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Preface

The central theme of Introduction to Electric Circuits is the concept that electric circuits are part
of the basic fabric of modern technology. Given this theme, we endeavor to show how the
analysis and design of electric circuits are inseparably intertwined with the ability of the engineer
to design complex electronic, communication, computer, and control systems as well as consumer
products.

Approach and Organization

This book is designed for a one- to three-term course in electric circuits or linear circuit analysis and is
structured for maximum flexibility. The flowchart in Figure 1 demonstrates alternative chapter
organizations that can accommodate different course outlines without disrupting continuity.

The presentation is geared to readers who are being exposed to the basic concepts of electric
circuits for the first time, and the scope of the work is broad. Students should come to the course with the
basic knowledge of differential and integral calculus.

This book endeavors to prepare the reader to solve realistic problems involving electric circuits.
Thus, circuits are shown to be the results of real inventions and the answers to real needs in industry, the
office, and the home. Although the tools of electric circuit analysis may be partially abstract, electric
circuits are the building blocks of modern society. The analysis and design of electric circuits are critical
skills for all engineers.

What’s New in the 9th Edition

Revisions to Improve Clarity

Chapter 10, covering AC circuits, has been largely rewritten to improve clarity of exposition.
In addition, revisions have been made through the text to improve clarity. Sometimes these revisions
are small, involving sentences or paragraphs. Other larger revisions involved pages or even entire
sections. Often these revisions involve examples. Consequently, the 9th edition contains 36 new
examples.

More Problems

The 9th edition contains 180 new problems, bringing the total number of problems to more than 1,400.
This edition uses a variety of problem types and they range in difficulty from simple to challenging,
including:

e Straightforward analysis problems.

e Analysis of complicated circuits.

e Simple design problems. (For example, given a circuit and the specified response, determine the
required RLC values.)

e Compare and contrast, multipart problems that draw attention to similarities or differences between
two situations.

e MATLAB and PSpice problems.
e Design problems. (Given some specifications, devise a circuit that satisfies those specifications.)
e How Can We Check . . . ? (Verify that a solution is indeed correct.)

Xi
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FIGURE 1 Flow chart showing alternative paths through the topics in this textbook.

Features Retained from Previous Editions

Introduction

Each chapter begins with an introduction that motivates consideration of the material of that chapter.

Examples

Because this book is oriented toward providing expertise in problem solving, we have included more
than 260 illustrative examples. Also, each example has a title that directs the student to exactly what is
being illustrated in that particular example.

Various methods of solving problems are incorporated into select examples. These cases show
students that multiple methods can be used to derive similar solutions or, in some cases, that multiple
solutions can be correct. This helps students build the critical thinking skills necessary to discern the
best choice between multiple outcomes.

Much attention has been given to using PSpice and MATLAB to solve circuits problems. Two
appendices, one introducing PSpice and the other introducing MATLAB, briefly describe the
capabilities of the programs and illustrate the steps needed to get started using them. Next, PSpice
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and MATLAB are used throughout the text to solve various circuit analysis and design problems. For
example, PSpice is used in Chapter 5 to find a Thévenin equivalent circuit and in Chapter 15 to represent
circuit inputs and outputs as Fourier series. MATLAB is frequently used to obtain plots of circuit inputs
and outputs that help us to see what our equations are telling us. MALAB also helps us with some long
and tedious arithmetic. For example, in Chapter 10, MATLAB helps us do the complex arithmetic that
we must do in order to analyze ac circuits, and in Chapter 14, MATLAB helps with the partial fraction

required to find inverse Laplace transforms.
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Of course, there’s more to using PSpice and MATLAB than simply running the programs. We
pay particular attention to interpreting the output of these computer programs and checking it to make
sure that it is correct. Frequently, this is done in the section called “How Can We Check . . . ?” that is
included in every chapter. For example, Section 8.9 shows how to interpret and check a PSpice
“Transient Response,” and Section 13.7 shows how to interpret and check a frequency response
produced using MATLAB or PSpice.

Design Examples, a Problem-Solving Method, and
“How Can We Check . . . ?” Sections

Each chapter concludes with a design example that uses the methods of that chapter to solve a design
problem. A formal five-step problem-solving method is introduced in Chapter 1 and then used in each
of the design examples. An important step in the problem-solving method requires you to check
your results to verify that they are correct. Each chapter includes a section entitled “How Can We
Check . . . ?” that illustrates how the kind of results obtained in that chapter can be checked to ensure
correctness.

Key Equations and Formulas

You will find that key equations, formulas, and important notes have been called out in a shaded box to
help you pinpoint critical information.

Summarizing Tables and Figures

The procedures and methods developed in this text have been summarized in certain key tables and
figures. Students will find these to be an important problem-solving resource.
e Table 1.5-1. The passive convention.

e Figure 2.7-1 and Table 2.7-1. Dependent sources.

e Table 3.10-1. Series and parallel sources.

e Table 3.10-1. Series and parallel elements. Voltage and current division.

e Figure 4.2-3. Node voltages versus element currents and voltages.

e Figure 4.5-4. Mesh currents versus element currents and voltages.

e Figures 5.4-3 and 5.4-4. Thévenin equivalent circuits.

e Figure 6.3-1. The ideal op amp.

e Figure 6.5-1. A catalog of popular op amp circuits.

e Table 7.8-1. Capacitors and inductors.

e Table 7.13-2. Series and parallel capacitors and inductors.

e Table 8.11-1. First-order circuits.

e Tables 9.13-1, 2, and 3. Second-order circuits.

e Table 10.5-1. Voltage and current division for AC circuits.

e Table 10.16-1. AC circuits in the frequency domain (phasors and impedances).
e Table 11.5-1. Power formulas for AC circuits.

e Tables 11.13-1 and 11.13-2. Coupled inductors and ideal transformers.

e Table 13.4-1. Resonant circuits.

e Tables 14.2-1 and 14.2-2. Laplace transform tables.
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e Table 14.7-1. s-domain models of circuit elements.
e Table 15.4-1. Fourier series of selected periodic waveforms.

Introduction to Signal Processing

Signal processing is an important application of electric circuits. This book introduces signal processing
in two ways. First, two sections (Sections 6.6 and 7.9) describe methods to design electric circuits that
implement algebraic and differential equations. Second, numerous examples and problems throughout
this book illustrate signal processing. The input and output signals of an electric circuit are explicitly
identified in each of these examples and problems. These examples and problems investigate the
relationship between the input and output signals that is imposed by the circuit.

Interactive Examples and Exercises

Numerous examples throughout this book are labeled as interactive examples. This label indicates that
computerized versions of that example are available at the textbook’s companion site, www.wiley.com/
svoboda. Figure 2 illustrates the relationship between the textbook example and the computerized
example available on the Web site. Figure 2a shows an example from Chapter 3. The problem presented
by the interactive example shown in Figure 2 is similar to the textbook example but different in several
ways:

e The values of the circuit parameters have been randomized.
e The independent and dependent sources may be reversed.
e The reference direction of the measured voltage may be reversed.

e A different question is asked. Here, the student is asked to work the textbook problem backward,
using the measured voltage to determine the value of a circuit parameter.

The interactive example poses a problem and then accepts and checks the user’s answer. Students are
provided with immediate feedback regarding the correctness of their work. The interactive example
chooses parameter values somewhat randomly, providing a seemingly endless supply of problems. This
pairing of a solution to a particular problem with an endless supply of similar problems is an effective
aid for learning about electric circuits.

The interactive exercise shown in Figure 2¢ considers a similar, but different, circuit. Like the
interactive example, the interactive exercise poses a problem and then accepts and checks the user’s
answer. Student learning is further supported by extensive help in the form of worked example
problems, available from within the interactive exercise, using the Worked Example button.

Variations of this problem are obtained using the New Problem button. We can peek at the
answer, using the Show Answer button. The interactive examples and exercises provide hundreds of
additional practice problems with countless variations, all with answers that are checked immediately
by the computer.

Supplements and Web Site Material

The almost ubiquitous use of computers and the Web have provided an exciting opportunity to rethink
supplementary material. The supplements available have been greatly enhanced.

Book Companion Site

Additional student and instructor resources can be found on the John Wiley & Sons textbook
companion site at www.wiley.com/college/svoboda.

Xv
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[TTT]

—© Voltmeter ¢

Worked Examples

—o Voltmeter @

Calculator

New Problem

Show Answer

The voltmeter measures a voltage in volts. :
What is the value of the resistance R in Q7

(b)

Worked Examples

[TTT]

o Ammeter @

Calculator

12V
New Problem

Show Answer

The ammeter measures a current in amps. What :
is the value of the current measured by the ammeter?
(c)

FIGURE 2 (a) The circuit considered Example 3.2-5. (b) A corresponding interactive example. (¢) A corresponding
interactive exercise.

Student

e Interactive Examples The interactive examples and exercises are powerful support resources
for students. They were created as tools to assist students in mastering skills and building
their confidence. The examples selected from the text and included on the Web give students
options for navigating through the problem. They can immediately request to see the solution or
select a more gradual approach to help. Then they can try their hand at a similar problem by simply
electing to change the values in the problem. By the time students attempt the homework, they have
built the confidence and skills to complete their assignments successfully. It’s a virtual homework
helper.
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e PSpice for Linear Circuits, available for purchase.
e WileyPLUS option.

Instructor

e Solutions manual.
e PowerPoint slides.
e WileyPLUS option.

WileyPLUS

Pspice for Linear Circuits is a student supplement available for purchase. The PSpice for Linear
Circuits manual describes in careful detail how to incorporate this valuable tool in solving problems.
This manual emphasizes the need to verify the correctness of computer output. No example is finished
until the simulation results have been checked to ensure that they are correct.
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CHAPTER 1 Electric Circuit
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11 Introduction

A circuit consists of electrical elements connected together. Engineers use electric circuits to solve
problems that are important to modern society. In particular:

1. Electric circuits are used in the generation, transmission, and consumption of electric power and
energy.

2. Electric circuits are used in the encoding, decoding, storage, retrieval, transmission, and processing
of information.

In this chapter, we will do the following:

* Represent the current and voltage of an electric circuit element, paying particular
attention to the reference direction of the current and to the reference direction or polarity of
the voltage.

e Calculate the power and energy supplied or received by a circuit element.

e Use the passive convention to determine whether the product of the current and
voltage of a circuit element is the power supplied by that element or the power received by
the element.

e Use scientific notation to represent electrical quantities with a wide range of magnitudes.

1.2 Electric Circuits and Current

The outstanding characteristics of electricity when compared with other power sources are its
mobility and flexibility. Electrical energy can be moved to any point along a couple of wires and,
depending on the user’s requirements, converted to light, heat, or motion.

An electric circuit or electric network is an interconnection of electrical elements linked
together in a closed path so that an electric current may flow continuously.
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Consider a simple circuit consisting of two well-known electrical elements, a battery and a
resistor, as shown in Figure 1.2-1. Each element is represented by the two-terminal element
shown in Figure 1.2-2. Elements are sometimes called devices, and terminals are sometimes called

nodes.
Wire
Battery Resistor
a o—' '—o b
Wire .
FIGURE 1.2-2 A general two-terminal electrical element
FIGURE 1.2-1 A simple circuit. with terminals a and b.

Charge may flow in an electric circuit. Current is the time rate of change of charge past a given
point. Charge is the intrinsic property of matter responsible for electric phenomena. The quantity of
charge ¢ can be expressed in terms of the charge on one electron, which is —1.602 x 10~"? coulombs.
Thus, —1 coulomb is the charge on 6.24 x 10'® electrons. The current through a specified area is
defined by the electric charge passing through the area per unit of time. Thus, ¢ is defined as the charge
expressed in coulombs (C).

Charge is the quantity of electricity responsible for electric phenomena.

Then we can express current as

. dq

= 1.2-1
i=— (1.2-1)

The unit of current is the ampere (A); an ampere is 1 coulomb per second.
Current is the time rate of flow of electric charge past a given point.

Note that throughout this chapter we use a lowercase letter, such as ¢, to denote a variable that is a
function of time, g(f). We use an uppercase letter, such as Q, to represent a constant.

The flow of current is conventionally represented as a flow of positive charges. This convention
was initiated by Benjamin Franklin, the first great American electrical scientist. Of course, we
now know that charge flow in metal conductors results from electrons with a negative charge.
Nevertheless, we will conceive of current as the flow of positive charge, according to accepted

convention.
; Figure 1.2-3 shows the notation that we use to describe a current. There are two parts to
a =y I:] p  this notation: a value (perhaps represented by a variable name) and an assigned direction. As a

matter of vocabulary, we say that a current exists in or through an element. Figure 1.2-3 shows
that there are two ways to assign the direction of the current through an element. The current i,
FIGURE 1.2-3 Current is the rate of flow of electric charge from terminal a to terminal b. On the other hand, the
in a circuit element. current i, is the flow of electric charge from terminal b to terminal a. The currents i; and i, are
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0 t  FIGURE 1.2-4 A direct current of magnitude /.

similar but different. They are the same size but have different directions. Therefore, i, is the negative
of i; and

i1 =—i
We always associate an arrow with a current to denote its direction. A complete description of current
requires both a value (which can be positive or negative) and a direction (indicated by an arrow).

If the current flowing through an element is constant, we represent it by the constant /, as shown in
Figure 1.2-4. A constant current is called a direct current (dc).

A direct current (dc) is a current of constant magnitude.

A time-varying current i(f) can take many forms, such as a ramp, a sinusoid, or an exponential, as
shown in Figure 1.2-5. The sinusoidal current is called an alternating current (ac).

i i=Isinwt,t=0

0 (s) \/ \ e
J-————

(a) (b) (c)

FIGURE 1.2-5 (a) A ramp with a slope M. (b) A sinusoid. (c) An exponential. / is a constant. The current i is zero for # < 0.

t(s)

If the charge g is known, the current i is readily found using Eq. 1.2-1. Alternatively, if the current
i is known, the charge ¢ is readily calculated. Note that from Eq. 1.2-1, we obtain

q:/_t idr:/otidt+q(0) (1.2-2)

oo
where ¢(0) is the charge at r=0.

ExampLe 1.2-1 Current from Charge

Find the current in an element when the charge entering the element is

q=12tC

where ¢ is the time in seconds.
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Solution
Recall that the unit of charge is coulombs, C. Then the current, from Eq. 1.2-1, is
dg
i =—=12A
"
where the unit of current is amperes, A.
Try it
yourself [ ExampLE 1.2-2 Charge from Current
in WileyPLUS

Find the charge that has entered the terminal of an element from 7=0 s to #=3 s when the current entering the
element is as shown in Figure 1.2-6.

i(A)

=1 0 1 2 1(s)  FIGURE 1.2-6 Current waveform for Example 1.2-2.
Solution
From Figure 1.2-6, we can describe i(¢) as
0 <0
(=<1 0<r<1
rot>1

Using Eq. 1.2-2, we have

3 1 3
4(3) — q(0) = /0 i(t)dt:/o 1dt+/1 rdt
b op2 1

3

=1 +—| =1+ (9 — =tk

2 2
0 1
Alternatively, we note that integration of i(r) from t =0 to =3 s simply requires the calculation of the area under
the curve shown in Figure 1.2-6. Then, we have

g=1+2x2=5C

EXERCISE 1.2-1 Find the charge that has entered an element by time ¢ when
i=8t> — 4t A, t>0. Assume ¢(f) =0 for 1 <0.

8
Answer: ¢(t) = §t3 -2’ C

EXERCISE 1.2-2 The total charge that has entered a circuit element is g(rf)=4 sin 3t C when
t > 0, and g(f)=0 when t < 0. Determine the current in this circuit element for # > 0.

d
Answer: i(t) = $4 sin 3t = 12 cos 3r A



1.3 Systems of Units

Systems of Units

In representing a circuit and its elements, we must define a consistent system of units for the quantities
occurring in the circuit. At the 1960 meeting of the General Conference of Weights and Measures, the
representatives modernized the metric system and created the Systéme International d’Unites,

commonly called SI units.

SI is Systeme International d’Unités or the International System of Units.

The fundamental, or base, units of SI are shown in Table 1.3-1. Symbols for units that represent proper
(persons’) names are capitalized; the others are not. Periods are not used after the symbols, and the symbols do
not take on plural forms. The derived units for other physical quantities are obtained by combining the
fundamental units. Table 1.3-2 shows the more common derived units along with their formulas in terms of
the fundamental units or preceding derived units. Symbols are shown for the units that have them.

Table 1.3-1 Sl Base Units

SIUNIT
QUANTITY NAME SYMBOL
Length meter m
Mass kilogram kg
Time second S
Electric current ampere A
Thermodynamic temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd
Table 1.3-2 Derived Units in Sl
QUANTITY UNIT NAME FORMULA SYMBOL
Acceleration — linear meter per second per second m/s?
Velocity — linear meter per second m/s
Frequency hertz s Hz
Force newton kg - m/s* N
Pressure or stress pascal N/m? Pa
Density kilogram per cubic meter kg/m®
Energy or work joule N-m J
Power watt /s w
Electric charge coulomb A-s C
Electric potential volt W/A v
Electric resistance ohm V/A Q
Electric conductance siemens ANV S
Electric capacitance farad C/V F
Magnetic flux weber V-s Wb
Inductance henry Wb/A H




6 1. Electric Circuit Variables

Table 1.3-3 Sl Prefixes

MULTIPLE PREFIX SYMBOL

102 tera T
10° giga G

10° mega M

10° kilo k
1072 centi c
1072 milli m
10°° micro n
107° nano n
107" pico p
1071 femto f

The basic units such as length in meters (m), time in seconds (s), and current in amperes (A) can
be used to obtain the derived units. Then, for example, we have the unit for charge (C) derived from the
product of current and time (A - s). The fundamental unit for energy is the joule (J), which is force times
distance or N - m.

The great advantage of the SI system is that it incorporates a decimal system for relating larger
or smaller quantities to the basic unit. The powers of 10 are represented by standard prefixes given in
Table 1.3-3. An example of the common use of a prefix is the centimeter (cm), which is 0.01 meter.

The decimal multiplier must always accompany the appropriate units and is never written by itself.
Thus, we may write 2500 W as 2.5 kW. Similarly, we write 0.012 A as 12 mA.

E ExampLE 1.3-1 SI Units }

A mass of 150 grams experiences a force of 100 newtons. Find the energy or work expended if the mass moves
10 centimeters. Also, find the power if the mass completes its move in 1 millisecond.

Solution
The energy is found as

energy = force x distance = 100 x 0.1 = 10J

Note that we used the distance in units of meters. The power is found from

ener;
power = 7gy
time period
where the time period is 1073 s. Thus,

10
power = = = 10* W = 10 kW

EXERCISE 1.3-1 Which of the three currents, i; =45 pA, i»=0.03 mA, and iy =25 x 107*A,
is largest?

Answer: i3 is largest.
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1.4 Voltage

The basic variables in an electrical circuit are current and voltage. These variables A
describe the flow of charge through the elements of a circuit and the energy required to

cause charge to flow. Figure 1.4-1 shows the notation we use to describe a voltage. a O_|:}—° b
There are two parts to this notation: a value (perhaps represented by a variable name) v vy -

and an assigned direction. The value of a voltage may be positive or negative. The
direction of a voltage is given by its polarities (+, —). As a matter of vocabulary, we say
that a voltage exists across an element. Figure 1.4-1 shows that there are two ways to
label the voltage across an element. The voltage vy, is proportional to the work required to move a
positive charge from terminal a to terminal b. On the other hand, the voltage v,y is proportional to the
work required to move a positive charge from terminal b to terminal a. We sometimes read vy, as “the
voltage at terminal b with respect to terminal a.” Similarly, v,;, can be read as “the voltage at terminal a
with respect to terminal b.” Alternatively, we sometimes say that v, is the voltage drop from terminal a
to terminal b. The voltages v,, and v, are similar but different. They have the same magnitude but
different polarities. This means that

FIGURE 1.4-1 Voltage
across a circuit element.

Vab = —Vba

When considering vy,,, terminal b is called the “+ terminal” and terminal a is called the “— terminal.” On
the other hand, when talking about v,y,, terminal a is called the “+ terminal” and terminal b is called the
“— terminal.”

The voltage across an element is the work (energy) required to move a unit positive charge
from the — terminal to the + terminal. The unit of voltage is the volt, V.

The equation for the voltage across the element is

_dw

=— 1.4-1
=5 (141

where v is voltage, w is energy (or work), and ¢ is charge. A charge of 1 coulomb delivers an energy of
1 joule as it moves through a voltage of 1 volt.

15 Power and Energy

The power and energy delivered to an element are of great importance. For example, the useful output
of an electric lightbulb can be expressed in terms of power. We know that a 300-watt bulb delivers more
light than a 100-watt bulb.

Power is the time rate of supplying or receiving power.

Thus, we have the equation

p=— (1.5-1)
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’ﬁl A where p is power in watts, w is energy in joules, and 7 is time in seconds. The power
ao |' | o b associated with the current through an element is
(a) dw dw d
p=_Wa_, (1.5-2)
dt dq dt
ity - v(t) +
—
ao { } O b L
L From Eq. 1.5-2, we see that the power is simply the product of the voltage across
(b) an element times the current through the element. The power has units of watts.

FIGURE 1.5-1 (a) The element
voltage and current adhere to the
passive convention. (b) The
element voltage and current do
not adhere to the passive

convention.

Two circuit variables are assigned to each element of a circuit: a voltage and a
current. Figure 1.5-1 shows that there are two different ways to arrange the direction
of the current and the polarity of the voltage. In Figure 1.5-1a, the current is directed
from the + toward the — of the voltage polarity. In contrast, in Figure 1.5-1b, the
current is directed from the — toward the + of the voltage polarity.

First, consider Figure 1.5-1a. When the current enters the circuit element at the
+ terminal of the voltage and exits at the — terminal, the voltage and current are said to
“adhere to the passive convention.” In the passive convention, the voltage pushes a
positive charge in the direction indicated by the current. Accordingly, the power
calculated by multiplying the element voltage by the element current

p=vi
is the power received by the element. (This power is sometimes called “the power absorbed by the
element” or “the power dissipated by the element.”) The power received by an element can be either
positive or negative. This will depend on the values of the element voltage and current.

Next, consider Figure 1.5-1b. Here the passive convention has not been used. Instead, the current
enters the circuit element at the — terminal of the voltage and exits at the + terminal. In this case, the
voltage pushes a positive charge in the direction opposite to the direction indicated by the current.
Accordingly, when the element voltage and current do not adhere to the passive convention, the power
calculated by multiplying the element voltage by the element current is the power supplied by the
element. The power supplied by an element can be either positive or negative, depending on the values
of the element voltage and current.

The power received by an element and the power supplied by that same element are related by

power received = —power supplied

The rules for the passive convention are summarized in Table 1.5-1. When the element voltage
and current adhere to the passive convention, the energy received by an element can be determined

Table 1.5-1 Power Received or Supplied by an Element

POWER RECEIVED BY AN ELEMENT POWER SUPPLIED BY AN ELEMENT

+ v - - v +

Because the reference directions of Because the reference directions of

v and i adhere to the passive v and i do not adhere to the

convention, the power passive convention, the power
p=vi p=vi

is the power received by the is the power supplied by the

element. element.
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from Eq. 1.5-1 by rewriting it as

dw=pdt (1.5-3)
On integrating, we have
1
w:/ pdr (1.5-4)

If the element only receives power for ¢ > 7, and we let 7, = 0, then we have

t
w= / pdr (1.5-5)
0

( ExampLE 1.5-1 Electrical Power and Energy j

TP v -

—> FIGURE 1.5-2 The element
i considered in Example 1.5-1.

Let us consider the element shown in Figure 1.5-2 when v=8V and i =25 mA. Find the power received by the
element and the energy received during a 10-ms interval.

Solution
In Figure 1.5-2 the current i and voltage v adhere to the passive convention. Consequently the power

p = vi=8(0.025) = 0.2 W = 200 mW

is the power received by the circuit element. Next, the energy received by the element is

t 0.010
w=/ pdt:/ 0.2 dt = 0.2(0.010) = 0.002 J = 2 mJ
0 0

ExampLE 1.5-2 Electrical Power and the Passive Convention ]

i=2 A + vab:4V —
—>
[ 1
ao 1 I O b

FIGURE 1.5-3 The element

" Vea= AV F considered in Example 1.5-2.

Consider the element shown in Figure 1.5-3. The current i and voltage v,, adhere to the passive convention, so
vy =2-(—4)=-8W
is the power received by this element. The current i and voltage vy, do not adhere to the passive convention, so
[ Vea=2-(4)=8W

is the power supplied by this element. As expected

power received = —power supplied





