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Preface

In recent years the request for an increased number of
practical examples in the text has reached a point
where it had to be my first priority with this edition. I
must admit that in the past I questioned this need
because the student’s electrical background is so lim-
ited at this point and most applications seem too com-
plex to discuss in detail. However, after long delibera-
tion, I believe I developed an approach that will satisfy
this growing need, broaden the student’s knowledge of
electrical systems, develop additional interest in the
field, and demonstrate how fundamental concepts are
applied in some of the most complex systems. The new
feature is entitled Applications. In total, the text now
has some 50 different applications compared to fewer
than 10 in previous editions. Some applications have
operating systems clearly beyond the student’s current
level, but the descriptions are sensitive to this problem,
and every effort has been made to be sure students are
fully aware of what they should take away from the
coverage. Their purpose is to stimulate, expose, edu-
cate, and answer some of the basic questions readers
may have about electrical systems they use every
day—to give them the knowledge about their field that
would demonstrate to others that they have an aware-
ness of how these systems work. As such, the Applica-
tions sections serve as a confidence builder.

There is no question that simply deciding what top-
ics should be included was the most difficult part of
adding the practical examples. In the past when users
of the text and reviewers would request additional
practical examples, I would turn to them and ask for
specifics. The response I received clearly indicated that
it was a difficult process for them also. I have never
debated the need for the practical slant to the text—it
was simply a matter of determining how it could be
done to the student’s advantage. Choosing the first few
topics was the most difficult task, but I eventually dis-
covered that if I simply took careful note of every elec-
trical appliance or system I used during the day, I could
identify applications that would be of interest to the
student. I am naturally interested in the response to this
new component of the text, whether it be positive or
negative, and invite your comments to help define a
direction for the future editions with regard to early
exposure to practical examples.

The next most visible change is in the computer
area, where the PSpice DOS coverage was dropped in
favor of an increased level of coverage on PSpice Win-
dows. I continue to believe that the coverage of PSpice

is sufficient to negate the need for a supplementary text
on PSpice covering the analysis of dc and/or ac net-
works. With an hour or two in the computer lab at the
beginning of the semester, most of the students are able
to perform all of the tasks asked of them using the
detail provided in this text. Of course, the instructor
needs to be available to help when necessary, but most
questions can usually be answered in quick order. This
edition employs version 8 of PSpice because OrCAD’s
version 9 was still in the beta testing phase at the time
of this revision. There are plans to prepare a supple-
ment covering the changes in the front end of the soft-
ware package.

The textbook coverage of BASIC and C++
remains unchanged because I felt they continue to
serve an important function as an introduction to pro-
gramming languages and how they differ from supplied
software. It is certainly a luxury to have both in the text
since the text is clearly at its maximum size. However,
until I sense a negative reaction to the coverage, I
would prefer to leave both as they now appear. In fact,
size and coverage are important elements of the book
for a number of reasons, and every attempt continues to
be made to ensure that the majority of users are satis-
fied with both. I believe, however, that before the next
edition is prepared, there will be a hard look at what
might be deleted or reduced in scope. Here again, your
comments are always welcome.

Less visible than the changes offered by the appli-
cations and computer coverage are those changes that
are a result of a need to rephrase a paragraph, add a
small section, or change an example. However, they are
scattered throughout the book and appear in most chap-
ters to respond to students’ questions, reviewers’ com-
ments, letters from current users, and my own judg-
ment. Over the years, every reading of the text points
out areas that need to be reworked even if it is only a
change in numbers or a word or two.

The laboratory manual accompanying Introductory
Circuit Analysis has been revised in a number of
important ways. One experiment was added at the
beginning of both the dc and ac sections to ensure that
the student has the mathematical and calculator skills
required to get through the material typically covered
in the syllabus. In addition, a number of resistor values
and applied voltages were changed to ensure that 1/4-
watt resistors could be used throughout. This was done
to permit using the standard protoboard for setting up
the circuits. Although we prefer to use separate sup-
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porting blocks for each element to avoid the complex-
ity introduced by the unique connecting pattern of the
protoboard, replacement costs are expensive, and more
and more institutions are now opting for this alternative
approach. Another change is that a new experiment
was written for the potentiometer that concentrates on
the fundamental use of the device rather than produc-
ing a number of linear and nonlinear plots. Finally,
each experiment has been carefully reviewed by both
authors using the reaction of the student in the labora-
tory session and the resulting laboratory report to make
changes.

Other ancillaries that complement this text include
an Instructor’s Solutions Manual, Homework Problem
Supplement, Test Item File (printed test bank), Test
Manager (electronic test bank), PowerPoint Trans-
parencies, and Electronics Workbench circuit files on a
CD-ROM packaged with this text.

The CD-ROM packaged with the text contains the
following three items:

1. Approximately 100 EWB circuits from the text-
book are rendered in Electronics Workbench.®
EWB software version 5.X or higher is required
to view these circuits.

2. Limited demonstration of EWB version 5.X soft-
ware. This allows the reader access to 15 of the
circuits on the CD-ROM.

3. A full student version of EWB version 5.X. This
is available for purchase by contacting Interac-
tive Image Technologies.

Users should direct all technical questions about the
CD-ROM to Interactive Image Technologies at (800)
263-5552 or www.interactiv.com.

As with every edition, a number of people need to
be recognized for their contributions. In particular, for
his help with the applications, I extend my sincerest
thanks to Jerry Sitbon for taking the time to respond to
my many questions and patiently give me his view-
point on a host of topics. His breadth of practical
knowledge is extraordinary and is clearly evident in
some of the applications in the text. Professor Leon
Katz was very helpful with his suggestions and com-
ments, as were a number of the faculty in the depart-
ment. Professor James L. Antonakas of Broome Com-
munity College was very helpful with the C++
content, and Professor Boettcher of Albuquerque Tech-
nical Vocational Institute with the MathCAD coverage,
both of which now play an important role in the text.
Comments and suggestions from current users and
reviewers of the text are always welcome and are taken
seriously. I extend my deepest appreciation to the long
list of contributors from both the educational and
industrial communities. They all had a positive impact
on the content of the 9th edition.
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As always, the production team at Prentice Hall in
Columbus, Ohio, is superb in every sense of the word.
Rex Davidson, the production editor and a good friend,
somehow keeps the endless list of details in check, all
the while bringing some enjoyment to the seemingly
endless process. My editors, Scott Sambucci and Katie
Bradford, were in clear control of the process from
beginning to end, making sure I was continually aware
of the progress of the text and how I should set my pri-
orities. The copyeditors, Maggie Diehl (for the text)
and Linda Thompson (for the laboratory manual), con-
tinue to amaze me with the questions they can ask,
errors they can find, and suggestions they can make
even though they may have a very limited engineering
background. The marketing team of Debbie Yarnell and
Ben Leonard was superb in getting the word out to the
advertising staff and sales representatives.

Since the first edition of Introductory Circuit Analy-
sis 1 have tried to choose a cover with an abstract
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design that was pleasing to the eye rather than standard
electrical hardware. For this edition, I am particularly
thankful to Sigmund Arseth for creating the painting
for the cover.

Finally, I must extend a very special tribute to Pro-
fessor Joseph B. Aidala, who passed away recently. He
was a close friend who took the time to help and guide
me through my early years as an educator. A number of
the methods and comments you see in the text are a
direct result of his discussions with me about what to
expect from a student and the best approach to com-
plex material. He had a unique relationship with his
students and was well respected by his peers and asso-
ciates in the field. He had a special way about him that
will be missed by us all.

My best wishes for a pleasant, productive, and
healthy school year.

Robert Boylestad



Contents in Brief

1
Introduction 1

2
Current and Voltage 31

3

Resistance 59

4

Ohm'’s Law, Power, and Energy

5

Series Circuits 125

6
Parallel Circuits 167

7
Series-Parallel Networks 207

8

Methods of Analysis
and Selected Topics (dc) 249

9

Network Theorems 315

10
Capacitors 369

"
Magnetic Circuits 427

12
Inductors 465

13

Sinusoidal Alternating Waveforms

14

The Basic Elements and Phasors

95

509

559

15

Series and Parallel ac Circuits

16

Series-Parallel ac Networks 691

17
Methods of Analysis
and Selected Topics (ac) 721

18

Network Theorems (ac) 767
19

Power (ac) 823

20

Resonance 861

21
Decibels, Filters, and Bode Plots

22
Pulse Waveforms and the
R-C Response 985

23
Polyphase Systems 1015

24

Nonsinusoidal Circuits 1055

25

Transformers 1081

26

System Analysis: An Introduction
Appendixes 1163

Index 1192

611

907

121



Contents

1 33 Wire Tables 63
34 Resistance: Metric Units 65
Introduction 1 3.5  Temperature Effects 67
1.1 The Electrical/Electronics Industry 1 3.6  Superconductors 71
1.2 A Brief History 2 3.7 Types of Resistors 76
1.3 Units of Measurement 7 3.8 Color Coding and Standard

Resistor Values 80
39 Conductance 82

1.4 Systems of Units 8
1.5 Significant Figures, Accuracy,

and Rounding Off 11 3.10 Ohmmeters 83
1.6 Powers of Ten 12 3.11 Thermistors 84
1.7 Conversion between Levels of Powers 3.12  Photoconductive Cell 85
of Ten 18 3.13  Varistors 85
1.8  Conversion within and between Systems 3.14  Applications 86
of Units 19
1.9  Symbols 21
1.10  Conversion Tables 22 4
1.11  Calculators 22
1.12  Computer Analysis 25 Ohm’s Law, Power, and Energy 95

4.1 Ohm’s Law 95
4.2 Plotting Ohm’s Law 97

2 4.3 Power 100
4.4 Wattmeters 103
Current and Voltage 31 4.5  Efficiency 103

4.6  Energy 106
4.7 Circuit Breakers, GFCIs, and Fuses 110
4.8  Applications 111

2.1 Atoms and Their Structure 31
2.2 Current 33
23 Voltage 36

24 Fixed (dc) Supplies 39 4.9  Computer Analysis 116

25 Conductors and Insulators 46
2.6 Semiconductors 48 5
2.7 Ammeters and Voltmeters 48 .
2.8  Applications 50 Series Circuits 125
2.9  Computer Analysis 35 5.1 Introduction 125
5.2 Series Circuits 126
53 Voltage Sources in Series 129
3 54  Kirchhoff’s Voltage Law 129
5.5 Interchanging Series Elements 133
Resistance 59 56  Voltage Divider Rule 134
3.1 Introduction 59 5.7 Notation 136
3.2 Resistance: Circular Wires 60 5.8  Internal Resistance of Voltage Sources 141

xi



xii ||| CONTENTS

5.9 Voltage Regulation 144 8.3  Source Conversions 251

5.10 Measurement Techniques 145 8.4  Current Sources in Parallel 254
5.11 Applications 147 8.5  Current Sources in Series 255
5.12 Computer Analysis 150 8.6 Branch-Current Analysis 255

8.7 Mesh Analysis (General Approach) 261

8.8 Mesh Analysis (Format Approach) 267
6 8.9  Nodal Analysis (General Approach) 271
8.10 Nodal Analysis (Format Approach) 278

Parallel Circuits 167 §11 DridgeNcbwoks 283

61  Iotesduciion 167 812 Y-A(T-m) and A-Y («-T) Conversions 287
6.2 Parallel Elements 167 813 Applications 292

6.3 Total Conductance and Resistance 168 8.14 Computer Analysis 299

6.4 Parallel Networks 175
6.5 Kirchhoff’s Current Law 177

6.6 Current Divider Rule 180 9

6.7 Voltage Sources in Parallel 184

6.8  Open and Short Circuits 185 Network Theorems 315

6.9 Voltmeters: Loading Effect 188 9.1 Introduction 315

6.10  Troubleshooting Techniques 189 9.2  Superposition Theorem 315

6.11  Applications 190 9.3  Thévenin’s Theorem 322

6.12 Computer Analysis 195 9.4 Norton’s Theorem 332
9.5 Maximum Power Transfer Theorem 336
9.6 Millman’s Theorem 345

7 9.7  Substitution Theorem 348

207 9.8  Reciprocity Theorem 350
9.9  Applications 351
9.10 Computer Analysis 353

Series-Parallel Networks

7.1 Series-Parallel Networks 207
7.2 Descriptive Examples 212
7.3 Ladder Networks 217

7.4  Voltage Divider Supply
(Unloaded and Loaded) 219 1 0
7.5 Potentiometer Loading 222 Capacitors 369

7.6 Ammeter, Voltmeter,
and Ohmmeter Design 223

7.7 Grounding 227
7.8  Applications 230
7.9  Computer Analysis 234

10.1 Introduction 369

10.2  The Electric Field 369
10.3 Capacitance 373

10.4 Dielectric Strength 376
10.5 Leakage Current 377
10.6  Types of Capacitors 377

8 10.7 Transients in Capacitive
Networks: Charging Phase 382
Methods of Analysis 10.8 Discharge Phase 388
and Selected Topics (dc) 249 10.9 Initial Values 393
8.1 Introduction 249 10.10 Instantaneous Values 396

8.2 Current Sources 249 10.11 7 =Ry C 397



CONTENTS [l xiii

10.12 The Current i, 400 12.12 Inductors in Series and Parallel 486

10.13 Capacitors in Series and Parallel 402 12.13 R-L and R-L-C Circuits with dc Inputs 487
10.14 Energy Stored by a Capacitor 406 12.14 Energy Stored by an Inductor 490

10.15 Stray Capacitances 407 12.15 Applications 491

10.16 Applications 407 12.16 Computer Analysis 498

10.17 Computer Analysis 414

Sinusoidal Aiternating Waveforms 509

13.1 Introduction 509
13.2  Sinusoidal ac Voltage Characteristics

Magnetic Circuits 427
11.1 Introduction 427

11.2  Magnetic Fields 428 and Definitions 510

11.3  Flux Density 430 13.3  The Sine Wave 516

11.4  Permeability 431 13.4  General Format for the Sinusoidal
11.5 Reluctance 432 Voltage or Current 520

11.6 Ohm’s Law for Magnetic Circuits 432 13.5 Phase Relations 523

11.7 Magnetizing Force 433 13.6  Average Value 527

11.8 Hysteresis 434 13.7  Effective Values 534

11.9  Ampere’s Circuital Law 439 13.8 ac Meters and Instruments 539
11.10 The Flux & 440 13.9  Applications 542

11.11 Series Magnetic Circuits: 13.10 Computer Analysis 547

Determining N/ 440
11.12  Air Gaps 444
11.13 Series-Parallel Magnetic Circuits 446
11.14 Determining ® 448 1 4

1115 Applications 450 The Basic Elements and Phasors 559

14.1 Introduction 559
14.2 The Derivative 559

1 2 14.3 Response of Basic R, L, and C Elements

Inductors 465 to a Sinusoidal Voltage or Current 561
) 14.4 Frequency Response of the

12.1 Introduction 465 Basic Elements 572

12.2 Faraday’s Law of 14.5  Average Power and Power Factor 576

Electromagnetic Induction 465
12.3 Lenz’s Law 466
12.4  Self-Inductance 466
12.5 Types of Inductors 467

14.6 Complex Numbers 580
14.7 Rectangular Form 581
14.8  Polar Form 581

14.9  Conversion between Forms 582
156 Indaved Veltage 0 14.10 Mathematical Operations
12.7  R-L Transients: Storage Cycle 473 with Complex Numbers 584
12.8  R-L Transients: Decay Phase 4717 14.11 Calculator and Computer
12.9  Initial Values 480 Methods with Complex Numbers 590
12.10 Instantaneous Values 483 14.12 Phasors 592

12.11 7= L/Ry, 483 14.13 Computer Analysis 598



xiv ||| CONTENTS

15

18

Series and Parallel ac Circuits 611
15.1 Introduction 611
15.2 Impedance and the Phasor Diagram 611
15.3 Series Configuration 618
15.4 Voltage Divider Rule 626
15.5 Frequency Response of the
R-C Circuit 629
15.6 Summary: Series ac Circuits 636
15.7  Admittance and Susceptance 637
15.8 Parallel ac Networks 641
15.9 Current Divider Rule 649
15.10 Frequency Response of the
Parallel R-L Network 650
15.11 Summary: Parallel ac Networks 655
15.12 Equivalent Circuits 656
15.13 Phase Measurements
(Dual-Trace Oscilloscope) 661
15.14 Applications 664
15.15 Computer Analysis 671
16
Series-Parallel ac Networks 691
16.1 Introduction 691
16.2 Tllustrative Examples 692
16.3 Ladder Networks 701
16.4 Applications 702
16.5 Computer Analysis 710
17
Methods of Analysis
and Selected Topics (ac) 721

17.1 Introduction 721

17.2  Independent versus Dependent
(Controlled) Sources 721

17.3  Source Conversions 723

17.4 Mesh Analysis 725

17.5 Nodal Analysis 732

17.6  Bridge Networks (ac) 743

17.7 A-Y,Y-A Conversions 748

17.8  Computer Analysis 753

Network Theorems (ac) 767
18.1 Introduction 767
18.2  Superposition Theorem 767
18.3 Thévenin’s Theorem 774
18.4 Norton’s Theorem 786
18.5 Maximum Power Transfer Theorem 793
18.6  Substitution, Reciprocity,

and Millman’s Theorems 798
18.7 Applications 798
18.8 Computer Analysis 805
19
Power (ac) 823
19.1 Introduction 823
19.2 Resistive Circuit 824
19.3 Apparent Power 825
19.4 Inductive Circuit and Reactive Power 827
19.5 Capacitive Circuit 830
19.6 The Power Triangle 831
19.7 TheTotal P, Q, and S 834
19.8 Power-Factor Correction 838
19.9 Wattmeters and Power-Factor Meters 842
19.10 Effective Resistance 843
19.11 Applications 846
19.12 Computer Analysis 849
20
Resonance 861
20.1 Introduction 861
20.2 Series Resonant Circuit 862
20.3 The Quality Factor (Q) 864
20.4  Z; versus Frequency 866
20.5 Selectivity 868
20.6 Vg Vi, and Ve 871
20.7 Examples (Series Resonance) 872
20.8 Parallel Resonant Circuit 875
20.9 Selectivity Curve for

Parallel Resonant Circuits 878

20.10

Effect of O, = 10 881



20.11
20.12
20.13
20.14

21

885
Examples (Parallel Resonance)
893

Computer Analysis

Summary Table
886

Applications
896

Decibels, Filters, and Bode Plots 907
21.1 Logarithms 907
21.2  Properties of Logarithms 910
21.3 Decibels 911
21.4 Filters 916
21.5 R-C Low-Pass Filter 918
21.6 R-C High-Pass Filter 923
21.7 Pass-Band Filters 926
21.8 Stop-Band Filters 931
21.9 Double-Tuned Filter 933
21.10 Bode Plots 934
21.11 Sketching the Bode Response 942
21.12 Low-Pass Filter with
Limited Attenuation 947
21.13 High-Pass Filter with
Limited Attenuation 951
21.14 Other Properties and a Summary Table 956
21.15 Crossover Networks 962
21.16 Applications 965
21.17 Computer Analysis 970
22
Pulse Waveforms and the
R-C Response 985
22.1 Introduction 985
22.2  Ideal versus Actual 985
22.3 Pulse Repetition Rate and Duty Cycle 989
22.4 Average Value 992
22.5 Transient R-C Networks 994
22.6 R-C Response to Square-Wave Inputs 996
22.7 Oscilloscope Attenuator and
Compensating Probe 1003
22.8 Application 1004
22.9 Computer Analysis 1007

CONTENTS Il xv

23

Polyphase Systems 1015
23.1 Introduction 1015
23.2 The Three-Phase Generator 1016
23.3 The Y-Connected Generator 1018
23.4 Phase Sequence
(Y-Connected Generator) 1020
23.5 The Y-Connected Generator
with a Y-Connected Load 1021
23.6 The Y-A System 1023
23.7 The A-Connected Generator 1025
23.8 Phase Sequence
(A-Connected Generator) 1027
23.9 The A-A, A-Y Three-Phase Systems 1027
23.10 Power 1029
23.11 The Three-Wattmeter Method 1035
23.12 The Two-Wattmeter Method 1036
23.13 Unbalanced Three-Phase, Four-Wire,
Y-Connected Load 1039
23.14 Unbalanced Three-Phase, Three-Wire,
Y-Connected Load 1041
23.15 Computer Analysis 1044
24
Nonsinusoidal Circuits 1055
24.1 Introduction 1055
24.2  Fourier Series 1056
24.3 Circuit Response to a
Nonsinusoidal Input 1066
24.4 Addition and Subtraction of
Nonsinusoidal Waveforms 1071
24.5 Computer Analysis 1072
25
Transformers 1081
25.1 Introduction 1081
25.2 Mutual Inductance 1081
25.3  Series Connection of Mutually
Coupled Coils 1084
25.4 The Iron-Core Transformer 1087
25.5 Reflected Impedance and Power 1090



xvi || CONTENTS

25.6

25.7
25.8
25.9

25.10
25.11
25.12

25.13

25.14
25.15

26

Equivalent Circuit

(Iron-Core Transformer) 1093
Frequency Considerations 1095
Air-Core Transformer 1097

Impedance Matching, Isolation,
and Displacement 1099

1104
Types of Transformers

Tapped and Multiple-Load
Transformers 1107

Networks with Magnetically
Coupled Coils 1108

Applications 1109
Computer Analysis

Nameplate Data
1105

1114

System Analysis: An Introduction 1121

26.1
26.2
26.3
26.4

26.5
26.6
26.7
26.8
26.9
26.10
26.11

Introduction 1121
The Impedance Parameters Z; and Z, 1122
The Voltage Gains A, , A,, and A, 1127

The Current Gains A; and A; and the

Power Gain A 1130

Cascaded Systems 1134
Impedance (z) Parameters 1133
Admittance (y) Parameters 1141
Hybrid (h) Parameters 1146

Input and Output Impedances 1150

Conversion between Parameters 1152

Computer Analysis 1153

Agpend'ixes

Appendix A

PSpice, C++, and MathCAD

1164

Appendix B
1166

Conversion Factors

Appendix C

Determinants 1169

Appendix D

Color Coding of Molded Mica
Capacitors (Picofarads) 1177

Appendix E
Color Coding of Molded Tubular

Capacitors (Picofarads) 1178
Appendix F

The Greek Alphabet 1179
Appendix G

Magnetic Parameter Conversions 1180

Appendix H

Maximum Power Transfer Conditions 1181

Appendix |

Answers to Selected Odd-Numbered
Problems 1183

Index



