ScHAUM'S &
ouT/nes

BASIC CIRGUIT
ANALYSIS

The peerfect aad lor better graded

Coeers o counse
O I CPTUiS: and Phpeoe

Teariy eliooihve grobshem wobong




SCHAUM’S OUTLINE OF

THEORY AND PROBLEMS

of

BASIC CIRCUIT
ANALYSIS

Second Edition

JOHN O’MALLEY, Ph.D.

Professor of Electrical Engineering
University of Florida

SCHAUM’S OUTLINE SERIES

McGRAW-HILL

New York San Francisco Washington, D.C. Auckland Bogoté Caracas Lisbon
London Madrid Mexico City Milan Montreal New Dehli

San Juan Singapore Sydney Tokyo Toronto



JOHN R. O’'MALLEY is a Professor of Electrical Engineering at the
University of Florida. He received a Ph.D. degree from the University of
Florida and an LL.B. degree from Georgetown University. He is the author
of two books on circuit analysis and two on the digital computer. He has
been teaching courses in electric circuit analysis since 1959.

Schaum’s Outline of Theory and Problems of
BASIC CIRCUIT ANALYSIS

Copyright © 1992, 1982 by The McGraw-Hill Companies Inc. All rights reserved. Printed

in the United States of America. Except as permitted under the Copyright Act of 1976, no

part of this publication may be reproduced or distributed in any form or by any means, or
stored in a data base or retrieval system, without the prior written permission of the pub-

lisher.

910 11 12 13 14 15 16 17 18 19 20 PRS PRS 9

ISBN 0-07-047824-Y4

Sponsoring Editor: John Ahano
Production Supervisor: Louise Karam
Editing Supervisors: Meg Tobin. Maureen Walker

Library of Congress Cataloging-in-Publication Data

O'Malley. John.

Schaum’s outline of theory and problems of basic circuit analysis
John O'™Malley. -+ 2nd ed.
p. cm (Schaum's outfine series}
Includes index.
ISBN 0-07-047824-4
1. Electric circuits. 2. Electric circuit analysis. [. Title.

TK454.046 1992

6213192 dc20 90-26615

McGraw-Hill 57

A Division of The McGraw-Hill Companies



Dedicated to the loving memory of my brother
Norman Joseph O’Malley
Lawyer, engineer, and mentor



This page intentionally left blank



Preface

Studying from this book will help both electrical technology and electrical
engineering students learn circuit analysis with, it is hoped, less effort and more
understanding. Since this book begins with the analysis of dc resistive circuits
and continues to that of ac circuits, as do the popular circuit analysis textbooks,
a student can, from the start, use this book as a supplement to a circuit analysis
textbook.

The reader does not need a knowledge of differential or integral calculus
even though this book has derivatives in the chapters on capacitors, inductors,
and transformers, as is required for the voltage-current relations. The few problems
with derivatives have clear physical explanations of them, and there is not a single
integral anywhere in the book. Despite its lack of higher mathematics, this book can
be very useful to an electrical engineering reader since most material in an electrical
engineering circuit analysis course requires only a knowledge of algebra. Where there
are different definitions in the electrical technology and engineering fields, as for
capacitive reactances. phasors, and reactive power, the reader is cautioned and the
various definitions are explained.

One of the special features of this book is the presentation of PSpice, which
s a computer circuit analysis or simulation program that is suitable for use on
personal computers (PCs). PSpice is similar to SPICE, which has become the
standard for analog circuit simulation for the entire electronics industry. Another
special feature is the presentation of operational-amplifier (op-amp) circuits. Both
of these topics are new to this second edition. Another topic that has been added
is the use of advanced scientific calculators to solve the simultaneous equations
that arise in circuit analyses. Although this use requires placing the equations
in matrix form, absolutely no knowledge of matrix algebra is required. Finally,
there are many more problems involving circuits that contain dependent sources
than there were in the first edition.

I wish to thank Dr. R. L. Sullivan, who, while I was writing this second edition,
was Chairman of the Department of Electrical Engineering at the University of
Florida. He nurtured an environment that made it conducive to the writing of
books. Thanks are also due to my wife, Lois Anne, and my son Mathew for their
constant support and encouragement without which I could not have written this
second edition.

JounN R. O’'MALLEY
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Chapter 1

Basic Concepts

DIGIT GROUPING

To make numbers easier to read, some international scientific committees have recommended
the practice of separating digits into groups of three to the right and to the left of decimal points,
as in 64 325473 53. No separation is necessary, however, for just four digits, and they are preferably
not separated. For example. either 4138 or 4 138 is acceptable, as 1s 0.1278 or 0.127 8, with 4138
and 0.1278 preferred. The international committees did not approve of the use of the comma to
separate digits because in some countries the comma is used in place of the decimal point. This
digit grouping is used throughout this book.

INTERNATIONAL SYSTEM OF UNITS

The International System of Units ( S1) 1s the international measurement language. SI has nine base
units, which are shown in Table 1-1 along with the unit symbols. Units of all other physical quantities
are derived from these.

Table 1-1

Physical

Quantity Unit Symbol
length meter m
mass kilogram kg
time second s
current ampere A
temperature kelvin K
amount of substance mole mol
luminous intensity candela cd
plane angle radian rad
solid angle steradian sr

There is a decimal relation, indicated by prefixes, among multiples and submultiples of each base
unit. An SI prefix is a term attached to the beginning of an SI unit name to form either a decimal
multiple or submultiple. For example, since “kilo” is the prefix for one thousand, a kilometer equals
1000 m. And because “micro” is the SI prefix for one-millionth, one microsecond equals 0.000 001 s.

The SI prefixes have symbols as shown in Table 1-2, which also shows the corresponding powers
of 10. For most circuit analyses, only mega, kilo, milli, micro, nano, and pico are important. The proper
location for a prefix symbol is in front of a unit symbol, as in km for kilometer and cm for centimeter.

ELECTRIC CHARGE

Scientists have discovered two kinds of electric charge: positive and negative. Positive charge is carried
by subatomic particles called protons, and negative charge by subatomic particles called elecrrons. All
amounts of charge are integer multiples of these elemental charges. Scientists have also found that charges

1
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Table 1-2
Multiplier Prefix Symbol Multiplier Prefix Symbol
108 exa E 10! deci d
10! peta P 102 centi ¢
10*2 tera T 10 3 milli m
10° giga G 107° micro I
10¢ mega M 10°° nano n
103 kilo k 10712 pico P
102 hecto h 107198 femto f
10! deka da 10718 atto a

produce forces on each other: Charges of the same sign repel each other, but charges of opposite sign
attract each other. Moreover, in an electric circuit there is conservation of charge, which means that the
net electric charge remains constant—charge is neither created nor destroyed. (Electric components
interconnected to form at least one closed path comprise an electric circuit or network.)

The charge of an electron or proton is much too small to be the basic charge unit. Instead. the SI
unit of charge is the coufomb with unit symbol C. The quantity symbol 1s Q for a constant charge and
q for a charge that varies with time. The charge of an electron is — 1.602 x 10 '? C and that of a proton is
1.602 x 107!? C. Put another way, the combined charge of 6.241 x 10'? electrons equals —1 C. and
that of 6.241 x 10'® protons equals 1 C.

Each atom of matter has a positively charged nucleus consisting of protons and uncharged particles
called neutrons. Electrons orbit around the nucleus under the attraction of the protons. For an
undisturbed atom the number of electrons equals the number of protons, making the atom clectrically
neutral. But if an outer electron receives energy from, say, heat, it can gain enough energy to overcome
the force of attraction of the protons and become a free electron. The atom then has more positive than
negative charge and is a positive ion. Some atoms can also “capture” free electrons to gain a surplus of
negative charge and become negative ions.

ELECTRIC CURRENT

Electric current results from the movement of electric charge. The SI unit of current is the amipere
with unit symbol A. The quantity symbol is I for a constant current and i for a time-varying current. If
a steady flow of 1 C of charge passes a given point in a conductor in | s, the resulting current is | A.
In general,

1
Hamperes) = 2coulombs)
t(seconds)

in which ¢ is the quantity symbol for time.

Current has an associated direction. By convention the direction of current flow is in the direction
of positive charge movement and opposite the direction of negative charge movement. In solids only
free electrons move to produce current flow--the ions cannot move. But in gases and liquids, both
positive and negative ions can move to produce current flow. Since electric circuits consist almost entirely
of solids, only electrons produce current flow in almost all circuits. But this fact 1s seldom important in
circuit analyses because the analyses are almost always at the current level and not the charge level.

In a circuit diagram each [ (or i) usually has an associated arrow to indicate the current reference
direction, as shown in Fig. 1-1. This arrow specifies the direction of positive current flow, but not
necessarily the direction of actual flow. If, after calculations, I is found to be positive, then actual current
flow is in the direction of the arrow. But if I is negative, current flow is in the opposite direction.
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Fig. 1-1
Fig. 1-2

A current that flows in only one direction all the time is a direct current (dc), while a current that
alternates in direction of flow is an alternating current (ac). Usually, though, direct current refers only
to a constant current, and alternating current refers only to a current that varies sinusoidally with time.

A current source is a circuit element that provides a specified current. Figure 1-2 shows the circuit
diagram symbol for a current source. This source provides a current of 6 A in the direction of the arrow
irrespective of the voltage (discussed next) across the source.

VOLTAGE

The concept of voltage involves work, which in turn involves force and distance. The SI unit of work
is the joule with unit symbol J, the SI unit of force is the newron with unit symbol N, and of course the
ST unit for distance is the meter with unit symbol m.

Work is required for moving an object against a force that opposes the motion. For example, lifting
something against the force of gravity requires work. In general the work required in joules is the product
of the force in newtons and the distance moved in meters:

W(joules) = F(newtons) x s(meters)

where W, F, and s are the quantity symbols for work, force, and distance, respectively.

Energy is the capacity to do work. One of its forms is potential energy, which is the energy a body
has because of its position.

The voltage difference (also called the potential difference) between two points is the work in joules
required to move 1 C of charge from one point to the other. The SI unit of voltage is the vol/r with unit
symbol V. The quantity symbol is V or v, although E and e are also popular. In general,

Wi(joules)

14 =
(volts) Q(coulombs)

The voltage quantity symbol V sometimes has subscripts to designate the two points to which the
voltage corresponds. If the letter a designates one point and b the other, and if W joules of work are
required to move Q coulombs from point b to q, then V,, = W/Q. Note that the first subscript is the
point to which the charge is moved. The work quantity symbol sometimes also has subscripts as in
Vap = Wap/Q.

If moving a positive charge from b to a (or a negative charge from a to b) actually requires work,
the point a is positive with respect to point b. This is the voltage polarity. In a circuit diagram this voltage
polarity is indicated by a positive sign (+) at point a and a negative sign (—) at point b, as shown in
Fig. 1-3a for 6 V. Terms used to designate this voltage are a 6-V veltage or potential rise from b to a
or, equivalently, a 6-V voltage or potential drop from a to b.

6 V Vub
+ _ —
a D b a B b
(a) (b)
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If the voltage is designated by a quantity symbol as in Fig. 1-3h, the positive and negative signs are
reference polarities and not necessarily actual polarities. Also, if subscripts are used. the positive polarity
sign is at the point corresponding to the first subscript (¢ here) and the negative polarity sign is at the
point corresponding to the second subscript (b here). If after calculations, V,, is found to be positive,
then point a is actually positive with respect to point b, in agreement with the reference polarity signs.
But if V,, is negative, the actual polarities are opposite those shown.

A constant voltage is called a dc voltage. And a voltage that varies sinusoidally with time is called
an ac voltage.

A rvoltaye source, such as a battery or generator, provides a voltage that, ideally, does not depend
on the current flow through the source. Figure 1-4u shows the circuit symbol for a battery. This source
provides a dc voltage of 12 V. This symbol is also often used for a dc voltage source that may not be
a battery. Often, the + and — signs are not shown because, by convention, the long end-line designates
the positive terminal and the short end-line the negative terminal. Another circuit symbol for a dc voltage
source is shown in Fig. 1-4h. A battery uses chemical energy to move negative charges from the attracting
positive terminal, where there is a surplus of protons, to the repulsing negative terminal, where there is
a surplus of electrons. A voltage generator supplies this energy from mechanical energy that rotates a
magnet past coils of wire.

L
T 12V 12v
(a) »

Fig. 1-4

DEPENDENT SOURCES

The sources of Figs. 1-2 and 1-4 are independent sources. An independent current source provides a
certain current, and an independent voltage source provides a certain voltage, both independently of
any other voltage or current. In contrast, a dependent source (also called a controlled source) provides
a voltage or current that depends on a voltage or current elsewhere in a circuit. In a circuit diagram, a
dependent source is designated by a diamond-shaped symbol. For an iltustration, the circuit of Fig. 1-5
contains a dependent voltage source that provides a voltage of 5V, which is five times the voltage V|
that appears across a resistor elsewhere in the circuit. (The resistors shown are discussed in the next
chapter.) There are four types of dependent sources: a voltage-controlled voliage source as shown in
Fig. 1-5, a current-controlled voltage source, a voltage-controlled current source, and a current-controlled
current source. Dependent sources are rarely separate physical components. But they are important
because they occur in models of electronic components such as operational amplifiers and transistors.

5K,

|1+
M-

Fig. 1-5
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POWER

The rate at which something either absorbs or produces energy is the power absorbed or produced.
A source of energy produces or delivers power and a load absorbs it. The SI unit of power is the wart
with unit symbol W. The quantity symbol is P for constant power and p for time-varying power. If 1J
of work is either absorbed or delivered at a constant rate in 1 s, the corresponding power is 1 W. In
general,
W(joules)
P(watts) = - s
t(seconds)

The power absorbed by an electric component is the product of voltage and current if the current
reference arrow is into the positively referenced terminal, as shown in Fig. 1-6;

P(watts) = V(volts) x I{amperes)

Such references are called associated references. (The term passive sign convention is often used instead
of “associated references.”) If the references are not associated (the current arrow is into the negatively

referenced terminal), the power absorbedis P = — VI
1 + VvV -
— ] [ L_
"—| |'—‘ Pm——l m IF { » | [ » b= » =P
Fig. 1-6 Fig. 1-7

If the calculated P is positive with either formula, the component actually absorbs power. But if P
1s negative, the component produces power it is a source of electric energy.

The power output rating of motors is usually expressed in a power unit called the horsepower (hp)
even though this is not an SI unit. The relation between horsepower and watts is 1 hp = 745.7 W,

Electric motors and other systems have an efficiency (n) of operation defined by

ower output P
Efficiency = P PUt  100% or p=""x 100%

power input in
Efficiency can also be based on work output divided by work input. In calculations, efficiency is
usually expressed as a decimal fraction that is the percentage divided by 100.
The overall efficiency of a cascaded system as shown in Fig. 1-7 is thc product of the individual
efficiencies:

out

P,

m

=MNans

ENERGY
Electric energy used or produced is the product of the electric power input or output and the time over
which this input or output occurs:
W (joules) = P(watts) x t(seconds)

Electric energy is what customers purchase from electric utility companies. These companies do not
use the joule as an energy unit but instead use the much larger and more convenient kilowatthour (kWh)
even though it is not an SI unit. The number of kilowatthours consumed equals the product of the power
absorbed in kilowatts and the time in hours over which it is absorbed:

W(kilowatthours) = P(kilowatts) x t(hours)
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Solved Problems

Find the charge in coulombs of (a) 5.31 x 10%¢ electrons, and (h) 2.9 x 10?2 protons.
(@) Since the charge of an electron is —1.602 x 10 '° C, the total charge is

—1.602 x 10°'°C
5.31 x 1020 eleetrom® x = —8S.1C
| eleetrom

(b) Similarly, the total charge is
1.602 x 107! C

29 x 10*2 pretots x —— - ———  ~— = 4.65kC
1 proten

How many protons have a combined charge of 6.8 pC?

Because the combined charge of 6.241 x 10'® protons is | C. the number of protons is

6.241 x 10'® protons -
6.8 x 107’2¢ X — ,\7,],¢ protons =424 x [0 protons

Find the current flow through a light bulb from a steady movement of (¢) 60 C inds, (M) 15C
in 2 min, and (c¢) 10?2 electrons in 1 h.

Current is the rate of charge movement in coulombs per second. So.

60 C
(@) l=9=—‘—i—=15C,’s=15A
t S

1I5C L
x
2.mm 60s

1022 clectrons 1 1602 x 1071°C
_ 10 lesteons 1R 1602 X 107C s C— 0445 A
| 3600s 1 eleetrom

b I=

=0125C/s =0.125 A

© 1

The negative sign in the answer indicates that the current flows in a direction opposite that of ¢lectron
movement. But this sign is unimportant here and can be omitted because the problem statement does not
specify the direction of electron movement.

Electrons pass to the right through a wire cross section at the rate of 6.4 x 10°' electrons per
minute. What is the current in the wire?

Because current is the rate of charge movement in coulombs per second.

6.4 x 10*' eloetrons -1C 1w .
I= - X — x — = —171Cs= —171A
1o 6.241 x 10'8eleetrons 605

The negative sign in the answer indicates that the current is to the left. opposite the direction of clectron
movement.

In a liquid, negative ions, each with a single surplus electron, move to the left at a steady rate of
2.1 x 10%° ions per minute and positive ions, each with two surplus protons, move to the right
at a steady rate of 4.8 x 10'? ions per minute. Find the current to the right.

The negative ions moving to the left and the positive ions moving to the right both produce a current
to the right because current flow is in a direction opposite that of negative charge movement and the same
as that of positive charge movement. For a current to the right, the movement of electrons to the left is a
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1.6

1.7

1.8

1.9

1.10

negative movement. Also, each positive ion, being doubly ionized. has double the charge of a proton. So,

2.1 x 10%%cleetrons  —1.602 x 107'9C  lamim 2 x 4.8 x 10 protens™  1.602 x 107!°C
, x w

= - X +
1 i 1 elestrom 60s 1o | protor

Will a 10-A fuse blow for a steady rate of charge flow through it of 45000 C/h?
The current is

45000C 1A

2 = 125A
1K 3600s

which is more than the 10-A rating. So the fuse will blow.

Assuming a steady current flow through a switch, find the time required for (a) 20 C to flow if
the current is 15 mA, (b) 12 xC to flow if the current is 30 pA, and (c) 2.58 x 10'® electrons to
flow if the current is —64.2 nA.

Since [ = Q/t solved for t is t = Q/1,

20 .
(@ t=-—— - =133 x10°s=222min
15 x 1073
12 x 107¢
by 1=  _4x10°s=111h
30 x 107142
2.58 x 10" elgetroms™ —-1C
(@ =" S — 644 x 10%s = 1.79h

< _
~642 x 107%A 6.241 x 10'8 eleetroms”

The total charge that a battery can deliver is usually specified in ampere-hours (Ah). An
ampere-hour is the quantity of charge corresponding to a current flow of 1 A for 1 h, Find the
number of coulombs corresponding to 1 Ah.

Since from Q = I, 1 C is equal to onc ampere second (As),

3600 s
Q=1Ay(x-ly

= 3600 As = 3600 C

A certain car battery is rated at 700 Ah at 3.5 A, which means that the battery can deliver 3.5 A
for approximately 700/3.5 = 200 h. However, the larger the current, the less the charge that can
be drawn. How long can this battery deliver 2 A?

The time that the current can flow is approximately equal to the ampere-hour rating divided by the
current:

,_ 700 #h
= A
Actually, the battery can deliver 2 A for longer than 350 h because the ampere-hour rating for this smaller
current is greater than that for 3.5 A.

=350h

Find the average drift velocity of electrons in a No. 14 AWG copper wire carrying a 10-A current,
given that copper has 1.38 x 102 free electrons per cubic inch and that the cross-sectional area of
No. 14 AWG wire is 3.23 x 103 in?,
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The average drift velocity (0) equals the current divided by the product of the cross-sectional arca and
the clectron density:
e [ et 0.0254 m I eleetrorr

[ x X x X
Is  323% 10 Y 138 x 107 cleetroms 1y S L602 x [0 ¢

= —356 % 10 *ms

The negative sign in the answer indicates that the clectrons move in a direction opposite that of current
flow. Notice the low velocity. An electron travels only 1.28 man 1 h. on the average. even though the electric
impulses produced by the electron movement travel at near the speed of light (2998 x 10% m ).

Find the work required to lift a 4500-kg elevator a verucal distance of S0 m.

The work required is the product of the distance moved and the foree needed to overcome the weight
of the clevator, Since this weight in newtons is 9.8 times the mass in kilograms,

W~ Fs = (9.8 x 4300)50) ] = 2.2 M)

Find the potential energy in joules gained by a I80-Ib man in climbing a 6-ft ladder.
The potential energy gained by the man equals the work he had 1o do to climb the ladder. The force

invalved is s weight. and the distance is the height of the Tadder. The conversion factor from weight in
pounds to a force in newtons is 1 N = 0.225 |b. Thus,

I'N 1230 0.0254m

x x i =146 x 10°Nm = | 46k}
RELYT R 1

W= 180K = 651 x
(

How much chemical energy must a 12-V car battery expend in moving 893 x 107" electrons
from its positive terminal to its negative terminal?

The appropriate formulais W= Q1 Although the signs of Q and 1 are important. obviously here the
product of these guantities must be positive because energy 1s required to move the electrons. So. the casiest
approach is to ignore the signs of @ and 17 Or af signs are used, s negative because the charge moves to
a more negative terminal, and of course @ is negative because electrons have a negative charge. Thus,

-1 C

B o= QP = 893 % 107" clectrons x (- 12 V) x =172 x 10°VC = 1.72kJ
6.241 x 10" cleetrors

If moving 16 C of positive charge from point b to point « requires 0.8 1. find 1. the voltage
drop from point « to point h.
COM, 08 )
b, = = =005V
Q 16

In moving from point ¢ to point b, 2 x 10" clectrons do 4 ) of work. Find 1. the voltage drop
from point a to point h.

Work done by the clectrons is equivalent to negative work done o the electrons, and voltage depends

on work done on charge. So, B, = -4 ). but W, = --H,, = 3] Thus
, ", 4 6.241 x 10" cleetrons
o = . x = 1251 C=-125V
Q2 x 10" cleetrons —-1C

The negative sign indicates that there is a voltage rise from ¢ to b instead of a voltage drop. In other
words, point b 1s more positive than point «.
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1.16 Find V,,. the voltage drop from point a to point b, if 24 ] are required to move charges of

1.17

1.18

1.19

1.20

1.21

122

(@) 3C. (h) =4 C. and ()20 x 10" electrons from point ¢ to point b,

If 24 J are required to move the charges from point ¢ 1o point b, then —24 ] are required to move
them from point b to point «. In other words, W, = —24 ]. So.

W, 24
o 3
The negative sign in the answer indicates that point @ is more negative than point b there is a voltage
rise from a to b.

() V, = -8V

W, -4

b V= “="""-6vV
b 0 4
W, _24) 6.241 x 10 S ,
€ V= "= x , — 0749 V
QO 20 x 10" cleetromy -1C

Find the encrgy stored in a 12-V car battery rated at 650 Ah.
From W = QV and the fact that 1 As = 1 C,

3600 s
W = 650 Ay( X ly( x 12V =234 x 10" As x 12V = 2808 MJ

Find the voltage drop across a light bulb if a 0.5-A current flowing through it for 4 s causes the
light bulb to give off 240 I of light and heat energy.
Since the charge that flows s Q =11 = 05 x 4 =2 C,
W 240

F=" =2 =120V
0 2

Find the average input power to a radio that consumes 3600 J in 2 min.
Woo3600) 1w
- -

t 2amim 60

=30Js=30W

How many joules does a 60-W light bulb consume in 1 h?
From rearranging P = W'r and from the fact that 1 Ws =11,

) 3600 s
W="P=60W x I){x--W=216000Ws=216kJ

How long docs a 100-W light bulb take to consume 13 kJ?
From rearranging P = W,

W 13000
r=- = = 1305
P 100

How much power does a stove clement absorb if it draws 10 A when connected toa 115-V line?

P=1I=115x10W=115kW
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What current does a 1200-W toaster draw from a 120-V line?
From rearranging P = VI,

P 1200

STU=10A
Vo120

Figure 1-8 shows a circuit diagram of a voltage source of V' volts connected to a current source
of I amperes. Find the power absorbed by the voltage source for

@ V=2V, I=4A
() V=3V, I=—-2A
) V=-6V, I=-8A

Fig. 1-8

Because the reference arrow for / is into the positively referenced terminal for I the current and voltage
references for the voltage source are associated. This means that there is a positive sign (or the absence of
a negative sign) in the relation between power absorbed and the product of voltage and current: P = }].
With the given values inserted,

(a P=VI=2x4=8W
by P=VIi=3x(-2)=-6W

The negative sign for the power indicates that the voltage source delivers rather than absorbs power.

¢y P=VIi=—-6x(—-8=48W

Figure 1-9 shows a circuit diagram of a current source of I amperes connected to an independent
voltage source of 8 V and a current-controlled dependent voltage source that provides a4 voltage
that in volts is equal to two times the current flow in amperes through it. Determine the power
P, absorbed by the independent voltage source and the power P, absorbed by the dependent

voltage source for (@) I =4 A, () =5mA, and ()= —-3A.
8V f
1hl h—
li—
Pl
1 P, 21
Fig. 1-9

Because the reference arrow for J is directed into the negative terminal of the 8-V source. the
power-absorbed formula has a negative sign: P, = —8/. For the dependent source. though, the voltage
and current references are associated, and so the power absorbed is P, = 2/(J) = 2I%. With the given current
values inserted,
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P, =—-84)=—32W and P, =2(4)? =32W. The negative power for the independent source

1.26

1.27

1.28

indicates that it is producing power instead of absorbing it.

() P,=—-85x10"%)=—-40x10*W=—-40mW
P,=2(5x 10732 =50 x 10°*W = 50 uW

(¢) P,=—8(—=3)=24W and P,=2-3)? =18 W. The power absorbed by the dependent source re-
mains positive because although the current reversed direction, the polarity of the voltage did also, and
so the actual current flow is still into the actual positive terminal.

Calculate the power absorbed by each component in the circuit of Fig. 1-10.

] 6V
e B
+16V P, l6A
P, 10 A P, T nv p, <l> 041
Fig. 1-10

Since for the 10-A current source the current flows out of the positive terminal, the power it absorbs
is P, = —16(10) = — 160 W. The negative sign indicates that this source is not absorbing power but rather
is delivering power to other components in the circuit. For the 6-V source, the 10-A current flows into the
negative terminal, and so P, = —6(10) = —60 W. For the 22-V source, P, = 22(6) = 132 W. Finally,
the dependent source provides a current of 0.4(10) = 4 A. This current flows into the positive terminal
since this source also has 22 V, positive at the top, across it. Consequently, P, = 22(4) = 88 W. Observe that

PL+P,+P; +P,=—-160-60+132+88=0W

The sum of 0 W indicates that in this circuit the power absorbed by components is equal to the power
delivered. This result is true for every circuit.

How long can a 12-V car battery supply 250 A to a starter motor if the battery has 4 x 10° J of
chemical energy that can be converted to electric energy?

t = W/P. Here,
P=VI=12x 250 = 3000 W

The best approach is to use

And so

W 4 x 10
t= =
P

= 1333335 = 22.2 min

Find the current drawn from a 115-V line by a dc electric motor that delivers 1 hp. Assume
100 percent efficiency of operation.

From rearranging P = VI and from the fact that 1 W/V =1 A,
P 1 745.7 W
=- = jﬁ x ———— =648 W/V =648 A
V. SV Lhp
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Find the cfliciency of operation of an electric motor that dehivers | hp while absorbing an input
of 900 W,

P Ty 74570
N = x 100" = X
P 900 W 1 s

m

x 100% = 82.9%,

What is the operating efficiency of a fully loaded 2-hp dc electric motor that draws 19 A at
100 V? (The power rating of a motor specifies the output power and not the input power.)
Since the input power is
Po=F1=100 x 19 = 1900 W
the efficiency is
P 2hy TSI

n= " 1000, =

= X
P 00w 1y

in

x 100% = 783%,

Find the input power to a fully loaded 5-hp motor that operates at 80 percent etliciency.
For almost all calculations. the elficiency is better expressed as a decimal fraction that 1s the percentage
divided by 100. which is 0.8 here. Then from 5 = P, Pi..

P 5 7457 W
p,= "= ol = 4.66 kW

n 08 2508

Find the current drawn by a dc electric motor that delivers 2 hp while operating at 85 percent
efficiency from a 110-V hne.

From P, =11 =P, 1.

out
Poi  2by HITW

- x 1595 A
gl 0RS x 1OV Ly

Maximum received solar power is about 1 kW m*. If solar pancls. which convert solar energy to
electric energy. are 13 percent efficient, how many square meters of solar cell panels are needed
to supply the power to a 1600-W toaster?

The power from cach square meter of solar panels is

P =P, =013 x 1000 = [30W

ot in

So. the total solar pancl arca needed is

5

I'm
Arca = 1600.W x = 123m’
130.W

What horsepower must an clectric motor develop to pump water up 401t at the rate of 2000
gallons per hour (gal ‘h) if the pumping system operates at 80 percent efficiency?

One way to solve for the power is to use the work done by the pump in 1 h. which is the weight of the
water lifted in 1 h times the height through which it is lifted. This work divided by the time taken is the
power output of the pumping system. And this power divided by the cfficiencey is the input power to the
pumping system. which is the required output power of the electric motor. Some needed data are that 1 gal
of water weighs 833 Ib. and that 1 hp = 550 {ft - Ib) s. Thux,

p 2000 gat 1 L 833 I hp

x 40 f( x X x x =042h
Pg K 0.8 3600% 1gat S50 (- |K) ¥ :
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1.35

1.36

1.37

1.38

1.39

1.40

1.41

1.42

1.43

1.44

Two systems are in cascade. One operates with an efficiency of 75 percent and the other with an
efficiency of 85 percent. If the input power is 5 kW, what is the output power?

P = mn2 P, = 0.750.85)5000) W = 319 kW

out

Find the conversion relation between kilowatthours and joules.

The approach here is to convert from kilowatthours to watt-seconds, and then use the fact that
1J=1Ws:

T kWh = 1000 W x 3600 s = 3.6 x 10° Ws = 3.6 MJ

For an electric rate of 7¢ kilowatthour, what does it cost to leave a 60-W light bulb on for 8 h?

The cost equals the total energy used times the cost per energy unit:

1k T¢
WA 136

Cost = 60 W 'x 84 x S— X o=
1000 W | kWK

An electric motor delivers 5 hp while operating with an efficiency of 85 percent. Find the cost for
operating it continuously for one day (d) if the electric rate is 6¢ kilowatthour.

The total energy used is the output power times the time of operation. all divided by the efficiency. The
product of this energy and the clectric rate is the total cost:

6¢ 0.7457 kW~ 240
: X

1
Cost = 5.hp x 1d7x x X - = 632¢ = $6.32
085 1 kWA L hp” Ld

Supplementary Problems

Find the charge in coulombs of (a) 6.28 x 10%! clectrons and  (h) 8.76 x 102" protons.

Ans. (a) —1006 C, (b) 140 C

How many electrons have a total charge of —4 nC?

Ans. 2.5 x 10'° electrons

Find the current flow through a switch from a steady movement of (a) 90C in 65, (h) 900C in
20 min, and (c) 4 x 102* clectrons in 5 h.

Ans. (@) 15 A, (B)0T5 AL (1356 A

A capacitor is an electric circuit component that stores electric charge. If a capacitor charges at a steady rate to

10 mC in 0.02 ms, and if it discharges in 1 us at a steady rate. what are the magnitudes of the charging and
discharging currents?

Ans. 500 A, 10 000 A

In a gas. if doubly ionized negative ions move to the right at a steady rate of 3.62 x 10°® jons per minute and if
singly ionized positive ions move to the left at a steady rate of 5.83 x 10°® jons per minute, find the current to
the right.

Ans. —349A
Find the shortest time that 120 C can flow through a 20-A circuit breaker without tripping it.

Ans. 65
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If a steady current flows to a capacitor, find the time required for the capacitor to  {u) charge to 2.5 mC if the
current is 35 mA, (b) charge to 36 pC if the current is 18 pA, and (c¢) store 9.36 x 10" ¢clectrons if the
current is 85.6 nA.

Ans. (@) T4 ms, (b)2ps, (c)203d

How long can a 4.5-Ah, 1.5-V flashlight battery deliver 100 mA?
Ans. 45 h

Find the potential energy in joules lost by a 1.2-1b book in falling off a desk that is 31 in high.
Ans. 4.21]

How much chemical energy must a 1.25-V flashlight battery expend in producing a current flow of 130 mA
for $ min?

Ans. 488]

Find the work done by a 9-V battery in moving 5 x 102 electrons from its positive terminal to its negative
terminal.

Ans. 7211

Find the total energy available from a rechargeable 1.25-V flashlight battery with a 1.2-Ah rating.

Ans. 54 kJ

If all the energy in a -V transistor radio battery rated at 0.392 Ah is used to Iift a 150-1b man. how high in fect
will he be lifted?

Ans. 625 ft
If a charge of —4 C in moving from point a to point b gives up 20 J of encrgy. what is 1,”

Ans. -5V

Moving 6.93 x 10'° electrons from point b to point a requires 98 J of work. Find 1/,

Ans. —883V

How much power does an electric clock require if it draws 27.3 mA from a 110-V line?

Ans. 3 W

Find the current drawn by a 1000-W steam iron from a 120-V line.

Ans. 833 A

For the circuit of Fig. 1-11, find the power absorbed by the current source for (q) }'=4 V. [ =2 mA:
ByV=—-50V,I=—-150uA; (V=10mV,I=—-15mA; () V =—-120mV.] =80 mA.

Ans. (a) ~8 mW, (b) —7.5mW, (c) 150 uW, (d) 9.6 mW

Fig. 1-11
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1.63

For the circuit of Fig. 1-12, determine P, P,, P4, which are powers absorbed, for (@) I =2 A, (b 1=
20mA. and ()= -3A.

Ans. {a) P, =16 W, P, = —-24 W, P,

. —20 W, (b) P,=0.16 W, P, = —24 mW, P, = —-02 W;
()P = -24W.Py,= —54W. P, =30

=

P, I

J||L —
I i
8V

I P, <:> 6!
P,
‘ll 1

] L
10V

Fig. 1-12

Calculate the power absorbed by each component in the circuit of Fig. 1-13.

Ans. P, =16 W, P,=—48W, P, = —48W, P,=80W

P, 1
. JllL -~
—I[F
I 12V -1 e,
P, 0.51 P, = 8V 20V 4A
ﬁm ;
Fig. 1-13

Find the average input power to a radio that consumes 4500 J in 3 min.

Ans. 25 W

Find the voltage drop across a toaster that gives off 7500 J of heat when a 13.64-A current flows through
it for §s.

Ans. 110V
How many joules does a 40-W light bulb consume in 1 d?
Ans. 346 MJ

How long can a 12-V car battery supply 200 A to a starter motor if the battery has 28 MJ of chemical energy
that can be converted to electric energy?

Ans. 324 h
How long does it take a 420-W color TV set to consume (a) 2 kWh and (b) 15 kJ?
Ans. (uy 476 h, (b 357 s
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Find the current drawn by a [10-V dc clectric motor that delivers 2 hp. Assume 100 percent efficiency of
operation.

Ans. 136 A

Find the efficiency of operation of an electric motor that detivers 5 hp while absorbing an input of 4190 W.
Ans. 89 percent

What is the operating efficiency of a dc electric motor that delivers 1 hp while drawing 7.45 A from a 115-V
line?

Ans. 87 percent

Find the current drawn by a 100-V dc clectric motor that operates at 85 percent efficiency while delivering
0.5 hp.

Ans. 439 A

What is the horsepower produced by an automobile starter motor that draws 250 A from a 12-V battery while
operating at an efficiency of 90 percent?

Ans.  3.62 hp

What horsepower must an electric motor develop to operate a pump that pumps water at a rate of 24 000

liters per hour (L-h) up a vertical distance of 50 m if the cfliciency of the pump is 90 percent? The gravitational
force on 1 L of water is 9.78 N.

Ans. 4.86 hp
An ac electric motor drives a dc electric voltage gencrator. If the motor operates at an efficiency of 90 percent

and the generator at an efficiency of 80 percent. und if the input power to the motor 1s S kW, find the vutput
power from the generator.

Ans. 3.6 kW
Find the cost for one year (365 d) to operate a 20-W transistor FM-AM radio 5 h a day if electrical energy
costs 8¢ kilowatthour.

Ans. %292

For a cost of $5. how long can a fully loaded 3-hp clectric motor be run if the motor operates at an efficiency of
85 percent and if the clectric rate is 6¢ kilowatthour?

Ans. 19h

If electric energy costs 6¢ kilowatthour. calculate the utility bill for one month for operating cight 100-W
light bulbs for 50 h each, ten 60-W light bulbs for 70 h cach. one 2-kW air conditioner for 80 h, one 3-kW
range for 45 h. one 420-W color TV sct for 180 h. and one 300-W refrigerator for 75 h.

Ans.  $28.51.



Chapter 2

Resistance

OHM'S LAW

In flowing through a conductor. free clectrons collide with conductor atoms and lose some kinetic
energy that is converted into heat. An applied voltage will cause them to regain energy and speed. but
subsequent collisions will slow them down again. This speeding up and slowing down occurs continually
as free electrons move among conductor atoms.

Resistance 1s this property of materials that opposes or resists the movement of electrons and makes
it necessary to apply a voltage to cause current to flow. The SI unit of resistance is the o/on with symbol
Q. the Greek uppercase letter omega. The quantity symbol 1s R.

In metallic and some other tyvpes of conductors. the current is proportional to the applied voltage:
Doubling the voltage doubles the current. tripling the voltage triples the current. and so on. If the applied
voltage V and resulting current 1 have assoctated references. the relation between Fand [ s

V (volts)
Iamperes) =
R(ohms)
in which R is the constant of proportionality. This relation i1s known as Ofun's law. For time-varying
voltages and currents, @ = ¢ R. And for nonassociated references, I'= —1"Ror i= —r R

From Ohm’s law 1t is evident that. the greater the resistance. the less the current for any applied
voltage. Also, the electric resistance of a conductor is 1 Qif an applied voltage of 1 V causes a current
of 1 A to flow.

The inverse of resistance is often useful. It is called conductance and its quantity symbol is G. The
SI unit of conductance is the siemens with symbol S. which is replacing the popular non-SI unit nifo
with symbol U (inverted omega). Since conductance is the inverse of resistance, ¢ = 1 R. In terms of
conductance. Ohm’s law is

Itamperces) = G(siemens) x F(volts)

which shows that the greater the conductance of a conductor. the greater the current for any applied
voltage.

RESISTIVITY

The resistance of a conductor of uniform cross section is directly proportional to the length of the
conductor and inversely proportional to the cross-sectional area. Resistance is also a function of the
temperature of the conductor. as is explained in the next section. At a fixed temperature the resistance
of a conductor 1s

R=p p

where ! 1s the conductor length in meters and A4 is the cross-sectional area in square meters. The constant
of proportionality p, the Greek lowercase letter rho, is the quantity symbol for resistiviry. the factor that
depends on the type of material.

The SI unit of resistivity ts the ofim-ineter with unit symbol Q'm. Table 2-1 shows the resistivities
of some materials at 20 C.

A good conductor has a resistivity close to 10 ® Q-m. Silver. the best conductor. is too expensive
for most uses. Copper 1s a common conductor, as is aluminum. Materials with resistivities greater than
10'° Q:m are insulators. They can provide physical support without significant current leakage. Also.

17
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Table 2-1
Material Resistivity (£2'm at 20 C) Material Resistivity ({:m at 20 C)
Silver 1.64 x 1078 Nichrome 100 x 10 *#
Copper, annealed .72 x 10°® Silicon 2500
Aluminum 283 x 10 ® Paper 10'¢
Iron 123 x 1078 Mica s x 10
Constantan 49 x 1078 Quartz 1017

insulating coatings on wires prevent current leaks between wires that touch. Materials with resistivities
in the range of 10 * to 10~ 7 Q'm are semiconductors, from which transistors are made.
The relationship among conductance, length, and cross-sectional area is

where the constant of proportionality o, the Greek lowercase sigma, is the quantity symbol for
conductivity. The S1 unit of conductivity is the siemens per meter with symbol S'm !,

TEMPERATURE EFFECTS

The resistances of most good conducting materials increase almost linearly with temperature over
the range of normal operating temperatures, as shown by the solid line in Fig. 2-1. However, some
materials, and common semiconductors in particular, have resistances that decrease with temperature

Increases.
If the straight-line portion in Fig. 2-1 is extended to the left, it crosses the temperature axis at a

temperature T, at which the resistance appears to be zero. This temperature T, is the inferred zero
resistance temperature. (The actual zero resistance temperature is —273 C.) If T, 1s known and if the
resistance R, at another temperature T, is known, then the resistance R, at another temperature T; is,
from straight-line geometry,

R,=2*-°R
2 T - T, 1
Table 2-2 has inferred zero resistance temperatures for some common conducting materials.
A different but equivalent way of finding the resistance R, is from

R, =R|[1 +2(T, — TY)]
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Table 2-2 Table 2-3
Inferred Temperature coefficient
Z€ro resistance Material (°C~" at 20°C)
Material temperature ( C)

Tungsten 0.0045
Tungsten —202 Copper 0.00393
Copper —2345 Aluminum 0.003 91
Aluminum —236 Silver 0.0038
Silver —243 Constantan 0.000 008
Constantan — 125000 Carbon —0.0005

where z,, with the Greek lowercase alpha, is the temperature coefficient of resistance at the temperature
T,. Often T, is 20 C. Table 2-3 has temperature coefficients of resistance at 20°C for some common
conducting materials. Note that the unit of x is per degree Celsius with symbol °C ™!,

RESISTORS

In a practical sense a resistor is a circuit component that is used because of its resistance.
Mathematically, a resistor is a circuit component for which there is an algebraic relation between its
instantaneous voltage and instantaneous current such as v = iR, the voltage-current relation for a
resistor that obeys Ohm’s law  a linear resistor. Any other type of voltage-current relation (v = 4i* + 6,
for example) is for a nonlinear resistor. The term “resistor” usually designates a linear resistor. Nonlinear
resistors are specified as such. Figure 2-2a shows the circuit symbol for a linear resistor, and Fig. 2-2b

that for a nonlinear resistor.

(a) (b)
Fig, 2-2

RESISTOR POWER ABSORPTION

Substitution from V¥V =R into P = VI gives the power absorbed by a linear resistor in terms
of resistance:

VZ
P=— =R
R

Every resistor has a power rating, also called wattage rating, that is the maximum power that the resistor
can absorb without overheating to a destructive temperature.

NOMINAL VALUES AND TOLERANCES

Manufacturers print resistance values on resistor casings either in numerical form or in a color code.
These values, though, are only nominal values: They are only approximately equal to the actual
resistances. The possible percentage variation of resistance about the nominal value is called the tolerance.
The popular carbon-composition resistors have tolerances of 20, 10, and 5 percent, which means that
the actual resistances can vary from the nominal values by as much as +20, +10, and + 35 percent of
the nominal values.
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COLOR CODE
The most popular resistance color code has nominal resistance values and tolerances indicated by

the colors of either three or four bands around the resistor casing, as shown in Fig. 2-3.

First Second Number of zeros
digit digit or multiplier Tolerance

Fig. 2-3

Each color has a corresponding numerical value as specified in Table 2-4. The colors of the first
and second bands correspond, respectively, to the first two digits of the nominal resistance value. Because
the first digit is never zero, the first band is never black. The color of the third band, except for silver
and gold. corresponds to the number of zeros that follow the first two digits. A third band of silver
corresponds to a multiplier of 10 2, and a third band of gold to a multiplier of 10 '. The fourth band
indicates the tolerance and is either gold- or silver-colored, or is missing. Gold corresponds to a tolerance
of 5 percent, silver to [0 percent, and a missing band to 20 percent.

Table 2-4
Color Number Color Number

Black 0 Blue 6
Brown 1 Violet 7

Red 2 Gray 8
Orange 3 White 9
Yellow 4 Gold 0.1
Green S Silver 0.01

OPEN AND SHORT CIRCUITS

An open circuit has an infinite resistance, which means that it has zero current flow through it for
any finite voltage across it. On a circuit diagram it 1s indicated by two terminals not connected to
anything no path is shown for current to flow through. An open circuit i1s sometimes called an open.

A short circuit is the opposite of an open circuit. It has zero voltage across it for any finite current
flow through it. On a circuit diagram a short circuit is designated by an ideal conducting wire a wire
with zero resistance. A short circuit is often called a short.

Not all open and short circuits are desirable. Frequently, one or the other is a circuit defect that
occurs as 4 result of a component failure from an accident or the misuse of i circuit.

INTERNAL RESISTANCE

Every practical voltage or current source has an internal resistance that adversely affects the operation
of the source. For any load except an open circuit, a voltage source has a loss of voltage across its
internal resistance. And except for a short-circuit load, a current source has a loss of current through
its internal resistance.
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In a practical voltage source the internal resistance has almost the same effect as a resistor in series
with an ideal voltage source, as shown in Fig. 2-4¢. (Components in series carry the same current) In
a practical current source the internal resistance has almost the same effect as a resistor in parallel with
an ideal current source, as shown in Fig. 2-4h. (Components in parallel have the same voltage across
them.)

Practical voltage source Practical current source
——,—— e e — — o ———— e ——— — 1
: Internal | ( |
resistance | | |
: AN + T [ —+
Ideal | | . |
l —L | I S I Ideal Internal I inal
— voltage Terminals current resistance Terminals
] source | | source ’ |
| | | |
1 | | |
d e e - d
(@) (h)

Fig. 2-4

Solved Problems
21 If an oven has a 240-V heating element with a resistance of 24 Q. what is the minimum rating
of a fuse that can be used in the lines to the heating element?
The fuse must be able to carry the current of the heating element:
o240
I= = =10A
R 24
2.2 What is the resistance of a soldering iron that draws 0.8333 A at 120 V?

b 120

2.3 A toaster with 8.27 Q of resistance draws 139 A, Find the applied voltage.
' V= IR=139 x 827 = 115V

24 What is the conductance of a 560-kQ resistor?

I
R~ 560 x 10°

G =

S=179.8

25 What is the conductance of an ammeter that indicates 20 A when 0.01 V is across it?

. 20
G=- = _---=20008
o 0.01
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Find the resistance at 20°C of an annealed copper bus bar 3 m in length and 0.5cm by 3 ¢m in
rectangular cross section.

The cross-sectional area of the bar is (0.5 x 10723 x 1073} = 1.5 x 10" * m2. Table 2-1 huas the
resistivity of annealed copper: 1.72 x 107 Q'm at 20 C. So,
[ (172 x 10°83)

R=p-

4 isxip e 2T

Finc the resistance of an aluminum wire that has a length of 1000 m and a diameter of
1.626 mm. The wire is at 20°C.

The cross-sectional area of the wire is nr2, in which  r = d/2 = 1.626 x 10732 = 0.813 x 10 *m. From
Table 2-1 the resistivity of aluminum is 2.83 x 108 Q:m. So,
! _(2.83 x 103X 1000)

it - =136Q

R=p—-= - -
pA n(0.813 x 10 )

The resistance of a certain wire is 15 Q. Another wire of the same material and at the same
temperature has a diameter one-third as great and a length twice as great. Find the resistance of
the second wire.

The resistance of a wire is proportional to the length and inversely proportional to the area. Also, the
area is proportional to the square of the diameter. So, the resistance of the second wire 1s

What is the resistivity of platinum if a cube of it | cm along each edge has a resistance of 10 uQ
across opposite faces?

From R =pliA andthefactthat A =102 x10"2=10 *m? and [=10?m.

RA (10 x 10 6§10 %
po RA U0 KD D 0% 1074 om
! 1072

A 15-ft length of wire with a cross-sectional area of 127 cmils has a resistance of 8.74 Q at 20°C.
What material is the wire made from?

The material can be found from calculating the resistivity and comparing it with the resistivities given
in Table 2-1. For this calculation it is convenient to use the fact that, by the definition of a circular mil. the
corresponding area in square inches is the number of circular mils times 74 x 10" ®. From rearranging
R = pl/A,

AR [127(n/4 x 10 ©)j®](8.74Q)  1jr 0.0254m
p = —— = - - - x -

] 1580 250 1

Since iron has this resistivity in Table 2-1, the material must be iron.

=123 x 10 *Qm

What is the length of No. 28 AWG (0.000 126 in? in cross-sectional area) Nichrome wire required
for a 24-Q resistor at 20°C?
From rearranging R = pl/A and using the resistivity of Nichrome given in Table 2-1.
[ AR _ (0000 126in")24 ) 002545 00254 m
= - bl A VI ool

T T 100 x 1078 g TR

1.95m
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A certain aluminum wire has a resistance of 5 Q at 20°C. What is the resistance of an annealed
copper wire of the same size and at the same temperature?

For the copper and aluminum wires, respectively,

l !
R=p.— and S5=p, -
pA /A

Taking the ratio of the two equations causes the length and area quantities to divide out. with the result
that the ratio of the resistances is equal to the ratio of the resistivities:
R .
=P or R=""xs
5P Pa

Then with the insertion of resistivities from Table 2-1,

1.72 x 1078
R = ——x5=3040Q
283 x 1078

A wire 50 m in length and 2 mm? in cross section has a resistance of 0.56 Q. A 100-m length of
wire of the same material has a resistance of 2 Q at the same temperature. Find the diameter of
this wire.

From the data given for the first wire, the resistivity of the conducting material is
_RA 0562 x107°)

: 224 x 1078 Q'm
l 50

P

Therefore the cross-sectional area of the second wire is

[ (224 x 107 8X100
A=%=( XT‘i"’J=l.12X 107®m?

and, from A = n(d/2)?. the diameter is
A 112 x 107°¢ ,
d=2[-=2 /- = - =119x1073m=119mm
n n

A wire-wound resistor is to be made from 0.2-mm-diameter constantan wire wound around a
cylinder that is | cm in diameter. How many turns of wire are required for a resistance of 50 Q
at 20°C?

The number of turns equals the wire length divided by the circumference of the cylinder. From R =
pl/A and the resistivity of constantan given in Table 2-1, the length of the wire that has a resistance of 50 Qs

_Ra Rnr? _50m(0.1 x 10~ 3?2 B

{ —- — — =321m
P P 49 x 1078

The circumference of the cylinder is 2ar, in which  r = 1072/2 = 0.005 m, the radius of the cylinder. So. the
number of turns is

! 21
— = ———— = 102 turns
2nr  2n(0.005)

A No. 14 AWG standard annealed copper wire is 0.003 23 in? in cross section and has a resistance
of 2.58 mQ/ft at 25°C. What is the resistance of 500 ft of No. 6 AWG wire of the same material
at 25°C? The cross-sectional area of this wire is 0.0206 in?.
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Perhaps the best approach is to calculate the resistance of a 500-ft length of the No. 14 AWG wire,
(2.58 x 1073)1500) = 1.29Q

and then take the ratio of the two R = pl A4 equations. Since the resistivities and lengths are the same, they
divide out. with the result that
R 0.003 23 0.003 23

= : = x 1.29 =0.202Q
1.29  0.0206 0.0206

The conductance of a certain wire 1s 0.5 S. Another wire of the same material and at the same
temperature has a diameter twice as great and a length three times as great. What is the
conductance of the second wire?

The conductance of a wire i1s proportional to the area and inversely proportional to the length. Also,
the area is proportional to the square of the diameter. Therefore the conductance of the second wire is

05
G="

22
- =0.6678

"‘)ix

Find the conductance of 100 ft of No. 14 AWG iron wire, which has a diameter of 64 mils, The
temperature is 20 C.

The conductance formula is G =640, in which o=1p and A= nr({d2)? Of course, the re-
sistivity of iron can be obtained from Table 2-1. Thus,
A 1 S 64 x 1073 jr2)? 1A 00254 p7

G=a = - = - X - - = X - ox - - 2 =0.5548

I 123 x 10 *pr 100 i 12 40 1 gt

The resistance of a certain copper power line is 100 Q at 20 C. What is its resistance when the
sun heats up the line to 38 C?

From Table 2-2 the inferred absolute zero resistance temperature of copper is —234.5 C, which is T,
in the formula R, = R{(T, — T AT, — T,). Also. from the given data. T, =38 C. R, =100 Q, and
T, = 20 C. So, the wire resistance at 38 Cis

T, - T, 38 - (—=2345)

R, = Ro=_ = 27 %100 = 107 Q
T, - T, 20 - (-234.5)

When 120 V is applied across a certain light bulb, a 0.5-A current flows, causing the temperature
of the tungsten filament to increase to 2600 C. What is the resistance of the light bulb at the
normal room temperature of 20 C?

The resistance of the energized light bulb is  120:0.5 = 240 Q. And since from Table 2-2 the inferred
zero resistance temperature for tungsten is — 202 C, the resistance at 20 C is
17, -1, 20 — (-202)

- - - x 240 =19Q
2600 — (—202)

A certain unenergized copper transformer winding has a resistance of 30 Q at 20 C. Under rated
operation, however, the resistance increases to 35 Q. Find the temperature of the energized
winding.

The formula R, = R|(T, — T,) (T} — T;,) solved for T, becomes

RyT, - T,
7, = Rz ol o

1
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From the specified data, R, =35Q.7, =20 C, and R, = 30Q. Also. from Table 2-2, T, = -2345C.
So,

_35[20 — (- 234.5)]
- 30

) —2345=624C

The resistance of a certain aluminum power line is 150 Q at 20°C. Find the line resistance when
the sun heats up the line to 42°C. First use the inferred zero resistance temperature formula and
then the temperature coefficient of resistance formula to show that the two formulas are equivalent.

From Table 2-2 the zero resistance temperature of aluminum is — 236 C. Thus.
T,-T, 42 — (—236)

Ry=-2 "R/ = - °
T, - T, 20 — (—236)

x 150 = 163 Q
From Table 2-3 the temperature coefficient of resistance of aluminum is 0.00391 C ! at 20 C. So.

R, = R,[1 + 2,(Ty — T,)] = 150[1 + 0.00391(42 — 20)] = 163 Q

Find the resistance at 35°C of an aluminum wire that has a length of 200 m and a diameter of  mm.

The wire resistance at 20 C can be found and used in the temperature coefficient of resistance formula.
(Alternatively, the inferred zero resistance temperature formula can be used.) Since the cross-sectional area
of the wire is n(d:2)’, where d =10 "*m, and sincc from Table 2-1 the resistivity of aluminum is
2.83 x 1078 Q'm, the wire resistance at 20 C is

9

L =721Q
n(10° 3 2)?

l
R=p  =(283x10 % x
A
The only other quantity needed to calculate the wire resistance at 35 C is the temperature coefficient of
resistance of aluminum at 20°C. From Table 2-3 it is 0.00391 C !, So,

R, = R,[1 + AT, — T))] = 7.21[1 + 0.003 91(35 — 20)] = 7.63 Q

Derive a formula for calculating the temperature coefficient of resistance from the temperature
T, of a material and T, its inferred zero resistance temperature.

In R,=R,[1+a(T,—T,)] select T,=T,. Then R,=09Q, by definition. The result is 0=
R\t + 2,(T, — T})], from which

Calculate the temperature coefficient of resistance of aluminum at 30 C and use it to find the
resistance of an aluminum wire at 70°C if the wire has a resistance of 40 Q at 30-C.

From Table 2-2, aluminum has an inferred zero resistance temperature of —236 C. With this value

inserted, the formula derived in the solution to Prob. 2.23 gives

1 1
———=_ = =0003759°C"!
T, —-T, 30—(-236)

So Ry = R[1 + 2T, — T,)] = 40[1 + 0.003 75%70 — 30)] = 46 Q

X3¢ =

Find the resistance of an electric heater that absorbs 2400 W when connected to a 120-V line.
From P = V%/R,
Vo120t

=" =60
P 2400
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Find the internal resistance of a 2-kW water heater that draws 8.33 A.
From P = I*R.

P

1?8332

=1288Q

What is the greatest voltage that can be applied across a §-W, 2.7-MQ resistor without causing
it to overheat?
From P = V2R,

P~

V=RP=_127x10°%} = 581 V

If a nonlinear resistor has a voltage-current relation of V= 3I? + 4, what current does it draw
when energized by 61 V? Also, what power does it absorb?

Inserting the applied voltage into the nonlinear equation results in 61 = 3/2 + 4. from which
61 — 4
= [ =436A

P =61 x 436 = 266 W

Then from P = VI,

At 20°C a pn junction silicon diode has a current-voltage relation of I = 107 '¥¢*"Y — 1), What
is the diode voltage when the current 1s 50 mA?
From the given formula,
50 x 107° = 107 3 — 1)
Multiplying both sides by 10’* and adding | to both sides results in
50 x 10% 4 1 = ™Y
Then from the natural logarithm of both sides,

V=,4Ins0x 10" + Hh=073V

What is the resistance range for (a) a 10 percent, 470-Q resistor, and (b) a 20 percent, 2.7-MQ
resistor? (Hint: 10 percent corresponds to 0.1 and 20 percent to 0.2))

() The resistance can be as much as 0.1 x 470 = 47 Q) from the 470-Q nominal value. So. the resistance
can be as small as 470 — 47 =423 Q  or as great as 470 + 47 = 517 Q.

(h) Since the maximum resistance vdariation {rom the nominal value is 0.2(2.7 + 10%) = 0.54 MQ. the
resistance can be as small as 2.7 — 0.54 = 2.16 MQ or as great as 2.7 + 0.54 = 3.24 MQ}.

A voltage of 110 V is across a 5 percent, 20-kQ) resistor. What range must the current be in”
(Hint: 5 percent corresponds to 0.05))
The resistance can be as much as  0.05(20 x 10%) = 10° Q from the nominal value. which means that

the resistance can be as small as 20 — 1 = 19 kQ  oras great as 20 + 1 = 21 kQ. Therefore, the current
can be as small as

10
S =524mA
21 x 103
or as great as
110
L =579mA
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What are the colors of the bands on a 10 percent, 5.6-Q resistor?

Since 5.6 = 56 x 0.1, the resistance has a first digit of 5, a second digit of 6. and a multiplier of 0.1.
From Table 2-4, green corresponds to 5, blue to 6. and gold to 0.1. Also. silver corresponds to the 10 percent
tolerance. So, the color bands and arrangement are green-blue-gold-silver from an end to the middle of the

resistor casing.

Determine the colors of the bands on a 20 percent, 2.7-MQ resistor.

The numerical value of the resistance is 2 700 000, which is a 2 and a 7 followed by five zeros. From
Table 2-4 the corresponding color code is red for the 2, violet for the 7, and green for the five zeros. Also.
there is a missing color band for the 20 percent tolerance. So. the color bands from an end of the resistor
casing to the middle are red-violet-green-missing.

What are the nominal resistance and tolerance of a resistor with color bands in the order of
green-blue-yellow-silver from an end of the resistor casing toward the middle?

From Table 2-4, green corresponds to 5, blue to 6, and yellow to 4. The 5 is the first digit and 6 the
second digit of the resistance value, and 4 is the number of trailing zeros. Consequently. the resistance 1s
560 000 Q or 560 kQ. The silver band designates a 10 percent tolerance.

Find the resistance corresponding to color bands in the order of red-yellow-black-gold.

From Table 2-4. red corresponds to 2, yellow to 4, and black to 0 (no trailing zeros). The fourth band
of gold corresponds to a 5 percent tolerance. So, the resistance is 24 Q with a 5 percent tolerance.

If a 12-V car battery has a 0.04-Q internal resistance, what is the battery terminal voltage when
the battery delivers 40 A?

The battery terminal voltage is the generated voltage minus the voltage drop across the internal
resistance:

V=12—-1R =12 — 40(0.04) = 104 V

If a 12-V car battery has a 0.1-Q internal resistance, what terminal voltage causes a 4-A current
to flow into the positive terminal?

The applied voltage must equal the battery generated voltage plus the voltage drop across the internal
resistance:

V=12+IR=12+40.1)= 124V

If a 10-A current source has a 100-Q internal resistance, what is the current flow from the source
when the terminal voltage is 200 V?
The current flow from the source is the 10 A minus the current flow through the internal resistance:
200

Vv
I=10-—=10-"—-=8A
R 100

Supplementary Problems

What is the resistance of a 240-V clectric clothes dryer that draws 23.3 A?

Ans. 103 Q
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If a voltmeter has 500 kQ of internal resistance, find the current flow through it when it indicates 86 V.

Ans. 172 uA

If an ammeter has 2 mQ of internal resistance, find the voltage across it when it indicates 10 A.

Ans. 20 mV

What is the conductance of a 39-Q resistor?

Ans. 256 mS

What is the conductance of a voltmeter that indicates 150 V when 0.3 mA flows through it?

Ans. 248

Find the resistance at 20 C of an annealed copper bus bar 2 m long and 1 cm by 4 ¢cm in rectangular cross
section.

Ans. 86 uQ

What is the resistance of an annealed copper wire that has a length of 500 m and a diameter of 0.404 mm?

Ans. 671 Q

The resistance of a wire is 25 Q. Another wire of the same material and at the same temperature has a
diameter twice as great and a length six times as great. Find the resistance of the second wire.

Ans. 37.5Q

What is the resistivity of tin if a cube of it 10 cm along cach edge has a resistance of 1.15 uQ across opposite
faces?

Ans. 115 x 1078 Qm

A 40-m length of wire with a diameter of 0.574 mm has a resistance of 75.7 Q at 20 C. What matenal is
the wire made from?

Ans.  Constantan

What is the length of No. 30 AWG (10.0-mil diameter) constantan wire at 20 C required for a 200-Q resistor?
Ans. 207 m

I No. 29 AWG annealed copper wire at 20 C has a resistance of 83.4 Q per 1000 ft, what 1s the resistance
per 100 ft of Nichrome wire of the same size and at the same temperature?

Ans. 485 Q per 100 ft

A wire with a resistance of 5.16 Q has a diameter of 45 mils and a length of 1000 ft. Another wire of the

same material has a resistance of 16.5 Q and a diameter of 17.9 mils. What is the length of this second wire
if both wires are at the same temperature?

Ans. 506 ft

A wirewound resistor is to be made from No. 30 AWG (10.0-mil diameter) constantan wire wound around
a cylinder that is 0.5 cm in diameter. How many turns are required for a resistance of 25 Q at 20 C?

Ans. 165 turns

The conductance of a wire is 2.5 S. Another wire of the same material and at the same temperature has a
diamcter one-fourth as great and a length twice as great. Find the conductance of the second wire,

Ans. 78.1 mS



CHAP. 2] RESISTANCE 29

254

2.55

2.56

2.57

2.58

2.59

2.60

2.61

2.62

2.63

2.64

2.66

2,67

2.68

Find the conductance of 5 m of Nichrome wire that has a diameter of | mm.

Ans. 157 mS

If an aluminum power line has a resistance of 80 Q at 30°C, what is its resistance when cold air lowers its
temperature to — 10°C?

Ans. 68 Q

If the resistance of a constantan wire is 2 MQ at — 150°C, what is its resistance at 200 C?
Ans.  2.006 MQ

The resistance of an aluminum wire is 2.4 Q at — 5 C. At what temperature will it be 2.8 Q?

Ans. 33.5°C

What is the resistance at 90 C of a carbon rod that has a resistance of 25 Q at 20 C?

Ans. 241 Q)

Find the temperature coefficient of resistance of iron at 20 C if iron has an inferred zero resistance
temperature of —162°C.

Ans.  0.0055°C!
What is the maximum current that a 1-W, 56-k€ resistor can safely conduct?

Ans. 423 mA

What is the maximum voltage that can be safely applied across a }-W. 91-Q resistor?

Ans. 675V

What is the resistance of a 240-V, 5600-W electric heater?
Ans. 103 Q

A nonlinear resistor has a voltage-current relation of ¥ = 272 + 3/ + 10. Find the current drawn by this
resistor when 37 V is applied across it.

Ans. 3 A

I a diode has a current-voltage relation of I = 107 '%¢*™ — 1).  what is the diode voltage when the current
1s 150 mA?

Ans. 0758 V

What is the resistance range for a S percent, 75-kQ resistor?

Ans.  71.25 1o 78.75 kQ

A 12.1-mA current flows through a 10 percent, 2.7-kQ resistor. What range must the resistor voltage be in?

Ans. 294t 359V

What are the resistor color codes for tolerances and nominal resistances of (a) 10 percent, 0.18 Q: (b) 5
percent, 39 kQ; and (c¢) 20 percent, 20 MQ?

Ans.  (a) Brown-gray-silver-silver, (b) orange-white-orange-gold. {¢) red-black-blue-missing

Find the tolerances and nominal resistances corresponding to color codes of (¢) brown-brown-silver-
gold, (b) green-brown-brown-missing, and (c) blue-gray-green-silver.

Ans.  (a) 5 percent, 0.11 Q; (b) 20 percent, 510 Q: (c¢) 10 percent, 6.8 MQ
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A battery provides 6 V on open circuit and it provides 54 V when delivering 6 A. What is the internal
resistance of the battery?

Ans. 0.1 Q
A 3-hp automobile electric starter motor operates at 85 percent efficiency from a 12-V battery. What is the
battery internal resistance if the battery terminal voltage drops to 10 V when energizing the starter motor?

Ans.  7.60 mQ

A short circuit across a current source draws 20 A. When the current source has an open circuit across it.
the terminal voltage is 600 V. Find the internal resistance of the source.

Ans. 30 Q

A short circuit across a current source draws 15 A, If a 10-Q resistor across the source draws 13 A, what 1s

the internal resistance of the source?

Ans. 65 Q



Chapter 3

Series and Parallel DC Circuits

BRANCHES, NODES, LOOPS, MESHES, SERIES- AND PARALLEL-CONNECTED
COMPONENTS

Strictly speaking, a branch of a circuit is a single component such as a resistor or a source.
Occasionally, though, this term is applied to a group of components that carry the same current, especially
when they are of the same type.

A node s a connection point between two or more branches. On a circuit diagram a node is sometimes
indicated by a dot that may be a solder point in the actual circuit. The node also includes all wires
connected to the point. In other words, it includes all points at the same potential. If a short circuit
connects two nodes, these two nodes are equivalent to and in fact are just a single node, even if two
dots are shown.

A loop is any simple closed path in a circuit. A mesh is a loop that does not have a closed path in
its interior. No components are inside a mesh.

Components are connected in series if they carry the same current.

Components are connected in parallel if the same voltage is across them.

KIRCHHOFF’S VOLTAGE LAW AND SERIES DC CIRCUITS

Kirchhoff's voltuge law, abbreviated KVL, has three equivalent versions: At any instant around a
loop, in either a clockwise or counterclockwise direction,

1. The algebraic sum of the voltage drops is zero.
2. The algebraic sum of the voltage rises is zero.
3. The algebraic sum of the voltage drops equals the algebraic sum of the voltage rises.

In all these versions, the word “algebraic” means that the signs of the voltage drops and rises are
included in the additions. Remember that a voltage rise is a negative voltage drop, and that a voltage
drop is a negative voltage rise. For loops with no current sources, the most convenient KVL version is
often the third one, restricted such that the voltage drops are only across resistors and the voltage rises
are only across voltage sources.

In the application of KVL, a loop current is usually referenced clockwise, as shown in the series
circuit of Fig. 3-1, and KVL 1s applied in the direction of the current. (This is a series circuit because
the same current I flows through all components.) The sum of the voltage drops across the resistors,
V, + V, + V3, issetequalto the voltage rise Vs across the voltage source: V| + V, + V; = V. Then the
IR Ohm’s law relations are substituted for the resistor voltages:

Vi=V,+V,+ V,=IR, + IR, + IRy = I(R, + R, + R,) = IR,

from which I =V, /R; and R; =R, + R, + R;. This Ry is the total resistance of the series-
connected resistors. Another term used is equivalent resistance, with symbol R, .

Fig. 3-1

31
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From this result it should be evident that, in general, the total resistance of series-connected resistors
(series resistors) equals the sum of the individual resistances:

RT2R1+R2+R3+"'

Further, if the resistances are the same (R), and if there are N of them, then R; = NR. Finding the
current in a series circuit is easier using total resistance than applying KVL directly.
If a series circuit has more than one voltage source, then

IRy + R, + Ry + )=V, + Vg, + V5, + -

in which each ¥ term is positive for a voltage rise and is negative for a voltage drop in the direction of 1.
KVL is seldom applied to a loop containing a current source because the voltage across the current
source is not known and there is no formula for it.

VOLTAGE DIVISION

The voltage division or voltage divider rule applies to resistors in series. It gives the voltage across
any resistor in terms of the resistances and the total voltage across the series combination—the step of
finding the resistor current is eliminated. The voltage division formula is easy to find from the circuit
shown in Fig. 3-1. Consider finding the voltage V,. By Ohm’s law, V, =1IR,. Also, I =
Vs/(R, + R, + R;). Eliminating [ results in

In general, for any number of series resistors with a total resistance of R, and with a voltage of V across
the series combination, the voltage ¥y across one of the resistors Ry is

R
V= 2V

R,

This is the formula for the voltage division or divider rule. For this formula, 5 and Vy must have
opposing polarities; that 1s, around a closed path one must be a voltage drop and the other a voltage
rise. If both are rises or both are drops, the formula requires a negative sign. The voltage Vi need not
be that of a source. It is just the total voltage across the series resistors.

KIRCHHOFF’S CURRENT LAW AND PARALLEL DC CIRCUITS

Kirchhoff's current law, abbreviated KCL, has three equivalent versions:
At any instant in a circuit,

1. The algebraic sum of the currents leaving a closed surface is zero.
2. The algebraic sum of the currents entering a closed surface is zero.
3. The algebraic sum of the currents entering a closed surface equals the algebraic sum of those leaving.

The word “algebraic™ means that the signs of the currents are included in the additions. Remember that
a current entering is a negative current leaving, and that a current leaving is a negative current entering.

In almost ali circuit applications, the closed surfaces of interest are those enclosing nodes. So, there
1s little loss of generality in using the word “node” in place of “closed surface™ in each KCL version.
Also, for a node to which no voltage sources are connected the most convenient KCL version is often
the third one, restricted such that the currents entering are from current sources and the currents leaving
are through resistors.
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In the application of KCL, one node is selected as the grownd or reference or dutum node. which is
often indicated by the ground symbol ( <= ). Usually, the node at the bottom of the circuit is the ground
node, as shown in the parallel circuit of Fig. 3-2. (This is a parallel circuit because the same voltage
is across all circuit components.) The voltages on other nodes are almost always referenced positive with
respect to the ground node. At the nongrounded node in the circuit shown in Fig. 3-2, the sum of the
currents leaving through resistors, I, + I, + I, equals the current I, entering this node from the current
source: I, + I, +1; =1I;. The substitution of the I =GV Ohm’s law relations for the resistor
currents results in

Is=1,+1,41,=G,V+G,V+G,V=(G, + G, + G}V = G, V

from which V=1I3/G; and G, =G, +G, + G;=1/R, + I'R, + 1:R;. This G is the rotal con-
ductance of the circuit. Another term used is equivalent conductance, with symbol G.,,.

G

GI GI G

|||—-<| |

Fig. 3-2

From this result it should be evident that, in general, the total conductance of parallel-connected
resistors (parallel resistors) equals the sum of the individual conductances:

Gy =G, +G,+ Gy + -

If the conductances are the same (G), and if there are N of them, then G, = NG and R, =1G, =
1/NG = R/N. Finding the voltage in a parallel circuit is easier using total conductance than applying
KCL directly.

Sometimes working with resistances is preferable to conductances. Then from R, =16, =
10G, + G, + Gy + ),

Rpy=—o— - —
LR, + 1/R, + I/Ry + -+

An important check on calculations with this formula is that R; must always be less than the least

resistance of the parallel resistors.

For the special case of just two parallel resistors,
R. = R _ R(R,
"7 1R, + /R, R, +R,

So, the total or equivalent resistance of two parallel resistors is the product of the resistances divided
by the sum.

The symbol | as in R,[R, indicates the resistance of two parallel resistors: R, R, = R\R,
(R, + R,). It is also sometimes used to indicate that two resistors are in parallel.

If a parallel circuit has more than one current source,

(G + Gy + Gy + - W=lg + 1, + 15+

in which each /g term 1s positive for a source current entering the nongrounded node and is negative
for a source current leaving this node.

KCL is seldom applied to a node to which a voltage source is connected. The reason is that the
current through a voltage source is not known and there is no formula for it.
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CURRENT DIVISION

The current division or current divider rule applies to resistors in parallel. It gives the current through
any resistor in terms of the conductances and the current into the parallel combination -the step of
finding the resistor voltage is eliminated. The current division formula is easy to derive from the circuit
shown in Fig. 3-2. Consider finding the current I,. By Ohm’s law, [, =G,V. Also, V=
141G, + G, + G;). Eliminating V results in

G,

Iy = ——==—="1I
In general, for any number of parallel resistors with a total conductance G and with a current I entering
the parallel combination, the current [, through one of the resistors with conductance Gy is
G
[x = - ’x Is
r

This is the formula for the current division or divider rule. For this formula, I and Iy must be
referenced in the same direction, with I referenced away from the node of the parallel resistors that I
is referenced into. If both currents enter this node, then the formula requires a negative sign. The current
I need not be that of a source. It 1s just the total current entering the parallel resistors.

For the special case of two parallel resistors, the current division formula s usually expressed in
resistances instead of conductances. If the two resistances are R, and R, the current I, in the resistor
with resistance R, 1s

G, IR, R,
G, +G, ° VR, + 1R,

1y $

= IA
R, + R,
In general, as this formula indicates, the current flowing in one of two parallel resistors equals the

resistance of the other resistor divided by the sum of the resistances, all times the current flowing into
the parallel combination.

KILOHM-MILLIAMPERE METHOD

The basic equations V=RI, I =GV, P=VI, P=V?R, and P=1I’R are valid, of
course, for the units of volts (V), amperes (A), ohms (), siemens (S), and watts (W). But they are equally
valid for the units of volts (V), milliamperes {mA), kilohms (kQ), millisiemens (mS), and milliwatts (mW),
the use of which is sometimes referred to as the kilohm-milliampere method. In this book, this second set
will be used almost exclusively in the writing of network equations when the network resistances are in the
kilohm range, because with it the writing of powers of 10 can be avoided.

Solved Problems

31 Determine the number of nodes and branches in the circuit shown in Fig. 3-3.

Dots 1 and 2 are one node, as are dots 3 and 4 and also dots § and 6, all with connecting wires. Dot
7 and the two wires on both sides are another node, as are dot 8 and the two wires on both sides of it. So,
there are five nodes. Each of the shown components 4 through H is a branch —eight branches in all.
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Fig. 3-3 Fig. 3-4

Which components in Fig. 3-3 are in series and which are in parallel?

Components F, G, and H are in series because they carry the same current. Components A and B, being
connected together at both ends, have the same voltage and so are in parallel. The same 1s true for components
C. D, and E- they are in parallel. Further, the parallel group of 4 and B is in series with the parallel group
of C, D, and E, and both groups arc in series with components F. G, and H.

Identify all the loops and all the meshes for the circuit shown in Fig. 3-4. Also, specify which
components are in series and which are in parallel.

There are three loops: one of components 4, E, F, D, and C; a second of components B, H, G, F, and
E; and a third of A, B, H, G, D, and C. The first two loops are also meshes, but the third is not because
components E and F are inside it. Components A4, C, and D are in scries because they carry the same current.
For the same reason, components E and F are in series, as also are components B, H, and G. No components
are in parallel.

Repeat Prob. 3.3 for the circuit shown in Fig. 3-5.

The three loops of components A, B, and C; C, D, and E; and F, D, and B are also meshes -the only
meshes. All other loops are not meshes because components are inside them. Components A, B, D, and E
form one of these other loops: components A4, F, and E another one; components 4, F, D, and C a third:
and components F, E, C, and B a fourth. The circuit has three meshes and seven loops. No components are
in series or in parallel.

What is ¥ across the open circuit in the circuit shown in Fig. 3-6”?
The sum of the voltage drops in a clockwise direction is, starting from the upper left corner,
60-40+V—-10+20=0 from which V=-30V

In the summation, the 40 and 10 V are negative because they are voltage rises in a clockwise direction. The
negative sign in the answer indicates that the actual open-circuit voltage has a polarity opposite the shown
reference polarity.

1 ' -
L |-

60V 40V

20V

< + +

v _
s h{

Fig. 3-6
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Find the unknown voltages in the circuit shown in Fig. 3-7. Find V| first.

The basic KVL approach is to use loops having only one unknown voltage apiece. Such a loop for V,
includes the 10-, 8-, and 9-V components. The sum of the voltage drops in a clockwise direction around
this loop 1s

100-8+9-V, =0 from which Vi=11V
Similarly, for V; the sum of the voltage drops clockwise around the top mesh is
V,+8—-10=0 from which V, =2V
Clockwise around the bottom mesh, the sum of the voltage drops is
-8+9+ 1V, =0 from which Vi= -1V

The negative sign for V; indicates that the polarity of the actual voltage 1s opposite the reference polarity.

A

Fig. 3-7

What is the total resistance of 2-, 5-, 8-, 10-, and 17-Q resistors connected in series?

The total resistance of series resistors is the sum of the individual resistances: R, =2+ 5+ 8 + 10 +
17=42Q.

What is the total resistance of thirty 6-Q resistors connected in series?

The total resistance is the number of resistors times the common resistance of 6 Q: R, = 30 x 6 = 180 Q.

What is the total conductance of 4-, 10-, 16-, 20-, and 24-S resistors connected in series?

The best approach is to convert the conductances to resistances, add the resistances to get the total
resistance, and then invert the total resistance to get the total conductance:

R'l'=i+i1()+lL(v+_216+2L4:0‘5040

and

A string of Christmas tree lights consists of eight 6-W, 15-V bulbs connected in series. What
current flows when the string is plugged into a 120-V outlet, and what is the hot resistance of
each bulb?

The total poweris P, =8 x 6 =48 W. From P, = VI  thecurrentis [ =P,V =48120=04A.
And from P = I2R. the hot resistance of each bulbis R = P-1? = 6;04% = 37.5 Q.
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A 3-V, 300-mA flashlight bulb is to be used as the dial light in a 120-V radio. What is the resistance
of the resistor that should be connected in series with the flashlight bulb to limit the current?

Since 3 V is to be across the flashlight bulb, there will be 120 — 3 = 117V across the series resistor.
The current is the rated 300 mA. Consequently. the resistance is  117-0.3 = 390 Q.

A person wants to move a 20-W FM-AM transistor radio from a junked car with a 6-V battery
to a new car with a 12-V battery. What is the resistance of the resistor that should be connected
in series with the radio to limit the current, and what is its minimum power rating?

From P = VI, the radio requires 20/6 = 3.33 A. The resistor. being in series. has the same current.
Also, it has the same voltage because 12 — 6 =6 V. Asaresult. R =6 333 = 1.8 Q. With the same voltage
and current, the resistor must dissipate the same power as the radio, and so has a 20-W minimum power
rating.

A series circuit consists of a 240-V source and 12-, 20-, and 16-Q resistors. Find the current out
of the positive terminal of the voltage source. Also find the resistor voltages. Assume associated
references, as should always be done when there is no specification of references.

The current is the applied voltage divided by the equivalent resistance:
240
TR2+204+16
Each resistor voltage is this current times the corresponding resistance: }, =5x 12 =60V,

Vip= 5x20=100 V, and V,,=5x16=280 V. As a check. the sum of the resistor voltages is
60 + 100 + 80 = 240 V, the same as the applicd voltage.

A resistor in series with an 8-Q resistor absorbs 100 W when the two are connected across a 60-V
line. Find the unknown resistance R.

The total resistance is 8 + R, and thus the current is 6048 + R). From [’R = P,

60 \?
(-ﬁ~) R = 100 or 3600R = 100(8 + R)?
8+ R

which simplifies to  R? — 20R + 64 = 0. The quadratic formula can be used to find R. Recall that for the

equation ax? + bx + ¢ =0, this formula is
—b+ /b* — 4ac

2a
—(=20) + J(— 207 —4(1X64) 20 + 12
So =702 -‘/—;(-]-)—-’ ZANsd) =, T=16Q0r40

A resistor with a resistance of either 16 or 4 Q will dissipate 100 W when connected in series with an 8-Q
resistor across a 60-V line.

This particular quadratic equation can be factored without using the quadratic formula. By in-
spection, R? —20R + 64 =(R — 16{R —4) =0, from which R=16 Q or R=4Q. the same as
before.

Resistors R,, R,, and R; are in series with a 100-V source. The total voltage drop across R, and
R, 1s 50 V, and that across R, and R; i1s 80 V. Find the three resistances if the total resistance
is 50 Q.

The current is the applied voltage divided by the total resistance: [ = 100 50 = 2 A. Since the voltage
across resistors R, and R, is 50 V, there must be 100 — 50 = 50 V  across R,. By Ohm's law, R; = 50,2 =
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25Q. Resistors R, and R, have 80 V across them, leaving 100 — 80 =20V across R,. Thus, R, =
202 =10Q. The resistance of R, is the total resistance minus the resistances of R, and R;: R, =
SO0-10-25=15Q.

What is the maximum voltage that can be applied across the series combination of a 150-Q, 2-W
resistor and a 100-Q, 1-W resistor without exceeding the power rating of either resistor?

From P =I?R. the maximum safe current for the 150-Q resistoris I = /P/R = _/2/150 = 0.115 A.

That for the 100-Q resistor is \/T/IFO = 0.1 A. The maximum current cannot exceed the lesser of these two
currents and so 1s 0.1 A. For this current, V= IR, + R;) = 0.1{150 + 100} =25 V.

In a series circuit, a current flows from the positive terminal of a 180-V source through two
resistors, one of which has 30 Q of resistance and the other of which has 45 V across it. Find the
current and the unknown resistance.

The 30-Q resistor has 180 — 45 = 135V across it and thus a 135/30 = 4.5-A  current through it.
The other resistance is  45/4.5 = 10 .

Find the current and unknown voltages in the circuit shown in Fig. 3-8.

The total resistance is the sum of the resistances: 10+ 15+ 6 + 8 + 11 = 50 Q. The total voltage rise
from the voltage sources in the direction of Iis 12 — 5 + 8 = 15 V. The current [ is this voltage divided by
the total resistance: 1 =15:50 =03 A. By Ohm's law, 1V, =03 x10=3V. V,=03x15=45V,
by=—-03x6=—-18V, V,=03x8=24V, and V;= -03 x 11 = —3.3V. The equations for V,
and V5 have negative signs because the references for these voltages and the reference for I are not associated.

Find the voltage V,, in the circuit shown in Fig. 3-8.

Vs i1s the voltage drop from node ¢ to node b, which is the sum of the voltage drops across the
components connected between nodes a and b either to the right or to the left of node a. It is convenient
to choose the path to the right because this is the direction of the [ = 0.3-A current found in the solution
of Prob. 3.18. Thus,

Ve =(03 x 15+ 5+ (03 x 6)+ (03 x8) —8=57V
Note that an IR drop is always positive in the direction of 1. A voltage reference, and that of ¥, in particular

here, has no effect on this.

Find I,, I,. and V in the circuit shown in Fig. 3-9.

\'0 _ V. 15Q

a
v T ot
=3V
—e
- =90V
! T 10 Q

Fig. 3-8 Fig. 3-9
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Since the 90-V source is across the 10-Q resistor, I, =90/10 = 9 A. Around the outside loop in a
clockwise direction, the voltage drop across the two resistors is (25 + 15)/, = 40/,. This is equal to the
sum of the voltage rises across the voltage sources in this outside loop:

401, = —30 + 90 from which 1, =60/40=15A

The voltage V is equal to the sum of the drops across the 25-Q resistor and the 30-V source: V=
(1.5 x 25) + 30 = 67.5 V. Notice that the parallel 10-Q resistor does not affect /,. In general, resistors in
parallel with voltage sources that have zero internal resistances (ideal voltage sources) do not affect currents
or voltages elsewhere in a circuit. They do, however, cause an increase in current flow in these voltage sources.

A 90-V source is in series with five resistors having resistances of 4, 5, 6, 7, and 8 Q. Find the
voltage across the 6-Q resistor. (Here “voltage” refers to the positive voltage, as it will in later
problems unless otherwise indicated. The same is true for current.)

By the voltage division formula, the voltage across a resistor in a series circuit equals the resistance of
that resistor times the applied voltage divided by the total resistance. So,

6

= x90=18V
4+54+46+7+8

Ve

Use voltage division to determine the voltages ¥, and V; in the circuit shown in Fig. 3-8.

The total voltage applied across the resistors equals the sum of the voltage rises from the voltage sources,
preferably in a clockwise direction: 12 — 5 + 8 = 15V. The polarity of this net voltage is such that it
produces a clockwise current flow. In this sum the 5V is negative because it is a drop, and rises are being
added. Put another way, the polarity of the 5-V source opposes the polarities of the 12- and 8-V sources.
The V, voltage division formula should have a positive sign because V, is a drop in the clockwise direction—it
opposes the polarity of the net applied voltage:

8 8§
= x15=—x15=24V
10+15+6+8+11 50

Vs

The voltage division formula for V; requires a negative sign because both Vy and the net source voltage
are rises in the clockwise direction:

11
Vi=— - x15= 33V
50

Find the voltage V,, across the open circuit in the circuit shown in Fig. 3-10.

The 10-€Q resistor has zero current flowing through it because it is in series with an open circuit. (Also,
it has zero volts across it.) Consequently, voltage division can be used to obtain V,. The result is

60
v, = x 100 =60V
60 + 40

Then, a summation of voltage drops around the right-hand half of the circuit gives 0—30+ V,, +
10 — 60 = 0. Therefore, V,, =80V,

400 100Q v




40

324

3.25

3.26

SERIES AND PARALLEL DC CIRCUITS RS ERY L

For the circuit of Fig. 3-11, calculate I and the power absorbed by the dependent sounce.

A good first step is to solve for the controlling quantity ¥, in terms of 1. Applying Ohn's law to the
4-Q resistor gives ¥, = 4I. Consequently, in the direction of I, the voltage rise across the dependent seuree
is 4.5(4I1) = 18]. Then by KVL,

4l + 20 — 18] = 24 and so [=24/(—12)= —2A

The negative sign indicates that the 2-A current flows counterclock wise, opposite the reference direction Ior
Since the current and voltage references for the dependent source are not associated. the power abserbad
formula has a negative sign:

= —4.5V,(I) = —4.5@IX]) = — 1812

But I=—-2A, and so P= —18(~2)> = —72 W. The presence of the negative sign means that the
dependent source is supplying power instead of absorbing it.

2Q ]

40
ANNV———N—
[
.T24V

—> 4.5V,
+

Fig. 3-11

In the circuit of Fig. 3-11, determine the resistance “seen™ by the independent voltage souree.

The resistance “seen” by the source is equal to the ratio of the source voltage to the current thin Hews
out of the positive terminal of the source:
24 24
R= = —=-12Q
1 =2
The negative sign of the resistance is a result of the action of the dependent source. 1t indicates that the
remainder of the circuit supplies power to the independent source. Actually, it is the dependent ~cvree dlone
that supplies this power, as well as the power to the two resistors.

Find V, in the circuit of Fig. 3-12.

First observe that no current flows in the single wire connecting the two halves of this circwt ws 1s
evident from enclosing either half in a closed surface. Then only this single wire would cross this suiface.
and since the sum of the currents leaving any closed surface must be zero, the current in this wire must be
zero. From another point of view, there is no return path for a current that would flow in ths wire
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From KVL applied to the left-hand half of the circuit, 16/, + 4V, = 24. And for the right-hand half
of the circuit, Ohm’s law gives

V, = —051,(4) = —2I, or I, = —0.5¥,
Then, substituting for /, in the KVL equation produces
16(—0.5V,) + 4V, =24 and so V,=-6V

Calculate I and V,, in the circuit of Fig. 3-13.

Because of the open circuit between nodes a and b, the middle branch has no effect on the current /.
Consequently, / can be obtained by applying KVL to the outside loop. The total resistance of this loop
is 24+8+5+4+9=24 Q And in the direction of I, the sum of the voltage rises from voltage sources
is 100+20=120V.So, [=120/24 =5A.

From the summing of voltage drops across the right-hand branch, the voltage drop, top to bottom,
across the middle branch is  5(5) — 20 + 5(9) = 50 V. Consequently, V,, = 50 — 30 = 20 V because there
is zero volts across the 10-Q resistor.

8Q 5Q
AN— 'A%

— 0V L
20V

MV
S
i

100

é—:noov aO+ 9Q
‘lr Var

Fig. 3-13

Determine the voltage drop V,, across the open circuit in the circuit of Fig. 3-14.

Because of the open circuit, no current flows in the 9-Q and 13-} resistors and so there is zero volts
across each of them. Also, then, all the 6-A source current flows through the 10-Q resistor and all the 8-A

100 50
+‘\/>/\f_ +'\M_
1 VZ
o—+¢
¢ 6A 8A
+ 40 : : 1naQ
Vs 18Q
VY
- 1310 90
hO aAAY AN~
15V

___.M}__

Fig. 3-14
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source current flows through the 5-Q resistor, making V, = —6(10)= —60V and V, =851 =40V, re-
spectively. So, V,,, the voltage drop from node a to b, is from summing voltage drops,

V=V, +V,+0-1540=—60+40—15= —35V

The 4-, 11-, 9-, 18-, and 13-Q resistors have no effect on this result.

Find the unknown currents in the circuit shown in Fig. 3-15. Find I, first.

The basic KCL approach is to find closed surfaces such that only one unknown current flows across
each surface. In Fig. 3-15, the large dashed loop represents a closed surface drawn such that I, is the only
unknown current flowing across it. Other currents flowing across it are the 10-, 8-, and 9-A currents. I, and
the 9-A currents leave this closed surface, and the 8-A and 10-A currents enter it. By KCL, the sum of the
currents leaving is zero: I, +9 -8 —-10=0, orl, =9 A. [, is readily found from summing the currents
leaving the middle top node: [, —8 —10=0, or /I, =18 A. Similarly. at the right top node. I, + 8 —
9 =0, and I; =1A. Checking at the left topnode: 10—/, — 1, =10—-9 —1=0, as it should be.

] S
10 A “ N 8A
_.,‘/ ’-\ \ :D.I_:E\
’/ NLT oy N
L\
L
\ |
\ /
9 A
<—I—I \ / —
\\'/'
Fig. 3-15

Find [ for the circuit shown in Fig. 3-16.

Since I is the only unknown current flowing across the shown dashed loop. it can be found by setting
to zero the sum of the currents leaving this loop: 7 —16-8-9+3+2 10=0, from which
I=38A.

Find the short-circuit current I, for the circuit shown in Fig. 3-17.

The short circuit places the 100 V of the left-hand voltage source across the 20-Q resistor. and it places
the 200V of the right-hand source across the 25-Q resistor. By Ohm’s law. [, = 10020 =5A and
I, = —200/25 = —8 A. The negative sign occurs in the I, formula because of nonassociated references.

- e e s e ew e - —,

-
7 16 A ~

200 I . 25Q
—

=10V l

Fig. 3-17
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From KCL applied at the top middle node, I, =171, + 1, =5— 8= —3 A, Of course the negative sign in
the answer means that 3 A actually flows up through the short circuit, opposite the direction of the I
current reference arrow.

Calculate V in the circuit of Fig. 3-18.

The short circuit places all 36 V of the voltage source across the 20-kQ resistor. So, by Ohm’s
law, I, = 36/20 = 1.8 mA. (The kilohm-milliampere method was used in finding I,.) Applying KCL to the
top middle node gives

I,=1,+10I, =18 + 10], and therefore I,=-02mA
Finally, by Ohm’s law,
V=-510l)= -5-2)=10V

101,
6V llz 5kQ é v

Fig. 3-18

Find the total conductance and resistance of four parallel resistors having resistances of 1, 0.5,
0.25, and 0.125 Q.

The total conductance is the sum of the individual conductances:
1 i 1 1
Gr=-+—+—+——-=14+2+4+8=158
1 05 025 0.125

The total resistance is the inverse of this total conductance: R; = 1/G; = 1/15 = 0.0667 Q.

Find the total resistance of fifty 200-Q resistors connected in parallel.

The total resistance equals the common resistance divided by the number of resistors: 200/50 = 4 Q.

A resistor is to be connected in parallel with a 10-kQ resistor and a 20-kQ resistor to produce a
total resistance of 12 k€. What is the resistance of the resistor?

Assuming that the added resistor is a conventional resistor, no added parallel resistor will give a total
resistance of 12 k€ because the total resistance of parallel resistors is always less than the least individual
resistance, which is 10 kQ. With transistors, however, it is possible to make a component that has a negative
resistance and that in parallel can cause an increase in total resistance. Generally, however, the term resistor
means a conventional resistor that has only positive resistance.

Three parallel resistors have a total conductance of 1.75 S. If two of the resistances are 1 and 2 Q,
what is the third resistance?

The sum of the individual conductances equals the total conductance:
1+1+G,=175 or G;=175-15=0258

The resistance of the third resistor is the inverse of this conductance: R, =1/G, =1/0.25=4Q.
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Without using conductances, find the total resistance of two parallel resistors having resistances
of Sand 20 Q.

The total resistance equals the product of the individual resistances divided by the sum: R, =
(5 x 20)/(5 + 20) = 100/25 =4 Q.

Repeat Prob. 3.37 for three parallel resistors having resistances of 12, 24, and 32 Q.

One approach is to consider the resistances two at a time. For the 12- and the 24-Q resistances, the
equivalent resistance is

12 x 24 288
="-30
12+24 36

This combined with the 32-€ resistance gives a total resistance of

8 x 32 256
p=—— —=—=640
8+32 40

A 60-W, a 100-W, and a 200-W light bulb are connected in parallel across a 120-V line. Obtain
the equivalent hot resistance of this combination from the individual hot resistances of the bulbs.

From R = V?/P, the individual resistances are 120260 = 2409, 1202100 = 144Q, and
1202/200 = 72 Q. The 72- and 144-Q) resistances have an equivalent resistance of (72 x 144)/(72 + 144) =
48 Q. The equivalent resistance of this and the 240-Q resistance is the total equivalent hot resistance:
(240 x 48)/(240 x 48) = 40 Q. As a check, from the total power of 360 W, R, = V2 P = 120%:360 = 40 Q.

Determine Ry in Ry = (4 + 24)12)16.

It is essential to start evaluating inside the parentheses, and then work out. By definition, the term
241112 = (24 x 12)/(24 + 12) = 8. This adds to the 4: 4 + 8= 12. The expression reduces to 12, 6, which is
(12 x 6)/(12 + 6) = 4. Thus, R; =4Q.

Find the total resistance Ry of the resistor ladder network shown in Fig. 3-19.

To find the equivalent resistance of a ladder network by combining resistances, always start at the end
opposite the input terminals. At this end, the series 4- and 8- resistors have an equivalent resistance of
12 Q. This combines in parallel with the 24-Q resistance: (24 x 12)/(24 + 12) = 8 Q. This adds to the 3 and
the 9Q of the series resistors for a sum of 8 + 3 + 9 =20Q. This combines in parallel with the 5-Q
resistance: (20 x 5)/(20 + 5) = 4 Q. R, is the sum of this resistance and the resistances of the series 16- and
14-Q resistors: R;y=4+16 + 14 =34 Q.

In the circuit shown in Fig. 3-20 find the total resistance R; with terminals ¢ and b (a)
open-circuited, and (b) short-circuited.

16 30 80
o— N W—r— N—p— AN o—
Ry Rt
O—AAA——AAA—S o—

140 90 10Q

Fig. 3-19 Fig. 3-20
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343

3.44

345

{(a) With terminals a and b open, the 40- and 90-Q resistors are in series, as are the 60- and 10-Q
resistors. The two series combinations are in parallel; so
(40 + 9060 + 10)

=—————————"=4550Q
40 + 90 + 60 + 10

T

(b) For terminals a and b short-circuited, the 40- and 60-Q resistors are in parallel, as are the 90- and 10-Q
resistors. The two parallel combinations are in series, making

40x60+90x10_
T 40+60 904+ 10

T

A 90-A current flows into four parallel resistors having resistances of S, 6, 12, and 20 Q. Find the
current in each resistor.

The total resistance is
1

- S ¥ o
1/5 + 176 + 1/12 + 1/20

This value times the current gives the voltage across the parallel combination: 2 x 90 = 180 V. Then by
Ohm’s law, [;=180/5=36A, I,=180/6=30A, [,,=180:12=15A, and [,,=180/20=9A.

Find the voltage and unknown currents in the circuit shown in Fig. 3-21.

I

'V ! n ‘h 1n

190 A 6S 50 A 1% 128 248 60 A 8S

MV

Fig. 3-21

Even though it has several dots, the top line is just a single node because the entire line is at the same
potential. The same is true of the bottom line. Thus, there are just two nodes and one voltage V. The total
conductance of the parallel-connected resistors is G =6+ 12 + 24 + 8 = 50 S. Also, the total current
entering the top node from current sources is 190 — 50 + 60 = 200 A. This conductance and current can be
used in the conductance version of Ohm's law, [ = GV, to obtain the voltage: V=1.G =200:50=4V.
Since this is the voltage across each resistor, the resistor currentsare 1, =6 x4 =24 A, I, = —12x4=
—48 A, I; =24 x4=96A, and I,= —8 x 4= —32A. The negative signs are the result of non-
associated references. Of course, all the actual resistor currents leave the top node.

Note that the parallel current sources have the same effect as a single current source, the current of
which is the algebraic sum of the individual currents from the sources.

Use current division to find the currents I, and I, in the circuit shown in Fig. 3-21.

The sum of the currents from current sources into the top node is 190 — 50 + 60 = 200 A. Also, the
sum of the conductances is 6 + 12 + 24 + 8 = 50 S. By the current division formula,
12 24
I,=——x200=—-48A and Iy =—x200=96A
50 50
The formula for I, has a negative sign because I, has a reference into the top node, and the sum of the
currents from current sources is also into the top node. For a positive sign, one current in the formula must
be into a node and the other current must be out of the same node.
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A 90-A current flows into two parallel resistors having resistances of 12 and 24 Q. Find the current
in the 24-Q resistor.

The current in the 24-Q resistor equals the resistance of the other parallel resistor divided by the sum
of the resistances, all times the input current:
12
Iy=--—--x90=30A
12 + 24
As a check, this current results in a voltage of 30 x 24 = 720V, which is also across the 12-Q resistor.
Thus, 1,,=720/12=60A, and I, +1,, =30+ 60 =90 A, which is the input current.

Calculate V, and V, in the circuit of Fig. 3-22.

A good first step is to solve for the controlling current J in terms of V,: I = V| 5. Thus, the dependent
source current is, in terms of V;, 3(V,;5) = 0.6V, dirccted downward. Then. KCL applied at the top
right-hand node gives

vV, V, .

—+—=+06V,=9 from which V=1V

5 10

The voltage drop across the 12-Q resistor is  9(12) = 108 V. Finally, KVL applied around the outside

loop results in ¥, = 108 + 10 = 118 V. Observe that the 12-Q resistor has no eflect on I, but it does have
an effect on V,.

i
12 = 90V '
AMN—9 4
" b v Sk § 20k
+
v, 9A s 10Q M
|4 40 mA
Fig. 3-22 Fig. 3-23

Calculate I and Vin the circuit of Fig. 3-23.
The source current of 40 mA flows into the parallel resistors. So, by current division,

20
2045

Then by KVL, V= —900 + 32(5) = —740 V. Observe that although the voltage-sourcc voltage has an
effect on the current-source voltage, it has no effect on the resistor current /.

x 40 = 32 mA

Use voltage division twice to find V| in the circuit shown in Fig. 3-24.

Clearly, V, can be found from V, by voltage division. And V, can be found from the source voltage by
voltage division used with the equivalent resistance to the right of the 16-Q resistor. This resistance 1s

(54 + 18)36)
S T 240
54 + 18 + 36
By voltage division,
24 18
= x 80 =48V and Vp=-— - x48=12V
16 + 24 54 +18

A common error in finding V, is to neglect the loading of the resistors to the right of the ¥, node.
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3.50

3.51

352

353

80
—\ NN\
16 0 54 ) 36 A
MV y
+ + :_4 200
b 'A'A s
=80V V.36 0 1802V I 60
—
AN N\—4 q
- - 1I| 50
AN
Fig. 3-24 Fig. 3-25

Use current division twice to find I, in the circuit shown in Fig. 3-25.

Obviously I, can be found from I, by current division. And, if the total resistance of the bottom three
branches is found, current division can be used to find I, from the input current. The needed total resistance is

By the two-resistance form of the current division formula,

x 16 =128 A

8 20
I, = x36=16A and I, =
10+ 8 2045

Supplementary Problems
Determine the number of nodes, branches, loops, and meshes in the circuit shown in Fig. 3-26.
Ans. 6 nodes, 8 branches, 7 loops, 3 meshes
Find V|, V;, and V, for the circuit shown in Fig. 3-26.
Ans. V=26V, V,= =21V, V,=2V

Four resistors in series have a total resistance of 500 Q. If three of the resistors have resistances of 100, 150,
and 200 Q, what is the resistance of the fourth resistor?

Ans. 50Q
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Find the total conductance of 2-, 4-) 8-, and 10-S resistors connected in series.

Ans. 1038

A 60-W, 120-V light bulb is to be connected in series with a resistor across a 277-V line. What is the resistance
and minimum power rating of the resistor required if the light bulb is to operate under rated conditions?

Ans. 314Q, 785W

A series circuit consists of a dc voltage source and 4-, 5-, and 6-Q resistors. If the current is 7 A, find the
source voltage.

Ans. 105V

A 12-V battery with a 0.3-Q internal resistance is to be charged from a 15-V source. If the charging current

should not exceed 2 A, what is the minimum resistance of a scries resistor that will limit the current to this
safe value?

Ans. 120

A resistor in series with a 100-Q resistor absorbs 80 W when the two are connected across a 240-V line.
Find the unknown resistance.

Ans. 20 0or 500Q

A series circuit consists of a 4-V source and 2-, 4-, and 6-Q resistors. What is the minimum power rating of
each resistor if the resistors are available in power ratings of § W, | W, and 2 W?

Ans. P, =31W, P, =1W, P =1W

Find V,, in the circuit shown in Fig. 3-27.

Ans. 20V
10 20 5V
—A\ Vv !
R
WVE Var 0
-Qb
P I T |
Jj— Jifr
40 10V 15V
Fig. 3-27

Use voltage division to find the voltage V, in the circuit shown in Fig. 3-27.

Ans. -8V

A series circuit consists of a 100-V source and 4-, 5-, 6-, 7-, and 8-Q resistors. Use voltage division to
determine the voltage across the 6-Q resistor.

Ans. 20V

Determine [ in the circuit of Fig. 3-28.

Ans. 3 A

Find V across the open circuit in the circuit of Fig. 3-29.

Ans. —45V
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20 60
= AAN/ " AN
=12V v, 20,
Fig. 3-28
AN
IkQ 10kQ Ska
, . I
l W\I W 4 mA +
— B0V 5kQ ( ) ‘ v
T 15V _
- i —0
Fig. 3-29

3.65 Find the indicated unknown currents in the circuits shown in Fig. 3-30.

SA/S
—AAN

ZAl T,‘

AA"A%
/1. \:k

Ans. I, =2A, I,= —6A, I,=—S5A, I,=3A

(a) (b)
Fig. 3-30
3.66 Find the short-circuit current [ in the circuit shown in Fig. 3-31.
Ans. 3 A
20

—ANA
I L

8 A 19 l ¥ v

Fig. 3-31



50

3.67

3.68

3.69

3.70

N

in

373

374

378

SERIES AND PARALLEL DC CIRCUITS (CHAP. 3

T”

2

0.5V, 2
4kQ § v,

Fig. 3-32

Calculate ¥, in the circuit of Fig. 3-32.
Ans. 96V

What are the different resistances that can be obtained with three 4-Q resistors?

Ans. 1.33,2,267,4,6,8, and 12Q

A 100-€2 resistor and another resistor in parallel have an equivalent resistance of 75 Q. What is the resistance
of the other resistor?

Ans. 300Q

Find the equivalent resistance of four parallel resistors having resistances of 2, 4, 6, and 8 .

Ans. 096 Q

Three parallel resistors have a total conductance of 2 mS. If two of the resistances are 1 and § kQQ, what is
the third resistance?

Ans. 125kQ

The equivalent resistance of three parallel resistors is 10 Q. If two of the resistors have resistances of 40 and
60 €, what is the resistance of the third resistor?

Ans. 17.1Q

Determine R; in Ry = (24148 + 24)|10.
Ans. 8Q

Determine Ry in Ry = (6]/12 + 10]|40))i(6 + 2).
Ans. 48Q
Find the total resistance R of the resistor ladder network shown in Fig. 3-33.

Ans. 26.6 kQ

15 k2 6 k2 J k2

4 k0

6 k{1 2k} S k1
Fig. 3-33
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376  Repeat Prob. 3.75 with all resistances doubled.
Ans. 53.2kQ

377  In the circuit shown in Fig. 3-34, find R; with terminals a and b (a) open-circuited, and (b) short-
circuited.

Ans. (a) 18.2Q, (b) 18.1Q

74
o—AA\ A\~
30 80
L 10 Q O .
50 4Q
8 Q1
o—AAN\NV
Fig. 3-34

3.78 A 15-mA current flows into four parallel resistors having resistances of 4, 6, 8, and 12 kQ. Find each resistor
current.

Ans. I,=6mA, I,=4mA, I,=3mA, I,,=2mA

3.79  Repeat Prob. 3.78 with all resistances doubled.

Ans. Same currents

380 Find the unknown currents in the circuit shown in Fig. 3-35.

Ans. I, = —10A, I, = —8A. I,=6A, I,=—2A, I,=12A
lll 240
|
SAd 240 43 A CTBsA §zon
8 Q 24 )
i
"T lh
Fig. 3-35

381 Find R, and R, for the circuit shown in Fig. 3-36.
Ans. R, =20Q, R,=5Q

3.82 In the circuit shown in Fig. 3-36,let R, =6 Q and R, =12 Q. Then use current division to find the
new current in the R, resistor.

Ans. 133 A
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A 60-A current flows into a resistor network described by R, = 40||(12 + 40]j10). Find the current in the
10-Q resistor.

Ans. 32A

A 620-V source connected to a resistor network described by Ry = 50 + R}:20 provides 120 V to the 20-Q
resistor. What is R?

Ans. 30Q

Find I in the circuit shown in Fig. 3-37.

Ans. 4A
120 40 Q) 60
A >
8 Q 48 Q 100

4 b

] 40 Q 55 Q

=240V

60 0 J TV&
Fig. 3-37 Fig. 3-38

In the circuit shown in Fig. 3-38 there is a 120-V, 60-W light bulb. What must be the supply voltage Vs for
the light bulb to operate under rated conditions?

Ans. 285V

In the circuit of Fig. 3-39, calculate [ and also the power absorbed by the dependent source.
Ans. 2 A, 560 W

16 A 14Q 21 70Q

Fig. 3-39

Use voltage division twice to find the voltage V in the circuit shown in Fig. 3-40.

Ans. 36V
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389 In the circuit shown in Fig. 3-41, use current division twice to calculate the current / in the load resistor
R for (R, =00, (R, =5Q,and ()R, =20 Q.

Ans. (a) 16 A, (B)996 A, (c)467 A

8 Q
% A AN~ 5
-
——ﬂl
6 (1 20 Q
L AM—— AN——4
R, I
N
Fig. 341

390  Use repeated current division in finding 7 in the circuit of Fig. 3-42.

Ans. 4 mA

100 kQ
Vv
3KkQ 25kQ
AN 'A'A%
60kQ
AN
10kQ
= us5v L—AA—te
7] ;] 30kQ
— AN~

Fig. 3-42



Chapter 4

DC Circuit Analysis

CRAMER’S RULE

A knowledge of determinants is necessary for using Cramer’s rule, which is a popular method for
solving the simultaneous equations that occur in the analysis of a circuit. A determinant is a square

arrangement of numbers between two vertical lines, as follows:

ayy Qg2 43
ayy dyy Ay,
a3y 43z 4z,

in which each a is a number. The first and second subscripts indicate the row and column, respectively,
that each number is in.

A determinant with two rows and columns is a second-order determinant. One with three rows and
columns is a third-order determinant, and so on.

Determinants have values. The value of the second-order determinant

is a,,a,;, — a,,4,,, which is the product of the numbers on the principal diagonal minus the product of
the numbers on the other diagonal:

a4 /alz
a3z Ay
For example, the value of
8 -2
6 —4

is 8(—4)—6(—2)=—-32+12=-20.

A convenient method for evaluating a third-order determinant is to repeat the first two columns to
the right of the third column and then take the sum of the products of the numbers on the diagonals
indicated by downward arrows, as follows, and subtract from this the sum of the products of the numbers
on the diagonals indicated by upward arrows. The result is

Qy145,033 + 4(,05303; + A138;,03; — A3,4;413 — 8338538 ~ d3305,4y;

For example, the value of

2 -3 4
6 10 8
7 -5 9

54
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from
2800 —80 —162

6 10

180 —168 =120

is 180 — 168 — 120 — (280 — 80 — 162) = — 146.

Evaluations of higher-order determinants require other methods that will not be considered here.

Before Cramer’s rule can be applied to solve for the unknowns in a set of equations, the equations
must be arranged with the unknowns on one side, say the left, of the equal signs and the knowns on
the right-hand side. The unknowns should have the same order in each equation. For example, I, may
be the first unknown in each equation, I, the second, and so on. Then, by Cramer’s rule, each unknown
is the ratio of two determinants. The denominator determinants are the same, being formed from the
coefficients of the unknowns. Each numerator determinant differs from the denominator determinant in
only one column. For the first unknown, the numerator determinant has a first column that is the
right-hand side of the equations. For the second unknown, the numerator determinant has a second
column that is the right-hand side of the equations, and so on. As an illustration, for

101, — 2I,— 4I,= 32
—2, + 121, = 9, = —43

—41, — 91, + 151, = 13

32 -2 -4 10 32 -4 10 -2 32

—43 12 -9 -2 —43 -9 -2 12 -4
- 13 -9 15 1_—4 1315 P 13
! 10 -2 —4 2 10 -2 —4 3 10 -2 -4
-2 12 -9 -2 12 -9 -2 12 -9

-4 -9 15 -4 -9 15 -4 -9 15

CALCULATOR SOLUTIONS

Although using Cramer’s rule is popular, a much better way to solve the simultaneous equations of
interest here is to use an advanced scientific calculator. No programming is required, the equations are
easy to enter, and solutions can be obtained just by pressing a single key. Typically the equations must
be first placed in matrix form. But no knowledge of matrix algebra is required.

To be placed in matrix form, the equations must be arranged in exactly the same form as for using
Cramer's rule, with the unknowns being in the same order in each equation. Then, three matrices are
formed from these equations. As an illustration, for the following previously considered equations,

101, — 21, — 4l,= 32
2, + 121, — 91, = —43

—4I, — 91, +15I,= 13
the corresponding matrix equation is

10 -2 —471, 327

-2 12 -9f1,|=|-43

-4 -9 151, 13

Incidentally, a matrix comprising a single column is usually referred to as a vector.
The elements of the three-by-three matrix are just the coefficients of the unknowns and are identical
to the elements in the denominator determinant of Cramer’s rule. The adjacent vector has elements that
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are the unknowns being solved for, and the vector on the right-hand side has elements that consist of
the right-hand sides of the original equations.

The elements of the vector on the right-hand side and the elements of the coeflicient matrix are then
entered into a calculator. The exact method of entering the elements depends on the calculator used but
should be simple to do. Typically, the solutions are returned in a vector, and they appear in the same
order as the corresponding quantity symbols in the vector of unknowns.

The calculator method cannot be too strongly recommended. The decrease in errors and the time
saved will quickly compensate the user for the little additional cost that was required to purchase such
a calculator. The calculator should also be capable of solving simultancous equations that have complex,
instead of just real, coefficients, as will be required later for the analysis of sinusoidally excited circuits.

SOURCE TRANSFORMATIONS

Depending on the type of analysis, a circuit with cither no voltage sources or no current sources
may be preferable. Because a circuit may have an undesired type of source. it 1s convenient to be able
to transform voltage sources to equivalent current sources. and current sources to equivalent voltage
sources. For a transformation, each voltage source should have a series internal resistance, and each
current source a parallel internal resistance.

Figure 4-1a shows the transformation from a voltage source to an equivalent current source. and
Fig. 4-1h the transformation from a current source to an equivalent voltage source. This equivalence
applies only to the external circuit connected to these sources. The voltages and currents of this external
circuit will be the same with either source. Internally, the sources are usually nor equivalent.

R R
a <- O a ——Oua a
—_— v R I R —_— =
—_— ) E — IR
L——Ob ——O b : 0 b ‘lr_@b
(a) (b)
Fig. 4-1

As shown, in the transformation of a voltage source to an equivalent current source. the same resistor
is in parallel with the current source, and the source current equals the original source voltage divided
by thc resistance of this resistor. The current source arrow is directed toward the terminal nearest the
positive terminal of the voltage source. In the transformation from a current source to an equivalent voltage
source, the same resistor is in series with the voltage source, and the source voltage equals the original
source current times the resistance of this resistor. The positive terminal of the voltage source is nearest
the terminal toward which the arrow of the current source is directed. This same procedure applies to
the transformations of dependent sources.

MESH ANALYSIS

In mesh analvsis, KVL is applied with mesh currents, which are currents assigned to meshes, and
preferably referenced to flow clockwise, as shown in Fig. 4-2a.

KVL is applied to each mesh, one at a time, using the fact that in the direction of a current [, the
voltage drop across a resistor 1s /R, as shown in Fig. 4-2b. The voltage drops across the resistors taken
in the direction of the mesh currents are set equal to the voltage rises across the voltage sources. As an
tlustration. tn the circuit shown in Fig. 4-2q, around mesh | the drops across resistors R, and R; are
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R, R:

NN~ AVAYAY;
R;
i I
v, = ('\ 2 = R
—A—

M =V, — + —

esh | 1‘ Mesh 2 I IR

(a) (b)
Fig. 42

IR, and (I, — I,)R;, respectively, the latter because the current through R; in the direction of I, is
I, — I,. The total voltage rise from voltage sources is V, —- V4, in which 1 has a negative sign because
it is a voltage drop. So, the mesh equation for mesh 1 is

LR+, —1L)Ry=V, -V or (Ri + Ryl — Ry, =V, ~ 1,

Notice that R, + R, the coefficient of I,, is the sum of the resistances of the resistors in mesh |I.
This sum is called the self-resistance of mesh 1. Also, — Ry, the coeflicient of I,, is the negative of the
resistance of the resistor that is common to or mutual to meshes 1 and 2. R, is called the murual resistance.
In mesh equations, mutual resistance terms always have negative signs because the other mesh currents
always flow through the mutual resistors in directions opposite to those of the principal mesh currents.

It is easier to write mesh equations using self-resistances and mutual resistances than it is to directly
apply KVL. Doing this for mesh 2 results in

—R;I, + (R, + Ryl =V, -V,

In a mesh equation, the voltage for a voltage source has a positive sign if the voltage source aids
the flow of the principal mesh current -- that is, if this current flows out of the positive terminal  because
this aiding is equivalent to a voltage rise. Otherwise, a source voltage has a negative sign.

For mesh analysis, the transformation of all current sources to voltage sources is usually preferable
because there is no formula for the voltages across current sources. If, however, a current source is
positioned at the exterior of a circuit such that only one mesh current flows through it, that current
source can remain because the mesh current through it is known it is the source current or the negative
of it, depending on direction. KVL is not applied to this mesh.

The number of mesh equations equals the number of meshes minus the number of current sources,
if there are any.

LOOP ANALYSIS

Loop analysis is similar to mesh analysis, the principal difference being that the current paths selected
are loops that are not necessarily meshes. Also, there is no convention on the direction of loop currents:
they can be clockwise or counterclockwise. As a result, mutual terms can be positive when KVL is
applied to the loops.

For loop analysis, no current source need be transformed to a voltage source. But each current
source should have only one loop current flowing through it so that the loop current is known. Also,
then KVL is not applied to this loop because the current source voltage is unknown.

Obviously, the loops for the loop currents must be selected such that every component has at least
one loop current flowing through it. The number of these loops equals the number of meshes if the
circuit is planar- -that is, if the circuit can be drawn on a flat surface with no wires crossing. In general.
the number of loop currents required is B — N + 1, where B is the number of branches and N is the
number of nodes.
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If the current through only one component is desired, the loops should be selected such that only
one loop current flows through this component. Then, only one current has to be solved for. In contrast,
for mesh analysis, finding the current through an interior component requires solving for two mesh
currents.

NODAL ANALYSIS

For nodal analysis, preferably all voltage sources are transformed to current sources and all
resistances are converted to conductances. KCL is applied to all nodes but the ground node, which is
often indicated by a ground symbol at the bottom node of the circuit, as shown in Fig. 4-3a. As mentioned
in Chap. 3, almost always the bottom node is selected as the ground node even though any node can
be. Conventionally, voltages on all other nodes are referenced positive with respect to the ground node. As
a consequence, showing node voltage polarity signs is not necessary.

I
v, '\/V\: 21 V2
G le
] Cf) G G L s
v G
: T _

(a) )
Fig. 4-3

In nodal analysis, KCL is applied to each nongrounded node, one at a time, using the fact that in
the direction of a voltage drop V, the current in a resistor is GV, as shown in Fig. 4-3b. The currents
leaving a node through resistors are set equal to the currents entering the node from current sources.
As an illustration, in the circuit shown in Fig. 4-3a, the current flowing down through the resistor with
conductance G, is G, V,. The current to the right through the resistor with conductance G, is G,(V, — V,).
This current is equal to the conductance times the voltage at the node at which the current enters the
resistor minus the voltage at the node at which the current leaves the resistor. The quantity (V, — V,) is,
of course, just the resistor voltage referenced positive at the node at which the current enters the resistor
and negative at the node at which the current leaves the resistor, as is required for associated references.
The current entering node 1 from current sources is I, — [, in which /; has a negative sign because it
1s actually leaving node 1. So, the nodal equation for node 1 is

GV, +G(V, - Vy))=1 -1, or (G, + GV, — GV, =1, — I

Notice that the V| coefficient of G, + G, is the sum of the conductances of the resistors connected
to node 1. This sum is called the self-conductance of node 1. The coefficient of V; is — G, the negative
of the conductance of the resistor connected between nodes 1 and 2. G, is called the mutual conductance
of nodes 1 and 2. Mutual conductance terms always have negative signs because all nongrounded node
voltages have the same reference polarity —all are positive.

It is easier to write nodal equations using self-conductances and mutual conductances than it is to
directly apply KCL. Doing this for node 2 results in

_G]Vl +(Gz +Gs)V2=12 +13

The transformation of all voltage sources to current sources is not absolutely essential for nodal
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analysis, but is usually preferable for the shortcut approach with self-conductances and mutual
conductances. The problem with voltage sources is that there is no formula for the currents flowing
through them. Nodal analysis, though, is fairly easy to use with circuits having grounded voltage sources,
each of which has a terminal connected to ground. Such voltage sources give known voltages at their
nongrounded terminal nodes, making it unnecessary to apply KCL at these nodes. Other voltage
sources—floating voltage sources—can be transformed to current sources.

The number of nodal equations equals the number of nongrounded nodes minus the number of
grounded voltage sources.

DEPENDENT SOURCES AND CIRCUIT ANALYSIS

Mesh, loop, and nodal analyses are about the same for circuits having dependent sources as for
circuits having only independent sources. Usually, though, there are a few more equations. Also, positive
terms may appear in the circuit equations where only negative mutual resistance or conductance terms
appear for circuits having no dependent sources. Almost always, a good first step in the analysis of a
circuit containing dependent sources is to solve for the dependent source controlling quantities in terms
of the mesh or loop currents or node voltages being solved for.

Solved Problems

4.1 Evaluate the following determinants:
=2

I PR

-5 6
e

(a) The product of the numbers on the principal diagonal is 1 x 4 =4, and for the numbers on the
other diagonal is —2 x 3 = —6. The value of the determinant is the first product minus the second
product: 4 — (—6) = 10.

(b) Similarly, the value of the second determinant is —5(—8) — 7(6) = 40 — 42 = —2.

42  Evaluate the following determinant:

8§ -9 4
3 -2 1
6 5 —4

One method of evaluation is to repeat the first two columns to the right of the third column and then
find the products of the numbers on the diagonals, as indicated:

—48 40 108

The value of the determinant is the sum of the products for the downward-pointing arrows minus
the sum of the products for the upward-pointing arrows:

(64 — 54 + 60) — (—48 + 40 + 108) = — 30
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4.3 Use Cramer’s rule to solve for the unknowns in
5V, + 41, = 31
—4V, + 8V, =20

Il

The first unknown }, equals the ratio of two determinants. The denominator determinant has elements
that are the coeflicients of ¥, and V. The numerator determinant differs only in having the first column

replaced by the right-hand sides of the equations:

3oa
:1 20 x‘: 3R — 2004 ;1(»8:“
LS 4l s — (= S6
48

The denominator determinant for 1, has the same value of 56, In the numerator determinant
the second column. instead of the first. is replaced by the right-hand sides of the equations:
‘ S 31
—4 20 §20) — (=431 224
V, = ‘ - = =4V
56 56 56

4.4 Use Cramer’s rule to solve for the unknowns in
or — 21, — 4i, 10
=21, + 121, — 6l,=—-34
—41, — 61, + 141, 40

I

Il

All three unknowns have the same denominator determinuant of cocetticients. which evaluates to

192 360 56

1680 —48 —48
1680 — 48 — 48 — (192 + 360 + 56) = 976

In the numerator determinants, the right-hand sides of the equations replace the first column
for 1,. the second column for 7,. and the third column for 1;:

0 - 4 00 -4
312 6 BT VR
1 S B L R 14! 976
te 976 T 976 T 976 T o976
10 =2 10 ]
T T Tt
_4 —6 40| 2938
I, = T A
976 976

45  Transform the voltage sources shown in Fig. 4-4 to current sources.

{a) The current of the equivalent current source equals the voltage of the original voltage source divided
by the resistance: 21 3 = 7 A The current direction is toward node ¢ because the positive terminal
of the voltage source is toward that node. The parallel resistor is the same 3-Q resistor of the
original voltage source. The equivalent current source is shown in Fig. 4-5q.
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30 80 2Q
—ANN—0a ——" "N \\—0a a
- 1
NVE oy = 81,
Y —  Ob - 0b h
{a) (b) (c)
Fig, 4-4
~0 a -9 -0 a
7A 3N SA 80
: -Ob . —Ob
(@) (b)
—0 a
4, 20
O b
()
Fig. 4-5

(b} The current of the current source is

40.8 = S A. It is directed toward node b because the positive

terminal of the voltage source is toward that node. The parallel resistor is the same 8-Q resistor of the

voltage source. Figure 4-5b shows the equivalent current source.

() The current of the current sourceis 87,2 = 41,,

with a direction toward node ¢ because the positive

terminal of the voltage source is toward that node. The parallel resistor is the same 2-Q resistor of the

voltage source. Figure 4-5¢ shows the equivalent current source.

4.6  Transform the current sources shown in Fig. 4-6 to voltage sources.

~O a —O a
5A 41 6 A 5Q
¢ O b 2 O b
(a) {b)
! 3 —O
3, 60Q
—& —O0 b
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(@) The voltage of the equivalent voltage source equals the current of the original current source times
the resistance: 5 x 4 =20 V. The positive terminal is toward node a because the direction of the
current of the original current source is toward that node. Of course, the source resistance remains 4 Q,
but is in series instead of in parallel. Figure 4-7a shows the equivalent voltage source.

(b) The voltage is 6 x 5= 30V, positive toward node b because the direction of the current of the
original current source is toward that node. The source resistance is the same 5 Q, but is in series. The
equivalent voltage source is shown in Fig. 4-7b.

() The voltage is 31, x 6 = 18I, positive toward node a because the direction of the current of the

current source is toward that node. The source resistance is the same 6 Q but is in series. The equivalent
voltage source is shown in Fig. 4-7c.

4Q 5q
A AAY: —O0a AN\ Oa
=0V = 30V
.]- ob ob
(a) b)
60
aQ
181,
b
(©)
Fig. 4-7

Find the currents down through the resistors in the circuit shown in Fig. 4-8. Then transform
the current source and 2-{ resistor to an equivalent voltage source and again find the resistor
currents. Compare results.

By current division, the current down through the 2-Q resistor is

_& x 16=12A

2+6
The remainder of the source current (16 — 12 =4 A) flows down through the 6-Q resistor.

Transformation of the current source produces a voltage source of 16 x 2 =32V in series with a 2-Q

resistor, all in series with the 6-Q resistor, as shown in the circuit of Fig. 4-9. In this circuit, the same
current 32/(2+ 6) =4 A flows through both resistors, The 6-Q resistor current is the same as for the
original circuit, but the 2-Q resistor current is different. This result illustrates the fact that although a
transformed source produces the same voltages and currents in the circuit exterior to the source, the voltages
and currents inside the source usually change.

PR

16 A 20 60 TSZV 60

Fig. 4-8 Fig. 4-9
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48

49

For the circuit of Fig. 4-10, use repeated source transformations to obtain a single mesh circuit,
and then find the current /.

Fig. 4-10 Fig. 4-11

The first step is to transform the voltage source and series resistor into a current source and parallel
resistor. The resistance does not change, but the source current is 37.5/5 =7.5A directed upward. The
5-Q resistor from the source transformation is in parallel with the 20-Q resistor. Consequently, the combined
resistance is (5 x 20)/(5 + 20) = 4 Q. The next step is to transform the 7.5-A current source and the parallel
4-Q) resistor into a series voltage source and resistor. The resistance remains the same, and the voltage of
the voltage source is 4(7.5) = 30 V, positive upward, as shown in the circuit of Fig. 4-11, which is a single
mesh circuit.

The KVL equation for this circuit is 312+ 9/ — 30 =0, from which the current / can be obtained

by applying the quadratic formula:
[ = -9+ /9% —43)-30)
- 203)

The solutionsare IT=2A and I = —5A.Onlythe I=2A isphysically possible. The current must
be positive since in the circuit of Fig. 4-11 there is only one source, and current must flow out of the positive
terminal of this source.

Find the mesh currents in the circuit shown in Fig. 4-12.

The self-resistance of mesh 1is 5+ 6 = 11 Q, and the resistance mutual with mesh 2 is 6 Q. The sum
of the source voltage rises in the direction of I, is 62 — 16 =46 V. So, the mesh 1 KVL equation
is 11, —6I, =46

No KVL equation is needed for mesh 2 because /, is the only current flowing through the 4-A current
source, with the result that I, = —4 A. The current I, is negative because its reference direction is down
through the current source, but the 4-A source current actually flows up. Incidentally, a KVL equation
cannot be written for mesh 2 without introducing a variable for the voltage across the current source because
this voltage is unknown.

The substitution of I, = —4 A into the mesh 1 equation results in
22
111, — 6(—4) = 46 and I = 1 =2A
16V
‘[—'\N\« [ — y
L
— 62V 60 4A
2

Fig. 4-12
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4.10  Determine the mesh currents in the circuit shown in Fig. 4-13.

IZQ

= q0v % =uyv
S o

Fig. 4-13

The self-resistance of mesh 1is 6 + 4 = 10Q, the mutual resistance with mesh 2 is 4 {2, and the sum
of the source voltage rises in the direction of I, is 40 — 12 =28 V. So, the mesh 1 KVL equation is
101, — 41, = 28.

Similarly, for mesh 2 the self-resistance 1s 4 4+ 12 = 16 Q, the mutual resistance is 4 Q. and the sum
of the voltage rises from voltage sourcesis 24 + 12 = 36 V. These give a mesh 2 KVL equation of —4/, +
161, = 36.

i Placing the two mesh equations together shows the symmetry of coefficients (here —4) about
the principal diagonal as a result of the common mutual resistance:

101, — 4f, =28
—al, + 161, = 36

A good way to solve these two equations is to add four times the first equation to the second equation 1o
eliminate {,. The result is

148
401, — 41, = 112 + 36 from which ll——3€=4.llA
This substituted into the second equation gives
52.44
—44.11) + 161, = 36 and 12:‘7176—7:3.28/\

4.11  Obtain the mesh currents in the circuit of Fig. 4-14.

8Q 2Q

P

-J LI L

Fig. 4-14

A good first step is to solve for the controlling quantity V, in terms of the mesh current I,.
Clearly, V, =41,. and consequently the voltage of the dependent sourceis 0.5V, = 0.5(41,) = 2/,. Then,
the application of KVL to the meshes gives

(8 + 6), — 61, — 21, = ~120
120 ~ 60

It

and 6+ 2+ i, — 61,
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4.12

In matrix form, these simplify to

14 871, —120
—6 1245, | e0
1
In the matrix of coefficients. the lack of symmetry about the principal diagonal is the result of the action

of the dependent source. The solutions can be obtained by wsing Cramer’s rule or, preferably, by using a
calculator. The mesh currents are J, = =8 A and [, =1 A

Find the mesh currents in the circuit shown in Fig. 4-15.

40 60 4Q 60
A +—AAA
50
A h I Lo I, A
=15V 50 13 A =uv =15iyv =y
| 3 2 I 1 —T'(’SV >
Fig. 4-15 Fig. 4-16

One analysis approach is to transform the 13-A current source and parallel 5-Q resistor into a voltage
source, as shown in the circuit of Fig. 4-16.

The self-resistance of mesh 1is 4+ 5=9Q. and that of mesh 245 6 + 5 =11 Q. The mutual
resistance is 5 Q. The voltage rises from sourcesare 75 — 65 = 10V formeshland 65 - 13=52V for
mesh 2. The corresponding mesh equations are

91, — 51, =10
-5+ 11, =152
Muluplying the first equation by 5 and the second by 9 and then adding them eliminates I:
. S8
— 251, + 997, = 50 + 468 from which 1, = 24 =T7A
This substituted into the first equation produces
10 + 35
91, — 5(7) = 10 or I = =5A

9

From the original ctreuit shown in Fig. 4-15, the current through the current sourcets 1, — 1, = 13 A,
and so
I,=1, —13=7—13= —6A

Another approach is to use the so-called supermesh method. which 1s applicable when a circuit
contains internal current sources. Mesh currents are used. but for cach internal current source. KVL is
applied to the loop that would be a mesh if the current source were removed. For the circuit of Fig. 4-185.
this loop (supermesh) comprises the 5-Q and 6-Q resistors and the 13-V source. The KVL equation
is S5(Iy —1,)+ 61, = —13. This, with the mesh 1 equation of 97, — 51, =75, comprises two equations
with three unknowns. The required third equation can be obtained by applying KCL to either node of the
current source, or, more simply. by noting that the current up through the current source in terms of mesh
currents is /, — I;. This current must, of course, be equal to the 13 A of the source. So. the two KVL
equations are augmented with the single KCL equation [T, — Iy = 13, In matrix form these equations are

-5 6 5|, ~13
9 0 -sfin|=] 7
0 1 -1, 13

The solutions are the same as obtained before: I, =SA. I, =7A. and I,=—-6A
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In general, for the supermesh approach, the KVL equations must be augmented with KCL equations,
the number of which is equal to the number of internal current sources.

4.13 Find the mesh currents in the circuit shown in Fig. 4-17.

30 s 51V 70
ANN— AN All‘ﬁ 4 ANV
av = : 0 . o . l av
| . I
] V= 2 V= 3
T )|
Fig. 4-17

The self-resistances are 3+4=7Q for mesh I, 4 +5+6=15Q for mesh 2, and 6+ 7 =
13Q for mesh 3. The mutual resistances are 4 Q for meshes 1 and 2, 6 Q for meshes 2 and 3, and 0 Q for
meshes 1 and 3. The aiding source voltages are 42+ 25=67V for mesh 1. —-25-57-70=
—152V formesh 2, and 70 + 4 =74V for mesh 3. So, the mesh equations arc
= 67
= —152
74

I

Notice the indicated symmetry of the mutual coefficients about the principal diagonal, shown as a dashed
line. Because of the common mutual resistances, this symmetry always occurs -unless a circuit has dependent
sources. Also, notice for each mesh that the self-resistance is equal to or greater than the sum of the mutual
resistances because the self-resistance includes the mutual resistances.

By Cramer's rule,

67 ~4 0] | 7 67 0
152 15 —6] 4 152 —6
74 —6 13| 4s2s 0 74 13| —7240
[ A L L. o L=t R TR0 e
7 4 0| 905 905 905
—4 15 —6
0 —6 13
7 _4 67
_4 15 152
0 -6 74| 1810
= — 7' " 9
905 905

4.14 Find the mesh currents in the circuit shown in Fig. 4-18.

The self-resistancesare 3 +4 + 5=12Q formeshl, 5+6+7=18Q formesh2 and 6+ 4 +
8 = 18Q for mesh 3. The mutual resistances are 5 Q for meshes 1 and 2, 6 Q for meshes 2 and 3. and 4 Q for
meshes 1 and 3. The aiding source voltages are 150 — 100 — 74 = ~24V for mesh 1. 74 + 15 + 23 =

112V for mesh 2, and 100 — 191 — 15 = — 106 V for mesh 3. So, the mesh equations arc
121, — SI,—- 4l,= -24
—S5I, + 181, — 6I,= 112
—4], — 6I,+ 181, = —106

For a check, notice the symmetry of the coefficients about the principal diagonal.
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191V

8§ 0
hit

aQ 100 V 60 1SV

AN it % AAA——1 }-—%
30
I,

150V = 1 4V = 2 T

[

Fig. 4-18
By Cramer’s rule,
-24 -5 -4 12 -24 -4
112 18 -6 -5 112 -6
—106 -6 18 —4956 -4 —106 18{ 9912
11 = = —2A 12 = = — =
12 -5 -4 2478 2478 2478
-5 18 -6
-4 -6 I8
12 -5 -2
-5 18 112
; -4 -6 —106| —12390
: 2478 Co2478

4.15 Use mesh analysis in determining the power absorbed by the dependent voltage source in the
circuit of Fig. 4-19.
In terms of mesh currents, the dependent source controlling quantity [, is [ =1, —I,. So, the

dependent source provides a voltage of 20/, = 20{(/, — I,). In writing mesh equations for a circuit that
has dependent sources, a good approach is to temporarily ignore the dependent sources, write the mesh

130 ‘J“V
ANV hi-
1
201,

11Q
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cquations using the self- and mutual-resistance approach, and then add the dependent source expressions
to the pertinent equations. The result of doing that here is

700, — 351, — 151, + 2001, — I,) = 10 + 16
— 351, + 641, — 181, =7 — 16 — 20
— 151, — 181, + 461, — 20(I, — 1,) = 20 — 14

which simplify to

90 —55 —15| 1, 26
35 64 —18|1,|=|—-29
35 2 461, 6

The solutions are T, =0.148 A, [, = —03A, and I;=0256A. Finally, the power absorbed by the
dependent source is equal to the source voltage times the current flow into the positive-referenced
terminal:

P =200, — I,NI, — I,) = 20{0.148 + 0.3)(0.148 — 0.256) = — 0.968 W

4.16 Use mesh analysis in finding V; in the circuit of Fig. 4.20.

4.17

5Q

10Q 40Q |

—_— 0V

As always for a circuit containing dependent sources, a good first step is to solve for the dependent
source controlling quantities in terms of the quantities being solved for, which are mesh currents here.
Obviously. [, =1,—1, and V,=35I,. So. the dependent current source provides a current of
1.5, = 1.5(1, — I,) and the dependent voltage source provides a voltage of 6V, = 6(5/,) = 301,.

The KVL equation for mesh | is (10 + 40)/, — 401, + 301; = 20. Preferably, KVL should not be
applied to meshes 2 and 3 because of the dependent current source that is in these meshes. But a good
approach to use is the supermesh method presented in Prob. 4.12. Applying KVL to the mesh obtained by
deleting this current source gives the equation  —30/, + 401, — I) + 51, + 51; = 0. The necessary third
independent equation. 1.5(/, — I;) =1, — I,, isobtained by applying KCL at a terminal of the dependent
current source. These three equations simplify to, in matrix form,

50 —40 301, 20
—40 a5 25l 1= o
15 —05 —tf1, 0

Then Cramer's rule or, preferably, a calculator can be used to obtain the current [, = 0.792 A. Finally,
Vo = 51y = 5(0.792) = 396 V.

Use loop analysis to find the current flowing to the night through the 5-kQ resistor in the circuit
shown in Fig. 4-21.

Three loop currents are required because the circuit has three meshes. Only one loop current should
flow through the 5-kQ2 resistor so that only one current needs to be solved for. The paths for the two other
loop currents can be selected as shown, but there are other suitable paths.
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1 kQ2

Fig. 4-21

As has been mentioned, since working with kilohms is inconvenient, 4 common practice is to drop
those units- to divide each resistance by 1000. But then the current answers will be in milhamperes. With
this approach, and from self-resistances. mutual resistances. and aiding source voltages. the loop equations are

1851, — 131, + 1351, = 0
—13, + 161, — 151, =26
1350, — 151, + 195, = 0

Notice the symmetry of the I coefficients about the principal diagonal. just as for mesh equations. But there
1s the difference that some of these cocflicients arc positive. This is the result of two loop currents flowing
through a mutual resistor in the same direction something that cannot happen in mesh analysis if all mesh
currents are selected in the clockwise direction, as is conventional.

From Cramer’s rule,

0 —13 135

2% 16 —15

0 —15 1951 1326
185 —13 13.5|: 663
—13 16 15
135 —15 19.5'

=2mA

4.18 Use loop analysis to find the current down through the 8-Q resistor in the circuit shown in Fig,
4-22.

Because the circuit has three meshes. the analysis requires three loop currents. The loops can be selected
as shown, with only one current I, flowing through the 8-Q resistor so that only one current needs to be

ba [See

BV = =6V

Fig. 4-22
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solved for. Also, only one loop current should flow through the 7-A source so that this loop current is
known, making it unnecessary to apply KVL to the corresponding loop. There are other ways of selecting
the loop current paths to satisfy these conditions.

The self-resistance of the first loop is 6 + 8 = 14Q, and the resistance mutual with the second
loop is 6 Q. The 7-A current flowing through the 6-Q resistor produces a 42-V drop in the first
loop. The resulting loop equation is

141, + 61, +42 =8 or 141, + 61, = —34

The 6 coefficient of I, is positive because I, flows through the 6-Q resistor in the same direction
as l,.

For the second loop, the self-resistance is 6 + 10 = 16 Q, of which 6 Q is mutual with the first loop.
The second loop equation is

6/, +16/,+42=8+6 or 6f, + 161, = 28
The two loop equations together are
141, + 61, = —34
6I, + 161, = —28

Multiplying the first equation by 8 and the second by —3 and then adding them eliminates I,:

188
1120, — 18], = —272 + 84 from which I,=—-—-=-2A
! ! 94

Two 12-V batteries are being charged (rom a 16-V generator. The internal resistances are 0.5 and
0.8 Q for the batteries and 2 Q for the generator. Find the currents flowing into the positive
battery terminals.

The arrangement is basically parallel, with just two nodes. If the voltage at the positive node with
respect to the negative node is called V, the current flowing away from the positive node through the sources is

V—-12 V-12 V-16

—_— =0

0.5 08 2

Multiplying by 4 produces

188
8V —96+ 5V —60+2V—-32=0 or 1SV = 188 and V= s =12533V

Consequently, the current into the 12-V battery with 0.5-Q internal resistance is (12.533 — 12)/0.5 = 1.07
A, and the current into the other 12-V battery is  (12.533 — 12)/0.8 = 0.667 A.

Determine the node voltages in the circuit shown in Fig. 4-23,
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4.21

4.22

Using self-conductances and mutual conductances is almost always best for getting the nodal equations.
The self-conductance of node 1 is 5+ 8 =13S, and the mutual conductance is 8 S. The sum of the
currents from current sources into this node is 36 + 48 =84 A. So, the node | KCL equation is
13V, — 8V, = 84.

No KCL equation is needed for node 2 because a grounded voltage source is connected to it, making
V, = —5V. Anyway, a KCL equation cannot be written for this node without introducing a variable for
the current through the 5-V source because this current is unknown.

The substitution of ¥, = —5V into the node 1 equation results in

44
13V, —8(-5)=84 and V,=— =338V

13
Find the node voltages in the circuit shown in Fig. 4-24.

15 A

Vil JV\/\: 21{ V,
6S

57 A 45 8S %A
ne
Fig. 4-24

The self-conductance of node 1is 6 + 4 = 10 S. The conductance mutual with node 2 is 6 S, and the
sum of the currents into node | from current sources is 57 — 15 = 42 A. So. the node 1| KCL equation is
10V, — 6V, = 42.

Similarly, for node 2 the self-conductanceis 6 + 8 = (4§, the mutual conductance is 6 S, and the sum
of the input currents from current sources is 39 + 15 = 54 A, These give a node 2 KCL equation of
-6V, + 14V, = 54.

Placing the two nodal equations together shows the symmetry of the coefficients (— 6 here) about the
principal diagonal as a result of the same mutual conductance coefficient in both equations:

10V, — 6V, =42
—6V, + 14V, = 54

Three times the first equation added to five times the second eliminates V,. The result is

396
—18V¥, + 70V, = 126 + 270 from which v, = % =762V
This substituted into the first equation gives
87.7
10V, — 6(7.62) = 42 and W= ST 877V

Use nodal analysis in finding / in the circuit of Fig. 4-25.

The controlling quantity I in terms of node voltages is [ = V,/6. Consequently, the dependent current
source provides a current of 0.5/ = 0.5(V,/6) = V,/12, and the dependent voltage source provides a voltage
of 12 = 12(V,/6) = 2V,.
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| ) )ik
\—_7 121
<T> ns 120 b A 6Q
150

Fig. 4-25

Because of the presence of the dependent sources. it may be best to apply KCL at nodes |
and 2 on a branch-to-branch basis instcad of attempting to use a shortcut method. Doing this gives

L I I R L
T+ o+ = -6 and + T+ =6
12 12 6 6 6 18
These simplify to
R TN | ER ) and B P S T
Adding these equations climinates 1y and resultsin 21, =36 or 1, = 18 V. Finally.
b, I8
I= "= =13A
6 6

Find the node voltages in the circuit shown in Fig. 4-26.

Fig. 4-26 Fig. 4-27

One analysis approach is to transform the voltage source and series resistor to a current source and
parallel resistor, as shown in the circuit of Fig. 4-27.

The self-conductance of node 1is 4+ 5=9S. and that of node 2is S+ 6 =11 S. The mutual
conductance i1s 5 S. The sum of the currents into node | from current sources is 75 - 65 = 10 A, and
that into node 2 is 65 — 13 = 52 A, Thus. the corresponding nodal equations are

91, — 515 =10
—SE, 4+ 111, = 52

Except for V's instead of I's, these are the same equations as for Prob. 4.12. Conscquently, the answers are
the same: V, =5V and V, =7 V. Circuits having such similar equations are called duals.

From the original circuit shown in Fig. 4-26. the 13-V source makes 1y 13V more negative than
Vo Vy=V,—13=7—13=—6V.
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4.24

4.25

Another approach is to apply the so-called supernode method, which is applicable for the nodal analyses
of circuits that contain floating voltage sources. (A voltage source is floating if neither terminal i1s connected
to ground.) For this method, each floating voltage source is enclosed in a separate loop, or closed surface,
as shown in Fig. 4-26 for the 13-V source. Then KCL is applied to each closed surface as well as to the
nongrounded nodes to which no other voltage sources are connected.

For the circuit of Fig. 4-26, KCL can be applied to node 1 in the usual fashion. The result
is 9V, — 5V, = 75. For a supernode, it is best not to use any shortcuts but instead to consider each branch
current. For the supernode shown this gives 6V, + 5(V; — ;) = —13. Another independent equation is
needed. It can be obtained from the voltage drop across the floating voltage source:  V, — V; = 13. So, the
two KCL equations are augmented with a single KVL equation. In matrix form these equations are

9 0 -5V 75
-5 6 S{{v, =] —13
01 —1{IW 13
The solutions are, of course. the same: V, =5V, V, =7V, and V,=—-6V.

In general, for the supernode approach, the KCL equations must be augmented with KVL equations,
the number of which is equal to the number of floating voltage sources.

Use nodal analysis to obtain the node voltages V, and V; in the circuit of Fig. 4-28.

50
A
e | 400 1, ,
L 2
—A\V >
l v, v,
T 20V 6V2¢ éw, 50
Fig. 4-28

The controlling current I, expressed in terms of node voltagesis I, = (V, — 6F,) 40. So, the dependent
current source provides a current of 1.5, = 1.5(V, — 6V,)/40. Applying KCL to nodes | and 2 produces

V=20 V, -V v, =6V, vV, -V, 1.5(V, — 6V, V.
T R R C and Y2 1 ( 1 2_) s 2-0
10 5 40 5 40 5

These simplify to
13V, — 14V, = 80 and =95V, + 25V, =0

which have solutions of ¥; =104V and V, =396V, as can easily be obtained.

The circuit of Fig. 4-28 is the same as that of Fig. 4-20 of Prob. 4.16 in which mesh analysis
was used. Observe that nodal analysis is casier to apply than mesh analysis since there is one less equation
and the equations are easier to obtain. Often, but not always, one analysis method is best. The ability to
select the best analysis method comes mostly from experience. The first step should always be to check the
number of required equations for the various analysis methods: mesh, loop. and nodal.

Obtain the nodal equations for the circuit shown in Fig. 4-29.

The self-conductances are 3 +4=7S fornode !, 4+5+6=15S fornode 2 and 6+ 7=
13S for node 3. The mutual conductances are 4 S for nodes 1 and 2. 6 S for nodes 2 and 3. and 0S for
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42 A

Fig. 4-29

nodes 1 and 3. The currents flowing into the nodes from current sources are 42 + 25 = 67 A for node 1,
—25-57-70= —152A fornode2 and 70+ 4 =74A for node 3. So. the nodal ecquations are
WV, — 4V, — OV, = 67
—4V, + 15V, — 6V, = —152
oV, — 6V, + 131, 74

Notice the symmetry of coefficients about the principal diagonal. This symmetry always occurs for circuits
that do not have dependent sources.

Since this set of equations is the same as that for Prob. 4.13, except for having Vs instead of
I's, the answers are the same: V, =5V, V,= -8V, and V,=2V.

Obtain the nodal equations for the circuit shown in Fig. 4-30.

4s

[0 ]

5§ 6S
\7 VZ Vi
150 A 3S 74 A 78 23A 15A 8S 191 A

H

Fig. 4-30

The self-conductances are 3 +4 +5=12S fornodel, 5+6+7=18S fornode 2. and 6 +
4+ 8 =185 for node 3. The mutual conductances are 5S for nodes 1 and 2. 6 S for nodes 2 and 3, and
4 S for nodes 1 and 3. The currents into the nodes from current sources are 150 — 100 — 74 = —24 A for
node I, 74 +15+23=112A for node 2. and 100 — 19! —- 15 = —106 A for node 3. So. the nodal

equations are
12V, — SV, - 4V, = —24
—5V, + 18V, — 6V, 112
—4V, — 6V, + 18V, = — 106

I

I

As a check, notice the symmetry of the coefficients about the principal diagonal.
Since these equations are basically the samc as those in Prob. 4.14, the answers are the same:
Vi=-2V, V,=4V, and Vy,=-5V.
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4.27 Figure 4-31 shows a transistor with a bias circuit. If /. =50/ andif Vg =07V, find V.

4.28

4.29

4.30

3kO

700

Perhaps the best way to find V. is to first find I and I, and from them the voltage drops across the
1.5-kQ2 and 250-Q resistors. Then, use KVL on the right-hand mesh and obtain V.; from 9 V minus these
two drops.

I can be found from the two left-hand meshes. The current through the 250-Q resistor is I + Iz =
501 + Iz = 511y, giving a voltage drep of (S11,)250). This drop added to Vg, is the drop across the 700-Q
resistor. Thus, the current through this resistor is [0.7 + (5115K250)],700. From KCL applied at the
left-hand node, this current plus I is the total current flowing through the 3-kQ resistor. The voltage drop
across this resistor added to the drop across the 700-€2 resistor equals 9 V. as is evident from the outside loop:

0.7 + (511gK250)
700
From this, Iz =753 puA.So, I.=350lg=2376 mA and
Veg =9 — 15000 — 250(1- + Ig) =239V

+ 1,,](3000) + 0.7 + (517,4250) = 9

Supplementary Problems

Evaluate the following determinants:

@ ] 4 3| ) 8§ -30
a
-2 -6 42 56
Ans. (a) —18, (b) 1708
Evaluate the following determinants:
16 0 -25 =27 33 45
(@ [—-32 15 —-19 b)) | —-52 64 —73
13 21 —18 18 —-92 46
Ans. (a) 23739, (b) —26022
Use Cramer’s rule to solve for the unknowns in
@ 26V, — 18V, = —124 w16 12= 560
~18V, + 30V, = 156 —121, + 211, = — 708

Ans. @V, = -2V, V, =4V, ()l =17A I,= —24 A



76 DC CIRCUIT ANALYSIS [CHAP. 4

431  Without using Cramer's rule or the matrix-calculator approach, solve for the unknowns in
441, — 281, = — 704 62V, — 421, = 694

(a) h . .
—281, + 37, = 659 421, + 771, = 161

Ans. (@1, = —=9A. 1, =11A; (MF, =20V, ¥, =13V

432  Use Cramer's rule to solve for the unknowns in

261, — 111, — 91, = —166
11V, + 45K, — 23, = 1963
— 91, — 231, + 561, = — 2568

Ans. Vy= 11V, }, =21V, ¥, = -39V
4.33  What is the current-source equivalent of a 12-V battery with a 0.5-Q internal resistance?
Auws. IT=24A R=05Q

434  What is the voltage-source equivalent of a 3-A current source 1n parallel with a 2-kQ resistor?

Ans. V=6kV, R=2kQ

4.35  Use repeated source transformations in obtaining [ in the circuit of Fig. 4-32.

Ans. 2A

ERY 1A 64 V=210

Fig. 4-32

436  Find the mesh currents in the aircuit shown in Fig, 4-33.
Ans. I, =3A, I,=-8A 1,=T7A
4.37  Solve for the mesh currents in the circuit shown in Fig. 4-34.

Ans. I, =5mA, I,= -2mA

4 k{}

I
20V =
T BV 1
Bl

Fig. 4-33 Fig. 4-34

4V

i
1

—>
20
>
[

()
T\

Q 2kQ 7k}
% — AN\
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4.38  Repeat Prob. 4.37 with the 24-V source changed to —1 V.
Ans. 1, =TmA, I, =1mA

439  Two 12-V batteries in parallel provide current to a light bulb that has a hot resistance of 0.5 Q. If the battery
internal resistances are 0.1 and 0.2 Q, find the power consumed by the light bulb.

Ans. 224 W

440 Determine [ in the circuit of Fig. 4-35.
Ans. —486 mA

Fig. 4-35

441  Calculate the mesh currents in the circuit of Fig. 4-36.

Ans. 1, =2mA, I,= —3mA, I, =4mA
2kQ 3kQ
AN *+ * VWY
uv= 4k D TmAa J_;_.xv
F -
Fig. 4-36
442 Find the mesh currents in the circuit shown in Fig. 4-37.
Ans. I, = -2mA, I,=6mA, I,=4mA
10 k(2 a8V
ANV —iji—
LD
4kt 8 k2
‘L—_-‘VV\I NN/
1 ) 6 kQ L 1
100 V ? = 1nyv
=176 V
2k0 T ' j
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4.4

4.45

4.46

4.47

448

4.49
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Double the voltages of the voltage sources in the circuit shown in Fig. 4-37 and redetermine the mesh
currents. Compare them with the original mesh currents.

Ans. I, = —4mA, I,=12mA, I,=8mA. double

Double the resistances of the resistors in the circuit shown in Fig. 4-37 and redetermine the mesh currents.
Compare them with the original mesh currents.

Ans. I, = —1mA, I,=3mA, I;=2mA, half
Repeat Prob. 442 with the three voltage-source changes of 176 to 108 V. 112 to 110 V, and 48 to 66 V.
Ans. 1, =3mA, I,=4mA, I,=5mA

For a certain three-mesh circuit, the self-resistances are 20, 25, and 32 Q for meshes 1, 2, and 3, respectively.
The mutual resistances are 10 Q for meshes | and 2, 12 Q for meshes 2 and 3. and 6 Q for meshes | and 3.
The aiding voltages from voltage sources are —74, 227, and —234 V for meshes 1, 2. and 3. respectively.

Find the mesh currents.
Ans. [, = -3A, I,=5A I;=-6A

Repeat Prob. 4.46 for the same self-resistances and mutual resistances. but for aiding source voltages of
146, —273, and 182 V for meshes 1, 2, and 3, respectively.

Ans. 1, =5A, 1I,=-TA [I;=4A
Obtain the mesh currents in the circuit of Fig. 4-38.
Ans. I, = -0879mA, [,=-634mA, I,=-101mA

4kQ 60V
AN\ —|i|-
2 kQ RIVAY 1kQ 40V
——AAW—])| — |

8 kQ 7kQ
I:
1rgov 2y, irxov

Fig. 4-38

Determine the mesh currents in the circuit of Fig. 4-39.

Ans. I, = -326mA, I,=—199mA, [,=182mA

mh'A'AY
J
.
a, I u)uzgzl;

5kQ $kQ 1,

10V =
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453
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Use loop analysis to find the current flowing down through the 6-Q resistor in the circuit shown in Fig. 4-33.

Ans. 11 A

Use loop analysis to find the current flowing to the right through the 8-kQ resistor in the circuit shown in
Fig. 4-37.

Ans. 2mA

Use loop analysis to find the current [ in the circuit shown in Fig. 4-40.

0375 A

Ans.

Vv, 6S v 8S Vi
_7[8 v 28 40 A 7v T
ne
Fig. 4-40 Fig. 4-41

Obtain the node voltages in the circuit shown in Fig. 4-41.

Ans. Vy= -8V, V,=3V, V,=7V

Find the node voltages in the circuit shown in Fig. 4-42.

Ans. V, =5V, V,= -2V

20 A

T )
Fig. 4-42

Double the currents from the current sources in the circuit shown in Fig. 4-42 and redetermine the node
voltages. Compare them with the original node voltages.

Ans. V; =10V, V,=—4V. double

Double the conductances of the resistors in the circuit shown in Fig. 4-42 and redetermine the node voltages.
Compare them with the original node voltages.
Ans.

V,=25V. V= —LV. half
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457  Repeat Prob. 4.54 with the 24-A source changed to —1 A,
Ans. V=7V, V,=1V

458 Find V, for the circuit shown in Fig. 4-43.

Ans. =50V
2 k0 1,
AAAY ,
+
0.3 V'_J——: 0.004V, 251 40 kQ 10 kﬂg v,
Fig. 4-43
50 1 10 02
ANN—— AN
+
-
sovE 200 3T 25V
Fig. 4-44

459 Find V in the circuit shown in Fig. 4-44.
Ans. 180V

4.60 Calculate the node voltages in the circuit of Fig. 4-45.
Ans. V,= —63.5V. V, =1059V

20kQ
MV
12 mA
by v,
o (__,) i
i
10 kQ 0.81
§ 30 k2

Fig. 4-45

4.61  Find the voltages V,, V;, and V; in the circuit shown in Fig. 4-46.
Ans. V, =5V, V,= -2V, V, =13V
4.62  Find the node voltages in the circuit shown in Fig. 4-47.

Ans. V= =2V, V,=6V, V; =4V
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SV 108 ny
v 8 g A
1 I
8S
2A 48 128 24 A
Vi
108 48 A

4.64

4.65

4.66

4.67

¥a gzs

Repeat Prob. 4.62 with the three current-source changes of 176 to 108 AL 112 to 110 AL and 48 to 66 A.

Fig. 4-47

Ans. V=3V, 1, =4V, 1, =5V

For a certain four-node circuit, including a ground node. the self-conductances are 40. 50, and 64 S for
nodes 1, 2, and 3. respectively. The mutual conductances are 20°S for nodes 1 and 2. 24 S for nodes 2 and
3.and 128 for nodes 1 and 3. Currents flowing in current sources connected to these nodes are 74 A away

from node 1. 227 A into node 2. and 234 A away from node 3. Find the node voltages.

Ans. By = 1SV, 1, =25V, 1, = -3V

Repeat Prob. 4.64 for the same sell-conductances and mutual conductances. but for source currents of 292 A
into node . 546 A away from node 2, and 364 A into node 3.

Ans. Vi=5V. V.= -7V, by =4V
In the circuit shown in Fig. 4-48 find 1., if /.= 30l, and 1}, =0.7V.

Ans. 368V

Fig. 4-48

Repeat Prob. 4.66 with the de voltage source changed to 9V and the collector resistor changed from 2 kQ
to 2.5kQ.

Ans. 289V



Chapter 5

DC Equivalent Circuits,
Network Theorems,
and Bridge Circuits

INTRODUCTION

Network theorems are often important aids for network analyses. Some theorems apply only to
linear, bilateral circuits, or portions of them. A linear electric circuit is constructed of linear electric
elements as well as of independent sources. A linear electric element has an excitation-response relation
such that doubling the excitation doubles the response, tripling the excitation triples the response, and
so on. A bilateral circuit is constructed of bilateral elements as well as of independent sources. A bilateral
element operates the same upon reversal of the excitation, except that the response also reverses. Resistors
are both linear and bilateral if they have voltage-current relations that obey Ohm’s law. On the other
hand, a diode, which is a common electronic component, is neither linear nor bilateral.

Some theorems require deactivation of independent sources. The term deactivation refers to replacing
all independent sources by their internal resistances. In other words, all ideal voltage sources are replaced
by short circuits, and all ideal current sources by open circuits. Internal resistances are not affected, nor
are dependent sources. Dependent sources are never deactivated in the application of any theorem.

THEVENIN’S AND NORTON’S THEOREMS

Thévenin's and Norton’s theorems are probably the most important network theorems. For the
application of either of them, a network is divided into two parts, 4 and B, as shown in Fig. 5-1q, with
two joining wires. One part must be linear and bilateral, but the other part can be anything.

a Rm a
O] _L “NN—O-
A B Vn-—.'L B
s —
(a) (b)
Fig. 5-1

Thévenin’s theorem specifies that the linear, bilateral part, say part A, can be replaced by a
Thévenin equivalent circuit consisting of a voltage source and a resistor in series, as shown in Fig.
5-1b, without any changes in voltages or currents in part B. The voltage V4, of the voltage source is
called the Thévenin voltage, and the resistance Ry, of the resistor is called the Thévenin resistance.

As should be apparent from Fig. 5-1b, V4, is the voltage across terminals a and b if part B is replaced
by an open circuit. So, if the wires are cut at terminals ¢ and b in either circuit shown in Fig. 5-1, and
if a voltmeter is connected to measure the voltage across these terminals, the voltmeter reading is V.
This voltage is almost always different from the voltage across terminals a and b with part B connected.
The Thévenin or open-circuit voltage Vy, is sometimes designated by V.

With the joining wires cut, as shown in Fig. 5-2a, Ry, is the resistance of part A with all independent
sources deactivated. In other words, if all independent sources in part 4 are replaced by their internal
resistances, an ohmmeter connected to terminals a and b reads Thévenin’s resistance.

82
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a l‘
b———0a
1 A +
- Ry, ¥y
Independent sources Independent sources
deactivated ob deactivated
h
(a) (b)

Fig. 5-2

If in Fig. 5-2a the resistors in part A are in a parallel-series configuration, then Ry, can be obtained
readily by combining resistances. If, however, part 4 contains dependent sources (remember, they are
nor deactivated), then, of course, resistance combination is not applicable. But in this case the approach
shown in Fig. 5-2b can be used. An independent source is applied, cither voltage or current and of any
value, and Ry, obtained from the resistance “seen” by this source. Mathematically,

R = I
So, if a source of voltage V; is apphed, then I is calculated for this ratio. And if a source of current
I, is applied, then V| is calculated. The preferred source. if any. depends on the configuration of part 4.

Thévenin's theorem guarantees only that the voltages and currents in part B do not change when
part A is replaced by its Thévenin equivalent circuit. The voltages and currents in the Theévenin
circuit itself are almost always different from those in the original part A, except at terminals @ and b
where they are the same. of course.

Although Ry, 1s often determined by finding the resistance at terminals a and b with the connecting
wires cut and the independent sources deactivated, it can also be found from the current I that flows
in a short circurt placed across terminals ¢ and b, as shown in Fig. 5-3a. As is apparent from Fig. 5-3b,
this short-circuit current from terminal ¢ to b is related to the Thévenin voltage and resistance.
Specifically.

7/

RTh=*'

sC

So, Ry, is equal to the ratio of the open-circuit voltage at terminals ¢ and b and the short-circuit
current between them. With this approach to determining Ry,. no sources are deactivated.

a R a

A VSC L l[sc

=Vnm

(a) (b)
Fig. 5-3

From Vg, = I5Rq,, 1t is evident that the Thévenin equivalent can be obtained by determining
any two of the quantities V. I, and Ry,. Common sense dictates that the two used should be the
two that are the eastest to determine.

The Norton cquiralent circuit can be derived by applying a source transformation to the Thévenin
equivalent circuit, as illustrated in Fig. 5-4a. The Norton equivalent circuit is sometimes tllustrated as
in Fig. 5-4b, in which I, = V;, Ry, and Ry = Ry,. Notice that, if a short circuit is placed across
terminals ¢ and b in the circuit shown in Fig. 5-4b, the short-circuit current I from terminal a to b is



84 DC EQUIVALENT CIRCUITS. NETWORK THEOREMS [CHAP. 5

Ren
I—M—C“ —Oa 04d
Vin = — X—TT: R In Rn
L_ob : —20b 3 ©ob
(a) (b)

Fig. 5-4

equal to the Norton current [. Often in circuit diagrams, the notation I 1s used for the source current
instead of I. Also. often Ry, is used for the resistance instead of R,.

In electronic circuit literature, an electronic circuit with a load is often described as having an ourput
resistance R, If the load is disconnected and if the source at the input of the electronic circuit is replaced
by its internal resistance, then the output resistance R, of the electronic circuit is the resistance “looking
in” at the load terminals. Clearly, it is the same as the Thévenin resistance.

An electronic circuit also has an input resistance R,,, which is the resistance that appears at the
input of the circuit. In other words, it 1s the resistance “seen™ by the source. Since an clectronic circuit
typically contains the equivalent of dependent sources, the input resistance is determined in the same
way that a Thévenin resistance is often obtained by applying a source and determining the ratio
of the source voltage to the source current.

MAXIMUM POWER TRANSFER THEOREM

The maximum power transfer theorem specifies that a resistive load receives maximum power from
a linear, bilateral dc circuit if the load resistance equals the Thévenin resistance of the circuit as
“seen” by the load. The proof is based on calculus. Selecting the load resistance to be equal to the circuit
Thévenin resistance 1s called matching the resistances. With matching, the load voltage is Vy, 2. and
so the power consumed by the load is  (Vy, 2)° Ry, = Vin 4Ry,

SUPERPOSITION THEOREM

The superposition theorem specifies that, in a linear circuit containing several independent sources,
the current or voltage of a circuit element equals the alyebraic sum of the component voltages or currents
produced by the independent sources acting alone. Put another way, the voltage or current contribution
from each independent source can be found separately, and then all the contributions algebraically added
to obtain the actual voltage or current with all independent sources in the circuit.

This theorem applies only to independent sources not to dependent ones. Also. it applies only to
finding voltages and currents. In particular, it cannot be used to find power in dc circuits. Additionally,
the theorem applies to each independent source acting alone, which means that the other independent
sources must be deactivated. In practice, though, it is not essential that the independent sources be
considered one at a time; any number can be considered simultaneously.

Because applying the superposition theorem requires several analyses, more work may be done than
with a single mesh, loop, or nodal analysis with all sources present. So, using the superposition theorem
tn a dc analysis is seldom advantageous. It can be useful, though. in the analyses of some of the
operational-amplifier circuits of the next chapter.

MILLMAN’S THEOREM

Millman’s theorem is a method for reducing a circuit by combining parallel voltage sources into a
single voltage source. It is just a special case of the application of Thévenin's theorem.
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- - Oa . . . . ~ —0a
R, R: R: ,
G)GIVI G = R, G:V, G = % GV, G = Ri:
T T T
* +> b : ¢ . 3 Ob
(a) (b)
Oa
P
7 G +G:+ G
AN —oa
} Javi+ Gvi+ G, G+ G: + G _[_ ‘
Ly, = GV, + G:V: + GiV,
_‘[ G+ G: + G
—0b —o0 b
(c) (d)
Fig. 5-§

Figure 5-5 illustrates the theorem for only three parallel voltage sources. but the theorem apphes
to any number of such sources. The derivation of Millman’s theorem is simple. If the voltage sources
shown in Fig. 5-S¢ are transformed to current sources (Fig. 5-5h) and the currents added. and if the
conductances are added. the result 1s a single current source of G}, + G, V5 + G, 1 in parallel with a
resistor having a conductance of G, + G, + G, (Fig. 5-5¢). Then. the transformation of this current
source 1o a voltage source gives the final result indicated in Fig. 5-5d. In general. for N parallel voltage
sources the Millman voltage source has a voltage of

GVy+ Goba o+ Gyl
M= . . .
G, + G, + -+ Gy
and the Millman series resistor has a resistance of
1

Ry= . - .
G, +(_11 + -+ Gy

Note from the voltage source formula that. if all the sources have the same voltage, this voltage is
also the Millman source voltage.

Y-A AND A-Y TRANSFORMATIONS

Figure 5-6¢ shows a Y (wye) resistor circuit and Fig. 5-6h a A (delta) resistor circuit. There are other
names. If the Y circuit is drawn in the shape of a T, it is also called a T (tce) circuit. And if the A circuit
is drawn in the shape of a T1, it 1s also called a IT (p1) circuit.

A

(a) {h)
Fig. 5-6
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It is possible to transform a Y to an equivalent A and also a A to an equivalent Y. The corresponding
circuits are equivalent only for voltages and currents exzernal to the Y and A circuits. Internally, the
voltages and currents are different.

Transformation formulas can be found from equating resistances between two linestoa Aanda Y
when the third line to each is open. This equating i1s done three times, with a different line open each
time. Some algebraic manipulation of the results produces the following A-to-Y transformation formulas:

RlR2 R2R3 R1R3

AT R, + R, + R, R, + R, + R, R, + R, + R,

Also produced are the following Y-to-A transformation formulas:
R,Rg+ R, R + RzR, _ RuRg+ R, R¢ + RgR, _ R4Rp + RyRc+ RgR,

R, =—A=BT "a7c T ThC R R, =
! R, 2 R, 3 R,

Notice in the A-to-Y transformation formulas that the denominators are the same: R, + R, +
R,, the sum of the A resistances. In the Y-to-A transformation formulas, the numerators are the
same: R, Ry + R,R-+ RzRc, the sum of the different products of the Y resistances taken two at a
time.

Drawing the Y inside the A, as in Fig. 5-7, 1s a good aid for remembering the numerators of the
A-to-Y transformation formulas and the denominators of the Y-to-A transformation formulas. For each
Y resistor in the A-to-Y transformation formulas, the two resistances in each numerator product are
those of the two A resistors adjacent to the Y resistor being found. In the Y-to-A transformation formulas,
the single Y resistance in each denominator is that of the Y resistor opposite the A resistor being found.

If it happens that each Y resistor has the same value Ry, then each resistance of the corresponding
A is 3Ry, as the formulas give. And if each A resistance is R,, then each resistance of the corresponding
Y is R,/3. So, in this special but fairly common case, R, = 3R, and, of course, Ry = R,/3.

BRIDGE CIRCUITS

As illustrated in Fig. 5-8a, a bridge resistor circuit has two joined A’s or, depending on the point of
view, two joined Y's with a shared branch. Although the circuit usually appears in this form, the forms
shown in Fig. 5-8b and ¢ are also common. The circuit illustrated in Fig. 5-8¢ is often called a lattice.
If a A part of a bridge is transformed to a Y, or a Y part transformed to a A, the circuit becomes
series-parallel. Then the resistances can be easily combined, and the circuit reduced.

A bridge circuit can be used for precision resistance measurements. A Wheatstone bridge has a center
branch that is a sensitive current indicator such as a galvanometer, as shown in Fig. 5-9. Three of the
other branches are precision resistors, one of which is variable as indicated. The fourth branch is the
resistor with the unknown resistance Ry that is to be measured.
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O— .
R| RZ
R:
Rs
Rs
R; R,
R.
o— o—+ AYAYAY:
(b) (c)
Fig. 5-8

-

Fig. 59

For a resistance measurement, the resistance R, of the variable resistor is adjusted until the
galvanometer needle does not deflect when the switch in the center branch is closed. This lack of deflection
is the result of zero voltage across the galvanometer, and this means that, even with the switch open,
the voltage across R, equals that across R,, and the voltage across R, equals that across Ry. In this
condition the bridge is said to be balanced. By voltage division,

R,V R,V d R,V R,V
e AR A an e . A
R, +R; R, + Ry R, +R; R, + Ry
Taking the ratio of the two equations produces the bridge balance equation:
R,R
R, = 27
R,

Presumably, R, and R; are known standard resistances and a dial connected to R, gives this resistance
so that R, can be solved for. Of course, a commercial Wheatstone bridge has dials that directly indicate
Ry upon balance.

A good way to remember the bridge balance equation is to equate products of the resistances of
opposite branch arms: R,;R, = R,R;. Another way is to equate the ratio of the top and bottom
resistances of one side to that of the other: R,/R; = R,/Ry.

Solved Problems

5.1 A car battery has an open-circuit terminal voltage of 12.6 V. The terminal voltage drops to
10.8 V when the battery supplies 240 A to a starter motor. What is the Thévenin equivalent circuit
for this battery?



88

5.2

5.3

5.4

DC EQUIVALENT CIRCUITS, NETWORK THEOREMS [CHAP. 5

The Thévenin voltage is the 12.6-V open-circuit voltage (V;, = 12.6 V). The voltage drop when
the battery supplies 240 A is the same drop that would occur across the Thévenin resistor in the
Thévenin equivalent circuit because this resistor is in series with the Thévenin voltage source. From
this drop,

126 — 10.8

—_ =75mQ
240

™ =

Find the Thévenin equivalent circuit for a dc power supply that has a 30-V terminal voltage
when delivering 400 mA and a 27-V terminal voltage when delivering 600 mA.

For the Thévenin equivalent circuit, the terminal voltage is the Thévenin voltage minus the drop
across the Thévenin resistor. Consequently, from the two specified conditions of operation,

Ve, — (400 x 107 *)Rq,, = 30
Vip — (600 x 107 3Ry, =27
Subtracting,
—(400 x 107 3Ry, + (600 x 10™ %Ry, = 30 — 27

=150

from which Ry, =
200 x 107

This value of Ry, substituted into the first equation gives

Vi — (400 x 107 3)(15) = 30 or Vip = 36V

Find the Thévenin equivalent circuit for a battery box containing four batteries with their
positive terminals connected together and their negative terminals connected together. The
open-circuit voltages and internal resistances of the batteries are 12.2V and 0.5 Q, 12.1 V and
010,124V and 0.16Q, and 124V and 0.2 Q.

The first step is to transform cach voltage source 1o a current source. The result is four ideal current
sources and four resistors, all in parallel. The next step is to add the currents from the current sources and
also to add the conductances of the resistors, the effect of which is to combine the current sources into a
single current source and the resistors into a single resistor. The final step is to transform this source and
resistor to a voltage source in series with a resistor to obtain the Thévenin equivalent circuit.

The currents of the equivalent sources are

12.2 12.1 12.4 124

—— =244A —=121A —=775A — =62A
0.5 0.1 0.16 0.2

which add to
244 + 121 + 775+ 62 =2849 A

The conductances add to

1 1 1 1
s - 4 = 23258
05 01 016 02
From this current and conductance, the Thévenin voltage and resistance are
284.9

1
=——=123V and Ryy=—==0043Q
2325

I
V= —
™G 2325

Find the Norton equivalent circuit for the power supply of Prob. 5.2 if the terminal voltage is
28 V instead of 27 V when the power supply delivers 600 mA.
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5.5

For the Norton equivalent circuit, the load current is the Norton current minus the loss of current
through the Norton resistor. Consequently, from the two specified conditions of operation,

30 4
Iy — — =400 x 10

Ry

28 )
In—— =600x 1073

Ry

Subtracting,

30 28 _ -
— =+ - =400 x 107* - 600 x 10°*
N N

2 - ) 2
or ——=-200x10"? from which Ry=———==10Q

N 200 x 1073
Substituting this into the first equation gives

30
!N—E=400><10'3 and so Iy=34A

What resistor draws a current of 5 A when connected across terminals a and b of the circuit
shown in Fig. 5-10?

50 60
AN—1 NMN—0a

100 V =

L1 .

Fig. 5-10

A good approach is to use Thévenin’s theorem to simplify the circuit to the Thévenin equivalent
of a ¥y, voltage source in series with an Ry, resistor. Then the load resistor R is in series with these, and
Ohm’s law can be used to find R:

Vin Vin

5= from which R=——-Rqy
Ry, + R 5

The open-circuit voltage at terminals a and b is the voltage across the 20-Q resistor since there is
0V across the 6-Q resistor because no current flows through it. By voltage division this voltage is
20

= x 100 =80V
20+ 5

VTh

Ry, is the resistance at terminals a and b with the 100-V source replaced by a short circuit. This short
circuit places the 5- and 20-Q resistors in parallel for a net resistance of 5/20 = 4Q.80, Rp,,=6+4=10Q
With Vq, and Ry, known, the load resistance R for a 5-A current can be found from the previously
derived equation:
Viy, 80

R=T"_R,="_10=60Q
5 ™ s
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56 In the circuit shown in Fig. 5-11, find the base current I if I = 30igz. The base current is
provided by a bias circuit consisting of 54- and 9.9-kQ resistors and a 9-V source. There is a
0.7-V drop from base to emitter.

Fig. 5-11

One way to find the base current is to break the circuit at the base lead and determine the Thévenin
equivalent of the bias circuit. For this approach it helps to consider the 9-V source to be two 9-V sources,
one of which is connected to the 1.6-kQ collector resistor and the other of which is connected to the 54-kQ
bias resistor. Then the bias circuit appears as illustrated in Fig. 5-124. From it, the voltage Vi, is, by voltage
division,

9.9

99 + 54

x9=1394V

Vin

Replacing the 9-V source by a short circuit places the 54- and 9.9-kQ resistors in parallel for an Ry, of

9.9 x 54
= - --=837kQ
99 + 54

Th

and the circuit simplifies to that shown in Fig. 5-12b.
From KVL applied to the base loop, and from the fact that I+ I5 =31/, flows through the 540-Q
emitter resistor,
1.394 = 83715 + 0.7 + 0.54 x 31/,

from which

0.694
Ig= —— =00277mA = 27.7 yA

25.1

Of course, the simplifying kilohm-milliampere method was used in some of the calculations.

54 k)

AA'AY

o
<
it

9.9 k2

AN~

II!——
lllr

(a) (b)
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5.7

58

Find the Thévenin equivalent circuit at terminals a and b of the circuit with transistor model
shown in Fig. 5-13.

The open-circuit voltage is 500 x 30/ = 15000/, positive at terminal b. From the base circuit,
Iy = 10/1000 A = 10 mA. Substituting in for I gives

Ve = 15000010 x 1073 = 150 V

The best way to find Ry, 15 to deactivate the independent 10-V source and determine the resistance
at terminals a and b. With this source deactivated, Iz =0A, and so 30/ =0A, which means that
the dependent current source acts as an open circuit— -it produces zero current regardless of the voltage
across it. The result is that the resistance at terminals ¢ and b is just the shown S00 Q.

The Thévenin equivalent circuit is a 500-Q resistor in series with a 150-V source that has its positive
terminal toward terminal b, as shown in Fig. 5-14.

C 500 Q1
. o——O0a r\/\/\,—On
301 500 0 150 v=
E L&
——O——4 > Ob b
Fig. 5-13 Fig. 5-14

What is the Norton equivalent circuit for the transistor circuit shown in Fig. 5-15?

2k} B Is C
— ' —-0——O0a
+
=1v 0.0004 V¢ 2515 40 k0 Ve
T E _
‘——o0—4 ' —Ob

Fig. 5-15

A good approach is to first find I, which is the Norton current Iy; next find V.. which is the
Thévenin voltage V;y,: and then take their ratio to obtain the Norton resistance Ry. which is the same
as Rq,.

Placing a short circuit across terminals a and b makes V. = 0 V, which in turn causes the dependent
voltage source in the base circuit to be a short circuit. As a result, Iz = 1/2000 A = 0.5 mA. This short
circuit also places 0 V across the 40-kQ2 resistor, preventing any current flow through it. So, all the 257, =
25 x 0.5 =125mA current from the dependent current source flows through the short circuit in a direction
from terminal b to terminal a: Iy = Iy = 12.5 mA.

The open-circuit voltage is more difficult to find. From the collector circuit, V. = (— 2515440 000) =
—10%/5. This substituted into the KVL equation for the base circuit produces an equation in which I is
the only unknown:

1 = 20001, 4+ 0.0004V,. = 200015 + 0.0004( — 1061,) = 16001,

So. I5;=1/1600A = 0.625mA, and V.= —10%7T5 = —10°0.625 x 1073) = — 625 V. The result is that
Voc = 625 V. positive at terminal b.

In the calculation of Ry, signs are important when, as here, a circuit has dependent sources that can
cause Ry, to be negative. From Fig. 5-3b, Ry, = Ry is the ratio of the open-circuit voltage referenced positive
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at terminal ¢ and the short-circuit current referenced from terminal ¢ to terminal b. Alternatively, both
references can be reversed, which is convenient here. So,

Ve 625
Ry=-2=_—"" __-50kQ
I 125 x 1073
The Norton equivalent circuit is a 50-k€Q resistor in paralle] with a 12.5-mA current source that is directed
toward terminal b, as shown in Fig. 5-16.

Oa

12.5 mA 50 k2

ob
Fig. 5-16

5.9 Directly find the output resistance of the circuit shown in Fig. 5-15.

Figure 5-17 shows the circuit with the |-V independent source deactivated and a 1-A current source
applied at the output ¢ and b terminals. From Ohm’s law applied to the base circuit,

Nodal analysis applied to the top node of the collector circuit gives

V..
—————— + 2505 =1 or L p25(—2 %107V =1
40 000 40 000
upon substitution for Iz The solution s V. =50000V, and so R_, = Ry, =50 kQ. This checks
with the Ry = Ry, answer from the Prob. 5.8 solution in which the Ry = Ry, = V¢ [y approach was
used.

— a
+
0.0004V 251 40 kN2 Ve 1A
E -
o . b
Fig. 5-17
5.10 Find the Thévenin equivalent of the circuit shown in Fig. 5-18.
100 BV 80
ANN— " —A—A\A—o0a
40
00V sq 400 v
20 A
+ ¢ — —0b

Fig. 5-18
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5.11

The Thévenin or open-circuit voltage, positive at terminal a, is the indicated V plus the 30V of
the 30-V source. The 8-Q resistor has no effect on this voltage because there is zero current flow through it
as a result of the open circuit. With zero current there is zero voltage. ¥ can be found from a single nodal
equation:

Multiplying by 40 and simplifying produces
SV = 400 — 800 from which V=-80V

So, Vi, = —80 + 30 = —50 V. Notice that the 5-Q and 4-Q resistors have no effect on Vy,.

Figure 5-19a shows the circuit with the voltage sources replaced by short circuits and the current source
by an open circuit. Notice that the 5-Q resistor has no effect on Ry, because it is shorted, and neither does
the 4-Q resistor because it is in series with an open circuit, Since the resistor arrangement in Fig. 5-19a is
series-parallel, Ry, 1s easy to calculate by combining resistances: Ry, =8 + 40110 = 16 QL

Figure 5-19b shows the Thévenin equivalent circuit.

100 8 Q 16 1
AN N A N0 a a

$oo

40

400 =

S0V
_’_

e —ob I—Ob

(a) (b)
Fig. 5-19

A

The fact that neither the 5-Q nor the 4-Q resistor has an effect on Vy, and Ry, leads to the
generalization that resistors in parallel with ideal voltage sources, and resistors in series with ideal current
sources, have no effect on voltages and currents elsewhere in a circuit,

Obtain the Thévenin equivalent of the circuit of Fig. 5-20a.

By inspection, Vi, =0V because the circuit does not contain any independent sources. For a
determination of Ry, it is necessary to apply a source and calculate the ratio of the source voltage to the
source current. Any independent source can be applied, but often a particular one is best. Here, if a 12-V
voltage source is applied positive at terminal g, as shown in Fig. 5-20b, then | = 12/12=1A, which is
the most convenient current. As a result, the dependent source provides a voltage of 8/ = 8 V. So, by KCL,

12 12 12-8
1, = Lo

=+ — + 4A
12 6 4
v, 12
Finally, Ry=—"=—-=30
y Th I 3
40 4Q a Is
AV * ,- 0 a MA— +—o0—7
81 60 120 8! 6Q 12Q '—"T—_—"rzv
! /!
& —O h e -O—-
b
(a) (b)

Fig. 5-20
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5.12 For the circuit of Fig. 5-21, obtain the Thévenin equivalent to the left of the a-b terminals.
Then use this equivalent in determining [.

12Q
a I
s —— o0 —>
\_©_J !
Jgfr/ =8I+ 16/
0.05¥; ~
—0
b
Fig. 5-21

The Thévenin equivalent can be obtained by determining any two of V,, Ry, and Igc. By inspection,
it appears that the two easiest to determine are Vy, and Ryy,.

If the circuit is opened at the g-b terminals, all 24 A of the independent current source must
flow through the 10-Q resistor, making V, = 10(24) = 240 V. Consequently, the dependent current source
provides a current of 0.05V, = 0.05(240) = 12 A, all of which must flow through the 12-Q resistor. As a
result, by KVL,

Vi = Vip = —12(12) + 240 = 96 V

Because of the presence of the dependent source, Ry, must be found by applying a source and
determining the ratio of the source voltage to the source current. The preferable source to apply is a current
source, as shown in Fig. 5-22q. If this source is 1 A, then V, =10(1)= 10V, and consequently the
dependent current source provides a current of 0.05(10) = 0.5 A. Since this is one-half the source current,
the other half must flow through the 12-Q resistor. And so, by KVL,

V,=05(12) + 1(10) = 16 V

V, 16
Then, Ry, = N = N =16 Q

3

Figure 5-22b shows the Thévenin equivalent connected to the nonlinear load of the original circuit. The
current /I is much easier to calculate with this circuit. By KVL,

161 + 817 + 161 =96 or I*+41 -12=0
12Q
AN~
16 Q) a 1
—-
| +
+
v, 109 =96V Jg;/= 817 + 161
B 0.05V, -[ _
b
(@) (b)
Fig. §-22
Applying the quadratic formula gives
-4+ /16 +48 —44+8
| = v = =2A or —6A

2 2

Only the 2-A current is physically possible because current must flow out of the positive terminal of the
Thévenin voltage source, which means that I must be positive. So, I =2 A.
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5.13  Figure 5-23a shows an emitter-follower circuit for obtaining a low output resistance for resistance
matching. Find R,,,.

Because the circuit has a dependent source but no independent sources, R,,, must be found by applying
a source at the output terminals, preferably a 1-A current source as shown in Fig. 5-23b.

I I E

L, B E _ . L

+

Row

1kQ § 501s 250 0 — § 1k 5015 250 0 % 1A

C c _

-O0— é —0 —O- i
(a) (b)
Fig. 5-23

From KCL applied at the top node,

v 14
— 50l +— =1
1000 250

But from Ohm's law applied to the 1-k€ resistor, Iy = —1/1000. With this substitution the equation

becomes

v 4 Vv
=0~ 135) * 250
1000 1000 250
from which V=182 V. Then R, = V1 =182, which is much smaller than the resistance of either
resistor in the circuit.

5.14  Find the input resistance R;, of the circuit shown in Fig. 5-24.

I
—
o
Rl’l
— 250 151 50 0
o——4 4

Fig. 5-24

Since this circuit has a dependent source but no independent sources, the approach to finding the input
resistance is to apply a source at the input. Then the input resistance is equal to the input voltage divided
by the input current. A good source to apply is a 1-A current, as shown in Fig. 5-25.

I
——t-
+
1A v 2541 1.51 50Q

Yy
>

Fig. 5-25
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By nodal analysis,

4 Vv
— =151+ —=1
25 50

But from the right-hand branch, I = V/50. With this substitution the equation becomes

the solution to which is  V = 33.3 V. So, the input resistance is

Vo333
=, == 333Q

Find the input resistance of the circuit shown in Fig. 5-24 if the dependent current source has a
current of 5I instead of 1.51.

For a 1-A current source applied at the input terminals, the nodal equation at the top node is

But, from the right-hand branch, I = 1/50. With this substitution the equation is
|4 Vv v
=54~ =1
25 50 S0
from which ¥V = —25 V. Thus, the input resistance is R;, = —25/1 = =25 Q.
A negative resistance may be somewhat disturbing to the mind when first encountered, but it is physically
real even though it takes a transistor circuit, an operational amplifier, or the like to obtain it. Physically, a

negative input resistance means that the circuit supplies power to whatever source is applied at the input,
with the dependent source being the source of power.

Figure S-26a shows an emitter-follower circuit for obtaining a large input resistance for resistance
matching. The load is a 30-Q resistor, as shown. Find the input resistance R,,.

Because the circuit has a dependent source and no independent sources, the preferable way to find R
is from the input voltage when a 1-A current source is applied, as shown in Fig. 5-26b. Here, [z =1 A, and
so the total current to the parallel resistors is g + 100/g = 10115 = 101 A, and the voltage V' is

V = 101{(250}130) V = 2.7 kV
The input resistance is R, = ¥/1 = 2.7 k€, which is much greater than the 30 Q of the load.

Is B E

—

1A v 100l; <2500 §3on

(b)
Fig. 5-26
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5.17

5.18

5.19

What is the maximum power that can be drawn from a 12-V battery that has an internal resistance
of 0.25 Q?

A resistive load of 0.25 © draws maximum power because it has the same resistance as the Thévenin
or internal resistance of the source. For this load, half the source voltage drops across the load, making the
power 6%/0.25 = 144 W.

What is the maximum power that can be drawn by a resistor connected to terminals ¢ and b of
the circuit shown in Fig. 5-15?

In the solution to Prob. 5.8, the Thévenin resistance of the circuit shown in Fig. 5-15 was found to
be 50 k2 and the Norton current was found to be 12.5 mA. So, a load resistor of 50 kQ absorbs maximum
power. By current division, half the Norton current flows through it, producing a power of

12.5 2
ES x 1073 ] (50 x 10 = 1.95W
In the circuit of Fig. 5-27, what resistor R, will absorb maximum power and what is this power?

— 4

10/
8 A 00 00 §RL

B¢

Fig. 5-27

For maximum power transfer. R, = Ry, and P, = Vi {4R.,). So. il is necessary to obtain the
Thévenin equivalent of the portion of the circuit 1o the left of the a and b terminals.
If R, is replaced by an open circuit, then the current [ is, by current division,
40

= ——— x8=64A
40 + 10

Consequently, the dependent voltage source provides a voltage of 10(6.4) = 64 V. Then, by KVL,
Vop = Vi, =64 + 10(6.4) = 128 V

It is convenient to use the short-circuit current approach in determining Rq,. If a short circuit
is placed across terminals ¢ and b, all components of the circuit of Fig. 5-27 are in parallel. Consequently,
the voltage drop, top to bottom, across the 10-Q resistor of 10/ is equal to the — 107 voltage drop across
the dependent voltage source. Since the solution to 10/ = —10I is [ =0 A, there is a zero voltage
drop across both resistors, which means that all the 8 A of the current source must low down through the
short circuit. So, I =8 A and

Ry = Vo = 1—28 =16Q
Ise 8

Thus, R, =16 Q for maximum power absorption. Finally, this power is

Vi o 1282
Prw=—1" = =25%W
4Ry,  4(16)
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In the circuit of Fig. 5-28, what resistor R will absorb maximum power and what is this power?

6Q u
AN— * —0-
+
K240
+ -
()or o, 3,
80
-0
b
Fig. 5-28

It is, of course, necessary to obtain the Thévenin equivalent to the left of the @ and b terminals. The
Thévenin voltage V;, will be obtained first. Observe that the voltage drop across the 4-Q resistor is V,,
and that this resistor is in series with an 8-Q resistor. Consequently, by voltage division performed in a reverse
manner, the open-circuit voltage is  Vq,, = V,, = 3V,. Next, with R, removed, applying KCL at the node
that includes terminal a gives

3V, -90 v,
s e = — 0125V, =0
6 4

the solution to whichis V, =24 V. So, Vp, =3V, =3(24)="72 V.

By inspection of the circuit, it should be fairly apparent that it is easier to use Iy to obtain
Ry, than it is to determine Ry, directly. If a short circuit is placed across terminals a¢ and b, then
V. =0 V, and so no current flows in the 4-Q resistor and there is no current flow in the dependent
current source. Consequently, Ig. = 90/6 = 15 A. Then,

Vi 72

Rpy=—=-—"2480Q
LT

which is the resistance that R, should have for maximum power absorption. Finally,
vz, 722

=T 0w
4R,, 448)

man

Use superposition to find the power absorbed by the 12-Q resistor in the circuit shown in Fig. 5-29.

60 I
ANNN -
100 V-T 6A 20
Fig. 5-29

Superposition cannot be used to find power in a dc circuit because the method apphes only to linear
quantities, and power has a squared voltage or current relation instead of a linear one. To illustrate, the
current through the 12-Q resistor from the 100-V source is, with the 6-A source replaced by an open
circuit, 100/(12 + 6) = 5.556 A. The corresponding power is 5.5562 x 12 = 370 W. With the voltage
source replaced by a short circuit, the current through the 12-Q resistor from the 6-A current source is, by
current division, [6/(12 + 6)](6) = 2 A. The corresponding power is 22 x 12 = 48 W. So, if superposition
could be applied to power, the result would be 370 + 48 = 418 W for the power dissipated in the 12-Q
resistor.
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522

5.23

Superposition does, however, apply to currents. So, the total current through the 12-Q resistor
is 5556 +2=7556A, andthepowerconsumedis 7.556% x 12 = 685 W, which is much different than
the 418 W found by erroneously applying superposition to power.

In the circuit shown in Fig. 5-29, change the 100-V source to a 360-V source, and the 6-A current
source to an 18-A source, and use superposition to find the 