.87°=0.14 —;0.02 5 =0.14 £-8.13° ©
Y=0.140
G=0.140
B=0.020
(i1) Total current and total pf
Let V =200 £0°V

I=VY =(200 £0° (0.14 £-8.13°) =28 £/-8.13° A
pf = cos (8.13°) = 0.989 (lagging)
(ii1) Value of pure capacitance to make total pf unity

Since the current lags behind voltage, the circuit is inductive in nature. In order to
make the total pf unity, a pure capacitor is connected in parallel so that pf becomes

unity and imaginary part of 7req becomes zero.

Yo = Y1+ Y, + 7,
Yreq = 0.14 - j0.02 +0.02 = 0.14
1
Y;=Y-= X_c =0.02
X =50Q

= ——— =63.66 UF
¢ 2w x50% 50 K
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4.1

4.2

4.3

4.4

4.5

4.6

$

Exercise 4.3

Two impedances of 14 +;5 Q and 18 +;10  are connected in parallel across a 200V,

50 Hz supply. Determine (i) admittance of each branch and the entire circuit,

(i1) current in each branch and total current, (iii) power and power factor of each
branch, (iv) total power factor, and (v) draw phasor diagram.

[0.067 £—19.6°0, 0.048 £—29.05°0, 0.115 £—23.75°0, 13.45

L—19.65°4, 9.6 £—29.05° A, 22.91 £ —23.75° A, 2532.64 W,

1658.8 W, 0.94 (lagging), 0.874 (lagging), 0.916 (lagging)]

In a parallel RC circuit shown in Fig. 4.84, i, = 15 cos (5000 ¢ — 30°) amperes.
Obtain the current in capacitance.

10Q liR lic =100 uF

Fig. 4.84
[74.95 sin (5000t + 150°)]
A voltage applied across a three-branch circuit is shown by v = 100 sin
(5000 ¢ + 7/4) in Fig. 4.85. Find the rms value of the current in the inductor.

% f\) 250 2mH == 30 uF
Fig. 4.85
[7.07 A]
A circuit comprises of a conductance G in parallel with a susceptance B. Calculate
the admittance G + /B if the impedance is 10 + j5Q. [0.08 S, 0.04 S]

If an admittance of a circuit is (8 + j6) U and the circuit current is 2 £ 30°A, find
the pf of the circuit. Also, calculate the apparent power in the circuit.

[0.8 (leading), 0.2 VA]
A resistor of 50 Q, an inductor of 0.15 H and a capacitor of 100 UF are connected
in parallel across a 100 V, 50 Hz ac supply. Calculate (i) current in each circuit,
(i1) resultant current. Draw individual phasor diagrams and the overall phasor
diagram. [2Z20°4,2.12 £-90° A, 3.14 £90° A4, 2.25 £27.02° A]
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4.8

4.9

4.10

4.11

4.12

4.13
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The power dissipated in the coil A is 300 W and in the coil B is 400 W. Each coil
takes a current of 5 A when connected to a 110 V, 50 Hz supply. Find the current

drawn when the coils are connected in parallel. [9.93 £-50.11° A]
Find the total impedance, supply current and pf of the entire circuit.
30 40

457Q 551Q

200V 50 Hz
Fig. 4.86
[10.06 £ 36.68° £, 19.88 £—-36.68° 4, 0.8 (lagging)]
Determine kVA, kVAR and kW consumed by the two impedances Z, = (20 +;37.7) Q
and Z, = (50 + j0) Q, when connected in parallel across a 230 V, 50 Hz supply.
[1.971 kVA, 1.095 kVAR, 1.64 kW]
In the parallel circuit shown in Fig. 4.87, the power in the 3 Q resistor is 666 W
and the total volt-amperes taken by the circuit is 3370 VA. The power factor of the
whole circuit is 0.937 leading. Find Z.

3Q

)

Fig. 4.87

[2-j2) 2]
A coil is connected across a non-inductive resistor of 120 Q. When a 240 V,
50 Hz supply is applied to this circuit, the coil draws a current of 5 A and the total
current is 6 A. Determine the power and the power factor of (i) the coil, and (ii) the
whole circuit. [420 W, 0.35 (lagging), 900 W, 0.625 (lagging)]
A coil takes a current of 10 A and dissipates 1410 W when connected to 220 V,
50 Hz supply. If another coil is connected in parallel with it, the total current taken
from the supply is 20 A at a power factor of 0.868. Determine the current and
the overall power factor when the coils are connected in series across the same
supply. [5.55 4, 0.8499 (lagging)]
Draw an impedance triangle between terminals 4B in Fig. 4.88, labelling its sides
with appropriate values and units.

_j 8
I
j4
(A)o— —000——o(B)
6 Q
Fig. 4.88

[R=3.84Q X=1.12 Q (inductive), Z = 4 2]
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4.14

4.15

4.16

4.17

4.18

4.19

Draw the impedance triangle between terminals AB in Fig. 4.89 for the following
conditions:
(1) Xe=8Q,R=6Q,X,=4Q (i) Xo=4Q,R=6Q,X,=6Q
Label its side with appropriate values and units.
R

Xc
(A) o— — ——o0 (B)

XL
00
Fig. 4.89
[R=18461 Q X =5.2308 2 (capacitive), Z = 5.547 €2,
R=3Q X=1Q (capacitive), Z = 3.1623 2]
Draw an admittance triangle between terminals 4B in Fig. 4.90, labelling its sides
with appropriate values and units in case of

(1) X;=4Qand X-=8Q (1) X;=10Qand X,=5Q

X

000

1Q
(A) o—ANANN— —0 (B)

—-Xc
{f
Fig. 4.90

[G=0.01506,B,=0.1230,Y=0.124 5, G = 0.0098 U,
B-=0.0990, Y=0.10]
An inductive impedance BC is connected in series with a parallel combination 4B
consisting of a capacitor and a non-inductive resistor. The circuit constants are so
adjusted that the current in the parallel branches AB are equal, and that the voltage
across AB is equal to and in quadrature with the voltage across BC. When a voltage
of 200 V is applied to AC, the total power absorbed is 1200 W. Calculate the circuit
constants and draw a vector diagram.
[AB = R = 33.32 Qin parallel with X = 33.32 , BC = (16.66 + j16.66) £]
A 100 Q resistor, shunted by a 0.4 H inductor is in series with a capacitor C. A
voltage of 250 V at 50 Hz is applied to the circuit. Find
(i) the value of C to give unity power factor
(i1) the total current
(iii) current in the inductive branch [65.4 UF, 4.08 A, 2.55 A]
A non-inductive 10 € resistor is in series with a coil of 1.3 Q resistance and 0.018 H
inductance. If a voltage of maximum value of 100 V at a frequency of 100 Hz is
applied to this circuit, what will be the voltage across the resistor? [62.54 V]
Two impedances 7 = 10 —j15 Q and Zz =4 + ;8 Q are connected in parallel.
The supply voltage is 100 V, 25 Hz. Calculate (i) the admittance, conductance and
susceptance of the combined circuit, and (ii) total current drawn and pf.
[0.097 G, 0.081 U, 0.054 G, 9.7 A, 0.83 (lagging)]
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4.22
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4.24
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4.26
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A voltage of 200 £ 53.13° V is applied across two impedances in parallel. The
values of the impedances are (12 +;16) Q and (10 —;20) Q. Determine kVA, kVAR
and kW in each branch and the pf of the whole circuit.

[2kVA, 1.2 kW, 1.6 kVAR, 1.788 kVA, 0.8 kW, 1.6 kVAR, unity pf]
For the circuit shown in Fig. 4.91, evaluate the current through and voltage across

each element.
; 10Q

I I

173 £0°V ’\)
20Q

— _i11.55Q

Fig. 4.91

[T, =52-30°4, T, =8.66 £60°A, V, =100 £~ 30°V,
V,=100 £-30°V, V,yo=100 £30° V]
Two impedances Z, and Z, are connected in parallel. The first branch takes a leading
current of 16 A and has a resistance of 5 €2, while the second branch takes a lagging
current at a pf of 0.8. The total power supplied is 5 kW, the applied voltage being

(100 +;200) V. Determine branch currents and total current.
[16 £132.46° A, 20.8 £26.57° 4, 22.49 A]
For the parallel branch shown in Fig. 4.92, find the value of R, when the overall

power factor is 0.92 lag.

j2 10

Fig. 4.92

[1.35 2]
In a series—parallel circuit, two parallel branches 4 and B are in series with C. The
impedances are Z, = (10 +8) Q, Z, = (9 —j6) Q and Z, = (3 +;2) Q. If the voltage

across Z1s 100 £ 0° 'V, determine the values /, and /5.
[15.7 £=73.39° A, 18.59 £ — 1.04° A]
A capacitor is placed in parallel with two inductive loads. The current through the
first inductor is 20 A at 30° lag and the current through the second is 40 A at 60°lag.
What must be the current in the capacitor so that the current in the external circuit
is of unity power factor? [44.64 £ 90°A]
A circuit of 15 Q resistance and 12 Q inductive reactance is connected in parallel
with another circuit consisting of a resistor of 25 Q in series with a capacitive
reactance of 17 Q. This combination is energized from a 200 V, 40 Hz mains. Find
the branch currents, total current and power factor of the circuit. It is desired to
raise the power factor of this circuit to unity by connecting a capacitor in parallel.
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4.27

4.28

4.29

4.8

Determine the value of the capacitance of the capacitor.
[10.42 £~ 38.56° A4, 6.61 £34.21° A, 13.95 £—11.56° 4,
0.98 (lagging) 54.9 uF]
Acresistor of 30 Q and a capacitor of unknown value are connected in parallel across
a 110 V, 50 Hz supply. The combination draws a current of 5 A form the supply.
Find the value of the unknown capacitance of the capacitor. This combination is
again connected across a 110 V supply of unknown frequency. It is observed that
the total current drawn from the mains falls to 4 A. Determine the frequency of the
supply. [98.58 uF; 23.68 Hz]
Two reactive circuits have an impedance of 20 Q each. One of them has a lagging
power factor of 0.8 and the other has a leading power factor of 0.6. Find (i) voltage
necessary to send a current of 10 A through the two in series, and (ii) current drawn
from 200 V supply if the two are connected in parallel. Draw a phasor diagram in
each case. [282.8V, 14.14 A]
Inductor loads of 0.8 kW and 1.2 kW at lagging power factors of 0.8 and 0.6
respectively are connected across a 200 V, 50 Hz supply. Find the total current,
power factor and the value of the capacitor to be put in parallel to both to raise the
overall power factor to 0.9 lagging. [14.87 A, 0.673 (lagging), 98 uUF]

SERIES RESONANCE

[Dec 2013, May 2016]

A circuit containing reactance is said to be in resonance if the voltage across the circuit
is in phase with the current through it. At resonance, the circuit thus behaves as a pure
resistor and the net reactance is zero.

Consider the series R-L-C circuit as shown in Fig. 4.93. The impedance of the circuit is

7 =R+jX, —jX, R L ¢
=R+jol—-j—
J ch ;
. 1
=R+j| oL - — A
( a)C) QJ/
v =V, sin ot

At resonance, Z must be resistive. Therefore,

the condition for resonance is

Fig. 4.93 Series circuit

a)L—L =0
oC
o
o JLc
1
/=5 = 2nJLC

where f; is called the resonant frequency of the circuit.
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Power Factor

R
Power factor = cos ¢ = 7
At resonance Z=R
R
Power factor = e 1

Current Since impedance is minimum, the current is maximum at resonance. Thus, the
circuit accepts more current and as such, an R-L-C circuit under resonance is called an
acceptor circuit.

Vv
h=7"%
Voltage At resonance,
1
wyL = R
L Iy = LI
0" o,C°
Vi, = Ve

0 0

Thus, potential difference across inductor equal to potential difference across capacitor
being equal and opposite cancel each other. Also, since / is maximum, ¥; and V¢, will
also be maximum. Thus, voltage magnification takes place during resonance. Hence, it is
also referred to as voltage magnification circuit.

Phasor Diagram The phasor diagram is shown in Fig. 4.94.
Vi :':

(o}

<
——H—
N
-1

Vg
Fig. 4.94 Phasor diagram
Behaviour of R, L and C with Change in Frequency Z X;

Resistance remains constant with the change in frequencies. -
Inductive reactance X; is directly proportional to frequency f. R

It can be drawn as a straight line passing through the origin. f
Capacitive reactance X is inversely proportional to the /
frequency f. It can be drawn as a rectangular hyperbola in the Xc

fourth quadrant.

. _ Fig. 4.95 Behaviour of R, L
Total impedance Z = R +j (X; — X)) and C with change

(a) When 1< f,, impedance is capacitive and decreases up in frequency

to f,. The power factor is leading in nature.
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(b) At f=f,, impedance is resistive. The power factor is unity.
(¢) When f > f,, impedance is inductive and goes on increasing beyond f,. The power
factor is lagging in nature.

74

Capacitive Inductive

fo
Fig. 4.96 Impedance

Bandwidth For the series R-L-C circuit, bandwidth is defined as the range of frequencies
for which the power delivered to R is greater than or equal to % where P is the power

delivered to R at resonance. From the shape of the resonance curve, it is clear that there
are two frequencies for which the power delivered to R is half the power at resonance. For
this reason, these frequencies are referred as those corresponding to the half-power points.
The magnitude of the current at each half-power point is the same.

/
Hence, 112R = llnglzzR v
2 =gl _______
where the subscript 1 denotes the lower half point  0.707 /o [~ ."é".
and the subscript 2, the higher half point. It follows ; ; ; Bandwidth = ap — o
then that .
I =1= 2 =707, e 2

V2

Accordingly, the bandwidth may be identified
on the resonance curve as the range of frequencies over which the magnitude of the
current is equal to or greater than 0.707 of the current at resonance. In Fig. 4.97, the
bandwidth is @, — w,.

Fig. 4.97 Resonance curve

Expression for Bandwidth Generally, at any frequency @,

14 V 14
1= E=\/ 5 == S 4.1
R +(X;, - X
(X, - X¢) JR2+(wL_1)
oC
At half-power points,
I
=0
V2
B I, = -
ut 07 g



Series Resonance 4.93

4
= —F—— 4.2
3R (4.2)
From Eqs (4.1) and (4.2),
Vv Vv

\/Rz +(wL - wlc)z V2R

1 1

\/RZ +(coL - wlc)z V2R

Squaring both the sides,
1V
R? +(a)L——j =2R?
oC
(o)
oL-—| =R
oC
1
oL-———*R=0
oC
R 1
P E-0—— =0
L LC
2
o= iii R 1

Jo 2n\LC
1
= ——
¢ JLC
R
= iZ + 0y (considering only positive sign of @)
R
0 =)= 57
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and =0yt 57
h=lo——
and L= fot—
R
Bandwidth = @, — o, = I
R
or Bandwidth = f, — f| = 2L

Quality Factor It is a measure of voltage magnification in the series resonant circuit. It

is also a measure of selectivity or sharpness of the series resonant circuit.
_ Voltage across inductor or capacitor

Voltage at resonance

o
M Ve
| 4
Substituting values of V; and V,
o ¥
IR
R
oL 1
R o,CR

Q(): R
_ 1L
R\NC

Example 1

A series R-L-C circuit has the following parameter values: R = 10 Q, L

0.0 H,

C = 100 uF. Compute the resonant frequency, bandwidth, and lower and upper frequencies of

the bandwidth.
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Solution R=10Q
L=001H
C =100 pF

(i) Resonant frequency
1

1
f — =
O 27JLC 270.01x100x107°
(if) Bandwidth

=159.15Hz

R 10

= = =159.15Hz
2L 27w x0.01

BW

(i) Lower frequency of bandwidth

BW 159.15
f] :fO, T =159.15 - T =79.58 Hz

(iv) Upper frequency of bandwidth

BW 15
f2=f0+7=159.15+ =238.73 Hz
Example 2
For a series RLC circuit having R = 10 ©, L = 0.0] H and C = 100 uF, Find the resonant
frequency, quality factor and bandwith. [Dec 2014]
Solution R=10Q
L=001H
C =100 uF
(i) Resonant frequency
1 1
fo =159.15Hz

C2nVLC 270.01%100x 107
(i1) Quality factor

1 L 1 0.01
QO= —_ | —=— ——6=1
RNC 10V100x10

(iii) Bandwidth
R 10

BW = =
2Ll 27mx0.01

=159.15Hz

Example 3

A series RLC circuit has the following parameter values: R = 10 £, L = 0.014 H, C = 100 uF.
Compute the resonant frequency, quality factor, bandwidth, lower cut-off frequency and upper
cut-off frequency. [May 2015]
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Solution R=10Q
L=0.014H
C =100 uF
(i) Resonant frequency
1 1
22VLC 2740.014x100%107°
(i) Qualify factor
1 |[L 1 0.014
Q = |[— = — ——6 =
RNC 10V100x10
(ii1) Bandwidth
- R 10 =113.68 Hz
2Ll 2rx0.014
(iv) Lower cut-off frequency (f))
B 113.68
flsz—TW:134.51— =77.67 Hz
(v) Upper cut-off frequency (f5)
H=5 +¥= 134.51+ 113.68 =191.35Hz

Example 4

A series R-L-C circuit consists of R = 1000 £, L = 100 mH and C = 10 UF. The applied voltage
across the circuit is 100 V.
(i) Find the resonance frequency of the circuit.
(ii) Find Q of the circuit at resonant frequency.

(iii) Calculate the bandwidth of the circuit. [May 2016]
Solution R = 1000 Q
L =100 mH
C =10 yuF
V=100V
(i) Resonance frequency of the circuit
Jo : 1 =159.15 kHz

27VLC  274100%107 x10x107°

(i) Q of the circuit at resonant frequency

1 (L 1 [100x107°
Q(): _—— = 5 :OI
R\NC 1000\ 10x10
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(i) Bandwidth
R 1000
2nL 27 x100x1073

BW =1591.55Hz

Example 5

An R-L-C series circuit with a resistance of 10 €2, inductance of 0.2 H and a capacitance of

40 uF is supplied with a 100 V supply at variable frequency. Find the following w.r.t. the series
resonant circuit:

(i) frequency at which resonance takes place
(ii) current
(iii) power
(iv) power factor
(v) voltage across R-L-C at that time
(vi) quality factor
(vii) half-power points
(viii) resonance and phasor diagrams

Solution R=10Q
L=02H
C =40 pF
V=100V
(i) Resonant frequency
1 1
22VLC 2702 x40 %107
(i1) Current
V100
= —=—=10A
h= %0

(iii)) Power
Py =B R=(10)*> x10= 1000 W
(iv) Power factor
pf=1
(v) Voltage across R, L, C
Vi, = R1p=10x10=100V
Vi, =X, 1o =2mfoLly =2 x 56.3 0.2 x 10 =707.5V
Ve = X o= ——1Iy = 1
G T 2z’ 2 x563x40x107°
(vi) Quality factor

1 |L 1 2
QI—\/:Z— O—_6=707
RNC 10V40x10

x10=707.5V
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(vii) Half-power points

R 10
fi=fo- —=563—-———=5232Hz
RATY) 4 x 0.2
R 10
=fyt —=563+—"——=60.3Hz
L= 4rL 4 x 0.2
(viii) Resonance and phasor diagram
I
Iof-------- .
N Lo\
72 Do
N v 7
frfo By f
(a) (b)
Fig. 4.98
Example 6
A series R-L-C circuit is supplied with v(t) = 10 sin 1000 t volts. If the maximum peak voltage
across capacitor is 400 volts, find the quality factor of the circuit. [Dec 2015]
Solution vV, =10
VC,,, =400V
y = Vo 10 _ 52 v
V2 2
vV 4
yo= L 20 _hn00zy

40

20032
52

Example 7

A series R-L-C circuit is connected to a 200 V ac supply. The current drawn by the circuit at
resonance is 20 A. The voltage drop across the capacitoris 5000 V at series resonance. Calculate
resistance and inductance if capacitance is 4 uF. Also, calculate the resonant frequency.

Solution V=200V
I,=20A
Ve, = 5000V



Series Resonance 4.99

C=4UuF
(i) Resistance
LV 20006
(ii) Resonant frequency
Ve, 5000
X, = 0 =2"2-250Q
0 I, 20
1
XCO =
2n f,C
1
250 = g
2w X fo x4 x10”
Jo=159.15Hz
(ii1) Inductance
Atresonance X = X; =250Q
X, =2nfyL
250 =2xx 159.15x L
L=025H

Example 8

A resistor and a capacitor are connected in series with a variable inductor. When the circuit is
connected to a 230 V, 50 Hz supply, the maximum current obtained by varying the inductance is
2 A. The voltage across the capacitor is 500 V. Calculate the resistance, inductance and

capacitance of the circuit. [Dec 2012]
Solution V=230V
Jo=50Hz
I,=2A
Ve, =500V
(1) Resistance
R- =20 1150
= 2 =
(i) Capacitance
= @ 200 =250Q
R )
1
Xe,
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1
250= ———
2T X 50x C
C=12.73 uF

(ii1) Inductance

Atresonance X =X; =250 Q

X, =2nfy L
250=2nx50x L
L=0.795H

Example 9

A coil of 2 Q resistance and 0.01 H inductance is connected in series with a capacitor across

200 V mains. What must be the capacitance in order that maximum current occurs at a frequency
of 50 Hz? Find also the current and voltage across the capacitor.

Solution R=2Q
L=0.01H
V=200V
Jfo=50Hz
(i) Capacitance
1
Jo= 2n\LC
so— L
2730.01x C
C=1013.2 uF
(i1) Current
Vo 200
I, = e 100 A
(ii1) Voltage across capacitor
1 1
Veg =1 X, = 1o 2 f,C 100 27 x50%1013.2x107° —Alalev

Example 10

A voltage v(t) = 10 sin wt is applied to a series R-L-C circuit. At the resonant frequency of
the circuit, the voltage across the capacitor is found to be 500 V. The bandwidth of the circuit
is known to be 400 rad/s and the impedance of the circuit at resonance is 100 €. Determine
inductance and capacitance resonant frequency, upper and lower cut-off frequencies.

Solution v(f) = 10 sin wt
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Ve, = 500V
BW = 400 rad/s
R =100Q
(i) Inductance and capacitance
v, 10
V= E = E =7.07V
I, = L 707 =0.0707 A
R 100
BW = R
L
100
400 = 7
L=025H
V,
0= = % =70.72
1 |L
0= 7c
1 ]0.25
70.72 = o0\ ¢
C =499 nF

(ii) Resonant frequency
1

1
f = =
* 2mVLC 27 x0.25x4.99x 107
(iii)) Lower cut-off frequency

=4506.09 Hz

- R 450600 — _ _ 447426 1
N =Jom g =H06.09 - s 447426 Hz

(iv) Upper cut-off frequency

R 100
H=ft e =4506.09 + AT %025 =4537.92 Hz

Example 11

An inductor having a resistance of 25 §2 and Q, of 10 at a resonant frequency of 10 kHz is fed
from a 100V supply. Calculate (i) value of series capacitance required to produce resonance
with the coil, (ii) the inductance of the coil, (iii) Q, using L/C ratio, (iv) voltage across capacitor,
and (v) voltage across the coil. [May 2013]
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Solution R=25Q
Oy =10
fo =10kHz
V=100
(i) Value of series capacitance

— VCO
0 =%

10 - Zco
100
Veo = 1000V

V100
=4A

" R 25
Veo =1 Xeo
1000 = 4.X,
Xp =250 Q
1
Xeo = 2nf,C
3 1
T2 x10x10°x C

C=637x10"%F

250

(i1) Inductance of the coil
1

Jo= idic
1
10 x 103 =
27\ L x 637 %1078
L =3.98 mH

(iii) Quality factor

1 [L 1 [398x1073
oL [E L [poxi0®
RNC 25Y\637x10°
(iv) Voltage across capacitor

Vio =V =1000V
(v) Voltage across coil

Zooit = \[R? + X} =/(25) +(250)> =251.25Q
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y

coil

=1Z,;=4x251.25=1005V

oil —

Example 12

A series resonant circuit has an impedance of 500 2 at resonant frequency. Cut-off frequencies
are 10 kHz and 100 Hz. Determine (i) resonant frequency, (ii) value of L, C, and (iii) quality
factor at resonant frequency.

Solution R =500 Q
f; = 100 Hz
/>, = 10kHz

(i) Resonant frequency
BW = f, —f,=10000 — 100 = 9900 Hz
R
= f_ 1
N =1 inl (M
R
heht g )
Adding Eqgs (1) and (2),
Si+ha =2/
+ 100 +10000
f0=f12f2— 5 = 5050 Hz

(i1) Values of L and C

_ R
2rL
500

2rL
L =28.038 mH

X;, =2mfo L =2mx 5050 x 8.038 x 107> = 255.05 Q
Atresonance X, =X, =255.05Q
|

BW

9900 =

X =
% 2mf,C
1
255.05= ——————
2 x 5050 x C
C=0.12 pF

(iii) Quality factor

_l\/Z_L [8.038x 107 05176
%= ®\c 500\ 02x10°
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Example 13

Impedance of a circuit is observed to be capacitive and decreasing from 1 Hz to 100 Hz. Beyond
100 Hz, the impedance starts increasing. Find the values of circuit elements if the power drawn
by this circuit is 100 W at 100 Hz, when the current is 1 A. The power factor of the circuit at
70 Hz is 0.707.

Solution Jo =100 Hz
Py =100 W
I,=1A

(©F)70 1, = 0.707

The impedance of the circuit is capacitive and decreasing from 1 Hz to 100 Hz. Beyond
100 Hz, the impedance starts increasing.

Jfo =100 Hz
Py=IR
100 = (1> xR
R=100Q
1
Jo= 27%/%
1
100 = 2aJIC
LC=253x%x10"° (1)

Power factor at 70 Hz is 0.707.

E =0.707
Z

100

7 =0.707
Z=141.44 Q

Impedance at 70 Hz = Z,, = \/Rz +(Xe—-X,)*

2
141.44 = (100)> +| ———— -2 x70x L
2 x70x C
3
227107 439,821 = 100.02 (2)
Solving Egs (1) and (2),

L=02187H
C= 1158 uF
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Example 14

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 to 500 pF, the current has its maximum value while it is
reduced to one-half when the capacitance is 600 pF. Find resistance, inductance and Q-factor
of inductor.

Solution Jo=1MHz
C, = 500 pF
C, = 600 pF

(i) Resistance and inductance of inductor

Atresonance C = 500 pF
1

Jo= Judic
1

106 - 12
27\ L % 500 x10”

L =0.05mH
X, =21y L=2rx10°%0.05% 103 =314.16 Q
When capacitance is 600 pF, the current reduces to one-half of the current at resonance,
1 1

Xp=—— = =265.26 Q
© onfc 2mx10°x600x107"2
1
yr_1r
Z 2R
Z=2R

JR +(X, - X.)* =2R

R%+ (314.16 — 265.26)*> = 4R?
3R?=2391.21
R=2823Q

0 _l\ﬁ_ 1 [0.05x107 s
* RNC 2823\500x107" '

(i) Quality factor
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4.9 PARALLEL RESONANCE

[Dec 2012, May 2014]

Consider a parallel circuit consisting of a coil and a capacitor as shown in Fig. 4.99. The

impedances of two branches are

7, = R+jX,
Z, =—jX¢
_ 1 1 R-jX;
W TRy X, T Rex
1 _] L R +XL
= 1 1 i
Y, = =—=— - _J
Z, —JXc Xc
Admittance of the circuit Y= Y, + 7,
_R=X T
- p2 2t

R _j( X, 1
2 2 2 2
R*+X; R +X; Xc¢

R XL
Xc
~)
&

v =V, sin ot

Fig. 4.99 Parallel circuit

At resonance, the circuit is purely resistive. Therefore, the condition for resonance is

X, 1
R*+X; X¢
X 1
R*+ X}  Xc

X, X = R+ X}

1
oL —— =R+ w; L2

,
L
w§L2=E—R2
1(L 1 R?
2 2
W= —| =-R*|= —-—
0 LZ(C )LC I?
2
o= | L _R
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1 |1 R?

W oa\Ne

where f, is called the resonant frequency of the circuit.

If R is very small as compared to L then

Wy =

1
vLC
1

Jo= Zn\/f

where f is called the resonant frequency of the circuit.
Dynamic Impedance of a Parallel Circuit At resonance, the circuit is purely resistive.

The real part of admittance is 5 - Hence, the dynamic impedance at resonance is

2

L
given by
R* + X}
Zp=——"
b R
At resonance,
2 2 L
R+ X =X, Xe=—
C
p L
b CR
Current Since impedance is maximum at resonance, the current is minimum at resonance.
P V. ¥V _VCR
oz, L1
CR
Phasor Diagram At resonance, power factor of the circuit is unity and the total current
drawn by the circuit is in phase with the voltage. Te ks,

This will happen only when the current /- is equal

to the reactive component of the current in the

inductive branch, i.e., [, =, sin ¢

Hence, at resonance I.sin ¢
Io=1,sin ¢

and I=1;cos ¢

Fig. 4.100 Phasor diagram

Behaviour of Conductance G, Inductive Susceptance B, and Capacitive Susceptance with
Change in Frequency Conductance remains constant with the change in frequencies.
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Inductive susceptance B is

1 1 1

RS Ay,

JX

B,

It is inversely proportional to the frequency. Thus, it decreases with the increase in the

frequency. Hence, it can be drawn as a rectangular
hyperbola in the fourth quadrant.
Capacitive susceptance B is
B, = L =2 fC

©—jXe X c ’

It is directly proportional to the frequency. It can be
drawn as a straight line passing through the origin.

(a) Whenf<f, inductive susceptance predominates.
Hence, the current lags behind the voltage and
the power factor is lagging in nature.
When f = f,, net susceptance is zero. Hence,
the admittance is minimum and impedance is
maximum. At f;, the current is in phase with the
voltage and the power factor is unity.
When [ > f,, capacitive susceptance
predominates. Hence, the current leads the
voltage and power factor is leading in nature.

(b)

(c)

Y Bc

Fig. 4.101  Behaviour of G, B, and B
with change in frequency
Zz
L
“07CR

Fig. 4.102 Impedance

Bandwidth The bandwidth of a parallel resonant circuit is defined in the same way as

that for a series resonant circuit.

Quality Factor It is a measure of current
magnification in a parallel resonant circuit.

_ Current through inductor or capacitor
) =

Current at resonance 1,
Substituting values of /., and 1,

oo
0, = X, :XC" za)OC:a)OL
® VCR CR CR R

L L L

1

Fig. 4.103 Resonance curve

Neglecting the resistance R, the resonant frequency , is given by

oy, =

1
NLC
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1
=)
0= = = 7\c
R RNC
4.10 COMPARISON OF SERIES AND
PARALLEL RESONANT CIRCUITS
[May 2013, 2015]
Parameter Series Circuit Parallel Circuit
VCR .
Current at resonance = E and 1S maximum = T and is minimum
Impedance at resonance Z = R and is minimum zZ= & and is maximum
Power factor at resonance Unity Unity
Resonant frequency fo= ! _ L —R—2
* 2mLC h= mNIe ™
O-factor 0= 2r f,L _ 2 f,L
R R
It magnifies Voltage across L and C Current through L and C
Example 1

Derive the expression for resonant frequency for the parallel circuit shown in Fig. 4.97. Also
calculate the impedance and current at resonance.

Solution Z, =R

R

MWV

L
7000

C

AR\

Zz =JjXL
Zy = JXc

T
v =V, sin ot

Fig. 4.104
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(1) Resonant frequency of the circuit

For parallel circuit

== =+=+=
- 1 1 1
Y = —+.—+
R jXp -jXc
_ b
R JXL JXC
1 (1 1
= __j —_—— ——
R \x, X,
At resonance, the circuit is purely resistive. Hence, the condition for resonance is
ELE
X, Xc
L
Dol = ,C
1
o= —
° LC
o=
' JLc
1

Jo= 271@

where f, is called the resonant frequency of the circuit.

(i1) Impedance at resonance
At resonance, the circuit is purely resistive. Hence, the imaginary part of Y is zero.

, oL
PR
Zn=R
(iii) Current at resonance
Vv
[0 = —— ="
Z, R
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Example 2

Derive the expression for the resonant frequency of the parallel circuit shown in Fig. 4.105.

R L
MW 7000

©

v =V, sin ot

Fig. 4.105

Ry +jXp

Solution

11
T+T
Zl ZZ
1 1

+
R +jX, R,—jX¢

For parallel circuit,

NI = NI NI
Il
=
[\S}
I
~
2

Y

R -jX, Ry+jX¢
2 >t 3 2
RI+X; Ry +X¢

R, R, [ X, X, }

+ -J -
RI+X] R +X¢ RI+X] R +X¢

At resonance, the circuit is purely resistive. Hence, the condition for resonance is

X, X¢ _
RI+X; R +X¢
X _ L
RP+X?  RI+XC
b
W, L _ 0,C
2 272
w,C
oy LC w;C?

R +0i?  RIwjC*+1



4.112  Basic Electrical Engineering

LC (R} @} C*+ 1) = C* (R} + &L?)
OR3LC? + LC = C*R} + o} L*C?
@R LC3 — W}L*C* = C?R} - LC
WfLCHCR3—-L) = C(CR? - L)
@{LC (CR3-L)=CR?-L

CR}-L
0= —
LC(CR} - L)
CR} - L 1 |CRI-L
a) = =
O \LC(CR?-L) ~LC\CR}-L
1 CR! L

Jo= 2nLC\ CR; — L

where f is called the resonant frequency of the circuit.

Example 3

A coil having an inductance of L henries and a resistance of 12 € is connected in parallel
with a variable capacitor. At @ = 2.3 x 10° rad/s, resonance is achieved and at this instant,
capacitance C = 0.021 UF. Find the inductance of the coil.

Solution R=12Q
@, = 2.3 x 10° rad/s
C = 0.021 puF
" \NLc 12
1 12)%
2.3><106=\/ _6—(2)
Lx0.021x10 L
L =89.7 uH
Example 4

A coil of 31.8 mH inductances with a resistance of 12 £2is connected in parallel with a capacitor
across a 250-volt, 50 Hz supply. Determine the value of capacitance, if no reactive current is
taken from the supply. [May 2014]
Solution L =31.8mH
R=12Q
V=250V
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f=50Hz
hs L_(ET
fo=2x\N1e \1

| | 12 2
50 = — - ~
27 \31.8x10° xC \31.8x10

130.43 uF

a
Il

Example 5

A coil of 20 L resistance has an inductance of 0.2 H and is connected in parallel with a
condenser of 100 uF capacitance. Calculate the frequency at which this circuit will behave as
a non-inductive resistance. Find also the value of dynamic resistance.

Solution R=120Q
L= 02H
C= 100 uF
(i) Resonant frequency
Jo= LIL B L ;—(gjz =31.83H
" 2z\zc 2 27x\02x100x10° (0.2 S
(i1) Dynamic resistance
L 0.2
Zp= ——=—"""—"—F——=100Q

CR  100x107° x 20

Example 6

An inductive coil having a resistance of 20 £ and inductance of 0.2 H is connected in parallel
with a 20 UF capacitor with variable frequency and 230V supply. Find the frequency at which
the total current drawn from supply is in phase with the supply voltage. Find the value of the

current and the impedance of the circuit at this frequency. [Dec 2014, 2015]
Solution R =20Q
L=02H
C =20 uF

V=230V
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(1) Resonant frequency

1 [1 R 1 1 20 )
2r\NLe 12 2z\o2x20x10® \0.2

(i) Dynamic Impedance
L 0.2

CR 20x107° x20
(ii1) Current
1= 2% g46A
Zp 500

Example 7

An inductive coil of 10 Q resistance and 0.1 H inductance is connected in parallel with a 150
UF capacitor to a variable frequency, and 200 V supply. Find the resonance frequency at which
the total current taken from the supply is in phase with the supply voltage. Also find value of this

current. Draw the phasor diagram. [Dec 2013]
Solution R=10Q
L=0.1H
C =150 uF
V=200V

(1) Resonance frequency
1 |1 R

Jo=5\1e 2

1 \/;(ﬂ)
2\ 0.1x150x107° \0.1

=37.89 Hz

(i1) Value of current

L 0.1

/= —=—"—"——=06.6TA
D CR O 150%107° 10

Z, 66.67

(iii) Phasor diagram
Zeoi = 10+2x37.89 x 0.1 =25.82 £67.22° Q

_ 1

Z.=—j = j28=28/-90°Q
C T T %3789 %150x10°  *
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200

Lot = ———————=17.75£-67.22°Q
25.82./67.22°

- 200

] = ———=7.14290°Q
€ 28/-90°

<I

Fig. 4.106

Example 8

A coil having a resistance of 20 Q and an inductance of 200 uH is connected in parallel
with a variable capacitor. This parallel combination is connected in series with a resistance of
8000 Q. A voltage of 230 V at a frequency of 10° Hz is applied across the circuit. Calculate

(i) the value of capacitance at resonance, (ii) Q factor of the circuit, (iii) dynamic impedance of
the circuit, and (iv) total circuit current.

Solution 20 Q 200 pH
R=20Q 8000 Q
L =200 uH .
fo = 10°Hz =
V=230V
Rg = 8000 Q
1) Value of capacitance (A
(1) p \f\\J/
1 1 R? 230V, 108 Hz
Jo= w\ic 2 Fig. 4.107

o1 \/ 1 Qo
27\ 200100 xC  (200x107%)2
C = 126.65 pF
(i) Quality factor
C2nfyl 27 x10°%x200x107°
o R 20

=62.83
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(i) Dynamic impedance

gy= L _200X10° i
PUCR O 126.65%107% %20

(iv) Current
Total impedance of the circuit at resonance = Z, + Ry = 78958 + 8000 = 86958 Q

2
I = i =2.65mA
86958

Example 9

A coil of 400 Q resistance and 318 UH inductance is connected in parallel with a capacitor and
the circuit resonates at 1 MHz. If a second capacitor of 23.5 pF capacitance is connected in
parallel with the first capacitor, find the frequency at which the circuit resonates.

Solution R =400 Q

L =318 uH

fy=1MHz

C, =23.5pF

po L[ ®

O am\LC [P

o1 1 (400)*

10°= >~ -6 - ~6\2
2r\318x107° xC;  (318x107)

C, = 76.59 pF

When capacitor of 23.5 pF is connected in parallel with C; = 76.59 pF
Cy=C,+C,=76.59+23.5=100.09 pF
11 R

The new resonant frequency f; = o\ 7
T T

_ 1 1 _ (400)°
27 \318x107° x100.09x 1072 (318x107%)?
= 869.34 kHz

Example 10

A 46 mH inductive coil has a resistance of 10 . (i) How much current will it draw if connected
across a 100V, 60 Hz supply? (ii) What is the power factor of the coil? (iii) Determine the value
of capacitance that must be connected across the coil to make the power factor of overall circuit
unity. [May 2013]
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Solution L = 46 mH
r=10Q
V=100V
f = 60Hz
(1) Current

X, = 27fL=27x60x46x 103 =17.34Q

Z = \rP+ X7 =102+ (17.34)% =2002Q

V 100
I = EZWZSA =60 Hz
(i1)) Power factor of the coil
10 )
pf = cos ¢= E = m =0.5 (lagging)
(iii) Value of capacitance C

When a capacitor is connected across a coil to make power I}

factor of overall circuit unity, the circuit is in resonance.
—NWW— 00—
2
f:L 1 10Q 46 mH
0 2
2r \LC [ Fig. 4.108

1 1 (10)?
60 = — 3 - 3.2
2\ 46x107°xC  (46x107)

C = 114.79 uF

Example 11

A coil having a resistance and inductance of 15 Q and 8 mH respectively is connected in
parallel with another coil having a resistance and inductance of 4 £2 and 18 mH. If this parallel
combination is to be replaced by a single coil, calculate the value of resistance and inductance
of that coil. What value of capacitance should be connected in parallel with this coil in order to
get unity power factor? Assume operating frequency to be 50 Hz.

Solution
R Ly
R, =15Q A% 00
L, =8mH R, L
R,=4Q A% 00
L, =18 mH
f=50Hz
(1) Value of resistance and inductance of the coil Fig. 4.109

X, =27fL =27x50x8x 1073 =2.51 Q
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Xy, = 2mfLy=2mx50%x 18 X 107 = 5.65 Q

Z, =R, +jX, =15+,251=15.21 £9.5°Q

Zy = Ry +jX, = 4+5.65=6.92 £54.7° Q
Z.Z,  (15.21£9.5°(6.92£54.7°)

7==""Z =5.09 £40.96° Q
Z,+7Z, 1521/9.5°+6.92/54.7°
=3.84+,334Q
R=384Q
X, =334Q
X, =2rfL
334 =27nx50xL
L =10.63 mH

(i1) Value of capacitance

When a capacitance C is connected in parallel with this coil, power factor becomes
unity. Hence, the circuit behaves like a parallel resonant circuit at 50 Hz.

R L
AN OO
C
{f
Fig. 4.110
po L R
O 2\Lc 12
1 1 (3.84)*
50= 72— 3 B 342
27\10.63x10° xC  (10.63x107)
C = 410.46 uF

Example 12

A series circuit consisting of a 12 Qresistor, 0.3 H inductor and a variable capacitor is connected
across a 100V, 50 Hz ac supply. The capacitance value is adjusted to obtain maximum current.
Find, the capacitance value and the power drawn by the circuit under the condition. Now, the
supply frequency is raised to 60 Hz, the voltage remaining same at 100 V. Find the value of the
capacitance C; to be connected across the above series circuit so that current drawn from the
supply is minimum.
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Solution R=12Q R L Cy
L=03H
V=100V |<:W1OOV,50HZ—>-
Fig. 4.
f=50Hz S

(1) Value of capacitance C,

The resonance occurs at /=50 Hz
1

h= S lic

1
0= ———
27 J03% G .
L 1
C, = 33.77 uF N

(i1) Value of capacitance C,

The resonance occurs at 60 Hz. 100V, 60 Hz

X, = 2TCf0L:27'C><60><0.3: 113.1 Q Fig. 4.112

[ 1
S 2mfyC 2mx60x33.77x107°

=78.55Q

Z

Y_'l:

12 +;113.1 -5 78.55=36.57 £70.85 Q
1 1

7, 36.57.70.85°
Y, = %+ 7, =886x103—0.0255+ T

req

=0.027 £70.85° 0 =28.86x 107 ~;0.0255 0

At resonance, the imaginary part of Zeq becomes zero.

Y, =j0.02550
_ 1
Y, = — =0.02550
2 Xcz
X, =3922Q
v -1
@ 2n foC,
3920 L
' 2 X 60X C,

C, = 67.63 uF
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Useful Formulae

Series Resonance

1 R
= BW=¢f—-fi=—— (Hz
fo 2rnNLC h=h 27rL( )
=2 — - o = ~ (radls)
R
R
Z:R =] —_—
0 hi=to ArL
R
f: =] +
P h=ho 4rL
v oL 1 1 (L
L 76 &= o, CR R\ C
Ve =1 X,
Ve =1y X,
X, =Xc

Parallel Resonance (Coil in parallel with capacitor)

1|1 R

h=m\e 2
L
Zp=cp
= VCR
L

3

Exercise 4.4

4.1 A series RLC circuit has the following parameter values:
R=10Q,L=0.014 H, C= 100 puF. Compute the following:
(i) resonant frequency in rad/s
(i1) quality factor of the circuit
(i) bandwidth



4.2

4.3

4.4

4.5

4.6

4.7

4.8

Comparison of Series and Parallel Resonant Circuits ~ 4.121

(iv) lower and upper frequency points of the bandwidth
[845.2 rad/s, 1.185, 714.3 rad/s 487.9 rad/s, 1202.1 rad/s]
A series RLC circuit as R = 500 Q, L = 60 mH and C = 0.053 uF. Estimate
(1) circuit impedance at 50 Hz (i1) resonance frequency in rad/s
(iii) quality factor of the circuit (iv) bandwidth
(v) current at resonance frequency with an applied voltage of 30 V
[0.0041 €, 17733 rad/s, 2.128, 8333.33 rad/s 60 mA]
A choking coil of 10 Q resistance and 0.1 H inductance is connected in series with
a capacitor of 200 UF capacitance across a supply voltage of 230 V, 50 Hz ac. Find
the following w.r.t. the resonant circuit.
(i) Neat circuit diagram indicating all the relevant parameters
(i1) At what frequency will the circuit resonate
(ii1) Value of reactances at resonance condition
(iv) Impedance of the coil at resonance condition
(v) Voltage across the coil and voltage across the capacitance
(vi) Half-power frequencies f; and f,

(vil) Q factor of the circuit
(viii) Power and power factor

[35.59 Hz, 22.36 €2, 10 €2, 744.28 V, 514.28 V; 27.63 Hz,
43.55 Hz, 2.24, 5.29 kW, 1]
A coil of 40 Q resistance and 0.75 H inductance forms part of a series circuit for
which the resonant frequency is 55 Hz. If the supply is 250 V, 50 Hz, find
(1) the line current (i) the power factor
(iii) the voltage across the coil
[3.85 4, 0.616 (leading), 920.07 V]
An RLC series circuit of 10 Q resistance should be designed to have a bandwidth
of 100 Hz. Determine the values of L and C so that the circuit resonates at
250 Hz. [0.0159 H,25 uF]
A resistor and capacitor are connected in series with a variable inductor. When
the circuit is connected to a 220 V, 50 Hz supply, the maximum current obtained
by varying the inductance is 0.314 A. The voltage across the capacitor is 800 V.
Calculate the resistance, inductance and capacitance of the circuit.
[700.63 €, 1.25 uF, 8.10 H]
A coil of 2 Qresistance and 0.01 H inductance is connected in series with a capacitor
across 230 V mains. What must be the capacitance, in order that maximum current
occurs at a frequency of 50 Hz? Find also the current and the voltage across the
capacitor. [1mE 115 A4, 361.28 V]
A choking coil of 10-ohm resistance and 0.1 H inductance is connected in series
with a capacitor of 200 UF capacitance. Calculate the current, the coil voltage and
the capacitor voltage. The supply voltage is 230 V at 50 Hz. At what frequency will
the circuit resonate? Calculate the voltages at resonant frequency across the coil and
capacitor. For this, assume that supply voltage is 230 V of variable frequency.
[12.47 A, 411.17, 198.47 V, 35.6 Hz, 563.3 V, 514.2 V]
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4.9

4.10

4.11

4.1

4.2

4.3
4.4
4.5

4.6

4.7
4.8
4.9
4.10
4.11

4.12
4.13

An inductive coil having an inductance of 0.04 H and a resistance of 25 Q has
been connected in series with another inductive coil of 0.2 H inductance and
15 Q resistance. The whole circuit has been energized from 230 V, 50 Hz mains.
Calculate power dissipation in each coil and power factor of the whole circuit.
Draw the phasor diagram. Suggest a suitable capacitor for the above circuit to
resonate at 50 Hz. [181.57 W, 108.95 W, 0.468 (lagging), 42.22 uFj
A voltage v(f) = 10/2 sin ot is applied to a series RLC circuit. At resonant
frequency, voltage across the capacitor is found to be 500 V. The bandwidth of the
circuit is known to be 400 rad/s and impedance at resonance is 10 Q. Determine
resonant frequency, upper and lower cut-off frequencies, L and C.

[3.183 kHz, 3.151 kHz, 3.214 kHz, 0.025 H, 0.1 uFj
An inductive coil having a resistance of 20 Q and an inductance of 0.2 H is
connected in parallel with a 20 UF capacitor with variable frequency, 230 V supply.
Find the resonant frequency at which the total current taken from the supply is in
phase with the supply voltage. Also, find the value of this current. Draw the phasor
diagram. [19.49 Hz, 4.6 A]

$

Review Questions

Show that current through pure inductor lags behind the applied sinusoidal voltage
by 90°. Also show that pure inductance does not consume any power. Draw voltage,
current and power waveforms.

Explain behaviour of a pure capacitor when connected across a single-phase ac
supply.

Show that the average power absorbed by a capacitor is zero.

Draw a power triangle and name the sides with units and give their formulas.

If the impedance of a circuit is z £ — ¢, what type of circuit is this? Which element
should be added in series to bring the circuit under resonance condition? Explain
with a phasor diagram.

Show the Z-triangle for an R-L-C series circuit, when inductive reactance is
dominant over capacitive reactance.

Derive the condition for resonance in a series circuit.

Derive the relation for bandwidth of a series R-L-C circuit.

Define and find the expression for quality factor of a series R-L-C circuit.

Derive the condition for resonance in parallel circuit.

Mention the conditions under which a parallel R-L-C circuit is in electrical
resonance.

Discuss graphical representation of series resonance and parallel resonance.
Compare series and parallel resonance.
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Multiple Choice Questions

Choose the correct alternative in the following questions:

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

A 10 mH inductor carries a sinusoidal current of 1 A rms at a frequency of 50 Hz.
The average power dissipated by the inductor is

(@0 (b) 0.25W (c) 0.5W d 1w
The power factor of an ordinary bulb is

(a) zero (b) unity

(c) slightly more than unity (d) slightly less than unity

When a sinusoidal voltage is applied across R-L series circuit having R = X, the
phase angle will be
(a) 90° (b) 45°lag (c) 45°1lead (d) 90° lead

. — . Y/ . . .
An ac source having voltage ¢ =110 sm(a)t + 3) is connected in an ac circuit. If

the current drawn from the circuit varies as i = 5 sin[a)t - E) , the impedance of
the circuit will be 3
(a) 22 Q (b) 16 Q (c) 30.8Q (d) none of these

An ac source of 200 V rms supplies active power of 600 W and reactive power of
800 VAR. The rms current drawn from the source is

(a) 10A (b) 5A (c) 3.75A (d) 25A

The voltage phasor of a circuit is 10 £15° V and the current phasor is 2 £—45° A.
The active and reactive powers in the circuit are

(a) 10 W and 17.32 VAR (b) 5W and 8.66 VAR

(¢) 20 W and 60 VAR (d) 20+/2 and 102 VAR

In a two element series circuit, the applied voltage and resultant current are
respectively v(f) = 50 + 50 sin (5 X 103 f) and i(f) = 11.2 sin (5 x 103 £+ 63.4°). The
nature of the elements would be

(a) R-L (b) R-C

(c) L-C (d) neither R, nor L, nor C

A boiler at home is switched on to the ac mains supplying power at 230 V, 50 Hz.
The frequency of instantaneous power consumed is

(a) 0 (b) 50 Hz (c) 100 Hz (d) 150 Hz

In a series R-L-C circuit, V=3V, V; =14V, V=10 V. The input voltage to the
circuit is

(a) 10V (b) 5V (c) 27V (d) 24V

A,, A, and A, are ideal ammeters, shown in Fig. 4.113. If 4, reads 5 A, 4, reads 12 A,
then A, should read



4.124 Basic Electrical Engineering

® o
&
A
&
100 sin ot
Fig. 4.113
(a) 7A (b) 12A (c) 13A d) 17A

4.11 A series R-L-C circuit consisting of R =10 , X; =20 Q and X = 20 Q is connected
across an ac supply of 200 V rms. The rms voltage across the capacitor is
(a) 200 £-90° V (b) 200 £90°V
(c) 400 £-90° V (d) 400 £90°V

4.12 In Fig. 4.114, 4, A, and A, are ideal ammeters. If 4, and 4; read 5 A and 13 A
respectively, the reading of 4, will be

R
A4
C
Az {
(A
A N
° 100 sin M
Fig. 4.114
(a) 8A (b) 12A (c) 18A (d 10A
4.13 In Fig. 4.115, i(¢) under steady state is
1Q 2H
l AN 00
SV —=1F
10 sin t
Fig. 4.115
(a) zero () 5
(c) 7.07 sint (d) 7.07 sin (¢ —45°)
1 1
4.14 The circuit shown with R = 3 QL= 1 H, C=3 F in Fig. 4.106 has input voltage v ()

= sin 2¢. The resulting current i(7) is



4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

Multiple Choice Questions  4.125

i(t)

v(t) R§ Lg =cC

O
Fig. 4.116
(a) 5sin (2¢+53.1°) (b) S5sin (21—53.1°)
(c) 25 sin (2t +53.1°) (d) 25 sin (2¢—53.1°)
A series R-L-C circuit will have unity power factor if operated at a frequency of
1 1 1 1

a) — b C) ——— d) ——

@ 7c ®) o LC © w*\JLC @ 2n\LC

For a series R-L-C resonant circuit, the total reactance at the lower half power
frequency is

(@) V2Rz45° (b) J2RZ—-45°  (c) R (d) -R

In a series R-L-C high Q circuit, the current peaks at a frequency

(a) equal to the resonant frequency  (b) greater than the resonant frequency
(c) less than the resonant frequency  (d) none of the above

1
In a series R-L-C circuit, R=2kQ,L=1H, C = m WF . The resonant frequency is

1
(a) 2x10*Hz (b) — x10*Hz (c) 10*Hz (d) 27 x 10* Hz
T
For a series resonant circuit at low frequency, circuit impedance is and at
high frequency circuit impedance is .
(a) capacitive, inductive (b) inductive, capacitive
(c) resistive, inductive (d) capacitive, resistive

A circuit with a resistor, inductor and capacitor in series is resonant of f, Hz. If all the
component values are now doubled, the new resonant frequency is
(@) 2/, ®) f (©) fo/4 (d) /2
In a series R-L-C circuit at resonance, the magnitude of the voltage developed across
the capacitor
(a) is always zero
(b) can never be greater than the input voltage
(c) can be greater than the input voltage, however it is 90° out of phase with the

input voltage
(d) can be greater than the input voltage and is in phase with the input voltage
The power in a series R-L-C circuit will be half of that at resonance when the magnitude
of the current is equal to

J2r

v b L 4 d
(a) 2R (b) \/ER (©) E ()T
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4.23 A series R-L-C circuit has a resonance frequency of 1 kHz and a qualify factor O of
100. If each of R, L and C is doubled from its original value, the new Q of the circuit
is
(a) 25 (b) 50 (c) 100 (d) 200

4.24 A series R-L-C circuit has a Q of 100 and an impedance of (100 + j0) Q at its resonant
angular frequency of 107 rad/s. The values of R and L are

(a) 100 Q, 10°H (b) 100 Q, 103 H
(c) 10Q,10H (d) 10Q,0.1H
4.25 The following circuit in Fig. 4.117 resonates at
4H  1F
10 Q
|
1
1F
(A
&
Fig. 4.117
(a) all frequencies (b) 0.5rad/s
(c) 0.5rad/s (d) 1rad/s

4.26 At resonance, the parallel circuit shown in Fig. 4.118 behaves like

Fig. 4.118

(a) an open circuit

(b) a short circuit

(¢) a pure resistor of value R

(d) a pure resistor of value much higher than R

Answers to Multiple Choice Questions

4.1 (a) 4.2 (d) 4.3 (b) 4.4 (a)
4.5 (b) 4.6 (a) 4.7 (b) 4.8 (c)
4.9 (b) 4.10 () 4.11 (c) 4.12 (b)
4.13 (d) 4.14 (a) 4.15 (d) 4.16 (d)
4.17 (a) 4.18 (b) 4.19 (a) 4.20 (d)
4.21 (c) 4.22 (c) 4.23 (b) 4.24 (b)

4.25 (b) 4.26 (d)
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5.1 POLYPHASE SYSTEM

The type of alternating currents and voltages discussed in chapters 3 and 4 are termed as
single-phase currents and voltages as they consist of single alternating current and voltage
waves. Single-phase systems involving single-phase currents and voltages are quite
satisfactory for domestic applications. The motors employed in domestic applications
such as mixers, coolers, fans, air-conditioners, refrigerators, etc. are mostly single-phase.
However, the single-phase system has its own limitations and hence, has been replaced
by polyphase system. For supplying power to electric furnaces, two-phase system is
generally used. Six-phase system is used in connection with converting machinery and
apparatus. For generation, transmission and distribution of electric power, three-phase
system is universally accepted as standard system. Systems with more than three phases,
increase complexity and cost of transmission and utilisation hardware.

Polyphase system means the system which consists of many windings or circuits
(poly means many and phase means windings or circuits). A polyphase system is
essentially a combination of many single-phase voltages having same magnitude and
frequency but are displaced by equal angle (electrical) from one another, which depends
upon the number of phases.

360 electrical degrees

Electrical displacement =
ectrical displacemen Number of phaSCS

The above relation does not hold good for two phase system in which windings are
displaced by 90 electrical degrees apart.

5.2 GENERATION OF POLYPHASE VOLTAGES

(i) Generation of single-phase voltage A single-phase system utilizes single winding.
When the winding is rotated in an anticlockwise direction with constant angular velocity
o rad/s in a uniform magnetic field, a voltage is induced in the winding. The equation of
the induced voltage in the winding is given by

vg =V, sin 0

wrad/s

Fig 5.1 Single-phase system
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The voltage waveform is shown in Fig. 5.2.

VR

Vi /\
0
ﬂ\/zn vém

Fig.5.2 Voltage waveform

o

Figure 5.3 shows the phasor diagram of the induced voltage.
— Vg

Fig.5.3 Phasor diagram

(ii) Generation of two-phase voltages A two-phase system utilizes two identical

windings that are displaced by 90 electrical degrees apart from each other. When these

two windings are rotated in an anticlockwise direction with constant angular velocity in

a uniform magnetic field, the voltages are induced in each winding which have the same

magnitude and frequency but are displaced 90 electrical degrees from one another.
wrad/s

Fig.5.4 Two-phase system
The instantaneous values of induced voltages in two windings RR; and Y'Y, are given by
ve =V, sin 0
v, =V, (6-90°)
The voltage waveform is shown in Fig. 5.5.

V4 VR
Vy

Vim

/8.

Fig.5.5 Voltage waveforms
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Figure 5.6 shows the phasor diagram of these two voltages

Vr

> VY

Fig.5.6 Phasor diagram

(i) Generation of three-phase voltages A three-phase system utilizes three separate
but identical windings that are displaced by 120 electrical degrees from each other. When
these three windings are rotated in an anticlockwise direction with constant angular
velocity in a uniform magnetic field, the voltages are induced in each winding which
have the same magnitude and frequency but are displaced 120 electrical degrees from
one another.

wrad/s

Fig.5.7 Three-phase system

The instantaneous values of induced voltages in three windings RR,, YY, and BB, are
given by
Vg =V, sin 0
vy =V, sin (60— 120°)
vg = V,, sin (60— 240°)
The induced voltage in winding YY, lags behind that in winding RR, by 120° and the
induced voltage in winding BB, lags behind that in winding RR, by 240°. The waveforms
of these three voltages are shown in Fig. 5.8.

v

Vm

4 // // 6
TIAXAXAS

Fig.5.8 Voltage waveforms

Figure 5.9 shows the phasor diagram of these induced voltages.
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1207 120°

_ 120° _
Vs Vy
Fig.5.9 Phasor diagram

5.3 ADVANTAGES OF A THREE-PHASE SYSTEM

1. Inasingle-phase system, the instantaneous power is fluctuating in nature. However,
in a three-phase system, it is constant at all times.

2. The output of a three-phase system is greater than that of a single-phase system.

3. Transmission and distribution of a three-phase system is cheaper than that of a
single-phase system.

4. Three-phase motors are more efficient and have higher power factors than single-
phase motors of the same frequency.

5. Three-phase motors are self-starting whereas single-phase motors are not self-
starting.

5.4 SOME DEFINITIONS

Phase Sequence The sequence in which the voltages in the three phases reach the
maximum positive value is called the phase sequence or phase order. From the phasor
diagram of a three-phase system, it is clear that the voltage in the coil R attains maximum
positive value first, next in the coil ¥ and then in the coil B. Hence, the phase sequence
is R-Y-B.

Phase Voltage The voltage induced in each winding is called the phase voltage.

Phase Current The current flowing through each winding is called the phase current.

Line Voltage The voltage available between any pair of terminals or lines is called the
line voltage.

Line Current The current flowing through each line is called the /ine current.

Symmetrical or Balanced System A three-phase system is said to be balanced if the
(a) voltages in the three phases are equal in magnitude and differ in phase from one
another by 120°, and
(b) currents in the three phases are equal in magnitude and differ in phase from one
another by 120°.

Balanced Load The load is said to be balanced if loads connected across the three phases
are identical, i.e., all the loads have the same magnitude and power factor.
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5.5 INTERCONNECTION OF THREE PHASES

In a three-phase system, there are three windings. Each F
winding has two terminals, viz., ‘start’ and ‘finish’. If a
separate load is connected across each winding as shown
in Fig. 5.10, six conductors are required to transmit and
distribute power. This will make the system complicated
and expensive.

In order to reduce the number of conductors, the three
windings are connected in the following two ways:

Load

()

N

Load

o

1. Star, or Wye, connection
Load

2. Delta, or Mesh, connection
S

Fig.5.10 Non-interlinked
three-phase system

5.6 STAR OR WYE CONNECTION

In this method, similar terminals (start or finish) of the three windings are joined together
as shown in Fig. 5.11. The common point is called star or neutral point.
Figure 5.12 shows a three-phase system in star connection.

oR IR

Py

@ IR+ 1y +ig @

ly Y
0B s B r
Fig.5.11  Three-phase star connection Fig.5.12 Three-phase, four-wire system

This system is called a three-phase, four-wire system. If three identical loads are
connected to each phase, the current flowing through the neutral wire is the sum of the
three currents I, Iy and /. Since the impedances are identical, the three currents are equal
in magnitude but differ in phase from one another by 120°.

ip=1,sn 0
iy =1, sin (6—120°)
ip = 1, sin (0—240°)
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iptiy+tiz=1,sin 0+, sin(0—120°) + [, sin (6—240°)=0
Therefore, the neutral wire can be removed without any way affecting the voltages or
currents in the circuit as shown in Fig. 5.13. This constitutes a three-phase, three-wire
system. If the load is not balanced, the neutral wire carries some current.

IR R

Fig.5.13 Three-phase, three-wire system

5.7 DELTA OR MESH CONNECTION

In this method, dissimilar terminals of the three windings are joined together, i.e., the ‘finish’
terminal of one winding is connected to the ‘start’ terminal of the other winding, and so on,
as shown in Fig. 5.14. This system is also called a three-phase, three-wire system.

For a balanced system, the sum of the three
phase voltages round the closed mesh is zero. The
three emfs are equal in magnitude but differ in
phase from one another by 120°.

Vg =V, sin 0

vy = V,, sin (6—120°) oB

Vg = V. sin (6—240°) Fig.5.14 Three-phase delta connection
m

Vet vytvg =V, sin 0+ V, sin(0—-120°) + V, sin (0—240°)=0

5.8 VOLTAGE, CURRENT AND POWER RELATIONS
IN A BALANCED STAR-CONNECTED LOAD

[May 2013, Dec 2013]

5.8.1 Relation between Line Voltage and Phase Voltage

Since the system is balanced, the three-phase voltages Vyy, Vyy and Vi, are equal in
magnitude and differ in phase from one another by 120°.
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(e,
R where ¥, indicates the rms value of phase
v voltage.
" Zer Viy =V, £0°
ly
yo /IR ® Vyy =V, £-120°
Ve iy Vay =V, £-240°
Ve Let Vey=Vys=Var =V,
I
Bo ° where V; indicates the rms value of line
voltage.

Fig.5.15 Star connection
Applying Kirchhoff’s voltage law,
Vayr = Ven+ Vy
= Vav—Vyy
=V, £0°=V,, £-120°
=V, tj0)—(-0.5V,,—,j0.866 V)
=15V,,+,0.866V,,

= 3V, £30°

Vyg = Vin+ Vg = N3V, £30°
Vg = Van+ Vg = 3V, £30°

Thus, in a star-connected, three—phase system, ¥, = 3V, V,, and line voltages lead
respective phase voltages by 30°.

Similarly,

5.8.2 Relation between Line Current and Phase Current

From Fig. 5.15, it is clear that line current is equal to the phase current.

I, =1,

5.8.3 Phasor Diagram (Lagging Power Factor)

Steps for Drawing Phasor Diagram
1. First draw Vpy as reference voltage.
2. Since three phase voltages are equal in magnitude and differ in phase from one
another by 120°, draw Vy,, and VBN lagging 120° behind w.r.t. each other.
3. Draw VNY equal and opposite to Vy,,.
4. Add Vg, and Vyy using the parallelogram law of vector addition such that

Ver=Vav+Vay
5. Draw Vy; equal and opposite to V).



10.

11.
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Add Vyy and ¥y using the parallelogram law of vector addition such that
Vig=Vint Vs
Draw V,, equal and opposite to V.
Add V), and ¥y, using the parallelogram law of vector addition such that
Ver = Vvt Var
Assuming inductive load, draw three phase currents 1 , I yand 7 ; lagging behind its
respective phase voltages by an angle ¢. The phase currents are equal in magnitude
and differ in phase from one another by 120°.
Line currents are same as the phase currents in star connected load. Hence, separate
line currents are not drawn.
Since Vyy is antiphase with 7y, angle between 7y, and 7y is 60°. The line voltage
Vy leads phase voltage 7y by 30°. Similarly, line voltage ¥y, leads phase voltage
Vyy by 30° and line voltage 7, leads phase voltage ¥, by 30°.

VRY

- Vyg

Fig.5.16 Phasor diagram

5.8.4 Power

The total power in a three-phase system is the sum of powers in the three phases. For a
balanced load, the power consumed in each load phase is the same.

Total active power P =3 X power in each phase =3V, I, cos ¢
In a star-connected, three-phase system,

— VL
Vph = ﬁ
Ly =1,

v
P=3x—k xI,xcos p= 3V, I, cos ¢

3

where ¢ is the phase difference between phase voltage and corresponding phase current.
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Similarly, total reactive power =3V, 1, sin ¢

=3 V, I sin ¢ S Q
Total apparent power S =3V, [, = 3 V, 1,
P
The power triangle for a three-phase system is shown in Fig. 5.17. Fig. 5.17

5.9 VOLTAGE, CURRENT AND POWER RELATIONS
IN ABALANCED DELTA-CONNECTED LOAD

[Dec 2012, 2013]

5.9.1 Relation between Line Voltage and Phase Voltage

From Fig. 5.18, it is clear that line voltage is equal to phase voltage.

VL = Vph
IR R
Ro 1
Vry
* IR N |
Yo th th RY
Vyg
vl s B 5
B O N Zph Y
Iy ~— lIyg

Fig.5.18 Delta connection

5.9.2 Relation between Line Current and Phase Current

Since the system is balanced, the three-phase currents Iy, Iyz and Iz, are equal in
magnitude but differ in phase from one another by 120°.

where /,, indicates rms value of the phase current.
ey =1, £0°

Iyg =1, £—120°
Igp = L, £-240°
Let Iy=1,=Iy=1,

where /; indicates rms value of the line current.
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Applying Kirchhoft’s current law,

Ip+Igg = Iny
To = Ty~ Isg =1y 20° — I, £ — 240°
= (L +j0) — (0.5 1, +j0.866 1)
= 151, -j0.866 1,
= 3 1, £-30°

Similarly, Iy =Ty —Igy= 3 1, £-30°

Iy =Tga— Ty =3 I, £ ~30°

Thus, in a delta-connected, three-phase system, /; = \/5 Iph and line currents are 30°
behind the respective phase currents.

5.9.3 Phasor Diagram (Lagging Power Factor)

Steps for Drawing Phasor Diagram

1.
2.

10.

11.

First draw 7y as reference voltage.
Since three phase voltages are equal in magnitude and differ in phase from one
another by 120°, draw Vy; and V', lagging 120° behind w.r.t. each other.

. Line voltages are same as the phase voltages for balanced delta connected load.

Hence, separate line voltages are not drawn.
Assuming inductive load, draw three phase currents Iy, Iy and I, lagging behind
respective phase voltages by an angle ¢. The phase currents are equal in magnitude
and differ in phase from one another by 120°.
Draw I, equal and opposite to I5p.
Add Iy and — I, using the parallelogram law of vector addition such that

~ Ip = Ipy —1Ipr ~
Draw — Iy equal and opposite to /py.
Add Iy and — Iy using the parallelogram law of vector addition such that

~ Iy = Iyp = Ipy ~
Draw —Iy; equal and opposite to /.
Add I, and I, using the parallelogram laws of vector addition such that

~ Iy = Ipr—Iyp ~ ~ ~
Since —/; is antiphase with I, angle between Iy and —/pp is 60°. The line current
I lags behind phase current Iy by 30°. Similarly, the line current /y lags behind
phase current /y; by 30° and the line current /; lags behind phase current I, by
30°.
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Fig.5.19 Phasor diagram

5.9.4 Power
P=3V,1,cos ¢

In a delta-connected, three-phase system,

Vph =V
Iy
Iph = ﬁ
1
P=3xV,x —Lxcos¢= J3 V1, cos ¢
NG e
Total reactive power Q =3V, 1), sin ¢ = 3V, I sin ¢
Total apparent power S=3V,, [, = NERZ A P
The power triangle for a three-phase system is shown in Fig. 5.20. Fig. 5.20
5.10 BALANCED Y/A AND AJY CONVERSIONS

Any balanced star-connected system can be converted into the equivalent delta-connected
system and vice versa.
For a balanced star-connected load,
Line voltage = V;
Line current = /;
Impedance/phase = Z,

VL
Vh:ﬁ

Iph = IL
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g oV
Ly B3I
For an equivalent delta-connected system, the line voltages and currents must have the
same values as in the star-connected system, i.e.,

Line voltage = V;
Line current = /
Impedance/phase = Z,
Vph =V

I

4 V
7 :ﬂ:_L:\/gﬁ:_o,ZY
A ]ph ]_L IL
V3
1
Z,= =7
r= 34

Thus, when three equal phase impedances are connected in delta, the equivalent star
impedance is one third of the delta impedance.

5.11 RELATION BETWEEN POWER IN DELTA
AND STAR SYSTEMS

Let a balanced load be connected in star having impedance per phase as Z .
For a star-connected load,

I, = @ — "L
? th \/§th
VL

Iy =1L, =
P \/gzph
Py = \/§VL1L005¢
V,
—LXCOS(D

=3 XV, X
3z,

2
- L cos ¢
ph
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For a delta-connected load,

Vo =V1
P
ph Zy  Zy

4

Py=f3 V, I cos ¢

14
=\/§><VL><\/§ Z—LXCOS¢

2
=3 v
Z,,

cos ¢

3P,

1
—P,

ph

Thus, power consumed by a balanced star-connected load is one-third of that in the
case of a delta-connected load.

5.12 COMPARISON BETWEEN STAR
AND DELTA CONNECTIONS
Star Connection Delta Connection
V=3V, Vi="Von
=1 L=\31,
Line voltage leads the respective phase Line current lags behind the respective
voltage by 30°. phase current by 30°.

Power in star connection is one-third of
power in delta connection.

Three-phase, three-wire and three-phase,
four-wire systems are possible.

The phasor sum of all the phase currents
is zero.

Power in delta connection is 3 times of
the power in star connection.

Only three-phase, three-wire system is
possible.

The phasor sum of all the phase voltages
is zero.
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Example 1
Three identical coils each of [4.2 + j5.6] ohms are connected in star across a 415 V, 3-phase,
50 Hz supply. Determine (i) V,,;, (ii) 1, and (iii) power factor. [May 2014]
Solution Z,;,=42+)56=7£53.13°Q
vV, =415V
f=50Hz

For a star-connected load,
Yy _4ls

() V= =y =96V
Vi 2396
(i) 1, =-tt=""=3423A

(ii1) pf =cos ¢ =cos (53.13°) = 0.6 (lagging)

Example 2

Three equal impedances, each of 8 + j10 ohms, are connected in star. This is further connected
to a 440V, 50 Hz, three-phase supply. Calculate (i) phase voltage, (ii) phase angle, (iii) phase
current, (iv) line current, (v) active power, and (vi) reactive power.

Solution th =8+,10Q
V, =440V
f=50Hz

For a star-connected load,

(1) Phase voltage

vo= =20 osa0sv
AN
(i1) Phase angle
Z,,=8+j10=12.81 £51.34° Q
Z,=1281Q
¢ =51.34°
(ii1) Phase current
v 254,
1, -2 =228 953
ez, 1281

(iv) Line current
I,=1,=1983A
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(v) Active power

P= /3 V, I, cos §= 3 x 440 x 19.83 x cos (51.34°) = 9.44 kW
(vi) Reactive power

0= 3 V, I, sin p= /3 x 440 x 19.83 x sin (51.34°) = 11.81 kVAR

Example 3

A balanced delta-connected load of impedance (8 — j6) ohms per phase is connected to a
three-phase, 230 V, 50 Hz supply. Calculate (i) power factor, (ii) line current, and (iii) reactive
power.

Solution Z,,=8-j6Q
v, =230V
f=50Hz

For a delta-connected load,
(i) Power factor

th =8—j6=10£-36.87°Q
Z,=10Q
¢ =36.87°
pf = cos ¢ =cos (36.87°) = 0.8 (leading)

(i1) Line current

Vph: V, =230V

v, 2
I, = ﬂzﬂzzy,A
P th 10

I, =3 1,;,= 3 x23=39.84 A
(iii) Reactive power
Q= 3 V, I, sin p= /3 x230x 39.84 x sin (36.87°) = 9.52 kVAR

Example 4

Three coils, each having a resistance and an inductance of 8 Q and 0.02 H respectively, are
connected in star across a three-phase, 230V, 50 Hz supply. Find the (i) power factor, (ii) line
current, (iii) power, (iv) reactive volt-amperes, and (v) total volt-amperes.

Solution R=8Q
L=0.02H
V, =230V

f=50Hz
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For a star-connected load,
(i) Power factor
X, =2rnfL=21x50x0.02=6.28 Q
Z,, = R+jX;=8+;6.28=10.17 £38.13° Q
Z,,=10.17Q
¢ = 38.13°
pf = cos ¢ =cos (38.13°) = 0.786 (lagging)

(i1) Line current

v, 230
V=& ="2=13279V
SRV ERINE

Vo 13279
[,= 2 =""""=1305A
, 10.17

(ii1) Power
P =3V, I, cos = /3 x 230 x 13.05 x 0.786 = 4.088 kW

(iv) Reactive volt-amperes

0= 3 V, I, sin g= /3 x230x 13.05 x sin (38.13°) = 3.21 kVAR

(v) Total volt-ampere

S =3 V, I, =3 x230x13.05=5.198 kVA

Example 5

Three similar coils each having a resistance of 10 £ and inductance of 0.04 H are connected
in star across a 3 phase, 50 Hz, 200 V supply. Calculate the line current, total power absorbed,

reactive volt amperes and total volt amperes. [May 2015]
Solution R=10Q
L=004H
v, =200V
f=50Hz

X, =2nfL=21rx50x0.04=12.57 Q
Zy, = R+jX,=10+/1257=16.06 £ 51.5° Q
(i) Line current

2
V= :%:115-47V

Y
3
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Vo _ 115-47
== =719 A

Z,, 16.06
I,=1,=719A

(i1) Total power absorbed
P=-3V,I, cos¢ =~/3x200x7.19x cos(51.5°) =1550.5 W

(iii) Reactive volt-ampere
0 =3V, 1, sing=~/3x200x7.19xsin(51.5°) =1949.23 VAR

(iv) Total volt ampere
S =3V, I, =/3%x200%7.19 = 2490.68 VA

Example 6

Three coils, each having a resistance of 8 £ and an inductance of 0.02 H, are connected in delta
to a three-phase, 400V, 50 Hz supply. Calculate the (i) line current, and (ii) power absorbed.

Solution R=8Q
L=0.02H
V, =400V
f=50Hz

For a delta-connected load,
(i) Line current
V="V, =400V
X, =2nfL=21x50x0.02=6.28 Q
Z,, = R+jX;=8+6.28=10.17 £38.13° Q

Z,=1017Q

¢ = 38.13°
L= T _ 400 = 651639.33 A
PR Zy o 1017 '

I =3 1,=3x3933=68.12A

(i1) Power absorbed
P=183 V, I, cos ¢ = V3 %400 x 68.12 X cos (38.13°) =37.12 kW

Example 7

The three equal impedances of each of 10 £60° 2, are connected in star across a three-phase,
400 V, 50 Hz supply. Calculate the (i) line voltage and phase voltage, (ii) power factor and
active power consumed, (iii) If the same three impedances are connected in delta to the same
source of supply, what is the active power consumed?
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Solution th =10 £60°Q
V, =400V
f=50Hz

For a star-connected load,
(i) Line voltage and phase voltage
V, =400V

4 —ﬂ—23094v
\/g .

Vph: ﬁ_

(i1) Power factor and active power consumed

¢ = 60°
pf = cos ¢ =cos (60°) = 0.5 (lagging)
V
1= 2 =299 53004
Z 10

I,=1,=23.094A
P= 3V, I,cos p= /3 x400x23.094 x0.5=8 kW

(iii) Active power consumed for delta-connected load

V, =400V
Z,=10Q
V=V, =400V
Vi 400
I, = o T 40 A
Z, 10

I, =3 1,=3 x40=69.28 A
P =3 ¥, I, cos p= \[3x 400 x 69.28 x cos (60°) = 24 kW

BRI 8 e

Three similar coils A, B, and C are available. Each coil has a 9 (2 resistance and a 12
reactance. They are connected in delta to a three-phase, 440V, 50 Hz supply. Calculate for this
load, the (i) phase current, (ii) line current, (iii) power factor, (iv) total kVA, (v) active power,
and (vi) reactive power. If these coils are connected in star across the same supply, calculate

all the above quantities.

Solution R=9Q
X, =12Q
V; =440V

f=50Hz
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For a delta-connected load,
(i) Phase current
V,=V,=440V
Z,,=9+j12=15 £53.13° Q

Z,;,=15Q
¢ = 53.13°
4 40
__ph Y
L, Z, 15 29.33A

(i1) Line current
I =3 1,=+3x%x2933=508A
(ii1) Power factor
pf = cos ¢ = cos (53.13°) = 0.6 (lagging)
(iv) Total kVA
S= 3V, I, = 3 x440 x 50.8 = 38.71 kVA
(v) Active power
P =3V, 1, cos p= /3 x 440 x 50.8 x 0.6 = 23.23 kW
(vi) Reactive power
0= V, I, sin ¢ = V3 x 440 x 50.8 X sin (53.13°) = 30.97 kVAR
If these coils are connected in star across the same supply,

(i) Phase current

V, = 440V
Z,=15Q
3B '

%
;oo (240 oua
T

(i1) Line current
I, =1,=1694 A
(ii1) Power factor
pf = 0.6 (lagging)
(iv) Total kKVA
S=13 v, I, = V3 x 440 x 16.94 =12.91 kVA
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(v) Active power
P=13 V, I, cos ¢= V3 X440 % 16.94 % 0.6 = 7.74 kW
(vi) Reactive power
0= NE) V, I, sin ¢ = V3 X440 x 16.94 x sin (53.13°)=12.33 kVAR

Example 9

A balanced 3-phase load consists of 3 coils, each of resistance 4 2 and inductance 0.02 H.
1t is connected to a 440 V, 50 Hz, 3 ¢ supply. Find the total power consumed when the load is
connected in star and the total reactive power when the load is connected in delta. [Dec2014]

Solution R=4Q
L=0.02H
V, =440V
f=50Hz

For a star-connected load,
(i) Total power consumed
X, =2rfL=27mx50x0.02=6.28 Q

Zy=R+jX; =4+j628=745,5751°Q

Z,=745Q
¢=57.51°
v, 440
Vo =—F=—==25403V
NERINE]
Vor 254,
== 403 _ 41
Z, 145
I,=1,=341A

P =-3V,I, cos¢ =3 x 440 x 34.1 x cos(57.51°) = 13.96 kW
0=3V,1,sing=~/3 x440x34.1x5in(57.51°) = 21.92 kKVAR

(i1)) When the load is connected in delta across same supply
0,=30y=3x21.92 x10° = 65.76 kVAR

Example 10

A 415 V, 50 Hz, three-phase voltage is applied to three star-connected identical impedances.
Each impedance consists of a resistance of 15 €, a capacitance of 177 uF and an inductance
of 0.1 henry in series. Find the (i) power factor, (ii) phase current, (iii) line current, (iv) active
power, (v) reactive power, and (vi) total VA. Draw a neat phasor diagram. If the same impedances
are connected in delta, find the (i) line current, and (ii) power consumed. [Dec 2015]
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Solution V, =415V
f=50Hz
R=15Q
C =177 uF
L=01H
For a star-connected load,

(i) Power factor
X, =2nfL=2nrx50x0.1=31.42Q

1 1
X, =
€ 2mfC 2mx50%x177x107°
Zow = R+jX; —jXc
= 15+/31.42 - j17.98
= 15+/13.44
=20.14 £41.86° Q
Z,,=20.14Q
¢ = 41.86°
pf = cos ¢ =cos (41.86°) = 0.744 (lagging)

=17.98Q

(i1) Phase current

v, 415
vy, o= —L=12=2396V
NN
[, = Lo J2390 459,
e Zy 2004
(iii) Line current
I,=1,=119A

(iv) Active power

P=3 V, I, cos p= /3 x415x 119 0.744 = 6.36 kW
(v) Reactive power

0 =3V, I sin =3 x415% 11.9 x sin (41.86°) = 5.71 kVAR
(vi) Total VA

S=~3V, I, =3 x415% 11.9 = 8.55 kVA
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Phasor Diagram
Vry

Viny

6 =41.86°

VBN

VBR

Fig. 5.21

If the same impedances are connected in delta,
(1) Line current
V=V, =415V

Z,,=20.14Q
4 41

I, - oo A _hh61a

P Z, 20,14

I = 3 1= 3 x20.61 =35.69 A

(i) Power consumed

P =3V, I, cos p= /3 x415x35.69 x 0.744 = 19.09 kW

Example 11

Each phase of a delta-connected load consists of a 50 mH inductor in series with a parallel
combination of a 50 Q2 resistor and a 50 uF capacitor. The load is connected to a three-phase,
550 V, 800 rad/s ac supply. Find the (i) power factor, (ii) phase current, (iii) line current,
(iv) power drawn, (v) reactive power, and (vi) kVA rating of the load.

Solution L =50mH
R=50Q
C =50uF



5.24 Basic Electrical Engineering

V, =550V
o = 800 rad/s
For a delta-connected load,
(1) Power factor
X, = 0L =800%50x%1073=40Q
1 1

Xo=—=——"—-=25Q
oC  800x50x10
= . R(—jX¢)
‘ph :]XL + R—C
- JjXc
50(— j25)
=40 + ————=
A0t 5008
=10+,20=122.36 £63.43° Q
Z,,=22.36Q
0 = 63.43°

pf = cos ¢ = cos (63.43°) = 0.447 (lagging)
(ii) Phase current
V,=V,=550V
4 550

I,= =" —246A

- Mz, 2236
(ii1) Line current

I =3 1,=+3x246=4261A
(iv) Power drawn

P =3 7,1, cos p= /3 x 550 x 42.61 x 0.447 = 18.14 kW
(v) Reactive power

0 =3 V, I sin p= /3 x 550 x42.61 x sin (63.43°) = 36.3 kVAR
(vi) kVA rating of the load

S=3 7,1, =3 x550 x42.61 =40.59 kVA

Example 12

A balanced star-connected load is supplied from a symmetrical three-phase 400 volts, 50 Hz
system. The current in each phase is 30 A and lags 30° behind the phase voltage. Find the
(i) phase voltage, (ii) resistance and reactance per phase, (iii) load inductance per phase, and
(iv) total power consumed.

Solution V, =400V
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f=50Hz
L, =30A
¢ = 30°
For a star-connected load,
(i) Phase voltage
yo= Y200 o304y

RVERNG

(i1) Resistance and reactance per phase

Vor  230.94
Z,= = =77Q
I 30
Zyy = Zyy £6="1.7 £30° = (6.67 + 3.85) Q
R, =6.67Q
X, =385Q
(iii) Load inductance per phase
)(ph = 2TCprh

3.85 =21 x50x Ly,
L,,=0.01225H
(iv) Total power consumed
P =3V, 1, cos =3 x230.94 x30 X cos (30°) = 18 kW

Example 13

A symmetrical three-phase 400 V system supplies a basic load of 0.8 lagging power factor and
is connected in star. If the line current is 34.64 A, find the (i) impedance, (ii) resistance and
reactance per phase, (iii) total power; and (iv) total reactive voltamperes.

Solution V, =400V
pf = 0.8 (lagging)
I, =34.64 A

For a star-connected load,
(1) Impedance

Vv, 400

V,= —k="==23094V
NG
L, =1, =34.64 A
Vo 230.94
Zy= 2= =6.67Q

1, 3464
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(1) Resistance and reactance per phase
pf=cos p=0.8
¢ = cos™! (0.8) =36.87°
2y, = Zy £Y=16.67 £36.87°=(5.33+/4) Q
R, =533Q
Xy =4Q
(ii1) Total power
P= 3V, I, cos ¢= 3 x400x 34.64 x0.8=19.19 kW

(iv) Total reactive volt-amperes

0= 3 V, I, sin g= /3 x 400 x 34.64 X sin (36.87°) = 14.4 KVAR

Example 14

A balanced star-connected load is supplied by a 415 V, 50 Hz three-phase system. Current in
each phase is 20 A and lags 30° behind its phase voltage. Find the (i) phase voltage, (ii) power,
and (iii) circuit parameters. Also, find power consumed when the same load is connected in
delta across the same supply.

Solution V, =415V
f=50Hz
L, =20A
¢ = 30°
For a star-connected load,
(1) Phase voltage

Yy _ 415
Vo = 5B =239.6 V
(i1) Power

I, =1,=20A

P= 3 V, 1, cos ¢= 3 x415x20xcos (30°) = 12.45 kW

(iii) Circuit parameters

Vo 2396
Zy,= === =1198Q
’ I, 20
Zoh = Z,, £0=11.98 £30° = (10.37 +,6) Q
R, =1037Q
X, =6Q

X;)]’l = 2nprh
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6=2nXx50xL,,
L,,=19.1 mH
(iv) Power consumed by same delta load across the same supply
P, =3P,=3x%x1245x%x10°=37.35kW

Example 15

Three identical coils connected in delta to a 440 V, three-phase supply take a total power of
50 kW and a line current of 90 A. Find the (i) phase current, (ii) power factor, and (iii) apparent
power taken by the coils.

Solution V, =440V
P =50kW
I, =90A

For a delta-connected load,

(1) Phase current
I, 90
I, =—=—==5196A
SN IING]
P=13 Vi I, cos ¢
50 x 10> = /3 x 440 x 90 X cos ¢
pf = cos ¢ =0.73 (lagging)

(i) Power factor

(iii) Apparent power
S =3 7,1, = 3 x440 x 90 = 68.59 kVA

Example 16

Three similar choke coils are connected in star to a three-phase supply. If the line current is
15 A, the total power consumed is 11 kW and the volt-ampere input is 15 kVA, find the line
and phase voltages, the VAR input and the reactance and resistance of each coil. If these coils
are now connected in delta to the same supply, calculate phase and line currents, active and
reactive power.

Solution I, =15A
P=11kW
S =15kVA

For a star-connected load,
(1) Line voltage
S=\3 V1
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15% 103 = /3 x ¥, x 15

V, =57735V
(i1) Phase voltage
Vo= A = 57733 =333.33V
meB B
(iii) VAR input
P 11x10°
cos ) = —=———==0.733
A 15x10°
¢ = 42.86°

0 =3V, 1 sing =3 x577.35 x 15 x sin (42.86°) = 10.2 KVAR

(iv) Reactance and resistance of coil

Ly=1,=15A
Vo 33333

L= =T =20220Q

T

R =7, cos $=22.22x0.733 =16.29 Q
X, =2, sin ¢ =22.22 X sin (42.86°) = 15.11 Q
If these coils are now connected in delta,

(1) Phase current
Vo =V =577.35V

Z,,=2222Q
Vo 57735
I, =—2-=""""=2598A
M Z,, 2222

(i1) Line current
I =3 1,=/3x2598=45A
(ii1) Active power
P=13 V, I, cos ¢= V3 % 577.35 %45 % 0.733 = 32.98 kW
(iv) Reactive power
0= NE) V, I, sin = V3 x577.35 x 45 x sin (42.86°)=30.61 kVAR

Example 17

Three similar coils, connected in star, take a total power of 1.5 kW at p.f- of 0.2 lagging from
a three-phase, 440 V, 50 Hz supply. Calculate the resistance and inductance of each coil.
[Dec 2012]
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Solution P=15kW
pf =0.2 (lagging)
Vv, =440V
f=50Hz
For a star-connected load.

M sy
\/g .

Vph = ﬁ =
P= \/gVL]Lcosqb
1.5%10% = /3 x440x 1, X 0.2

I, =9.84A
L, =I,=9.84A

Vo 25403 oo
T, 9.84 ‘

¢ =cos'(0.2) = 78.46°
Z, =2, Z0=258227846°=(5.17+;25.3) Q
R,, =5.17Q
X, =253Q
‘ph
XLph =2nfL,,
253 =2nx50x Ly,
L,,=0.08H
Example 18

A three-phase, star-connected source feeds 1500 kW at 0.85 power factor lag to a balanced
mesh-connected load. Calculate the current, its active and reactive components in each phase
of the source and the load. The line voltage is 2.2 kV.

Solution P = 1500 kW
pf = 0.85 (lagging)
Vv, =22kV

For a mesh or delta-connected load,
(i) Line current
P=BB3V, I, cos ¢
1500 x 10° = v/3 x2.2x 103 x I, x0.85
I, =463.12 A
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(i1) Active component of current in each phase of the load
1, 463.12
SN
L, cos ¢ = 267.38 x0.85=227.27 A
(ii1) Reactive component of current in each phase of the load
L, sin ¢ = 267.38 X sin (cos™! 0.85)
=267.38 x0.526 = 140.85 A
For a star-connected source, the phase current in the source will be the same as the line
current drawn by the load.
(iv) Active component of this current in each phase of the source
I; cos ¢ = 463.12x0.85=393.65 A
(v) Reactive component of this current in each phase of the source
I; sin ¢ = 463.12 X 0.526 =243.6 A

=26738A

L

A three-phase, 208-volt generator supplies a total of 1800 W at a line current of 10 A when
three identical impedances are arranged in a Wye connection across the line terminals of the
generator. Compute the resistive and reactive components of each phase impedance.

Solution V, =208V
P =1800 W
I, =10A
For a Wye-connected load,
Vo= V208 =120.09 V
VRN '
L,=1,=10A
v 120.09
== =120
1, 10

P=13 V; I; cos ¢
1800 = /3 x 208 x 10 X cos ¢

cos ¢ = 0.5
¢ = 60°
R, =Z,,co8 g=12x0.5=6Q

X,p = Zy, sin ¢ =12 X sin (60°) = 10.39 Q
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Example 20

A balanced, three-phase, star-connected load of 100 kW takes a leading current of 80 A, when
connected across a three-phase, 1100 V, 50 Hz supply. Find the circuit constants of the load per

phase.

Solution P =100 kW
I, =80A
v, =1100 V
f=50Hz
For a star-connected load,
V., = Y 1100 =635.08 V
NN G) '
L, =1,=80A
v 635.08
_ P —
oh = I, 20 7.94 Q

P=3V,1 cos ¢
100 x 103 = /3 x 1100 x 80 X cos ¢
cos ¢ = 0.656 (leading)
¢ = 49°
R, = Z,,cos $=7.94x0.656=5.21 Q
Xop = Zypsin ¢=7.94 X sin (49°) = 6 Q
This reactance will be capacitive in nature as the current is leading.
_ 1
2r fC
6 L
2 x50x C

C = 530.52 uF

Xc

Example 21

Three identical impedances are connected in delta to a three-phase supply of 400 V. The line
current is 34.65 A, and the total power taken from the supply is 14.4 kW. Calculate the resistance

and reactance values of each impedance.

Solution V, =400 V
I, = 34.65A
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P =144kW
For a delta-connected load,
V,=V,=400V

Lo _34es
NN

Vor 400
Z,=-=""=20

P=.3 V, I, cos ¢
14.4 x 10° = /3 x 400 x 34.65 X cos ¢
cos ¢ = 0.6
¢ = 53.13°
R, =Z,,cos $=20x0.6=12Q
X, = Z,, sin =120 X sin (53.13°) = 16 Q

Example 22

Three similar coils, connected in star, take a total power of 18 kW at a power factor of 0.866
lagging from a three-phase, 400-volt, 50 Hz system. Calculate the resistance and inductance of

each coil. [May 2014]
Solution P=18 kW
pf =0.866 (lagging)
V, =400V
f=50Hz

For a star-connected load,

~ L 20 a5004v

vV =
SN NG
P=:3V, 1, cos¢

18 % 103 = /3 X 400 I, X 0.866

I, =30A
Ly=1,=30A
Vo 23094
h:ﬂ=—9=7.79
vh g 30

ph
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¢ =cos! (0.866) = 30°
th = th Z ¢o="1.7 £30°=6.67+;3.85Q

Rph =6.67 Q
X, =3.85 Q
X, =21 fL
385 =2xx50%L
L =1225mH
Example 23
A balanced three-phase load connected in delta, draws a power of 10 kW at 440 V at a pf of 0.6
lead, find the values of circuit elements and reactive volt-amperes drawn. [May 2016]
Solution P=10kW
V, =440V

pf = 0.6 (lead)
For a delta-connected load,
(i) Values of circuit elements
V="V, =440V
P= 13V, I cos¢

10x 103 = 3 x440% 1, 0.6

I, =2187A
I, 21
L, = L 28T A
Vi3
Vo _ 44
z, = Ton 40 34840
M1, 12,63

¢ = cos ' (0.6) = 53.13°
Ry, = Z,, cos ¢ =34.84 x 0.6 = 20.90 Q
X, = Z,,sin ¢=34.84 x 0.8 =27.87 Q
(i) Reactive volt-amperes drawn
0 = V3 V,I, sing=/3x440x21.87x 0.8 =13.33 kVAR
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Example 24

Find the values of circuit elements and reactive volt-ampere drawn for a balanced 3-phase load
connected in delta and drawing a power of 12 kW at 440 V. The power factor is 0.7 leading.
[Dec 2013]

Solution P=12kW
V, =440V
pf = 0.7 (leading)
For a delta-connected load,
(1) Values of circuit elements
V,=V,, =440V

P=3V,I, cos¢
12% 103 = 3x440x 1, x0.7

I, =2249A
Ih:I—L:E:u.%A
RN

14
Zh:ﬂ:ﬂzggg
P g, 12.98
Ry = Zy,c0s $=33.9 % 0.7=23.73 Q

ph
X, = Z,,sin ¢=33.9 x sin (cos7'0.7) =33.9 x 0.71 =24.07 Q
(i1) Reactive volt-amperes drawn

O = 3V, I, sing =~/3 x 440X 22.49x 0.71=12.17 kVAR

Example 25

Each leg of a balanced, delta-connected load consists of a 7 2 resistance in series with a 4 2
inductive reactance. The line-to-line voltages are

E,, = 2360 £0°V
E,. = 2360 £~120°V
E., = 2360 £120°V
Determine (i) phase current 1, I, and I, (both magnitude and phase)
(ii) each line current and its associated phase angle
(iii) the load power factor

Solution R=7Q
V, =2360V
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For a delta-connected load,
(1) Phase current
Vo =V =2360 V
Z,, =T+ j4=8.06 £29.74° Q

1, = Ep _ _236020° =202.8 /-29.74° A
@ Zy  8.06£29.74°  TTTT T
1. = By _ 23602 -120° =292.8 /-149.71° A
e Z, o 8.06£29.740 T
_ E. 2360.£120°
I,==<= =292.8 £90.26° A

o 8.06£29.74°

(i1) Line current

In a delta-connected, three-phase system, line currents lag behind respective phase
currents by 30°.

I, = 31,=13x2928=507.14A
I,,=507.14 Z-59.71° A

1., = 507.14 £-179.71° A

1, = 507.14 £60.26° A

(iii) Load power factor
pf = cos (29.74°) = 0.868 (lagging)

Example 26

A three-phase, 200 kW, 50 Hz, delta-connected induction motor is supplied from a three-phase,
440 V, 50 Hz supply system. The efficiency and power factor of the three-phase induction motor
are 91% and 0.86 respectively. Calculate (i) line currents, (ii) currents in each phase of the
motor, (iii) active, and (iv) reactive components of phase current.

Solution P, =200 kW
V, =440V
f=50Hz
n=91%
pf =0.86

For a delta-connected load (induction motor),
(i) Line current

_ Output power

_5
Input power P,
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200%10°

P, = 219.718 kW
P,= 3BV, I, cos ¢
219.78 x 10° = /3 x 440 x I; X 0.86
I, =3353A
(i1) Currents in each phase of motor

I, 33

5.
l,=TF==—7==193.6 A
NN
(ii1) Active component of phase current

L, cos ¢ =193.6 x0.86=166.5 A

(iv) Reactive component of phase current
L, sin ¢ = 193.6 X sin (cos™10.86) = 193.6 X 0.51 =98.7 A

Example 27

A three-phase, 400V, star-connected alternator supplies a three-phase, 112 kW, mesh-connected
induction motor of efficiency and power factor 0.88 and 0.86 respectively. Find the (i) current in
each motor phase, (ii) current in each alternator phase, and (iii) active and reactive components
of current in each case.

Solution V, =400V
P, =112kW
n=10.88
pf=0.86

For a mesh-connected load (induction motor),
(1) Current in each motor phase

Vop =V, =400V
_ Output power _ F,
- Input power B E
112x10°
0.88 = ——
P, =12727kW

P, = \/gVLILcos¢
127.27 x 10% = /3 x 400 x I, x 0.86
I, =213.6A
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_ 4 _2136 123.32 A

LN
Current in a star-connected alternator phase will be same as the line current drawn by
the motor.
(i1) Current in each alternator phase
I, =213.6A
(ii1) Active component of current in each phase of motor
1, cos ¢ = 123.32x0.86 = 105.06 A
Reactive component of current in each phase of the motor
L, sin ¢ = 123.32 X sin (cos™ 0.86) = 123.32 x 0.51 = 62.89 A
(iv) Active component of current in each alternator phase
I, cos ¢ =213.6x0.86=183.7A
Reactive component of current in each alternator phase

I, sin ¢ = 213.6 X sin (cos™! 0.86) =213.6 X 0.51 = 108.94 A

Example 28

Three similar resistors are connected in star across 400 V, three-phase lines. The line current is
5 A. Calculate the value of each resistor. To what value should the line voltage be changed to
obtain the same line current with the resistors connected in delta?

Solution V, =400V
I, =5A
For a star-connected load,

VL
V= T=—= =23094V
NN

Ly=1,=5A
7 R, - B0 60
hn = pn = T T - 70
L L 1, 5
For a delta-connected load,
I; =5A
R,, =46.19 Q

I,=-&=-"%=A

SERNCIING
5

Von = s Ry = x 46.19= 13333 V

V, =133.33V
Voltage needed is one-third of the star value.
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Example 29

Three 100 £, non-inductive resistors are connected in (a) star, and (b) delta across a 400 V, 50
Hz, three-phase supply. Calculate the power taken from the supply in each case. If one of the
resistors is open circuited, what would be the value of total power taken from the mains in each
of the two cases?

Solution V, =400V
Z,, =100 Q
For a star-connected load,
4
Vo = ﬁ = ﬁ =230.94V
Vo 230.94
L, = Z_ph_ 100 =231A
I, =1,=231A
cos p =1 (For pure resistor, pf=1)

P= BBV, I cos p= 3 x400x2.31 x 1=1600.41 W
For a delta-connected load,
V., =V, =400V

p

4 400

ph
L,=-"=—=4A
P Z, 100

L =+31,=3x4=693A
P =3V, I, cos p= /3 x400x6.93 x 1 =4801.24 W

When one of the resistors is open circuited
(i) Star connection The circuit consists of two 100 € resistors in series across a 400 V
supply.

L 400
Currents in lines4 and C = — =2 A
200
Power taken from the mains = 400 x 2 = 800 W
Ao
T Hence, when one of the resistors is open circuited, the
400V 1000 power consumption is reduced by half.
l (ii) Delta connection In this case, currents in 4 and C
c 100 Qw remain as usual 120° out of phase with each other.
Bo Current in each phase = 100 4A

Fig.5.22(a) Star connection
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A

Power taken from the mains = 2 X 4 X 400 = 3200 W 4010 Vv 100 Q

Hence, when one of the resistors is open circuited, the ¢

power consumption is reduced by one-third. 1000

Bo
Fig. 5.22(b) Delta connection

Example 30

Three identical impedances of 10 £30° 2 each are connected in star and another set of three
identical impedances of 18 £60° €2 are connected in delta. If both the sets of impedances are
connected across a balanced, three-phase 400 V supply, find the line current, total volt-amperes,
active power and reactive power.

Solution Zy =10 £30° Q
Z, =18 £60° Q
V, =400V

Three identical delta impedances can be converted into equivalent star impedances.

Z; = Z?)_A = 184360 = 6£60°Q

Now two star-connected impedances of 10 £30° Q and 6 £60° Q are connected in parallel
across a three-phase supply.

~ _ (10£30°)(6£60°)
0 10£30°+ 6.£60°

For a star-connected load,

=3.87 £48.83° Q

(i) Line current

p o= 20 sy
e 3T B '
Voo Von  230.94
1,= 2=2_ =59.67 A
P 7w Ze 387

I, =1,=59.67TA
(i1) Total volt-amperes
S= 3V, I, =3 x400x59.67=41.34 kVA
(ii1) Active power
P =3 V, I, cos = /3 x 400 x 59.67 x cos (48.83°) =27.21 kW
(iv) Reactive power
O =3 V, I, sin g= 3 x 400 x 59.67 x sin (48.83°) = 31.12 kVAR
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Example 31

Three star-connected impedances Zy = (20 + j37.7) £ per phase are connected in parallel with
three delta-connected impedances Z, = (30 —j159.3) £ per phase. The line voltage is 398 V.
Find the line current, pf, active and reactive power taken by the combination.

Solution Z, =20 +37.7=142.68 £62.05° Q
Z, =30—/159.3=162.1 £-79.3° Q
V, =398V

Three identical delta-connected impedances can be converted into equivalent star
impedances.

Y 3
Now two star-connected impedances of 42.68 £62.05° Q and 54.03 £—79.3° Q are
connected in parallel across the three-phase supply.
=  (42.68£62.05°)(54.03£—-179.3°)
“ T 42.68£62.05°+54.034 — 79.3°)
For a star-connected load,

_ 162.1£-79.3°
Zy = ——F =54.03 £-79.3°Q

= 68.33£9.88° Q

(i) Line current
V398

V., = =—==229779V
NC RN
4 v 229.79
[ph:ﬂzﬂ: =336A
Ly Ly 68.33

I, =1,=336A
(i1) Power factor
pf = cos ¢ =cos (9.88°) = 0.99 (lagging)
(iii) Active power
P= 3 7,1 cos p= 3 x398 x3.36x0.99 =229 kW
(iv) Reactive power
Q= 3 V, I, sin ¢= 3 x398 x 3.36 x sin (9.88°) = 397.43 VAR

Example 32

Three coils, each having a resistance of 20 Q and a reactance of 15 Q, are connected in star
to a 400 V, three-phase, 50 Hz supply. Calculate (i) line current, (ii) power supplied, and
(iii) power factor. If three capacitors, each of same capacitance, are connected in delta to the
same supply so as to form a parallel circuit with the above coils, calculate the capacitance of
each capacitor to obtain a resultant power factor of 0.95 lagging.

Solution R, =20Q
X, =15Q
V; =400V



Comparison between Star and Delta Connections  5.41

For a star-connected load,
(1) Line current

Zy = Ry +jX,,=20+/15=25 £36.87° Q

ph

V=2 230 93004y
NERING]

LV 230940

ez 25 '

I,=1,=924A
(ii) Power supplied
P, = NG V, 1, cos ¢, = J3 X400 x 9.24 x cos (36.87°) = 5.12 kW

(ii1) Power factor

pf = cos ¢, = cos (36.87°) = 0.8 (lagging)
(iv) Value of capacitance of each capacitor

Q= 3V, I, sin¢ = J3 %400 % 9.24 x sin (36.87°) = 3.84 kVAR
When capacitors are connected in delta to the same supply

pf=0.95

¢, = cos™' (0.95)=18.19°

tan ¢, = tan (18.19°) = 0.33

Since capacitors do not absorb any power, power remains the same even when capacitors

are connected. But reactive power changes. Pi=P,=P

P, = 5.12kW & 1

0, = Pytan ¢, =5.12x0.33 = 1.69 kVAR j_ZQ
Difference in reactive power is supplied by three capacitors. S

0=0,-0,=3.84-1.69=2.15 kVAR l

0= NE) V, I sin ¢ Fig. 5.23

2.15x10° = /3 x 400 x I, x sin (90°)

I, =3.1A

1, = L/ 1.79 A

ph \/5

Von
L,= X_c =V X2mfC
C= Ly L7 a4 uF

Voy X2mf 40027 x50
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$

Useful Formulae

Star Connection Delta Connection
VL = \/3 Vph IL = \/glph
IL = Iph VL = Vph
vV Vv
th _ _ph th _ rh
Iph 4 ph
P =3V, 1, cos $= 3V, I, cos ¢ P =3V, 1, cos §= 3V, cos ¢
0 =3V, L, sin o= 3V, I, sin ¢ 0 =3V, L,sin g=~3V, I, sin ¢
S:3Vph1ph:\/§VLlL S:3Vph1ph:\/§VLlL
5.1 Three coils, each of 5 Q resistance, and 6 Q inductive reactance are connected in

5.2

5.3

5.4

5.5

5.6

closed delta and supplied from a 440 V, three-phase system. Calculate the line and
phase currents, the power factor of the system and the intake in watts.
[97.58 4, 56.33 A, 0.64 (lagging), 47.61 kW]
Three coils each having a resistance of 10 €2 and inductance of 0.02 H are connected
(i) in star, (ii) in delta to a three-phase, 50 Hz supply, the line voltage being
500 volts. Calculate for each case the line current and the total power taken from
the supply. [(G) star: 24.46 A, 17.94 kW, (ii) delta : 73.39 A, 53.83 kW]
A balanced delta-connected load of (8 + j6) ohms per phase is connected to a
three-phase, 230 V supply with phase sequence R-Y-B. Find the line current, power
factor, power, reactive volt-amperes and the total volt-amperes. Draw the phasor
diagram. [39.85 4, 0.8 (lagging), 12.74 kW, 9.52 kVAR, 15.86 kVA]
A balanced star-connected load with (6 + j8)Q per phase is connected to a three-
phase, 440 V supply. Find the line current, power factor, power, reactive volt-
amperes and volt-amperes total.
[25.404 A, 0.6(lagging), 11.616 kW, 15.488 kVAR, 19.360 kVA]
Calculate the active and reactive components of the current in each phase of a star-
connected 5000 V, 3-phase, alternator supplying 3000 kW at a power factor of 0.8.
[250 4, 1504]
Three similar coils, connected in star, take a total power of 1.5 kW at a power
factor of 0.2 lagging from a 3 phase, 440 V, 50 Hz supply. Calculate the resistance
and inductance of each coil. [5.16 2 0.08 H]
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A balanced three-phase load connected in delta draws a power of 10 kW at
440 V at a power factor of 0.6 lead. Find the values of the circuit elements and the
reactive volt-amperes drawn. [20.910, 27.88 Q, 13.33 kVAR]
A balanced star-connected load, connected to a 400 V, 50 Hz, three-phase ac supply
draws a phase current of 50 A at 0.6 power factor lagging. Calculate (i) phase
voltage, (ii) total power, and (iii) parameters in the star-connected load.
[230.94 V, 20.84 kW, (2.77 + j3.7) 2]
Three equal star-connected inductors consume 8 kW power at 0.8 power factor
when connected to 415 V, 3-phase, 3-wire, 50 Hz supply. Estimate the load
parameters per phase and determine the line currents. /6.2 €2, 0.0386 H, 13.83A4]
A balanced three-phase, star-connected load of 150 kW takes a leading current of
100 A with a line voltage of 1100 V, 50 Hz. Find the circuit constant of the load per
phase. [5 € 813 uFj
Three pure elements connected in star draw x kVAR. What will be the value of
elements that will draw the same kVAR, when connected in delta across the same
supply? [Z,=3Zy]
A balanced Wye-connected load with (10 + j20) ohms per phase is connected to
a three-phase, 400 V supply. Determine the voltage across, current through and
power dissipated in each resistor. Also, determine the total power.
[103.2V,10.32 V, 1067 W, 3201 W]
A delta-connected three-phase load is supplied from a 3-phase, 400 volts balanced
supply system. The line current is 20 A and power taken by the load is 10 kW. Find
(1) impedance in each branch, (ii) line current, power factor and power consumed
if the same load is connected in star.
[(24.95 +j24.05) €, 6.66 A, 0.72(lagging), 3323.21 W]
A balanced star-connected load is supplied from a symmetrical 3-phase, 400 V
system. The current in each phase is 30 A and lags 30° behind the phase voltage.
Find (i) phase voltage, (ii) the circuit elements, and (iii) draw the vector diagram
showing the currents and the voltages. [230.94V, 6.67 Q, 3.849€)]
A 3-phase, delta-connected load having a (3 + j4) ohms per phase is connected
across a 230 V, 3-phase source. Calculate the magnitude of the line current.
[76.21 A]
A 220V, 3-phase voltage is applied to a balanced delta-connected load. The rms
value of the phase current is 20 Z—30°A. Determine
(i) magnitude and phase of the line current
(i) total power received by the three-phase load
(iii) value of the resistive portion of the phase impedance
Also, draw the phasor diagram showing clearly the line voltages, phase
current and line currents. [34.65 £—60°A, 11.43 kW, 9.53 Q]
A 3-phase, 37.3 kW, 440 V, 50 Hz induction motor operates on full load with an
efficiency of 89% and at a power factor of 0.85 lagging. Calculate total kVA rating
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of capacitance required to raise power factor at 0.95 lagging. What will be the value

of capacitance/phase if capacitors are (i) delta connected? (ii) star connected?
[12.19 kVA, 66.8 uF, 200.4 urj
5.18 Three coils each having impedance (4 + j3) ohms are connected in star to a 440 V,
three-phase, 50 Hz balanced supply. Calculate the line current and active power.
Now if three pure capacitors, each of C farads, connected in delta, are connected
across the same supply, it is found that the total power factor of the circuit becomes

0.96 lag. Find the value of C. Also, find the total line current.

[50.8 A, 30.976 kW, 77.75 uF, 42.34 A]

5.13 MEASUREMENT OF THREE-PHASE POWER

[May 2013]
In a three-phase system, total power is the sum of powers in three phases. The power is
measured by wattmeter. It consists of two coils: (i) Current coil, and (ii) Voltage coil.
Current coil is connected in series with the load and it senses current. Voltage coil is
connected across supply terminals and it senses voltages.
There are three methods to measure three-phase power:

1. Three-wattmeter method
2. Two-wattmeter method
3. One-wattmeter method

5.13.1 Three-Wattmeter Method

This method is used for balanced as well as unbalanced loads. Three wattmeters are
inserted in each of the three phases of the load whether star connected or delta connected
as shown in Fig. 5.24. Each wattmeter will measure the power consumed in each phase.

Wi

Ro
N o @

Zph Zoh

Fig.5.24 Three-wattmeter method
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For balanced load, W=Ww, =W,
For unbalanced load, W, # W, # W,
Total power P=W,+W, +W,

5.13.2 Two-Wattmeter Method

This method is used for balanced as well as unbalanced loads. The current coils of the two
wattmeters are inserted in any two lines and the voltage coil of each wattmeter is joined
to a third line. The load may be star or delta connected as shown in Fig. 5.25. The sum of
the two wattmeter readings gives three-phase power.

Ro W1®
: ! th
W,
Yo 00 { th @ th
Bo e l,
(a)

Ro Wi (/\Iftﬂﬂj)

th Zp,,
Yo W2%

Zon
ot |

Bo—m—m————— r

(b)
Fig.5.25 Two-wattmeter method

* Total power P =W, + W,

5.13.3 One-Wattmeter Method

This method is used for balanced loads only. When the load is balanced, total power is
given by
P=3 Vp,,[ph cos ¢
Hence, one wattmeter is used to measure power in one phase. The wattmeter reading

is then multiplied by three to obtain three-phase power. The load may be star or delta
connected as shown in Fig. 5.26.
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Wi

Ro 7000
Zyn
N o—— @
th Zp,,
Bo———]
Fig.5.26 One-wattmeter method
5.14 MEASUREMENT OF REACTIVE POWER

BY ONE-WATTMETER METHOD

Figure 5.27 shows a balanced star-connected load and this load may be assumed to be
inductive. Let Vyy, Vyy and V), be the three phase voltages and I, Iy and I be the phase
currents. The phase currents will lag behind their respective phase voltages by angle ¢.

AN
Ro 70000

Bo

Fig.5.27 One-Wattmeter Method

Current through current coil of W, =1,
Voltage across voltage coil of W, = Vyg = Vyy + Vg
Figure 5.28 shows the phasor diagram of a balanced star-connected inductive load.
From the phasor diagram, it is clear that the phase Van
angle between Vy, and I is (90° — ¢).
W, =Vyplg cos (90° — ¢)
But, Ip=1
Vyg="V1
W,=V.I, cos (90° —¢@)=V,I, sin ¢

\7YN

Fig.5.28 Phasor Diagram
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Thus, total reactive power of a three-phase system is obtained by multiplying the
wattmeter reading by /3.

0=B371 sing=Bw,

5.15 MEASUREMENT OF ACTIVE POWER,
REACTIVE POWER AND POWER FACTOR
BY TWO-WATTMETER METHOD

5.15.1 Measurement of Active Power for Star Connected Load

[Dec 2012, 2015, May 2014, 2015]
Figure 5.24 shows a balanced star-connected load and this load may be assumed to be
inductive. Let Vg, Vyy and Vy, be the three phase voltages and I, 7, and I, be the phase
currents. The phase currents will lag behind their respective phase voltages by angle ¢.

Current through current coil of W, = I,
Voltage across voltage coil of W, = Vg =Vay +Vyg =Vay = Van

Figure 5.29 shows the phasor diagram of a balanced star-connected inductive load.

Ven

Iy Vyn

Fig.5.29 Phasor diagram
From the phasor diagram, it is clear that the phase angle between V' and /5 is (30° — ¢).
W, =Vl cos (30° - )
Current through current coil of W, = I,
Voltage across voltage coil of W, =Vyp =Vyy +Vyg = Vv = Vay
From the phasor diagram, it is clear that phase angle between V', and 7, is (30° + ¢).

W, =Vyg Iy cos(30° + @)
But, 1R=1Y=[L
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Ves =Vyg =V}
W, =V,1, cos(30° - ¢)
W, =V, 1, cos(30°+ ¢)
W+ W, =V I, [cos(30°+ ¢)+cos (30° —¢)]
=V;1;(2c0s830°cos @) = 3 Vi1, cos¢
Thus, the sum of two wattmeter readings gives three-phase power.

5.15.2 Measurement of Active Power for Delta Connected Load [Dec 2014]
W

RO [W)

<& -
\Q)/ < o \j)*‘-
W> > &
Yo @ > L
Bo l Zph
> =
r Iyvp

Fig.5.30 Two wattmeter method

Current through current coil of W, =T, = Iy — I 5.
Voltage across voltage coil of W=V,

Current through current coil of W, =1, = TYB ~Tgy

Voltage across voltage coil of W, =V,

Fig.5.31 Phasor Diagram
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From phasor diagram, it is clear that the phase angle between I and Vg is (30° — @).
W= I Vpycos(30° — @) =1, V, cos (30° — @)
From phasor diagram, it is clear that the phase angle between I, and Vy is (30° + @)
Wy= 1y Vyg cos(30° + @) =1, V; cos (30° + @)
W, + W,=V, I, [cos(30° — ¢) + cos (30° + )]
=V, I, (2 cos 30° cos @)
=3 V. 1, cos ¢
Thus, sum of two wattmeter readings gives three-phase power.

5.15.3 Measurement of Reactive Power
We know that,
W,—-W,=V,1,sin ¢
The total reactive power in a three-phase system is given by,

0=BV,1, sin¢= 3w, - W)
Thus, total reactive power of a three-phase system is obtained by multiplying the
difference of two-wattmeter readings by /3 .

5.15.4 Measurement of Power Factor
1. Lagging Power Factor
W, =V,1, cos (30°—¢)
Wy, =V,1I, cos (30°+ ¢)
W >W,
W +W, = \/gVLIL cos ¢
W, =W, =V, I,[cos (30°—@)—cos (30°+¢) =V, I, sin ¢
Wy=W, VI, sin¢
W+ Wy \3V,1, cos ¢

-W.
tanq):\/gL :

m + W,
W, —W.
=1 1 2
= tan \/3',7
¥ [ W1+W2)

pf =cos ¢p= cos{tan_1 [ﬁuj}

W+ W,
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2. Leading Power Factor

Figure 3.32 shows the phasor diagram
of a balanced star-connected capacitive
load.

W, =V,1, cos (30°+¢)
W, =V,1, cos (30°—9)

W< W,

W, +W, =3V, cos ¢

Van Ig v
W, — W, YN
tan ¢ = —ﬁW Fig.5.32 Phasor diagram
| g =W)
pom ( ﬁ(WWz)]
pf =cos ¢p= cos{tan"l (—\/5 %j}
5.16 EFFECT OF POWER FACTOR ON WATTMETER

READINGS IN TWO WATTMETER METHOD
For a lagging power factor load,
W, =V,I, cos (30°— ¢)
W, =V,1I, cos (30° + ¢)
Case I: p=0°, pf=cos ¢=1
W, =V,I; cos 30°
W, =V,I; cos 30°

Hence, both wattmeter readings are equal and positive. For all power factors between
0.5 to 1, both wattmeter readings are positive.

Case II: ¢=60°, pf=cos ¢=10.5 (lagging)
W, =VI; cos (30°—60°) = V,I; cos 30° ['- cos (—6) = cos O]
W, = VI, cos (30° + 60°) =0

Hence, wattmeter W, reading is positive and wattmeter W, reading is zero.

For all power factors between 0 to 0.5 (lagging), wattmeter W, reading is positive and
wattmeter W, reading is negative.
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Case I11: ¢=90°, pf=cos ¢=0
W, =V, cos (30°-90°)=0.5V,I,
W,=V,1; cos (30°+90°)=-0.5 VI,

Hence, W, =-w,

Negative reading indicates that the pointer deflects in negative direction i.e., to the left
of zero. The readings can be converted to positive by interchanging either current coil or
voltage coil terminals.

pf (] W, Reading W, Reading Remark
0 90° Positive Negative W, =-Ww,
0<pf<0.5 90° < ¢ < 60° Positive Negative
0.5 60° Positive 0
0.5<pf<l1 60° < ¢ <0° Positive Positive
1 0° Positive Positive wy=Ww,

Note: For leading power factor, readings of 7, and W, are interchanged.

Example 1

Two wattmeters are used to measure power in a three-phase balanced load. Find the power
factor if (i) two readings are equal and positive, (ii) two readings are equal and opposite, and
(iii) one wattmeter reads zero. [Dec 2013]
Solution (i) W, =W,
) Wo=0Ww,=-Ww,

(i) Power factor if two readings are equal and positive

w,=Ww,
W, —W.
tangp = 372 = 3 (0)=0
¢ W, J3 (0)
6=0°

Power factor = cos ¢ =cos (0°) =1

(i) Power factor if two readings are equal and opposite

w,=-Ww,
W, —W.
tan¢): \/gg = oo
W+ W,
¢ =90°

Power factor = cos ¢ = cos (90°) =0
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(ii1) Power factor if one wattmeter reads zero

W,=0
ang= B3O - g5
W +Ww, W
0 = 60°

Power factor = cos ¢ = cos (60°) = 0.5

Example 2

What will be the relation between readings on the wattmeter connected to measure power in a

three-phase balanced circuit with (i) unity power factor, (ii) zero power factor, and (iii) power
factor = 0.5.

Solution (i) pf=1
(i) pf=0
(1) pf=0.5
(1) Relation between wattmeter readings with power factor = 1
cos ¢ =1
0= 0°
tan ¢ = tan (0°) =0

tan ¢ = @M

W+ W,
W, —W.
0= 312
W+ W,
Wy =,
(i1) Relation between wattmeter readings with power factor = 0
cos =0
¢ =90°

tan ¢ = tan (90°) = o

W, —W.
tan ¢ = NE) W
W,+W,=0
W, =-Ww,
(ii1) Relation between wattmeter readings with power factor = 0.5
cos ¢ = 60°
tan ¢ = tan (60°) = 1.732
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tan ¢ = le il

W+ W,
1.732 = g=M
W+ W,
W,-Wy,=W,+W,
W,=0
Example 3
In a balanced three-phase circuit, power is measured by two wattmeters, the ratio of two
wattmeter readings is 2 : 1. Determine the power factor of the system. [Dec 2012]
/4 2
Solution —L ==
w, 1
W, =2w,
W - Wz 1
tan 3ol 2 \/_ =3 (—) =0.577
¢= W, + 3 W2 3
¢ = 30°

pf = cos ¢ =cos (30°) = 0.866 (lagging)

Example 4

In a balanced three-phase system, the power is measured by two-wattmeter method and the
ratio of two-wattmeter readings is 4:1. The load is inductive. Determine the load power factor.

. W, _ 4
Solution — = -
w, 1
W, = 4W,
R)/2
tan ¢ = 3 A=M2 _ 5 G2) =\B(§):1.039
W, +Ww, sw,) 5
¢ = 46.1°
pf = cos ¢ = cos (46.1°) = 0.0693 (lagging)
Example 5

Twwo wattmeters are used to measure power in a 3¢ balanced delta connected load using two
wattmeter method. The readings of the 2 wattmeters are 500 W and 2500 W respectively.
Calculate the total power consumed by the 3¢ load and the power factor. [May 2015]
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Solution W, =500W
w, =2500 W
(i) Total power
P=Ww,+ W,=500+ 2500 =3 kW
(i) Power factor
The power factor is leading in nature since W, < W,.

_ rWm-m)
tan ¢ = NE) —W1 T
B (Wl | -2000 _
=tan~ { \/_ o, } tan { \/5(—3000 ﬂ 49.12

pf=cos ¢=10.65 (leading)

Example 6

Find the power and power factor of the balanced circuit in which the wattmeter readings are
5 kW and 0.5 kW, the latter being obtained after the reversal of the current coil terminals of the
wattmeter.
Solution W, =5kW
W, =0.5kW
(i) Power
When the latter reading is obtained after the reversal of the current coil terminals
of the wattmeter,

Wl =5kW
=-0.5kW
Power— W+ W,=54+(-0.5)=4.5kW
(ii)) Power factor

w,-w, (5+0.5)
tan ¢ = IW o, I(S 05) =2.12

¢ = 64.72°
Power factor = cos ¢ = cos (64.72°) = 0.43

Example 7

Two wattmeters are used to measure power in a 3¢ balanced star connected load using the two
wattmeter method. The readings of the 2 wattmeters are 8 kW and 4 kW respectively. Calculate
the total power consumed by the 3¢ load and the power factor: [Dec 2014]

Solution W, = 8 kW
W, =4kW
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(i) Total power
P=W,+W,=8+4=12kW
(i1)) Power factor

ang= 3 _BE=4
W+ W, ®+4)
¢=30°
pf=cos ¢ = cos (30°) = 0.866 (lagging)

=0.577

Example 8

The input power of a three-phase motor was measured by the two-wattmeter method. The
readings of two wattmeters are 5.2 kW and —1.7 kW and the line voltage is 415 V. Calculate the

total active power, power factor and line current. [May 2013]
Solution W,=52kW
W, =-1.7TkW
V, =415V

(1) Total active power
P=W +W,=52-17=35kW
(i1) Power factor

W, — W, 52+1.7
t =3 —==J3|——| =341
. \/7W1+W2 I( )

¢ =73.68°

pf =cos ¢ =cos (73.68°) = 0.28 (lagging)
(i1) Line current

P=43 V.1, cos ¢

3.5%10% = V3 x415x 1, x0.28
I, =1739A

Example 9

Two wattmeters connected to measure the input to a balanced, three-phase circuit indicate 2000 W
and 500 W respectively. Find the power factor of the circuit (i) when both readings are positive

and (ii) when the latter is obtained after reversing the connection to the current coil of one
instrument.

Solution W, =2000 W
W, =500 W
(i) Power factor of the circuit when both readings are positive
W, =2000 W

W, = 500 W
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FH=W _ 0000-500
W, + W, (2000 + 500)
¢ = 46.102°

Power factor = cos ¢ = cos (46.102°) = 0.693

(i) Power factor of the circuit when the latter reading is obtained after reversing the
connection to the current coil of one instrument

tan ¢ = 039

W, = 2000 W
Wy =500 W
W, —W.
tan ¢ = V3 ——2 :ﬁwzz,gm
W, +Ww, (2000 - 500)
6 = 70.89°

Power factor = cos ¢ = cos (70.89°) = 0.33

Example 10

A three-phase, 10 kVA load has a power factor of 0.342. The power is measured by the two-
wattmeter method. Find the reading of each wattmeter when the (i) power factor is leading, and

the (ii) power factor is lagging. [May 2014]
Solution S =10kVA
pf = 0.342
S=BVI

10x10°= 3V, I,
V, I, = 5.77 kVA
cos ¢ = 0.342
¢ =72°
(i) Reading of each wattmeter when the power factor is leading
W, =V, I cos (30° + ¢) = 5.77 cos (30° + 70°) = -1 kW
W, =V, I, cos (30°— ¢)=5.77 cos (30° — 70°) = 4.42 kW
(i) Reading of each wattmeter when the power factor is lagging
W, =V, I, cos (30°— ¢) =4.42 kW
W, = VI, cos (30°+ ¢) =—1 kW

Example 11

A three-phase, star-connected load draws a line curent of 20 A. The load kVA and kW are 20
and 11 respectively. Find the readings on each of the two wattmeters used to measure the three-
phase power.



Effect of Power Factor on Wattmeter Readings in Two Wattmeter Method 5.57

Solution I, =20A
S =20kVA
P=11kW
S=B VI

20x10°= 3 V, I,
V, 1, = 11.55 kVA
P= 3 VI, cos ¢
11 x 103 = 20 X 103 x cos ¢
cos ¢ = 0.55
¢ = 56.63°
W, =V, I, cos (30° — ¢) = 11.55 X cos (30° — 56.63°) = 10.32 kW
W, =V, I, cos (30° + ¢) = 11.55 x cos (30° + 56.63) = 0.68 kW
Example 12

Calculate the total power and readings of the two wattmeters connected to measure power in
three-phase balanced load, if the reactive power is 15 kVAR and load pf'is 0.8 lagging.

Solution 0 = 15kVAR
pf = 0.8 (lagging)
(1) Readings of the two wattmeters
cos ¢ = 0.8
¢ =36.87°
Q=3 VI sin¢
15% 103 = /3 ¥, I, sin (36.87°)
V, I, = 1443 kVA
W, =V, I, cos (30° — ¢) = 14.43 x 103 X cos (30° — 36.87°) = 14.33 kW

W, =V, I, cos (30° + ¢) = 14.43 x 10% x cos (30° + 36.87°) = 5.67 kW
(i1) Total power

P=W,+W,=14.03+5.67=19.7kW

Example 13
The power in a 3-O circuit is measured by two wattmeters. If the total power is 50 kW and pf is
0.6 lagging, find the reading of each wattmeter. [May 2016]
Solution W, + W, =50 kW (D)

pf = 0.6 (lagging)
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¢ = cos™'(0.6) = 53.13°

W, —W-
tan ¢ = \/gg

m+w,
tan (53.13°) = Nepdmlies
50
W, — W, = 38.49 kW )
Solving Egs (1) and (2),
W, = 44.25 kW
W, = 5.75 kW
Example 14

Tiwo wattmeters are connected to measure power in a three-phase circuit. The reading of one
of the wattmeters is 5 kW when the load power factor is unity. If the power factor of the load is
changed to 0.707 lagging without changing the total input power, calculate the readings of the

two wattmeters.
Solution (1) pf=1, W, =5kW

(i) pf=0.707 (lagging)
(1) When the power factor is unity,

W, =W,=5kW

Power = W, + W,=5+5=10kW (1)

(i1)) When the power factor is changed to 0.707 lagging,

pf = cos ¢ =0.707 (lagging)

¢ = 45°
tan ¢ = tan (45°) =1

tan ¢ = ﬁu

wm+w,
W, -Ww.
I=V3—1—=
V3 10
10
Solving Eq. (1) and (2),
W, =7.89 kW

W, = 2.11 kW
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Example 15

Two wattmeters are connected to measure power in a three-phase circuit. The reading of one
of the wattmeters is 7 kW when load power factor is unity. If the power factor of the load is
changed to 0.707 lagging without changing the total input power, calculate the readings of the

two wattmeters. [Dec 2013]
Solution W, =TkW
When power factor is unity,
W, =W,=T7TkW

P=W+W,=7+7=14kW
When pf=0.707 (lagging),
¢ =cos™! (0.707) = 45°

W, —W,
tan ¢ =\/§¥

Wi+ W,
W, -W.
tan 45° = /3 %
W,— W, =8.08 kW 1)
W, + W, =14kW )
Solving Egs (1) and (2),
W, =11.04 kW
W, =2.96 kW
Example 16

A three-phase RYB system has effective line voltage of 173.2 V. Wattmeters in line R and Y read
301 W and 1327 W respectively. Find the impedance of the balanced star-connected load.

Solution V,=1732V
w,=301W
w,=1327TW
If the load is capacitive and pf is leading, then W, < W,.
tan ¢ = \/ng -w, _ 3 (301-1327) _ 1.09
W+ W, (301+1327)
¢ =4747°

P=W,+W,=301+1327=1628 W

P= 3V, I, cos ¢
1628 = 3 x 173.2 x I, X cos (47.47°)
I, =803A
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For a star-connected load,

v Ve _1B2_ 0y
NN
L, =1,=803A
v
h:ﬂzﬁzlmsg
ML, 8.03

Example 17

Each phase of a 3¢ delta connected load has an impedance of Z on = 30260°€2. The line voltage
is 400 V. Calculate the total power. What will be the reading of two wattmeters connected to

measure the power. [Dec 2015]
Solution Z,, = 50£60°Q
V, =400V
For a delta-connected load,
Vop="V.= 400 V
v 400

I, =\31,=3 x8=1386A

(i) Total power
P = J3V,I, cos ¢p=+/3 x400 x 13.86 x cos (60°) = 4.8 kW

(ii) Reading of two wattmeters
W, = VI cos (30° — ¢) =400 x 13.86 x cos (30° — 60°) = 4.8 kW
W, = VI, cos (30° + ¢) =400 x 13.86 x cos (30° + 60°) =0

L e

Three coils each with a resistance of 10 €2 and reactance of 10 €2 are connected in star across
a three-phase, 50 Hz, 400 V supply. Calculate (i) line current, and (ii) readings on the two

wattmeters connected to measure the power.

Solution R=10Q
X, =10Q
V, =400V
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For a star-connected load,
(i) Line current

Vo= £=@=Z30.94V
SV NC]
Zop = R+jX, =10+ /10 = 14.14 £45° Q
Z, = 1414 Q
¢ = 45°
Power factor = cos ¢ = cos (45°) = 0.707 (lagging)
vV
= 2= 23094 _ 16334
meZ,, 1414

I =1,=1633A

(i1) Readings on the two wattmeters

P =3V, 1, cos p= /3 X400 % 16.33 x0.707 = 7998.83 W

W, + W, = 7998.83 W (1)
W, —W.
Al tan ¢ = V3 1—2
so, an ¢ A
W, —W.
o_ 32
tan 45 7998.83
W,— W, = 4618.13 W ©)
Solving Egs (1) and (2),
W, = 6308.48 W
W, = 1690.35 W
Example 19

Three coils each having a resistance of 20 Q and reactance of 15 €2 are connected in (i) star,
and (ii) delta, across a three-phase, 400 V, 50 Hz supply. Calculate in each case, the readings
on two wattmeters connected to measure the power input.

Solution R=20Q
X, =15Q
V, =400V

(i) Readings on two wattmeters for a star-connected load

Yo _ 400 _ 53004y

NERIRNES

Vo =
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Z,, =20+/15=25 2£36.87°Q
Z,=25Q
¢ = 36.87°

Von

230.94
Lo = Zy 25
I =1,=924A
W, =V, I, cos (30° — ¢) = 400 x 9.24 X cos (30° — 36.87°) = 3669.46 W

W, = V, I, cos (30° + @) = 400 x 9.24 x cos (30° + 36.87°) = 1451.86 W

=9.24A

(i1) Readings on two wattmeters for a delta-connected load
Vop =V, =400V
Z,;,=25Q
¢ = 36.87°
V
I,= _ph _ 400 —16A
P Z,, 25
I =3 1,=3x16=2172A
W, =V, I, cos (30°— ¢) =400 x 27.72 x cos (30° — 36.87°) = 11008.39 W
W, =V, I, cos (30°+ ¢) =400 x 27.72 X cos (30° + 36.87°) =4355.57 W

Example 20

Two wattmeters connected to measure three-phase power for star-connected load reads 3 kW
and 1 kW. The line current is 10 A. Calculate (i) line and phase voltage (ii) resistance and

reactance per phase.
Solution W, =3kW
W, =1kW
I, =10A

(1) Line and phase voltage

ang= (3" _ 56D _ g6
W, + W, G+1)

¢ = 40.89°
Power factor = cos ¢= cos (40.89°) = 0.756
P=W,+W,=3+1=4kW
P= 3V, 1 cos ¢
4x10° = /3 xV, x10%0.756
V, =305.48V
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For a star-connected load,
V, 305.48

V,= —=—=——=17637V
NCEIN
(i1) Resistance and reactance per phase
L,=1,=10A
Von 176.
Zy = Zon 17637 _ 156370

R =127, cos ¢=17.637x0.756 = 13.33 Q
X, = Z,,sin ¢=17.637 X sin (40.89°) = 11.55 Q

Example 21

The power input to a 2000 V, 50 Hz, three-phase motor running on full load at an efficiency of
90% is measured by two wattmeters which indicate 300 kW and 100 kW respectively. Calculate
the (i) input power, (ii) power factor, and (iii) line current.

Solution V, =2000V
n=20.9

W, =300 kW

W, =100 kW

(1) Input power
P=Ww,+W,=300+ 100 =400 kW

(i) Power factor

ano— 3= _ gGUOZ100) _ ocq
an g =Ny (300 +100)

¢ = 40.89°
pf = cos ¢ = cos (40.89°) = 0.76 (lagging)
(ii1) Line current
P= [3 VI cos¢
400 x 10° = _f3 x 2000 x I; x 0.76
I, = 15193 A

Example 22

A three-phase, 400 V, 50 Hz induction motor has a full load output of 14.9 kW at which the
efficiency and power factor are 0.88 and 0.8 respectively. What is the line current? Find the
readings on the two wattmeters connected to measure the power input to the motor.

Solution V, =400V
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f=50Hz
P, =149 kW
pf=0.8
n = 0.88
(1) Line current
)
F
0.88 — 14.9x10°
P, =1693 kW
pf=cos $=0.8
¢ =36.87°

P;= 3 V I, cos ¢
16.93 x 103 = J3 X400x17;x0.8
I, =30.55A
(i1) Readings on the two wattmeters
W, =V, 1, cos (30°— ¢) =400 x 30.55 X cos (30° - 36.87°) = 12.13 kW
W, =V, I, cos (30° + ¢) = 400 x 30.55 x cos (30° + 36.87°) = 4.8 kW
Example 23

A three-phase, 220V, 50 Hz, 11.2 kW induction motor has a full load efficiency of 88 per cent
and draws a line current of 38 A under full load, when connected to a three-phase, 220 V supply.
Determine power factor at which the motor is operating. Find the reading on two wattmeters
connected in the circuit to measure the input to the motor.

Solution V, =220V
P,=112kW
n = 88%
I, =38A
(i) Power factor at which the motor is operating
L
T p
11.2x10°
0.88 = 5

1

P, = 12.73 kW
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P,= 3 V, I, cos ¢
12.73 X 10° = /3 x220 x 38 X cos ¢
pf = cos ¢ = 0.88 (lagging)

(i1) Reading on two wattmeters

¢ = 28.36°
W, =V, I, cos (30° — §) = 220 x 38 x cos (30° — 28.36°) = 8356.58 W
W, =V, I, cos (30° + §) = 220 x 38 x cos (30° + 28.36°) = 4385.49

3

Useful Formulae

Two-wattmeter method

5.1

5.2

5.3

For lagging power factor For leading power factor
W, =V, I, cos(30° — ¢) W, =V, 1, cos(30° + ¢)
W, =V, I, cos(30° + ¢) W, =V, I; cos(30° — @)
¢ = tan™! EU ¢ = tan™! ——\/g(Wl — 1)
W + W) W, +Ww,)

Three identical coils each having a resistance of 8 €2 and inductance of 0.02 H are
connected in (i) star, and (ii) delta across a 3¢, 400 V, 50 Hz supply. Draw a neat
phasor diagram and calculate the reading of two wattmeters connected to measure
power. Also, calculate pf of the circuit.
[8.99 kW, 3.3 kW, 0.7866 (lagging), 26.98 kW, 10.14 kW, 0.786 (lagging)]
Three identical coils each having a reactance of 20 € and resistance of 10 € are
connected in (i) star, (ii) delta across a 440 V, 3-phase line. Calculate for each
method of connection the line current and readings of each of the two wattmeters
connected. [11.36 A, 4.17 kW, —=299.07 W, 34.08 A, 12.52 kW, —897.14 W]
A 3-phase motor load has a pf of 0.397 lagging. Two wattmeters connected to
measure power show the input as 30 kW. Find the reading on each wattmeter.
[35 kW, =5 kW]
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5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

Each of the wattmeters connected to measure the input to a 3-phase induction
motor reads 10 kW. If the power factor of the motor be changed to 0.866 lagging,
determine the readings of the two wattmeters, the total input power remaining
unchanged. [6.67 kW, 13.33 kW]
A 3-¢, star-connected load draws a line current of 25 A. The load kVA and kW are
20 and 16 respectively. Find the readings on each of the two wattmeters used to
measure the 3¢ power. [11.46 kW, 4.54 kW]
Three similar coils are star-connected to a 3¢ 50 Hz supply. The line current taken
is 25 A and the two wattmeters connected to measure the input indicate 5.185 kW
and 10.37 kW respectively. Calculate (i) the line and phase voltages, and (ii) the
resistance and reactance of each coil. [415V, 240V, 5.31 £, 4.8 Q]
A three-phase, 500 V motor load has a power factor of 0.4. Two wattmeters
connected to measure power show the input to be 30 kW. Find the reading on each
instrument. [35 kW, — 5kW]
The power in a three-phase circuit is measured by two wattmeters. If the total
power is 100 kW and power factor is 0.66 leading, what will be the reading of each
wattmeter? [17.26 kW, 82.74 kW]
Two wattmeters are connected to measure the input to a 400 V, 3-phase connected
motor outputting 24.4 kW at a power factor of 0.4 lag and 80% efficiency. Calculate
(1) resistance and reactance of motor per phase, (ii) reading of each wattmeter.
[2.55 €, 5.58 Q, 34915W, — 4850 W]
In a balanced 3-phase, 400 V circuit, the line current is 115.5 A. When power is
measured by the two wattmeter method, one meter reads 40 kW and the other,
zero. What is the power factor of the load? If the power factor were unity and the
line current the same, what would be the reading of each wattmeter?
[0.5, 40 kW, 40 kW]
A 440V, 3-phase, delta-connected induction motor has an output of 14.92 kW at pf
0f 0.82 and efficiency of 85%. Calculate the readings on each of the two wattmeters
connected to measure the input. If another star-connected load of 10 kW at 0.85 pf
lagging is added in parallel to the motor, what will be the current drawn from the
line and the power taken from the line?
[12.35 kW, 5.26 kW, 43.56 A, 27.6 kW]
Balanced delta-connected impedances, each of 10 £30° Q are connected across
three-phase 400 V mains. Determine the two-wattmeter readings if the current
coils of the two wattmeters are connected in lines R and Y and the pressure coils
are connected between R and B and Y and B lines respectively.
[27.7 kW, 13.86 kW]
A balanced star-connected load, each phase having a resistance of 10 Q and the
inductive reactance of 30 Q is connected to 400 V, 50 Hz supply. The phase rotation
is R, Y, and B. Wattmeters connected to read total power have their current coils in
the red and blue lines respectively. Calculate the reading on each wattmeter.
[2190 W, —583W]
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5.14 A balanced star-connected load is supplied from a symmetrical three-phase 400 V,
50 Hz supply system. The current in each phase is 20 A and lags behind its phase
voltage by an angle of 271/9 radians. Calculate line voltage, phase voltage, current
in each phase, load parameter, power in each phase, total power, readings of the
wattmeters connected in the load circuit to measure the total power. Draw a neat
circuit diagram and vector/phasor diagram.

[440V, 254.034 V, 20 A, 9.73 , 0.026 H, 3.892 kW, 11.676 kW, 8.666 kW, 3.009 kW]

$

Review Questions

5.1 Explain the following terms with reference to a polyphase system: (i) Balanced
load (ii) Phase sequence (iii) Symmetrical system.

5.2 What are the advantages of a three-phase system over a single-phase system?

5.3 Prove that current in a neutral wire in a three-phase, four-wire balanced load system is
Zero.

5.4 Derive the relationship between phase and line quantities (voltage, current, power)
for a balanced three-phase, delta-connected system. Also draw neat diagrams.

5.5 Deduce the relationship between phase and line quantities (voltage, current, power)
for a balanced three-phase, star-connected system. Also draw neat diagrams.

5.6 Derive the relation between power in star and delta systems.

5.7 Explain merits of two-wattmeter method for power measurement, giving circuit
diagram and phasor diagram.

5.8 Explain with phasor diagram of how two wattmeters can be used to measure power
in a 3-phase system. Also explain the variations in the wattmeter readings with
load power factors.

5.9 Derive the relation for total power and power factor in a 3-phase system with
balanced load using two wattmeter method.

5.10 How do you measure power of a 3-phase balanced network by using a wattmeter
with least number of wattmeters.

5.11 Explain the effect of power factor on wattmeter readings in three-phase power
measurement by two-wattmeter method.

$

Multiple Choice Questions

Choose the correct alternative in the following questions:

5.1 In a three-phase system, voltages differ in phase by
(a) 30° (b) 60° (c) 90° (d) 120°
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5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

The rated voltage of a 3-phase power system is given as

(a) rms phase voltage (b) peak phase voltage

(c) rms line to line voltage (d) peak line to line voltage

Total instantaneous power supplied by a 3-phase ac supply to a balanced R—C load
is

(a) zero (b) constant

(c) pulsating with zero average (d) pulsating with non-zero average
Which of the following equations is valid for a 3-phase, balanced star-connected
system?

(@) Ig+Iy+1z=0 (b) Ip+Iz=1Iy

(©) Iy+Iy—I;=0 ) W:[N

A three-phase load is balanced if all the three phases have the same
(a) impedance (b) power factor

(c) impedance and power factor (d) none of the above

The phase sequence of a three-phase system system shown in Fig. 5.33 is

R
Y ]
Bo
Fig.5.33

(a) RYB (b) RBY (c) BRY (d) YBR
In a 3-phase system, 7, =100 £-120°V and V. =100 £120° V. Then Vg will be
(a) 170 £90°V (b) 173 £-90°V
(c) 200 £60°V (d) none of the above

If a balanced delta load has an impedance of (6 + j9) ohms per phase then the
impedance of each phase in the equivalent star load is

(a) (6 +/9) ohms (b) (2+/3) ohms

(¢) (2+/8) ohms (d) (3 +/4.5) ohms

Three equal impedances are first connected in delta across a 3-phase balanced
supply. If the same impedances are connected in star across the same supply

(a) phase current will be one-third

(b) line current will be one-third

(c) power consumed will be one-third

(d) none of the above

Three identical resistors connected in star carry a line current of 12 A. If the same
resistors are connected in delta across the same supply, the line current will be

(a) 12A (b) 4A (c) 8A (d) 36A
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5.11 Three delta-connected resistors absorb 60 kW when connected to a 3-phase line. If
the resistors are connected in star, the power absorbed is
(a) 60 kW (b) 20 kW (c) 40 kW (d) 180 kW

5.12 The power consumed in the star connected load shown in Fig. 5.34 is 690 W. The
line current is

RO 1 R
40¢0 \
R
400 V$ 1 R
400V
Bl 1 [R]
Fig. 5.34
(a) 2.5A (b)) TA (c) 1.725A (d) none of the above

5.13 If the 3-phase balanced source in Fig. 5.35 delivers 1500 W at a leading power
factor of 0.844 then the value of Z; (in ohm) is approximately

—{Z]
3¢ 400V
balanced ]
source jﬂ
Fig.5.35
(a) 90 £32.44° (b) 80 £32.44° (c) 80 £-32.44°  (d) 90 £-32.44°

5.14 If one of the resistors in Fig. 5.36 is open circuited, power consumed in the circuit is

T 100

400 V

400 V

Fig. 5.36

(a) 8000 W (b) 4000 W (c) 16000 W (d) none of the above
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5.15 For the three-phase circuit shown in Fig. 5.37, the ratio of the currents I : Iy : I is

given by
R G
R4
Bo—— 2
\@:
v
Fig.5.37
(@ l:1:43 () 1:1:2 () 1:1:0 (d)l:l:\/g

5.16 The phase sequence RYB denotes that
(a) emf of phase Y lags behind that of phase R by 120°
(b) emf of phase Y leads that of phase R by 120°
(c) emf of phase Y and phase R are in phase
(d) none of the above

5.17 In the two wattmeter method of measurement, if one of the wattmeters reads zero,
then power factor will be
(a) zero (b) unity (c) 0.5 (d) 0.866

5.18 Two wattmeters, which are connected to measure the total power on a three-phase
system, supplying a balanced load, read 10.5 kW and —2.5 kW, respectively. The
total power and the power factor, respectively are
(a) 13 kW, 0.334 (b) 13 kW, 0.684
(c) 8kW, 0.52 (d) 8kW, 0.334

5.19 The minimum number of wattmeter(s) required to measure 3-phase, 3-wire
balanced or unbalanced power is
(a) 1 (b) 2 (c) 3 (c) 4

5.20 One of the two wattmeters has read zero in the two-wattmeter method of power
measurement. This indicated that the load phase angle is
(a) 0° (b) 30° (c) 60° (d) 90°

Answers to Multiple Choice Questions

5.1 (d) 52 () 53 (b) 5.4 (a) 55 () 5.6 (b)
5.7 (b) 5.8 (b) 59 () 5.10 (d) 511 (b) 512 (b)
513 (d) 5.14 (a) 5.15 (a) 5.16 (a) 517 () 5.18 (d)

5.19 (b) 5.20 (c)
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6.1 SINGLE-PHASE TRANSFORMERS

A transformer is a static device which can transfer electrical energy from one circuit to an-
other circuit without change of frequency. It can increase or decrease the voltage but with a
corresponding decrease or increase in current. [t works on the principle of mutual induction.
It must be used with an input voltage that varies in amplitude, i.e., an ac voltage. A major
application of transformers is to increase voltage before transmitting electrical energy over
long distances through wires and to reduce voltage at places where it is to be used. Trans-
formers are also used in electronic circuits to step down the supply voltage to a level suitable
for the low-voltage circuits they contain. Signal and audio transformers are used to couple
stages of amplifiers and to match devices such as microphones to the input of amplifiers.

6.2 CONSTRUCTION

A transformer mainly consists of two coils or windings placed on a common core. With
the increase in size (capacity) and operating voltage, it also needs other parts such as a
suitable tank, bushing, conservator, breather, etc. We will discuss two basic parts—core
and windings.

6.2.1 Core

The composition of a transformer core depends on voltage, current and frequency.
Commonly used core materials are soft iron and steel. Generally, air-core transformers are
used when the voltage source has a high frequency (above 20 kHz). Iron-core transformers
are usually used when the source frequency is low (below 20 kHz). In most transformers,
the core is constructed of laminated steel to provide a continuous magnetic path. The steel
used for constructing the core is high-grade silicon steel where hysteresis loss is very low.
Such steel is called soft steel. Due to alternating flux, certain currents are induced in the
core, called as eddy currents. These currents cause considerable loss in the core, called
eddy current loss. Silicon content in the steel increases its resistivity to eddy-current loss,
thereby reducing eddy-current losses. To reduce eddy-current losses further, the core is
laminated by a light coat of varnish or by an oxide layer on the surface. There are two main
shapes of cores used in laminated steel-core transformers as shown in Fig 6.1 and Fig 6.2.

Laminated core Laminated core

4:1979 lamination

Fig. 6.1 Hollow-core construction Fig. 6.2 Shell-type core construction

E and I laminations
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6.2.2 Transformer Windings

A transformer consists of two coils, called windings, which are wrapped around a core.
The winding in which electrical energy is fed is called the primary winding. The winding
which is connected to the load is called the secondary winding.

The primary and secondary windings are made up of an insulated copper conductor
in the form of a round wire or strip. These windings are then placed around the limbs
of the core. The windings are insulated from each other and the core, using cylinders of
insulating material such as a press board or Bakelite.

For simplicity, the primary and secondary windings are shown on separate limbs of
the core. If such an arrangement is used in actual practice, all the flux produced in the
primary winding will not link with the secondary winding. Some of the flux will leak out
through the air. Such flux is known as leakage flux. The more the value of leakage flux,
poorer is the performance of the transformer. Hence, to reduce leakage flux, the windings
are placed together on the same limb in actual transformers.

Paper insulation
Laminated ;

winding
Secondary winding

Fig. 6.3 Core-type transformer Fig. 6.4 Shell-type transformer

6.2.3 Comparison of Core-type and Shell-type Transformers

Core-type Transformer Shell-type Transformer

1. It consists of a magnetic frame with two It consists of a magnetic frame with three
limbs. limbs.

2. It has a single magnetic circuit. It has two magnetic circuits.

3. The winding encircles the core. The core encircles most part of the winding.

4. Tt consists of cylindrical windings. It consists of sandwich-type windings.

5. It is easy to repair. It is not easy to repair.

6. It provides better cooling since windings It does not provide effective cooling as the
are uniformly distributed on two limbs. windings are surrounded by the core.

7. It is preferred for low-voltage It is preferred for high-voltage transformers.
transformers.
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6.3 WORKING PRINCIPLE

[May 2013, Dec 2014]

When an alternating voltage V; is applied to a primary winding, an alternating current /,
flows initproducing an alternating flux in the core. As per Faraday’s laws of electromagnetic
induction, an emf e, is induced in the primary winding.

1 1
o ! 2 o}
: T T
I~ I~ Hr—o Vi E4 H Ez V2
N 3
<§ <\z:::,—o l £
© O
Ny Ny
(a) (b)
Fig. 6.5 Working principle of a transformer
d
el = — Nl _¢
dt

where N, is the number of turns in the primary winding. The induced emf in the primary
winding is nearly equal and opposite to the applied voltage V.

Assuming leakage flux to be negligible, almost the whole flux produced in primary
winding links with the secondary winding. Hence, an emf e, is induced in the secondary
winding.

d
e, = —N, 7?

where N, is the number of turns in the secondary winding. If the secondary circuit is closed
through the load, a current /7, flows in the secondary winding. Thus, energy is transferred
from the primary winding to the secondary winding. The symbol of transformer is shown
in Fig. 6.5(b). The lines between two windings represent iron core. If there is no line
between two windings, then it represents air core transformer. If number of turns in the
secondary winding N, is greater than the number of turns in the primary winding N, the
transformer is called a step-up transformer. If &, is less than »V,, the transformer is called
a step-down transformer. Thus, step-up transformer is used to increase the voltage at the
output whereas step-down transformer is used to decrease the voltage at the output.

6.4 EMF EQUATION

[Dec 2012, 2014, May 2013, 2015]

As the primary winding is excited by a sinusoidal alternating voltage, an alternating
current flows in the winding producing a sinusoidally varying flux ¢ in the core.

¢ = ¢,,sin 0t
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As per Faraday’s laws of electromagnetic induction, an emf e, is induced in the primary
winding.

el = _NIZ

= —NI% (9, sin wf)
=-N, ¢,, @ cos wt
=N, ¢,, ®sin (ot —90°)
=2nf¢, N, sin (wt—90°)
Maximum value of induced emf =27/ ¢, N,
Hence, rms value of induced emf in primary winding is given by

E 219, N,
E, = —mex m 1 —444f¢9 N
1 \/E \/5 f¢m 1

Similarly, rms value of induced emf in the secondary winding is given by
E,=444f¢,N,
E, E,
Fl = N_2 =4.44f¢,
Thus, emf per turn is same in primary and secondary windings and an equal emf is
induced in each turn of the primary and secondary windings.

Also,

6.5 TRANSFORMATION RATIO (K)
We know that

E, =444f¢, N,
E,=444f¢,N,
E, N
LNy
El Nl

where K is called the transformation ratio.
Neglecting small primary and secondary voltage drops,

Vlel

E V. N
E_VHh_N_,
E o nN

In a transformer, losses are negligible. Hence, input and output can be approximately
equated.

Vil =V,1,
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I V.
won K
For step-up transformers,
N, > N, K>1
For step-down transformers,
N, <N, K <1
6.6 RATING OF A TRANSFORMER

[May 2014]

Rating of a transformer indicates the output power from it. But for a transformer, load is
not fixed and its power factor goes on changing. Hence, rating is not expressed in terms
of power but in terms of product of voltage and current, called VA rating. This rating is
generally expressed in kVA.
hh _ Nl
1000 1000

We can calculate full-load currents of primary and secondary windings from kVA
rating of a transformer. Full-load current is the maximum current which can flow through
the winding without damaging it.

kVA rating of a transformer =

. kVA rating x 1000
Full-load primary current [, = 7
1

kVA rating x 1000
Full-load secondary current [, = 7
2

Example 1

What will be the secondary voltage at no load, if the primary of a 5 kVA, 220/110 V, 50 Hz
transformer is fed at (i) 110V, 50 Hz, and (ii) 220 V dc?

Solution kVA rating = 5 kVA
E, =220V
E,=110V
(1) Secondary voltage when V', =110 V
For a transformer,

nooE
LA

110 220
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V,=55V
(i1) Secondary voltage when V; =220V dc
When the transformer is fed 220 V dc, no emf is induced in the primary winding.
V,=0

Example 2

1t is desired to have 4.13 mWb maximum flux in the core of a transformer operating at 110 V
and 50 Hz. Determine the required number of turns in the primary.

Solution ¢, = 4.13 mWb
V=110V
f=50Hz

For a transformer,
Vi =E =110V
E, =4441¢, N,
110 = 444 x50 x4.13 X 1073 x N,
N, =120

Example 3

A 3000/200 V, 50 Hz, single-phase transformer has a cross-sectional area of 150 cm?’ for the
core. If the number of turns on the low-voltage winding is 80, determine the number of turns on

the high-voltage winding and maximum value of flux density in the core. [May 2013]
Solution E, =3000V
E, =200V
f=50Hz
A =150 cm?=150 x 10~* m?
N, =80
(1) Number of turns on the high-voltage winding
E, N,
E N
200 _ 80
3000 N
N, =1200

(i) Maximum value of flux density
E, =4.44f¢, N, =4.44fB, AN,
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3000 = 4.44 x 50 x B, x 150 x 10~* x 1200
B, =0.75 Wb/m?

Example 4

A single-phase 50 Hz transformer has 80 turns on the primary winding and 280 turns in
the secondary winding. The voltage applied across the primary winding is 240 V at 50 Hz.

Calculate (i) maximum flux density in the core, and (ii) induced emf'in the secondary. The net
cross-sectional area of the core is 200 cn’.

Solution f=50Hz
N, =80
N, =280
V, =240V

A =200 cm? =200 x 1074 m?
(1) Maximum flux density in the core
For a transformer,

V,=E =240V
E, =444f¢,N,=444fB, AN,
240 = 4.44 x 50 X B,, x 200 x 104 x 80
B,=0.68 Wb/m?
(i) Induced emf in the secondary

E, _ N,
El Nl
£y 280
240 80
E, =840V

Example 5

An 80 kVA, 3200/400 V, 50 Hz single-phase transformer has 111 turns on the secondary
winding. Calculate (i) number of turns on primary winding, (ii) secondary current, and
(iii) cross-sectional area of the core, if the maximum flux density is 1.2 teslas. [Dec 2015]

Solution kVA rating = 80 kVA
E, =3200V

E, =400V

f=50Hz



N, =111
B,=12T
(1) Number of turns of primary winding

E, N
E N

400 111

3200 Ny
N, = 888

(i) Secondary current
For a transformer,

I kVA rating X 1000 80 x1000

2 V2

(iii) Cross-sectional area of the core

E,=444f¢ N,=444fB, AN,
400 = 444 x50 x 1.2 x4 x 111

A =0.0135m?= 135 cm?

Example 6

=200A

Rating of a Transformer 6.9

A 5 kVA, 240/2400 V, 50 Hz single-phase transformer has the maximum value of flux density
as 1.2 Teslas. If the emf per turn is 8, calculate (i) number of primary turns and secondary
turns, (ii) cross-sectional area of the core, and (iii) primary and secondary current at full load.

Solution kVA rating = 5 kVA
E, =240V
E, = 2400V
f=50Hz
B, =12T
I
Nl
(i) Number of primary and secondary turns
E, 240
— =8=

N, N

[Dec 2014]
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N, =30
EZ _ N2
E N

2400 N,

240 30
N, = 300

(i1) Cross-sectional area of the core
E,=444f¢,N,=444fB, AN,
2400 = 4.44 x50 x 1.2 x 4 x 300
A =0.03 m?

(ii1) Primary and secondary currents at full load
For a transformer,

V, ~ E, = 2400 V
kVA rating x 1000  5x1000

I, = = =20.83 A
! 14 240

, _ kVAratingx1000 _ 5x1000
2 v, 2400 ‘

Example 7

A 250 kVA, 50 Hz single-phase transformer has ratio of secondary to primary turns as 0.1. The

secondary voltage at no-load condition is 240 V. Calculate (i) primary voltage, and (ii) full-
load primary and secondary currents.

Solution  kVA rating=250 kVA

(i) Primary voltage
E, N,
E = Vl =0.1
E, =2400V
(i) Full-load primary and secondary current
For a transformer,
V,=E =2400V
V,=E,=240V
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kVA rating X 1000 250 x 1000

= =104.17 A
! 14 2400

| _ kVAraiingx1000 _ 250x1000 _
8 v, 240 '

Example 8

A 10 kVA, 3300/240 V, single-phase, 50 Hz transformer has a core area of 300 cm?. The flux

density is 1.3 T. Calculate (i) number of primary turns, (ii) number of secondary turns, and (iii)
primary full-load current.

Solution  kVArating = 10 kVA

E, =3300V

E, =240V

f=50Hz

A =300 cm? =300 x 10~* m?
B,=13T

(i) Number of primary turns
E, =444f¢,N,=444fB, AN,
3300 = 4.44 x 50 x 1.3 X 300 x 104 x N,
N, = 381.15 ~ 382
(i1) Number of secondary turns

E _N

El - Nl
240 _ Ny
3300 382

N, =27.78 ~ 28

(iii) Primary full-load current
For a transformer,

, _ kVA ratingx1000 _ 10x1000
" 4 3300

=3.03A

Example 9

A 3300/250 V, 50 Hz, single-phase transformer has 125 cm’ cross-sectional area of core and 70

turns on low-voltage side. Calculate (i) the value of maximum flux density, and (ii) number of
turns on the high-voltage side.
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Solution E, =3300V
E, =250V
f=50Hz
A =125cm?=125x 104 m?
N, =170

(1) Value of maximum flux density
E,=444f¢,N,=4.44fB, AN,
250 = 4.44x 50X B, X 125 x 1074 x 70

B, = 1.29 Wb/m?
(i1) Number of turns on high-voltage side

£ _N
E N,
250 70
3300 N,
N, = 924

E = 44419 N, L il o . KVA Tating 1000
E,= 44419, N, 1 (full load) = 7
£y h_N,_ 1 kVA rating x 1000
Pp B _Mh_h e I, (full load) =
El Vl Nl 12 2 ( ) V2
. nh, _ni,
KVA rating = —-L =22
U = 1000~ 1000

$

Exercise 6.1

6.1 The required no-load ratio in a single-phase, 50 Hz, core-type transformer is
6000/250 V. Find the number of turns in each winding if the flux is to be about

0.06 Wb. [450, 20]



Losses in a Transformer  6.13

6.2 A 6600/600 V, 50 Hz, 1 ¢ transformer has a maximum flux density of 1.35 Wb/m?
in its core. If the net cross-sectional area of iron in the core is 200 cm?, calculate
the number of turns in the primary and secondary windings of the transformer.

[1101, 100]

6.3 A1 ¢, 50 Hz transformer has 500 turns on the primary and 1000 turns on the
secondary. The voltage per turn in the primary winding is 0.2 volt. Calculate
(i) voltage induced in primary and secondary windings, (ii) maximum value of
flux density if the cross-sectional area of the core is 200 cm?, (iii) k VA rating of the
transformer if the current in primary at full load is 10 A.

[100V, 200 V, 9.09 x 10~* Wb, 0.045 Wh/m?, 1 kVA]

6.4 A 40 kVA, 3300/240 V, 50 Hz, 1-phase transformer has 660 turns on the primary.
Determine (i) the number of turns on the secondary, (ii) the maximum value of
flux in the core, and (iii) the approximate value of primary and secondary full-load
current. Internal drops in the windings are to be ignored.

[48, 0.02 Wb, 12.12 A, 166.67 A]

6.5 A single-phase transformer has 350 primary and 1050 secondary turns. The net
cross-sectional area of the core is 55 cm?. If the primary winding be connected to
a 400V, 50 Hz single-phase supply, calculate (i) maximum value of flux density in
the core, and (ii) the voltage induced in the secondary winding.

[0.93 Wb/m?, 1200 V]

6.6 A 25 kVA transformer has 500 turns on the primary and 50 turns on the secondary
winding. The primary is connected to a 3000 V, 50 Hz supply. Find the full-load
primary and secondary currents, the secondary emf and the maximum flux in the
core. [8.33 4, 83.34,300V,27 mWb]

6.7 LOSSES IN ATRANSFORMER

[May 2014]

There are two types of losses in a transformer:
(i) Iron or core loss
(i1) Copper loss

Iron Loss This loss is due to the reversal of flux in the core. The flux set-up in the core
is nearly constant. Hence, iron loss is practically constant at all the loads, from no load
to full load. The losses occuring under no-load condition are the iron losses because the
copper losses in the primary winding due to no-load current are negligible. Iron losses can
be subdivided into two losses:

(i) Hysteresis loss

(ii)) Eddy-current loss

(1) Hysteresis Loss  This loss occurs due to setting of an alternating flux in the core. It
depends on the following factors:
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(i) Area of the hysteresis loop of magnetic material which again depends upon the
flux density
(i1)) Volume of the core
(iii) Frequency of the magnetic flux reversal

(2) Eddy—Current Loss This loss occurs due to the flow of eddy currents in the core
caused by induced emf in the core. It depends on the following factors:
(1) Thickness of lamination of core
(i1) Frequency of the magnetic flux reversal
(ii1) Maximum value of flux density in the core
(iv) Volume of the core
(v) Quality of magnetic material used
Eddy-current losses are reduced by decreasing the thickness of lamination and by
adding silicon to steel.

Copper Loss This loss is due to the resistances of primary and secondary windings.
We, = IR + I3 R,
where R, = primary winding resistance

R, = secondary winding resistance

Copper loss depends upon the load on the transformer and is proportional to square of
load current of kVA rating of the transformer.

6.8 IDEAL AND PRACTICAL TRANSFORMERS

[Dec2013]

For an ideal transformer, (i) there will be no core loss and copper loss, and (ii) winding
resistance and leakage flux are zero. But in a practical transformer, the windings have
some resistance and there is always some leakage flux.

In an ideal transformer, it is assumed that all the flux produced by the primary winding
links both the primary and secondary windings. In practice, it is impossible to realize this
condition. However, all the flux produced by the primary winding does not link with the
secondary winding. Some part of the primary flux ¢;, links with primary winding only.
The flux ¢;, is called primary leakage flux which links to primary winding and does
not link to secondary winding. Similarly, some of the flux produced by the secondary
winding links to secondary winding and does not link to primary winding. This flux is
called secondary leakage flux and is represented by ¢;,. The flux which does not pass
completely through the core and links both the windings is known as the mutual flux and
is represented by ¢.
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The primary leakage flux ¢, is in phase with /; and produces self-induced emf E,
in primary winding. Similarly, the secondary leakage flux ¢;, is in phase with 7, and
produces self-induced emf £, in secondary winding. The induced voltage E; and £

due to leakage fluxes ¢y, and ¢, are different from induced voltages £, and E, caused by

the main or mutual flux ¢. Leakage fluxes produce self-induced emfs in their respective
windings. It is, therefore, equivalent to an inductive coil in series with the respective
winding such that voltage drop in each series coil is equal to that produced by leakage
flux (Fig. 6.6).

The terms X, and X, are called primary and secondary leakage reactances
respectively.
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Fig. 6.6 Magnetic fluxes in a transformer

A transformer with winding resistance and magnetic leakage is equivalent to an ideal
transformer (having no resistance and leakage reactance) having winding resistances and
leakage reactances connected in series with each winding as shown in Fig. 6.7.
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Fig. 6.7 Winding resistances and leakage reactances of a practical transformer

The following points should be kept in mind:
1. The leakage flux links one or the other winding but not both, hence, it in no way
contributes to the transfer of energy from the primary to the secondary winding.
2. The primary voltage V; will have to supply reactive drop /,.X, in addition to /,R,.
Similarly, the induced emf in the secondary winding E, will have to supply ,R,

and 1,.X,.
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6.9 PHASOR DIAGRAM OF A TRANSFORMER
ON NO LOAD

[Dec 2013, 2015, May 2015, 2016]

When the transformer is operating at no load, there is iron loss in the core and copper
loss in the primary winding. Thus, primary input current /, has to supply iron loss in the
core and a very small amount of copper loss in primary. Hence, the current /, has two
components:

(1) a magnetising or reactive component /,, and

(i1) power or active component /,,.

The magnetising component /, is responsible for setting up flux in the core. It is in
phase with the flux ¢.

1, = Isin ¢,

The active component /,, is responsible for power loss in the transformer. It is in phase

with V.

1, = I, cos ¢,
Hence, no-load current / is the phasor sum of /, and /,,.
A

The no-load current /; is very small as compared to full-load current /;. Hence, copper
loss is negligible and no-load input power is practically equal to iron loss or core loss in
the transformer.

Iron loss W, =V, I, cos ¢, where cos ¢ is power factor at no load.

_ Phasor Diagram Since the flux ¢ is common
to both the windings, ¢ is chosen as a reference
Ty Io phasor. From emf equation of the transformer, it
is clear that £, and E, lag the flux by 90°. Hence,
emfs £, and E, are drawn such that these lag behind
. the flux ¢ by 90°. The magnetising component /, is
drawn in phase with the flux ¢. The applied voltage
L V| is drawn equal and opposite to E, as V| = E|.
The active component /,, is drawn in phase with
voltage V. The phasor sum of /, and 7, gives the
no-load current /.

A=Yl

Ei, E

Fig. 6.8 Phasor diagram
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Example 1

A 50 kVA, 2300/230 V, 50 Hz transformer takes 200 watts and 0.3 A at no load, when 2300 V
are applied to the high-voltage side. The primary resistance is 3.5 €. Determine (i) core loss,
and (ii) no-load pf.

Solution W, =200 W
I,=03A
V,=2300V
R, =35Q
(i) Core loss
Copper loss in primary = I R;=(0.3)*>x3.5=0.315W
Core loss = Input power — Copper loss =200 — 0.315 =199.685 W
(i1) No load pf
W: = V11, cos ¢,

200 = 2300 x 0.3 x cos ¢,
cos ¢, = 0.29 (lagging)

Example 2

A single-phase transformer has a primary voltage of 230 V. No-load primary current is 5
A. No-load pfis 0.25. Number of primary turns are 200 and frequency is 50 Hz. Calculate
(i) maximum value of flux in the core, (ii) core loss, and (iii) magnetising current.

Solution V, =230V
I,=5A
cos ¢, = 0.25
N, =200
f=50Hz
(1) Maximum value of flux in the core
For a transformer, V,=E =230V
E, =444f¢, N,
230 = 4.44 x 50 x ¢,, x 200
¢, = 5.18 mWb

(i1) Core loss

Neglecting primary copper loss,
W.=V,1,cos ¢y =230x5x%x025=287.5W

(iii) Magnetising current
cos ¢, = 0.25
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sin ¢, = 0.97
I, = Iysin ¢ =5x097=485A

Example 3

A 230/110 V, single-phase transformer takes an input of 350 VA at no load and at rated voltage.
The core loss is 110 W. Find (i) no-load power factor, (ii) the iron loss component of no-load

current, and (iii) magnetizing component of no-load current. [Dec 2012]
Solution S =350 VA
W, =110 W
E, =230V
(1) No-load power factor
S=Vl1,=El
350 = 230 x 1,
Iy, =152A
Wi = Vilycos ¢,
110 = 350cos ¢,
cos ¢, = 0.314

No-load pf = 0.314
(i) Iron loss component of no-load current
1, = 1Iycos ¢,=1.52x0.314=048 A
(iii) Magnetizing component of no-load current
1, = Iysin ¢y = 1.52 X sin(cos10.314)=1.44 A

6.10 PHASOR DIAGRAM OF A TRANSFORMER
ON LOAD

[Dec 2012, 2013, May 2014]

When the transformer is loaded, a current /, will flow in the secondary winding. The
secondary current /, sets up a secondary flux ¢, that tends to reduce the flux ¢ produced by
the primary current. Hence, induced emf £, in primary reduces. This causes more current
to flow in the primary. Let the additional current in the primary be 7;. This current /5 is
anti-phase with 7, and sets up its own flux ¢, which cancels the flux ¢, produced by Z,.
Hence, the primary current /; is the phasor sum of the no-load current /, and the

current /.
Ny L _Io+l 5

Nl 12 12 ]2
I=KI,
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I R Xq b R X2

Fig. 6.9 Practical transformer on load condition
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Figure 6.9 shows a practical transformer on load condition. When a transformer is
loaded, the current /, flows in the secondary winding and the voltage V, appears across
the load. Current /, is in phase with voltage V,, if the load is resistive; it lags behind it, if
load is inductive, and it leads, if load is capacitive.

Writing vector equations for primary and secondary sides,

N = LR +1X, +(-E)
E_z = LR, + X, +72

where I_1 = E+I_2’
The phasor diagram of a transformer on load condition is drawn with the help of the
above expressions.
Steps for Drawing Phasor Diagrams
1. First draw 72 and then 1_2 The phase angle between 1_2 and 172 will depend on
the type of load.

2. To 72 , add the resistive drop I,R,, parallel to E and the inductive drop 7,X,,
leading ]_2 by 90° such that

E, = V,+ LR, +1,X,

— E
3. Draw E| on the same side such that £} = ?2

4. Draw —El equal and opposite to El
5. For drawing ]_1 , first draw E and ]_5 such that
L=KI,
6. Add ]_0 and [_2' using the parallelogram law of vector addition.
F - IohE
7. To —El , add the resistive drop ﬁ, parallel to 1_1 and the inductive drop m,
leading 7, by 90° such that

n= —E+m+11X1
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8. Draw flux ¢ such that ¢ leads ];Tl and E_2 by 90°.

Case (i) Resistive load (unity power factor) Case (ii) Inductive load (lagging power factor)

K=1
6y=0 K=1
9 ¢
b b
V2 K92
— V2
]2R2 _
Ry
E,=E, E; = E;
Fig. 6.10 Phasor diagram for resistive load Fig. 6.1  Phasor diagram for inductive load
Case (iii) Capacitive load (leading power factor)
K=1
¢
V, ~K9
2
LR,
LXo
Eg = E1

Fig. 6.12  Phasor diagram for capacitive load
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6.11 EQUIVALENT CIRCUIT

Figure 6.13 shows a practical transformer. R, and R, represent the resistances of primary
and secondary windings respectively. Similarly, X; and X, represent the leakage reactances
of primary and secondary windings respectively.

I, R X4 I Ra X2

<
In
o
N
L= |
N

Fig. 6.13 Practical transformer

Figure 6.13 can be further modified to represent the no-load current /, and its component.
The current /; is the phasor sum of currents /,, and /.. Hence, the current /; is simulated
by the resistance R, taking working component 7, and inductance X, taking magnetising
component /, connected in parallel across the primary circuit.

L R X4 B b R X2
I’ > 00000
o
=i T
Vi Ro Xo E1 H E; V2

l |

Fig. 6.14 Practical transformer showing no-load current I, and its component

For convenience, all the quantities can be shown on only one side by transferring the
quantities from one side to other without any power loss. The power loss in the secondary
is I R,. If R is the resistance referred to primary which would have caused the same
power loss as R, is secondary,

I}R} = I7R,

Fig. 6.15 Modified circuit for primary winding



6.22 Basic Electrical Engineering

Similarly, X;= 77

Since all quantities are transferred to primary, the transformer need not be shown. The
no-load current /, is very small compared to the full-load current /,. Hence, drop across R,
and X; due to /;, can be neglected. Therefore, transferring R, and X, to the extreme left,

Fig. 6.16 Modified circuit for primary winding

R
The equivalent resistance referred to primary Ry, =R, + Ry;=R, + K_22

The equivalent leakage reactance referred to primary X, =X, + X, =X, + 5

The equivalent impedance referred to primary Z,, = \/Rgl +X 31
The equivalent circuit referred to primary is as shown in Fig. 6.18.

14 13 Ro1 Xo1
O > > 00000
Iy
T i I T
Vi Ry Xo Vs

l

l

Fig. 6.17 Equivalent circuit referred to primary winding

Similarly, the equivalent circuit referred to secondary is as shown in Fig. 6.19.

4 I
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Vi R§ X4

Xo2

f

Fig. 6.18 Equivalent circuit referred to secondary winding

The equivalent resistance referred to secondary Ry, = R, + R/ =R, + K*R, = K*R,,

The equivalent leakage reactance referred to secondary X, = X, + X{= X, + K2X, = K2X,,

The equivalent impedance referred to secondary Zy, = /R, + X3, =K*Zy,
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Note:

(i) While shifting any primary resistance or reactance to the secondary, multiply it
by K2.

(i) While shifting any secondary resistance or reactance to the primary, divide it

by K2.

Example 1

A transformer has a turn ratio N;:N, of 4. If a 50 Q resistance is connected across the secondary,
what is the resistance referred to primary?

Solution M =4
N,
R=50Q
N, 1
- Vl =3
Let the resistance R be connected across the secondary.
. . . , R 50
Equivalent resistance referred to primary = R'=— = > =800 Q
K= (1/4)

Example 2

A resistance connected across the secondary of an ideal transformer has a value of 800 Q as
referred to the primary. The same resistance when connected across the primary has a value of
3.125 Q as referred to the secondary. Find the ratio of the transformer.

Solution Let R be the resistance connected to the secondary.
. . . R
Then equivalent resistance referred to the primary = —
K

R
F = 800 Q

If the resistance R is connected across the primary, the equivalent resistance referred
to the secondary = K*R

K2R = 3.125
KR 3.125
R/K> 800

K* =3.90624 x 10~*
K =025
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Example 3

A 6600/400 V transformer has a primary resistance of 2.5 €2 and a reactance of 3.9 Q. The
secondary resistance is 0.01 2 and the reactance is 0.025 €. Determine the equivalent circuit
parameters referred to primary and secondary.

Solution E, = 6600V
E, =400V
R =25Q
X, =39Q
R, =0.01 Q
X, =0.025 Q
K= L A0 0.06
E, 6600
(1) Equivalent resistance referred to primary
Ry = R +R—22:2.5+ 0'012 =528Q
K (0.06)
(i1) Equivalent reactance referred to primary
Xy = X1+£—3 + 20 0840

K2 77 (0.06)>
(iii) Equivalent resistance referred to secondary

Ry, = K* Ry; = (0.06)*> X 5.28 = 0.02 Q
(iv) Equivalent reactance referred to secondary

Xy, = K2 X, = (0.06)> x 10.84 = 0.04 Q

Example 4

A 30 kVA, 2400/120 V, 50 Hz transformer has high-voltage winding resistance of 0.1 €2 and
leakage reactance of 0.22 . The low voltage winding resistance is 0.035 €2 and leakage
reactance is 0.012 €. Calculate equivalent resistance as referred to primary and secondary,
equivalent reactance as referred to primary and secondary, equivalent impedance as referred

to primary and secondary, copper loss at full load and at 75% of full load. [Dec 2014]
Solution kVA rating = 30 kVA
E,=2400V
E,=120V
R, =0.1Q
X;=022Q

R,=0.035Q
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X,=0.012Q
E
k=22-129 _g0s
E, 2400
(i) Equivalent resistance as referred to primary and secondary

R 0.035
Ry =R +—2%=0.1+

. =14.1Q
K? (0.05)?

Ry, = K*Ry; = (0.05)% x14.1=0.035 Q
(i) Equivalent reactance as referred to primary and secondary

X 012
Xy :X1+K—2:0.22+ 0.0

=5.02Q
2 (0.05)*

X, = K2 X, = (0.05)* x5.02=0.013 Q
(ii1)) Equivalent impedance as referred to primary and secondary

Zy = \/R§1 + X = \/(14.1)2 +(5.02)* =14.97 Q

Zy, = K*Z,, = (0.05)* x14.97 = 0.037 Q
(iv) Copper loss at full load and at 75% of full load
E,=V,=120V
kVA rating x 1000 _ 30 x1000
v, 120
We, = Ry, = (250)% x 0.035 = 2.18 kW
At 75% of full load
Copper loss = x> W, = (0.75)* x 2.18 = 1.23 kW

Full load secondary current /, = =250A

Example 5

A 30 kVA, 2400/120 V, 50 Hz, transformer has a high-voltage winding resistance of 0.1 €2 and
a leakage reactance of 0.22 Q. The low-voltage winding resistance is 0.035 Q and the leakage
reactance is 0.012 Q. Calculate for the transformer:

(i) Equivalent resistance as referred to both primary and secondary

(it) Equivalent reactance as referred to both primary and secondary

(iii) Equivalent impedance as referred to both primary and secondary

(iv) Copper loss at full load [Dec 2012, May 2013]
Solution kVA rating = 30 kVA
E, =2400V
E,=120V
R, =0.1 Q

X, =022 Q
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R, =0.035 Q
X, =0.012 Q
E 120
K=-2=——=005
E 2400
(i) Equivalent resistance as referred to both primary and secondary
R, 0.035
Ryy =R+ —5 =0.1+ > =141Q
K (0.05)

Ry, =K?Ry =(0.05)> x 14.1 =0.035 Q
(i) Equivalent reactance as referred to both primary and secondary

X .
Xy =X+ =% =022+ 0 0122 =5.02Q
K (0.05)

Xy = K* Xy, = (0.05)*x5.02=0.013 Q

(iii) Equivalent impedance as referred to both primary and secondary
Zyy = RY+ X3 = (4.1 + (5.02? =1497Q
Zy, = K2Zy = (0.05) x 14.97 = 0.037 Q

(iv) Copper loss at full load

V,~E, =2400V
~ kVA rating x 1000 30 x 1000
- v, 2400

Weo =1 Ry = (12.5) x 14.1 =2.2kW

Full-load current A =125A

Example 6

AS50kVA, 4400/220 V transformer has R; = 3.45 €, R, = 0.009 £2. The reactances are X; = 5.2 £2
and X, = 0.015 . Calculate for the transformer, (i) full-load currents on primary and
secondary side, (ii) equivalent resistances, reactances, impedances referred to primary side
and secondary side, and (iii) total copper loss using individual resistances and equivalent
resistances. [May 2014]

Solution kVA rating = 50 kVA

E, = 4400V
E, =220V
R, =345Q
R, = 0.009 Q
X, =52Q

X,=0015Q
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B, 220
- E = 200"
(1) Full-load currents and primary and secondary side
For a transformer,
V,~E =4400 V
E,~V,=220V

0.05

kVA rating x1000 _ 501000

Full-load primary current /, = =11.36A
4 4400
kVA rating x 1 x1
Full-load secondary current /, = VAra ;lg 000 = >0 22800 =2272T7A
2

(i) Equivalent resistance, reactances, impedances referred to primary side and
secondary side

R 0.009
Ry = R+—5=345+ = =7.05Q
K (0.05)
X, 0.015
Xy, = Xj+—5=52+ =112Q
o= T g2 (0.05)>

Zy = R+ X2 =705 +(11.2)> =1323Q
Ry, = K2Ry, = (0.05)*> x 7.05=0.02 Q
Xy, = K% Xy, = (0.05)>x 11.2=0.028 Q
Zy, = K*Zy, = (0.05)> x 13.23=0.03 Q
(ii1) Copper loss with individual resistances
We, = IR, + 13 Ry = (11.36)> X 3.45 + (227.27)* x 0.009
= 445.22 +464.86 =910.08 W
(iv) Copper loss with equivalent resistances
We, = IFRy, = I#Ry, = (11.36)* X 7.05 = 909.8 W

6.12 VOLTAGE REGULATION

When a transformer is loaded, the secondary terminal voltage decreases due to a drop
across secondary winding resistance and leakage reactance. This change in secondary
terminal voltage from no load to full load conditions, expressed as a fraction of the
no-load secondary voltage is called regulation of the transformer.




6.28 Basic Electrical Engineering

(Secondary terrninal} (Secondary terminal VoltageJ

voltage on no load on full-load condition

Regulation =
cguiation Secondary terminal voltage on no load

E2 — VZ
E2
E2 — V2

2

Percentage regulation = x100

6.12.1 Expression for Voltage Regulation

Consider a phasor diagram of transformer referred
to secondary side on load condition (load is assumed
to be inductive). With O as centre and radius OC,
draw an arc cutting OA4 produced at M. From the
point B, draw BD perpendicular on OA produced.
Draw CN perpendicular to OM and draw BL parallel

to OM. Fig. 6.19
Total voltage drop = E, -V, = OC — O4 = OM — OA = AM = AN + NM
Approximate voltage drop = AN (. NM is very small)
= AD + DN
= AD + BL

=1, Ry, cos ¢+ 1, X, sin ¢
I, Ry, cos ¢+ I, Xy, sin @ «
E,

100

% regulation =

For leading pf,

Approximate voltage drop = I, R, cos ¢ — 1, Xy, sin ¢
X
E,

100

% regulation =

Hence, in general,

I, Ry, cos ¢ £ 1, X, sin ¢ 1
E,
‘+” sign is used for lagging pf and ‘—’ sign is used for leading pf.

% regulation 00

On primary side, we can express regulation as,
I, Ry, cos ¢ £ I, X, sin ¢ o
4

% regulation = 100
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We can also express percentage regulation as
100 7, R 100 1, X
—2% (o8 o+ —292

% regulation = neo
=v.cos £ v, sin ¢
where Ve T T percentage resistive drop
2
v, = E— = percentage reactive drop
2

Example 1

A 200 kVA, 2200/440 V, 50 Hz, single-phase transformer is operating at full load, 0.8 lagging
pf- The voltage on secondary of the transformer at full load, 0.8 lagging pf'is 400 V. Calculate
voltage regulation of the transformer.

Solution E,=440V
V, =400V
E, -7, 440-400

Percentage regulation = x100 = a0 x100=19.09%

2

Example 2

A single-phase, 440/220 V, 10 kVA, 50 Hz transformer has a resistance of 0.2 €2 and reactance
of 0.6 Qon h.v. side. The corresponding values of L.v. side are 0.04 2 and 0.14 Q. Calculate the

percentage regulation on full load for (i) 0.8 lagging pf (ii) 0.8 leading pf, (iii) unity pf.

Solution kVA rating = 10 kVA

E, =220V
E, =440V
R,=0.04Q
R =02Q
X,=0.14Q
X, =06Q

For a transformer V, = £, =220V
_ kVA rating x 1000 10 x 1000

I, =45.45A
vy 220
B2
CE, 440
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Ry, = R, + K2R, =0.04 +(0.05)> X 0.2 = 0.09 Q
X =X, + K2 X, =0.14+ (0.5 x 0.6 = 0.29 Q
(i) Percentage regulation on full load for 0.8 lagging pf

cos ¢ = 0.8
sin ¢ = 0.6
1, (Ry, cos ¢ + X, sin
% regulation = 2 (Rop f? 0z SIn ¢) x 100
2
45.45(0.09 x 0.8 + 0.29 x 0.6)
= x 100
220
= 5.08%

(i1) Percentage regulation on full load for 0.8 leading pf
I, (Ryy cos ¢ — X, sin @) %1

% regulation = E 00
45.45(0.09 x 0.8 = 0.29 x 0.6)
— x 100
220
=-2.11%
(ii1) Percentage regulation on full load for unity pf
cos =1
sin¢ =0
I + X, si
% regulation = —2 (Ryp cos (2 02 81119) x 100
2

45.45(0.09 x 1 — 0.29 x 0)
X

220 100

1.86%

Example 3

Calculate the regulation of a transformer in which resistive drop is 1% of the output and reactive
drop is 5 % of the output, when the pfis (a) 0.8 lagging, (b) unity, and (c) 0.8 leading.
Solution v, =1
Vv, =135
% regulation = v, cos ¢ £ v, sin ¢
(a) Percentage regulation for 0.8 lagging pf
cos ¢ = 0.8
sin ¢ = 0.6
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% regulation = 1 X 0.8+ 5% 0.6 =3.8%
(b) Percentage regulation for unity pf
cos ¢ =1
sing =0
% regulation = 1 X1 +5x0=1%
(c) Percentage regulation for 0.8 leading pf
% regulation = 1 X 0.8 —5x0.6=—2.2%
Example 4

A transformer has a reactance drop of 5% and a resistance drop of 2.5%. Find the lagging
power factor at which the voltage regulation is maximum and the value of this regulation.

Solution v,=5
v, =25
%R =v,cos ¢+ v, sin @ (1)
Differentiating Eq. (1),
dR )
= _ I
9 v, sin ¢ +v,.cos ¢
For regulation to be maximum,
ar
d¢
—V.sing+ V. cosp=0
v 5
tangp=—+=——=2
an ¢ v, 2.5
¢ = 63.43°
pf = cos ¢ =cos (63.43°) =0.45
sin ¢ = 0.89

Maximum percentage regulation = v, cos ¢+ v, sin ¢ =2.5x0.45+5x 0.89 = 5.58%

Example 5

A 230/460 V transformer has a primary resistance of 0.2 Q and a reactance of 0.5 & and the
corresponding values for the secondary are 0.75 Q and 1.8 Q respectively. Find the secondary
terminal voltage when 10 A is supplied at 0.8 pf lagging.

Solution E =230V
E, =460V
R =02Q
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R, =0.75Q
X, =05Q
X, =18Q
L, =10A
cos ¢ = 0.8
B, 460
= E_%_

Ry =R, +K?*R,=0.75+(2)*%x02=1.55Q
X =X +K2X;=18+(2)>%x0.5=3.8Q
cos ¢ = 0.8
sin ¢ = 0.6
For lagging pf,
Ey =V, = I (Ryy cos ¢ + X, sin ¢)
Secondary terminal voltage
Vy,=E,—1, (Ry, cos ¢+ Xy, sin ¢)
=460—-10 (1.55%x 0.8 +3.8x0.6)
=4248V

$

Useful Formulae

W; = Vil cos ¢, Xop = X+ KX, = K> X,

1, = Iysin ¢, Zy, = ,R§1+X§1

I, = 1, cos ¢,
Weo =If Ry + I R, Zp = Ry + X5y =K Zy,
Weo=12Ry =13 R E, -V

G L 0T 2 e % Regulation = ———=x100

Ry = Ri+ 2 K

R © _ LRy cospELXpsing oo
Ry, = Ry + K?R, = K* R, £y

I, Ry, cosp £ 1, Ry sin¢g
X — Z1%%1 1 o1
Xy =X, + —= = % x 100

K2
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Exercise 6.2

The no-load current of a transformer is 10 A at a pf of 0.25 lagging, when connected
to a 400 V, 50 Hz supply. Calculate (a) magnetising component of no-load current,
(b) iron loss, and (c) maximum value of flux in the core. Assume primary winding
turns as 500. [9.68 A, 1000 W, 3.6036 mWb]
A 2200/250 V transformer takes 0.5 A at a pf of 0.3 on no load. Find magnetising
and working components of no-load primary current. [0.476 A, 0.15 A]
The no-load current of a transformer is 4 A at 0.25 pf when supplied at 250 V,
50 Hz. The number of turns on the primary winding is 200. Calculate (i) rms value
of flux in the core, (ii) core loss, and (iii) magnetising current.

[5.63 mWb, 250 W, 3.87 A]
The values of the resistances of the primary and secondary windings of a
2200/200 V, 50 Hz single-phase transformer are 2.4 Q and 0.02 Q respectively. Find
(1) equivalent resistance of primary referred to secondary, (ii) equivalent resistance
of secondary referred to primary, (iii) total resistance referred to secondary, and
(iv) total resistance referred to primary.  [0.0198 €, 2.42 €, 0.0398 €, 4.82 Q]
A 40 kVA transformer with a ratio of 2000/250 V has a primary resistance of
1.15 Q and a secondary resistance of 0.0155 Q. Calculate (i) the total resistance in
terms of the secondary winding, (ii) total resistance drop on full load, and (iii) total
copper loss on full load. [0.0334 €, 5.35V, 855.04 Q]

EFFICIENCY

Efficiency n=

Also,

[Dec2013]

Efficiency is defined as the ratio of output power to input power.

_ Output Output B Output

Input B Output + Losses - Output + Copper loss + Iron loss

_ Input—Losses _ Input — Copper loss — Iron loss
Input Input

Condition for Maximum Efficiency We know that,

- Output
Output + Losses
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Considering secondary side of the transformer,
V,1, cos¢,
B VoI, cosg, + W, + 122R02
Differentiating both the sides w.r.t. 1,,
dn _ (Vl, 0089, + W, + I3 Ry V5 c0s 9, Vo1, cos 9, (V cOs s + 215 Rey)
a, (V21,0059 + W, + I3 Ry’

n

For maximum efficiency, 0

qan _

d,

(V2L €08 ¢y + W, + I3 Ryp)V5 €08 ¢y = V1, cos ¢y (V5 cos ¢, + 21 Ryy)
Val, cos ¢, + W+ I3 Ryy = Va1, cos ¢, + 213 Ry,

W, =I3Ry,
Similarly on primary side,
W, = I3 Ry,
Thus when copper loss = iron loss, the efficiency of the transformer is maximum.

Load Corresponding to Maximum Efficiency For maximum efficiency,

W, =I5 Ry

, _ [
2 . effici -

(max. efficiency) R02

Multiplying both the sides by V5,

VVi
V2[2 (max. efficiency) V2 R_
02
i W
Load V4 (max. efficiency) = Vo1, ———= i, |—
I3 Ry, We.
W;.
Load kKVA (55 efficiencyy = Full-load kVA  [——
WCu
where W. = iron loss

1

W, = full-load copper loss

Note: The efficiency at any load is given by
x X full-load kVA x pf

X100
x x full-load kVA x pf + W, + x*W,,

%mn =

where x = ratio of actual to full load kVA
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W, = iron loss in kW
W, = full-load copper loss in kW

Example 1

Iron loss of 80 kVA, 1000/250 V, single-phase, 50 Hz transformer is 500 W. The copper loss
when the primary carries a current of 50 A is 400 W. Find (i) area of cross section of limb if
working flux density is 1 T and there are 1000 turns on the primary, (ii) efficiency at full load
and pf 0.8 lagging, and (iii) efficiency at 75% of full load and unity pf.

Solution Full load kVA = 80 kVA
E, = 1000V
E, =250V

f = 50Hz
W, = 500 W=0.5kW
W, = 400 W = 0.4 kW

I, = 50A
B, =1T
N, = 1000

(1) Area of cross section of limb
E, =444f¢, N, =444fB, AN,
1000 = 4.44 x 50 x 1 x A x 1000
A=45x103m?
(i1) Efficiency at full load and 0.8 lagging pf

x=1
pf=0.8
%om — x x full-load kVA x pf <100

x x full-load kVA x pf + W, + x>,

1x80x0.8
- 5 x100
1x80x0.84+0.5+(1) x0.4

= 98.61%
(ii1) Efficiency at 75% of full load and unity pf
x =0.75

pf=1



6.36 Basic Electrical Engineering

x x full-load kVA x pf
%1 = ——x100
x x full-load KVA x pf + W, + x*W,,

0.75%80% 1 y
0.75%80% 1+0.5+(0.75)> X 0.4
=98.81 %

100

Example 2

A 100 kVA, single-phase transformer has iron loss of 600 W and a copper loss of 1.5 kW at
full-load current. Calculate the efficiency at (i) full load and 0.8 lagging pf, and (ii) half load

and unity pf.
Solution Full load kVA = 100 kVA
W, =600 W =0.6 kW
We, = L5SKkW
(1) Efficiency at full load and 0.8 lagging pf
x=1
pf=0.8
x X full-load kVA x pf

%n = > %100
x X full-load kVA X pf + W, + x" W,

_ 1x100x0.8 %100

1x100x0.840.6+(1)* x1.5

=97.44 %

(i1) Efficiency at half load and unity pf

x=20.5
pf=1
Yoy = x % full-load kVA X pf <100

x x full-load kVA x pf + W, + x*W,,

0.5x100x1
= 5 x100
0.5%100x1+0.6+(0.5)" x1.5

=98.09 %.
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Example 3

A 25 kVA, 2200/220 V, 50 Hz, single-phase transformer has a primary resistance of 1.8 €2 and
a secondary resistance of 0.02 . Calculate the efficiency of the transformer at (i) full load and
unity pf, and (ii) half load and 0.8 lagging pf. Iron loss is 1000 watts.

Solution Full load kVA = 25 kVA

E, = 2200V
E, =220V
R =18Q
R, = 0.02Q

W, = 1000 W= 1 kW

For a transformer,

By~ V,=220V
25x1000
L= FullloadkVA 1000 _ 25x1000 113.64 A
v, 220
E, 2200

Ry, = R, +K* R, =0.02 +(0.1)> X 1.8 = 0.038 Q
We, = I3 Ry, = (113.64)? X 0.038 = 0.49 kW
(i) Efficiency at full load and unity pf

x=1
pf=1
ooy = x X full load kVA X pf . <100
x X full load kKVA X pf + W, + x" W,
_ 1><25><12 <100
I1x25x1+1+(1)" x0.49
=94.38%

(i1) Efficiency at half load and 0.8 lagging pf
x=20.5
pf=0.8
x X full-load kVA X pf
x x full-load kVA x pf + W, + x*W,,

%n = X100
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_ 0.5x25%0.8 <100

0.5%25%0.8+1+(0.5)*> X0.49
=89.91%.

Example 4

A 250 kVA, single-phase transformer has 98.135% efficiency at full load and 0.8 lagging pf.
The efficiency at half load and 0.8 lagging pf'is 97.751%. Calculate the iron loss and full load
copper loss.
Solution Full load kVA = 250 kVA
n, = 98.135%

n, = 97.751%
(1) Efficiency at full load and 0.8 lagging pf

x=1
pf=10.8
oy, — x X full-load kVA x pf ! 100
x X full-load kVA x pf + W, + x" W,
1x250x0.8
98.135 = 3 x 100
1x250%0.8+ W, + (1) Wy,
W+ We,=3.8kW (1)
(i) Efficiency at half load and 0.8 lagging pf
x=0.5
pf=0.8
%o, = x X full-load kVA x pf : 100
x X full-load kVA X pf + W, + x“ W,
0.5x250x%0.8
97.751 = >—x100
0.5x250x 0.8+ W, +(0.5)°W,,
W, +025 Wg, =23 2)
Solving Egs (1) and (2),
We, =2kW

W, =1.8kW
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A 600 kVA, single-phase transformer has an efficiency of 92% at full load and also at half load,

working at unity pf. Calculate the efficiency of the transformer at 60% full load and unity pf-

Solution Full load kVA = 600 kVA
m="m=92%
Efficiency at full load and unity pf

x=1
pf=1
Yot = x X full-load kVA X pf .
x x full-load kVA X pf + W, + x" Wy,
9 — 1x600x1 . %100
I1x600X1+W, +(1) "W,
Wi+ We, =522
Efficiency at half load and unity pf
x=0.5
pf=1
Yoty = x % full-load kVA X pf .
x x full-load kVA X pf + W, + x“ Wy,
0.5x600x1
92

= X
0.5% 600 X 1+ W, +(0.5)* W,

W,+0.25 W, = 26.1

Solving Egs (1) and (2),
We, = 34.8kW
W.=174kW
Efficiency at 60% full load and unity pf
x=0.6
pf=1
x % full-load kVA x pf
%mn =

x x full-load kVA x pf + W, + x*W,,

x 100

(1
x 100

(2
x 100
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0.6% 6001 y
0.6X 600X 1+17.4 +(0.6)% x 34.8

92.32%

100

Example 6

A 150 kVA, single-phase transformer has iron loss of 1.4 kW and full-load copper loss of 1.6 kW.
Determine (i) the kVA load for maximum efficiency and the maximum efficiency at 0.8 lagging
pf, and (i) the efficiency at half full load and 0.8 lagging pf. [May 2016]

Solution Full load kVA =150 kVA
W,=1.4kW
We,=1.6 kW

(1) Load kVA for maximum efficiency and the maximum efficiency

/ A f1.4
Load kVA = Full load kVA x VZ/—’ =150 % R =140.31 kVA
Cu :

For maximum efficiency,

W, = Wp,=14kW

pf=0.8
on - load kVA x pf %100
"% load kVA X pf + W, + W,
_ 140.31x0.8 %100

140.31x0.8+1.4+1.4
= 97.57%

(i) Efficiency at half full load and 0.8 pf

x=0.5
pf=0.8
1l-load kVA X pf
% = x % full-load kKVA X p . %100
x X full-load kKVA X pf + W, + x" W,
0.5x150%0.8 <100

T 0.5%150%0.8+1.4+(0.5)% x1.6
~ 97.08%.
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Example 7

A 100 kVA, single-phase transformer has an efficiency of 97% at full load and 0.8 lagging pf.
If the maximum efficiency occurs at 80% of full load at 0.8 lagging pf, calculate (i) iron loss and
full load copper loss, (ii) maximum efficiency.

Solution  Full load kVA = 100 kVA
n=9%
(i) Iron loss and full load copper loss
Efficiency at full load and 0.8 lagging pf

x=1
pf=0.8
% = x % full-load kVA X pf . <100
x X full-load kVA X pf + W, + x" W,
97 — 1><100><0.82 <100
I1x100%x 0.8+ W, +(1)” x W,
W.+We, = 2474 (1)
(i1) Maximum efficiency occurs at 80 % of full load
W, = (0.8)> W, = 0.64 W, ()
Solving Egs (1) and (2),
W, = 1.508 kW
W, = 0.965 kW
Maximum efficiency at 80 % full load and 0.8 lagging pf
%or, . = load kVA x pf % 100
load kVA X pf + W, + W,
0.8x100x0.8
~ 0.8x100x 0.8+ 0.965+ 0.965 x100
= 97.07%.

Example 8

The maximum efficiency of a 500 kVA, 3000/500 V, 50 Hz single-phase transformer is 98% and
occurs at 3/4 full load, unity pf. If the impedance is 10%, calculate the regulation at full load,

0.8 lagging pf.

Solution % Nax = 98%
Full load kVA =500 kVA
E,=3000V
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E, =500V

Since, maximum efficiency occurs at 3/4 of full load and unity pf, iron loss is equal to
copper loss at this load.

%n = load kVA X pf % 100
" Joad KVA X pf + W, + W,
g = 3/4 %5001 % 100
3/4 x 500 x 1+ 2W,
W, =3.826 kW

Copper loss at 3/4 of full load = 3.826 kW

2
4
Full-load copper loss = (5) % 3.826 = 6.803 kW

Percentage regulation at full load and 0.8 lagging pf
2

. 1 LR I R
% resistance = v, = 2—ROZX 100= =2 x 100 = 2= x 100
E, 4 ni

=% Cu loss at full load
_ 6.803

— x 100
500

=1.36%

% reactance = v, = \|%Z> — %R’
= J(10)* = (1.36)>

=9.91%
cos ¢=0.8 sin ¢ =0.6
% regulation = v, cos ¢ + v, sin ¢
=1.36x0.8+9.91x0.6

=7.034%

Example 9

The maximum efficiency of a 100 kVA, 6600/250 V single-phase transformer occurs at half load
and is 98 % at unity power factor. If the percentage impedance is 8 %, calculate the percentage
regulation and efficiency on full load at 0.8 lagging pf.

Solution Mnax = 98%
Full load kVA = 100 kVA

E, = 6600V
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E, =250V
Since, maximum efficiency occurs at half load and unity pf, iron loss is equal to copper
loss at this load.

) B load kVA x pf
70 Minax = loadeApr‘*'VVi-i—VVi X100
~ 12x100x1
8 = ax100x1+2m; <100
W. =051 kW

Copper loss at half load = 0.51 kW
Full-load copper loss = (2)?> x 0.51 =2.04 kW
Efficiency at full load and 0.8 lagging pf

x=1
pf=0.8
1l-load kVA X pf
%o = x X full-load kVA X p : %100
x x full-load kVA X pf + W, + x" W,
_ 1x100x0.8 % 100
1x100 % 0.8+ 0.51+ (1)* X 2.04
=96.91%
Percentage regulation at full load and 0.8 lagging pf
2
% R =vr=%Culoss=ﬂx 100=ﬁx 100 =2.04%
298 100

% X =v,= %Z> —%R> = /(8)> — (2.04)> =7.74%
cos  =0.8 sin ¢=0.6

% regulation =v, cos ¢+ v, sin ¢
=2.04x0.8+7.74%x0.6
=06.28%

Example 10

A 300 kVA, single-phase transformer has a percentage resistance of 1.5% and maximum efficiency
occurs at a load of 173.2 kVA. Find the efficiency at full load and 0.8 lagging pf.

Solution Full load kVA= 300 kVA
Load kVA = 173.2 kVA
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%R=1.5
% resistance = % Cu loss
_ Full-load copper loss

1
Fullload kvA
Full-load copper loss
1.5= % 100
300
Full-load copper loss ~ W, =4.5 kW
Also, for maximum efficiency,
Vi
Load kVA = Full-load kVA x
Weu

173.2 =300 x ,| i
= Xal——=
4.5

W,=15kW
Efficiency at full load and 0.8 lagging pf

x=1
pf =0.8
%n = x X full-load kVA x pf i <100
x X full-load kVA X pf + W, + x“ W,
_ 1x300x0.8 . % 100
1x300x0.8+1.5+(1)" x4.5
=97.6%

Example 11

The parameters of the equivalent circuit of 150 kVA, 2400/240 V transformer are as shown in
the Fig. 6.20.

Fig. 6.20

Using the circuit referred to primary, determine voltage regulation and efficiency of the
transformer operating at rated load with 0.8 lagging pf-
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Solution
(i) Percentage regulation at rated load and 0.8 lagging pf
240
K= 2400 0.1
-3
Rm=Ry+£%=Q2+2X12 —04Q
K (0.1)
4.5%x107°
K (0.1)
7= 1501000 _ 62.5A
2400
cos ¢ =10.8 sin ¢ =10.6

A (R01COS¢V+ X, sin @) < 10
1

% regulation = 0

62.5(0.4x 0.8+0.9%0.6) |
2400

00

=2.24%

(i1) Efficiency at rated load and 0.8 lagging pf

RRET Y
10x10

I,=1,cos ¢,=024 A
W.=V,1,cos ¢, =2400 x 0.24 =576 W = 0.576 kW
We, =1} Ry, = (62.5)* X 0.4 =1562.5 W = 1.5625 kW
x=1
pf=0.8
x X full-load kVA X pf
x x full-load kVA x pf + W, + x*W,,

%mn = x100

1x150x0.8
= x 100
I1x150%0.840.576 +(1)* x 1.5625

=98.25%
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$

Useful Formulae

_ Output %100 ~_Actual kVA
Input and *~ Full-load kVA
= Valy cos¢ x 100 Condition for maximum efficiency,
VoI, cosp+W, + W,
VVi = WCu

_ x X full-load kVA X pf
x x full-load KVA X pf + W, + x*W,

x 100 = Full-load kVA x /V;V_l
where W, and W, are in kW. Cu

_ Load kVA (max.efficiency) X pf
Mmax Load kVA(max.efficiency) X pf + 2W,

Load kVA (maximum efficiency)

3

Exercise 6.3

6.1 A 100 kVA transformer has iron loss of 2 kW and full-load copper loss of 1 kW.
Calculate the efficiency of the transformer at (i) full-load unity pf, and (ii) half-
load unity pf. [97.087%, 95.69%]

6.2 Calculate the efficiency of a transformer at half load and quarter load for
0.71 lagging pf for a 800 kVA, 1100/250 V, 50 Hz single-phase transformer, whose
losses are as follows: Iron loss = 800 W and copper loss at full load = 800 W.

[99.64%, 99.40%)]

6.3 A 50 kVA, 2300/230 V, 50 Hz, single-phase transformer has a primary resistance
of 2 Q and a secondary resistance of 0.02 €. Calculate the efficiency of the
transformer at (i) full load, and (ii) half load when the pf of the load is 0.8. Given
that the iron loss is 412 watts. [94.56%, 95.76%]

6.4 A 40 kVA transformer has iron loss of 450 W and full-load copper loss of 850 W.
If power factor of the load is 0.8 lagging, calculate (i) full-load efficiency, (ii) the
load at which maximum efficiency occurs, and (iii) the maximum efficiency.

[96.09%, 29.104 kVA, 96.278%)]

6.5 A 50 kVA transformer has an efficiency of 98% at full load 0.8 pf. and 97% at half

load 0.8 pf. Determine full-load copper loss and iron loss. Find the load at which
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maximum efficiency occurs and also find the maximum efficiency.
[0.264 kW, 0.552 kW, 72.29 kVA, 98.12%]
6.6 The efficiency of a 220 kVA, 1100/220 V transformer is maximum of 98% at 50%
of rated load. Calculate (i) core loss, and (ii) efficiency at rated load.
[1.12 kW, 97.51%]

6.7 Calculate the efficiencies at half, full and 1% load of a 100 kVA transformer for

power factors of unity. The copper loss is 1000 W at full load and the iron loss is
1000 W. [97.56%, 98.04%, 97.98%]
6.8 In a 25 kVA, 2000/200 V transformer, the iron and copper losses are 350 W and
400 W respectively. Calculate the efficiency on unity power factor at (i) full load,
(ii) half load, and (iii) determine the load for maximum efficiency and the iron and
copper loss in this case. [97.1%, 96.5%, 23.4 kVA, 350 W, 350 W]
6.9 The efficiency of 400 kVA, 50 Hz, 1 phase transformer is 98.77% delivering FL at
0.8 pfand 99.13% at half load at UPF. Determine maximum efficiency at 0.8 pf.
[1.012 kW, 2.973 kW, 98.93%]
6.10 Calculate the efficiency at full load and one-fourth load at (i) unity pf, and (ii)
0.71 lagging pf, for a 80 kVA, 1100/250 V, 50 Hz single-phase transformer, whose
losses are as follows:
Iron losses = 800 W
Total copper losses with 160 A in the low-voltage winding = 200 W
[(i) 98.04%, 97.57%, 95.92%, (ii) 97.25%, 96.61%, 94.36%]
6.11 A 200 kVA transformer has an efficiency of 98% at full load. If the maximum
efficiency occurs at three quarters of full load, calculate the efficiency at half load.
Assume negligible magnetising current and pf at all loads. [97.9%]

6.14 OPEN CIRCUIT (OC) TEST

[Dec 2014, 2015]

The purpose of this test is to determine (i) iron loss or core loss (W) (ii) magnetising
resistance R, and (iii) magnetising reactance .X;,.

Figure 6.21 shows the circuit diagram for conducting OC test on the transformer. In
this test, one winding (usually high-voltage winding) is left open and the other winding
is connected to a supply of normal voltage and frequency. An ammeter, voltmeter and
wattmeter are connected on this side. The ammeter indicates no-load current drawn by
the transformer. As the no-load current is usually 3 to 5% of the full-load current, copper
losses are negligible and the wattmeter indicates iron loss.
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ac
supply CV
o o
Fig.6.21 O.C test
Calculations
(i) When meters are connected on the primary side
Wattmeter reading = W,
Voltmeter reading = V,
Ammeter reading = [
W;=V,1,cos ¢
W
cos ¢y = v,
1, =1, cos ¢, 1, =1Isin ¢,
Rl
0 [w
1y
(il)) When meters are connected on the secondary side
Wattmeter reading = W,
Voltmeter reading = V,
Ammeter reading =/,
W=V, I} cos ¢
cos @ = ik
230
I, =1} cos ¢ ];1=If)sinq)’0
,_V ,_ V.
Ry = 1—3 Xo= I_f
w u
R} X’
Ro= %2 Xo=

K2
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6.15 SHORT-CIRCUIT (SC) TEST

[May 2015, Dec 2015]
The purpose of this test is to determine (i) full-load copper loss, (ii) equivalent resistance
Ry, or Ry,, and (iii) equivalent reactance X;; or X,.

Figure. 6.22 shows the circuit diagram for conducting an SC test on the transformer.
In this test, one winding (usually low-voltage winding) is short circuited, while a low
voltage is applied to the other winding. The applied voltage is slowly increased until full-
load current flows in this winding and hence, through the other winding. Normally, the
applied voltage is 5 to 10% of the rated voltage of this winding. Hence, fluxes produced
in the core are small and the iron losses are very small. Thus, wattmeter indicates full-load

copper loss.
w
o 500 A q
ac
supply V) H
o

Fig.6.22 SCtest

(<)

Calculations

Wattmeter reading = W
Voltmeter reading =V,
Ammeter reading = [
(i) When meters are connected on the primary side

.
7. =%
01 Isc
_We
T

Xo1 = \ (201)2 - (Rm)2

(i1)) When meters are connected on the secondary side

Ve
Zy = z
Wi
Ry, = 152c

Xop = v (Zp2 )2 —(Rp, )2
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Example 1

A 5 kVA, 1000/200 V, 50 Hz, single-phase transformer gives the following test results:
OC test (LV side) 200V, 1.2 4, 90 W
SC test (HV side) 50V, 54, 110 W

Determine efficiency at half load at 0.8 pf'lagging. [May 2013]

Solution From OC test (meters are connected on LV side, i.e., secondary),
W, =90 W =0.09 kW

From SC test (meters are connected on HV side, i.e., primary),

We=110W
Full-load current /, = KVA rating x 1000
4
11=5><1000=5A

1000
Wey =W =110 W =0.11kW

u

Efficiency at half load and 0.8 pf lagging

x=0.5
pf=0.8
% 1 = x X Full-load kVA X pf i % 100
x X Full load kVA x pf + W, + x“W,,
_ 0.5x5x0.8 . % 100
0.5%5x%x0.8x0.09+ (0.5 +0.11
=94.45%
Example 2
A 5 kVA, 1000 V/200 V, 50 Hz, 1-¢ transformer gave the following test results:
OC test (HV side) 1000V, 0.24 4, 90w
SC test (HV side) 50, 54, 110w
Calculate
(i) Equivalent circuit parameters referred to LV side
(ii) Regulation at half load at 0.8 lagging power factor. [May 2015, Dec 2015, May 2016]

Solution
(i) Equivalent circuit parameters referred to LV side
From OC test (meters are connected on HV side, i.e., primary),

W,=90 W V,=1000 V I,=024 A
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i _ 90 -
Vil, 1000x0.24
sin ¢, = 0.927

1, =1, cosd, =0.24%x0.375 = 0.09 A
1, =Iysing, =0.24x0.927 =022 A

0.375

cos @y =

R = 100111010
I, 0.9

x, = A 1000 4sisus0
1, 022

From SC test (meters are connected on HV side, i.e., primary),

We=110W V=50V I.=5A
y
sC
ISZC (5)2 0176 Q 0.36 Q

o D00

Xo = (201)2 _(R01)2
= J10 — (44 =8980 444.44Q 181820 [zﬂ

E, 200 °
K=-2="2=02 .
E, 1000 Fig. 6.23

R, =K’Ry = (02)* x11111.11 = 444.44 Q
X} =K*X, =(0.2)* x4545.45=181.82 Q
Ry, = K*Ry; = (0.2)* x4.4=0.176 Q

Xoo = KXy, =(0.2)* x8.98=0.36 Q

(i) Regulation at half load at 0.8 lagging power factor
_ 5x1000
200
At half load, Iy, = 12.5A
cos ¢=0.8
sin = 0.6
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Iy (Rop cos ¢ + X, sin ) y

% Regulation = 100
EZ
12.5(0.176 X 0.8 + 0.36 x 0.6
= ( ) x 100
200
=2.23%
Example 3
A 5 kVA, 200/400 V, 50 Hz, single-phase transformer gives the following test results:
OC test (L 'V side) 200V, 0.7 4, 60 W
SC test (HV side) 22V 16 4, 120w

(i) Draw the equivalent circuit of the transformer and insert all parameter values.
(ii) Find efficiency and regulation at 0.9 pf (lead) if operating at rated load.

(iii) Find current at which efficiency is maximum. [May 2014]
Solution
(i) Equivalent circuit of the transformer

From OC test (meters are connected on LV side, i.e., primary),

W.=60W V, =200V 1,=0.7A
W, 60
= L = =043
S S T 200%0.7
sin ¢, = 0.9
I,=1,cos ¢,=0.7x043=03A
0=£—@=666.67Q
Iy, 03
1,=1;sin ¢, =0.7x0.9=0.63 A
2
0=ﬂ—ﬂ=317.46§2
I, 0.63
From SC test (meters are connected on HV side, i.e., secondary),
W,=120W =22V «=16A
Ve 22
Zyp=—=—=1375Q
2776
120
I (16)

Xop = (Ze) = (R = (13751 = (047 =129Q
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012Q 0320
O = @ =
200
R .
666.67 O 317.46 Q Ry, __szg_o.nsz
K= (2
© X,
Fig. 6.24 Xy = —022 = g =0.32Q
K= (2

(i1) Efficiency at rated load and 0.9 pf leading
W.=60 W =0.06 kW

Since meters are connected on secondary in SC test,
~ 5x1000
400
We, =13 Ry, = (12.5)> X 0.47 = 73.43 W = 0.073 kW
x=1
pf=0.9

I, =125A

% n= x X full load kVA X pf < 100

~ xxfull-load kVA x pf + W, + x*W,,

_ 1x5x%x0.9 »
1x5%0.9+0.06+(1)> x0.073

=97.13%

100

Regulation at rated load and 0.9 pf lead
cos ¢=0.9
sin ¢ = 0.44
I, (Ry, cos ¢ — X, sin ¢)
E,
_ 12.5(0.47x 0.9 —1.29x0.44) <1
400

x 100

% regulation =

00

=-0.45%
(iii) Current at maximum efficiency

W, =1, Ry,

1

W.
L= |-~ = /ﬂ=11.3A
Ry, V047
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Example 4
A 5 kVA, 250/500 V, 50 Hz, single-phase transformer gives the following test results:
No-load test (LV side) 250V, 0.75 4, 60 W
Short Circuit test (HV side) 9V 6 A4, 21.6 W

Calculate (i) The equivalent circuit constants and insert these on the equivalent circuit diagram
(ii) Efficiency at 60% of full-load unity pf
(iti) Maximum efficiency and the load at which it occurs

(iv) The secondary terminal voltage on full load at pf of 0.8 lagging, unity and 0.8
leading

Solution
(1) Equivalent circuit constants
From no-load test (meters are connected on LV side, i.e., primary),

W,=60W V=250V 1,=0.75A
oS g = —— = 00 _432
vil, 250x0.75
sin @, = 0.95

1, =1ycos ¢,=0.75x0.32=024 A

2
R=1 =20 a1 660
1, 024

w

I, =Iysin ¢,=0.75x 0.95=0.71 A

K250 _
Xo= == g7 1840
u
From SC test (meters are connected on HV side, i.e., secondary),
W.=21.6 W V.=9V I.=6A
9
Zp=-X=—=15Q
277 7%
Roz—W—?—&'SIO.éQ
I (6)
Xop = \/(Zoz)z - (Rp)* = \/(1.5)2 —(0.6) =137Q
k=22
250
Ry=e - 06 _g450
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0.15Q 034 Q
x, = Xe 137340 o

(i1) Efficiency at 60 % of full load and 1041.66 351840

unity factor
x=0.6 ©
W.=60 W =0.06 kW
Since meters are connected on HV side in SC test,
2:5><1000:10A
500

We, =13 Ry, = (102 X 0.6 = 60 W = 0.06 kW

Fig. 6.25

pf=1
x x full load kVA X pf
x x full load kVA x pf + W, + x*W,
_ 0.6x5x1 % 100
0.6 X 5x140.06 + (0.6)* x 0.06

% 1 = x 100

=9735%

(iii) The load corresponding to maximum efficiency

Load kVA = Full-load kvA x [V =5 |90 —skva
W \ 60

For maximum efficiency,

W, = W, =60 W=0.06 kW

_ load kVA x pf
load kKVA X pf + W, + W,
5x1 »
5x1+0.06+0.06
97.65 %

x100

100

(iv) Secondary terminal voltage
Ey = V3 =1, (Ryy cos ¢ £ X, sin @)
Vy=E,—1I, (Ry, cos ¢+ Xy, sin ¢)
For pf= 0.8 lagging
cos ¢=0.8



sin ¢ = 0.6

E, =500V
V,=500-10(0.6 0.8+ 1.37x0.6)=486.98 V
For pf = 0.8 leading,
V,=500-10(0.6x0.8—-1.37x%x0.6)=503.42V
For unity pf,
V,=500-10(0.6 X 0.8 +0) =494 V
Example 5
A single-phase, 50 kVA, 2400/120 V, 50 Hz transformer gives the following results:
OC test with instruments on LV side 120V, 9.65 A4, 396 W
SC test with instruments on HV side (%04 20.8 A4, 810 W

Calculate (i) Equivalent circuit constants
(ii) Draw equivalent circuit
(iii) The efficiency when rated kVA is delivered to a load having a pf of 0.8 lagging
(iv) The voltage regulation

(v) kVA at maximum efficiency

Solution (i) Equivalent circuit constants
From OC test (meters are connected on LV side, i.e., secondary),

W, =396 W V,=120V I;=9.65A
cos ¢ = _396 434
120 % 9.65
sin ¢, = 0.94
I, =T cos ¢/y=9.65x0.34 =328 A
12
R6=Kf= 120 =36.36 Q
I, 33
I}, = I} sin ¢7,=9.65%x0.94=9.07 A
, Vv, 120
AT 1323 Q
K= 120 0.05
© 2400
po- R 3636 g
K2 (0.05)
Xo= X0 o BB _sh9k0
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From SC test (meters are connected on primary),

W, =810 W V. =92V I,-208A
Zy=Pe = 22 _4pq

1. 208
Ry = e = 810 1479

2 (208

Xoy =(ZoY = (Roy)> = (4427 - (1.87)* =4 Q

(i1) Equivalent circuit

14.54 kQ

Fig. 6.26

(ii1) Efficiency at full load and 0.8 pf'lagging
x=1
W,=396 W =0.396 kW
Since meters are connected on the primary side in SC test,

50 x 1000
I, ==—"—"— =208A
: 2400
We, =13 Ry, = (20.8)* x 1.87 = 809 W = 0.81 kW
pf=10.8

x x full-load kVA x pf
x X fullload kVA + W, + x> W,

_ 1x50x0.8
1x50%0.840.396 + (1)> x 0.81

=97.07 %

x 100

% n=

x 100

(iv) Voltage regulation
cos ¢=0.8
sin ¢ = 0.6
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[1 (R()l COS¢+‘X2)1 Sin ¢) % 100
4

_ 20.801.87x0.8+4x06)
2400

% regulation =

=3.38%

(v) Load kVA at maximum efficiency

: 0.396
Load kVA = Full-load kVA x| = 50 %
We, 0.81

=34.96 kVA
Example 6

The instrument readings obtained from open-circuit test and short-circuit test on a 10 kVA,
450/120 V, 50 Hz single-phase ac transformer are as follows:
OC test (LV side) V=120V I;=4.24 W,=80WwW
SC test (HV side) Vie=9.65V I,=2224 We,=120W
Compute the following: (i) Equivalent circuit constants

(ii) Draw the equivalent circuit
(iii) Efficiency and voltage regulation at 80 % lagging pf load
(iv) Efficiency at half full load at 80 % lagging pf load
(v) The maximum efficiency at 0.8 pf lagging

Solution (i) Equivalent circuit constants
From OC test (meters are connected on LV side, i.e., secondary),

W,=80 W Vy=120V I,=42A
cos ¢y = Wy ___80 =0.16
VoI, 120x42
sin ¢ =0.99
I,=1I}cos ¢, =4.2x0.16 = 0.67 A
, Ve 120
=—=—-=180.03Q
O 1 067
1, =1I5sin ¢35 =42x0.99=4.16 A
12
6=L9——0=28.85£2
I, 41
k=120 027
450

Ry= 2o 180'032 =2469.55 Q
K> (0.27)
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v X _ 2885

= =395.75 Q
" K* (027)
From SC test (meters are connected on HV side, i.e., primary),
e 965 g
I, 222
120
Ry, =W—;°=—2=0.24Q

I, (22.2)

Xo1 = (Zo) = (Rpy)* = (043 = (024 =036 Q

(i) Equivalent circuit

0240 036Q
o 00000
2469.55 Q 395.75Q
o
Fig. 6.29

(ii1) Efficiency and voltage regulation at 80% lagging pf load
W, =80 W =0.08 kW
Since meters are connected on the primary side in SC test,
~ 10x1000
450
We,=13Ry = (22.22)> X 0.24 = 118.49 = 0.12 kW
Efficiency at 80% lagging pf load

I, =2222A

x=1

pf=0.8

x X full-load kVA x pf
n= 5 x 100
x X full-load kVA X pf + W, + x“W,

_ 1x10x 0.8 100

1x10% 0.8+ 0.08 + (1)*> x 0.12
=97.56 %

Voltage regulation
cos ¢=0.8
sin ¢ = 0.6
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1, (Ry; cos ¢ + X, sin @) <1
"

_ 2222 (0.24x 0.8+ 0.36x0.6) % 10

450

00

% regulation =

0

=2.01%

(iv) Efficiency at half full load for 80 % lagging pf load
x=0.5
pf=0.8
x x full-load kVA x pf
x % full-load kKVA + W, + x*W,
_ 0.5x10x0.8 y
0.5x10x 0.8+ 0.08 + (0.5)* x 0.12

=97.34%

x 100

% n=

100

(v) Maximum efficiency at 0.8 pf lagging

Load kVA = Full-load kVA x ud =10x & =8.16 kVA
We, V120

load kVA X pf

% Tyax = x 100
load kVA X pf + W, + W,
_ 8.16x 0.8 100
8.16 X 0.8+ 0.08 + 0.08
=97.61 %
Example 7

Obtain the equivalent circuit of a 200/400 V, 50 Hz, single-phase transformer from the following
test:

OC test 200V, 0.7 A, 70 W on LV side

SC test 57 10 4, 85 W on HV side
Calculate the secondary voltage when delivering 5 kW, 0.8 pf lagging, the primary voltage being
200 V.

Solution From OC test (meters are connected on LV side, i.e., primary),
W.=70W, V,=200V, [,=0.7A
N L —y
Vi, 200x0.7
sin ¢ = 0.87

cos ¢ =
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I,=1ycos ¢,=0.7x05=035A

¥, 200
RO—Z——Q35 =57143 Q
1,=1I,sin ¢,=0.7x0.87=0.61 A

V. 200
X =L =22 -32787Q
oy 0.61 787

From SC test (meters are connected on HV side, i.e., secondary),
W =8W V. =15V [ .,=10A

Ve 15
Zp=-=2=15Q
02 8 10
W,
Ry =—% = 852 =0.85Q
I, (10)

K= 300 _
200 021Q 031Q
O
0.85
01—&;——2=0.219
K 2
X 1.24 571.43Q 327.87Q
=% =">=031Q
K (2) .
5000 Fig. 6.28
= =15.63A
2 400x0.8

Vy=E,—1, (Ry, cos ¢+ Xy, sin ¢)
=400—-15.63 (0.85x 0.8 +1.24 x0.6)

=377.74V
Example 8
A 40 kVA single-phase transformer with voltages of 11 kV/440 V has the following test results:
OC test (Instruments on LV side) 440V, 1.14, 145 W
SC test (Instruments on HV side) 100V, 34, 90 W

Deduce an approximate circuit referred to the LV side. For this transformer, calculate maximum

efficiency.

Solution (i) Approximate equivalent circuit
From OC test (meters are connected on LV side, i.e., secondary).

Wy =145 W V, =440 V I =11A
, W, 145
s 0o T T da0x1



6.62 Basic Electrical Engineering

sin ¢’, = 0.95
I, =1Iycos ¢,=1.1x0.3=0.33A
L Vo _ 440
Ry = 7 033 133333 Q
I'y=1ysin ¢5=1.1x095=1.05A
V: 440
Xp=-2=""=419.05Q
1, 105
From SC test (meters are connected on the HV side, i.e., primary)
W, =90 W V.. =100V
V. 100
W,
Ry == 100
I Q)
Xo1 = (Zo))* = (Ryy)* = (33.33)> = (10)> =31.79 Q
- 440 0.04
11x10°

Ry = K2 Ry = (0.042 x 10=0.016 Q

Xy, =K% Xy, = (0.04)2 x 31.79 = 0.05 Q
0.016 Q 0.05Q

O 00000
1333.33 953 419.05 Q
O

Fig. 6.29

(i1) Maximum efficiency
W.=145W
Since meters are connected on the primary in SC test,
40 %1000
=———=3064A
' Tix1000 O

We,=I2Ry = (3.642 x 10=132.5 W

Load kVA = Full-load KVA x|~ =40 x |-*>_ _ 41 84 kvA
W, 1325

sSC

3A
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load kVA X pf
%, = cadkVAXp % 100
load kVA X pf + W, + W,
_ 41.84x1 % 100
41.84x1+0.145+0.145
=99.31 %
Example 9
The results of OC and SC test on a 25 kVA, 440/220V, 50 Hz transformer are on follows:
OC test 220V, 9.6 4, 710 W, LV side
SC test 42V 57 A, 1030 W, HYV side
Obtain the parameters of the exact equivalent circuit referred to the high-voltage side.
Solution From OC test (meters are connected on the LV side, i.e., secondary),
W, =710 W V,=220V Iy =9.6 A
cos ¢, = Wi, -0 0.34
V,I;, 220x9.6
sin ¢7, = 0.94
I, =1Ijcos ¢;,=9.6x0.34=3206A
V. 220
Ri=-2=""=6748Q
O 1 326
1:1 I§sin ¢5,=9.6x0.94=9.02 A
v, 220
Xj=-2=""=2439Q
O 1 9.02
220
K=="—"=05
440
Ry= Rg = LA‘? =269.92 Q
K (0.5)
K243y
K (0.5)
From SC test (meters are connected on HV side, i.e., primary).
W, =1030 W V=42V I,.=57A
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Xoy =23 — Ry = 0.747 = (032 =0.67Q

Example 10

The two windings of a 2400/240 V, 48 kVA, 50 Hz transformer have resistances of 0.6 and

0.025 £ for the high and low-voltage winding respectively. The transformer requires that
238 V be impressed on the high-voltage coil in order that the rated current be circulated in the

short-circuit low-voltage winding.
(i) Calculate the equivalent leakage reactance referred to high-voltage side.

(i) How much power is needed to circulate valid current on short circuit?
(iii) Compute the efficiency at full load when the pfis 0.8 lagging. Assume that core loss
equals the copper loss.

Solution (i) The equivalent leakage reactance referred to high-voltage side.

R, =0.6Q
R,=0.025Q
240
K=—=—=0.1
2400 0
Since rated current flows in short-circuited low voltage winding, i.e., primary winding,
48000
I,=——=20A
1" 2400 20
I.=1,=20A
V,.=238V
Ve _ 238 _
Zy _Z_ 0 11.9Q
R 0.025

(0.1)

Xo1 = JZ3 —RE = (1.9 = (3.1)> = 11.49 Q
(i1) Power needed to circulate valid current on short circuit

W, =12, Ry = (20)>x 3.1 = 1240 W

(iii) Efficiency at full load
x=1

pf=0.8
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x x full-load kVA X pf
x X full-load KVA + W, + x> W,

1x48x%x0.8
= x 100
1><48><0.8+1.24+(1)2 x1.24

=93.93% i

x 100

% n=

Exercise 6.4

6.1 A 4 kVA, 200/400 V, 50 Hz, single-phase transformer gave the following test

results:

OC test (LV side) 200V, 0.7A, 60 W
SC test (HV side) 9V, 6A, 21.6 W
Calculate

(1) magnetising current and the component corresponding to iron loss at normal
voltage and frequency
(i1) efficiency on full load at unity pf
(iii) secondary terminal voltage on full load at power factors of unity, 0.8 lagging
and 0.8 leading
[(i) 0.63 A, 0.3 A4, (ii) 97.08%, (iii) 394 V, 386.95 V, 403.44 V]
6.2 A 10kVA, 500/2000 V, 50 Hz single-phase transformer gave the following results:

OC test: 500V, 120 W on primary side
SCtest: 15V,20 A, 100 W on primary side
Determine

(i) Efficiency on full-load unity power factor
(i1) Secondary terminal voltage on full load at unity pf, 0.8 lagging and 0.8
leading pf [97.9%, 1980V, 1950 V; 2018 V]
6.3 A 100 kVA, 6600/330 V, 50 Hz, single-phase transformer took 10 A and 436 W at
100 V in a short-circuit test, the figures referring to the high-voltage side. Calculate
the voltage to be applied to the high-voltage side on full load at power factor 0.8
lagging when the secondary terminal voltage is 330 V. [6734 V]
6.4 A 50 Hz, single-phase transformer has a turn ratio of 6. The resistances are 0.9 Q
and 0.03 Q and the reactances are 5 Q and 0.13 Q for high-voltage and low-voltage
winding respectively. Find (i) the voltage to be applied to the high-voltage side to
obtain full-load current of 200 A in the low-voltage winding on short circuit, (ii)

power factor in the short circuit. [330V;0.2]
6.5 A 5 kVA, 1000/200 V, 50 Hz, single-phase transformer gave the following test

results:

OC test (LV side) 200V, 1.2A, 90 W

SC test (HV side) 50V, SA, 110 W

Determine efficiency at half-load at 0.8 pf lagging. [94.45%]
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6.6

6.7

6.1
6.2
6.3

6.4
6.5

6.6
6.7

6.8

6.9
6.10
6.11

Draw the equivalent circuit of transformer referred to primary side of 4 kVA,
200/400 V, 50 Hz transformer which gave the following test results:
OC test (on LV side) 200V, 0.7A, 70 W
SC test (on HV side) 15V, 10 A, 80 W
[571 €, 3300 0.2 Q 0.317 Q]
The following figures were obtained from tests on a 30 kVA, 3000/110 V
transformer:
OC test 3000V, 0.5A, 350 W
SCtest 150V, 10 A, 500 W
Calculate the efficiency of the transformer at (a) full load 0.8 pf, (b) half-load unity
pf. Also, calculate the kVA output at which the efficiency is maximum.
[96.56%, 97%, 25.1 kVA]

3

Review Questions

Explain the working principle of a transformer.
Explain what happens if a dc voltage is applied to a transformer.
Differentiate between shell-type and core-type transformers.

Derive an emf equation for a single-phase transformer and explain voltage and
current ratio of an ideal transformer.
Show that the emf per turn in a transformer is 4.44 f ¢,,, where fis the frequency
of supply and ¢,, is maximum flux associated with transformer winding.
What do you understand by an ideal transformer?
Draw and explain phasor diagram of a transformer for

(a) Unity power factor or resistive load

(b) Lagging power factor or inductive load

(¢) Leading power factor or capacitive load
Develop the approximate equivalent circuit of a transformer. How does it help in
deciding the regulation of a transformer?
Define voltage regulation and derive its expression.
Explain various losses in a transformer.
What do you understand by efficiency of a transformer? Derive the condition for
maximum efficiency.
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$

Multiple Choice Questions

Choose the correct alternative in the following questions:

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

When the primary of a transformer is connected to a dc supply, the
(a) primary draws small current

(b) primary leakage reactance is increased

(c) core losses are increased

(d) primary may burn out

The function of oil in a transformer is

(a) to provide insulation and cooling

(b) to provide protection against lightning

(c) to provide protection against short circuit

(d) to provide lubrication

In a transformer, the primary and the secondary voltages are

(a) 60° out of phase (b) 90° out of phase

(c) 180° out of phase (d) always in phase
The core flux of a practical transformer with a resistive load

(a) is strictly constant with load changes

(b) increases linearly with load

(c) increases the square root of the load

(d) decreases with increase of load

The inductive reactance of a transformer depends on

(a) electromotive force (b) magnetomotive force
(c) magnetic flux (d) leakage flux

For an ideal transformer the windings should have

(a) maximum resistance on primary side and least resistance on secondary side
(b) least resistance on primary side and maximum resistance on secondary side

(c) equal resistance on primary and secondary side
(d) no ohmic resistance on either side

If the applied voltage to a primary transformer is increased by keeping the V/f ratio

fixed, then the magnetising current and the core loss will respectively:
(a) decrease and remain the same

(b) increase and decrease

(c) both remain the same

(d) remain the same and increase

Ifthe applied voltage to a certain transformer is increased by 50% and the frequency
is reduced to 50% (assuming that the magnetic circuit remains unsaturated), the

maximum core flux density will
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6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

(a) change to three times the original value

(b) change to 1.5 times the original value

(c) change to 0.5 times the original value

(d) remain the same as the original value

The low-voltage winding of a 400 V/230 V, 1 phase, 50 Hz transformer is to be
connected to a 25 Hz supply. In order to keep the magnetisation current at the same
level in both the cases, the voltage at 25 Hz should be

(a) 230V (b) 460V () 115V (d) 65V

A voltage v = 400 sin 314.16¢ is applied to a 1-phase transformer on no-load. If
the no-load current of the transformer is 2 sin (314.16 ¢ — 85°), the magnetisation
branch impedance will be approximately equal to

(a) 141 £90°Q (b) 200 £L-85°Q (c) 200 £85°Q (d) 282 £—-80°Q
The eddy current losses in a transformer is reduced

(a) if laminations are thick

(b) if the number of turns in primary winding is reduced

(¢) if the number of turns in secondary winding is reduced

(d) if laminations are thin

The efficiency of a transformer will be maximum when

(a) leakage reactances of the two windings are equal

(b) resistances of the two windings are equal

(c) copper loss is equal to constant loss

(d) none of the above

The efficiency of a transformer is usually in the range of

(a) 50to 60% (b) 60 to 80% (c) 80to 90% (d) 90 to 98%

The full-load copper loss of a transformer is twice its core loss. The efficiency will
be maximum at

(a) 25% of full load (b) 50% of full load
(c) 70.7% of full load (d) 141% of full load

The full-load copper loss and iron loss of a transformer are 6400 W and 5000 W
respectively. The copper loss and iron loss at half load will be respectively

(2) 3200 W and 2500 W (b) 3200 W and 5200 W
(c) 1600 W and 1250 W (d) 1600 W and 5000 W

The load at which maximum efficiency occurs in case of a 100 kVA transformer
with iron loss of 1 kW and full load copper loss of 2 kW is

(a) 100 kVA (b) 70.7 kVA (c) 50.5kVA (d) 25.2kVA
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6.17 A 300 kVA transformer has 95% efficiency at full load, 0.8 pf lagging and 96%
efficiency at half load, unity pf. The iron loss W, and copper loss W, in kW, under
full-load operation are

(a) 4.12,8.15 (b) 6.59,9.21 (c) 8.51,4.12 (d) 12.72,3.07

6.18 A single-phase transformer has a maximum efficiency of 90% at full load and unity
power factor. Efficiency at half load at the same power factor is

(a) 86.7 % (b) 88.26 % (c) 88.9% (d) 87.9%

6.19 The efficiency of a 100 kVA transformer is 0.98 at full as well as at half load. For
this transformer at full load, the copper loss

(a) is less than core loss (b) is equal to core loss
(c) is more than core loss (d) none of the above

6.20 If P, and P, be the iron and copper losses of a transformer at full-load and the
maximum efficiency is at 75% of the full load, ratio of P, and P, will be

9 10 3 3
(a) 6 (b) 16 (©) 2 (d 16

Answers to Multiple Choice Questions

6.1 (d) 6.2 (a) 6.3 (c) 6.4 (a) 6.5 (d) 6.6 (d)
6.7 (d) 6.8 (a) 6.9 (c) 6.10 (c) 6.11 (d)  6.12 (c)
6.13 (d) 6.14 (c) 6.15 (d) 6.16 (b) 6.17 ()  6.18 (d)

6.19 (c) 6.20 (a)
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71 DC MACHINES

A dc machine is a device that converts mechanical energy to electrical energy or vice
versa. DC machines are divided into two categories:

(i) Generator

(i1) Motor

A generator is a machine that converts mechanical energy at its prime mover to produce
electrical energy at its output. A motor is a machine that converts electrical energy at its
input to produce mechanical energy.

7-2 PRINCIPLE OF OPERATIONS

A dc generator is a machine which converts mechanical energy into electrical energy,
whereas a dc motor is a machine which converts electrical energy into mechanical energy.
Construction wise there is no basic difference between a dc generator and a dc motor. Any
dc machine can be used as a dc generator or as a dc motor.

Working Principle of a Generator When armature conductors are rotated externally
in the magnetic field produced by field windings, an emf is induced in it according to
Faraday’s laws of electromagnetic induction. This emf causes a current to flow which is
alternating in nature. It is converted in unidirectional current by the commutator.

Working Principal of a Motor When field winding is excited and armature conductors
are connected across the supply, it experiences a mechanical force whose direction is
given by Fleming’s left-hand rule. Because of this force, the armature starts rotating. It
cuts the magnetic field and an emfis induced in the armature winding. As per Lenz’s law,
this induced emf acts in the opposite direction to the armature supply voltage. This emf
is known as back emf (£,).

73 CONSTRUCTION

A dc machine, either a generator or a motor, essentially consists of the following main
parts:
(i) Field windings
(il) Armature core and armature windings
(iii)) Commutator
(iv) Brushes

Field Windings The field windings are mounted on the pole core and they produce
alternate north and south poles as seen in Fig. 7.1. The field windings form an electromagnet
which provides the main magnetic field in the machine. When a current flows through the



Construction 7.3

field winding, it establishes a magnetic flux. The windings are generally made of copper

wire.
Core

Field winding

Useful
flux

Armature

Fig. 7.1

Armature Core and Armature Windings The armature core shown in Fig. 7.2 is mounted
on a shaft and rotates in the magnetic field. The armature core is made of laminations of
sheet steel. The outer surface of the core is

cylindrical in shape. It is provided with a large Commutator
number of slots into which the armature conductors
are placed. The ends of the armature windings are
brought to the commutator segments as shown in
Fig. 7.2.

Armature end
connections

Commutator A commutator is used for
collecting current from the armature conductors.
It is made of a number of wedge-shaped segments
of copper. These segments are insulated from each Fig.7.2  Armature

other by thin layers of mica. Each commutator

segment is connected to the armature conductor. The commutator converts the ac current
induced in the armature conductors into unidirectional current across the brushes.

Conductors

Brushes The brushes are used to collect current from the commutator and supply it to
the external circuit. The brushes are usually made of carbon.

Types of Armature Winding

Depending upon the manner in which the armature conductors are connected to the
commutator segments, there are the two types of armature winding:

Lap Winding In this arrangement, the armature conductors are connected in series
through commutator segments in such a way that the armature winding is divided into
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as many parallel paths as the number of poles. If there are Z conductors and P poles,
there will be P parallel paths, each containing Z/P conductors in series. The total emf is
equal to the emf generated in any one of the parallel paths. The total armature current
divides equally among the different parallel paths. It is used in low-voltage high-current
machines.

Wave Winding In this arrangement, the armature conductors are connected in series
through commutator segments in such a way that the armature winding is divided into two

parallel paths irrespective of the number of poles. If there are Z conductors, % conductors

will be in series in each parallel path. The total emf is equal to the emf generated in any
one of the parallel paths. The total armature current divides equally between two parallel
paths. It is used in high-voltage low-current machines.

7-4 CLASSIFICATION

Depending upon the method of excitation of field winding, dc machines are classified into
two classes:

(i) Separately excited machines

(i1) Self-excited machines

Separately Excited Machines In a separately excited machine, the field winding is
provided with a separate dc source to supply the field current as shown in Fig. 7.3.

Self-excited Machines In case of self-excited dc  © o
machines, no separate source is provided to drive

the field current, but the field current is driven by

its own emf generated across the armature terminals ! % Q Ra
when the machine works as a generator. Self-
excited machines are further classified into three
types, depending upon the method in which the field
winding is connected to the armature.

(a) Shunt-wound machines

(b) Series-wound machines ©
(c) Compound-wound machines

Shunt-wound Machines In this type of dc machines, g Q Rq

field winding is connected in parallel with the armature

as shown in Fig. 7.4. The number of turns of the field o

winding may range from 300 to 1000.

Fig.7.4 Shunt wound machine
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Series-wound Machines In this type of machines, the R,

field winding is connected in series with the armature as 000> ©
shown in Fig. 7.5. This number of turns of the field
winding is small (2 to 10 turns) and the field winding R @
will have a heavy area of cross-section to carry the large ‘
armature current.

Compound-wound Machines Compound machines ©

carry both the shunt and series field windings. The Fig.7.5 Series-wound machine
compound machines are further classified into long

shunt and short shunt, depending upon the direction of current flow in the two types of
field windings as shown in Figs 7.6 and 7.7. Both the shunt field winding and the series
field winding are generally wound on the same pole.

O

R, R

Fig.7.6 Long-shunt compound wound machine  Fig.7.7 Short-shunt compound machine

In case of a generator, load is connected across the armature whereas in case of a
motor, dc supply is connected to the armature.

75 EMF EQUATION

Let ¢ = Flux per pole in webers
Z = Total number of armature conductors
N = Speed of the armature in revolutions per minute (rpm)
P = Number of poles
A = Number of parallel paths
When the armature completes one revolution, each conductor cuts the magnetic flux.
Therefore, flux cut by one conductor in one revolution of the armature
= Flux per pole x Number of poles

= ¢ P webers

. , 60
Time taken to complete one revolution = N seconds

Hence, average emf induced in one conductor
Flux cut o P

N Time taken  60/N
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OPN
60
Induced emf (E) = Resultant emf per parallel path

volts

= Average emf per conductor X Number of conductors in series per
parallel path

_9PN Z
60 4

In case of a dc generator, this emf is called generated emf (£,). In the case of a dc
motor, the induced emf opposes the applied emf and hence, it is called back emf (E£,).

7.6 VOLTAGE-CURRENT RELATIONSHIPS
AND APPLICATIONS

(a) Generator When the machine runs as a generator, the generated emf (E,) must be
sufficient to supply both the terminal voltage () and the internal voltage drop. Voltage
and current relationships for different types of generators are as follows:

Shunt generator e
14 I f L
If =
% O 3
I=1+1I
E,=V+I,R, v
Applications Fig.7.8
(1) Ordinary lighting and power supply
.. . . ] RS
(i1) Charging batteries s AT _
Series generator a I

Ia = Is :IL Ra@ R,V

Eg = V+]a (Ra + Rv)

Application As boosters in distribution 1
systems Fig.7.9
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Compound generator
1 R,
Short shunt T —
[s = [L I e I
Ia:]L+[f Rfé @Ra R, v
V+1; R
L= ——F—
Ry v
E,=V+I,R,+1I R, Fig. 7.10
Long shunt I I, Y
IL
I,=1=1I+1I R, R,
v I ;RL v
If = a
) Rf Ra
E,=V+1,(R,+Ry) -
Fig. 7.11

Applications
(i) Lamp loads
(i1) Heavy power service such as electric railways
(ii1) Arc welding

(b) Motor When the dc machine runs as a motor, the applied voltage (V) across its
terminals must be sufficient to overcome the back emf (£,) and supply the internal voltage
drop. Voltage and current relationships for different types of motors are as follows:

Shunt motor I,
v +
ly= 7~ I I,
S Rf i
I=1,-1 Rfé @;aa v
E,=V-I,R, [
Applications -
(i) For driving lathes Fig. 7.12
(i) Centrifugal pumps . R ,
(iii) Blowers and fans S < +
Series motor L, T
Ia = Is = IL Ra® v
Ey=V-1,(R,t Ry l
Applications -

(i) Electric locomotives Fig. 7.13
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(i1) Cranes and hoists
(ii1)) Conveyors

Compound motor

Short shunt
s B [L Ix RJ IL
L=1,-1I 7000 +
I(l
V—1I,R, b
Iy R, R, g @ R, v
E,=V-I,R,—I; R, L
Long shunt -
I,=L=1-1 Fig. 7.14
I
If: L L +
'y " I T
Eb = V_]a (Ra + Rv) Ry g R,
14
Application La
(1) Elevators R,

(i) Conveyors
(ii1) Rolling mills Fig.7.15
(iv) Air compressors

Example 1

A six-pole lap-wound armature has 840 conductors and a flux per pole of 0.018 Wb.
Calculate the emf generated, when the machine is running at 600 rpm.

Solution P=6

¢ =10.018 Wb
N = 600 rpm
Z =840

For lap-wound armature,
A=P=6

Generated emf
£ ¢ZNP  0.018 x 840 x 600 X 6
g 604 60x 6

=1512V
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Example 2

A six-pole, 2-circuit wave connected armature has 300 conductors and runs at 1000
rpm. The emf generated on the open circuit is 400 V. Find the useful flux per pole.
Solution P=6

A=2
Z =300
N = 1000 rpm
E, =400V
5 _ OZVP
g 604
Useful flux per pole

_ 60E, 4 60 x 400 x2

= = = (.02
*7 Znp " 300x1000x6 0207 WP

Example 3

A lap-wound dc shunt generator having 80 slots with 10 conductors per slot generates
at no load an emf of 400 V, when running at 1000 rpm. At what speed should it be
rotated to generate a voltage of 220 'V on open circuit?

Solution Number of slots on armature = 80
Conductors per slot= 10

E,= 400V
N= 1000 rpm
(i) Total number of conductors on armature (Z) = 80 x 10 = 800
_ @ZNP
§ 604
A=P
400 = ¢ x 1000 x 800
60
¢ =0.03 Wb
(i1) E, =220V
¢ =0.03 Wb
290 = 0.03 x N x 800
60

N = 550 rpm
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Example 4

A 4-pole dc shunt generator with lap-connected armature supplies a load of 100 A at

200 V. The armature resistance is 0.1 €2 and the shunt-field resistance is 80 €2. Find

(i) total armature current, (ii) current per armature path, and (iii) emf generated.
Assume a brush contact drop of 2'V.

Solution P=4
V=200V
R,=80Q
R,=0.1Q
I, =100 A
(i) Total armature current
1= L=& =25A
/R, 80

I, =1, +1,=100+25=1025A
(i1) Current per armature path
For lap-wound shunt generator, 4 = P =4

I,=1025A

1
Current per armature path = a =25.625A

(ii1) EMF generated
Eg = V+ Ia Ra + Brush Drop=V+ Ia Ra +0.1%x2=21225V

Example 5

The armature of a four-pole, lap-wound shunt generator has 120 slots with 4 conductors
per slot. The flux per pole is 0.05 Wb. The armature resistance is 0.05 £ and the shunt-
field resistance is 50 L. Find the speed of the machine when supplying 450 A at a
terminal voltage of 250 V.

Solution V=250V
I, =450 A
R=500Q
R,=0.05Q
P=4

¢ = 0.05 Wb
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Vo250
== =5A

! E 50

I, =1, +1,=450 +5=455A
E,=V+1,R,=250+455%0.05=272.75V

Number of slots on armature = 120

Conductors per slot =4

Total number of conductors on armature, Z= 120 x 4 = 480

For lap wound generator, 4 = P =4

_ QZNP
g 60A
97975 = 0.05x480x N x4
' 60 x 4
N = 682 rpm
Example 6

A 230V dc shunt machine has an armature resistance of 0.5  and a field resistance
of 115 Q. If this machine is connected to 230 V supply mains, find the ratio of speed as
generator to the speed as a motor. The line current in each is 40 A.

Solution V=230V

I, =40 A
R,=05Q
Ry= 115 Q
Generator operation
I, =40 A
1= L=@ =2A
/R, 115

I,=1,+1,=40+2=42 A
E,=V+I,R,=230+42x0.5=251V
Motor operation
I, =40 A
[=2A
I,=1,-1,=40-2=38A

E,=V-1,R,=230-38x05=211V
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g = 9ZNP
60

Eo<N

E, N,
E, N
211 N,
2351 Ny
Ny 11896
Nl

Example 7

A short-shunt compound generator supplies 200 A at 100 V. The resistance of
armature, series field and shunt field is respectively, 0.04, 0.03 and 60 £2. Find the emf
generated.

Solution V=100V
R= 60 Q
I, =200 A
R=0.04 Q
R, =0.03Q
Voltage drop in series field winding =7; R, =200x0.03=6V
V+I;R, 100+6

=R, 60
106
= =177
L=1+1

=200+ 1.77=201.77 A
Generated emf  E, = V+[ R+, R,
=100+ 6+201.77x0.04 = 114.07 V

Example 8

A 120V dc shunt motor draws a current of 200 A. The armature resistance is 0.02 €2
and shunt field resistance 30 2. Find the back emf. If the lap-wound armature has 90
slots with 4 conductors per slot at what speed will the motor run when the flux per pole
is 0.04 Wb?



Voltage-Current Relationships and Applications ~ 7.13

Solution V=120V
R,=0.02 Q
I, =200 A
¢=0.04 Wb
R,=30Q
. Vo120
(i) 1= R_f =30 =

I,=1,-1;,=200-4=196 A
E,=V—-I,R,=120-196x0.02=116.08 V
(i1) For-lap wound armature, 4 = P
Number of slots on the armature = 90
Total number of conductors on the armature, Z= 90 x 4 =360

OZNP
Ev="604
605 = D04X360x N
60
 116.08x60
T 004x360  s4mpm

Example 9

A shunt generator delivers 40 kW at 240 V when running at 450 rpm. The armature and
field resistances are 0.03 and 60 Q2 respectively. Calculate the speed of the machine
running as a shunt motor and taking 40 kW input at 420 V. Allow 1 V per brush for
contact drop.
Solution V=240V
R,=0.03Q
R, =60 Q

Generator Operation

40%10°

I, = a0 T 166.7 A

I, =1, +1,=166.7+4=170.7 A
E,=V+1,R,+ Brush drop
=240+170.7x0.03+2x1=2471V
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Speed as a generator at this load = 450 rpm

5 _ OZNP

£ 604

E <N

E, o< 450
Motor Operation
Power drawn by the motor = 40 kW

~ 40x10°

] =
L 240
h=44

I,=1,~-1,=166.7-4=162.7A
E, =240 -162.7x0.03 -2x 1=233.1V

=166.7A

o 97NP
b 604
E, o N
2331 < N
N 2331
450 247.1
N =450 x 231 =425 rpm
247.1

$

Useful Formulae

_ QZNP
604
where A = P for lap winding 4 = 2 for wave winding
Shunt Series Generator Compound Generator
Generator Short shunt Long shunt
b=
I,=1+1I I =1=1I I=1+1I I,=1=1I+1
IszL If=V+RILRS If_RL
A / f
E,=V+ILR, |E,=V+I,(R,tR) |E,=V+I,R,+L R, |E,=V+I,(R,+R)
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Shunt motor | Series motor Compound motor
Short shunt Long shunt
I,=1,—-1 1,=1=1I =1 1,=1
1,=1, -1 1,=1, -1
E,=V-L,R, |E,=V-I,(R,+R) |E,=V-IR,—I;R, E,=V-1,(R,+R)
! f f

7.1

7.2

7.3

7.4

7.5

7.6

7.7

A 4-pole, dc generator has a wave-wound armature with 792 conductors. The flux
per pole is 0.0121 Wb. Determine the speed at which it should be run to generate
240 V on no-load. [751.3 rpm]
A dc generator generates an emf of 520 V. It has 2,000 armature conductors, flux
per pole of 0.013 Wb, speed of 1200 rpm and the armature winding has four parallel
paths. Find the number of poles. [4]
When driven at 1000 rpm with a flux per pole of 0.02 Wb, a dc generator has an
emf of 200 V. If the speed is increased to 1100 rpm and at the same time, the flux
per pole is reduced to 0.019 Wb per pole, what is the induced emf? [209 V]
A 4-pole machine running at 1500 rpm has an armature with 90 slots and 6
conductors per slot. The flux per pole is 10 mWhb. Determine the terminal emf as
dc generator if the coils are lap connected. If the current per conductor is 100 A,
determine the electrical power. [810V, 324 kW]
An 8-pole lap wound dc generator has 120 slots having 4 conductors per slot. If
each conductor can carry 250 A and if flux/pole is 0.05 Wb, calculate the speed of
the generator for giving 240 V on open circuit. If the voltage drops to 220 V on full
load, find the rated output of the machine. [600V, 440 kW]
A 4-pole, dc shunt motor has a flux per pole of 0.04 Wb and the armature is lap
wound with 720 conductors. The shunt field resistance is 240 € and the armature
resistance is 0.2 Q. Brush contact drop is 1 V per brush. Determine the speed of the
machine when running (i) as a motor taking 60 A, and (ii) as a generator supplying
120 A. The terminal voltage in each case is 480 V. [972 rpm; 1055 rpm]
A 4-pole, dc motor has a wave-wound armature with 65 slots each containing
6 conductors. The flux per pole is 20 mWb and the armature has a resistance of
0.15 Q. Calculate the motor speed when the machine is operating from a 250 V
supply and taking a current of 60 A. [927 rpm]
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7.8 A 500 V, dc shunt motor has armature and field resistances of 0.5 Q and 200 Q
respectively. When loaded and taking a total input of 25 kW, it runs at 400 rpm.
Find the speed at which it must be driven as a shunt generator to supply a power
output of 25 kW at a terminal voltage of 500 V. [442 rpm]

7.9 A shunt machine connected to 250 V mains has an armature resistance of 0.12
Q and field resistance of 100 Q. Find the ratio of the speed of the machine as a
generator to the speed as motor, if the line current is 80 A in both cases.  [1.08]

$

Review Questions

7.1 Explain the working principle of dc generator and dc motor.

7.2 What is the basic nature of the induced emf in a dc generator? What is the function
of a commutator?

7.3 What is the difference between lap-type and wave-type of armature winding?

7.4 From first principle derive expression for the emf of a dc generator.

7.5 What is back emf? Explain the significance of back emf.

$

Multiple Choice Questions

Choose the correct alternative in the following questions:
7.1 Wave winding is employed in a dc machine of
(a) high current and low voltage rating  (b) low current and high voltage rating
(c) high current and high voltage rating (d) low current and low voltage rating
7.2 Ifa?230V dc series motor is connected to a 230 V ac supply
(a) the motor will vibrate violently
(b) the motor will run with less efficiency and more sparking
(c) the motor will not run
(d) the fuse will be blown
7.3 The value of back emf (E,) in a dc motor in maximum at

(a) no load (b) full load
(c) half full load (d) none of the above
7.4 The function of a commutator in a dc machine is
(a) to improve commutation (b) to change ac current to dc current

(c) to change dc voltage to ac voltage  (d) to provide easy speed control
7.5 If the number of poles in a lap-wound dc generator is increased by a factor of 2, the
generated emf will
(a) increase by a factor of 2 (b) decrease by a factor of 2
(c) increase by factor of 4 (d) remain the same
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7.6 As the speed of dc generator is increased, the generated emf

(a) increases (b) decreases
(c) remains constant (d) first increases and then becomes
constant
7.7 Match list I (machine) with list II (characteristic/application) and select the correct
answer:
List 1 List I1

A. dc shunt generator 1. electric traction
B. dc series motor 2. good voltage regulation
C. compound dc generator 3. must have residual flux
D. dc series generator 4. used as boosters

A B C D
(a) 4 1 2 3
(b) 3 2 1 4
(c) 4 2 1 3
(d) 3 1 2 4

7.8 Match list I which list II and select the correct answer:
List I (motor) List I (applications)

A. dc series motor 1. shearing and pressing
B. squirrel cage induction motor 2. haulage and hoisting
C. dc shunt motor 3. rolling mill

A B C
(a) 1 2 3
(b) 2 3 1
(c) 3 1 2
(d) 3 2 1

Answers to Multiple Choice Questions
7.1 (b) 7.2 (b) 7.3 (a) 7.4 (b) 7.5 (d) 7.6 (a)

7.7 (d) 7.8 (b)
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1. (a) What is the difference between an ideal source and an actual source? Illustrate the
concept using the V-I characteristics of voltage and current source.

Ans. A voltage source is a two-terminal device whose voltage at any instant of time is
constant and is independent of the current drawn from it. Such a voltage source is
called an ideal voltage source and has zero internal resistance. The voltage source
having some amount of internal resistance is called a practical or actual voltage source.
Due to this internal resistance, voltage drop takes place and it causes terminal voltage

to reduce.
% %
A AB B
o | | o Vag———
Ideal voltage source o
Vas R %
A A & Vapr=z-
Practical voltage source o] >l

Fig. 1

An ideal current source is a two-terminal device which supplies constant current
to any load resistance across its terminals and is independent of the voltage of
source terminals. It has infinite resistance. A practical or actual current source is
represented by an ideal current source in parallel with a resistance

1,
A AB B 1
) Ipg ———
o > o AB
Ideal current source oV
Ipg B 1,
Ao @ 5 Inp=z-
|—/WW—| el a4

Ri
Practical current source

Fig. 2

1. (b) In a balanced three phase circuit the power factor is 0.866. What will be the ratio of two
wattmeter readings if the power is measured using two wattmeters?
Ans.
pf =0.866
cos¢ =0.866
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¢=30°
1
tan ¢ =tan (30°) = —
NG)
W, —W.
tan g = /3 ——2
¢ IWWZ
1w
V3 W+ W,
4W2=2W1
w_2
W, 1

1. (c) Calculate R,p.

60 Q 0
| MV MW |
Fig. 3
Ans. Marking all the junctions and redrawing the network,
1A
15Q B
60Q =40Q
C
D, E
30Q
(b)
15Q La 15Q a
B 30Q B
200 40 Q
b.E c 60 Q
(c) (d)
A A
B 10Q B 70 Q
60 Q
(e) ()
Fig. 4

Ry=70Q

30 Q

30 Q
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. (d) Derive the equation for resonance frequency of a parallel circuit in which a capacitor is
connected in parallel with a coil having resistance R and inductive reactance X;. What
is the resonance frequency if inductor is ideal?

Ans. Refer Section 4.9 on page 4.106.

. (e) What are the classifications of DC motors? Specify one application for each one.
Ans. Refer Section 7.4 on page 7.4 and Section 7.6 on page 7.6.
. (f) Derive emf equation of a single phase transformer.

Ans. Refer Section 6.4 on page 6.4.

2Q

9V

. (a) Using mesh analysis find the current through 5 €2 resistor.
5o 12V 39
—\W— | AW
12Q
§6 Q ® A
36V
T

_|

Fig.5

Ans. Assigning clockwise currents in three meshes,

5o 2V 39
W
120 20
) b 9w
I I Iy
36V oV
T T
Fig. 6

Applying KVL to Mesh 1,

181, — 61, = 36

ey

Meshes 2 and 3 will form a supermesh as these two meshes share a common current source

of 6 A.
Writing current equation for the supermesh,
Li-1,=6

Applying KVL to the outer path of the supermesh,

—6(I,—1,)— 51, 12 =31, - 21, -9 =0

6, — 111, -5I, = 21

Solving Egs (1), (2) and (3),

,=107A
L=-279A
L=321A

Ig=L=-279A

@)

3)
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2. (b) Anemf of 250V is applied to an impedance Z; = (12.5 +j20) €2. When an impedance

Z, is added in series with Z;, the current becomes half of the original and leads the
supply voltage by 20°. Determine Z,.

Ans. V=250V
Z, =(12.5 +j20) Q
L= ] V. 250£0°
Casel: [=—=-—""""_ - 10.64-58°A
z, 12.5+;20
(<)
N
250V
Fig. 7

- 10.6£-58°+20°
Casell: | 7y = 106 58 20 53,380

250V
Fig. 8
250.£0°

Zr =4 2 2040 73800
Ir  53.-38°

Zo=Zr -2, = @7.17£38°) — (12.5 +j20) = 26.27.£20.13° Q

2. (c) Determine the potential difference V, for the given network.

A ; «2/\53_ @
109,77,
5V 303 350 240
6V
B
Fig. 9

Ans. The resistor of 3 Q is connected across a short circuit. Hence, it gets shorted.

20 2A
A
¥ _
100
+
5V /D 5Q (ﬂ 240
I”—/;v - ?
B

Fig. 10
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I, = > =25A
2
IL=2A
Potential difference, Vig=Vi—V;p

Writing KVL equation for the path A to B,
V=21, +6-5,-V,=0
Vi=22.5)+6-52)-Vz=0
Vi=Vg=9
Vig=9V
3. (a) When a voltage of 100 V, 50 Hz is applied to an impedance A, current taken is 8 A
lagging and power is 120 W. When it is connected to an impedance B, the current is

10 A leading and power is 500 W. What current and power will be taken if it is applied
to the two impedances connected in series?

Ans.  Impedance A: V,=100V, I, =8 A (lagging), P,=120W
Impedance B: V=100V, Iz =10 A (leading), Pz =500 W

L% | 1 %8 |
8A 10A
100 V 100 V
Py=120 W Pg =500 W
Fig. 11
For Impedance A,

Vv 100

z,=-4 =0 _1nsq
1, 8

P, =]%1RA

120 = (8)>x R,

R,=1.875Q

X, = VZi - R: =125 - (1875 ~12.36 O
For Impedance B,
V 100

e i =0 =10Q
PB:II%RB
500 = (10)> X Ry
R;=5Q

Xp= \/Zﬁ—Rﬁ» =102 = (5 =8.66Q
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When two impedances are connected in series,

Fig. 12

Z =R, +jX, +Ry—jXg=1875+j12.36 + 5 — j8.66 = 6.875 +j3.7 = 7.81./28.29° Q

= K=m= 12.8 A
Z 1781

P=P(R,+Rp) =(12.8)>x6.875=1.126 kW

3. (b) Find the current through 10 € using Thevenin’s theorem.

100
AW
200 300
AW M
400 300 4%40 Q
100 v 50 V
T T
Fig.13

Ans. Step I: Calculation of Vi,
Removing 10 € resistor from the network,

A B
° Vi o

+ — + -
40 Q 5409
100V = 3 2300 3

Applying KVL to Mesh 1,
100 -401, - 201, =30/, -1,) =0
901, - 301, = 100
Applying KVL to Mesh 2,
=301, - 1,) = 301, - 401, - 50 =0
=301, + 1001, = -50

ey

@)
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Solving Egs (1) and (2),

I, =105A

I,=-0.185 A
Writing Vo, equation,

=V, + 301, + 201, =0
Vi =301, + 201, = 30(-0.185) + 20(1.05) = 1545 V

Step II: Calculation of Ry,
Replacing voltage sources by short circuits,

A t B
o R o
20 Q 30 Q
MW MW
409% 30Q %409
Fig. 14

Converting the star network formed by resistors of 20 €, 30 Q and 30 € into an equivalent
delta network,

20x A ! B
R, =20+30+ 030 =70 Q o Rrp ©
30
20x30 Z\/%vg\/z
X
R,=20+30+ =70 Q
30 70Q  105Q
Ry=30+30+ 230 _ 1050 400 40 Q
20
Fig. 15
Simplifying the network,
A ¢ B A ¢ B A ¢ B
—— o R, o o Rp © o Rp ©
70 Q 70 Q
AW AW
25.45Q AW AW
2897 Q2 54.42 Q 30.62 Q
(a) (b) (c)
Fig. 16

Ry, =30.62Q
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Step III: Calculation of /;

30.62 Q
AW A
1545V — DIL 10Q

B

Fig. 17

15.45
= ——=038A

30.62+10

3. (¢) With the help of equivalent circuit of a single phase transformer show how total copper
loss can be represented in primary of a transformer.
Ans. Refer Section 6.11 on page 6.21.
4. (a) Find V| using superposition theorem.
50 2A
Y S
+ Vi_

80V ——

Fig.18

Ans. Step I: When the 80 V source is acting alone
5Q

Fig.19
Simplifying the network,
5Q 25Q
+ V-
80V 13.64 Q
L -
Fig. 20
80

I=——— =1833A
5+25+13.64

V' =251=25(1.833) =45.83V
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Step I1: When the 2 A source is acting alone

2A
>0 F
N

25Q 30 Q

Fig. 21
Simplifying the network,
N
25Q
+ V-
13.64 Q
Fig. 22
By current-division rule,
5
Lso=2 =023A (M =-023A)

X —
5+25+13.64

V" =25154=25(-023)=-575V
Step ITI: When the 100 V source is acting alone

5Q
30 Q
h 25 QD 100 V
I T
Fig. 23
Applying KVL to Mesh 1,
=51, -251,-25(,-1,)=0
551, -251,=0 (1)
Applying KVL to Mesh 2,
-25(1,-1,) =301, - 100 =0
=251, + 551, =-100 2)
Solving Egs (1) and (2),
I, =-1.042 A

I,=-2292A
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V" =251, =25(-1.042) = -26.05 V
Step IV: By superposition theorem,
Vi=Vi/+Vv,"+Vv"”
=45.83 -5.75-26.05
=14.03V
4. (b) In an R-L-C parallel circuit, the currents through the resistor, inductor (pure) and

capacitor are 20 A, 15 A and 40 A, respectively. What is the current taken from the
supply? Draw phasor diagram.

Ans. Tx=20 £0° A

I,=152-90° A 208 R, fe

- 15A L

I1-=40 £90° A

e a0 000 v

|| -

It =Ir+1.+1c I Ir

=20 £0° + 15 £-90° + 40 £90° v I

=32.02 £51.34° A Fig. 24

4. (c¢) Two sinusoidal sources of emf have rms value £, and E,. When connected in series, with
a phase displacement ¢, the resultant voltage read on an electrodynamometer voltmeter
is 41.1 V and with one source reversed is 17.52 V. When the phase displacement is
made zero, a reading of 42.5 V is observed. Calculate E|, E, and c.

Ans. Refer Ex. 15 on page 3.55.

5. (a) Prove that the power in a balanced three phase delta-connected circuit can be deduced
from the readings of two wattmeters. Draw relevant connections and vector diagrams.
Draw a table to show the effect of power factor on wattmeter
Ans. Refer Section 5.15.2 on page 5.48 and Section 5.16 on page 5.50

5. (b) A 5kVA200/400,50 Hz single phase transformer gave the following test results.

OC test on LV side 200V 0.7A 60 W
SC test on HV side 22V 0.16 A 120 W

(i) Draw the equivalent circuit of the transformer and insert all parameter values.
(i) Efficiency at 0.9 pf lead and rated load.
(iii) Current at which efficiency is maximum.
Ans. Refer Ex. 3 on page 6.52.

5. (c¢) Provethatifthe phase impedances are same, power drawn by a balanced delta connected
load is three times the power drawn by the balanced star connected load.
Ans. Refer Section 5.11 on page 5.13.

6. (a) Three identical coils each having a reactance of 20 € and resistance of 10 Q are
connected in star across a 440 V three phase line. Calculate:
(i) Line current and phase current.
(i) Active, reactive and apparent power.
(iii) Reading of each wattmeter connected to measure the power.
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Ans. R=10Q
X, =20Q
V, =440V

For a star connected load,
(i) Line current and phase current
V, 440

Vh=_L=_
SNCIING]

Zoh =10 +j20 = 22.36 £63.43° Q

=254.03V

_ Vn _ 254.03
Tz, 2236
L=1,=1136A

=11.36 A

(ii) Active, reactive and apparent power

P =3 V,I,cos p= 3 X440 x 11.36 X cos (63.43°) = 3.87 kW
0= 3 V,1, sin ¢ = /3 x 440 x 11.36 X sin (63.43°) = 7.74 kVAR

S=3V,I, =3 x440 x 11.36 = 8.66 kVA

(iii)) Reading of each wattmeter
W, =V,I, cos (30° + ¢) =440 x 11.36 X cos(30° + 63.43°) = -299.05 W
W, =V,I; cos (30° — @) = 440 x 11.36 X cos(30° — 63.43°) =4.17 kW

6. (b) A series resonant circuit has an impedance of 500 Q at resonant frequency. The cut off
frequency is observed are 10kHz and 100 Hz. Determine
(i) Resonant frequency.
(i1) Values of R, L and C.
(iii) Q factor at resonance.
Ans. Refer Ex. 12 on page 4.103.

6. (¢) Draw and illustrate transformer phasor diagram for lagging power factor.
Ans. Refer Section 6.10 case (ii) on page 6.20.
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December 2017

1. (a) A voltage v(¢) = 282.85 sin 100 7t is applied to a coil, having resistance of 20 € in
series with inductance of 31.83 mH. Find:
(1) RMS value of voltage.
(i1)) RMS value of current.

(iil) Power dissipated in the coil. 20 2 31,83 mH
(iv) Power factor of the coil.
Ans.
V(1) = 282.85 sin 10077 ~
r=20Q 282.85 sin 100 =t
L=31.83 mH Fig.1
(1) RMS value of voltage

V= Y = 282.85 =200.01V

V2o 2
(i1) RMS value of current

X, = wL=100x31.83x 1073 =10Q

Z =r+jX; =20+j10=22.36£26.57° Q
_ VvV _200.01
Z 2236
(iii) Power dissipated in the coil

P =VIcos ¢=200.01 x 8.945 x cos (26.57°) = 1.6 kW

=8945 A

(iv) Power factor of the coil

pf = cos ¢ =cos(26.57°) = 0.894 (lagging)

1. (b) Derive the relation between line voltage and phase voltage in star connected three
phase system.
Ans. Refer Section 5.8.1 on page 5.7.

1. (c¢) Find the node voltage V, by nodal analysis.
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N
[®)

10V
Vi o
/

sa(®  Feo

- 20V

(&)
<

HH F2wn— s
> g
R

Fig. 2

Ans. Assume that the currents are moving away from the nodes. Nodes 1 and 2 will form
a supernode.

Writing voltage equation for the supernode,
Vi-V,=10 (1)
Applying KCL at the supernode,
V — —
i -5 %-20
2 3 2

5=

lVl+ l+l V2=5+§+10
2 3 2 3

0.5V, +0.833V, =16.67 (2)
Solving Egs (1) and (2),
V,=1875V
V,=875V

. (d) A single phase transformer has a turn ratio (N,/N,) of 2:1 and is connected to a resistive
load. Find the value of primary current (both magnitude and angle with reference to
flux), if the magnetizing current is 1 A and the secondary current is 4 A. Neglect core
losses and leakage reactance. Draw the corresponding phasor diagram.

N
Ans. —1—%
N, 1
L=1A

4L _ Ny
I, N, 2y
I_l_ l \_/2 Y
4 2
T Y
I=2A l2R2

E2-E
Fig.3 Phasor diagram
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1. (e) Find the Norton’s equivalent of the given circuit across R,.

40 Q l 60 Q
MW MW
™ R
120 V C_) 65V § x
Fig. 4
Ans. Step I: Calculation of I
Replacing the resistor Ry by a short circuit,
40 Q A 60 O
120v<’_> D In D 65V

I I
B
Fig.5
Applying KVL to Mesh 1,
120-40/, =0
I,=3A
Applying KVL to Mesh 2,
—601,-65=0
I,=-1.08 A
Iy=1,-1,=3-(-1.08) =4.08 A

Step II: Calculation of Ry

Replacing the voltage sources by short circuits,

40 Q

60 Q

/\N\/\(Al

i

MW

Ry

Fig. 6

Ry=401160=24Q
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Step I11: Norton’s equivalent network

4.08 A( § 24 Q Rx

Fig. 7

1. (f) A coil having a resistance of 20 Q and an inductance of 0.1 H is connected in series
with a 50 uF capacitor. An alternating voltage of 250V is applied to the circuit. At what
value of frequency will the current in the circuit be maximum? What is the value of this
current? Also find the voltage across the inductor and quality factor.

Ans. Il?l;(2)01§12{ 200 o1n 50uF
C=50uF
V=250V
(i) Resonant frequency @
250V
o ! ! =71.18 Hz Fig. 8

C22JLC  270.1%50%10°°

(i1) Value of maximum current
2
=Y =2% 1254
R 20

(iii) Voltage across inductor
X, =2nf,L=2nx71.18 x0.1 =44.72 Q
Vp=1X;, =12.5x44.72 =559V

(iv) Quality factor

1L 1 0.1
LN /— =224
% R\E 20\ 50x10°°

2. (a) With necessary diagrams, prove that three phase power can be measured by only
two wattmeters. Also prove that reactive power can be measured from the wattmeter
readings.

Ans. Refer Section 5.15 on page 5.47.

2. (b) A circuit having L = 0.2 H and inductive resistance = 20 €2 is connected in parallel with
200 UF capacitor with variable frequency, 230 V supply. Find the resonant frequency
and impedance at which the total current taken from the supply is in phase with supply
voltage. Draw the phasor diagram and derive the formula used (both impedance and
frequency). Also find the value of the supply current and the capacitor current.

Ans. For derivation, refer Section 4.9 on page 4.106.
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L=02H fe.
R=20Q
C =200 uF >V
V=230V s
oL |L R Tt
" or\LCc 2 Fig.9 Phasor diagram
2
L L GO o9,
27\ 0.2x200x107°  (0.2)
L 2
ol 02,
CR  200x107°x20
=Y 20 46a
Z, 50

X; =2nfL=21x19.49x0.2

Zeoil = R +jX; =20 + j24.49 = 31.62.£50.76° Q
1 1

X = = — =40.83Q
2nfC 2w x19.49%x200x10
Zc =—-jX¢=—j40.89 = 40.89.2-90° Q
To =L = 2020" 563,900
Zc  40.89£-90°
Teoit = — 2020 _557,5076° A

Zowd  31.62250.76°

3. (a) Two impedances, 14 + j5 Q and 18 + j10 €, are connected in parallel across 200 V,
50 Hz, single phase supply. Determine:
(i) Admittance of each branch in polar form.
(i1) Current in each branch in polar form.
(iii) Power factor of each branch.
(iv) Active power in each branch.
(v) Reactive power in each branch.

Ans. Zi=(14+/5Q rZ |
Z2 = (18 +/10) Q o
V=200V L=
(1) Admittance of each branch in polar form <— 200V, 50 Hz —>
= 1 1 Fig. 10
Yi = =0.067£-19.65° ¥

7, 14+ /5
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— 1 1

Y, =— = — =0.049 £-29.05° U
Z, 18+10

(i1) Current in each branch in polar form

I =V Y1 =20020° % 0.067/-19.65° = 13.4/-19.65° A
1> =VY2 =200.0° X 0.049./-29.05° = 9.8./-29.05° A

(iii) Power factor of each branch
pf; = cos@; = cos (19.65°) = 0.942 (lagging)
pf, = cos@, = cos (29.05°) = 0.874 (lagging)
(iv) Active power in each branch
P, =VIcos¢p, =200 x 13.4 X 0.942 = 2.52 kW

P, = VI,cos¢, =200 x 9.8 x 0.874 = 1.7 kW
(v) Reactive power in each branch

Q, = Vl;sin ¢; =200 X 13.4 X sin (19.65°) = 0.901 kVAR
Q, = VI,sin ¢, =200 X 9.8 X sin (29.05°) = 0.952 kVAR

3. (b) Derive the emf equation of a single phase transformer. Find the value of the maximum
flux in a 25 kVA, 3000/240 V, single phase transformer with 500 turns on the primary.
The primary winding is connected to 3000 V, 50 Hz supply. Find primary and secondary
currents. Neglect all voltage drops.

Ans. EMEF equation: Refer Section 6.4 on page 6.3.
kVA rating = 25 kVA
E, =3000V
E,=240V
N, =500
f =50Hz
(i) Value of maximum flux
E =444f¢,N,
3000 =4.44 x 50 x ¢,
¢,,=0.027 Wb
(i) Primary and secondary currents

x 500

For a transformer
V, ~E, =3000V

V2 ~ E2 = 240 V
= kVA rating x 1000 — 25x1000 _ ¢33 A
Vv, 3000
[, = KVArating X1000 _ 25x1000 _ ;o4 17 5

v, 240
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3. (¢) Compare core type and shell type transformer (any four points).
Ans. Refer Section 6.2.3 on page 6.3.

4. (a) An alternating voltage is represented by v(f) = 141.4 sin (377t)V. Derive the RMS value

of this voltage. Also find:
(1) Instantaneous value at = 3 ms
(i) Time taken for the voltage to reach 70.7 V for the first time.

Ans. For RMS value derivation, refer Section 3.3.1 on page 3.5.
v(t) =141.4sin 377 ¢
(i) Instantaneous value of voltage at = 3 ms
v=14145in377x3x 103 =127.67V
(ii)) Time taken for the voltage to reach 70.7 V for the first time
v=141.4sin 377t
70.7 = 141.4 sin 377t

sin 377t =0.5
377t =0.524
t=1.39 ms

4. (b) State Superposition Theorem. Find I, using Superposition Theorem without using
source transformation technique.

100 10
AWV AWV

25A(D) §4Q D20 §ZQ §109::20V

Fig. 11

Ans. Superposition Theorem: Refer Section 2.8 on page 2.116.
Step I: When the 25 A source is acting alone

00 [ 10
MM~ MM~

25 A ) 40 §2Q §109

Fig. 12
Simplifying the network,
10Q p 1Q
MW MW

25 A ) §4Q §2Q

Fig. 13
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10Q p
MM

0.67 Q

MW

25A ) 4Q

Fig. 14
By current-division rule,

L'=25x — % _682A (=)

4+10+0.67

Step II: When the 20 A source is acting alone
00 gy 10

AW AW

Simplifying the network,
100 gy 10
MM~

4Q 20A §2Q

Fig. 16

10Q

40% (D204 0.67 Q

<

Fig. 17
By current-division rule,

0.67

[7=20x —————— =0.913A (<) =-0913 A (=)

* 0.64+10+4

A.19
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Step I11: When the 20 V source is acting alone

10Q 1Q
MW
4Q §ZQ §1OQ —_— 20V
Fig.18

Since the 10 Q resistor is connected across the 20 V source, the resistor becomes redundant.

10Q 10
MW MW
40 D 220 D =2V 240
Iy Iz
Fig. 19

Writing KVL equation in matrix form,

16 2|1, 0
2 3L
I, =-0.909 A
L,=-727A
I”=1=-0909 A (—)
Step IV: By superposition theorem,

IL=I'+1"+1"
=6.82-0.913-0.909
=4998 A (—)

5. (a) State and prove maximum power transfer theorem. Find the value of the resistance
R; using maximum power transfer theorem and find the value of maximum power

transferred.
7
/6%/ \@,@\
18 Q
220V <D VWA
R,
\%\L <

Fig. 20
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Ans. Refer Section 2.11 on page 2.205.
Step I: Calculation of Vi,

Removing the variable resistor R; from the network,

220v (7)

Fig. 21

Applying KVL to Mesh 1,

301, - 24 1, =220 )
Applying KVL to Mesh 2,
—-6(l,-1))-121,-18(,-1,)=0
—241,+361,=0 2)
Solving Egs (1) and (2),
I,=1571A
I,=10.48 A

Writing Vo, equation,

Vo =18, - 1,) - 61, =0

Vo =18, — 1) + 61, = 18(15.71 — 10.48) + 6(15.71) = 188.4 V
Step II: Calculation of Ry,

Replacing voltage source by a short circuit,

7
) 18 Q
& o) AW
18 Q A 6 Q
ANV 4Q
\0 Rrh
B

R
A/; Th o

Fig. 22

Ry, =22116=471Q
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Step III: Value of R;
For maximum power transfer,

R, =Rp,=4.71Q
Step IV: Calculation of P,

471Q
MW A
1884V —— 4710
B
Fig. 23
% 4)?
= Ym (8847 1884 W

T 4Ry 4x471

5. (b) A balanced load of phase impedance 100 Q and power factor 0.8 (lag) is connected in
delta to a 400 V, 3-phase supply. Calculate:
(i) Phase current and line current.
(i) Active power and reactive power.
If the load is reconnected in star across the same supply, find
(iii) Phase voltage and line voltage.
(iv) Phase current and line current.
What will be the wattmeter readings if the power is measured by two wattmeter method
(either star or delta).

Ans. Z,,=100Q
pf =0.8 (lag)
V, =400V

For a delta connected load,
¢ =cos™1(0.8) =36.87°
(i) Phase current and line current
V=V, =400V
B & _ 400 _

= =—— =
M Zy 100

I=\B31,=13 x4=693A

(i) Active power and reactive power

4A

P=3V,I,cosp= /3 x400%6.93 x 0.8 = 3.84 kW
0 =3V, sin g= /3 x400 x 6.93 x sin (36.87°) = 2.88 kVAR



Additional Solved Mumbai University Examination Questions (December 2017) ~ A.23

(iii) Phase voltage and line voltage for a star connected load
V, =400V
V., 400

V= L _ T
BB

(iv) Phase current and line current for a star connected load

=230.94V

v
U 230044
Zy 100
I =I=231A

(iv) Wattmeter readings for a star connected load
W, =V, I;cos (30° — ¢) =400 x 2.31 X cos(30° — 36.87°) =917.37 W
W, =V, I;cos (30° + ¢) =400 x 2.31 X cos(30° + 36.87°) =362.96 W
6. (a) The readings when open circuit and short circuit tests are conducted on a 4kVA,
200/400V, 50 Hz, single phase transformer are given below. Find the equivalent circuit

parameters and draw the equivalent circuit referred to primary. Also find the transformer
efficiency and regulation at full load and half load for 0.8 pf lagging.

OC test on LV side 200V [0.7A |70W
SC test on HV side 15V |[|10A |85W

Ans. (i) Equivalent circuit parameters
From OC test (meters are connected on LV side, i.e., primary)
W,=70W, V=200V, [,=0.7A

70

cos p= ——=——— =05
%o Vil,  200x0.7
sin ¢, = 0.867
I, =1Iycos ¢=0.7x0.5=0.35 A
v
Ry = N _20 _ 1430
I, 035
1,=1ysin ¢, =0.7x 0.867 = 0.61 A
v
X, = N _20 50870
Iu

From SC test (meters are connected on HV side, i.e., secondary)
Wsc=85 W, Vsc= 15V, Iscz 10 A

\% 1
sSC
W,
Rp= e - 85 o850
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Xpp= A/ Z2)* —(Rpp)* = J(1.5)% —(0.85) =1240Q

o B2 400 _
E, 200
R :
Ry = szo—gf =0.213Q
K> (2
Xy 124
Xo = —%=—"5=031Q
K* (2

(i) Equivalent circuit referred to primary

0.213 Q 0.31Q
MW L[

571.43 Q % % 327.87Q Z

o

©

Fig. 24

(iii) Transformer efficiency at full load for 0.8 pf lagging
W, =70 W =0.07 kW
Since meters are connected on secondary in SC test,

. kVAx1000 _ 4x1000
2 v, 400

=10A

W, = L,2Ry, = (10)* x 0.85 = 0.085 kW
x=1, pf=0.8
x X fullload kVA X pf

% n=
*M= ¥ x fullload kVA X pf + W, + W,

x 100

_ 1x4x0.8 «
1><4><0.8+0.O7+(1)2 x0.085

=95.38%

Transformer efficiency at half load for 0.8 pf lagging
x=0.5, pf=038
0.5x4x0.8
= his i x 100
0.5%4x0.8+0.07+(0.5) x0.085
=94.61%
(iv) Regulation at full load for 0.8 pf lagging
cos p=0.8

%1
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sin ¢=0.6
L, (R, + X, si
% regulation = 2R COS9+ Xop Sin ) x 100
E,
_ 10(0.85x0.8+1.24%0.6) % 100
400
=3.56%
Regulation at half load for 0.8 pf lagging
IL=5A
cos ¢=0.8
sin ¢ =0.6
I, (R + X, si
% regulation = 2(Ryp COS+ Xy Sin ) x 100
E,
_ 5(0.85x0.8+1.24x0.6) % 100

400
=1.78%

. (b) With neat diagram explain the main parts of a dc machine? Mention the functions of
each part.
Ans. Refer Section 7.3 on page 7.2.
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May 2017

1. (a) Find the ratio V;/ V in the circuit shown below using Kirchhoff’s laws.

R R R
fwf AN~ T
Vs _|— R R R Vi
Fig. 1
Ans.
R Vi R Vo R
AN %% o
IM I I Is T
Vs T R R R \lL
Fig. 2
V,
L,=-+L
TR

Vo=RL;+V, =V, +V, =2V,

V.
L=-2+1=
2 R 3

R R R

V1=R12+V2=R(3%j+2VL=5VL

|4 5v, 3V, 8V
L=-t+="L4+—L="L
R R R R

8V,
Vs =RI +V, =R(TLJ+5VL =13V,

o 1

Ve 13
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(b) Find the rms value for the following waveform:
4
Vi fommm=m=2

0.707 Vi ===
0.5 Vi {--

Fig. 3

Ans.

0.707 Vi ===
0.5 Vi {--

Fig. 4

v=1"V,sin 0
At 6=¢, V=05V,
0.5V, =V,sin ¢,
¢ = %
At 0=9,, v=0.707V,,
0.707 ¥, =V, sin ¢,

0, =

SN

y=V, sinf 0<9<%

=05V, Zco<Z
6 4
=V, sinf %<9<7t

Vrms

/l ["V©) a6
T Y0

A.27
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T T -
_ 1L [V sin®0do+ [2(0.57,)7d0 + [ ;. sin” 0d0
|0 5 n
=0.699V,

(¢) Draw the phasor diagram for a three phase star connected load with leading power
factor. Indicate all the line and phase voltages and currents.
Ans.

Z

R

Fig.5

(d) A 5 kVA, 240/2400 V, 50 Hz single phase transformer has the maximum value of
flux density as | Tesla. If the emf per turn is 10, calculate the number of primary and
secondary turns and the full load primary and secondary currents.

Ans.
kVA rating = 5 kVA
E, =240V
E,=2400V
f=50Hz
B,=1T
£ 10
N
(1) Number of primary and secondary turns
B =240
N N
N=24
E, _N,
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2400 _ N,
240 24
N, =240

(i1) Full load primary and secondary currents
For a transformer,

Vi~ E =240V
V,~E,=2400 V
_ kVA rating x 1000 _ 5x1000

1, =20.83 A
4 240
kVA rati 1
L= VA rating X 000=5X1000=2.08A
v, 2400

(e) Explain the principle of operation of DC generator.
Ans. Refer Section 7.2 on page 7.2.

2. (a) Find the current through 3 Q resistor by mesh analysis.

5V 50

1m0V 4Q

T

Fig. 6

Ans. Assigning clockwise currents in two meshes,

1 o .

Fig. 7
Applying KVL to Mesh 1,
10-1/,-3(,-1,)—4[,=0
81,—3L,=10 @)
Applying KVL to Mesh 2,
5-20,-3(,-1,)=0
=31, +5L,=5 (i)
Solving Egs (i) and (ii),
1,=2.097 A

L,=226A
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Lo=L-1,=0.163A

(b) Find the current delivered by the source. )
S
)
'\QQ
8V 20 1Q
3Q
Fig. 8
Ans.

Converting the star network formed by resistors of 2 Q, 3 Q and 4.4 Q into an equivalent
delta network,

Simplifying the network,
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Converting the delta network formed by resistors of 2.8 Q, 9.33 Q and 0.93 Q into an
equivalent star network,

Fig. 11

Simplifying the network,

02Q

8V —/—

MW
3Q

Fig. 13

8

= —149A
2.18+0.2+3

2. (c) The voltage and current in a circuit are given by ¥ =12 £30°V and 7 =3 £ 60° A.
The frequency of the supply is 50 Hz. Find
(i) Equation for voltage and current in both the rectangular and standard form.
(i1) Impedance, reactance and resistance.
(iii) Phase difference, power factor and power loss.

Draw the circuit diagram considering a simple series circuit of two elements indicating
their values.
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Ans.
V=12.£30°V
1=3260°A
f=50Hz

(i) Equation for voltage and current in both the rectangular and standard form

V=12230°=1039+ 6V
v=12+/2 sin (ot + 30°)
I=3260°=15+j26A

i =32 sin(@t + 60°)

(i1) Impedance, reactance and resistance

Z:%: 132563;0 _4/-30°Q=346-2Q

Z=4Q
Xc=2Q
R=3.46Q
(iii) Phase difference, power factor and power loss

$=30Q
pf=cos¢=0.866 (leading)
P=VIcosp=12 %3 x0.866=31.18 W

(iv) Circuit diagram

R=346Q Xc=2Q

MW ||
(=)
%
12V, 50 Hz
Fig. 14
Xo=2Q
Xe= !
2r fC
1

2=—
2 x50x C
C=1.59mF
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. (a) Find the resultant voltage and its equation for the given voltages which are connected
in series.

. T T . T
e, =2sinwt, e, =—cos(a)t—g),e3 =200s(a)t—z),e4 =—2s1n(a)t+§).

Ans.
e; =2 sin @t

e, =—Ccos ot -7 | =sin wt—£+5—ﬂ = sin(wt + 240°)
6 6 4
ey = 2cos(a)t - %) = 2sin(wt —§+ %) = 2sin(wr + 45°)

e, =—2sin| ot + = | = 2sin| @ + = + 1 | = 2sin(or + 240°)
4 3 3

Writing voltage e, e,, e; and e, in the phasor form,

E, =%40°=1.4140°

E, =% Z£240°=0.71 £ 240°
E, =%445°=1.41445°
E, =%4240°=1.414240°

Resultant voltage E =E, + E, + E; + E,
=1.42£0°+0.71 £240°+ 1.41 £45°+ 1.41 £240°
=159 £-31.92°
e =1.59/2 sin(wt —31.92°)

=2.25 sin(wt — 31.92°)
(b) Find the current through 20 € resistor by using superposition theorem.

40V
20V 200
8Q 8Q
6Q 30V

Fig. 15
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Ans.
Step I: When the 20 V source is acting alone

Iz
20V — D 20Q DI

2

MWV MV
8Q 8Q
n
MW\
6 Q

Fig. 16

Writing KVL equations in matrix form,
28 20 -8 || [ 20
=20 28 8 ||L,|=| O
-8 8 20 || L 0
1,=646 A
1,=6.04 A
I'=I1,-1,=646 - 6.04=042 A (~L)
Step II:  When the 40 V source is acting alone

40V
i
D iwa O,
MWV MW~
8Q 8Q
Dlg
MW
6 Q

Fig. 17

Writing KVL equations in matrix form,

28 =20 -81[1 0

20 28 -8 ||1,|=|-40

-8 -8 20| 0
1,=-12.08 A
L=-1291A

I"=1,-1,=-12.08 - (-12.91)=0.83 A ({)
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Step III: When 30 V source is acting alone

Iz
Dh 200 D,Z
MW\ MW
8Q 8Q
»
WA 1
60 30V
Fig.18
Writing KVL equations in matrix form,
28 20 -8 || [, 0
20 28 -8 ||L|=| 0
-8 -8 20 ||/ 30
1,=75A
L,=75A

1""=1-1,=75-75=0
Step IV: By superposition theorem,
I=I'+17+1"=042+0.83+0=125A{)
(¢) Two parallel branches of a circuit comprise respectively of (i) a coil having 5 Q

resistance and inductance of 0.05 H, (ii) a capacitor of capacitance 100 UF in series
with a resistance of 10 Q. The circuit is connected to a 100 V, 50 Hz supply. Find

(i) impedance and admittance and each branch,
(i1) equivalent admittance and impedance of the circuit,
(ii1) the supply current and power factor of the circuit.
Draw its equivalent series circuit using two elements indicating their values.
Ans.

50  005H
R =5Q
100MF 100 L=0.05H
C=100 uF
© R,=10Q
100V, 50 Hz V=100 £0°V
Fig.19

(1) Impedance and admittance of each branch

X, =2nfL=2mx50x%0.05=15.71 Q
1 1
S 27fC 2w x50x100x107°
Z, =R +jX, =5+ j1571Q=16.49 £ 72.35°Q

=31.83Q

Xc
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Zy=—jXc+ R, =—j31.83+10=3336 £ —72.56°Q
~ 1
1649 £ 72.35°
~ 1

Z, 33.36 £-72.56°

=0.06 £ -72.35°

|| — NI~

1

h =

=0.03 £72.56°

(i1) Equivalent admittance and impedance of the circuit
Y, =Y, +Y,=0.06 £ -72.35°+0.03 £ 72.56° = 0.04 £ 46.41°
1 1
Z,==—=—"""—"""—"—=25./4641°Q
i Y, 0042-4641°

=17.24+j18.11Q

(iii) Supply current and power factor of the circuit
7= 10020° _\ 46a10A
Z,, 2524641°
pf = cos (46.41°) = 0.689 (lagging)
(iv) Circuit diagram

R=1724Q X, =1811Q

MWV
)

N
100V, 50 Hz
Fig. 20

4. (a) How are DC machines classified?
Ans. Refer Section 7.4 on page 7.4.
(b) Find the current through 10 Q resistor by using Norton’s theorem.

12 Q 4 Q
MWW

20V ZQ§ GQ§ §1OQ
[

Fig. 21

Ans.
Step I:  Calculation of 7
Replacing 10 € resistor by short circuit,
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12 Q

D 2502 2

In
T Iy 369 5
e

40V

20V

Fig. 22

Writing KVL equations in matrix form,
14 2 0] 20
-2 12 -6 ||L,|=| O
0 -6 6|1 40

1,=25A
L=75A
I;=1417A
Iy=05L=14.17A
Step II:  Calculation of R,
Replacing the voltage sources by short circuits,

12 Q 4Q
MW )

2Q 6Q ‘—|RN

Fig. 23

Ry =[(12 2)+4] 6=293Q
Step III:  Calculation of /;

>

1417 A 293Q 100

[uy)

Fig. 24

I =1417x—25 __324
2.93+10

A37

(¢) An inductive coil has a resistance of 20 €2 and inductance of 0.2 H. It is connected in

parallel with a capacitor of 20 [LF. This combination is connected across a 230 V supply
having variable frequency. Find the frequency at which the total current drawn from
the supply is in phase with the supply voltage. What is this condition called? Find the
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values of total current drawn and the impedance of the circuit at this frequency. Draw
the phasor diagram and indicate the various current and voltages in the circuit.
Ans. Refer Example 6 on page 4.113.

5. (a) A coil having a resistance of 20 €2 and inductance of 0.2 H is connected across a 230 V

50 Hz supply. Calculate
(i) circuit current

(i1) phase angle
(iii) power factor
(iv) power consumed

Ans.
20 Q 0.2H

AW
R=20Q
- L=02H
N\
230V, 50 Hz
Fig. 25

(i) Circuit current
X, =2nfL =21 x50 x0.2=62.83 Q

Z=R+ jX, =20+ j62.83 =65.94 £ 72.34° A
Y20 5494
Z 6594
(il) Phase angle
$="72.34°
(iii) Power factor
pf=cos ¢=cos (72.34°) = 0.303 (lagging)
(iv) Power consumed
P="VIcos =230 x 3.49 x 0.303 =243.22 W

(b) A balanced three phase delta connected load draws a power of 10 kW, with a power
factor of 0.6 leading when supplied with an ac supply of 440 V, 50 Hz. Find the circuit
elements of the load per phase assuming a simple series circuit of two elements.

Ans. Refer Example 23 on page 5.33.

(¢) Draw and explain the phasor diagram of a single phase transformer on no-load.

Ans. Refer Section 6.9 on page 6.16.

6. (a) Explain the various losses of a single phase transformer.

Ans. Refer Section 6.7 on page 6.13.

(b) Two wattmeters connected to measure power in three phase circuit using the two
wattmeter method indicate 1250 W and 250 W respectively. Find the total power
supplied and the power factor of the circuit when:

(i) both the reading are positive,

(i1) when the latter reading is obtained by reversing the connections of the pressure
coil.
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Ans.
W, =1250 W
W,=250 W
(i) Both the reading are positive
P=W,+W,=1250+250= 1500 W

tamp:ﬁ(Wl —Vrfzjzﬁ[lzso—zsoj:l.41

W+ W, 1250 + 250
O=754.74°
(i) When the latter reading is obtained by reversing the connections of the pressure
coil
W,=-250 W

P=w,+W,=1250-250= 1000 W

tan¢ = ﬁ(—wl —W j =3 {—1250 — (_250)} =2.598

W, + W, 1250 — 250

¢ =68.95°
(c) A200/400 V, 50 Hz single phase transformer gave the following test results:
OCtest: 200V 0.7A 70 W (on lv side)
SCtest: 15V 10A 85 W (on hv side)
Obtain the parameters and draw the equivalent circuit of the transformer as referred to
the primary.
Ans. Refer Example 7 on page 6.60.
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December 2016

1. (a) State maximum power transfer theorem.
Ans. Refer Section 2.11 on page 2.205.
(b) Derive the formula to convert a delta circuit into an equivalent star.
Ans. Refer Section 2.71 on page 2.86.
(¢) Define average value and RMS value of an alternating quantity.
Ans. Refer Section 3.3 on page 3.4 and Section 3.4 on page 3.6.
(d) Prove that power in a 3-phase delta connected system is 3 times that of a star connected
system.
Ans. Refer Section 5.13 on page 5.13.
(e) Explain the working principle of a single phase transformer.
Ans. Refer Section 6.3 on page 6.4.
(f) What is the use of commutator in a DC machine.
Ans. Refer Section 7.3 on page 7.3.
2. (a) Obtain current through 1 Q resistor using Superposition Theorem in Fig. 1.

2Q
MWV

TGRS TS i

W\
2Q

Fig.1

Ans.
Step I: When the 1 A source is acting alone

2Q
MY

1A(1) (%39 220 ?Q

AW\
2Q

Fig. 2
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Simplifying the network,

1a(h) §1.2Q 10

1Q
Fig.3

By current division rule,

1.2

I'=1Xx——
1.2+1+1

=0375A 1)

Step II:  When the 1 V source is acting alone

s ”
wy
ID1V §1Q
3Q§ )ézg I
I
AW
20
Fig. 4

Writing KVL equations in matrix form,
5 0 21| 1
0 4 =2|L|=|-1
-2 2 5| 0

I"=1L=-0.03125A()
Step III: By superposition theorem,

I=0+1"=0375-0.3125=0.34375A({)

(b) A coil is connected across a non-inductive resistance of 120 Q. When a 240 V, 50 Hz
supply is applied to this circuit the coil draws a current 5 A and total current is 6 A.
Determine the power and power factor of
(1) the coil
(i1) the whole circuit

Ans.

MY
6A 120 Q

240V, 50 Hz
Fig.5
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24
Zcoil = TO =48Q
24
Zy = TO =40Q
Zoy =\r’ + X =48
r* + X[ =2304 6

5 _(r+jX)120 1207+ /120X,
"X, 4120 (r+120)+j X,

Ja20r)? +(120x, 0
r+120 +X>

14400 (7> + X )

2 > =1600
r° +240r + 14400 + X,
14400(2304) 1600
2304 + 240r + 14400
r=16.8 Q
Substituting value of 7 in Eq. (i),
X, =44.96 Q
> 16. 144.96)12
r= ( 68+.] 96)120 =25+,31.22Q
16.8 + j44.96 +120
Py =12y xr=(57x168=420 W
r 16.8 )
Plegi = —— =0~ =0.35 (lagging)

coil

Py =17 (R;) = (6)* X (25) =900 W

R 25
fr ==L =-==0.625 (laggin
pfr Z, 40 (lagging)
3. (a) Obtain Norton’s equivalent circuit of the network shown in Fig. 6, across the terminals
A and B.
8Q 2Q A
J_ AN J_ MV
15V 5V
18 Q § 3Q
2Q 10 Q
AW B
2Q

Fig. 6
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Ans.
Step I:  Calculation of 7
Replacing the 3 Q resistor by short circuit,

8Q 20
AW AW .
15VJ— 2a !
LD 5V D
I I
20 169) 8 N
L300
A
20
Fig. 7

Applying KVL to Mesh 1,
21, +15-8[,—-16(/;,-1,)=0

261, — 161, =15 (1)
Applying KVL to Mesh 2,
-16(,—1,)-5-10(/, - ;) -2,=0
—161, + 281, - 10/, =-5 (i1)
Applying KVL to Mesh 3,
-10; L) +5-25,=0
-105, + 121, =5 (1i1)

Solving Egs (1), (ii) and (iii),

Iy=5L=113A
Step II:  Calculation of R,
Replacing voltage sources by short circuits,

8 Q 2Q
MV MW °A
~—R
2Q § 16 Q §10 Q N
MV o B
2Q
Fig. 8
By Series-Parallel reduction technique,
2Q 2Q
AN
6.15Q 10Q ) 44902100 < Rn
2Q
Fig. 9

Ry=6.49Q
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Step III: Calculation of /;

A

1.13A 6.49 Q 3Q

B

Fig. 10

L =1.13x 2% __g774
6.49 +3

(b) A series RLC circuit, if @, is the resonant frequency, w; and w, are the half power
frequencies, prove that @, = /(®, ®,) .

Ans.
JLc

o, =0, - LS
2L

0, =0, + R
2L

0w, = (wo - i) (a’o i)
2L 2L
_2 R
0y

2

R . . .
For low values of R, the term —- can be neglected in comparison with term a)02 ie., Ic’

w0, = wo2

0y =0, ®,

(¢) Derive the equivalent circuit of a 1-phase transformer.
Ans. Refer Section 6.11 on page 6.21.
4. (a) Obtain current through 15 Q resistance by nodal analysis in Fig. 11. Take reference
node as marked.

120V
| 1
|1
45V — 20Q %159
10Q 50
AW AW i
o sa |
I AW
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Ans.
120 V
Vs |1
[l
45V —= 20Q %159
Vi AV A
10 Q Vs 50 l
“ wy
20V SQ
Fig. 12

Assume that the currents are moving away from the nodes. Nodes 1 and 3 will form a
supernode.

Writing voltage equation for the supernode,
Vi—V,=45 1)

Applying KCL at the supernode,
V1—20+V1—V2 +V3—V2+V3—120:

0
5 10 20 15
120 2
(l+i\)l/l_(L+i)V2+(L+L)V3=_O+_0
5 10 10 20 20 15 15 5
03V, -0.15V,+0.12V;=12 (i1)
Applying KCL at Node 2,

h-h nh nh-h_,
10 5 20

1 111 1
V| —t—t— |V, - V3 =0
1 ( jz 20 3

10 10 5 20
—0.1/,+0.35V,-0.05/5=0 (ii1)
Solving Egs. (i), (ii) and (iii),
V,=2127V
V,=1554V
V;=66.27V
v, =120 27-12
L5 ="2 :66 ! 0=—3.58A
15 15

(b) In a balanced 3 phase, star connected system, a wattmeter is connected with is current
coil in series with Y line and pressure coil between Y and R lines. Draw a neat diagram
showing the above wattmeter connection. Assume a lagging power factor, draw the
corresponding phasor diagram and derive the wattmeter reading in terms of line
voltage, line current and phase angle.
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Ans.

RO

Phasor diagram

Fig. 14

From phasor diagram it is clear that the phase angle between V', and 7y is 30° — ¢.
W= Vyg Iy cos(30° — @)
5. (a) Obtain current through 60 Q resistance by Mesh analysis in Fig. 15.

1A
10 Q
w S
10 Q 20Q
MW MW
100V —/—
§ 60 Q —_— 50V
Fig. 15
Ans. Assigning clockwise current in three meshes,
1A
10 Q N
M- —
N
10Q <), 200

AW MWW
100V ==
60 QD =50V
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Applying KVL to Mesh 1,
100 — 104, = 10(Z; —1,) —60(/;, —1;) =0

80/, — 107, — 60/; = 100 @)
For Mesh 2,
L=1 (i)
Applying KVL to Mesh 3,
—00(, — ;) —20(/;—1,) —50=0
—-607, — 201, + 801, = —50 (1ii)
Solving Egs (i), (ii) and (iii),
[,=25A
L=1A
L,=15A

lyq=1-5=25-15=1A
(b) Develop the phasor diagram of a single phase transformer supplying to a resistive
load.
Ans. Refer Section 6.10 on page 6.18.
(¢) Derive the emf equation of a dc generator.
Ans. Refer Section 7.5 on page 7.5.

. (a) Aresistor and a pure reactance are connected in series across a 150 V ac supply. When
the frequency is 40 Hz, the circuit draws 5 A. When the frequency is increased to 50
Hz, the circuit draws 6 A. Find the value of resistance and the element value of the
reactance. Also find the power drawn in the second case.

Ans.
V=150V, /1 =40 Hz, I,=5A
V,=150V, /> =50 Hz, L=6A
Case (i) V=150V, /1 =40 Hz, [,=5A
PPLANE T
I, 5
Case (ii) V,=150V, f, =50 Hz, L=6A
Z, :%:259

As frequency increases, impedance of the circuit decreases. In a series R-C circuit,
capacitive reactance decreases with increase in frequency. Hence, impedance decreases.
Hence, the circuit consists of a resistor R and a capacitor C.

2
1
Z =R*+X.2 = |R* x| ———— | =30
! “ \/ (27[><40><C]

2
R? +( ! ) =900 (1)
80mC
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2
1
Z, =R+ Xy =, |R*+| ————| =25
2r x50 C

(5o
R+ =625
100zC

Solving Egs (i) and (ii),
R=11.67Q
C=143.96 uF

P, =1} R=(6)*(11.67) =420 W

(i)

6. (b) A single phase 10 kVA, 500 V/250 V, 50 Hz transformer has the following constants:

Resistance primary = 0.2 ohms, secondary = 0.5 ohms
Reactance primary = 0.4 ohms, secondary = 0.1 ohms

Resistance of equivalent exciting circuit w.r.t. primary = 1500 ohms
Reactance of equivalent exciting circuit w.r.t. primary = 750 ohms

What will be the reading of the instruments placed on primary side when the transformer

is connected for OC and SC test?

Ans. Full load kVA = 10 kVA
E, =500V
E,=250V
R, =02Q
R,=0.5Q
X,=04Q
X,=0.1Q
R,=1500 Q
Xy =750 Q
For OC test,
v, E =500V
© —£=ﬂ=0.33A
R, 1500
u _ﬂzﬂzo.mA
X, 750

Iy= 12 +12 =\[033)* +(0.67* =0.75 A

1 .
cosy, === 033 _ 0.44
I, 075

@, = cos ' (0.44) = 63.9°
W, =V,I, cos @, =500 x 0.75 x 0.44 =165 W
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For SC test,
I = kVA rating x 1000 _ 10 x 1000 —90 A
4 500
Assuming full load current through primary winding,
k=220,
E, 500
R, 0.5
R0]=R1+F=0.2+ 5)2=22Q
X .
Xo =X, +3=04+ 0 12 =0.8Q
K 5)

Wee =Wy, = 1Ry, = (20)*(2.2) =880 W

Zor = (Ry1)> +(Xo1)? =y(22)> + (0.8 =2.34Q
Ve =lgo Zgy =20 X 2.34=46.8 V






A

Active power 4.12

Admittance 4.63

Advantages of a three-phase system 5.5
Amplitude 3.3

Apparent power 4.12

Armature core and armature windings 7.3
Average power 4.12

Average value 3.6

Average value of sinusoidal waveform 3.6

B

Balanced load 5.5

Balanced system 5.5

Balanced y/A and A/y conversions 5.12

Bandwidth 4.92

Behaviour of a pure capacitor in an ac circuit
4.5

Behaviour of a pure inductor in an ac circuit 4.3

Behaviour of a pure resistor in an ac circuit 4.2

Behaviour of Conductance G, Inductive
Susceptance BLand Capacitive Susceptance
with Change in Frequency 4.107

Behaviour of R, L and C with Change in
Frequency 4.91

Branch 2.2

Brushes 7.3

C

Commutator 7.3

Index

Comparison between star and delta connections
5.14

Comparison of core-type and
transformers 6.3

Comparison of series and parallel resonant
circuits 4.109

Complex impedance 4.11

Compound generator 7.7

Compound motor 7.8

Compound-wound machines 7.5

Condition for maximum efficiency 6.33

Conductance 4.63

Conductors 1.5

Construction 6.2

Copper loss 6.13, 6.14

Core 6.2

Core-type transformer 6.3

Crest or peak or amplitude factor 3.5

Current 1.2

Current Controlled Current Source (CCCS) 1.4

Current Controlled Voltage Source (CCVS) 1.4

Current division in a parallel circuit 1.11

Cycle 3.3

shell-type

D

DC machines 7.2

Delta or mesh connection 5.7

Delta to star transformation 2.86

Dependent source 1.2

Dynamic impedance of a parallel circuit 4.107



1.2 Index

E

Eddy-current loss 6.13

Efficiency 6.33

Emf equation 7.5, 6.4

Equivalent circuit 6.21, 6.47

Equivalent impedance referred to primary 6.22

Equivalent impedance referred to secondary 6.22

Equivalent leakage reactance referred to primary
6.22

Equivalent leakage
secondary 6.22

Equivalent resistance referred to primary 6.22

Equivalent resistance referred to secondary 6.22

Exponential form 3.45

Expression for bandwidth 4.92

Expression for voltage regulation 6.28

reactance referred to

F

Field windings 7.2

Form factor 3.6

Frequency 3.3

Full-load current 6.6

Full-load primary current 6.6
Full-load secondary current 6.6

G

Generation of alternating voltages 3.2
Generation of polyphase voltages 5.2

H

Half-power points 4.92
Hollow-core construction 6.2
Hysteresis loss 6.13

Ideal and practical transformers 6.14
Impedance 4.2

Impedance triangle 4.11
Independent current source 1.2
Independent source 1.2

Independent voltage source 1.2
Insulators 1.5

Interconnection of three phases 5.6
Iron loss 6.13

Iron or core loss 6.13

K

Kirchhoff’s Current Law (KCL) 2.2
Kirchhoff’s laws 2.2
Kirchhoff’s Voltage Law (KVL) 2.2

L

Lagging alternating quantity 3.4

Lap winding 7.3

Leading alternating quantity 3.4

Leakage flux 6.3

Line current 5.5

Line voltage 5.5

Load corresponding to maximum efficiency 6.34
Loop 2.2

Losses in a transformer 6.13

M

Mathematical representations of phasors 3.45
Mesh 2.2

N

Neutral point 5.6
Node 2.2

(0]

Ohm’s Law 1.5

Open Circuit (OC) test 6.47
Open circuits and short circuits in a series circuit
1.12

P

Parallel ac circuits 4.62

Parallel circuit 1.10, 2.188

Parallel resonance 4.106

Phase 3.3

Phase current 5.5

Phase difference 3.3,4.2

Phase sequence 5.5

Phase voltage 5.5

Phasor 3.38

Phasor diagram 6.16

Phasor diagram of a transformer on no load
6.16

Phasor diagram of a transformer on load 6.18



Phasor diagram of a transformer on no load
6.16

Phasor diagram using rms values 3.39

Phasor representation of alternating quantities
3.38

Polar form 3.45

Power 4.3

Power factor 4.2,4.13

Primary winding 6.3

Principle of working 6.4

Q

Quality factor 4.94

R

Rating of a transformer 6.6
Reactive power 4.12
Rectangular form 3.45

Relation between power in delta and star systems
5.13

Resistance 1.5

Resonance 4.90

RMS value of sinusoidal waveform 3.5

Root mean square (rms) or effective value 3.4

S

Secondary winding 6.3
Self-excited machines 7.4
Separately excited machines 7.4
Series circuit 1.10

Series generator 7.6

Series motor 7.7

Series R-C circuit 4.36

Series resonance 4.90

Series R-L circuit 4.10

Series R-L-C circuit 4.47
Series-wound machines 7.5
Shell-type core construction 6.2
Shell-type transformer 6.3
Short and open circuits 1.12
Short-circuit (SC) test 6.49
Shunt generator 7.6

Shunt motor 7.7

Shunt-wound machines 7.4
Significance of operator j 3.45

Index 1.3

Single phase transformers 6.2

Single-phase transformers 6.2

Source transformation 2.65, 2.71

Specific resistance, or resistivity of the material
1.5

Star or neutral point 5.6

Star or wye connection 5.6, 5.44

Star to delta transformation 2.87

Star-delta transformation 2.86

Step-down transformers 6.6

Step-up transformers 6.6

Supermesh analysis 2.41

Super node analysis 2.65

Superposition theorem 2.116

Susceptance 4.63

Symmetrical or balanced system 5.5

T

Three-phase system 5.2
Three-phase, four-wire system 5.6
Three-phase, three-wire system 5.7
Time period 3.3

Transformation ratio (K) 6.5
Transformer windings 6.3
Trigonometric form 3.45

Two wattmeter method 5.45

Types of armature winding 7.3

\"

Voltage 1.2

Voltage Controlled Current Source (VCCS) 1.3

Voltage Controlled Voltage Source (VCVS) 1.3

Voltage division in a series circuit 1.10

Voltage regulation 6.27

Voltage, current and power relations in a balanced
delta-connected load 5.10

Voltage, current and power relations in a balanced
star-connected load 5.7

w

Wattmeter 5.44

Wave winding 7.4

Waveform 3.3

Working principal of a motor 7.2
Working principle of a generator 7.2
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