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Preface

The first edition of Electric Circuits, an introductory circuits text, was pub-
lished in 1983. It included 100 worked examples and about 600 problems. It
did not include a student workbook, supplements for PSpice or MultiSim,
or any web support. Support for instructors was limited to a solution man-
ual for the problems and enlarged copies of many text figures, suitable for
making transparencies.

Much has changed in the 31 years since Electric Circuits first appeared,
and during that time this text has evolved to better meet the needs of both
students and their instructors. As an example, the text now includes about
150 worked examples, about 1850 problems, and extensive supplements
and web content. The tenth edition is designed to revise and improve the
material presented in the text, in its supplements, and on the web. Yet the
fundamental goals of the text are unchanged. These goals are:

+ To build an understanding of concepts and ideas explicitly in terms of
previous learning. Students are constantly challenged by the need to
layer new concepts on top of previous concepts they may still be
struggling to master. This text provides an important focus on helping
students understand how new concepts are related to and rely upon
concepts previously presented.

- To emphasize the relationship between conceptual understanding
and problem-solving approaches. Developing problem-solving skills
continues to be the central challenge in a first-year circuits course. In
this text we include numerous Examples that present problem-
solving techniques followed by Assessment Problems that enable
students to test their mastery of the material and techniques intro-
duced. The problem-solving process we illustrate is based on con-
cepts rather than the use of rote procedures. This encourages
students to think about a problem before attempting to solve it.

« To provide students with a strong foundation of engineering prac-
tices. There are limited opportunities in a first-year circuit analysis
course to introduce students to realistic engineering experiences. We
continue to take advantage of the opportunities that do exist by
including problems and examples that use realistic component values
and represent realizable circuits. We include many problems related
to the Practical Perspective problems that begin each chapter. We
also include problems intended to stimulate the students’ interest in
engineering, where the problems require the type of insight typical of
a practicing engineer.

WHY THIS EDITION?

The tenth edition revision of Electric Circuits began with a thorough
review of the text. This review provided a clear picture of what matters
most to instructors and their students and led to the following changes:

- Problem solving is fundamental to the study of circuit analysis.
Having a wealth of new problems to assign and work is a key to suc-
cess in any circuits course. Therefore, existing end-of-chapter prob-
lems were revised, and new end-of-chapter problems were added. As
a result, more than 40% of the problems in the tenth edition have
never appeared in any previous edition of the text.

xvii
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« Both students and instructors want to know how the generalized
techniques presented in a first-year circuit analysis course relate to
problems faced by practicing engineers. The Practical Perspective
problems provide this connection between circuit analysis and the
real world. We have created new Practical Perspective problems for
Chapters 2,3,6,7,8,and 10. Many of the new problems represent the
world of the 21st century. Each Practical Perspective problem is
solved, at least in part, at the end of the chapter, and additional end-
of-chapter problems can be assigned to allow students to explore the
Practical Perspective topic further.

- The PSpice and Multisim manuals have been revised to include
screenshots from the most recent versions of these software simula-
tion applications. Each manual presents the simulation material in
the same order as the material is presented in the text. These manu-
als continue to include examples of circuits to be simulated that are
drawn directly from the text. The text continues to indicate end-of-
chapter problems that are good candidates for simulation using
either PSpice or Multisim.

e Students who could benefit from additional examples and practice
problems can use the Student Workbook, which has been revised to
reflect changes to the tenth edition of the text. This workbook has
examples and problems covering the following material: balancing
power, simple resistive circuits, node voltage method, mesh current
method, Thévenin and Norton equivalents, op amp circuits, first-
order circuits, second-order circuits, AC steady-state analysis, and
Laplace transform circuit analysis.

e The Student Workbook now includes access to Video Solutions,
complete, step-by-step solution walkthroughs to representative
homework problems.

¢ Learning Catalytics, a “bring your own device” student engagement,
assessment, and classroom intelligence system is now available with
the tenth edition. With Learning Catalytics you can:

* Use open-ended questions to get into the minds of students to
understand what they do or don’t know and adjust lectures
accordingly.

e Use a wide variety of question types to sketch a graph, annotate a
circuit diagram, compose numeric or algebraic answers, and more.

e Access rich analytics to understand student performance.

® Use pre-built questions or add your own to make Learning
Catalytics fit your course exactly.

¢ MasteringEngineering is an online tutorial and assessment program
that provides students with personalized feedback and hints and
instructors with diagnostics to track students’ progress. With the tenth
edition, MasteringEngineering will offer new tutorial homework prob-
lems, Coaching Activities, and Adaptive Follow-Up assignments. Visit
www.masteringengineering.com for more information.

HALLMARK FEATURES
Chapter Problems

Users of Electric Circuits have consistently rated the Chapter Problems
as one of the book’s most attractive features. In the tenth edition, there
are over 1650 end-of-chapter problems with approximately 40% that
have never appeared in a previous edition. Problems are organized at
the end of each chapter by section.



Practical Perspectives

The tenth edition continues the use of Practical Perspectives introduced
with the chapter openers. They offer examples of real-world circuits, taken
from real-world devices. The Practical Perspectives for six of the chapters
are brand new to this edition. Every chapter begins with a brief descrip-
tion of a practical application of the material that follows. Once the chap-
ter material is presented, the chapter concludes with a quantitative
analysis of the Practical Perspective application. A group of end-of-chap-
ter problems directly relates to the Practical Perspective application.
Solving some of these problems enables you to understand how to apply
the chapter contents to the solution of a real-world problem.

Assessment Problems

Each chapter begins with a set of chapter objectives. At key points in the
chapter, you are asked to stop and assess your mastery of a particular
objective by solving one or more assessment problems. The answers to all
of the assessment problems are given at the conclusion of each problem, so
you can check your work. If you are able to solve the assessment problems
for a given objective, you have mastered that objective. If you need more
practice, several end-of-chapter problems that relate to the objective are
suggested at the conclusion of the assessment problems.

Examples

Every chapter includes many examples that illustrate the concepts
presented in the text in the form of a numeric example. There are
nearly 150 examples in this text. The examples are intended to illus-
trate the application of a particular concept, and also to encourage
good problem-solving skills.

Fundamental Equations and Concepts

Throughout the text, you will see fundamental equations and concepts
set apart from the main text. This is done to help you focus on some of the
key principles in electric circuits and to help you navigate through the
important topics.

Integration of Computer Tools

Computer tools can assist students in the learning process by providing a
visual representation of a circuit’s behavior, validating a calculated solu-
tion, reducing the computational burden of more complex circuits, and
iterating toward a desired solution using parameter variation. This compu-
tational support is often invaluable in the design process. The tenth edition
includes the support of PSpice® and Multisim®, both popular computer
tools for circuit simulation and analysis. Chapter problems suited for
exploration with PSpice and Multisim are marked accordingly.

Design Emphasis

The tenth edition continues to support the emphasis on the design of cir-
cuits in many ways. First, many of the Practical Perspective discussions
focus on the design aspects of the circuits. The accompanying Chapter
Problems continue the discussion of the design issues in these practical
examples. Second, design-oriented Chapter Problems have been labeled
explicitly, enabling students and instructors to identify those problems
with a design focus. Third, the identification of problems suited to explo-
ration with PSpice or Multisim suggests design opportunities using these
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software tools. Fourth, some problems in nearly every chapter focus on the
use of realistic component values in achieving a desired circuit design.
Once such a problem has been analyzed, the student can proceed to a lab-
oratory to build and test the circuit, comparing the analysis with the meas-
ured performance of the actual circuit.

Accuracy

All text and problems in the tenth edition have undergone our strict
hallmark accuracy checking process, to ensure the most error-free book
possible.

RESOURCES FOR STUDENTS

MasteringEngineering. MasteringEngineering provides tutorial home-
work problems designed to emulate the instructor’s office hour environ-
ment, guiding students through engineering concepts with self-paced
individualized coaching. These in-depth tutorial homework problems pro-
vide students with feedback specific to their errors and optional hints that
break problems down into simpler steps. Visit www.masteringengineering
.com for more information.

Student Workbook. This resource teaches students techniques for solving
problems presented in the text. Organized by concepts, this is a valuable
problem-solving resource for all levels of students.

The Student Workbook now includes access to Video Solutions, com-
plete, step-by-step solution walkthroughs to representative homework
problems.

Introduction to Multisim and Introduction to PSpice Manuals — Updated
for the tenth edition, these manuals are excellent resources for those wish-
ing to integrate PSpice or Multisim into their classes.

RESOURCES FOR INSTRUCTORS

All instructor resources are available for download at www.pearson
highered.com. If you are in need of a login and password for this site,
please contact your local Pearson representative.

Instructor Solutions Manual — Fully worked-out solutions to Assessment
Problems and end-of-chapter problems.

PowerPoint lecture images— All figures from the text are available in
PowerPoint for your lecture needs. An additional set of full lecture slides
with embedded assessment questions are available upon request.

MasteringEngineering. This online tutorial and assessment program
allows you to integrate dynamic homework with automated grading and
personalized feedback. MasteringEngineering allows you to easily track
the performance of your entire class on an assignment-by-assignment
basis, or the detailed work of an individual student. For more information
visit www.masteringengineeing.com.

Learning Catalytics —This “bring your own device” student engagement,
assessment and classroom intelligence system enables you to measure
student learning during class, and adjust your lectures accordingly. A wide
variety of question and answer types allows you to author your own
questions, or you can use questions already authored into the system. For
more information visit www.learningcatalytics.com.



PREREQUISITES

In writing the first 12 chapters of the text, we have assumed that the
reader has taken a course in elementary differential and integral calculus.
We have also assumed that the reader has had an introductory physics
course, at either the high school or university level, that introduces the
concepts of energy, power, electric charge, electric current, electric poten-
tial, and electromagnetic fields. In writing the final six chapters, we have
assumed the student has had, or is enrolled in, an introductory course in
differential equations.

COURSE OPTIONS

The text has been designed for use in a one-semester, two-semester, or a
three-quarter sequence.

o Single-semester course: After covering Chapters 1-4 and Chapters 610
(omitting Sections 7.7 and 8.5) the instructor can choose from
Chapter 5 (operational amplifiers), Chapter 11 (three-phase circuits),
Chapters 13 and 14 (Laplace methods), and Chapter 18 (Two-Port
Circuits) to develop the desired emphasis.

» Two-semester sequence: Assuming three lectures per week, the first
nine chapters can be covered during the first semester, leaving
Chapters 10-18 for the second semester.

o Academic quarter schedule: The book can be subdivided into three
parts: Chapters 1-6, Chapters 7-12, and Chapters 13-18.

The introduction to operational amplifier circuits in Chapter 5 can be
omitted without interfering with the reading of subsequent chapters. For
example, if Chapter 5 is omitted, the instructor can simply skip Section 7.7,
Section 8.5, Chapter 15, and those assessment problems and end-of-
chapter problems in the chapters following Chapter 5 that pertain to oper-
ational amplifiers.

There are several appendixes at the end of the book to help readers
make effective use of their mathematical background. Appendix A reviews
Cramer’s method of solving simultaneous linear equations and simple
matrix algebra; complex numbers are reviewed in Appendix B; Appendix C
contains additional material on magnetically coupled coils and ideal trans-
formers; Appendix D contains a brief discussion of the decibel; Appendix E
is dedicated to Bode diagrams; Appendix F is devoted to an abbreviated
table of trigonometric identities that are useful in circuit analysis; and an
abbreviated table of useful integrals is given in Appendix G. Appendix H
provides tables of common standard component values for resistors, induc-
tors, and capacitors, to be used in solving many end-of-chapter problems.
Selected Answers provides answers to selected end-of-chapter problems.
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We are very grateful for the many instructors and students who
have done formal reviews of the text or offered positive feedback
and suggestions for improvement more informally. We are pleased to
receive email from instructors and students who use the book, even
when they are pointing out an error we failed to catch in the review
process. We have been contacted by people who use our text from all
over the world, and we thank all of you for taking the time to do so. We
use as many of your suggestions as possible to continue to improve the
content, the pedagogy, and the presentation in this text. We are privi-
leged to have the opportunity to impact the educational experience of
the many thousands of future engineers who will use this text.
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Circuit Variables

CHAPTER CONTENTS

1.1 Electrical Engineering: An Overview p. 4
1.2 The International System of Units p. 8
1.3 Circuit Analysis: An Overview p. 10

1.4 Voltage and Current p. 11

1.5 The Ideal Basic Circuit Element p. 12
1.6 Power and Energy p. 14

o CHAPTER OBJECTIVES

1 Understand and be able to use SI units and the
standard prefixes for powers of 10.

2 Know and be able to use the definitions of
voltage and current.

3 Know and be able to use the definitions of
power and energy.
4 Be able to use the passive sign convention to

calculate the power for an ideal basic circuit
element given its voltage and current.

Electrical engineering is an exciting and challenging profession
for anyone who has a genuine interest in, and aptitude for,
applied science and mathematics. Over the past century and a
half, electrical engineers have played a dominant role in the
development of systems that have changed the way people live
and work. Satellite communication links, telephones, digital com-
puters, televisions, diagnostic and surgical medical equipment,
assembly-line robots, and electrical power tools are representa-
tive components of systems that define a modern technological
society. As an electrical engineer, you can participate in this ongo-
ing technological revolution by improving and refining these
existing systems and by discovering and developing new systems
to meet the needs of our ever-changing society.

As you embark on the study of circuit analysis, you need to
gain a feel for where this study fits into the hierarchy of topics
that comprise an introduction to electrical engineering. Hence we
begin by presenting an overview of electrical engineering, some
ideas about an engineering point of view as it relates to circuit
analysis, and a review of the international system of units.

We then describe generally what circuit analysis entails. Next,
we introduce the concepts of voltage and current. We follow these
concepts with discussion of an ideal basic element and the need
for a polarity reference system. We conclude the chapter by
describing how current and voltage relate to power and energy.
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Practical Perspective

Balancing Power

One of the most important skills you will develop is the
ability to check your answers for the circuits you design
and analyze using the tools developed in this text. A com-
mon method used to check for valid answers is to balance
the power in the circuit. The linear circuits we study have
no net power, so the sum of the power associated with each
circuit component must be zero. If the total power for
the circuit is zero, we say that the power balances, but if
the total power is not zero, we need to find the errors in
our calculation.

As an example, we will consider a very simple model for
the distribution of electricity to a typical home, as shown

below. (Note that a more realistic model will be investigated
in the Practical Perspective for Chapter 9.) The components
labeled a and b represent the electrical source to the home.
The components labeled c, d, and e represent the wires that
carry the electrical current from the source to the devices in
the home requiring electrical power. The components labeled
f, g, and h represent lamps, televisions, hair dryers, refriger-
ators, and other devices that require power.

Once we have introduced the concepts of voltage, current,
power, and energy, we will examine this circuit model in detail,
and use a power balance to determine whether the results of
analyzing this circuit are correct.
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Figure 1.1 A A telephone system.

1.1 Electrical Engineering: An Overview

Electrical engineering is the profession concerned with systems that
produce, transmit, and measure electric signals. Electrical engineering
combines the physicist’s models of natural phenomena with the mathe-
matician’s tools for manipulating those models to produce systems that
meet practical needs. Electrical systems pervade our lives; they are found
in homes, schools, workplaces, and transportation vehicles everywhere.
We begin by presenting a few examples from each of the five major class-
ifications of electrical systems:

e communication systems
« computer systems
 control systems

« power systems

 signal-processing systems

Then we describe how electrical engineers analyze and design such systems.

Communication systems are electrical systems that generate, trans-
mit, and distribute information. Well-known examples include television
equipment, such as cameras, transmitters, receivers, and VCRs; radio tele-
scopes, used to explore the universe; satellite systems, which return images
of other planets and our own; radar systems, used to coordinate plane
flights; and telephone systems.

Figure 1.1 depicts the major components of a modern telephone sys-
tem. Starting at the left of the figure, inside a telephone, a microphone turns
sound waves into electric signals. These signals are carried to a switching
center where they are combined with the signals from tens, hundreds, or
thousands of other telephones. The combined signals leave the switching
center; their form depends on the distance they must travel. In our example,
they are sent through wires in underground coaxial cables to a microwave
transmission station. Here, the signals are transformed into microwave fre-
quencies and broadcast from a transmission antenna through air and space,
via a communications satellite, to a receiving antenna. The microwave
receiving station translates the microwave signals into a form suitable for
further transmission, perhaps as pulses of light to be sent through fiber-optic
cable. On arrival at the second switching center, the combined signals are
separated, and each is routed to the appropriate telephone, where an ear-
phone acts as a speaker to convert the received electric signals back into
sound waves. At each stage of the process, electric circuits operate on the
signals. Imagine the challenge involved in designing, building, and operating
each circuit in a way that guarantees that all of the hundreds of thousands of
simultaneous calls have high-quality connections.

Computer systems use electric signals to process information rang-
ing from word processing to mathematical computations. Systems range
in size and power from pocket calculators to personal computers to
supercomputers that perform such complex tasks as processing weather
data and modeling chemical interactions of complex organic molecules.
These systems include networks of microcircuits, or integrated circuits —
postage-stampsized assemblies of hundreds, thousands, or millions of
electrical components that often operate at speeds and power levels close
to fundamental physical limits, including the speed of light and the thermo-
dynamic laws.

Control systems use electric signals to regulate processes. Examples
include the control of temperatures, pressures, and flow rates in an oil
refinery; the fuel-air mixture in a fuel-injected automobile engine; mecha-
nisms such as the motors, doors, and lights in elevators; and the locks in the



Panama Canal. The autopilot and autolanding systems that help to fly and
land airplanes are also familiar control systems.

Power systems generate and distribute electric power. Electric power,
which is the foundation of our technology-based society, usually is gener-
ated in large quantities by nuclear, hydroelectric, and thermal (coal-, oil-,
or gas-fired) generators. Power is distributed by a grid of conductors that
crisscross the country. A major challenge in designing and operating such
a system is to provide sufficient redundancy and control so that failure of
any piece of equipment does not leave a city, state, or region completely
without power.

Signal-processing systems act on electric signals that represent infor-
mation. They transform the signals and the information contained in them
into a more suitable form. There are many different ways to process the
signals and their information. For example, image-processing systems
gather massive quantities of data from orbiting weather satellites, reduce
the amount of data to a manageable level, and transform the remaining
data into a video image for the evening news broadcast. A computerized
tomography (CT) scan is another example of an image-processing system.
It takes signals generated by a special X-ray machine and transforms them
into an image such as the one in Fig. 1.2. Although the original X-ray sig-
nals are of little use to a physician, once they are processed into a recog-
nizable image the information they contain can be used in the diagnosis of
disease and injury.

Considerable interaction takes place among the engineering disci-
plines involved in designing and operating these five classes of systems.
Thus communications engineers use digital computers to control the flow
of information. Computers contain control systems, and control systems
contain computers. Power systems require extensive communications sys-
tems to coordinate safely and reliably the operation of components, which
may be spread across a continent. A signal-processing system may involve
a communications link, a computer, and a control system.

A good example of the interaction among systems is a commercial
airplane, such as the one shown in Fig. 1.3. A sophisticated communica-
tions system enables the pilot and the air traffic controller to monitor the
plane’s location, permitting the air traffic controller to design a safe flight
path for all of the nearby aircraft and enabling the pilot to keep the plane
on its designated path. On the newest commercial airplanes, an onboard
computer system is used for managing engine functions, implementing
the navigation and flight control systems, and generating video informa-
tion screens in the cockpit. A complex control system uses cockpit com-
mands to adjust the position and speed of the airplane, producing the
appropriate signals to the engines and the control surfaces (such as the
wing flaps, ailerons, and rudder) to ensure the plane remains safely air-
borne and on the desired flight path. The plane must have its own power
system to stay aloft and to provide and distribute the electric power
needed to keep the cabin lights on, make the coffee, and show the movie.
Signal-processing systems reduce the noise in air traffic communications
and transform information about the plane’s location into the more
meaningful form of a video display in the cockpit. Engineering challenges
abound in the design of each of these systems and their integration into a
coherent whole. For example, these systems must operate in widely vary-
ing and unpredictable environmental conditions. Perhaps the most
important engineering challenge is to guarantee that sufficient redun-
dancy is incorporated in the designs to ensure that passengers arrive
safely and on time at their desired destinations.

Although electrical engineers may be interested primarily in one
area, they must also be knowledgeable in other areas that interact with
this area of interest. This interaction is part of what makes electrical

1.1 Electrical Engineering: An Overview

Figure 1.2 A A (T scan of an adult head.

Figure 1.3 A An airplane.
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engineering a challenging and exciting profession. The emphasis in engi-
neering is on making things work, so an engineer is free to acquire and
use any technique, from any field, that helps to get the job done.

Circuit Theory

In a field as diverse as electrical engineering, you might well ask whether
all of its branches have anything in common. The answer is yes—electric
circuits. An electric circuit is a mathematical model that approximates
the behavior of an actual electrical system. As such, it provides an impor-
tant foundation for learning—in your later courses and as a practicing
engineer —the details of how to design and operate systems such as those
just described. The models, the mathematical techniques, and the language
of circuit theory will form the intellectual framework for your future engi-
neering endeavors.

Note that the term electric circuit is commonly used to refer to an
actual electrical system as well as to the model that represents it. In this
text, when we talk about an electric circuit, we always mean a model,
unless otherwise stated. It is the modeling aspect of circuit theory that has
broad applications across engineering disciplines.

Circuit theory is a special case of electromagnetic field theory: the study
of static and moving electric charges. Although generalized field theory
might seem to be an appropriate starting point for investigating electric sig-
nals, its application is not only cumbersome but also requires the use of
advanced mathematics. Consequently, a course in electromagnetic field
theory is not a prerequisite to understanding the material in this book. We
do, however, assume that you have had an introductory physics course in
which electrical and magnetic phenomena were discussed.

Three basic assumptions permit us to use circuit theory, rather than
electromagnetic field theory, to study a physical system represented by an
electric circuit. These assumptions are as follows:

1. Electrical effects happen instantaneously throughout a system. We
can make this assumption because we know that electric signals
travel at or near the speed of light. Thus, if the system is physically
small, electric signals move through it so quickly that we can con-
sider them to affect every point in the system simultaneously. A sys-
tem that is small enough so that we can make this assumption is
called a lumped-parameter system.

2. The net charge on every component in the system is always zero.
Thus no component can collect a net excess of charge, although
some components, as you will learn later, can hold equal but oppo-
site separated charges.

3. There is no magnetic coupling between the components in a system.
As we demonstrate later, magnetic coupling can occur within a
component.

That’s it; there are no other assumptions. Using circuit theory provides
simple solutions (of sufficient accuracy) to problems that would become
hopelessly complicated if we were to use electromagnetic field theory.
These benefits are so great that engineers sometimes specifically design
electrical systems to ensure that these assumptions are met. The impor-
tance of assumptions 2 and 3 becomes apparent after we introduce the
basic circuit elements and the rules for analyzing interconnected elements.

However, we need to take a closer look at assumption 1. The question
is, “How small does a physical system have to be to qualify as a lumped-
parameter system?” We can get a quantitative handle on the question by
noting that electric signals propagate by wave phenomena. If the wave-
length of the signal is large compared to the physical dimensions of the



system, we have a lumped-parameter system. The wavelength A is the
velocity divided by the repetition rate, or frequency, of the signal; that is,
A = ¢/f. The frequency f is measured in hertz (Hz). For example, power
systems in the United States operate at 60 Hz. If we use the speed of light
(c =3 X 108 m/s) as the velocity of propagation, the wavelength is
5 X 10° m. If the power system of interest is physically smaller than this
wavelength, we can represent it as a lumped-parameter system and use cir-
cuit theory to analyze its behavior. How do we define smaller? A good rule
is the rule of 1/10th: If the dimension of the system is 1/10th (or smaller)
of the dimension of the wavelength, you have a lumped-parameter system.
Thus, as long as the physical dimension of the power system is less than
5 X 10° m, we can treat it as a lumped-parameter system.

On the other hand, the propagation frequency of radio signals is on the
order of 10° Hz. Thus the wavelength is 0.3 m. Using the rule of 1/10th, the
relevant dimensions of a communication system that sends or receives radio
signals must be less than 3 cm to qualify as a lumped-parameter system.
Whenever any of the pertinent physical dimensions of a system under study
approaches the wavelength of its signals, we must use electromagnetic field
theory to analyze that system. Throughout this book we study circuits
derived from lumped-parameter systems.

Problem Solving

As a practicing engineer, you will not be asked to solve problems that
have already been solved. Whether you are trying to improve the per-
formance of an existing system or creating a new system, you will be work-
ing on unsolved problems. As a student, however, you will devote much of
your attention to the discussion of problems already solved. By reading
about and discussing how these problems were solved in the past, and by
solving related homework and exam problems on your own, you will
begin to develop the skills to successfully attack the unsolved problems
you’ll face as a practicing engineer.

Some general problem-solving procedures are presented here. Many
of them pertain to thinking about and organizing your solution strategy
before proceeding with calculations.

1. Identify what'’s given and what’s to be found. In problem solving, you
need to know your destination before you can select a route for get-
ting there. What is the problem asking you to solve or find?
Sometimes the goal of the problem is obvious; other times you may
need to paraphrase or make lists or tables of known and unknown
information to see your objective.

The problem statement may contain extraneous information
that you need to weed out before proceeding. On the other hand, it
may offer incomplete information or more complexities than can be
handled given the solution methods at your disposal. In that case,
you’ll need to make assumptions to fill in the missing information or
simplify the problem context. Be prepared to circle back and recon-
sider supposedly extraneous information and/or your assumptions if
your calculations get bogged down or produce an answer that doesn’t
seem to make sense.

2. Sketch a circuit diagram or other visual model. Translating a verbal
problem description into a visual model is often a useful step in the
solution process. If a circuit diagram is already provided, you may
need to add information to it, such as labels, values, or reference
directions. You may also want to redraw the circuit in a simpler, but
equivalent, form. Later in this text you will learn the methods for
developing such simplified equivalent circuits.

11
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3. Think of several solution methods and decide on a way of choosing
among them. This course will help you build a collection of analyt-
ical tools, several of which may work on a given problem. But one
method may produce fewer equations to be solved than another,
or it may require only algebra instead of calculus to reach a solu-
tion. Such efficiencies, if you can anticipate them, can streamline
your calculations considerably. Having an alternative method in
mind also gives you a path to pursue if your first solution attempt
bogs down.

4. Calculate a solution. Your planning up to this point should have
helped you identify a good analytical method and the correct equa-
tions for the problem. Now comes the solution of those equations.
Paper-and-pencil, calculator, and computer methods are all avail-
able for performing the actual calculations of circuit analysis.
Efficiency and your instructor’s preferences will dictate which tools
you should use.

5. Use your creativity. If you suspect that your answer is off base or if the
calculations seem to go on and on without moving you toward a solu-
tion, you should pause and consider alternatives. You may need to
revisit your assumptions or select a different solution method. Or, you
may need to take a less-conventional problem-solving approach, such
as working backward from a solution. This text provides answers to all
of the Assessment Problems and many of the Chapter Problems so
that you may work backward when you get stuck. In the real world,
you won’t be given answers in advance, but you may have a desired
problem outcome in mind from which you can work backward. Other
creative approaches include allowing yourself to see parallels with
other types of problems you’ve successfully solved, following your
intuition or hunches about how to proceed, and simply setting the
problem aside temporarily and coming back to it later.

6. Test your solution. Ask yourself whether the solution you’ve
obtained makes sense. Does the magnitude of the answer seem rea-
sonable? Is the solution physically realizable? You may want to go
further and rework the problem via an alternative method. Doing
so will not only test the validity of your original answer, but will also
help you develop your intuition about the most efficient solution
methods for various kinds of problems. In the real world, safety-
critical designs are always checked by several independent means.
Getting into the habit of checking your answers will benefit you as
a student and as a practicing engineer.

These problem-solving steps cannot be used as a recipe to solve every prob-
lem in this or any other course. You may need to skip, change the order of,
or elaborate on certain steps to solve a particular problem. Use these steps
as a guideline to develop a problem-solving style that works for you.

1.2 The International System of Units

Engineers compare theoretical results to experimental results and com-
pare competing engineering designs using quantitative measures. Modern
engineering is a multidisciplinary profession in which teams of engineers
work together on projects, and they can communicate their results in a
meaningful way only if they all use the same units of measure. The
International System of Units (abbreviated SI) is used by all the major
engineering societies and most engineers throughout the world; hence we
use it in this book.



TABLE 1.1 The International System of Units (SI)

Quantity Basic Unit Symbol
Length meter m
Mass kilogram kg
Time second S
Electric current ampere A
Thermodynamic temperature degree kelvin K
Amount of substance mole mol
Luminous intensity candela cd

National Institute of Standards and Technology Special Publication 330,2008 Edition, Natl. Inst. Stand.
Technol. Spec. Pub. 330, 2008 Ed., 96 pages (March 2008)

The SI units are based on seven defined quantities:

 length

+ mass

e time

« electric current

- thermodynamic temperature
« amount of substance
 luminous intensity

These quantities, along with the basic unit and symbol for each, are listed
in Table 1.1. Although not strictly SI units, the familiar time units of minute
(60 s), hour (3600 s), and so on are often used in engineering calculations. In
addition, defined quantities are combined to form derived units. Some, such
as force, energy, power, and electric charge, you already know through previ-
ous physics courses. Table 1.2 lists the derived units used in this book.

In many cases, the SI unit is either too small or too large to use conve-
niently. Standard prefixes corresponding to powers of 10, as listed in
Table 1.3, are then applied to the basic unit. All of these prefixes are cor-
rect, but engineers often use only the ones for powers divisible by 3; thus
centi, deci, deka, and hecto are used rarely. Also, engineers often select the
prefix that places the base number in the range between 1 and 1000.
Suppose that a time calculation yields a result of 107 s, that is, 0.00001 s.
Most engineers would describe this quantity as 10 us, that is,
107 = 10 X 107 s, rather than as 0.01 ms or 10,000,000 ps.

TABLE 1.2 Derived Units in SI

Quantity Unit Name (Symbol) Formula
Frequency hertz (Hz) st
Force newton (N) kg - m/s’
Energy or work joule (J) N-m
Power watt (W) J/s
Electric charge coulomb (C) A-s
Electric potential volt (V) J/C
Electric resistance ohm () V/A
Electric conductance siemens (S) A/V
Electric capacitance farad (F) C/V
Magnetic flux weber (WD) V-s
Inductance henry (H) Wb/A

National Institute of Standards and Technology Special Publication 330, 2008 Edition, Natl. Inst. Stand.
Technol. Spec. Pub. 330, 2008 Ed., 96 pages (March 2008)

1.2

The International System of Units

TABLE 1.3 Standardized Prefixes to Signify
Powers of 10

Prefix

atto
femto
pico
nano
micro
milli
centi
deci
deka
hecto
kilo
mega
giga
tera

Symbol

a

=Nse}

o Bt

o o
o

QZW‘U‘

T

Power

10718
10—15
10712
107°
107°
1073
1072
107!
10
10?
10°
10°
10°
1012

National Institute of Standards and Technology Special

Publication 330, 2008 Edition, Natl. Inst. Stand. Technol. Spec.
Pub. 330,2008 Ed., 96 pages (March 2008)
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10 Circuit Variables

Example 1.1 illustrates a method for converting from one set of units

to another and also uses power-of-ten prefixes.

SETL RN Using SI Units and Prefixes for Powers of 10

If a signal can travel in a cable at 80% of the speed of Therefore, a signal traveling at 80% of the speed of
light, what length of cable, in inches, represents 1 ns? light will cover 9.45 inches of cable in 1 nanosecond.
Solution

First, note that 1 ns = 10™° s. Also, recall that the
speed of light ¢ = 3 X 10°m/s. Then, 80% of the
speed of light is 0.8¢ = (0.8)(3 X 10%) =
2.4 X 108 m/s. Using a product of ratios, we can
convert 80% of the speed of light from meters-per-
second to inches-per-nanosecond. The result is the

distance in inches traveled in 1 ns:

2.4 x 10% meters . 1 second . 100 centimeters 1 inch

_ (24X 10%)(100)

1 second 10° nanoseconds 1 meter 2.54 centimeters

: = 9.45 inches/nanosecond
(107)(2.54)

\/ASSESSMENT PROBLEMS

Objective 1—Understand and be able to use SI units and the standard prefixes for powers of 10

1.1  Assume a telephone signal travels through a 1.2 How many dollars per millisecond would the
cable at two-thirds the speed of light. How long federal government have to collect to retire a
does it take the signal to get from New York deficit of $100 billion in one year?

City to Miami if the distance is approximately
1100 miles? Answer: $317/ms

Answer: 8.85 ms.

NOTE: Also try Chapter Problems 1.1, 1.3, and 1.5.

1.3 Circuit Analysis: An Overview

Before becoming involved in the details of circuit analysis, we need to
take a broad look at engineering design, specifically the design of electric
circuits. The purpose of this overview is to provide you with a perspective
on where circuit analysis fits within the whole of circuit design. Even
though this book focuses on circuit analysis, we try to provide opportuni-
ties for circuit design where appropriate.

All engineering designs begin with a need, as shown in Fig. 1.4. This
need may come from the desire to improve on an existing design, or it may
be something brand-new. A careful assessment of the need results in
design specifications, which are measurable characteristics of a proposed
design. Once a design is proposed, the design specifications allow us to
assess whether or not the design actually meets the need.

A concept for the design comes next. The concept derives from a com-
plete understanding of the design specifications coupled with an insight into



the need, which comes from education and experience. The concept may be
realized as a sketch, as a written description, or in some other form. Often
the next step is to translate the concept into a mathematical model. A com-
monly used mathematical model for electrical systems is a circuit model.

The elements that comprise the circuit model are called ideal circuit
components. An ideal circuit component is a mathematical model of an
actual electrical component, like a battery or a light bulb. It is important
for the ideal circuit component used in a circuit model to represent the
behavior of the actual electrical component to an acceptable degree of
accuracy. The tools of circuit analysis, the focus of this book, are then
applied to the circuit. Circuit analysis is based on mathematical techniques
and is used to predict the behavior of the circuit model and its ideal circuit
components. A comparison between the desired behavior, from the design
specifications, and the predicted behavior, from circuit analysis, may lead
to refinements in the circuit model and its ideal circuit elements. Once the
desired and predicted behavior are in agreement, a physical prototype can
be constructed.

The physical prototype is an actual electrical system, constructed from
actual electrical components. Measurement techniques are used to deter-
mine the actual, quantitative behavior of the physical system. This actual
behavior is compared with the desired behavior from the design specifica-
tions and the predicted behavior from circuit analysis. The comparisons
may result in refinements to the physical prototype, the circuit model, or
both. Eventually, this iterative process, in which models, components, and
systems are continually refined, may produce a design that accurately
matches the design specifications and thus meets the need.

From this description, it is clear that circuit analysis plays a very
important role in the design process. Because circuit analysis is applied to
circuit models, practicing engineers try to use mature circuit models so
that the resulting designs will meet the design specifications in the first
iteration. In this book, we use models that have been tested for between
20 and 100 years; you can assume that they are mature. The ability to
model actual electrical systems with ideal circuit elements makes circuit
theory extremely useful to engineers.

Saying that the interconnection of ideal circuit elements can be used
to quantitatively predict the behavior of a system implies that we can
describe the interconnection with mathematical equations. For the mathe-
matical equations to be useful, we must write them in terms of measurable
quantities. In the case of circuits, these quantities are voltage and current,
which we discuss in Section 1.4. The study of circuit analysis involves
understanding the behavior of each ideal circuit element in terms of its
voltage and current and understanding the constraints imposed on the
voltage and current as a result of interconnecting the ideal elements.

1.4 Voltage and Current

The concept of electric charge is the basis for describing all electrical phe-
nomena. Let’s review some important characteristics of electric charge.

» The charge is bipolar, meaning that electrical effects are described in
terms of positive and negative charges.

« The electric charge exists in discrete quantities, which are integral
multiples of the electronic charge, 1.6022 X 107" C.

 Electrical effects are attributed to both the separation of charge and
charges in motion.

In circuit theory, the separation of charge creates an electric force (volt-
age), and the motion of charge creates an electric fluid (current).

1.4 Voltage and Current 11
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Figure 1.4 A A conceptual model for electrical engi-
neering design.
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Circuit Variables

Definition of voltage »

Definition of current »

The concepts of voltage and current are useful from an engineering
point of view because they can be expressed quantitatively. Whenever
positive and negative charges are separated, energy is expended. Voltage
is the energy per unit charge created by the separation. We express this
ratio in differential form as

_dw

p =
dq’

(1.1)

where
v = the voltage in volts,

w = the energy in joules,
q

The electrical effects caused by charges in motion depend on the rate
of charge flow. The rate of charge flow is known as the electric current,
which is expressed as

the charge in coulombs.

i=— (1.2)

where
i = the current in amperes,

q
t = the time in seconds.

the charge in coulombs,

Equations 1.1 and 1.2 are definitions for the magnitude of voltage and
current, respectively. The bipolar nature of electric charge requires that we
assign polarity references to these variables. We will do so in Section 1.5.

Although current is made up of discrete, moving electrons, we do not
need to consider them individually because of the enormous number of
them. Rather, we can think of electrons and their corresponding charge as
one smoothly flowing entity. Thus, i is treated as a continuous variable.

One advantage of using circuit models is that we can model a compo-
nent strictly in terms of the voltage and current at its terminals. Thus two
physically different components could have the same relationship
between the terminal voltage and terminal current. If they do, for pur-
poses of circuit analysis, they are identical. Once we know how a compo-
nent behaves at its terminals, we can analyze its behavior in a circuit.
However, when developing circuit models, we are interested in a compo-
nent’s internal behavior. We might want to know, for example, whether
charge conduction is taking place because of free electrons moving
through the crystal lattice structure of a metal or whether it is because of
electrons moving within the covalent bonds of a semiconductor material.
However, these concerns are beyond the realm of circuit theory. In this
book we use circuit models that have already been developed; we do not
discuss how component models are developed.

1.5 The Ideal Basic Circuit Element

An ideal basic circuit element has three attributes: (1) it has only two ter-
minals, which are points of connection to other circuit components; (2) it is
described mathematically in terms of current and/or voltage; and (3) it
cannot be subdivided into other elements. We use the word ideal to imply



that a basic circuit element does not exist as a realizable physical compo-
nent. However, as we discussed in Section 1.3, ideal elements can be con-
nected in order to model actual devices and systems. We use the word
basic to imply that the circuit element cannot be further reduced or sub-
divided into other elements. Thus the basic circuit elements form the build-
ing blocks for constructing circuit models, but they themselves cannot be
modeled with any other type of element.

Figure 1.5 is a representation of an ideal basic circuit element. The box
is blank because we are making no commitment at this time as to the type
of circuit element it is. In Fig. 1.5, the voltage across the terminals of the
box is denoted by v, and the current in the circuit element is denoted by i.
The polarity reference for the voltage is indicated by the plus and minus
signs, and the reference direction for the current is shown by the arrow
placed alongside the current. The interpretation of these references given
positive or negative numerical values of » and i is summarized in
Table 1.4. Note that algebraically the notion of positive charge flowing in
one direction is equivalent to the notion of negative charge flowing in the
opposite direction.

The assignments of the reference polarity for voltage and the refer-
ence direction for current are entirely arbitrary. However, once you have
assigned the references, you must write all subsequent equations to
agree with the chosen references. The most widely used sign convention
applied to these references is called the passive sign convention, which
we use throughout this book. The passive sign convention can be stated
as follows:

Whenever the reference direction for the current in an element is in
the direction of the reference voltage drop across the element (as in
Fig. 1.5), use a positive sign in any expression that relates the voltage
to the current. Otherwise, use a negative sign.

We apply this sign convention in all the analyses that follow. Our pur-
pose for introducing it even before we have introduced the different
types of basic circuit elements is to impress on you the fact that the selec-
tion of polarity references along with the adoption of the passive sign
convention is not a function of the basic elements nor the type of inter-
connections made with the basic elements. We present the application
and interpretation of the passive sign convention in power calculations in
Section 1.6.

Example 1.2 illustrates one use of the equation defining current.

TABLE 1.4 Interpretation of Reference Directions in Fig. 1.5

1.5  The Ideal Basic Circuit Element

el

7—_.2

Figure 1.5 A An ideal basic circuit element.

<« Passive sign convention

Positive Value Negative Value
v voltage drop from terminal 1 to terminal 2 voltage rise from terminal 1 to terminal 2
or or
voltage rise from terminal 2 to terminal 1 voltage drop from terminal 2 to terminal 1
i positive charge flowing from terminal 1 to terminal 2 positive charge flowing from terminal 2 to terminal 1
or or

negative charge flowing from terminal 2 to terminal 1 negative charge flowing from terminal 1 to terminal 2

13



14 Circuit Variables

SR Relating Current and Charge

No charge exists at the upper terminal of the ele- Solution
ment in Fig. 1.5 for t < 0. Atz =0, a 5 A current
begins to flow into the upper terminal. a) From the definition of current given in Eq. 1.2,

the expression for charge accumulation due to

a) Derive the expression for the charge accumulat- ,
current flow is

ing at the upper terminal of the element for ¢t > 0.

t
b) If the current is stopped after 10 seconds, how q(t) = / i(x)dx.
much charge has accumulated at the upper 0
terminal?
Therefore,

t

=5t —5(0) =5C fort>0.
0

t
q(t) = /de = 5x
0

b) The total charge that accumulates at the upper
terminal in 10 seconds due to a 5 A current is
q(10) = 5(10) = 50 C.

v ASSESSMENT PROBLEMS

Objective 2—Know and be able to use the definitions of voltage and current

1.3 The current at the terminals of the element in 1.4  The expression for the charge entering the
Fig. 1.51s upper terminal of Fig. 1.5 is
i=0, 1 <0
1 t 1
p= L (tL)ewe
i = 206*500(” A, t=0. o o o
Calculate the total charge (in microcoulombs) Find the maximum value of the current enter-
entering the element at its upper terminal. ing the terminal if « = 0.03679 s
Answer: 4000 uC. Answer: 10 A.

NOTE: Also try Chapter Problem 1.8.

1.6 Power and Energy

Power and energy calculations also are important in circuit analysis. One
reason is that although voltage and current are useful variables in the analy-
sis and design of electrically based systems, the useful output of the system
often is nonelectrical, and this output is conveniently expressed in terms of
power or energy. Another reason is that all practical devices have limita-
tions on the amount of power that they can handle. In the design process,
therefore, voltage and current calculations by themselves are not sufficient.

We now relate power and energy to voltage and current and at the
same time use the power calculation to illustrate the passive sign conven-
tion. Recall from basic physics that power is the time rate of expending or



absorbing energy. (A water pump rated 75 kW can deliver more liters per
second than one rated 7.5 kW.) Mathematically, energy per unit time is
expressed in the form of a derivative, or

_dw

== 1.
p="1 (13)

where

= the power in watts,

A
I

the energy in joules,

the time in seconds.

-
I

Thus 1 W is equivalent to 1 J/s.
The power associated with the flow of charge follows directly from
the definition of voltage and current in Egs. 1.1 and 1.2, or

_dw _ (dwxdq)
P="ar ~ \ag )\ ar )
SO

p = i (1.4)

where

p = the power in watts,

the voltage in volts,

~
Il

the current in amperes.

Equation 1.4 shows that the power associated with a basic circuit element
is simply the product of the current in the element and the voltage across
the element. Therefore, power is a quantity associated with a pair of ter-
minals, and we have to be able to tell from our calculation whether power
is being delivered to the pair of terminals or extracted from it. This infor-
mation comes from the correct application and interpretation of the pas-
sive sign convention.

If we use the passive sign convention, Eq. 1.4 is correct if the reference
direction for the current is in the direction of the reference voltage drop
across the terminals. Otherwise, Eq. 1.4 must be written with a minus sign.
In other words, if the current reference is in the direction of a reference
voltage rise across the terminals, the expression for the power is

p=—vi (1.5)

The algebraic sign of power is based on charge movement through
voltage drops and rises. As positive charges move through a drop in volt-
age, they lose energy, and as they move through a rise in voltage, they gain
energy. Figure 1.6 summarizes the relationship between the polarity refer-
ences for voltage and current and the expression for power.

<« Definition of power

<« Power equation

v

(c)p=—vi

1.6

—o1

—2

Power and Energy

(%

15

—o 1

—®2

(b)p = —vi

—o1

—®2

(d)p =i

Figure 1.6 A Polarity references and the expression

for power.
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We can now state the rule for interpreting the algebraic sign of power:

If the power is positive (that is,if p > 0), power is being delivered to
Interpreting algebraic sign of power » the circuit inside the box. If the power is negative (that is, if p < 0),
power is being extracted from the circuit inside the box.

For example, suppose that we have selected the polarity references
shown in Fig. 1.6(b). Assume further that our calculations for the current
and voltage yield the following numerical results:

i=4A and v=-10 V.
Then the power associated with the terminal pair 1,2 is
p = —(—10)(4) = 40 W.

Thus the circuit inside the box is absorbing 40 W.

To take this analysis one step further, assume that a colleague is solv-
ing the same problem but has chosen the reference polarities shown in
Fig. 1.6(c). The resulting numerical values are

i=—4 A, v=10V, and p =40W.

Note that interpreting these results in terms of this reference system gives
the same conclusions that we previously obtained—namely, that the cir-
cuit inside the box is absorbing 40 W. In fact, any of the reference systems
in Fig. 1.6 yields this same result.

Example 1.3 illustrates the relationship between voltage, current,
power, and energy for an ideal basic circuit element and the use of the pas-
sive sign convention.

m Relating Voltage, Current, Power, and Energy

Assume that the voltage at the terminals of the ele- b) From the definition of power given in Eq. 1.3,
ment in Fig. 1.5, whose current was defined in the expression for energy is
Assessment Problem 1.3, is t
v=0 t<0; w(t) = % p(x)dx
v = 10e " kV, r=0. To find the total energy delivered, integrate the
expresssion for power from zero to infinity.
a) Calculate the power supplied to the element Therefore,
at 1 ms.
o . o0 200.000¢10:000x | 00
b) Calculate the total energy (in joules) delivered Wiotal = / 200,000¢10000% g = 200.000¢ 77
to the circuit element. 0 —10,000 0

= —20e"® — (=20 %) =0 +20=201.

Solution Thus, the total energy supplied to the circuit ele-

) ) ) ) ment is 20 J.
a) Since the current is entering the + terminal of the

voltage drop defined for the element in Fig. 1.5,
we use a “+” sign in the power equation.
p = vi = (10,000e3°%)(20e 39" = 200,000 10000 W,
p(0.001) = 200,000 ~10:0001000D) = 200 0p0e 1
= 200,000(45.4 X 107%) = 0.908 W.




v ASSESSMENT PROBLEMS

Objective 3—Know and use the definitions of power and energy; Objective 4—Be able to use the passive sign
convention

15

Assume that a 20 V voltage drop occurs across

an element from terminal 2 to terminal 1 and

that a current of 4 A enters terminal 2.

a) Specify the values of v and i for the polarity
references shown in Fig. 1.6(a)—(d).

b) State whether the circuit inside the box is
absorbing or delivering power.

¢) How much power is the circuit absorbing?

Answer: (a) Circuit 1.6(a):v = =20 V,i = —4 A;

1.6

NOTE: Also try Chapter Problems 1.12, 1.19, and 1.24.

circuit 1.6(b):v = =20 V,i = 4 A;
circuit 1.6(c):v = 20 V,i = —4 A;
circuit 1.6(d):v = 20 V,i = 4 A;
(b) absorbing;
(c) 80 W.

The voltage and current at the terminals of the
circuit element in Fig 1.5 are zero for ¢+ < 0. For
t = 0, they are

v = 80,000te "V, t=0;

i = 15te™% A, t=0.

Practical Perspective

Balancing Power
A model of the circuitry that distributes power to a typical home is shown in
Fig. 1.7 with voltage polarities and current directions defined for all of the
circuit components. The results of circuit analysis give the values for all of
these voltages and currents, which are summarized in Table 1.4. To deter-
mine whether or not the values given are correct, calculate the power asso-
ciated with each component. Use the passive sign convention in the power
calculations, as shown below.

Practical Perspective 17

a) Find the time when the power delivered to
the circuit element is maximum.

b) Find the maximum value of power.

¢) Find the total energy delivered to the cir-
cuit element.

Answer: (a) 2 ms; (b) 649.6 mW; (c) 2.4 mJ.

1.7 A high-voltage direct-current (dc) transmission
line between Celilo, Oregon and Sylmar,
California is operating at 800 kV and carrying
1800 A, as shown. Calculate the power (in
megawatts) at the Oregon end of the line and
state the direction of power flow.

1.8 kKA

. [ T
Celilo, 800 KV Sylmar,

Oregon California

Answer: 1440 MW, Celilo to Sylmar

Pa = Vay = (120)(—=10) = —1200W  p, = —vpip = —(120)(9) = —1080 W
Pe = vd. = (10)(10) = 100 W pa = —v4ig = —(10)(1) = —10 W
Do = Vi, = (—10)(=9) = 90W pr = —vsi; = —(—100)(5) = 500 W

Py = Vgig = (120)(4) = 480 W

Pn = vhih = (_220)(_5) = 1100 W

The power calculations show that components a, b, and d are supplying

power, since the power values are negative, while components c, e, f, g, and
h are absorbing power. Now check to see if the power balances by finding
the total power supplied and the total power absorbed.
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Paupplied = Pa + Py + pg = —1200 — 1080 — 10 = —2290 W

Pabsorbed = Pc + Pe + pf + pg + Pn
= 100 + 90 + 500 + 480 + 1100 = 2270 W
Psupplied t Pabsorbed = —2290 + 2270 = =20 W

Something is wrong—if the values for voltage and current in this circuit are
correct, the total power should be zero! There is an error in the data and we
can find it from the calculated powers if the error exists in the sign of a sin-
gle component. Note that if we divide the total power by 2, we get —10 W,
which is the power calculated for component d. If the power for component
d was +10 W, the total power would be 0. Circuit analysis techniques from
upcoming chapters can be used to show that the current through component
d should be —1 A, not +1 A given in Table 1.4.

Component

o o

o o

+ v, —
TABLE 1.4 Volatage and current (el
values for the circuit in Fig. 1.7. H
+ % -
oY) Ay ofals o[£ )i
= +
— Vg + —
120 -10 1
d op | | T,
120 9 — 4 [n]ta
+ lq +
10 10 4 [b]t, o, (8]}
10 1 - +v.—
“10 -9 e
~100 5 e
120 4 Figure 1.7 A Circuit model for power
20 _s distribution in a home, with voltages and

= I N o)

currents defined.

Note: Assess your understanding of the Practical Perspective by trying Chapter
Problems 1.34 and 1.35.

Summary

The International System of Units (SI) enables engineers
to communicate in a meaningful way about quantitative
results. Table 1.1 summarizes the base SI units; Table 1.2
presents some useful derived SI units. (See pages 8 and 9.)

Circuit analysis is based on the variables of voltage and
current. (See page 11.)

Voltage is the energy per unit charge created by charge
separation and has the SI unit of volt (v = dw/dq).
(See page 12.)

Current is the rate of charge flow and has the SI unit of
ampere (i = dg/dt). (See page 12.)

The ideal basic circuit element is a two-terminal compo-
nent that cannot be subdivided; it can be described
mathematically in terms of its terminal voltage and cur-
rent. (See page 12.)

« The passive sign convention uses a positive sign in the

expression that relates the voltage and current at the
terminals of an element when the reference direction
for the current through the element is in the direction of
the reference voltage drop across the element. (See

page 13.)

Power is energy per unit of time and is equal to the
product of the terminal voltage and current; it has the SI
unit of watt (p = dw/dt = vi). (See page 15.)

« The algebraic sign of power is interpreted as follows:

- If p > 0, power is being delivered to the circuit or
circuit component.

- If p < 0, power is being extracted from the circuit or
circuit component. (See page 16.)



Problems

Section 1.2

11

1.2

1.3

14

1.5

1.6

There are approximately 260 million passenger
vehicles registered in the United States. Assume
that the battery in the average vehicle stores
540 watt-hours (Wh) of energy. Estimate (in
gigawatt-hours) the total energy stored in U.S. pas-
senger vehicles.

A hand-held video player displays 480 x 320 pic-
ture elements (pixels) in each frame of the video.
Each pixel requires 2 bytes of memory. Videos are
displayed at a rate of 30 frames per second. How
many hours of video will fit in a 32 gigabyte
memory?

The 16 giga-byte (GB = 2% bytes) flash memory
chip for an MP3 player is 11 mm by 15 mm by 1 mm.
This memory chip holds 20,000 photos.

a) How many photos fit into a cube whose sides
are 1 mm?

b) How many bytes of memory are stored in a cube
whose sides are 200 um?

The line described in Assessment Problem 1.7 is
845 mi in length. The line contains four conductors,
each weighing 2526 Ib per 1000 ft. How many kilo-
grams of conductor are in the line?

One liter (L) of paint covers approximately 10 m?
of wall. How thick is the layer before it dries? (Hint:
1L=1x10°mm?’)

Some species of bamboo can grow 250 mm/day.
Assume individual cells in the plant are 10 um long.

a) How long, on average, does it take a bamboo
stalk to grow 1 cell length?

b) How many cell lengths are added in one week,
on average?

Section 1.4

1.7

There is no charge at the upper terminal of the ele-
ment in Fig. 1.5 for t < 0. At t = 0 a current of
125¢ 3% mA enters the upper terminal.

a) Derive the expression for the charge that accu-
mulates at the upper terminal for ¢ > 0.

b) Find the total charge that accumulates at the
upper terminal.

c) If the current is stopped at ¢t = 0.5 ms, how
much charge has accumulated at the upper
terminal?

1.8

1.9

1.10

111

Problems 19

The current entering the upper terminal of Fig. 1.5 is
i = 20 cos 5000¢ A.

Assume the charge at the upper terminal is zero at
the instant the current is passing through its maxi-
mum value. Find the expression for g(t).

The current at the terminals of the element in
Fig. 1.51s

i =0, <0

i=40te " A, 1 =0.

a) Find the expression for the charge accumulating
at the upper terminal.

b) Find the charge that has accumulated at# = 1 ms.

In electronic circuits it is not unusual to encounter
currents in the microampere range. Assume a
35 A current, due to the flow of electrons. What is
the average number of electrons per second that
flow past a fixed reference cross section that is per-
pendicular to the direction of flow?

How much energy is imparted to an electron as it
flows through a 6 V battery from the positive to the
negative terminal? Express your answer in attojoules.

Sections 1.5-1.6

1.12

113

1.14

The references for the voltage and current at the
terminal of a circuit element are as shown in
Fig. 1.6(d). The numerical values for v and i are 40 V
and —10 A.

a) Calculate the power at the terminals and state
whether the power is being absorbed or deliv-
ered by the element in the box.

b) Given that the current is due to electron flow,
state whether the electrons are entering or leav-
ing terminal 2.

¢) Do the electrons gain or lose energy as they pass
through the element in the box?

Repeat Problem 1.12 with a voltage of —60 V.

Two electric circuits, represented by boxes A and B,
are connected as shown in Fig. P1.14. The reference
direction for the current i in the interconnection and
the reference polarity for the voltage v across the
interconnection are as shown in the figure. For each
of the following sets of numerical values, calculate
the power in the interconnection and state whether
the power is flowing from A to B or vice versa.




20

1.15

1.16

1.17

1.18

1.19

PSPICE
MULTISIM

Circuit Variables

a) i =60A, v=30V
b) i = —8A, v=-20V
c) i=4A, v=-60V
d) i=-9A, v=40V
Figure P1.14
L
° T °
A () B

When a car has a dead battery, it can often be started
by connecting the battery from another car across its
terminals. The positive terminals are connected
together as are the negative terminals. The connec-
tion is illustrated in Fig. P1.15. Assume the current i
in Fig. P1.15 is measured and found to be 30 A.

a) Which car has the dead battery?
b) If this connection is maintained for 1 min, how
much energy is transferred to the dead battery?

Figure P1.15

The manufacturer of a 1.5 V D flashlight battery
says that the battery will deliver 9 mA for 40 con-
tinuous hours. During that time the voltage will
drop from 1.5 V to 1.0 V. Assume the drop in volt-
age is linear with time. How much energy does the
battery deliver in this 40 h interval?

One 12 V battery supplies 100 mA to a boom box.
How much energy does the battery supply in 4 h?

The voltage and current at the terminals of the
circuit element in Fig. 1.5 are zero for ¢+ < 0. For
t = 0 they are

v =15¢"2"V,
i = 40e” 2" mA.
a) Calculate the power supplied to the element at
10 ms.
b) Calculate the total energy delivered to the circuit
element.

The voltage and current at the terminals of the cir-
cuit element in Fig. 1.5 are zero for t < 0. Fort = 0
they are

v =75 — 75¢ 1000y

i = 507100 A

a) Find the maximum value of the power delivered
to the circuit.

b) Find the total energy delivered to the element.

1.20 The voltage and current at the terminals of the cir-

cuit element in Fig. 1.5 are zero for¢t < 0. Fort = 0
they are

v = 506716001 _ 5067400[ Vv
i = 50716000 _ 5,400 oA
a) Find the power at t = 625 us.

b) How much energy is delivered to the circuit ele-
ment between 0 and 625 us?

c¢) Find the total energy delivered to the element.

1.21 The voltage and current at the terminals of the cir-

PSPICE
MULTISIM

cuit element in Fig. 1.5 are zero fort < 0. Fort = 0
they are

v = (1500t + 1)e P vV,

i = 40e P mA,

t=0;

t = 0.

a) Find the time when the power delivered to the
circuit element is maximum.

b) Find the maximum value of p in milliwatts.

c¢) Find the total energy delivered to the circuit ele-
ment in microjoules.

1.22 The voltage and current at the terminals of the cir-

PSPICE
MULTISIM

cuit element in Fig. 1.5 are zero fort < 0. Fort = 0
they are
v = (3200r + 4)e "V,
i = (128t + 0.16)e ™" A.
a) At what instant of time is maximum power
delivered to the element?
b) Find the maximum power in watts.

c¢) Find the total energy delivered to the element in
microjoules.

1.23 The voltage and current at the terminals of the

PSPICE
MULTISIM

circuit element in Fig. 1.5 are zero for ¢ < 0 and
t > 40s.In the interval between 0 and 40 s the expres-
sions are

v=1(1—-0025%)V, 0<t<40s;
i=4—-02tA, 0<1t<40s.

a) At what instant of time is the power being deliv-
ered to the circuit element maximum?

b) What is the power at the time found in part (a)?

c) At what instant of time is the power being
extracted from the circuit element maximum?

d) What is the power at the time found in part (c)?

e) Calculate the net energy delivered to the circuit
at 0, 10,20, 30 and 40 s.
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1.25
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1.26

PSPICE
MULTISIM

The voltage and current at the terminals of the cir-
cuit element in Fig. 1.5 are zero fort < 0. Fort = 0
they are

v = 400e %% sin 200r V,

i = 5¢ " sin 200r A.

a) Find the power absorbed by the element at
t =10 ms.

b) Find the total energy absorbed by the element.

The voltage and current at the terminals of the ele-
ment in Fig. 1.5 are

v = 250 cos 8007t V, i = 8 sin 800wt A.

a) Find the maximum value of the power being
delivered to the element.

b) Find the maximum value of the power being
extracted from the element.

¢) Find the average value of p in the interval
0=t=25ms.

d) Find the average value of p in the interval
0 =1t =15.625 ms.

The voltage and current at the terminals of an auto-
mobile battery during a charge cycle are shown in
Fig. P1.26.

a) Calculate the total charge transferred to the
battery.

b) Calculate the total energy transferred to the
battery.

c¢) Find the total energy delivered to the element.

Figure P1.26
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1.27

1.28

1.29

Problems 21

The voltage and current at the terminals of the cir-
cuit element in Fig. 1.5 are shown in Fig. P1.27.

a) Sketch the power versus ¢ plot for 0 = ¢ = 80 ms.

b) Calculate the energy delivered to the circuit ele-
ment atr = 10, 30, and 80 ms.

Figure P1.27
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An industrial battery is charged over a period of
several hours at a constant voltage of 120 V.
Initially, the current is 10 mA and increases linearly
to 15 mA in 10 ks. From 10 ks to 20 ks, the current is
constant at 15 mA. From 20 ks to 30 ks the current
decreases linearly to 10 mA. At 30 ks the power is
disconnected from the battery.

a) Sketch the current from ¢ = 0 to¢ = 30 ks.

b) Sketch the power delivered to the battery from
t=0tor =30ks.

¢) Using the sketch of the power, find the total
energy delivered to the battery.

The numerical values for the currents and
voltages in the circuit in Fig. P1.29 are given in
Table P1.29. Find the total power developed in the
circuit.

Figure P1.29
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TABLE P1.29

Element

o o0 o W

)

Circuit Variables

Voltage (V)
40
—24
-16
—80
40
120

Current (mA)
—4
—4
4
-1.5
2.5
-2.5

1.30 The numerical values of the voltages and currents

Figure P1.31

in the interconnection seen in Fig. P1.30 are given in
Table P1.30. Does the interconnection satisfy the

power check?

Figure P1.30
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TABLE P1.31
Element Voltage (V) Current (A)
a 46.16 6.0
b 14.16 472
c -32.0 -6.4
d 22.0 1.28
e —33.6 —1.68
f 66.0 0.4
g 2.56 1.28
h -04 0.4

1.32 The voltage and power values for each of the ele-

ments shown in Fig. P1.32 are given in Table P1.32.
a) Show that the interconnection of the elements
satisfies the power check.

b) Find the value of the current through each of the
elements using the values of power and voltage
and the current directions shown in the figure.

d
- ? I S Wr
lw + Iy — Ud +
_ Up b _ +
[a]v - I:e:l e [ ]w
+ - : + -
NI
+
TABLE P1.30
Element Voltage (kV) Current (pA)
a -3 —250
b 4 —400
c 400
d 1 150
e —4 200
f 4 50
1.31 Assume you are an engineer in charge of a project

and one of your subordinate engineers reports that
the interconnection in Fig. P1.31 does not pass the
power check. The data for the interconnection are
given in Table P1.31.

a) Is the subordinate correct? Explain your answer.

b) If the subordinate is correct, can you find the
error in the data?

Figure P1.32
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TABLE P1.32

Element Power (kW) Voltage (V)
a 0.6 supplied 400
b 0.05 supplied —100
c 0.4 absorbed 200
d 0.6 supplied 300
e 0.1 absorbed —200
f 2.0 absorbed 500
g 1.25 supplied —500

1.33 The current and power for each of the intercon-

nected elements in Fig. P1.33 is measured. The values
are listed in Table P1.33.

a) Show that the interconnection satisfies the
power check.

b) Identify the elements that absorb power.

c) Find the voltage for each of the elements in the
interconnection, using the values of power and cur-
rent and the voltage polarities shown in the figure.

Figure P1.33
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Problems 23

TABLE P1.33

Element Power (mW) Current (mA)

a 175 25

b 375 75

c 150 =50

d —320 40

e 160 20

f 120 =30

o —660 55

1.34 Show that the power balances for the circuit shown

1.35

in Fig. 1.7, using the voltage and current values
given in Table 1.4, with the value of the current for
component d changed to —1 A.

Suppose there is no power lost in the wires used to
distribute power in a typical home.

a) Create a new model for the power distribution
circuit by modifying the circuit shown in Fig 1.7.
Use the same names, voltage polarities, and cur-
rent directions for the components that remain
in this modified model.

b) The following voltages and currents are calcu-
lated for the components:

v, = 120V i,=—10A
v, = 120V iy = 10 A
v = —120V ii=3A
v, =120V

v, = =240 V ih=-7A

If the power in this modified model balances,
what is the value of the current in component g?
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 CHAPTER OBJECTIVES

1 Understand the symbols for and the behavior of

the following ideal basic circuit elements:
independent voltage and current sources,
dependent voltage and current sources, and
resistors.

2 Be able to state Ohm’s law, Kirchhoff’s current
law, and Kirchhoff’s voltage law, and be able to
use these laws to analyze simple circuits.

3 Know how to calculate the power for each
element in a simple circuit and be able to
determine whether or not the power balances
for the whole circuit.
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Circuit Elements

There are five ideal basic circuit elements: voltage sources,
current sources, resistors, inductors, and capacitors. In this chap-
ter we discuss the characteristics of voltage sources, current
sources, and resistors. Although this may seem like a small num-
ber of elements with which to begin analyzing circuits, many prac-
tical systems can be modeled with just sources and resistors. They
are also a useful starting point because of their relative simplicity;
the mathematical relationships between voltage and current in
sources and resistors are algebraic. Thus you will be able to begin
learning the basic techniques of circuit analysis with only alge-
braic manipulations.

We will postpone introducing inductors and capacitors until
Chapter 6, because their use requires that you solve integral and
differential equations. However, the basic analytical techniques
for solving circuits with inductors and capacitors are the same as
those introduced in this chapter. So, by the time you need to
begin manipulating more difficult equations, you should be very
familiar with the methods of writing them.



Practical Perspective

Heating with Electric Radiators

You want to heat your small garage using a couple of electric
radiators. The power and voltage requirements for each radia-
tor are 1200 W, 240 V. But you are not sure how to wire the
radiators to the power supplied to the garage. Should you use
the wiring diagram on the left, or the one on the right? Does
it make any difference?

Once you have studied the material in this chapter, you
will be able to answer these questions and determine how to
heat the garage. The Practical Perspective at the end of this
chapter guides you through the analysis of two circuits based
on the two wiring diagrams shown below.

style-photography.de/fotolia
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O O

(a) (®)

Figure 2.1 A The circuit symbols for (a) an ideal inde-
pendent voltage source and (b) an ideal independent
current source.

2.1 Voltage and Current Sources

Before discussing ideal voltage and current sources, we need to consider
the general nature of electrical sources. An electrical source is a device
that is capable of converting nonelectric energy to electric energy and
vice versa. A discharging battery converts chemical energy to electric
energy, whereas a battery being charged converts electric energy to
chemical energy. A dynamo is a machine that converts mechanical energy
to electric energy and vice versa. If operating in the mechanical-to-elec-
tric mode, it is called a generator. If transforming from electric to
mechanical energy, it is referred to as a motor. The important thing to
remember about these sources is that they can either deliver or absorb
electric power, generally maintaining either voltage or current. This
behavior is of particular interest for circuit analysis and led to the cre-
ation of the ideal voltage source and the ideal current source as basic cir-
cuit elements. The challenge is to model practical sources in terms of the
ideal basic circuit elements.

An ideal voltage source is a circuit element that maintains a pre-
scribed voltage across its terminals regardless of the current flowing in
those terminals. Similarly, an ideal current source is a circuit element that
maintains a prescribed current through its terminals regardless of the
voltage across those terminals. These circuit elements do not exist as
practical devices—they are idealized models of actual voltage and cur-
rent sources.

Using an ideal model for current and voltage sources places an
important restriction on how we may describe them mathematically.
Because an ideal voltage source provides a steady voltage, even if the
current in the element changes, it is impossible to specify the current in
an ideal voltage source as a function of its voltage. Likewise, if the only
information you have about an ideal current source is the value of cur-
rent supplied, it is impossible to determine the voltage across that cur-
rent source. We have sacrificed our ability to relate voltage and current
in a practical source for the simplicity of using ideal sources in circuit
analysis.

Ideal voltage and current sources can be further described as either
independent sources or dependent sources. An independent source estab-
lishes a voltage or current in a circuit without relying on voltages or cur-
rents elsewhere in the circuit. The value of the voltage or current supplied
is specified by the value of the independent source alone. In contrast, a
dependent source establishes a voltage or current whose value depends on
the value of a voltage or current elsewhere in the circuit. You cannot spec-
ify the value of a dependent source unless you know the value of the volt-
age or current on which it depends.

The circuit symbols for the ideal independent sources are shown in
Fig. 2.1. Note that a circle is used to represent an independent source. To
completely specify an ideal independent voltage source in a circuit, you
must include the value of the supplied voltage and the reference polarity,
as shown in Fig. 2.1(a). Similarly, to completely specify an ideal independ-
ent current source, you must include the value of the supplied current and
its reference direction, as shown in Fig. 2.1(b).

The circuit symbols for the ideal dependent sources are shown in
Fig. 2.2. A diamond is used to represent a dependent source. Both the



