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Circuit analysis is not only fundamental to the entire breadth of electrical and computer To the Stud e@
engineering—the concepts studied here extend far beyond those boundaries. For this reason,
it remains 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 provided 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.

The Eleventh Edition has been prepared based on a careful examination of feedback received To t
from instructors and students. The revisions and changes made should appeal to a wide vari- Instructo
ety of instructors. We are aware of significant changes taking place in the way this material is
being taught and learned. Consequently, the authors and the publisher have created a formi-
dable array of traditional and nontraditional learning resources to meet the needs of students
and teachers of modern circuit analysis.

By design, the book contains an enormous number of end-of-chapter problems that
provide significant advantages for the instructor. As a time-saving measure, the instruc-
tor can use this bank of problems to select both homework problems and exam questions,
term after term, without repetition. Dedicated students will find this problem set, typically
graduated in difficulty, 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, problem-solving videos, and WileyPLUS software, 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 understand-
ing of the material.

Engineering educators have long recognized that coupling traditional lecture courses
with laboratory experiences enhances student interest and learning. The trend in hands-on
learning has been spurred by the development of inexpensive USB-powered instruments
and inexpensive portable laboratory kits that allow the student to explore electrical theory
in environments that vary from a traditional laboratory classroom to an environment where
the experiments can be performed anywhere at any time. Research has shown that students
gain a deeper understanding of abstract theoretical concepts when the concepts are applied in
practical circuits. The response of students, both male and female, to hands-on learning with
such kits has been overwhelmingly positive. New to this edition, a list of such experiments is
provided at the beginning of each chapter. The experiments, which demonstrate some of the
concepts introduced in the chapters, can be conducted under the guidance of an instructor or
independently.

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. A number of
new examples have been introduced, and MATLAB® has been employed, where appropriate,
to provide a quick and easy software solution as a means of comparison, as well as to check
on other solution techniques.
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@xt Pedagogy

A four-color design is employed to enhance and clarify both text and illustrations. This
sharply improves the pedagogical presentation, particularly with complex illustrations.
For example, see Figure 2.5 on page 30.

e End-of-chapter homework problems have been substantially revised and augmented.
There are now approximately 1,400 problems in the Eleventh Edition, of which over
400 are new! Multiple-choice Fundamentals of Engineering (FE) Exam problems also
appear at the end of each chapter.

e Problem-solving videos (PSVs) have been created, showing students step by step how
to solve all Learning Assessment problems within each chapter. This is a special fea-
ture that should significantly enhance the learning experience for each subsection in a
chapter.

e In order to provide maximum flexibility, online supplements contain solutions to exam-
ples 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.

e Problem-Solving Strategies have been retained in the Eleventh Edition. They are uti-
lized as a guide for the solutions contained in the PSVs.

e The WileyPLUS resources have been greatly updated and expanded, with additional
algorithmic problems, PSVs, and much more. Reading Quiz questions give instructors
the opportunity to track student reading and measure their comprehension. Math Skills
Assessments provide faculty with tools to assess students’ mastery of essential math-
ematical concepts. Not only can faculty measure their students’ math comprehension at
the beginning of the term, they also now have resources to which they can direct stu-
dents to reinforce areas where they need to upgrade their skills.

» Experiments are paired with each chapter so that students can see in action the concepts
discussed in the chapter through the use of both predefined physical circuits and inde-
pendent design projects.

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. Chapters 8 to 12 are focused on the analysis of ac circuits, beginning 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 and Fourier trans-
form are covered in Chapters 13 to 15.

The organization of the text provides instructors maximum 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 to 3 and 5 to 8. Other instructors have
chosen to cover Chapters 1 to 3, 5 to 6, and section 7.1, and then cover Chapters 8 and 9. The
remaining chapters can be covered in a second semester course.

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 chapter. This tabular list tells the
reader what is important and what will be gained from studying the material in the chapter.

Experiments that reinforce the learning objectives are listed with brief descriptions of what
the student will gain by performing each experiment. Most experiments also involve simulat-
ing the circuit with computer software to verify/predict correct operation.



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 presen-
tation with simple, medium, and challenging examples.

Hints can often be found in the page margins. They facilitate understanding and serve as
reminders of key issues. See, for example, page 9.

Learning Assessments are a critical learning tool in this text. These exercises test the cumu-
lative 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 solu-
tion in step-by-step detail. The student who masters these is ready to move forward. See, for
example, page 11.

Problem-Solving Strategies are step-by-step problem-solving 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 strategies, which are a kind of summation on
problem solving for concepts presented. See, for example, page 44.

Problems have been greatly revised for the Eleventh Edition. This edition has over 400 new
problems of varying depth and level. Any instructor will find numerous problems appropriate
for any level class. There are approximately 1,400 problems in the Eleventh 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.

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 Eleventh 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 software an integral and effective part of
the presentation of course material.

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

WileyPLUS is an innovative, research-based, online environment for effective teaching and
learning.

WHAT DO STUDENTS RECEIVE WITH WILEYPLUS? A Research-Based Design:
WileyPLUS provides an online environment that integrates relevant resources, including
the entire digital textbook, in an easy-to-navigate framework that helps students study more
effectively.

e WileyPLUS adds structure by organizing textbook content into smaller, more manage-
able “chunks.”

¢ Related media, examples, and sample practice items reinforce the learning objectives.

e Innovative features such as calendars, visual progress tracking, and self-evaluation tools

improve time management and strengthen areas of weakness.

One-on-One Engagement. With WileyPLUS, students receive 24/7 access to resources that
promote positive learning outcomes. Students engage with related examples (in various
media) and sample practice items, including:

¢ FE Exam Questions

e Reading Quiz Questions

PREFACE Xi
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e Circuit Solutions

e Learning Assessments

e Math Skills Assessments

Measurable Outcomes: Throughout each study session, students can assess their progress and
gain immediate feedback. WileyPLUS provides precise reporting of strengths and weaknesses,

as well as individualized quizzes, so that students are confident that they are spending their time
on the right things. With WileyPLUS, students always know the exact outcome of their efforts.

WHAT DO INSTRUCTORS RECEIVE WITH WILEYPLUS? WileyPLUS provides reli-
able, customizable resources that reinforce course goals inside and outside of the classroom, as
well as visibility into individual student progress. Precreated materials and activities help instruc-
tors optimize their time.

Customizable Course Plan: WileyPLUS comes with a precreated course plan designed by a sub-
ject matter expert uniquely for this course. Simple drag-and-drop tools make it easy to assign the
course plan as-is or modify it to reflect your course syllabus.
Precreated Activity Types include:
¢ Questions
e Readings and Resources
e Presentation
e Print Tests
*  Concept Mastery

Course Materials and Assessment Content:

e Lecture Notes

e PowerPoint Slides

e Image Gallery

e Instructor’s Manual

e Gradable Reading Assignment Questions (embedded with online text)

¢ Question Assignments: All end-of-chapter problems are coded algorithmically with hints,

links to text, whiteboard/show work feature, and instructor-controlled problem-solving help.

Gradebook: WileyPLUS provides instant access to reports on trends in class performance, stu-
dent use of course materials, and progress toward learning objectives, helping inform decisions
and drive classroom discussions.

Learn more about WileyPLUS at www.wileyplus.com.

Powered by proven technology and built on a foundation of cognitive research, WileyPLUS has
enriched the education of millions of students in more than 20 countries.

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

Problem-Solving Videos are offered again in the Eleventh Edition in an iPod-compatible
format. The videos provide step-by-step solutions to Learning Assessments. Videos for Learning
Assessments will follow directly after 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 Eleventh Edition has been completely redone, checked, and
double-checked for accuracy. Although it is hand-written to avoid typesetting errors, it is the most


http://www.wileyplus.com

accurate solutions manual ever created for this textbook. Qualified instructors who adopt the text
for classroom use can download it off Wiley’s Instructor Companion Site.

PowerPoint Lecture Slides are an especially valuable supplementary aid for some instructors.
While most publishers make only figures available, these slides are true lecture tools that sum-
marize the key learning points for each chapter and are easily editable in PowerPoint. The slides
are available for download from Wiley’s Instructor Companion Site for qualified adopters.

Lab-in-a-Box: Introductory Experiments in Electric Circuits is a collection of laboratory exper-
iments made available within WileyPLUS or as a companion publication. The experiments have
been designed for a range of instructional settings, from traditional laboratory classes through
at-home experimentation. This allows the instructor to choose the instructional environment for
the experiments. Videos to support students as they perform the experiments are also available
in WileyPLUS.

Over the more than three decades that this text has been in existence, we estimate that more ACknowledgme

than one thousand instructors have used our book in teaching circuit analysis to hundreds of
thousands of students. As authors, there is no greater reward than having your work used by

so many. We are grateful for the confidence shown in our text and for the numerous evalua-
tions and suggestions from professors and their students over the years. This feedback has
helped us continuously improve the presentation. For this Eleventh Edition, we especially
thank Brandon Eidson and Elizabeth Devore with Auburn University for their assistance
with the solutions manual.

We were fortunate to have an outstanding group of faculty who has participated in reviews,

surveys, and focus groups for this edition:

Jorge Aravena, Louisiana State University

Cindy Barnicki, Milwaukee School of Engineering
Kurt Becker, Utah State University

Yugal Behl, CNM Community College

Christopher Bise, West Virginia University

April Bryan, Rose-Hulman

James Conrad, University of North Carolina—Charlotte
Roy Craig, University of Texas—Austin

Janak Dave, University of Cincinnati

Richard DuBroff, Missouri University of Science & Technology
Kim Fitzgerald, University of Illinois—Chicago
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Bill Hornfeck, Lafayette College

Paul King, Vanderbilt University

Steve Krause, Arizona State University
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Janice Margle, Penn State University—Abington
Maditumi Mitra, University of Maryland
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The preparation of this book and the materials that support it have been handled with both
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ChapterQOne

THE LEARNING GOALS FOR THIS
CHAPTER ARE THAT STUDENTS
SHOULD BE ABLE TO:

B Use appropriate Sl units and standard prefixes when
calculating voltages, currents, resistances, and powers.

B Explain the relationships between basic electrical
quantities: voltage, current, and power.

Use the appropriate symbols for independent and
dependent voltage and current sources.

Calculate the value of the dependent sources when
analyzing a circuit that contain independent and
dependent sources.

Calculate the power absorbed by a circuit element
using the passive sign convention.

EXPERIMENTS THAT HELP STUDENTS DEVELOP AN UNDERSTANDING OF BASIC ELECTRIC
CIRCUIT CONCEPTS ARE:

B Breadboard Basics: Learn the operation of a digital multimeter while mapping the connections on a breadboard via resistance
measurements.

B Resistance Tolerances: Measure the resistance of real resistors and apply statistical analysis to the experimental values to
explain nominal resistance and tolerance.

B Voltage Polarity and Direction of Current: Discover how dc currents and voltages are measured using a digital multimeter so
that the resulting power calculated follows the passive sign convention.




2 CHAPTER 1 e

@

System
of Units

(12

Basic
Quantities

BASIC CONCEPTS

The system of units we employ is the international system of units, the Systéme International
des Unités, which is normally referred to as the SI standard system. This system, which is
composed 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 Pentium
integrated circuit chip containing 50 million transistors. These chips are the engine for a host
of electronic equipment.

F|gure 1 1 10*12 10*9 106 1073 1 103 106 109 1012
Standard Sl prefixes. |

pico (p) nano (n) micro () milli (m) kilo (k) mega (M) giga(G) tera(T)

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 interconnection 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

2
=210 & p= f ke 11
dt -
where i and g 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 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. I, = 2 A'in Fig. 1.2a indicates that at any point
in the wire shown, 2 C of charge pass from left to right each second. I, = —3 A in Fig. 1.2b
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
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Figure 1.2 I, =2A
Conventional current flow: -
(a) positive current flow;

(b) negative current flow. W

i1 i)

(a) \ / -
\/ t t
L=-3A
W Figure 1.3
(b) Two common types of current: (a) alternating current (ac);

(b) direct current (dc).

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 currents in
elements familiar to us ranges from soup to nuts, as shown in Fig. 1.4.

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(f) or W, is measured in joules (J); 1 joule is 1 newton meter (N-m).
Hence, voltage [v(f) 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

106 Figure 1.4
104 Lightning bolt Typical current magnitudes.
Large industrial motor current
102
Typical household appliance current
=z 109
v Causes ventricular fibrillation in humans
§ 1072
g— Human threshold of sensation
s 104
£
c 106
= Integrated circuit (IC) memory cell current
O 10-8
10-10
1012
Synaptic current (brain cell)
10-14
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Figure 1.5

Voltage representations.

(b)

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 V), 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 B is 2 'V 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 c, a negative number for a given variable, for exam-
ple, V, in Fig. 1.5b, gives exactly the same information as a positive number; that is, V, in
Fig. 1.5¢c, 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
aline 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 / flowing in this
diagram. 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
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
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8 Figure 1.6
10 Lightning bolt g .
Typical voltage magnitudes.
106 High-voltage transmission lines
Voltage on a TV picture tube
104 L . .
arge industrial motors
ac outlet plug in U.S. households
_ 102
> Car battery
2 o Voltage on integrated circuits
g 10 Flashlight battery
£
S 10-2
= Voltage across human chest produced by the
S heart (EKG)
104
Voltage between two points on human scalp (EEG)
10-6
Antenna of a radio receiver
10-8
10-10

Figure 1.7
Flashlight circuit.

Light bulb
Figure 1.8
Flashlight circuit
with voltages and
current.
I
,
- Vbattery + + Vbulb -

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 o 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 absorb-
ing 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
whatever 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.

(b)

Figure 1.9

Voltage—current rela-
tionships for (a) energy
absorbed and

(b) energy supplied.

5
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EXAMPLE 1.1
AN

SOLUTION

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?

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 positive 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.

Figure 1.10 I
Diagram for Example 1.1.

In practical applications, there are often considerations other than simply the electri-
cal 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.

0

o(t)

Figure 1.11

Sign convention for power.

'

Y
HINT
e Sive sign convention is

used to determine whether power
is being absorbed or supplied.

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

_dw
v= - 1.2
Multiplying this quantity by the current in the element yields
—dofdg) _dv_
Y= g ( dr) = dr 13

which is the time rate of change of energy or power measured in joules per second, or watts (W).
Since, in general, both v and 7 are functions of time, p is also a time-varying quantity. Therefore,
the change in energy from time ¢, to time ¢, can be found by integrating Eq. (1.3); that is,

t t
Aw=£pdt=£vidt 14

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 shown in Fig. 1.11. The variable for the voltage v(¢) is defined as the voltage across
the element with the positive reference at the same terminal that the current variable i(7) is
entering. This convention is called the passive sign convention and will be so noted in the
remainder of this book. The product of v and i, with their attendant signs, will determine the
magnitude and sign of the power. 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.
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Given the two diagrams shown in Fig. 1.12, determine whether the element is absorbing or
supplying power and how much.

4A —2A Figure 1.12
- _ ks + Elements for
2V 2V 2V 2v  Example 1.2.
+ —
+ —

(a) (b)

EXAMPLE 1.2
AA

In Fig. 1.12a, the power is P = (2 V)(—4 A) = —8 W. Therefore, the element is supplying power. SOLUTION

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= —48 W,
(b) P =8 W.

Figure E1.1

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

=7 Figure 1.13
B Elements for
Vi= =-20W P=40W 5V Example 1.3.
+

(2)

EXAMPLE 1.3
AA

In Fig. 1.13a, a power of —20 W indicates that the element is delivering power. Therefore, the ~SOLUTION

current enters the negative terminal (terminal A), and from Eq. (1.3) the voltage is 4 V. Thus,

B is 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:
@V, =-20V,
(b)I=-5A.

I=2A
- P=40W + P=-50W [
10V 10V
=2
(b)

Figure E1.2 @
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(13

Circuit
Elements

Figure 1.14

Symbols for (a) independent
voltage source and (b) indepen-
dent current source.

Finally, it is important to note that our electrical networks satisfy the principle of conservation
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 net-
work 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.

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 character-
ized 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 either
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

o(t) i(r)

(a) (b)
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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.

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 automo-
bile 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 independent 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.

9

Determine the power absorbed or supplied by the elements in the network in Fig. 1.15. EXAMPLE 1 .4
6V i ;
ik R —
I=2A etwork for Example 1.4.
— P N

=+ v
24V 18V HINT
N ements that are connected in

1= 2A series have the same current.

The current flow is out of the positive terminal of the 24-V source, and therefore this element SOLUTION
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.

LEARNING ASSESSMENT

E1.3 Find the power that is absorbed or supplied by the elements in Fig. E1.3. ANSWER:
Current source

I=3A * |ﬁ/| - supplies 36 W, element 1
L I=3A absorbs 54 W, and element 2
p - supplies 18 W.
2V 3A 6V
= +

Figure E1.3






