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Preface
The pervasive presence of electronic devices and instrumentation in all as-
pects of engineering design and analysis is one of the manifestations of the
electronic revolution that has characterized the last ffty years. Every aspect of
engineering practice, and of everyday life, has been affected in some way or

another by electrical and electronic devices and instruments. Laptop computers, smart
phones, handheld digital audio players, digital cameras, and touchscreen interfaces
are perhaps the most obvious manifestations. These devices, and their underlying
technology, have brought about a revolution in computing, communication, and en-
tertainment. These advances in electrical engineering technology have had enormous
impacts on all other felds of engineering, including mechanical, industrial, computer,
civil, aeronautical, aerospace, chemical, nuclear, materials, and biological engineer-
ing. This rapidly expanding electrical and electronic technology has been adopted,
leveraged, and incorporated in engineering designs across all felds. As a result, en-
gineers must be able to communicate effectively within the interdisciplinary teams
in which they work.

0.1 OBJECTIVES

Engineering education and professional practice continue to undergo profound changes
in an attempt to best utilize relevant advances in electronic technology. The need for
textbooks that relate these advances to engineering disciplines beyond electrical and
computer engineering has only grown since the frst edition of this book. This fact is
evident in the ever-expanding application and integration of electronics and computer
technologies in commercial products and process. This book represents one effort to
make the principles of electrical and computer engineering accessible to students in
other engineering disciplines.

The principal objective of the book is to present the principles of electrical,
electronic, and electromechanical engineering to an audience of engineering majors,
ranging from sophomores in an introductory electrical engineering course to seniors
and frst-year graduate students enrolled in more specialized courses in electronics,
electromechanics, and mechatronics.

A second objective is to present these principles with a focus on impor-
tant results and common yet effective analytical and computational tools to solve
practical problems.

Finally, a third objective of the book is to illustrate, by way of concrete, fully
worked examples, a number of relevant applications of electrical engineering. These
examples are drawn from the authors’ industrial research experience and from ideas
contributed by practicing engineers and industrial partners.

These three objectives are met through the use of various pedagogical features
and methods.

0.2 ORGANIZATION

The sixth edition contains several signifcant organizational changes. However, the
substance of the book, while updated, is essentially unchanged. The most obvious
organizational change is the location of example problems within each chapter. In
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previous editions, examples were mixed in with the text so that students would
encounter examples immediately after each key concept. While this type of organiza-
tion works well for a frst read, it has the disadvantage of making example problems
diffcult to locate for review. Since it is critical that students be able to easily and
effciently locate example problems when preparing for exams, in this edition of the
book, with few exceptions, all example problems have been placed at the end of each
section within a chapter.

A continued and enhanced emphasis on problem solving can be found in this
edition. All the highlighted Focus on Methodology boxes found in the ffth edition
were renamed Focus on Problem Solving, and many of them were rewritten to clarify
and add additional detail to the steps needed by students to successfully complete
end-of-chapter homework problems.

An effort was also made to reduce the aesthetic complexity of the book, without
sacrifcing technical content or overall aesthetic appeal. We believe that effective
reading is promoted by less clutter and visual “noise,” if you will. For example, a
careful comparison of the ffth and sixth editions will reveal our effort to produce
cleaner and sharper fgures that retain only that information relevant to the issue or
problem being discussed.

In addition, a thorough, exhaustive, page-by-page search was made to locate
errors in the text, equations, fgures, references to equations and fgures, examples,
and homework problems. Speaking of homework problems, the sixth edition contains
roughly 300 new homework problems and, where necessary and appropriate, example
problems were updated.

The book remains divided into four major parts:

I. Circuits
II. Electronics

III. Communication Systems
IV. Electromechanics

The pedagogical enhancements made within each part are discussed below.

0.3 PEDAGOGY AND CONTENT

Part I: Circuits

The frst part of the book has undergone major revision from the ffth edition.
Chapter 2 begins with an emphasis on developing a student’s ability to recognize

structure within a circuit diagram. It is the authors’ experience that this ability is key
to student success. Yet, many books contain little content on developing this ability;
the result is that many students wander into more diffcult topics still viewing a circuit
as simply an unruly collection of wires and elements.

The approach taken in this book is to encourage students to initially focus on
nodes, rather than elements, in a circuit. For example, some of the earliest exercises
in this book simply ask students to count the number of nodes in a circuit diagram. One
immediate advantage of this patient approach is that it teaches students to disregard
the particular aesthetic structure shown in a circuit diagram and instead to recognize
and focus on the technical structure and content.

The students’ skill at recognizing circuit structure is further developed by the
introduction of the source-load perspective in the last section of Chapter 2. That
section revisits the concepts of voltage and current division from the source-load
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perspective and develops their graphical solution as the intersection of a source’s
load line with the load’s v-i relation. While this section is not essential to subsequent
chapters, it can be very helpful to students to, early on, adopt the source-load per-
spective and to be exposed to the concept of a load line prior to the usually diffcult
topic of Thévenin equivalent networks.

Methods of Problem Solving were enhanced and clarifed. Throughout these
chapters students are encouraged to think of problem solving in two steps: frst
simplify; then solve. In addition to being an effective problem-solving method, this
method provides context for the power and importance of equivalent circuits, in gen-
eral, and Thévenin’s theorem, in particular. In the chapters on transient analysis and
frequency response, foundational frst- and second-order circuit archetypes are iden-
tifed. Students are encouraged to simplify, when possible, transient circuit problems
to these archetypes. In effect, they become clear targets for students when problem
solving. Thévenin’s and Norton’s theorems and the principle of superposition are
used throughout these chapters to simplify complicated circuits to the archetypes.

Finally, a greater emphasis was placed on visualizing phasors in the complex
plane and understanding the key role of the unit phasor and Euler’s theorem. Through-
out the chapters on AC circuits and power students are encouraged to focus on the
concepts of impedance and power triangles, and their similarity.

Part II: Electronics

While much of the content on electronics in Part II is unchanged from the ffth edition,
the problem-solving strategies and techniques for transistor circuits were enhanced
and clarifed. The focus on simple but useful circuit examples was not changed.

Similar to the approach taken in Part I, Chapter 8 on operational amplifers
emphasizes three amplifer archetypes (the unity-gain buffer, the inverting amplifer,
and the non-inverting amplifer) before introducing variations and applications.

The emphasis in Chapters 10 and 11 on large-signal models of BJTs and FETs
and their applications was retained; however, an appropriate, but limited, presentation
of small-signal models was included to support the discussion of AC amplifers. These
two chapters present an uncomplicated and practical treatment of the analysis and
design of simple amplifers and switching circuits using large-signal models.

Chapter 12, on power electronics, was updated in a few limited instances.
On the other hand, Chapter 14 includes a signifcant update. The discussion of
the antiquated MC68HC05 microcontroller was replaced by a new discussion of
the Atmel ATmega328P R© microcontroller and the Arduino Uno R3 open-source
prototyping platform.

Aside from error correction, Chapters 13 and 15 remain largely unchanged.

Part III: Communication Systems

Aside from the reorganization of content, the chapters on analog and digital com-
munications remain largely unchanged. The focus on applications was retained.
Chapter 17, courtesy of Dr. Michael Carr introduces the basic principles of digital
communications systems. This chapter was clarifed by incorporating a discussion of
the IEEE 488 standard within the context of parallel communication and incorporat-
ing a discussion of the RS-232 standard within the context of serial communication.
A new and expanded discussion of the Universal Serial Bus (USB) now immediately
follows. The discussion of the Ethernet and CAN protocols are now set off as separate
subsections so that they can be found more easily.
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Part IV: Electromechanics

Part IV on electromechanics has been revised for accuracy and pedagogy, but its con-
tents are largely unchanged. This part has been used by the frst author for many years
as a supplement in a junior-year System Dynamics course for mechanical engineers.

Instructors can fnd additional materials at the book’s website PLACE URL
HERE. Suggestions and sample curricula from users of the book are welcome!

0.4 FEATURES OF THE SIXTH EDITION

Pedagogy

The sixth edition continues to offer all the time-tested pedagogical features available
in the earlier editions.

• Learning Objectives offer an overview of key chapter ideas. Each chapter
opens with a list of major objectives, and throughout the chapter the learning
objective icon indicates targeted references to each objective.

• Focus on Problem Solving sections summarize important methods and
procedures for the solution of common problems and assist the student in
developing a methodical approach to problem solving.

• Clearly Illustrated Examples illustrate relevant applications of electrical
engineering principles. The examples are fully integrated with the Focus on
Problem Solving material, and each one is organized according to a
prescribed set of logical steps.

• Check Your Understanding exercises follow each set of examples and
allow students to confrm their mastery of concepts.

• Make the Connection sidebars present analogies that illuminate electrical
engineering concepts using other concepts from engineering disciplines.

• Focus on Measurements boxes emphasize the great relevance of electrical
engineering to the science and practice of measurement.

Supplements

McGraw-Hill Connect R©

Get Connected. Get Results.
McGraw-Hill Connect is a digital teaching and learning environment that improves
performance over a variety of critical outcomes; it is easy to use; and it is proven
effective.

McGraw-Hill Connect strengthens the link between faculty, students and course-
work. Innovative, adaptive technology aligns the goals of students and faculty, al-
lowing them to work together to accomplish more, in less time. It engages students
in the course content so they are better prepared, are more active in discussion, and
achieve better results. Faculty get it. Students get it. Now that’s Connected.

McGraw-Hill LearnSmart R©

LearnSmart is one of the most effective and successful adaptive learning resources
available on the market today. More than 2 million students have answered more
than 1.3 billion questions in LearnSmart since 2009, making it the most widely used
and intelligent adaptive study tool that’s proven to strengthen memory recall, keep
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students in class, and boost grades. Students using LearnSmart are 13% more likely
to pass their classes, and 35% less likely to dropout.

Distinguishing what students know from what they don’t, and honing in on
concepts they are most likely to forget, LearnSmart continuously adapts to each
student’s needs by building an individual learning path so students study smarter and
retain more knowledge. Turnkey reports provide valuable insight to instructors, so
precious class time can be spent on higher-level concepts and discussion.

This revolutionary learning resource is available only from McGraw-Hill Ed-
ucation, and because LearnSmart is available for most course areas, instructors can
recommend it to students in almost every class they teach.

McGraw-Hill SmartBook R©

Fueled by LearnSmart—the most widely used and intelligent adaptive learning
resource—SmartBook is the frst and only adaptive reading experience available
today.

Distinguishing what a student knows from what they don’t, and honing in
on concepts they are most likely to forget, SmartBook personalizes content for
each student in a continuously adapting reading experience. Reading is no longer
a passive and linear experience, but an engaging and dynamic one where students are
more likely to master and retain important concepts, coming to class better prepared.
Valuable reports provide instructors insight as to how students are progressing through
textbook content, and are useful for shaping in-class time or assessment.

As a result of the adaptive reading experience found in SmartBook, students
are more likely to retain knowledge, stay in class and get better grades.

This revolutionary technology is available only from McGraw-Hill Education
and for hundreds of course areas as part of the LearnSmart Advantage series.

McGraw-Hill CreateTM

McGraw-Hill CreateTM is a self-service website that allows you to create customized
course materials using McGraw-Hill’s comprehensive, cross-disciplinary content and
digital products. You can even access third party content such as readings, articles,
cases, videos, and more. Arrange the content you’ve selected to match the scope
and sequence of your course. Personalize your book with a cover design and choose
the best format for your students–eBook, color print, or black-and-white print. And,
when you are done, you’ll receive a PDF review copy in just minutes!

CourseSmart R©

Go paperless with eTextbooks from CourseSmart and move light years beyond
traditional print textbooks. Read online or offine anytime, anywhere. Access your
eTextbook on multiple devices with or without an internet connection. CourseSmart
eBooks include convenient, built-in tools that let you search topics quickly, add notes
and highlights, copy/paste passages, and print any page.

Instructor Resources on Connect:

Instructors have access to these fles, which are housed in Connect.

• PowerPoint presentation slides of important fgures from the text
• Instructor’s Solutions Manual with complete solutions
• COSMOS (Complete Online Solutions Manual Organizing System)
• MATLAB solution fles for selected problems
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Instructors can provide these fles, which are also housed in Connect, to students.

• Algorithmic problems that allow step-by-step problem-solving using a
recursive computational procedure to create an infnite number of problems.

To access the Instructor Resources through Connect, you must frst contact
your McGraw-Hill Learning Technology Representative to obtain a password. If you
do not know your McGraw-Hill representative, please go to www.mhhe.com/rep, to
fnd your representative.

Once you have your password, please go to connect.mheducation.com, and
log in. Click on the course for which you are using Principles and Applications
of Electrical Engineering, 6e. If you have not added a course, click “Add Course,”
and select “Engineering” from the drop-down menu. Select this textbook and
click “Next.”

Once you have added the course, click on the “Library” link, and then click
“Instructor Resources.”
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In phasor analysis, resistors, capacitors, and inductors are represented as
impedance elements. Impedance allows Ohm’s law to be generalized as a phasor
relationship applicable to resistors, capacitors, and inductors. Kirchhoff’s laws can
also be generalized as phasor relationships. Consequently, AC circuits can be solved
using the same DC methods (e.g., voltage division, current division, nodal analy-
sis, superposition, Thévenin’s and Norton’s theorem, and source transformations)
discussed in Chapters 2 and 3. The only difference is that these relationships now
involve phasors, that is, complex quantities.

The average and effective (root-mean-square) amplitude of a waveform are
introduced in this chapter. An effective value represents the equivalent DC value
required to supply or dissipate the same power as the AC waveform and thus pro-
vides a means of comparing different waveforms. In this way, an effective value is a
particularly useful measure of amplitude.

4.1 CAPACITORS AND INDUCTORS

The ideal resistor was introduced in Chapter 2 as a useful approximation of many
practical electrical devices. However, in addition to resistance, which always dissi-
pates energy, an electric circuit may also exhibit capacitance and inductance, which
act to store and release energy, in the same way that an expansion tank and fywheel,

Learning Objectives offer an overview of key 

chapter ideas. Each chapter opens with a list 

of major objectives, and throughout the chapter 

the learning objective icon indicates targeted 

references to each objective.

Focus on Problem Solving sections

summarize important methods and 

procedures for the solution of com-

mon problems and assist the student
in developing a methodical approach
to problem solving.  

It is worth noting that although it is possible to extend the methods of node
and mesh analysis to AC circuits, the resulting simultaneous complex equations will
usually be diffcult to solve without the aid of a scientifc calculator or computer, even
for relatively simple circuits. In addition, these methods lend relatively little insight
into the nature of the circuit. On the other hand, it is very useful to extend the concept
of equivalent networks to the AC case and to make use of complex Thévenin and
Norton equivalent impedances.

LOF O C U S O N P R O B L E M S O L V I N G

AC CIRCUIT ANALYSIS

1. Identify the sinusoidal sources in a circuit and note the excitation
frequencies.

2. Convert the sources to phasor form.

3. Use the excitation frequency to determine the impedance of each circuit
element.

4. Solve the resulting phasor circuit, using an appropriate solution method,
such as Thev́enin’s theorem, Norton’s theorem, superposition, source
transformation, nodal analysis, or mesh analysis. Take care to execute any
complex arithmetic properly. Represent the solution as a phasor.

5. Convert the phasor solution to its time-domain form.

Learning Objectives

1. Compute current, voltage, and energy of capacitors and inductors. Section 4.1.
2. Calculate the average and effective (root-mean-square) value of an arbitrary periodic

waveform. Section 4.2.
3. Write the differential equation(s) for circuits containing inductors and capacitors.

Section 4.3.
4. Convert time-domain sinusoidal voltages and currents to phasor notation, and vice

versa; and represent circuits using impedances. Section 4.4.
5. Apply DC circuit analysis methods to AC circuits in phasor form. Section 4.5.

LO
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EXAMPLE 4.15 Admittance LO

Problem

Find the equivalent admittance across each of the two networks shown in Figure 4.43.

Solution

Known Quantities: ω = 2π × 103 rad/s; R1 = 50 ; L = 16 mH; R2 = 100 ; C = 3 μF.

Find: The equivalent admittance across each of the two networks.

Yab

R1

L

(a)

Yab C

(b)

R2

a

b

a

b

Figure 4.43

Analysis: Network (a): First, determine the equivalent impedance across the network ab:

Zab = R1 + jωL

To obtain the admittance, compute the inverse of Zab by multiplying the numerator and de-
nominator by the complex conjugate of the denominator:

Yab = 1

Zab
= 1

R1 + jωL
= R1 − jωL

R2
1 + (ωL)2

Substitute numerical values to fnd:

Yab = 1

50 + j2π × 103 × 0.016
= 50 − j (2π × 103)(0.016)

502 + (2π × 103)2(0.016)2

= 3.966 × 10−3 − j7.975 × 10−3 S

Network (b): First, determine the equivalent impedance across the network ab:

Zab = R2
1

jωC
= R2(1/jωC)

R2 + (1/jωC)

Multiply the numerator and denominator by jωC to fnd:

Zab = R2

1 + jωR2C

The inverse of Zab is the admittance:

Yab = 1

Zab
= 1 + jωR2C

R2
= 1

R2
+ jωC = 0.01 + j0.019 S

Comment: The units of admittance, siemens (S), are the same as the units of conductance.

CHECK YOUR UNDERSTANDING

The waveform below shows the current through a 50-mH inductor. Plot the inductor voltage
vL(t).

i (t) (mA)
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Δt

Clearly illustrated examples

present relevant applications
of electrical engineering
principles. The examples are
fully integrated with the
Focus on “Problem” Solving
material, and each one is
organized according to a
prescribed set of logical steps.       

Check Your Understanding

exercises follow each set of
examples and allow students
to confrm their mastery
of concepts.  
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Hydraulic Analog
of a Capacitor

If the walls of a vessel have

some elasticity, energy is

stored in the walls when the

vessel is filled by a fluid or

gas (e.g., an inflated balloon).

The ratio of the mass of the

fluid or gas to the potential
energy stored in the walls per

unit mass is the fuid

capacitance of the vessel, a

property similar to electrical

capacitance. Figure 4.1

depicts a gas bag

accumulator, such as an

expansion tank attached to

the hot water line in many

residential homes. The

two-chamber arrangement

permits fluid to displace a

membrane separating an

incompressible fluid (e.g.,

water) from a compressible

fluid (e.g., air). The analogy

shown in Figure 4.1 assumes

that the reference pressure

p0 and the reference voltage

v2 are both zero.

q f = C f
d p

dt
= C f

dp

dt

i = C
d

dt
= C

dv1

dt

q

p

p

Gas
p0

p

+

_
C Δp

i

v

v

+

_
C Δv

Figure 4.1 Analogy
between electrical and fuid
capacitance

respectively, act in a mechanical system. These two distinct energy storage mech-
anisms are represented in electric circuits by two ideal circuit elements: the ideal
capacitor and the ideal inductor, which approximate the behavior of actual discrete
capacitors and inductors. They also approximate the bulk properties of capacitance
and inductance that are present in any physical system. In practice, any element of an
electric circuit will exhibit some resistance, some inductance, and some capacitance,
that is, some ability to dissipate and store energy.

The energy of a capacitor is stored within the electric feld between two con-
ducting plates, while the energy of an inductor is stored within the magnetic feld of
a conducting coil. Both elements can be charged (i.e., stored energy is increased) or
discharged (i.e., stored energy is decreased). Ideal capacitors and inductors can store
energy indefnitely; however, in practice, discrete capacitors and inductors exhibit
“leakage,”which typically results in a gradual reduction in the stored energy over time.

All the relationships for capacitors and inductors exhibit duality, which means
that the capacitor relations are mirror images of the inductor relations. Examples of
duality are apparent in Table 4.1.

Table 4.1 Properties of capacitors and inductors

Capacitors Inductors

Differential i-v i = C
dv

dt
v = L

di

dt

Integral i-v vC (t) = 1

C

t

−∞
iC (τ ) dτ iC (t) = 1

L

t

−∞
vL (τ ) dτ

DC equivalent Open-circuit Short-circuit

Two in series Ceq = C1C2

C1 + C2
Leq = L1 + L2

Two in parallel Ceq = C1 + C2 Leq = L1L2

L1 + L2

Stored energy WC = 1

2
Cv2C WL = 1

2
Li2L

The Ideal Capacitor

A capacitor is a device that can store energy due to a charge separation. In general,
a capacitor (and thus, capacitance) is present when any two conducting surfaces are
separated by a distance. A simple example is two parallel plates of shared cross-
sectional area A separated by a distance d. The gap between the plates may be a
vacuumor flledwith some dielectricmaterial, such as air, mica, orTefon.The impact
of the dielectric material on the capacitance is represented by the dielectric constant
κ .1 Figure 4.2 depicts a typical confguration and the circuit symbol for a capacitor.

The capacitance C of an ideal parallel-plate capacitor such as the one described
above is:

C = κε0 A

d
(4.1)

where ε0 = 8.85 × 10−12F/m is the permittivity constant of a vacuum.

1A dielectric material is a material that is not an electrical conductor but contains a large
electric dipoles, which become polarized in the presence of an electric feld.

Make the Connection 

sidebars present analogies
that illuminate electrical

engineering concepts using
concepts form other 

engineering disciplines.   

FOCUS ON

MEASUREMENTS
Capacitive Displacement Transducer

As introduced in the previous Focus on Measurements section, a capacitive displacement
transducer consists of a parallel-plate capacitor with a variable separation distance x . The
capacitance was shown to be:

C = 8.854 × 10−3 A

x
pF

where C is the capacitance in picofarads, A is the area of the plates in square millimeters,
and x is the (variable) distance in millimeters. The impedance of the capacitor is:

ZC = 1

jωC
= x

jω(8.854 × 10−3)A
T

Thus, at a given frequencyω, the impedance of the capacitor varies linearly with the sepa-
ration distance. This result can be exploited in a bridge circuit, as shown in
Figure 4.5, where half of the bridge is a differential pressure transducer in which a thin
diaphragm (plate) is situated between two fxed plates and subject to variations in pressure
across the diaphragm. The result is that when the capacitance of one leg of the bridge,
shown here again as Figure 4.32, increases, the capacitance of the other leg decreases.
Assume the bridge is excited by a sinusoidal source.

Focus on Measurements

boxes emphasize the great 

relevance of electrical
engineering to the science
and practice of measurement. 

MAKE THE
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C H A P T E R

1

INTRODUCTION TO ELECTRICAL
ENGINEERING

he aim of this chapter is to introduce electrical engineering. The chapter is
organized to provide the newcomer with a view of the different specialties
making up electrical engineering and to place the intent and organization of the
book into perspective. Perhaps the frst question that surfaces in the mind of

the student approaching the subject is, Why electrical engineering? Since this book is
directed at a readership having a mix of engineering backgrounds (including electrical
engineering), the question is well justifed and deserves some discussion. The chapter
begins by defning the various branches of electrical engineering, showing some of
the interactions among them, and illustrating by means of a practical example how
electrical engineering is intimately connected to many other engineering disciplines.
In Section 1.2mechatronic systems engineering is introduced, with an explanation of
how this book can lay the foundation for interdisciplinary mechatronic product design.
This design approach is illustrated by two examples. A brief historical perspective
is also provided, to outline the growth and development of this relatively young
engineering specialty. Section 1.3 presents a brief review of the history of electrical
engineering. In Section 1.4 the fundamental physical quantities, the system of units,
and mathematical notation are defned, to set the stage for the chapters that follow.
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Finally, in Section 1.5 the organization of the book is discussed, to give the student, as
well as the teacher, a sense of continuity in the development of the different subjects
covered in Chapters 2 to 20.

1.1 ELECTRICAL ENGINEERING

The typical curriculum of an undergraduate electrical engineering student includes
the subjects listed in Table 1.1. Although the distinction between some of these
subjects is not always clear-cut, the table is suffciently representative to serve our
purposes. Figure 1.1 illustrates a possible interconnection between the disciplines
of Table 1.1. The aim of this book is to introduce engineering students to those
aspects of electrical engineering that are likely to be most relevant to his or her
professional career. Virtually all the topics of Table 1.1 will be touched on in the book,
with varying degrees of emphasis. Example 1.1 illustrates the pervasive presence of
electrical, electronic, and electromechanical devices and systems in a very common
application: the automobile. As you read through the examples, it will be instructive
to refer to Figure 1.1 and Table 1.1.

Table 1.1 Electrical
engineering disciplines

Circuit analysis
Electromagnetics
Solid-state electronics
Electric machines
Electric power systems
Digital logic circuits
Computer systems
Communication systems
Electro-optics
Instrumentation systems
Control systems

Power
systems

Engineering
applications

Mathematical
foundations

Electric
machinery

Analog
electronics

Digital
electronics

Computer
systems

Network
theory

Logic 
theory

System
theory

Physical
foundations

Electro-
magnetics

Solid-state
physics

Optics

Control
systems

Communication
systems

Instrumentation
systems

Figure 1.1 Electrical engineering disciplines
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EXAMPLE 1.1 Electrical Systems in a Passenger Automobile

A familiar example illustrates how the seemingly disparate specialties of electrical engineering
actually interact to permit the operation of a very familiar engineering system: the automobile.
Figure 1.2 presents a view of electrical engineering systems in a modern automobile. Even
in older vehicles, the electrical system—in effect, an electric circuit—plays a very impor-
tant part in the overall operation (Chapters 2 and 3 describe the basics of electric circuits).
An inductor coil generates a suffciently high voltage to allow a spark to form across the
spark plug gap and to ignite the air-fuel mixture; the coil is supplied by a DC voltage pro-
vided by a lead-acid battery. Ignition circuits are studied in some detail in Chapter 5. In
addition to providing the energy for the ignition circuits, the battery supplies power to many
other electrical components, the most obvious of which are the lights, the windshield wipers,
and the radio. Electric power (Chapter 7) is carried from the battery to all these compo-
nents by means of a wire harness, which constitutes a rather elaborate electric circuit (see
Figure 2.15 for a closer look). Electronic fuel injection and ignition systems make use of
sophisticated electronic circuits. You will study transistors and other electronic devices in
Chapters 8 to 10.

Other electrical engineering disciplines are fairly obvious in the automobile. The on-board
radio receives electromagnetic waves by means of the antenna, and decodes the communication
signals to reproduce sounds and speech of remote origin; other common communication
systems that exploit electromagnetics are satellite radios and cellular phones. Chapters 16 and
17 describe some of the technology that is behind AM and FM radio and other common
communication systems. But this is not all! The battery is, in effect, a self-contained 12-VDC
electric power system, providing the energy for all functions. In order for the battery to have a
useful lifetime, a charging system, composed of an alternator and of power electronic devices,
is present in every automobile. Electric power systems are covered in Chapter 7 and power
electronic devices in Chapter 10. The alternator is an electric machine, as are the motors that
drive the power mirrors, power windows, power seats, and other convenience features found
in most cars. Incidentally, the loudspeakers are also electric machines! All these devices are
described in Chapters 18 to 20, and are also pertinent to the technology underlying hybrid and
electric vehicles, covered in more detail in Examples 1.2 and 1.3.

The list does not end here, though. In fact, some of the more interesting applications
of electrical engineering to the automobile have not been discussed yet. Consider computer

Safety
Air bags and restraints

Collision warning
Security systems

Convenience
Climate control

Ergonomics 
(seats, steering wheel, mirrors)

Navigation
Audio/video/Internet /

wireless communications

Propulsion
Engine/transmission

Integrated starter/alternator
Hybrid/electric traction

High-voltage electrical system
Battery management

Traction control

Ride and handling 
Active/semiactive suspension

Antilock brakes
Electric power steering

Tire pressure control
Four-wheel steering

Stability control

Figure 1.2 Electrical engineering systems in the automobile
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systems.You are certainly aware that environmental concerns related to exhaust emissions from
automobiles have led to the introduction of sophisticated engine emission control systems.
The heart of such control systems is a type of computer called a microprocessor. The micro-
processor receives signals from devices (called sensors) that measure relevant variables—such
as the engine speed, the concentration of oxygen in the exhaust gases, the position of the
throttle valve (i.e., the driver’s demand for engine power), and the amount of air aspirated by
the engine—and subsequently computes the optimal amount of fuel and the correct timing of
the spark to result in the cleanest combustion possible under the circumstances. We present a
brief overview of computer systems in Chapter 14. The measurement of the aforementioned
variables falls under the heading of instrumentation, and the interconnection between the sen-
sors and the microprocessor is usually made up of digital circuits. Chapter 15 is devoted to the
subject of measurements and instrumentation, although you will fnd a feature titled “Focus
on Measurements” in most chapters. Digital circuits are covered in Chapters 13 and 14. As
the presence of computers on board becomes more pervasive—in areas such as antilock brak-
ing, electronically controlled suspensions, four-wheel steering systems, and electronic cruise
control—communications among the various on-board computers will have to occur at faster
and faster rates. Someday in the not-so-distant future, these communications may occur over
a fber-optic network, and electro-optics will replace the conventional wire harness. Note that
electro-optics is already present in some of the more advanced displays that are part of an
automotive instrumentation system.

Finally, today’s vehicles also beneft from the signifcant advances made in communi-
cation systems. Vehicle navigation systems can include Global Positioning System, or GPS,
technology, as well as a variety of communications and networking technologies, such as wire-
less interfaces (e.g., based on the “Bluetooth” standard) and satellite radio and driver assistance
systems, such as the GM “OnStar” system.

1.2 ELECTRICAL ENGINEERING AS A
FOUNDATION FOR THE DESIGN OF
MECHATRONIC SYSTEMS

Many of today’s machines and processes, ranging from chemical plants to auto-
mobiles, require some form of electronic or computer control for proper operation.
Computer control of machines and processes is common to the automotive, chemical,
aerospace, manufacturing, test and instrumentation, consumer, and industrial elec-
tronics industries. The extensive use of microelectronics in manufacturing systems
and in engineering products and processes has led to a new approach to the design
of such engineering systems. To use a term coined in Japan and widely adopted in
Europe,mechatronic design has surfaced as a new philosophy of design, based on the
integration of existing disciplines—primarily mechanical, and electrical, electronic,
and software engineering.1

A very important issue, often neglected in a strictly disciplinary approach to
engineering education, is the integrated aspect of engineering practice, which is un-
avoidable in the design and analysis of large-scale and/or complex systems. One aim
of this book is to give engineering students of different backgrounds exposure to the
integration of electrical, electronic, and software engineering into their domain. This
is accomplished by making use of modern computer-aided tools and by providing
relevant examples and references. Section 1.6 describes how some of these goals are
accomplished.

1The Mechatronics Handbook, 2d ed., CRC Press, Robert H. Bishop, ed., 2007.
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Examples 1.2 and 1.3 illustrate some of the thinking behind the mechatronic
system design philosophy through two examples: the recently introduced C-MAX
family of hybrid-electric vehicles and a land speed record electric vehicle.

EXAMPLE 1.2 Mechatronic Systems—The Ford C-MAX Hybrid

An example of a mechatronic system that is becoming increasingly familiar is found in hybrid-
electric vehicles (HEVs). A hybrid powertrain contains at least two power sources, typically
an internal combustion engine (ICE) as the primary source of power, and a secondary power
source, such as an electric motor. HEVs save fuel by exploring the additional fexibilities
available in the design and operation of the hybrid powertrain, including load leveling, re-
generative braking, engine shut-down, engine down-sizing, and controlling the mechanical or
electromechanical transmission.

This example focuses on the Ford C-MAX family of hybrid vehicles, recently introduced
in the North-American market and shown in Figure 1.3. The C-MAX is available as an HEV,
the C-MAX Hybrid, and also as a plug-in HEV (PHEV), the C-MAX Energi. Both models
incorporate a number of features that increase the vehicle fuel economy while maintaining the
comfort, performance, and utility that customers have come to expect from vehicles of this class.

The Ford C-MAX HEV delivers 188 hp (140 kW) of total system power, using a 2.0-L
DOHC inline 4-cylinder Atkinson cycle engine, capable of 141 hp (105 kW) coupled to a
electromechanical continuously variable transaxle that uses two AC permanent-magnet syn-
chronous machines2 capable of delivering up to 118 hp (88 kW) of instantaneous power. The
HEV version uses a 1.4 kWh lithium-ion battery pack, while the PHEV employs a 7.6 kWh
lithium-ion battery pack that provides an all-electric range of 21 mi (33.8 km). In both versions,
peak battery power is 35 kW.

Figure 1.3 Ford C-MAX Hybrid (Courtesy of
Ford Motor Company)

The 4-cylinder gasoline engine, operated according to the Atkinson cycle, an asymmetrical
four-stroke cycle with an expansion ratio greater than the compression ratio, is more fuel
effcient than the traditional Otto cycle in use in the majority of gasoline-fueled vehicles today.
The combination of a more effcient (but slightly less performing) Atkinson cycle engine with
the two electric machines incorporated in the power-split transaxle (shown in Figure 1.4) is
capable of torque and acceleration comparable to those of a V-6 engine, while providing the
customer with a fuel economy of 47 mpg (5 l/100 km) in both city and highway for the HEV
version. The fuel economy of the C-MAX Energi PHEV is diffcult to defne precisely because
of its electric range, but it can signifcantly exceed that of the C-MAX Hybrid.

The transaxle, shown in a cut-away view in Figure 1.5, consists of two electric machines,
both permanent-magnet synchronous AC machines. The two machines are mechanically

2AC electric machines are presented in Chapters 19 and 20.
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Figure 1.4 HEV transaxle (Courtesy of Ford Motor
Company)

Figure 1.5 Details of the HEV transaxle (Courtesy of Ford Motor Company)
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connected through a planetary gearset, similar to the gearset used in conventional automatic
transmissions. The transaxle also incorporates a power converter,3 or inverter, that converts the
DC power supplied by the battery pack [Figures 1.6(a) and (b)] to the variable frequency AC
power4 required to operate the AC electric machines. In addition to the power converter, the
electronics incorporated into the transaxle include a control module, which includes various
analog and digital electronic circuits,5 including a microcontroller that receives information
from various sensors to determine the best speed and power of operation of the engine and of
each of the two electric machines in the transaxle.

(a) C-MAX hybrid battery pack (b) Internal confguration of C-MAX hybrid battery pack

(c) C-MAX Energi battery pack (d) Internal confguration of C-MAX Energi battery pack

Figure 1.6 Battery pack (Courtesy of Ford Motor Company)

In addition to the energy provided by the fuel stored in a conventional tank, an HEV also
stores a limited amount of energy in a battery pack. Figure 1.6(a) depicts the C-MAX HEV
battery pack; note that the battery pack has been purposely designed to have a fat profle so
as not to reduce the useful cargo space. Figure 1.6(b) shows the internal confguration of the
battery. The PHEV version of the pack, which stores more than fve times the energy of the
HEV version, is depicted in Figure 1.6(c) and (d).

Finally, Figure 1.7 depicts the general system operation of the hybrid powertrain, showing
how the engine and the generator motor are connected to two of the planetary gearset inputs,
while the traction motor is connected to the output of the gearset, and therefore to the front
axle. This picture illustrates the various possible modes of operation of the vehicle, showing
that the vehicle can be powered by the engine alone through the mechanical transmission, or by

3Power electronics is the subject of Chapter 12.
4AC power is the subject of Chapter 7.
5Analog and digital electronics are covered in Chapters 8 to 15.
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Cross-section
view of

Planetary
Gearset

Transaxle
Planetary
Gearset

4 Cylinder
Engine

Generator
Motor

Battery

Traction
motor

Figure 1.7 Ford HEV architecture (Courtesy of
Ford Motor Company)

the traction motor alone, or by various combinations of the engine and two electric machines.
Further, when the vehicle is decelerating, the mechanical energy stored in the vehicle motion
can be in part converted into electrical energy by the generator motor and stored in the battery
pack for later use. Another interesting feature of both models is that the traction motor is
capable of launching the vehicle from zero speed without the need for any engine power. Thus,
the engine can be safely shut off whenever the vehicle stops at a traffc light or in traffc, with
signifcant fuel savings resulting from the complete elimination of engine idle.

EXAMPLE 1.3 Mechatronic Systems—The Buckeye Bullet
Electric Land Speed Record Vehicle

Land Speed Record Racing

In the early years of modern automobile engineering, it was electric traction that provided
most of the excitement (a surprise, perhaps, to modern internal combustion engine racing
enthusiasts). The Jamais Contente, shown in Figure 1.8, was the frst vehicle to exceed the
100 km/hr mark in 1899—a record that lasted several years, until the internal combustion
engine became the dominant propulsion system. For more than a century, combustion engine
powered vehicles have dominated motorsports. In recent years, however, interest in electric
land speed record racing has once again increased, as both power electronics, electric motor,
and battery technology have seen signifcant advances, motivated by the emergence of a market
for electric and especially hybrid-electric vehicles. Modern land speed record (LSR) racing
consists of vehicles traveling on a designated track to obtain the fastest speed for that specifc
vehicle’s class. Since the early 1950s, amateurs and professionals have raced toward land
speed records in myriad categories on the Bonneville Salt Flats, an ancient lake bed spread
across 30,000 acres in Utah, 90 miles west of Salt Lake City. The Bonneville Salt Flats surface
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Figure 1.8 “La Jamais Contente” (Never Satisfed) electric racer, the frst vehicle to surpass the
100 km/hr mark (105.880 km/hr), driven by Camillo Jenatzy at Achères, France, on April 29, 1899
(© Hulton Archive/Getty Images).

consists of packed salt, making it an ideal place to stage a speed race due to the perfectly
fat surface and to the high-altitude location with lower air density. The Southern California
Timing Association (SCTA) governs LSR racing at Bonneville and sanctions U.S. records.
In addition to this, the SCTA establishes the standard for the race and the car depending on
vehicle class. World records are established by the Fédération Internationale de l’Automobile
(FIA), and if FIA offcials are present and FIA rules are followed, world records can also be
established at Bonneville.

According to SCTA specifcations, electric vehicles (E class) have no body confguration
restriction but there are three different classes based on the vehicle’s weight, less that of the
driver. The vehicle described in this example, the Venturi Buckeye Bullet, shown in Figure 1.9,
belongs to class E.III, the unlimited weight electric class. The race course confguration used
for U.S. land speed records, shown in Figure 1.10(a), consists of three different parts: the frst
two miles are used for the acceleration of the vehicle, while the average speed is recorded over
the third, fourth, and ffth miles. After the ffth mile, the vehicle has two miles to decelerate
using one or more drag parachutes. For a U.S. record to be homologated, the two runs must
occur within a four-hour “impound” period. If an international record is attempted, the vehicle
has only one hour to complete both runs, and a typical course has the appearance shown in
Figure 1.10(b).

Design of an Electric Streamliner

Vehicle Design
The Buckeye Bullet design layout is shown in Figure 1.11. This particular design is that of
the Venturi Buckeye Bullet 3, which is being tested at the time of this writing. The type of
vehicle shown in the drawing is called a streamliner, a term that indicates a vehicle with
enclosed wheels and a long, aerodynamic shape. The solid model of Figure 1.11 shows the
all-wheel-drive confguration, in which two electric machines power each axle through a fxed
mechanical transmission. The driver is located in the middle of the vehicle, and two battery




