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PREFACE

The target audience colors everything about a book, being a major factor in
decisions big and small, particularly both the pace and the overall writing
style. Consequently, it is important to note that the authors have made the
conscious decision to write this book to the student, and not to the instructor.
Our underlying philosophy is that reading the book should be enjoyable,
despite the level of technical detail that it must incorporate. When we look
back to the very first edition of Engineering Circuit Analysis, it’s clear that it
was developed specifically to be more of a conversation than a dry, dull
discourse on a prescribed set of fundamental topics. To keep it conversational,
we’ve had to work hard at updating the book so that it continues to speak to
the increasingly diverse group of students using it all over the world.

Although in many engineering programs the introductory circuits course is
preceded or accompanied by an introductory physics course in which
electricity and magnetism are introduced (typically from a fields perspective),
this is not required to use this book. After finishing the course, many students
find themselves truly amazed that such a broad set of analytical tools have
been derived from only three simple scientific laws—Ohm’s law and Kirchhoff’s
voltage and current laws. The first six chapters assume only a familiarity with
algebra and simultaneous equations; subsequent chapters assume a first course
in calculus (derivatives and integrals) is being taken in tandem. Beyond that,
we have tried to incorporate sufficient details to allow the book to be read on
its own.

So, what key features have been designed into this book with the student in mind?
First, individual chapters are organized into relatively short subsections, each
having a single primary topic. The language has been updated to remain
informal and to flow smoothly. Color is used to highlight important
information as opposed to merely improve the aesthetics of the page layout,
and white space is provided for jotting down short notes and questions. New
terms are defined as they are introduced, and examples are placed strategically



to demonstrate not only basic concepts, but problem-solving approaches as
well. Practice problems relevant to the examples are placed in proximity so
that students can try out the techniques for themselves before attempting the
end-of-chapter exercises. The exercises represent a broad range of difficulties,
generally ordered from simpler to more complex, and grouped according to
the relevant section of each chapter.

Engineering is an intensive subject to study, and students often find ~_P2&¢XV!

themselves faced with deadlines and serious workloads. This does not mean
that textbooks have to be dry and pompous, however, or that coursework
should never contain any element of fun. In fact, successfully solving a
problem often is fun, and learning how to do that can be fun as well.
Determining how to best accomplish this within the context of a textbook is
an ongoing process. The authors have always relied on the often very candid
feedback received from our own students at Purdue University; the California
State University, Fullerton; Fort Lewis College in Durango; the joint
engineering program at Florida A&M University and Florida State University;
the University of Canterbury (New Zealand); the University at Buffalo, and
Western Michigan University. We also rely on comments, corrections, and
suggestions from instructors and students worldwide.

The first edition of Engineering Circuit Analysis was written by Bill Hayt and
Jack Kemmerly, two engineering professors who very much enjoyed teaching,
interacting with their students, and training generations of future engineers. It
was well received due to its compact structure, “to the point” informal writing
style, and logical organization. There is no timidity when it comes to
presenting the theory underlying a specific topic, or pulling punches when
developing mathematical expressions. Everything, however, was carefully
designed to assist students in their learning, present things in a straightforward
fashion, and leave theory for theory’s sake to other books. They clearly put a
great deal of thought into writing the book, and their enthusiasm for the
subject comes across to the reader.

KEY FEATURES OF THE TENTH



EDITION

Great care has been taken to retain key features from the ninth edition which
were clearly working well. These include the general layout and sequence of
chapters, the basic style of both the text and line drawings, the use of four-
color printing where appropriate, numerous worked examples and related
practice problems, and grouping of end-of-chapter exercises according to
section. Transformers continue to merit their own chapter, and complex
frequency is briefly introduced through a student-friendly extension of the
phasor technique, instead of indirectly by merely stating the Laplace transform
integral. We also have retained the use of icons, an idea first introduced in the
sixth edition:

Provides a heads-up to common mistakes and/or potential pitfalls;
Indicates a point that’s worth noting;
Denotes a design problem to which there is no unique answer;

Indicates a problem which requires computer-aided analysis.

Indicates an Example that reinforces the flow chart illustrating a
typical problem-solving methodology that is presented in
Chapter 1.

Circuit analysis is a robust method for training engineering

Y students to think analytically, step-by-step, and returning to check
ge=~ = their answers. A flow chart illustrating a typical problem-solving
methodology is presented in Chapter 1; these steps are explicitly
included in one example in each of the subsequent chapters to
reinforce the concept.

Page xvii
The introduction of engineering-oriented analysis and design software

in the book has been done with the mind-set that it should assist, not replace,
the learning process. Consequently, the computer icon denotes problems that
are typically phrased such that the software is used to verify answers, and not
simply provide them. Both MATLAB® and LTspice® are used in this
context.



SPECIFIC CHANGES FOR THE TENTH
EDITION INCLUDE:

New and revised end-of-chapter exercises
New figures and photos

Updated screen captures and text descriptions of computer-aided analysis
software, and continued use of LTspice as freeware software that is
available natively on both Windows and Mac OS platforms

Updated worked examples and practice problems

Updates to the Practical Application feature, introduced to help students
connect material in each chapter to broader concepts in engineering.
Topics include distortion in amplifiers, circuits to measure an
electrocardiogram, practical aspects of grounding, resistivity, and the
memristor, sometimes called “the missing element”

Streamlining of text, especially in the worked examples, to get to the point
faster

Digital Resources

Proctorio
Remote Proctoring & Browser-Locking Capabilities

A connect + @ proctorio

Remote proctoring and browser-locking capabilities, hosted by Proctorio
within Connect, provide control of the assessment environment by enabling
security options and verifying the identity of the student.

Seamlessly integrated within Connect, these services allow instructors to
control the assessment experience by verifying identification, restricting
browser activity, and monitoring student actions.



Instant and detailed reporting gives instructors an at-a-glance view of potential
academic integrity concerns, thereby avoiding personal bias and supporting
evidence-based claims.

Page xviii

m ReadAnywhere®

Read or study when it’s convenient for you with McGraw Hill’s free

Read Anywhere® app. Available for iOS or Android smartphones or tablets,
ReadAnywhere gives users access to McGraw Hill tools including the eBook
and SmartBook® 2.0 or Adaptive Learning Assignments in Connect. Take
notes, highlight, and complete assignments offline—all of your work will sync
when you open the app with Wi-Fi access. Log in with your McGraw Hill
Connect username and password to start learning—anytime, anywhere!

OLC-Aligned Courses Implementing High-Quality
Instruction and Assessment through Preconfigured
Courseware

In consultation with the Online Learning Consortium (OLC) and our certified
Faculty Consultants, McGraw Hill has created pre-configured courseware
using OLC’s quality scorecard to align with best practices in online course
delivery. This turnkey courseware contains a combination of formative
assessments, summative assessments, homework, and application activities,
and can easily be customized to meet an individual instructor’s needs and
desired course outcomes. For more information, visit
https://www.mheducation.com/highered/olc.

Tegrity: Lectures 24/7

Tegrity in Connect is a tool that makes class time available 24/7 by
automatically capturing every lecture. With a simple one-click start-and-stop
process, you capture all computer screens and corresponding audio in a
format that is easy to search, frame by frame. Students can replay any part of



any class with easy-to-use, browser-based viewing on a PC, Mac, or mobile
device.

Educators know that the more students can see, hear, and experience class
resources, the better they learn. In fact, studies prove it. Tegrity’s unique
search feature helps students efficiently find what they need, when they need
it, across an entire semester of class recordings. Help turn your students’ study
time into learning moments immediately supported by your lecture. With
Tegrity, you also increase intent listening and class participation by easing
students’ concerns about note-taking. Using Tegrity in Connect will make it
more likely you will see students’ faces, not the tops of their heads.

Writing Assignment

Available within Connect and Connect Master, the Writing Assignment tool
delivers a learning experience to help students improve their written
communication skills and conceptual understanding. As an instructor, you can
assign, monitor, grade, and provide feedback on writing more efficiently and
effectively.
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Create
Your Book, Your Way

McGraw Hill’s Content Collections Powered by Create® is a self-service
website that enables instructors to create custom course materials—print and
eBooks—by drawing upon McGraw Hill’s comprehensive, cross-disciplinary
content. Choose what you want from our high-quality textbooks, articles, and
cases. Combine it with your content quickly and easily, and tap into other
rights-secured, third-party content such as readings, cases, and articles.
Content can be arranged in a way that makes the most sense for your course,
and you can include the course name and information as well. Choose the best
format for your course: color print, black-and-white print, or eBook. The
eBook can be included in your Connect course and is available on the free
ReadAnywhere® app for smartphone or tablet access as well. When you are



finished customizing, you will receive a free digital copy to review in just
minutes! Visit McGraw Hill Create®— www.mcgrawhillcreate.com—today and
begin building!

Reflecting the Diverse World Around Us

McGraw Hill believes in unlocking the potential of every learner at every stage
of life. To accomplish that, we are dedicated to creating products that reflect,
and are accessible to, all the diverse, global customers we serve. Within
McGraw Hill, we foster a culture of belonging, and we work with partners who
share our commitment to equity, inclusion, and diversity in all forms. In
McGraw Hill Higher Education, this includes, but is not limited to, the
following:

e Refreshing and implementing inclusive content guidelines around topics
including generalizations and stereotypes, gender, abilities/disabilities,
race/ethnicity, sexual orientation, diversity of names, and age.

e Enhancing best practices in assessment creation to eliminate cultural,
cognitive, and affective bias.

e Maintaining and continually updating a robust photo library of diverse
images that reflect our student populations.

e Including more diverse voices in the development and review of our
content.

o Strengthening art guidelines to improve accessibility by ensuring
meaningful text and images are distinguishable and perceivable by users
with limited color vision and moderately low vision.
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Preamble

All engineers have a great deal in common, regardless of their specialty. This
is particularly evident when it comes to problem-solving methodology. In fact,
many practicing engineers find it is possible to work in a large variety of
settings and even outside their traditional field, as their skill set is often
transferable to other environments. Today’s engineering graduates find
themselves employed in a broad range of jobs, from design of individual
components and systems, to solving socioeconomic problems such as air and
water pollution, urban planning, communication, medical treatments, mass
transportation, power generation and distribution, and efficient use and
conservation of natural resources.

Circuit analysis has long been a traditional introduction to the art of problem
solving from an engineering perspective, even for those whose interests lie
outside electrical engineering. There are many reasons for this, but one of the
best is that in today’s world it’s extremely unlikely for any engineer to
encounter a system that does not in some way include electrical circuitry. As
circuits shrink and require less power, and power sources become smaller and
cheaper, embedded circuits are seemingly everywhere. Since most engineering
situations require a team effort at some stage, a working knowledge of circuit
analysis therefore helps to provide everyone on a project with the background
needed for effective communication.

Consequently, this book is not just about “circuit analysis” from an Page 2

engineering perspective it is also about developing basic problem-solving skills
as they apply to situations an engineer is likely to encounter. Along the way,
we also find that we’re developing an intuitive understanding at a general level,
and often we can understand a complex system by its analogy to an electrical
circuit. Before launching into all this, however, we should begin with a quick
preview of the topics found in the remainder of the book, pausing briefly to
ponder the difference between analysis and design, and the evolving role
computer tools play in modern engineering.



Not all electrical engineers routinely make use of circuit
analysis, but they often bring to bear analytical and problem-
solving skills learned early on in their careers. A circuit

analysis course is one of the first exposures to such concepts.

Solar Mirrors: Darren Baker/Shutterstock; Skyline: Eugene Lu/Shutterstock;
Electrocardiogram machine: David Prado Perucha/Shutterstock; Dish:
Jonathan Larsen/iStock/Getty Images



11 OVERVIEW OF TEXT

The fundamental subject of this text is linear circuit analysis, which sometimes
prompts a few readers to ask,

“Is there such a thing nonlinear circuit analysis?”

Sure! We encounter nonlinear circuits every day: they capture and decode
signals for our TVs and radios, perform calculations hundreds of millions
(even billions) of times a second inside microprocessors, convert speech into
electrical signals for transmission over fiber-optic cables as well as cellular
networks, and execute many other functions outside our field of view. In
designing, testing, and implementing such nonlinear circuits, detailed analysis
is unavoidable.

Flat panel displays include

nonlinear circuits. Many of them,
however, can be understood,
designed, and analyzed with the
assistance of linear models.

sdecoret/Shutterstock

“Then why study /inear circuit analysis?”



you might ask. An excellent question. The simple fact of the matter is  Page 3
that no physical system (including electrical circuits) is ever perfectly

linear. Fortunately for us, however, a great many systems behave in a
reasonably linear fashion over a limited range—allowing us to model them as
linear systems if we keep the range limitations in mind.

For example, consider the common function

f(z)=¢

A linear approximation to this function is

f@)=1+=

Let’s test this out. (5 Table 1.1 shows both the exact value and the
approximate value of f (:1:) for a range of x. Interestingly, the linear
approximation is exceptionally accurate up to about & = 0.1, when the
relative error is still less than 1%. Although many engineers are rather quick
on a calculator, it’s hard to argue that any approach is faster than just adding
1.

TABLE 1.1 Comparison of a Linear Model for &* to

Exact Value
X f(x) 14 x Relative Error”
0.0001 1.0001 1.0001 0.0000005%
0.001 1.0010 1.001 0.00005%
0.01 1.0101 1.01 0.005%
0.1 1.1052 1.1 0.5%
1.0 2.7183 2.0 26%

*Quoted to four significant figures.
e’ —(1+z)
e{l)

**Relative error = [100 X

Linear problems are inherently more easily solved than their nonlinear
counterparts. For this reason, we often seek reasonably accurate linear
approximations (or models) to physical situations. Furthermore, linear models



are easily manipulated and understood—making the design process more
straightforward.

The circuits we will encounter in subsequent chapters all represent linear
approximations to physical electric circuits. Where appropriate, brief
discussions of potential inaccuracies or limitations to these models are
provided, but generally speaking we find them to be suitably accurate for most
applications. When greater accuracy is required in practice, nonlinear models
are employed, but with a considerable increase in solution complexity. A
detailed discussion of what constitutes a l/inear electric circuit can be found in

Chap. 2.

Linear circuit analysis can be separated into four broad categories: (1) Page 4

dc analysis, where the energy sources do not change with time; (2) transient
analysis, where things often change quickly; (3) sinusoidal analysis, which
applies to both ac power and signals; and (4) frequency response, which is the
most general of the four categories, but typically assumes something is
changing with time. We begin our journey with the topic of resistive circuits,
such as an automotive rear window defogger. This provides us with a perfect
opportunity to learn a number of powerful engineering circuit analysis
techniques, such as nodal analysis, mesh analysis, superposition, source
transformation, Thévenin's theorem, Norton's theorem, and several methods for
simplifying networks of components connected in series or parallel. The single
most redeeming feature of resistive circuits is that the time dependence of any
quantity of interest does not affect our analysis procedure. In other words, if
asked for an electrical quantity of a resistive circuit at several specific instants
in time, we do not need to analyze the circuit more than once. As a result, we
will spend most of our initial effort considering dc circuits—those circuits
whose electrical parameters do not vary with time.




Modern trains are powered by

electric motors. Their electrical
systems are best analyzed using
ac or phasor analysis techniques.
Dr. Masakazu Kobayashi

Although dc circuits are undeniably important in everyday life, things are
often much more interesting when something happens suddenly. In circuit
analysis parlance, we refer to tfransient analysis as the suite of techniques used
to study circuits that are suddenly energized or de-energized. To make such
circuits interesting, we need to add elements that respond to the rate of change
of electrical quantities, leading to circuit equations that include derivatives and
integrals. Fortunately, we can obtain such equations using the simple
techniques learned in the first part of our study.

Still, not all time-varying circuits are turned on and off suddenly. Air
conditioners, fans, and lighting fixtures are only a few of the many examples
we may see daily. In such situations, a calculus-based approach for every
analysis can become tedious and time-consuming. Fortunately, there is a better
alternative for situations where equipment has been allowed to run long
enough for transient effects to die out, and this is commonly referred to as ac
or sinusoidal analysis, or sometimes phasor analysis.




Frequency-dependent circuits lie
at the heart of many electronic
devices, and they can be a great
deal of fun to design.
prykhodov/123RF

The final leg of our journey deals with a subject known as frequency response.
Working directly with the differential equations obtained in time-domain
analysis helps us develop an intuitive understanding of the operation of
circuits containing energy storage elements (e.g., capacitors and inductors). As
we shall see, however, circuits with even a relatively small number of
components can be somewhat onerous to analyze, and much more
straightforward methods have been developed. These methods, which include
Laplace and Fourier analysis, allow us to transform differential equations into
algebraic equations. Such methods also enable us to design circuits to respond
in specific ways to particular frequencies. We make use of frequency-
dependent circuits every day when we use a mobile phone, select our favorite
radio station, or connect to the Internet.



1.2 RELATIONSHIP OF CIRCUIT
ANALYSIS TO ENGINEERING

It is worth noting that there are several layers to the concepts under study in
this text. Beyond the nuts and bolts of circuit analysis techniques lies the
opportunity to develop a methodical approach to problem solving, the ability
to determine the goal or goals of a particular problem, skill at collecting the
information needed to effect a solution, and, perhaps equally importantly,
opportunities for practice at verifying solution accuracy.

Students familiar with the study of other engineering topics such as Page 5

fluid flow, automotive suspension systems, bridge design, supply chain
management, or robotics will recognize the general form of many of the
equations we develop to describe the behavior of various circuits. We simply
need to learn how to “translate” the relevant variables (e.g., replacing voltage
with force, charge with distance, resistance with friction coefficient, distance, or
resistance with friction coefficient) to find that we already know how to work
a new type of problem. Very often, if we have previous experience in solving a
similar or related problem, our intuition can guide us through the solution of a
totally new problem. An additional benefit to being able to recognize the form
common to several problems in different fields is that engineers often cross
traditional boundaries between disciplines by utilizing that knowledge and
knowing how to apply it.



A molecular beam epitaxy crystal growth facility. The
equations governing its operation closely resemble those
used to describe simple linear circuits.

Steve Durbin/McGraw Hill

What we are about to learn regarding linear circuit analysis forms the basis for
many subsequent electrical engineering courses. The study of electronics relies
on the analysis of circuits with devices known as diodes and transistors, which
are used to construct power supplies, amplifiers, and digital circuits. The skills
which we will develop are typically applied in a rapid, methodical fashion by
electronics engineers, who sometimes can analyze a complicated circuit
without even reaching for a pencil. The time-domain and frequency-domain
chapters of this text lead directly into discussions of signal processing, power
transmission, control theory, and communications. We find that frequency-
domain analysis in particular is an extremely powerful technique, easily
applied to any physical system subjected to time-varying excitation, and
particularly helpful in the design of filters.



;,v,« B [ S| e,
An example of a robotic
manipulator. The feedback
control system can be modeled
using linear circuit elements to
determine situations in which the
operation may become unstable.

THINK A/Shutterstock



1.3 ANALYSIS AND DESIGN

Engineers take a fundamental understanding of scientific principles, combine
this with practical knowledge often expressed in mathematical terms, and
(frequently with considerable creativity) arrive at a solution to a given
problem. Analysis is the process through which we determine the scope of a
problem, obtain the information required to understand it, and compute the
parameters of interest. Design is the process by which we synthesize
something new as part of the solution to a problem. Generally speaking, there
is an expectation that a problem requiring design will have no unique solution,
whereas the analysis phase typically will. Thus, the last step in designing is
always analyzing the result to see if it meets specifications.

NASA Dryden Flight Research Center NASA Dryden Flight Research Center

Two proposed designs for a next-generation space shuttle.
Although both contain similar elements, each is unique.
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This text is focused on developing our ability to analyze and solve problems
because it is the starting point in every engineering situation. The philosophy
of this book is that we need clear explanations, well-placed examples, and
plenty of practice to develop such an ability. Therefore, elements of design are
integrated into end-of-chapter problems and later chapters so as to be
enjoyable rather than distracting.



1.4 COMPUTER-AIDED ANALYSIS

Solving the types of equations that result from circuit analysis can often
become notably cumbersome for even moderately complex circuits. This of
course introduces an increased probability that errors will be made, in
addition to considerable time in performing the calculations. The desire to
find a tool to help with this process actually predates electronic computers,
with purely mechanical computers such as the Analytical Engine designed by
Charles Babbage in the 1880s proposed as possible solutions. Perhaps the
earliest successful electronic computer designed for solution of differential
equations was the 1940s-era ENIAC, whose vacuum tubes filled a large room.
With the advent of low-cost desktop computers, however, computer-aided
circuit analysis has developed into an invaluable everyday tool which has
become an integral part of not only analysis but design as well. All of today’s
computer chips are first designed and analyzed using computer simulations
based on a set of known physical rules, which are typically combined with
empirical data to account for “real world” performance characteristics. Once
the simulations show desired results, the design is then used to provide the
information needed to fabricate the real circuit or system. Without computer-
aided analysis and design, this process would be nearly impossible, as today’s
chips contain millions of devices in a single circuit!

One of the most powerful aspects of computer-aided design is the relatively
recent integration of multiple programs in a fashion transparent to the user.
This allows the circuit to be drawn schematically on the screen, reduced
automatically to the format required by an analysis program (such as SPICE,
introduced in (¥ Chap. 4), and the resulting output smoothly transferred to a
third program capable of plotting various electrical quantities of interest that
describe the operation of the circuit. Once the engineer is satisfied with the
simulated performance of the design, the same software can generate the
printed circuit board layout using geometrical parameters in the components
library. This level of integration is continually increasing, to the point where it
is now possible to draw a schematic, click a few buttons, and walk to the other



side of the table to pick up a manufactured version of the circuit, ready to test!

@ opampadder
A & T Q
R3

SINE(O 1 1k)
in2 e

.tran 0 0.005

.lib. opamp.sub
SINE(0 0.5 1k 0 0)

An amplifier circuit drawn using a commercial schematic
capture software package.
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The reader should be wary, however, of one thing. Circuit analysis software,
although fun to use, is by no means a replacement for good old-fashioned
paper-and-pencil analysis. We need to have a solid understanding of how
circuits work in order to develop an ability to design them. Simply going
through the motions of running a particular software package is a little like
playing the lottery: with user-generated entry errors, hidden default parameters
in the myriad of menu choices, and the occasional shortcoming of human-
written code, there is no substitute for having at least an approximate idea of
the expected behavior of a circuit. Then, if the simulation result does not agree
with expectations, we can find the error early, rather than after it’s too late.

Still, computer-aided analysis is a powerful tool. It allows us to vary parameter
values and evaluate the change in circuit performance, and to consider several
variations to a design in a straightforward manner. The result is a reduction of
repetitive tasks, and more time to concentrate on engineering details.



1.5 SUCCESSFUL PROBLEM-
SOLVING STRATEGIES

As the reader might have picked up, this book is just as much about problem
solving as it is about circuit analysis. During your time as an engineering
student, the expectation is that you are learning how to solve problems—just at
this moment, those skills are not yet fully developed. As you proceed through
your course of study, you will pick up techniques that work for you, and likely
continue to do so as a practicing engineer.

By far the most common difficulty encountered by engineering students is not
knowing how to start a problem. This improves with experience, but early on
that’s of no help. The best advice we can give is to adopt a methodical
approach, beginning with reading the problem statement slowly and carefully
(and more than once, if needed). Since experience usually gives us some type
of insight into how to deal with a specific problem, worked examples appear
throughout the book. Rather than just read them, however, it might be helpful
to work through them with a pencil and a piece of paper.

Once we’ve read through the problem, and feel we might have some Page 8

useful experience, the next step is to identify the goal of the problem—perhaps
to calculate a voltage or a power, or to select a component value. Knowing
where we’re going is a big help. The next step is to collect as much
information as we can and to organize it somehow.

At this point we re still not ready to reach for the calculator. It’s best first to
devise a plan, perhaps based on experience, perhaps based simply on our
intuition. Sometimes plans work, and sometimes they don’t. Starting with our
initial plan, it’s time to construct an initial set of equations. If they appear
complete, we can solve them. If not, we need to either locate more
information, modify our plan, or both.

Once we have what appears to be a working solution, we should not stop, even



if exhausted and ready for a break. No engineering problem is solved unless the
solution is tested somehow. We might do this by performing a computer
simulation, or solving the problem a different way, or perhaps even just
estimating what answer might be reasonable.

Since not everyone likes to read to learn, these steps are summarized in

the flowchart that follows. This is just one problem-solving strategy, and the
reader of course should feel free to modify it as necessary. The real key,
however, is to try and learn in a relaxed, low-stress environment free of
distractions. Experience is the best teacher, and learning from our own
mistakes will always be part of the process of becoming a skilled engineer.



Read the problem statement
slowly and carefully.

y

Identify the goal
of the problem.

{

Collect the known
information.

A

Devise a plan.

Construct an appropriate
set of equations.

Determine
if additional information
is required.

Yes

Attempt a solution.

Verify the
solution. Is it reasonable
or expected?

No

End.



READING FURTHER

This relatively inexpensive classic book teaches the reader how to
develop winning strategies in the face of seemingly impossible
problems:

G. Polya, How to Solve It. Princeton, N.J.: Princeton University Press,
1971.



EXERCISES

1. Consider the function f (@) = 36 as an approximation to the function
g (0) = 3sin 6. Restricting your analysis to the range 0 < 6 < /2,
determine the value of # at which the relative error between fand g exceeds

f(0)—g(0)
g |

can be approximated with the linear function

1%. In this context, we define relative error as 100 X

1
g (:L‘) = 1 + . For what value(s) of x does the linear approximation
result in 1% relative error?

2. The function

3. One common circuit element capable of storing energy is known as the
capacitor. When discharging its stored energy, the voltage Vo across the

device can be expressed as Vg = V} (1 — et/ 7'), where V) is the
voltage just prior to the start of the discharge process, ¢ is the time, and T is
known as the “time constant.” To avoid errors, f and 7 should be measured
in the same units (seconds, milliseconds, etc.).

(a) Rearrange the expression to solve for ¢, resulting in an expression
containing a natural logarithm.

(b) Approximating the natural logarithm as In £ ~ x — 1, determine
the relative error of the approximation at

Ve Ve = (a) 0.10; (b) 0.50.

Design elements: Cockpit: ©Purestock/SuperStock; Wind Turbines: ©Russell lllig/Getty Images; Circuit Board:

©Shutterstock
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HAPTER 2
%asrc E%mponents

and Electric Circuits

Basic Electrical Quantities and Associated Units: Charge, Current,
Voltage, and Power

Current Direction and Voltage Polarity

The Passive Sign Convention for Calculating Power

Ideal Voltage and Current Sources

Dependent Sources
Resistance and Ohm’s Law

INTRODUCTION

In conducting circuit analysis, we often find ourselves seeking specific
currents, voltages, or powers, so here we begin with a brief description of these
quantities. In terms of components that can be used to build electrical circuits,
we have quite a few from which to choose. We initially focus on the resistor, a
simple passive component, and a range of idealized active sources of voltage
and current. As we move forward, new components will be added to the
inventory to allow more complex (and useful) circuits to be considered.

A quick word of advice before we begin: Pay close attention to the role of “+”



and “__" signs when labeling voltages, and the significance of the arrow in
defining current: they often make the difference between wrong and right
answers.



2.1 UNITS AND SCALES

In order to state the value of some measurable quantity, we must give both a
number and a unit, such as “3 meters.” Fortunately, we all use the same
number system. This is not true for units, and a little time must be spent in
becoming familiar with a suitable system. We must agree on a standard unit
and be assured of its permanence and its general acceptability. The standard
unit of length, for example, should not be defined in terms of the distance
between two marks on a certain rubber band; this is not permanent, and
furthermore everybody else is using another standard.

The most frequently used system of units is the International System _"2&¢ 10

of Units (abbreviated ST in all languages), adopted by the General Conference
on Weights and Measures in 1960. Modified several times since, the SI is built
upon seven basic units: the meter, kilogram, second, ampere, kelvin, mole, and

candela (see (5 Table 2.1). This is a “metric system,” some form of which is
now in common use in most countries of the world, although it is not yet
widely used in the United States, despite being adopted by the U.S. National
Bureau of Standards in 1964, used by all major professional engineering
societies, and the language in which textbook and professional publications
are written. Units for other quantities such as volume, force, energy, etc., are
derived from the seven base units.

TABLE 2.1 Sl Base Units

Base Quantity Name Symbol
length meter m

mass kilogram kg

time second S
electric current ampere A
thermodynamic temperature kelvin K
amount of substance mole mol

Iuminous intensity candela cd



There is some inconsistency regarding whether units named after a person should be
capitalized. Here, we will adopt the most contemporary convention,2 where such units are
written out in lowercase (e.g., watt, joule), but abbreviated with an uppercase symbol (e.g.,
W, J).

The fundamental unit of work or energy is the joule (J). One joule (a

kg m? s72 in SI base units) is equivalent to 0.7376 foot pound-force (ft -
Ibf). Other energy units include the calorie (cal), equal to 4.187 J; the British
thermal unit (Btu), which is 1055 J; and the kilowatthour (kWh), equal to
3.6 x 10% J. Power is defined as the rate at which work is done or energy is
expended. The fundamental unit of power is the wart (W), defined as 1 J/s.
One watt is equivalent to 0.7376 ft - Ibf/s or, equivalently, 1/745.7
horsepower (hp).

I The “calorie” used with food, drink, and exercise is really a kilocalorie, 4.187 J.

The SI uses the decimal system to relate larger and smaller units to the basic
unit, and it employs prefixes to signify the various powers of 10. A list of
prefixes and their symbols is given in 2 Table 2.2; the ones most commonly

encountered in engineering are highlighted.
TABLE 2.2 Sl Prefixes

Factor Name Symbol Factor Name Symbol
10724 yocto y 10% yotta Y
1072 zepto z 10* zetta Z
10718 atto a 10%8 exa E
1071 femto f 10%° peta P
10712 pico p 1012 tera T
107° nano n 10° giga G
10°° micro u 10° mega M
1073 milli m 10 kilo k
1072 centi c 102 hecto h

1071 10!



deci d deka da

These prefixes are worth memorizing, for they will appear often both Page 11

in this text and in other technical work. Combinations of several prefixes, such
as the millimicrosecond, are unacceptable. It is worth noting that in terms of
distance, it is common to see “micron (um)” as opposed to “micrometer,” and

sometimes the angstrom (A) is used for 10719 meter. Also, in circuit analysis
and engineering in general, it is fairly common to see numbers expressed in
what are often termed “engineering units.” In engineering notation, a quantity
is represented by a number between 1 and 999 and an appropriate metric unit
using a power divisible by 3. So, for example, it is preferable to express the

quantity 0.048 W as 48 mW, instead of 4.8 cW, 4.8 X 10~2 W, or 48,000
UW.

PRACTICE

2.1 A krypton fluoride laser emits light at a wavelength of 248 nm. This
is the same as:

(@) 0.0248 mm;
(b) 2.48 um;
(¢) 0.248 um;
(d) 24,800 A.

» Ans

2.2 A single logic gate in a prototype integrated circuit is found to be
capable of switching from the “on” state to the “off” state in 12 ps. This
corresponds to:

(a) 1.2ns;
(b) 120 ns;
(¢c) 1200 ns;

(d) 12,000 ns.



» Ans

2.3 A typical solid-state light bulb runs at 8.5 W. If it is left on
constantly, how much energy (J) is consumed per day, and what is the
weekly cost if energy is charged at a rate of 12 cents per kilowatthour?

» Ans



2.2 CHARGE, CURRENT,
VOLTAGE, POWER, AND
ENERGY

Charge

One of the most fundamental concepts in electric circuit analysis is that of
charge conservation. We know from basic physics that there are two types of
charge: positive (corresponding to a proton) and negative (corresponding to
an electron). For the most part, this text is concerned with circuits in which
only electron flow is relevant. There are many devices (such as batteries,
diodes, and transistors) in which positive charge motion is important to
understanding internal operation, but external to the device we typically
concentrate on the electrons which flow through the connecting wires.
Although we continuously transfer charges between different parts of a circuit,
we do nothing to change the total amount of charge. In other words, we
neither create nor destroy electrons (or protons) when running electric
circuits.3 Charge in motion represents a current.

As seen in 5 Table 2.1, the base units of the Sl are not derived from fundamental physical
quantities. Instead, they represent historically agreed-upon measurements, leading to
definitions which occasionally seem backward. For example, it would make more sense

physically to define the ampere based on electronic charge.

In the SI system, the fundamental unit of charge is the coulomb (C). It is
defined in terms of the ampere by counting the total charge that passes
through an arbitrary cross section of a wire during an interval of one second;
one coulomb is measured each second for a wire carrying a current of 1
ampere ( Fig. 2.1). In this system of units, a single electron has a charge of



—1.602 x 1077 C and a single proton has a charge of
+1.602 x 107 C.

Cross section

Direction of
charge motion

Individual charges

B FIGURE 2.1 The definition of current illustrated using charge flowing through a wire; 1
ampere corresponds to 1 coulomb of charge passing through the arbitrarily chosen cross
section in 1 second.
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P

\,;; A quantity of charge that does not change with time is typically

represented by Q. The instantaneous amount of charge (which may or
may not be time-invariant) is commonly represented by ¢(¢), or simply ¢g. This
convention is used throughout the remainder of the text: capital letters are
reserved for constant (time-invariant) quantities, whereas lowercase letters
represent the more general case. Thus, a constant charge may be represented
by either Q or g, but an amount of charge that changes over time must be
represented by the lowercase letter g.

Current

The idea of “transfer of charge” or “charge in motion” is of vital importance to
us in studying electric circuits because, in moving a charge from place to
place, we may also transfer energy from one point to another. The familiar
cross-country power-transmission line is a practical example of a device that
transfers energy. Of equal importance is the possibility of varying the rate at
which the charge is transferred in order to communicate or transfer
information. This process is the basis of modern communication systems,
including satellite global positioning systems, 5G (and beyond), and WiFi



Internet connections.

The current flowing in a discrete path, such as a metallic wire, has both a
numerical value and a direction associated with it; it is a measure of the rate at
which charge is moving past a given reference point in a specified direction.
Once we have specified a reference direction, we may then let g(7) be the total
charge that has passed the reference point since an arbitrary time ¢ = 0,
moving in the defined direction. A contribution to this total charge will be
negative if negative charge is moving in the reference direction, or if positive
charge is moving in the opposite direction. As an example, (¥’ Fig. 2.2 shows a
history of the total charge ¢(¢) that has passed a given reference point in a wire

(such as the one shown in [’ Fig. 2.1).

4(1) (C)

S)
EN
D —
o -
g
o0 |—

B FIGURE 2.2 A graph of the instantaneous value of the total charge q(t) that has passed a
given reference point since t = 0.

We define the current at a specific point and flowing in a specified direction as
the instantaneous rate at which net positive charge is moving past that point in
the specified direction. This, unfortunately, is the historical definition, which
came into popular use before it was appreciated that current in wires is
actually due to negative, not positive, charge motion. Current is symbolized by
I or i, and so

dq
;94 [1]
T a



The unit of current is the ampere (A), named after A. M. Amp¢re, a French
physicist. It is commonly abbreviated as an “amp,” although this is unofficial
and somewhat informal. One ampere equals 1 coulomb per second.

Using (¥ Eq. [1], we compute the instantaneous current corresponding to
Fig. 2.2 and obtain (¥ Fig. 2.3. The use of the lowercase letter i is again to
be associated with an instantaneous value; an uppercase / would denote a

constant (i.e., time-invariant) quantity. The charge transferred between time £
and 7 may be expressed as a definite integral:

q(t) t
/ dg = / i dt’ 2]
q(to) to

2+

m FIGURE 2.3 The instantaneous current | = dq/dt, where q is given in (3 Fig. 2.2.

Note that a current represented by i or i(t) can be constant (dc) or time-varying, but currents

represented by the symbol | must be non-time-varying.

The total charge transferred over all time is thus given by



t
o(t) = / idt"+ qlto) [3]
to

Several different types of current are illustrated in %’ Fig. 2.4. A Page 13

current that is constant in time is termed a direct current, or simply dc, and is
shown by (¥ Fig. 2.4a. We will find many practical examples of currents that
vary sinusoidally with time ( Fig. 2.4b); currents of this form are present in

normal household circuits. Such a current is often referred to as alternating
current, or ac. Exponential currents and damped sinusoidal currents (

Fig. 2.4c and (%) d) will also be encountered later.

(c) (d)

B FIGURE 2.4 Several types of current: (a) Direct current (dc). (b) Sinusoidal current (ac). (c)
Exponential current. (d) Damped sinusoidal current.

Current is the flow of charge flowing through a wire or circuit component. We define the

current path with an arrow, or flow of charge into or out of the wire or circuit component.



We create a graphical symbol for current by placing an arrow next to the
conductor. Thus, in (¥’ Fig. 2.5a the direction of the arrow and the value 3 A
indicate either that a net positive charge of 3 C/s is moving to the right or that
a net negative charge of —3 C / S is moving to the left each second. In

Fig. 2.5b there are again two possibilities: either —3 A is flowing to the left
or +3 A is flowing to the right. All four statements and both figures represent
currents that are equivalent in their electrical effects, and we say that they are
equal. A nonelectrical analogy that may be easier to visualize is to think in
terms of a personal savings account: e.g., a deposit can be viewed as either a
negative cash flow out of your account or a positive flow into your account.

B FIGURE 2.5 Two methods of representation for the exact same current.

It is convenient to think of current as the motion of positive charge, even
though it is known that current flow in metallic conductors results from
electron motion. In ionized gases, in electrolytic solutions, and in some
semiconductor materials, however, positive charges in motion constitute part
or all of the current. Thus, any definition of current can agree with the
physical nature of conduction only part of the time. The definition and
symbolism we have adopted are standard.

< » Itis essential that we realize that the current arrow does not indicate
the “actual” direction of current flow but is simply part of a convention

that allows us to talk about “the current in the wire” in an unambiguous

manner. The arrow is a fundamental part of the definition of a current! Thus,

to talk about the value of a current %1 (t) without specifying the arrow is to
discuss an undefined entity. For example, (5’ Fig. 2.6a and (%’ b are



meaningless representations of 21 (t) whereas (Y Fig. 2.6¢ is complete.

[I (f) /\\/ /\\/
(@) (b) (©

B FIGURE 2.6 (a, b) Incomplete, improper, and incorrect definitions of a current. (c) The correct
definition of iy ().

PRACTICE

2.4 In the wire of [¥) Fig. 2.7, electrons are moving left to right to create
a current of 1 mA. Determine Iy and I.

—> [,
[, <—
B FIGURE 2.7
V¥ Ans
I, = —1mA; I, = +1 mA.
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Voltage

We must now begin to refer to a circuit element, something best defined in
general terms to begin with. Such electrical devices as fuses, light bulbs,
resistors, batteries, capacitors, generators, and spark coils can be represented
by combinations of simple circuit elements. We begin by showing a very
general circuit element as a shapeless object possessing two terminals at which
connections to other elements may be made ( Fig. 2.8).



B FIGURE 2.8 A general two-terminal circuit element.

There are two paths by which current may enter or leave the element. In
subsequent discussions we will define particular circuit elements by describing
the electrical characteristics that may be observed at their terminals.

In (¥’ Fig. 2.8, let us suppose that a dc current is sent into terminal A, through
the general element, and back out of terminal B. Let us also assume that
pushing charge through the element requires an expenditure of energy. We
then say that an electrical voltage (or a potential difference) exists between the
two terminals, or that there is a voltage “across” the element. Thus, the voltage
across a terminal pair is a measure of the work required to move charge
through the element. The unit of voltage is the volt,4 and 1 volt is the same as
1 J/C. Voltage is represented by V or v.

A voltage can exist between a pair of electrical terminals whether a current is
flowing or not. An automobile battery, for example, has a voltage of 12 V
across its terminals even if nothing whatsoever is connected to the terminals.

According to the principle of conservation of energy, the energy that is
expended in forcing charge through the element must appear somewhere else.
When we later meet specific circuit elements, we will note whether that energy
is stored in some form that is readily available as electric energy or whether it
changes irreversibly into heat, light, or some other nonelectrical form of
energy.

We must now establish a convention by which we can distinguish between
energy supplied o an element and energy that is supplied by the element itself.
We do this by our choice of sign for the voltage of terminal 4 with respect to
terminal B. If a positive current is entering terminal 4 of the element and an
external source must expend energy to establish this current, then terminal 4



is positive with respect to terminal B. (Alternatively, we may say that terminal
B is negative with respect to terminal 4.)

The sense of the voltage is indicated by a plus-minus pair of algebraic signs. In
Fig. 2.9a, for example, the placement of the + sign at terminal 4 indicates
that terminal A is v volts positive with respect to terminal B. If we later find
that v happens to have a numerical value of —5 V, then we may say either
that 4 is —b V positive with respect to B or that B is 5 V positive with respect
to A. Other cases are shown in (¥’ Fig. 2.9b, ¥ ¢, and (¥’ d.

(C) (b)

B FIGURE 2.9 (a, b) Terminal B is 5 V positive with respect to terminal A; (c, d) terminal Ais 5V
positive with respect to terminal B.

Voltage is the electric potential difference across two terminals of a circuit component. We

define the voltage across two terminals with labeled plus-minus signs.

Just as we noted in our definition of current, it is essential to realize that the
plus-minus pair of algebraic signs does not indicate the “actual” polarity of the
voltage but is simply part of a convention that enables us to talk
unambiguously about “the voltage across the terminal pair.” The definition of



any voltage must include a plus-minus sign pair! Using a quantity v (t) without
specifying the location of the plus-minus sign pair is using an undefined term.
Figure 2.10a and (XY b do not serve as definitions of v (t) ; 5 Fig. 2.10c
does.

vi(1)

B FIGURE 2.10 (a, b) These are inadequate definitions of a voltage. (c) A correct definition
includes both a symbol for the variable and a plus-minus symbol pair.

Page 15
PRACTICE

2.5 For the element in (' Fig. 2.11, ifv; = 17 V, determine vs.

B FIGURE 2.11

Vv Ans



Vo = —17 V.

Power

We have already defined power, and we will represent it by P or p. If one joule
of energy is expended in transferring one coulomb of charge through the
device in one second, then the rate of energy transfer is one watt. The
absorbed power must be proportional both to the number of coulombs
transferred per second (current) and to the energy needed to transfer one
coulomb through the element (voltage). Thus,

p=vi [4]

Dimensionally, the right side of this equation is the product of joules per
coulomb and coulombs per second, which produces the expected dimension
of joules per second, or watts. The conventions for current, voltage, and power

are shown in (¥’ Fig. 2.12.

B FIGURE 2.12 The power absorbed by the element is given by the product p = Vi.
Alternatively, we can say that the element generates or supplies a power — V.

We now have an expression for the power being absorbed by a circuit element
in terms of a voltage across it and current through it. Voltage was defined in
terms of an energy expenditure, and power is the rate at which energy is
expended. However, no statement can be made concerning energy transfer in



any of the four cases shown in (¥ Fig. 2.9, for example, until the direction of
the current is specified. Let us imagine that a current arrow is placed alongside
each upper lead, directed to the right, and labeled “+2 A..” First, consider the
case shown in (%) Fig. 2.9¢. Terminal 4 is 5 V positive with respect to terminal
B, which means that 5 J of energy is required to move each coulomb of
positive charge into terminal A, through the object, and out terminal B. Since
we are injecting +2 A (a current of 2 coulombs of positive charge per
second) into terminal 4, we are doing (5 J/C) x (2 C/s) = 10 J of work
per second on the object. In other words, the object is absorbing 10 W of
power from whatever is injecting the current.

We know from an earlier discussion that there is no difference between

Fig. 2.9¢ and (¥’ d, so we expect the object depicted in (% Fig. 2.9d to also
be absorbing 10 W. We can check this easily enough: we are injecting +2 A
into terminal 4 of the object, so +2 A flows out of terminal B. Another way
of saying this is that we are injecting —2 A of current into terminal B. It takes
—5J / C to move charge from terminal B to terminal A, so the object is
absorbing (—5 J/C) x (—2 C/s) = 410 W as expected. The only
difficulty in describing this particular case is keeping the minus signs straight,
but with a bit of care we see the correct answer can be obtained regardless of
our choice of positive reference terminal (terminal 4 in (¥’ Fig. 2.9¢, and

terminal B in (¥’ Fig. 2.9d).

Now let’s look at the situation depicted in (5 Fig. 2.9a, again with Page 16

+2 A injected into terminal A. Since it takes —5 J / C to move charge from
terminal A4 to terminal B, the object is absorbing

(=5 J/C) x (2 C/s) = —10 W. What does this mean? How can
anything absorb negative power? If we think about this in terms of energy
transfer, —10 J is transferred to the object each second through the 2 A
current flowing into terminal A. The object is actually losing energy—at a rate
of 10 J/s. In other words, it is supplying 10 J/s (i.e., 10 W) to some other
object not shown in the figure. Negative absorbed power, then, is equivalent to
positive supplied power.




If the current arrow is directed into the “4-” marked terminal of an element, then p = vi
yields the absorbed power. A negative value indicates that power is actually being

generated by the element.

If the current arrow is directed out of the “+” terminal of an element, then p= vi yields the

supplied power. A negative value in this case indicates that power is being absorbed.

Let’s recap. [5° Figure 2.12 shows that if one terminal of the element is v volts
positive with respect to the other terminal, and if a current i is entering the
element through that terminal, then a power p = v is being absorbed by the
element; it is also correct to say that a power p = wz is being delivered to the
element. When the current arrow is directed into the element at the plus-
marked terminal, we satisfy the passive sign convention. This convention
should be studied carefully, understood, and memorized. In other words, it
says that if the current arrow and the voltage polarity signs are placed such
that the current enters the terminal on the element marked with the positive
sign, then the power absorbed by the element can be expressed by the product
of the specified current and voltage variables. If the numerical value of the
product is negative, then we say that the element is absorbing negative power,
or that it is actually generating power and delivering it to some external
element. For example, in (% Fig. 2.12 withv = 5 Vand 1 = —4 A, the
element may be described as either absorbing —20 W or generating 20 W.

Conventions are only required when there is more than one way to do
something, and confusion may result when two different groups try to
communicate. For example, it is rather arbitrary to always place “North” at
the top of a map; compass needles don’t point “up,” anyway. Still, if we were
talking to people who had (unknown to us) chosen the opposite convention of
placing “South” at the top of their maps, imagine the confusion that could
result! In the same fashion, there is a general convention that always draws the
current arrows pointing into the positive voltage terminal, regardless of
whether the element supplies or absorbs power. This convention is not
incorrect but sometimes results in counterintuitive currents labeled on circuit



schematics. The reason for this is that it simply seems more natural to refer to
positive current flowing out of a voltage or current source that is supplying
positive power to one or more circuit elements.

EXAMPLE 21

Compute the power absorbed by each part in (X Fig. 2.13.

3A
—_
-5 A
—+ ~ —
+
2V -2V
_3 A 4V
_ 4+ B
(a) (b) (0)

B FIGURE 213 (a, b, ¢) Three examples of two-terminal elements.
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In Y Fig. 2.13a, we see that the reference current is defined consistent
with the passive sign convention, which assumes that the element is
absorbing power. With +3 A flowing into the positive reference
terminal, we compute

P=(2V)(3A) =6W

of power absorbed by the element.

Figure 2.13b shows a slightly different picture. Now, we have a
current of —3 A flowing into the positive reference terminal. This gives
us an absorbed power

P=(-2V)(-3A) =6W



Thus, we see that the two cases are actually equivalent: A current of
+3 A flowing into the top terminal is the same as a current of +3 A
flowing out of the bottom terminal, or, equivalently, a current of —3 A
flowing into the bottom terminal.

Referring to (5 Fig. 2.13¢, we again apply the passive sign convention
rules and compute an absorbed power

P=(4V)(-5A) = —20W

Since we computed a negative absorbed power, this tells us that the

element in (' Fig. 2.13c is actually supplying +20 W (i.e., it’s a source
of energy).

PRACTICE

2.6 Determine the power being absorbed by the circuit element in
Fig. 2.14a.

+0
+
-38V
220 mV
4 A
—ol /—(1.75 A
(@) (0)
86 —1001 Vv
. C +
—>
32A

B FIGURE 2.14



v Ans

880 mW

2.7 Determine the power being supplied by the circuit element in
Fig. 2.14b.

v Ans

6.65 W

2.8 Determine the power being delivered to the circuit element in
Fig. 2.14c att = 5 ms.

V¥ Ans

—15.53 W

Energy

In electrical circuits, attention is often devoted to power, but sometimes we
would also like to know the total energy transferred for a given period of time.
For example, energy usage determines how long the battery in your circuit will
last, or what your electricity bill will be. Recalling that power is the rate of
work, energy (w) is defined as

¢ t
w(t)=/ pdt':/ vidt’ [5]
to to

The SI unit of energy is the joule (J). Noting that energy is the product Page 18

of power and time (1 joule = 1 watt X 1 second), it is also convenient



to define energy in terms of watt hours (Wh) or kilowatt hours (kKkWh).
Electrical utilities typically charge electricity usage in units of kWh, and this
unit is typically displayed on the dashboard or display of electric vehicles.
Converting units yields the relations

1 Wh = 3600J [6]

1kWh = 3.6 x 10°5J [71]

Battery capacity (energy stored) can also be defined in terms of Wh. Since the
voltage on a battery is constant, it becomes convenient to separate out the
battery voltage and simply refer to the total charge storage on the battery (Q).
Thus,

w=/vidt=V/idt=VQ [8]

The total charge Q is given in units of amp hours (Ah) or milliamp hours
(mAh)

1 Ah = 3600 C (9]

1mAh=3.6C [10]

EXAMPLE 2.2

A battery-powered smoke detector has an average power consumption of 0.5
mW and runs off of a 9 V battery with a capacity of 500 mAh. How often do
you expect to change the battery?



The battery will need to be changed when the total energy consumed by
the smoke detector has reached the total energy stored in the battery.
The energy consumed by the smoke detector is

w= (0.5 mW) (¢)

and the total energy stored in the battery is given by

w = (0.5 Ah)(9 V)

Equating the two after converting units, and solving for 7 results in

,_ (05 An)(9V)

= 9000 h
(0.5 x 1073 W)

1d 1
$=0000h x L 9%) | (Lyear) _ oo ears
(24 h) (365 days)

(Note that every 6 months is a standard recommendation, for safety.)

PRACTICE

2.9 A certain rechargeable smartphone battery has a voltage of 3.8 V and
capacity of 1800 mAh. You find that a single battery charge can provide
12 h of talk time, or 10 days of standby time. What is the average power
consumption for (a) talk mode and (b) standby mode?

» Ans
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2.3 VOLTAGE AND CURRENT
SOURCES

Using the concepts of current and voltage, it is now possible to be more
specific in defining a circuit element.

In so doing, it is important to differentiate between the physical device itself
and the mathematical model that we will use to analyze its behavior in a
circuit. The model is only an approximation.

We will use the expression circuit element to refer to the mathematical model.
The choice of a particular model for any real device must be made on the basis
of experimental data or experience; we will usually assume that this choice has
already been made. For simplicity, we initially consider circuits with idealized
components represented by simple models.

By definition, a simple circuit element is the mathematical model of a two-terminal electrical
device, and it can be completely characterized by its voltage—current relationship; it cannot

be subdivided into other two-terminal devices.

All of the simple circuit elements we will consider can be classified according
to the relationship of the current through the element to the voltage across the
element. For example, if the voltage across the element is linearly proportional
to the current through it, we will call the element a resistor. Other types of
simple circuit elements have terminal voltages which are proportional to the
derivative of the current with respect to time (an inductor), or to the integral of
the current with respect to time (a capacitor). There are also elements in
which the voltage is completely independent of the current, or the current is
completely independent of the voltage; these are termed independent sources.
Furthermore, we will need to define special kinds of sources for which either
the source voltage or current depends upon a current or voltage elsewhere in
the circuit; such sources are referred to as dependent sources. Dependent



sources are used a great deal in electronics to model both dc and ac behavior
of transistors, especially in amplifier circuits.

Independent Voltage Sources

The first element we will consider is the independent voltage source. The circuit
symbol is shown in (¥ Fig. 2.15a; the subscript s merely identifies the voltage
as a “source” voltage, and is common but not required. An independent voltage
source is characterized by a terminal voltage which is completely independent of
the current through it. Thus, if we are given an independent voltage source and
are notified that the terminal voltage is 12 V, then we always assume this
voltage, regardless of the current flowing.

m FIGURE 2.15 Circuit symbol of the independent voltage source.

If you’ve ever noticed the room lights dim when an air conditioner kicks on, it's because the
sudden large current demand temporarily led to a (nonideal) voltage drop. After the motor

starts moving, it takes less current to keep it in motion. At that point, the current demand is



reduced, the voltage returns to its original value, and the wall outlet again provides a

reasonable approximation of an ideal voltage source.

The independent voltage source is an ideal source and does not represent
exactly any real physical device, because the ideal source could theoretically
deliver an infinite amount of energy from its terminals. This idealized voltage
source does, however, furnish a reasonable approximation to several practical
voltage sources. An internal combustion engine (ICE) automobile storage
battery, for example, has a 12 V terminal voltage that remains essentially
constant as long as the current through it does not exceed a few amperes. A
small current may flow in either direction through the battery. If it is positive
and flowing out of the positively marked terminal, then the battery is
furnishing power to the headlights, for example; if the current is positive and
flowing into the positive terminal, then the battery is charging by absorbing
energy from the alternator.5 An ordinary Canadian or U.S. household
electrical outlet also approximates an independent voltage source, providing a

voltage vs = 1204/2 cos 2760t V; this representation is valid for currents
less than 20 A or so.

A point worth repeating here is that the presence of the plus sign at "¢ 20

the upper end of the symbol for the independent voltage source in

Fig. 2.15a does not necessarily mean that the upper terminal is numerically
positive with respect to the lower terminal. Instead, it means that the upper
terminal is Vg volts positive with respect to the lower terminal. If at some
instant v happens to be negative, then the upper terminal is actually negative
with respect to the lower terminal at that instant.

(1332

Consider a current arrow labeled “i” placed adjacent to the upper conductor
of the source as in (¥ Fig. 2.15b. The current / is entering the terminal at
which the positive sign is located, the passive sign convention is satisfied, and
the source thus absorbs power P = Vst. More often than not, a source is
expected to deliver power to a network and not to absorb it. Consequently, we
might choose to direct the arrow as in (%’ Fig. 2.15¢ so that v4% will represent
the power delivered by the source. Technically, either arrow direction may be



chosen; whenever possible, we will adopt the convention of [’ Fig. 2.15¢ in
this text for voltage and current sources, which are not usually considered
passive devices.

Terms like dc voltage source and dc current source are commonly used. Literally, they
mean “direct-current voltage source” and “direct-current current source,” respectively.
Although these terms may seem a little odd or even redundant, the terminology is so widely

used there’s no point in fighting it.

An independent voltage source with a constant terminal voltage is often
termed an independent dc voltage source and can be represented by either of
the symbols shown in (¥’ Fig. 2.16a and (¥ b. Note in (¥ Fig. 2.165 that when
the physical plate structure of the battery is suggested, the longer plate is
placed at the positive terminal; the plus and minus signs then represent
redundant notation, but they are usually included anyway. For the sake of
completeness, the symbol for an independent ac voltage source is shown in
Fig. 2.16c.

@)
_|_
v, V=
O
(@) (b)

(c)

B FIGURE 2.16 (a) DC voltage source symbol; (b) battery symbol; (c) ac voltage source symbol.



Independent Current Sources

Another ideal source which we will need is the independent current source.
Here, the current through the element is completely independent of the
voltage across it. The symbol for an independent current source is shown in
Fig. 2.17. If 14 is constant, we call the source an independent dc current
source. An ac current source is often drawn with a tilde through the arrow,
similar to the ac voltage source shown in (¥ Fig. 2.16c.

—O

O

—O0
B FIGURE 2.17 Circuit symbol for the independent current source.

Like the independent voltage source, the independent current source is at best
a reasonable approximation for a physical element. In theory it can deliver
infinite power from its terminals because it produces the same finite current
for any voltage across it, no matter how large that voltage may be. It is,
however, a good approximation for many practical sources, particularly in
electronic circuits.

Although most students seem happy enough with an independent

voltage source providing a fixed voltage but essentially any current, it is
a common mistake to view an independent current source as having zero
voltage across its terminals while providing a fixed current. In fact, we do not
know a priori what the voltage across a current source will be—it depends
entirely on the circuit to which it is connected.

Dependent Sources

The two types of ideal sources that we have discussed up to now are called



independent sources because the value of the source quantity is not affected in
any way by activities in the remainder of the circuit. This is in contrast with
yet another kind of ideal source, the dependent, or controlled, source, in which
the source quantity is determined by a voltage or current existing at some
other location in the system being analyzed. Sources such as these appear in
the equivalent electrical models for many electronic devices, such as
transistors, operational amplifiers, and integrated circuits. To distinguish
between dependent and independent sources, we introduce the diamond
symbols shown in (¥ Fig. 2.18. In (Y Fig. 2.18a and (Y ¢, K'is a
dimensionless scaling constant. In (XY Fig. 2.18b, g is a scaling factor with
units of A/V; in (¥ Fig. 2.18d, r is a scaling factor with units of V/A. The
controlling current 2, and the controlling voltage v, must be defined
somewhere in the circuit.

Ki, % gV,
(@)
(©
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Kv

X

(d)

B FIGURE 2.18 The four different types of dependent sources: (a) current-controlled current
source; (b) voltage-controlled current source; (c) voltage-controlled voltage source; (d) current-
controlled voltage source.

It does seem odd at first to have a current source whose value depends on a



voltage, or a voltage source which is controlled by a current flowing through
some other element. Even a voltage source depending on a remote voltage can
appear strange. Such sources are invaluable for modeling complex systems,
however, making the analysis algebraically straightforward. Examples include
the drain current of a field effect transistor as a function of the gate voltage, or
the output voltage of an analog integrated circuit as a function of differential
input voltage. When encountered during circuit analysis, we write down the
entire controlling expression for the dependent source just as we would if it
was a numerical value attached to an independent source. This often results in
the need for an additional equation to complete the analysis, unless the
controlling voltage or current is already one of the specified unknowns in our
system of equations.

EXAMPLE 2.3

In the circuit of (5 Fig. 2.19a, determine v, if v is 3 V.

(a) (b)

B FIGURE 2.19 (a) An example circuit containing a voltage-controlled voltage source. (b)
The additional information provided is included on the diagram.

» Identify the goal of the problem.
We need to determine the voltage across the far-right element using
the pre-assigned polarity.

» Collect the known information.
We have been provided with a partially labeled circuit diagram. We
should add the additional information that v9 = 3 V to the



schematic ((Z) Fig. 2.195).

» Devise a plan.
We notice that the desired voltage is the same as the voltage across
the dependent voltage source. If we find that voltage, we have our
answer.

» Construct an appropriate set of equations.
We write

v, = DUy
and
Vo = 3

Thus, we have two equations in two unknowns.

» Determine if additional information is required.
We have two equations in two variables (v, and v9). This is
sufficient to solve.

» Attempt a solution. Page 22
This simple set of equations is easily solved to determine that ~
vy, = 15 V. We see that the time it takes to completely label a
circuit diagram is a good investment!

» Verify the solution. Is it reasonable or expected?
We can (and should) go back and check our math. We have limited
information about the circuit so our expectations might be equally
limited. Still, we note a controlling voltage of 3 V and a voltage
elsewhere of 15 V. These are within an order of magnitude of each
other, which is a good indication (i.e., one of them is not 1,000,000
times the other).

PRACTICE

2.10 Find the power absorbed by each element in the circuit in
Fig. 2.20.



0.25

TA C) Y 8V 20V [] 20V

B FIGURE 2.20

V¥ Ans

(left to right) —56 W; 16 W; —60 W; 160 W; —60 W.

Dependent and independent voltage and current sources are active elements;
they are capable of delivering power to some external device. For the present
we will think of a passive element as one which is capable only of receiving
power. However, we will later see that several passive elements are able to
store finite amounts of energy and then return that energy later to various
external devices; since we still wish to call such elements passive, it will be
necessary to improve upon our two definitions a little later.

Networks and Circuits

The interconnection of two or more simple circuit elements forms an
electrical network. If the network contains at least one closed path, it is also an
electric circuit. Note: Every circuit is a network, but not all networks are

circuits (see ¥ Fig. 2.21)!



(@) (b)

B FIGURE 2.21 (a) A network that is not a circuit. (b) A network that is a circuit.

A network that contains at least one active element, such as an independent
voltage or current source, is an active network. A network that does not
contain any active elements is a passive network.

We have now defined what we mean by the term circuit element, and %%

we have presented the definitions of several specific circuit elements, the
independent and dependent voltage and current sources. Throughout the
remainder of the book we will define only five additional circuit elements: the
resistor, inductor, capacitor, transformer, and the ideal operational amplifier
(“op amp,” for short). These are all ideal elements. They are important
because we may combine them into networks and circuits that represent real
devices as accurately as we require. Thus, the transistor shown in

Fig. 2.22a and () b may be modeled by the voltage terminals designated

Vgs and the single dependent current source of [5° Fig. 2.22¢. Note that the
dependent current source produces a current that depends on a voltage
elsewhere in the circuit. The parameter g,, , commonly referred to as the
transconductance, is calculated using transistor-specific details as well as the
operating point determined by the circuit connected to the transistor. It is

generally a small number, on the order of 1072 to perhaps 10 A/V. This



model works pretty well as long as the frequency of any sinusoidal source is
neither very large nor very small; the model can be modified to account for
frequency-dependent effects by including additional ideal circuit elements.

S O & o S

Metal Silicon
(or dioxide
polysilicon)  (S10,)

B FIGURE 2.22 The metal oxide semiconductor field effect transistor (MOSFET). (a) An IRF540
N-channel power MOSFET in a TO-220 package, rated at 100 V and 22 A; (b) cross-sectional
view of a basic MOSFET; (c) equivalent circuit model for use in ac circuit analysis.

(a) Steve Durbin/McGraw Hill (b) R. Jaeger, Microelectronic Circuit Design, McGraw-Hill, 1997

Similar (but much smaller) transistors typically constitute only one small part
of an integrated circuit that may be less than 2 mm X 2 mm square and 200
pm thick and yet contain several thousand transistors plus various resistors
and capacitors. Thus, we may have a physical device that is about the size of



one letter on this page but requires a model composed of ten thousand ideal
simple circuit elements. We use this concept of “circuit modeling” in a
number of electrical engineering topics covered in other courses, including
electronics, energy conversion, and antennas.
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2.4 OHM’S LAW

So far, we have been introduced to both dependent and independent voltage
and current sources and were cautioned that they were idealized active
elements that could only be approximated in a real circuit. We are now ready
to meet another idealized element, the linear resistor. The resistor is the
simplest passive element, and we begin our discussion by considering the work
of an obscure German physicist, Georg Simon Ohm, who published a
pamphlet in 1827 that described the results of one of the first efforts to
measure currents and voltages, and to describe and relate them
mathematically. One result was a statement of the fundamental relationship
we now call Ohm’s law, even though it has since been shown that this result
was discovered 46 years earlier in England by Henry Cavendish, a brilliant
semirecluse.

Ohm’s law states that the voltage across conducting materials is directly
proportional to the current flowing through the material, or

v= Ri [11]

where the constant of proportionality R is called the resistance. The unit of
resistance is the oim, which is 1 V/A and customarily abbreviated by a capital
omega, ().

When this equation is plotted on i-versus-v axes, the graph is a straight line
passing through the origin ( Fig. 2.23). (¥ Equation [4] is a linear equation,
and we will consider it to be the definition of a linear resistor. Resistance is
normally considered to be a positive quantity, although negative resistances
may be simulated with special circuitry.
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B FIGURE 2.23 Current—voltage relationship for an example 2 Q linear resistor. Note the slope
of the line is 0.5 A/V, or 500 mQ L.

Again, it must be emphasized that the linear resistor is an idealized circuit
element; it is only a mathematical model of a real, physical device. “Resistors’
may be easily purchased or manufactured, but it is soon found that the
voltage-current ratios of these physical devices are reasonably constant only
within certain ranges of current, voltage, or power, and they also depend on
temperature and other environmental factors. We usually refer to a linear
resistor as simply a resistor; any resistor that is nonlinear should always be
described as such.

9

Power Absorption

Figure 2.24 shows several different resistor packages, as well as the most
common circuit symbol used for a resistor. In accordance with the voltage,
current, and power conventions already adopted, the product of v and 7 gives
the power absorbed by the resistor. That is, v and i are selected to satisfy the
passive sign convention. The absorbed power appears physically as heat
and/or light and is always positive; a resistor is a passive element that cannot
deliver power or store energy. Alternative expressions for the absorbed power
are

pzviziszvz/R [12]
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(c) (d)

B FIGURE 2.24 (a) Several common resistor packages. (b) A 560 Q) power resistor rated at up
to 50 W. (c) A 5% tolerance 10-teraohm (10,000,000,000,000 Q) resistor manufactured by
Ohmcraft. (d) Circuit symbol for the resistor, applicable to all of the devices in (a) through (c).
(a-c) Steve Durbin/McGraw Hill

One of the authors (who shall remain anonymous) had the unfortunate
experience of inadvertently connecting a 100 £2, 2 W carbon resistor across a
110 V source. The ensuing flame, smoke, and fragmentation were rather
disconcerting, demonstrating clearly that a practical resistor has definite limits
to its ability to behave like the ideal linear model. In this case, the unfortunate
resistor was called upon to absorb 121 W; since it was designed to handle only
2 W, its reaction was understandably violent.

EXAMPLE 2.4

The 560 Q resistor shown in (5! Fig. 2.24b is connected to a circuit which
causes a current of 42.4 mA to flow through it. Calculate the voltage across
the resistor and the power it is dissipating.



