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Preface

To the Student

Circuit analysis is not only fundamental to the entire breadth
of electrical and computer engineering—the concepts studied
here extend far beyond those boundaries. For this reason, it re-
mains the starting point for many future engineers who wish to
work in this field. The text and all the supplementary materials
associated with it will aid you in reaching this goal. We strongly
recommend while you are here to read the Preface closely and
view all the resources available to you as a learner. One last piece
of advice: Learning to analyze electric circuits is like learning to
play a musical instrument. Most people take music lessons as a
starting point. Then, they become proficient through practice,
practice, and more practice. Lessons on circuit analysis are pro-
vided by your instructor and this textbook. Proficiency in circuit
analysis can only be obtained through practice. Take advantage
of the many opportunities throughout this textbook to practice,
practice, and practice. In the end, you’ll be thankful you did.

To the instructor

The Twelfth Edition has been prepared based on a careful exam-
ination of feedback received from instructors and students. The
revisions and changes made should appeal to a wide variety of
instructors. We are aware of significant changes taking place in
the way this material is being taught and learned. Consequent-
ly, the authors and the publisher have created a formidable ar-
ray of traditional and nontraditional learning resources to meet
the needs of students and teachers of modern circuit analysis.

By design, this book contains a bank of reserve assessment
problems not available to students. As a time-saving measure, the
instructor can use this bank of problems for exam questions, term
after term, without repetition. These problems are organized by
chapter section and categorized as easy, medium, and hard. The
end-of-chapter problems have been arranged in the same man-
ner. Dedicated students will find these problems an excellent
resource for testing their understanding on a range of problems.

Flipping the classroom has risen recently as an alternative
mode of instruction, which attempts to help the student grasp
the material quicker. Studies to date have shown that this mode
also tends to minimize instructor office time. This book, with
its combination of Learning Assessments and problem-solving
videos, is an ideal vehicle for teaching in this format. These
resources provide the instructor with the tools necessary to
modify the format of the presentation in the hope of enhancing
the student’s rapid understanding of the material.

In accordance with the earlier editions, the book contains
a plethora of examples that are designed to help the student

grasp the salient features of the material quickly. New exam-
ples have been introduced, and MATLAB® has been employed,
where appropriate, to provide a quick and easy software solu-
tion as a means of comparison, as well as to check other
solution techniques. Application and Design Examples have
returned to this edition. These help students answer questions
such as, “Why is this important” or “How am I going to use
what I learn from this course?”

Highlights of the Twelfth
Edition

« A crisp, clean new interior design aimed at enhancing,
clarifying, and unifying the text as well as increasing
accessibility for all.

« End-of-chapter homework problems have been substan-
tially revised and augmented. There are now approximate-
ly 2400 problems in the Twelfth Edition, of which over 800
are new! Multiple-choice Fundamentals of Engineering
(FE) Exam problems also appear at the end of each chapter.

« This course offers Reserve Assessment Bank Problems,
which are not available to students unless they are as-
signed. This allows you, as the instructor, to regulate who
sees these questions and the solutions. We now publish
new Reserve Assessment Bank Problems on an ongoing
basis so you’ll frequently have fresh material to work
with without needing to move to a whole new edition,
and you’ll have a constant source of problems to use for
higher-stakes assessment. Recognizing that third-party
solutions become readily available online as soon as
a new edition is published, we now offer whole sets of
problems for every chapter that are visible only to the
instructor, hindering cheating and allowing instructors
to choose which problems to assign as homework, and
when and whether to provide solutions.

+ Problem-Solving Videos (PSVs) have been created,
showing students step-by-step how to solve all Learn-
ing Assessment problems within each chapter. This is
a special feature that should significantly enhance the
learning experience for each subsection in a chapter.

« In order to provide maximum flexibility, online supple-
ments contain solutions to examples in the book using
MATLAB, PSpice®, or MultiSim®. The worked examples
can be supplied to students as digital files, or one or more
of them can be incorporated into custom print editions of
the text, depending on the instructor’s preference.



x PREFACE

« Problem-Solving Strategies have been retained in the
Twelfth Edition. They are utilized as a guide for the solu-
tions contained in the PSVs.

Organization

This text is suitable for a one-semester, a two-semester, or a
three-quarter course sequence. The first seven chapters are
concerned with the analysis of dc circuits. An introduction to
operational amplifiers is presented in Chapter 4. This chapter
may be omitted without any loss of continuity; a few examples
and homework problems in later chapters must be skipped.
Chapters 8-12 are focused on the analysis of ac circuits begin-
ning with the analysis of single-frequency circuits (single-phase
and three-phase) and ending with variable-frequency circuit
operation. Calculation of power in single-phase and three-
phase ac circuits is also presented. The important topics of the
Laplace transform, Fourier transform, and two-port networks
are covered in Chapters 13-16.

The organization of the text provides instructors maxi-
mum flexibility in designing their courses. One instructor may
choose to cover the first seven chapters in a single semester,
while another may omit Chapter 4 and cover Chapters 1-3 and
5-8. Other instructors have chosen to cover Chapters 1-3, 5-6,
and sections 7.1 and 7.2 and then cover Chapters 8 and 9. The
remaining chapters can be covered in a second semester course.

Text Pedagogy

The pedagogy of this text is rich and varied. It includes print and
media, and much thought has been put into integrating its use.
To gain the most from this pedagogy, please review the following
elements commonly available in most chapters of this book.

Learning Objectives are provided at the outset of each chap-
ter. This tabular list tells the reader what is important and
what will be gained from studying the material in the chapter.

Examples are the mainstay of any circuit analysis text, and
numerous examples have always been a trademark of this
textbook. These examples provide a more graduated level of
presentation with simple, medium, and challenging examples.
Besides regular examples, numerous Application Examples
and Design Examples are found throughout the text.

Hints can often be found in the page margins. They facilitate
understanding and serve as reminders of key issues.

Learning Assessments are a critical learning tool in this text.
These exercises test the cumulative concepts to that point in a
given section or sections. Not only is the answer provided, but
a problem-solving video accompanies each of these exercises,

demonstrating the solution in step-by-step detail. The student
who masters these is ready to move forward.

Problem-Solving Strategies are step-by-step problem-solv-
ing techniques that many students find particularly useful.
They answer the frequently asked question, “Where do I
begin?” Nearly every chapter has one or more of these strat-
egies, which are a kind of summation on problem solving for
concepts presented.

Problems have been greatly revised for the Twelfth Edition.
This edition has over 800 new problems of varying depth and
level. Any instructor will find numerous problems appropriate
for any level class. There are approximately 2400 problems in
the Twelfth Edition! Included with the Problems are FE Exam
Problems for each chapter. If you plan on taking the FE Exam,
these problems closely match problems you will typically find
on the FE Exam. Reserve Assessment Bank Problems, not
available to students, have been added to this edition for the
instructor to utilize as exam questions.

Circuit Simulation and Analysis Software represents a
fundamental part of engineering circuit design today. Software
such as PSpice, MultiSim, and MATLAB allow engineers
to design and simulate circuits quickly and efficiently. As an
enhancement with enormous flexibility, all three of these
software packages can be employed in the Twelfth Edition.
In each case, online supplements are available that contain
the solutions to numerous examples in each of these software
programs. Instructors can opt to make this material available
online or as part of a customized print edition, making this soft-
ware an integral and effective part of the presentation of course
material.

The rich collection of material that is provided for this edi-
tion offers a distinctive and helpful way for exploring the book’s
examples and exercises from a variety of simulation techniques.

Supplements

The supplements list is extensive and provides instructors and
students with a wealth of traditional and modern resources to
match different learning needs.

Problem-Solving Videos are offered again in the Twelfth
Edition in an iOS-compatible format. The videos provide
step-by-step solutions to Learning Assessments. Videos for
Learning Assessments will directly follow a chapter feature
called Problem-Solving Strategy. Students who have used these
videos with past editions have found them to be very helpful.

The Solutions Manual for the Twelfth Edition has been com-
pletely redone, checked, and double-checked for accuracy. It
is the most accurate solutions manual ever created for this
textbook.
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CHAPTER 1
=

Basic Concepts

LEARNING OBJECTIVES

The learning goals for this chapter are that students should be able to:

« Use appropriate Sl units and standard prefixes when « Calculate the value of the dependent sources when
calculating voltages, currents, resistances, and powers. analyzing a circuit that contain independent and
« Explain the relationships between basic electrical dependent sources.
quantities: voltage, current, and power. « Calculate the power absorbed by a circuit element using
« Use the appropriate symbols for independent and the passive sign convention.

dependent voltage and current sources.

11| System of Units

The system of units we employ is the international system of units, the Systéme international
d'unités, which is normally referred to as the SI standard system. This system, which is com-
posed of the basic units meter (m), kilogram (kg), second (s), ampere (A), kelvin (K), and
candela (cd), is defined in all modern physics texts and therefore will not be defined here.
However, we will discuss the units in some detail as we encounter them in our subsequent
analyses.

The standard prefixes that are employed in SI are shown in Fig. 1.1. Note the decimal
relationship between these prefixes. These standard prefixes are employed throughout our
study of electric circuits.

Circuit technology has changed drastically over the years. For example, in the early 1960s,
the space on a circuit board occupied by the base of a single vacuum tube was about the size
of a quarter (25-cent coin). Today that same space could be occupied by an Intel Core i7 inte-
grated circuit chip containing 1.75 billion transistors. These chips are the engine for a host of
electronic equipment.

1077 1072 10°® 103 1 103 106 10° 10"

picé (p) nano (n) micrb(p) milli (m) 7 kilo (k) mega (M) giga(G) tera(T)

m Standard SI prefixes.
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o ,
i(f) i(r)

12 | Basic Quantities

Before we begin our analysis of electric circuits, we must define terms that we will employ.
However, in this chapter and throughout the book, our definitions and explanations will be
as simple as possible to foster an understanding of the use of the material. No attempt will be
made to give complete definitions of many of the quantities because such definitions are not
only unnecessary at this level but are often confusing. Although most of us have an intuitive
concept of what is meant by a circuit, we will simply refer to an electric circuit as an intercon-
nection of electrical components, each of which we will describe with a mathematical model.

The most elementary quantity in an analysis of electric circuits is the electric charge. Our
interest in electric charge is centered around its motion, since charge in motion results in an
energy transfer. Of particular interest to us are those situations in which the motion is confined
to a definite closed path.

An electric circuit is essentially a pipeline that facilitates the transfer of charge from
one point to another. The time rate of change of charge constitutes an electric current.
Mathematically, the relationship is expressed as

t
i(t)= dq(0) or q(H) = J’ i(x)dx 1.1
dt -
where i and q represent current and charge, respectively (lowercase letters represent time
dependency, and capital letters are reserved for constant quantities). The basic unit of current

is the ampere (A), and 1 ampere is 1 coulomb (C) per second.

Although we know that current flow in metallic conductors results from electron motion,
the conventional current flow, which is universally adopted, represents the movement of positive
charges. It is important that the reader think of current flow as the movement of positive
charge regardless of the physical phenomena that take place. The symbolism that will be used
to represent current flow is shown in Fig. 1.2. In Fig. 1.2a, I; = 2 A indicates that at any point
in the wire shown, 2 C of charge pass from left to right each second. In Fig. 1.2b, I, = -3 A
indicates that at any point in the wire shown, 3 C of charge pass from right to left each second.
Therefore, it is important to specify not only the magnitude of the variable representing the
current but also its direction.

The two types of current that we encounter often in our daily lives, alternating current
(ac) and direct current (dc), are shown as a function of time in Fig. 1.3. Alternating current
is the common current found in every household and is used to run the refrigerator, stove,
washing machine, and so on. Batteries, which are used in automobiles and flashlights, are one
source of direct current. In addition to these two types of currents, which have a wide variety
of uses, we can generate many other types of currents. We will examine some of these other
types later in the book. In the meantime, it is interesting to note that the magnitude of cur-
rents in elements familiar to us ranges from soup to nuts, as shown in Fig. 1.4.

L=-3A
v\ \ /
o = |
(®) (a) (b)
m Conventional current flow: (a) positive m Two common types of current: (a) alternating

current flow; (b) negative current flow. current (ac); (b) direct current (dc).



106
Lightning bolt
104
Large industrial motor current
102
Typical household appliance current
= 100
e Ventricular fibrillation in humans
g 102
g— Human threshold of sensation
s 1074
£
c 106
s Integrated circuit (IC) memory cell current
O 10°8
10-10
10-12
Synaptic current (brain cell)
10-14

m Typical current magnitudes.

We have indicated that charges in motion yield an energy transfer. Now we define the
voltage (also called the electromotive force, or potential) between two points in a circuit as the
difference in energy level of a unit charge located at each of the two points. Voltage is very
similar to a gravitational force. Think about a bowling ball being dropped from a ladder into
a tank of water. As soon as the ball is released, the force of gravity pulls it toward the bottom
of the tank. The potential energy of the bowling ball decreases as it approaches the bottom.
The gravitational force is pushing the bowling ball through the water. Think of the bowling
ball as a charge and the voltage as the force pushing the charge through a circuit. Charges in
motion represent a current, so the motion of the bowling ball could be thought of as a current.
The water in the tank will resist the motion of the bowling ball. The motion of charges in an
electric circuit will be impeded or resisted as well. We will introduce the concept of resistance
in Chapter 2 to describe this effect.

Work or energy, w(t) or W, is measured in joules (J); 1 joule is 1 newton meter (N-m).
Hence, voltage [v(t) or V] is measured in volts (V), and 1 volt is 1 joule per coulomb; that is,
1 volt =1 joule per coulomb = 1 newton meter per coulomb. If a unit positive charge is moved
between two points, the energy required to move it is the difference in energy level between
the two points and is the defined voltage. It is extremely important that the variables used to
represent voltage between two points be defined in such a way that the solution will let us
interpret which point is at the higher potential with respect to the other.

In Fig. 1.5a, the variable that represents the voltage between points A and B has been
defined as V7, and it is assumed that point A is at a higher potential than point B, as indicated
by the + and — signs associated with the variable and defined in the figure. The + and — signs
define a reference direction for V;. If V; = 2V, then the difference in potential of points A and
Bis 2V, and point A is at the higher potential. If a unit positive charge is moved from point A
through the circuit to point B, it will give up energy to the circuit and have 2 J less energy when
it reaches point B. If a unit positive charge is moved from point B to point A, extra energy must
be added to the charge by the circuit, and hence the charge will end up with 2 J more energy
at point A than it started with at point B.

For the circuit in Fig. 1.5b, V, = —5 V means that the potential between points A and B is
5V and point B is at the higher potential. The voltage in Fig. 1.5b can be expressed as shown
in Fig. 1.5c. In this equivalent case, the difference in potential between points A and B is
V, =5V, and point B is at the higher potential.

Note that it is important to define a variable with a reference direction so that the answer
can be interpreted to give the physical condition in the circuit. We will find that it is not
possible in many cases to define the variable so that the answer is positive, and we will also
find that it is not necessary to do so.

As demonstrated in Figs. 1.5b and 1.5c, a negative number for a given variable, for ex-
ample, V; in Fig. 1.5b, gives exactly the same information as a positive number; that is, V;in

1.2 Basic Quantities
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(b)

m Voltage representations.

Fig. 1.5c, except that it has an opposite reference direction. Hence, when we define either
current or voltage, it is absolutely necessary that we specify both magnitude and direction.
Therefore, it is incomplete to say that the voltage between two points is 10 V or the current
in a line is 2 A, since only the magnitude and not the direction for the variables has been
defined.

The range of magnitudes for voltage, equivalent to that for currents in Fig. 1.4, is shown
in Fig. 1.6. Once again, note that this range spans many orders of magnitude.

At this point, we have presented the conventions that we employ in our discussions
of current and voltage. Energy is yet another important term of basic significance. Let’s
investigate the voltage—current relationships for energy transfer using the flashlight shown in
Fig. 1.7. The basic elements of a flashlight are a battery, a switch, a light bulb, and connecting
wires. Assuming a good battery, we all know that the light bulb will glow when the switch is
closed. A current now flows in this closed circuit as charges flow out of the positive terminal
of the battery through the switch and light bulb and back into the negative terminal of the bat-
tery. The current heats up the filament in the bulb, causing it to glow and emit light. The light
bulb converts electrical energy to thermal energy; as a result, charges passing through the bulb
lose energy. These charges acquire energy as they pass through the battery as chemical energy
is converted to electrical energy. An energy conversion process is occurring in the flashlight as
the chemical energy in the battery is converted to electrical energy, which is then converted to
thermal energy in the light bulb.

Let’s redraw the flashlight as shown in Fig. 1.8. There is a current I flowing in this dia-
gram. Since we know that the light bulb uses energy, the charges coming out of the bulb have
less energy than those entering the light bulb. In other words, the charges expend energy
as they move through the bulb. This is indicated by the voltage shown across the bulb. The
charges gain energy as they pass through the battery, which is indicated by the voltage across

108

Lightning bolt
106 High-voltage transmission lines
Voltage on a TV picture tube
104 L : :
arge industrial motors
ac outlet plug in U.S. households
_. 102
b Car battery
2 o Voltage on integrated circuits
g 10 Flashlight battery
£
S 102
= Voltage across human chest produced by the
S 04 heart (EKG)
Voltage between two points on human scalp (EEG)
10-6
Antenna of a radio receiver
10-8
10-10

m Typical voltage magnitudes.



Switch

Light bulb

FAUAEWA Flashlight circuit.

1
0 |- Battery

= Vbattery + + Voub —

m Flashlight circuit with voltages and current.

the battery. Note the voltage—current relationships for the battery and bulb. We know that the
bulb is absorbing energy; the current is entering the positive terminal of the voltage. For
the battery, the current is leaving the positive terminal, which indicates that energy is being
supplied.

This is further illustrated in Fig. 1.9, where a circuit element has been extracted from
a larger circuit for examination. In Fig. 1.9a, energy is being supplied to the element by
whatever is attached to the terminals. Note that 2 A—that is, 2 C of charge—are moving
from point A to point B through the element each second. Each coulomb loses 3 J of energy
as it passes through the element from point A to point B. Therefore, the element is absorbing
6 J of energy per second. Note that when the element is absorbing energy, a positive current
enters the positive terminal. In Fig. 1.9b, energy is being supplied by the element to what-
ever is connected to terminals A-B. In this case, note that when the element is supplying
energy, a positive current enters the negative terminal and leaves via the positive terminal. In
this convention, a negative current in one direction is equivalent to a positive current in the
opposite direction, and vice versa. Similarly, a negative voltage in one direction is equivalent
to a positive voltage in the opposite direction.

EXAMPLE 1.1

Suppose that your car will not start. To determine whether the battery is faulty, you turn on the
light switch and find that the lights are very dim, indicating a weak battery. You borrow a friend’s
car and a set of jumper cables. However, how do you connect his car’s battery to yours? What do
you want his battery to do?

Solution Essentially, his car’s battery must supply energy to yours, and therefore it should
be connected in the manner shown in Fig. 1.10. Note that the positive current leaves the pos-
itive terminal of the good battery (supplying energy) and enters the positive terminal of the
weak battery (absorbing energy). Note that the same connections are used when charging a
battery.

1.2 Basic Quantities 5

(a)

I=2A

1=2A
(b)

m Voltage-current

relationships for (a) energy
absorbed and (b) energy supplied.
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m Diagram for Example 1.1.

In practical applications, there are often considerations other than simply the electrical
relations (e.g., safety). Such is the case with jump-starting an automobile. Automobile batteries
produce explosive gases that can be ignited accidentally, causing severe physical injury. Be safe—
follow the procedure described in your auto owner’s manual.

We have defined voltage in joules per coulomb as the energy required to move a positive
charge of 1 C through an element. If we assume that we are dealing with a differential amount
of charge and energy, then

U—gw 1.2
i(1) - dg '
+ Multiplying this quantity by the current in the element yields
o0 dw(dq)_d
| — — _q) = —VV = 1
_ YT g ( ar) = ar 7P 3
which is the time rate of change of energy or power measured in joules per second, or watts (W).
m Sign convention Since, in general, both v and i are functions of time, p is also a time-varying quantity. Therefore,
for power. the change in energy from time ¢, to time ¢, can be found by integrating Eq. (1.3); that is,
t, t,
AW:J:pdt:ftvidt 1.4

At this point, let us summarize our sign convention for power. To determine the sign of

any of the quantities involved, the variables for the current and voltage should be arranged as

HINT 1.1 shown in Fig. 1.11. The variable for the voltage v () is defined as the voltage across the element

The passive sign conven- with the positive reference at the same terminal that the current variable i(f) is entering. This

tion is used to determine convention is called the passive sign convention and will be so noted in the remainder of this

whether power is being book. The product of v and i, with their attendant signs, will determine the magnitude and

absorbed or supplied. sign of the power (see HINT 1.1). If the sign of the power is positive, power is being absorbed
by the element; if the sign is negative, power is being supplied by the element.

EXAMPLE 1.2

Given the two diagrams shown in Fig. 1.12, determine whether the element is absorbing or sup-
plying power and how much.

4 A -2A

2V 2V 2V 2V

(a) (b)

m Elements for Example 1.2.
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Solution In Fig. 1.12a, the power is P = (2 V)(-4 A) = -8 W. Therefore, the element is supplying
power. In Fig. 1.12b, the power is P = (2 V)(-2 A) = -4 W. Therefore, the element is supplying power.

Learning Assessment

E1.1 Determine the amount of power absorbed or supplied by the elements in Fig. E1.1. Answer:
(a)P=-48W;
(b)P=8W.

FIGURE E1.1

EXAMPLE 1.3

‘We wish to determine the unknown voltage or current in Fig. 1.13.

N 5A = =7
A —A

v,=?7 P=-20W 5V P=40W 5V
8 Ve :

(@ (b)

HAUASWEN Elements for Example 1.3.

Solution In Fig. 1.13a, a power of -20 W indicates that the element is delivering power.
Therefore, the current enters the negative terminal (terminal A), and from Eq. (1.3) the voltage is
4 V. Thus, Bis the positive terminal, A is the negative terminal, and the voltage between them is 4 V.

In Fig. 1.13b, a power of +40 W indicates that the element is absorbing power and, therefore,
the current should enter the positive terminal B. The current thus has a value of —8 A, as shown

in the figure.

Learning Assessment

E1.2 Determine the unknown variables in Fig. E1.2. Answer:
I=2A (@) Vi==-20V;
= p-40W + p=-sow | . ) f==5A.
v, =7 V,=10V 10V
g o =7

(@ (b)

FIGURE E1.2
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Finally, it is important to note that our electrical networks satisfy the principle of conser-
vation of energy. Because of the relationship between energy and power, it can be implied that
power is also conserved in an electrical network. This result was formally stated in 1952 by
B. D. H. Tellegen and is known as Tellegen’s theorem—the sum of the powers absorbed by
all elements in an electrical network is zero. Another statement of this theorem is that the
power supplied in a network is exactly equal to the power absorbed. Checking to verify that
Tellegen’s theorem is satisfied for a particular network is one way to check our calculations
when analyzing electrical networks.

1.3 | Circuit Elements

Thus far, we have defined voltage, current, and power. In the remainder of this chapter we
will define both independent and dependent current and voltage sources. Although we will
assume ideal elements, we will try to indicate the shortcomings of these assumptions as we
proceed with the discussion.

In general, the elements we will define are terminal devices that are completely char-
acterized by the current through the element and/or the voltage across it. These elements,
which we will employ in constructing electric circuits, will be broadly classified as being ei-
ther active or passive. The distinction between these two classifications depends essentially on
one thing—whether they supply or absorb energy. As the words themselves imply, an active
element is capable of generating energy and a passive element cannot generate energy.

However, later we will show that some passive elements are capable of storing energy.
Typical active elements are batteries and generators. The three common passive elements are
resistors, capacitors, and inductors.

In Chapter 2, we will launch an examination of passive elements by discussing the resistor in
detail. Before proceeding with that element, we first present some very important active elements.

1. Independent voltage source 3. Two dependent voltage sources

2. Independent current source 4. Two dependent current sources

Independent Sources

An independent voltage source is a two-terminal element that maintains a specified voltage
between its terminals regardless of the current through it, as shown by the v-i plot in Fig. 1.14a.
The general symbol for an independent source, a circle, is also shown in Fig. 1.14a. As the
figure indicates, terminal A is v() volts positive with respect to terminal B.

In contrast to the independent voltage source, the independent current source is a
two-terminal element that maintains a specified current regardless of the voltage across its
terminals, as illustrated by the v-i plot in Fig. 1.14b. The general symbol for an independent
current source is also shown in Fig. 1.14b, where i(¢) is the specified current and the arrow
indicates the positive direction of current flow.

In their normal mode of operation, independent sources supply power to the remainder
of the circuit. However, they may also be connected into a circuit in such a way that they
absorb power. A simple example of this latter case is a battery-charging circuit, such as that
shown in Example 1.1.

It is important that we pause here to interject a comment concerning a shortcoming of the
models. In general, mathematical models approximate actual physical systems only under a
certain range of conditions. Rarely does a model accurately represent a physical system under
every set of conditions. To illustrate this point, consider the model for the voltage source in
Fig. 1.14a. We assume that the voltage source delivers v volts regardless of what is connected
to its terminals. Theoretically, we could adjust the external circuit so that an infinite amount of
current would flow, and therefore the voltage source would deliver an infinite amount of power.
This is, of course, physically impossible. A similar argument could be made for the independent
current source. Hence, the reader is cautioned to keep in mind that models have limitations and
thus are valid representations of physical systems only under certain conditions.



o(1) i(t)

B B
(a) (b)
m Symbols for (a) independent voltage source and (b) independent current source.

For example, can the independent voltage source be utilized to model the battery in
an automobile under all operating conditions? With the headlights on, turn on the radio.
Do the headlights dim with the radio on? They probably won’t if the sound system in your
automobile was installed at the factory. If you try to crank your car with the headlights on,
you will notice that the lights dim. The starter in your car draws considerable current, thus
causing the voltage at the battery terminals to drop and dimming the headlights. The inde-
pendent voltage source is a good model for the battery with the radio turned on; however,
an improved model is needed for your battery to predict its performance under cranking
conditions.

EXAMPLE 1.4

Determine the power absorbed or supplied by the elements in the network in Fig. 1.15.

6V
I=2A " /1~
L] 1=2A
+
24V 2 [18V
I1=2A

m Network for Example 1.4.

Solution The current flow is out of the positive terminal of the 24-V source, and therefore
this element is supplying (2)(24) = 48 W of power. The current is into the positive terminals of
elements 1 and 2, and therefore elements 1 and 2 are absorbing (2)(6) = 12 W and (2)(18) = 36 W,
respectively. Note that the power supplied is equal to the power absorbed. Also note that the
same 2 A current flows through all elements in this circuit (see HINT 1.2).

1.3 Circuit Elements

HINT 1.2

Elements that are
connected in series have
the same current.

9
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Learning Assessment

E1.3 Find the power that is absorbed or supplied by the elements in Fig. E1.3. Answer:
18V Current source
I=3A T |T| B supplies 36 W, element 1
N L 1=3A absorbs 54 W, and element 2
n supplies 18 W.
v (1)3a 6V PP
= +
FIGURE E1.3
Dependent Sources

In contrast to the independent sources, which produce a particular voltage or current
completely unaffected by what is happening in the remainder of the circuit, dependent
sources generate a voltage or current that is determined by a voltage or current at a speci-
fied location in the circuit. These sources are very important because they are an integral
part of the mathematical models used to describe the behavior of many electronic circuit
elements.

For example, metal-oxide-semiconductor field-effect transistors (MOSFETs) and bipolar
transistors, both of which are commonly found in a host of electronic equipment, are modeled
with dependent sources, and therefore the analysis of electronic circuits involves the use of
these controlled elements.

In contrast to the circle used to represent independent sources, a diamond is used to
represent a dependent or controlled source. Fig. 1.16 illustrates the four types of dependent
sources. The input terminals on the left represent the voltage or current that controls the de-
pendent source, and the output terminals on the right represent the output current or voltage
of the controlled source. Note that in Figs. 1.16a and d, the quantities p and {3 are dimension-
less constants because we are transforming voltage to voltage and current to current. This is
not the case in Figs. 1.16b and c; hence, when we employ these elements a short time later,
we must describe the units of the factors r and g.

ig
O O
+
vg v = pog
O O

(@ (b)

is
O
+
vg i= gug
O

© (d

m Four different types of dependent sources.




1.3 Circuit Elements 11

EXAMPLE 1.5

Given the two networks shown in Fig. 1.17, we wish to determine the outputs.

Solution In Fig. 1.17a, the output voltage is V, = uVs or V, = 20 Vg = (20)(2 V) = 40 V. Note
that the output voltage has been amplified from 2 V at the input terminals to 40 V at the output
terminals; that is, the circuit is a voltage amplifier with an amplification factor of 20.

0
+
V=2V 20V =V,
o
(

a) (b)

H[AUASWEA Circuits for Example 1.5.

In Fig. 1.17b, the output current is I, = BIg = (50)(1 mA) = 50 mA; that is, the circuit has a current
gain of 50, meaning that the output current is 50 times greater than the input current.

Ig=1mA

+ O

A

Ol

Learning Assessment

E1.4 Determine the power supplied by the dependent sources in Fig. E1.4. Answer:
(a) Power supplied = 80 W;

Io — 2 A IS = 4A
O O—>— (b) Power supplied = 160 W.
+ +
Vo= 4V %?mvs |#| 1OV41S 1]
0 o
(a)

(b)

FIGURE E1.4

EXAMPLE 1.6

Calculate the power absorbed by each element in the network of Fig. 1.18. Also verify that
Tellegen’s theorem is satisfied by this network.

v

1A 3]

|

L8V LAV
4] 2
oA L] L—1I 1A
+

24v<i> 16V E:l 12v<ﬁ>
3A 1A 2A

3 m Circuit used in Example 1.6. 3



12 CHAPTER 1 Basic Concepts

Solution Let’s calculate the power absorbed by each element using the sign convention for power.

P, =(16)1)=16 W
P,=(4)(1)=4W
P,=(12)(1)=12W
P,=(8)2)=16 W
P,v=(12)(2)=24W
Pyv= 24)(=3)=-72W
Note that to calculate the power absorbed by the 24-V source, the current of 3 A flowing up through
the source was changed to a current —3 A flowing down through the 24-V source.
Let’s sum up the power absorbed by all elements: 16 + 44124+ 16 4+24—-72=0

This sum is zero, which verifies that Tellegen’s theorem is satisfied.

A

EXAMPLE 1.7

Use Tellegen’s theorem to find the current I, in the network in Fig. 1.19.

6V
7/‘\4» 1x=2A
—>
/
2A
L6V _ v
L Toa LA
1, 9A 1A
+
[3]1ov 4v <j> 8,
3A 8A

m Circuit used in Example 1.7.

Solution First, we must determine the power absorbed by each element in the network. Us-
ing the sign convention for power, we find

Pya=(6)(-2)=—-12W
Py =(6)1,) =6, W
P,=(12)(-=9) = —108 W
P;=(10)(—3)=—-30W
Pyy=(#)(-8)=-32W
Pps = (8I)(11) = (16) (11) =176 W
Applying Tellegen’s theorem yields
—-12+6I,—108 —30—-32+ 176 =0
or
6I,+ 176 =12 + 108 + 30 + 32

Hence,

I,=1A
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E1.5 Find the power that is absorbed or supplied by the circuit elements in the network in Fig. E1.5.

E1.6 Find the power that is absorbed or supplied by the network elements in Fig. E1.6.

8V
{1}
24V °x¢ 41,

FIGURE E1.5

E1.7 Find I, in Fig. E1.7 using Tellegen’s theorem.

2,
N 1
—
"4 L
6V
24v<j> Cj)nv
A% I,=15A
—|—|+ X .
2
L2 ]
FIGURE E1.6
1A 2A
+ +

[1] 25V

s

10V C) I |:3 15V

|:2j15 v CD 10V

FIGURE E1.7

Answer:

P,,v =96 W supplied;
P, = 32 W absorbed;
P, = 64 W absorbed.

Answer:

P,,v = 36 W supplied;
P,y =18 W absorbed;
Py, = 4.5 W supplied;

P, =9 W absorbed;

P, =13.5W absorbed.

Answer:

I, =-2A.
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EXAMPLE 1.8

The charge that enters the BOX is shown in Fig. 1.20. Calculate and sketch the current flowing
into and the power absorbed by the BOX between 0 and 10 milliseconds.

i(1)

12V BOX
() (mC)
3_
2_
1_
5 6
| | | | |
i i i i i
1 2 3 4 7 8 9 10 t (ms)
_1 —
72_
73_

m Diagrams for Example 1.8.

dq(®)

Solution Recall that current is related to charge by i(£) = 3 The current is equal to the slope

of the charge waveform.

(=0
-3 -3
()= 3X107—1x 107 _,
2x 107 -1x 10
i(H)=0
-3 -3
i(f) = =2X 107 =3 x 10

- Lo =-25A
5% 1073 =3 x 10
i(H=0
-3 _(_ —3
() = 2X10 73( 2x1(13):1'33A
9% 1072 —6x 10
i(H)=0

0<t<1ms
1<t<2ms
2<t<3ms
3<t<5ms
5<t<6ms

6<t<9ms

t>9ms

The current is plotted with the charge waveform in Fig. 1.21. Note that the current is zero during
times when the charge is a constant value. When the charge is increasing, the current is positive,

and when the charge is decreasing, the current is negative.
The power absorbed by the BOX is 12 X i(%).
p()=12(0)=0
p(t) = 12(2) =24W
p(H)=12(0)=0
p(f) =12(=2.5) = —30 W

0<t<1lms
1<t<2ms
2<t<3ms
3<t<5ms




p(H)=12(0)=0 5<t<6ms
p(H=12(133) =16 W 6<t<9ms
p(H=12(0)=0 t>9ms

The power absorbed by the BOX is plotted in Fig. 1.22. For the time intervals, 1 < ¢ < 2 ms and
6 <t <9 ms, the BOX is absorbing power. During the time interval 3 < ¢ < 5 ms, the power ab-
sorbed by the BOX is negative, which indicates that the BOX is supplying power to the 12-V source.

q(®) (mC), i(7) (A)

—3

m Charge and current waveforms for Example 1.8.

@ (W)

36

24

1 2 3 4 7 8 9 10 t(ms)

—12 4

—24 -

—36

m Power waveform for Example 1.8.

1.3 Circuit Elements
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Learning Assessments

E1.8 The power absorbed by the BOX in Fig. E1.8 is p(f) = 2.5¢"* W. Compute the energy and Answer:
charge delivered to the BOX in the time interval 0 < t < 250 ms. 395.1 mJ: 8.8 mC.

i

50e 'V BOX
FIGURE E1.8
E1.9 The energy absorbed by the BOX is shown in Fig. E1.9. Calculate and sketch the Answer:
current flowing into the BOX. Also calculate the charge that enters the BOX between 0 Q=0
and 12 seconds.
i(1)
1oV BOX
w() ()
5 -
7 8 9 10 1 12
| | | | | | | | | | 1
T T T T T T T T T T
1 2 3 4 5 6 1(s)
—2.54
i) (A)
0.25
0.125
4 5 6 7 8
| | | | |
T T T T T
1 2 3 9 10 n 12 1(s)
—0.125
—0.25

FIGURE E1.9
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EXAMPLE 1.9

The ubiquitous universal serial bus (USB) port is commonly utilized to charge smartphones, as
shown in Fig. 1.23. Technical details for USB specifications can be found at www.usb.org. The
amount of current that can be provided over a USB port is defined in the USB specifications.

According to the USB 2.0 standard, a device is classified as low power if it draws 100 mA or
less and high power if it draws between 100 and 500 mA.

1. A 1000 mAh lithium-ion battery has been fully discharged (i.e., 0 mAh). How long will it take
to recharge it from a USB port supplying a constant current of 250 mA? How much charge is
stored in the battery when it is fully charged?

2. A fully charged 1000 mAh lithium-ion battery supplies a load, which draws a constant
current of 200 mA for 4 hours. How much charge is left in the battery at the end of the
4 hours? Assuming that the load remains constant at 3.6 V, how much energy is absorbed by
the load in joules?

©abalcazar/iStockphoto

m Charging an Apple iPhone® using a USB port.

Solution

1. With a constant current of 250 mA, the time required to recharge the battery is 1000 mAh/
250 mA = 4 h. The battery has a capacity of 1000 mAh. The charge stored in the battery when
fully charged is 1000 mAh X 1 A/1000 mA X 3600 s/h = 3600 As = 3600 C.

2. A constant current of 200 mA is drawn from the battery for 4 hours, so 800 mAh X 1 A/
1000 mA x 3600 s/h = 2880 C removed from the battery. The charge left in the battery is 3600 -
2880 = 720 C. The power absorbed by the load is 3.6 V X 0.2 A = 0.72 W. The energy absorbed
by the load is 0.72 W X 4 h x 3600 s/h = 10,368 J.
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Summary

« The standard prefixes employed

p=10"" k=10°
n=10"° M =10°
p=10"° G=10°
m=10"3 T=10"

« The relationships between current and charge

()= d?i_(tt) or q(H) = J-_mi(x)dx

« The relationships among power, energy, current, and voltage

p—E—‘Ul

b

L
Aw:JZpdt:Jt vi dt

The passive sign convention The passive sign con-
vention states that if the voltage and current associated
with an element are as shown in Fig. 1.11, the product of
v and i, with their attendant signs, determines the magnitude
and sign of the power. If the sign is positive, power is being ab-
sorbed by the element, and if the sign is negative, the element is
supplying power.

Independent and dependent sources An ideal indepen-
dent voltage (current) source is a two-terminal element that
maintains a specified voltage (current) between its terminals,
regardless of the current (voltage) through (across) the element.
Dependent or controlled sources generate a voltage or current
that is determined by a voltage or current at a specified location
in the circuit.

Conservation of energy The electric circuits under investiga-
tion satisfy the conservation of energy.

Tellegen’s theorem The sum of the powers absorbed by all
elements in an electrical network is zero.



CHAPTER 2
=

Resistive Circults

LEARNING OBJECTIVES

The learning goals for this chapter are that students should be able to:

+ Use Ohm’s law to calculate the voltages and currents in « Calculate the voltages and currents in a simple electric
electric circuits. circuit using voltage and current division.

« Apply Kirchhoff’s current law and Kirchhoff’s voltage law to « Transform the basic wye resistor network to a delta
determine the voltages and currents in an electric circuit. resistor network, and visa versa.

« Analyze single-loop and single-node-pair circuits to « Analyze electric circuits to determine the voltages and
calculate the voltages and currents in an electric circuit. currents in electric circuits that contain dependent

Determine the equivalent resistance of a resistor network sources.

where the resistors are in series and parallel.

21| Ohm’s Law

Ohm’s law is named for the German physicist Georg Simon Ohm, who is credited with
establishing the voltage-current relationship for resistance. As a result of his pioneering
work, the unit of resistance bears his name.

Ohm’s law states that the voltage across a resistance is directly proportional to the current
flowing through it. The resistance, measured in ohms, is the constant of proportionality be-
tween the voltage and current.

A circuit element whose electrical characteristic is primarily resistive is called a resistor
and is represented by the symbol shown in Fig. 2.1a. A resistor is a physical device that can be
purchased in certain standard values in an electronic parts store. These resistors, which find
use in a variety of electrical applications, are normally carbon composition or wirewound.
In addition, resistors can be fabricated using thick oxide or thin metal films for use in hybrid
circuits, or they can be diffused in semiconductor integrated circuits. Some typical discrete
resistors are shown in Fig. 2.1b.

The mathematical relationship of Ohm’s law is illustrated by the equation

v(f) = Ri(f), where R 2 0 21

or, equivalently, by the voltage—current characteristic shown in Fig. 2.2a. Note carefully the re-

lationship between the polarity of the voltage and the direction of the current (see HINT 2.1). HINT 2.1
In addition, note that we have tacitly assumed that the resistor has a constant value and there- The passive sign convention
fore that the voltage—current characteristic is linear. will be employed in conjunc-
The symbol Q is used to represent ohms, and therefore, tion with Ohm’s law.
1Q=1V/A

19
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i(t)

o(t)

(a)

R F ekt TR T B T

(b)

m (a) Symbol for a resistor; (b) some practical devices. (1), (2), and (3) are high-power
resistors. (4) and (5) are high-wattage fixed resistors. (6) is a high-precision resistor. (7)-(12) are fixed
resistors with different power ratings. (Photo courtesy of Mark Nelms and Jo Ann Loden)

Although, in our analysis, we will always assume that the resistors are linear and
are thus described by a straight-line characteristic that passes through the origin, it is
important that readers realize that some very useful and practical elements do exist that
exhibit a nonlinear resistance characteristic; that is, the voltage—current relationship is
not a straight line.

The light bulb from the flashlight in Chapter 1 is an example of an element that exhibits a
nonlinear characteristic. A typical characteristic for a light bulb is shown in Fig. 2.2b.

Since a resistor is a passive element, the proper current-voltage relationship is illustrated
in Fig. 2.1a. The power supplied to the terminals is absorbed by the resistor. Note that the
charge moves from the higher to the lower potential as it passes through the resistor and
the energy absorbed is dissipated by the resistor in the form of heat. As indicated in Chapter 1,
the rate of energy dissipation is the instantaneous power, and therefore

p(O =v(0i(H) 22
which, using Eq. (2.1), can be written as
2
() = Ri2(t) = £ 23
R
This equation illustrates that the power is a nonlinear function of either current or voltage and
that it is always a positive quantity.

Conductance, represented by the symbol G, is another quantity with wide application in
circuit analysis. By definition, conductance is the reciprocal of resistance; that is,
1

G:E 2.4



o(1) o(1)

i(f) i)

(a) (b)
m Graphical representation of the voltage—current
relationship for (a) a linear resistor and (b) a light bulb.
The unit of conductance is the siemens, and the relationship between units is

1S=1A/V

Using Eq. (2.4), we can write two additional expressions,
i(H) = Gu(f) 25

and

p(®) = PO _ V(1) 2.6
G
Eq. (2.5) is another expression of Ohm’s law.

Two specific values of resistance, and therefore conductance, are very important: R = 0
and R = .

In examining the two cases, consider the network in Fig. 2.3a. The variable resistance
symbol is used to describe a resistor such as the volume control on a radio or television set. As
the resistance is decreased and becomes smaller and smaller, we finally reach a point where
the resistance is zero and the circuit is reduced to that shown in Fig. 2.3b; that is, the resis-
tance can be replaced by a short circuit. On the other hand, if the resistance is increased and
becomes larger and larger, we finally reach a point where it is essentially infinite and the
resistance can be replaced by an open circuit, as shown in Fig. 2.3c. Note that in the case of a
short circuit where R = 0,

u(t) = Ri(t)
=0

Therefore, v(f) = 0, although the current could theoretically be any value. In the open-
circuit case where R = oo,

i(H) =v(®)/R
=0

Therefore, the current is zero regardless of the value of the voltage across the open terminals.

i) i1 i)

o(f) /%'(R o(t) o(?)

(@ (b) (©
m Short-circuit and open-circuit descriptions.

2.1 Ohm’sLaw 21
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EXAMPLE 2.1

In the circuit in Fig. 2.4a, determine the current and the power absorbed by the resistor.

Solution Using Eq. (2.1), we find the current to be
I=V/R=12/2k =6 mA

Note that because many of the resistors employed in our analysis are in kQ, we will use k
in the equations in place of 1000. The power absorbed by the resistor is given by Eq. (2.2) or
(2.3) as

P=VI=(12)(6x 1073 =0.072 W
=1’R = (6 X 1073)%(2k) = 0.072 W
= V%R = (12)%2k = 0.072 W

1 1
< < 10 kQ
12V +> 2kQ C+>
C— § AL § P=36mW
(a) b
I1=05mA I

JF
VSG—D §G=50}LS VS<T>4mA ‘§>§=80mw

(© (d)

m Circuits for Examples 2.1 to 2.4.

EXAMPLE 2.2

The power absorbed by the 10-kQ resistor in Fig. 2.4b is 3.6 mW. Determine the voltage and the
current in the circuit.

Solution Using the power relationship, we can determine either of the unknowns:

VIR=P
V2= (3.6 X 1073)(10k)
V=6V
and
I’PR=P
I?=(3.6 x 107%)/10k
I1=0.6 mA

Furthermore, once Vy is determined, I could be obtained by Ohm’s law, and likewise once
I is known, then Ohm’s law could be used to derive the value of V. Note carefully that the
equations for power involve the terms I? and V 2. Therefore, I = —0.6 mA and Vg = —6 V also
satisfy the mathematical equations and, in this case, the direction of both the voltage and
current is reversed.




EXAMPLE 2.3

Given the circuit in Fig. 2.4c, we wish to find the value of the voltage source and the power ab-
sorbed by the resistance.

Solution The voltage is
Vs=1I/G=(0.5x107%/(50 x 10™%) =10 V
The power absorbed is then
P=1%G =(0.5%x1073?%/(50 X 107%) = 5 mW
Or we could simply note that
R=1/G=20kQ
and therefore
Vs=IR=(0.5%x1073)(20k) =10V

and the power could be determined using P = I’R = V%/R = Vl.

EXAMPLE 2.4

Given the network in Fig. 2.4d, we wish to find R and V.

Solution Using the power relationship, we find that
R=P/I>?=(80x1073)/(4 x 1073 = 5kQ
The voltage can now be derived using Ohm’s law as
Vg¢=IR=(4x1073)(5k) =20V

The voltage could also be obtained from the remaining power relationships in Egs. (2.2)
and (2.3).

Before leaving this initial discussion of circuits containing sources and a single resistor,
it is important to note a phenomenon that we will find to be true in circuits containing many
sources and resistors. The presence of a voltage source between a pair of terminals tells us
precisely what the voltage is between the two terminals regardless of what is happening in
the balance of the network. What we do not know is the current in the voltage source. We
must apply circuit analysis to the entire network to determine this current. Likewise, the
presence of a current source connected between two terminals specifies the exact value of
the current through the source between the terminals. What we do not know is the value
of the voltage across the current source. This value must be calculated by applying circuit
analysis to the entire network. Furthermore, it is worth emphasizing that when applying
Ohm’s law, the relationship V = IR specifies a relationship between the voltage directly
across a resistor R and the current that is present in this resistor. Ohm’s law does not apply
when the voltage is present in one part of the network and the current exists in another. This
is a common mistake made by students who try to apply V = IR to a resistor R in the middle
of the network while using a V' at some other location in the network.

2.1 Ohm’sLaw 23



24 CHAPTER 2 Resistive Circuits

Learning Assessments

E2.1 Given the circuits in Fig. E2.1, find (a) the current I and the power absorbed by the resistor Answer:
in Fig. E2.1a, and (b) the voltage across the current source and the power supplied by the source in (a)I=0.3 mA, P = 3.6 mW:

Fig. E2.1b.
(b) Vg=3.6V, P =2.16 mW.

+

12v<j> %401@ VSCT 0.6 mA %ekg

() (b)
FIGURE E2.1

E2.2 Given the circuits in Fig. E2.2, find (a) R and Vs in the circuit in Fig. E2.2a, and (b) find I and Answer:
R in the circuit in Fig. E2.2b. () R=10kQ, Vg=4V;

_ (b) I=20.8 mA,R=576 Q.

SR — <
o.4mA<D Vs Sh-t6mw C+>12V Sr-osw

+
1
(@ (b)
FIGURE E2.2
E2.3 The power absorbed by G, in Fig. E2.3 is 50 mW. Find G,. Answer:

G, = 500 uS.

A

10V Cj) G,

FIGURE E2.3

\4

22 | Kirchhoff’s Laws

The circuits we have considered previously have all contained a single resistor, and we
have analyzed them using Ohm’s law. At this point we begin to expand our capabilities to
handle more complicated networks that result from an interconnection of two or more of
these simple elements. We will assume that the interconnection is performed by electrical
conductors (wires) that have zero resistance—that is, perfect conductors. Because the wires
have zero resistance, the energy in the circuit is in essence lumped in each element, and we
employ the term lumped-parameter circuit to describe the network.

To aid us in our discussion, we will define a number of terms that will be employed
throughout our analysis. As will be our approach throughout this text, we will use examples
to illustrate the concepts and define the appropriate terms. For example, the circuit shown
in Fig. 2.5a will be used to describe the terms node, loop, and branch. A node is simply a
point of connection of two or more circuit elements. The reader is cautioned to note that,
although one node can be spread out with perfect conductors, it is still only one node. This
is illustrated in Fig. 2.5b, where the circuit has been redrawn. Node 5 consists of the entire
bottom connector of the circuit.

If we start at some point in the circuit and move along perfect conductors in any direc-
tion until we encounter a circuit element, the total path we cover represents a single node.



(a) (b)

m Circuit used to illustrate KCL.

Therefore, we can assume that a node is one end of a circuit element together with all the
perfect conductors that are attached to it. Examining the circuit, we note that there are nu-
merous paths through it. A loop is simply any closed path through the circuit in which no node
is encountered more than once. For example, starting from node 1, one loop would contain
the elements R;, v,, R4, and i;; another loop would contain R,, vy, v,, Ry, and i;; and so on.
However, the path R;, v, Rs, 05, Rz, and i is not a loop because we have encountered node 3
twice. Finally, a branch is a portion of a circuit containing only a single element and the nodes
at each end of the element. The circuit in Fig. 2.5 contains eight branches.

Given the previous definitions, we are now in a position to consider Kirchhoff’s laws,
named after German scientist Gustav Robert Kirchhoff. These two laws are quite simple but
extremely important. We will not attempt to prove them because the proofs are beyond our
current level of understanding. However, we will demonstrate their usefulness and attempt to
make the reader proficient in their use. The first law is Kirchhoff’s current law (KCL), which
states that the algebraic sum of the currents entering any node is zero (see HINT 2.2). In math-
ematical form the law appears as

N
Sim=0 2.7
j=1

where i;(£) is the jth current entering the node through branch j and Nis the number of branches

connected to the node. To understand the use of this law, consider node 3 shown in Fig. 2.5.

Applying Kirchhoff’s current law to this node yields

(D) — 14(0) + 15() — () = 0

We have assumed that the algebraic signs of the currents entering the node are positive and,
therefore, that the signs of the currents leaving the node are negative.
If we multiply the foregoing equation by —1, we obtain the expression

—ip() +14(0) — i5() + () = 0

which simply states that the algebraic sum of the currents leaving a node is zero. Alternatively,
we can write the equation as

(D) +15(0) = 14(0) + 17(0)

which states that the sum of the currents entering a node is equal to the sum of the currents
leaving the node. Both of these italicized expressions are alternative forms of Kirchhoff’s cur-
rent law.

Once again it must be emphasized that the latter statement means that the sum of the
variables that have been defined entering the node is equal to the sum of the variables that have
been defined leaving the node, not the actual currents. For example, i)(f) may be defined enter-
ing the node, but if its actual value is negative, there will be positive charge leaving the node.

2.2 Kirchhoff’s Laws

HINT 2.2

25

KCL is an extremely import-

ant and useful law.
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Note carefully that Kirchhoff’s current law states that the algebraic sum of the currents
either entering or leaving a node must be zero. We now begin to see why we stated in Chap-
ter 1 that it is critically important to specify both the magnitude and the direction of a current.
Recall that current is charge in motion. Based on our background in physics, charges cannot
be stored at a node. In other words, if we have a number of charges entering a node, then an
equal number must be leaving that same node. Kirchhoff’s current law is based on this prin-
ciple of conservation of charge.

Finally, it is possible to generalize Kirchhoff’s current law to include a closed surface. By
a closed surface we mean some set of elements completely contained within the surface that
are interconnected. Since the current entering each element within the surface is equal to that
leaving the element (i.e., the element stores no net charge), it follows that the current entering
an interconnection of elements is equal to that leaving the interconnection. Therefore, Kirch-
hoff’s current law can also be stated as follows: The algebraic sum of the currents entering any
closed surface is zero.

EXAMPLE 2.5

Let us write KCL for every node in the network in Fig. 2.5, assuming that the currents leaving the
node are positive.

Solution The KCL equations for nodes 1 through 5 are

=i () + (D + i) =0

L(D) =iy +ig(H=0

—iy(0) +iy() — is(O + () =0

—is(f) +is(5) —ig() =0

—ig(t) = i(D) + ig() = 0
Note carefully that if we add the first four equations, we obtain the fifth equation. What does
this tell us? Recall that this means that this set of equations is not linearly independent. We can
show that the first four equations are, however, linearly independent. Store this idea in memory

because it will become very important when we learn how to write the equations necessary to
solve for all the currents and voltages in a network in the following chapter.

EXAMPLE 2.6
The network in Fig. 2.5 is represented by the topological diagram shown in Fig. 2.6. We wish to
find the unknown currents in the network.
®
I, 60 mA 20mA
I ® I
@ ®
Ig 40 mA 30 mA
®
m Topological diagram for the
v v

circuit in Fig. 2.5.



[ Solution Assuming the currents leaving the node are positive, the KCL equations for nodes 1
through 4 are

—I, +0.06 +0.02 =0
L-I+I,=0
—0.06+I,—Is+0.04=0
—0.02+ 15— 0.03=0

The first equation yields I;, and the last equation yields I5s. Knowing I5, we can immediately obtain
I, from the third equation. Then the values of I; and I, yield the value of I, from the second equa-
tion. The results are I; = 80 mA, I, = 70 mA, Is = 50 mA, and Iy = —10 mA.

As indicated earlier, dependent or controlled sources are very important because we en-
counter them when analyzing circuits containing active elements such as transistors. The
following example presents a circuit containing a current-controlled current source.

EXAMPLE 2.7

Let us write the KCL equations for the circuit shown in Fig. 2.7.

R

A

\'4

i ()

Ry in(t)
® VWA ®<€>: ©)

Ci) vy(D) %R,% %R4

is(f) i3(0) iy(1)

[N Circuit containing a

dependent current source.

Solution The KCL equations for nodes 1 through 4 follow:

L() + (0 —is(H) =0
—iy(£) + i5(8) — 50i,(£) = 0
—iy(£) + 50iy(t) + ig(£) = 0

I5(8) — i5(0) — (1) = 0

If we added the first three equations, we would obtain the negative of the fourth. What does this
tell us about the set of equations?

Kirchhoff’s second law, called Kirchhoff’s voltage law (KVL), states that the algebraic sum of
the voltages around any loop is zero. As was the case with Kirchhoff’s current law, we will defer
the proof of this law and concentrate on understanding how to apply it. Once again the reader is
cautioned to remember that we are dealing only with lumped-parameter circuits. These circuits
are conservative, meaning that the work required to move a unit charge around any loop is zero.

In Chapter 1, we related voltage to the difference in energy levels within a circuit and
talked about the energy conversion process in a flashlight. Because of this relationship bet-
ween voltage and energy, Kirchhoff’s voltage law is based on the conservation of energy.

2.2 Kirchhoff’s Laws 27
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Recall that in Kirchhoff’s current law, the algebraic sign was required to keep track of
whether the currents were entering or leaving a node. In Kirchhoff’s voltage law, the algebraic
sign is used to keep track of the voltage polarity. In other words, as we traverse the circuit, it is
necessary to sum to zero the increases and decreases in energy level. Therefore, it is important
we keep track of whether the energy level is increasing or decreasing as we go through each
element.

EXAMPLE 2.8

Let us find I, and I; in the network represented by the topological diagram in Fig. 2.6.

Solution This diagram is redrawn in Fig. 2.8; node 1 is enclosed in surface 1, and nodes 3 and 4
are enclosed in surface 2. A quick review of the previous example indicates that we derived a value
for I, from the value of Is. However, I5 is now completely enclosed in surface 2. If we apply KCL to
surface 2, assuming the currents out of the surface are positive, we obtain

1,—0.06 —0.02—-0.03+0.04=0
or
I, =70 mA

which we obtained without any knowledge of I5. Likewise for surface 1, what goes in must come
out, and, therefore, I; = 80 mA. The reader is encouraged to cut the network in Fig. 2.6 into two
pieces in any fashion and show that KCL is always satisfied at the boundaries.

Surface 1

\\’_//—\_/
1 60 mA 20 mA

. —

Iy
Surface 2

[ —

I 40 mA 30 mA

m Diagram used to demonstrate

KCL for a surface.

Learning Assessments
E2.4 Given the networks in Fig. E2.3, find (a) I; in Fig. E2.4a and (b) I in Fig. E2.4b. Answer:
50 mA (a) I =-50 mA;
(b) It = 70 mA.
< < <
® =D g g g

I 10 mA 40 mA 20 mA
(@) (b)

FIGURE E2.4



E2.5 Find (a) I; in the network in Fig. E2.5a and (b) I; and I, in the circuit in Fig. E2.5b.
VWA

1
! 12 mA

3 CT 10 mA § CJ_D

4 mA I, 3mA I 4 mA

VW
v’\/\lA
v’\/\l‘

(@) (b)
FIGURE E2.5

E2.6 Find the current i, in the circuits in Fig. E2.6.

Q sma 3R 1Oix<1> %Rl " Q 0mA Sk

iy iy 12 mA

(@ (b)
FIGURE E2.6

2.2 Kirchhoff’s Laws

Answer:
(a) I = 6 mA;
(b) I, =8 mA and I, = 5 mA.

Answer:
(a) i, =4 mA;
(b)i, =12 mA.

29

In applying KVL, we must traverse any loop in the circuit and sum to zero the increases
and decreases in energy level. At this point, we have a decision to make. Do we want to con-
sider a decrease in energy level as positive or negative? We will adopt a policy of considering
a decrease in energy level as positive and an increase in energy level as negative. As we move
around a loop, we encounter the plus sign first for a decrease in energy level and a negative
sign first for an increase in energy level.

Finally, we employ the convention V,;, to indicate the voltage of point a with respect
to point b; that is, the variable for the voltage between point a and point b, with point a
considered positive relative to point b. Since the potential is measured between two points,
it is convenient to use an arrow between the two points, with the head of the arrow located

EXAMPLE 2.9

Consider the circuit shown in Fig. 2.9. If V and Vg, are known quantities, let us find V.

a R, b /‘\ c

WW—e h
TS -,
R, 5V +
3ov<j> Ry S Vi,
) -
o—
RS-

m Circuit used to illustrate KVL.

Solution Starting at point a in the network and traversing it in a clockwise direction, we obtain
the equation

+VR1_S+VRZ_15+VR3_3O=O
which can be written as
+Vig, + Vi, + Vi, =5 +15+ 30
=50

Now suppose that Vi and Vi, are known to be 18 V and 12 V, respectively. Then Vi =20 V.
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EXAMPLE 2.10

Consider the network in Fig. 2.10.

a + VR, - b + VR, - ¢ + VRy - d
[ 'A% VWA A%
R, R, R,
+
<
R
4$’VR4

Cj) 24V e 8V Ci)

m Circuit used to explain KVL.

Let us demonstrate that only two of the three possible loop equations are linearly independent.

Solution Note that this network has three closed paths: the left loop, right loop, and outer loop.
Applying our policy for writing KVL equations and traversing the left loop starting at point a, we
obtain

Vg, + Vg, —16-24=0
The corresponding equation for the right loop starting at point b is
Vi, + Vg, +8+16—Vg =0
The equation for the outer loop starting at point a is
VR, + Vg, + Vg, +8—-24=0

Note that if we add the first two equations, we obtain the third equation. Therefore, as we indi-
cated in Example 2.5, the three equations are not linearly independent. Once again, we will ad-
dress this issue in the next chapter and demonstrate that we need only the first two equations to
solve for the voltages in the circuit.

at the positive node. Note that the double-subscript notation, the + and — notation, and the
single-headed arrow notation are all the same if the head of the arrow is pointing toward the
positive terminal and the first subscript in the double-subscript notation. All of these equiva-
lent forms for labeling voltages are shown in Fig. 2.11. The usefulness of the arrow notation
stems from the fact that we may want to label the voltage between two points that are far apart

in a network. In this case, the other notations are often confusing.

a a
o—y o— o— o—¢
+ + + +
+ +
Vx = Vab [1] Vx = Va [1] Vo Vx = Vu [1] Vo Vx = Vub = Va VO [1 v,
O O (e, O
b b

(a)

(b) © (d

m Equivalent forms for labeling voltage.
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EXAMPLE 2.11

Consider the network in Fig. 2.12a. Let us apply KVL to determine the voltage between two
points. Specifically, in terms of the double-subscript notation, let us find V,, and V.

12V

a +16V-— « +16V—

v’\/\l‘ v’\/\l‘
R, \
24V Ci) 24V C_D Ve
Ry e \ e /
v’\/\l‘ v’\/\l‘
f —10v+ f —1ov+
(a) (b)

m Network used in Example 2.11.

Solution The circuit is redrawn in Fig. 2.12b. Since points a and e as well as e and c are not
physically close, the arrow notation is very useful. Our approach to determining the unknown
voltage is to apply KVL with the unknown voltage in the closed path. Therefore, to determine
V4> We can use the path aefa or abedea. The equations for the two paths in which V,, is the only
unknown are

Vie+10—24=0
and
16—12+4+6—V,=0

Note that both equations yield V,, = 14 V. Even before calculating V,,, we could calculate V,. using
the path cdec or cefabc. However, since V,, is now known, we can also use the path ceabc. KVL for
each of these paths is

446+ V,=0
—V,e+10—-24+16—12=0

and
~Ve—V,+16—-12=0

Each of these equations yields V,. = —10 V.

In general, the mathematical representation of Kirchhoff’s voltage law is

N
> =0 2.8
j=1

where v(t) is the voltage across the jth branch (with the proper reference direction) in a HINT 2.3

loop containing N voltages (see HINT 2.3). This expression is analogous to Eq. (2.7) for KVL is an extremely import-

Kirchhoff’s current law. ant and useful law.
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EXAMPLE 2.12

Given the network in Fig. 2.13 containing a dependent source, let us write the KVL equations for
the two closed paths: abda and bcdb.

V
a +Rl_

Rl
+ 20 Vg, +

Vs Ci) Vi, %Rz Ry % Vk,

d

m Network containing a

dependent source.

Solution The two KVL equations are

VR1+VR2_VS=0
ZOVR‘ + VR3 - VRz =0

Learning Assessments

E2.7 Find I, and [, in Fig. E2.7. Answer:
I, =2mA;
VWA ; I, =4mA.

o

VWA
D
/
o
3
>

I, 1mA
FIGURE E2.7
E2.8 Find V,;and V,, in the network in Fig. E2.8. Answer:
a m b Y ¢ V=26V,
U —v4 v+ Ve =10 V.
24V
+ J n
vz Oev
— NN ————NN—
footev— e Tnpvo d
FIGURE E2.8
E2.9 Find V,, in the circuit in Fig. E2.9. Answer:
_ Vig=11V.
a4 Vi, _by Ve, =1V _ ¢ b
VWA VWA
+
12V Ci) Via <i> 10 VR1
d

FIGURE E2.9




(b) ()

m Circuits used to explain Ohm’s law.

Before proceeding with the analysis of simple circuits, it is extremely important that we
emphasize a subtle but very critical point (see HINT 2.4). Ohm’s law as defined by the equa-
tion V = IR refers to the relationship between the voltage and current as defined in Fig. 2.14a.
If the direction of either the current or the voltage, but not both, is reversed, the relationship
between the current and the voltage would be V = —IR. In a similar manner, given the cir-
cuit in Fig. 2.14b, if the polarity of the voltage between the terminals A and B is specified as
shown, then the direction of the current I is from point B through R to point A. Likewise, in
Fig. 2.14c, if the direction of the current is specified as shown, then the polarity of the voltage
must be such that point D is at a higher potential than point C and, therefore, the arrow rep-
resenting the voltage V is from point C to point D.

23 | Single-Loop Circuits

Voltage Division

At this point, we can begin to apply the laws presented earlier to the analysis of simple circuits.
To begin, we examine what is perhaps the simplest circuit—a single closed path, or loop, of
elements.

Applying KCL to every node in a single-loop circuit reveals that the same current flows
through all elements. We say that these elements are connected in series because they carry
the same current. We will apply Kirchhoff’s voltage law and Ohm’s law to the circuit to deter-
mine various quantities in the circuit.

Our approach will be to begin with a simple circuit and then generalize the analysis to
more complicated ones. The circuit shown in Fig. 2.15 will serve as a basis for discussion.
This circuit consists of an independent voltage source that is in series with two resistors. We
have assumed that the current flows in a clockwise direction. If this assumption is correct, the
solution of the equations that yields the current will produce a positive value. If the current
is actually flowing in the opposite direction, the value of the current variable will simply be
negative, indicating that the current is flowing in a direction opposite to that assumed. We have
also made voltage polarity assignments for vg and vg,. These assignments have been made
using the convention employed in our discussion of Ohm’s law and our choice for the direction
of i(t)—that is, the convention shown in Fig. 2.14a.

Applying Kirchhoff’s voltage law to this circuit yields

—u(t) + vg, +vg, =0
or
u(t) = vg, + Vg,
However, from Ohm’s law we know that

le = Rll(t)
DR2 = Rzl(t)
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HINT 2.4

The subtleties associated
with Ohm’s law, as de-
scribed here, are important
and must be adhered to in
order to ensure that the
variables have the proper
sign.

i1

) +
Rl éDRl

) Ci)

d +
R, éuRz

m Single-loop circuit.
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HINT 2.5

The manner in which
voltage divides between
two series resistors.

Therefore,
u(t) = R;i(t) + R,i(t)

Solving the equation for i(¢) yields
t
i) = 20
R, +R,
Knowing the current, we can now apply Ohm’s law to determine the voltage across each
resistor:

2.9

le = Rll(t)

(1)

:R1

R,
=R+ 1,00

Similarly,
R
Vg, = m’u(t) 211

Though simple, Egs. (2.10) and (2.11) are very important because they describe the opera-
tion of what is called a voltage divider. In other words, the source voltage v(t) is divided between
the resistors R, and R, in direct proportion to their resistances (see HINT 2.5).

In essence, if we are interested in the voltage across the resistor R,, we bypass the calcula-
tion of the current i(f) and simply multiply the input voltage v(t) by the ratio

R

As illustrated in Eq. (2.10), we are using the current in the calculation, but not explicitly.
Note that the equations satisfy Kirchhoff’s voltage law, since

Ry R,
—u(t) + R+ R, v(t) + R +R, () =0

EXAMPLE 2.13

Consider the circuit shown in Fig. 2.16. The circuit is identical to Fig. 2.15, except that R,
is a variable resistor such as the volume control for a radio or television set. Suppose that
V=9V, R, =90kQ, and R, = 30 kQ.

Let us examine the change in both the voltage across R, and the power absorbed in this resistor
as R, is changed from 90 kQ to 15 kQ.

m Voltage-divider circuit.




A

' Solution Since this is a voltage-divider circuit, the voltage V, can be obtained directly as

_[_R
VZ_[R1+R2

Vs

_[ 30k
| 90k + 30k

=225V

(C)]

Now suppose that the variable resistor is changed from 90 kQ to 15 kQ. Then

[ 30k
V2= [ 30k + 15k](9)

=6V

The direct voltage-divider calculation is equivalent to determining the current I and then
using Ohm’s law to find V,. Note that the larger voltage is across the larger resistance. This
voltage-divider concept and the simple circuit we have employed to describe it are very useful
because, as will be shown later, more complicated circuits can be reduced to this form.

Finally, let us determine the instantaneous power absorbed by the resistor R, under the
two conditions R; = 90 kQ and R, = 15 kQ. For the case R, = 90 kQ, the power absorbed
by R, is
9

P, =I'R, = (120k

)2(30k)

=0.169 mW

In the second case

P,= (%)2(3010

=1.2mW

The current in the first case is 75 pA, and in the second case, it is 200 pA. Since the power
absorbed is a function of the square of the current, the power absorbed in the two cases is
quite different.

A

Let us now demonstrate the practical utility of this simple voltage-divider network.

EXAMPLE 2.14

Consider the circuit in Fig. 2.17a, which is an approximation of a high-voltage dc transmis-
sion facility. We have assumed that the bottom portion of the transmission line is a perfect
conductor and will justify this assumption in the next chapter. The load can be represented
by a resistor of value 183.5 Q. Therefore, the equivalent circuit of this network is shown in
Fig. 2.17b.

Line resistance is 0.04125 Q)/mile 2 KA
O VWA O
2 kA 16.5 Q +

<
CJ—D A00kY Load [:l Ci 400kV  Viow é 18350

Perfect conductor

O O
A\ O

400-mile transmission line

(a) (b)

y HAASREA A high-voltage dc transmission facility.
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Let us determine both the power delivered to the load and the power losses in the line.

Solution Using voltage division, the load voltage is

183.5
183.5 +16.5

=367kV

] (400K)

Vioad =

The input power is 800 MW, and the power transmitted to the load is

Therefore, the power loss in the transmission line is

Pline = Pin — Pioaq = Ileine
=66 MW

Since P = VI, suppose now that the utility company supplied power at 200 kV and 4 kA. What effect
would this have on our transmission network? Without making a single calculation, we know that
because power is proportional to the square of the current, there would be a large increase in the
power loss in the line and, therefore, the efficiency of the facility would decrease substantially. That
is why, in general, we transmit power at high voltage and low current.

Multiple-Source/Resistor Networks

At this point, we wish to extend our analysis to include a multiplicity of voltage sources and
resistors. For example, consider the circuit shown in Fig. 2.18a. Here we have assumed that
the current flows in a clockwise direction, and we have defined the variable i(t) accordingly.
This may or may not be the case, depending on the value of the various voltage sources. Kirch-
hoff’s voltage law for this circuit is

+og, + V(8) — v3(8) + Vg, + V4(E) + vs5(1) — v1(£) =0
or, using Ohm’s law,
(R + Ry)i(t) = v1(t) — vy(t) + v3(8) — v4(t) — v5(H)
which can be written as
(R; + Ryi(t) = v(t)
where
() = v1(8) + V3() — [Va(1) + V() + vs5(1)]

so that under the preceding definitions, Fig. 2.18a is equivalent to Fig. 2.18b. In other words,
the sum of several voltage sources in series can be replaced by one source whose value is the
algebraic sum of the individual sources. This analysis can, of course, be generalized to a circuit
with N series sources.

Now consider the circuit with N resistors in series, as shown in Fig. 2.19a. Applying
Kirchhoff’s voltage law to this circuit yields

u(t) =vg, + Vg, + - -+ g,
= Ryi(t) + Ryi(t) + - - - + Ryi(0)



