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Introduction to Electrical
Engineering

he aim of this chapter isto introduce electrical engineering. The chapter is

organized to provide the newcomer with aview of the different specialties

making up electrical engineering and to place the intent and organization

of the book into perspective. Perhaps the first question that surfacesin 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 iswell justified and deserves some
discussion. The chapter begins by defining the various branches of electrical engi-
neering, showing some of the interactions among them, and illustrating by means
of apractical example how electrical engineering isintimately connected to many
other engineering disciplines. In the second section, mechatronic systems engi-
neering isintroduced, with an explanation of how thisbook can lay the foundation
for interdisciplinary mechatronic product design. This design approach is illus-
trated by an example. The next section introduces the Engineer-in-Training (EIT)
national examination. A brief historical perspectiveisalso provided, to outlinethe
growth and development of this relatively young engineering specialty. Next, the
fundamental physical quantitiesand the system of unitsare defined, to set the stage
for the chapters that follow. Finally, 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 through 18.



2 Chapter 1 Introduction to Electrical Engineering

1.1 ELECTRICAL ENGINEERING

Thetypical curriculum of an undergraduate el ectrical engineering student includes
the subjects listed in Table 1.1. Although the distinction between some of these
subjectsis not always clear-cut, the table is sufficiently 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 the non-electrical engineering
student to those aspects of electrical engineering that arelikely to be most rel evant
to his or her professional career. Virtualy all of the topics of Table 1.1 will be
touched on in the book, with varying degrees of emphasis. Thefollowing example
illustrates the pervasive presence of electrical, electronic, and electromechanical
devices and systemsin avery common application: the automobile. Asyou read

Table 1.1 Electrical through the example, it will be instructive to refer to Figure 1.1 and Table 1.1.
engineering disciplines

Circuit analysis

El ef:tromagnetics ) Engineering
Solid-state electronics applications
Electric machines
Electric power systems Power
- N systems
Digital logic circuits /
Computer systems
Communication systems Electric
Electro-optics Mathematical 7| machinery [T\ Physical
Instrumentation systems foundations / foundations
Control systems Network é | | .| Andog Electro-
theory electronics \\ magnetics
Logic Digital Solid-state
theory electronics physics
System ™| computer Optics
) /
\ Control
systems
\ Communication
systems
\ Instrumentation
systems

Figure 1.1 Electrical engineering disciplines

EXAMPLE 1.1 Electrical Systems in a Passenger Automobile
A familiar exampleillustrates 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 aview of electrical engineering systemsin a
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Body Vehicle Power train
electronics control
Airbags Antilock brake Engine
Climate Traction Transmission
Security and Suspension Charging
keylessentry Power steering Cruise
Ao belts 4-wheel steer Cooling fan
Memory seat Tire pressure Ignition
Memory mirror 4-wheel drive
MUX
Instrumentation Entertainment
Analog dash Cellular phone
Digital dash CD/DAT
Navigation AM/FM radio
Digital radio
TV sound

Figure 1.2 Electrical engineering systems in the automobile

modern automobile. Even in older vehicles, the electrical system—in effect, an electric
circuit—plays a very important part in the overall operation. An inductor coil generates a
sufficiently high voltage to allow a spark to form across the spark plug gap, and to ignite
the air and fuel mixture; the coil is supplied by a DC voltage provided by alead-acid
battery. In addition to providing the energy for the ignition circuits, the battery also
supplies power to many other electrical components, the most obvious of which are the
lights, the windshield wipers, and the radio. Electric power is carried from the battery to
al of these components by means of awire harness, which constitutes a rather elaborate
electrical circuit. In recent years, the conventional electrical ignition system has been
supplanted by electronic ignition; that is, solid-state el ectronic devices called transistors
have replaced the traditional breaker points. The advantage of transistorized ignition
systems over the conventional mechanical onesistheir greater reliability, ease of control,
and life span (mechanical breaker points are subject to wear).

Other electrical engineering disciplines are fairly obviousin the automobile. The
on-board radio receives el ectromagnetic 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 CB radios and the ever more
common cellular phones. But thisisnot all! The battery is, in effect, a self-contained
12-VDC electric power system, providing the energy for al of the aforementioned
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. The
aternator is an electric machine, as are the motors that drive the power mirrors, power
windows, power seats, and other convenience features found in luxury cars. Incidentally,
the loudspeakers are al so electric machines!
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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 systems. You are certainly aware that in the last two decades, environmental
concerns related to exhaust emissions from automobiles have led to the introduction of
sophisticated engine emission control systems. The heart of such control systemsisatype
of computer called a microprocessor. The microprocessor 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. The measurement of
the aforementioned variables falls under the heading of instrumentation, and the
interconnection between the sensors and the microprocessor is usually made up of digital
circuits. Finaly, as the presence of computers on board becomes more pervasive—in
areas such as antilock braking, 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. Some day in the not-so-distant
future, these communications may occur over afiber optic network, and el ectro-optics
will replace the conventional wire harness. It should be noted that electro-opticsis already
present in some of the more advanced displays that are part of an automotive
instrumentation 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 processesis common to the automotive, chem-
ical, aerospace, manufacturing, test and instrumentation, consumer, and industrial
electronics 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 aterm coined in Japan and widely
adopted in Europe, mechatronic design has surfaced as a new philosophy of de-
sign, based on the integration of existing disciplines—primarily mechanical, and
electrical, electronic, and software engineering.t

A very important issue, often neglected in a strictly disciplinary approach
to engineering education, is the integrated aspect of engineering practice, which
is unavoidable 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.

1D. A. Bradley, D. Dawson, N. C. Burd, A. J. Loader, 1991, “Mechatronics, Electronicsin Products
and Processes,” Chapman and Hall, London. See also ASME/IEEE Transactions on Mechatronics,
Vol. 1, No. 1, 1996.
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Example 1.2 illustrates some of the thinking behind the mechatronic system
design philosophy through a practical example drawn from the design experience
of undergraduate students at a number of U.S. universities.

EXAMPLE 1.2 Mechatronic Systems—Design of a Formula
Lightning Electric Race Car

The Formula Lightning electric race car competition is an interuniversity? competition
project that has been active since 1994. This project involves the design, analysis, and
testing of an electric open-wheel race car. A photo and the generic layout of the car are
shown in Figures 1.3 and 1.4. The student-designed propulsion and energy storage
systems have been tested in interuniversity competitions since 1994. Projects have
included vehicle dynamics and race track simulation, motor and battery pack selection,
battery pack and loading system design, and transmission and driveline design. Thisisan
ongoing competition, and new projects are defined in advance of each race season. The
objective of this competitive seriesisto demonstrate advancement in electric drive
technology for propulsion applications using motorsports as a means of extending existing
technology to its performance limit. This example describes some of the development that
has taken place at the Ohio State University. The description given below is representative
of work done at all of the participating universities.

Instrumentation
panel

DC-AC converter
(electric drive)

Differential Gearbox

Figure 1.3 The Ohio State University Smokin’ Figure 1.4 Block diagram of electric race car
Buckeye

Design Constraints:

The Formula Lightning series is based on a specification chassis; thus, extensive
modifications to the frame, suspension, brakes, and body are not permitted. The focus of
the competition is therefore to optimize the performance of the spec vehicle by selecting a

2Universities that have participated in this competition are Arizona State University, Bowling Green
State University, Case Western Reserve University, Kettering University, Georgia Institute of
Technology, Indiana University—Purdue University at Indianapolis, Northern Arizona University,
Notre Dame University, Ohio State University, Ohio University, Rennselaer Polytechnic Institute,
University of Oklahoma, and Wright State University.
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suitable combination of drivetrain and energy storage components. In addition, since the
vehicle isintended to compete in arace series, issues such as energy management, quick
and efficient pit stops for battery pack replacement, and the ability to adapt system
performance to varying race conditions and different race tracks are also important design
congtraints.

Design Solutions:3

Teams of undergraduate aerospace, electrical, industrial, and mechanical engineering
students participate in the design of the all-electric Formula Lightning drivetrain through a
special design course, made available especially for student design competitions.

In arepresentative course at Ohio State, the student team was divided into four
groups. battery system selection, motor and controller selection, transmission and
driveline design, and instrumentation and vehicle dynamics. Each of these groups was
charged with the responsibility of determining the technology that would be best suited to
matching the requirements of the competition and result in a highly competitive vehicle.

Figure 1.5 illustrates the interdisciplinary mechatronics team approach; it is apparent
that, to arrive at an optimal solution, an iterative process had to be followed and that the
various iterations required significant interaction between different teams.

To begin the process, a gross vehicle weight was assumed and energy storage
limitations were ignored in a dynamic computer simulation of the vehicle on asimulated
road course (the Cleveland Grand Prix Burke Lakefront Airport racetrack, site of the first
race in the series). The simulation employed arealistic model of the vehicle and tire
dynamics, but asimple model of an electric drive—energy storage limitations would be
considered later.

Vehicle weight and Motor
weight distribution  Energy  Torque-speed

Gear andfind _ Y Y fouves 1| o time

driveratios Vehicle-track
dynamic simulation

Energy
l consumption

Motor
selection

!

Transmission
selection

!

Battery
selection

Figure 1.5 Iterative design process for electric race
car drivetrain

The simulation was exercised under various scenarios to determine the limit
performance of the vehicle and the choice of a proper drivetrain design. The first round of
simulations led to the conclusion that a multispeed gearbox would be a necessity for

3K. Grider, G. Rizzoni, “Design of the Ohio State University electric race car,” SAE Technical Paper
in Proceedings, 1996 SAE Motorsports Conference and Exposition, Dearborn, M1, Dec.10-12,
1996.
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competitive performance on aroad course, and al so showed the need for avery high
performance AC drive as the propulsion system. The motor and controller are depicted in
Figure 1.6.

Figure 1.6 Motor and controller

Figure 1.7 Open side pod

Once the electric drive had been selected, the results of battery tests performed by the  with battery pack and single
battery team were evaluated to determine the proper battery technology, and the resulting ~ Pattery
geometry and weight distribution of the battery packs. With the preferred battery
technology identified (see Figure 1.7), energy criteriawas included in the simulation, and
lap times and energy consumption were predicted. Finally, appropriate instrumentation
was designed to permit monitoring of the most important functions in the vehicle (e.g.,
battery voltage and current, motor temperature, vehicle and motor speed). Figure 1.8
depicts the vehicle dashboard. Table 1.2 gives the specifications for the vehicle.

Table 1.2 Smokin’ Buckeye specifications

Drive system:
Vector controlled AC propulsion model 150
Motor type: three-phase induction, 150 kW
Weight: motor 100 Ib, controller 75 Ib
Motor dimensions: 12-in diameter, 15-in length
Transmission/clutch:

Webster four-speed supplied by Taylor Race Engineering .
Tilton metallic clutch Figure 1.8 Dashboard

Battery system:
Total voltage: 372V (nominal)
Total weight: 1440 1b
Number of batteries: 31
Battery: Optima spiral-wound lead-acid gel-cell battery
Configuration: 16 battery packs, 12 or 24 V each
Instrumentation:
Ohio Semitronics model EV'1 electric vehicle monitor
Stack model SR 800 Data Acquisition

Vehicle dimensions:
Wheelbase: 115in
Total length: 163in
Width: 77in
Weight: 2690 Ib
Stock components:
Tires: Yokohama
Chassis: 1994 Stewart Racing Formula Lightning
Springs: Eibach
Shocks: Penske racing coil-over shocks
Brakes: Wilwood Dynalite I
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Altogether approximately 30 students from different engineering disciplines
participated in the initial design process. They received credit for their effort either
through the course—ME 580.04, Analysis, Design, Testing and Fabrication of Alternative
Vehicles—or through a senior design project. As noted, interaction among teams and
among students from different disciplines was an integral part of the design process.

Comments: The exampleillustrates the importance of interdisciplinary thinking in the
design of mechatronics systems. The aim of this book isto provide studentsin different
engineering disciplines with the foundations of electrical/electronic engineering that are
necessary to effectively participate in interdisciplinary engineering design projects. The
next 17 chapters will present the foundations and vocabulary of electrical engineering.

1.3 FUNDAMENTALS OF ENGINEERING
EXAM REVIEW

Each of the 50 states regul ates the engineering profession by requiring individuals
who intend to practice the profession to become registered professional engineers.
To become a professional engineer, it is necessary to satisfy four requirements.
The first is the completion of a B.S. degree in engineering from an accredited
college or university (although it is theoretically possible to be registered with-
out having completed a degree). The second is the successful completion of the
Fundamentals of Engineering (FE) Examination. Thisis an eight-hour exam that
covers general engineering undergraduate education. The third requirement is
two to four years of engineering experience after passing the FE exam. Finally,
the fourth requirement is successful completion of the Principles and Practice of
Engineering or Professional Engineer (PE) Examination.

The FE exam isatwo-part national examination given twiceayear (in April
and October). The exam isdivided into two 4-hour sessions. The morning session
consists of 140 multiple choice questions (five possible answers are given); the
afternoon session consists of 70 questions. The exam is prepared by the State
Board of Engineers for each state.

One of the aims of this book is to assist you in preparing for one part of
the FE exam, entitled Electrical Circuits. This part of the examination consists of
atotal of 18 questions in the morning session and 10 questions in the afternoon
session. The examination topics for the electrical circuits part are the following:

DC Circuits

AC Circuits

Three-Phase Circuits
Capacitance and Inductance
Transients

Diode Applications
Operational Amplifiers (Ideal)
Electric and Magnetic Fields
Electric Machinery

Appendix B contains a complete review of the Electrical Circuits portion
of the FE examination. In Appendix B you will find a detailed listing of the



Chapter 1 Introduction to Electrical Engineering

topics covered in the examination, with references to the relevant materia in the
book. The appendix also contains a collection of sample problems similar to those
found in the examination, with answers. These sample problems are arranged in
two sections: The first includes worked examples with a full explanation of the
solution; the second consists of a sample exam with answers supplied separately.
This material is based on the author’s experience in teaching the FE Electrical
Circuitsreview coursefor mechanical engineering seniorsat Ohio State University
over several years.

1.4 BRIEF HISTORY OF ELECTRICAL
ENGINEERING

The historical evolution of electrical engineering can be attributed, in part, to
the work and discoveries of the people in the following list. You will find these
scientists, mathematicians, and physicists referenced throughout the text.

William Gilbert (1540-1603), English physician, founder of magnetic
science, published De Magnete, a treatise on magnetism, in 1600.
Charles A. Coulomb (1736-1806), French engineer and physicist,
published the laws of electrostatics in seven memoirs to the French
Academy of Science between 1785 and 1791. His hame is associated with
the unit of charge.

James Watt(1736-1819), English inventor, devel oped the steam engine.
His name is used to represent the unit of power.

Alessandro Volta(1745-1827), Italian physicist, discovered the electric
pile. The unit of electric potential and the alternate name of this quantity
(voltage) are named after him.

Hans Christian Oersted (1777-1851), Danish physicist, discovered the
connection between electricity and magnetism in 1820. The unit of
magnetic field strength is named after him.

Andr & Marie Ampére (1775-1836), French mathematician, chemist, and
physicist, experimentally quantified the relationship between electric
current and the magnetic field. Hisworks were summarized in atreatise
published in 1827. The unit of electric current is named after him.

Georg Simon Ohm(1789-1854), German mathematician, investigated the
relationship between voltage and current and quantified the phenomenon of
resistance. Hisfirst results were published in 1827. His nameis used to
represent the unit of resistance.

Michael Faraday (1791-1867), English experimenter, demonstrated
electromagnetic induction in 1831. His electrical transformer and
electromagnetic generator marked the beginning of the age of electric
power. His name is associated with the unit of capacitance.

Joseph Henry(1797-1878), American physicist, discovered
self-induction around 1831, and his name has been designated to represent
the unit of inductance. He had a so recognized the essentia structure of the
telegraph, which was later perfected by Samuel F. B. Morse.

Carl Friedrich Gauss (1777-1855), German mathematician, and
Wilhelm Eduard Weber (1804-1891), German physicist, published a
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treatise in 1833 describing the measurement of the earth’s magnetic field.
The gaussis a unit of magnetic field strength, while the weber is a unit of
magnetic flux.

James Clerk Maxwell (1831-1879), Scottish physicist, discovered the
electromagnetic theory of light and the laws of electrodynamics. The
modern theory of electromagneticsis entirely founded upon Maxwell’s
equations.

Ernst Werner Siemens(1816-1892) and Wilhelm Siemens(1823-1883),
German inventors and engineers, contributed to the invention and
development of electric machines, as well asto perfecting electrical
science. The modern unit of conductance is named after them.
Heinrich Rudolph Hertz (1857-1894), German scientist and
experimenter, discovered the nature of electromagnetic waves and
published his findingsin 1888. His name is associated with the unit of
frequency.

Nikola Tesla (1856-1943), Croatian inventor, emigrated to the United
Statesin 1884. Heinvented polyphase electric power systems and the
induction motor and pioneered modern AC electric power systems. His
name is used to represent the unit of magnetic flux density.

1.5 SYSTEM OF UNITS

This book employs the International System of Units (also called S, from the
French Systéme I nternational des Unités). Sl units are commonly adhered to by
virtually al engineering professional societies. This section summarizes Sl units
and will serve as a useful reference in reading the book.

Sl units are based on six fundamental quantities, listed in Table 1.3. All
other units may be derived in terms of the fundamental units of Table 1.3. Since,
in practice, one often needs to describe quantities that occur in large multiples or
small fractions of a unit, standard prefixes are used to denote powers of 10 of S|
(and derived) units. These prefixes are listed in Table 1.4. Note that, in general,
engineering units are expressed in powers of 10 that are multiples of 3.

Table 1.3 Sl units Table 1.4 Standard prefixes
Quantity Unit Symbol Prefix ~ Symbol  Power
Length Meter m ato a 10718
Mass Kilogram kg femto  f 10715
Time Second s pico p 10712
Electric current Ampere A nano n 10-°
Temperature Kelvin K micro 1076
Luminousintensity ~Candela  cd milli m 1073

centi c 1072
deci d 1071
deka da 10
kilo k 108
mega M 108
gga G 10°
tera T 1012
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For example, 10~4 swould be referred to as 100 x 108 s, or 100us (or, less
frequently, 0.1 ms).

1.6 SPECIAL FEATURES OF THIS BOOK

This book includes a number of special features designed to make learning easier
and also to allow studentsto explore the subject matter of the book in more depth, if
so desired, through the use of computer-aided tools and the Internet. The principal
features of the book are described below.
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EXAMPLES

The examplesin the book have also been set aside from the main text, so that they can be
easily identified. All examples are solved by following the same basic methodology: A
clear and simple problem statement is given, followed by a solution. The solution consists
of several parts: All known quantities in the problem are summarized, and the problem
statement is translated into a specific objective (e.g., “Find the equivalent resistance, R”).

Next, the given data and assumptions are listed, and finally the analysis is presented.
The analysis method is based on the following principle: All problems are solved
symbolically first, to obtain more general solutions that may guide the student in solving
homework problems; the numerical solution is provided at the very end of the analysis.
Each problem closes with comments summarizing the findings and tying the example to
other sections of the book.

The solution methodology used in this book can be used as a general guide to
problem-solving techniques well beyond the material taught in the introductory electrical
engineering courses. The examples contained in this book are intended to help you
develop sound problem-solving habits for the remainder of your engineering career.

Focus on Computer-Aided Tools, Virtual Lab

One of the very important changes to engineering education in the 1990s has been
the ever more common use of computersfor analysis, design, dataacquisition, and
control. This book is designed to permit students and instructors to experiment
with various computer-aided design and analysistools. Some of thetoolsused are
generic computing tools that are likely to be in use in most engineering schools
(e.g., Matlab, MathCad). Many examplesare supplemented by el ectronic solutions
that areintended to teach you how to solvetypical electrical engineering problems
using such computer aids, and to stimulate you to experiment in developing your
own solution methods. Many of these methods will aso be useful later in your
curriculum.

Some examples (and also some of the figures in the main text) are supple-
mented by circuit simulation created using Electronics Workbench™, a circuit
analysis and simulation program that has aparticularly friendly user interface, and
that permits a more in-depth analysis of realistic electrical/electronic circuits and
devices. Use of this feature could be limited to just running a simulated circuit to
observe its behavior (with virtually no new learning required), or could be more
involved and result in the design of new circuit smulations. You might find it

VIRTUAL LAB
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FIND IT

ON THE WEB

VIRTUAL LAB
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FOCUSONMETHODOLOGY

Each chapter, especialy the early ones, includes “boxes’ titled “Focus on
Methodology.” The content of these boxes (which are set asidefromthemain
text) is to summarize important methods and procedures for the solution of
common problems. They usualy consist of step-by-step instructions, and
are designed to assist you in methodically solving problems.

useful to learn how to use thistool for some of your homework and project assign-
ments. The electronic examples supplied with the book form a veritable Virtual
Electrical and Electronic Circuits Laboratory. The use of these computer aidsis
not mandatory, but you will find that the electronic supplements to the book may
become a formidable partner and teaching assi stant.

Find It on the Web!

The use of the Internet as a resource for knowledge and information is becoming
increasingly common. In recognition of this fact, Web site references have been
included in this book to give you a starting point in the exploration of the world of
electrical engineering. Typical Web references give you information on electrical
engineering companies, products, and methods. Some of the sites contain tutorial
material that may supplement the book’s contents.

CD-ROM Content

The inclusion of a CD-ROM in the book allows you to have a wealth of supple-
ments. We list afew major ones. Matlab, MathCad, and Electronics Workbench
electronic files, demo version of Electronics Workbench; Virtual Laboratory ex-
periments;, data sheets for common electrical/electronic circuit components; addi-
tional reference material.

MEASUREMENTS

As stated many timesin this book, the need for measurements is a common
thread to all engineering and scientific disciplines. To emphasize the great
relevance of electrical engineering to the science and practice of
measurements, a special set of examples focuses on measurement problems.
These examples very often relate to disciplines outside electrical engineering
(e.g., biomedical, mechanical, thermal, fluid system measurements). The
“Focus on Measurements” sections are intended to stimulate your thinking
about the many possible applications of electrical engineering to
measurementsin your chosen field of study. Many of these examples are a
direct result of the author’s work as a teacher and researcher in both
mechanical and electrical engineering.
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Web Site

Thelist of features would not be complete without a reference to the book’s Web
site, http://www.mhhe.com/engcs/electrical/rizzoni Create abookmark for this

site now! The siteis designed to provide up-to-date additions, examples, errata,
and other important information.

HOMEWORK PROBLEMS

1.1 List five applications of electric motorsin the c. Your household.

common household. d. A chemical process control plant.

1.2 By analogy with the discussion of electrical systems 1.3 Electric power systems provide energy in avariety of
in the automobile, list examples of applications of the commercial and industrial settings. Make alist of
electrical engineering disciplines of Table 1.1 for each systems and devices that receive electric power in:
of the following engineering systems: a A large office building.

a A ship.

b. A factory floor.
b. A commercia passenger aircraft. c. A construction site.
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Fundamentals of Electric Circuits

his chapter presents the fundamental laws of circuit analysis and serves
as the foundation for the study of electrical circuits. The fundamental
concepts developed in these first pages will be called upon throughout
the book.

Thechapter startswith definitions of charge, current, voltage, and power, and
with the introduction of the basic laws of electrical circuit analysis. Kirchhoff's
laws. Next, the basic circuit elements are introduced, first in their ideal form,
then including the most important physical limitations. The elements discussedin
the chapter include voltage and current sources, measuring instruments, and the
ideal resistor. Once the basic circuit el ements have been presented, the concept
of an electrical circuit isintroduced, and some simple circuits are analyzed using
Kirchhoff'sand Ohm’slaws. The student should appreciate the fact that, although
thematerial presented at thisearly stageisstrictly introductory, itisalready possible
to discuss some useful applications of electric circuits to practical engineering
problems. Tothisend, two examplesareintroduced which discusssimpleresistive
devices that can measure displacements and forces. The topics introduced in
Chapter 2 form the foundations for the remainder of this book and should be
mastered thoroughly. By the end of the chapter, you should have accomplished
the following learning objectives:

+ Application of Kirchhoff’s and Ohm’s laws to elementary resistive
circuits.

15
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CharlesCoulomb (1736-1806). Photo
courtesy of French Embassy, Wash-

ington, D.C.

Current i = dg/dtis generated by
the flow of charge through the
cross-sectional areaAina
conductor.

Figure 2.1 Current flow in
an electric conductor

Chapter 2 Fundamentals of Electric Circuits

« Power computation for a circuit element.

+ Use of the passive sign convention in determining voltage and current
directions.

- Solution of simple voltage and current divider circuits.
- Assigning node voltages and mesh currentsin an electrical circuit.

- Writing the circuit equations for alinear resistive circuit by applying
Kirchhoff’s voltage law and Kirchhoff's current law.

2.1 CHARGE, CURRENT, AND KIRCHHOFF'S
CURRENT LAW

The earliest accounts of electricity date from about 2,500 years ago, when it was
discovered that static charge on a piece of amber was capable of attracting very
light objects, such asfeathers. Theword itself—electricity—originated about 600
B.C.; it comes from elektron which was the ancient Greek word for amber. The
true nature of electricity was not understood until much later, however. Following
the work of Alessandro Volta and his invention of the copper-zinc battery, it was
determined that static el ectricity and the current that flowsin metal wiresconnected
to a battery are due to the same fundamental mechanism: the atomic structure of
matter, consisting of a nucleus—neutrons and protons—surrounded by electrons.
The fundamental electric quantity is charge, and the smallest amount of charge
that existsisthe charge carried by an electron, equal to

ge=-1602x 10" C (2.1)

As you can see, the amount of charge associated with an electron is rather
small. This, of course, has to do with the size of the unit we use to measure
charge, the coulomb (C), named after Charles Coulomb.? However, the definition
of the coulomb leads to an appropriate unit when we define electric current, since
current consists of the flow of very large numbers of charge particles. The other
charge-carrying particlein an atom, the proton, is assigned a positive sign, and the
same magnitude. The charge of aprotonis

:—|— X | .
q» 1.602 x 1071°C (2.2)

Electrons and protons are often referred to as elementary charges.

Electric current is defined as the time rate of change of charge passing
through a predetermined area. Typically, this area is the cross-sectional area of
ametal wire; however, there are a number of cases we shall explore later in this
book where the current-carrying material is not a conducting wire. Figure 2.1
depicts amacroscopic view of the flow of chargein awire, where weimagine Ag
units of charge flowing through the cross-sectional area A in Az unitsof time. The
resulting current, i, isthen given by

. Ag C

= — 2.
! At s (2:3)

1see brief biography on page 9.
2See brief biography on page 9.
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If we consider the effect of the enormous number of elementary charges actually
flowing, we can write this relationship in differential form:

. dg C
i = I s (2.4)
Theunitsof current are called amperes (A) where 1 ampere = 1 coulomb/second.
The name of the unit is a tribute to the French scientist André Marie Ampeére.®
The electrical engineering convention states that the positive direction of current
flow isthat of positive charges. In metallic conductors, however, current is carried
by negative charges; these charges are the free electrons in the conduction band,
which are only weakly attracted to the atomic structure in metallic elements and
are therefore easily displaced in the presence of electric fields.
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EXAMPLE 2.1 Charge and Current in a Conductor

Problem

Find thetotal charge in acylindrical conductor (solid wire) and compute the current
flowing in the wire.

Solution
Known Quantities: Conductor geometry, charge density, charge carrier velocity.
Find: Tota charge of carriers, Q; current in the wire, 1.

Schematics, Diagrams, Circuits, and Given Data: Conductor length: L = 1 m.
Conductor diameter: 2r = 2 x 1073 m.
Charge density: n = 10% carriers/m?®.
Charge of one electron: g, = —1.602 x 107%°.
Charge carrier velocity: u = 19.9 x 1076 m/s.

Assumptions: None.

Analysis: To compute the total charge in the conductor, we first determine the volume of
the conductor:

Volume = Length x Cross-sectiona area
2x1073\?
V=L><7tr2=(lm)><|:n< ><2 >m2:|=71><106 m°

Next, we compute the number of carriers (electrons) in the conductor and the total
charge:

Number of carriers = Volume x Carrier density

carriers
m3

N=Vxn=(7x10°m’) x <1029 > =7 x 10%carriers
Charge = number of carriers x charge/carrier
0 =N x g. = (m x 10® carriers)

coulomb
x (—1.602 x 10-29 2240 ) — 5033 x 10° C.
carrier

3See brief biography on page 9.



18

Chapter 2 Fundamentals of Electric Circuits

To compute the current, we consider the velocity of the charge carriers, and the charge
density per unit length of the conductor:

Current = Carrier charge density per unit length x Carrier velocity

= (% %) « (u?) - (—50.33 « 10° %) x (199 10—62) =14

Comments: Charge carrier density is afunction of material properties. Carrier velocity
isafunction of the applied electric field.

i = Current flowing
in closed circuit

—

Light
o bulb

5v | F E
battery | 1.5V

—~

Figure 2.2 A smple
electrical circuit

Node 1
— ‘_’:
i iig ii3
Bane.y (©JO)C)

—— 1T

—s—>
Node 2
Ilustration of KCL at

nodel:—i+i;+i,+i3=0

Figure 2.3 lllustration of
Kirchhoff’s current law

In order for current to flow there must exist a closed circuit. Figure 2.2
depicts a simple circuit, composed of a battery (e.g., adry-cell or akaline 1.5-V
battery) and alight bulb.

Notethat in the circuit of Figure 2.2, the current, i, flowing from the battery
to the light bulb is equal to the current flowing from the light bulb to the battery.
In other words, no current (and therefore no charge) is “lost” around the closed
circuit. This principle was observed by the German scientist G. R. Kirchhoff 4
and is now known as Kirchhoff’s current law (KCL). Kirchhoff’s current law
states that because charge cannot be created but must be conserved, the sum of the
currents at a node must equal zdra an electrical circuit, anodeis the junction
of two or more conductors). Formally:

ihn=0 Kirchhoff’s current law (2.5)

1

The significance of Kirchhoff’s current law isillustrated in Figure 2.3, where the
simplecircuit of Figure 2.2 has been augmented by the addition of two light bulbs
(note how the two nodes that exist in this circuit have been emphasized by the
shaded areas). In applying KCL, one usually defines currents entering a node as
being negative and currents exiting the node as being positive. Thus, the resulting
expression for node 1 of the circuit of Figure 2.3 is:

—i4i1+ix+iz3=0

Kirchhoff’s current law is one of the fundamental laws of circuit analysis,
making it possible to express currents in a circuit in terms of each other; for
example, one can express the current leaving a node in terms of al the other
currents at the node. The ability to write such equations is a great aid in the
systematic solution of large electric circuits. Much of the material presented in
Chapter 3 will be an extension of this concept.

4Gustav Robert Kirchhoff (1824-1887), a German scientist, who published the first systematic
description of the laws of circuit analysis. His contribution—though not original in terms of its
scientific content—forms the basis of al circuit analysis.
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EXAMPLE 2.2 Kirchhoff’s Current Law Applied
to an Automotive Electrical Harness

Problem

Figure 2.4 shows an automotive battery connected to avariety of circuitsin an FINDEIT
automobile. The circuitsinclude headlights, taillights, starter motor, fan, power locks, and o 20
dashboard panel. The battery must supply enough current to independently satisfy the
requirements of each of the “load” circuits. Apply KCL to the automotive circuits. ON THE WEB

I head! lar ] lsar ltn| liocks|  ldash

| +

YVYVY
\AAA
YVYVY
AAAAS
YVYVY

>
<
<
Vot — =
<>

AAAA
AAAA
AAAA
AAAA
AAAA

(b)

Figure 2.4 (a) Automoative circuits (b) equivalent electrical circuit

Solution

Known Quantities: Components of electrical harness. headlights, taillights, starter
motor, fan, power locks, and dashboard panel.

Find: Expression relating battery current to load currents.
Schematics, Diagrams, Circuits, and Given Data: Figure 2.4.

Assumptions: None.
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Stereo wiring
Radio wiring Printed circuit
Ash tray lamp board connectors

Glove box lamp

To door
courtesy w
switch "o ﬁ"
To heater blower
motor resistor

To A/C blower

motor resistor Headlamp switch

Heated rear window
switch and lamp

Rear wipe and wash
switch and lamp

motor feed

Toright front H
.. Cigarette lighter

door resistor
To key-in buzzer
To key-lamp

To wiper switch |. body M-Z 44
To ignition switch lamp Lamp
To intermittent wipe T i
To turn signal switch -'---::.‘:M oo |L Igg%?%?lze;fe
! Ground
To accessory lamps Fuse block

head| ~ = T0 stereo speakers MZ24
To amp ~e B XL, )
dimmer switch = * 24—~ T0 left door speakers

Toignition ot o To left door courtesy switches
switch
To rear wipe wash
To heated rear window

To hatch release

To body wiring

To stop lamp switch
To speed control switch wiring
To speed control brake wiring
To speed control clutch switch
To speed control servo Bulkhead disconnect

Automotive wiring harness

©

Figure 2.4 (c) Automotive wiring harness Copyright(©1995 by Delmar Publishers. Copyrigf)1995-1997 Automotive
Information Center. All rights reserved.

Analysis: Figure 2.4(b) depicts the equivalent electrical circuit, illustrating how the
current supplied by the battery must divide among the various circuits. The application of
KCL to the equivalent circuit of Figure 2.4 requires that:

Tbatt — Theed — ITtail — Istart — Ifan — liocks — Jdesh = 0

Comments: Thisillustration is meant to give the reader an intuitive feel for the
significance of KCL; more detailed numerical examples of KCL will be presented later in
this chapter, when voltage and current sources and resistors are defined more precisely.
Figure 2.4(c) depicts areal automotive electrical harness—a rather complicated electrical
circuit!
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2.2 VOLTAGE AND KIRCHHOFF'S VOLTAGE
LAW

Chargemovinginanelectriccircuit givesrisetoacurrent, asstated in the preceding
section. Naturally, it must take some work, or energy, for the charge to move
between two points in a circuit, say, from point a to point 5. The total work per
unit chargeassociated with the motion of charge between two points is called
voltage. Thus, the units of voltage are those of energy per unit charge; they have
been called volts in honor of Alessandro Volta:

1ljoule

1volt = 2.6
coulomb (2.6)

Thevoltage, or potential difference, between two pointsin acircuit indicates the
energy required to move charge from one point to the other. Aswill be presently
shown, the direction, or polarity, of the voltage is closely tied to whether energy
is being dissipated or generated in the process. The seemingly abstract concept
of work being done in moving charges can be directly applied to the analysis of
electrical circuits, consider again the simple circuit consisting of a battery and a
light bulb. The circuit is drawn again for convenience in Figure 2.5, with nodes
defined by the letters @ and b. A series of carefully conducted experimental
observations regarding the nature of voltagesin an electric circuit led Kirchhoff to
the formulation of the second of hislaws, Kirchhoff’s voltage law, or KVL. The
principle underlying KVL isthat no energy islost or created in an electric circuit;
in circuit terms, the sum of all voltages associated with sources must equal the

sum of the load voltages, so that the net voltage around a closed circuit is zelb.

this were not the case, we would need to find a physical explanation for the excess
(or missing) energy not accounted for in the voltages around acircuit. Kirchhoff’s
voltage law may be stated in aform similar to that used for KCL:

N
> v, =0 Kirchhoff’svoltage law (2.7)
n=1

where the v, are the individual voltages around the closed circuit. Making refer-
ence to Figure 2.5, we see that it must follow from KVL that the work generated
by the battery is equal to the energy dissipated in the light bulb in order to sustain
the current flow and to convert the electric energy to heat and light:

Vab = —Vba

or
V1 = V2

One may think of the work done in moving a charge from point a to point
b and the work done moving it back from b to a as corresponding directly to the
voltages across individual circuit elements. Let Q be the total charge that moves
around the circuit per unit time, giving rise to the current i. Then the work done
inmoving Q from b to a (i.e., across the battery) is

Wy = Q x 15V (2.8)

Gustav Robert Kirchhoff
(1824-1887). Photo courtesy of
Deutsches Museum, Munich.

Illustration of Kirchhoff’'s
voltage law: vi = vp

Figure 2.5 Voltages around
a circuit
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Similarly, work isdonein moving Q froma to b, that is, acrossthelight bulb. Note
that theword potential isquite appropriate asasynonym of voltage, in that voltage
represents the potential energy between two pointsin acircuit: if we remove the
light bulb from its connections to the battery, there till exists avoltage across the
(now disconnected) terminals b and a. Thisisillustrated in Figure 2.6.

A moment’sreflection upon the significance of voltage should suggest that it
must be necessary to specify asign for thisquantity. Consider, again, thesamedry-
cell or akalinebattery, where, by virtue of an el ectrochemically induced separation
of charge, a 1.5-V potential difference is generated. The potential generated by
the battery may be used to move charge in a circuit. The rate at which chargeis
moved once a closed circuit is established (i.e., the current drawn by the circuit
connected to the battery) depends now on the circuit e ement we choose to connect
tothebattery. Thus, whilethevoltage acrossthe battery representsthe potential for
providing energy to acircuit, the voltage across the light bulb indicates the amount
of work done in dissipating energy. In the first case, energy is generated; in the
second, it is consumed (note that energy may also be stored, by suitable circuit
elements yet to be introduced). Thisfundamental distinction requires attention in
defining the sign (or polarity) of voltages.

We shall, in general, refer to elements that provide energy as sources and
to elements that dissipate energy as loads Standard symbols for a generalized
source-and-load circuit are shown in Figure 2.7. Formal definitions will be given
in alater section.

The presence of avoltage, vy, A symbolic representation of the
across the open terminalsa and b battery—light bulb circuit of Figure
indicates the potential energy that 2.5.

can enable the motion of charge, a

once aclosed circuit is established O

to alow current to flow. i

Vs ES
souee(D) [oat ]«

Figure 2.7 Sources and
loads in an electrical circuit

Figure 2.6 Concept of
voltage as potential difference

EXAMPLE 2.3 Kirchhoff’s Voltage Law—Electric Vehicle
Battery Pack

Problem

Figure 2.8a depicts the battery pack in the Smokin’ Buckeye electric race car. In this
example we apply KVL to the series connection of 31 12-V batteries that make up the
battery supply for the electric vehicle.
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Va1 Va2 Voattn Vbatz Vbats  Vbatsi

= = -

[FlFil
i

+ power
Vpattl — converter | vy
DC-AC converter bart = e drive
(electric drive) -
'AC motor

@ (b) ©

Figure 2.8 Electric vehicle battery pack: illustration of KVL

Solution

Known Quantities: Nominal characteristics of Optima™ lead-acid batteries. FIND IT
Find: Expression relating battery and electric motor drive voltages.
Schematics, Diagrams, Circuits, and Given Data: Vyat = 12 V. Figure 2.8(a), (b) and (¢)  ENREEEE
Assumptions: None.

Analysis: Figure 2.8(b) depicts the equivalent electrical circuit, illustrating how the
voltages supplied by the battery are applied across the electric drive that powers the
vehicle's 150-kW three-phase induction motor. The application of KVL to the equivalent
circuit of Figure 2.8(b) requires that:

31
Z Vbatt,, — Vrive = 0.
n=1

Thus, the electric drive is nominally supplied by a31 x 12 = 372-V battery pack. In
reality, the voltage supplied by lead-acid batteries varies depending on the state of charge
of the battery. When fully charged, the battery pack of Figure 2.8(a) is closer to supplying
around 400 V (i.e., around 13V per battery).

Comments: Thisillustration is meant to give the reader an intuitive feel for the
significance of KVL; more detailed numerical examples of KVVL will be presented later in
this chapter, when voltage and current sources and resistors are defined more precisely.

23

2.3 IDEAL VOLTAGE AND CURRENT
SOURCES

In the examples presented in the preceding sections, abattery was used as a source
of energy, under the unspoken assumption that the voltage provided by the battery
(e.g., L.5voltsfor adry-cell or akaline battery, or 12 voltsfor an automotive lead-
acid battery) isfixed. Under such an assumption, we implicitly treat the battery as
an ideal source. In this section, we will formally define ideal sources. Intuitively,
an ideal sourceis asource that can provide an arbitrary amount of energy. Ideal
sourcesare divided into two types: voltage sources and current sources. Of these,
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Vs

Vvs(t)

General symbol
for ideal voltage
source. Vs (t)
may be constant
(DC source).
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Figure 2.9 Ided
voltage sources
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you are probably morefamiliar with thefirst, sincedry-cell, akaline, and lead-acid
batteries are al voltage sources (they are not ideal, of course). You might have to
think harder to come up with aphysical example that approximatesthe behavior of
anideal current source; however, reasonably good approximations of ideal current
sources also exist. For instance, avoltage source connected in serieswith acircuit
element that has alarge resistance to the flow of current from the source provides
a nearly constant—though small—current and therefore acts very nearly like an
ideal current source.

Ideal Voltage Sources

An ideal voltage sourceis an electrical device that will generate a prescribed
voltage at its terminals. The ability of an idea voltage source to generate its
output voltage is not affected by the current it must supply to the other circuit
elements. Another way to phrase the same ideais as follows:

An ideal voltage source provides a prescribed voltage across its terminals
irrespective of the current flowing through it. The amount of current
supplied by the source is determined by the circuit connected to it.

Figure 2.9 depictsvarious symbolsfor voltage sourcesthat will be employed
throughout this book. Note that the output voltage of an ideal source can be a
function of time. In general, the following notation will be employed in this book,
unless otherwise noted. A generic voltage source will be denoted by alowercase
v. If it is necessary to emphasize that the source produces atime-varying voltage,
then the notation v(¢) will be employed. Finally, a constant, or direct current, or
DC, voltage source will be denoted by the uppercase character V. Note that by
convention the direction of positive current flow out of a voltage source is out of
the positive terminal.

The notion of an ideal voltage source is best appreciated within the context
of the source-load representation of electrical circuits, which will frequently be
referred to in the remainder of this book. Figure 2.10 depicts the connection of
an energy source with apassive circuit (i.e., acircuit that can absorb and dissipate
energy—for exampl e, the headlightsand light bulb of our earlier examples). Three
different representations are shown to illustrate the conceptual, symbolic, and
physical significance of this source-load idea.
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Figure 2.10 Various representations of an electrical system.
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In the analysis of electrical circuits, we choose to represent the physical
reality of Figure 2.10(c) by means of the approximation provided by idea circuit
elements, as depicted in Figure 2.10(b).

Ideal Current Sources

An ideal current sourceis a device that can generate a prescribed current inde-
pendent of the circuit it is connected to. To do so, it must be able to generate
an arbitrary voltage across its terminals. Figure 2.11 depicts the symbol used to
represent ideal current sources. By analogy with the definition of theideal voltage
source stated in the previous section, we write:

Anideal current source provides a prescribed current to any circuit
connected to it. The voltage generated by the source is determined by the
circuit connected to it.

The same uppercase and lowercase convention used for voltage sources will be
employed in denoting current sources.

Dependent (Controlled) Sources

The sources described so far have the capability of generating a prescribed voltage
or current independent of any other element within the circuit. Thus, they are
termed independent sources. There exists another category of sources, however,
whose output (current or voltage) is a function of some other voltage or current
in a circuit. These are called dependent(or controlled) sources A different
symbol, in the shape of a diamond, is used to represent dependent sources and
to distinguish them from independent sources. The symbols typically used to
represent dependent sources are depicte