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HALLMARK FEATURES (OF THE SEVENTH EDITION)

Practical Perspectives

The seventh edition of Electric Circuits includes 13 Practical Perspectives
that offer examples of real-world circuits, taken from real-world devices
such as telephones, hair dryers, and automobiles. A total of 13 chapters
begin with a brief description of a practical application of the material to
follow. Once the chapter material is presented, the chapter concludes with
a quantitative analysis of the application. Several problems pertaining to
the Practical Perspective are included in the Chapter Problems and are
identified with the icon ®. The Practical Perspectives are designed to stim-
ulate students’ interest in applying circuit analysis to the design of useful
circuits and devices, and to consider some of the complexities associated
with making a working circuit. The following chart shows where to find the
opening description, quantitative analysis, and related Chapter Problems
for each Practical Perspective:

RELATED -

I 1 QUAﬁTI"I’ATIVE ~ HOMEWORK
DESCRIPTION ANALYSIS PROBLEMS
Electric Safety, Chapter 2, Page 27 :Page 54 ‘ Pages 62-63
A Rear Window Defroster, Chapter 3, Page 65 o Pages 87-90 Page 1’0‘5
Crrcitit with Realistic Resistors, Chapter 4, Page 107 ‘ Pages 155—158 Page 178
Strain Gagés, Chapter 5, Page 181 Pages 201-203 Pages 214-215
Proximity Switches, Chapter 6, Page 217 Pages 247-248 Pages 260-261
A Flashing Light Circuit, Chapter 7, Page 263 Pages 304-305 Pages 326—327
An Ignition Circoit Chapfer 8, Page 329 Pages 366-369 Page 379
A Household Distribution Circuit, Chapter 9, Page 382 B Page 431  Page 447
Heatmg Appliances, Chapter 10, Page 449 : 'Pages 481-482 ~ Pages 496497
Transmission and Dzstrlbutzon of Electru Power Chapter 11, Page 499 Pages 524—525 ‘ Page :534 e
Surge Suppressors Chapter 13; Page 581 s o P;age 629 2 . : Page 648 ,‘ |

Pushbutton Telephone Circuits, Chapter 14, Page 657
Bass Volume Control, Chapter 15, Page 697

 Pages 687-688
| Pages740-742

 Pages 694—695;_‘:”” |
Pages 753-754 L



Integration of Computer Tools

Computer tools cannot replace the traditional methods for mastering the
study of electric circuits. However, they can assist students in the learning
process by providing a visual representation of a circuit’s behavior, vali-
dating a calculated solution, reducing the computational burden of more
complex circuits, and iterating toward a desired solution using parameter
variation. This computational support is often invaluable in the design
process.

The seventh edition includes the support of a popular computer tool,
PSpice, into the main text with the addition of icons identifying Chapter
Problems suited for exploration with this tool. The icon (] identifies those
problems to investigate with PSpice. Instructors are provided with com-
puter files containing the PSpice simulation of the problems so marked.

Design Emphasis

We continue to support the emphasis on design of circuits in several ways.
First, several of the new Practical Perspective discussions focus on the de-
sign 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 with the
icon %*, enabling students and instructors to identify those problems with
a design focus. Third, the identification of problems suited to exploration
with PSPice suggests design opportunities using this computer tool.

Chapter Problems

Users of Electric Circuits consistently have rated the Chapter Problems as
one of the book’s most attractive features. In the seventh edition, there
are over 1000 problems (approximately 75% are new or revised). The
problems are designed around the following objectives (in parentheses are
the corresponding problem categories identified in the Instructor’s Guide).

¢ To give students practice in using the analytical techniques developed
in the text (Practice)

¢ To show students that analytical techniques are tools, not objectives
(Analytical Tool)

+ To give students practice in choosing the analytical method to be used
in obtaining a solution (Open Method)

¢ To show students how the results from one solution can be used to find
other information about a circuit’s operation (Additional Information)

¢ To encourage students to challenge the solution either by using an
alternate method or by testing the solution to see if it makes sense in
terms of known circuit behavior (Solution Check)

¢ To introduce students to design oriented problems (Design)



¢ To give students practice in deriving and manipulating equations where
quantities of interest are expressed as functions of circuit variables such
as R, L, C, w,andso forth; thistype of problem also supports the design
process (Derivation)

¢ To challenge students with problems that will stimulate their interest
in both electrical and computer engineering (Practical)

Accuracy

All text and problems in the seventh edition have been triple-checked for
accuracy.

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 potential, 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.
¢ Single-semester course: After covering Chapters 1-4 and Chapters 6-
10 (omitting Sections 7.7 and 8.5) the instructor can choose from Chap-
ter 5 (operational amplifiers), Chapter 11 (three-phase circuits), Chap-
ters 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 Chap-
ters 10-18 for the second semester.

¢ 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 can be omitted without
interference by the reader going to the subsequent chapters. For example, if
Chapter 5 is omitted, the instructor can simply skip Section 7.7, Section 8.5,
Chapter 15, and those problems and assessing objective problems in the
chapters following Chapter 5 that pertain to operational 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 ma-
trix 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 answers to selected suggested problems.

PRINT SUPPLEMENTS

An innovative supplements package is available with the seventh edition.
Students and professors are constantly challenged in terms of time and
energy by the confines of the classroom and the importance of integrating
new information and technologies into an electric circuits course. Through
the following supplements, we believe we have succeeded in making some
of these challenges more manageable.

PSpice for Electric Circuits

This supplement is published as a separate booklet to facilitate its use at
a computer. It has been revised extensively from the sixth edition, most
importantly to eliminate the “programming language” aspect of the origi-
nal SPICE. Now, circuits are described to PSpice using a circuit schematic,
and techniques for developing such schematics are presented in the supple-
ment. This supplement continues to present topics in PSpice in the same
order as those topics are presented in the text, so the content has undergone
minor revision to reflect the revisions in the text.

Instructor’s Solutions Manual

A printed solutions manual is made available to assist instructors in teach-
ing their courses. The solutions manual contains solutions with supporting
figures to all of the 1000-plus end-of-chapter problems in the seventh edi-
tion. This supplement is available to all adopting faculty and was checked
for accuracy by several instructors. A disc containing files for PSpice solu-
tions for all indicated problems is attached to the solutions manual. The
manual is not available for sale to students.

ONEKEY

OneKey is an on-line course management solution perfect for helping
manage your class and preparing student lectures, quizzes, and tests. Us-
ing OneKey, instructors can quickly create an on-line course tailored to
their needs.

OneKey for the Instructor

OneKey contains complete electronic solutions files of all assessment prob-
lems and end-of-chapter problems in the textbook and makes it casy for
instructors to post the selected solutions at a protected on-line site for
student review. Further, OneKey provides instructors with additional



presentation resources, including PowerPoint slides and the Instructor’s
Guide, which includes individual chapter tests.

The Instructor’s Guide enables instructors to orient themselves quickly
to this text and the supplement package. For easy reference, the following
information is organized for each chapter:

# a chapter overview

problem categorizations

*
@ problem references by chapter section
# a list of examples

*

chapter tests

OneKey for the Student

OneKey contains a student solutions manual with full solutions to the as-
sessing objectives problems from the text, as well as the suggested prob-
lems. Student solutions are thorough and detailed, including all intermedi-
ate steps of the problem solution. OneKey contains a Student Study Guide
that guides the reader through the text, poses questions throughout, and
suggests problems to try. The study guide can be used in conjunction with
a lecture-based course, or can be used for self-paced instruction. Addi-
tionally, a Student Workbook covers nine key problem-solving techniques,
additional examples, and practice problems.

To learn more about OneKey, visit http://www.prenhall.com/onekey,
or contact your local Prentice Hall rep. Instructor use and access is free.
Student access codes are free with their new Electric Circuits textbooks,
or available for sale as stand-alone items. Additional material for both
instructors and students will be added.

For instructors wishing to adopt Electric Circuits with OneKey, please
use the following ordering ISBN:

Electric Circuits, 7e with Student OneKey: 0-13-133033-0
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A GUIDE TO USING THE SEVENTH EDITION

The seventh edition of Electric Circuits was designed to make it easy for
the reader to categorize and locate the many elements that comprise this
text. Most of these elements are color-coded, as described below.

Chapter Openers

The information in the chapter opener gives you a preview of the chapter
contents. On the left-hand page yow’ll find several important elements. The
first is the chapter title and the Chapter Contents for the chapter, including
page numbers. The second element is the Chapter Objectives. These
objectives are numbered and provide an organized method for determining
what skills you are expected to master in this chapter. The third element
is the introduction to the chapter. This provides you with an overview of
the chapter contents and purpose for studying this material.

In most chapters, the right-hand page of the chapter opener contains
a Practical Perspective (see, for example, p. 27). This is an example of
a real-world circuit that is a component of a real-world device, such as a
stereo, an automobile, and a hair dryer. The Practical Perspective gives
you a description of a practical application of the material in the text, and
frequently includes a photo of the device and a schematic of the circuit of
interest. At the end of the chapter the Practical Perspective is revisited in
more detail, applying the material presented in the chapter.

Fundamental Equations and Concepts

As you will discover, most chapters contain many mathematical equations.
This should not come as a surprise, since mathematics in an important
foundation in the study of engineering in general, and electric circuits in
particular. A few of these many equations are identified as fundamental
equations (see, for example, p. 35). You will recognize a fundamental
equation because it has a yellow background and a bulleted definition in
the margin that describes the equation. A fundamental equation describes
an important chapter concept in mathematical form.

In a few instances, an important chapter concept cannot be described
in the form of a mathematical equation. To draw your attention to funda-
mental concepts, we have set the text in blue, surrounded the blue text with
a black box, and provided a bulleted definition in the margin that describes
the concept (see, for example, p. 43). The marginal notes and colored
background or text make it easier to locate the fundamental equations and
equations concepts throughout the text.

Examples

Every chapter includes several examples that illustrate the concepts pre-
sented in the text in the form of a numerical example. There are over
130 examples in this text. On pages xiii-xv there is a comprehensive list

e e e e e e e e



of the examples with titles and corresponding page numbers. Examples
have a title in the border to make the purpose of the example clear. Most
examples fit on a single text page and are set in a yellow background. The
Examples are intended to illustrate the application of a particular concept,
and also to encourage good problem-solving skills, including choosing a
solution technique and checking the solution using a different approach.

Assessment Problems

We begin each chapter with a list of Chapter Objectives that identify skills
you can expect to master in studying the chapter material. Atkey pointsin
the chapter, you are asked to stop and assess your mastery of a particular
objective by solving one or more assessment problems. (See p.32, under the
heading “Assessing Objective 17.) These problems are set in a green back-
ground with a heading that identifies the number of the Chapter Objective
being assessed and a brief description of that objective. The answer to the
assessment problem immediately follows the problem statement. Solutions
to assessment problems and suggested problems are available on OneKey
(See OneKey for the Student on p. xxii). If you are able to solve the assess-
ment problems for a given Objective, you have mastered that Objective.

Suggested Problems

At the conclusion of each collection of assessment problems you will find
suggested Chapter Problems to solve that will further test your mastery of
the Chapter Objectives. These suggested problems are identified in a bul-
leted note (see, for example, p. 32). You will also find suggested problems
at other points in the text where you can stop and assess your understanding
of the material just presented by solving one or more Chapter Problems.
Answers to selected suggested problems are provided in Appendix H.

Practical Perspectives

Once the material in the chapter has been presented, the Practical Per-
spective that was introduced in the chapter opener is revisited. We pose
a problem that relates to the Practical Perspective and present a solution
to the problem, usually in the form of an example. The Practical Perspec-
tive problem enables you to understand how to apply the chapter concepts
to the solution of a real-world problem. Each Practical Perspective in-
cludes suggested problems to solve that will assess your understanding of
the practical application. The Practical Perspective discussion has a blue
background.

Summary

Each chapter concludes with a Summary of the important concepts pre-
sented in the chapter in the form of a bulleted list. Each concept has a page
number reference that points you to the discussion of the concept in the
body of the text. The Summary is a good place to review the material in
the chapter and assess your mastery of that material.

. preface




Chapter Problems

The final element in each chapter is a collection of Chapter Problems.
The Chapter Problems fall into many different categories, as described
elsewhere. But three categories of Chapter Problems are identified with
specific icons. Some Chapter Problems lend themselves to solution using
PSpice, asoftware circuitsimulator, and are identified with a PSpice icon L}
Some Chapter Problems are focused on circuit design, and are identified
with a design icon %*. The Chapter Problems that relate to the Practical
Perspective are identified with a Practical Perspective icon ®. All chapter
problems are set in a green background.



ASSESSING OBJECTIVE 1

‘ ‘0 Undéfétnd énd be ‘éble 't\o”us.e SI units and ‘thvé Sténdard pféfixes f‘or'p'ow‘erys of ~10

1.1 How many dollars per millisecond 1.2 If a signal can travel in a cable at 80%
would the federal government have to of the speed of light, what length of
collect to retire a deficit of $100 billion cable, in inches, represents 1 ns?

in one year?

ANSWER: $3.17/ms.

ANSWER: 9.45".

NOTE o Also try Chapter Problems 1.1, 1.3, and 1.6.

Figure 1.4 B\ conceptual model for electncal ‘
engmeermg desngn

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 opportunities 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
complete 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 commonly 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



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 ap-
plied 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
PASSIVE SIGN CONVENTION | 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 selection of
polarity references along with the adoption of the passive sign conventionis
not a function of the basic elements nor the type of interconnections made
with the basic elements. We present the application and interpretation of
the passive sign convention in power calculations in Section 1.6.

ASSESSING OBJECTIVE 2

& Know and be able to use the definitions of voltage and current

1.3 The current at the terminals of the 1.4 The expression for the charge entering
element in Fig. 1.5 is the upper terminal of Fig. 1.5 is
| = : 1 t 1
1 O, I<O, q:_2_<_+_2>e~atC.
o o o

i =20e700A >0,

Find the maximum value of the current

Calculate the total charge (in entering the terminal if o = 0.03679 s~1.

microcoulombs) entering the element at
its upper terminal. ANSWER: 10 A.

ANSWER: 4000 pC.

NOTE ¢ Also try Chapter Problem 1.9.



ASSESSING OBJECTIVES 3 AND 4

¢ Know and use the definitions of power and energy, and be able to use the passive sign cohvenhdh

1.5 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.

1.6 Assume that the voltage at the
terminals of the element in Fig. 1.5
corresponding to the current in
Assessment Problem 1.3 is

v=0, t <0
v =107 kV, 1>0.
Calculate the total energy (in joules)

delivered to the circuit element.

ANSWER: 20 J.

NOTE ¢ Also try Chapter Problems 1.12, 1.17, 1.24, and 1.26.

L/ suwmary _/

¢ The International System of Units (SI) enables engi-
neers to communicate in a meaningful way about quan-
titative results. Table 1.1 summarizes the base SI units;
Table 1.2 presents some useful derived SI units. (See
pages 10 and 11.)

¢) How much power is the circuit
absorbing?

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

1.7 A high-voltage direct-current (dc) trans-

mission 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.

1.8kA
Catio, | © "o
\ ylmar,
Oregon EiOO kv California

U PR A B AL P T

ANSWER: 1440 MW, Celilo to Sylmar.

# Circuit analysis is based on the variables of voltage and

current. (See page 13.)

¢ Voltage is the energy per unit charge created by charge

separation and has the SI unit of volt (v = dw/dq).
(See page 14.)
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Current is the rate of charge flow and has the SI unit of
ampere (i = dq/dr). (See page 14.)

The ideal basic circuit element is a two-terminal com-
ponent that cannot be subdivided; it can be described
mathematically in terms of its terminal voltage and cur-
rent. (See page 15.)

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

A high-resolution computer display monitor has
1280 x 1024 picture elements, or pixels. Each pic-
ture element contains 24 bits of information. If a
byte is defined as 8 bits, how many megabytes (MB)
are required per display?

* Assume a telephone signal travels through a cable at
one half the speed of light. How long does it take the
signal to get across the United States if the distance
is approximately 5 Mm?

Some species of bamboo can grow 250 mm/day. As-
suming the individual cells in the plant are 10 um
long, how long, on average, does it take a bamboo
stalk to grow a 1-cell length?

One liter (L) of paint covers approximately 10 m? of
wall. How thick is the layer before it dries? (Hint:
1L =1x10°mm3.)

A penny is approximately 1.5 mm thick. At what
average velocity does a stack of pennies have to grow
to accumulate 300 billion dollars in 1 year?

A double-sided 31" floppy disk holds 1.4 MB. The
bits of data are stored on circular tracks, with 77
tracks per side. The radius of the innermost track
is %" , while the radius of the outermost tract is 1% "
The number of bits per track is the same, and there
are eight bits in one byte. How much area does a
bit stored on the innermost track occupy, in square

micrometers?

of the reference voltage drop across the element. (See
page 16.)

¢ 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/dr = vi). (See page 17.)

¢ The algebraic sign of power is interpreted as follows:

1.10

¢ 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 18.)

A current of 1400 A exists in a rectangular (0.6 x
9 cm) copper bus bar. The current is due to free
electrons moving through the bus bar at an average
velocity of v meters/second. If the concentration of
free electrons is 10* electrons per cubic meter and
if they are uniformly dispersed throughout the bus
bar, then what is the average velocity of an electron?

In electronic circuits it is not unusual to encounter
currentsin the microampere range. Assume a20 A
current, due to the flow of electrons.

a) What is the average number of electrons per
second that flow past a fixed reference cross
section that is perpendicular to the direction
of flow?

b) Compare the size of this number to the num-
ber of micrometers between Miami and Seat-
tle. You may assume the distance is 3303 mi.

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

How much energy is extracted from an electron as
it flows through a 9 V battery from the positive to
the negative terminal? Express your answer in atto-
joules.



1.11

1.12

1.13

1.14
1.15

Four 1.5V batteries supply 100 mA to a portable CD
player. How much energy do the batteries supply in
3h?

Two electric circuits, represented by boxes A and B,
are connected as shown in Fig. P1.12. 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.

a) i=15A, v=20V
b) i=-5A, v=100V
c) I =4A, v=-50V
d) i=-16A, v=-25V
Figure P1.12
,:v T =
A v B

The references for the voltage and current at the ter-
minal of a circuit element are as shown in Fig. 1.6(d).
The numerical values for v and i are —20 Vand 5 A.

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

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

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

Repeat Problem 1.13 with a current of —5 A.

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 to-
gether as are the negative terminals. The connection
is illustrated in Fig. P1.15. Assume the current i in
Fig. P1.15 is measured and found to be —40 A.

1.16

1.17

1.18

u

a) Which car has the dead battery?

b) If this connection is maintained for 1.5 min,
how much energy is transferred to the dead
battery?

Figure P1.15

The manufacturer of a 6 V dry-cell flashlight battery
says that the battery will deliver 15 mA for 60 contin-
uous hours. During that time the voltage will drop
from 6 V to 4 V. Assume the drop in voltage is lin-
ear with time. How much energy does the battery
deliver in this 60 h interval?

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

v = 506—16001 _ 506—4002 v

—1600¢

i =5e — 574000 A

a) Find the power at ¢t = 625 us.

b) How much energy is delivered to the circuit
element between 0 and 625 1s?

c) Find the total energy delivered to the ele-
ment.

The voltage and current at the terminals of the circuit
element in Fig. 1.5 are zero for 1 < 0. For t > 0 they
are

v = 100e ™% sin 150z V,
i =20e% sin 150t A.

a) Find the power absorbed by the element at
t = 20 ms.

b)  Find the total energy (in millijoules) absorbed
by the element.



1.19 Thevoltage and current at the terminals of the circuit
element in Fig. 1.5 are shown in Fig. P1.19.

a) Sketch the power versus ¢ plot for 0 <t <
10s.
b) Calculate the energy delivered to the circuit
element atr =1, 6, and 10s.
Figure P1.19
e ™
i(A)
20 —
] I I I I I I I
123 sk 78 9 10
v(V)
| | l I
1 2 4 6 7 8 9 10'C
_5 —
N J

1.20

b)

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

v = 100 Vv,
i =20 —20e7%" mA.

Find the maximum value of the power deliv-
ered to the circuit.

Find the total energy delivered to the ele-
ment.

1.21

P

1.22

e R S S

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

v = 200cos 5007t V,

a)
b)
©)

d)

i =4.5sin500t A.

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

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

Find the average value of p in the interval
0<t<4ms.

Find the average value of p in the interval
0<t<15ms.

The voltage and current at the terminals of an au-
tomobile battery during a charge cycle are shown in
Fig. P1.22.

a)

Calculate the total charge transferred to the
battery.

b) Calculate the total energy transferred to the
battery.
Figure P1.22
4 N
v(V)
12 s :
8 —
4 —
] I I I I
5 10 15 20 o5 (%
|
25 t(ks)




1.23 Thevoltage and current at the terminals of the circuit
element in Fig. 1.5 are zero for t < 0. For ¢t > 0
they are

v = (10,000¢ + 5)e™40% V.

i = (40t + 0.05)e™4" A,

a) At what instant of time is maximum power
delivered to the element?

b) Find the maximum power in watts.

c) Findthe total energy delivered to the element
in millijoules.

1.24 The voltage and current at the terminals of the circuit
elementin Fig. 1.5 are zerofort < O and ¢ > 40s. In
@ the interval between 0 and 40 s the expressions are

v=1t(1-0.025)V, O0<r<40s;

i =4-02r A, 0<t<40s.

a) At what instant of time is the power being
delivered 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

(©)?

e) Calculate the net energy delivered to the cir-
cuit at 0, 10, 20, 30, and 40 s.

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

v = 80,000ee " V. £ >0;

i =15t A, t>0.

a) Find the time (in milliseconds) when the
power delivered to the circuit element is max-
imum.

b) Find the maximum value of p in milliwatts.

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

1.26 The numerical values for the currents and voltages
in the circuit in Fig. P1.26 are given in Table P1.26.
Find the total power developed in the circuit.

Figure P1.26
s - B
- | + |

v, i v ;

a| a la + v, - d d Tld n
+ .

C lfl f Vg

- +

vp| b Tib i V| € Tie

+ ] —J#

TABLE P1.26

'CURRENT (A) -




1.27 Assume you are an engineer in charge of a project
and one of your subordinate engineers reports that
the interconnection in Fig. P1.27 does not pass the
power check. The data for the interconnection are
given in Table P1.27.

a) Is the subordinate correct? Explain your an-

SWer.
b) If the subordinate is correct, can you find the
error in the data?
Figure P1.27
-
i - Uy +
b
i iy
g Vy
Ve| € d | v4
+ —_
+ + Ve — .
le
Vy| a e
; it
— i l
T + +
ve| f 1 g | %
. - vy + T
lh iy
h

' TABLEP1.27

ELEMENT

VOLTAGE (V)

- CURRENT (A)

1.28

The numerical values of the voltages and currents
in the interconnection seen in Fig. P1.28 are given
in Table P1.28. Does the interconnection satisfy the
power check?
Figure P1.28
( ia + ’Ua - lb - Ub +
a b
4+ |k
Vel C
id + Uy — ie + Ve
d e
/"
V¢ f
+
ig + v - in + vy

TABLE P1.28

- 825

=270

ELEMENT  VOLTAGE (V)  CURRENT (A)

a 900 - -22.5 ‘a 9 1.8

b 105 -525 b -15 15
Je —600 —30.0 T 45 -0.3

d 585 -525 d 54 =27

e -120 30.0 e =30 -1.0
£ © 300 - 60.0 £ —240 4.0
g 585 825 g 5294 45
h —~165 h

—0.5




1.29 One method of checking calculations involving in-
terconnected circuit elements is to see that the
total power delivered equals the total power ab-
sorbed (conservation-of-energy principle).
this thought in mind, check the interconnection in
Fig. P1.29 and state whether it satisfies this power
check. The current and voltage values for each ele-

ment are given in Table P1.29.

~© Problems

e e e

Figure P1.29
’
- v, +
a
-
la
- + - V. +
c
+ + - - = +
Ip e
vg| d Ve| € ve| f Vg
_ g _ le + 2 -

TABLE P1.29

1.30 a) In the circuit shown in Fig. P1.30, identify
which elements have the voltage and current
reference polarities defined using the passive
sign convention.
b) The numerical values of the currents and
voltages for each element are given in Ta-
ble P1.30. How much total power is absorbed
and how much is delivered in this circuit?
Figure P1.30
- N
+ v, - - v, +
a (&
— -
iy + + io
Vel ¢ l Le Va| d T lq

lp — - 123

b f

- Vp + + vy -

_ Y

ELEMENT = VOLTAGE (V)  CURRENT (&) ~ ELEMENT ~ VOLTAGE (V) - CURI
a ~160 -10 S a -8
b ~100 =20 b =2 =T
c —60 6 c 10 15
d 800 -50 d H (R O e
e "800 —-20 e L e g
f ~700 14 ot =4 3
g _ SN :

640
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ASSESSING OBJECTIVE 1

¢ Understand ideal basic circuit elements

2.1 For the circuit shown,

a) What value of v, is required in .
order for the interconnection to be
valid? .

. i /A

b) For this value of v,, find the power —f v, C‘) 8A

associated with the 8 A source.

ANSWER: (a) —2 V; (b) —16 W (16 W delivered).

2.2 For the circuit shown, av
X

a) What value of « is required in —
order for the interconnection to be
valid? :

b) For the value of « calculated in 15 AQ) Uy <+> 25V
part (a), find the power associated
with the 25 V source.

ANSWER: () 0.6; (b) 375 W (375 W absorbed).

NOTE o Also try Chapter Problems 2.6 and 2.7.

2.2 * Electrical Resistance (Ohm’s Law)

Resistance is the capacity of materials to impede the flow of current or,
more specifically, the flow of electric charge. The circuit element used to
model this behavior is the resistor. Figure 2.5 shows the circuit symbol for
the resistor, with R denoting the resistance value of the resistor.
Conceptually, we can understand resistance if we think about the mov-
ing electrons that make up electric current interacting with and being
resisted by the atomic structure of the material through which they are

moving. In the course of these interactions, some amount of electric en-

( R w ergy is converted to thermal energy and dissipated in the form of heat.
‘ This effect may be undesirable. However, many useful electrical devices

The circuit symbol for aresistor .- .~ take advantage of resistance heating, including stoves, teasters, irons, and

- having a’résistance/?. - space heaters.



23 Construction of a Circuit Model
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ASSESSING OBJECTIVE 2

¢ Be able to state and use Ohm’s Law and Kirchhoff’s current and voltage laws

23 For the circuit shown, (

a) If v, =1kV and i, =5 mA, find >
the value of R and the power
absorbed by the resistor.

b) If i, =75 mA and the power v, (D § R
delivered by the voltage source is - '
3 W, find v,, R, and the power
absorbed by the resistor.

c) If R =300 2 and the power
absorbed by R is 480 mW, find i,

ANSWER: (a) 200 k2, 5 W; (b) 40 V, 53333 Q,

and v,.
3W; (c) 40 mA, 12 V.
2.4 For the circuit shown, t )
a) If i, =0.5 A and G =50 mS, find n

v, and the power delivered by the .
current source. lg Vg §G

b) If v, =15 V and the power -
delivered to the conductor is 9 W,
find the conductance G and the
source current ig.

¢) If G =200 1S and the power ANSWER: (a) 10 V, 5 W; (b) 40 mS, 0.6 A;

delivered to the conductance is 8 W, (c) 40 mA, 200 V.
find i, and v,.

NOTE o Also try Chapter Problems 2.10 and 2.11.

2.3 * Construction of a Circuit Model

We have already stated that one reason for an interest in the basic circuit
elements is that they can be used to construct circuit models of practical
systems. The skill required to develop a circuit model of a device or system
is as complex as the skill required to solve the derived circuit. Although
this text emphasizes the skills required to solve circuits, you also will need
other skills in the practice of electrical engineering, and one of the most
important is modeling.



The voltage and current are measured at the ter-
minals of the device illustrated in Fig. 2.13(a), and
the values of v; and i, are tabulated in Fig. 2.13(b).
Construct a circuit model of the device inside the
box.

SOLUTION

Plotting the voltage as a function of the current
yields the graph shown in Fig. 2.14(a). The equa-
tion of the line in this figure illustrates that the ter-
minal voltage is directly proportional to the termi-
nal current, v; = 4i;. In terms of Ohm’s law, the
device inside the box behaves like a 4 Q resistor.
Therefore, the circuit model for the device inside
the box is a 4 Q resistor, as seen in Fig. 2.14(b).
We come back to this technique of using termi-
nal characteristics to construct a circuit model after
introducing Kirchhoff’s laws and circuit analysis.

i v (V) | g (A)
e —40 -10
+ : -20 -5
v, Device 0 0
. 20
— 40 10
(a) (b)
Fxgure PR The (a) device and (b) data for
; ~ Example 2,5.. A
A

FEVEPRER (2) The values of v, versus i; for the device in Fig. 2.13.

model for the devvce in'Fig. 2.13.

NOTE o Assess your understanding of this example by trying Chapter Problems 2.2 and 2.4.

i

Uy

240

(b)

(b) The circuit
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¢ Be able to state and use Ohm’s law and Kirchhoff’s current and voltage laws

25 For the circuit shown, calculate (a) is; t 30 h
(b) vi; (¢) v2; (d) vs; and (e) the power TN
delivered by the 24 V source. : n
ANSWER: (a) 2 A; (b) —4 V; (c) 6 V; (d) 14 V; 24V isy 5370
(e) 48 W. + v - B
A
20
N J
2.6 Use Ohm’s law and Kirchhoff’s laws to ( R
find the value of R in the circuit shown. WA *
ANSWER: R =4 Q. +
200V 120V$ 240 $80
L .
2.7 a) The terminal voltage and terminal i
) current were measured on the — v -
device shown. The values of v, and + v (V) | & (A)
i; are provided in the table. Using ¢ 25 |10
these values, create the straight line Device v 15 0.1
plot of v, versus i,. Compute the * 5 02
equation of the line and use the _ 0 025
equation to construct a circuit
model for the device using an ideal L (a) (b) )
voltage source and a resistor.
b) Use the model constructed in (a) to
predict the power that the device ANSWER: (a) A 25 V source in series with a
will deliver to a 25 Q resistor. 100  resistor; (b) 1 W.
2.8 Repeat Assessment Problem 2.7 but use ANSWER: (a) A 0.25 A current source connected
the equation of the graphed line to between the terminals of a 100 Q
construct a circuit model containing an resistor; (b) 1 W.

ideal current source and a resistor.

NOTE o Also try Chapter Problems 2.14, 2.16, 2.21, and 2.23.



w AT IR

¢ Solve the transformed Eq. (5) for ig, and
substitute this solution for i into Eq. (3).
Use Eq. (4) to eliminate i¢ in Eq. (3).

¢ Solve the transformed Eq. (3) for ip, and
rearrange the terms to yield

ASSESSING O0BJECTIVE 3

BT RiR)/ (R + R) + L+ PRy

(VecR2)/(R1 + Ry) — Vy

(2.25)

Problem 2.27 asks you to verify these steps.
Note that once we know iz, we can easily ob-
tain the remaining currents.

¢ Know how to calculate power for each element in a simple circuit

2.9

ANSWER:

210

ANSWER:

For the circuit shown find (a) the
current i; in microamperes, (b) the
voltage v in volts, (c) the total power
generated, and (d) the total power
absorbed.

(a) 25 uA; (b) =2V, (c) 6150 u'W;
(d) 6150 nW.

The current iy in the circuit shown is
2 A. Calculate
a) vs,
b) the power absorbed by the
independent voltage source,
c) the power delivered by the
independent current source,

d) the power delivered by the
controlled current source,

e) the total power dissipated in the
two resistors.

(a) 70 V; (b) 210 W; (c) 300 W;
(d) 40 W; (e) 130 W. ‘

NOTE ¢ Also try Chapter Problems 2.26 and 2.29.

Vs

13300
Ly




Sle -9l () A human body with a voltage

difference between one arm and

one leg. (b) A simplified model of
the human body with a voltage
difference between one arm and
one leg.

Practical Perspectlve

Electrical Safety

At the begrnnmg of thls chapter we sald that current through the body can
cause injury. Let’s examine this aspect of electrical safety.

" You might think that electrical injury is due to burns. However, that
is not the case. The most common electrical i njury is to the nervous sys-
tem. Nerves use electrochemical signals, and electric currents can disrupt
those signals. When the current path includes only skeletal muscles, the
effects can include temporary paralysis (cessatron of nervous signals) or
involuntary muscle contractions, which are generally not life threatening,
However, when the current path includes nerves and muscles that control
the supply of oxygen to the brain, the problem is much more serious. Tem-
porary paralysis of these muscles can stop a person from breathing, and a
sudden muscle contraction can disrupt the signals that regulate heartbeat.
The result is a halt in the flow of oxygenated blood to the brain, causing
death in a few minutes unless emergency aid is given immediately. Ta-

‘ble 2.1 shows a range of physiological reactions to various current levels.

The numbers in this table are approximate; they are obtained from an anal-
ysis of accidents because, obviously, it is not ethical to perform electrical

_experiments on people. Good electrical design will limit current to a few

milliamperes or less under all possible conditions.

TABI.E 21 Physmloglcal Reactions to Current Levels in
Humans :

Now we develop a simplified electrical model of the human body. The
body acts as a conductor of current, so a reasonable starting point is to -
model the body using resistors. Figure 2.25 shows a potentially dangerous
situation. A voltage difference exists between one arm and one leg of a
human being. Figure 2.25(b) shows an electrical model of the human body
in Fig. 2.25(a). The arms, legs, neck, and trunk (chest and abdomen) each
have a characteristic resistance. Note that the path of the current is through
the trunk, which containsthe heart, a potentially deadly arrangement.

_NOTE o Assess your understanding of the Practical Perspective by solving Chapter Problems 2.34-2.38.
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The circuit elements introduced in this chapter are volt-
age sources, current sources, and resistors:

¢ An ideal voltage source maintains a prescribed
voltage regardless of the current in the device. An
ideal current source maintains a prescribed current
regardless of the voltage across the device. Voltage
and current sources are either independent, that is,
not influenced by any other current or voltage in
the circuit; or dependent, that is, determined by
some other current or voltage in the circuit. (See
pages 28 and 29.)

# A resistor constrains its voltage and current to be
proportional to each other. The value of the pro-
portional constant relating voltage and current in
a resistor is called its resistance and is measured in
ohms. (See page 32.)

Ohm’s law establishes the proportionality of voltage
and current in a resistor. Specifically,

v=iR (2.26)

if the current flow in the resistor is in the direction of
the voltage drop across it, or

v=—iR (2.27)

if the current flow in the resistor is in the direction of
the voltage rise across it. (See page 33.)

¢ By combining the equation for power, p = vi, with

Ohm’s law, we can determine the power absorbed by a
resistor:

p=i’R =v%/R. (228)
(See page 35.)
Circuits are described by nodes and closed paths. A
node is a point where two or more circuit elements join.
When just two elements connect to form a node, they
are said to be in series. A closed path is a loop traced
through connecting elements, starting and ending at the
same node and encountering intermediate nodes only
once each. (See pages 42-44.)

The voltages and currents of interconnected circuit el-
ements obey Kirchhoff’s laws:

¢ Kirchhoff’s current law states that the algebraic
sum of all the currents at any node in a circuit
equals zero. (See page 42.)

¢ Kirchhoff’s voltage law states that the algebraic
sum of all the voltages around any closed path in a
circuit equals zero. (See page 43.)

A circuit is solved when the voltage across and the
current in every element have been determined. By
combining an understanding of independent and de-
pendent sources, Ohm’s law, and Kirchhoff’s laws, we
can solve many simple circuits.

2.1

A pair of automotive headlamps is connected to a
12 V battery via the arrangements shown in Fig. P2.1.
In the figure, the triangular symbol V is used to in-
dicate that the terminal is connected directly to the
metal frame of the car.

a) Construct a circuit model using resistors and
an independent voltage source.

b) Identifythe correspondence between the ideal
circuit element and the symbol component
that it represents.

Figure P2.1
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29

2,10

If the interconnection in Fig. P2.7 is valid, find the
power developed by the current sources. If the in-
terconnection is not valid, explain why.

Figure P2.7

If the interconnection in Fig. P2.8 is valid, find the
total power developed in the circuit. If the intercon-
nection is not valid, explain why.

Figure P2.8
p
10V
2
A
15A 50V 40V
. SA
A
O/
N J

The interconnection of ideal sources can lead to an
indeterminate solution. With this thought in mind,
explain why the solutions for v; and v; in the circuit
in Fig. P2.9 are not unique.

Figure P2.9
e N
20V
. - +
+ _/
SmA vy 15mA 60V
— (41 +
- . IO
\_/
20 mA )

If the interconnection in Fig. P2.10 is valid, find the
total power developed in the circuit. If the intercon-
nection is not valid, explain why.

2.11

2.12

Figure P2,10
( N
3V

-5A

10V

\ A J
If the interconnection in Fig. P2.11 is valid, find the
total power developed in the circuit. If the intercon- »
nection is not valid, explain why.

Figure P2.11
! +
50V Sy
Vs 25A
75A 20V
L 2

a) Istheinterconnection in Fig. P2.12 valid? Ex-
plain.

b) Can you find the total energy developed in
the circuit? Explain.

Figure P2.12
( . )
2N
20V 16 A
IDEIN
8A 100V
- J




213 Find the total power developed in the circuit in

Fig. P213if v, =5 V.

Figure P2.13
( &
9A Vg +
_|_
. v, \_ 10 Vy
20V 6A Vs -
L .

2.14 Given the circuit shown in Fig. P2.14, find

2.15

a) the value of i,,
b) the valug of iy,
c) the value of v,,
d) the power dissipated in each re;istor,

e) the power delivered by the 200 V source.

Figure P2.14
4 ™
40 O L
0,
N
200V zal 300 Q %3750
N ' Y,

The current i, in the circuit shown in Fig. P2.15 is
20 A.Find (a) i,; (b) i; and (c) the power delivered
by the independent current source.

2.16

Figure P2.15

2140

g

a) Find the currents i, and i, in the circuit in
Fig. P2.16.
b) Find the voltage v,.
c) Verify that the total power developed equals
the total power dissipated.
Figure P2.16
30 Q)
R A
+ AT»

217 The current i, in the circuit in Fig. P2.17is 2 A.

a) Find ;.
b) Find the power dissipated in each resistor.
c) Verify that the total power dissipated in the
circuit equals the power developed by the
80 V source.
Figure P2.17
~
80
AW
13Q 40
q »
+
sov( 1,340 200
v
\_ J




2.18 'The currents i; and i; in the circuit in Fig. P2.18 are
20 A and 15 A, respectively.

a) Find the power supplied by each voltage
source.
b) Show that the total power supplied equals the
total power dissipated in the resistors.
Figure P2.18
-
£800

219 The currents i, and iy, in the circuit in Fig. P2.19 are
- 4 A and -2 A, respectively.

a) Find i,.

b) Find the power dissipated in each resistor.

c) Find v,.

d) Show that the power delivered by the current
source is equal to the power absorbed by all
the other elements.

Figure P2.19
-
1o <
A
90 10Q
50 300
* A
+
100V Vg iy 40
150 16 Q
MW A
i
\. J

220 The voltage and current were measured at the termi-
nals of the device shown in Fig. P2.20(a). The results
are tabulated in Fig. P2.20(b).

a)  Construct a circuit model for this device using
an ideal current source and a resistor.
b)  Use the model to predict the value of i, when
a 20 Q resistor is connected across the termi-
nals of the device.
Figure P2.20
e ~
| 5 (V) | & (A)
Lo 50 0
| +' 65 3
80 6
De‘\:ice Uy 95 9
- 110 12
125 15
b
L (@) (b)

2.21

The voltage and current were measured at the termi-

nals of the device shown in Fig. P2.21(a). The results
are tabulated in Fig. P2.21(b).

a) Construct a circuit model for this device using
an ideal voltage source and a resistor.
b)  Usethe model to predict the amount of power
the device will deliver to a 40  resistor.
Figure P2.21
_ N
U v (V) | i(A)
6,—.+ -3 | 0
10 2
Device Uy 50 4
[ ]
- 90 6
— o
130 8
(a) (b)
J




222 The table in Fig. P2.22(a) gives the relationship be-
tween the terminal current and voltage of the prac-
tical constant current source shown in Fig. P2.22(b).

)
b)

Plot i; versus vy.

Construct a circuit model of this current
source that is valid for 0 < v, < 75V, based
on the equation of the line plotted in (a).

Use your circuit model to predict the current
delivered to a 2.5 k2 resistor.

Use your circuit model to predict the open-
circuit voltage of the current source.

What is the actual open-circuit voltage?

Explain why the answers to (d) and (e) are
not the same.

Figure P2.22

.
i, (mA)

v (V)

20.0

0

17.5

25

15.0

50

12.5

75

9.0

100

4.0

125

0.0

140

-

(a) (b)

2.23 The table in Fig. P2.23(a) gives the relationship be-
tween the terminal voltage and current of the prac-
tical constant voltage source shown in Fig. P2.23(b).

a)
b)

d)

Plot v, versus i;.

Construct a circuit model of the practical
source that is valid for 0 < i; < 24 A, based
onthe equation of the line plottedin (a). (Use
an ideal voltage source in series with an ideal
resistor.)

Use your circuit model to predict the current
delivered to a 1 2 resistor connected to the
terminals of the practical source.

Use your circuit model to predict the current
delivered to a short circuit connected to the
terminals of the practical source.

224

2.25

e) What is the actual short-circuit current?

f) Explain why the answers to (d) and (e) are

not the same.

Figure P2.23
e N
vs (V) | i (A)
24 0 i
A
22 8 o
20 | 16 ; +
18 24 CVS v,
15 32 .
10 40 L o
0 48
(@) (b)
N\ Y,

The variable resistor R in the circuit in Fig. P2.24 is
adjusted until i, equals 1 A. Find the value of R.

Figure P2.24
! R
150 100
< 4
20v (" ity 31800 2120
180
. W J

For the circuit shown in Fig. P2.25, find (a) R and
(b) the power supplied by the 500 V source.

Figure P2.25
e B
60 Q)
. AW
+
R 60V330Q
T QO _
500V C_)
) 180 Q) 60 Q
36 Q)
. AM
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2.26 The voltage across the 22.5 Q resistor in the circuit
% in Fig. P2.26 is 90 V, positive at the upper terminal.

2.27

2,28

a) Find the power dissipated in each resistor.

b) Find the power supplied by the 240 V ideal
voltage source.

c) Verify thatthe power supplied equals the total
© power dissipated.

Figure P2.26
s - ~
40 ﬁ 225Q
240V C)
200 15Q
_ - J

Derive Eq.2.25. Hint: Use Egs. (3) and (4) from Ex-
ample 2.11 to express ig as a function of ig. Solve
Eq. (2) for i and substitute the result into both
Egs. (5) and (6). Solve the “new” Eq. (6) for i; and
substitute this resultinto the “new” Eq. (5). Replace
ig in the “new” Eq. (5) and solve for i3. Note that
because icc appears only in Eq. (1), the solution for
ip involves the manipulation of only five equations.

Find (a) i,, (b) i1, and (c) i in the circuit in
Fig. P2.28.

Figure P2.28
<

[ 8 k)

+ i i

l ! l 2
200V( )12k 30s 9kQ $3k0
5X1073 0,
— .
lO

229  a) Find the voltage vy in the circuit in Fig. P2.29.
[E b) Show that the total power generated in the

circuit equals the total power absorbed.
Figure P2.29

230 For the circuit shown in Fig. P2.30, calculate (a) ia
@ and v, and (b) show that the power developed equals

the power absorbed.

Figure P2.30

2,31

b | circuit and work back toward v,.)

Find v; and v, in the circuit shown in Fig. P2.31 when
P’ v, equals 5 V. (Hint: Start at the right end of the

Figure P2.31
( 60 B
— +
51
Vg 260 Q 2003913800

25

L4 L < @
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233
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For the circuit shown in Fig. 2.24, Ry =40k, R; =
60k, Re = 750 Q, Rg = 120 @, Vee = 10V,
Vo = 600 mV, and B8 = 49. Calculate i, ic, iz,
V3d, Ubd, i2, 11, Vab, icc, and viz. (Note: In the
double subscript notation on voltage variables, the
first subscript is positive with respect to the second
subscript. See Fig. P2.32.)

Figure P2.32

RE 2 v3q

It is often desirable in designing an electric wiring
system to be able to control a single appliance from
two or more locations, for example, to control a light-
ing fixture from both the top and bottom of a stair-
well. In home wiring systems, this type of control is

-implemented with three-way and four-way switches.

A three-way switch is a three-terminal, two-position
switch, and a four-way switch is a four-terminal, two-
position switch. The switches are shown schemati-
cally in Fig. P2.33(a), which illustrates a three-way
switch, and P2.33(b), which illustrates a four-way
switch.

a) Show how two three-way switches can be
connected between a and b in the circuit in
Fig. P2.33(c) so that the lamp [ can be turned
ON or OFF from two locations.

b) If the lamp (appliance) is to be controlled
from more than two locations, four-way
switches are used in conjunction with two
three-way switches. One four-way switch
is required for each location in excess of
two. Show how one four-way switch plus
two three-way switches can be connected be-
tween a and b in Fig. P2.33(c) to control the
lamp from three locations. (Hint: The four-
way switch is placed between the three-way
switches.)
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2.34

2.35

Figure P2.33
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Suppose the power company installs some equip-
ment that could provide a 250 V shock to a human
being. Is the current that results dangerous enough
to warrant posting a warning sign and taking other
precautions to prevent such a shock? Assume that
if the source is 250 V, the resistance of the arm is
400 Q, the resistance of the trunk is 50 2, and the
resistance of the leg is 200 2. Use the model given
in Fig. 2.25(b).

Based on the model and circuit shown in Fig. 2.25,
draw a circuit model of the path of current through
the human body for a person touching a voltage
source with both hands who has both feet at the
same potential as the negative terminal of the volt-
age souice.



2,37

a) Using the values of resistance for arm, leg,
and trunk provided in Problem 2.34, calcu-
late the power dissipated in the arm, leg, and
trunk.

b) Thespecificheat of wateris 4.18 x 10° J/kg°C,
so a mass of water M (in kilograms) heated
by a power P (in watts) undergoes a rise in
temperature at a rate given by

dT 239 x107*P

dr M
Assuming that the mass of an arm is 4 kg, the
mass of a leg is 10 kg, and the mass of a trunk
is 25 kg, and that the human body is mostly
water, how many seconds does it take the arm,
leg, and trunk to rise the 5°C that endangers
living tissue?

Cls.

c) How do the values you computed in (b) com-
pare with the few minutes it takes for oxygen
starvation to injure the brain?

A person accidently grabs conductors connected to
each end of a dc voltage source, one in each hand.

a) Using the resistance values for the human
body provided in Problem 2.34, what is the

minimum source voltage that can produce
electrical shock sufficient to cause paralysis,
preventing the person from letting go of the
conductors?

b) Is there a significant risk of this type of ac-
cident occurring while servicing a personal
computer, which typically has 5 V and 12 V
sources?

238 To understand why the voltage level is not the sole

L 4

determinant of potential injury due to electrical
shock, consider the case of a static electricity shock
mentioned in the Practical Perspective at the start
of this chapter. When you shuffle your feet across
a carpet, your body becomes charged. The effect"
of this charge is that your entire body represents a
voltage potential. When you touch a metal door-
knob, a voltage difference is created between you
and the doorknob, and current flows—but the con-
duction material is air, not your body!

Suppose the model of the space between your
hand and the doorknob is a 1 M2 resistance. What
voltage potential exists between your hand and the
doorknob if the current causing the mild shock is
3 mA?



: sorn c1rcu1ts that have 1mportant engrneermg apphcat ns.
The sources in the circuits drscussed in t chapter are lim-

1ted to voltage and current sources that generate e1ther con-

stant Voltages or currents; that 18, voltages and currents that

are invariant with time. Constant sources are often called de
sources. The dc stands for direct current, a description that
has a historical basis but can seem misleading now. Histor-
ically, a direct current was defined as a current produced
by a constant voltage. Therefore, a constant voltage be-
~came known as a direct current, or dc, voltage. The use
of dc for constant stuck, and the terms dc current and
“dc voltage are now universally accepted in science and
engmeermg to mean constant current and constant
Voltage et
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* simple Resistive Circuits

Before leaving Example 3.1, we suggest that you take the time to show
that the solution satisfies Kirchhoff’s current law at every node and Kirch-
hoff’s voltage law around every closed path. (Note that there are three
closed paths that can be tested.) Showing that the power delivered by
the voltage source equals the total power dissipated in the resistors also is
informative. (See Problems 3.3 and 3.4.)

ASSESSING OBJECTIVE 1

¢ Be able to recognize resistors connected in series and in parallel

3.1 For the circuit shown, find (a) the 720 60
voltage v, (b) the power delivered to
the circuit by the current source, and (c)
the power dissipated in the 10 5A v 300 64 Q §10 Q
resistor.

ANSWER: (2) 60 V; (b) 300 W; (c) 57.6 W.

NOTE o Also try Chapter Problems 3.1,73.2, 3.5, and 3.6.

3.3 ¢ The Voltage-Divider
and Current-Divider Circuits

Attimes—especially in electronic circuits—developing more than one volt-
age level from a single voltage supply is necessary. One way of doing this
is by using a voltage-divider circuit, such as the one in Fig. 3.12.

We analyze this circuit by directly applying Ohm’s law and Kirchhoff’s

(b) laws. To aid the analysis, we introduce the current i asshown in Fig. 3.12(b).
, From Kirchhoff’s current law, R; and R; carry the same current. Applying
(a)'A voltage-divider circuit and Kirchhoff’s voltage law around the closed loop yields

: (b) the voltage-divider circuit with

: ;i current zmdlcated v =IR1 +IiRy, (3.19)
or
. Us
I = . (3.20)
Ri+ R
Now we can use Ohm’s law to calculate v; and v;:
‘R Ry (3.21)
v =IiR] = vs—m—, .
! ! "R+ R,
R,
v =IR) =v,————. 3.22
v 2 S (3.22)

Equations 3.21 and 3.22 show that v; and v, are fractions of v;. Each
fraction is the ratio of the resistance across which the divided voltage is



3.2 a) Find the no-load value of v, in the
circuit shown.

b) Find v, when Ry is 150 kQ.

¢) How much power is dissipated in
the 25 kQ resistor if the load
terminals are accidentally
short-circuited?

d) What is the maximum power
dissipated in the 75 k< resistor?

ANSWER: (a) 150 V; (b) 133.33 V; (c) 1.6 W;
(d) 03 W,

3.3 - a) Find the value of R that will cause 60 O
4 A of current to flow through the W *
80 Q resistor in the circuit shown. 400

b) How much power will the resistor R
20A D RE

from part (a) need to dissipate?

c) How much power will the current 80 Q)
source generate for the value of R
from part (a)? N

ANSWER: (a) 30 ; (b) 7680 W; (c) 33,600 W

NOTE o Also try Chapter Problems 3.13, 3.14, and 3.21.

3.4 ¢+ Voltage Division and Current Division

We can now generalize the results from analyzing the voltage divider circuit
in Fig. 3.12 and the current-divider circuit in Fig. 3.15. The generalizations
will yield two additional and very useful circuit analysis techniques known



3.4 * Voltage Division and Current Division

Use current division to find the current i, and use

voltage division to find the voltage v, for the circuit ( . * * l )
in Fig. 3.20. i,
& : 360 400
+.
SOLUTION 8A<D 1003 1003 2403 v
We can use Eq. 3.32 if we can find the equivalent -
: . 40 *
resistance of the four parallel branches containing 30030,
resistors. Symbolically, . )i -
EEMCEPM]  The circuit for Example 3.4.°
1 This is also the voltage drop across the branch con-
=80(/10||8024 = - - - — = 6. taining the 40 €, the 10 €, and the 3 € resistors
sttt m in series. We can then use voltage division to de-

termine the voltage drop v, across the 30 Q re-

Applying Eq. 3.32,
PPyIme =4 sistor given that we know the voltage drop across

i, = _6_(8 A)=2A. the series-connected resistors, using Eq. 3.30. To

24 do this, we recognize that the equivalent resistance

We can use Ohm’s law to find the voltage drop of the series-connected resistors is 40 + 10 4+ 30 =
across the 24 Q resistor: 80

30
v=(24)(2)=48V. Vo = %(48 V) =18V.

ASSESSING OBJECTIVE 3

34 a) Use voltage division to determine ( 40 Q 50 Q) )
the voltage v, across the 40 Q MWA———9 * “W\
resistor in the circuit shown. v~

b) Use v, from part (a) to determine 6OV<*> 200 300 10 Q§
the current through the 40 Q -
resistor, and use this current and 700
current division to calculate the MW . .

current in the 30 Q resistor.

C) How much power is absorbed by ANSWER: (a) 20 V, (b) 16667 mA, (C) 347.22 mW.

the 50 2 resistor?
NOTE o Also try Chapter Problems 3.22 and 3.23.



: 36° ‘Measuring Résistént:e —The Wheéiétdﬁé Bridge

ASSESSING OBJECTIVE 4

¢ Be able to determine the feadlng of ammeérs and voltmeters

35 a) Find the current in the ‘circuit —
shown. z
b) If the ammeter in Example 3.5(a) is v §100 Q
used to measure the current, what
will it read? N

ANSWER: (a) 10 mA; (b) 9.474 mA.

3.6 a) Find the voltage v across the 75 kQ 15 kO
resistor in the circuit shown.

b) If the 150 V voltmeter of
Example 3.6(a) is used to measure 60V O 75kQ
the voltage, what will be the
reading? g

ANSWER: (a) 50 V; (b) 46.15 V.

NOTE o Also try Chapter Problems 3.31 and 3.34.

3.6 ¢ Measuring Resistance — The Wheatstone Bridge

Many different circuit configurations are used to measure resistance. Here
we will focus on just one, the Wheatstone bridge. The Wheatstone bridge
circuit is used to precisely measure resistances of medium values, that is,
in the range of 1 © to 1 MQ. In commercial models of the Wheatstone
bridge, accuracies on the order of £0.1% are possible. The bridge circuit
consists of four resistors, a dc voltage source, and a detector. The resistance
of one of the four resistors can be varied, which is indicated in Fig. 3.26 by
the arrow through R3. The dc voltage source is usually a battery, whichis
indicated by the battery symbol for the voltage source v in Fig. 3.26. The
detector is generally a d’Arsonval movement in the microamp range and
is called a galvanometer. Figure 3.26 shows the circuit arrangement of the
resistances, battery, and detector where Ry, Ry, and Rz are known resistors +_ 1
and R, is the unknown resistor. -

To find the value of R,, we adjust the variable resistor R3 until there - (
is no current in the galvanometer. We then calculate the unknown resistor
from the simple expression

R, = —=Rs. (3.33)




37 Delta-to-Wye (Pi-to-Tee) Equivalent Circuit

because of thermal heating effects—that is, iR effects. Higher resistances
are difficult to measure accurately because of leakage currents. In other
words, if R, is large, the current leakage in the electrical insulation may be
comparable to the current in the branches of the bridge circuit.

ASSESSING OBJECTIVE 5

* Undeﬁd how é Wheéiséne bridge is use toq mééshré réSIstahce

-

3.7 The bridge circuit shown is balanced
when R; =100 2, R, = 1000 @, and
R3 =150 Q. The bridge is energized
from a 5 V dc source. +

a) What is the value of R,? v

b) Suppose each bridge resistor is B (
capable of dissipating 250 mW. Can
the bridge be left in the balanced
state without exceeding the u
power-dissipating capacity of the
resistors, thereby damaging the
bridge?

|

ANSWER: (a) 1500 Q; (b) yes.

NOTE ¢ Also try Chapter Problem 3.49.

3.7 ¢ DeIta-to—Wye (Pi-to-Tee) Equivalent Circuits g

The bridge configuration in Fig. 3.26 introduces an interconnection of re-
sistances that warrants further discussion. If we replace the galvanome-
ter with its equivalent resistance R, , we can draw the circuit shown in
Fig. 3.28. We cannot reduce the interconnected resistors of this circuit to a —_—
single equivalent resistance across the terminals of the battery if restricted -
to the simple series or parallel equivalent circuits introduced earlier in this
chapter. The interconnected resistors can be reduced to a single equiv-
alent resistor by means of a delta-to-wye (A-to-Y) or pi-to-tee (7 -to-T)
equivalent circuit.!

Fxgure 3. 28 - Aresistive network ge

Wheatstone bndge c:rc

1 A and Y structures are present in a variety of useful circuits, not just resistive networks.
_ Hence the A-to-Y transformation is a helpful tool in circuit analysis.



ASSESSING OBJECTIVE 6

& Know when and how to use delta-to-wye equivalent circuits

v 'Prractica!‘ Perspective -

3.8 Use a Y-to-A transformation to find the ( 280 h
voltage v in the circuit shown. A
ANSWER: 35 V. 200 wae |
+
INGBL 50 31050
\ ~ J
NOTE o Also try Chapter Problems 3.53, 3.54, and 3.55.
= Pract:cal Perspectwe oy
A Rear Wmdow Defroster 5

A Amodel of a defroster gnd is shown in F1g 3 36 Where x and y denote the -
horizontal and vertical spacing of the grld elements. Gwen the dimensions

of the grid, we need to find expressions for each resistor in the grid such

that the power dissipated per unit length is the same in each conductor.

This will ensure uniform heating of the rear window in both the x and y
directions. Thus we need to find values for the grld re51stors that sat1sfy the ‘
followmg relatlonshlps ; '

{ Figure 3.36
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3.1 For each of the circuits shown, 3.4 a) Show that the solution of the circuit in Fig. 3.9
a) identify the resistors connected in series, % (see Example 3.1) satisfies Kirchhoff’s cur-
rent law at junctions x and y.

b) simplify the circuit by replacing the series-

connected resistors with equivalent resistors. b)  Show that the solution of the circuit in Fig. 3.9

satisfies Kirchhoff’s voltage law around every

3.2 For each of the circuits shown,
closed loop.

a) identify the resistors connected in parallel,
b) simplify the circuit by replacing the parallel-
connected resistors with equivalent resistors.

3.5 Find the equivalent resistance seen by the source in
each of the circuits of Problem 3.1.

3.6 Find the equivalent resistance seen by the source in

3.3 a) Find .the power di.ssip.ated in each resistor in each of the circuits of Problem 3.2.
E the circuit shown in Fig. 3.9.
b) Find the power delivered by the 120 V source.

c) Show that the power delivered equals the
power dissipated.

Figure P3.1
e ~
200 mV
60 120 300 O
10V 40
(a)
N
Figure P3.2
N
( 100 SkQ

250 Q)

600023 20003 02A 30003 1500




3.7 Find the equivalent resistance Ry, for each of the 3.9 a)

circuits in Fig. P3.7.

3.8 Find the equivalent resistance R, for each of the

circuits in Fig. P3.8.

In the circuits in Fig. P3.9(a)-(c), find the
equivalent resistance Ryyp.

For each circuit find the power delivered by
the source.

Figure P3.7
—~,
120 300 1.2kQ
a a
24 Q) 18Q 4kQ 30k 72k0 22.4k0
10 Q)
b b
(a) (b)
S /
Figure P3.8
N
( 60 30
18Q 30 * AW
150
250 50
a
450 40 Q 12Q 50
b
26 Q) 150
10
340 150 520
AN »
() (©
Figure P3.9
s N
a 80 16 Q 60
» . A
144V 180 120 40 200 150 14 Q
a 90 Q)
b 100 ; ” )
b
30 mA 360 O 100 $1600 ()
a 240 10 O 15Q .
* L AW
b 200 Q)

(a)
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3.12

3.13
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_ Simple Resistive Circuits

Find the power dissipated in the 5 Q resistor in the
circuit in Fig. P3.10.

Figure P3.10

60 80

10A 100 $120

For the circuit in Fig. P3.11 calculate
a) v, and Iy
b) the power dissipated in the 15 Q resistor

c) the power developed by the voltage source

Figure P3.11

Py

150
AWV

£5

+

120V 50 6,340 5030

$5

A A4

a) Find an expression for the equivalent resis-
tance of two resistors of value R in parallel.

b) Find an expression for the equivalent resis-
tance of n resistors of value R in parallel.

¢) Using the results of (b), design a resistive net-
work with an equivalent resistance of 400
using 2 k2 resistors.

d) Using the results of (b), design a resistive net-
work with an equivalent resistance of 12.5 kQ
using 100 k2 resistors.

a) Calculate the no-load voltage v, for the
voltage-divider circuit shown in Fig. P3.13.
b) Calculate the power dissipated in Ry and R;.

¢) Assume that only 1 W resistors are available.

The no-load voltage is to be the same as in

(a). Specify the ohmic values of R; and R;.

3.14

3.15

07
°oe

Figure P3.13

N ' ;J

In the voltage-divider circuit shown in Fig. P3.14, the
no-load value of v, is 6 V. When the load resistance
Ry is attached across the terminals a and b, v, drops
to4 V. Find Ry .

Figure P3.14
e ™
40 Q a
+
18V R, v, IR,
b
N J

The no-load voltage in the voltage-divider circuit
shown in Fig. P3.15 is 8 V. The smallest load resistor
thatis ever connected to the divideris 3.6 k2. When
the divider is loaded, v, is not to drop below 7.5 V.

a) Design the divider circuit to meet the specifi-
cations just mentioned. Specify the numerical
value of Ry and R;.

b) Assume the power ratings of commercially
available resistors are 1/16, 1/8, 1/4, 1, and
2 W. What power rating would you specify?

Figure P3.15

40V R,




3,16 Assume the voltage divider in Fig. P3.15 has been

3.17

constructed from 1 W resistors. How small can R;,
be before one of the resistors in the divider is oper-
ating at its dissipation limit?

a) The voltage divider in Fig. P3.17(a) is loaded
with the voltage divider shown in Fig.
P3.17(b); that is, a is connected to a’, and b is
connected to b’. Find v,.

b) Now assume the voltage divider in Fig.
P3.17(b) is connected to the voltage divider in
Fig. P3.17(a) by means of a current-controlled
voltage source as shown in Fig. P3.17(c).
Find v,.

c) What effect does adding the dependent-
voltage source have on the operation of the
voltage divider that is connected to the 240 V

source?
Figure P3.17
N
( 25kQ 30kQ
a a’' —®
— +
I
240V 75kQ 120 kQ Vo
b b'e——
@ (b)
25kQ 30kQ
i
240V 75kQ 75,0007 120 kQ Vo
N © J
3.18 There is often a need to produce more than one
&  voltage using a voltage divider. For example, the

memory components of many personal computers
require voltages of =12V, 6V, and +12 'V, all with
respect to a common reference terminal. Select the
values of R, Ry, and R3 in the circuit in Fig. P3.18
to meet the following design requirements:

Prdblerﬁs

Figure P3.18
( ™
o o
R,
V2
+
24V <_> R,
Common
Ry
A ® V3
_ J

a) The total power supplied to the divider circuit
by the 24 V source is 36 W when the divider
is unloaded.

b) The three voltages, all measured with respect
to the common reference terminal, are v; =
12V,v, =6 V,and v3 = —-12 V.

A voltage divider like that in Fig. 3.13 is to be de-
signed so that v, = kv, at no load (R, = oo) and
v, = av;, at full load (Ry = R,). Note that by defi-
nition ¢ < k < 1.

a) Show that

k—«
RL: ok 0
and
k—a
Ry=—R,.
2T a0k

b) Specify the numerical values of R; and R, if
k=0.85, 0 =0.80,and R, = 34 kQ.

c) If v, = 60V, specify the maximum power that
will be dissipated in Ry and R;.

~d)  Assume the load resistor is accidentally short
circuited. How much power is dissipated in
R and Ry?



3.25 Find v; and v, in the circuit in Fig. P3.25.

P

Figure P3.25

90 O 60 Q

AM—e W +

150 Q 2 75Q
3V ¥ 3003 v
40 Q
3.26 Find v, in the circuit in Fig. P3.26.

Figure P3.26
e 2

300 Q 200 Q
2kQ) + v, — 10kQ
15 mAQ)
300 Q 1kQ

(N

3.27 Find i, and i, in the circuit in Fig. P3.27.

P

Figure P3.27 N
( .
lg
— 150
ANA—— A
20
60 120
+ .
125v<_> s
20 Q 130
50
_ - — J

3.28 For the circuit in Fig. P3.28, calculate (a) i, and

P

(b) the power dissipated in the 90 Q resistor.

3.29

3.30

Figure P3.28

240 80 Q)

2'2%A% 7 3 )
. (o
60V 1000 900 700

—@

The current in the 9  resistor in the circuit in

Fig. P3.29is 1 A, as shown.

a) Find v,.
b) Find the power dissipated in the 20 Q resistor.

Figure P3.29
' ™\
200
WA
100 50 40
-
2z
v,
. i&m o 330Ny TAz20
& WA * 2'2A%
30 10
o J

In the circuit in Fig. P3.30(a) the device labeled D

represents a component that has the equivalent cir-

cuit shown in Fig. P3.30(b). The labels on the ter-
minals of D show how the device is connected to
the circuit. Find v, and the power absorbed by the

device.
Figure P3.30
_ N
* b
1,3400 oa
_ b 100
D 3A ¢——e D a
150 $c 40 Q
L C
) (a) (b)
o J




- Simple Resistive Circuits -

3.31 a) Show forthe ammeter circuitin Fig. P3.31 that Figure P3.33
the current in the d’Arsonval movement is ( ; h
always 1/100th of the current being measured. 2
b) What would the fraction be if the 100 u'V,
10 w A movement were used in a 1 A amme- 50 mA 150 §45 Q
ter?
N J

c) Would you expect a uniform scale on a dc
d’Arsonval ammeter?

3.34 A d’Arsonval voltmeter is shown in Fig. P3.34. Find
the value of Ry for each of the following full-scale

Figure P3.31 ’ ’
p < readings: (a) 50V, (b)5V,(c) 250 mV, and (d) 25 mV.
100 wV, 10 A
Figure P3.34
e ™
-1 Rv
._
(10/99) & 20 mV
- 1mA
3.32 The ammeter in the circuit in Fig. P3.32 has a resis- Voltmeter
‘tance of 0.1 . What is the percentage of error in L J

the reading of this ammeter if

3.35 Supposethed’Arsonval voltmeter described in Prob-

% error = (W — 1) x 100? lem 3.34(Db) is used to measure the voltage across the
true value 45 Q resistor in Fig. P3.33.
a) What will the voltmeter read?
Figure P3.32 b) Using the definition of the percentage of er-
4 h ror in a meter reading found in Problem 3.32,
68\,9 what is the percentage of error in the volt-
meter reading?
10Q X

Ammeter 3.36 A shunt resistor and a 50 mV, 1 mA d’Arsonval
50V 2«9\/9 //\ movement are used to build a 5 A ammeter. A re-
\J sistance of 0.02 Q is placed across the terminals of
the ammeter. What is the new full-scale range of the

N - ammeter?

3.33 The ammeter described in Problem 3.32 is used to ~ 3:37 A d’Arsonval movement is rated at 2 mA and
measure the current i, in the circuit in Fig. P3.33. o9 100 mV. Assume 0.25 W precision resistors are avail-

What is the percentage of error in the measured able to use as shunts. What is the largest full-scale-
value? reading ammeter that can be designed? Explain.



3.38

K/
°

3.39

3.40

A d’Arsonval ammeter is shown in Fig. P3.38. De-
sign a set of d’Arsonval ammeters to read the fol-
lowing full-scale current readings: (a) 10 A, (b) 1 A,
(c)10mA, and (d) 100 u A. Specify the shunt resistor
R, for each ammeter.

Figure P3.38
e ~
10 mV
Rs% 50 wA
7 Ammeter
N J

The elements in the circuit in Fig. 2.24 have the
following values: Ry = 10 kQ, Ry, = 50 k<,
Rc=05kQ, Rg =03kQ, Vee =12V, Vy =04V,
and B8 =29.

a) Calculate the value of iz in microamperes.

b) Assume that a digital multimeter, when used
as a dc ammeter, has a resistance of 2 kQ.
If the meter is inserted between terminals b
and 2 to measure the current iz, what will the
meter read?

c) Using the calculated value of ip in (a) as the
correct value, what is the percentage of error
in the measurement?

The voltage-divider circuit shown in Fig. P3.40 is de-
signed so that the no-load output voltage is 8/10ths
of the input voltage. A d’Arsonval voltmeter hav-
ing a sensitivity of 100 ©/V and a full-scale rating of
100 V is used to check the operation of the circuit.

a) What will the voltmeter read if it is placed
across the 100 V source?

b) What will the voltmeter read if it is placed
across the 60 k2 resistor?

3.41

3.42

_Problems.

c) What will the voltmeter read if it is placed
across the 15 k2 resistor?

d) Will the voltmeter readings obtained in parts

(b) and (c) add to the reading recorded in part
(a)? Explain why or why not.

Figure P3.40

You have been told that the dc voltage of a power
supply is about 500 V. When you go to the instrument
room to get a dc voltmeter to measure the power
supply voltage, you find that there are only two dc
voltmeters available. One voltmeter is rated 300 V
full scale and has a sensitivity of 1000 /V. The
other voltmeter is rated 150 V full scale and has a
sensitivity of 800 /V.

a) How can you use the two voltmeters to check
the power supply voltage?

b) What is the maximum voltage that can be
measured?

c) If the power supply voltage is 399 V, what will
each voltmeter read?

Assume that in addition to the two voltmeters de-
scribed in Problem 3.41, an 80 k2 precision resistor
is also available. The 80 k2 resistor is connected
in series with the series-connected voltmeters. This
circuit is then connected across the terminals of the
power supply. The reading on the 300 V voltmeter
is 288 V, while the reading on the 150 V voltmeter is
115.2 V. What is the voltage of the power supply?



3.43

3.45

R/
°

.Simple Resistive Circuits. B

The voltmeter shown in Fig. P3.43(a) has a full-
scale reading of 750 V. The meter movement is rated
75 mV and 1.5 mA. What is the percentage of er-
ror in the meter reading if it is used to measure the
voltage v in the circuit of Fig. P3.43(b)?

Figure P3.43
-
r———== 1 750V
|
|
| R.3 +
! I 30 mA “ 125 kQ) v
75 mV [
| —
:1'5 mA | Common
L |
(a) (b)
-

A 200 k< resistor is connected from the 100 V ter-
minal to the common terminal of a dual-scale volt-

‘meter, as shown in Fig. P3.44(a). This modified volt-

meter is then used to measure the voltage across the
600 k< resistor in the circuit in Fig. P3.44(b).

a) Whatis the reading on the 300 V scale of the
meter?

b) What is the percentage of error in the mea-
sured voltage?

Assume in designing the multirange voltmeter shown
in Fig. P3.45 that you ignore the resistance of the me-
ter movement.

a) Specify the values of R1, R, and Rj.

b) Foreach of the three ranges, calculate the per-
centage of error that this design strategy pro-
duces.

Figure P3.44
o
] I 300V
|
|
I $360kQ |
: | 100V
——s
|
| $4995kQ |
|
' 200 kQ
{ 100mV | 2200
| 2mA |
| | Common
o N
(a)
r-———- [
: —e300 V|
|
’ |
60k0 T | |
|
I Modified |
- 600 kQ§ : voltmeter |
300v(_> | |
’ |
:Com.mon :
]
(b)
-
Figure P3.45
4 N
Ry
100 Ve—AMWA——
R,
10V e——wWA,
R;
ve—w— ()9
¢ Common
N\ /




3.46

R/
0.0

3.47

Design a d’Arsonval voltmeter that will have the
three voltage ranges shown in Fig. P3.46.

Figure P3.46
4 A
300V
150V
30V
Common
N\ J
a) Specify the values of Ry, Ry, and Rs.
b) Assume that a 750 kQ resistor is connected

between the 150 V terminal and the common
terminal. The voltmeter is then connected to
an unknown voltage using the common ter-
minal and the 300 V terminal. The voltmeter
reads 288 V. What is the unknown voltage?

¢) What is the maximum voltage the voltmeter
in (b) can measure?

The circuit model of a dc voltage source is shown
in Fig. P3.47. The following voltage measurements
are made at the terminals of the source: (1) With
the terminals of the source open, the voltage is mea-
sured at 50 mV, and (2) with a 15 MQ resistor con-
nected to the terminals, the voltage is measured at
48.75 mV. All measurements are made with a digital
voltmeter that has a meter resistance of 10 M.

a) Whatis the internal voltage of the source (v;)
in millivolts?

b) What is the internal resistance of the source
(Ry) in kilo-ohms?

3.48

3.49

3.50

|
| Terminals of
: the source

Assume the ideal voltage source in Fig. 3.26 is re-
placed by anideal current source. Show that Eq.3.33
is still valid.

The bridge circuit shown in Fig. 3.26 is energized
from a 6 V dc source. The bridge is balanced when
R1 =200, Ry, =500 €2, and R3 = 800 Q.

a) What is the value of R, ?

b) How much current (in milliamperes) does the
dc source supply?

c) Which resistor in the circuit absorbs the most
power? How much power does it absorb?

d) Which resistor absorbs the least power? How

3.51

P

much power does it absorb?

Find the detector current i, in the unbalanced bridge
in Fig. P3.50 if the voltage drop across the detector

is negligible.
12 k kQ

Figure P3.50

26

Find the power dissipated in the 3 k2 resistor in the
circuit in Fig. P3.51.

Figure P3.51

750 O

15k

3kQ
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352 Inthe Wheatstone bridge circuit shown in Fig. 326,  3.85 Find the equivalent resistance R,p in the circuit in
the ratio R;/R; can be set to the following values: Fig. P3.55.
@ 0.001, 0.01, 0.1, 1, 10, 100, and 1000. The resistor R3 @
can be varied from 1 to 11,110 €, in increments of

1 Q. An unknown resistor is known to lie between Figure P3.55
4 and 5 ©. What should be the setting of the Ry/R; - N
ratio so that the unknown resistor can be measured 330 50 Q :
to four significant figures? a
3,53 Usea A-to-Y transformation to find the voltages vy 320
@ and v; in the circuit in Fig. P3.53.
Figure P3.53 200
s N
150 40 Q
ANV ) b
10 10 Q . )
[ p
+ +
V24V n3400 53500
- B B 3.56 Find i, and the power dissipated in the 30 € resistor
L . ) E in the circuit in Fig. P3.56.
3.54 a) Find the equivalent resistance Rgp, in the cir-
- e e . ure P3.56
@ cuit in Fig. P3.54 by using a A-to-Y transfor- Flg
mation involving the resistors R, R3, and Ry. ( 80 40 )
b) Repeat (a) using a Y-to-A transformation in-
volving resistors Ry, R4, and Rs.
g 240V 60 Q 80 Q) 18 Q
c) Give two additional A-to-Y or Y-to-A trans-
formations that could be used to find Ryp. g’g o 3/\6'
. J/
Figure P3.54
- 5o 3.57 Find R, in the circuit in Fig. P3.57.

Figure P3.57




3.58 a)

Find the resistance seen by the ideal voltage
source in the circuit in Fig. P3.58.

b) If vap equals 400 V, how much power is dissi-
pated in the 31  resistor?

Figure P3.58
( N\
a 150 26 Q)
——— W\ L 4 22'A%
500 300
100 O
Vab CD 71Q 310
60 Q 20Q
40 Q
*® ® AW
b
N J

3.59 Use a Y-to-A transformation to find (a) i,; (b) i1;
(¢) i2; and (d) the power delivered by the ideal volt-
@ age source in the circuit in Fig. P3.59.

Figure P3.59

e A
560
'A%

i
440 800 200
sV ]3400 i 32100
\ _ J

3.60 For the circuit shown in Fig. P3.60, find (a) i1, (b) v,
@ (c) iz, and (d) the power supplied by the current
source.

Figure P3.60
e A

SA 10

- J

3.61 Derive Eqs. 3.44-3.49 from Egs. 3.41-3.43. The fol-
lowing two hints should help you get started in the
right direction:

a) To find Ry as a function of R,, Ry, and R,,
first subtract Eq. 3.42 from Eq. 3.43 and then -
add this result to Eq. 3.39. Use similar ma-
nipulations to find R, and Rs as functions of
R,, Ry, and R,.

b) To find R, as a function of Ry, R», and Rs3,
take advantage of the derivations obtained by
hint (1), namely, Egs. 3.44-3.46. Note that
these equations can be divided to obtain

Ry R, R
2= ZC orR. = 2Ry,
Ry R, CTRyY
and X
1 Ry R,
— = —, or R, = —Ry.
R, R, ‘TR

Now use these ratios in Eq. 3.43 to eliminate R, and
R.. Use similar manipulations to find R, and R, as
functions of Ry, R;, and Rs.

3.62 Show that the expressions for A conductances as
functions of the three Y conductances are

_ GyG3

T G1+ G, +Gs’

. G1G3

T G1+ G+ G

_ G1G,

TG+ G+ 63l

Ga

b

where
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3.63 Resistor networks are sometimes used as volume- b) Show that when R = Ry, the voltage ratio
< control circuits. In this application, they are referred v,/v; equals 0.50.

to as resistance attenuators or pads. A typical fixed-

attenuator pad is shown in Fig. P3.63. In designing

an attenuation pad, the circuit designer will select ~ 3-85 The design equations for the bridged-tee attenuator

the values of Ry and R, so that the ratio of v,/v; o circuit in Fig. P3.65 are

and the resistance seen by the input voltage source

Rap both have a specified value.

a) Show thatif Ry, = Rr, then Ry — 2RR?
3R2 - R?
2
R =4R1(R1 + R2) v 3R-Ry
o__ R v 3R+RL
vi 2Ry +Ry+RL’
b) Select the values of R; and R; so that Ry, = when R, has the value just given.

Ry = 600 Q and v,/v; = 0.6.
a) Design a fixed attenuator so that v; = 3.5v,
Figure P3.63 when Ry =300 Q.

b) Assume the voltage applied to the input of
the pad designed in (a) is 42 V. Which resistor
in the pad dissipates the most power?

c) How much power is dissipated in the resistor

in part (b)?
d) Which resistor in the pad dissipates the least
Attenuator 9
L ) power?
3.64 a) The fixed-attenuator pad shown in Fig. P3.64 e) How much power is dissipated in the resistor
< is called a bridged tee. Use a Y-to- A transfor- in part (d)?
mation to show that R, = Ry if R = Ry..
Figure P3.64
—_—— N Figure P3.65
| R 1 . - T N
! AM ' l R |
| : I '\NZV |
| [ |
a | R R I c | |
* |
+' | |+ a R R : g
| —+ +
v; : R | Yo §RL : :
o : B v R | U SR
. | I’ ° | !
b | bd . | o
b __ l b ! v ]
Fixed-attenuator pad e |




a) For the circuit shown in Fig. P3.66 the bridge is
balanced when AR = 0. Show that if AR «
R, the bridge output voltage is approximately

—ARRy
Vo R s 1)
(Ro + R4)2 "

b) Given Ry =1kQ, R3 = 500 Q, Ry = 5 k€,
and vin = 6 V, whatis the approximate bridge
output voltage if AR is 3% of R,?

c) Find the actual value of v, in part (b).

Figure P3.66
-

Q)

.
3.67 a)

If percent error is defined as

approximate value
true value

% error = [ - 1:' x 100

show that the percent error in the approxima-
tion of v, in Problem 3.66 is

(AR)R3 y
(R2+ R3)R4

b) Calculate the percent error in v, for Prob-
lem 3.66.

% error = 100.

3.68

7
L X4

3.69

3.70

3.7

Assume the error in v, in the bridge circuit in
Fig. P3.66 is not to exceed 0.5%. What is the largest
percent change in R, that can be tolerated?

a) Derive Eq. 3.65.

b) Derive Eq. 3.68.

Derive Eq. 3.70.

Suppose the grid structure in Fig. 3.36 is 1 m wide
and the vertical displacement of the five horizontal
grid lines is 0.025 m. Specify the numerical values
of Ry — Rs andR, — R, to achieve a uniform power
dissipation of 120 W/m, using a 12 V power supply.
(Hint: Calculate o first, then R3, R, R,, Rp, and Ry
in that order.)

Check the solution to Problem 3.71 by showing that
the total power dissipated equals the power devel-
oped by the 12 V source.

a) Design a defroster grid in Fig. 3.36 having five
horizontal conductors to meet the following
specifications: The grid is to be 1.5 m wide,
the vertical separation between conductors is
to be 0.03 m, and the power dissipation is to
be 200 W/m when the supply voltage is 12 V.

b)  Check your solution and make sure it meets
the design specifications.



and Norton equrvalent circuits to those techmques
We also consider two other topics. that play arole in cir-

‘cuit analysis. One, maximum power transfer considers the

- conditions necessary to ensure that the power delivered
to a resistive load by a source is maximized. Thévenin
equrvalent circuits are used i in estabhshlng the maxi-
g mum‘power transfer condrtrons The ﬁnal topic in th1s
ch ‘pter superposrtron looks at the analysrs of c1r-

uits with ore than one 1ndependent source
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ASSESSING OBJECTIVE 1

) & Understand and be able to use the node-voltage method

4.1 a) For the circuit shown, use the
node-voltage method to find vy, vs,
and i;.
b) How much power is delivered to
the
circuit by the 15 A source?

¢) Repeat (b) for the 5 A source.

ANSWER: (a) 60 V, 10 V, 10 A; (b) 900 W:
(c) =50 W.

50
AW

+1 - +
1
15A 13600 15Q 20 v, SA

4.2 Use the node-voltage method to find v
in the circuit shown.

ANSWER: 15 V.

45A 1Q v 12Q 30V

NOTE o Also try Chapter Problems 4.6, 4.9, and 4.10.

4.3 + The Node-Voltage Method and Dependent Sources

If the circuit contains dependent sources, the node-voltage equations must
be supplemented with the constraint equations imposed by the presence
of the dependent sources. Example 4.3 illustrates the application of the
node-voltage method to a circuit containing a dependent source.
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ASSESSING OBJECTIVE 1

- 44 The Node-Voltage Method: Some Special Cases

Understand and be able to use the node-voltage method

4.3 a) Use the node-voltage method to
find the power associated with each
source in the circuit shown.

b) State whether the source is
delivering power to the circuit or
extracting power from the circuit.

ANSWER: (a) psov = —150 W, p3; = —144 W,

psa = —80 W, (b) all sources are
delivering power to the circuit.

NOTE o Also try Chapter Problems 4.19 and 4.20.

4.4 + The Node-Voltage Method: Some Special Cases

When a voltage source is the only element between two essential nodes,
the node-voltage method is simplified. As an example, look at the circuit
in Fig. 4.12. There are three essential nodes in this circuit, which means
that two simultaneous equations are needed. From these three essential
nodes, a reference node has been chosen and two other nodes have been
labeled. But the 100 V source constrains the voltage between node 1 and
the reference node to 100 V. This means that there is only one unknown
node voltage (v;). Solution of this circuit thus involves only a single node-
voltage equation at node 2:

V) — V1
10 + 36 —-5=0. 4.7

But v; = 100 V, so Eq. 4.7 can be solved for v;:

v, =125 V. (4.8)

Knowing v, we can calculate the current in every branch. You should
verify that the current into node 1 in the branch containing the independent
voltage source is 1.5 A.

p —
,_.

100V 250 1,3500 SA

SLNCRBPR A circuit with a known node voltage.




ASSESSING OBJECTIVE 1

) 0 Understand and be able to use the node-voltage method

44 Use the node-voltage method to find v, (
in the circuit shown.
ANSWER: 24 V.
4.5 Use the node-voltage method to find v
in the circuit shown.
ANSWER: 8 V.
4.6 Use the node-voltage method to find v, (
in the circuit shown.
ANSWER: 48 V.
W\
Neov

NOTE o Also try Chapter Problems 4.21, 4.26, and 4.27.

4.5 < Introduction to the Mesh-Current Method

Asstated in Section 4.1, the mesh-current method of circuit analysis enables
us to describe a circuit in terms of b, — (n, — 1) equations. Recall that a
mesh is a loop with no other loops inside it. The circuit in Fig. 4.1(b) is
shown again in Fig. 4.18, with current arrows inside each loop to distinguish
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The mesh current i, isidentical with the branch The 20 V source also is delivering power to the
current in the 40 V source, so the power asso- network.
ciated with this source is

paoy = —40i, = =224 W. b) Thebranch currentin the 8 Q resistor in the di-
. ' ) ) ' rection of the voltage drop v, is i, —iy,. There-
The minus sign means that this source is deliv- fore

ering power to the network. The current in the
20 V source is identical to the mesh current i.;
therefore

paov =20ic = —16 W. v, = 8(iy — ip) = 8(3.6) =28.8 V.

ASSESSING 0BJECTIVE 2

4 Understand and be able to use the mesh-current method

4.7 Use the mesh-current method to find 1 300 h
(a) the power delivered by the 80 V A
source to the circuit shown and (b) the 50 900
power dissipated in the 8 € resistor. 1 3
ANSWER: (a) 400 W; (b) 50 W.
(@) ®) sov( " 260 280
\ - J

NOTE o Also try Chapter Problems 4.31 and 4.32.

4.6 ¢ The Mesh-Current Method and Dependent
Sources

If the circuit contains dependent sources, the mesh-current equations must
be supplemented by the appropriate constraint equations. Example 4.5
illustrates the application of the mesh-current method when the circuit
includes a dependent source.



4.7 The Mesh-Current Method: Some Special Cases

ASSESSING OBJECTIVE 2

& Understand and be able to use the mesh-current method

4.3 a) Determine the number of ( ~3 v, h
mesh-current equations needed to 3 %‘v{}
solve the circuit shown.
b) Use the mesh-current method to ) 20 30 \
find how much power is being 50 + vy —
delivered to the dependent voltage m
source. BV 19
10V
ANSWER: (a) 3; (b) —36 W. °
o J ¢
4.9 Use the mesh-current method to find v, [ 20 h
in the circuit shown. WA
ANSWER: 16 V.

NOTE ¢ Also try Chapter Problems 4.33 and 4.34.

4.7 + The Mesh-Current Method: Some Special Cases

When a branch includes a current source, the mesh-current method re-
quires some additional manipulations. The circuitshown in Fig. 4.25 depicts
the nature of the problem.
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ASSESSING OBJECTIVE 2

¢ Understand and be able to use the mesh-current method

4.10 Use the mesh-current method to find 30 80 h
the power dissipated in the 2 Q resistor
in the circuit shown.
ANSWER: 72 W. n
0v( 20 50 } )i6a
6Q 40
\_ J
4.1 Use the mesh-current method to find ( 10 A
the mesh current i, in the circuit shown. N\
ANSWER: 15 A. _/
20 10 L
AM — AN ——————
sv( " ) 15350 | 2—;’i
N h J
4.12 Use the mesh-current method to find ( 20 )
the power dissipated in the 1 © resistor WA
in the circuit shown. 2A
20
ANSWER: 36 W. < 1
wov( " 20 eV
- +
10
AW\

NOTE o Also try Chapter Problems 4.37, 4.38, 4.43, and 4.46.

4.8 ¢ The Node-Voltage Method Versus the
Mesh-Current Method

The greatest advantage of both the node-voltage and mesh-current meth-
ods is that they reduce the number of simultaneous equations that must be
manipulated. They also require the analyst to be quite systematic in terms
of organizing and writing these equations. It is natural to ask, then, “When
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the node-voltage equations are based on the circuit The constraint equations are
shown in Fig. 4.35. The supermesh equation is Ve — (vp + 0‘81)9)] ,

193 = 10i, + 10ip, + 10ic + 0.8vp, =T A= [ 10

and the constraint equations are We use the constraint equations to reduce the

node-voltage equations to three simultaneous equa-
tions involving v,, v,, and vy. You should verify

We use the constraint equations to write the super- that the node-voltage approach also gives v, =

mesh equation in terms of i,: 173 V.

160 = 80iy, or ip=2A,

ip —ia = 0.4vp = 0.8ic; vy = —7.5ip; and i, —ip =0.5.

4 A\
v, =193 =20 =173 V.
The node-voltage equations are
Vo — 193 Uy — VUa
—“‘i‘a‘_ - 0.4'UA + 75 = O,
Va — Vo vy — (vp + 0.8vg)
-05 =0,
2.5 + 10
Ub vp + 0.8vg — v,

ASSESSING OBJECTIVE 3

¢ Deciding between the node-voltage and mesh-current methods

4.13 Find the power delivered by the 2 A 414 Find the power delivered by the 4 A
current source in the circuit shown. current source in the circuit shown.
ANSWER: 70 W. ANSWER: 40 W.
4 ™\
15Q 100
* AN
20V 2A 25V

Y, 128V

NOTE ¢ Also try Chapter Problems 4.52 and 4.54.



:4.10 . Thévenin and Norton Equivalents

¢) To find the power developed by the 8 A cur- 480 W. Note that the 125 © and 10 2 resistors
rent source, we first find the voltage across the do not affect the value of v, but do affect the
source. If we let v represent the voltage across power calculations.

the source, positive at the upper terminal of the
source, we obtain

v, +8(10) =v, =20, or v,=-60V,

and the power developed by the 8 A source is

ASSESSING OBJECTIVE 4

¢ Understand source transformation

4,15 a) Use a series of source 160
transformations to find the voltage * * » 'vv\«——r—
v in the circuit shown. 200 60V
b) How much power does the 120 V 10V 36 A 360 v §8 Q
source deliver to the circuit? 50 _

ANSWER: (a) 48 V; (b) 374.4 W.

NOTE & Also try Chapter Problems 4.55 and 4.58.

4.10 + Thévenin and Norton Equivalents

At times in circuit analysis, we want to concentrate on what happens at
a specific pair of terminals. For example, when we plug a toaster into
an outlet, we are interested primarily in the voltage and current at the
terminals of the toaster. We have little or no interest in the effect that
connecting the toaster has on voltages or currents elsewhere in the circuit
supplying the outlet. We can expand this interest in terminal behavior to a
set of appliances, each requiring a different amount of power. We then are
interested in how the voltage and current delivered at the outlet change as
we change appliances. In other words, we want to focus on the behavior of
the circuit supplying the outlet, but only at the outlet terminals.

Thévenin and Norton equivalents are circuit simplification techniques
that focus on terminal behavior and thus are extremely valuable aids in
analysis. Although here we discuss them as they pertain to resistive circuits,
Thévenin and Norton equivalent circuits may be used to represent any
circuit made up of linear elements.
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AR

From is. and Vi we get
* ™ We8 100 O

-5
R = T = > L 10° =100 2.
isc -50 5V

Figure 4.51 illustrates the Thévenin equivalent for b
the circuit shown in Fig. 4.49. Note that the ref-

erence polarity marks on the Thévenin voltage . :
source in Fig. 4.51 agree with the preceding equa- Figure 4.51

tion for V.

ivalent for the

ASSESSING OBJECTIVE 5

¢ Understand Thévenin and Norton equivalents

4.16 Find the Thévenin equivalent circuit ( 120 )
with respect to the terminals a,b for the A
circuit shown. 50 80
ANSWER: V,, = Vi = 64.8 V, Ry, = 6 Q. @
v’ 200
° o b
\ J
417 Find the Norton equivalent circuit with 20 )
respect to the terminals a,b for the *— W —e ®a
circuit shown.
ANSWER: [y =6 A (directed toward a), 1A 80 120
RN =75 Q. 100 b
N
4.18 A voltmeter with an internal resistance 1 12 kO, 150
of 100 k€2 is used to measure the WA * * MWA———o0 A
voltage vap in the circuit shown. What *
is the voltmeter reading? 36V 18 mA 60 kO Vag
- ANSWER: 120 V.
o . B
J

NOTE ¢ Also try Chapter Problems 4.59, 4.62, and 4.63.
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ASSESSING OBJECTIVE 5

 Equivalent

' 4 Understand Thévenin and Norton equivalents

4.19 Find the Thévenin equivalent circuit ( 3 )
with respect to the terminals a,b for the {
circuit shown.
20
ANSWER: Vi, =vs, =8 V, R =1 Q. L . ¥
+
uv(’ sa(y)  iy380
3 * —eb
\_ J
4.20 Find the Thévenin equivalent circuit [ 160 )
. . 200 A
with respect to the terminals a,b for the a
circuit shown. (Hint: Define the voltage
at the left-most pode as v, and write 6003 4A 8003 400 i is
two nodal equations with Vyy, as the
right node voltage.) )\ ) { ob

ANSWER: V1, = v, =30V, Ry, =10 Q.

NOTE & Also try Chapter Problems 4.65 and 4.73.

Using the Thévenin Equivalent in the Amplifier Circuit

Attimes we can use a Thévenin equivalent to reduce one portion of a circuit
to greatly simplify analysis of the larger network. Let’s return to the circuit
first introduced in Section 2.5 and subsequently analyzed in Sections 4.4
and 4.7. To aid our discussion, we redrew the circuit and identified the
branch currents of interest, as shown in Fig. 4.55.

As our previous analysis has shown, iz is the key to finding the other
branch currents. We redraw the circuit as shown in Fig. 4.56 to prepare to
replace the subcircuit to the left of Vj with its Thévenin equivalent. You
should be able to determine that this modification has no effect on the
branch currents iy, iz, ip, and ig.

F|gure 4.55 B apphcatlon ofa Thevemn

—

i2l§R2 ip

Rgng

equwalent in circuit anaIySIS




3. - Superposition

ASSESSING OBJECTIVE 6

¢ Know the condition for and calculate maximum power transfer to resistive load

4.21 a) Find the value of R that enables the ( h
circuit shown to deliver maximum
power to the terminals a,b.

o

b) Find the maximum power delivered

to R.
ANSWER: (a) 3 Q; (b) 1.2 kW. 100V IR
b
N Y,
4.22 Assume that the circuit in Assessment

Problem 4.21 is delivering maximum
power to the load resistor R.

a) .How much power is the 100 V
source delivering to the network?

b) Repeat (a) for the dependent
voltage source.

c) What percentage of the total power
generated by these two sources is
delivered to the load resistor R?

ANSWER: (a) 3000 W; (b) 800 W; (c) 31.58%.

NOTE o Also try Chapter Problems 4.75 and 4.76.

4,13 ¢ Superposition

A linear system obeys the principle of superposition, which states that
whenever a linear system is excited, or driven, by more than one inde-
pendent source of energy, the total response is the sum of the individual
responses. An individual response is the result of an independent source
acting alone. Because we are dealing with circuits made up of intercon-
nected linear-circuit elements, we can apply the principle of superposition
directly to the analysis of such circuits when they are driven by more than
one independent energy source. At present, we restrict the discussion to
simple resistive networks; however, the principle is applicable to any linear
system.



4.1

For the circuit shown in Fig. P4.1, state the numerical
value of the number of (a) branches, (b) branches
where the current is unknown, (c) essential branches,
(d) essential branches where the current is unknown,
(e) nodes, (f) essential nodes, and (g) meshes.

Figure P4.1

Vs

10V

J

a) How many separate parts does the circuit in
Fig. P4.2 have?
b) How many nodes?
c) How many branches are there?
d) Assume that the lower node in each part of
the circuit is joined by a single conductor. Re-
peat the calculations in (a)—(c).
Figure P4.2
s N
R,
!
Vg R, Iy § R;
Biy R, $Rs

4.3 a)

d)

If only the essential nodes and branches are
identified in the circuit in Fig. P4.1, how many
simultaneous equations are needed to de-
scribe the circuit?

How many of these equations can be derived
using Kirchhoff’s current law?

How many must be derived using Kirchhoff’s
voltage law?

What two meshes should be avoided in apply-
ing the voltage law?

4.4 Assume the current i, in the circuit in Fig. P4.4 is
known. The resistors R1—Rs are also known.

a) How many unknown currents are there?
b) How many independent equations can be
written using Kirchhoff’s current law (KCL)?
¢) Write an independent set of KCL equations.
d) How many independent equations can be de-
rived from Kirchhoff’s voltage law (KVL)?
e) Write a set of independent KVL equations.
Figure P4.4
-




© ‘Problems

45 A current leaving a node is defined as positive. 4.9 Use the node-voltage method to find v; and v, in

a) Sum the currents at each node in the circuit @ the circuit shown in Fig. P4.9.
shown in Fig. P4.5. :

b) Show that any one of the equations in (a) can ~ Tigure P49
be derived from the remaining two equations. 30
Figure P4.5 + W + ?
. N
i 6A 01,2400 800 v,31200 1A

4.10 a) Use the node-voltage method to find the

1 —= 2
* MWA- ® _ _
R, . . .
iy il%R1 g%& i4l§R4

3 & branch currents i,—i. in the circuit shown in
L y j Fig. P4.10.
4.6 Use the node-voltage method to find v, in the circuit b)  Find the total power developed in the circuit.
in Fig. P4.6.
Figure P4.10
Figure P4.6
N
[ 120 Q
AN ———9
+
50
1,325Q) 40 mA
25V
L . ) 411 The circuit shown in Fig. P4.11 is a dc model of a

E} residential power distribution circuit.
a) Use the node-voltage method to find the

4.7 a) Find the power developed by the 40 mA cur-

P rent source in the circuit in Fig. P4.6. branch currents i;—is.
b) Find the power developed by the 25 V voltage b) Test your solution for the branch currents
source in the circuit in Fig. P4.6. by showing that the total power dissipated
¢) Verify that the total power developed equals equals the total power developed.

the total power dissipated.

48 A 100 Q resistor is connected in series with the Figure P4.11
P’ 40 mA current source in the circuit in Fig. P4.6. ( " q ‘ W
a) Find v,. W9
b) Find the power developed by the 40 mA cur- iy
rent source. 10v 80
¢) Findthe power developed by the 25 V voltage )
source. is l ? 16 Q
d) Verify that the total power developed equals
the total power dissipated. 1oV 240
e) What effect will any finite resistance con- ' A

nected in series with the 40 mA current source
have on the value of v, ? N\
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4.12 Use the node-voltage method to find v; and v, in Figure P4.15
P the circuit in Fig. P4.12. : 4 sA N
’ -
Figure P4.12 /
120 200
—— WA
40V 25Q 400 75A
40 Q)
L ——W\—e )

4.16 a) Usethenode-voltage method to show that the

4.13 Use the node-voltage method to find how much @ output voltage v, in the circuit in Fig. P4.16
power the 2 A source extracts from the circuit in is equal to the average value of the source
@ Fig. P4.13. voltages.
b) Find v, if v; = 120 V, v, = 60 V, and v3 =
Figure P4.13 —30 V.
Figure P4.16

£5

35

2A 50Q 45V R R
. U1 V2

4.14 a) Use the node-voltage method to find vy, v2,
and v3 in the circuit in Fig. P4.14. 4,17 a) Use the node-voltage method to find v, in the

@ circuit in Fig. P4.17.

b) How mugh power dqes 'the 28 A current b) Find the power absorbed by the dependent
source deliver to the circuit? SOUTCE.

c) Find the total power developed by the inde-
pendent sources.

Figure P4.14
4 N
30 20 Figure P4.17
' N
25Q
son
10 20 -
N 450 mA v, 3100 O <_> 45V
4 6251y
4.15 Use the node-voltage method to find the total power - \
dissipated in the circuit in Fig. P4.15. _ - ” J

P




Find the node voltages v1, vz, and v3 in the

circuit in Fig. P4.18.

b) Find the total power dissipated in the circuit.

Figure P4.18

4.19 Use the node-voltage method to calculate the power
delivered by the dependent voltage source in the cir-
cuit in Fig. P4.19.

Figure P4.19
100 300
—WA AW
160 V zUT 100 Q 1504,
200
—AW
4.20 a) Usethenode-voltage method to find the total

power developed in the circuit in Fig. P4.20.

b) Check your answer by finding the total power
absorbed in the circuit.

Figure P4.20

100 80

25A 400 iAl 160 Q 200 841y

4.21 Use the node-voltage method to find the value of v,
?5 in the circuit in Fig. P4.21.

Figure P4.21

422 Use the node-voltage method to find i, in the circuit
% in Fig. P4.22.

Figure P4.22
e - ~N
200 400
2269 (") R
250 100 Q
_ — J

4.23 a) Use the node-voltage method to find the
power dissipated in the 2 Q resistor in the

circuit in Fig. P4.23.
b) Find the power supplied by the 230 V source.

Figure P4.23

( A

10
10 5Q

10
ZSOVCP 1Q 20
10 50

1Q




4.24

P

4.25

4.26

a) Use the node-voltage method to find the
branch currents iy, i, and i3 in the circuit
in Fig. P4.24.

b) Check your solution for i1, i, and i3 by show-
ing that the power dissipated in the circuit
equals the power developed.

4.27

P

Figure P4.26

( 25V

550

- J

Use the node-voltage method to find v, in the circuit
in Fig. P4.27.

Figure P4.27

Figure P4.24
4 I
1k0
VMW
10 mA
5 kO =
)
i 1
30V izlf s 34k i )sov
— i il J

‘Use the node-voltage method to find the value of v,

in the circuit in Fig. P4.25.

Figure P4.25
( R
20

Use the node-voltage method to find v; and the
power delivered by the 25 V voltage source in the
circuit in Fig. P4.26.

4.28

P

Assume you are a project engineer and one of your
staff is assigned to analyze the circuit shown in
Fig. P4.28. The reference node and node numbers
given on the figure were assigned by the analyst. Her
solution gives the values of v3 and v4 as 108 V and
81.6 V, respectively.

Test these values by checking the total power
developed in the circuit against the total power dis-
sipated. Do you agree with the solution submitted
by the analyst?

Figure P4.28

(40/3) iy
+ -,




4,29

P

Use the node-voltage method to find the power de-
veloped by the 60 V source in the circuit in Fig. P4.29.

Figure P4.29
. N
175 iy
< £
100 50 20 Q

£100 0 200 O 400 Q 0.625 v,
N hd — e J
4.30 Show that when Eqgs. 4.16,4.17, and 4.19 are solved
for ip, the result is identical to Eq. 2.25.
4.31 a) Use the mesh-current method to find the

4.32

branch currents i,, i,, and i. in the circuit
in Fig. P4.31.

b) Repeat (a) if the polarity of the 60 V source
is reversed.

Figure P4.31
40 20
A L 'A% %
W W

i, i,
60V iy l 100 20V

1Q 30

K — MWWV A

a) Usethe mesh-current method to find the total
power developed in the circuit in Fig. P4.32.

b) Check your answer by showing that the to-
tal power developed equals the total power
dissipated.

4.33

P

4.34

P

Figure P4.32

( Y
60Q
VWA
10 30
q b
20
230V C) C) 460V
115V T
MA- * A~
40Q 50
o J

Use the mesh-current method to find the power dis-
sipated in the 20 Q resistor in the circuit in Fig. P4.33.

Figure P4.33
4 N
5Q
AN~
30 40
L p
Iy
135Vé) 20Q f 104,
20 10
M * M- )
A\

Use the mesh-current method to find the poWer de-
livered by the dependent voltage source in the circuit
seen in Fig. P4.34.

Figure P4.34




4.35

4.36

Techniques of Circuit Analysis .~

Use the mesh-current method to find the power de-
veloped in the dependent voltage source in the cir-
cuit in Fig. P4.35.

Figure P4.35
g

53,
+__

3Q 5Q

- - 4.38
N 200 (+> 30V %

a) Use the mesh-current method to find v, in the
_circuit in Fig. P4.36.

b) Find the power delivered by the dependent
source.

Figure P4.36

4.39

! J

a) Use the mesh-current method to find how
much power the 30 A current source deliv-
ers to the circuit in Fig. P4.37.

b) Find the total power delivered to the circuit.

¢) Check your calculations by showing that the
total power developed in the circuit equals
the total power dissipated.

Figure P4.37
e Y
40 320
A\ 2 WA
soov( " 16 Q) <£>@4V
560 080
[ )
30A
/AR
_/
A\ J/

a) Use the mesh-current method to solve for i
in the circuit in Fig. P4.38.

b) Find the power delivered by the independent
current source.

c) Find the power delivered by the dependent
voltage source.

Figure P4.38

10 kQ

Use the mesh-current method to find the total power
developed in the circuit in Fig. P4.39.

Figure P4.39
] N\
7Q
A
20 10
< y
- VA +
30
125V C) 15050,
. 5V




4.40 Use the mesh-current method to find the power de-
veloped by the 20 A source in the circuit in Fig. P4.40.

Figure P4.40

e i A
10 a
AAA- —

50 40
L b
20A CD 200 65
\_ il Y,

44 a) Use the mesh-current method to find the
% power delivered to the 2 Q resistor in the cir-
cuit in Fig. P4.41.

b) What percentage of the total power devel-
oped in the circuit is delivered to the 2 Q re-

sistor?
Figure P4.41
N
[ 450,
10 20
— p
s
+ +
20v( " 250 T )sov
4Q 30
AM . AM

442  a) Use the mesh-current method to determine
which sources in the circuit in Fig. P4.42 are
] generating power.

b) Find the total power dissipated in the circuit.

4.43

4.44

P

4.45

. Problems

Figure P4.42

Use the mesh-current method to find the total power
dissipated in the circuit in Fig. P4.43.

Figure P4.43
40 9Q
AW A~
20V 6A CIAY
10 60
WA A~

Assume the 20 V source in the circuit in Fig. P4.43 is
increased to 120 V. Find the total power dissipated
in the circuit.

a) Assume the 20 V source in the circuit in
Fig. P4.43 is changed to 60 V. Find the to-
tal power dissipated in the circuit.

b) Repeat (a) if the 6 A current source is re-
placed by a short circuit.

¢) Explain why the answers to (a) and (b) are
the same.




4.46 a)

b)

Use the mesh-current method to find the
branch currents in i,—i, in the circuit in
Fig. P4.46.

Check your solution by showing that the total
power developed in the circuit equals the total
power dissipated.

Figure P4.46
e N
i,,T fcl
3200
100V
N J
4.47 a) Find the branch currents i,~i. for the circuit
ng shown in Fig. P4.47.

b)  Check your answers by showing that the to-
tal power generated equals the total power
dissipated.

Figure P4.47
e ~
4ig —i,
= 3
50 100
BAAE S A
ib ic .
194 40 inx‘a 24, ldl 240V
N _ _ J

4.49 Show that whenever R; =

The circuit in Fig. P4.48 is a direct-current version of
a typical three-wire distribution system. The resis-
tors R,, Ry, and R, represent the resistances of the
three conductors that connect the three loads Ry,
R, and R3 to the 125/250 V voltage supply. The re-
sistors Ry and R, represent loads connected to the
125 V circuits, and Rj3 represents a load connected
to the 250 V circuit.

a)

b)

d)

Calculate vy, vy, and vs.

Calculate the power delivered to Ry, Ry,
and Rj3.

What percentage of the total power devel-
oped by the sources is delivered to the loads?

The Ry branch represents the neutral con-
ductor in the distribution circuit. What ad-
verse effect occurs if the neutral conductor is
opened? (Hint: Calculate vy and v, and note
that appliances or loads designed for use in
this circuit would have a nominal voltage rat-
ing of 125 V)

Figure P4.48

Ry in the circuit in

Fig. P4.48, the current in the neutral conductor is
zero. (Hint: Solve for the neutral conductor current
as a function of R; and Ry).



450 The variable dc current source in the circuit in
Fig. P4.50 is adjusted so that the power developed
by the 4 A current source is zero. Find the value of

Idc-

Figure P4.50

240V

451 The variable dc voltage source in the circuit in
Fig. P4.51 is adjusted so that i, is zero.
a) Find the value of Vg.

b) Check your solution by showing the power
developed equals the power dissipated.

Figure P4.51
e ™

50 15Q

—W . A
25Q

452 Assume youhave been asked to find the power dissi-
pated in the 10 Q resistor in the circuit in Fig. P4.52.
L

a) Which method of circuit analysis would you
recommend? Explain why.

b) Useyourrecommended method of analysis to
find the power dissipated in the 10 € resistor.

c) Would you change your recommendation if
the problem had been to find the power de-
veloped by the 4 A current source? Explain.

d) Find the power delivered by the 4 A current
source.

Figure P4.52
4 N\

453 A 20 Q resistor is placed in parallel with the 4 A cur-
@ rent source in the circuit in Fig. P4.52. Assume you

have been asked to calculate the power developed
by the current source.

a) Which method of circuit analysis would you
recommend? Explain why.

b) Find the power developed by the current
source.

4.54 a) Would you use the node-voltage or mesh-
E"" current method to find the power absorbed

by the 20 V source in the circuit in Fig. P4.54?
Explain your choice.

b) Use the method you selected in (a) to find the
power.

Figure P4.54
e ~
3X 1073,

— -

20V

200 mA 04 v,
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4.55 a) Use aseries of source transformations to find
@ the current i, in the circuit in Fig. P4.55.

b) Verify yoursolution by using the node-voltage
method to find i,.

Figure P4.55
23kQ
— W
I
2mA 2.7kQ 1kQ 0.6 mA
4.58 a) Use aseries of source transformations to find
) . E i, in the circuit in Fig. P4.58.
b)  Verify yoursolution by using the mesh-current
456 a) Find the current in the 5 kQ resistor in the method to find i,.
circuit in Fig. P4.56 by making a succession of
P : . Figure P4.58
appropriate source transformations.
N
( 1A

b) Using the result obtained in (a), work back
through the circuit to find the power devel-
oped by the 120 V source.

Figure P4.56
40 kQ 4kQ 2.5k0
. ——AA e
120V $60kQ 84MAZNKD i, 35K
2kQ
W —e o .
. ) 4.59 Find the Thévenin equivalent with respect to the ter-
4.57 a) Use source transformations to find v, in the minals a,b for the circuit in Fig. P4.59.
P circuit in Fig. P4.57. P ’
b) Find the power developed by the 520 V .
Source. Figure P4.59
<
c) Find the power developed by the 1 A current 1«(/)\/? . 2&%\9—0 a
source.
80V 30Q
d) Verify that the total power developed equals ,
the total power dissipated. . ob




- Problems.

4.60

4.61

4.62

Find the Thévenin equivalent with respect to the ter-
minals a,b for the circuit in Fig. P4.60.

Figure P4.60
( N
4A
(D)
\_/
100 80
[ —————@ a
+
60V{ 400
* o b
N\ J

Find the Thévenin equivalent with respect to the ter-
minals a,b for the circuit in Fig. P4.61.

Figure P4.61
e ™\

10A

O\

AN
30Q
A
8 Q) 520

~— > o2
+
SOOV@ %120
b

Find the Norton equivalent with respect to the ter-
minals a,b in the circuit in Fig. P4.62.

Figure P4.62

—
15kQ

* * a
10mA 210k ¢3OV ( 1 ;3mA %Skﬂ
? S . . e—eob
J

4.63

P

A voltmeter with a resistance of 85.5 k< is used to
measure the voltage v, in the circuit in Fig. P4.63.

a) What is the voltmeter reading?

b) What is the percentage of error in the volt-
meter reading if the percentage of error is de-
fined as [(measured — actual)/actual] x 100?

Figure P4.63

( —
1kQ
. . a
5kQ
20 kQ 25 mA $45k0
50V

’ S . . ob

)

a) Find the Thévenin equivalent with respect to
the terminals a,b for the circuit in Fig. P4.64 by
finding the open-circuit voltage and the short-
circuit current.

b)  Solve for the Thévenin resistance by remov-
ing the independent sources. Compare your
result to the Thévenin resistance found in (a).

Figure P4.64
e ™
26 Q)
A~
0.1A
40 Q)
———eoa
+
174V { _ 150 10 Q
40
. b
-
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4.65 Determine the Thévenin equivalent with respect to
E the terminals a,b for the circuit shown in Fig. P4.65.

Figure P4.65
" A
1310 Q
—
Iy
S00 A 2100 Q 4 X 1075,
L . .
An automobile battery, when connected to a car

4.66
‘ radio, provides 12.72 V to the radio. When con-
nected to a set of headlights, it provides 12 V to the
headlights. Assume the radio can be modeled as a
6.36 Q resistor and the headlights can be modeled as
a0.60 Q resistor. What are the Thévenin and Norton
equivalents for the battery?

4.67 Determine i, and v, in the circuit shown in Fig. P4.67
Eé when R, is 0, 2, 6, 10, 15, 20, 30, 40, 50, and 70 .

Figure P4.67
~
lO
20 —
MW——=e
+
40 Q
$100 10A v R,
200V
L ®

4.68 Find the Thévenin equivalent with respect to the ter-
E’i minals a,b for the circuit seen in Fig. P4.68.

=

Figure P4.68

-

4.69

P

When a voltmeter is used to measure the voltage v,
in Fig. P4.69, it reads 5.5 V.

a) What is the resistance of the voltmeter?

b) Whatis the percentage of error in the voltage
measurement?

Figure P4.69

-~

07V

30k 1kQ

iy
70 kQ

13k03 v,

When an ammeter is used to measure the current i4
in the circuit shown in Fig. P4.70, it reads 6 A.

a) What is the resistance of the ammeter?

b) Whatis the percentage of error in the current
measurement?

Figure P4.70
4 N




4.1

A Thévenin equivalent can also be determined from
measurements made at the pair of terminals of in-
terest. Assume the following measurements were
made at the terminals a,b in the circuit in Fig. P4.71.

When a 20 k< resistor is connected to the ter-
minals a,b, the voltage v,y is measured and found to
be 100 V.

When a 50 kQ resistor is connected to the ter-
minals a,b, the voltage is measured and found to be
200 V.

Find the Thévenin equivalent of the network
with respect to the terminals a,b.

Figure P4.71
( =

-

472 The Wheatstone bridge in the circuit shown in

P

Fig. P4.72 is balanced when R3; equals 500 Q. If
the galvanometer has a resistance of 50 Q, how
much current will the galvanometer detect when the
bridge is unbalanced by setting R3 to 501 Q7 (Hint:
Find the Thévenin equivalent with respect to the gal-
vanometer terminals when R3; = 501 Q. Note that
once we have found this Thévenin equivalent, it is
easy to find the amount of unbalanced current in
the galvanometer branch for different galvanome-
ter movements.)

Figure P4.72

i

4.73

4.74

4.75

P

Find the Thévenin equivalent with respect to the ter-
minals a,b in the circuit in Fig. P4.73.

Figure P4.73
" N
60 Q
2'2'A%
16 Q 200
q ——@ 3
400, (" is T 80
. ob
N\ J

Find the Thévenin equivalent with respect to the ter-
minals a,b for the circuit seen in Fig. P4.74.

Figure P4.74
( A
10 0
a
lX
' 50
008 200
104,
. . ob
- _/

The variable resistor (R, ) in the circuit in Fig. P4.75
is adjusted until the power dissipated in the resis-
tor is 250 W. Find the values of R, that satisfy this
condition.

Figure P4.75

250




4.76

4.717

P

Techniques of Circuit Analysis

The variable resistor ( Ry ) in the circuit in Fig. P4.76

% is adjusted for maximum power transfer to Ry..

a) Find the numerical value of Ry.

b) Find the maximum power transferred to Ry .

Figure P4.76

N
[ 20

The variable resistor in the circuit in Fig. P4.77 is
adjusted for maximum power transfer to R,.

a) Find the value of R,.

b) Find the maximum power that can be deliv-
eredto R,.

Figure P4.77

-

4.78

What percentage of the total power developed in the
circuit in Fig. P4.77 is delivered to R, when R, is set

for maximum power transfer?

4.79

4.80

4.81

A variable resistor R, is connected across the ter-
minals a,b in the circuit in Fig. P4.68. The variable
resistor is adjusted until maximum power is trans-
ferred to R,.

a) Find the value of R,.
b) Find the maximum power delivered to R,.

c) Find the percentage of the total power devel-
oped in the circuit that is delivered to R,.

ia) Calculate the power delivered for each value
of R, used in Problem 4.67.

b) Plot the power delivered to R, versus the re-
sistance R, .

c) Atwhatvalue of R, is the power delivered to
R, a maximum?

The variable resistor (R, ) in the circuit in Fig. P4.81
is adjusted for maximum power transfer to R,. What
percentage of the total power developed in the cir-
cuit is delivered to R,?

Figure P4.81

( N




4.82

The variable resistor (R,) in the circuit in Fig. P4.82
is adjusted for maximum power transfer to R,.

a) Find the value of R,.

b) Find the maximum power that can be deliv-
ered to R,.

Figure P4.82
-

124 iy
+ —

S0V

4.83 What percentage of the total power developed in the
circuit in Fig. P4.82 is delivered to R,?
4.84 The variable resistor (R, ) in the circuit in Fig. P4.84

is adjusted until it absorbs maximum power from the
circuit.

a) Find the value of R,.
b) Find the maximum power.

¢) Find the percentage of the total power devel-
oped in the circuit that is delivered to R,.

Figure P4.84
4 N\
20 40
— WA —9
L N
5Q
+
60V<_> 20y 2R,
4ip

Problems

4.85 The variable resistor in the circuit in Fig. P4.85 is
@ adjusted for maximum power transfer to R,.

a) Find the numerical value of R,.
b) Find the maximum power delivered to R,.

¢) How much power does the 280 V source de-
liver to the circuit when R, is adjusted to the
value found in (a)?

Figure P4.85

e ™
50 i,

+._

400Q (})0.5125 vy

a) Find the value of the variable resistor R, in
@ the circuit in Fig. P4.86 that will result in max-

' imum power dissipation in the 8  resistor.
(Hint: Hasty conclusions could be hazardous
to your career.)

b) What is the maximum power that can be de-
livered to the 8 €2 resistor?

Figure P4.86
/-~ N

=
S

24V
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4.87 a) Use the principle of superposition to find the Figure P4.89
voltage v in the circuit of Fig. P4.87. ( 50 100 )
AW * AW
+
) ¥ +
b) Find the power dissipated in the 10  resistor. 10V _ 0,340 Q _ )V

6A
(<)
U
Figure P4.87 . )
e ™
4A
\_/ 4.90 Use the principle of superposition to find v, in the
5Q 2Q @ circuit in Fig. P4.90.
p
1 ¥
+
110V v$10Q 3120
T Figure P4.90
. ~
- - [ 2214

4k

4.88 Use the principle of superposition to find the voltage

— W s
- +
v in the circuit of Fig. P4.88. m Ly
25V§_> 5mA T20kﬂvo
\_ A L ®

Figure P4.38
p

491 Use superposition to solve for i, and v, in the circuit
E; in Fig. P4.91.

Figure P4.91
e ] ™

4.89 Use the principle of superposition to find the voltage
9@ v, in the circuit in Fig. P4.89.




4.92

Use the principle of superposition to find the current
i, in the circuit shown in Fig. P4.92.

Figure P4.92
T N
10
W
fo 50
6A $200 10A $600 $300
75V

L s
4.93 a) In the circuit in Fig. P4.93, before the 5 mA

current source is attached to the terminals a,b,
the current i, is calculated and found to be
3.5 mA. Use superposition to find the value
of i, after the current source is attached.

b) Verify your solution by finding i, when all
three sources are acting simultaneously.

Figure P4.93
[ SmA )
ay 2k b
8V 5K i, 36K0 10 mA
N _ _ J
494 Laboratory measurements on a dc voltage source

yield a terminal voltage of 75 V with no load con-
nected to the source and 60 V when loaded with a
20 Q resistor.

a) Whatis the Thévenin equivalent with respect
to the terminals of the dc voltage source?

b) Show that the Thévenin resistance of the
source is given by the expression

Ry = (-li-TE -—1) Ry,

Vo

4.95

where

vth = the Thévenin voltage
v, = the terminal voltage corresponding

to the load resistance Ry..

Two ideal dc voltage sources are connected by elec-
trical conductors that have a resistance of » Q/m, as
shown in Fig. P4.95. A load having a resistance of
R © moves between the two voltage sources. Let x
equal the distance between the load and the source
v1, and let L equal the distance between the sources.

a) Show that

_ v1RL + R(v; —v1)x
T RL+2rLx —2rx2 "’

b) Show that the voltage v will be minimum
when

L i/ R( 72
X = —U ViU — — (V1 — V; .
vy — Vg 1 172 2rL 1 2

¢) Find x when L = 16 km, vy = 1000 V, v, =
1200V, R=3.99Q,and r =5 x 107> Q/m.

d) Whatis the minimum value of v for the circuit

of part (c)?
Figure P4.95
p
fe—— X ———f
r Q/m

r Q/m
P 2
+
R (movable [+
load) <—> v

rQ/m)




- Techniques of Circuit Analysis.

4.96 Assume your supervisor has asked you to determine 498 Tind vi, vz, and v3 in the circuit in Fig. P4.98.
the power developed by the 1 V source in the circuit
in Fig. P4.96. Before calculating the power devel- E
oped by the 1 V source, the supervisor asks you to
submit a proposal describing how you plan to attack
the problem. Furthermore, he asks you to explain
why you have chosen your proposed method of so-
lution.

Figure P4.98
p

a) Describe your plan of attack, explaining your 125V

reasoning.

b) Use the method you have outlined in (a) to
find the power developed by the 1 V source. 125V

Figure P4.96

499 Find i; in the circuit in Fig. P4.99.

P

Figure P4.99
6 vy s ~
10
10
. 20
4.97 Find the power absorbed by the 5 A current source
in the circuit in Fig. P4.97. 80
P 30
20
m~ 40
Figure P4.97 100 V (_) AM
4 ™ i
10 20 20
A 30
3
N 30 3280
e F = AW )
1Q
50
iy l? Q 60 13, Lo
L g
o

80

4100 For the circuit in Fig. 4.69 derive the expressions for

<& the sensitivity of v; and v, to changes in the source
currents f,1 and Ig.




- Problems

4,101

4.102

Assume the nominal values for the components in
the circuit in Fig. 4.69 are: Ry =25 Q; R, = 5 Q;
R3 = 50 Q; Ry = 75 Q; Igl =12 A; and [82 =16 A.
Predict the values of vy and v, if 7,1 decreases to
11 A and all other components stay at their nomi-
nal values. Check your predictions using a tool like
PSpice or MATLAB.

Repeat Problem 4.101 if 7, increases to 17 A, and
all other components stay at their nominal values.
Check your predictions using a tool like PSpice or
MATLAB.

4.103
*

P

4.104

Repeat Problem 4.101 if I,; decreases to 11 A and
I increases to 17 A. Check your predictions using
a tool like PSpice or MATLAB.

Use the results given in Table 4.2 to predict the values
of v1 and v, if R; and Rj increase to 10% above their
nominal values and R, and R, decrease to 10% be-
low their nominal values. Iy and Iy remain at their
nominal values. Compare your predicted values of
v1 and v, with their actual values.









ASSESSING OBJECTIVE 1

< Use voltage and current constraints in an ideal op amp

5.1 Assume that the op amp in the circuit 80 kO
shown is ideal. MW

a) Calculate v, for the following 16 kQ
values of vs: 0.4, 2.0, 3.5, —0.6, W
—1.6, and —2.4 V.

b) Specify the range of v, required to v,
avoid amplifier saturation.

ANSWER: (a) —2, —10, —15, 3, 8, and 10 V;
(b) -2V <u, <3V.

NOTE ¢ Also try Chapter Problems 5.1-5.3.

5.3 ¢ The Inverting-Amplifier Circuit

We are now ready to discuss the operation of some important op amp
circuits, using Egs. 5.2 and 5.3 to model the behavior of the device itself.
Figure 5.9 shows an inverting-amplifier circuit. We assume that the op amp
is operating in its linear region. Note that, in addition to the op amp, the
circuit consists of two resistors (Ry and R;), a voltage signal source (v;),
and a short circuit connected between the noninverting input terminal and
the common node.

o We now analyze this circuit, assuming an ideal op amp. The goal is to

+ obtain an expression for the output voltage, v,, as a function of the source
v, voltage, v;. We employ a single node-voltage equation at the inverting
Yo terminal of the op amp, given as
- is +if =iy (5.6)
. : 1t trai .S52setst =
WP An inverting-amplifier circuit, The voltage constraint of Eq sets the voltage at v, = 0, because the
' voltage at v, = 0. Therefore,
. vS
Iy = —, 5.7
=R 6.7)
. Vo
lf = —. 5.8
f R .8

Now we invoke the constraint stated in Eq. 5.3, namely,

in=0. 5.9



& Be able to analyze simple circuits containing ideal op amps

5.2 The source voltage v; in the circuit in
Assessment Problem 5.1 is —640 mV.
The 80 k2 feedback resistor is replaced
by a variable resistor R,. What range
of R, allows the inverting amplifier to

operate in its linear
region?

ANSWER: 0 < R, <250 kQ.

NOTE o Also try Chapter Problems 5.6 and 5.7.

N
Ry
R, l AN
AN n
— W\ o
+ R, + r—o
v, *——\VWA— e+ +
v, T Uy —Vee v
Ve 0
vov v v

I CLRRE A summing amplifier.

INVERTING-SUMMING AMPLIFIER EQUATION

5.4 ¢ The Summing-Amplifier Circuit

The output voltage of a summing amplifier is an inverted, scaled sum of the
voltages applied to the input of the amplifier. Figure 5.11 shows a summing
amplifier with three input voltages.

We obtain the relationship between the output voltage v, and the
three input voltages, v,, vp, and v, by summing the currents away from
the inverting input terminal:

Up — Va Up — Ub Up — Uc Up — Vo .
© z Rt 5.13

Assuming an ideal op amp, we can use the voltage and current constraints
together with the ground imposed at v, by the circuit tosee that v, = v, =0
and i, = 0. This reduces Eq. 5.13 to

Ry Ry Ry
=—|—vy, + —v —- . 5.14
Vo (Ra a Ri b + Re Ve (5.14)

Equation 5.14 states that the output voltage is an inverted, scaled sum of
the three input voltages.



e Summing-Amplitier Circuit 4

If R, = Ry = Rc = Ry, then Eq. 5.14 reduces to

Ry
Up = ———(va + vp + V). (5.15)
R;

Finally, if we make Ry = Ry, the output voltage is just the inverted sum of
the input voltages. That is,

Vo = —(Va + Up + Ve). (5.16)

Although we illustrated the summing amplifier with just three input
signals, the number of input voltages can be increased as needed. For
example, you might wish to sum 16 individually recorded audio signals to
form a single audio signal. The summing amplifier configuration in Fig. 5.11
could include 16 different input resistor values so that each of the input
audio tracks appears in the output signal with a different amplification
factor. The summing amplifier thus plays the role of an audio mixer. As
with inverting-amplifier circuits, the scaling factors in summing-amplifier
circuits are determined by the external resistors Ry, Ra, Ry, Re, ..., Ry.

ASSESSING OBJECTIVE 2

¢ Be able to analyze simple circuits containing ideal op amps

5.3 a) Find v, in the circuit shown if (
va=0.1V and v, = 025 V. 3 k)
AV
b) If v, =0.25 V, how large can v, be
9
before the op amp saturates?’ v 25 KO
¢) If v, =0.10 V, how large can vy be

before the op amp saturates?
d) Repeat (a), (b), and (c) with the Yb
polarity of vy, reversed. _

ANSWER: (a) —7.5 V; (b) 0.15 V: (c) 0.5 V; - /
(d) 2.5, 0.25,
and 2 V.

NOTE o Also try Chapter Problems 5.16, 5.17, and 5.19.



Figure 5.12 [ honihvé‘rtihg:’gmfpl’iﬁ;er;‘ gl

- NONINVERTING-AMPLIFIER EQUATION

ASSESSING OBJECTIVE 2

5.5 ¢ The Noninverting-Amplifier Circuit

Figure 5.12 depicts a noninverting-amplifier circuit. The signal source is
represented by v, in series with the resistor R, . In deriving the expression
for the output voltage as a function of the source voltage, we assume an
ideal op amp operating within its linear region. Thus, as before, we use
Eqgs. 5.2 and 5.3 as the basis for the derivation. Because the op amp input
current is zero, we can write v, = v, and, from Eq. 5.2, v, = vg as well.
Now, because the input current is zero (i, = i, = 0), the resistors Ry and
R, form an unloaded voltage divider across v,. Therefore,

Vo R
Up = Vg = ———. (5.17)
R; + Ry
Solving Eq. 5.17 for v, gives us the sought-after expression:
R; + Ry
Vo = V- (5.18)

Operation in the linear region requires that

Rs+Rf <
R

Vee

Vg

Note again that, because of the ideal op amp assumption, we can ex-
press the output voltage as a function of the input voltage and the external
resistors—in this case, Ry and Ry.

¢ Be able to analyze simple circuits containing ideal op amps

5.4 Assume that the op amp in the circuit ( 63 kQ )
shown is ideal. —Wv
a) Find the output voltage when the 4.5k0 5V
variable resistor is set to 60 k<. l W -
Lo+ +
b) How.large can R, be before the 1 ra v
amplifier saturates?
400 mV R, Yo
ANSWER: (a) 4.8 V; (b) 75 kQ.
\ v

NOTE o Also try Chapter Problems 5.22 and 5.23.



ASSESSING OBJECTIVE 2

¢ Be able to analyze simple circuits containing ideal op amps

5.5 a) In the difference amplifier shown, ( 50 kO )
vy = 4.0 V. What range of values 10kQ AW
for v, will result in linear A 10V
operation? P,
P . . 4%kQ L—o
b) Repeat (a) with the 20 k< resistor A Lo+ +
decreased to 8 k<. -10V
Vo 20kQ Yo

ANSWER: (a)2 V<uv,<6V;
(b)) 1.2 V=<u, <52 V.

NOTE o Also try Chapter Problems 5.29-5.31.

The Difference Amplifie—Another Perspective

We can examine the behavior of a difference amplifier more closely if we
redefine its inputs in terms of two other voltages. The first is the differential
mode input, which is the difference between the two input voltages in
Fig. 5.13:

Udm = Up — Va. (5.25)

The second is the common mode input, which is the average of the two
input voltages in Fig. 5.13:

Ve = (Va + vp)/2. (5.26)

Using Eqgs. 5.25 and 5.26, we can now represent the original input voltages,
v, and vy, in terms of the differential mode and common mode voltages,
VUdm and vem:

1

Va = Uecm — Evdm (5.27)
1

Up = Uem + Evdm« (5.28)

Substituting Eqgs. 5.27 and 5.28 into Eq. 5.22 gives the output of the dif-
ference amplifier in terms of the differential mode and common mode



ASSESSING OBJECTIVE 3

" Practical Perspective

¢ Understand the more realistic model for an op amp

5.6 The inverting amplifier in the circuit

shown has an input resistance of

500 k€2, an output resistance of 5 k<,

and an open-loop gain of 300,000.

Assume that the amplifier is operating

in its linear region.

a) Calculate the voltage gain (v,/v,)
of the amplifier.

b) Calculate the value of v, in
microvolts when v, =1 V.

c) Calculate the resistance seen by the
signal source (v, ).

d) Repeat (a)—(c) using the ideal
model for the op amp.

ANSWER: (a) —19.9985; (b) 69.995 nV;
(c) 5000.35 ;
(d) —20,0 wV, 5kQ.

NOTE ¢ Also try Chapter Problems 5.39 and 5.40.

Practical Perspective
Strain Gages '

5kQ

Changes in the shape of elastic solids are of great 1mportance to engineers
who design structures that twist, stretch, or bend when SLb]ected to exter-
nal forces.” An aircraft frame is a prime example of a structure in which
engineers must take into consideration elastic strain. The intelligent ap-
plication of strain gages requires mforma’uon about the physical structure

of the gage, methods of bondmg the gage to the surface of the structure,
and the orientation of. the gage relative to the forces exerted on the struc-
ture. Our purpose here is to point out that strain gage measurements are
1mportant in engmeermg apphcatlons and a knowledge of electnc c1rcu1ts‘

is germane to thelr proper use.
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¢ A summing amplifier is an op amp circuit producing an where Ay, is the common mode gain, and Agny is the
output voltage that is a scaled sum of the input voltages. differential mode gain. (See page 195.)
(See page 190.)

¢ A noninverting amplifier is an op amp circuit producing ¢ In an ideal difference amplifier, Acy = 0. To measure
an output voltage that is a scaled replica of the input how nearly ideal a difference amplifier is, we use the
voltage. (See page 192.) common mode rejection ratio:

¢ A difference amplifier is an op amp circuit producing
an output voltage that is a scaled replica of the input
voltage difference. (See page 193.)

¢ The two voltage inputs to a difference amplifier can
be used to calculate the common mode and difference
mode voltage inputs, vy and vgm. The output from
the difference amplifier can be written in the form

Adm

cm

CMRR =

An ideal difference amplifier has an infinite CMRR.
Vo = AecmVem + AdmVdm, (See page 197.)

5.1 The op amp in the circuit in Fig. P5.1 is ideal. 5.2 The op amp in the circuit in Fig. P5.2 is ideal.
| ﬂ’f a) Label the five op amp terminals with their % a) Calculate v, if v, =4 Vand vp =0 V.
names.

b) Calculate v, if v, =2 Vand vy, =0 V.
b) Whatideal op amp constraint determines the .
value of i, ? What is this value? ¢) Calculate v, if v,=2Vandv, =1V.

c) Whatideal op amp constraint determines the d) Calculate v, if vy =1 Vand vp, =2 V.

\ f — v,)? What is this value? .
value of (v, = vn) at1s ths vatue e) If vy, = 1.6 V, specify the range of v, such that

d) Calculate v,. the amplifier does not saturate.
Figure P5.1 Figure P5.2
( e N

100 kQ
10kQ 20 k)
+
_'_
25V Uy, v,33.5k0 V, v




5.3 Find i, in the circuit in Fig. P5.3if the op amp s ideal.

Figure P5.3
a N
Iy
0.5mA 25k0 $5kQ
L v

54 A voltmeter with a full-scale reading of 10 V is

used to measure the output voltage in the circuit in

| & | Fig. P5.4. What is the reading of the voltmeter? As-

sume the op amp is ideal.

Figure P5.4
4 N
2.2 MQ
e
3.5 nA v, v,
— +
v
- J

55 The op amp in the circuit in Fig. P5.5 is ideal. Calcu-

late the following:

a) v,
b) v
c) fa
d) i,

K/
L X4

Figure P5.5

~
50 kO 40 kO
—W e
sk | o6V ”a%lOkQ‘
25mV 30 kO
v
o

a) Design an inverting amplifier using an ideal
op amp that has a gain of 6. Use only 20 k2

resistors.

b) If you wish to amplify a 3 V input signal us-

ing the circuit you designed in part (a), what
are the smallest power supply signals you can

use?

5.7 The op amp in the circuit of Fig. P5.7 is ideal.

a) What op amp circuit configuration is this?

b) Calculate v,.

Figure P5.7
N
80 kO
A
40 k) 15V
AN~ *—
———o
o+ +
-15V
vo

3V




Find i; (in microamperes) in the circuit in Fig. P5.8.

»*E

Figure P5.8
( N
30 kQ
6kQ
24V
v 18kQ i) $5Kk0
- J

A circuit designer claims the circuit in Fig. P5.9 will
produce an output voltage that will vary between +5
as v, varies between 0 and 5 V. Assume the op amp
is ideal.

a) Draw a graph of the output voltage v, as a
function of the input voltage vy for 0 < v, <
SV.

b) Do you agree with the designer’s claim?

Figure P5.9

e N
10k
A

5.10

P

5.11

a) The op amp in the circuit shown in Fig. P5.10
isideal. The adjustable resistor R, has a max-
imum value of 100 k2, and « is restricted to
the range of 0.2 < a < 1.0. Calculate the
range of v, if v, =40 mV.

b) If « is not restricted, at what value of « will
the op amp saturate?

Figure P5.10

(

50k
— W ——
RES

aR
2kQ A% l

+

v
s v, 310kO

The op amp in the circuit in Fig. P5.11 is ideal.

a) Find the range of values for o in which the op
amp does not saturate.

b) Find i, (in microamperes) when o = 0.272.

Figure P5.11
p
12kQ
o50kQ
—A—
— W\ ——e
50kQ
1.6 kQ
+
025V 6.4k v, $10kQ
v -
-




5.12 a) Show that when the ideal op amp in Fig. P5.12 ¢) Assume that R, = 16 kQ. Explain the op-
is operating in its linear region, eration of the circuit. You can assume that
3 in = ip ~ 0 under all operating conditions.
i = _;g. d) Sketch iy versus R, for 0 < R; < 16 kQ.
. . Fi P5.13
b) Show that the ideal op amp will saturate when (lgure
~
_ R(EVee — 2v,) S0 k0
a — - .
3,
Rr
Figure P5.12
s D
R kO
M ,
_ J
~ Vee 5.14 The op amps in the circuit in Fig. P5.14 are ideal.
s S E@ a) F?nd Iy
~Vee b) Find the value of the left source voltage for
RKOZ ” £RKO which i, = 0.
515 Assume that the ideal op amp in the circuit in
Fig. P5.15 is operating in its linear region.
) a) Calculate the power delivered to the 600 €
lal R, resistor.
b) Repeat (a) with the op amp removed from the
J circuit, that is, with the 600  resistor con-
543 The circuit inside the shaded area in Fig. P5.13 is a negtteg “;;Z‘i series “t”‘h the voltage source
.| constant current source for a limited range of values and the =5. resistor.
B of R;. ¢) Findthe ratio of the power found in (a) to that
a) Find the value of i; for Ry — 4 k. found in (b). ) ) )
b) Find the maximum value for R; for which i d) Does the insertion of the op a“fp ctween the
. . source and the load serve a useful purpose?
will have the value in (a). .
Explain.
Figure P5.14 Figure P5.15
e N —
47 kQ 220 kQ
M AW
10kQ 6V ; 6V 33k0
-2 29.4kQ)
AN —
1kQ
-6V -6V
1V 150 mV 60 mV C
Source
v
N J




5.16

P

The op amp in Fig. P5.16 is ideal.

a) What circuit configuration is shown in this fig-
ure?

Find v, if v, =12 V,vp = —1.5 V,and v, =
4 V.

b)

c) The voltages v, and v, remain at 1.2 V and
4V, respectively. What are the limits on vy, if
the op amp operates within its linear region?

Figure P5.16
220 kQ
33kQ A
+ 22 kQ 6V
*— W\ @ —
+ 80 kO >
*—\VW\—e + +
+ -6V
va
v
b v, ,$33KkQ
vovy v v
N

a) The op amp in Fig. P5.17 is ideal. Find v, if

v, =4V, 5, =9V, v, =13 V,and vg =8 V.
b) Assume vy, v, and vg retain their values as
given in (a). Specify the range of v, such that
the op amp operates within its linear region.

Figure P5.17

Vs

220 kQ

40 kQ
+ 22k
*— W\
+ 100 kQ
*—"\V\—4¢

+

Uy

<

. 352k0

<
< |
<

5.20

5.21

The 220 kQ feedback resistor in the circuit in

Fig. P5.17 is replaced by a variable resistor Ry. The
voltages v,-vg have the same values as given in
Problem 5.17(a).

a) What value of Ry will cause the op amp to
saturate? Note that 0 < Ry < oo.

b) When R; has the value found in (a), what is
the current (in microamperes) into the output
terminal of the op amp?

Design an inverting summing amplifier so that
Vo = —(2v, + 4vp + 6vc + 8vg).

If the feedback resistor ( Ry ) is chosen to be 48 k€2,
draw a circuit diagram of the amplifier and specify
the values of R,, Ry, R, and Ry.

Assume that the ideal op amp in the circuit seen in
Fig. P5.20 is operating in its linear region.

a) Show that v, = [(R; + Ry)/R1]vs.
b) What happensif Ry — oo and R, — 0?

c) Explain why this circuit is referred to as a volt-
age follower when Ry = oo and R, = 0.

Figure P5.20
e R
K,
WA
R
AW
Vs R 1 Yo
v
N

Refer to the circuit in Fig. 5.11, where the op amp is
assumed to be ideal. Given that R, =3 kQ, Ry =
5k, Re =25 kQ, v, = 150 mV, vy = 100 mV,
ve =250 mV, and Vee = +6 'V, specify the range of
Ry for which the op amp operates within its linear
region.
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522 The op amp in the circuit of Fig. P5.22 is ideal.

a) What op amp circuit configuration is this?
b) Find v, in terms of vs.

c) Find the range of values for v, such that v,
does not saturate and the op amp remains in
its linear region of operation.

Figure P5.22
- )
28 kQ)
A
4kQ
A~
l 30 kQ
Vs O 10kQ

o

5.23

5.24

e

P

The op amp in the circuit shown in Fig. P5.23 is idéal.
a) Calculate v, when v, equals4 V.

b) Specify the range of values of v, so that the
op amp operates in a linear mode.

c) Assume that v, equals2 V and that the 63 kQ
resistor is replaced with a variable resistor.
What value of the variable resistor will cause
the op amp to saturate?

Figure P5.23
—
63 kQ
e
30 kQ
12kQ T
v 68 kO Y0327k
_|._

The op amp in the circuit of Fig. P5.24 is ideal.
a) What op amp circuit configuration is this?

b) Find v, in terms of v;.

c) Find the range of values for v, such that v,
does not saturate and the op amp remains in
its linear region of operation.

Figure P5.24
- N
60 kO
A
20k 16V
A
p
+
15k -12V
v C 30 kQ 2kQ3v,
O
- /)
525 The op amp in the circuit shown in Fig. P5.25 is

P

ideal. The signal voltages v, and v, are 400 mV
and 1200 mV, respectively.

a) What circuit configuration is shown in the fig-
ure?

b) Calculate v, in volts.
c¢) Find i, and i, in microamperes.

d) What are the weighting factors associated
with v, and vy ?

Figure P5.25

<
<
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5.26 The op amp in the noninverting summing amplifier Figure P5.27
_TB?I of Fig. P5.26 is ideal. R )
£
= AN
a S if f R¢, Ry, and R, t
) Specify the values of R;, Ry, and R so tha 10kQ 9V
+
Vo =3va+2vb+vc. -9V
Ro=1kQ | 5327 kQ
* i _
b) Find (in microamperes) i,, iy, ic, ig, and is R, |
—MA——4
whenv, =080V, v, =15V,andv, =2.1V. + -
v, R, b
Y + — '
Ve le
Figure P5.26 _ — -
L \4 \4 v )

5.28 a) Use the principle of superposition to derive
Eq.5.22.

b) Derive Egs. 5.23 and 5.24.

._/5\}1,___.. 5.29 The op amp in the circuit of Fig. P5.29 is ideal. What
T value of Ry will give the equation
o v, _’_0—'\/\/\/—4__1'30> 4 B v
o ig%Rg = 4k0 by = 5 — 4o,
v v v

for this circuit.

5.27 The circuit in Fig. P5.27 is a noninverting summing
KX amplifier. Assume the op amp is ideal. Design the

* -
E circuit so that Figure P5.29
i e
Ry
AM
=5 4v .
Vo Vg + 4Vp + Uc 5KkO
“AM~
a) Specify the numerical values of Ry, R, and i +
Rs. Va -10V
5V O 27k0Q32,
b) Calculate (in microamperes) i,, ip, and i '
when v, =05V, v, =10V, and v, =1.5V. -




5.30 The op amp in the adder-subtracter circuit shown in

Fig. P5.30 is ideal.

5.31

Figure P5.30

e —
12 kQ 144 kQ
Vy &——WA- A

18 kO

Uy

9k
Vo @——AMA——@

24 kQ
Vio—AN——— @

?2 kQ

62 kQ

a) Find v, when v, =05V, 15 =03V, v, =
0.6 V,and vg =08 V.

b) Ifw,, vy,and vq are held constant, what values
of v, will not saturate the op amp?

The resistors in the difference amplifier shown in
Fig.5.13are R, = 10k, Ry, = 100kQ, R, = 33k <2,
and Ry = 47 kQ. The signal voltages v, and v, are
0.67 and 0.8 V, respectively, and Ve = £5 V.

a) Find v,.

b) What is the resistance seen by the signal
source v, ?

c) What is the resistance seen by the signal
source vy, ?

o
)
©

»*

9

&

R/

Design the difference-amplifier circuit in Fig. P5.32
so that v, = 10(vp — v,), and the voltage source vy
sees aninputresistance of 220k 2. Specify the values
of Ra, Ry, and R;. Use the ideal model for the op
amp.

Figure P5.32

4 N
R¢
AM

4.7k 12V
Lo+ +
Va R, -12V
Vy Rb V247 kQ
\__ J

Select the values of R, and R; in the circuit in
Fig. P5.33 so that

v, = 20003, — iy).

The op amp is ideal.
Figure P5.33
( R,
AW
10V
o ——@
o+ +
iy 3k0 -10V
Iy Ry Yo
v
N J

Design a difference amplifier (Fig. 5.13) to meet the
following criteria: v, = 3v, — 4v,. The resistance
seen by the signal source vy, is 470 k2, and the re-
sistance seen by the signal source v, is 22 kQ when
the output voltage v, is zero. Specify the values of
Ra, Ry, R.,and Ry.
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535 The op amp in the circuit of Fig. P5.35 is ideal. 537 Inthe difference amplifier shown in Fig. P5.37, com-
pute (a) the differential mode gain, (b) the common
a) Plot v, versus o when Ry = 4R; and v, = mode gain, and (c) the CMRR.

2 V. Use increments of 0.1 and note by hy-
pothesis that 0 < o < 1.0.

b) Write an equation for the straight line you

plotted in (a). How are the slope and inter- Figure P5.37
cept of the line related to vy and the ratio ( ~
Ri/R.? 221/(\(3
c) Using the results from (b), choose values 1kQ 10V
for v, and the ratio R¢/R; such that v, = e .
V, 1kQ -10V
Vp 24kQ Yo
Figure P5.35 _
( ) \ ")
Ve
+ 5.38 In the difference amplifier shown in Fig. P5.38, what
value of R, yields a CMRR > 1000?
V.2 Ry
J
Figure P5.38
5.36 The resistor Ry in the circuit in Fig. P5.36 is adjusted ( 50 KQ W
{E until the ideal op amp saturates. Specify Rt in kil- A
| ohms. 20 kO
Fii .
gure P5.36 v, R,
- N
Rey Uy 50 kQ Yo
1.6 kO % _
T 9V L v
7.5kQ
o+
-9V
18V
1.5kQ 5.6kQ ,
5.39 Repeat Assessment Problem 5.6, given that the in-

-
-

verting amplifier is loaded with a 1 k resistor.
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5.41

The op amp in the noninverting amplifier circuit of

Fig. P5.40 has an input resistance of 400 k2, an out- -

put resistance of 5 k2, and an open-loop gain of
20,000. Assume that the op amp is operating in its
linear region.

a) Calculate the voltage gain (v,/v, ).
b) Find the inverting and noninverting input
voltages v, and v, (in millivolts) if v, =1 V.
c) Calculate the difference (v, — v,) in micro-
volts when v, =1 V.
d) Find the current drain in picoamperes on the
signal source v, when v, =1 V.
e) Repeat (a)-(d) assuming an ideal op amp.
Figure P5.40
e N
80 k)
AW
. 40 kO 18V
AN — o—
l o+ +
100 kQ -18V
vo 4 Q
Vg
- J
a) Find the Thévenin equivalent circuit with re-
spect to the output terminals a,b for the in-
verting amplifier of Fig. P5.41. The dc signal
source has a value of 880 mV. The op amp
has an input resistance of 500 k2, an output
resistance of 2 k2, and an open-loop gain of
100,000.
b) What is the output resistance of the inverting
amplifier?
¢) What is the resistance (in ohms) seen by the

signal source v; when the load at the terminals
a,bis 330 Q?

5.42

5.43

Figure P5.41

e N
24 k)

A~
1.6 kQ
A
US
N

Repeat Problem 5.41 assuming an ideal op amp.

Assume the input resistance of the op amp in
Fig. P5.43 is infinite and its output resistance is zero.

a) Find v, as a function of v, and the open-loop
gain A.
b) What is the value of v, if v, = 0.4 V and
A =907
c) What is the value of v, if v, = 0.4 V and
A =007
d) Howlarge does A have tobe so that v, is 95%
of its value in (c)?
Figure P5.43
P
15kQ
—AM
Vs
A4 ;
\_

Derive Eq. 5.60.



545 The two op amps in the circuit in Fig. P5.45 are ideal.

Calculate v,; and v,;.

Figure P5.45
T

( 20V

IS5Ve———— e+

. Uot
I0Ve———
1kQ

N J

546 Thesignal voltage v, inthe circuitshown in Fig. P5.46
is described by the following equations:

vg:O, tSO,

v, = 10sin(z/3)t V, 0 <t < oo

Sketch v, versus ¢, assuming the op amp is ideal.

Figure P5.46
N
15kQ 75 kQ
IJVW AW
2.4kQ

5.47 The voltage v, shown in Fig. P5.47(a) is applied

P

to the inverting amplifier shown in Fig. P5.47(b).
Sketch v, versus ¢, assuming the op amp is ideal.

Figure P5.47
( v N
g
0.5 1.5 .0 25 3. 0 t(s)
~05V —
(a)
120kQ
AN
75kQ
A
Ve 6.8Kk0
v B
b
N\ (®) J

Suppose the strain gages in the bridge in Fig. 5.18

V'S have the value 120 Q 4 1%. The power supplies to
the op amp are £15 V, and the reference voltage,
Uref , 1S taken from the positive power supply.

a)

b)

Calculate the value of Ry so that when the
strain gage that is lengthening reaches its
maximum length, the output voltage is 5 V.

Suppose that we can accurately measure 50 mV
changes in the output voltage. What change
in strain gage resistance can be detected in
milliohms?



a) For the circuit shown in Fig. P5.49, show that
if AR <« R, the output voltage of the op amp

5.49

* : :

is approximately

. Rt (R+Ry)
R2 (R + 2Ry)

(—AR)viy.

Yo

b) Find v, if R = 470 kQ, R = 10 kQ, AR =
95 Q,and vy, =15 V.

¢) Find the actual value of v, in (b).

Figure P5.49
e ~
R;
A
R + AR R
_.
I
" R R *
vO
R; I
N J

5.50 a) If percent error is defined as

*

approximate value

true value

% error = [ - 1] x 100,

b)

show that the percent error in the approxima-
tion of v, in Problem 5.49 is

AR 2
% error = S ﬁ(f_:_z];)) x 100.
£

Calculate the percent error in v, for Prob-
lem 5.49.

Assume the percent error in the approximation of
v, in the circuit in Fig. P5.49 is not to exceed 1%.
What is the largest percent change in R that can be
tolerated?

Assume the resistor in the variable branch of the
bridge circuit in Fig. P5.49is R — AR. ‘

a)
b)

©)

d)

What is the expression for v, if AR <« R?

What is the expression for the percent error
in v, as a function of R, R;, and AR?

Assume the resistance in the variable arm of
the bridge circuit in Fig. P5.49 is 9810 Q and
the values of R, R¢, and vj, are the same as
in Problem 5.49(b). What is the approximate
value of v,?

What is the percent error in the approxima-
tion of v, when the variable arm resistance is
9810 Q7



rev1ew of the ﬁeld concepts underlymg these bas1c elements is
in order. ‘ P G
An mductor is an electncal component that opposes any
change in electrical current. It is composed of a coil of wire
“wound around a supporting core whose material may be
magnetic or nonmagnetic. The behavior /of‘ inductors is
based on phenomena associated with magnetic fields. The
source of the magnetic field is charge in motion, or cur-
rent. If the current is varying with time, the magnetic
field is varying with time. A time- Varylng magnenc field
1nduces a Voltage in any conductor linked by the field.
The circuit parameter of inductance relates the -
duced Voltage to the current. We d1scuss thls quan-
, 'tat1ve relat1onsh1p in Sectlon 6.1. ‘

A capa01tor is an electncal component that







: '_':6.2}" The Capacitor £

ASSESSING OBJECTIVE 1

5 S T PR APL o it
¢ Know and be able to use the equations for voltage, current, power, and energy in an inductor

6.1 The current source in the circuit shown maximum energy stored in the inductor;
generates the current pulse and (g) the instant of time when the
stored energy is maximum.
ig(t) =0, t <0,
ig(t) =8e200 — 87 1200r A >0, +
Find (a) v(0); (b) the instant of time, ‘s “ v34mi
greater than zero, when the voltage v -
passes through zero; (c) the expression
for the power delivered to the inductor; ANSWER: (a) 28.8 V; (b) 1.54 ms;
(d) the instant when the power (c) —76.8¢=000r 1 384,=1500r _3()7 2,=2400r,
delivered to the inductor is maximum; . (d) 411.05 us; (e) 32.72 W; (f) 28.57 mJ;
(e) the maximum power; (f) the (g) 1.54 ms.
NOTE o Also try Chapter Problems 6.1 and 6.3.
6.2 * The Capacitor ( C )
The circuit parameter of capacitance is represented by the letter C, is mea- .__' e_.
sured in farads (F), and is symbolized graphically by two short parallel
conductive plates, as shown in Fig. 6.10(a). Because the farad is an ex- (@)
tremely large quantity of capacitance, practical capacitor values usually lie c
in the picofarad (pF) to microfarad (uF) range. ,_'( .
The graphic symbol for a capacitor is a reminder that capacitance oc-
curs whenever electrical conductors are separated by a dielectric, or insulat- e
ing, material. This condition implies that electric charge is not transported (b)
through the capacitor. Although applying a voltage to the terminals of

the capacitor cannot move a charge through the dielectric, it can displace ~ FFEIEHRIY . (a) The circuit symbol fora :
a charge within the dielectric. As the voltage varies with time, the dis- . ,AcapaCl’fOI’ (b) Assigning reference
placement of charge also varies with time, causing what is known as the - ~ voltage and current to the - o
displacement current. ; = VcapaCItor followmg the paSSWe

At the terminals, the displacement current is indistinguishable from a . sign conventlon
conduction current. The current is proportional to the rate at which the
voltage across the capacitor varies with time, or, mathematically,

d
i=C d—l;, (6.13) - CAPACITOR i -v EQUATION

where i is measured in amperes, C in farads, v in volts, and ¢ in seconds.




|nductance, capamtance, and Mutual lnductance

ASSESSING OBJECTIVE 2

0 ‘K‘n'ow éhd be all;‘le to use the equations for voltage, current, power, and energy in a capacitor

6.2 The voltage at the terminals of the 0.6
wF capacitor shown in the figure is O for
t <0 and 40e~1>%% sin 30,000s V for
t > 0. Find (a) i(0); (b) the power
delivered to the capacitor at ¢ = /80
ms; and (c) the energy stored in the
capacitor at r = /80 ms.

ANSWER: (a) 0.72 A; (b) —649.2 mW,;
(c) 126.13 .

6.3 The current in the capacitor of
Assessment Problem 6.2 is 0 for t <0
and 3cos 50,000t A for ¢+ > 0. Find (a)
v(2); (b) the maximum power delivered
to the capacitor at any one instant of
time; and (c) the maximum energy
stored in the capacitor at any one
instant of time.

ANSWER: (a) 100 sin 50,000z V; (b) 150 W;
(c) 3 mJ.

NOTE e Also try Chapter Problems 6.14 and 6.15.

6.3 * Series-Parallel Combinations of Inductance and
Capacitance
Just as series-parallel combinations of resistors can be reduced to a single

equivalent resistor, series-parallel combinations of inductors or capacitors
can be reduced to a single inductor or capacitor. Figure 6.13 shows induc-

N %11 . %72 _ 4 %33 _ tors in series. Here, the inductors are forced to carry the same current; thus
.+_wa__._rv5'v\-—.—rwv\__. we define only one current for the series combination. The voltage drops
— across the individual inductors are
L
ERHCRE] Inductors in series: R v = Llﬂ vy = L2ﬂ and 3= L3ﬂ

dt’ dt’ dt
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Capacitors connected in parallel must carry the same voltage. Therefore,
if there is an initial voltage across the original parallel capacitors, this same
initial voltage appears across the equivalent capacitance Ceq. The deriva-
tion of the equivalent circuit for parallel capacitors is left as an exercise.
(See Problem 6.31.)

We say more about series-parallel equivalent circuits of inductors and
capacitors in Chapter 7, where we interpret results based on their use.

ASSESSING OBJECTIVE 3

i

& Be ahle to combine inductors or capacitors in series and in parallel to form a single equivalent inductor

6.4 The initial values of i; and i, in the ANSWER: (a) 48 mH; (b) 2 A, up;
circuit shown are +3 A and —5 A, (c) 0.125¢ —2.125 A;
respectively. The voltage at the (d) i1(t) = 0.1e™>" +2.9 A,
terminals of the parallel inductors for ir(t) = 0.025¢7> — 5.025 A.
t>01is =30e™> mV.

a) If the parallel inductors are ( 0) )
replaced by a single inductor, what —
is its inductance? +

b) What is the initial current and its
reference direction in the equivalent
inductor?

<

il(z)i 60 mH iz(t)i 240 mH

¢) Use the equivalent inductor to find
i(t).

d) Find i1(¢r) and i5(z). Verify that the
solutions for i1(z), i>(t), and i(¢)
satisfy Kirchhoff’s current law.

6.5 The current at the terminals of the two
capacitors shown is 240e~1% 4 A for
t > 0. The initial values of v; and v 1
are —10 V and —5 V, respectively.
Calculate the total energy trapped in
the capacitors as t+ — oco. (Hint: Don’t
combine the capacitors in series—find - J

the energy trapped in each, and then
add.)

ANSWER: 20 7.

NOTE o Also try Chapter Problems 6.21, 6.22, 6.26, and 6.27.



64 Mutual Inductance /

di di
iRy + sz - M% =0. (6.32)

The Procedure for Determining Dot Markings

We shift now to two methods of determining dot markings. The first as-
sumes that we know the physical arrangement of the two coils and the
mode of each winding in a magnetically coupled circuit. The following six
steps, applied here to Fig. 6.23, determine a set of dot markings:

a) Arbitrarily select one terminal—say, the D terminal—of one coil and
mark it with a dot.

b) Assign a current into the dotted terminal and label it ip.

c¢) Use the right-hand rule!to determine the direction of the magnetic
field established by ip inside the coupled coils and label this field ¢p.

d) Arbitrarily pick one terminal of the second coil—say, terminal A—and
assign a current into this terminal, showing the current as i4 .

e) Use the right-hand rule to determine the direction of the flux estab-
lished by i inside the coupled coils and label this flux ¢4 .

f) Compare the directions of the two fluxes ¢p and ¢4 . If the fluxes
have the same reference direction, place a dot on the terminal of the
second coil where the test current (i ) enters. (In Fig. 6.23, the fluxes
¢p and ¢ have the same reference direction, and therefore a dot goes
on terminal A.) If the fluxes have different reference directions, place
a dot on the terminal of the second coil where the test current leaves.

The relative polarities of magnetically coupled coils can also be de-
termined experimentally. This capability is important because in some
situations, determining how the coils are wound on the core is impossible.
One experimental method is to connect a dc voltage source, a resistor, a
switch, and a dc voltmeter to the pair of coils, as shown in Fig. 6.24. The
shaded box covering the coils implies that physical inspection of the coils
is not possible. The resistor R limits the magnitude of the current supplied
by the dc voltage source.

The coil terminal connected to the positive terminal of the dc source
via the switch and limiting resistor receives a polarity mark, as shown in
Fig. 6.24. When the switch is closed, the voltmeter deflection is observed.
If the momentary deflection is upscale, the coil terminal connected to the
positive terminal of the voltmeter receives the polarity mark. If the deflec-
tion is downscale, the coil terminal connected to the negative terminal of
the voltmeter receives the polarity mark.

Example 6.6 shows how to use the dot markings to formulate a set of
circuit equations in a circuit containing magnetically coupled coils.

! See discussion of Faraday’s law on page 240.

ser?

Arbitrarily
dotted

D terminal
(Step 1)

Fsgure XY A set of coils showing a method for -

deter mining a set of dot markings.

de
g Yoltmeter

Flgure LWZE An experimental setup for determlnlng
: polarity marks.




ASSESSING OBJECTIVE 4

‘ ¢ Use the dot convention to write mesh-current equations for mutually coupled coils

6.6 a) Write a set of mesh-current ANSWER:
equations for the circuit in
Example 6.6 if the dot on the 4 H
inductor is at the right-hand
terminal, the reference direction of
iy is reversed, and the 60 Q resistor
is increased to 780 .

b) Verify that if there is no energy
stored in the circuit at t+ = 0, and if
ip =196 — 1.96¢~% A, the solutions
to the differential equations derived
in (a) of this Assessment Problem
are

i1 = —0.4—11.6e7% +12¢> A,

iy = —0.01 — 0.99¢% + 75 A.

NOTE o Also try Chapter Problem 6.34.

6.5 ¢ A Closer Look at Mutual Inductance

In order to fully explain the circuit parameter mutual inductance, and to
examine the limitations and assumptions made in the qualitative discussion
presented in Section 6.4, we begin with a more quantitative description of
self-inductance than was previously provided.

A Review of Self-Inductance

The concept of inductance can be traced to Michael Faraday, who did pi-
oneering work in this area in the early 1800s. Faraday postulated that a
magnetic field consists of lines of force surrounding the current-carrying
conductor. Visualize these lines of force as energy-storing elastic bands
that close on themselves. As the current increases and decreases, the elastic
bands (that is, the lines of force) spread and collapse about the conductor.
The voltage induced in the conductor is proportional to the number of lines

(a) 4(di1/dt) + 25y + 8(diz/dt) — 20ip =
—5ig — 8(dig/dt) and

8(diy/dt) — 20i1 + 16(diz/dt) + 800i, =
—16(di,/dr); (b) verification.



Pract cal Perspectwe :

range of 10 to 50 pF, dependmg on the exact geomet Iy
the finger is inserted, whether the person is wearing glov
For the following problems assume that all capacitors have the same

of 25 pF. Also assume the elevator call button is placed in the capacmve
equivalent of a voltage-divider circuit, as shown in Fig. 6. 34

a) Calculate the output voltage W1th no finger present.

b) Calculate the output voltage when a finger touches the button
Solutmn 2

a) Begln by redrawing the circuitin F1g 6.34 w1th the call button replaced

by its capacitive model from Fig. 6.32. The resultmg circuit 1s shown in
Fig. 6. 35 Write the current equatlon at the smgle node

d(v—,u)
le’

put voltage v(t)

‘Practical Perspec

Flgure 6.33. K circuit model of a capacitive

proxnmlty switch activated
by fmger touch

v Cf':* dvs
o 'vdt C + Cz dt at’

67 [GEEREIGY An elovator call button ofreut.

Button

o) (D Fixed

capacitor 25 pF ()




¢ Inductance is a linear circuit parameter that relates the
voltage induced by a time-varying magnetic field to the
current producing the field. (See page 218.)

¢ Capacitance is a linear circuit parameter that relates
the current induced by a time-varying electric field to
the voltage producing the field. (See page 225.)

¢ Inductors and capacitors are passive elements; they can
store and release energy, but they cannot generate or
dissipate energy. (See page 218.)

# The instantaneous power at the terminals of an induc-
tor or capacitor can be positive or negative, depending
on whether energy is being delivered to or extracted
from the element.

¢ An inductor:

¢ does not permit an instantaneous change in its ter-
minal current

¢ does permit an instantaneous change in its teminal
voltage

¢ behaves as a short circuit in the presence of a con-
stant terminal current (See page 219.)

¢ A capacitor:

¢ does not permit an instantaneous change in its ter-
minal voltage

¢ doespermit aninstantaneous change in its terminal
current

¢ behaves as an open circuit in the presence of a con-
stant terminal voltage (See page 226.)

¢ Equations for voltage, current, power, and energy in
ideal inductors and capacitors are given in Table 6.1.

¢ Inductors in series or in parallel can be replaced by an
equivalent inductor. Capacitors in series or in parallel
can be replaced by an equivalent capacitor. The equa-
tions are summarized in Table 6.2. See Section 6.3 for
a discussion on how to handle the initial conditions for
series and parallel equivalent circuits involving induc-
tors and capacitors.

~ TABLE 6.1 Terminal Equations for Ideal

Inductors and Capacitors

- -SERIES-CONNECTED -

TABLE 6.2 Equations for Series- and Parallel-

- Connected Inductors and Capacitors

Leq=Li+ Lo+ - +L,
1 _ 1 1 1
wTgtgt oty

PARALLEL-CONNECTED

1 1 1 1
g~ Lttt
Ceq=C1+Cot---+C,

¢ Mutual inductance, M, is the circuit parameter relat-
ing the voltage induced in one circuit to a time-varying
current in another circuit. Specifically,

diy diy
=Li— + Mp—
vy 17 + M1 s
diy dip
=My— +L,—,
v2 21d 2(1[
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where vy and i; are the voltage and current in circuit
1, and v, and i, are the voltage and current in circuit 2.
For coils wound on nonmagnetic cores, My = My =
M. (See page 243.)

¢ The dot convention establishes the polarity of mutually
induced voltages:

When the reference direction for a current enters the
dotted terminal of a coil, the reference polarity of the
voltage that it induces in the other coil is positive at

R T

its dotted terminal.

Or, alternatively,

When the reference direction for a current leaves the
dotted terminal of a coil, the reference polarity of the
voltage that it induces in the other coil is negative at
its dotted terminal.

(See page 236.)

SR N S T S R O S R S0P

¢ The relationship between the self-inductance of each
winding and the mutual inductance between windings
is

M = k/L{L>.

The coefficient of coupling, &, is a measure of the de-
gree of magnetic coupling. By definition, 0 < k < 1.
(See page 244.)

¢ The energy stored in magnetically coupled coils in a
linear medium is related to the coil currents and induc-
tances by the relationship

1 1
w = ELlif + —2—L2i§ + Miyip.

(See page 246.)

6.1 The triangular current pulse shown in Fig. P6.1 is
applied to a 20 mH inductor.

a)  Write the expressions that describe i (¢) in the
fourintervalst < 0,0 <7 <5ms,5ms <t <
10 ms, and ¢ > 10 ms.

b) Derive the expressions for the inductor volt-

age, power, and energy. Use the passive sign
convention.

Figure P6.1

(i (mA)
250

0 5 10

t (ms) )

6.2 The voltage at the terminals of the 200 «H inductor
in Fig. P6.2(a) is shown in Fig. P6.2(b). The inductor
current i is known to be zero for ¢t < 0.

a) Derive the expressions for i for t > 0.

b) Sketch i versus ¢ for 0 < ¢ < co.

Figure P6.2
e N
i s (mV)
5
Us 200 uH
0 1 2 t(ms)
(a) (b)



6.3 The current in the 2.5 mH inductor in Fig. P6.3 is
w known to be 0 A for ¢ < 0. The inductor voltage for
D t > 0 is given by the expression

oL () = 3¢~ * mV, 0<t<2s
L 3¢ DMV, 2s<t<c0

Sketch vy (¢) and iz (¢) for 0 <t < 0.

Figure P6.3
s

2.5mH

vr(f) O

/

6.4 The currentin a 50 uH inductor is known to be

ip = 18t A fort > 0.

a) Find the voltage across the inductor for ¢ > 0.
(Assume the passive sign convention.)

b) Find the power (in microwatts) at the termi-
nals of the inductor when ¢ = 200 ms.

c) Isthe inductor absorbing or delivering power
at 200 ms?

d) Find the energy (in microjoules) stored in the
inductor at 200 ms.

e) Find the maximum energy (in microjoules)
stored in the inductor and the time (in mi-
croseconds) when it occurs.

6.5 The currentin and the voltage across a 5 H inductor
& are known to be zero for ¢+ < 0. The voltage across
" the inductor is given by the graph in Fig. P6.5 for
t>0.

a) Derive the expression for the current as a
function of time in the intervals 0 < ¢ < 1's,
1s<t<3s,3s<t<5s5s<t<6s,and
6s <t <oo0.

b) For ¢ > 0, what is the current in the inductor
when the voltage is zero?

c) Sketch i versus ¢ for 0 <r < oco.

6.7

Figure P6.5

N
(U(V)
100 |-
| | | |
1 3 4 5 6 t(s)
~100 |-
. J

The current in a 25 mH inductor is known to be

-10A

for ¢z < 0 and —[10 cos 400¢+5 sin 400¢]¢~20% A

for ¢ > 0. Assume the passive sign convention.

a)

b)

a)

b)

At what instant of time is the voltage across
the inductor maximum?

What is the maximum voltage?

Find the inductor current in the circuit in
Fig. P6.7 if v = 30sin500tV, L = 15 mH,
and i(0) = —4 A.

Sketch v, i, p, and w versus r. In making
these sketches, use the format used in Fig. 6.8.
Plot over one complete cycle of the voltage
waveform.

Describe the subintervals in the time interval
between 0 and 47 ms when power is being ab-
sorbed by the inductor. Repeat for the subin-
tervals when power is being delivered by the
inductor.

Figure P6.7
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6.8 The currentin a 20 mH inductor is known to be

6.10

6.11

i =40 mA, t<0;

i = Ale_lo’OOOt + A28_40’000t A, t>0.

The voltage across the inductor (passive sign con-
vention) is28 Vat t = 0.

a) Find the expression for the voltage across the
inductor for ¢ > 0.

b) Find the time, greater than zero, when the
power at the terminals of the inductor is zero.

Assume in Problem 6.8 that the value of the voltage
across the inductor at t = 0 is —68 V instead of 28 V.

a) Find the numerical expressions for i and v for
t>0.

b) Specify the time intervals when the inductor
is storing energy and the time intervals when
the inductor is delivering energy.

c) Show that the total energy extracted from the
inductor is equal to the total energy stored.

The current in a 2 H inductor is

i=5A, t <0

i = (Bjcosl.6t + Bysin1.60)e %% A, > 0.

The voltage across the inductor (passive sign con-
vention) is 28 V at ¢ = 0. Calculate the power at the
terminals of the inductor at + = 5 s. State whether
the inductor is absorbing or delivering power.

Initially there was no energy stored in the 5 H in-
ductor in the circuit in Fig. P6.11 when it was placed
across the terminals of the voltmeter. At ¢ = 0 the
inductor was switched instantaneously to position b
where it remained for 1.6 s before returning instan-
taneously to position a. The d’Arsonval voltmeter
has a full-scale reading of 20 V and a sensitivity of
1000 ©2/V. What will the reading of the voltmeter be
at the instant the switch returns to position a if the
inertia of the d’Arsonval movement is negligible?

Figure P6.11
( ~
b a
3mV SH Voltmeter
N\ Y,

6.12 Evaluate the integral

6.13

oo
/ pdt
0

for Example 6.2. Comment on the significance of
the result.

The expressions for voltage, power, and energy de-
rived in Example 6.5 involved both integration and
manipulation of algebraic expressions. As an engi-
neer, you cannot accept such results on faith alone.
That is, you should develop the habit of asking your-
self, “Do these results make sense in terms of the
known behavior of the circuit they purport to de-
scribe?” With these thoughts in mind, test the ex-
pressions of Example 6.5 by performing the follow-
ing checks:

a) Check the expressions to see whether the
voltage is continuous in passing from one time
interval to the next.

b) Check the power expression in each interval
by selecting a time within the interval and see-
ing whether it gives the same result as the cor-
responding product of v and i. For example,
test at 10 and 30 us.

c) Check the energy expression within each in-
terval by selecting a time within the interval
and seeing whether the energy equation gives
the same result as %C v2. Use 10 and 30 s as
test points.




6.14

6.15

A 20 uF capacitor is subjected to a voltage pulse
having a duration of 1s. The pulse is described by
the following equations:

302V, 0<t<0S5s;
V() =130t —1)*V, 05s<t<10s:
0 elsewhere.

Sketch the current pulse that exists in the capacitor
during the 1 s interval.

The rectangular-shaped current pulse shown in
Fig. P6.15 is applied to a 5 wF capacitor. The ini-
tial voltage on the capacitor is a 12 V drop in the
reference direction of the current. Assume the pas-
sive sign convention. Derive the expression for the
capacitor voltage for the time intervals in (a)—(e).

a) 0<r<5Sus;

b) Sus<rt=<20us;
c) 20us <t <25us;
d) 25us<t<35us;
e) 35us<t<oo;

f) Sketch v(r) over the interval =50 us < r <

300 us.
Figure P6.15
.
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6.16 The voltage at the terminals of the capacitor in
% Fig. 6.10 is known to be

y =110V, t <0

140 — 171 (50 cos 500 + 205in 5001) V£ > 0.
Assume C = 0.8 uF.

a) Find the current in the capacitor for ¢ < 0.

b) Find the current in the capacitor for ¢ > 0.

c¢) Is there an instantaneous change in the volt-
age across the capacitor at t = 0?

d) Is there an instantaneous change in the cur-
rent in the capacitor at t = 0?

e) How much energy (in microjoules) is stored
in the capacitor at t = 0o0?

6.17 The current pulse shown in Fig. P6.17 is applied to a
0.25 wF capacitor. The initial voltage on the capac-
% itor is zero.

a) Find the charge on the capacitor at r = 30 us.
b) Find the voltage on the capacitor at t = 50 us.

c) How much energy is stored in the capacitor
by the current pulse?

Figure P6.17
p

i (mA)
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—300




Figure P6.18
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6.18 The initial voltage on the 0.5 uF capacitor shown in  6.20
Fig. P6.18(a) is —20 V. The capacitor current has the
g@ waveform shown in Fig. P6.18(b).

a) How much energy, in microjoules, is stored in
the capacitor at ¢+ = 500 us?

b) Repeat (a) for r = co.

6.19 The voltage across the terminals of a 0.25 wF capac-

p& itor is
£
]

_[sov, 1=0;
v = Ayre=20008 A, p=4000t 7 4 > (),

6.21

The initial current in the capacitor is 400 mA. As-
sume the passive sign convention.

a) Whatis the initial energy stored in the capac-
itor?

b) Evaluate the coefficients A; and A,.

c) What is the expression for the capacitor cur-
rent?

Assume that the initial energy stored in the inductors
of Fig. P6.20 is zero. Find the equivalent inductance
with respect to the terminals a,b.

Figure P6.20
~
3H
a
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b
N

Assume that the initial energy stored in the inductors
of Fig. P6.21 is zero. Find the equivalent inductance
with respect to the terminals a,b.

Figure P6.21
e A
SH 14 H
a
20H
b 10H 8H
- J




" Problems

6.22 'The two parallel inductors in Fig. P6.22 are con- Figure P6.23

nected across the terminals of a black box at ¢ = 0.
The resulting voltage v for + > 0 is known to be
12¢7* V. It is also known that i1(0) = 2 A and
i(0) = 4 A.

a) Replace the original inductors with an equiv- Bgzik
alent inductor and find i (¢) for ¢ > 0.

b) Find i1(r) for ¢ > 0.

¢) Find ip(¢) fort > 0. o

d) How much energy is delivered to the black J
box in the time interval 0 <t < c0?

e) How much energy was initially stored in the ~ 624  For the circuit shown in Fig. P6.23, what percentage
parallel inductors? of the total energy delivered to the black box has

i = ?
f)  How much energy is trapped in the ideal in- been delivered when ¢ = 200 ms’

ductors? 6.25 Find the equivalent capacitance with respect to the

g) Do your solutions for iy and i, agree with the terminals a,b for the circuit shown in Fig. P6.25.

answer obtained in (f)?

Figure P6.25
Figure P6.22 4
- ~ 8 uF
i {¢
’ T vt
. PN =0 16 uF + LV
wotfan woffon bt H
4 uF -

S uF |
. . <16uF  6uF=< 3V
T T
6.23 The three inductors in the circuit in Fig. P6.23 are b LA
5V

connected across the terminals of a black box at r =

0. The resulting voltage for ¢ > 0 is known to be ~ g

vy = 160e™% V. 6.26 Find the equivalent capacitance with respect to the
terminals a,b for the circuit shown in Fig. P6.26.

If i1(0) =1 A and i,(0) = 3 A, find

a)  i,0): Figure P6.26
b) i), >0; [ 5 uF 30 uF )
. . A |
c) i1(®),t=>0; a.__I\L |
d) i(1),t =05 + 5V - l +10V —
o ‘ i th . . 3uF B
e) the '1mt1al energy stored in the three induc 10 uF == 16 4F == 30V
tors; .
f) the total energy delivered to the black box; 4 uF 48 uF /l\
' ( |
and e ][
g) the energy trapped in the ideal inductors. - 30V + - 10V +




6.27 The two series-connected capacitors in Fig. P6.27 are

connected to the terminals of a black box at r = 0.
The resulting current i(¢) for ¢ > 0 is known to be
20e™" wWA.

a) Replace the original capacitors with an equiv-
alent capacitor and find v,(?) for z > 0.
b) Find vy(¢) for ¢t = 0.
¢) Find vy(z) for ¢ > 0.
d) How much energy is delivered to the black
box in the time interval 0 < < c0?
e) How much energy was initially stored in the
series capacitors?
f) How much energy is trapped in the ideal ca-
pacitors?
g) Do the solutions for v; and v, agree with the
answer obtained in (f)?
Figure P6.27
e ( ) N
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6.28 The four capacitors in the circuit in Fig. P6.28 are
connected across the terminals of a black box at tr =

0. The

resulting current i, for £ > 0 is known to be

i, = 1.92¢72% mA.

If v,(0) = =5 V and v1(0) = 25 V, find the following
for ¢t > 0: (a) v2(2), (b) v,(1), (c) v1(r), (d) i1(¢), and
(e) ir(2).

6.29

6.30

6.31

Figure P6.28
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For the circuit in Fig. P6.28, calculate

a) the initial energy stored in the capacitors;

b) the final energy stored in the capacitors;

c) the total energy delivered to the black box;

d) the percentage of theinitial energy stored that
is delivered to the black box; and

e) the percentage of the total energy delivered
that is delivered in the first 40 ms.

Derive the equivalent circuit for a series connection
of ideal capacitors. Assume that each capacitor has
its own initial voltage. Denote these initial voltages
as v1(fy), v2(fp), and so on. (Hint: Sum the voltages
across the string of capacitors, recognizing that the
series connection forces the current in each capacitor
to be the same.)

Derive the equivalent circuit for a parallel connec-
tion of ideal capacitors. Assume that the initial volt-
age across the paralleled capacitors is v(f). (Hint:
Sum the currents into the string of capacitors, recog-
nizing that the parallel connection forces the voltage
across each capacitor to be the same.)




6.32 The current in the circuit in Fig. P6.32 is known to

be
i, = 5¢729% (2 cos 40007 + sin 4000¢) A

for r > 0F. Find v1(0%) and v,(0%).

Figure P§.32
~
r 400
AW
+ +
v 7= 5 uF /> Uz§10 mH
Lo
. J
6.33 At =0, aseries-connected capacitor and inductor
are placed across the terminals of a black box, as
shown in Fig. P6.33. For ¢ > 0, it is known that
i=1 Se—IG,OOOt -0 Se—4000t A
o — 4 . :
- If ve(0) = =50V find v, for r > 0.
Figure P6.33
[ 25 mH ko
fY\IfnY\ )< - )
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6.34 There is no energy stored in the circuit in Fig. P6.34

at the time the switch is opened.
a) Derive the differential equation that governs
the behavior of iy if L1 = 4 H, L, = 16 H,
M =2H,and R, =32 Q.
b) Show that when iy = 8 —8¢™" A, ¢ > 0, the
differential equation derived in (a) is satisfied
when i =e™* —e % A, 1 > 0.

<)

d)

Find the expression for the voltage v; across
the current source.

What is the initial value of v; ? Does this make
sense in terms of known circuit behavior?

Figure P6.34

t=0

6.35

6.36

6.37

Let v, represent the voltage across the 16 Hinductor
in the circuit in Fig. 6.25. Assume v, is positive at
the dot. Asin Example 6.6, i, = 16 — 16¢=>" A.

a) Canyou find v, without having to differenti-
ate the expressions for the currents? Explain.

b) Derive the expression for v,.

¢)  Check your answer in (b) using the appropri-
ate current derivatives and inductances.

Let v, represent the voltage across the current
source in the circuit in Fig. 6.25. The reference for
vg 1s positive at the upper terminal of the current
source.

a) Find v, as a function of time when i, = 16 —
16~ A.

b) What is the initial value of v,?

c) Find the expression for the power developed
by the current source.

d) How much power is the current source devel-
oping when ¢ is infinite?

e) Calculate the power dissipated in each resis-
tor when ¢ is infinite.

a) Show that the differential equations derived
in (a) of Example 6.6 can be rearranged as
follows:

diy ) dip . . dig
— — 8—= —20i, =5i, — 8—=;
4 T +25i; — 8 ’r in Iy T
diq . diy . dig
8- 16— + 80ip = 16—=.
8dl‘ 20i1 + 7 + 801, 'R

b)  Show that the solutions given in (a) of Exam-
ple 6.6 satisfy the differential equations given
in part (a) of this problem.



6.38

6.39

6.40

6.41

6.42

Two magnetically coupled coils are wound on a non-
magnetic core. The self-inductance of coil 1 is 288
mH, the mutual inductance is 90 mH, the coefficient
of coupling is 0.75, and the physical structure of the
coils is such that Py = P2.

a) Find L, and the'turns ratio Ni/N;.
b) If Ny = 1200, what is the value of #; and #,?

The self-inductances of two magnetically coupled
coils are L1 = 180 uH and L = 500 pwH. The cou-
pling medium is nonmagnetic. If coil 1 has 300 turns
and coil 2 has 500 turns, find &1 and %1 (innanowe-
bers per ampere) when the coefficient of coupling is
0.6.

Two magnetically coupled coils have self-inductances
of 27 mH and 3 mH, respectively. The mutual induc-
tance between the coils is 7.2 mH.

a) What is the coefficient of coupling?

b) - For these two coils, what is the largest value
that M can have?

c) Assume that the physical structure of these
coupled coils is such that 2, = . What is
the turns ratio N;j/N; if N is the number of
turns on the 27 mH coil?

The self-inductances of two magnetically coupled
coils are 36 mH and 9 mH, respectively. The 36 mH
coil has 200 turns, and the coefficient of coupling be-
tween the coils is 0.8. The coupling medium is non-
magnetic. When coil 1 is excited with coil 2 open, the
flux linking only coil 1 is 0.1 as large as the flux link-
ing coil 2. When coil 2 is excited, with coil 1 open,
the flux linking coil 2 is only 0.125 as large as the flux
linking coil 1.
a) How many turns does coil 2 have?

b) What is the value of % in nanowebers per
ampere?

¢) What is the value of $;; in nanowebers per
ampere?

d) Whatis the ratio (¢ /¢12)?

The physical construction of four pairs of magnet-
ically coupled coils is shown in Fig. P6.42. (See
page 259.) Assume that the magnetic flux is con-
fined to the core material in each structure. Show
two possible locations for the dot markings on each
pair of coils.

6.43

6.44

a) Starting with Eq. 6.59, show that the coeffi-
cient of coupling can also be expressed as

b) On the basis of the fractions ¢z/¢1 and
¢12/¢2, explain why k is less than 1.0.

a) Show that the two coupled coils in Fig. P6.44
can be replaced by a single coil having an in-
ductance of Ly, = Ly + Ly +2M. (Hint:
Express vap as a function of igp.)

b) Show that if the connections to the terminals
of the coil labeled L, are reversed, Ly, =
L1+ L, —2M.

Figure P6.44

The polarity markings on two coils are to be de-
termined experimentally. The experimental setup
is shown in Fig. P6.45. Assume that the terminal
connected to the positive terminal of the battery
has been given a polarity mark as shown. When
the switch is opened, the dc voltmeter kicks upscale.
Where should the polarity mark be placed on the
coil connected to the voltmeter?

Figure P6.45

dc
voltmeter




Figure P6.42




and Mutual Inductance

6.46

6.47

6.48

a) Show that the two magnetically coupled coils
in Fig. P6.46 can be replaced by a single coil
having an inductance of

LyL, — M?
Lap = —————.
Li+L,—2M
(Hint: Let i; and i be clockwise mesh

currents in the left and right “windows” of
Fig. P6.46, respectively. Sum the voltages
around the two meshes. In mesh 1 let v,y
be the unspecified applied voltage. Solve for
di1/dt as a function of v,p.)

b) Show that if the magnetic polarity of coil 2 is
reversed, then

LiL, — M?
Lpp = ——F—7—.
Li+ Ly +2M
 Figure P6.46
ae®
[ ] [ )

The self-inductances of the coilsin Fig. 6.30 are L1 =
18 mH and L, = 32 mH. If the coefficient of coupling
is 0.85, calculate the energy stored in the system in
millijoules when (a) i1 = 6 A, i, =9 A;(b) i1 = —6
Aip =-9A;() i1 = —6A, i, =9 A, and (d)
ih=6A,i,=-9A.

The coefficient of coupling in Problem 6.47 is in-
creased to 1.0.

a) If i; equals 6 A, what value of i, results in
zero stored energy?

b) Is there any physically realizable value of i,
that can make the stored energy negative?

Rework the Practical Perspective example, except
that this time, put the button on the bottom of the
divider circuit, as shown in Fig. P6.49. Calculate the
output voltage v(t) when a finger is present.

Figure P6.49
e — N
o
Fixed L
capacitor 25pF
v,(2)
+
Button v(1)

Some lamps are made to turn on or off when the base
is touched. These use a one-terminal variation of the
capacitive switch circuit discussed in the Practical
Perspective. Figure P6.50 shows a circuit model of
such a lamp. Calculate the change in the voltage
v(t) when a person touches the lamp. Assume all
capacitors are initially discharged.

Figure P6.50
p
10 pF Lamp Person 10 pF W
.+. E
10 pF v(1) 100 pF —~
() -
v
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6.51
L 4

In the Practical Perspective example, we calculated
the output voltage when the elevator button is the
upper capacitor in a voltage divider. In Prob-
lem 6.49, we calculated the voltage when the button
is the bottom capacitor in the divider, and we got
the same result! You may wonder if this will be true
for all such voltage dividers. Calculate the voltage
difference (finger versus no finger) for the circuits in
Figs. P6.51(a) and (b), which use two identical volt-
age sources.

Figure P6.51
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' three phases n the ﬁrst phase we consrder the currents and
Voltages arlse when stored energy m an inductor or capac-
- itor is suddenly released to a resrstrve network. This happens
when the 1nductor or capacrtor is abruptly disconnected from
its dc source. Thus we can reduce the circuit to one of the
two equivalent‘ forms shown in Fig. 7.1 on page 264. The
currents and voltages that arise in this configuration are
referred to as the natural response of the-circuit, to em-
pha51ze that the nature of the crrcurt itself, not external

, seurees of excrtauon, determmes its behavior.
1In the second phase of our analysis, we consider
the currents and Voltages that arlse when energy is
belng acqulred by an 1nduct0r 0r capacrtor due to
‘the sudden apphcatlon of ‘d Voltage or current







. The Natural Respbn‘se of an RL Circuit

been opened, the energy stored in the two in-
ductors is

w = %(5)(1.6)2 + %(20)(—1.6)2 =321

d) We obtain the total energy delivered to the re-
sistive network by integrating the expression
for the instantaneous power from zero to in-
finity:

(o] [e.¢]
w = / pdt = / 1152¢*d1
0 0

Ass:ssma OBJECTIVE 1

7.1 The switch in the circuit shown has
been closed for a long time and is
opened at t = 0.

a) Calculate the initial value of i.

b) Calculate the initial energy stored in
the inductor.

c) What is the time constant of the
circuit for ¢ > 07?

d) What is the numerical expression
for i(r) for t > 0?

7.2 At t =0, the switch in the circuit shown
moves instantaneously from position a
to position b.

a) Calculate v, for t > 07.

b) What percentage of the initial
energy stored in the inductor is
eventually dissipated in the 4 Q
resistor?

NOTE o Also try Chapter Problems 7.1-7.3.

e~ 4|
=1152 —| =12881.

—4 |,
This result is the difference between the ini-
tially stored energy (320 J) and the energy
trapped in the parallel inductors (32 J). The
equivalent inductor for the parallel inductors
(which predicts the terminal behavior of the
parallel combination) has an initial energy of
288 J; that is, the energy stored in the equiva-
lent inductor represents the amount of energy
that will be delivered to the resistive network
at the terminals of the original inductors.

‘& Be able to determine the natural response of both RL and RC circuits

e) What percentage of the initial
energy stored has been dissipated in
the 2 Q resistor 5 ms after the
switch has been opened?

tr=0
30 6Q

~

120V 30 Q iT SmH 320

@ L4

J

ANSWER: (a) —12.5 A; (b) 625 mJ; (c) 4 ms;
(d) —12.5¢72% A; (e) 91.8%.

60

a

100 032HY 40

ANSWER: (a) —8¢~1% V; (b) 80%.



‘esponse of Flrst-Order B‘L and RC Cm:wts‘ =

d) The total energy delivered to the 250 k2 resis-
tor is

o0 400e~2
- = [ 22 g =800 ul.
w fo pd /0 250,000 #

Comparing the results obtained in (b) and (c)
shows that

800 pJ = (5800 — 5000) wJ.

ASSESSING OBJECTIVE 1

The energy stored in the equivalent capacitor
in Fig. 7.15is (4 x 1076)(400), or 800 J. Be-
cause this capacitor predicts the terminal be-
havior of the original series-connected capac-
itors, the energy stored in the equivalent ca-
pacitor is the energy delivered to the 250 kQ
resistor.

4 Be able to determine the natural response of both RL and RC circuits

7.3 The switch in the circuit shown has
been closed for a long time and is
opened at + = 0. Find

a) the initial value of v(z)
b) the time constant for ¢t > 0

¢) the numerical expression for v(r)
after the switch has been opened

d) the initial energy stored in the
capacitor
e) the length of time required to

dissipate 75% of the initially stored
energy.

7.4 The switch in the circuit shown has
been closed for a long time before
being opened at ¢t = 0.

a) Find v, () for t > 0.

b) What percentage of the initial
energy stored in the circuit has been
dissipated after the switch has been
open for 60 ms?

ANSWER: (2) 8¢~ + 4¢71% V; (b) 81.05%.

NOTE o Also try Chapter Problems 7.21 and 7.22.

~20kQ 7Q=0

75mA$80kQ 04 MFT () $50kQ

ANSWER: (a) 200 V; (b) 20 ms; (c) 200e= V;

(d) 8 mJ; (e) 13.86 ms.

15V

vo(2) 1uF == 40kQ 3




e) Figure 7.20 shows the graphs of i(¢) and v(¢)
versus ¢. Note that the instant of time when the
current equals zero corresponds to the instant
of time when the inductor voltage equals the
source voltage of 24 V, as predicted by Kirch-
hoff’s voltage law.

ASSESSING OBJECTIVE 2

¥l

¢ Be able to determine the step response of both AL and RC circuits

: Thecurrentand 'voltage waveforms for
e 18,

7.5 Assume that the switch in the circuit ANSWER: (a) 12 A; (b) —200 V; (c) 20 ms;

shown in Fig. 7.19 has been in

position b for a long time, and at t =0
it moves to position a. Find (a) i(0™);
(®) v(0%); (c) 7, £ > 0; (d) i(r), ¢ = 0;
and (e) v(r), t = 0T,

NOTE o Also try Chapter Problems 7.33-7.35.

We can also describe the voltage v(f) across the inductor in Fig. 7.16
directly, not just in terms of the circuit current. We begin by noting that
the voltage across the resistor is the difference between the source voltage
and the inductor voltage. We write

i(t) = % - %, (7.44)

where V; is a constant. Differentiating both sides with respect to time
yields

di 1 dv
— = (7.45)
dt R dt

(d) —8+20e"5% A, ¢ > 0
(€) —200e™% V, 1 > 0*.



ASSESSING OBJECTIVE 2

* Be able to determine ‘th\ve Vétep response of both RL end Rc circuits

7.6 a) Find the expression for the voltage b) Specify the interval of time for
across the 160 k< resistor in the which the expression obtained in (a)
circuit shown in Fig. 7.22. Let this is valid.
voltage be denoted vy, and assume
that the reference polarity for the ANSWER: (a) —60 + 72¢71%% V; (b) ¢ > 0*.

voltage is positive at the upper
terminal of the 160 k2 resistor.

NOTE ¢ Also try Chapter Problems 7.47 and 7.48.

7.4 + A General Solution for Step and Natural
Responses

The general approach to finding either the natural response or the step
response of the first-order RL and RC circuits shown in Fig. 7.24 is based
on their differential equations having the same form (compare Eq. 7.48

4 N
Ry
+ ? ? +
Vo
O " Rn t3
(a)
Ry
i Ty +
Vi C R—“ C==v
Th
(c)

> (a)An.inductor connected toa Theve n equwalent." ok
(b) An lnductor connected to a Norton equrvalentv e
(oA capacutor connected toa Thevemn equi ;
(d) A capacxtor connected toa Norton equ1vale

- Figure 7. 24 Four possnble flrst order CH’CUI'(S




7.6 Unbounded Response £

'ASSfESS;IWNG OBJECTIVE 3

& Know how to analyze circuits with sequential switching

1.7 In the circuit shown, switch 1 has been
closed and switch 2 has been open for a
long time. At ¢ =0, switch 1 is opened.
Then 10 ms later, switch 2 is closed.
Find

a) v.(¢) for 0 <t <0.01s
b) wv.(¢) for + > 0.01 s

¢) the total energy dissipated in the
25 kQ resistor

d) the total energy dissipated in the
100 kQ resistor

ANSWER: (a) 80¢~* V; (b) 53.63¢ 50000 v,
() 2.91 mJ; (d) 0.29 mJ.

7.8 Switch a in the circuit shown has been
open for a long time, and switch b has
been closed for a long time.

Switch a is closed at ¢ = 0 and, after
remaining closed for 1 s, is opened
again. Switch b is opened
simultaneously, and both switches
remain open indefinitely. Determine the
expression for the inductor current i
that is valid when (a) 0 <¢ <1 s and
(b)r>1s.

ANSWER: (a) 3 -3¢ ") A, 0<t<1s
(b) (—4.8 + 5.98¢7 180Dy A > 1.

NOTE ¢ Also try Chapter Problems 7.69 and 7.70.

7.6 *+ Unbounded Response

A circuit response may grow, rather than decay, exponentially with time.
This type of response, called an unbounded response, is possible if the
circuit contains dependent sources. In that case, the Thévenin equivalent



Note that we can convert the integrating amplifier to a differentiat-
ing amplifier by interchanging the input resistance R, and the feedback
capacitor Cr. Then

duy
dr -’

v, = —R;Cy (7.70)

We leave the derivation of Eq. 7.70 as an exercise for you. The differenti-
ating amplifier is seldom used because in practice it is a source of unwanted
or noisy signals.

Finally, we can design both integrating- and differentiating- amplifier
circuits by using an inductor instead of a capacitor. However, fabricating
capacitors for integrated-circuit devices is much easier, so inductors are
rarely used in integrating amplifiers.

ASSESSING OBJECTIVE 4

4 Be able to analyze op amp circuits containing resistors and a single capacitor

7.9 There is no energy stored in the (

capacitor at the time the switch in the
circuit makes contact with terminal a.
The switch remains at position a for
32 ms and then moves instantaneously
to position b. How many milliseconds
after making contact with terminal a
does the op amp saturate?

ANSWER: 262 ms.

02 uF

7.10 a) When the switch closes in the

circuit shown, there is no energy
stored in the capacitor. How long
does it take to saturate the op amp?

b) Repeat (a) with an initial voltage on
the capacitor of 1 V, positive at the
upper terminal.

ANSWER: (2) 1.11 ms; (b) 1.76 ms

NOTE o Also try Chapter Problems 7.89 and 7.90.
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A flashing light circuit.
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Lamp voltage versus time for the
circuit in Fig. 7.45.

7 when the lamp is not conducting.

Practical Perspective
A Fiashing Light Circuit

We are now ready to analyze the flashing light circuit introduced at the
start of this chapter and shown in Fig. 7.45. The lamp in this circuit starts
to conduct whenever the lamp voltage reaches a value Vp,¢. During the
time the lamp conducts, it can be modeled as a resistor whose resistance is
R;,. The lamp will continue to conduct until the lamp voltage drops to the
value Vipin. When the lamp is not conducting, it behaves as an open circuit.

Before we develop the analytical expressions that describe the behav-
ior of the circuit, let us develop a feel for how the circuit works by noting
the following. First, when the lamp behaves as an open circuit, the dc volt-
age source will charge the capacitor via the resistor R toward a value of
V, volts. However, once the lamp voltage reaches Vpax, it starts conduct-
ing and the capacitor will start to discharge toward the Thévenin voltage
seen from the terminals of the capacitor. But once the capacitor voltage
reaches the cutoff voltage of the lamp ( Vi ), the lamp will act as an open
circuit and the capacitor will start to recharge. This cycle of charging and
discharging the capacitor is summarized in the sketch shown in Fig. 7.46.

In drawing Fig. 7.46 we have chosen ¢ = 0 at the instant the capaci-
tor starts to charge. The time ¢, represents the instant the lamp starts to
conduct, and ¢ is the end of a complete cycle. We should also mention
that in constructing Fig. 7.46 we have assumed the circuit has reached the
repetitive stage of its operation. Our design of the flashing light circuit
requires we develop the equation for vy (¢) as a function of Viyax, Vin, Vs,
R, C,and R; for the intervals O to ¢, and ¢, to t..

To begin the analysis, we assume that the circuit has been in operation
for a long time. Let ¢+ = 0 at the instant when the lamp stops conducting.
Thus, at ¢ = 0, the lamp is modeled as an open circuit, and the voltage drop
across the lamp is Viin, as shown in Fig. 7.47.

From the circuit, we find

v (00) =V,
v (0) = Viin,
T = RC.

Thus, when the lamp is not conducting,
V() = Vs + (Vain — Vy)e /RC.

How long does it take before the lamp is ready to conduct? We can find
this time by setting the expression for v (f) equal to Viax and solving for
t. If we call this value ¢,, then

Vmin - Vs

max — Vs

t, = RCIn



R ,asseenin Fig. 7.48. In order to find the expression for the voltage drop
across the capacitor in this circuit, we need to find the Thévenin equivalent
as seen by the capacitor. We leave to you to show, in Problem 7.106, that

When the lamp begins conducting, it can be modeled as a resistance

when the lamp is conducting,

V(1) = Vi + (Vimax — Vm)e 7/

where R
L
Vi = ———
Th R+ R, K
and
RR;C
T =
R+ Ry

C %UL Ry

W The flashing light circuit at ¢ = 1,,
when the lamp is conducting.

We can determine how long the lamp conducts by setting the above ex-
pression for vy (¢) to Vpin and solving for (¢ — t,), giving

RR; C
= In
R+ R,

Vmax - VTh

(tc - lo)

Vmin - VTh .

NOTE o Assess your understanding of this Practical Perspective by try-

ing Chapter Problems 7.103-7.105.

A first-order circuit may be reduced to a Thévenin (or
Norton) equivalent connected to either a single equiv-
alent inductor or capacitor. (See page 264.)

The natural response is the currents and voltages that
exist when stored energy is released to a circuit that
contains no independent sources. (See page 262.)

The time constant of an RL circuit equals the equiva-
lent inductance divided by the Thévenin resistance as
viewed from the terminals of the equivalent inductor.
(See page 267.)

The time constant of an RC circuit equals the equiv-
alent capacitance times the Thévenin resistance as
viewed from the terminals of the equivalent capacitor.
(See page 273.)

The step response is the currents and voltages that re-
sult from abrupt changes in dc sources connected to a
circuit. Stored energy may or may not be present at the
time the abrupt changes take place. (See page 277.)

The solution for either the natural or step response of
both RL and RC circuits involves finding the initial and

final value of the current or voltage of interest and the
time constant of the circuit. Equations 7.59 and 7.60
summarize this approach. (See page 286.)

Sequential switching in first-order circuits is analyzed
by dividing the analysis into time intervals correspond-
ing to specific switch positions. Initial values for a par-
ticular interval are determined from the solution corre-
sponding to the immediately preceding interval. (See
page 293.)

An unbounded response occurs when the Thévenin
resistance is negative, which is possible when the
first-order circuit contains dependent sources. (See
page 297.)

An integrating amplifier consists of an ideal op amp,
a capacitor in the negative feedback branch, and a re-
sistor in series with the signal source. It outputs the
integral of the signal source, within specified limits that
avoid saturating the op amp. (See page 299.)
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7.2

The switch in the circuit in Fig. P7.1 has been closed
for a long time before opening at = 0.

a) Find i;(07) and i2(07).

b) Find i1(0F) and i, (0T).

¢) Find i1(¢) forz > 0.

d) Find ip(t) for ¢ > 0.

e) Explain why i2(07) # i2(07).

Figure P7.1
500 Q \ 6l1\</\§2

) t=0 i

40V L | 2kQ 400 mH

In the circuit shown in Fig. P7.2, the switch makes
contact with position b just before breaking contact
with position a. Asalready mentioned, thisis known
as a make-before-break switch and is designed so
that the switch does not interrupt the current in an in-
ductive circuit. The interval of time between “mak-
ing” and “breaking” is assumed to be negligible. The
switch has been in the a position for a long time. At
¢t = 0 the switch is thrown from position a to posi-

tion b.

a)
b)

©)
d)

Determine the initial current in the inductor.

Determine the time constant of the circuit for
t > 0.

Find i, v1, and v, for ¢ > 0.

What percentage of the initial energy stored
in the inductor is dissipated in the 45 Q re-
sistor 40 ms after the switch is thrown from
position a to position b?

Figure P7.2

100,

7.3 The switch shown in Fig. P7.3 has been open a long
time before closing at ¢ = 0.

a) Findi,(07).

b) Find iz (07).

¢) Findi,(0").

d) Find iz (0%).

e) Find i,(c0).

f) Find iz (c0).

g) Write the expression for iz (¢) for ¢ > 0.

h) Find v (07).

i) Find vz (0™).

i) Find vz (c0).

k) Write the expression for vz (¢) for t > 0F.

1) Write the expression for i,(z) for ¢ > 0*.
Figure P7.3
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7.5

7l6

In the circuit in Fig. P7.4, the voltage and current
expressions are

v=400e'V, >0T;
i=10e"" A, t>0.
Find
a) R.
b) t (in milliseconds).
c) L.

d) the initial energy stored in the inductor.

e) the time (in milliseconds) it takes to dissipate
80% of the initial stored energy.

Figure P7.4
— l'
+
L v IR

The switch in the circuit in Fig. P7.5 has been open
for a long time. At ¢ = 0 the switch is closed.

a) Determine i,(0") and i,(c0).
b) Determine i,(¢) for ¢t > 0.

¢) How many milliseconds after the switch has
been closed will the current in the switch
equal 5 A?

Figure P7.5

12V

The switch in the circuit seen in Fig. P7.6 has been
in position 1 for a long time. At ¢t = 0, the switch
moves instantaneously to position 2. Find the value
of R so that 1/5th of the initial energy stored in the
30 mH inductor is dissipated in R in 15 us.

1.7

Figure P7.6

(

In the circuit in Fig. P7.6, let [ ¢ represent the dc cur-
rent source, o represent the fraction of initial energy
stored in the inductor that is dissipated in #, seconds,
and L represent the inductance.

a) Show that

_ L[/ —0)]

R
2t,

b)  Test the expression derived in (a) by using it
to find the value of R in Problem 7.6.

In the circuit shown in Fig. P7.8, the switch has been
in position a for a long time. At ¢t = 0, it moves
instantaneously from a to b.

a) Find i,(¢) for ¢t > 0.

b)  What is the total energy delivered to the 8 Q
resistor?

c) How many time constants does it take to de-
liver 95% of the energy found in (b)?

Figure P7.8
p
300 3
12A 21500
L ®




7.9 The switch in the circuit in Fig. P7.9 has been closed
@ a long time. At ¢ = 0 it is opened. Find i,(z) for
1 t>0.

Figure P7.9

7.10 Assume that the switch in the circuit in Fig. P7.9 has
been open for one time constant. At this instant,
what percentage of the total energy stored in the
0.5 H inductor has been dissipated in the 54 € resis-
tor?

7.11  The switch in Fig. P7.11 has been closed for a long
time before opening at ¢+ = 0. Find

a) ip(1), t=>0.
b) wv.(), t>07.

c) ia(t), t =0T,

Figure P7.11

712 What percentage of the initial energy stored in the
inductor in the circuit in Fig. P7.11 is dissipated by
the current-controlled voltage source?

7.13 The switchin the circuit in Fig. P7.13 has been closed
@ for a long time before opening at + = 0. Find v, (z)
" | fort>0T.

114

P

The switch in the circuit in Fig. P7.14 has been in
position 1 for a long time. At ¢ = 0, the switch
moves instantaneously to position 2. Find v,(¢) for
t>0".

Figure P7.14

(

120 1 40 72 mH
X AAS

7.15

7.16

For the circuit of Fig. P7.14, what percentage of the
initial energy stored in the inductor is eventually dis-
sipated in the 40 Q resistor?

In the circuitin Fig. P7.16, the switch has been closed
for a long time before opening at t = 0.

a) Find the value of L so that v,(¢) equals 0.5
v,(07) when ¢t = 1 ms.

b) Find the percentage of the stored energy that
has been dissipated in the 10 2 resistor when
t =1ms.

Figure P7.16

30 mA




7.17 The 165 V, 5 Q source in the circuit in Fig. P7.17
is inadvertently short-circuited at its terminals a,b.
At the time the fault occurs, the circuit has been in
operation for a long time.
a) What is the initial value of the current i, in
the short-circuit connection between termi-
nals a,b?
b) What is the final value of the current i, ?
¢) How many microseconds after the short cir-

cuit has occurred is the current in the short
equal to 19 A?

Figure P7.17
- N

50 330

e

12.5 mH

L/ WN——¢

(oxy ]

7.18 'The two switches in the circuit seen in Fig. P7.18 are
synchronized. The switches have been closed for a
long time before opening at ¢ = 0.

a) How many microseconds after the switches
are open is the energy dissipated in the 4 kQ
resistor 10% of the initial energy stored in the
6 H inductor?

b) Atthe time calculatedin (a), what percentage
of the total energy stored in the inductor has
been dissipated?

Figure P7.18

719 The two switches shown in the circuit in Fig. P7.19
E operate simultaneously. Prior to t = 0 each switch

has been in its indicated position for a long time. At
t = 0 the two switches move instantaneously to their
new positions. Find

a)  w,(t),t>0t.
b) i,(@),t>0.

Figure P7.19

N

2mA 310Q

-

7.20 For the circuit seen in Fig. P7.19, find

a) the total energy dissipated in the 7.5  resis-
tor.

b) the energy trapped in the ideal inductors.

7.21 The switch in the circuit in Fig. P7.21 has been in
position a for a long time. At ¢ = 0, the switch is
thrown to position b. Calculate

a) i,vy,and vy fort > 0F.
b) the energy stored in the capacitor at t = 0.

c) the energy trapped in the circuit and the total
energy dissipated in the 25 kQ resistor if the
switch remains in position b indefinitely.

Figure P7.21

33kQ 25kQ

W *
4 uF —~v
1,U«F M ™~ U2




7.22 The switch in the circuit in Fig. P7.22 has been in  7.24

position a for a long time. At ¢ = 0, the switch is %
thrown to position b.

a) Findi,(¢) for ¢t > 0*.

b) What percentage of the initial energy stored
in the capacitor is dissipated in the 3k resis-
tor 500 ws after the switch has been thrown?

Figure P7.22

7.23 In the circuit in Fig. P7.23 the voltage and current
expressions are

v=48¢"2'V, t>0;

i =122 mA, t>0%.

7.25
Find
a) R
b) C

¢) t (in milliseconds).
d) the initial energy stored in the capacitor.

e) theamount of energy that has been dissipated
in the resistor 60 ms after the voltage has be-
gun to decay.

Figure P7.23

The switch in the circuit in Fig. P7.24 is closed at
t = 0 after being open for a long time.

a) Find i;(07) and i»(07).
b) Find i;(0*) and i>(01).
c) Explain why i1(07) = i1 (0%).
d) Explain why i2(07) # i>(0%).
e) Findi;(z) for ¢t > 0.
f) Find ir(¢) for t > 0.

Figure P7.24

In the circuit shown in Fig. P7.25, both switches op-
erate together; that is, they either open or close at
the same time. The switches are closed a long time
before opening at r = 0.

a) How many microjoules of energy have been
dissipated in the 12 k2 resistor 12 ms after
the switches open?

b) How long does it take to dissipate 75% of the
initially stored energy?

Figure P7.25
4 N
t=0 t=0
1.8k ><
\ l * v
120V 139MF ,[: 12k03  68kQE
N - M Y,




7.26

71.27

7.28

The switch in the circuit seen in Fig. P7.26 has been
in position x for a long time. At ¢ = 0, the switch
moves instantaneously to position y.

a) Find « so that the time constant for ¢t > 0 is
40 ms.

b) For the « found in (a), find va.

Figure P7.26
4 A
20kQ
/
<
[=0
SmA $3.6k0 vAZ5kQ
T 0.8 uF
\ - J

a) In Problem 7.26, how many microjoules of
energy are generated by the dependent cur-
rent source during the time the capacitor dis-
charges to 0 V?

b) Show that for z > O the total energy stored
and generated in the capacitive circuit equals
the total energy dissipated.

The switch in the circuit in Fig. P7.28 has been in
position 1 for a long time before moving to position 2
att =0. Find i,(z) for t > 0*.

Figure P7.28
/ .
47kQ 1 o
= 0:
L 2
<_>15V io | R 2 uF
150

7.29

7.30

At the time the switch is closed in the circuit in
Fig. P7.29, the voltage across the paralleled capaci-
tors is 50 V and the voltage on the 0.25 1 F capacitor
is40 V.

a) What percentage of the initial energy stored
in the three capacitors is dissipated in the
24 kQ resistor?

b) Repeat (a) for the 400 Q and 16 k2 resistors.

c) What percentage of the initial energy is
trapped in the capacitors?

Figure P7.29
4 N

24k03 16 k9§

hd
02 uF 50V —~0.8 uF
R

At the time the switch is closed in the circuit shown
in Fig. P7.30, the capacitors are charged as shown.

a) Find v,(¢) for t > 0%,

b) What percentage of the total energy initially
stored in the three capacitors is dissipated in
the 250 k2 resistor?

¢) Find v1(¢) for z > 0.
d) Find v,(¢) for t > 0.

e) Find the energy (in millijoules) trapped in the
ideal capacitors.

J

Figure P7.30
4 N
X
_ + N
t=0
5V =< 6uF Ut N
ST
. L+ Pe3250kQ
2 uF == -

30V TIMF V2




After the circuit in Fig. P7.31 has been in operation

E@ for a long time, a screwdriver is inadvertently con-
%" | nected across the terminals a,b. Assume the resis-

tance of the screwdriver is negligible.

a) Find the current in the screwdriver at ¢ = 0F
and ¢ = oo.

b) Derive the expression for the current in the
screwdriver for r > 0%.

a
020
300
E 3

Figure P7.31

~

‘I‘ 100 uF

050

A

1 uF

@

7.32 Both switches in the circuit in Fig. P7.32 have been

.1 closed for along time. At ¢ = 0, both switches open
E’ ‘simultaneously.

a) Findi,(¢) for t > 0F.
b) Find v,(¢) for ¢t > 0.

c) Calculate the energy (in microjoules) trapped
in the circuit.
Figure P7.32

1ko 70

M \

]
6kQ To.sﬂF UOTO.6MF3kQ§

7.33 The switchin the circuit shown in Fig. P7.33 has been

Pé closed for a long time before opening at t = 0.

a) Find the numerical expressions for iz (¢) and
v,(¢) for t > 0.

b) Find the numerical values of vz (0*) and
v,(07).

Figure P7.33

4 . h

40 4mH '

AA @ YL Py
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40V yr v,3160Q S5A

N hd e J
7.34 The switch in the circuit shown in Fig. P7.34 has been

in position a for a long time. At ¢t = 0, the switch
moves instantaneously to position b.

a) Find the numerical expression for i,(t) when
t>0.

b) Find the numerical expression for v,(r) for

t>0t.
Figure P7.34
( I
=0
100
a b .~ M
T
120 O °
CDSOA 80 = Vo 340 Q) 40mH§
" )soov
\ _ - - J
7.35 The switch in the circuit seen in Fig. P7.35 has been

closed for a long time. The switch opens at ¢ = 0.
Find the numerical expressions for i,(t) and v,(¢)
when ¢t > 0%.

Figure P7.35
4 Y
NG
/
AW\
+
10A f 50 v,(1)3 16 mH
| N
_ hd J




7.36 The switch in the circuit shown in Fig. P7.36 has been
closed for a long time. The switch opens at ¢ = 0.

Fort > 0*:
a) Find v,(¢) as a function of I,, Ry, Ry, and L.

b) Verify your expression by using it to find v, (¢)
in the circuit of Fig. P7.35.

¢) Explain what happens to v,(¢t) as R, gets
larger and larger.

d) Find vsw as a function of I, Ry, R;,and L.
e) Explainwhathappensto vsw as R getslarger

and larger.
Figure P7.36
~
7P
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Ry
AW
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Iy le L 5v,(0)
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7.37 - The switch in the circuit in Fig. P7.37 has been closed
for a long time. A student abruptly opens the switch
and reports to her instructor that when the
switch opened, an electric arc with noticeable per-
sistence was established across the switch, and at the
same time the voltmeter placed across the coil was
damaged. On the basis of your analysis of the circuit
in Problem 7.36, can you explain to the student why
this happened?

Figure P7.37

t=0

d'Arsonval
voltmeter

7.38 The current and voltage at the terminals of the in-
ductor in the circuit in Fig. 7.16 are

(1) = (4+4e790) A,

t>0;

v(t) = —80e™4" V, t>0t.

TR AR

a) Specify the numerical values of Vi, R, I,,
and L.

b) How many milliseconds after the switch has
been closed does the energy stored in the in-
ductor reach 9 J?

7.39  The switch in the circuit in Fig. P7.39 has been open
@ a long time before closing at ¢+ = 0. Find i,(¢) for

t>0.
Figure P7.39
4 N
80 mH 1Q 200
\ 4 MW\
t=0
50 C“) 480V
280V

7.40 The switch in the circuit in Fig. P7.40 has been open
a long time before closing at + = 0. Find v, () for
% t>0t.

Figure P7.40

80 9, {4 )s0mA

141 a) Derive Eq. 7.47 by first converting the Thév-
enin equivalentin Fig. 7.16 to a Norton equiv-
alent and then summing the currents away
from the upper node, using the inductor volt-
age v as the variable of interest.

b) Use the separation of variables technique to
find the solution to Eq. 7.47. Verify that
your solution agrees with the solution given
in Eq. 7.42.



742 The switch in the circuit in Fig. P7.42 has been in ~ 7.45 Thereis no energy stored in the inductors L; and L,
1 position 1 for a long time. At ¢ = 0 it moves in- at the time the switch is opened in the circuit shown
stantaneously to position 2. How many milliseconds in Fig. P7.45.
: ?
after the switch operates does v, equal 100 V? a) Derive the expressmns for the currents i1(¢)
and ip(¢) for ¢t > 0.
Figure P7.42 b) Use the expressions derived in (a) to find
~ i1(00) and iz (00).
Figure P7.45
50V t=20
I, R, W0y 3L b0y 3L
743 For the circuit in Fig. P7.42, find (in joules): 746 The switch in the circuit in Fig. P7.46 has been open
L . ) a long time before closing at ¢ = 0. Find v,(¢) for
a) thetotal energy dissipated in the 40 Q resistor % t >0t
b) the energy trapped in the inductors Figure P7.46
-~
c) theinitial energy stored in the inductors ( /\K
? i
744 The make-before-break switch in the circuit of =
) Fig. P7.44 has been in position a for a long time. 20 mH 100
& At t = 0, the switch moves instantaneously to posi- + §40 O 15 A
tion b. Find 2,¢ 80 mH S0V
a) (), t>0%.
L J
b) 1), t = 0.
747  The circuit in Fig. P7.47 has been in operation for
c) i), t=0. E“* a long time. At ¢t = 0, the voltage source reverses
Figure P7.44 *_| polarity and the current source drops from 3 mA to
gure L. 2 mA. Find v,(¢) for ¢ > 0.
N
Figure P7.47
10kQ
<D SmAT1SQ i, 50 mA 80V 0kQ3 3mA 24kQ 3 0.05 uF Tl
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7.48 The switch in the circuit shown in Fig. P7.48 has been
@ closed a long time before opening at + = 0. For

t > 0%, find
a)  v,(1).
b) i ().
c) i1(r).
d) i@).
e) i1(07).
Figure P7.48
- N

A $kQ

i
5mA<¢ ){' iz(r)l 15k io(t)l 60 KQ Vo= 0.5 uF
t=0 T
L . :

)

7.49 The current and voltage at the terminals of the ca-
pacitor in the circuit in Fig. 7.21 are

i(t) =3¢ 30 mA, t>0%;

v(t) = (40 — 24720 v 1 > 0.
a) Specify the numerical values of I, Vo, R, C,
and .

b) How many microseconds after the switch has
been closed does the energy stored in the ca-
pacitor reach 81% of its final value?

750 The switch in the circuit in Fig. P7.50 has been in
@ position x for a long time. The initial charge on the

| 10 nF capacitor is zero. At ¢ = 0, the switch moves
instantaneously to position y.

a) Find v,(¢) for ¢t > 0F.

b) Find vy(¢) for ¢ > 0.

Figure P7.50
e N
Y 10nF
10 kQ /
— ﬁ
LN
r=0
»3250kQ)
T 40 nF B §
\ ~ hd J

7.51 For the circuit in Fig. P7.50, find (in microjoules)
a) the energy delivered to the 250 k<2 resistor.
b) the energy trapped in the capacitors. |
c) the initial energy stored in the capacitors.
7.52 The switch in the circuit shown in Fig. P7.52 opens
@ at t+ = 0 after being closed for a long time. How

many milliseconds after the switch opens is the en-
ergy stored in the capacitor 36% of its final value?

Figure P7.52
N
Iy
120 A 33kQ 0 47kQ 3 25§y 16 k02 0.25 uF —~
t =
N\ — — _ - — J




. Response of First-Order AL and RC Circuits

RS

7.53 The switchin the circuit shown in Fig. P7.53 has been
@ closed a long time before opening at ¢ = 0.

a) What is the initial value of i,(¢)?
b) What is the final value of i,(¢)?

c) What is the time constant of the circuit for
t>07?

d) What is the numerical expression for i,(z)
when ¢ > 01?

e) What is the numerical expression for v,(t)
when ¢ > 017

Figure P7.53
2kQ 32kQ0
— W
+ .
io(t
40V 18 kQ (1) ® =< 08 uF
_1t=0

@

7.54 The switch in the circuit seen in Fig. P7.54 has been
- in position a for a long time. At ¢ = 0, the switch
% moves instantaneously to position b. For ¢ > 07,

find
a)  u,(1).
b) i,(t).
c)  v(1).
d) v, (0%).
Figure P7.54

10kQ s, 125k

120V + 4mA
0.04 uF T vo(8)

150 k2 50 kO3 ve(1)

7.55 The switch in the circuit shown in Fig. P7.55 has
P_Z been in the oFF position for a long time. At ¢ = 0,
'_| the switch moves instantaneously to the oN position.
Find v, (¢) for ¢t > 0.

Figure P7.55
.

7.56 Assume that the switch in the circuit of Fig. P7.55

% has been in the on position for a long time be-

¥ | fore switching instantaneously to the OFF position at
t = 0. Find v,(¢) for t > 0.

7.57 The switch in the circuit seen in Fig. P7.57 has been

% in position a for a long time. At ¢ = 0, the switch
moves instantaneously to position b. Find v,(¢) and

io(t) for t > 0F.

Figure P7.57

4 ) N N
30kQ

10 mA CD 15mA
50kQ
t=0
b/ a
_ Y,

758 There is no energy stored in the capacitors C; and
C, at the time the switch is closed in the circuit seen

in Fig. P7.58.
a) Derive the expressions for vy (¢) and v, () for
t >0.

b) Use the expressions derived in (a) to find
v1(00) and v;(00).

Figure P7.58
~
i
\ +
Cl U1 (t)
+ J—
O [k
' G, T V(1)
_ J




7.59

7.60

P

a) Derive Eq. 7.52 by first converting the Nor-
ton equivalent circuit shown in Fig. 7.21 to a
Thévenin equivalent and then summing the
voltages around the closed loop, using the ca-
pacitor current i as the relevant variable.

b) Use the separation of variables technique to
find the solution to Eq. 7.52. Verify that your
solution agrees with that of Eq. 7.53.

The switch in the circuit of Fig. P7.60 has been in
position a for a long time. At ¢ = 0, it moves instan-
taneously to position b. For ¢ > 0T, find

a)  v,(1).
b)  i,().
c)  vi(t).
d) ().

e) the energy trapped in the capacitors as
t — o0.

Figure P7.60

7.61

Assume that the switch in the circuit of Fig. P7.61 has
been in position a for a long time and thatat s = 0 it
is moved to position b. Find (a) vc(0%); (b) ve(00);
(c) T for ¢t > 0; (d) i(0"); (e) vc, t > 0; and (f) i,
t>0".

Figure P7.61

00kQ
. : /
+
= 50V +

T _ il UCTZSnF

7.62 The switch in the circuit of Fig. P7.62 has been in
position a for a long time. At ¢t = 0 the switch is
moved to position b. Calculate (a) the initial volt-
age on the capacitor; (b) the final voltage on the ca-
pacitor; (c) the time constant (in microseconds) for
t > 0; and (d) the length of time (in microseconds)
required for the capacitor voltage to reach zero after

the switch is moved to position b.

Figure P7.62
~

7.63  After the switch in the circuit of Fig. P7.63 has been
open for a long time, it is closed at ¢t = 0. Calculate
(a) the initial value of i; (b) the final value of i;
(c) the time constant for ¢ > 0; and (d) the numerical
expression for i(¢) when ¢ > 0.

Figure P7.63

15k 25kQ 400 mH

| 240V 75kQ 10 kQ 30 mA

t=0"*




~Response: qf}First-Or_deraBl.;rand{BGicir‘cuits :

7.64 There is no energy stored in the circuit of Fig. P7.64
at the time the switch is closed.

a) Find i,(¢) for t > 0.

b) Find v,(¢) for ¢t > 0.

¢) Find ii(z) for t > 0.

d) Find ip(¢) for t > 0.

e) Do your answers make sense in terms of
known circuit behavior?

Figure P7.64
(50/3) Q t=0 _ — i2
o, v+ e /4 Hy ®
100V Vo L 2H 18 H

51

765 Repeat (a) and (b) in Example 7.10 if the mutual
inductance is reduced to zero.

7.66 There is no energy stored in the circuit in Fig. P7.66

@ at the time the switch is closed.

a) Find i,(¢) for ¢t > 0.

b) Find v,(¢) for z > 0.

¢) Find iy (¢) forz > 0.

d) Find i>(z) for ¢ > 0.

e) Do your answers make sense in terms of
known circuit behavior?

Figure P7.66
20 Q) )<t =0
-YY: i, v+ e | L SH-_
SH
80V v, l i 10H
%)
- I °

7.67 There is no energy stored in the circuit in Fig. P7.67
B‘;’ at the time the switch is closed.

a) Findi(z) fort > 0.
b) Find v(z) for ¢ > 0.
¢) Find vy(¢) for ¢ > 0.

d) Do your answers make sense in terms of
known circuit behavior?

Figure P7.67
e I
+ o) -
400 t=0 5H
—i() AN +
25H
80V NJ10H wy(2)
L -
— J

7.68 Repeat Problem 7.67 if the dot on the 10 H coil is at
E the top of the coil.

7.69 The switch in the circuit in Fig. P7.69 has been in

@ position a for a long time. At ¢ = 0, the switch
¥ | moves instantaneously to position b. At the instant
the switch makes contact with terminal b, switch 2
opens. Find v,(¢) for r > 0.

Figure P7.69

7.70 The switch in the circuit shown in Fig. P7.70 has been
E%; in position a for a long time. At ¢ = 0, the switch is

' | moved to position b, where it remains for 1 ms. The
switch is then moved to position c, where it remains
indefinitely. Find

a) i(0%).
b) (200 us).
c) i(6ms).
d) v ms).
e) v(l* ms).
Figure P7.70
_a ~ 40 O
° - W
b c i
20A 40 Q) 60 Q v480 mH
120 Q




7.1

In the circuit in Fig. P7.71, switch 1 has been in posi-
tion a and switch 2 has been closed for along time. At
t = 0, switch 1 moves instantaneously to position b.
Eight hundred microseconds later, switch 2 opens,
remains open for 300 us, and then recloses. Find v,
1.5 ms after switch 1 makes contact with terminal b.

Figure P7.71

—~

7.5mA

$3k0

J

1.72

1.73

=

For the circuit in Fig. P7.71, what percentage of the
initial energy stored in the 0.5 uF capacitor is dissi-
pated in the 3 k2 resistor?

The action of the two switches in the circuit seen in
Fig. P7.73 is as follows. For ¢ < 0, switch 1 is in po-
sition a and switch 2 is open. This state has existed
for a long time. At ¢t = 0, switch 1 moves instanta-
neously from position a to position b, while switch 2
remains open. Ten milliseconds after switch 1 oper-
ates, switch 2 closes, remains closed for 10 ms, and
then opens. Find v,(7) 25 ms after switch 1 moves to
position b.

Figure P7.73

.

1.74

1.75

For the circuit in Fig. P7.73, how many milliseconds
after switch 1 moves to position b is the energy stored
in the inductor 4% of its initial value?

There is no energy stored in the capacitor in the cir-
cuit in Fig. P7.75 when switch 1 closes at ¢t = 0. Ten
microseconds later, switch 2 closes. Find v,(¢) for
t>0.

30V

1.76

P

1.77

The capacitor in the circuit seen in Fig. P7.76 has
been charged to 300 V. At ¢+ = 0, switch 1 closes,
causing the capacitor to discharge into the resistive
network. Switch 2 closes 200 ps after switch 1 closes.
Find the magnitude and direction of the current in
the second switch 300 ws after switch 1 closes.

Figure P7.76
p

300V A

The switch in the circuit in Fig. P7.77 has been in
position a for a long time. At ¢ = 0, it moves instan-
taneously to position b, where it remains for 50 ms
before moving instantaneously to position c. Find v,
forr > 0.

Figure P7.77
e ™
b
. (=0 t =50 ms
47k f\«
S —
a, 7/ C
20 mA 500 Q + . §6.25 kQ

vo T 016 [.LF

L . .




In the circuit in Fig. P7.78, switch A has been open
and switch B has been closed for a long time. At
t = 0, switch A closes. Five seconds after switch A
closes, switch B opens. Find i (¢) for ¢ > 0.

Figure P7.78

Vs

10V

7.719

The voltage waveform shown in Fig. P7.79(a) is ap-
plied to the circuit of Fig. P7.79(b). The initial cur-
rent in the inductor is zero.

a) Calculate v,(t).
b) Make a sketch of v, () versus ¢.

c¢) Findi, att=5ms.

a) Derive the numerical expressions for v,(¢) for
the time intervals t < 0,0 <t < 75 us, and
75 us <t < oo.
b) Calculate v, (75~ us) and v, (75 us).
c) Calculate i, (75~ us) and i, (75T us).
Figure P7.30
N
i; (mA)
I
T 25
I 2kQ v,  3250mH
) 0 75 t (us)
(a) (b) )

7.81

E;e

The voltage waveform shown in Fig. P7.81(a) is ap-
plied to the circuit of Fig. P7.81(b). The initial volt-
age on the capacitor is zero.

a) Calculate v,(7).

b) Make a sketch of v,(r) versus .

Figure P7.79
e N

5 (V)

80

0 2.5
(a) (b)

- J
7.80 The current source in the circuit in Fig. P7.80(a)

generates the current pulse shown in Fig. P7.80(b).
There is no energy stored at r = 0.

Figure P7.81
-
v (V)
50
ol 1 t(ms)
L (a) (b) )




7.82 The voltage signal source in the circuit in Fig. P7.82(a)

is generating the signal shown in Fig. P7.82(b). There
is no stored energy at ¢ = 0.

a) Derive the expressions for v,(¢) that apply in
the intervals t < 0; 0 <t < 4 ms;
4ms <t <8ms;and 8ms <t < 0.

b) Sketch v, and v; on the same coordinate axes.

c) Repeat (a) and (b) with R reduced to 50 k.

Figure P7.82
~
( R =200k
AN * °
1 ’
Us 0025 /.LF T vo
(a)
5 (V)
100
t
0 4 8 (ms)
—100 ~
(b)
NG

7.83 The current source in the circuit in Fig. P7.83(a)
| generates the current pulse shown in Fig. P7.83(b).
E There is no energy stored at ¢ = 0.

a) Derive the expressions for i,(¢) and v,(¢) for
the time intervals t < 0; 0 < ¢t < 2 ms; and
2ms <t < 00.

b) Calculate i,(07); i,(0%); i,(0.0027); and

i,(0.0027F).

c) Calculate v,(07); v,(07); v,(0.0027); and
v,(0.0027).

d) Sketch i,(t) versus ¢ for the interval
—1ms <t < 4 ms.

e) Sketch wv,(t) versus t for the interval

—1ms <t < 4ms.

( 4kQ ip(mA) )
20
0 2 t(ms)
(2) (b) )
-

7.84 The gap in the circuit seen in Fig. P7.84 will arc
& over whenever the voltage across the gap reaches
45 kV. The initial current in the inductor is zero. The
value of $ is adjusted so the Thévenin resistance with
respect to the terminals of the inductor is —5 k.

a) What is the value of 8?

b) How many microseconds after the switch has
been closed will the gap arc over?

Figure P7.84
)< 5kQ ~ ~ R
RIS
t=0 i,
40V 20kO 2 Bi, 200mH ‘Gap

7.85 The switchin the circuit in Fig. P7.85 has been closed
B‘ for a long time. The maximum voltage rating of
* | the 1.6 uF capacitor is 14,400 V. How long after the
switch is opened does the voltage across the capaci-
tor reach the maximum voltage rating?

Figure P7.85

1k0

. — Ao .
1
4iy 22k0O Tl.6/.LF i/_\l 4k 5mA




7.86

i)

The inductor current in the circuit in Fig. P7.86 is
25 mA at the instant the switch is opened. The in-
ductor will malfunction whenever the magnitude of
the inductor current equals or exceeds S A. How long
after the switch is opened does the inductor malfunc-
tion?

Figure P7.86

+ v¢ -
10125 mA 70 ax10, 240

2kQ

1.87

The capacitor in the circuit shown in Fig. P7.87 is
charged to20V at the time the switch is closed. If the
capacitor ruptures when its terminal voltage equals
or exceeds 20 kV, how long does it take to rupture
the capacitor?

Figure P7.87
( N
S 12 X 10%iy 20 KO
\ A g tis
+ t=0 in
20V <25 uF 20 kQ
7.88 The circuit shown in Fig. P7.88 is used to close the

switch between a and b for a predetermined length of
time. The electric relay holds its contact arms down
as long as the voltage across the relay coil exceeds
5 V. When the coil voltage equals 5 V, the relay con-
tacts return to their initial position by a mechanical
spring action. The switch between a and b is ini-
tially closed by momentarily pressing the push but-
ton. Assume that the capacitor is fully charged when
the push button is first pushed down. The resistance
of the relay coil is 25 k2, and the inductance of the
coil is negligible.

a) How long will the switch between a and b re-
main closed?

7.89

b) Write the numerical expression for i from the
time the relay contacts first open to the time
the capacitor is completely charged.

¢) How many milliseconds (after the circuit be-
tween a and b is interrupted) does it take the
capacitor to reach 85% of its final value?

Figure P7.88

4 N
Push button

 E—

) .
25 kO c\ Electric

Drelay +
\
[‘ D —— 80V

At the instant the switch of Fig. P7.89 is closed, the
voltage on the capacitor is 56 V. Assume an ideal
operational amplifier. How many milliseconds after
the switch is closed will the output voltage v, equal
zero?

Figure P7.89




Plfobl'ehis

At the time the double-pole switch in the circuit
shown in Fig. P7.90 is closed, the initial voltages on
the capacitors are 12 V and 4 V, as shown. Find the
numerical expressions for v, (¢), v2(¢), and v (¢) that
are applicable as long as the ideal op amp operates
in its linear range.

Figure P7.90
—
t=0
100 kQ j’\
*—
7v | 100kQ + -
15V v 4V
-+
.
791 'The energy stored in the capacitor in the circuit

shown in Fig. P7.91 is zero at the instant the switch is
closed. The ideal operational amplifier reaches sat-
uration in 15 ms. What is the numerical value of R
in kilo-ohms?

Figure P7.91

-

5.1kQ

7.92

793

At the instant the switch is closed in the circuit of
Fig. P7.91, the capacitor is charged to 6 V, positive
at the right-hand terminal. If the ideal operational
amplifier saturates in 40 ms, what is the value of R?

There is no energy stored in the capacitors in the
circuit shown in Fig. P7.93 at the instant the two
switches close.

a) Find v, as a function of v,, vy, R, and C.

b)  On the basis of the result obtained in (a), de-
scribe the operation of the circuit.

¢) How long will it take to saturate the amplifier
if v, =40 mV; v, = 15 mV; R = 50 kQ;
C =10nF;and Voc =6 V?

Figure P7.93




7.95

- R
R
d

The voltage pulse shown in Fig. P7.94(a) is applied to
the ideal integrating amplifier shown in Fig. P7.94(b).
Derive the numerical expressions for v,(r) when
v,(0) = O for the time intervals

a) t<0.

b) 0 <t <250 ms.

c) 250ms <t < 500 ms.

d) 500ms <t < oo.

Figure P7.94
s N
v, (mV)
200 -~
0 250 500 ¢ (ms)
—200
(a)
0.4 uF
|(
I\
25kQ
AW
Y
t=0
Vg DR
v v
(b)
N\ J

Repeat Problem 7.94 with a 5 MQ resistor placed
across the 0.4 pF feedback capacitor.

7.96

The voltage source in the circuit in Fig. P7.96(a)
is generating the triangular waveform shown in
Fig. P7.96(b). Assume the energy stored in the ca-
pacitor is zero at t = 0.

a) Derive the numerical expressions for v, (¢) for
the following time intervals: 0 < ¢t < 1 us;
lus<t<3us;and 3 us <t <4pus.

b) Sketch the output waveform between 0 and
4 us.

¢) If the triangular input voltage continues to
repeat itself for ¢+ > 4 us, what would you
expect the output voltage to be? Explain.

Figure P7.96
- ™
800 pF
|{
I\
1kQ 15V
A o
Y o
t=0 le + o+
15V
Ve Vo
v
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2 —
! | |
0 1 2‘\3/@ £ (1us)
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(b)
N




7.97 The circuit shown in Fig. P7.97 is known as an astable

multivibrator and finds wide application in pulse cir-
cuits. The purpose of this problem is to relate the
charging and discharging of the capacitors to the
operation of the circuit. The key to analyzing the
circuit is to understand the behavior of the ideal
transistor switches T1 and T,. The circuit is de-
signed so that the switches automatically alternate
between oN and oFf. When T is oFF, T, is oN and
vice versa. Thus in the analysis of this circuit, we
assume a switch is either oN or oFr. We also assume
that the ideal transistor switch can change its state
instantaneously. In other words, it can snap from
OFF to oN and vice versa. When a transistor switch
is oN, (1) the base current iy, is greater than zero,
(2) the terminal voltage vy, is zero, and (3) the ter-
minal voltage v is zero. Thus, when a transistor
switch is ON, it presents a short circuit between the
terminals b,e and c,e. When a transistor switch is
OFF, (1) the terminal voltage vy, is negative, (2) the
base current is zero, and (3) there is an open circuit
between the terminals c,e. Thus when a transistor
switch is OFF, it presents an open circuit between the
terminals b,e and c,e. Assume that T, has been oN
and has just snapped ofF, while T has been oFF and
has just snapped oN. You may assume that at this
instance, C, is charged to the supply voltage Vcc,
and the charge on Cj is zero. Also assume C; = C;
and R1 = R2 = 10RL.

a) Derive the expression for vye; during the in-
terval that T is OFF.

b) Derive the expression for vee; during the in-

terval that T, is OFF.
¢) Find the length of time T is OFF.
d) Find the value of v, at the end of the interval
that T, is OFF.
e) Derive the expression for ip; during the in-
terval that T, is OFF.

f)  Find the value of ip; at the end of the interval
that T, is OFF.

g) Sketch veep versus ¢ during the interval that

T, is OFF.
h) Sketch iy versus ¢ during the interval that T,

1S OFF.

Problems |

Figure P7.97

T
€1 b1
Vel T1 [ o
_| &
- — — J/
7.98 The component values in the circuit of Fig. P7.97 are
Vee =10 V; Ry = 1kQ; C; = C; =1 nF; and
R1 =R, =1443kQ.
a) How long is T, in the OFF state during one
cycle of operation?
b) How long is T, in the oN state during one
cycle of operation?
c) Repeat (a) for T;.
d) Repeat (b) for Ty.
e) At the first instant after T; turns oN, what is
the value of iy, ?
f) At the instant just before Ty turns oFF, what
is the value of iy ?
g) What is the value of v at the instant just
before T, turns oN?
799 Repeat Problem 7.98 with C; = 1 nF and C; =
0.8 nF. All other component values are unchanged.
7100 The astable multivibrator circuit in Fig. P7.97 is

to satisfy the following criteria: (1) One transistor
switch is to be on for 48 s and oFF for 36 us for each
cycle; (2) R, =2 kQ;(3) Vee =5 V; (4) Ry = Ry;
and (5) 6R;, < R; < 50R.. What are the limiting
values for the capacitors C; and C,?
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7.101

The circuit shown in Fig. P7.101 is known as a monos-
table multivibrator. The adjective monostable is
used to describe the fact that the circuit has one sta-
ble state. That is, if left alone, the electronic switch
T, will be on, and Ty will be oFr. (The operation
of the ideal transistor switch is described in Prob-
lem 7.97.) T, can be turned oFF by momentarily
closing the switch S. After S returns to its open
position, T, will return to its ON state.

a) Show thatif T, is oN, Ty is oFF and will stay
OFF.

b) Explain why T, is turned oFr when § is mo-
mentarily closed.

¢) Show that T, will stay orr for RCIn2 s.

Figure P7.101

7.102 The parameter values in the circuit in Fig. P7.101 are

Vee =6V, Ry =5.0kQ; Ry =20 kQ; C =250 pF,
and R = 23,083 Q.

a) Sketch v, versus ¢, assuming that after S is
momentarily closed, it remains open until the
circuit has reached its stable state. Assume S
is closed at ¢+ = 0. Make your sketch for the
interval —5 <t < 10 us.

b) Repeat (a) for iy, versus ¢.

7.103
L 4

7.105

Suppose the circuit in Fig. 7.45 models a portable
flashing light circuit. Assume that four 1.5 V bat-
teries power the circuit, and that the capacitor value
is 10 uF. Assume that the lamp conducts when its
voltage reaches 4 V and stops conducting when its
voltage drops below 1 V. The lamp has a resistance
of 20 k2 when it is conducting and has an infinite
resistance when it is not conducting.

a) Suppose we don’t want to wait more than 10's
in between flashes. What value of resistance
R is required to meet this time constraint?

b)  For the value of resistance from (a), how long
does the flash of light last?

In the circuit of Fig. 7.45, the lamp starts to conduct
whenever the lamp voltage reaches 15 V. During the
time when the lamp conducts, it can be modeled as
a 10 k< resistor. Once the lamp conducts, it will
continue to conduct until the lamp voltage drops to
5 V. When the lamp is not conducting, it appears
as an open circuit. V; = 40 V; R = 800 kQ; and
C =25 uF.

a) How many times per minute will the lamp
turn on?

b) The 800k resistorisreplaced with a variable
resistor R. The resistance is adjusted until the
lamp flashes 12 times per minute. What is the
value of R?

In the flashing light circuit shown in Fig. 7.45, the
lamp can be modeled as a 1.3 kQ resistor when it is
conducting. The lamp triggers at 900 V and cuts off
at 300 V.

a) IfV;=1000V, R =3.7kQ,and C =250 uF,
how many times per minute will the light
flash?

b) What is the average current in milliamps de-
livered by the source?

¢) Assume the flashing light is operated 24 hours
per day. If the cost of power is 5 cents per
kilowatt-hour, how much does it cost to oper-
ate the light per year?



“Problems

7.106 a) Show that the expression for the voltage drop a) Assume the prime motor driving the 30 V dc
P across the capacitor while the lamp is con- generator abruptly slows down, causing the
ducting in the flashing light circuit in Fig. 7.48 generated voltage to drop suddenly to 21 V.
is given by What value of L will assure that the standby
battery will be connected to the dc bus in

v (1) = Vi + (Viax — Vn)e ¢ —0)/® 0.5 seconds?
where b) Using the value of L determined in (a), state

how long it will take the relay to operate if the

Vi = Ry g generated voltage suddenly drops to zero.
R+ Ry
RR;C
T= .
R+Rp Figure P7.107
b) Show that the expression for the time the ( + w
lamp conducts in the flashing light circuit in — 30V
Fig. 7.48 is given by L0 O v -

RR;C Vimax — V1n
(t, —t,) = — In .
R+ Rp Vimin — V1h
®* DCBUS
Compressed
springs DC loads

7.107 The relay shown in Fig. P7.107 connects the 30 V dc 30V

g
¢ generator to the dc bus as long as the relay current is dc relgfz g
greater than 0.4 A. If the relay current drops to 0.4 A gen (1§OIL) g

or less, the spring-loaded relay immediately connects
the dc bus to the 30 V standby battery. The resistance
of the relay winding is 60 Q. The inductance of the ~ {_
relay winding is to be determined.




: We 'derrve the tep resp n e of a parallel RLC c1rcu1t by
usrng Frgv 8. 2 on page 330. We are ir terested 111 the voltage
‘that appears across the parallel branches as a result of the
sudden apphcatlon of adc current source. Energy may or

‘may not be stored mn the c1rcu1t when the current source
s apphed ‘

Fmdrng the natural response of a series RLC circuit
cons1sts of ﬁndrng the current generated in the series-
connected lements by the release of 1n1t1ally stored




Secondary

| Primary

|
|
|
i
t
|
L

. Spark
Battery ‘ plug

Switch”” (@ Capacitor
(distributor point) « (condenser)




atural and Step Responses of RLC Circuits

ASSESSING OBJECTIVE 1

+ Be able to determine the natural response and the step response of parallel RLC circuits

8.1 The resistance and inductance of the ANSWER:  (a) 500 nF; (b) C =1 uF,
circuit in Fig. 8.5 are 100  and 20 mH, s1 = —5000 + j5000 rad/s,
respectively. 52 = —5000 — ;5000 rad/s;

a) Find the value of C that makes the (¢) € =125 nF, 5 = —5359 radss,

voltage response critically damped. s = —74,641 radys.

b) If C is adjusted to give a neper
frequency of
5 krad/s, find the value of C and
the roots of the characteristic
equation.

c) If C is adjusted to give a resonant
frequency of 20 krad/s, find the
value of C and the roots of the
characteristic equation.

NOTE o Also try Chapter Problem 8.1.

8.2 + The Forms of the Natural Response
of a Parallel RLC Circuit

So far we have seen that the behavior of a second-order RLC circuit de-
pends on the values of sy and s,, which in turn depend on the circuit
parameters R, L, and C. Therefore, the first step in finding the natural
response is to calculate these values and, relatedly, determine whether the
response is over-, under-, or critically damped.

Completing the description of the natural response requires finding
two unknown coefficients, such as A; and A; in Eq. 8.13. The method used
to do this is based on matching the solution for the natural response to
the initial conditions imposed by the circuit, which are the initial value of
the current (or voltage) and the initial value of the first derivative of the
current (or voltage). Note that these same initial conditions, plus the final
value of the variable, will also be needed when finding the step response
of a second-order circuit.
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Characteristics of the Underdamped Response

The underdamped response has several important characteristics. First, as
the dissipative losses in the circuit decrease, the persistence of the oscil-
lations increases, and the frequency of the oscillations approaches wy. In
other words, as R — oo, the dissipation in the circuit in Fig. 8.8 approaches
zero because p = v?/R. As R — oo, @ — 0, which tells us that w; — wg.
When o = 0, the maximum amplitude of the voltage remains constant;
thus the oscillation at wy is sustained. In Example 8.4, if R were increased
to infinity, the solution for v(z) would become

v(t) = 98sin1000r V, t > 0.

Thus, in this case the oscillation is sustained, the maximum amplitude of
the voltage is 98 V, and the frequency of oscillation is 1000 rad/s.

We may now describe qualitatively the difference between an under-
damped and an overdamped response. In an underdamped system, the
response oscillates, or “bounces,” about its final value. This oscillation is
also referred to as ringing. In an overdamped system, the response ap-
proaches its final value without ringing or in what is sometimes described
as a “sluggish” manner. When specifying the desired response of a second-
order system, you may want to reach the final value in the shortest time
possible, and you may not be concerned with small oscillations about that
final value. If so, you would design the system components to achieve an
underdamped response. On the other hand, you may be concerned that
the response not exceed its final value, perhaps to ensure that components
are not damaged. In such a case, you would design the system compo-
nents to achieve an overdamped response, and you would have to accept
a relatively slow rise to the final value.

~ASSESSING OBJECTIVE 1

6 Bé ablé to determine ythe natural and the step response of parallel RLC circuits

8.4 A 10 mH inductor, a 1 uF capacitor, * * °
and a variable resistor are connected in icl + iLl iRl +
parallel in the circuit shown. The C—V L llo R v
resistor is adjusted so that the roots of - _
the characteristic equation are . . )
—8000 £ 76000 rad/s. The initial voltage
on the capacitor is 10 V, and the initial ANSWER: (a) 62.5 §2; (b) —240,000 VJs;
current in the inductor is 80 mA. Find (c) B =10V, B, = -80/3 V;
(a) R; (b) dv(0%)/dt; (c) By and B, in (d) iL (1) = 10e~5%[8 cos 6000z +
the solution for v; and (d) iz (¢). (82/3) sin 6000r] mA when ¢ > 0.

NOTE o Also try Chapter Problems 8.7 and 8.17.



Natural and Step Responses of RLC Gircu

a) Forthe circuitin Example 8.4 (Fig. 8.8), find the 98,000 V/s. Substituting these values for «,
value of R that results in a critically damped D1, and D, into Eq. 8.34 gives
voltage response.

b) Calculate v(¢) for £ > 0. v(t) = 98,000ee 1 vV, ¢ > 0.

for0 <t <7 ms. . .
€) Plot v(p) versus ¢ for 0 < # <7 ms c) Figure 8.10 shows a plot of v(¢) versus ¢ in the

SOLUTION interval 0 <t < 7 ms.
a) From Example 8.4, we know that 3 = 106. p N
Therefore for critical damping, v(V)
1 40 —
=10% = ——,
“ 2RC nl
or 24
16
108
R=————— =4000%.
(2000)(0.125) 8
[ N N N L ¢ (ms)
b) From the solution of Example 8.4, we know 0 1 2 3 4 5 6 7
that v(0%) = 0 and dv(0")/dr = 98,000 V/s. e e s e
Fr?)mvgiqs) 8.35 :lm 81;(6 33/2 = 0 and D; - The Voltage response for Example 8.5. . -

ASSESSING OBJECTIVE 1

¢ Be able to determine the natural and the step response of parallel RLC circuits

8.5 The resistor in the circuit in Assessment ANSWER: (a) 100 2; (b) 50 V; (¢) 250 mA;
Problem 8.4 is adjusted for critical (d) =50,000 V/s, 50 V;
damping. The inductance and (e) ig(t) = (—500te=3% 4 0.50e=5007) A,
capacitance values are 0.4 H and 10 uF, t>0F.

respectively. The initial energy stored in
the circuit is 25 mJ and is distributed
equally between the inductor and
capacitor. Find (a) R; (b) Vy; (¢) Io;
(d) Dy and D; in the solution for v;
and (e) ig, t > 0F.

NOTE o Also try Chapter Problems 8.9 and 8.18.



8.4 - The Natural and Step Response of a Series ALC Circuit
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ASSESSING OBJECTIVE 1

¢ Be able to determine the natural response and the step response of parallel RLC circuits

8.6 In the circuit shown, R = 500 €, . > * . -
L=064H C=1uF I=05 A, 0 icﬂ_ i)\ ey +
Vo=40V,and I = -1 A. Find I - TC L R »

(a) ir(07); (b) ic(0M); (c) dir(0%)/dt;
(d) s1, s2; (e) ir(r) for t > 0; and
(f) v(t) for ¢ > 07.

ANSWER: (a) 80 mA; (b) —1.58 A; (c) 62.5 Als;
(d) (—1000 + j750) rad/s,
(—1000 — j750) rad/s; (e) [-1+
e~10001[1 505750z + 2.0833sin 7501] A,
for t > 0; (f) e~199%(40 cos 750t —
2053.33sin750z) V, for ¢ > 0%.

NOTE o Also try Chapter Problems 8.24-8.26.

8.4 * The Natural and Step Response of a Series RLC
Circuit

The procedures for finding the natural or step responses of a series RLC

circuit are the same as those used to find the natural or step responses of

a parallel RLC circuit, because both circuits are described by differential

equations that have the same form. We begin by summing the voltages

around the closed path in the circuit shown in Fig. 8.14. Thus

R'+Ldi+1ft'd + Vi 0 8.52
1 —_ - T = V. .
PTG ol 0 (8.52)

We now differentiate Eq. 8.52 once with respect to ¢ to get

R—;+L———+——=O, (8.53)

which we can rearrange as
d?i LRai 1
de? " Ldt LC
Comparing Eq. 8.54 with Eq. 8.3 reveals that they have the same form. A circuit used to il'i:i;straté}f e

Therefore, to find the solution of Eq. 8.54, we follow the same process that - natural response
. “RLCcircuit. "+ =
led us to the solution of Eq. 8.3. Nnia el

(8.54)




ASSESSING OBJECTIVE 2

¢ Be able to determine the natural response and the step response of series RLC circuits

8.7 The switch in the circuit shown has
been in position a for a long time. At
t =0, it moves to position b. Find
(a) i(07); (b) ve(0T); (c) di(0F)/dt;
(d) s1, s2; and (e) i(z) for ¢ > 0.

ANSWER: (a) 0; (b) 50 V; (c) 10,000 Als;
(d) (—8000 + j6000) rad/s,
(—8000 — j6000) rad/s;
(e) (1.67e=8%%0 5in 6000¢) A for ¢ > 0.

8.8 Find vc(t) for ¢ > 0 for the circuit in ANSWER: [100 — ¢8990 (50 cos 60007 +
Assessment Problem 8.7. 66.67 sin 6000:)] V for ¢ > 0.

NOTE o Also try Chapter Problems 8.40, 8.42, and 8.46.

8.5 ¢ A Circuit with Two Integrating Amplifiers

A circuit containing two integrating amplifiers connected in cascade lis also
asecond-order circuit; that is, the output voltage of the second integrator is
related to the input voltage of the first by a second-order differential equa-
tion. We begin our analysis of a circuit containing two cascaded amplifiers
with the circuit shown in Fig. 8.18.

N
G
I/ G
1€ [(_
Ry
*— W\
+
—@
Vg +
_ v,
v _
v

Figure 8.18 | Tw inte

! In acascade connection, the output signal of the first amplifier (v, in Fig. 8.18) is the input
signal for the second amplifier.



The circuit diagram of the
conventional automobile ignition
system.

Practical Perspective
An Ignition Circuit

Now let us return to the conventional ignition system introduced at the
beginning of the chapter. A circuit diagram of the system is shown in
Fig. 8.21. Consider the circuit characteristics that provide the energy to
ignite the fuel-air mixture in the cylinder. First, the maximum voltage
available at the spark plug, vsp, must be high enough to ignite the fuel.
Second, the voltage across the capacitor must be limited to prevent arcing
across the switch or distributor points. Third, the current in the primary
winding of the autotransformer must cause sufficient energy to be stored
in the system to ignite the fuel-air mixture in the cylinder. Remember that
the energy stored in the circuit at the instant of switching is proportional
to the primary current squared, that is, wy = 1 Li?(0).

EXAMPLE

a) Find the maximum voltage at the spark plug, assuming the following
values in the circuit of Fig. 821: V4. =12 V, R =4 Q, L = 3 mH,
C = 0.4 uF, and a = 100.

b) What distance must separate the switch contacts to prevent arcing at
the time the voltage at the spark plug is maximum?

Solution

a) We analyze the circuit in Fig. 8.21 to find an expression for the spark
plug voltage vsp. We limit our analysis to a study of the voltages in
the circuit prior to the firing of the spark plug. We assume that the
currentin the primary winding at the time of switching has its maximum
possible value V4./R, where R is the total resistance in the primary
circuit. We also assume that the ratio of the secondary voltage (v;) to
the primary voltage (v ) is the same as the turns ratio N,/N;. We can
justify this assumption as follows. With the secondary circuit open, the
voltage induced in the secondary winding is

vy = A -d—l (8.88)
dt

and the voltage induced in the primary winding is

.
v = Lé. (8.89)

It follows from Egs. 8.88 and 8.89 that

v _M (8.90)
U1 L ' :



Itis reasonable to assume that the permeance is the same for the fluxes
¢11 and ¢ in the iron-core autotransformer; hence Eq. 8.90 reduces
to

P
vy N1 P Ny
We are now ready to analyze the voltages in the ignition circuit.
The values of R, L, and C are such that when the switch is opened, the
primary coil current response is underdamped. Using the techniques
developed in Section 8.4 and assuming ¢ = O at the instant the switch
is opened, the expression for the primary coil current is found to be

V.
| = [cos wgt + (i) sin a)dt] , (8.92)
R wyq
where
R
o= —,
2L

_./1 2
wq = LC o“.

(See Problem 8.58(a).) The voltage induced in the primary winding
of the autotransformer is
di — Ve

v =L— = ——e ¥ sinwyt. 8.93
YT "dr T weRC ¢ &5

(See Problem 8.58(b).) It follows from Eq. 8.91 that

—aV, .
vy = —— % =t i ot (8.94)
a)dRC

The voltage across the capacitor can be derived either by using the
relationship

t
Ve = —1—/ idx + v.(0) (8.95)
CJo

or by summing the voltages around the mesh containing the primary
winding:
V. iR — L i (8.96)
Ve = —IiR—L—. .
c dc dr { ]

In either case, we find

o

Ve = Vie[l — e ¥ coswyt + Ke™* sin wyt], 8.97)

1 1 )
K=—|—=-—x=—-a}.
wyq RC

where



(See Problem 8.58(c).) As can be seen from Fig. 8.21, the voltage
across the spark plug is

Usp = Vac + vz

anC —ot
= - S wyt
de Wy RC ¢ d
=V |l— e *sinwgyt | . (8.98)
de |: wgRC d ]

To find the maximum value of vy,, we find the smallest positive
value of time where dvgp/dt is zero and then evaluate vgp at this instant.
The expression for fmay is

1 ,
fmax = — tan~! (—d) . (8.99)
wWd o

(See Problem 8.59.) For the component values in the problem state-
ment, we have

R 4x10°
o= — =

2L 6

109
wg = % — (666.67)2 = 28,859.81 rad/s.

Substituting these values into Eq. 8.99 gives

= 666.67 rad/s,

and

tmax = 53.63 us.
Now use Eq. 8.98 to find the maximum spark plug voltage, vsp(fmax):
Usp (tmax) = —25,975.69 V.
b) The voltage across the capacitor at i,y is obtained from Eq. 8.97 as
Ve (fmax) = 262.15 V.

The dielectric strength of air is approximately 3 x 10® V/m, so this result
tells us that the switch contacts must be separated by 262.15/3 x 10°,
or 87.38, um to prevent arcing at the points at fy,y.

In the design and testing of ignition systems, consideration must be
given to nonuniform fuel-air mixtures; the widening of the spark plug
gap over time due to the erosion of the plug electrodes; the relationship
between available spark plug voltage and engine speed; the time it
takes the primary current to build up to its initial value after the switch
is closed; and the amount of maintenance required to ensure reliable
operation.



We can use the preceding analysis of a conventional ignition system
to explain why electronic switching has replaced mechanical switching
in today’s automobiles. First, the current emphasis on fuel economy
and exhaust emissions requires a spark plug with a wider gap. This,
in turn, requires a higher available spark plug voltage. These higher
voltages (up to 40 kV) cannot be achieved with mechanical switching.
Electronic switching also permits higher initial currents in the primary
winding of the autotransformer. This means the initial stored energy
in the system is larger, and hence a wider range of fuel-air mixtures
and running conditions can be accommodated. Finally, the electronic
switching circuit eliminates the need for the point contacts. This means
the deleterious effects of point contact arcing can be removed from the

system.

NOTE ¢ Assess your understanding of the Practical Perspective by

trying Chapter Problems 8.60 and 8.61.

# The characteristic equation for both the parallel and
series RLC circuits has the form

s2+2as+a)(2)=0,

where a = 1/2RC for the parallel circuit, « = R/2L for
the series circuit, and wj = 1/LC for both the parallel
and series circuits. (See pages 332 and 356.)

% The roots of the characteristic equation are

s12 = —a k a? — o}

(See page 333.)

# The form of the natural and step responses of series

and parallel RLC circuits depends on the values of «?
and cog; such responses can be overdamped, under-
damped, or critically damped. These terms describe
the impact of the dissipative element (R) on the re-
sponse. The neper frequency, «, reflects the effect of
R. (See page 334.)

% The response of a second-order circuit is overdamped,

underdamped, or critically damped as shown in Ta-
ble 8.2.

THE CIRCUIT IS WHEN QUALITATIVE NATURE OF THE RESPONSE
Overdamped o > a)% The voltage or current approaches its final value without oscillation
Underdamped o < of The voltage or current oscillates about its final value

Critically damped ot = wg

The voltage or current is on the verge of oscillating about its final value



8.1 Theresistance, inductance, and capacitance in a par-
allel RLC circuit are 1000 €2, 12.5 H, and 2 uF, re-
spectively.

a) Calculate the roots of the characteristic equa-
tion that describe the voltage response of the
circuit.

b) Willtheresponse be over-, under-, or critically
damped?

c) What value of R will yield a damped fre-
quency of 120 krad/s?

d) What are the roots of the characteristic equa-
tion for the value of R found in (c)?

e) What value of R will result in a critically
damped response?

8.2 'The initial voltage on the 0.1 uF capacitor in the
circuit shown in Fig. 8.1 is 24 V. The initial current in
the inductor is zero. The voltage response for ¢ > 0
is

U(f) — _86—250! + 326——10001‘ V.

a) Determine the numerical values of R, L, o,
and wy.

b) Calculate ig(z), ir(t), and ic(¢) for ¢ > 0.

8.3 The circuit elements in the circuit in Fig. 8.1 are R =

200 @, C = 0.2 uF, and L = 50 mH. The initial
B inductor currentis —45 mA, and the initial capacitor
voltage is 15 V.

a) Calculate the initial current in each branch of
the circuit.

b) Find v(z) for r > 0.
c) Findip(¢) forr > 0.

8.4 Theresistance in Problem 8.3 isincreased to312.5 Q.
E Find the expression for v(¢) for ¢ > 0.

8.5 The resistance in Problem 8.3 is increased to 250 Q.
E Find the expression for v(¢) for ¢ > 0.

Problems

8.6 The natural response for the circuit shown in Fig. 8.1
isknowntobe

() =3 (e'lOOt + e_QOO’) V, t>0.

If L = (40/9) H and C = 2.5 uF, find iy (0%) in
milliamperes.

8.7 The natural voltage response of the circuit in Fig. 8.1
is :

v(t) = 100e 299 (¢05 15,000 — 2sin 15,000t) V, ¢ > 0,

when the capacitor is 0.04 yF. Find (a) L; (b) R;
(c) Vo; (d) Io; and (e) iL(2).

8.8 The initial value of the voltage v in the circuit in
Fig. 8.1 is 15 V, and the initial value of the capaci-
tor current, i.(0"), is 45 mA. The expression for the
capacitor current is known to be

lc(t) — Ale—200t + Aze—SOOt’ t > 0+’

when R is 250 Q. Find
a) thevalue of a, wg, L, C, Ay, and A;

<. dic(0) dip(0) dig(0) v(0) 1ic(0+))
Hint: T = - — =

dt dt L R C

b) the expression for v(z), ¢ > 0,
c) the expression for ig(¢) > 0,
d) the expression for iy (¢) > 0.

8.9 The voltage response for the circuit in Fig. 8.1 is
known to be

v(t) = Dite % + Dy 1> 0.

The initial current in the inductor (/) is —10 mA,
and the initial voltage on the capacitor (V) is 8 V.
The inductor has an inductance of 4 H.

a) Find the value of R, C, Dy, and D;.
b) Find ic(¢) for ¢t > 0t.



8.10

8.12

8.13

8.14

InthecircuitinFig.8.1, R = 12.5Q, L = (50/101) H,
C=0.08F Vo =0V,and Iy = —4 A.

a) Find v(z) for r > 0.

b) Find the first three values of ¢ for which dv/dr -

is zero. Let these values of ¢ be denoted 1,
t,and 3.

c) Show thats —t = 1j.

d) Show thatn, —t = Ty/2.

e) Calculate v(r1), v(f2), and v(13).

f) Sketch v(z) versus ¢ for 0 <t < ;.

a) Find v(¢) for + > 0 in the circuit in Prob-
lem 8.101if the 12.5 Q resistor is removed from
the circuit.

b) Calculate the frequency of v(¢) in hertz.

¢) Calculate the maximum amplitude of v(z) in
volts.

In the circuit shown in Fig. 8.1, a 12.5 H inductor
is shunted by a 3.2 nF capacitor, the resistor R is
adjusted for critical damping, Vp = 100 V, and I, =
6.4 mA.

a) Calculate the numerical value of R.

b) Calculate v(¢) for r > 0.

c) Find v(¢) when ic(r) = 0.

d) What percentage of the initially stored en-
ergy remainsstored in the circuit at the instant
ic(t) is 0?7

The resistor in the circuit in Example 8.4 is changed
to 3200 Q.

a) Find the numerical expression for v(¢) when
t>0.

b) Plot v(z) versus ¢ for the time interval 0 < ¢ <
7 ms. Compare this response with the one in
Example 8.4 (R = 20 k) and Example 8.5
(R = 4 kQ). In particular, compare peak
values of v(¢) and the times when these peak
values occur.

Assume the underdamped voltage response of the
circuit in Fig. 8.1 is written as

v(1) = (A1 + Ap)e™

The initial value of the inductor current is Iy, and
the initial value of the capacitor voltage is Vy. Show
that A, is the conjugate of A;. (Hint: Use the same
process as outlined in the text to find A; and A;.)

coswyt + j(A1 — Az)e ™ sin wyt

8.15

8.16

Show that the results obtained from Problem 8.14—
thatis, the expressions for A; and A, —are con51stent
with Eqgs. 8.30 and 8.31 in the text.

The two switches in the circuit seen in Fig. P8.16 op-
erate synchronously. When switch 1 is in position
a, switch 2 is in position d. When switch 1 moves
to position b, switch 2 moves to position c¢. Switch
1 has been in position a for a long time. At ¢ = 0,
the switches move to their alternate positions. Find
v, (2) for ¢ > 0.

Figure P8.16
N
10 1 _2_1
a d
15V 60 mA 500 Q §
T
- - J

The resistor in the circuit of Fig. P8.16 is increased
from 100 Q to 200 2. Find v,(z) for t > 0.

The resistor in the circuit of Fig. P8.16 is increased
from 100 © to 125 Q. Find v,(¢) for ¢ > 0.

The switch in the circuit of Fig. P8.19 has been in
position a for a long time. At ¢ = 0 the switch moves
instantaneously to position b. Find v,(z) for ¢ > 0.

Figure P8.19

-

For the circuit in Example 8.6, find, for + > 0,
(a) v(1); (b) ir(2); and () ic(2).

For the circuit in Example 8.7, find, for ¢ > 0, (a) v(z)
and (b) ic(?).



8.22

8.23

P

8.24

1]

For the circuit in Example 8.8, find v(z) for r > 0.

The switch in the circuit in Fig. P8.23 has been open
a long time before closing at + = 0. Find i, (¢) for
t>0.

Figure P8.23

Assume that at the instant the 66 mA dc current
source is applied to the circuitin Fig. P8.24, the initial
current in the 50 mH inductor is —45 mA, and the
initial voltage on the capacitor is 15 V (positive at
the upper terminal). Find the expression for iy (z)
for t+ > 0 if R equals 200 .

Figure P8.24

60 mA iL(t)l 50 mH T 02uF %R

The resistance in the circuit in Fig. P8.24 is increased
to 312.5 Q. Find i (¢) for ¢ > 0.

The resistance in the circuit in Fig. P8.24 is changed
to 250 Q. Find i, (¢) for t > 0.

There is no energy stored in the circuit in Fig. P8.27
when the switch is closed at ¢ = 0. Find v,(¢) for
t>0. '

Figure P8.27

12V 1.25 ,U,FT V,91.25 H

8.28 a) For the circuit in Fig. P8.27, find i, for ¢ > 0.

@ b) Show that your solution for i, is consistent
with the solution for v, in Problem 8.27.

8.29 The switch in the circuit in Fig. P8.29 has been open
@ for a long time before closing at + = 0. Find v,(z)
fort > 0.

Figure P8.29
e N

400 O X Lo

IO
12V TI.ZS uF Vo3125H
]

8.30 a) For the circuit in Fig. P8.29, find i, for r > 0.

@ b) Show that your solution for i, is consistent
with the solution for v, in Problem 8.29.

J

8.31 Theswitchin the circuitin Fig. P8.31 hasbeen open a
@3 long time before closing at ¢+ = 0. Find v, for r > 0.

Figure P8.31

75V 6.25H Vo =25 uF

8.32 The switch in the circuit in Fig. P8.32 has been open
% a long time before closing at + = 0. Find

a)  v,(r) forr > 0%,
b) i;(t) fort > 0.

Figure P8.32

156.25 O

25V




‘Natural and Step,‘ Rgspousgs, of RLG Circuits

8.33

8.34

o

8.35

Use the circuit in Fig. P8.32

a) Find the total energy delivered to the induc-
tor.

b) Find the total energy delivered to the equiv-
alent resistor.

¢) Find the total energy delivered to the capaci-
tor.

d) Find the total energy delivered by the equiv-
alent current source. .

e) Check the results of parts (a) through (d)
against the conservation of energy principle.

Switches 1 and 2 in the circuit in Fig. P8.34 are syn-
chronized. When switch 1 is opened, switch 2 closes
and vice versa. Switch 1 has been open a long time
before closing at t = 0. Find i, (¢) for ¢t > 0.

The initial energy stored in the 50 nF capacitor in the
circuitin Fig. P8.35is 90 wJ. The initial energy stored
in the inductor is zero. The roots of the characteristic
equation that describes the natural behavior of the

current i are —1000s~! and —4000 s~1.

a) Find the numerical values of R and L.

b) Findthe numerical values of i (0) and di (0)/dt
immediately after the switch has been closed.

¢) Find i(¢) forr > 0.

8.36

8.37

8.38

Figure P8.35
R
=0 i(?) +
50 nF =~ L3v.(2)

The current in the circuit in Fig. 8.3 is known to be
i = B1e 2% cos 15007 + By sin 1500z, > 0.

The capacitor has a value of 80 nF; the initial value
of the current is 7.5 mA; and the initial voltage on
the capacitor is —30 V. Find the values of R, L, B,
and B;.

Find the voltage across the 80 nF capacitor for the
circuit described in Problem 8.36. Assume the ref-
erence polarity for the capacitor voltage is positive
at the upper terminal.

In the circuit in Fig. P8.38, the resistor is adjusted
for critical damping. The initial capacitor voltage is
20V, and the initial inductor current is 30 mA.
a) Find the numerical value of R.
b) Find the numerical values of i and di/dt im-
mediately after the switch is closed.

c) Find vc (t) fort > 0.

d) How many microseconds after the switch Figure P8.38
closes does the current reach its maximum > R
value? AW
+ t= O* -—i>
e) What is qthe maximum value of i in milli- Ve 0.5 uF 80 mH
amperes’
f) Find vy (¢) for ¢ > 0.
Figure P8.34
N
75kQ Switch 1
150V 100 mA

3.75kQ ;[LOZSMF lL

—\WA—o




8.39

8.40

8.41

The switch in the circuit in Fig. P8.39 has been in
position a for a long time. At ¢ = 0, the switch
moves instantaneously to position b.

a) What is the initial value of v, ?

b) What is the initial value of dv,/dt?

¢) Whatis the numerical expression for v, (¢) for
t>0?

Figure P8.39

7.5kQ

25H

The make-before-break switch in the circuit shown
in Fig. P8.40 has been in position a for a long time.
At t+ = 0, the switch is moved instantaneously to
position b. Find i(¢) for ¢ > 0.

Figure P8.40
4 N\
200 /b A
WA a / i
Vit 0
240V % 10H

- J
The switch in the circuit shown in Fig. P8.41 has been

closed for a long time. The switch opens at ¢t = 0.
Find v,(¢) for t > 0.

Figure P8.41
— ~

8.42

8.43

8.44

P

The switch in the circuit shown in Fig. P8.42 has been
closed for a long time. The switch opens at r = 0.
Find

a) i,(t) fort >0,

b) w,() for ¢t > 0.

Figure P8.42

500 lio(t) +

V() ,l\4o nF

(S J

25mH

The initial energy stored in the circuit in Fig. P8.43
is zero. Find v,(¢) for ¢t > 0.

Figure P8.43
1H 8kQ
* ASAA A\~
t=0 +
80V 50 nF =< v,(f)

The two switches in the circuit seen in Fig. P8.44 op-
erate synchronously. When switch 1 is in position a,
switch 2 is closed. When switch 1 is in position b,
switch 2 is open. Switch 1 has been in position a for
a long time. At ¢ = 0, it moves instantaneously to
position b. Find v.(¢) for ¢ > 0.

Figure P8.44
( )
40 a 1=0
8 Q) 100 mH 2
— A - b
sy 3h
+ 180
60V
\__ — - Y,




Natural and Step Responses of RLC Circuits '

8.46

P

8.47

The circuit shown in Fig. P8.45 has been in operation
for a long time. At ¢ = 0, the voltage suddenly
increases to 250 V. Find v, (¢) for ¢ > 0.

Figure P8.45

8 kO 160 mH
YL

I ¥

10 nFT ()

The switch in the circuit of Fig. P8.46 has been in
position a for a long time. At ¢ = 0 the switch moves
instantaneously to position b. Find

a) U0(0+)
b)  dv,(01)/ds
c) v,(t) fort > 0.

Figure P8.46

SH

N—

Assume that the capacitor voltage in the circuit of
Fig. 8.15 is underdamped. Also assume that no en-
ergy is stored in the circuit elements when the switch
is closed.
a) Show that dvc/dt = (&}/ws)Ve ™ sinwgt.
b) Show that dvc/dt = 0 when ¢ = nn/wy,
where n =0,1,2,....
c) Lett, = nw/wy, and show that ve(s,) =
VvV — V(_l)ne»ann/wd .
d) Show that
1 vet)—-V

@=-—Iln—="
Ty ve(t3)—V

where T; =13 — #1.

8.48

8.49

The voltage across a 0.1 wF capacitor in the circuit
of Fig. 8.15 is described as follows: After the switch
has been closed for several seconds, the voltage is
constant at 100 V. The first time the voltage exceeds
100 V, it reaches a peak of 163.84 V. This occurs
7 /7 ms after the switch has been closed. The second
time the voltage exceeds 100 V, it reaches a peak of
126.02 V. This second peak occurs 37 /7 ms after the
switch has been closed. At the time when the switch
is closed, there is no energy stored in either the ca-
pacitor or the inductor. Find the numerical values
of R and L. (Hint: Work Problem 8.47 first.)

The switch in the circuit shown in Fig. P8.49 has been
closed for a long time before it is opened at ¢ = 0.
Assume that the circuit parameters are such that the
response is underdamped.

a) Derive the expression for v,(z) as a function
of v,, o, wg, C,and R for t > 0.

b) Derive the expression for the value of t when
the magnitude of v, is maximum.

Figure P8.49

s ) N
t=0

The circuit parameters in the circuit of Fig. P8.49 are
R=4800Q,L =64mH, C =4nFandv, = =72 V.

a) Express v,(¢) numerically for ¢ > 0.

b) How many microseconds after the switch
opens is the inductor voltage maximum?

c) What is the maximum value of the inductor
voltage?

d) Repeat (a)-(c) with R reduced to 480 Q.



8.51

The voltage signal of Fig. P8.51(a) is applied to the
cascadedintegrating amplifiers shown in Fig. P8.51(b).
There is no energy stored in the capacitors at the in-
stant the signal is applied.

a) Derive the numerical expressions for v, (t)
and v, (¢) for the time intervals 0 <¢ < 0.5s
and 0.5s <t < ty.

b) Compute the value of #y,;.

Figure P8.51
N
vy (mV)
80
|
0 t(s)
—40 - 0.5 1.0
(a)
0.5 uF
| ;L 0.2 uF
AN ]|(
100 kQ S5V
400 kO 125V
— M —
» + —o
g -5V Vo1 +
— =125V v,
v —
v
(b)
N J
8,52 The circuit in Fig. P8.51(b) is modified by adding a

8.53

8.54

1 MQ resistor in parallel with the 0.5 uF capaci-
tor and a 5 MQ resistor in parallel with the 0.2 uF
capacitor. As in Problem 8.51, there is no energy
stored in the capacitors at the time the signal is ap-
plied. Derive the numerical expressions for v,(r)
and v,1(¢) for the time intervals 0 < ¢ < 0.5 s and
05s <t <oo0.
Show that, if no energy is stored in the circuit shown
in Fig. 8.19 at the instant v, jumps in value, then
dv,/dt equals zero at t = 0.
a) Find the equation for v, () for 0 < < f5¢ in
the circuit shown in Fig. 8.19 if v, (0) =5V
and v,(0) =8 V.

b) How long does the circuit take to reach satu-
ration?

8.55 a) Rework Example 8.14 with feedback resistor

R; and R, removed.

b) Rework Example 8.14 with v,1(0) = =2
and v,(0) =4 V.

8.56 a) Derive the differential equation that relate
the output voltage to the input voltage for th

circuit shown in Fig. P8.56.

b) Compare theresult with Eq.8.75when R1C;
RyCy = RC in Fig. 8.18.

c) Whatis the advantage of the circuit shown i

Fig. P8.56?
Figure P8.56
e N
—lc
R R
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Vg 2C F

_— *
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8,57 We now wish to illustrate how several op amp cii
cuits can be interconnected to solve a differentie
equation.

a) Derivethedifferential equation for the sprin;
mass system shown in Fig. P8.57(a). (Se
page 378.) Assume that the force exerte
by the spring is directly proportional to th
spring displacement, that the mass is constan
and that the frictional force is directly propo1
tional to the velocity of the moving mass.

b) Rewrite the differential equation derived i
(a) so that the highest order derivative is ex
pressed as a function of all the other term
in the equation. Now assume that a voltag
equal to d’x/dt? is available and by succes
sive integrations generates dx/dt and x. W
can synthesize the coefficients in the equa
tions by scaling amplifiers, and we can com
bine the terms required to generate d’x/dt
by using a summing amplifier. With thes
ideas in mind, analyze the interconnectior
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shown in Fig. P8.57(b). In particular, describe
the purpose of each shaded area in the circuit
and describe the signal at the points labeled
B, C, D, E, and F, assuming the signal at A

represents d2x/dt?. Also discuss the param-
eters R; Ry, C1; Ry, Ca2; R3, R4; Rs, Rg; and
R7, Rg in terms of the coefficients in the dif-
ferential equation.

Figure P8.57
4 ] N\
—x()—
K
M — /(1)
D
el
(a)
1
Rg
A
R7 2/‘
1) — WA~ R c 4
1
MA I ( sz
A R II\
—0—"\\\— B R
—o—"\\\ ¢ C
—O
5
R;
A
R,
l b AAA—
~ +
6
(b)




N AR R I R R

Problems

a)
b)

©)

Derive Eq. 8.92.
Derive Eq. 8.93.
Derive Eq. 8.97.

Derive Eq. 8.99.

a)

b)

Using the same numerical values used in the
Practical Perspective example in the text, find
the instant of time when the voltage across the
capacitor is maximum.

Find the maximum value of v..

Compare the values obtained in (a) and (b)
with fmax and ve(fmax) -

The values of the parameters in the circuit in Fig. 8.21
are R=3Q; L =5mH; C =025 uF; Vac =12V,

and a

= 50. Assume the switch opens when the

primary winding current is 4 A.

a)

b)

How much energy is stored in the circuit at
t=0%?

Assume the spark plug does not fire. What is
the maximum voltage available at the spark

plug? :

What is the voltage across the capacitor when
the voltage across the spark plug is at its max-
imum value?



1d: haV1or often sxmphﬁes the de51gn of electncal Sys-
‘ tems* Thus a- demgner can spell out specifications in terms of a
desnred steady-state sinusoidal response and design the circuit
or system to meet those characteristics. If the device satisfies
the specifications, the designer knows that the circuit will re-
spond satisfactorily to nonsinusoidal inputs.
The subsequént chapters of this book are largely based
on a thorough understanding of the techniques needed
to analyze circuits driven by sinusoidal sources. Fortu-
nately, the circuit analysis and simplification techniques
first introduced in Chapters 1-4 work for circuits with
sintiéoidal as well as dc sources, so some of the mate-
o rlal 1r1 thls chapter will be very familiar to you The

‘challenges m ﬁrst approachmg smusmdal analy-







 Sinusoidal Steady-State Analysis

TR

Again, we invoke the identity involving the co-
sine of the sum of two angles and write

y = 44.72 cos(wt + 33.43°).

b) We can solve the problem by using phasors as
follows: Because

y=y-+y,
then, from Eq. 9.24,

Y=Y1+Y,
=20 /-30° + 40 /60°
= (17.32 — j10) + (20 + j34.64)

=37.32+ j24.64
= 4472 /33.43°.

Once we know the phasor Y, we can write the
corresponding trigonometric function for y by
taking the inverse phasor transform:

y = P7H44.72739) = R{44.72e733B ity
= 44.72 cos(wt + 33.43°).

The superiority of the phasor approach for
adding sinusoidal functions should be appar-
ent. Note that it requires the ability to move
back and forth between the polar and rectan-
gular forms of complex numbers.

ASSESSING OBJECTIVE 1

¢ Understand phasor concepts and be able to perform a phasor transform and an inverse phasor transform

9.1 Find the phasor transform of each
trigonometric function:

a) v =170cos(377t — 40°) V.
b) i = 10sin(1000z 4+ 20°) A.

¢) i = [Scos(wt + 36.87°) + 10 cos(wt —
53.13%)] A. '

d) v = [300cos (20,0007t + 45°) —
1005in(20,0007¢ + 30°)] mV.

9.2 Find the time-domain expression
corresponding to each phasor:

a) V=186 /—54° V.
b) I = (20 /45°—50 /—30°) mA.
¢) V = (20 + j80 —30 /15°) V.

NOTE o Also try Chapter Problem 9.12.

ANSWER: (a) 170 /—40° V: (b) 10 /=70° A;
(c) 11.18 /=26.57° A;
(d) 339.90 /61.51° mV.

ANSWER: (a) 18.6cos(wr — 54°) V;
(b) 48.81 cos(wt + 126.68°) mA,;
(c) 72.79 cos(wt + 97.08°) V.



is measured in ohms. Note that, although impedance is a complex number,
itis not a phasor. Remember, a phasor is a complex number that shows up
as the coefficient of e/“*. Thus, although all phasors are complex numbers,
not all complex numbers are phasors.
Impedance in the frequency domain is the quantity analogous to re-
sistance, inductance, and capacitance in the time domain. The imaginary
TABLE 9.1 Impe dance . B part of the impedance is called reactance. The values of impedance and

reactance for each of the component values are summarized in Table 9.1.
And finally, a reminder. If the reference direction for the current in
CIRCUIT ; a passive circuit element is in the direction of the voltage rise across the

ELEMENT element, you must insert a minus sign into the equation that relates the
: voltage to the current.

Reactance Values

‘Resistor R
Inductor joL
Capacitor J(——l/wC) .

ASSESSING OBJECTIVE 2

+ Be able to transform a circuit with a sinusoidal source into the frequency doméin using phasor conéepts

9.3 The current in the 20 mH inductor is 20 mH

10cos(10,000¢ + 30°) mA. Calculate (a)

the inductive reactance; (b) the * HC

impedance of the inductor; (c) the !

phasor voltage V; and (d) the .

steady-state expression for v(z). ANSWER: Egg 200 91, 0(1(3)) J200 2; (c) 2 /120° V,

2cos(10,000¢ + 120°) V.

9.4 The voltage across the terminals of the S uF

5 uF capacitor is 30 cos(4000¢ + 25°) V. . I( o

Calculate (a) the capacitive reactance; + v -

(b) the impedance of the capacitor; (c) -

the phasor current I, and (d) the

steady-state expression for i(¢). ANSWER: (2) —50 ©; (b) —j50 Q:

(c) 0.6 /115° A;
(d) 0.6cos(4000z + 115°) A.

NOTE o Also try Chapter Problems 9.13 and 9.14.



ASSESSING OBJECTIVE 3

Analysis

Equations 9.35, 9.41, and 9.43 form the basis for circuit analysis in
the frequency domain. Note that Eq. 9.35 has the same algebraic form as
Ohm’s law, and that Egs. 9.41 and 9.43 state Kirchhoff’s laws for phasor
quantities. Therefore you may use all the techniques developed for an-
alyzing resistive circuits to find phasor currents and voltages. You need
learn no new analytic techniques; the basic circuit analysis and simplifica-
tion tools covered in Chapters 24 can all be used to analyze circuits in
the frequency domain. Phasor circuit analysis consists of two fundamental
tasks: (1) You must be able to construct the frequency-domain model of a
circuit; and (2) you must be able to manipulate complex numbers and/or
quantities algebraically. We illustrate these aspects of phasor analysis in
the discussion that follows, beginning with series, parallel, and delta-to-wye
simplifications.

<+ Know how to use circuit analysis techniques to solve a circuit in the frequency domain

Four branches terminate at a common
node. The reference direction of each
branch current (i1, iz, i3, and i4) is
toward the node. If

i1 = 100 cos(wt + 25°) A,

ip = 100 cos(wt + 145°) A, and

i3 = 100 cos(wt — 95°) A, find i4.

ANSWER: i, = 0.

NOTE o Also try Chapter Problems 9.15 and 9.16.

p
ae— 7, Zyt—-—2Z,
+ —
Vab I
be

TR RE] [mpedances in series.

9.6 < Series, Parallel, and Delta-to-Wye Simplifications

The rules for combining impedances in series or parallel and for making
delta-to-wye transformations are the same as thosc for resistors. The only
difference is that combining impedances involves the algebraic manipula-
tion of complex nu.u.bess.

Combining Impedances in Series and Parallel

Impedances in series can be combined into a single impedance by simply
adding the individual impedances. The circuit shown in Fig. 9.14 defines the
problem in general terms. The impedances Z1, Z,, ..., Z, are connected



The phasor transform of vy is b) We compute the phasor current simply by di-
viding the voltage of the voltage source by the
vV, =750 /30° V. equivalent impedance between the terminals

a,b. From Eq. 9.45,

Figure 9.16 illustrates the frequency-domain
equivalent circuit of the circuitshownin Fig. 9.15. Zap = 90 + 160 — j40

=90+ j120 =150 /£53.13° Q.

a 90 jl600

Thus

750/30°
\%

750 £30°
== 5 /-2313° A
1= 5% 50 =

We may now write the steady-state expression
for i directly:

I = 5cos(5000r —23.13°) A.

ASSESSING OBJECTIVE 3

& Know how to use circuit analysis techniques to solve a circuit in the frequency domain

9.6 For the circuit in Fig. 9.15, with V; = ANSWER: (a) 2.86 uF; (b) 0.982 A.
125 /=60 V and w = 5000 rad/s, find

a) the value of capacitance that yields
a steady-state output current i with
a phase angle of —105°.

b) the magnitude of the steady-state
output current i.

NOTE e Also try Chapter Problem 9.17.

Impedances connected in parallel may be reduced to a single equiva-
lent impedance by the reciprocal relationship

1
e (9.46)




elta-to-Wye Simplifications

ASSESSING OBJECTIVE 3

4 Know how to use circuit analysis techniques to solve a cii‘duit in thé"f'rueqnency domaih ‘

9.7 A 20 Q resistor is connected in parallel ¢) At what finite frequency does the
with a 5 mH inductor. This parallel impedance of the interconnection
combination is connected in series with become purely resistive?

a 5 Q resistor and a 25 uF capacitor. d) What is the impedance at the
a) Calculate the impedance of this frequency found in (c)?
interconnection if the frequency is
2 kradys. ANSWER: (a) 9 — ;12 Q; (b) 21+ j3 Q;

b) Repeat (a) for a frequency of (c) 4 krad/s; (d) 15 Q.

8 krad/s.
9.8 The interconnection described in What is the maximum amplitude of the
Assessment Problem 9.7 is connected current in the 5 mH inductor?

across the terminals of a voltage source

that is generating v = 150 cos 4000¢ V. ANSWER:  7.07 A.

NOTE o Also try Chapter Problems 9.18-9.20.

Delta-to-Wye Transformations

The A-to-Y transformation that we discussed in Section 3.7 with regard
to resistive circuits also applies to impedances. Figure 9.20 defines the
A-connected impedances along with the Y-equivalent circuit. The Y im-
pedances as functions of the A impedances are

7, = Lol (.51)
YC i v+ 2z '
ZeZa
Zy=——2 9.52
? Za+Zy+ Z¢ ( )
ZaZb

Z3= ————. 9.53 ‘ e
T Zit Zo + Z 059 Figure 9.20 BERIASEICRC




In terms of the branch currents defined in Fig. 9.21,

8
Ilzlabn_—"z"‘nga

4 8

b=la=1G+isA

We check the calculations of I and I, by noting
that

L+, =24+ j32=1I.

To find the branch currents I5, 14, and Is, we must
first calculate the voltages Vi and V,. Referring
to Fig. 9.21, we note that

328
Vi =120 A0° —(—jd]I; = —3—- + j8V,

104
V2 =120 £0°~(632+ 24 =96~ j—5- V.

ASSESSING OBJECTIVE 3

We now calculate the branch currents Is, Iy,
and Is:

Vi-V, 4 128

4
I = RN
3 10 3tz

Vi 2
L=-—1 __—Z2_jl6a,
“T20+j60 3 7
vV, 26

Is = 24 j48A
ST 015

We check the calculations by noting that

2 26
+Z 1.6+ j48 =24+ j32=1,,

It +1s = -
st =3+13
4 2 12.8 8
I Ii=-+- — — 1.6 =2 j— =1
3+ 14 3+3+J3 J +J3 1s
4 4 128 8 26
I3+12_=— j — +j48 =1s.

3t/ 3 T T3S

¢ Know how to use circuit analysis techniques to solve a circuit in the frequency domain

9.9 Use a A-to-Y transformation to find the
current I in the circuit shown.
ANSWER: TI=4 28.07° A.

NOTE o Also try Chapter Problem 9.35.

-

136/0° /7 + S0Q
\Va _

j40 Q = —j150




98 The Node-Voltage Method

ASSESSING OBJECTIVE 3

+ Know how to use circuit analysis techniques to solve a circuit in the frequency domain

9.10 Find the steady-state expression for 15 mH 200
U, (¢) in the circuit shown by using the A008 * * A
technique of source transformations. +
The sinusoidal voltage sources are vy 3003 () 25/6 uF V2
vy = 240 cos(4000¢ + 53.13°) V, . _ 1\

vy = 96sin 40007 V.

ANSWER: 48 cos(4000¢ + 36.87°) V

9.11 Find the Thévenin equivalent with
respect to terminals a,b in the circuit
shown.

ANSWER: Vr, =V, =05 =45V,
Zm=5-j5Q.

NOTE o Also try Chapter Problems 9.39, 9.42, and 9.43.

9.8 * The Node-Voltage Method

In Sections 4.2-4.4, we introduced the basic concepts of the node-voltage
method of circuit analysis. The same concepts apply when we use the
node-voltage method to analyze frequency-domain circuits. Example 9.11
illustrates the solution of such a circuit by the node-voltage technique.
Assessment Problem 9.12 and many of the Chapter Problems give you
an opportunity to use the node-voltage method to solve for steady-state
sinusoidal responses.



To check our work, we note that
IL+I, =684 — j1.6843.76 + j1.68
=106 A,
L=L+I.=-144—j11.924+52 + j13.6
=3.76 + j1.68 A.

ASSESSING OBJECTIVE 3

& Know how to use circuit anaiysis techniques tb 'solve‘a circuif in”the fréquﬁcy domain

9.12 Use the node-voltage method to find
the steady-state expression for v(¢) in
the circuit shown. The sinusoidal
sources are iy = 10coswt A and
v; = 100sin wt V, where o = 50 krad/s.

ANSWER: v (¢) = 31.62 cos(50,000¢ — 71.57°) V.

20 Q
— AN
I 50 v(1) T 9 uF 100 uH Vg

NOTE o Also try Chapter Problems 9.51 and 9.54.

9.9 ¢ The Mesh-Current Method

We can also use the mesh-current method to analyze frequency-domain cir-
cuits. The procedures used in frequency-domain applications are the same
as those used in analyzing resistive circuits. In Sections 4.5-4.7, we intro-
duced the basic techniques of the mesh-current method; we demonstrate
the extension of this method to frequency-domain circuits in Example 9.12.



ASSESSING OBJECTIVE 3

¢ Know how to use circuit analysis technques to solve a circuit in the frequency domain

9.13 Use the mesh-current method to find ( 10 20
the phasor current I in the circuit —MA— .
shown. I
ANSWER: 1 =29+ j2 =29.07 /3.95 A. 30
+7133.8/0°
C_p v . 203 075V, (4
V. T -i5Q

NOTE & Also try Chapter Problems 9.56 and 9.59.

9.10 ¢ The Transformer

A transformer is a device that is based on magnetic coupling. Transform-
ers are used in both communication and power circuits. In communication
circuits, the transformer is used to match impedances and eliminate dc
signals from portions of the system. In power circuits, transformers are
used to establish ac voltage levels that facilitate the transmission, distribu-
tion, and consumption of electrical power. A knowledge of the sinusoidal
steady-state behavior of the transformer is required in the analysis of both
communication and power systems. In this section, we will discuss the si-
nusoidal steady-state behavior of the linear transformer, which is found
primarily in communication circuits. In Section 9.11, we will deal with the
ideal transformer, which is used to model the ferromagnetic transformer
found in power systems.

Before starting we make a useful observation. When analyzing circuits
containing mutual inductance use the mesh- or loop-current method for
writing circuit equations. The node-voltage method is cumbersome to use
when mutual inductance in involved. Thisis because the currents in the var-
ious coils cannot be written by inspection as functions of the node voltages.

The Analysis of a Linear Transformer Circuit

A simple transformer is formed when two coils are wound on a single core to
ensure magnetic coupling. Figure 9.38 shows the frequency-domain circuit
model of a system that uses a transformer to connect a load to a source.
In discussing this circuit, we refer to the transformer winding connected to
the source as the primary winding and the winding connected to the load as
the secondary winding. Based on this terminology, the transformer circuit




9.10 The Transformer

f) The impedance seen looking into the primary The Thévenin impedance will be equal to the
terminals of the transformer is the impedance impedance of the secondary winding plus the
of the primary winding plus the reflected impedance reflected from the primary when
impedance; thus the voltage source is replaced by a short-

circuit. Thus

Zap =200 + j3600 + 800 + ;800 = 1000 + 74400 2. 1200

Zm =100 + j1600 + [ ——20
R T +<|700+j37001

2
700 — 3700
g) The Thévenin voltage will equal the open cir- ) ( ! )

cuit value of V4. The open circuit value of Vg4
will equal j1200 times the open circuit value
of I. The open circuit value of I is

=171.09 + j1224.26 Q.

The Thévenin equivalent is shown in Fig. 9.40.

. 300 £0° —
700 + 73700 171.09 Q J1224.26 Q
W{ YYY ¢ C
=79.67 /=79.29° mA.
£=1925" m 95.60/10.71°
Therefore, v
od

Vrn = j1200(79.67 /=79.29°) x 1073
=95.60 £10.71° V.

Figure 9.40 §

ASSESSING OBJECTIVE 4

& Be able to analyze circuits containing linear transformers using phasor methods

9.14 A linear transformer couples a load [
consisting of a 360 € resistor in series Zs
with a 0.25 H inductor to a sinusoidal —
voltage source, as shown. The voltage v SII
source has an internal impedance of
184 + jO ©Q and a maximum voltage of . e .
245.20 V, and it is operating at Source b Transformer
800°‘rad/s. The transformer parameters ~
are Ry =100 @, L1 =0.5 H, ANSWER: (a) 10.24 — j7.68 ;
R, =40 Q, L, =0.125 H, and k = 0.4. (b) 0.5c0s(800r — 53.13°) A,
Calculate (a) the reflected impedance; (c) 0.08cos 800r A.

(b) the primary current; and (c) the
secondary current.

NOTE o Also try Chapter Problems 9.66 and 9.67.



911 The Ideal Transformer

Figure 9.42 shows the graphic symbol for an ideal transformer. The
vertical lines in the symbol represent the layers of magnetic material from
which ferromagnetic cores are often made. Thus, the symbol reminds us
that coils wound on a ferromagnetic core behave very much like an ideal
transformer.

There are several reasons for this. The ferromagnetic material creates
a space with high permeance. Thus most of the magnetic flux is trapped
inside the core material, establishing tight magnetic coupling between coils
that share the same core. High permeance also means high self-inductance,
because L = N?2. Finally, ferromagnetically coupled coils efficiently
transfer power from one coil to the other. Efficiencies in excess of 95% are
common, so neglecting losses is not a crippling approximation for many
applications.

Determining the Polarity of the Voltage and Current
Ratios

We now turn to the removal of the magnitude signs from Eqgs. 9.76 and 9.77.
Note that magnitude signs did not show up in the derivations of Egs. 9.83
and 9.86. We did not need them there because we had established reference
polarities for voltages and reference directions for currents. In addition,
we knew the magnetic polarity dots of the two coupled coils.

The rules for assigning the proper algebraic sign to Egs. 9.76 and 9.77
are as follows:

1. If the coil voltages V; and V; are both positive or negative at the
dot-marked terminal, use a plus sign in Eq. 9.76. Otherwise, use a
negative sign.

2. If the coil currents I; and I, are both directed into or out of the
dot-marked terminal, use a minus sign in Eq. 9.77. Otherwise, use
a plus sign.

- DOT CONVENTION FOR IDEAL TRANSFORMERS



 Sinusoidal Steady-State Analysis

Vi Vs ViV,

NN, NN
NI = —-N0, NI = Nyl

(a) (b)
REEEY s that shor e oper aigebr

| transformer.

The four circuits shown in Fig. 9.43 illustrate these rules.

The ratio of the turns on the two windings is an important parameter of
the ideal transformer. The turns ratio is defined as either N1/N, or N,/Ny;
both ratios appear in various writings. In this text, we use a to denote the

ratio N, /Ny, or
N
a= -2 (0.87)
Ny

Figure 9.44 shows three ways to represent the turns ratio of an ideal
transformer. Figure 9.44(a) shows the number of turns in each coil explic-
itly. Figure 9.44(b) shows that the ratio N;/Nj is 5 to 1, and Fig. 9.44(c)
shows that the ratio N;/N; is 1 to %

Example 9.14 illustrates the analysis of a circuit containing an ideal
transformer.

s N
N; =500 N, =2500
+ e ° + o] li5[e +
Vi ; Vi ‘ \E!
- Ideal = Ideal -
(a) (b)

T o5 %
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I, I
7 — ——
¥ elliafe ¥
VS Vl ' V2 ZL

e

. Ideal

XY Using an ideal transformerto " ' -

couple a load toassource.

The Use of an Ideal Transformer for Impedance
Matching

Ideal transformers can also be used to raise or lower the impedance level
of a load. The circuit shown in Fig. 9.47 illustrates this. The impedance
seen by the practical voltage source (V; in series with Z;) is V;/I;. The
voltage and current at the terminals of the load impedance (V; and I,,) are
related to Vi and I; by the transformer turns ratio; thus

V= XZ_, (9.88)
a
and
I, = al,. (9.89)
Therefore the impedance seen by the practical source is
Vi 1V,
IIN= — = ——, 9.90
N=1 T2 (9.90)
but the ratio V,/I, is the load impedance Z; , so Eq. 9.90 becomes
1
ZIN = ——Z—ZL. (9.91)
a

Thus, the ideal transformer’s secondary coil reflects the load impedance
back to the primary coil, with the scaling factor 1/a?.

Note that the ideal transformer changes the magnitude of Z, but does
not affect its phase angle. Whether Zy is greater or less than Z; depends
on the turns ratio a.

The ideal transformer—or its practical counterpart, the ferromagnetic
core transformer—can be used to match the magnitude of Zp, to the mag-
nitude of Z;. We will discuss why this may be desirable in Chapter 10.

ASSESSING OBJECTIVE 5

¢ Be able to analyze circuits with ideal transformers

9.15

ANSWER:

The source voltage in the phasor
domain circuit in the accompanying
figure is 25 /0° kV. Find the amplitude
and phase angle of V, and 1.

V, = 1868.15 £142.39° V;
I, =125 £216.87° A.

NOTE & Also try Chapter Problem 9.71.

IdealL‘ -

= —j1440Q




¢ The general equation for a sinusoidal source is
v = V,, cos(wt + ¢) (voltage source),

or
i = I, cos(wt + ¢) (current source),

where V,, (or I,,) is the maximum amplitude, o is the
frequency, and ¢ is the phase angle. (See page 382.)

¢ The frequency, w, of a sinusoidal response is the same
as the frequency of the sinusoidal source driving the
circuit. The amplitude and phase angle of the response
are usually different from those of the source. (See
page 387.)

¢ The best way to find the steady-state voltages and cur-
rents in a circuit driven by sinusoidal sources is to per-
form the analysis in the frequency domain. The follow-
ing mathematical transforms allow us to move between
the time and frequency domains.

TABLE 9.3 Impedance an

10 ~

Py T, l
120/0° 200 :

o _V 2Q 15
BR[| T 0oz |

2
120/0° l 40 Q
_Vio Is

¢ The phasor transform (from the time domain to the
frequency domain):

V = V,e!® = P{V,, cos(wt + ¢)}.

¢ The inverse phasor transform (from the frequency
domain to the time domain):

P YV, e/} = R{V,e/Pe/ ).

(See pages 388-389.)

¢ When working with sinusoidally varying signals, re-

member that voltage leads current by 90° at the ter-
minals of an inductor, and current leads voltage by 90°
at the terminals of a capacitor. (See pages 394-395.)

¢ Impedance (Z) plays the same role in the frequency do-

main as resistance, inductance, and capacitance play in
the time domain. Specifically, the relationship between
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phasor current and phasor voltage for resistors, induc-
tors, and capacitors is

V="~Z7I,

where the reference direction for I obeys the passive
sign convention. The reciprocal of impedance is ad-
mittance (Y), so another way to express the current-
voltage relationship for resistors, inductors, and capac-
itors in the frequency domain is

V=1/7.

(See pages 395 and 401.)

All of the circuit analysis techniques developed in
Chapters 24 for resistive circuits also apply to sinu-
soidal steady-state circuits in the frequency domain.
These techniques include KVL, KCL, series, and paral-
lel combinations of impedances, voltage and current di-
vision, node voltage and mesh current methods, source
transformations and Thévenin and Norton equivalents.
The two-winding linear transformer is a coupling de-
vice made up of two coils wound on the same nonmag-
netic core. Reflected impedance is the impedance of

A sinusoidal voltage is given by the expression

v = 10c0s(3769.91¢ — 53.13°).

Find (a) f in hertz; (b) T in milliseconds; (c) Vp;
(d) v(0); (e) ¢ in degrees and radians; (f) the small-
est positive value of ¢ at which v = 0; and (g) the
smallest positive value of ¢ at which dv/dt = 0.

9.2

the secondary circuit as seen from the terminals of the
primary circuit or vice versa. The reflected impedance
of a linear transformer seen from the primary side is
the conjugate of the self-impedance of the secondary
circuit scaled by the factor (wM/|Z, )?. (See pages 415
and 417.)

The two-winding ideal transformer is a linear trans-
former with the following special properties: perfect
coupling (k = 1), infinite self-inductance in each coil
(L1 = Ly = 00), and lossless coils (R = Ry = 0).
The circuit behavior is governed by the turns ratio
a = Np/Nji. In particular, the volts per turn is the
same for each winding, or

Vv
Nt Ny

and the ampere turns are the same for each winding, or
NI} = £V 05.

(See page 420.)

Find the rms value of the half-wave rectified sinu-
soidal voltage shown.

Figure P9.2
e T\
v szmsin—zit,OstsT/Z
v, T
t
0] 7 T 312 2T




5.3

Consider the sinusoidal voltage
v(t) = 40cos(100xt + 60°) V.

a) What is the maximum amplitude of the volt-
age?

b) Whatis the frequency in hertz?

c) What s the frequency in radians per second?
d) What is the phase angle in radians?

e) Whatis the phase angle in degrees?

f) What is the period in milliseconds?

g) What is the first time after 1 = 0 that
v=—40 V?

h) The sinusoidal function is shifted 10/3 ms to
the right along the time axis. What is the ex-
pression for v(z)?

i) Whatis the minimum number of milliseconds
that the function must be shifted to the right
if the expression for v(z) is 40sin 100zt V?

j)  Whatis the minimum number of milliseconds
that the function must be shifted to the left if
the expression for v(z) is 40 cos 100z V?

In a single graph, sketch v = 100 cos(wt + ¢) versus
wt for ¢ = —60°, —30°, 0°, 30°, and 60°.

a) State whether the voltage function is shifting

totheright orleft as ¢ becomes more positive.

b) Whatisthe direction of shift if ¢ changes from
0to 30°?

A sinusoidal voltage is zero at + = —27/3 ms and
increasing at a rate of 80,000 V/s. The maximum
amplitude of the voltage is 80 V.

a) Whatis the frequency of v in radians per sec-
ond?

b) What is the expression for v?

At t = —2 ms, a sinusoidal voltage is known to be
zero and going positive. The voltage is next zero at
t = 8 ms. It is also known that the voltage is 80.9 V
att =0.

a) Whatis the frequency of v in hertz?

b) What is the expression for v?

9.7

9.10

9.11

Show that
to+T V2 T
/ V2 cos?(wt + ¢)dt = ——
7} 2

The rms value of the sinusoidal voltage supplied to
the convenience outlet of a U.S. home is 120 V. What
is the maximum value of the voltage at the outlet?

The voltage applied to the circuit shown in Fig. 9.5
at t = 0 is 20 cos(800¢ + 25°). The circuit resistance
is 80 €2, and the initial current in the 75 mH inductor
is zero.

a) Findi(¢) fort > 0.

b) Write the expressions for the transient and
steady-state components of i (¢).

c) Find the numerical value of i after the switch
has been closed for 1.875 ms.

d) What are the maximum amplitude, frequency
(in radians per second), and phase angle of
the steady-state current?

e) Byhowmany degrees are the voltage and the
steady-state current out of phase?

a) Verify that Eq. 9.9 is the solution of Eq. 9.8.
This can be done by substituting Eq. 9.9 into
the left-hand side of Eq. 9.8 and then noting
that it equals the right-hand side for all values
of t > 0. Atr = 0, Eq. 9.9 should reduce to
the initial value of the current.

b) Because the transient component vanishes as
time elapses and because our solution must
satisfy the differential equation for all val-
ues of ¢, the steady-state component, by it-
self, must also satisfy the differential equa-
tion. Verify this observation by showing that
the steady-state component of Eq. 9.9 satisfies
Eq.9.8.

Use the concept of the phasor to combine the follow-
ing sinusoidal functions into a single trigonometric
expression:

a) y =50co0s(500f 4 60°) + 100 cos(5007 — 30°),

b) y =200cos(377t450°)—100sin(377:+150°),

c) y =80cos(100:430°)—100sin(100: —135°)+
, 50 cos(100¢ — 90°), and

d) y=250coswr+ 250cos(wt + 120°) +

250 cos(wt — 120°).
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9.12

9.13

9.14

A 1000 Hz sinusoidal voltage with a maximum am-
plitude of 200 V at ¢ = 0 is applied across the termi-
nals of an inductor. The maximum amplitude of the
steady-state current in the inductor is 25 A.

a) Whatisthe frequency of the inductor current?
b) What is the phase angle of the voltage?
c) Whatis the phase angle of the current?

d) Whatis the inductive reactance of the induc-
tor?

e) Whatis the inductance of the inductor in mil-
lihenrys?

f) What is the impedance of the inductor?

A 50 kHz sinusoidal voltage has zero phase angle
and a maximum amplitude of 10 mV. When this volt-
age is applied across the terminals of a capacitor, the

- resulting steady-state current has a maximum ampli-

tude of 628.32 pA.

a) Whatisthefrequency of the currentin radians
per second?

b) What is the phase angle of the current?

c) Whatis the capacitive reactance of the capac-
itor?

d) What is the capacitance of the capacitor in
microfarads?

e) What is the impedance of the capacitor?

A 10 Qresistor and a 5 F capacitor are connected in
parallel. This parallel combination is also in parallel
with the series combination of a 8  resistor and an
300 wH inductor. These three parallel branches are
driven by a sinusoidal current source whose current
is 922 cos(20,000¢ + 30°) A.

9.15

9.16

P

9.17

R R A T D R TIon

a) Draw the frequency-domain equivalent cir-
cuit.

b) Reference the voltage across the current
source as a rise in the direction of the source
current, and find the phasor voltage.

¢) Find the steady-state expression for v(t).

A 40 Q resistor, a 5 mH inductor, and a 1.25 uF
capacitor are connected in series. The series-
connected elements are energized by a sinusoidal
voltage source whose voltage is 600 cos(8000¢ +
20°) V.

a) Draw the frequency-domain equivalent cir-
cuit.

b) Reference the current in the direction of the
voltage rise across the source, and find the
phasor current.

c) Find the steady-state expression for i (¢).

Find the steady-state expression for i,(¢) in the cir-
cuit in Fig. P9.16 if v; = 100sin 50r mV.

Figure P9.16
40 240 mH
AAA- YY)
Io(1)
Vg —~2.5mF

Three branches having impedances of 3 + j4 Q,
16 — j12 @, and —j4 Q, respectively, are connected
in parallel. What are the equivalent (a) admittance,
(b) conductance, and (c) susceptance of the paral-
lel connection in millisiemens? (d) If the paral-
lel branches are excited from a sinusoidal current
source where { = 8coswt A, what is the maximum
amplitude of the current in the purely capacitive
branch?



9.18

9.19

9.20

Find the steady-state expression for v, in the circuit

of Fig. P9.18 if iy, = 0.5c0s 2000z A.

Figure P9.18

40 Q

+
60 mH <,

120 Q
. <D /liu.s uF

The expressions for the steady-state voltage and cur-
rent at the terminals of the circuit seen in Fig. P9.19

are

vg = 300 cos(5000mt +78°) V,
iy = 6sin(50007rt + 123°) A

a) Whatis the impedance seen by the source?

b) Byhow many microseconds is the current out

of phase with the voltage?

Figure P9.19
e ™

g Circuit

N

The circuit in Fig. P9.20 is operating in the sinusoidal
steady state. Find the steady-state expression for

v, (1) if v, = 40 ¢co0s 50,000t V.

Figure P9.20

~E
»

ox 30 Q) v,91.2 mH

[

921 a)

b)

9,22 a)

b)

 Problems

e e T e

Show that at a given frequency w, the circuits
in Fig. P9.21(a) and (b) will have the same
impedance between the terminals a,b if

Ry
Ri= T
+ w*R5C5
2 p22
Cyp = 1+’ R G
w?R3C,
Figure P9.21
4 ™
a Ia
Ry
R3 =Jo)
G
1, "
(a) (b)

-

Find the values of resistance and capacitance
that when connected in series will have the
same impedance at 40 krad/s as that of a
1000 2 resistor connected in parallel with a
50 nF capacitor.

Show that at a given frequency w, the circuits
in Fig P9.21(a) and (b) will have the same
impedance between the terminals a,b if

1+ e?RC
27 w2R1C12

Cq

Cp = ————.
2T IR

(Hint: The two circuits will have the same

impedance if they have the same admittance.)

Find the values of resistance and capacitance
that when connected in parallel will give th
same impedance at 50 krad/s as that of a 1 k¢
resistor connected in series with a capacitanc
of 40 nF.
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9.23 a) Show that, at a given frequency w, the circuits
in Fig. P9.23(a) and (b) will have the same
impedance between the terminals a,b if

R w2L§R2 R%Lz
et ___-‘____’ 1 = —-—-—_
Y R2+w?L?
Figure P9.23
—
[ e a
Ry
Ri% L,
Ly
b b
(a) (b)
- J

b) Find the values of resistance and inductance
that when connected in series will have the
same impedance at 4 krad/s as that of a S k2
resistor connected in parallel with a 1.25 H
inductor.

9.24 a) Show that at a given frequency w, the circuits

in Fig. P9.23(a) and (b) will have the same
impedance between the terminals a,b if

2 272
=R1+a) L1
Ry

R% —I—a)zL%

R
2 w2L1

. La

(Hint: The two circuits will have the same
impedance if they have the same admittance.)

b) Find the values of resistance and inductance
that when connected in parallel will have the
same impedance at 1 krad/s as a 8 k2 resistor
connected in series with a 4 H inductor.

8.25 The circuit shown in Fig. P9.25 is operating in the
sinusoidal steady state. Find the value of w if

i, = 100sin(wt + 173.13°) mA,
v, = 500 cos(wt +30°) V.

Figure P9.25
3kQ 1H
WA 2000
by
Vg a: 31.25 uF

9.26 The frequency of the sinusoidal voltage source in the
circuit in Fig. P9.26 is adjusted until the current i, in
@ phase with vg.

a) Find the frequency in hertz.

b) Find the steady-state expression for i, (at the
frequency found in [a]) if v, = 30coswt V.

Figure P9.26

(50/3) k2

200 mH

8.27 The circuit shown in Fig. P9.27 is operating in the
[@: sinusoidal steady state. The inductoris adjusted until

_| the current i, is in phase with the sinusoidal voltage
Vg.

a) Specify the inductance in henries if v, =
100 cos 500z V.

b) Give the steady-state expression for i, when
L has the value found in (a).

Figure P9.27
a \
2 uF ]

il S

\%{\‘(
o

[\S]
it
=)

g




9.29

9.30

9.31

b)

For the circuit shown in Fig. P9.28, find the
frequency (in radians per second) at which
the impedance Z,, is purely resistive.

Find the value of Z,;, at the frequency of (a).

Figure P9.23

a._____/WY'\ @

160 uH

100 © —~251nF

be—

&

J/

Find Zgp, in the circuit shown in Fig. P9.29 when the
circuit is operating at a frequency of 100 krad/s.

Figure P9.29
( .
0.4 uF Siy

a 0——‘ ( T = *

0.6 mH isf$300

be- 3

\

a) Thesource voltage in the circuitin Fig. P9.301is
v, = 200 cos 500z V. Find the values of L such
that i, is in phase with v, when the circuit is
operating in the steady state.

b) For the values of L found in (a), find the
steady-state expressions for i,.

Figure P9.30
- N
w00 ;‘F
. r 1
ke
v, 2kQ L
N d J

The frequency of the sinusoidal current source in the
circuit in Fig. P9.31 is adjusted until v, is in phase
with i.

a)

What is the value of w in radians per second?

b) If i; = 0.25coswt mA (where o is the fre-
quency found in [a]), what is the steady-state
expression for v,?

Figure P9.31
e " - ~
+
14kQ
Ig (D Vo 3':'(1’—0 kQ =< 2nF
SH
L o o
932  a) Thefrequency of the source voltage in the cir-
% cuitin Fig. P9.32 is adjusted until i, isin phase
with v,. What is the value of @ in radians per
second?

b) If v, =20coswr V (where w is the frequency
found in [a]), what is the steady-state expres-
sion for v, ?

Figure P9.32
e N

s M

A »

e A T

L
v 0.5H vo§ 1kQ

N - J

9.33 Find the impedance Z,, in the circuit seen in
Fig. P9.33. Express Z,, in both polar and rectan-
gular form.

Figure P9.33

( .

10 _fﬁﬂ
AW AN *
20 10 Q
Zab — ]4 Q _]20 Q
40 O j20 Q
be .
N J
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9.34 Find the admittance Y., in the circuit seen in
Fig. P9.34. Express Y, in both polar and rectan-
gular form. Give the value of Y,p in millisiemens.

Figure P9.34

~j4.48 O

vy

9.35 Find Z,, for the circuit shown in Fig P9.35.

Figure P9.35
p

j1Q b

a -j10

9.36 Use the conceptof voltage division to find the steady-
.| state expression for v,(¢) in the circuit in Fig. P9.36
%’ if vy = 100 cos 8000z V.

Figure P9.36

3000 02H 500 O

125 nF

9.37 Use the concept of current division to find the steady-
@ state expression for i, in the circuit in Fig. P9.37 if
ig = 400 cos 20,000t mA.

Figure P9.37
i l 200 O 600 Q)
Iy
T 125 nF 60 mH
N h )

9.38 Find I, and Z in the circuit shown in Fig. P9.38 if
Ve=25 /0 Vand I, =5 A90° A.

Figure P9.38

N

L=< 20

+
%O 50
T, -i30
. T

YWA- J

9.39 The circuitin Fig. P9.39 is operating in the sinusoidal
eg steady state. Find v, (¢) if i, () = 3 cos 200t mA.

Figure P9.39

60
*—— W . e

+
50 v,(0)

220 %12.5@ 2mH




940 Thephasorcurrentl, inthe circuit shownin Fig.P9.40 8.43 Find the Norton equivalent circuit with respect to

is2 /0° A.

a) FindI,, I, and V,.
b) If @ = 800 rad/s, write the expressions for

ip(t), ic(t), and vg(2).

)

Figure P9.40
—
580
AN * .
L 500 120 Q
+ .
Vg<_> Ial Ibl 6+,3.5A<D
7150 Q 400 =
L ': *
9.41 Thesinusoidal voltage source in the circuit in Fig. P9.41
is developing a voltage equal to 247.49 cos(1000z +
45°) V.
a) Find the Thévenin voltage with respect to the
terminals a,b.
b) Find the Thévenin impedance with respect to
the terminals a,b.
c) Draw the Thévenin equivalent.
Figure P9.41
—
100 mH
YL Py * o ad
100 ©
+
Vg <_> 10 uF
100 mH T
. . o b

-

J

8.42 Find the Thévenin equivalent circuit with respect to
the terminals a,b for the circuit shown in Fig. P9.42.

Figure P9.42
-

760 ©

Y'Y @ @ a

240/0°V 36 Q
—j48 Q)
b
J

the terminals a,b for the circuit shown in Fig. P9.43

when V; =5 /0° V.

Figure P9.43
4 ] N\
000 ) SOLQ
. . .
WY C .
I, +
v, O ‘% é 88, 1003 V,
* * * _ eb
N _/

9.44 Find the Norton equivalent with respect to terminals

a,b in the circuit of Fig. P9.44.

Figure P9.44
4 N\
61,
10[—45°AQ> 2031, j10
® * ®b
J

9.45 Find the Norton equivalent circuit with respect to
the terminals a,b for the circuit shown in Fig. P9.45.

Figure P9.45
e ™~
760 Q
a
4/0° A 50Q —j100 Q
300
b
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9.46 Find the Thévenin impedance seen looking into the Figure P9.49
terminals a,b of the circuit in Fig. P9.46 if the fre- ( 40 h
quency of operation is (200/7) Hz. A . ea
Figure P9.46 40 g v za0

- N
( 199
LT A 1uF 40
a o—l W 4Q
in —j4Q
T ob
4.7kQ N\ J
100 O
9.50 The circuit shown in Fig. P9.50 is operating at a fre-
be . J quency of 10rad/s. Assume « isreal and lies between
~ —10 and +10, that is, —10 < & < 10.

9.47 The device in Fig. P9.47 is represented in the fre- a) Find the value of « so that the Thévenin
quency domain by a Norton equivalent. When a impedance looking into the terminals a,b is
resistor having an impedance of 5 k2 is connected purely resistive.
across the device, the value of Vo is 5 — j15 V. b) Whatis the value of the Thévenin impedance

When a capacitor having an impedance of —;3 kQ
is connected across the device, the value of I is

4.5 — j6 mA. Find the Norton current Iy and the ) Can « be adjusted so that the Thévenin
Norton impedance Zy. impedance equals 500 — ;500 Q7 If so, what

is the value of ?

- Figure P9.47 d) For what values of o will the Thévenin
impedance be inductive?

for the o found in (a)?

Figure P9.50
s N
100 uF
ae T 1€
vy $1kO avy
9.48 Find the Thévenin equivalent circuit with respect to
the terminals a,b of the circuit shown in Fig. P9.48. be— — 4
- J
Figure P9.48
9.51 Usethe node-voltage method to find V,, in the circuit
200 j10Q in Fig. P9.51.
Figure P9.51
250/0°V 003V, —j100 Q
j10Q j100
— LYY @ A e S——
. - ob
_ J

+
240/0°V 50 Q V, %300

949 Find the Thévenin equivalent circuit with respect to -
the terminals a,b for the circuit shown in Fig. P9.49. .

®
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9.52

13

Use the node-voltage method to find the steady-state  9.58 Use the mesh-current method to find the steady-
expression for v,(¢) in the circuit in Fig. P9.52 if state expression for i,(¢) in the circuit in Fig. P9.58

vg1 = 20 c0s(2000f — 36.87°) V, it
) v, = 100 cos 50,000z V,
vg2 = 505sin(2000r — 16.26°) V.
vp = 100sin(50,000¢ 4 180°) V.
Figure P9.52
- N
100 uF
}fgi . I( Figure P9.58
+ I\ - -
100 1
vgl Vo 100 ’l)gz AM - I (
— M J Vs Io l 100 uH v
8,53 Use source transformations to find the steady-state
expression for v,(¢) in the circuit in Fig. P9.52. L . )
9,54 Use the mesh-current method to find the steady-
state expre?sm.on for v, (1) in ql? circuit in Fig. P9.52. 8.59 Use the mesh-current method to find the phasor cur-
9,55 Usethe prmgple of superposition to fmd the.stegd.y- rent I, in the circuit shown in Fig. P9.59.
state expression for the voltage v,(¢) in the circuit in
Fig. P9.52. Figure P9.59
8,56 Use the node-voltage method to find the phasor volt- ( ] N
- age V, in the circuit shown in Fig. P9.56. Express the *]ﬁ 0
voltage in both polar and rectangular form. AN
Figure P9.56 80 120
Ve " - ~ II—‘ g
+
40 sioe A} o L (T)mev
IAl;:——]’SQ Vo350 CDIOJTM’A
241, - J
N\ ° ° 9.60 Use the node-voltage method to find the phasor volt-
age across the —j4 Q capacitor in the circuit in
9.57 Use the node-voltage method to find V, and I, in Fig. P9.59. Assume the voltage is positive at the left-
the circuit seen in Fig. P9.57. hand terminal of the capacitor.
Figure P9.57
j20Q

+

161, 350 VoT—jZSQ
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9.61 Use the mesh-current method to find the steady-
% state expression for v, in the circuit seen in Fig. P9.61
if v, equals 400 cos 50007 V.

Figure P9.61
( 60 mH 2({
Y'Y\ Y _I \
i
"Sl 50 Q n
v, CD 100 © £,
150i, _
\ — J

9.62 Use the mesh-current method to find the branch
currents I, Iy, I, and I in the circuit shown in

Fig. P9.62.
Figure P9.62
N
( 10 A
(D)
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I, — 1Q
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—j1Q j1Q
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9.63 Find the value of Z in the circuit seen in Fig. P9.63
if V, =100 — jSO V, I, = 30 + j20 A, and V}, =
140+ j30 V.

Figure P9.63

( )

VA

200 120 j160Q

9.64 a) For the circuit shown in Fig. P9.64, find
@ the steady-state expression for v, if iy =
2cos(16 x 10°7) A.

b) By how many nanoseconds does v, lag i, ?

Figure P9.64

60 O

iq 1250F £100Q TSuH v,
Il 1

L @ ® —@

9.65 Find the steady-state expressions for the branch cur-
rents i, and iy in the circuit seen in Fig. P9.65 if
& v, = 50sin 107 V and vy, = 25 cos(100¢ + 90°) V.

Figure P9.65
( N
10 uH
YL
[ .
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NP NYe
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L .
9.66 a) Find the steady-state expressions for the cur-

E rents i, and iy in the circuitin Fig. P9.66 when
] vg = 70 cos 5000 V.

b) Find the coefficient of coupling.

c) Find the energy stored in the magnetically
coupled coils at ¢+ = 100z us and t = 2007 us.

Figure P9.66
10 Q
AM 2mH
— @ | 4 ——
ig L
v, 2 mH 8 mH £300
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- Problems

9.67 For the circuit in Fig. P9.67, find the Thévenin equiv-
alent with respect to the terminals c,d.

Figure P9.67
50 : 450
2%24% ].2_0 Q, c
| ° )
425 /0° j5Q j125 0
V (rms)
od
9.68 The sinusoidal voltage source in the circuit seen in

Fig. P9.68 is operating at a frequency of 200 krad/s.
The coefficient of coupling is adjusted until the peak
amplitude of 7; is maximum.

a) What is the value of k?

b) What is the peak amplitude of ij if
vg = 560 cos(2 x 10°¢) V?

Figure P9.68

1500 500 1002 2000

k
Vg 1 mH 4 mH T 12.5 nF

9.69 The value of k in the circuit in Fig. P9.69 is adjusted
so that Z,, is purely resistive when w = 4 krad/s.

Find Z,;,.
Figure P9.69
200 50
ae—— WA k AM
o| " e
12.5 mH 8§ mH ~125uF

9.70

9.711

9.72

A series combination of a 300  resistor and a
100 mH inductor is connected to a sinusoidal voltage
source by a linear transformer. The source is operat-
ing at a frequency of 1 krad/s. At this frequency, the
internal impedance of the source is 100 + j13.74 Q.
The rms voltage at the terminals of the source is 50 V
when it is not loaded. The parameters of the lin-
ear transformer are Ry = 41.68 , L; = 180 mH,
R, =500 2, Ly, =500 mH, and M = 270 mH.

a) What is the value of the impedance reflected
into the primary?

b) What s the value of the impedance seen from
the terminals of the practical source?

Find the impedance Z, in the circuit in Fig. P9.71 if
Zy, =80 L60° Q.

Figure P9.71
ae .
o | &1 o |10:1|e
Za l ! Z
Ideal| o Ideal

At first glance, it may appear from Eq. 9.69 that an
inductive load could make the reactance seen look-
ing into the primary terminals (i.e., Xap ) look capac-

itive. Intuitively, we know this is impossible. Show

that X,p can never be negative if Xy is an inductive
reactance.



9.73

9.74

 Sinusoidal Steady-

a) Show that the impedance seen looking into
the terminals a,b in the circuit in Fig. P9.73 is
given by the expression

b) Show that if the polarity terminal of either
one of the coils is reversed that

VAS
Zap = —
1-M
( Nz)
Figure P9.73
4 o R
N; I
d
ae o€ V43
a
1
Zyp— N,
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a) Show that the impedance seen looking into
the terminals a,b in the circuit in Fig. P9.74 is
given by the expression

N \?
Zap=|1+—1| Z..
ab <+N2> L

b) Show that if the polarity terminals of either
one of the coils is reversed,

Ny \?
Zp=|1—-——) Z;.
@ < Nz) t

9.75

9.76

Figure P9.74
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The parameters in the circuit shown in Fig. 9.53 are
R1 =0.1 Q, a)L1 =0.8 Q, R2 =24 Q, a)Lz =32 Q,
and Vi, =240+ jO V.

a) Calculate the phasor voltage V;.

b) Connect a capacitor in parallel with the in-
ductor, hold Vi constant, and adjust the ca-
pacitor until the magnitude of I is a minimum.
What is the capacitive reactance? What is the
value of V;?

c) Find the value of the capacitive reactance that
keeps the magnitude of I as small as possible
and that at the same time makes

Vsl =[VL]| =240 V.

Show by using a phasor diagram what happens to
the magnitude and phase angle of the voltage v, in
the circuit in Fig. P9.76 as R, is varied from zero to
infinity. The amplitude and phase angle of the source
voltage are held constant as R, varies.

Figure P9.76
e N

+

v, = V,,cos ot C




9.77 a)
b)
¢)
d)

Figure P9.77

For the circuit shown in Fig. P9.77, compute
Vs and V;.

Construct a phasor diagram showing the rela-
tionship between V, V;, and the load voltage
of 120 /0° V.

Repeat parts (a) and (b), given that the load
resistance changes from 7.5 2 to2.5 © and the
load reactance changes from 12 Q to 4 Q. As-
sume that the load voltage remains constant
at 120 £0° V. How much must the amplitude
of V; be increased in order to maintain the
load voltage at 120 V?

Repeat part (c), given that at the same time
the load resistance and reactance changes, a
capacitive reactance of —2  is connected
across the load terminals.

9.79

P

" Problems

The 0.25 1 F capacitor in the circuit seen in Fig. P9.78
is replaced with a variable capacitor. The capacitor
is adjusted until the output voltage leads the input
voltage by 135°.

a) Find the value of C in microfarads.

b) Write the steady-state expression for v,(t)
when C has the value found in (a).

The op amp in the circuit seen in Fig. P9.80 is ideal.
Find the steady-state expression for v,(¢) when Vg =
2cos 10°7 V.

Figure P9.80
p
5k
Vg
v B
. J
9.81 The op amp in the circuit in Fig. P9.81 is ideal.

P

a) Find the steady-state expression for v, ().

9.78 The sinusoidal voltage source in the circuit shown in
E{ Fig. P9.78 is generating the voltage v, = 4 cos 200t V. b)
s | Ifthe op ampisideal, whatis the steady-state expres-
sion for v, (¢)?

How large can the amplitude of v, be before
the amplifier saturates?

Figure P9.78 Figure P9.81
4 N 4
20 kQ 20k 80 kQ)
80 kQ)
Vg 0.25 uF v, $33kQ v 20 KO v,
_ v, = 25 cos 50,000t V -
\4 v




Sinusoidal Steady-State Analysis =~

9.82

9.83

9.84

2 s e s

The operational amplifier in the circuit shown in
Fig. P9.82isideal. The voltage of the ideal sinusoidal
source is v, = 6cos 10°¢ V.

a) How small can C, be before the steady-state
output voltage no longer has a pure sinusoidal
waveform?

b) For the value of C, found in (a), write the
steady-state expression for v,.

Figure P9.82
0.5 uF
K
200
2%
1 -
50 '+
™
6V *
Vg C, v, $100Q
§ _

a) Find the input impedance Z,y for the circuit
in Fig. P9.83. Express Z,, as a function of Z
and K where K = (R,/Ry).

b) If Z is a pure capacitive element, what is the
capacitance seen looking into the terminals

a,b?
Figure P9.83
-
R,
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You may have the opportunity as an engineering
graduate to serve as an expert witness in lawsuits
involving either personal injury or property dam-
age. As an example of the type of problem on which

you may be asked to give an opinion, consider the
following event. At the end of a day of fieldwork,
a farmer returns to his farmstead, checks his hog-
confinement building, and finds to his dismay that
the hogs are dead. The problem is traced to a blown
fuse that caused a 240 V fan motor to stop. The loss
of ventilation led to the suffocation of the livestock.
The interrupted fuse is located in the main switch
that connects the farmstead to the electrical service.
Before the insurance company settles the claim, it
wants to know if the electric circuit supplying the
farmstead functioned properly. The lawyers for the
insurance company are puzzled because the farmer’s
wife, who was in the house on the day of the accident
convalescing from minor surgery, was able to watch
TV during the afternoon. Furthermore, when she
went to the kitchen to start preparing the evening
meal, the electric clock indicated the correct time.
The lawyers have hired you to explain (1) why the
electric clock in the kitchen and the television set in
the living room continued to operate after the fuse
in the main switch blew and (2) why the second fuse
in the main switch didn’t blow after the fan motor
stalled. After ascertaining the loads on the three-
wire distribution circuit prior to the interruption of
fuse A, you are able to construct the circuit model
shown in Fig. P9.84 on page 447. The impedances
of the line conductors and the neutral conductor are
assumed negligible.

a) Calculate the branch currents Iy, I, Iz, I4,
Is, and I prior to the interruption of fuse A.

b) Calculate the branch currents after the inter-
ruption of fuse A. Assume the stalled fan mo-
tor behaves as a short circuit.

c) Explain why the clock and television set were
not affected by the momentary short circuit
that interrupted fuse A.

d) Assume the fan motoris equipped with a ther-
mal cutout designed to interrupt the motor
circuit if the motor current becomes exces-
sive. Would you expect the thermal cutout to
operate? Explain.

e) Explain why fuse B is not interrupted when
the fan motor stalls.



 Problems £

9.85 a) Calculate the branch currents I; —I in the cir-
S cuit in Fig. 9.58.
b) Find the primary current I,,.
9.86 Suppose the 40 Q resistance in the distribution cir-
V'S cuit in Fig. 9.58 is replaced by a 20 2 resistance.
a) Recalculate the branch current in the 2 € re-
sistor, I,.
b) Recalculate the primary current, I,.
c) On the basis of your answers, is it desirable to
have the resistance of the two 120 V loads be
.equal?
9.87 A residential wiring circuit is shown in Fig. P9.87. In
r'S this model, the resistor R3 is used to model a 240 V
appliance (such as an electric range), and the resis-
tors Ry and R; are used to model 120 V appliances 9.88
(such as a lamp, toaster, and iron). The branches ¢
carrying I and I, are modeling what electricians re-
fer to as the hot conductors in the circuit, and the
Figure P9.84
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branch carrying I, is modeling the neutral conduc-
tor. Our purpose in analyzing the circuit is to show
the importance of the neutral conductor in the sat-
isfactory operation of the circuit. You are to choose
the method for analyzing the circuit.

a) Show that I, is zero if Ry = R;.

b) Show that V; = Vyif Ry = R;.

c) Opentheneutral branch and calculate V; and
V2if Ri =60, Ry =600, and R; = 10 Q.

d) Close the neutral branch and repeat (c).

e) On the basis of your calculations, explain why
the neutral conductor is never fused in such a
manner that it could open while the hot con-
ductors are energized. .

a) Find the primary current I, for (c) and (d) in
Problem 9.87.

b) Do your answers make sense in terms of
known circuit behavior?



'depends on the ty s of eleme" ts in the circuit, the way the
:;elements are connected and the unpedance of the elements.
Although varymg the frequency of a smusmdal source does
- not change the element types or their connections, it does al-

ter the unpedance of capacitors and inductors, because the

impedance of these elements is a function of frequency. As
we yvill see, the'careful choice-of circuit elements, their val-
ues, and their connections to other elements enables us to
construct circuits that pass to the output only those input sig-
nals that reside in a desired range of frequencies. Such cir-
cuits are called frequency-selective circuits. Many devices
that communicate via electric signals, such as telephones,
radios, televisions, and satellites, employ frequency-
selective circuits.
Frequency-selective circuits are also called filters
because of their ability to filter out certain input sig-
"~sfpeciflcat a5 nals on the basis of frequency. Figure 14.1 on page
L 652 represents this ability in a simplistic way. To be
‘more accurate, we should note that no pract1cal
frequency selectlve circuit can perfectly or com-
pletely ﬁlter out selected frequencres Rather,
ﬁlters attenuate—that 1s, weaken or. lessen
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TRANSFER FUNCTION FOR A LOW-PASS FILTER

.
sL
YA _ RIL
HEs) = RiL
v :
! RS w.=RIL
R
_ 1RC
— HO) = Re
1.1
Vi C Yo
s T w, = 1/RC

Two low-pass filters, the series RL
and the series RC, together with their
transfer functions and cutoff
frequencies.

Figure 14.9 summarizes the two low-pass filter circuits we have examined.
Look carefully at the transfer functions. Notice how similar in form they
are—they differ only in the terms that specify the cutoff frequency. In fact,
we can state a general form for the transfer functions of these two low-pass
filters:

@We

. (14.13)
S + we

H(s) =

Any circuit with the voltage ratio in Eq. 14.13 would behave as a low-pass
filter with a cutoff frequency of w,. The problems at the end of the chapter
give you other examples of circuits with this voltage ratio.

Relating the Frequency Domain to the Time Domain

Finally, you might have noticed one other important relationship. Remem-
ber our discussion of the natural responses of the first-order RL and RC
circuits in Chapter 6. An important parameter for these circuits is the time
constant, r, which characterizes the shape of the time response. For the
RL circuit, the time constant has the value L/R (Eq. 7.14); for the RC
circuit, the time constant is RC (Eq. 7.24). Compare the time constants to
the cutoff frequencies for these circuits and notice that

7= 1/w,. (14.14)

This result is a direct consequence of the relationship between the time
response of a circuit and its frequency response, as revealed by the Laplace
transform. The discussion of memory and weighting as represented in the
convolution integral of Section 13.6 shows that as w, — oo, the filter has
no memory, and the output approaches a scaled replica of the input; that
is, no filtering has occurred. As w. — 0, the filter has increased memory
and the output voltage is a distortion of the input, because filtering has
occurred.

& Knew the RL and AC circuit configurations that act as low-pass filters

14.1 A series RC low-pass filter requires a 14.2 A series RL low-pass filter with a cutoff
cutoff frequency of 8 kHz. Use frequency of 2 kHz is needed. Using
R =10 k2 and compute the value of C R =5 kQ, compute (a) L; (b) |H(jw)|
required. at 50 kHz; and (c¢) 6(jw) at 50 kHz.

ANSWER: 1.99 nF.

AXSWER: (a) 0.40 H; (b) 0.04; (c) —87.71°.

NOTE < Also try Chapter Problems 14.1 and 14.2.
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cutoff frequency of a filter circuit and the time constant of that same circuit,
we should expect the cutoff frequency to be a characteristic parameter
of the circuit whose value depends only on the circuit components, their

values, and the way they are connected.

-ASSESSING OBJECTIVE 2

¢ Know the RL and RC circuit configurations that act as high-bass filtérsu

14.3 A series RL high-pass filter has
R =5k and L =3.5 mH. What is w,

for this filter?

14.4 A series RC high-pass filter has
C =1 uF. Compute the cutoff
frequency for the following values of R:
(a) 100 ©; (b) 5 k2; and (c) 30 kQ.

14.5 Compute the transfer function of a
series RC low-pass filter that has a load

resistor R; in parallel with its capacitor.

NOTE o Also try Chapter Problems 14.9 and 14.10.

ANSWER: 1.43 Mrad/s.

ANSWER: (a) 10 krad/s; (b) 200 rad/s;
(c) 33.33 rad/s.

1
Y R
ANSWER: H(s) = —RC  where K = — %
n 1 R+ Ry
KRC

14.4 < Bandpass Filters

The next filters we examine are those that pass voltages within a band of
frequencies to the output while filtering out voltages at frequencies outside
this band. These filters are somewhat more complicated than the low-pass
and high-pass filters of the previous sections. As we have already seen
in Fig. 14.3(c), ideal bandpass filters have two cutoff frequencies, w, and
wc2, which identify the passband. For realistic bandpass filters, these cutoff
frequencies are again defined as the frequencies for which the magnitude
of the transfer function equals (1/ V2) Hpax .

Center Frequency, Bandwidth, and Quality Factor

There are three other important parameters that characterize a bandpass
filter. The first is the center frequency, w,, defined as the frequency for
which a circuit’s transfer function is purely real. Another name for the
center frequency is the resonant frequency. This is the same name given



ASSESSING OBJECTIVE 3
‘ * Kndw th‘é ’RLc‘cirt’:ul Eoﬁfigﬁétihns fhat 'éi:’t as bandpass |Itérsﬂ o
14.6 Using the circuit in Fig. 14.19(a), ANSWER:
compute the values of R and L to give
a bandpass filter with a center frequency

of 12 kHz and a quality factor of 6. Use
a 0.1 uF capacitor.

14.7 Using the circuit in Fig. 14.22, compute ANSWER:
the values of L and C to give a
bandpass filter with a center frequency
of 2 kHz and a bandwidth of 500 Hz.
Use a 250 Q resistor.

14.8 Recalculate the component values for ANSWER:
the circuit in Example 14.6(d) so that
the frequency response of the resulting
circuit is unchanged using a 0.2 uF
capacitor.

149 Recalculate the component values for ANSWER:
the circuit in Example 14.6(d) so that
the quality factor of the resulting circuit
is unchanged but the center frequency
has been moved to 2 kHz. Use a
0.2 uF capacitor.

NOTE o Also try Chapter Problems 14.15 and 14.16.

14.5 ¢ Bandreject Filters

We turn now to the last of the four filter categories—the bandreject filter.
This filter passes source voltages outside the band between the two cutoff
frequencies to the output (the passband), and attenuates source voltages
before they reach the outputat frequencies between the two cutoff frequen-
cies (the stopband). Bandpass filters and bandreject filters thus perform
complementary functions in the frequency domain.

Bandreject filters are characterized by the same parameters as band-
pass filters: the two cutoff frequencies, the center frequency, the band-
width, and the quality factor. Again, only two of these five parameters can
be specified independently.

L =176 mH, R=22.10 Q.

L =497 mH, C =127 uF.

L =35.07 mH, R =398 kQ.

R =995kQ, L =31.66 mH.



¢ Know the RLC circuit configurations that act as bandreject filters

14.10 Design the component values for the 14.11
series RLC bandreject filter shown in
Fig. 14.28(a) so that the center
frequency is 4 kHz and the quality
factor is 5. Use a 500 nF capacitor.

ANSWER: L =3.17mH, R =14.92 Q. ANSWER:

NOTE o Also try Chapter Problems 14.24 and 14.25.

Practical Perspective
Pushbutton Telephone Circuits

In the Practical Perspective at the start of this chapter, we described the
dual-tone-multiple-frequency (DTMF) system used to signal that a button
has been pushed on a pushbutton telephone. A key element of the DTMF
system is the DTMF receiver—a circuit that decodes the tones produced
by pushing a button and determines which button was pushed.

In order to design a DTMF reciever, we need a better understanding
of the DTMF systemn. As you can see from Fig. 14.32, the buttons on the
telephone are organized into rows and columns. The pair of tones gener-
ated by pushing a button depends on the button’s row and column. The
button’s row determines its low-frequency tone, and the button’s column
determines its high- frequency tone.! For example, pressing the “6” button
produces sinusoidal tones with the frequencies 770 Hz and 1477 Hz.

At the telephone switching facility, bandpass filters in the DTMF re-
ceiver first detect whether tones from both the low-frequency and high-
frequency groups are simultaneously present. This test rejects many extra-
neous audio signals that are not DTMF. If tones are present in both bands,
other filters are used to select among the possible tones in each band so
that the frequencies can be decoded into a unique button signal. Addi-
tional tests are performed to prevent false button detection. For example,
only one tone per frequency band is allowed; the high- and low-band fre-
quencies must start and stop within a few milliseconds of one another to
be considered valid; and the high- and low-band signal amplitudes must be
sufficiently close to each other.

1A fourth high-frequency tone is reserved at 1633 Hz. This tone is used infrequently and
is not produced by a standard 12-button telephone.

Recompute the component values for
Drill Exercise 14.10 to achieve a
bandreject filter with a center frequency
of 20 kHz. The filter has a 100 Q
resistor. The quality factor remains at 5.

L =398 mH, C =15.92 nF.

607
o
2z
77OHZ gﬂ
73
5
Z
Y
2
gs2 H %
941HZ

| Tones generated by the rows and
® columns of telephone
pushbuttons.




14.1 a)

Find the cutoff frequency in hertz for the
RL filter shown in Fig. P14.1.

b) Calculate H(jw) at w., 0.2w,, and Sw,.

c) If v; = 10coswr V, write the steady-state
expression for v, when w = w,, v = 0.2w,,
and w = Sw,.

Figure P14.1
10 mH
+ he
Vi 127 Q Yo

142 Use a 5 mH inductor to design a low-pass, RL, pas-
& sive filter with a cutoff frequency of 1 kHz.

a) Specify the value of the resistor.

b) A load having a resistance of 270  is con-
nected across the output terminals of the
filter. What is the corner, or cutoff, fre-
quency of the loaded filter in hertz?

143 A resistor, denoted as R;, is added in series with
the inductor in the circuit in Fig. 14.3(a). The new
_ low-pass filter circuit is shown in Fig. P14.3.

a) Derive the expression for H(s) where
H(s) = V,/Vi.

b) At what frequency will the magnitude of
H (jw) be maximum?

¢) What is the maximum value of the magni-
tude of H(jw)?

d) At what frequency will the magnitude of
H(jw) equal its maximum value divided by

V2?2

e) Assume a resistance of 75 Q is added in
series with the 250 mH inductor in the cir-
cuit in Fig. P14.1. Find ., H(j0), H(jw,),
H(j0.3w.), and H(j3w,).

Figure P14.3

+ @

4
e |

14.4 a) Find the cutoff frequency (in hertz) of the

low-pass filter shown in Fig. P14.4.
b) Calculate H(jw) at w,, 0.1w,, and 10w,.
c) If v; = 200coswt mV, write the steady-

state expression for v, when o = w., 0.1w,,
and 10w,.

Figure P14.4

( 1kQ
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14.5 A resistor denoted as R; is connected in parallel
with the capacitor in the circuit in Fig. 14.7. The
loaded low-pass filter circuit is shown in Fig. P14.5.

a)

b)

©)

d)

Derive the expression for the voltage trans-
fer function V,/V;.

At what frequency will the magnitude of
H(jw) be maximum?

What is the maximum value of the magni-
tude of H(jw)?

At what frequency will the magnitude of

H(jw) equal its maximum value divided by
2l

V27

Assume a resistance of 10 £$2 is added in
parallel with the 100 nF capacitor in the cir-
cuit in Fig. P14.4. Find w., H(j0), H(jw,),
H(j0.lw.), and H(j10w,).

Figure P14.5

l——?

e |

14,6 Usea 0.5 uF capacitor to design a low-pass passive
filter with a cutoff frequency of 50 krad/s.

Q/
L X4

a)
b)

<)

d)

Specify the cutoff frequency in hertz.
Specify the value of the filter resistor.

Assume the cutoff frequency cannot in-
crease by more than 5%. Whatis the small-
est value of load resistance that can be con-
nected across the output terminals of the
filter?

If the resistor found in (c) is connected
across the output terminals, what is the
magnitude of H(jw) when w = 07?

14.7

14.8

a) Find the cutoff frequency (in hertz) for the
high-pass filter shown in Fig. P14.7.
b) Find H(jw) at w., 0.2w,., and Sw,.
c) If vy; = 500coswt mV, write the steady-
state expression for v, when o = o,
w =02w.,and o = Sw,.
Figure P14.7
P
SnF
— o
+ +
Vi 50kQ v,
S [ 4 * L

A resistor, denoted as R., is connected in series
with the capacitor in the circuit in Fig. 14.10(a). The
new high-pass filter circuit is shown in Fig. P14.8.

)

b)

©)

d)

Derive the expression for H(s) where
H(s)=V,/V:.

At what frequency will the magnitude of
H(jw) be maximum?

What is the maximum value of the magni-
tude of H(jw)?

At what frequency will the magnitude of
H(jw) equal its maximum value divided

by +/2°?

Assume a resistance of 12.5 kQ is con-
nected in series with the 5 nF capacitor
in the circuit in Fig. P14.7. Calculate o,
H(jw:), H(j0.2w.),and H(j5w.).

Figure P14.8
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Problems

14.10

/7
0’0

P

14.11

14.12

14.13

14.14

/7
0’0

Using a 100 nF capacitor, design a high-pass passive
filter with a cutoff frequency of 300 Hz.

a) Specify the value of R in kilohms.

b) A 47 kQ resistor is connected across the
output terminals of the filter. What is the
cutoff frequency, in hertz, of the loaded fil-
ter?

Using a 5 mH inductor, design a high-pass, RL,
passive filter with a cutoff frequency of 25 krad/s.

a) Specify the value of the resistance.

b) Assume the filter is connected to a pure re-
sistive load. The cutoff frequency is not to
drop below 24 krad/s. What is the smallest
load resistor that can be connected across
the output terminals of the filter?

Show that the alternative forms for the cutoff fre-
quencies of a bandpass filter, given in Egs. 14.36 and
14.37, can be derived from Eqgs. 14.34 and 14.35.

Calculate the center frequency, the bandwidth, and
the quality factor of a bandpass filter that has an
upper cutoff frequency of 121 krad/s and a lower
cutoff frequency of 100 krad/s.

A bandpass filter has a center, or resonant, fre-
quency of 50 krad/s and a quality factor of 4. Find
the bandwidth, the upper cutoff frequency, and the
lower cutoff frequency. Express all answers in kilo-
hertz.

Use a 5 nF capacitor to design a series RLC band-
pass filter, as shown at the top of Fig. 14.27. The
center frequency of the filter is 8§ kHz, and the qual-
ity factor is 2.

a) Specify the values of R and L.

b) What is the lower cutoff frequency in kilo-
hertz?

14.15

14.16

o

P

14.18

c) What is the upper cutoff frequency in kilo-
hertz?

d) What is the bandwidth of the filter in kilo-
hertz?

For the bandpass filter shown in Fig. P14.15, find

(@) @0, (b) fo,(¢) @, (d) wet, (e) for, () w2, (8) fea
and (h) 8.

Figure P14.15

8k

V; 10 mH % 10 nF v,

+
+ e

Q

Using a 50 nF capacitor in the bandpass circuit
shown in Fig. 14.22, design a filter with a quality
factor of 5 and a center frequency of 20 krad/s.

a) Specify the numerical values of R and L.

b) Calculate the upper and lower cutoff fre-
quencies in kilohertz.

c) Calculate the bandwidth in hertz.

For the bandpass filter shown in Fig. P14.17, calcu-
late the following: (a) fo; (b) Q5 (¢) fer; (d) feo3
and (e) 8.

Figure P14.17
200 40mH 40nF
+ +
v; 1800 v,

®— Py
@ A4 —@

The input voltage in the circuit in Fig. P14.17 is
500 cos wt mV. Calculate the output voltage when
(a) ® = wy; (b) @ = we1; and (¢) @ = wg.



 Introduction

14.19 A block diagram of a system consisting of a sinu-

14.20

soidal voltage source, an RLC series bandpass fil-
ter, and a load is shown in Fig. P14.19. The internal
impedance of the sinusoidal source is 80 + jO €2,
and the impedance of the load is 480 4 jO .

The RLC series bandpass filter has a 20 nF ca-
pacitor, a center frequency of 50 krad/s, and a qual-
ity factor of 6.25.

a) Draw a circuit diagram of the system.

b) Specify the numerical values of L and R
for the filter section of the system.

c) What is the quality factor of the intercon-
nected system?

d) What is the bandwidth (in hertz) of the in-
terconnected system?

Figure P14.19

The purpose of this problem is to investigate how a
resistive load connected across the output terminals
of the bandpass filter shown in Fig. 14.19 affects
the quality factor and hence the bandwidth of the
filtering system. The loaded filter circuit is shown
in Fig. P14.20.

a) Calculate the transfer function V,/V; for
the circuit shown in Fig. P14.20.

b) What is the expression for the bandwidth
of the system?

14.21

c) Whatis the expression for the loaded band-
width (Br) as a function of the unloaded
bandwidth (By)?

d) Whatis the expression for the quality factor
of the system?

e) Whatis the expression for the loaded qual-
ity factor (Qr) as a function of the un-
loaded quality factor (Qy)?

f)  What are the expressions for the cutoff fre-
quencies w1 and w?

Figure P14.20
R
*—— "W\~ * *
+ +
V; Vo RL

:LC L
|

q

Consider the circuit shown in Fig. P14.21.

a) Find w,.
b) Find 8.
¢) Find Q.
d) Find the steady-state expression for v,
when v; = 250 cos w,t mV.
e) Show thatif Ry isexpressed in kilohms the
Q of the circuit in Fig. P14.21 is
20
0= ——
1+100/RL
f) Plot Q versus Ry for20kQ < Ry, <2MQ.
Figure Pi4.21
100 kQ
*—— AN ———¢ L 4
+ +
Vi 400 kQ

%ZOO pF SmH v,
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14.22 The parameters in the circuit in Fig. P14.21 are
R =24kQ,C =50 pF and L = 2 uH. The
quality factor of the circuit is not to drop below 7.5.
What is the smallest permissible value of the load
resistor Ry ?

14.23

a) Show (via a qualitative analysis) that the
circuit in Fig. P14.23 is a bandreject filter.

b) Support the qualitative analysis of (a) by
finding the voltage transfer function of the
filter.

c) Derive the expression for the center fre-
quency of the filter.

d) Derive the expressions for the cutoff fre-
quencies .1 and w.;.

e) What is the expression for the bandwidth
of the filter?

f) Whatis the expression for the quality factor
of the circuit?

Figure P14.23

Vs

14.24 For the bandreject filter in Fig. P14.24, calculate

(a) Wo (b) fos (C) 0; (d) Wel; (e) fets (f) W25 (g) Je2;
and (h) 8 in kilohertz.

L

Figure P14.24
e ™
50 uH
e Y YN
& . *
+ 20 nF +
V; l i 750 Q) Yo
g ® e * J
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»
N
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DS
™

Use a 0.5 wF capacitor to design a bandreject fil-
ter, as shown in Fig. P14.25. The filter has a center
frequency of 4 kHz and a quality factor of 5.

a) Specify the numerical values of R and L.
b) Calculate the upper and lower corner, or
cutoff, frequencies in kilohertz.
c) Calculate the filter bandwidth in hertz.
Figure P14.25
e B
0.5 uF
| {
I\
*—9
+ L
__fWV\_‘
Vi

14.26

a)

b)

©)

d)

Assume the bandreject filter in Problem 14.25 is
@g loaded with a 1 k€ resistor.

What is the quality factor of the loaded cir-
cuit?

What is the bandwidth (in kilohertz) of the
loaded circuit?

What is the upper cutoff frequency in kilo-
hertz?

What is the lower cutoff frequency in kilo-
hertz?



14.27 The purpose of this problem is to investigate how a

14.28

resistive load connected across the output terminals
of the bandreject filter shown in Fig. 14.28(a) affects
the behavior of the filter. The loaded filter circuit
is shown in Fig. P14.27.

a) Find the voltage transfer function V,/V;.

b) What is the expression for the center fre-
quency?

c) What is the expression for the bandwidth?

d) What is the expression for the quality fac-
tor?

e) Evaluate H(jw,).
f) Evaluate H(j0).
g) Evaluate H(joo).

h) Whatare the expressions for the corner fre-
quencies w1 and wg ?

Figure P14.27
( N
R
*— WA . °
+ +
L
Vi Vo § RL
. T°
* i *

The parameters in the circuit in Fig. P14.27 are R =
30Q2,L=1uH,C=4pFand R, =150 Q.

a) Find w,, 8 (in megahertz), and Q.

b) Find H(j0) and H(joo).

c) Find f» and f;.

d) Show thatif Ry is expressed in ohms the Q

of the circuit is

50
Q= ?[1 + (30/Rp)].

e) Plot Q versus Ry for 10 < R, < 300 Q.

14.29

14.30

The load in the bandreject filter circuit shown in
Fig. P14.27 is 36 kQ. The center frequency of the
filteris 1 Mrad/s, and the capacitor is 400 pF. At very
low and very high frequencies, the amplitude of the
sinusoidal output voltage should be at least 96% of
the amplitude of the sinusoidal input voltage.

a) Specify the numerical values of R and L.
b) What is the quality factor of the circuit?

Given the following voltage transfer function:

H(s) = &

Y=y
1010

~ 52+ 50,0005 + 1010

a) Atwhatfrequencies (inradians persecond)
is the ratio of V,/V; equal to unity?

b) At what frequency is the ratio maximum?

Design a series RLC bandpass filter (see Fig. 14.27)
for detecting the low-frequency tone generated by
pushing a telephone button as shown in Fig. 14.32.

a) Calculate the values of L and C that place
the cutoff frequencies at the edges of the
DTMF low-frequency band. Note that the
resistance in standard telephone circuits is
always R = 600 Q.

b)  What is the output amplitude of this circuit
at each of the low-band frequencies, rela-
tive to the peak amplitude of the bandpass
filter?

' ¢) Whatis the output amplitude of this circuit
at the lowest of the high-band frequencies?



Problems

14,32 Design a DTMF high-band bandpass filter simi- 1433 The 20 Hz signal that rings a telephone’s bell has

'S lar to the low-band filter design in Problem 14.31. ¢ to have a very large amplitude to produce a loud
< Be sure to include the fourth high-frequency tone, enough bell signal. How much larger can the ring-
1633 Hz, in your design. What is the response ing signal amplitude be, relative to the low-bank
amplitude of your filter to the highest of the low- DTMF signal, so that the response of the filter in
frequency DTMF tones? Problem 14.31 is no more than half as large as the

largest of the DTMF tones?



thIl because the output magmtude does not exceed the in-
put magmtude Th1s 1s not a surprising observation, as many
of the transfer funetlons in Chapter 14 were derived using

Voltégeof cufrent division. Active filters provide a control

“over amphﬁcatxon not available in passwe filter circuits.
Fmally, recall that both thef\cutoff frequency and
the passband magmtude of | passwe filters were altered
Wlth the addltlon of.a resistiv load at the output of







ASSESSING OBJECTIVE 1

now the op amp circuits that behave as first order low-pass and high-pass

values
15.1 Compute the values for R, and C that ANSWER:
yield a high-pass filter with a passband
gain of 1 and a cutoff frequency of
1 rad/s if Ry is 1 Q. (Note: This is the
prototype high-pass filter.)
15.2 Compute the resistor values needed for ANSWER:

the low-pass filter circuit in Fig. 15.1 to
produce the transfer function

—20,000

B = =00

Use a 5 uF capacitor.

NOTE o Also try Chapter Problems 15.4 and 15.5.

15.2 + Scaling

In the design and analysis of both passive and active filter circuits, working
with element values such as 1 2, 1 H, and 1 Fis convenient. Although these
values are unrealistic for specifying practical components, they greatly sim-
plify computations. After making computations using convenient values of
R, L,and C, the designer can transform the convenient values into realistic
values using the process known as scaling.

There are two types of scaling: magnitude and frequency. We scale a
circuit in magnitude by multiplying the impedance at a given frequency by
the scale factor k,,. Thus we multiply all resistors and inductors by %,, and
all capacitors by 1/k,,. If we let unprimed variables represent the initial
values of the parameters, and we let primed variables represent the scaled
values of the variables, we have

R =knR, L' =k,L, and C’' =C/ky. (15.7)

152 Scaling

ilters and be able to calculate their component

R,=1Q,C=1F

R =10Q, R, =40 Q.



Active Filter Circuits

where the primed variable has the new value and
the unprimed variable has the old value of the cut-
off frequency. Then compute the magnitude scale
factor that, together with k; = 6283.185, will scale
the capacitor to 0.01 wF:

1cC 1

- - =159155.
kp C'~ (6283.185)(107%)

ki

Since resistors are scaled only by using magnitude
scaling,

R{ = R) = knR = (15,915.5)(1) = 15,9155 Q.

Finally, we need to meet the passband gain
specification. We can adjust the scaled values of
either Ry or Ry, because K = R;/R;. If we adjust
R, we will change the cutoff frequency, because
w. = 1/R,C. Therefore, we can adjust the value of
R; to alter only the passband gain:

R1 = Ry/K = (15,915.5)/(5) = 3183.1 Q.
The final component values are

Ry =3183.1Q, Rp,=1509155%,

The transfer function of the filter is given by

—31,415.93

H®) = T ess1ss

ASSESSING OBJECTIVE 2

C =0.01 uF.

20

15

10

|H(jf )| dB

=10

=15

-20

10

Figure 15.8

50 100 500 1000

f(Hz)

The VBode mégnitude‘ plot of the low-pass filter from
. Example 15.4 - :

5000 10,000

The Bode plot of the magnitude of this transfer
function is shown in Fig. 15.8.

nent values
15.3 What magnitude and frequency scale
factors will transform the prototype
high-pass filter into a high-pass filter
with a 0.5 uF capacitor and a cutoff
frequency of 10 kHz?

~NOTE o Also try Chapter Problems 15.9 and 15.10.

ANSWER:

kr = 62,831.85, k,, = 31.831.




155 Narrowband Bandpass and Bandreject Filters

4%

We can use frequency and magnitude scaling to design a Butterworth
high-pass filter with practical component values and a cutoff frequency
other than 1 rad/s. Adding an inverting amplifier to the cascade will ac-
commodate designs with nonunity passband gains. The problems at the
end of the chapter include several Butterworth high-pass filter designs.

Now that we can design both nth-order low-pass and high-pass But-
terworth filters with arbitrary cutoff frequencies and passband gains, we
can combine these filters in cascade (as we did in Section 15.3) to produce
nth-order Butterworth bandpass filters. We can combine these filters in
parallel with a summing amplifier (again, as we did in Section 15.3) to pro-
duce nth-order Butterworth bandreject filters. This chapter’s problems
also include Butterworth bandpass and bandreject filter designs.

ASSESSING OBJECTIVE 3
* Udérstn how td sé caséadéd i>rst- and sébo;d-ore’Beorth filter‘s‘

15.4 For the circuit in Fig. 15.25, find values ANSWER: R, =0.707 2, R, = 1.41 Q.
of Ry and R, that yield a second-order
prototype Butterworth high-pass filter.

NOTE o Also try Chapter Problems 15.28, 15.31 and 15.32.

15.5 ¢ Narrowband Bandpass and Bandreject Filters

The cascade and parallel component designs for synthesizing bandpass and
bandreject filters from simpler low-pass and high-pass filters have the re-
striction that only broadband, or low-Q, filters will result. (The Q, of
course, stands for quality factor.) This limitation is due principally to the
fact that the transfer functions for cascaded bandpass and parallel ban-
dreject filters have discrete real poles. The synthesis techniques work best
for cutoff frequencies that are widely separated and therefore yield the
lowest quality factors. But the largest quality factor we can achieve with
discrete real poles arises when the cutoff frequencies, and thus the pole
locations, are the same. Consider the transfer function that results:

— W, -5
Hs) = (s +wc> <S +a)c>

_ SWe
T2 4 2w, + @?
0.58s

= 7. 15.50
52+ Bs + ? (1550




15.5 Design an active bandpass filter with 15.8
Q =38, K=5,and w, = 1000 rad/s.
Use 1 uF capacitors, and specify the
values of all resistors.

ANSWER: R =1.6kQ, R, =65.04 2, R3 =16 ANSWER:

k<.

NOTE o Also try Chapter Problem 15.53.

# Be able to use design equations to calculate component values for prototype narrowband, bandpass, and bandreject filters

Design an active unity-gain bandreject
filter with w, = 1000 rad/s and Q = 4.
Use 2 pF capacitors in your design, and
specify the values of R and o.

R =500 @, o =0.9375.

Practical Perspective

Bass Volume Control

We now look at an op amp circuit that can be used to control the ampli-
fication of an audio signal in the bass range. The audio range consists of
signals having frequencies from 20 Hz to 20 kHz. The bass range includes
frequencies up to 300 Hz. The volume control circuit and its frequency
response are shown in Fig. 15.32. The particular response curve in the fam-
ily of response curves is selected by adjusting the potentiometer setting in

Fig. 15.32(a).

Ry

a

AT =

R,

l

(a)

\Y%
‘ VZ dB
dB,
dB,
dB,

0

-dB,

(b)

(a) Bass volume control circuit; (b) Bass volume control circuit frequency response.



In studying the frequency response curves in Fig. 15.32(b) note the
following. First, the gain in dB can be either positive or negative. If the
gain is positive a signal in the bass range is amplified or boosted. If the gain
is negative the signal is attenuated or cut. Second, it is possible to select a
response characteristic that yields unity gain (zero dB) for all frequencies
in the bassrange. As we shall see, if the potentiometer is set at its midpoint,
the circuit will have no effect on signals in the bass range. Finally, as the
frequency increases, all the characteristic responses approach zero dB or
unity gain. Hence the volume control circuit will have no effect on signals
in the upper end or treble range of the audio frequencies.

The first step in analyzing the frequency response of the circuit in
Fig. 15.32(a) is to calculate the transfer function V,/V;. To facilitate this
calculation the s-domain equivalent circuit is given in Fig. 15.33. The node
voltages V, and V}, have been labeled in the circuit to support node voltage
analysis. The position of the potentiometer is determined by the numerical
value of «, as noted in Fig. 15.33.

To find the transfer function we write the three node voltage equations
that describe the circuit and then solve the equations for the voltage ratio
V,/ Vs. The node voltage equations are

Va Va_Vs
Va— V)sCy = 0;
(1-—0{)R2+ R + (Va b)sC1
Vb Vb_Vo
— Vo — Va)sC —_— =0
ozR2+( b — Va)sCy + R

Ve
(1-a)Ry aRy

These three node-voltage equations can be solved to find V, as a function
of V, and hence the transfer function H(s):

Vo —(R1 +aRy + RiRCys)

H(s)=— = .
Vi Ri+0—-a)R+ RiRCrs

It follows directly that

—(R1+aRy + joR1R,Cy)

H(jw) = .
U = (R A~ @Ry + jwRi RoCr]

Now let’s verify that this transfer function will generate the family of
frequency response curves depicted in Fig. 15.32(b). First note that when
a = 0.5 the magnitude of H (jw) is unity for all frequencies, i.e.

[R1 +0.5R; + joR1 Ry C1| _
|[R1 +0.5R; + joR1 R, Cy|

|H(jw)| = 1.
When o = 0 we have
Ri+aRy

|H(jO)| = Rrd-wk

41

R,

Va(l-a)Ry[aRy

.

f The s-domain circuit for the bass
' volume control. Note that «
determines the potentiometer
setting,so0 0 < o < 1.




Observe that |[H(j0)| at & = 1 is the reciprocal of |H(j0)| at & = 0, that is

Ri+ Ry _ 1
Ry [H(j0)lg=o

[H(j0)|g=1 =

With a little thought the reader can see that the reciprocal relationship
holds for all frequencies, not just w = 0. For example & = 0.4 and & = 0.6
are symmetric with « = 0.5 and

—(R1 4+ 0.4Ry) + jwR 1 R2C

H(jw)y—04 =
(U®)as04 = R 5 6k T joRIRaC
while
Hjo) _ —(R1+0.6R) + jwR Ry Cy
JOla=08 = R T 04R) + jwR RaCy
Hence 1
H(jw)y=04 = m

It follows that depending on the value of o the volume control circuit can
either amplify or attenuate the incoming signal.

The numerical values of Ry, Ry, and C; are based on two design deci-
sions. The first design choice is the passband amplification or attenuation
in the bass range (as @ — 0). The second design choice is the frequency at
which this passband amplification or attenuation is changed by 3 dB. The
component values which satisfy the design decisions are calculated with «
equal to either 1 or 0.

As we have already observed, the maximum gain will be (R; + R>)/R;
and the maximum attenuation will be R;/(R; + R»). If we assume (R; +
R3)/R1 > 1 then the gain (or attenuation) will differ by 3 dB from its
maximum value when @ = 1/R,C;. This can be seen by noting that

‘ < 1 ) IRy + Ry + j Ryl
H(jeer )| =221
R2C1 a=1 IRI +J Rll

Ri+ Ry
ATt
Ry tJ ‘

_ 1 <R1+R2>
1+ j1f 2 Ry

R+ Ry
w0 |R1+ R+ jRy|

_ 1+ /1 ~ 2 Ry
Ri+R; . Ri+Ry)’
— +j1

Ry

and

(i)

NOTE o Assess your understanding of this Practical Perspective by try-
ing Chapter Problems 15.54 and 15.55.



® A cascade of second-order low-pass op amp filters

(Fig. 15.21) with 1 © resistors and capacitor values cho-
sen to produce each factor in the Butterworth polyno-
mial will produce an even-order Butterworth low-pass
filter. Adding a prototype low-pass op amp filter will
produce an odd-order Butterworth low-pass filter. (See
page 725.)

A cascade of second-order high-pass op amp filters
(Fig. 15.25) with 1 F capacitors and resistor values cho-
sen to produce each factor in the Butterworth poly-
nomial will produce an even-order Butterworth high-
pass filter. Adding a prototype high-pass op amp filter
will produce an odd-order Butterworth high-pass filter.
(See page 732.)

For both high- and low-pass Butterworth filters, fre-
quency and magnitude scaling can be used to shift the
cutoff frequency from 1 rad/s and to include realistic

component values in the design. Cascading an invert-
ing amplifier will produce a nonunity passband gain.
(See page 726.)

Butterworth low-pass and high-pass filters can be cas-
caded to produce Butterworth bandpass filters of any
order n. Butterworth low-pass and high-pass filters
can be combined in parallel with a summing ampli-
fier to produce a Butterworth bandreject filter of any
order n. (See page 733.)

Ifahigh-Q, ornarrowband, bandpass, or bandreject fil-
ter is needed, the cascade or parallel combination will
not work. Instead, the circuits shown in Figs. 15.26 and
15.29 are used with the appropriate design equations.
Typically, capacitor values are chosen from those com-
mercially available, and the design equations are used
to specify the resistor values. (See page 733.)

15.1 Find the transfer function V,/V; for the circuit

shown in Fig. P15.1 if Z; is the equivalent imped-
ance of the feedback circuit, Z; is the equivalent
impedance of the input circuit, and the operational
amplifier is ideal.

Figure P15.1

15.2 a) Use the results of Problem 15.1 to find the

transfer function of the circuit shown in
Fig. P15.2.

b)  What is the gain of the circuit as o — 0?

c) What is the gain of the circuit as @ — 00?

d) Do your answers to (b) and (c) make sense
in terms of known circuit behavior?

Figure P15.2
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15.5

R/
o

15.6

SRR

Repeat Problem 15.2, using the circuit shown in
Fig. P15.3.

Figure P15.3
Ve N\
G
R,
R, &
o—fvw—l P
+
o+ +
o
v v
- J

a) Using the circuit in Fig. 15.1, design a low-
pass filter with a passband gain of 10 dB
and a cutoff frequency of 1 kHz. Assume a
750 nF capacitor is available.

b) Draw the circuit diagram and label all com-
ponents.

a) Use the circuit in Fig. 15.4 to design a high-
pass filter with a cutoff frequency of 8 kHz
and a passband gain of 14 dB. Use a 3.9 nF
capacitor in the design.

b) Draw the circuit diagram of the filter and
label all the components.

The voltage transfer function of either low-pass
prototype filter shown in Fig. P15.6 is

1

o=

Show that if either circuit is scaled in both mag-
nitude and frequency, the scaled transfer function
is

1

Figure P15.6
—
[ R=10Q

(b)

- J

15.7 The voltage transfer function for either high-pass
prototype filter shown in Fig. P15.7 is

s
s+1°

H(s) =

Show that if either circuit is scaled in both mag-
nitude and frequency, the scaled transfer function
is

/ _ (S/kf)
HO =G+t
Figure P15.7
4 N\

C=1F
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15.8 The voltage transfer function of the prototype
bandpass filter shown in Fig. P15.8 is

)
— }s

__\eJ
()

Show that if the circuit is scaled in both magnitude
and frequency, the scaled transfer function is

(2) (&)

H(s) =

H/(s)= ; 5 7 - .
=) (=) (=) +1
(@) (Q)(h)
Figure P15.8
4 c E N
=lFp=1H
+

15.9 a) Specify the component values for the pro-
totype passive bandpass filter described in
Problem 15.8 if the quality factor of the fil-

ter is 20.

b) Specify the component values for the band-
pass filter described in Problem 15.8 if the
quality factor is 20; the center, or resonant,
frequency is 40 krad/s; and the impedance
at resonance is 5 k.

c) Draw a circuit diagram of the scaled filter
and label all the components.

15.10 An alternative to the prototype bandpass filter
illustrated in Fig. P15.8 is to make w, = 1 rad/s,
R =1%,and L = Q henrys.
a) Whatisthe value of C inthe prototype filter
circuit?

b) What is the transfer function of the proto-
type filter?

A R

¢) Use the alternative prototype circuit just
described to design a passive bandpass fil-
ter that has a quality factor of 16, a center
frequency of 25 krad/s, and an impedance
of 10 k2 at resonance.

d) Drawadiagram of the scaledfilter and label
all the components.

e) Use the results obtained in Problem 15.8
to write the transfer function of the scaled
circuit.

15.11 The passive bandpass filter illustrated in Fig. 14.22

< has two prototype circuits. In the first prototype
circuit, w, = 1l rads, C = 1 F L = 1 H, and
R = Q ohms. In the second prototype circuit,
w, = 1 radls, R = 1 Q, C = Q farads, and
L = (1/0) henrys.

a) Use one of these prototype circuits (your
choice) to design a passive bandpass filter
that has a quality factor of 25 and a center
frequency of 50 krad/s. The resistor R is
40k<Q.

b) Draw a circuit diagram of the scaled filter
and label all components.

15,12 The transfer function for the bandreject filter shown
in Fig. 14.28(a) is

Show that if the circuit is scaled in both magnitude
and frequency, the transfer function of the scaled
circuit is equal to the transfer function of the un-
scaled circuit with s replaced by (s/ks), where ks
is the frequency scale factor.




~ Problems

15.13

15.14

Show that the observation made in Problem 15.12
with respect to the transfer function for the circuit
in Fig. 14.28(a) also applies to the bandreject filter
circuit (lower one) in Fig. 14.31.

The passive bandreject filter illustrated in
Fig. 14.28(a) has the two prototype circuits shown
in Fig. P15.14.

a) Show that for both circuits, the transfer
function is

b) Write the transfer function for a bandreject
filter that has a center frequency of 10
krad/s and a quality factor of 8.

Figure P15.14

15.15

The two prototype versions of the passive ban-
dreject filter shown in Fig. 14.31 (lower circuit) are
shown in Fig. P15.15(a) and (b).

Show that the transfer function for either ver-
sion is

s2+1

@

H(s) =

Figure P15.15

—

(b)

15.17

15.18

15.19

15.20

Scale the bandpass filter in Problem 14.15 so that
the center frequency is 200 kHz and the quality fac-
toris still 8, using a 2.5 nF capacitor. Determine the -
values of the resistor, the inductor, and the two cut-
off frequencies of the scaled filter.

Scale the bandreject filter in Problem 14.24 to get
a center frequency of 50 krad/s, using a 200 uH
inductor. Determine the values of the resistor, the
capacitor, and the bandwidth of the scaled filter.

The circuit in Fig. P13.26 is scaled so that the 1
resistor is replaced by a 1 kQ resistor and the 1 F
capacitor is replaced by a 200 nF capacitor.

a) What is the scaled value of L?

b) What is the expression for i, in the scaled
circuit?
Scale the circuit in Problem 13.29 so that the 50
resistor is increased to 5 k2 and the frequency of
the voltage response is increased by a factor of 5000.
Find v,(z).

a) Show that if the low-pass filter circuit illus-
trated in Fig. 15.1 is scaled in both magni-
tude and frequency, the transfer function
of the scaled circuit is the same as Eq. 15.1
with s replaced by s/ks, where ky is the
frequency scale factor.

b) Inthe prototype version of the low-pass fil-
ter circuitinFig. 15.1, w, = 1rad/s, C = 1F,
Ry =1Q,and Ry = 1/K ohms. Whatis the
transfer function of the prototype circuit?

¢) Using the result obtained in (a), derive the
transfer function of the scaled filter.
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15.21

15.22

®,
%

b)

b)

Show that if the high-pass filter illustrated
in Fig. 15.4 is scaled in both magnitude and
frequency, the transfer function is the same
as Eq. 15.4 with s replaced by s/ky, where
ks is the frequency scale factor.

In the prototype version of the high-pass
filter circuit in Fig. 154, o = 1 rads,
Ri=1Q,C =1F and R, = K ohms.
What is the transfer function of the proto-
type circuit?

Using the result in (a), derive the transfer
function of the scaled filter.

Using 0.1 uF capacitors, design an active
broadband first-order passband filter that
has a lower cutoff frequency of 1000 Hz, an
upper cutoff frequency of 5000 Hz, and a
passband gain of 0 dB. Use prototype ver-
sions of the low-pass and high-pass filters
in the design process (see Problems 15.20
and 15.21).

Write the transfer function for the scaled
filter.

Use the transfer function derived in part
(b) to find H(jw,), where w, is the center
frequency of the filter.

What is the passband gain (in decibels) of
the filter at w, ?

Using a computer program of your choice,
make a Bode magnitude plot of the filter.

Using 10 nF capacitors, design an active
broadband first-order bandreject filter with
a lower cutoff frequency of 400 Hz, an up-
per cutoff frequency of 4000 Hz, and a pass-
band gain of 0 dB. Use the prototype filter
circuits introduced in Problems 15.20 and
15.21 in the design process.

Draw the circuit diagram of the filter and
label all the components.

What is the transfer function of the scaled
filter?

Evaluate the transfer function derived in
(c) at the center frequency of the filter.
What is the gain (in decibels) at the center
frequency?

f) Using a computer program of your choice,
make a Bode magnitude plot of the filter
transfer function.

15.24 For circuits consisting of resistors, capacitors, in-
ductors, and op amps, | H (jw)|* involves only even
powers of w. To illustrate this, compute |H (jw)|?
for the three circuits in Fig. P15.24 when

s

H(s) =

Figure P15.24

- N




15.25

15.26

15.27

15.28

Design a unity-gain bandpass filter, using a cascade
connection, to give a center frequency of 200 Hz
and a bandwidth of 1000 Hz. Use 5 uF capacitors.
Specify f.1, fe2, Rp,and Ry.

Design a parallel bandreject filter with a center fre-
quency of 1000 rad/s, a bandwidth of 4000 rad/s,
and a passband gain of 6. Use 0.2 uF capacitors,
and specify all resistor values.

The purpose of this problem is to illustrate the ad-
vantage of an nth-order low-pass Butterworth fil-
ter over the cascade of n identical low-pass sections
by calculating the slope (in decibels per decade) of
each magnitude plot at the corner frequency w,. To
facilitate the calculation, let y represent the mag-
nitude of the plot (in decibels), and let x = log;, w.
Then calculate dy/dx at . for each plot.

a) Show that at the corner frequency (w, =
1rad/s) of an nth-order low-pass prototype

Butterworth filter,
fi—)—) = —10n dB/dec.
dx

b) Show that for a cascade of n identical low-
pass prototype sections, the slope at w, is

dy _ —20n2Y" — 1)

i i/ dB/dec.

c) Compute dy/dx for each type of filter for
n=1,2,3,4,and co.

d) Discuss the significance of the results ob-
tained in part (c).

a) Determine the order of a low-pass Butter-
worth filter that has a cutoff frequency of
2000 Hz and a gain of at least —30 dB at
7000 Hz.

b) What is the actual gain, in decibels, at
7000 Hz?

15.29

15.30

15.31

/
0’0

15.32
0,

L %4

15.33

The circuit in Fig. 15.21 has the transfer function
given by Eq. 15.34. Show that if the circuit in
Fig. 15.21 is scaled in both magnitude and fre-
quency, the transfer function of the scaled circuit
is

1
R2CC,

() 4 () e
ky RCy \ k¢ R2C1C,

a) Write the transfer function for the proto-
type low-pass Butterworth filter obtained
in Problem 15.28(a).

H(s) =

b) Write the transfer function for the scaled
filter in (a) (see Problem 15.29).

c) Check the expression derived in part (b) by
using it to calculate the gain (in decibels) at
7000 Hz. Compare your result with that
found in Problem 15.28(b).

a) Using 1k Q resistors and ideal op amps, de-
sign a circuit that will implement the low-
pass Butterworth filter specified in Prob-
lem 15.28. The gain in the passband is one.

b) Construct the circuit diagram and label all
component values.

a) Using 10 nF capacitors and ideal op amps,
design a high-pass unity-gain Butterworth
filter with a cutoff frequency of 2 kHz and
a gain of at least —48 dB at 500 Hz.

b) Draw a circuit diagram of the filter and la-
bel all component values.

Verify the entries in Table 15.1 for n = 5 and n = 6.



15.34  The circuit in Fig. 15.25 has the transfer function

15.35

R/
°

15.36

Active Filter Circuits

15.37
given by Eq. 15.47. Show that if the circuitis scaled o

in both magnitude and frequency, the transfer func-
tion of the scaled circuit is

k
H'(s) = _ !
S

‘+ 2 s . 1
ki) " R.C \kf)  RiR,C2

15.38

Hence the transfer function of a scaled circuit is
obtained from the transfer function of an unscaled
circuit by simply replacing s in the unscaled transfer
function by s/ ks, where k is the frequency scaling
factor.

a) Using 1k resistors and ideal op amps, de-
sign a low-pass unity-gain Butterworth fil-
ter that has a cutoff frequency of 8kHzand ~ 15.39
is down at least 48 dB at 32 kHz. 3

b) Draw a circuit diagram of the filter and la-
bel all the components.

The high-pass filter designed in Problem 15.32 is
cascaded with the low-pass filter designed in Prob-
lem 15.35.

a) Describe the type of filter formed by this
interconnection.
15.40
b) Specify the cutoff frequencies, the midfre-
quency, and the quality factor of the filter.

c) Use the results of Problems 15.28 and 15.33
to derive the scaled transfer function of the
filter.

d) Check the derivation of (c) by using it to
calculate H(jw,), where w, is the midfre-
quency of the filter.

a) Use 20 nF capacitors in the circuit in
Fig. 15.26 to design a bandpass filter with
a quality factor of 16, a center frequency of
6.4 kHz, and a passband gain of 20 dB.

b) Draw the circuit diagram of the filter and
label all the components.

Show that if w, = 1 rad/s and C = 1 F in the circuit
in Fig. 15.26, the prototype values of R;, R, and
R3 are

R1=g,
K
o
Ry = —5—0,
2T 207K
R3=20.

a) Design a broadband Butterworth band-
pass filter with a lower cutoff frequency
of 500 Hz and an upper cutoff frequency
of 4500 Hz. The passband gain of the fil-
ter is 20 dB. The gain should be down at
least 20 dB at 200 Hz and 11.25 kHz. Use
15 nF capacitors in the high-pass circuit and
10 k2 resistors in the low-pass circuit.

b) Draw a circuit diagram of the filter and la-
bel all the components.

a) Derive the expression for the scaled trans-
fer function for the filter designed in Prob-
lem 15.39.

b) Usingthe expression derivedin (a), find the
gain (in decibels) at 200 Hz and 1500 Hz.

c) Do the values obtained in part (b) satisfy
the filtering specifications given in Prob-
lem 15.39?



Derive the prototype transfer function for a sixth-
order high-pass Butterworth filter by first writing
the transfer function for a sixth-order prototype
low-pass Butterworth filter and then replacing s by
1/s in the low-pass expression.

The sixth-order Butterworth filter in Problem 15.41
is used in a system where the cutoff frequency is
25 krad/s.

a) Whatis the scaled transfer function for the
filter?

b) Test your expression by finding the gain (in
decibels) at the cutoff frequency.

The purpose of this problem is to guide you through
the analysis necessary to establish a design proce-
dure for determining the circuit components in a
filter circuit. The circuit to be analyzed is shown in
Fig. P15.43.

a) Analyze the circuit qualitatively and con-
vince yourself that the circuit is a low-pass
filter with a passband gain of Ry/R;.

b) Support your qualitative analysis by de-
riving the transfer function V,/V;. (Hint:
In deriving the transfer function, represent
the resistors with their equivalent conduc-
tances, thatis, G; = 1/R;, and so forth.) To
make the transfer function useful in terms
of the entries in Table 15.1, putitin the form

—-Kb,

H -
() s2 4+ bis + b,

c) Now observe that we have five circuit
components—R;, Ry, Rz, Ci, and Cr—
and three transfer function constraints—
K, b1, and b,. At first glance, it appears
we have two free choices among the five

Prbble‘mé

components. However, when we investi-
gate the relationships between the circuit
components and the transfer function con-
straints, we see that if C, is chosen, there
is an upper limit on C1 in order for R,(G>)
to be realizable. With this in mind, show
that if C; = 1 F, the three conductances
are given by the expressions

G1 = KGy;

b,
Gs=(22)cy:
} (Gz)cl’

bi % /B2 — db,(1 + K)C1
Gy, =
2 2(1+K)

For G, to be realizable,

%
Cp<—21
Y= 4,0+ K)

Based on the results obtained in (c), out-
line the design procedure for selecting the
circuit components once K, b,, and by are
known.

Figure P15.43

-
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Use the circuits analyzed in Problems 15.43
and 15.45 to implement a broadband ban-
drejectfilter having a passband gain of 0 dB,
a lower corner frequency of 400 Hz, an up-
per corner frequency of 6400 Hz, and an at-
tenuation of at least 30 dB at both 1000 Hz
and 2560 Hz. Use 10 nF capacitors when-
ever possible.

15.44 Assume the circuit analyzed in Problem 1543 is  15.46 a)
KX part of a third-order low-pass Butterworth filter %
having a passband gain of 4.

a) If C, =1 Fin the prototype second-order
section, what is the upper limit on C;?

b) If the limiting value of C; is chosen, what

f)
are the prototype values of Ry, Rz, and R’ b) Draw a circuit diagram of the filter and la-

bel all th ts.
c) If the corner frequency of the filter is ¢ att the components

2.5 kHz and C;, is chosen to be 10 nF,
calculate the scaled values of C1, Ry, Ry,
and Rs.

Derive the transfer function for the ban-
dreject filter described in Problem 15.46.

15.47 a)

b)  Use the transfer function derived in part (a)
to find the attenuation (in decibels) at the
center frequency of the filter.

d) Specify the scaled values of the resistors
and the capacitor in the first-order section
of the filter.

1548 The purpose of this problem is to develop the de-

<& sign equations for the circuit in Fig. P15.48 on page
753. (See Problem 15.43 for suggestions on the de-
velopment of design equations.)

e) Construct a circuit diagram of the filter and
label all the component values on the dia-
gram.

15.45 Interchange the Rs and Cs in the circuit in a) Basedona qualitative analysis, describe the
< Fig. P15.43; that is, replace Ry with Cy, R, with type of filter implemented by the circuit.
C;, Ry with C3, Cq with Ry, and C, with R,.

b)  Verify the conclusion reached in (a) by de-
. . riving the transfer function V,/V;. Write
a) Describe the tYP  of filter implemented as the tfansfer function in a forn;) th;t makes
aresult of the interchange. it compatible with the entries in Table 15.1.
b) Confirm the filter type described in (a) by ¢) How many free choices are there in the se-
deriving the transfer function V,,/V;. Write lection of the circuit components?
the transfer function in a form that makes . .
it compatible with Table 15.1. d) Derive the expressions for the f:onduc-
tances G; = 1/R; and G, = 1/R; in terms
¢) Set C; = C3 = 1 F and derive the expres- of C1, C,, and the coefficients 1.70. and b;.
sions for Cy, Ry, and R, in terms of K , by, (See Problem 15.43 for the definition of b,
and b,. (See Problem 15.43 for the defini- and b1.)
tion of by and b,.) e) Are there any restrictions on C; or Cy?
d) Assume the filter described in (a) is used in f)  Assume the circuit in Fig. P15.48 is used to

the same type of third-order Butterworth
filter that has a passband gain of 8. With
Cy = C3 = 1 F, calculate the prototype val-
ues of C1, R, and R; in the second-order
section of the filter.

design a fourth-order low-pass unity-gain
Butterworth filter. Specify the prototype
values of Ry and R, in each second-order
section if 1 F capacitors are used in the pro-
totype circuit.



Figure P15.48
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15.49 The fourth-order low-pass unity-gain Butterworth
<& filter in Problem 15.48 is used in a system where
the cutoff frequency is 3 kHz. The filter has 4.7 nF
capacitors.
a) Specify the numerical values of R; and R;
in each section of the filter.
b) Draw a circuit diagram of the filter and la-
‘ bel all the components.
1550 Interchange the Rs and Cs in the circuit in
& Fig. P15.48, that is, replace R; with Cy, R, with

*

C», and vice versa.

a) Analyze the circuit qualitatively and pre-
dict the type of filter implemented by the
circuit.

b) Verify the conclusion reached in (a) by de-
riving the transfer function V,/V;. Write
the transfer function in a form that makes
it compatible with the entries in Table 15.1.

¢) How many free choices are there in the se-
lection of the circuit components?

d) Find R; and R; as functions of b,, b1, C1,
and Cz.

e) Are there any restrictions on Cq and C,?

f)  Assume the circuit is used in a third-order
Butterworth filter of the type found in (a).
Specify the prototype values of Ry and R,
in the second-order section of the filter if
Ci=C=1F

15.51

K/
°

15.52

15.53

R/
o

15.55

0’0

a) The circuit in Problem 15.50 is used in
a third-order high-pass Butterworth filter
that has a cutoff frequency of 5 kHz. Spec-
ify the values of Ry and Rj if 75 nF capaci-
tors are available to construct the filter.

b)  Specify the values of resistance and capac-
itance in the first-order section of the filter.

¢) Draw the circuit diagram and label all the
components.

d) Givethe numerical expression for the scaled
transfer function of the filter.

e) Use the scaled transfer function derived in
(d) to find the gain in dB at the cutoff fre-
quency.

a) Show that the transfer function for a pro-
totype bandreject filter is

st 41
H() = 5—7—"—.
=TT Wos 1
b) Use the result found in (a) to find the trans-
fer function of the filter designed in Exam-
ple 15.13

a) Using the circuit shown in Fig. 15.29, de-
sign a narrow-band bandreject filter having
a center frequency of 1 kHz and a quality
factor of 20. Base the design on C = 15 nF.

b) Draw the circuit diagram of the filter and
label all component values on the diagram.

¢) What is the scaled transfer function of the
filter?

Using the circuit in Fig. 15.32(a) design a volume
control circuit to give a maximum gain of 20 dB
and a gain of 17 dB at a frequency of 40 Hz. Use an
11.1 k< resistor and a 100 k2 potentiometer. Test
your design by calculating the maximum gain at
o = 0 and the gain at = 1/R,C; using the se-
lected values of R, Ry, and C;.

Use the circuit in Fig. 15.32(a) to design a bass vol-
ume control circuit that has a maximum gain of
13.98 dB that drops off 3 dB at 50 Hz.
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15.56 Plot the maximum gain in decibels versus « when 16,58 Anengineering project manager has received a pro-

'S w = 0 for the circuit designed in Problem 15.54. ¢
Let « vary from 0 to 1 in increments of 0.1.

15.57 a) Show that the circuits in Fig. P15.57(a) and
TS (b) are equivalent.

b) Show that the points labeled x and y in
Fig. P15.57(b) are always at the same po-
tential.

c) Using the information in (a) and (b), show
that the circuit in Fig. 15.33 can be drawn
as shown in Fig. P15.57(c).

d) Show that the circuit in Fig. P15.57(c) is in
the form of the circuit in Fig. 15.2, where

R+ -a)Ry+ RRCys

Z; ;
! 14+ RyCys
7. Ri+aRy 4+ RiR,Cys
= 1+ RiR,Cis
Figure P15.57
4 T
l-a o
1/SC1 SCI X SCl
(1—a)R2 CYR2 (1—a)R2 y aR2
(a) (b)
R, + 2R,

AAZ

1-a _a
)
1

a
Cl sC 1
(x

e
R R
) 1
VS Hm‘%ﬁ.
(1-a)R,
®— | o Vo
f‘.‘l‘

H(S)=-‘}-

posal from a subordinate who claims the circuit
shown in Fig. P15.58 could be used as a treble vol-
ume control circuit if R4 = Ry + Rz + 2Rs. The
subordinate further claims that the voltage trans-
fer function for the circuit is

Vo

N

_ = {2Rs + Ra) +[(1 = B)Rs + R,)(BR4 + R3)Cys)

{@R3 + Ry) + [(1 = B)R4 + R3](BRs + R,)Cas}

where R, = R; + R3+2Rs. Fortunately the project
engineer has an electrical engineering undergrad-
uate student as an intern and therefore asks the
student to check the subordinate’s claim.

The student is asked to check the behavior of
the transfer function as w — 0; as w — oo; and the
behavior when w = oo and B varies between 0 and
1. Based on your testing of the transfer function
do you think the circuit could be used as a treble
volume control? Explain.

Figure P15.58
4 N

Vs 0 @ Uy

G
(1-B)Rq 1 BR,

R, R, R,




15.59
L 4

In the circuit of Fig. P15.58 the component values
are Ry = R, =20kQ, R3 =59k, Ry =500 k2,

and C, = 2.7 nF.

a) Calculate the maximum boost in decibels.

b) Calculate the maximum cut in decibels.

c) Is Ry significantly greater than R,?

d) When 8 =1, what is the boost in decibels
when w = 1/R3C,?

e) When 8 = 0, what is the cut in decibels
when w = 1/R3C,?

f) Based on the results obtained in (d) and

(e), whatis the significance of the frequency
1/R3C, when R4 > Ro?

15.60
*

Using the component values given in Problem 15.59,
plot the maximum gain in decibels versus g when
@ = 0. Let B vary from 0 to 1 in increments of 0.1.
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Chapter 1 214 a) 04 A
b) 16A
1.1 3.93 MB )
c) 120V
1.3 35s )
d) 19409 =160 W; P3OOQ =48 W; P75g2 =192 W
2
1.6 362 um e) 400 W
1.9 4sin 5000t mC 216 @) i, =6Ai,=2A
112 a) 300W,AtoB b) 240V
b) 500 W,Bto A C)  Pdev = Paps = 1440 W
c) 200W,BtoA 2.21 a) —30 V source; 20  resistor
d) 400 W,AtoB b) 10W
117 @) 4221mW 223 & B
e 15
b) 12.14uJ = 12
0 - } t t f f {
c) 140.625uJ 0 8 16 24 32 40 48
is (A)
1.24 a) 845s
b) 24 V source; 0.25 Q resistor
b) —15.40 W (15.40 W delivered) o 192 A
c) 31.55s d 9 A
d) 15.40 W (15.40 W extracted) e) 48 A
&) w0 =07 w(l0) = 112.5 J; w(20) = 200 J; i) A Iinegr m(_)deI cannot predict the nonlinear
w(30) = 112.5 J; w(40) = 0J behavior of the voltage source.
226 a) P =900 W, Pyq = 1620 W; Psg =180 W;
1.26 1740 W Py sq =360 W; Pisqg = 1500 W
b) 4560 W
Chapter 2
P C)  Puypp = 4560 W = Puis
22 8k 229 a) 555V
2.4 202 b) Psupp = 44.82 mW= Py

939
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2.34 i =385 mA, so a warning sign should be posted c) 300,400, and 500
and precautions taken.
1200 )
2.35 R, AW -»
AW
J Ra , 200 mV C) 60003 12k0%

<
()
NS
»?;U

R

Ry L 32 a) 10Qand40Q: 100 and 259
180 80
- A . AN~

236 @) Pup=59.17 W; Py = 29.59 W;

Prrunk = 7.40 W L
b) fam = 141423 5; feg = 707113 s; SV <_> 200 202

[trunk == 70,67737 S
¢) All values are much greater than a few |

minutes.
2.37 40V
3 b) 9k, 18k, and 6 kQ
b) No, 12 V/800 Q2 = 15 mA will only cause a
shock. 5kQ
2.38 3000V
2k0 %
Chapter 3
31  a) 6Qand 129:9Qand 7Q SOmACD 10k0
180
AW .
3k03
10V C> 40 160
¢ c) 600%, 200, and 300 Q
b) 3kQ,5kQ,and 7k
Ak A 250

AWV *

3mA 10 kQ 15k0% 0ZA (D 100 © 15003
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3.5

3.6

3.13

3.14
3.21

3.22

3.23

3.31

3.34

3.49

21.2Q
10 kQ
1600 ©

30
5kQ
80

10V
Pg, = 800 mW; Pg, =200 mW
Ry = 1600 Q; R, = 400 Q (minimum values)

26.67 Q2

R1 = 800 Q; R2 =16 kQ; R3 =16 kQ;
Ry =16kQ

a)
b)

c)

15 V, positive at the top
20 mA, right to left

1.5 mA, top to bottom
18 V, positive at the top

30 mV, positive on the left
4.5 V, positive at the top V\;
0.4 A, bottom to top

(10/99) . 1.
m= T ——lmeas = T~~1
=10 1 (10/99) ™o T 100 e

1
100,000

Yes

49,980 Q2
4980 Q2
230 Q2
5Q

2000 €
8.4 mA
800 Q2; 28.8 mW
500 2; 2.88 mW

3.53 v =232V, 0, =210V
3.54 a) Equivalent wyeis 52,200,4 Q; Rap =33 Q.
b) Equivalent delta is 100 2, 80 2,20 Q;
Ry =33Q.
c) Convert R4—Rs—Rg delta to wye; convert
R3—R4—R¢ wye to delta.
355 90Q
3.71 R =10372Q,R; =11435Q, R3 =12Q,
Ry =1.1435Q, Rs =1.0372 2, R, = 0.0259 Q,
R, =0.0068 2, R, = 0.0068 2, R; = 0.0259
3.72 Pdiss =624 W= Pdel
373 a) R; =0.4269Q, R, =0.4617Q2, R3 =048,
Ry =0.4617Q, Rs = 0.4269 Q,
R, =0.0085%2, R, = 0.0022 22,
R, =0.0022 2, R; = 0.0085Q
b) i1 =26.51 A, i?R, =300 W or 200 W/m;
ip =25.49 A, i22R2 =300 W or 200 W/m;
ip =52 A, ilR, =6 W or 200 W/m;
Pael = 1548 W = Py
Chapter 4
41 a 11
b) 9
c) 9
d 7
e 6
fy 4
g9 6
4.2 a) 2
b) 5
c) 7
d 1;4;7
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4.3

44

4.6

4.9

410

419

4.20

4.21

4.26

4.27

4.31

a) 7
b) 3
c) 4

d) top mesh; leftmost mesh

a 5
b) 3

C) —ig+ir +ir, =0; —ig, +ir, +ir; =0;
IRs — IR, — iR, =0

d 2

&) Ruir, + Rsix, — Roin, = 0;
R3iR3 + RSiR5 — Ry4ig, = 0

-5V

1 =120V, 1, =96V

a) i =8Aip=2Aic=6A,ig=2A,

e =4 A

b) 360 W

750 W delivered

a) Prsa = —8800 W; Pgey = 8800 W

b)  Pg4i, = 62832 W, Psq =3097.6 W,
Pisoq = 774.4 W, Pioqg = 1960 W,

Prog = 22472 W, Pgg = 92.48 W,
Pajss = 8800 W

10V
v = =37.5V, P)sv = 31.25 W delivered
25V
a) i, =56Ai,=32Ai.,=-24A

b) i,=-88A,i,=—16A,i;=72A

4.32

4.33

4.34

4.37

4.38

4.43

4.46

4.52

4.54

4.55

a) Prugv = —1012 W, Pysov = —16,928 W,
Piev = 17,940 W

b) P =17,940 W

2592 W

2016 W delivered

a)

b)

—312 W delivered (312 W absorbed)
21,000 W

Paey = 21,000 W = Pyiss

2 mA

304 mW delivered

0.9 mW delivered

740 W

a)

b)

a)

ia=—42 A, iy =T4 A, i, =468 A,
ii=116 A, i, =272 A

Piey = 1329.632 W = Pyps

Three unknown node voltages, but only two
unknown mesh currents, so choose mesh
current method.

36 W

No, since it is straightforward to calculate the
voltage drop across the current source from
mesh currents.

52.8 W delivered

Node-voltage method because constraint
equations are easier to formulate.

480 mW absorbed

-1 mA

-1 mA



458 a) -0.85A
b) —-085A
4.59 ViIn=60V, Ry =10Q
4.62 In =1 mA, top to bottom; Ry = 3.75 kQ
463 a) 513V
b) -5%
4.65 vtn = 160 V, negative at the top; R, = 56.4 kQ
4.72 143 uA
475 2.5Qand22.5Q
476 a) 6Q
b) 24 W
487 a S0V
b) 250 W
488 30V
4101 v =39.583V, 1, =1025V
4102 v =375V, =105V
4103 v =52.083V, v, =1175V
Chapter 5
5.1 a) Positive
Inverting power supply
input Output
Non-inverting
input Negative
power supply
b) Input resistance is infinite, so i, =0 A
c) Gain in the linear region is infinite, so
v, — v, =0
d -10V
5.2 a) —15V (saturated)
b) —-10V
c) -4V
d 7V

e) —-1.08V <wv, <492V

5.3
5.6

5.7

5.16

5.17

5.19

5.22

5.23

5.29

5.30

5.31

5.37

5.38
5.39

5.48

-1 mA

b)
a)
b)
a)
b)
c)
a)
b)

Use a single 20 k<2 resistor in the forward
path and 6 series-connected 20 k2 resistors
in the feedback path, OR, use 6
parallel-connected 20 k< resistors in the
forward path and a single 20 k<2 resistor in

the feedback path.

+18V

Non-inverting amplifier

9V

Inverting summing amplifier
-4V
-25V=w=<-13V
14V

3818 V<, <9273V

R, =24kQ, Ry =12kQ, R =8k, Ry =6kQ

a)
b)
c)
a)
b)
c)

Non-inverting amplifier
2v;

—-6V<vy, <4V

10.54 V

—4.554V < v, <4554V
181.76 k2

20 kQ

a)
b)
a)
b)
c)
a)
)

c)

T

42V
=771 mV <y, <1371 mV

-153V
33.5kQ
80 k2

24.98
—0.04
624.5

19.93kQ < R, <20.07kQ

a)
b)
c)
d)

a)
b)

~19.9915 V
4032 1V
5002.02

—20; 0 V; 5000 2

2kQ
12 mQ



Answers to Selected Problems

Chapter 6 f) v (V)
25
6.1 a) i=0 t <0 20
15
i =50t A 0<t<S5ms 10
i=05-50tA 5ms<¢<10ms 5
. O+—T T T T T T T T T T tps
i=0 10ms <t < o0 0 5 10 15 20 25 30 35 40 45 50
b) v=0 t <0 621 15H
v=1V 0<t<5ms 622 a) 6" A
v=-1V S5ms <t <10 ms b) 4e™ -2 A
—t
v=0 10ms < ¢ < oo €) 27 +2A
d 367
p = 0 t<0
e) 547
p =50t W 0<t<5ms § 187
p=50-05W Sms =t =10ms g) 54J-367 =187 (checks)
p=0 0ms=1=00 o052, Fwith 25 V positive at the to
p P
w=0 1<0 627 a) 10~V
w =257 0<tr<5ms b) 6.67¢~ —2.67V
w=252-05+00025] Sms<t<10ms c) 3.33¢+267V
w=0 10ms <t < 00 d) 100uJ
e) 132uJ
6.14 i (mA) ) 32uJ
0.6 g) 100 uJ + 32 uJ = 132 uJ (checks)
di di
6.3 a) 1622 132, =2%%
O T T t (S) dt dt
0 0~[/1 15 2 b) —16e" +32¢ % +32¢~" —32e7% = 16e~*
—0.6 — c) 3de'—4e %V, >0
d) 30 V;yes
6.15 a) 8x 10°¢ +12V 6.38 a) S0mH;2.4

b) 02 x10°° Wb/A

6.39 0.8 n1Wb/A; 1.2 nWb/A
c) 12x10°7-14V 647 a) 2721.6mJ
b) 2721.6mJ
¢ 5184mJ
e 24V d) 5184 mJ

b) —4x10:+18V

d) 8x10%—4V



6.48

6.49
6.51

Chapter 7

7.1

7.2

7.3

7.21

7.22

a)
b)

V=

The finger causes no change in the output voltage.

a)
b)
c)
d)
e)

a)
b)

c)

d)
a)
b)
c)
d)
e)

—45A
no

%Us(t) +v(0)

i1(07) =5mA, i,(07) =15 mA
i1(0+) =5 mA, i2(0+) = -5 mA
56—20,0001 mA

_Se—Z0,000t mA

The current in a resistor can change
instantaneously.

4 A

80 ms

i=4e 23 A1t > 0; vy = —180e 125t
t>0%; v = =200e7 125V, t > 0

56.89%

0

160 mA

65 mA

160 mA

225 mA

0

160e7290t mA ¢t >0

0

-32V

0

—32¢72000 y ¢ > 0F

225 —160e2% mA, r > 0*

i =16e% mA, ¢t >0" vy =32e7" 48V,
t>0,vp=—-84+8V, >0
800 nJ

Wirapped = 160 1], waiss = 640 uJ

9.9¢~1000t |y A
42.14%

7.33

7.34

7.35

7.47
7.48

7.61

7.62

7.63

7.64

a)

b)

a)
b)

e hiswisioto Selected Problems

ip(t) = =2 — 33000 A >,
Uo(t) = 48 — 48¢3000 v ¢ >

v (0) =60V, v,(0H) =0V

5415710000 A ;>
50 — 450710002 7 ¢ > oF

io(t) =2.54+7.5¢7 150 A ¢ >0;
v(t) = —150e7120 v ¢+ > 0

—60 + 902000t v/ ¢ > ()

a)
b)
c)
d)
e)
a)
b)
c)
d)

e)

60 — 60e=190 Vv ¢t > 0
1—-0.6e71% mA >0t
1424e7 1000 mA >0t
424071000 A >0t
3.4 mA

S0V

=24V

0.1us

—-185 A

—24+ 740y £ > 0
~18.5¢710 A ¢ > 0F
0V

—60 V

1000 ws

916.3 us

~13 mA

—12 mA

80 s

—12 — 712300 mA >0
6—6e710 A >0
10071 v, r > 0
T—T7e 00 A >0
—14e 1A >0

Yes, check initial conditions and final values.



7.69
7.70

7.84

7.85
7.89
7.90

7.103

7.104

7.105

Chapter 8

8.1

8.2

4—4e7200 A >0

80e2" V, ¢ > 0*

242470 A1 >0

1.6 —1.6e72% At >0

Yes, check initial conditions and final values.

—100 + 130e~2%% vV, t > 0

a)
b)
c)
d)
e)

a)
b)

75 A

6.14 A
226.48 mA
—220.73 V
-1104V

2.25
2721 us

83.09 ms
80 ms

Vo = 8 —1600r V,0 <t < fst;
vy = 11e200r _ 15 V,0 <t < tsars
vp =23 —1600r — 11729 V, 0 <t < 1sn

a)
b)
a)
b)
a)
b)
c)

a)
b)
c)
d)
e)

a)

b)

1.091 MQ
0.29 s

8.55 flashes/min
5593k

24.3 flashes/min
99.06 mA
$43.39 per year

—100 rad/s, —400 rad/s

overdamped

1562.5Q

—160 + j120 rad/s, =160 — ;120 rad/s
1250 Q

R=8kQ, L =40H, ¢ = 625 rad/s,
wy = 500 rad/s

ip(t) = 46—10001 _ e—250t mA, ¢ > 0+,
ic(r) =0.2e720 — 3271000 mA 1 > 0F;
i (1) = 0.8¢720 — 0.8¢71000r mA ¢ >0

8.7

8.8

8.9

8.16
8.17

8.18
8.24
8.25

8.26
8.40

8.42

8.46

8.51

b)

40 mH

625Q

100 V

40 mA

e20.000c (40 cos 15,0007 +220 sin 15,000¢) mA,
t>0

a = 500 rad/s, wg = 400 rad/s,
L =15625H, C =4 uF, A; = =31 mA,
Az =76 mA

38.75¢7 200t _ 23 750800 v ¢ > ()
155¢=200r _ 95,800t A ¢ > 0F

—124¢2000 1 19800t mA >0

R=1kQ, C =1uF D; =6000 VJs,
Dy, =8V

(=3000z + 2)e™5% mA, ¢t > 0*

56,—2000t + 106—8000t V, t > 0

1572000 ¢053122.5¢ + 4.8¢ 72000 5in 3122.5¢ V,
t>0

1540000 v ¢ > 0
60 — 120e=000r 4 15,=20.000 ;A ¢ >

60 — 105¢780007 ¢55 6000z — 90890 sin 6000 mA,
t>0

60 — 750,000z 10:0000 _ 105¢=10.000t A ¢ > 0

—2.4e % cos3t —3.2¢ #sin3r A, t > 0F

a)
b)

a)
b)

c)

a)

b)

10,0002¢719° 40.1¢719°7 A, £ > 0

25 x 1052719t 1507101 v 1 >

24V

—53,248 V/s

—40 — 25.6e7160 1 89 6640t v ;> (ot

v, =102 V,0<r <05 s;

v, = —=5t2+15: =375 V,0.5" s <t < teu;

Vo1 =—1.66 V,0<tr<05s;
V1 =08t =12 V,0.5"s <t < ey

35s



852 v,=10-20e""4+10e % V,0<t<05s: 9.9
Vo = —5 4 19.42¢ 003 _ 12 87¢-20:=05) v,
05<t<00;v, =-08+0.8¢2V,
0<t<055s;v, =04—0.91e2¢-05 v,
05<tr<o

860 a) 5523us
b) 26242V

a)  —195.72¢7106567t 4 200 cos(800¢ — 11.87°) mA

b) —195.72¢71066.67t A
200 cos(800r — 11.87°) mA

c) 2839mA

d) 0.2 A, 800 rad/s, —11.87°

C)  tmax = 53.63 us, v(tmax) = 262.15V e) 36.87°
861 a) 40mJ 912 a) 1000 Hz
b) —-27,808.04 V
b) 0°
c) 568.15V
¢ —90°
Chapter 9 9 89
9.1 a) 600 Hz o) 127 mH
b) 1.67 ms
18 Q
o 10V hJ
d 6V 9.13 a) 314,159.27 rad/s
e) —53.13° or —0.9273 rad b) 90°
0 66264us 0 -15920
g) 24597 us
d 02uF
9.2 Y
: o e —j15.92Q
9.3 a) 40V
9.14 a)
b) 50 Hz
c) 314.159 rad/s _ _ §Nf3
d) 1.05rad
e 60" 922 /30°A( 4 100 ==-j100  j6 Qg
f) 20ms T
g) 6.67 ms * .
h) 40cos100z: V
) 8.33ms b) 5000.25 /17.47°V

i) 16.67 ms

c) 5000.25cos(2 x 10% +17.47°) V



9.15

9.16

9.17

9.18

9.19

9.20
9.35
9.39

9.42

9.43
9.51
9.54
9.56

9.59

Answers to Selected Problems

a) 40 Q jA0Q
ANA-

___>I

600/20° V(D

—7100 0 5

b) 832 /7631° A
c) 8.32co0s(8000¢ +76.31°) A

17.68 cos(50r — 135°) mA
a) 200 /36.87° mS

b) 160 mS

c) 120 mS

d 10A

42.43 cos(2000t +45°) V
a) 50 /45 Q

b) 50 s

42.43 cos(50,000t + 45°) V
0.667 Q2
10 cos 200t mV

227.68 /—18.43° V, positive at the top;
3.6+ j10.82

2.2 /0° A, flowing top to bottom; 30 — j40
188.43 /—42.88° V

36 cos2000r V

780V =80 L90° V

4—j2A =447 /=-2657° A

9.66 a) i, =5cos(5000r —36.87°) A,
ir, = cos(50007 — 180°) A
b) 0.5
c) 9.0ml 12 mJ
9.67 850 + ;850 V, positive at the top; 85 + j85 Q2
9.7 512 /60° kQ
9.75 a) 247.11 /168°V
b) -32,241.13 /1.90°V
c) -2690Q
9.76  As R, varies from 0 to oo, the amplitude of v,
remains constant and its phase angle changes
from 0 to —180°.
TN V,= (V,/2) - IR,
985 a) L1=24 /0°A L, =204 L0° A,
I;=2196 /0° A, I, =19.40 /0° A,
Is=4.6 /0° A I =255 /0° A
b) 042 /0° A
986 a O0A
b) 0436 A
¢) When the two loads are equal, more current
is drawn from the primary.
Chapter 10
10.1 a) P =409.58 W (abs);

0 = 286.79 VAR (abs)

b) P =103.53 W (abs);
0 = —386.37 VAR (del)

c) P =-1000 W (del);

0 = —1732.05 VAR (del)
d) P =-250W (del);

QO = 433.01 VAR (abs)



13.49

13.57
13.58
13.76

13.77

13.83

13.84

13.89

1—-e"V,0<t<1;
e 'V, 0<t<1;

Answers to Selected Problems.

e ~|2—02000 pole at —200 rad/s

. _:200 zero at 0, pole at —200 rad/s
:;W)—(} zero at 0, pole at —8000 rad/s
% pole at —8000 rad/s

S -%1~05000 pole at —500 rad/s

(e—1De 'V, 1<t<o0

1—-ee'V 1<t<oo

16.97 cos(3t +8.13°) V

a)

b)

—10%s
(s + 400) (s + 1000)
13.13 cos(400: — 156.8°) V

80 V
20V

RY%
325(t) A
16V

4V

20V

0.8 A
0.6 A
02 A
—-0.6 A

0.6e2x1%% (1) A

—0.6e"2x10% (1) A

~1.6 x 10738(1) — 7200e=2X19% (1) V

2(07) =i2(0") =0 A;

ir(07) = iL(O+) =3536 A

Vo =

14407 (122.92+/2s — 30007 +/2)
(s + 14757)(s2 + 14,40072)

vo(t) =

252.89¢7 147571 4 172,62 cos(120mt + 6.85%) V-

vo(0T) = 42426 V

300v2
s+ 14757

c) Vp=122.06 £6.85° V (rms)
d)
v,(V)
500 —
400 —
300 —
200 —
100 —
0 N T T /T T T t(ms)
1000 25 75 10125 15 175 20
-200 —
—300 —
13.90 a) —20.58¢714737 1172.62 cos(120mt —83.15°) V
b)
z
& 200+
= 150 +
S 1004 /
= 50 T,
5 58 ; ; | | | | : — ¢ (ms)
B 0T 25 s 7.5W 175 20
S —150 +
o —200 +
R
—
c) Voltage spikes in Problem 13.89 but not here
Chapter 14
141 a) 2021.27 Hz
b) H(jw:) =0.71 /—45%;
H(j0.2w,) =098 /—11.31°;
H(j5w.) =02 /-78.69°
¢}  wo(w:) =7.07cos(12,700t — 45°) V;

V,(0.20,.) = 9.81 cos(2540¢ — 11.31°) V;
Vo (Swe) = 1.96 cos(63,500t — 78.69°) V



Answers to Selected Problems

14.2

14.9

14.10

14.15

14.16

14.24

14.25

14.31

3142 Q
895.77 Hz

531kQ
333.86 Hz

125 Q2
3kQ

100 krad/s
15.92 kHz

8

93.95 krad/s
14.96 kHz
106.45 krad/s
16.94 kHz

12.5 krad/s or 1.99 kHz

R=5kQ, L =50mH
fo =2.88kHz, f., =3.52 kHz
636.62 Hz

1 Mrad/s
159.15 kHz
15

967.22 krad/s
153.94 kHz
1.03 Mrad/s
164.55 kHz
10.61 kHz

R=397.89Q, L =3.17 mH

fa =3.62kHz, f., =4.42 kHz
800 Hz
L=039H,C=01uF

0.948| Vpeak | ’

0.344| Vpeak|

1432 L =0.225H, C =0.057 uF, 0.344| Vpeak |

Chapter 15
154 a) R =6711%Q, R, =21221Q
b) 750 nF
[
18
212210
1 b
67.11 Q
+ Lo
+
V; vo
155 a) R =5.10kQ, R, =25.6kQ
b) 25.6 kO
AM
390F  510k0
+.——| E—AM,——«
+
i 'Ui
159 a R=005Q, L=1H C=1F
b) R=5kQ, L=25H C=025nF
) 025 nF s H
+
V; Vo




 Answers to-Selected Problé_rhs _

1510 a) 1/0

s/0

by — =
) s2+s5/0+1
c) R=10kQ, L=64H C=25PpF
d) 250 pF 6AH

+

v; Vo

1562.5s

e)

52 4 1562.55 + 625 x 10°

1525 f,, =3852Hz, f.o =1038.52 Hz, Ry = 30.65%,
Ry = 82643 Q

R
1526 Ry =21.18kQ, Ry = 1.18kQ, Ef' =6
1528 a) 3

b) —32.65dB

15.31 a) First-order circuit: R =1kQ, C = 79.58 nF
Second-order circuit: R =1 k$,
C1 = 159.15 nF, C; = 39.79 nF

b) 79.58 nF 159.15 nF
|{ (o
[N \
1kQ
¢ — A MNNA—9
1kQ

- 1kQ | 1kQ —o
+ +

ij ‘—_— - 39.79 nF 127
T . T :

15.32 a) Firstsection: R; =3.05kQ, R, =20.77 kQ
Second section: Ry =7.35kQ, R, =8.61 kQ

7.35kQ)
3.05kQ L .
P—" +
10nF 10nF

+ 10 nF 0 nF 8.61 kO
20.77kQ _

b)




*“Answers to Selected Problems 4

1553 a) R=10,610Q; oR=10,478%Q;
(1-0)R=133Q

b) 150F 15nF
Vi |
¢ Ly

*— q +
+ 10,610 O 10,610 O ;
133Q
5305 Q 30 nF
Vi
vO

L !

- 10,478 Q f

s2 44 x 10072
52+ 1007s + 4 x 10672

c)

15.54 C =39.79 nF, |H(jw)|max = 20.01 dB,
|H(j/RyC1)| =17.04 dB

15.55 Choose R; = 100 k2, then R, = 400 k<2,
C1 =7.96 nF.

Chapter 16

16.1 a) W, = 31,415.93 rad/s, w,p, = 3978.87 rad/s
b) foa =5 kHz, foo =25 kHz
C) au=0,ap=25V

d a,a=0;, a,=0 forkeven,

Qg = _”—%.CQ sin Z¢ for k odd;

bra=0 for k even; by, = % for k odd;

— 200

. k
agy = 25; apy = 3

sin %t for all ;

by =0 forall k

0 « 1. 7n 3
e) v (t) = — Z ——sin > cos nwyt + - sinnw,t V;
n=1,3,5,...

20001, nw
Ub(t)=25+ TZ;SIHTCOS}’la)Ot \%

n=1



APPENDIX [0 i e

Complex numbers were invented to permit the extraction of the square
roots of negative numbers. Complex numbers simplify the solution of
problems that would otherwise be very difficult. The equation x? + 8x +
41 = 0, for example, has no solution in a number system that excludes
complex numbers. These numbers, and the ability to manipulate them
algebraically, are extremely useful in circuit analysis.

B.1 ¢ Notation

There are two ways to designate a complex number: with the cartesian,
or rectangular, form or with the polar, or trigonometric, form. In the
rectangular form, a complex number is written in terms of its real and
imaginary components; hence :

n=a-+jb, (8.1)

where a is the real component, b is the imaginary component, and j is by
definition +/—1.1

In the polar form, a complex number is written in terms of its magnitude
(or modulus) and angle (or argument); hence

n=cel, B2

where ¢ is the magnitude, 6 is the angle, e is the base of the natural log-
arithm, and, as before, j = +/—1. In the literature, the symbol 8° is
frequently used in place of ¢/?; that is, the polar form is written

n=c /8°. (8.3)

Although Eq. B.3 is more convenient in printing text material, Eq. B.2
is of primary importance in mathematical operations because the rules
for manipulating an exponential quantity are well known. For example,
because (y*)" = y*", then (¢/?)" = /" ; because y™* = 1/y*,then e /¢ =
1/€/%; and so forth.

Because there are two ways of expressing the same complex number,
we need to relate one form to the other. The transition from the polar to
the rectangular form makes use of Euler’s identity:

e/ = cos@ + jsiné. (B.4)

1 You may be more familiar with the notation i = +/—1. In electrical engineering, i is
used as the symbol for current, and hence in electrical engineering literature, j is used to

denote v/~1.
895



Complex Numbers

.
E{S{/%.sr 51143%
J
5
Prrg AL LIl )0|\1[||
E 4 : E

4+j3=5/36.87° —4+j3 =5/14313°
(b)

(a)
L | IOIEIIIII r||||/0|%|||1

L]
_4( 4
-3 -3 .
5/216.87° 5[323.13
~4-j3 =5/21687° 4-j3=5/323.13°
(© (d)

mplex numbers..

graphlcal feprégséhtatioﬁ' of four

A complex number in polar form can be put in rectangular form by writing

ce’? = c(cos + jsinbh)
=ccosb + jcsind

=a+ jb. (85)

The transition from rectangular to polar form makes use of the geom-
etry of the right triangle, namely,

a+jb=(Va®+b2elf

= cel?, (8.6)

)

where
tand = b/a. (.7

It is not obvious from Eq. B.7 in which quadrant the angle ¢ lies. The
ambiguity can be resolved by a graphical representation of the complex
number.

B.2 + The Graphical Representation of a Complex
Number

A complex number is represented graphically on a complex-number plane,
which uses the horizontal axis for plotting the real component and the ver-
tical axis for plotting the imaginary component. The angle of the complex
number is measured counterclockwise from the positive real axis. The
graphical plot of the complex number n = a + jb = ¢ /6°, if we assume
that a and b are both positive, is shown in Fig. B.1.

This plot makes very clear the relationship between the rectangular and
polar forms. Any point in the complex-number plane is uniquely defined
by giving either its distance from each axis (that is, a and b) or its radial
distance from the origin (¢) and the angle of the radial measurement 9.

It follows from Fig. B.1 that 6 is in the first quadrant when @ and b are
both positive, in the second quadrant when a is negative and b is positive,
in the third quadrant when a and b are both negative, and in the fourth
quadrant when a is positive and b is negative. These observations are
illustrated in Fig. B.2, where we have plotted 4 + j3, —4 + j3, —4 — j3,
and 4 — j3.

Note that we can also specify 6 as a clockwise angle from the pos-
itive real axis. Thus in Fig. B.2(c) we could also designate —4 — j3 as
5 /—143.13°. In Fig. B2(d) we observe that 5 /323.13° =5 /—36.87°.
It is customary to express 6 in terms of negative values when 6 lies in the
third or fourth quadrant.




The graphical interpretation of a complex number also shows the re-
lationship between a complex number and its conjugate. The conjugate of
a complex number is formed by reversing the sign of its imaginary compo-
nent. Thus the conjugate of a+ jb is a— jb, and the conjugate of —a+ jb is
—a — jb. When we write a complex number in polar form, we form its con-
jugate simply by reversing the sign of the angle §. Therefore the conjugate
of ¢ /8°is ¢ /—6°. The conjugate of a complex number is designated
with an asterisk. In other words, n* is understood to be the conjugate of
n. Figure B.3 shows two complex numbers and their conjugates plotted on
the complex-number plane.

Note that conjugation simply reflects the complex numbers about the
real axis.

B.3 ¢ Arithmetic Operations

Addition (Subtraction)

To add or subtract complex numbers, we must express the numbers in
rectangular form. Addition involves adding the real parts of the complex
numbers to form the real part of the sum, and the imaginary parts to form
the imaginary part of the sum. Thus, if we are given

ny =8+ j16

and
ny =12 — j3,

then
ni+ny=08+12)+ j(16 —3) =20+ j13.

Subtraction follows the same rule. Thus
np,—ny =12 -8+ j(—-3—-16) =4 — j19.

If the numbers to be added or subtracted are given in polar form, they are
first converted to rectangular form. For example, if

ny =10 £53.13°

and

ny =5 /=135°,

then
ni+ny =6+ j8—3.535— j3.535

= (6 —3.535) + j(8 — 3.535)
=2.465 + j4.465 =5.10 £61.10°,

B.3 Arithmetic Operations

-

ny = —a+jb=c/f, ny = a+jb=c/f;
03]

! 91
—a <1 a
_92>
b .
ny = —a-jb=c/—6, ny=a—jb=c/—6,

~
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and
ny —np =6+ j8 — (=3.535 — j3.535)

=9.535+ j11.535
= 14.966 /50.42°.

Multiplication (Division)

Multiplication or division of complex numbers can be carried out with the
numbers written in either rectangular or polar form. However, in most
cases, the polar form is more convenient. As an example, let’s find the
product nyny when n; = 8 4+ j10 and ny = 5 — j4. Using the rectangular
form, we have

nny = (84 j10)(§ — j4) =40 — j32 + j50 + 40
=80+ 18
=82 /12.68°.
If we use the polar form, the multiplication nin; becomes
niny = (12.81 £51.34°)(6.40 /—38.66°)

=82 /12.68°
=80 + 18,

The first step in dividing two complex numbers in rectangular form
is to multiply the numerator and denominator by the conjugate of the
denominator. This reduces the denominator to a real number. We then
divide the real number into the new numerator. As an example, let’s find
the value of ny/ny, where ny = 6 + j3 and ny = 3 — j1. We have

o 6+j3  (6+3)CG+jD
n, 3—j1 @B-jH3+j1)

18+ j6+ /93
N 9+1
15+ j15
10 +J
=212 /45°.

In polar form, the division of n; by ny is

: n 671 L2657
ny 316 /-18.43°

=15+ ;15

=212 [45°



B.4 ¢ Useful Identities

In working with complex numbers and quantities, the following identities

are very useful:

:i:j2 = Fl,
(=N =1,
. 1

J=

—J

e:tjrr — _1’

eEIT2 = £,

Giventhat n = a + jb = ¢ /8°, it follows that

nn* =a® +b* = c?
n+n* =2a,
n—n*= j2b,

n/n* =1 /26°.

B.5 ¢ The Integer Power of a Complex Number

’

(B.8)

B9

(B.10)

(B.11)

(B.12)

(B.13)
(B.14)
(B.15)

(B.16)

To raise a complex number to an integer power k, it is easier to first write

the complex number in polar form. Thus

n* = (a + jb)*

— (Ceje)k — Ckejk9

= c*(cos k@ + j sinkb).

For example,

(2€j12°)5 — 25€j60° — 32ej60°

=16+ j27.71,

and

(3 4 ]4)4 — (Sej53.13°)4 — 54ej212.52°

— 625€j212'520

= —527 — j336.
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B.6 ¢ The Roots of a Complex Number

To find the kth root of a complex number, we must recognize that we are
solving the equation
xF—cel? =0, (8.17)

which is an equation of the kth degree and therefore has & roots.
To find the k roots, we first note that

cel® = col @120 — (ol O+47) _ . (8.18)

It follows from Eqgs. B.17 and B.18 that

x1 = (ce!H)Vk = c1/kgif/k, (B.19)
Xy = [Cej(9+2n)]l/k = ki @+2m)/k (B.20)
X3 = [Cej(9+4n)]1/k — Cl/kej(9+4n)/k, (8.21)

We continue the process outlined by Egs. B.19, B.20, and B.21 until the
roots start repeating. This will happen when the multiple of 7 is equal to
2k. For example, let’s find the four roots of 81¢/%°°. We have

x1 = 811/4e/80/4 = 37157
X = 811/457(60+360)/4 _ 3ej1050’
x3 = 81141 60+720)/4 _ 3,j195°
X4 = B11/4p] 60+1080)/4 _ 3, j285°

. U 10
x5 = 811/461(60+1440)/4 — 361375 — 36115 )

Here, xs is the same as xj, so the roots have started to repeat. There-
fore we know the four roots of 81¢/°°° are the values given by x1, x2, x3,
and X4.

It is worth noting that the roots of a complex number lie on a circle in
the complex-number plane. The radius of the circle is ¢!/*. The roots are
uniformly distributed around the circle, the angle between adjacent roots
being equal to 27/ k radians, or 360/ k degrees. The four roots of 81¢/0°
are shown plotted in Fig. B.4.



APPENDIX [ moeon Magnét'ica'lly"Coupled Coils

C -/ and Ideal Transformers

C.1 < Equivalent Circuits for Magnetically
Coupled Coils

Attimes, itis convenient to model magnetically coupled coils with an equiv-
alent circuit that does not involve magnetic coupling. Consider the two
magnetically coupled coils shown in Fig. C.1. The resistances Ry and R,
represent the winding resistance of each coil. The goal is to replace the
magnetically coupled coils inside the shaded area with a set of inductors
that are not magnetically coupled. Before deriving the equivalent circuits,
we must point out an important restriction: The voltage between terminals
b and d must be zero. In other words, if terminals b and d can be shorted
together without disturbing the voltages and currents in the original circuit,
the equivalent circuits derived in the material that follows can be used to
model the coils. This restriction is imposed because, while the equivalent
circuits we develop both have four terminals, two of those four terminals
are shorted together. Thus, the same requirement is placed on the original
circuits.

We begin developing the circuit models by writing the two equations
that relate the terminal voltages v; and v; to the terminal currents i; and
i. For the given references and polarity dots,

diq diyp

=1L M— C.1
vt ldt + dt €1
and
S VEL SRl (€2)
=" PTh '

901
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The T-Equivalent Circuit

To arrive at an equivalent circuit for these two magnetically coupled coils,
we seek an arrangement of inductors that can be described by a set of equa-
tions equivalent to Egs. C.1 and C.2. The key to finding the arrangement is
to regard Egs. C.1 and C.2 as mesh-current equations with i; and i, as the
mesh variables. Then we need one mesh with a total inductance of L1 H
and a second mesh with a total inductance of L, H. Furthermore, the two
meshes must have a common inductance of M H. The T-arrangement of
coils shown in Fig. C.2 satisfies these requirements.

You should verify that the equations relating v; and v, to i; and i re-
duce to Egs. C.1 and C.2. Note the absence of magnetic coupling between
the inductors and the zero voltage between b and d.

The v -Equivalent Circuit

We can derive a m-equivalent circuit for the magnetically coupled coils
shown in Fig. C.1. This derivation is based on solving Egs. C.1 and C.2
for the derivatives diy/dt and di,/dt and then regarding the resulting ex-
pressions as a pair of node-voltage equations. Using Cramer’s method
for solving simultaneous equations, we obtain expressions for dij/dt and
dip/dt:

V1 M
diq v Ly Ly M
B = U] — vy (C.3)
dt Lt M LiL, — M? LiLy, — M?
M L,
L1 U1
iiz B M v -M Lq

- - . c4
dt LM L2t Lo €4

Now we solve for i1 and i; by multiplying both sides of Eqs. C.3 and C.4
by dt and then integrating:

L2 t M t
i1=i1(0) + ——— dt — ——— d C.5
1=101(0) L1L2—M2/(;U1T L1L2—M2/ovzt (C.5)



“C.1 . Equivalent Circuits for Magnetically Coupled Coils

and

i = i2(0 M "nd o 0ad
12—12()—m/0v1 I+ZIZQ_——X4—2_/(;UZT (C.6)
If we regard v; and v, as node voltages, Egs. C.5 and C.6 describe a circuit
of the form shown in Fig. C.3.

All that remains to be done in deriving the m-equivalent circuit is to
find Lo, L, and L¢ as functions of Lj, Ly, and M. We easily do so by
writing the equations for /; and i, in Fig. C.3 and then comparing them
with Egs. C.5 and C.6. Thus

1 d 1 !
i1 =1i1(0) + —-/ vidt + —f (v1 — w)drt
La Jo Lg Jo

'®+<1-+1>/td 1ftd ©7)
=1 _— —_— V14T — — vart .
! La Lp/Jo ! Ly Jo g
and
1 t 1 t
i2=i2(0)+-——/ vzd‘f-l——/ (vy —vp)dt
Lc Jo Lg Jo
1 ! 1 1 !
=1(0) - — d —_— dr. C.8
i2(0) LB/OU1T+(LB+LC)/Ov2t (€3
Then
1 M
—_—=—, (C.9)
Ly LiL, — M?
_ L= M (C.10)
La LiL, — M?’ ‘
1 Li—M '

= —_—— C.11
Lc LiL, — M? €11
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When we incorporate Egs. C.9-C.11 into the circuit shown in Fig. C.3, the
7 -equivalent circuit for the magnetically coupled coils shown in Fig. C.1 s
as shown in Fig. C.4.

Note that the initial values of i; and i, are explicit in the 7 -equivalent
circuit but implicit in the T-equivalent circuit. We are focusing on the
sinusoidal steady-state behavior of circuits containing mutual inductance,
so we can assume that the initial values of i; and i, are zero. We can thus
eliminate the current sources in the x-equivalent circuit, and the circuit
shown in Fig. C.4 simplifies to the one shown in Fig. C.5.

LiL, — M?

Flgure C. 5 The 7 equwalent crrcu1t used for

smusmdal steady-state analysns

The mutual inductance carries its own algebraic sign in the T- and 7 -
equivalent circuits. In other words, if the magnetic polarity of the coupled
coilsisreversed from that given in Fig. C.1, the algebraic sign of M reverses.
A reversal in magnetic polarity requires moving one polarity dot without
changing the reference polarities of the terminal currents and voltages.

Example C.1 illustrates the application of the T-equivalent circuit.



Equivalent Circuits for Magnetically Coupled Coils

a) Use the T-equivalent circuit for the magnet- 6H 1H
ically coupled coils shown in Fig. C.6 to find
the phasor currents I and I,. The source fre-
quency is 400 rad/s. IH

b) Repeat (a), but with the polarity dot on the
secondary winding moved to the lower terminal.

SOLUTION
a) For the polarity dots shown in Fig. C.6, M car-

ries a value of 4+3 H in the T-equivalent circuit. ( B

Therefore the three inductances in the equiv- J2400 J400

alent circuit are
Li-M=9-3=6H; 71200
Ly,-M=4-3=1H;

M=3H.

Figure C.8

Figure C.7 shows the T-equivalent circuit, and
Fig. C.8 shows the frequency-domain equiva-
lent circuit at a frequency of 400 rad/s. - N

Figure C.9 shows the frequency-domain 5000 7100 Q 200Q j2400Q  j400Q 100 O
circuit for the original system.

Here the magnetically coupled coils are
modeled by the circuit shown in Fig. C.8. To
find the phasor currents I; and I, we first find
the node voltage across the 1200 Q inductive
reactance. If we use the lower node as the ref-
erence, the single node-voltage equation is

V-0 V. .V,
700 + j2500 © j1200 © 900 — j2100

5000 1000 5 2000 j1200Q 100Q 800 Q

== j2500 O

Continued &
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Solving for V yields
V =136 - j8 =136.24 /=3.37° V (rms).
Then

300 — (136 — j8)
=———— 7 —6325 /=71.57° mA (rms
700 + ;2500 (rms)
and
136 — j8
=— Y~ =5963 /63.43° mA (rms).
>~ 900 — j2100 (rms)

b) When the polarity dot is moved to the lower
terminal of the secondary coil, M carries a
value of —3 H in the T-equivalent circuit. Be-
fore carrying out the solution with the new T-
equivalent circuit, we note that reversing the
algebraic sign of M has no effect on the solu-
tion for I; and shifts I, by 180°. Therefore we
anticipate that

I; =63.25 /—71.57° mA (rms)

and

I, =59.63 /=116.57° mA (rms).

We now proceed to find these solutions by
using the new T-equivalent circuit. With M =
—3 H, the three inductances in the equivalent
circuit are

Li-M=9—(=3)=12H;
(=3) =
M=-3H.

At an operating frequency of 400 rad/s, the
frequency-domain equivalent circuit requires
two inductors and a capacitor, as shown in
Fig. C.10.

The resulting frequency-domain circuit for
the original system appears in Fig. C.11.

As before, we first find the node voltage
across the center branch, which in this case is
a capacitive reactance of — ;1200 2. If we use
the lower node as reference, the node-voltage
equation is

V — 300 v . v
700+ j4900 * —j1200 ' 900 + j300

Ly—M=4—

Solving for V gives

V=-8-,56
=56.57 /—98.13° V (rms).
Then

300 — (~8 — j56)
700 + 4900

=63.25 /—71.57° mA (rms)

and

-8 — j56

L=— 7
>~ 900 + ;300

= 59.63 /—116.57° mA (rms).

74800 Q0

II —j1200 O

72800 O

5000 j100Q 2000 ;48000 ;28000 100 Q




C.2 The Need for Ideal Transformers in the Equivalent Circuits

C.2 * The Need for Ideal Transformers
in the Equivalent Circuits

The inductors in the T- and 7 -equivalent circuits of magnetically coupled
coils can have negative values. For example, if L; = 3 mH, L, = 12 mH,
and M = 5 mH, the T-equivalent circuit requires an inductor of —2 mH,
and the 7 -equivalent circuit requires an inductor of —5.5 mH. These neg-
ative inductance values are not troublesome when you are using the equiv-
alent circuits in computations. However, if you are to build the equivalent
circuits with circuit components, the negative inductors can be bothersome.
The reason is that whenever the frequency of the sinusoidal source changes,
you must change the capacitor used to simulate the negative reactance. For
example, at a frequency of 50 krad/s, a —2 mH inductor has an impedance
of —j100 Q. This impedance can be modeled with a capacitor having a
capacitance of 0.2 uF. If the frequency changes to 25 krad/s, the —2 mH
inductor impedance changes to — ;50 €. At 25 krad/s, this requires a ca-
pacitor with a capacitance of 0.8 uF. Obviously, in a situation where the
frequency is varied continuously, the use of a capacitor to simulate negative
inductance is practically worthless.

You can circumvent the problem of dealing with negative inductances
by introducing an ideal transformer into the equivalent circuit. This doesn’t
completely solve the modeling problem, because ideal transformers can
only be approximated. However, in some situations the approximation is
good enough to warrant a discussion of using an ideal transformer in the
T- and 7 -equivalent circuits of magnetically coupled coils.

An ideal transformer can be used in two different ways in either the
T-equivalent or the m-equivalent circuit. Figure C.12 shows the two ar-
rangements for each type of equivalent circuit.
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Verifying any of the equivalent circuits in Fig. C.12 requires showing
only that, for any circuit, the equations relating vy and v; to diy/dt and
dip/dt are identical to Eqs. C.1 and C.2. Here, we validate the circuit shown
in Fig. C.12(a); we leave it to you to verify the circuits in Figs. C.12(b), (c),
and (d). To aid the discussion, we redrew the circuit shown in Fig. C.12(a)
as Fig. C.13, adding the variables iy and vp.

From this circuit,

M\ di; M d
v = (Ll - —> 2 +io) €12
a a dt

and

= — 4+ ——(io+1i1). c13)
a a t

_ L, M\diy Md
= i ad

The ideal transformer imposes constraints on vg and ig:

vo = 2 (©.14)
a
ig = aiy. (C.15)

Substituting Eqs. C.14 and C.15 into Eqgs. C.12 and C.13 gives

L Md (C.16)
=Lj— 4+ ——(a )
=R T R
and
v2 Ly d M diy
Lz _ C.17
a a? dt(al2)+ a dt €17

dip dip
=L1—+M— C.18
U1 1 + o (C.18)
and
diy dip
=M— + L,—=. C.19
v r + 277 (C.19)

Equations C.18 and C.19 are identical to Egs. C.1 and C.2; thus, insofar as
terminal behavior is concerned, the circuit shown in Fig. C.13 is equivalent
to the magnetically coupled coils shown inside the box in Fig. C.1.



C.2 The Need for Ideal Transformers in the Equivalent Gircuits

In showing that the circuit in Fig. C.13 is equivalent to the magneti- N
cally coupled coils in Fig. C.1, we placed no restrictions on the turns ratio
a. Therefore, an infinite number of equivalent circuits are possible. Fur-
thermore, we can always find a turns ratio to make all the inductances
positive. Three values of a are of particular interest:

M (C.20

a=—, )
Ly )

L,
== C.21
a M (€.21)
and
Ly

—. C.22
I (€C.22)

The value of a given by Eq. C.20 eliminates the inductances L; —
M/a and a’L; — aM from the T-equivalent circuits and the inductances
(LiL, — M%) /(a®’L1 — aM) and a*(LiL; — M?)/(@*L, — aM) from the
w-equivalent circuits. The value of a given by Eq. C21 eliminates the
inductances (L;/a%) — (M/a) and L, — aM from the T-equivalent circuits
and the inductances (L L, —M?)/ (Ly—aM) and a*(L1L,—M?)/(L,—aM)
from the 7 -equivalent circuits.

‘Also note that when a = M/Ly, the circuits in Figs. C.12(a) and (c)
become identical, and when a = L,/M, the circuits in Figs. C.12(b) and (d)
become identical. Figures C.14 and C.15 summarize these observations.

In deriving the expressions for the inductances there, we used the re-
lationship M = k+/L1L,. Expressing the inductances as functions of the
self-inductances L; and L; and the coefficient of coupling k allows the
values of a given by Egs. C.20 and C.21 not only to reduce the number
of inductances needed in the equivalent circuit, but also to guarantee that
all the inductances will be positive. We leave to you to investigate the
consequences of choosing the value of a given by Eq. C.22.

The values of a given by Egs. C.20-C.22 can be determined experimen-
tally. The ratio M/L; is obtained by driving the coil designated as having
N1 turns by a sinusoidal voltage source. The source frequency is set high
enough that wL; >> Ry, and the N, coil is left open. Figure C.16 shows this
arrangement.

With the N, coil open,

V= joMI. (C.23)

Now, as jwLi 3> Ry, the current [; is

T joLy’

(C.24)
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Substituting Eq. C.24 into Eq. C.23 yields

<V2> M
2 == (C.25)

in which the ratio M/L; is the terminal voltage ratio corresponding to coil
2 being open; that is, I, = 0.

We obtain the ratio L, /M by reversing the procedure; that is, coil 2 is
energized and coil 1 is left open. Then

L
=2 _ (E) . (C.26)
M V1 [1=0

Finally, we observe that the value of a given by Eq. C.22 is the geometric
mean of these two voltage ratios; thus

(E) (Yz) — M_Ez .]1% (€27
A\ =0 Vi =0 LM Li’ '

For coils wound on nonmagnetic cores, the voltage ratio is not the same
as the turns ratio, as it very nearly is for coils wound on ferromagnetic
cores. Because the self-inductances vary as the square of the number of
turns, Eq. C.27 reveals that the turns ratio is approximately equal to the
geometric mean of the two voltage ratios, or

LN _ <Y_2> Q’Z) (c.26)
Ly M Vi) =0 \V1/} 0




APPENDIX

D | | The Déci'bel}f

Telephone engineers who were concerned with the power loss across the
cascaded circuits used to transmit telephone signals introduced the decibel.
Figure D.1 defines the problem.

There, p; is the power input to the system, p; is the power output of
circuit A, p; is the power output of circuit B, and p, is the power output
of the system. The power gain of each circuit is the ratio of the power out
to the power in. Thus

oAzﬂ, O'B=Q, and Uc=—p—0~
Di D P2
The overall power gain of the system is simply the product of the individual
gains, or
Po _ P1DP2Po
— = ~—~—F=-—= = 0A0BOC.
pbi  pip1p2

The multiplication of power ratios is converted to addition by means of the
logarithm; that is,

logyg % = log,goa +10g)g 0B + logygoc:
1

This log ratio of the powers was named the bel, in honor of Alexander
Graham Bell. Thus we calculate the overall power gain, in bels, simply by
summing the power gains, also in bels, of each segment of the transmission
system. In practice, the bel is an inconveniently large quantity. One-tenth
of a bel is a more useful measure of power gain; hence the decibel. The
number of decibels equals 10 times the number of bels, so

Number of decibels = 10log,, Po.
Di

When we use the decibel as a measure of power ratios, in some sit-
uations the resistance seen looking into the circuit equals the resistance
_ loading the circuit, as illustrated in Fig. D.2.




LE D.1 Some dB-Ratio Pairs

20

10.00

120

106

When the input resistance equals the load resistance, we can convert
the power ratio to either a voltage ratio or a current ratio:

Po vgut/RL _ (E‘-_‘_‘_)z

pi vizn/Rin Vin
or )
Po _ igutRL _ (fo_ut)
pi  iARp fin
These equations show that the number of decibels becomes
. )
Number of decibels = 20log, Zout
Vin

m

The definition of the decibel used in Bode diagrams (see Appendix E)
is borrowed from the results expressed by Eq. D.1, since these results apply
to any transfer function involving a voltage ratio, a current ratio, a voltage-
to-current ratio, or a current-to-voltage ratio. You should keep the original
definition of the decibel firmly in mind because it is of fundamental impor-
tance in many engineering applications.

When you are working with transfer function amplitudes expressed in
decibels, having a table that translates the decibel value to the actual value
of the output/input ratio is helpful. Table D.1 gives some useful pairs. The
ratio corresponding to a negative decibel value is the reciprocal of the
positive ratio. For example, —3 dB corresponds to an output/input ratio
of 1/1.41, or 0.707. Interestingly, —3 dB corresponds to the half-power
frequencies of the filter circuits discussed in Chapters 14 and 15.

The decibel is also used as a unit of power when it expresses the ratio of
aknown power to a reference power. Usually the reference poweris 1 mW
and the power unit is written dBm, which stands for “decibels relative to
one milliwatt.” For example, a power of 20 mW corresponds to +13 dBm.

AC voltmeters commonly provide dBm readings that assume not only
a 1 mW reference power but also a 600 @ reference resistance (a value
commonly used in telephone systems). Since a power of 1 mW in 600 Q
corresponds to 0.7746 V (rms), that voltage is read as 0 dBm on the meter.
For analog meters, there usually is exactly a 10 dB difference between
adjacent ranges. Although the scales may be marked 0.1, 0.3, 1, 3, 10, and
so on, in fact 3.16 V on the 3 V scale lines up with 1 V on the 1 V scale.

Some voltmeters provide a switch to choose a reference resistance (50,
135, 600, or 900 2) or to select dBm or dBV (decibels relative to one volt).



As we have seen, the frequency response plot is a very important tool
for analyzing a circuit’s behavior. Up to this point, however, we have
shown qualitative sketches of the frequency response without discussing
how to create such diagrams. The most efficient method for generating
and plotting the amplitude and phase data is to use a digital computer; we
can rely on it to give us accurate numerical plots of |H(jw)| and 6(jw)
versus w. However, in some situations, preliminary sketches using Bode
diagrams can help ensure the intelligent use of the computer.

A Bode diagram, or plot, is a graphical technique that gives a feel
for the frequency response of a circuit. These diagrams are named in
recognition of the pioneering work done by H. W. Bode.! They are most
useful for circuits in which the poles and zeros of H (s) are reasonably well
separated.

Like the qualitative frequency response plots seen thus far, a Bode
diagram consists of two separate plots: One shows how the amplitude of
H (jw) varies with frequency, and the other shows how the phase angle of
H(jw) varies with frequency. In Bode diagrams, the plots are made on
semilog graph paper for greater accuracy in representing the wide range of
frequency values. In both the amplitude and phase plots, the frequency is
plotted on the horizontal log scale, and the amplitude and phase angle are
plotted on the linear vertical scale.

E.1 * Real, First-Order Poles and Zeros

To simplify the development of Bode diagrams, we begin by considering
only cases where all the poles and zeros of H(s) are real and first order.
Later we will present cases with complex and repeated poles and zeros.
For our purposes, having a specific expression for H(s) is helpful. Hence
we base the discussion on

K(s+z1)
H = (]
(s) Gt D (R}
from which K¢ )
. jo+2z1
H = —. E2)
e jo(jo+ p1)

The first step in making Bode diagrams is to put the expression for
H(jw) in a standard form, which we derive simply by dividing out the

1 See H. W. Bode, Network Analysis and Feedback Design (New York: Van Nostrand,
1945).
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Bode Diagrams

TABLE E.1 Actual Amplitudes and
Their Decibel Values

R A B R A

poles and zeros:

Kzui(1+ jw/z1)

H(jw) = .
V)= S G+ jolp)

Next we let K, represent the constant quantity Kz;/p;, and at the
same time we express H (jw) in polar form:

Koll+ jo/al /i1
ol Z90° (1 + jo/p1l /B

Koll ja)/21| o
= ——— /(Y —90° — B1). E.4
|1+ jo/p1] W A1) €4

E3)

H(jo) =

From Eq. E4,
[H(jo)| = % (E5)
6(w) =y —90° - fi1. E6)
By definition, the phase angles ¥ and B; are
Y1 =tan"  w/z1; E7)
B1 = tan"' w/p;. , (E8)

The Bode diagrams consist of plotting Eq. E.5 (amplitude) and Eq. E.6
(phase) as functions of w.

E.2 ¢ Straight-Line Amplitude Plots

The amplitude plot involves the multiplication and division of factors asso-
ciated with the poles and zeros of H(s). We reduce this multiplication and
division to addition and subtraction by expressing the amplitude of H (jw)
in terms of a logarithmic value: the decibel (dB).? The amplitude of H (jw)
in decibels is

Agp = 20logy [H(jw)l. (E£9)

To give you a feel for the unit of decibels, Table E.1 provides a translation
between the actual value of several amplitudes and their values in decibels.
Expressing Eq. E.5 in terms of decibels gives
Koll + jow/z1]
wll+ jo/pi

= 20logy K, +20log 11 + jw/z1]

Agp = 201log,,

—20log;qw —201log 11 + jow/p1l. (E.10)

2 See Appendix D for more information regarding the decibel.



" E.2. Straight-Line Amplitude Plots

SRR

The key to plotting Eq. E.10 is to plot each term in the equation sep-
arately and then combine the separate plots graphically. The individual
factors are easy to plot because they can be approximated in all cases by
straight lines.

The plot of 20log, K, is a horizontal straight line because K, is not a
function of frequency. The value of this term is positive for K, > 1, zero
for K, = 1, and negative for K, < 1.

Two straight lines approximate the plot of 20log;, |1 + jw/z1]. For
small values of w, the magnitude |1+ jw/z;| is approximately 1, and there-
fore

20logp 11+ jw/zil = 0 asw — 0. E11)

For large values of w, the magnitude |1 + jw/z1| is approximately w/z1,
and therefore

20logy 11 + jw/z1| — 20logp(w/z1) asw — oo. E12)

On a log frequency scale, 20log;y(w/z1) is a straight line with a slope of
20 dB/decade (a decade is a 10-to-1 change in frequency). This straight
line intersects the 0 dB axis at w = z;. This value of w is called the corner
frequency. Thus, on the basis of Egs. E.11 and E.12, two straight lines can
approximate the amplitude plot of a first-order zero, as shown in Fig. E.1.
The plot of —20log,w is a straight line having a slope of
—20 dB/decade that intersects the O dB axis at w = 1. Two straight lines
approximate the plot of —201log;, |1 + jw/p1|. Here the two straight lines
intersect on the 0 dB axis at w = p;. For large values of w, the straight
line 20log;q(w/p1) has a slope of —20 dB/decade. Figure E.2 shows the
straight-line approximation of the amplitude plot of a first-order pole.

— ~N
25
20 ( | /
20 log;o |2
15 \21 //
10
Aap 5 ZL/r.gdB/decade
L1
0
21 10z,
-5
Decade
1 2 3 4 56 78910 20 30 40 50
w (rad/s)
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Figure E.2]
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~N
NE
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| D
N
2 3 4 5678910 20 30 40 50
w (rad/s)

Figure E.3 shows a plot of Eq. E.10 for K, = V10, z; = 0.1 radss,
and p; = 5 rad/s. Each term in Eq. E.10 is labeled on Fig. E.3, so you can
verify that the individual terms sum to create the resultant plot, labeled
20logy |H(jw)|.

Example E.1 illustrates the construction of a straight-line amplitude
plot for a transfer function characterized by first-order poles and zeros.

e ™
>0 1 T7T] CTTI 177
N 20 logg |H(jw)l ’,;__20 10g10‘1 +fz£1|
40 ke X ¢
M \\ ,/'
« N
30 TS TN i
\\/ 0gw \\( 20 log,o 1H(jw)!
20 N 1 N
Aa L 20 logy K \\
10 b I N . A ---_,7‘(.‘__ ____..E)_gl.o. .0___.. .-\\i.\- ------ - -
,/' ‘\ \‘N
0 F=F I TR N
1820 Togs!1 + 2N
10 S HH S G LN
*\ "\: \K
M N
-20 L
0.050.1 0.5 1.0 5 10 50 100 500
w (rad/s)




CEXAMPLE

E:2  Straight-Line Amplitude Plots

For the circuit in Fig. E.4:

a) Compute the transfer function, H (s).

b) Construct a straight-line approximaﬁon of the
Bode amplitude plot.

c) Calculate 20log;, |H (jw)| at @ = 50 rad/s and
o = 1000 rad/s.

d) Plot the values computed in (c) on the straight-
line graph; and

e) Suppose that v;(¢) = 5cos(500z + 15°) V, and
then use the Bode plot you constructed to pre-
dict the amplitude of v,(¢) in the steady state.

SOLUTION

a) Transforming the circuit in Fig. E.4 into the
s-domain and then using s-domain voltage di-
vision gives

(R/L)s
s2+ (R/L)s + 2=

H(s) =

Substituting the numerical values from the cir-
cuit, we get

110s
524+ 110s + 1000

110s
(s +10)(s + 100)"

H(s) =
b) We begin by writing H (jw) in standard form:

011ljw

HU®) = B3 /101 + J @/ 100)]

100 mH 10 mF

110

The expression for the amplitude of H(jw) in
decibels is

Agp =20 loglo [H(jw)|

—20logy, ‘1+j—1%] —201ogm‘1+j%[.

Figure E.5 shows the straight-line plot. Each
term contributing to the overall amplitude is

identified.
P
40 5
30 P
20 <
10 A 20 logyg ||
0l g /|2O logyg |I|'|I(Jw)l|
B ‘/// S ’* \\& ](|—12l.5)
Ag —10 L (—0.311 (C19.22)]
20 o _,Z(lloglo 01_1 _|d u !_ A4 SN i __' i
a T I lw\\\ __:_;\\
—30 —201logio |1 + /705 1T TN SW
—40 NIRRT N i
I | [T w' ] PN
-50 —20logy |1 +j 15l FHHF—>K
—60 I ERN [
1 5 10 50 100 500 1000
w (rad/s)
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c) We have mately —12.5 dB. Therefore,

; Al =10C12520 = 0.24
H(j50) 0:11(150). |A]
1+ 750+ 0.5)
and
=0.9648 /—15.25°,
Vo = |A|Vimi = (0.24)(5) = 1.19 V.
201og;, |H(j50)| = 201log;, 0.9648 Al 0246)
= —0.311dB: We can compute the actual value of |H (jw)]
by substituting @ = 500 into the equation for
. 0.11(;1000) |H(jo):
H(j1000) = :
(1000) = A =700 1 + j10)
° H(j500) = 0.11(j500) =022 /=77.54°
=0.1094 /—83.72°; J A+ s0a+s D4

2010g;9 0.1094 = ~19.22 dB. Thus, the actual output voltage magnitude for

the specified signal source at a frequency of

d) See Fig. E.5. 500 rad/s is
€) As we can see from the Bode plot in Fig. E.5,
the value of Agp at w = 500 rad/s is approxi- Vo = |A Vi = (0.22)(5) = 1.1 V.

E.3 ¢ More Accurate Amplitude Plots

We can make the straight-line plots for first-order poles and zeros more
accurate by correcting the amplitude values at the corner frequency, one
half the corner frequency, and twice the corner frequency. At the corner
frequency, the actual value in decibels is

= +20log;, V2
~ +3 dB. (E13)

The actual value at one half the corner frequency is

1
14 /=
+]2[

= +20log;,/5/4
~ +1 dB. (E.14)



At twice the corner frequency, the actual value in decibels is
Agp,, = £20log, |1 + j2
= +201og;y /5
~ +7 dB. (E15)

In Egs. E.13-E.15, the plus sign applies to a first-order zero, and the minus
sign applies to a first-order pole. The straight-line approximation of the
amplitude plot gives 0 dB at the corner and one half the corner frequencies,
and +6 dB at twice the corner frequency. Hence the corrections are +3 dB
at the corner frequency and &1 dB at both one half the corner frequency
and twice the corner frequency. Figure E.6 summarizes these corrections.

A 2-to-1 change in frequency is called an octave. A slope of
20 dB/decade is equivalent to 6.02 dB/octave, which for graphical purposes
is equivalent to 6 dB/octave. Thus the corrections enumerated correspond
to one octave below and one octave above the corner frequency.

Ifthe poles and zeros of H (s) are well separated, inserting these correc-
tions into the overall amplitude plot and achieving a reasonably accurate
curve is relatively easy. However, if the poles and zeros are close together,
the overlapping corrections are difficult to evaluate, and you’re better off
using the straight-line plot as a first estimate of the amplitude characteris-
tic. Then use a computer to refine the calculations in the frequency range
of interest.
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E.4 ¢ Straight-Line Phase Angle Plots

We can also make phase angle plots by using straight-line approximations.
The phase angle associated with the constant K, is zero, and the phase
angle associated with a first-order zero or pole at the origin is a constant
+90°. For a first-order zero or pole not at the origin, the straight-line
approximations are as follows:

¢ For frequencies less than one tenth the corner frequency, the phase
angle is assumed to be zero.

¢ For frequencies greater than 10 times the corner frequency, the phase
angle is assumed to be £90°.

¢ Between one tenth the corner frequency and 10 times the corner fre-
quency, the phase angle plot is a straight line that goes through 0°
at one-tenth the corner frequency, +45° at the corner frequency, and
£90° at 10 times the corner frequency.

In ali these cases, the plus sign applies to the first-order zero and the minus
sign to the first-order pole. Figure E.7 depicts the straight-line approxi-
mation for a first-order zero and pole. The dashed curves show the exact
variation of the phase angle as the frequency varies. Note how closely the
straight-line plot approximates the actual variation in phase angle. The
maximum deviation between the straight-line plot and the actual plot is
approximately 6°.

-
90° A= _11
27|, = tan™" (w/z))
60° ST Acwal | ||]]]]
7 I~ Straight-line approximation
I I L]
-
LAl Il 1 111
1 [T =
6(0) 0 =N gy = —tan"" (wipy)
N Actual (|| ]
—30° \Qg‘ Straight-line approximation
N
W
—60°
NN
\\
-90°
/10 py/10 z; P1 10z; 10p;
w (rad/s)

Figure E.7 fid




~“E.4- Straight-Line Phase Angle Plols
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Figure E.8

Figure E.8 depicts the straight-line approximation of the phase angle of
the transfer function given by Eq. B.1. Equation B.6 gives the equation for
the phase angle; the plot corresponds to z; = 0.1 rad/s, and p; = 5 rad’s.

Anillustration of a phase angle plot using a straight-line approximation
is given in Example E.2.

a) Make a straight-line phase angle plot for the SOLUTION
transfer function in Example E.1.

b) Compute the phase angle 8(w) at w = 50, 500, a) From Example E.1,

and 1000 rad/s.
c) Plot the values of (b) on the diagram of (a). 0.11(jw)
d) Using the results from Example E.1(e) and (b) H(jw) = [1+ j(@/10)][1 + j (w/100)]
of this example, compute the steady-state out-
put voltage if the source voltage is given by _ 0.11]jwl W1 — 1 — B).
v; (1) = 10 cos(500r — 25°) V. 11+ j(w/10)||1 + j(w/100)]

Continued &



Bode Diagrams

Therefore,

O(w) =1 — p1 — B2,

where ¥ = 90°, B; = tan"!(w/10), and B2 =
tan~!(w/100). Figure E.9 depicts the straight-
line approximation of 8 (w).

b) We have

H(j50) =096 /—-1525°,
H(j500) = 0.22 /=77.54°,
H(j1000) = 0.11 /-83.72°.

Thus,

A(j50) = —15.25°,
0(j500) = —77.54°,
and

6(;j1000) = —83.72°.

c) See Fig. E.9.

d) We have

Vino = IH(]SOO)Ile
= (0.22)(10)
=22V,

6, = 0(w) +6;
—77.54° - 25°
= —102.54°.

Vo(2) = 2.2cos(500¢ — 102.54°) V.

P
900 T TTITT]
¥ =90°
60° [ HH
== B~ B
30°
° 25
6 () )
—30° S
—B, = —tan"! (0/100)
—60° (-83
-1 #IN(=T N :
—tan™" (w/10) N, TN
-90° h
-120°
500 1000




E.5 ' Bode Diagrams: Complex Poles and Zeros

E.5 ¢ Bode Diagrams: Complex Poles and Zeros

Complex poles and zeros in the expression for H(s) require special at-
tention when you make amplitude and phase angle plots. Let’s focus on
the contribution that a pair of complex poles makes to the amplitude and
phase angle plots. Once you understand the rules for handling complex
poles, their application to a pair of complex zeros becomes apparent.

The complex poles and zeros of H (s) always appear in conjugate pairs.
The first step in making either an amplitude or a phase angle plot of a
transfer function that contains complex poles is to combine the conjugate
pair into a single quadratic term. Thus, for

K

H(s) = - —, (E.16)
(s+a—jp)s+a+jB)
we first rewrite the product (s + « — jB8)(s + « + jB) as
(s +a)? + B2 =52+ 2as +a? + g2 E17)

When making Bode diagrams, we write the quadratic term in a more con-
venient form:

5% 4 2as 4 o 4 2 = 5% + 2L wys + W2 (E.18)
A direct comparison of the two forms shows that

w? =a? + B? (E.19)

=

and

Cwp = a. (E.20)

The term w, is the corner frequency of the quadratic factor, and ¢ is the
damping coefficient of the quadratic term. The critical value of ¢ is 1. If
¢ < 1, the roots of the quadratic factor are complex, and we use Eq. E.18
to represent the complex poles. If ¢ > 1, we factor the quadratic factor
into (s + p1)(s + p2) and then plot amplitude and phase in accordance with
the discussion previously. Assuming that ¢ < 1, we rewrite Eq. E.16 as

K ,

Hisl=—— — —— —=. E.21
(«) $2 4 28 wps + w? &29



We then write Eq. E.21 in standard form by dividing through by the poles
and zeros. For the quadratic term, we divide through by w,, so

H(s)=£ !

E.22
w21+ (s/wn)? + 20 (s/wn)’ €22)

from which
H(jw) = Ko (E.23)

1O =T @ ed) + K wjon)’ ‘
where
K
K, = ey

Before discussing the amplitude and phase angle diagrams associated with
Eq. E.23, for convenience we replace the ratio w/w, by a new variable, u.
Then

K,
H(jo) = ——————. E.24
() 1—u?+ j2Cu €29
Now we write H(jw) in polar form:
K,
H(jw) = : , (E.25)
[ —u?) + JZCMIZE
from which
Agp =20log, |H(jw)l
=201log,o K, — 201ogy |(1 — u?) + j2zul, (E.26)
and
O(w) = —p1 = —tan™! 24u (E.27)

1 —u?



E.6 ¢ Amplitude Plots

The quadratic factor contributes to the amplitude of H(jw) by means of
the term —201ogo |1 — u? + j2¢u|. Because u = w/wy,, u — 0 as w — 0,
and ¥ — oo as w — oo. To see how the term behaves as w ranges from 0
to 0o, we note that

—201og;0 I(1 — u?) + j2¢u] = ~20logyy /(1 — w22 + 4¢242

= —10log[u’ + 2u*(2¢% — 1) + 1], E29)

asu — 0,

~10logo[u* +2u*(2¢% — 1) +1] = 0, (E.29)

and as u — oo,
—~101log;o[u® +2u?(2¢% — 1) + 1] - —40log,y u. (E30)

From Eqgs. E.29 and E.30, we conclude that the approximate amplitude plot
consists of two straightlines. For w < w,, the straightline lies along the 0 dB
axis, and for w > w,, the straight line has a slope of —40 dB/decade. These
two straight lines join on the 0 dB axis at ¥ = 1 or w = w,. Figure E.10
shows the straight-line approximation for a quadratic factor with ¢ < 1.
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Figure E:10

E.6 - Amplitude Plots
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ENEYRER The cffect of ¢ on the amplitude plot.

E.7 ¢ Correcting Straight-Line Amplitude Plots

Correcting the straight-line amplitude plot for a pair of complex poles is
not as easy as correcting a first-order real pole, because the corrections
depend on the damping coefficient ¢. Figure E.11 shows the effect of ¢
on the amplitude plot. Note that as ¢ becomes very small, a large peak in
the amplitude occurs in the neighborhood of the corner frequency w, (u =
1). When ¢ > 1/+/2, the corrected amplitude plot lies entirely below
the straight-line approximation. For sketching purposes, the straight-line
amplitude plot can be corrected by locating four points on the actual curve.
These four points correspond to (1) one half the corner frequency, (2) the
frequency at which the amplitude reaches its peak value, (3) the corner



E7 Correcting Straight-Line Amplitude Plots £

w

o (rad/s)

Figure E.12

w,/2 w, Wy wo

frequency, and (4) the frequency at which the amplitude is zero. Figure E.12

shows these four points.

At one half the corner frequency (point 1), the actual amplitude is

Agp(wn/2) = —101log, (2% + 0.5625).

The amplitude peaks (point 2) at a frequency of

w0p = wny/1-2¢2,
and it has a peak amplitude of
Adp(@p) = —101ogo[42>(1 = )],
At the corner frequency (point 3), the actual amplitude is
Agp(wn) = —20log,, 2¢.

The corrected amplitude plot crosses the 0 dB axis (point 4) at

Wy = wyy/2(1 —202) = «/Ewp.

(E.31)

(E.32)

(E.33)

(E.34)

(E.35)



Bode Diagram

The derivations of Eqgs. E.31, E.34, and E.35 follow from Eq. E.28. Eval-
uating Eq. E28 at u = 0.5 and u = 1.0, respectively, yields Egs. E.31
and E.34. Equation E.35 corresponds to finding the value of » that makes
u* 4+ 2u?(2¢? — 1) + 1 = 1. The derivation of Eq. E.32 requires differenti-
ating Eq. E.28 with respect to u and then finding the value of u where the
derivative is zero. Equation E.33 is the evaluation of Eq. E.28 at the value
of u found in Eq. E.32.

Example E.3 illustrates the amplitude plot for a transfer function with
a pair of complex poles.

Compute the transfer function for the circuit shown SOLUTION
in Fig. E.13.

Transform the circuit in Fig. E.13 to the s-domain
and then use s-domain voltage division to get

' R
50 mH 10
LYY —AM-
+ 1
L H(s) = —&—
V; 8 mF —~ v, s2+(—§-)s+%

Substituting the component values,

Figure E.13 Th

2500
a) What is the value of the corner frequency in H(s) = 5205 2500°
radians per second?

b) What is the value of K,,?

- 2 _ :
c) What is the value of the damping coefficient? a) From the expression for H(s), @, = 2500;

therefore, w, = 50 rad/s.
d) Make a straight-line amplitude plot ranging
from 10 to 500 rad/s. b) By definition, K, is 2500/@,%, or 1.

e) Calculate and sketch the actual amplitude in

decibels at w,/2, @, , w,, and w,. c¢) The coefficient of s equals 2¢ w, ; therefore

f) From the straight-line amplitude plot, describe

the type of filter represented by the circuit in 20 0.20
Fig. E.13 and estimate its cutoff frequency, w,. ¢= 20,

Continued &



E.8 Phase Angle Plots

d) See Fig. E.14. ( s )
. 1
e) The actual amplitudes are o 10 s ! 1 4), (’17 19T61)
5. N
Adp(@n/2) = —1010g,,(0.6025) = 2.2 dB, - COZFTTNO)
wp = 507/0.92 = 47.96 rad/s, -5 \\
-10
Agp(wp) = —1010g;((0.16)(0.96) = 8.14 dB, Ag —15 \\
. \
Agp(w,) = —2010g;((0.4) = 7.96 dB, - —20 \\
' =25 N
wo = V2w, = 67.82 radls, ' ~30 N
’ N
Adag(w,) = 0dB. :4313 ]
Figure E.14 shows the corrected plot. —45 N
f) Itis clear from the amplitude plot in Fig. E.14 2
that this circuit acts as a low-pass filter. At w (rad/s)
the cutoff frequency, the magnitude of the
gure E.14

transfer function, |H (jw.)|, is 3 dB less than
the maximum magnitude. From the corrected
plot, the cutoff frequency appears to be about
55 rad/s, almost the same as that predicted by
the straight-line Bode diagram.

E.8 ¢ Phase Angle Plots

The phase angle plot for a pair of complex poles is a plot of Eq. E.27. The
phase angle is zero at zero frequency and is —90° at the corner frequency. It
approaches —180° as w(u) becomes large. Asin the case of the amplitude
plot, ¢ isimportant in determining the exact shape of the phase angle plot.
For small values of ¢, the phase angle changes rapidly in the vicinity of the
corner frequency. Figure E.15 shows the effect of ¢ on the phase angle plot.

We can also make a straight-line approximation of the phase angle
plot for a pair of complex poles. We do so by drawing a line tangent to the
phase angle curve at the corner frequency and extending this line until it
intersects with the 0° and —180° lines. The line tangent to the phase angle
curve at —90° has a slope of —2.3/¢ rad/decade (—132/¢ degrees/decade),
and it intersects the 0° and —180° lines at u; = 4.817¢% and u; = 4.81%, re-
spectively. Figure E.16 depicts the straight-line approximation for ¢ = 0.3
and shows the actual phase angle plot. Comparing the straight-line approx-
imation to the actual curve indicates that the approximation is reasonable
in the vicinity of the corner frequency. However, in the neighborhood of
up and uy, the error is quite large. In Example E.4, we summarize our
discussion of Bode diagrams.



Bode Diagrams
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a) Compute the transfer function for the circuit
shown in Fig. E.17.

' A
250 mH

b) Make a straight-line amplitude plot of
201ogyo [H (jw)l.

‘¢) Use the straight-line amplitude plot to deter-
mine the type of filter represented by this cir-
cuit and then estimate its cutoff frequency.

d) What is the actual cutoff frequency?
e) Make astraight-line phase angle plotof H(jw).

f) What is the value of 0(w) at the cutoff fre-
quency from (c)?

g) What is the actual value of 6(w) at the cutoff
frequency?

SOLUTION

a) Transform the circuit in Fig. E.17 to the s-
domain and then perform s-domain voltage
division to get

s+-1——

Ic
R, 4 1
y

=~

H(s) = =

+

Substituting the component values from the
circuit gives

4(s +25)

H($) = ——————.
)= ZT a5 1100

b) The first step in making Bode diagrams is to
put H(jw) in standard form. Because H(s)
contains a quadratic factor, we first check the
value of ¢. We find that ¢ = 0.2 and w, = 10,
o)

B 5/25+1
H®) = 1757102 £ 04G/10)°
from which
1+ jw/25
Hjw) = 1+ jw/ lm

11— (/10)2 + j0.4(0/10)| /B1’

Note that for the quadratic factor, u = w/10.
The amplitude of H (jw) in decibels is

Ags = 20logo 1 + jw/25|
= () ()]

and the phase angle is

—20logq [

0(w) = Y1 — B,
where

¥y = tan"(w/25),

_, 0.4(/10)

}31 = tan m .

Figure E.18 shows the amplitude plot.
Continued ¢



Bode Diagram
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Figure E.18

c) From the straight-line amplitude plot in
Fig. E.18, this circuit acts as alow-pass filter. At
the cutoff frequency, the amplitude of H(jw)

" is 3 dB less than the amplitude in the passband.
From the plot, we predict that the cutoff fre-
quency is approximately 13 rad/s.

d) To solve for the actual cutoff frequency, re-
place s with jw in H(s), compute the ex-
pression for |H(jw)l, set |H(jw:)| = (1/«/5)
Hupax =1/ V2, and solve for w,. First,

H o) = 4@ +100
I = G ¥ 4w + 100
Then,
) Vv (4we)? + 1002 1
H(jwog)| = ——L- %) -

V100 — 2 + (4o V2
Solving for w, gives us

w, = 16 rad/s.

e) Figure E.19 shows the phase angle plot. Note
that the straight-line segment of 9 (w) between
1.0 and 2.5 rad/s does not have the same slope
as the segment between 2.5 and 100 rad/s.

50100 5001000
w (rad/s)

f) From the phase angle plot in Fig. E.19, we es-
timate the phase angle at the cutoff frequency
of 16 rad/s to be —65°.

g) We can compute the exact phase angle at the

cutoff frequency by substituting s = j16 into
the transfer function H(s):

4(j16 +25)

H(j16) = (j16)2 + 4(j16) + 100°

Computing the phase angle, we see

O(w;) = 0(j16) = —125.0°.

Note the large error in the predicted angle.
In general, straight-line phase angle plots do
not give satisfactory results in the frequency
band where the phase angle is changing. The
straight-line phase angle plot is useful only in
predicting the general behavior of the phase
angle, not in estimating actual phase angle val-
ues at particular frequencies. Continued ¢
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10.

11.

12.

13.

14.

15.

APPENDIX An Abbrewated Table of Trlgonometrlc

F / ldentmes .

. sin(e + B) = sinw cos 8 + cosa sin 3

. cos(a = B) = cosacos 8 Fsinasin 8

+8 -8

cos 5
. . a+p\ . (a—p
- =2 -7
sina — sin B cos( 5 ) sm( > )
cosa + cos B = 2cos (a;ﬂ>cos (a;ﬁ)

cosa—cosﬁ=—2sin(a;ﬁ)sin(a;ﬁ)

2sinasin B = cos(a — B) — cos(a + B)

. . .
sing + sin 8 = 2sin

. 2cosacos B = cos(a — B) + cos(a + B)

. 2sina cos B8 = sin(a + B) + sin(a — B)

sin2a = 2sina cos«
_ 2 )
cos2a =2cos“a —1=1-2sin"«

2

1 1
cos a=§+—0052a

2
1 1
sinzazi—icosm
tan(a + f) tan« =+ tan 8
o =
lFtanwtan B
2t
tan2cx=———aﬂx2———
1 —-tan®«
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10.

11.

12.

13.

xe™dx = —(ax — 1)
a

2 ax e 22
x“e®dx = —(a"x —2ax +2)
a

. 1 . X
xsinax dx = — sinax — — COSax
a a

1 X .
x cosax dx = — cosax + — sinax
a a

ax

e sinbxdx = 2—e+—~b—2(a sin bx — b cos bx)
a

e cosbxdx =

QU
=

=
)
+
Q
™
S

dx

a?+

ax

7 (acosbx + bsin bx)

1
—_— = __x—_i.__tan_li
(x24+a2)?2  2a2\x2+4+a? a a

sin(a — b)x  sin(a + b)x

sinaxsinbx dx = — , a® #+ b?

2(a—b) 2(a +b)

sin(a — b)x  sin(a + b)x

cosax cosbx dx = + . at#b?

sinax cosbx dx =

sin®ax dx =

cos?axdx =

d
2

i
2

2(a — b) 2(a +b)

_cos(a—b)x  cos(a+b)x 2 2
2a—b  2atp 0 T

sin 2ax
4a

sin 2ax
4a
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 An Abbreviated Table of Integrals

T
7,a>0;
14./ fdx2 0,a=0;
0o a’+x F,a<0
15, /°° smax _ %;a>0;
0 —2—,a<0

2 2x a2x2 -2

16. x“sinax dx = — silnax — ———— cosax
a a

e 2b?
18. | e*sinbxdx = l:(a sinbx — 2bcos bx) sinbx + —}
a

a? + 4b?

19.

2 2
17. /x2 cosaxdx = —;C cosax + ————sinax
a a

ax 2b2
e cos® bxdx = 23—4172 [(a cosbx + 2bsinbx) cos bx + 7:'



