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Preface

The central theme of Introduction to Electric Circuits is the concept that electric circuits are part ofthe
basic fabric of modem technology. Given this theme, we endeavor to show how the analysis and
design of electric circuits are inseparably intertwined with the ability of the engineer to design
complex electronic, communication, computer, and control systems as well as consumer products.

APPROACH & ORGANIZATION

This book is designed for a one- to three-term course in electric circuits or linear circuit analysis and is
structured for maximum flexibility. The flowchart in Figure 1 demonstrates alternative chapter
organizations that can accommodate different course outlines without disrupting continuity.

The presentation is geared to readers who are being exposed to the basic concepts of electric
circuits for the first time, and the scope of the work is broad. Students should come to the course with
the basic knowledge of differential and integral calculus.

This book endeavors to prepare the reader to solve realistic problems involving electric circuits.
Thus, circuits are shown to be the results of real inventions and the answers to real needs in industry,
the office, and the home. Although the tools of electric circuit analysis may be partially abstract,
electric circuits are the building blocks of modem society. The analysis and design of electric circuits
are critical skills for all engineers.

WHAT'S NEW IN THE 8TH EDITION

Increased use of PSpice Kand MATLABH

Significantly more attention has been given to using PSpice and MATLAB to solve circuits problems. It
starts with two new appendixes, one introducing PSpice and the other introducing MATLAB. These
appendixes briefly describe the capabilities of the programs and illustrate the steps needed to get started
using them. Next, PSpice and MATLAB are used throughout the text to solve various circuit analysis and
design problems. For example, PSpice is used in Chapter 5 to find a Thevenin equivalent circuit and in
Chapter 15to represent circuit inputs and outputs as Fourier series. MATLAB is frequently used to obtain
plots of circuit inputs and outputs that help us see what our equations are telling us. MATLAB also helps
us with some long and tedious arithmetic. For example, in Chapter 10, MATLAB helps us do the
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FIGURE 1 Flow chart showing alternative paths through the topics in this textbook.

complex arithmetic to analyze ac circuits and, in Chapter 14, MATLAB helps with the partial fraction
required to find inverse Laplace transforms.

Of course, there’s more to using PSpice and MATLAB than simply running the programs. We pay
particular attention to interpreting the output ofthese computer programs and checking itto make sure it is
correct. Frequently, this is done in the section called, “How Can We Check . .. ” included in every
chapter. For example, Section 8.9 shows how to interpret and check a PSpice transient response, and
Section 13.7 shows how to interpret and check a frequency response produced using MATLAB or PSpice.

Revisions to Improve Clarity

Chapter 15 covering the Laplace transform and the Fourier series and transform, Chapters 14 and 15,
have been largely rewritten, both to improve clarity of exposition and to significantly increase
coverage of MATLAB and PSpice. In addition, revisions have been made throughout the text to

improve clarity. Sometimes these revisions are small, involving sentences or paragraphs. Other, larger
revisions involve pages or even entire sections.

More Problems

The 8th edition contains 120 new problems, bringing the total number ofproblemsto more than 1,350. This
edition uses a variety of problem types and they range in difficulty from simple to challenging, including:
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Straightforward analysis problems.

Analysis of complicated circuits.
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Chapter

Optional flow

Simple design problems. (For example, given a circuit and the specified response, determine the

required RLC values.)

Compare and contrast, multipart problems that draw attention to similarities or differences between

two situations.



e MATLAB and PSpice problems.
Design problems. (Given some specifications, devise a circuit that satisfies those specifications.)

How Can We Check . .. ? (Verify that a solution is indeed correct.)

FEATURES RETAINED FROM PREVIOUS EDITIONS

Introduction

Each chapter begins with an introduction that motivates consideration of the material of that chapter.

Examples

Because this book is oriented toward providing expertise in problem solving, we have included more
than 260 illustrative examples. Also, each example has a title that directs the student to exactly what is
being illustrated in that particular example.

Various methods of solving problems are incorporated into select examples. These cases show
students that multiple methods can be used to derive similar solutions or, in some cases, that multiple
solutions can be correct. This helps students build the critical thinking skills necessary to discern the
best choice between multiple outcomes.

Design Examples, a Problem-Solving Method, and
"How Can We Check ..." Sections

Each chapter concludes with a design example that uses the methods of that chapter to solve a design
problem. A formal, five-step problem-solving method is introduced in Chapter 1and then used in each of
the design examples. An important step in the problem-solving method requires you to check your results
to verify that they are correct. Each chapter includes a section entitled ‘‘How Can We Check . . . ” that
illustrates how the kind of results obtained in that chapter can be checked to ensure correctness.

Key Equations and Formulas

You will find that key equations, formulas, and important notes have been called out in a shaded box to
help you pinpoint critical information.

Summarizing Tables and Figures

The procedures and methods developed in this text have been summarized in certain key tables
and hgures. Students will find these to be an important problem-solving resource.

Table 1.5-1. The passive convention.

* Figure 2.7-1 and Table 2.7-1. Dependent sources.

e Table 3.10-1. Series and parallel sources.

e Table 3.10-1. Series and parallel elements. Voltage and current division.

Figure 4.2-3. Node voltages versus element currents and voltages.



» Figure 4.5-4. Mesh currents versus element currents and voltages.

e Figures 5.4-3 and 5.4-4. Thevenin equivalent circuits.

¢ Figure 6.3-1. The ideal op amp.

» Figure 6.5-1. A catalog of popular op amp circuits.

» Table 7.8-1. Capacitors and inductors.

e Table 7.13-2. Series and parallel capacitors and inductors.

» Table 8.11-1. First-order circuits.

e Tables 9.13-1, 2, and 3. Second-order circuits.

e Table 10.6-1. AC circuits in the frequency domain (phasors and impedances).
e Table 10.8-1. Voltage and current division for AC circuits.

o Table 11.5-1. Power formulas for AC circuits.

e Tables 11.13-1 and 11.13-2. Coupled inductors and ideal transformers.
* Table 13.4-1. Resonant circuits.

e Tables 14.2-1 and 14.2-2. Laplace transform tables.

e Table 14.7-1. s-domain models of circuit elements.

e Table 15.4-1. Fourier series of selected periodic waveforms.

Introduction to Signal Processing

Signal processing is an important application of electric circuits. This book introduces signal
processing in two ways. First, two sections (Sections 6.6 and 7.9) describe methods to design electric
circuits that implement algebraic and differential equations. Second, numerous examples and
problems throughout this book illustrate signal processing. The input and output signals of an electric
circuit are explicitly identified in each of these examples and problems. These examples and problems
investigate the relationship between the input and output signals that is imposed by the circuit.

Interactive Examples and Exercises

Numerous examples throughout this book are labeled as interactive examples. This label indicates that
computerized versions of that example are available at the textbook’s companion site, www.wiley.
com/dorf. Figure 2 illustrates the relationship between the textbook example and the computerized
example available on the Web-Site. Figure 2a shows an example from Chapter 3. The problem
presented by the interactive example shown in Figure 2b is similar to the textbook example but
different in several ways:

e 1he values of the circuit parameters have been randomized.
e The independent and dependent sources may be reversed.

« The reference direction of the measured voltage may be reversed.

A different question is asked. Here, the student is asked to work the textbook problem backward,
using the measured voltage to determine the value of a circuit parameter.
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FIGURE 2 (a) The circuit considered Example 3.2-5. (b) A corresponding interactive example, (c) A corresponding
interactive exercise.

The interactive example poses a problem and then accepts and checks the user’s answer. Students are
provided with immediate feedback regarding the correctness of their work. The interactive example
chooses parameter values somewhat randomly, providing a seemingly endless supply of problems.
This pairing of a solution to a particular problem with an endless supply of similar problems is an
effective aid for learning about electric circuits.

The interactive exercise shown in Figure 2c considers a similar, but different, circuit. Like the
interactive example, the interactive exercise poses a problem and then accepts and checks the user’s
answer. Student learning is further supported by extensive help in the form of worked example
problems, available from within the interactive exercise, using the Worked Example button.

Variations of this problem are obtained using the New Problem button. We can peek at the
answer, using the Show Answer button. The interactive examples and exercises provide hundreds of

additional practice problems with countless variations, all with answers that are checked immediately
by the computer.
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SUPPLEMENTS AND WEB-SITE MATERIAL

The almost ubiquitous use of computers and the Web have provided an exciting opportunity to rethink
supplementary material. The supplements available have been greatly enhanced.

Book Companion Site

Additional student and instructor resources can be found on the John Wiley & Sons textbook
companion site at www.wiley.com/college/dorf.

Student

e Interactive Examples The interactive examples and exercises are powerful support resources for
students. They were created as tools to assist students in mastering skills and building their
confidence. The examples selected from the text and included on the Web give students options for
navigating through the problem. They can immediately request to see the solution or select a more
gradual approach to help. Then they can try their hand at a similar problem by simply electing to
change the values in the problem. By the time students attempt the homework, they have built the
confidence and skills to complete their assignments successfully. It’s a virtual homework helper.

« MATLAB Tutorial, by Gary Ybarra and Michael Gustafson of Duke University, builds upon the
MATLAB examples in the text. By providing these additional examples, the authors show how this
powerful tool is easily used in appropriate areas of introductory circuit analysis. Ten example
problems are created in HTML. M-files for the computer-based examples are available for
download on the Student Companion site.

« PowerPoints for note taking
 Historical information
e PSpicefor Linear Circuits, available for purchase

¢ WileyPLUS option

Instructor
¢ Solutions manual

¢ PowerPoint slides

»  WileyPLUS option

WileyPLUS

Pspice for Linear Circuits is a student supplement available for purchase. The PSpice for Linear
Circuits manual describes in careful detail how to incorporate this valuable tool in solving problems.
This manual emphasizes the need to verify the correctness of computer output. No example is finished
until the simulation results have been checked to ensure that they are correct.
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A circuit consists of electrical elements connected together. Engineers use electric circuits to solve
problems that are important to modem society. In particular:

1 Electric circuits are used in the generation, transmission, and consumption of electric power and
energy.

2. Electric circuits are used in the encoding, decoding, storage, retrieval, transmission, and
processing of information.

In this chapter, we will do the following:

< Represent the current and voltage of an electric circuit element, paying particular attention to the
reference direction of the current and to the reference direction or polarity of the voltage

» Calculate the power and energy supplied or received by a circuit element

e Use the passive convention to determine whether the product of the current and voltage of a
circuit element is the power supplied by that element or the power received by the element

« Use scientific notation to represent electrical quantities with a wide range of magnitudes

1.2

ELECTRIC CIRCUITS AND CURRENT

The outstanding characteristics of electricity when compared with other power sources are its
mobility and flexibility. Electrical energy can be moved to any point along a couple of wires and,
depending on the user’s requirements, converted to light, heat, or motion.
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An electric circuit or electric network is an interconnection of electrical elements linked
together in a closed path so that an electric current may flow continuously.

Consider a s.mple circuit consisting of two well-known electrical elements, a battery and a
resistor, as shown in Figure 1.2-1. Each element is represented by the two-terminal element
shown in Figure 1.2-2. Elements are sometimes called devices, and terminals are some imes

called nodes.

Wire
Battery Resistor
Wire . .
FIGURE 1.2-2 A general two-terminal electrical
FIGURE 1.2-1 A simple circuit. element with terminals a and b.

Charge may flow in an electric circuit. Current is the time rate ofchange ofcharge past a given
point. Charge is the intrinsic property of matter responsible for electric phenomena. The quantity of
charge g can be expressed in terms of the charge on one electron, which is -1.602 x 10 ycoulombs.
Thus, -1 coulomb is the charge on 6.24 x 1018 electrons. The current through a specified area is
defined by the electric charge passing through the area per unit oftime. Thus, q is defined as the charge
expressed in coulombs (C).

Charge is the quantity of electricity responsible for electric phenomena.

Then we can express current as

. dg
i— ot (1.2-12)

The unit of current is the ampere (A); an ampere is 1 coulomb per second.
Current is the time rate of flow of electric charge past a given point.

Note that throughout this chapter we use a lowercase letter, such as g, to denote a variable that is
a function of time, q(t). We use an uppercase letter, such as Q, to represent a constant.

The flow of current is conventionally represented as a flow of positive charges. This convention
was initiated by Benjamin Franklin, the first great American electrical scientist. Of course, we
now know that charge flow in metal conductors results from electrons with a negative charge.
Nevertheless, we will conceive of current as the flow of positive charge, according to accepted
convention.

Figure 1.2-3 shows the notation that we use to describe a current. There are two parts to

a = - - b this notation: a value (perhaps represented by a variable name) and an assigned direction. Asa
— matter ot vocabulary, we say that a current exists in or through an element. Figure 1.2-3 shows

that there are two ways to assign the direction ofthe current through an element. The current/,

FIGURE 1.2-3 Current Is the rate ot flow of electric charge from terminal a to terminal b. On the other hand the

in a circuit element. current i2 is the flow of electric charge from terminal b to terminal a. The currents i, and i2are
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0 /' FIGURE 1.2-4 A direct current of magnitude /.

similar but different. They are the same size but have different directions. Therefore, i2is the negative
of i\ and
Mn=-2n

We always associate an arrow with a current to denote its direction. A complete description of current
requires both a value (which can be positive or negative) and a direction (indicated by an arrow).

If the current flowing through an element is constant, we represent it by the constant /, as shown
in Figure 1.2-4. A constant current is called a direct current (dc).

A direct current (dc) is a current of constant magnitude.

A time-varying current /(/) can take many forms, such as a ramp, a sinusoid, or an exponential, as
shown in Figure 1.2-5. The sinusoidal current is called an alternating current (ac).

FIGURE 1.2-5 (a) A ramp with aslope M. (6) A sinusoid, (c) An exponential. / is a constant. The current / is zero fort < 0.

If the charge q is known, the current i is readily found using Eq. 1.2-1. Alternatively, if the
current i is known, the charge q is readily calculated. Note that from Eq. 1.2-1, we obtain

g= f idx= [ idz + q(0) (1.2-2)
J—eCc Jo

where €(0) is the charge at t= 0.

Example 1.2-1 Current from Charge

Find the current in an element when the charge entering the element is

q= 12/ C
where t is the time in seconds.
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Solution , w e e
Recall that the unit of charge is coulombs, C. Then the current, from Eq. 1.2-1, is

- i=A = 12A
dt

where the unit of current is amperes, A.

Example 1.2-2 Charge from Current

Find the charge that has entered the terminal of an element from /= 0 s to /= 3 s when the current entering the
element is as shown in Figure 1.2-6.

I(A)

4 .

3

2

1 1
1 1 1 t

-1 @ E 2 8 f(s) FIGURE 1.2-6 Current waveform for Example 1.2-2.
Solution
From Figure 1.2-6, we can describe i(t) as
0 /<o
)= {1 o<t<1
t t>1

Using Eqg. 1.2-2, we have

<I@-<10) = I i{ydt= [ 1dtr [ tdt

0

r t2

in+ 2 - 1+2(9-1) = 5C

Alternatively, we note that integration ofi(t) from /= 0 to t = 3 s simply requires the calculation of the area under
the curve shown in Figure 1.2-6. Then, we have

=1+ 2x2=5C

EXERCISE 1.2-1 Find the charge that has entered an element by time t when
/- 8f - 4/ A, t>0. Assume q(t) —0 for t<O.

Answer: q(t) = -r5- 2t2C

a* 2 The tOtal charge that has er>tered a circuit element is g{t) —4 sin 31C when
_ 0. rnd =0 when, < 0, Detem,™ the ¢ ™ t in this crcui, element for ,> 0,

Answer: i{t) = -4 sin 3/ = 12 cos 31A
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Systems of Units

In representing a circuit and its elements, we must define a consistent system of units for the quantities
occurring in the circuit. At the 1960 meeting of the General Conference of Weights and Measures, the
representatives modernized the metric system and created the Systeme International d’Unites,

commonly called SI units.

Sl is Systeme International d "Unites or the International System of Units.

The fundamental, or base, units of SI are shown in Table 1.3-1. Symbols for units that represent proper
(persons’) names are capitalized; the others are not. Periods are not used after the symbols, and the symbols
do not take on plural forms. The derived units for other physical quantities are obtained by combining the
fundamental units. Table 1.3-2 shows the more common derived units along with their formulas in terms of
the fundamental units or preceding derived units. Symbols are shown for the units that have them.

Table 1.3-1 SI Base Units

SI UNIT
QUANTITY NAME
Length meter
Mass kilogram
Time second
Electric current ampere
Thermodynamic temperature kelvin
Amount of substance mole
Luminous intensity candela
Table 13 2 Derived Units in SI
QUANTITY UNIT NAME FORMULA
Acceleration — linear meter per second per second m/s2
Velocity — linear meter per second S
Frequency hertz g-°
Force newton kg sm/s2
Pressure or stress pascal N/m2
Density kilogram per cubic meter kg/m3
Energy or work joule Nem
Power watt s
Electric charge coulomb Aes
Electric potential volt WA
Electric resistance ohm VIA
Electric conductance siemens ANV
Electric capacitance farad ciV
Magnetic flux weber V-s
Inductance henry WO/A

SYMBOL

m
kg
S
A
K
mol
cd

SYMBOL

Hz

Sy =z

IS To® <o s o
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S| Prefixes
MULTIPLE PREFIX SYMBOL
1012 tera T
109 giga G
106 mega M
103 kilo k
10~2 centi c
i<r3 milli m
i<re micro M
i<rg nano n
nriu pico P
Itr 5 femto f

The basic units such as length in meters (m), time in seconds (s), and current in amperes (A) can
be used to obtain the derived units. Then, for example, we have the unit for charge (C) derived from the
product of current and time (A <s). The fundamental unit for energy is the joule (J), which is force
times distance or N em.

The great advantage ofthe Sl system is that it incorporates a decimal system for relating larger or
smaller quantities to the basic unit. The powers of 10 are represented by standard prefixes given in
Table 1.3-3. An example of the common use of a prefix is the centimeter (cm), which is 0.01 meter.

The decimal multiplier must always accompany the appropriate units and is never written by itself.
Thus, we may write 2500 W as 2.5 kW. Similarly, we write 0.012 A as 12 mA.

Example 1.3-1 SI Units

A mass of 150 grams experiences a force of 100 newtons. Find the energy or work expended if the mass moves 10
centimeters. Also, find the power if the mass completes its move in 1 millisecond.

Solution
The energy is found as

energy = force x distance = 100 x 0.1 = 10J

Note that we used the distance in units of meters. The power is found from
ener
power — g){
time period
where the time period is 10~3 s. Thus,

10
Pewer = txtj = 104 W = 10 kW

* /

m~rA~rffesr?3 1 WHICh °f thC three QUITentS " =45 M * h =003 mA' and 3= 25 x

Answer: i3is largest.
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14 VOLTAGE

The basic variables in an electrical circuit are current and voltage. These variables

describe the flow of charge through the elements of a circuit and the energy required to

cause charge to flow. Figure 1.4-1 shows the notation we use to describe a voltage.

There are two parts to this notation: a value (perhaps represented by a variable name)

and an assigned direction. The value of a voltage may be positive or negative. The FIG(JRF , 4, Voltage
direction of a voltage is given by its polarities (+, -). As a matter of vocabulary, we adrc'Jt
say that a voltage exists across an element. Figure 1.4-1 shows that there are two ways

to label the voltage across an element. The voltage vba is proportional to the work required to move a
positive charge from terminal a to terminal b. On the other hand, the voltage vab is proportional to the
work required to move a positive charge from terminal b to terminal a. We sometimes read vbaas “the
voltage at terminal b with respect to terminal a.” Similarly, vab can be read as ‘fthe voltage at terminal
a with respect to terminal b.” Alternatively, we sometimes say that vba is the voltage drop from
terminal a to terminal b. The voltages veb and vba are similar but different. They have the same
magnitude but different polarities. This means that

vab = —vba

When considering vba, terminal b is called the “+ terminal” and terminal a is called the
terminal.” On the other hand, when talking about vab, terminal a is called the “+ terminal” and
terminal b is called the terminal.”

The voltage across an element is the work (energy) required to move a unit positive charge
from the —terminal to the + terminal. The unit of voltage is the volt, V.

The equation for the voltage across the element is

dw

V= dg (1.4-1)

where vis voltage, w is energy (or work), and q is charge. A charge of 1coulomb delivers an energy of
1joule as it moves through a voltage of 1 volt.

15 POWER AND ENERGY

The power and energy delivered to an element are of great importance. For example, the useful output
of an electric lightbulb can be expressed in terms of power. We know that a 300-watt bulb delivers
more light than a 100-watt bulb.

Power is the time rate of expending or absorbing energy.
Thus, we have the equation

(1.5-1)
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(@)

(b)

where p is power in watts, w is energy injoules, and / is time in seconds. The power associated
with the charge flow through an element is

dw dw dq -V (15-2)
P dt dg dt

From Eqg. 1.5-2, we see that the power is simply the product of the voltage across an
element times the current through the element. The power has units of watts.

Two circuit variables are assigned to each element of a circuit: a voltage and a current.
Figure 1.5-1 shows that there are two different ways to arrange the direction of the current

FIGURE 151 (a) The and the polarity of the voltage. In Figure 15-la, the current enters the circuit element at the
passive convention is + terminal of the voltage and exits at the - terminal. In contrast, in Figure 1.5-16, the

used for element

current enters the circuit element at the - terminal of the voltage and exits at the + terminal.

voltage and current. (b) First, consider Figure 1.5-la. When the current enters the circuit element at the +

The passive convention

is not used.

terminal of the voltage and exits at the - terminal, the voltage and current are said to “adhere
to the passive convention.” In the passive convention, the voltage pushes a positive charge in
the direction indicated by the current. Accordingly, the power calculated by multiplying the
element voltage by the element current

p = vi

is the power absorbed by the element. (This power is also called “the power received by the element”
and “the power dissipated by the element.” ) The power absorbed by an element can be either positive
or negative. This will depend on the values of the element voltage and current.

Next, consider Figure 1.5-1 A Here the passive convention has not been used. Instead, the
current enters the circuit element at the - terminal of the voltage and exits at the + terminal. In this
case, the voltage pushes a positive charge in the direction opposite to the direction indicated by the
current. Accordingly, when the element voltage and current do not adhere to the passive convention,
the power calculated by multiplying the element voltage by the element current is the power supplied
by the element. The power supplied by an element can be either positive or negative, depending on
the values of the element voltage and current.

The power absorbed by an element and the power supplied by that same element are
related by

power absorbed = —power supplied

The rules for the passive convention are summarized in Table 1.5-1. When the element voltage and
current adhere to the passive convention, the energy absorbed by an element can be determined from

Power Absorbed or Supplied by an Element

POWER ABSORBED BY AN ELEMENT POWER SUPPLIED BY AN ELEMENT

v +
Because the reference directions of
vand i adhere to the passive
convention, the power

Because the reference directions of
vand / do not adhere to the

passive convention, the power

) p = vi

is the power absorbed by the

element. is the power supplied by the

element.
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Eq. 151 by rewriting it as
dw=pdt (1.5-3)

On integrating, we have

w= f pdz (1*5-4)

J—e0

If the element receives power only for t > t0 and we let t0 = 0, then we have

w= [ pdr (1.5-5)
Jo

Example 1.5-1 Electrical Power and Energy

Let us consider the element shown in Figure 1.5-1a when v= 4V and i= 10 A. Find the power absorbed by the
element and the energy absorbed over a 10-s interval.

Solution
The power absorbed by the element is
Pp=vi=4+10= 40W

The energy absorbed by the element is

fs1U rroJ
H=/ pdt= | 40dt=40mo=400J
Jo Jo
Example 1.5-2 Electrical Power and the Passive Convention I N

Consider the element shown in Figure 1.5-2. The current / and voltage vab adhere to the passive convention, so the
power absorbed by this element is
power absorbed = /evdh= 2 ¢(—4) = —8 W
The current i and voltage vba do not adhere to the passive convention, so the power supplied by this element is
power supplied = /eMma= 2+(4) = 8 W
As expected
power absorbed = —power supplied

i=2A "' +
' —o0b

£ A ,\y FIGURE 1.5-2 The element

- considered in Example 1.5-2.

Now let us consider an example when the passive convention is not used. Then p = vi is the
power supplied by the element.
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Example 1.5-3 Power. Energy, and the Passive Convention

Consider .he circuit shown in Figore 15-3 with v=8." Vandi= 20e"" A for,> 0. Find the power supplied by
this element and the energy supplied by the element over the first second ofoperation. We assume that vand . are

zero fort<o.

b
-° FIGURE 1.5-3 An element with the current

+  flowing into the terminal with a negative voltage sign.

Solution
The power supplied is
p=vi= (80 (D) =180k W
This element is providing energy to the charge flowing through it.
The energy supplied during the first second is

h-= [ pdt— f
Jo Jo
e 211 160
160—~ = _ (e~2- 1) = 80(1 - e~2) = 69.2J
20 2

(160e~2,)dt

Example 1.5-4 Energy ina Thunderbolt

The average current in a typical lightning thunderbolt is 2 x 104 A, and its typical duration is 0.1 s (Williams,
1988). The voltage between the clouds and the ground is 5 x 108 V. Determine the total charge transmitted to the
earth and the energy released.

Solution
The total charge is

(ToX] oA
Q= i(t)dt= / 2 X 104dt= 2 X 103C
Jo Jo

The total energy released is

L p0.\
H= /  Kt) x v(t) dt= , (2 x 104) (5 x 108) dt = 1012 J= 1TJ
0

J

ANC 'S E 1-5-1 Figure E 1.5-1 shows four circuit elements identified by the letters A, B,

(a) Which of the devices supply 12 W?
(b) Which of the devices absorb 12 W?
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(0 Whatis the value of the power received by device Bl
(@  Whatis the value of the power delivered by device Bl
(h)  Whatis the value of the power delivered by device D1

4V - - 2V + 6V 3V
b---Q  ®-mee- 1 0 o—- 1 |- O c b o
3A 6 A 2A 4 A
(A) (B) (© (@) FIGURE E 151

Answers: (a) Band C, (b) Aand D, (c) -12 W, (d) 12 W, (e) -12 W

1.6 CIRCUIT ANALYSIS AND DESIGN

The analysis and design of electric circuits are the primary activities described in this book and are key
skills for an electrical engineer. The analysis of a circuit is concerned with the methodical study of a
given circuit designed to obtain the magnitude and direction of one or more circuit variables, such as a
current or voltage.

The analysis process begins with a statement of the problem and usually includes a given circuit
model. The goal is to determine the magnitude and direction of one or more circuit variables, and the final
task is to verify that the proposed solution is indeed correct. Usually, the engineer first identifies what is
known and the principles that will be used to determine the unknown variable.

The problem-solving method that will be used throughout this book is shown in Figure 1.6-1.
Generally, the problem statement is given. The analysis process then moves sequentially through the
five steps shown in Figure 1.6-1. First, we describe the situation and the assumptions. We also record
or review the circuit model that is provided. Second, we state the goals and requirements, and we

Describe the situation and
the assumptions.

State the goals and
requirements.

Generate a plan to obtain
a solution of the problem.

Act on the plan.

Verify that the proposed
solution is indeed correct.

Communicate the solution.
FIGURE 1.6-1 The problem-solving method.
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normally record the required circuit variable to be determined. The third step is to create a plan that
will help obtain the solution of the problem. Typically, we record the principles and techniques that
pertain to this problem. The fourth step is to act on the plan and carry' out the steps described in the
plan. The final step is to verify that the proposed solution is indeed correct. If it is correct, we
communicate this solution by recording it in writing or by presenting it verbally. If the verification step
indicates that the proposed solution is incorrect or inadequate, then we return to the plan steps,
reformulate an improved plan, and repeat steps 4 and 5.

To illustrate this analytical method, we will consider an example. In Example 1.6-1, we use the

steps described in the problem-solving method of Figure 1.6-1.

------------------ | Example 1.6-1 The Formal Problem-Solving Method

An experimenter in a lab assumes that an element is absorbing power and uses a voltmeter and ammeter to
measure the voltage and current as shown in Figure 1.6-2. The measurements indicate that the voltage is
v=+ 12V and the current is i= -2 A. Determine whether the experimenter’s assumption is correct.

Describe the Situation and the Assumptions: Strictly speaking, the element is absorbing power. The
value of the power absorbed by the element may be positive or zero or negative. When we say that someone
“assumes that an element is absorbing power,” we mean that someone assumes that the power absorbed by
the element is positive.

The meters are ideal. These meters have been connected to the element in such a way as to measure the
voltage labeled v and the current labeled i. The values of the voltage and current are given by the meter
readings.

State the Goals: Calculate the power absorbed by the element to determine whether the value ofthe power
absorbed is positive.

Generate a Plan: Verify that the element voltage and current adhere to the passive convention. If so, the
power absorbed by the device is p = vi. If not, the power absorbed by the device isp ——vi.

Act on the Plan: Referring to Table 1.5-1, we see that the element voltage and current do adhere to the
passive convention. Therefore, power absorbed by the element is

p=vi= 12-(-2) = -24 W

The value of the power absorbed is not positive.
\% erify the Proposed Solution: Let’s reverse the ammeter probes as shown in Figure 1.6-3. Now the
ammeter measures the current /, rather than the currenti,so/, = 2 Aand v= 12 V. Because /, and vdo not adhere

to the passive convention,/? = /, ev= 24 W is the power supplied by the element. Supplying 24 W is equivalent to
absorbing -24 W, thus verifying the proposed solution.

[ 121- 101
Voltmeter o o
— T1 121m10101
" Q Ammeter o

k z & m J I

Element il
Element

FIl.I RE 1.6-3 The circuit from Figure 1.6-2 with the ammeter

t K.t RE 1.6-2 An element with a voltmeter and
ammeter. probes reversed.
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Design is a purposeful activity in which a designer visualizes a desired outcome. It is the process
of originating circuits and predicting how these circuits will fulfill objectives. Engineering design is
the process of producing a set of descriptions of a circuit that satisfy a set of performance requirements
and constraints.

The design process may incorporate three phases: analysis, synthesis, and evaluation. The first
task is to diagnose, define, and prepare—that is, to understand the problem and produce an explicit
statement of goals; the second task involves finding plausible solutions; the third concerns judging the
validity of solutions relative to the goals and selecting among alternatives. A cycle is implied in which
the solution is revised and improved by reexamining the analysis. These three phases are part of a
framework for planning, organizing, and evolving design projects.

Design is the process of creating a circuit to satisfy a set of goals.

The problem-solving process shown in Figure 1.6-1 is used in certain Design Examplesincluded in
each chapter.

1.7 HOW CAN WE CHECK ... ?

Engineers are frequently called upon to check that a solution to a problem is indeed correct. For
example, proposed solutions to design problems must be checked to confirm that all of the
specifications have been satisfied. In addition, computer output must be reviewed to guard against
data-entry errors, and claims made by vendors must be examined critically.

Engineering students are also asked to check the correctness of their work. For example,
occasionally just a little time remains at the end of an exam. It is useful to be able quickly to identify
those solutions that need more work.

This text includes some examples that illustrate techniques useful for checking the solutions of
the particular problems discussed in that chapter. At the end of each chapter, some problems are
presented that provide an opportunity to practice these techniques.

Example 1.7-1 How Can We Check Power and the Passive Convention?

A laboratory report states that the measured values of v and i for the circuit element
shown in Figure 1.7-1 are -5 V and 2 A, respectively. The report also states that the
power absorbed by the element is 10 W. How can we check the reported value of the

power absorbed by this element? FIGURE 1.7-1 Acircuit

element with measured

Solution voltage and current.

Does the circuit element absorb —10 Wkor -f10 W? The voltage and current shown in Figure 1.7-1do not adhere to
the passive sign convention. Referring to Table 1.5-1, we see that the product of this voltageand current is the
power supplied by the element rather than the power absorbed by the element.

Then the power supplied by the element is

p =vi= (-5)(2) = -10Wr

The power absorbed and the power supplied by an element have the same magnitude but the opposite sign. Thus,
we have verified that the circuit element is indeed absorbing 10 W.
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1.8 DESIGN EXAMPLE |

JET VALVE CONTROLLER

A small, experimental space rocket uses a two- Wire
element circuit, as showii in Figure 1.8-1, to 1 T i Jet value
control a jet valve from point of liftoffat f= 0 L A . controller
until expiration of the rocket after one minute. «; Ele ement
|  The energy that must be supplied by element 1 i
for the one-minute period is 40 mJ. Element lisa
battery to be selected.
It is known that i(t) = ZJe- *60 mA for t > 0, ——
and the voltage across the second element is v2(f) = FIGI RE 1.8-1 The circuit to control
\% for t> 0. The maximum magnitude of tha jet valve for a space rocket.
current, A is limited to 1 mA. Determine the
required constants D and B and describe the required battery.
Describe the Situation and the Assumptions

1. The current enters the plus terminal of the second element.
2. The current leaves the plus terminal of the first element.
3. The wires are perfect and have no effect on the circuit (they do not absorb energy).

4. The model of the circuit, as shown in Figure 1.8-1. assumes that the voltage across the
two elements is equal; that is, \Vj —v2.

5. The battery voltage M is VX= Be~r60 V where B is the initial voltage of the battery’that
will discharge exponentially as it supplies energy' to the valve.

6. The circuit operates fromt= 0to /= 60 s.

7. The current is limited, so D < 1 mA.

State the Goal

Determine the energy supplied by the first element for the one-minute period and then select
the constants D and B. Describe the battery selected.

Generate a Plan

First, find v,(0 and i(t) and then obtain the power, p Xt), supplied by the first element. Next,
using /?,(?), find the energy supplied for the first 60 s.

GOAL EQUATION NEED INFORMATION
The energy wj for the y 60 V] and j known except for
first 60 s Hi —JI0 P\v) dt p Xt) constants D and B

Act on the Plan
First, we need p\(t), so we first calculate

p x{t) ivi = (De~t6> x 10"3 A)[Be~t60 V)

DBe~'/30 x 10’3W = DBe-/3> mW



Second, we need to find w\ for the first 60 s as

w,

Because we require Wi > 40 mJ,
40 < 25.9DB

Next, select the limiting value, D= 1, to get

B
“(25,9)(1)

re® .
| {DBe~m x 10-3) t/f =
-30DB x 10-3(e' 2- 1) = 25.9DB x 10-~31]

Problems

DB x 10-3e-'/30 6"
------ 1/3Q -

54V

Thus, we select a 2-V battery so that the magnitude of the current is less than 1 mA.

Verify the Proposed Solution

We must verify that at least 40 mJ is supplied using the 2-V battery. Because i = e~ '60 mA and

v2—2e~tm V, the energy supplied by the battery is

23] P

w= (2e-60) (e-t6° x 10"3) dt=
Jo Jo

2e~tl30 x 10" 3dt -

518 mJ

Thus, we have verified the solution, and we communicate it by recording the require-

ment for a 2-V battery.

19 SUMMARY

O Charge is the intrinsic property of matter responsible for
electric phenomena. The current in a circuit element is the
rate of movement of charge through the element. The
voltage across an element indicates the energy available
to cause charge to move through the element.

O Given the current, i, and voltage, v, of a circuit element, the
power, p, and energy, W are given by

p=v-i and pdr
Jo

PROBLEMS

Section 1.2 Electric Circuits and Current

P 1.2-1 The total charge that has entered a circuit element is g
(0=1 25(1-e &) when t> 0 and gft) = 0 when t <0. Deter-

mine the current in this circuit element for t> 0.
Answer: i(t) = 6.25e~3 A

P 1.2-2 The current in a circuit element is i(t) = 4(1- e~5t) A
when t> 0 and i(t) —0 when t < 0. Determine the total charge

that has entered a circuit element for t>o0.

O Table 1.5-1 summarizes the use of the passive convention

when calculating the power supplied or received by a circuit
element.

O The Sl units (Table 1.3-1) are used by today’s engineers and

scientists. Using decimal prefixes (Table 1.3-3), we may
simply express electrical quantities with a wide range of
magnitudes.

Hint: g{0) = f i(r)dr=j 0dx=o0
HO) J—Z)() JJ—GD

Answer: q(t) =41+ 0.8~-5'- 0.8 Cfort>0

P 1.2-3 The current in a circuit element is /(f)= 4 sin 51A
when t >0 and i(t) = 0 when t <0. Determine the total charge
that has entered a circuit element for /> 0.

Hint: q(0) = f i(r)dr= 1 0dr=0
o J- J-0
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P 1.2-4 The current in a circuit element is

0 /<2
2 2</<4
-1 4<t<s
0 8<t

where the units of current are A and the units of time are s.
Determine the total charge that has entered a circuit element

for t>o0.
Answer:
0 t<2
_ - 42</<4 where the units of
- 8-/ 4<t<s
0 g<f

charge are C.
P 1.2-5 The total charge q(t), in coulombs, that enters the
terminal of an element is

ro /<o
q(t) = <21 0<t<2
[l +e-~-V t>2

Find the current /(/) and sketch its waveform for />0.

P 1.2-6 An electroplating bath, as shown in Figure P 1.2-6, is
used to plate silver uniformly onto objects such as kitchen-
ware and plates. A current of 450 A flows for 20 minutes, and
each coulomb transports 1.118 mg of silver. What is the weight
of silver deposited in grams?

Object to

be plated * A ASilver bar

Bath

Figure P 1.2-6 An electroplating bath.

P 1.2-7 Find the charge, q(t), and sketch its waveform when
the current entering a terminal of an element is as shown in
Figure P 1.2-7. Assume that q(t) =0 for t<0.

Section 1.3 Systems of Units

P 1.3-1 A constant current of 3.2 flows through an
element. What is the charge that has passed through the
element in the first millisecond?

Answer: 3.2 nC

P 1.3-2 A charge of 45 nC passes through a circuit element
during a particular interval of time that is 5ms in duration.
Determine the average current in this circuit element during
that interval of time.

Answer: i=9nA

P 1.3-3 Ten bhillion electrons per second pass through a
particular circuit element. WTiat is the average current in
that circuit element?

Answer: i= 1.602 nA

P 1.3-4 The charge flowing in a wire is plotted in Figure
P 1.3-4. Sketch the corresponding current.

Figure P 1.3-4

P 1.3-5 The current in a circuit element is plotted in Figure
P 1.3-5. Sketch the corresponding charge flowing through the
element for t > 0.

P 1.3-6 The current in a circuit element is plotted in Figure
P 1.3-6. Determine the total charge that flows through the
circuit element between 300 and 1200 *s.



Figure P 1.3-6

Section 1.5 Power and Energy

P 1.5-1 Figure P 1.5-1 shows four circuit elements identified
by the letters A, B, C, and D.

(a) Which of the devices supply 30 mw?

(b) Which of the devices absorb 0.03 W?
(c) What is the value of the powerreceived
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(b)
Figure P 1.5-4 (a) Voltage v(t) and (b) current i(t) for an element.

P 1.5-5 An automobile battery is charged with a constant
current of 2A for five hours. The terminal voltage of the
battery isv= 11 + 0.5/ V for t > 0, where t is in hours, (a) Find
the energy delivered to the battery during the five hours, (b) If
electric energy costs 15 cents/kWh, find the cost of charging
the battery for five hours.

by device Blyower: (b) 1.84 cents

(d) What is the value of the powerdelivered bydevice 5?
(e) What is the value of the powerdelivered bydevice C?
+ 10V 5V 6V 15V
°— cm
3 mA 6 mA 5 mA 2 mA
(A) (B) © (D)
Figure P 151

P 1.5-2 Anelectric range has a constant current of 10 A entering
the positive voltage terminal with avoltage of 110 V. The range is
operated for two hours, (a) Find the charge in coulombs that
passes through the range, (b) Find the power absorbed by the
range, (c) If electric energy costs 12 cents per kilowatt-hour,
determine the cost of operating the range for two hours.

P 1.5-3 A walker’s cassette tape player uses four AA
batteries in series to provide 6 V to the player circuit. The
four alkaline battery cells store a total of 200 watt-seconds of
energy. If the cassette player is drawing a constant 10 mA
from the battery pack, how long will the cassette operate at
normal power?

P 1.5-4 The current through and voltage across an element
vary with time as shown in Figure P 1.5-4. Sketch the power
delivered to the element for t > 0. What is the total energy
delivered to the element between /=0 and /= 25 s? The
element voltage and current adhere to the passive convention.

P 1.5-6 Find the power, /?(/), supplied by the element shown
in Figure P 1.5-6 when v{t) =4 cos 31V and i(t) = A

Evaluatep(t) att= 0.5 sand att= 1s. Observe that the power
supplied by this element has a positive value at some times and
a negative value at other times.

Hint: (sin at)(cos bt) = ~ (sin(a + b)t + sin(a —hb)t)

Answer:

p(t) =) sin61 W, />(05) = 00235 W. p(l) = -0.0466 W

Figure P 1.5-6 An element.

P 1.5-7 Find the power, p(t), supplied by the element shown
in Figure P 1.5-6 when v(/) = 8 sin 3fV and /(f) = 2 sin 31A.

Hint: (sin at) (sin bt) = ~ (cos(a - b)t - cos{a + b)t)

Answer: p(t) = 8 - 8cos 61 W

P 1.5-8 Find the power, p(t), supplied by the element shown
in Figure P 1.5-6. The element voltage is represented as
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v(/)=4(l-e~2V when />0 and v(/) = 0 when t< 0. The
element current is represented as /(f) = 2e~~rA when >0
and i(t)=0 when /< 0.

Answer:p(t) = 8(1 —e~2t)e~—~I'W

P 1.5-9 The battery ofa flashlight develops 3V, and the current

through the bulb is 200 mA. What power is absorbed by the bulb?
Find the energy absorbed by the bulb in a five-minute period.

P 1.5-10 Medical researchers studying hypertension often
use a technique called “ 2D gel electrophoresis” to analyze the
protein content ofatissue sample. An image ofatypicalkgel”
is shown in Figure P1.5-10a.

The procedure for preparing the gel uses the electric
circuit illustrated in Figure 1.5-106. The sample consists ofa gel
and a filter paper containing ionized proteins. A voltage source
causes a large, constant voltage, 500 V, across the sample. The
large, constant voltage moves the ionized proteins from the filter
paper to the gel. The current in the sample is given by

/() = 2+ 20eamA
where f is the time elapsed since the beginning of the
procedure and the value of the constant a is

a= 085 %}

Determine the energy supplied by the voltage source when the
gel preparation procedure lasts 3 hours.

(a)

-sample

500 V
<«t
-e -
500 V
(b)
Hgure P 1.5-10 (@) An image of a gel and (b) the electric circuit

used to prepare gel.

Section 1.7 How Can We Check ... ?

P 1.7-1 Conservation of energy requires that the sum of the
power absorbed by all of the elements in a circuit be zero.
igure P 1.7-1 shows a circuit. All ofthe element voltages and

currents are specified. Are these voltage and currents correct?
Justify your answer.

Hint: Calculate the power absorbed by each element. Add up
all ofthese powers. Ifthe sum is zero, conservation of energy
is satisfied and the voltages and currents are probably
correct. If the sum is not zero, the element voltages and
currents cannot be correct.

- BV + 5A

+ 1V -

Figure P 1.7-1

P 1.7-2 Conservation of energy requires that the sum of the
power absorbed by all of the elements in a circuit be zero.
Figure P 1.7-2 shows a circuit. All of the element voltages and
currents are specified. Are these voltage and currents correct?
Justify your answer.

Hint: Calculate the power absorbed by each element. Add up
all of these powers. Ifthe sum is zero, conservation of energy
is satisfied and the voltages and currents are probably
correct. If the sum is not zero, the element voltages and
currents cannot be correct.

3V

-3 A
Figure P 1.7-2
P 1.7-3 The element currents and voltages shown in Figure
P 1.7-3 are correct with one exception: the reference direction

of exactly one of the element currents is reversed. Determine
which reference direction has been reversed.

- 3V +

+

}-5A

Figure P 1.7-3
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DP 1-1 A particular circuit element is available in three grades.
Grade A guarantees that the element can safely absorb 1/2 W
continuously. Similarly, Grade B guarantees that 1/4 W can be
absorbed safely, and Grade C guarantees that 1/8W can be
absorbed safely. As a rule, elements that can safely absorb more
power are also more expensive and bulkier.

The voltage across an element is expected to be about
20V, and the current in the element is expected to be about
8 mA. Both estimates are accurate to within 25 percent. The
voltage and current reference adhere to the passive convention.
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Specify the grade of this element. Safety is the most
important consideration, but don’t specify an element that is
more expensive than necessary.

DP 1-2 The voltage across a circuit element is v(0 = 20 (1—e~&)
V when t> 0 and v(t) = 0 when t < 0. The current in this element
is i(/)= 30e_8,mA when />0 and i(/)=0 when t< 0. The
element current and voltage adhere to the passive convention.
Specify the power that this device must be able to absorb safely.

Hint: Use MATLAB, or a similar program, to plot the power.
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21 INTRODUCTION

Not surprisingly, the behavior of an electric circuit depends on the behaviors of the individual circuit
elements that comprise the circuit. Of course, different types of circuit elements behave differently.
The equations that describe the behaviors of the various types of circuit elements are called the
constitutive equations. Frequently, the constitutive equations describe a relationship between the
current and voltage of the element. Ohm’s law is a well-known example of a constitutive equation.

In this chapter, we will investigate the behavior of several common types of circuit element:

* Resistors

« Independent voltage and current sources
* Open circuits and short circuits

* Voltmeters and ammeters

» Dependent sources

e Transducers

¢ Switches

22 ENGINEERING AND LINEAR MODELS

The art of engineering is to take a bright idea and, using money, materials, knowledgeable people, and a
regard for the environment, produce something the buyer wants at an affordable price.

Engineers use models to represent the elements of an electric circuit. A model is a description of
those properties of a device that we think are important. Frequently, the model will consist of an
equation relating the element voltage and current. Though the model is different from the electric
device, the model can be used in pencil-and-paper calculations that will predict how a circuit
composed ot actual devices will operate. Engineers frequently face a trade-offwhen selecting a model
for a device. Simple models are easy to work with but may not be accurate. Accurate models are
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usually more complicated and harder to use. The conventional wisdom suggests that simple models be
used first. The results obtained using the models must be checked to verify that use of these simple
models is appropriate. More accurate models are used when necessary.

The idealized models of electric devices are precisely defined. It is important to distinguish
between actual devices and their idealized models, which we call circuit elements. The goal of circuit
analysis is to predict the quantitative electrical behavior of physical circuits. Its aim is to predict and to
explain the terminal voltages and terminal currents of the circuit elements and thus the overall
operation of the circuit.

Models of circuit elements can be categorized in a variety of ways. For example, it is
important to distinguish linear models from nonlinear models because circuits that consist
entirely of linear circuit elements are easier to analyze than circuits that contain some
nonlinear elements.

An element or circuit is linear if the element’s excitation and response satisfy certain FIGURE 22-1
properties. Consider the element shown in Figure 2.2-1. Suppose that the excitation is the A\, slament with an
current / and the response is the voltage v. When the element is subjected to a current iu it oy citation current i and
provides a response vj. Furthermore, when the element is subjected to a current 2 it 4 response v.
provides a response v2. For a linear element, it is necessary that the excitation i\ -I- i2 result
in a response vx + V2 This is usually called the principle ofsuperposition.

Also, multiplying the input of a linear device by a constant must have the consequence of
multiplying the output by the same constant. For example, doubling the size ofthe input causes the size
of the output to double. This is called the property o fhomogeneity. An element is linear if, and only if,
the properties of superposition and homogeneity are satisfied for all excitations and responses.

A linear element satisfies the properties of both superposition and homogeneity.

Let us restate mathematically the two required properties of a linear circuit, using the arrow
notation to imply the transition from excitation to response:

Then we may state the two properties required as follows.
Superposition:

1M

h V2
then h + %2 —vi + V2 (2.2-1)
Homogeneity: )

i —v
then ki —»kv (2.2-2)

A device that does not satisfy either the superposition or
nonlinear.

Example 2.2-1 A Linear Device

Consider the element represented by the relationship between current and voltage 4¢
v=Ri
Determine whether this device is linear.
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Solution
The response to a current ii is

v, = Rit
The response to a current i2 is

v2 = Rii

The sum of these responses is
M+ v2 = Ri\ + Rh —~(*1 + %)

Because the sum of the responses to i, and i2 is equal to the response to i, + i2, the principle of superposition is
satisfied. Next, consider the principle of homogeneity. Because

vi = Ri\
we have for an excitation i2 = ki\
\2 = Rii —RKki\
Therefore,
V2 =

satisfies the pnnciple of homogeneity. Because the element satisfies the properties of both superposition and
Ahomogeneity, it is linear.

Example 2.2-2 A Nonlinear Device

Now let us consider an element represented by the relationship between current and voltage:

V=2
Determine whether this device is linear.
Solution
The response to a current i, is

vi = 0.2
The response to a current i2 is

V2 = i,2
The sum of these responses is

VI + V2 = 12+ 1,2

The response to i, + i2is

Ol + %2)2=i\2+ 2%ii2+ ['2
Because
M+ 2 # (i + i2)2

\ the pnnciple of superposition is not satisfied. Therefore, the device is nonlinear. J
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Example 2.2-3 A Model of a Linear Device

A linear element has voltage v and current i as shown in Figure 2.2-2a. Values of the current i and corresponding
voltage v have been tabulated as shown in Figure 2.2-2b. Represent the element by an equation that expresses v as
a function of i. This equation is a model ofthe element. Use the model to predict the value of vcorresponding to a
current of / = 100 mA and the value of i corresponding to a voltage of v= 18 V.

Jr
v, V. i, mA
45 10
11.25 25
225 50
@ (b)

FIGURE 2.2-3 A plot of voltage versus current for the linear

FIGURE 2.2-2 {a) A linear circuit element and (b) a tabulation
@Al treul () vt element from Figure 2.2-2.

of corresponding values of its voltage and current.

Solution

Figure 2.2-3 is a plot of the voltage v versus the current i. The points marked by dots represent corresponding
values of vand i from the rows of the table in Figure 2.2-2b. Because the circuit element is linear, we expect these
points to lie on a straight line, and indeed they do. We can represent the straight line by the equation

v=mi+b

where m is the slope and b is the v-intercept. Noticing that the straight line passes through the origin, v = 0 when
i= 0, we see that b = 0. We are left with

v = mi

The slope m can be calculated from the data in any two rows of the table in Figure 2.2-2b. For example:

11.25-4.5 V 22.5-11.25 . \Y 225 —45 \Y
= 045 = 045 —- — —— 045 —
25 - 10 mA  50-25 0% A g Ty 045 %
Consequently,
m = 0.45 450
mA
and
v = 450/

This equation is a model ofthe linear element. It predicts that the voltage v = 450(0.1) = 45 V corresponds to the
current i = 100mA = 0.1 A and that the current i = 18/450 = 0.04 A = 40 mA corresponds to the voltage
v= 18 V.

EXERCISE 2.2-1 cConsider the circuit element shown in Figure E 2.2-la. A plot of the

element voltage, v, versus the element current,» is shown in Figure E 2.2-1b. The plot is a straight

line that passes through the origin and has a slope with value m. Consequently, vand i are related by
v=mi

Show that this device is linear.
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(b) @)
FIGURE E 2.2-2

@
FIGURE E 2.2-1
EXERCISE 2.2-2 cConsider the circuit element shown in Figure E 2.2-2a. A plot of the

element voltage, v, versus the element current, i, is shown in Figure E 2.2-2b. The plot is a straight
line that has a v-intercept with value b and has a slope with value m. Consequently, v and i are

related by
v—mi-fb

Show that this device is not linear.

23 ACTIVE AND PASSIVE CIRCUIT ELEMENTS

We may classify circuit elements in two categories, passive and active, by determining whether they
absorb energy or supply energy. An element is said to be passive ifthe total energy delivered to it from the
rest of the circuit is always nonnegative (zero or positive). Then for a passive element, with the current
flowing into the -I- terminal as shown in Figure 2.3-la, this means that

w- f wvidr>0 (2.3-1)
J—a
for all values of t.
A passive element absorbs energy.
Entry Exit
node node
t -
Exit Entry FIGURE 2.3-1 (a) The entry node of the current / is the positive node of the voltage v; (b) the
node node entry node of the current i is the negative node of the voltage v. The current flows from the
@ (b)  entry node to the exit node.

An element is said to be active if it is capable of delivering energy. Thus, an active element violates
Eg. 2.3-1 when it is represented by Figure 2.3-1a. In other words, an active element is one that is capable of
generating energy. Active elements are potential sources of energy, whereas passive elements are sinks or
absorbers ot energy. Examples of active elements include batteries and generators. Consider the element
shown in Figure 2.3-1b. Note that the current flows into the negative terminal and out of the positive
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terminal. This element is said to be active if

w= f vidr>20 (2.3-2)

J—e0

for at least one value of /.

An active element is capable of supplying energy.

Example 2.3-1 An Active Circuit Element

A circuit has an element represented by Figure 2.3-16 where the current is a constant 5 A and the voltage is a
constant 6 V. Find the energy supplied over the time interval 0 to T.

Solution
Because the current enters the negative terminal, the energy supplied by the element is given by

w= [ (6)(5)dr = 30TJ
Jo

sThus, the device is a generator or an active element, in this case a dc battery.

24 RESISTORS

The ability of a material to resist the flow of charge is called its resistivity, p. Materials that are good
electrical insulators have a high value of resistivity. Materials that are good conductors of electric
current have low values of resistivity. Resistivity values for selected materials are given in Table 2.4-1.
Copper is commonly used for wires because it permits current to flow relatively unimpeded. Silicon is
commonly used to provide resistance in semiconductor electric circuits. Polystyrene is used as an
insulator.

Resistance is the physical property of an element or device that impedes the flow of current;
it is represented by the symbol R.

Georg Simon Ohm was able to show that the current in a circuit composed of a battery and a
conducting wire of uniform cross-section could be expressed as

Av

24-1
1oL (2.4-1)

Resistivities of Selected Materials

MATERIAL RESISTIVITY p (OHM.CM)
Polystyrene i X 1018
Silicon 2.3 X 105
Carbon 4 X 10~3
Aluminum 2.7 X 10~6

Copper 17 X 10~6
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where A is the cross-sectional area, p the resistivity, L the length, and v the voltage across the
wire element. Ohm, who is shown in Figure 2.4-1, defined the constant resistance R as

R= — (2.4-2)
A
Ohm's law, which related the voltage and current, was published in 1827 as
(24-3)
FIGURE 24-1 The unit of resistance R was named the ohm in honor of Ohm and is usually abbreviated by the
Georg Simon Ohm fl (capital omega) symbol, where 10 = 1V/A. The resistance ofa 10-m length of common

(1787-1854). who

TV cable is 2 mfl.

determined Ohm’s law

in 1827. The ohm was
chosen as the unit of

An element that has a resistance R is called a resistor. A resistor is represented by the
two-terminal symbol shown in Figure 2.4-2. Ohm's law, Eq. 2.4-3, requires that the z-versus-v

electrical resistance in relationship be linear. As shown in Figure 2.4-3, a resistor may become nonlinear outside its

his honor.

normal rated range of operation. We will assume that a resistor is linear unless stated
otherwise. Thus, we will use a linear model of the resistor as represented by Ohm’s law.

In Figure 2.4-4, the element current and element voltage of a resistor are labeled. The

relationship between the directions of this current and voltage is important. The voltage direction

marks one resistor terminal + and the other -. The current zaflows from the terminal marked + to the

terminal marked — This relationship between the current and voltage reference directions is a

convention called the passive convention. Ohm’s law states that when the element voltage and the

element current adhere to the passive convention, then
v =Ria (2.4-4)
Consider Figure 2.4-4. The element currents iaand ibare the same except for the assigned direction, so

a= ~ib

The element current z and the element voltage v adhere to the passive convention,
v = Ria

Replacing ia by —ib gives
v= -Rib

There is a minus signin this equation because the element currentz and theelement voltage v do not

adhere to the passive convention. We must pay attention to the currentdirection so thatwe don’t
overlook this minus sign.

Ohm’s law, Eq. 2.4-3, can also be written as
i=Gv (2.4-5)
where G denotes the conductance in siemens (S) and is the reciprocal of R; that is, G = 1/R. Many

engineers denote the units of conductance as mhos with the u symbol, which is an inverted omega (mho is
ohm spelled backward). However, we will use Sl units and retain siemens as the units for conductance.

FIGURE 2.4-2 Symbol fora
i i istance of? .. . T upv.uu..5 FIGURE 2.4-4 A resistor with
resistor having a resistance of/? S .
ohms. Y\”thm its specified current range, + element current and element
im can be modeled by Ohm’s law. voltage.
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FIGURE 2.4-5 (a) Wirewound resistor with an
(b) adjustable center tap. (b) Wirewound resistor with a
fixed tap. Courtesy of Dale Electronics.

FIGURE 2.4-6 Small thick-film resistor chips used for FIGURE 2.4-7 A l/4-watt metal film resistor. The body
miniaturized circuits. Courtesy of Coming Electronics. of the resistor is 6 mm long. Courtesy of Dale Electronics.

Most discrete resistors fall into one of four basic categories: carbon composition, carbon film,
metal film, or wirewound. Carbon composition resistors have been in use for nearly 100 years and
are still popular. Carbon film resistors have supplanted carbon composition resistors for many
general-purpose uses because oftheir lower cost and better tolerances. Two wirewound resistors are
shown in Figure 2.4-5.

Thick-film resistors, as shown in Figure 2.4-6, are used in circuits because of their low cost and
small size. General-purpose resistors are available in standard values for tolerances of 2, 5, 10, and 20
percent. Carbon composition resistors and some wirewounds have a color code with three to five
bands. A color code is a system of standard colors adopted for identification of the resistance of
resistors. Figure 2.4-7 shows a metal film resistor with its color bands. This is a 1/4-watt resistor,
implying that it should be operated at or below 1/4 watt of power delivered to it. The normal range of
resistors is from less than 1 ohm to 10 megohms. Typical values of some commercially available
resistors are given in Appendix D.

The power delivered to a resistor (when the passive convention is used) is

(2.4-6)
Alternatively, because v = iR, we can write the equation for power as

p = vi= (iR)i = iR (2.4-7)

Thus, the power is expressed as a nonlinear function of the current i through the resistor or of the
voltage v across it.

Recall the definition of a passive element as one for which the energy absorbed is always
nonnegative. The equation for energy delivered to a resistor is

(2.4-8)
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Because i2 is always positive, the energy is always positive and the resistor is a passive element.

Resistance is a measure of an element's ability to dissipate power irreversibly.

Exampte 2.4-1 Power Dissipated by a Resistor

Let us devise a model for a car battery when the lights are left on and the engine is
off. We have all experienced or seen a car parked with its lights on. Ifwe leave the car
for a period, the battery will run down or go dead. An auto battery is a 12-V constant- 12v
voltage source, and the lightbulb can be modeled by a resistor of 6 ohms. The circuit is
shown in Figure 2.4-8. Let us find the current the power p, and the energy supplied

by the battery for a four-hour period.
FIGURE 2.4-8 Model of a

. car battery and the
Solution headlight lamp.

According to Ohm’s law, Eq. 2.4-3, we have
v = Ri

Because v= 12V and R —6 Q, we have i = 2 A.
To find the power delivered by the battery, we use
p—vi—12(2) = 24 W

Finally, the energy delivered in the four-hour period is

W= [ pdz —24/ = 24(60 x 60 x 4) = 3.46 x 105
Jo

Because the battery has a finite amount of stored energy, it will deliver this energy and eventually be unable to
deliver further energy without recharging. We then say the battery is run down or dead until recharged. A typical
auto battery may store 106 J in a fully charged condition.

EXERCISE 2.4-1 Find the power absorbed by a 100-chm resistor when it is connected directly
across a constant 10-V source.

Answer: 1-W

EXERCISE2.4-2 Avoltage source v= 10 cos/V is connected across a resistor of 10 ohms. Find
the power delivered to the resistor.

Answer: 10 cos2/ W

25 INDEPENDENT SOURCES

Some devices are intended to supply energy to a circuit. These devices are called sources Sources are

categorized as being one of two types: voltage sources and current sources. Figure 2 5-la shows the
symbol lhat ,sus* ,0 ,ep,es,,,, a voltage source. The vol.age ofa »,,Ilage ia 111
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current is determined by the rest of the circuit. A voltage source is described by specifying the function
v(/), for example,
v(t) = 12 cos 1000/ or v(f) =9 or v(t) = 12-2/

An active two-terminal element that supplies energy to a circuit is asource of energy. An independent
voltage source provides a specified voltage independent of the current through it and is independent of

any other circuit variable.

A source is a voltage or current generator capable of supplying energy to a circuit.

An independent current source provides a current independent of the voltage across the source
element and is independent of any other circuit variable. Thus, when we say a source is independent,
we mean it is independent of any other voltage or current in the circuit.

An independent source is a voltage or current generator not dependent on other circuit
variables.

Suppose the voltage source is a battery and
v(/) = 9volts

The voltage of this battery is known to be 9 volts regardless of the circuit in which the battery is used.
In contrast, the current of the voltage source is not known and depends on the circuit in which the
source is used. The current could be 6 amps when the voltage source is connected to one circuit and 6
milliamps when the voltage source is connected to another circuit.

Figure 2.5-16 shows the symbol that is used to represent a current source. The current of a
current source is specified, but the voltage is determined by the rest of the circuit. A current source is
described by specifying the function /(/), for example,

i(t) = 6 sin 500/ or i(t)=—0.25 or i(t)=/438

A current source specified by /(/) = —0.25 milliamps will have a current of —0.25 milliamps in any
circuit in which it is used. The voltage across this current source will depend on the particular
circuit.

The preceding paragraphs have ignored some complexities to give a simple description of the
way sources work. The voltage across a 9-volt battery may not actually be 9 volts. This voltage
depends on the age of the battery, the temperature, variations in manufacturing, and the battery
current. It is useful to make a distinction between real sources, such as batteries, and the simple
voltage and current sources described in the preceding paragraphs. It would be ideal if the real
sources worked like these simple sources. Indeed, the word ideal is used to make this distinction.
The simple sources described in the previous paragraph are called the ideal voltage source and the
ideal current source.

The voltage of an ideal voltage source is given to be a specified function, say v(/). The
current is determined by the rest of the circuit.

The current of an ideal current source is given to be aspecified function, say /(/). The
voltage is determined by the rest of the circuit.

An ideal source is a voltage or a current generator independent of the current through
the voltage source or the voltage across the current source.

(a)

+

vit) (T) M

A
(b)

FIGURE 25-1
(a) Voltage
source.

(b) Current
source.
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Examplte 2.5-1 A Battery Modeled as a Voltage Source

Consider the plight ofthe engineer who needs to analyze a circuit containing a 9-volt battery. Is it really necessary
for this engineer to include the dependence of battery voltage on the age ofthe battery, the temperature, variations
in manufacturing, and the battery current in this analysis? Hopefully not. We expect the battery to act enough like
an ideal 9-volt voltage source that the differences can be ignored. In this case, it is said that the battery is modeled
as an ideal voltage source.

To be specific, consider a battery specified by the plot of voltage versus current shown in Figure 2.5-2a. |his
plot indicates that the battery voltage will be v = 9 volts when i < 10 milliamps. As the current increases above 10
milliamps. the voltage decreases from 9 volts. When i < 10 milliamps, the dependence of the battery voltage on
the battery current can be ignored and the battery can be modeled as an ideal voltage source.

vV, volts

FIGURE 25-2 (a) A plot of battery voltage versus
battery current. (b) The battery is modeled as an
(a) (b) independent voltage source.

Suppose a resistor is connected across the terminals of the battery as shown in Figure 2.5-2b. The battery
current will be

<-5 P5-D

The relationship between v and i shown in Figure 2.5-2a complicates this equation. This complication can be
safely ignored when / < 10 milliamps. When the battery is modeled as an ideal 9-volt voltage source, the voltage
source current is given by

>= | (2.52)

The distinction between these two equations is important. Eq. 2.5-1, involving the v—i relationship shown in
Figure 2.5-2a, is more accurate but also more complicated. Equation 2.5-2 is simpler but may be inaccurate.
Suppose that R = 1000 ohms. Equation 2.5-2 gives the current of the ideal voltage source:

9
»= 'm: IMmA (’2 §-§;

Because this current is less than 10 milliamps, the ideal voltage source is a good model for the battery, and it is
reasonable to expect that the battery current is 9 milliamps.

Suppose, instead, that R — 600 ohms. Once again, Eq. 2.5-2 gives the current of the ideal voltage source:

'= 600 = 15mA (2-5-4)
Because this current is greater than 10 milliamps, the ideal voltage source is not a good model for the battery In this
.case, it is reasonable to expect that the battery current is different from the current for the ideal voltage source.

Engineers frequently face a trade-off when selecting a model for a device. Simple models

T ax t° W ™N\j‘hA" . . Accurate mode,s are “«‘ >* m»<« €0 H cZ and
harder Eo use. The conventional wisdom suggesfs {ﬁat simple models Be u§>e(f<ﬁrs{n ‘Phe resuns
obtained using the models must be checked to verify that use of these simple models is
appropriate. More accurate models are used when necessary.
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The short circuit and open circuit are special cases of ideal sources. A short circuit is an ideal
voltage source having v(t) = 0. The current in a short circuit is determined by the rest of the circuit. An
open circuit is an ideal current source having i(t) = 0. The voltage across an open circuit is determined
by the rest ofthe circuit. Figure 2.5-3 shows the symbols used to represent the short circuit and the open
circuit. Notice that the power absorbed by each of these devices is zero.

Open and short circuits can be added to a circuit without disturbing the branch currents and
voltages of all the other devices in the circuit. Figure 2.6-3 shows how this can be done. Figure
2.6-3a shows an example circuit. In Figure 2.6-3b an open circuit and a short circuit have been added
to this example circuit. The open circuit was connected between two nodes of the original circuit. In
contrast, the short circuit was added by cutting a wire and inserting the short circuit. Adding open
circuits and short circuits to a network in this way does not change the network.

Open circuits and short circuits can also be described as special cases of resistors. A resistor
with resistance R = 0 (G = oc) is a short circuit. A resistor with conductance G = 0 (R = o0o) is an
open circuit.

26 VOLTMETERS AND AMMETERS

Measurements of dc current and voltage are made with direct-reading (analog) or digital meters,
as shown in Figure 2.6-1. A direct-reading meter has an indicating pointer whose angular
deflection depends on the magnitude of the variable it is measuring. A digital meter displays a set
of digits indicating the measured variable value.

To measure a voltage or current, a meter is connected to a circuit, using terminals called
probes. These probes are color coded to indicate the reference direction of the variable being
measured. Frequently, meter probes are colored red and black. An ideal voltmeter measures the
voltage from the red to the black probe. The red terminal is the positive terminal, and the black
terminal is the negative terminal (see Figure 2.6-2b).

An ideal ammeter measures the current flowing through its terminals, as shown in Figure
2.6-2a and has zero voltage, vm, across its terminals. An ideal voltmeter measures the voltage
across its terminals, as shown in Figure 2.6-2b, and has terminal current, zm, equal to zero.
Practical measuring instruments only approximate the ideal conditions. For a practical ammeter,
the voltage across its terminals is usually negligibly small. Similarly, the current into a voltmeter
is usually negligible.

Ideal voltmeters act like open circuits, and ideal ammeters act like short circuits. In other
words, the model of an ideal voltmeter is an open circuit, and the model of an ideal ammeter is a
short circuit. Consider the circuit of Figure 2.6-3a and then add an open circuit with a voltage vand
a short circuit with a current i as shown in Figure 2.6-3b. In Figure 2.6-3c, the open circuit has been
replaced by a voltmeter, and the short circuit has been replaced by an ammeter. The voltmeter will
measure the voltage labeled v in Figure 2.6-3b whereas the ammeter will measure the current
labeled /. Notice that Figure 2.6-3c could be obtained from Figure 2.6-3a by adding a voltmeter

aml
9  Ammeter q
Element /

(a)

HGURE 2.6-2 (a) Ideal ammeter, (D) Ideal voltmeter.

lii(t) =i
3

v(t)

()
v(®)=0 )

(b)
FIGURE 2.5-3

(@) Open circuit.
(6) Short circuit.

()

(b)

FIGURE 2.6-1
{a) A direct-
reading (analog)
meter.

(6) A digital
meter.
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FIGURE 2.6-3 (a) An example circuit, (b) plus an open circuit and a short circuit, (c) The open circuit is replaced by a
voltmeter, and the short circuit is replaced by an ammeter.

and an ammeter. Ideally, adding the voltmeter and ammeter in this way does not disturb the circuit.
One more interpretation of Figure 2.6-3 is useful. Figure 2.6-3b could be formed from Figure 2.6-3c by
replacing the voltmeter and the ammeter by their (ideal) models.

The reference direction is an important part of an element voltage or element current. Figures
2.6-4 and 2.6-5 show that attention must be paid to reference directions when measuring an element
voltage or element current. Figure 2.6-4a shows a voltmeter. Voltmeters have two color-coded probes.
This color coding indicates the reference direction of the voltage being measured. In Figures 2.6-4b
and Figure 2.6-4c the voltmeter is used to measure the voltage across the 6-kH resistor. When the
voltmeter is connected to the circuit as shown in Figure 2.6-4b, the voltmeter measures va, with + on

() (b) (c)

I KUJRE 2.6-4 (a) The correspondence between the color-coded probes of the voltmeter and the reference direction of the
measured voltage. In (ft), the + sign ofvais on the left, whereas in (c), the + sign of v,, is on the right. The colored probe is
shown here in blue. Inthe laboratory this probe will be red. We will refer to the colored probe as ihe “red probe.*
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(a) (b) ()

FIGURE 2.6-5 (a) The correspondence between the color-coded probes of the ammeter and the reference direction of
the measured current. In (b) the current zis directed to the right, while in (c) the current is directed to the left. The
colored probe is shown here in blue. Inthe laboratory this probe will be red. We will refer to the colored probe as the
“red probe.”

the left, at the red probe. When the voltmeter probes are interchanged as shown in Figure 2.6-4c, the
voltmeter measures V¥, with + on the right, again at the red probe. Note vb = —va.

Figure 2.6-5a shows an ammeter. Ammeters have two color-coded probes. This color coding
indicates the reference direction of the current being measured. In Figures 2.6-5b and ¢, the ammeter is
used to measure the current in the 6-kO resistor. When the ammeter is connected to the circuit as shown in
Figure 2.6-5b, the ammeter measures z, directed from the red probe toward the black probe. When the
ammeter probes are interchanged as shown in Figure 2.6-5c, the ammeter measures 4, again directed
from the red probe toward the black probe. Note 2 = —ia-

27 DEPENDENT SOURCES

Dependent sources model the situation in which the voltage or current of one circuit element is
proportional to the voltage or current of the second circuit element. (In contrast, a resistor is a circuit
element in which the voltage of the element is proportional to the current in the same element.)
Dependent sources are used to model electronic devices such as transistors and amplifiers. For
example, the output voltage of an amplifier is proportional to the input voltage of that amplifier, so an
amplifier can be modeled as a dependent source.

Figure 2.7-la shows a circuit that includes a dependent source. The diamond symbol represents
a dependent source. The plus and minus signs inside the diamond identify the dependent source as a
voltage source and indicate the reference polarity of the element voltage. The label “5/” represents
the voltage of this dependent source. This voltage is a product of two factors, 5 and z The second
factor, z indicates that the voltage of this dependent source is controlled by the current, z in the 18-0
resistor. The first factor, 5, is the gain ofthis dependent source. The gain of this dependent source is the
ratio of the controlled voltage, 5z to the controlling current, i. This gain has units of V/A or O.
Because this dependent source is a voltage source and because a current controls the voltage, the
dependent source is called a current-controlled voltage source (CCVS).

Figure 2.7-16 shows the circuit from 2.7-la, using a different point of view. In Figure 2.7-16, a
short circuit has been inserted in series with the 18-0 resistor. Now we think ofthe controlling current i
as the current in a short circuit rather than the current in the 18-0 resistor itself In this way, we can
always treat the controlling current of a dependent source as the current in a short circuit. We will use
this second point of view to categorize dependent sources in this section.

Figure 2.7-Ic shows a circuit that includes a dependent source, represented by the diamond
symbol. The arrow inside the diamond identifies the dependent source as a current source and indicates
the reference direction of the element current. The label “0.2v” represents the current of this
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5i

@) (b)

>0.2v

(c) (d)

FIGURE 2.7-1 The controlling current of a dependent source shown as (a) the current in an element and as (6) the
current in a short circuit in series with that element. The controlling voltage of a dependent source shown as (c) the
voltage across an element and as (d ) the voltage across an open circuit in parallel with that element.

dependent source. This current is a product of two factors, 0.2 and v. The second factor, v, indicates
that the current of this dependent source is controlled by the voltage, v, across the 18-fl resistor. The
first factor, 0.2, is the gain of this dependent source. The gain ofthis dependent source is the ratio ofthe
controlled current, 0.2v, to the controlling voltage, v. This gain has units of ATV. Because this
dependent source is a current source and because a voltage controls the current, the dependent source
is called a voltage-controlled current source (VCCS).

Figure 2.7-\d shows the circuit from Figure 2.7-Ic, using a different point ofview. In Figure 2.7-
1d, an open circuit has been added in parallel with the 18-fl resistor. Now we think of the controlling
voltage v as the voltage across an open circuit Figure 2.7-1, rather than the voltage across the 18-fl
resistor itself. In this way, we can always treat the controlling voltage of a dependent source as the
voltage across an open circuit.

We are now ready to categorize dependent source. Each dependent source consists of two parts:
the controlling part and the controlled part. The controlling part is either an open circuit or a short
circuit. The controlled part is either a voltage source or a current source. There are four types of
dependent source that correspond to the four ways of choosing a controlling part and a controlled part.
These four dependent sources are called the voltage-controlled voltage source (VCVS), current-
controlled voltage source (CCVS), voltage-controlled current source (VCCS), and current-controlled
current source (CCCS). The symbols that represent dependent sources are shown in Table 2.7-1.

Consider the CCVS shown in Table 2.7-1. The controlling element is a short circuit. The
element current and voltage of the controlling element are denoted as ic and vc. The voltage across a
short circuit is zero, so vc = 0. The short-circuit current, z, is the controlling signal of this dependent

source. The controlled element is a voltage source. The element current and voltage of the controlled
element are denoted as and v The voltage is controlled by ic:

vd = ri'c

The constant r is called the gain of the CCVS. The current id, like the current in any voltage source is
determined by the rest of the circuit.
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T«ble2 7 1 Dependent Sources
SYMBOL

description

Current-Controlled Voltage Source (CCVS)
r is the gain of the CCVS.

r has units of volts/ampere. Ur=o wd = ric

Voltage-Controlled Voltage Source (VCVS)
b is the gain of the VCVS.
b has units of volts/volt. vd = bvc

|i ic=0
Voltage-Controlled Current Source (VCCS) )
g is the gain of the VCCS.
g has units of amperes/volt.

*d =

Current-Controlled Current Source (CCCS) ve=0 /d = dic
d is the gain of the CCCS.
d has units of amperes/ampere.

Next, consider the VCVS shown in Table 2.7-1. The controlling element is an open circuit. The
current in an open circuit is zero, so ic= 0. The open-circuit voltage, vc, is the controlling signal ofthis
dependent source. The controlled element is a voltage source. The voltage vd is controlled by vc:

W = bvc
The constant b is called the gain of the VCVS. The current id is determined by the rest of the circuit.
The controlling element ofthe VCCS shown in Table 2.7-1 is an open circuit. The current in this

open circuit is ic = 0. The open-circuit voltage, vc, is the controlling signal of this dependent source.
The controlled element is a current source. The current a is controlled by vc:

*d= gvc
The constant g is called the gain of the VCCS. The voltage vd, like the voltage across any current
source, is determined by the rest of the circuit.
The controlling element of the CCCS shown in Table 2.7-1 is a short circuit. The voltage across this

open circuit is vc = 0. The short-circuit current, z, is the controlling signal of this dependent source. The
controlled element is a current source. The current  is controlled by z:

4 = dic



Circuit Elements

(a) (b)

FIGURE 2.7-2 (a) A symbol for a transistor, (b) A model of the transistor, (c) A transistor amplifier. (d) A model of
the transistor amplifier.

The constant d is called the gain of the CCCS. The voltage vd, like the voltage across any current
source, is determined by the rest of the circuit.

Figure 2.7-2 illustrates the use of dependent sources to model electronic devices. In certain
circumstances, the behavior of the transistor shown in Figure 2.1-2a can be represented using the model
shown in Figure 2.7-26. This model consists of a dependent source and a resistor. The controlling
element ofthe dependent source is an open circuit connected across the resistor. The controlling voltage
is vbe. The gain ofthe dependent source isgm. The dependent source is used in this model to represent a
property of the transistor, namely, that the current ic is proportional to the voltage vbe, that is,

= gmve

where gmhas units of amperes/volt. Figures 2.7-2c and d illustrate the utility of this model. Figure
2.7-2d is obtained from Figure 2.7-2c¢ by replacing the transistor by the transistor model.

Example 2.7-1 Power and Dependent Sources

Determine the power absorbed by the VCVS in Figure 2.7-3.

Solution

The VCVS consists of an open circuit and a controlled-voltage source. There is no current in the open circuit, so
no power is absorbed by the open circuit.

The voltage, vc, across the open circuit is the controlling signal of the VCVS. The voltmeter measures

ve to be

ve= 2V

The voltage of the controlled voltage source is

W=2vc= 4V

The ammeter measures the current in the controlled voltage source to be

id= 15A
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FIGURE 2.7-3 A circuit containing a VCVS. The meters
indicate that the voltage of the controlling element is vc = 2.0
volts and that the current of the controlled element is id= 1.5
amperes.

The element current, zd, and voltage, vd, adhere to the passive convention. Therefore,

p=idd= (1-5)(4) = 6W
is the power absorbed by the VCVS.

EXERCISE 2.7-1 Find the power absorbed by the CCCS in Figure E 2.7-1.

FIGURE E 2.7-1 A circuit containing a CCCS. The meters indicate that the current of the controlling element is ic =
- 1.2 amperes and that the voltage of the controlled element is vd= 24 volts.

Hint: The controlling element of this dependent source is a short circuit. The voltage across a short
circuit is zero. Hence, the power absorbed by the controlling element is zero. How much power is
absorbed by the controlled element?

Answer: -115.2 watts are absorbed by the CCCS. (The CCCS delivers +115.2 watts to the rest of
the circuit.)

28 TRANSDUCERS

Transducers are devices that convert physical quantities to electrical quantities. This section describes

two transducers: potentiometers and temperature sensors. Potentiometers convert position to resist-
ance. and temperature sensors convert temperature to current.
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Figure 2 8-1a shows the symbol for the potentiometer. The potentiometer is a

resistor having a third contact, called the wiper, that slides along the resistor. Two

(1-aRo parameters, Rpand a, are needed to describe the potentiometer. The parameter Rp
specifies the potentiometer resistance [Rp > 0). The parameter a represents the

wiper position and takes values in the range 0 < a < 1 The valuesa=0anda= 1

aRn correspond to the extreme positions of the wiper.

Figure 2.8-16 shows a model for the potentiometer that consists of two

resistors. The resistances of these resistors depend on the potentiometer parameters

@ (b) Rpand a.

Frequently, the position of the wiper corresponds to the angular position of a
FIGURE 2.8-1 (a) The symbol shaft connected to the potentiometer. Suppose 9 is the angle in degrees and 0 <9 <
and (b) a model for the 360. Then,

potentiometer.
k=]

~ 360

Example 2.8-1 Potentiometer Circuit

Figure 2.8-2a shows a circuit in which the voltage measured by the meter gives an indication of the angular
position of the shaft. In Figure 2.8-2b, the current source, the potentiometer, and the voltmeter have been
replaced by models of these devices. Analysis of Figure 2.8-2b yields

(I-a)/?p
r-wWyv -

‘D aRn

FIGURE 2.8-2 (a) A circuit containing a
potentiometer, (b) An equivalent circuit containing
(a) (b) a model of the potentiometer.

Solving for the angle gives

Suppose Rp- 10kfi and /- 1mA. An angle of 163° would cause an output of vm= 4.53 V. A meter reading of
7.83 V would indicate that 9 = 282°.

Temperature sensors, such as the AD590 manufactured by Analog Devices are current
sources having current proportional to absolute temperature. Figure 2.8-3a shows the symbol used

s%@ﬁM@\mureesg\nsor to operate propQIy, th’et.%ranch vgg:gue tmtt%mptln%
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condition
4 volts < v < 30 volts
When this condition is satisfied, the current, /, in microamps, is numerically equal to

the temperature T, in degrees Kelvin. The phrase numerically equal indicates that the current
and temperature have the same value but different units. This relationship can be expressed

as (a)
i—k T

PEA.
where k = 1°—K, a constant associated with the sensor.

V() i) = kT
EXERCISE2.8-1 For the potentiometer circuit of Figure 2 .8-2, calculate the meter voltage, 0

vm when 0 = 45°, Rp = 20 kft, and 1=2 mA.

Answer: vm= 5V

(b)
EXERCISE 2.8-2 The voltage and current of an AD590 temperature sensor of Figure 2.8-3 ~ FIGURE 2.8-3
are 10 V and 280 //A, respectively. Determine the measured temperature. (a) The symbol and

(b) a model for the
Answer: T = 280°K, or approximately 6.85°C

29 SWITCHES

Switches have two distinct states: open and closed. Ideally, a switch acts as a short circuit
when it is closed and as an open circuit when it is open.

Figures 2.9-1 and 2.9-2 show several types of switches. In each case, the time when the switch
changes state is indicated. Consider first the single-pole, single-throw (SPST) switches shown in Figure
2.9-1. The switch in Figure 2.9-1a is initially open. This switch changes state, becoming closed, at time
t= 0s. When this switch is modeled as an ideal switch, it is treated like an open circuit when t < 0 s and
like a short circuit when t > 0 s. The ideal switch changes state instantaneously. The switch in Figure
2.9-16 is initially closed. This switch changes state, becoming open, at time / = 0 s.

Next, consider the single-pole, double-throw (SPDT) switch shown in Figure 2.9-la. This SPDT
switch acts like two SPST switches, one between terminals ¢ and a. another between terminals ¢ and b.
Before t = 0's, the switch between c and a is closed and the switch between c and b is open. Att= 05,
both switches change state; that is, the switch between a and c opens, and the switch between c and b
closes. Once again, the ideal switches are modeled as open circuits when they are open and as short
circuits when they are closed.

In some applications, it makes a difference whether the switch between c and b closes before, or
after, the switch between ¢ and a opens. Different symbols are used to represent these two types of

----- Y Q- Ly ) e
t:8 t=0 t=0 0---ob =0 ---0b
Initially open Initially closed Make before break
(@) (b) (b)

f 1GURE 29-" SPST switches, (a) Initially open and (b)) FIGURE 2.9-2 SPDT switches, (a) Break before make
initially closed. anj  ma”e before break.
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sinele-pole. double-throw switch. The break-before-make switch is manufactured so that the switch
between c and b closes after the switch between ¢ and a opens. The symbol tor the break-betore-make
switch is shown in Figure 2.9-2a. The make-before-break switch is manufactured so that the switch
between ¢ and b closes before the switch between ¢ and a opens. The symbol tor the make-before-
break switch is shown in Figure 2.9-26. Remember: the switch transition from terminal a to terminal b
is assumed to take place instantaneously. This instantaneous transition is an accurate model when the
actual make-before-break transition is very fast compared to the circuit time response.

1 Example 2.9-1 Switches

Figure 2.9-3 illustrates the use of open and short circuits for modeling ideal switches. In Figure 2.9-3a, a circuit
containing three switches is shown. In Figure 2.9-3b, the circuit is shown as it would be modeled before t = 0 s.
The two single-pole, single-throw switches change state attime t = 0 s. Figure 2.9-3c shows the circuit as it would
be modeled when the time is between 0 sand 2 s. The single-pole, double-throw switch changes state attime t - 2
s. Figure 2.9-3d shows the circuit as it would be modeled after 2 s.

-AMr 0------- W V —-em-
5kQ/:25 4 kQ 5 kQ 4 kQ
12 kQ 10 kO 12 Kii 10 kQ
M= 00— VW o— VW —" VW - o VW—"
t=0s t-0s
12V 8 kQ 6V(p 12v(j) FIGURE 2.9-3
(a) A circuit
(O) (c) containing
several switches.
0 W V —oemev -AAAr (b) The
5kQ 4 kQ 5 kEl 4 kQ equivalent circuit
12 kQ 10 kQ 12 kEi 10 kQ fort<os.
AW V- —8 o0—VW—1 o—AMN— = (O The

equivalent circuit

12V ev(p ﬂ(p 8 kQ » foro < t<2s.
(d) The

b equivalent circuit
(b) (d) for/>2s.

EXERCISE 2.9-1 wWhat is the value of the current i in Figure E 2.9-1 at time t = 4 s?

Answer: i - 0 amperes at t = 4 s (both switches are open).

EXERCISE 2.9-2 wWhat is the value ofthe voltage v in FigureE 2 .9-2 attime t= 4 s? At t= 6 s?
Answer: v= 56 voltsatt=4s,and v= 0 voltsat/ = 6 s.
»=58 t=3s
t*5s

_ 07\3kQ<

12V© 3 kQ 6VO N2 mA
*\

FItilIRF £ 291 A with SPST, ., Khe,. STOT AR ‘ n'*ke b' r'"->3'ak
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210 How CAN WE CHECK ...?

Engineers are frequently called upon to check that a solution to a problem is indeed correct. For
example, proposed solutions to design problems must be checked to confirm that all of the
specifications have been satisfied. In addition, computer output must be reviewed to guard against
data-entry errors, and claims made by vendors must be examined critically.

Engineering students are also asked to check the correctness of their work. For example,
occasionally just a little time remains at the end of an exam. It is useful to be able quickly to identify
those solutions that need more work.

The following example illustrates techniques useful for checking the solutions of the sort of

problem discussed in this chapter.

___________________ \

Example 2.10-1 How Can We Check Voltage and Current Values?

The meters in the circuit of Figure 2.10-1 indicate that vj = —4 V, v2= 8 V and thati = 1A. How can we check
that the values of vis v2, and / have been measured correctly? Let’s check the values of v,, v2, and i in two ways:

(a) Verify that the given values satisfy Ohm’s law for both resistors.

(b) Verify that the power supplied by the voltage source is equal to the power absorbed by the resistors.

FIGURE 2.10-1 A circuit with meters.

Solution

(a) Consider the 8-Cl resistor. The current i flows through this resistor from top to bottom. Thus, the current i and
the voltage v2 adhere to the passive convention. Therefore, Ohm’s law requires that v2 = 8/. The values v2 =
8 Vand i = 1A satisfy this equation.

Next, consider the 4-11 resistor. The current / flows through this resistor from left to right. Thus, the
current i and the voltage vj do not adhere to the passive convention. Therefore, Ohm’s law requires that
\f = 4(—). The values M = —4 V and / = 1 A satisfy this equation.
Thus, Ohm’s law is satisfied.

(b) The current / flows through the voltage source from bottom to top. Thus the current i and the voltage 12 V do
not adhere to the passive convention. Therefore, 12/ = 12(1) = 12 W is the power supplied by the voltage
source. The power absorbed by the 4-0 resistor is 4i2 = 4(12) = 4W, and the power absorbed by the 8-1)

resistor is 8/ —8(1 ) = 8 W. The power supplied by the voltage source is indeed equal to the power
absorbed by the resistors.
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..... 2.11 design example

TEMPERATURE SENSOR

Currents can be measured easily, using ammeters. A temperature sensor, such as Analog
Devices’ AD590. can be used to measure temperature by converting temperature to current.
Figure 2.11-1 shows a symbol used to represent a temperature sensor. For this sensor to
operate properly, the voltage v must satisfy the condition

4 volts < v < 30 volts

R

AD590

FIGURE 2.11-1
A temperature sensor.

When this condition is satisfied, the current i, in /XA, is numerically equal to the
temperature T, in °K. The phrase numerically equal indicates that the two variables have the
same value but different units.

MA
°K

The goal isto design a circuit using the AD590 to measure the temperature ofa container of
water. In addition to the AD590 and an ammeter, several power supplies and an assortment of
standard 2 percent resistors are available. The power supplies are voltage sources. Power supplies
having voltages of 10. 12, 15, 18, or 24 volts are available.

i=k T where k=1

Describe the Situation and the Assumptions
For the temperature transducer to operate properly, its element voltage must be between 4
volts and 30 volts. The power supplies and resistors will be used to establish this voltage. An
ammeter will be used to measure the current in the temperature transducer.

The circuit must be able to measure temperatures in the range from 0°C to 100°C

because water is a liquid at these temperatures. Recall that the temperature in °C is equal to the
temperature in °K minus 273°.

State the Goal
Use the power supplies and resistors to cause the voltage, v, of the temperature transducer to
be between 4 volts and 30 volts.

Use an ammeter to measure the current, i, in the temperature transducer.

Generate a Plan

Model the power supply as an ideal voltage source and the temperature transducer as an ideal
current source. The circuit shown in Figure 2.11-2a causes the voltage across the temperature
transducer to be equal to the power supply voltage. Because all of the available power supplies
have voltages between 4 volts and 30 volts, any one of the power supplies can be used. Notice
that the resistors are not needed.

In Figure 2.11-26, a short circuit has been added in a way that does not disturb the
network. In Figure 2.11-2c, this short circuit has been replaced with an (ideal) ammeter.

Because the ammeter will measure the current in the temperature transducer, the ammeter
reading will be numerically equal to the temperature in °K.
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@ (b)

FIGURE 2.11-2 (a) Measuring temperature with a temperature sensor. (D) Adding a short circuit, (c)
Replacing the short circuit by an ammeter.

Although any ofthe available power supplies is adequate to meet the specifications, there
may still be an advantage to choosing a particular power supply. For example, it is reasonable
to choose the power supply that causes the transducer to absorb as little power as possible.

Act on the Plan
The power absorbed by the transducer is

p=v-I
where v is the power supply voltage. Choosing v as small as possible, 10 volts in this case,
makes the power absorbed by the temperature transducer as small as possible. Figure 2.11-3a
shows the final design. Figure 2.11-36 shows a graph that can be used to find the temperature
corresponding to any ammeter current.

Verify the Proposed Solution
Let’s try an example. Suppose the temperature of the water is 80.6°F. This temperature is
equal to 27°C or 300°K. The current in the temperature sensor will be

( ! )30°0K = 300 mA
Next, suppose that the ammeter in Figure 2.11-3a reads 300 /iA. A sensor current of 300
liA corresponds to a temperature of

= —MA = 300°K = 27°C = 80.6°F

°K
The graph in Figure 2.11-3b indicates that a sensor current of 300 /xA does correspond to a
temperature of 27°C.
This example shows that the circuit is working properly.

Ammeter reading,

(@ (b)

FIGURE 2.11-3 (a) Final design of a circuit that measures temperature with a temperature sensor, (b)
Graph of temperature versus ammeter current.

Q
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212 SUMMARY

O The engineer uses models, called circuit elements, to repre-
sent the devices that make up a circuit. In this book, we
consider only linear elements or linear models of devices. A
device is linear if it satisfies the properties of both superpo-
sition and homogeneity.

O The relationship between the reference directions of the
current and voltage of a circuit element is important. The
voltage polarity marks one terminal + and the other -. The
element voltage and current adhere to the passive conven-
tion if the current is directed from the terminal marked + to

the terminal marked -.

O Resistors are widely used as circuit elements. When the

resistor voltage and current adhere to the passive conven-
tion, resistors obey Ohm’s law; the voltage across the
terminals of the resistor is related to the current into the
positive terminal as v = Ri. The power delivered to a
resistance isp = iR = v2/R watts.

An independent source provides a current or a voltage
independent of other circuit variables. The voltage of an
independent voltage source is specified, but the current is
not. Conversely, the current of an independent current
source is specified whereas the voltage is not. The voltages
of independent voltage sources and currents of independent
current sources are frequently used as the inputs to electric
circuits.

PROBLEMS

Section 2,2 Engineering and Linear Models

P 2.2-1 An element has voltage v and current i as shown in
Figure P 2.2-1a. Values of the current i and corresponding
voltage v have been tabulated as shown in Figure P 2.2-1/?.
Determine whether the element is linear.

1 3 -3

v -2

0 0

12 2

32 4

) 60 6
(a) (b)

Figure P 2.2-1

P 2.2-2 A linear element has voltage vand current / as shown
in Figure P 2.2-2a. Values of the current i and corresponding
votage V have been tabulated as shown in Figure P 2.2-2b.
Represent the element by an equation that expresses V as a
function of/. This equation is a model ofthe element, (a) Verily

O A dependent source provides a current (or a voltage) that is
dependent on another variable elsewhere in the circuit. The
constitutive equations of dependent sources are summarized
in Table 2.7-1.

O The short circuit and open circuit are special cases of
independent sources. A short circuit is an ideal voltage source
having v(/) = 0. The current in a short circuit is determined by
the rest of the circuit. An open circuit is an ideal current source
having i(t) = 0. The voltage across an open circuit is determined
by the rest ofthe circuit. Open circuits and short circuits can also
be described as special cases of resistors. A resistor with
resistance R = 0 (G = oc) is a short circuit. A resistor with
conductance G = 0 (R = oc) is an open circuit.

O An ideal ammeter measures the current flowing through its
terminals and has zero voltage across its terminals. An ideal
voltmeter measures the voltage across its terminals and has
terminal current equal to zero. Ideal voltmeters act like open
circuits, and ideal ammeters act like short circuits.

O Transducers are devices that convert physical quantities,
such as rotational position, to an electrical quantity such as
voltage. In this chapter, we describe two transducers: poten-
tiometers and temperature sensors.

O Switches are widely used in circuits to connect and dis-
connect elements and circuits. They can also be used to
create discontinuous voltages or currents.

that the model is linear, (b) Use the model to predict the value
of vcorresponding to a current of/ = 40 mA. (c) Use the model
to predict the value of / corresponding to a voltage ofv= 3 V.

Hint: Plot the data. We expect the data points to lie on a
straight line. Obtain a linear model of the element by repre-
senting that straight line by an equation.

v,V i A
-3.6  -30
24 20
6.0 50
(a) <b)

Figure P 2.2-2

P 2.2-3 A linear element has voltage vand current / as shown
in Figure P 2.2-3a. Values of the current / and corresponding
voltage v have been tabulated as shown in Figure P 2.2-3b.
Represent the element by an equation that expresses v as a



function of /

This equation is a model of the element,

(a) Verify that the model is linear, (b) Use the model to predict

the value of v corresponding

the model to predict the value ofi corresponding

to a currentof/= OmA. (c) Use

to a voltage

ofv = 12 V.
Hint: Plot the data. W e expect the data points to lie on a
straight line. Obtain a linear model of the element by repre-
senting that straight line by an equation

Figure

P22-4 an

V, v I, mA
3.078 12
5.13 20

12.825 50
@

(b)

P 2.2-3

element is represented by the relation between
current and voltage as
v = 3/ + 5
Determine whether the element is linear
P22'5 The circuit shown in Figure P 2.2-5 consists of a

current source, a resistor, and element A .

Consider three cases

0.4 A (T |0n
Figure P 2.2-5
(a) W hen element A is a40-fl resistor, described by i= v /40,
then the circuit is represented by
0.4 =
Determine the values of v and i. Notice that the above
equation has a unique solution
(b) W hen element A is a nonlinear resistor described by
i = \2/2, then the circuit is represented by
v v2
04=to+t
Determine the values ofv and i. In this case, there are tw o
solutions ofthe above equation. Nonlinear circuits exhibit
more com plicated behavior than linear circuits.
(c) W hen element A is a nonlinear resistor described by i =

2
08+ v,

then the circuit is described by

04=- +°8+t

Show that thisequation has no solution. This result usually

indicates a modeling problem . At least one of the three

elements in the circuit has not been modeled accurately

Section 2.4 Resistors

P2.4-1 A currentsource and a resistor are connected in series

in the circuit shown in Figure P 2.4-1. Elements connected in
series have the same current, so i = isin this circuit. Suppose
that is = 3 A and R = 7 O. Calculate the voltage v across the
resistor and the power absorbed by the resistor.
Answer: v = 21 V and the resistor absorbs 63 W

Figure P 2.4-1

P2.4-2 A currentsource and a resistor are connected in series

in the circuit shown in Figure P 2.4-1. Elements connected in
series have the same current, so i = isin this circuit. Suppose
thati= 3 mA and v = 48 V Calculate the resistance R and the
power absorbed by the resistor.

P 2.4-3 A voitage source and a resistor are connected in
parallel in the circuit shown in Figure P 2.4-3. Elements
connected in parallel have the same voltage, so v = vs in
this circuit. Suppose thatvs= 10 V and R = 5 H. Calculate the

current i in the resistor and the power absorbed by the resistor.

Answer: i = 2 A and the resistor absorbs 20 W .
Figure P 2.4-3

P 2.4-4 A voitage source and a resistor are connected in
parallel in the circuit shown in Figure P 2.4-3. Elem ents
connected in parallel have the same voltage, so v = vs in
this circuit. Suppose that vs= 24 V and i = 3 A. Calculate the
resistance R and the power absorbed by the resistor

P 2.4-5 A voitage source and two resistors are connected in
parallel in the circuit shown in Figure P 2.4-5. Elem ents
connected in parallel have the same voltage, so vt = vs and
v2= vsin this circuit. Suppose thatvs= 150 V,R y= 50 fI, and
Ri= 25 n.Calculate the current in each resistor and the pow er
absorbed by each resistor.

Hint: Notice the reference directions of the resistor currents.
Answer: i} = 3 A and i2= —6 A. R\ absorbs 450 W and R 2
absorbs 900 W

Figure P 2.4-5
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P 2.4-6 A current source and two resistors are connected in
series in the circuit shown in Figure P 2.4-6. Elements
connected in series have the same current, so /', = /, and
i2 =i, in this circuit. Suppose that is = 25 mA, R\ = 4 Cl, and
R2 = 8 fi. Calculate the voltage across each resistor and the
power absorbed by each resistor.

Hint: Notice the reference directions of the resistor voltages.

"L+

Figure P 2.4-6

P 2.4-7 an

source and absorbs

electric heater is connected to a constant 250 -V
1COO W . Subsequently, this heater is con-
nected to a constant 220-V source. W hat power does it absorb

from the 220-V source? W hat is the resistance of the heater?
HiNt: m oder the etectric heater as a resistor

P2.4-8 theportable lighting equipment fora mine is located
Too meters from its dc supply source. The mine lights use a
total of5 kW and operate at 120 V dc. Determ ine the required
cross-sectional area of the copper wires used to connect the
source to the mine lights ifwe require that the power lost in the

copper wires be less than or equal to 5 percent of the power

required by the mine lights.
Hint: Model both the lighting equipmentand the wire as resistors

resistor

P 2.4-9 tne

the nominal resistance and the resistance tolerance as follow s

resistance of a practical depends on

I2nom (1 _

to0) - R- Raom{1+ Thro)

where Rnom is the nominal resistance and t is the resistance
tolerance expressed as a percentage. For example, a 100-0,
2 percent resistor will have a resistance given by

98f|<R<

102 0

The circuit shown in Figure P 2.4-9 has one input, vs, and one
output, vc. The gain of this circuit is given by
v0 R2
gam = —=
vs R\ + R2
Determine the range of possible values of the gain when Rj is
the resistance of a 100-0, 2 percent resistor and R2 is the
resistance of a 400-0, 5 percent resistor. Express the gain in
terms of a nominal gain and a gain tolerance.

..\ *

R2>VO0

Figure P2.a-9

P 2.4-10 The voltage source shown in Figure P 2.4-10 is an
adjustable dc voltage source. In other words, the voltage vsis a
constant voltage, but the value of that constant can be adjusted.
The tabulated data were collected as follows. The voltage, vs,
was set to some value, and the voltages across the resistor, va
and vb, were measured and recorded. Next, the value of vswas
changed, and the voltages across the resistors were measured
again and recorded. This procedure was repeated several
times. (The values of vs were not recorded.) Determine the
value of the resistance, R.

Va, v She oy

11.75 7.05
7.5 4.5

5.625 3.375
10 6

4 .375 2.625

Figure P 2.4-10

Section 2.5 Independent Sources

P 2.5-1 A current source and a voltage source are connected
in parallel with a resistor as shown in Figure P 2.5-1. All ofthe
elements connected in parallel have the same voltage, vsin this
circuit. Suppose that vs = 15 V, is= 3 A, and R = 5 O.
(a) Calculate the current i in the resistor and the power
absorbed by the resistor, (b) Change the current source current
to is= 5 A and recalculate the current, i, in the resistor and the
power absorbed by the resistor.

Answer: i = 3 A and the resistor absorbs 45 W both when
L=3Aand when z= 5A.

Figure P 2.5-1

P 2.5-2 A current source and a voltage source are connected
in series with a resistor as shown in Figure P 2.5-2. All of the
elements connected in series have the same current, z, in this
circuit. Suppose that vs = 10 \/, l,=3A and R = 5 0.
(a) Calculate the voltage v across the resistor and the power
absorbed by the resistor, (b) Change the voltage source voltage
to vs —5 V and recalculate the voltage, v, across the resistor
and the power absorbed by the resistor.

Figure P 2.5-2



P 2.5-3 The current source and voltage source in the circuit
shown in Figure P 2.5-3 are connected in parallel so that they
both have the same voltage, vs. The current source and voltage
source are also connected in series so that they both have the
same current, is. Suppose that vs= 12 VV and /s= 3 A. Calculate
the power supplied by each source.

Answer: The voltage source supplies -36 W, and the current
source supplies 36 W.

Figure P 2.5-3

P 2.5-4 The current source and voltage source in the circuit
shown in Figure P 2.5-4 are connected in parallel so that they
both have the same voltage, vs. The current source and voltage
source are also connected in series so that they both have the
same current, is. Suppose that vs= 12 VV and is= 2 A. Calculate
the power supplied by each source.

Figure P 2.5-4

P 2.5-5
(a) Find the power supplied by the voltage source shown in
Figure P 2.5-5 when for / > 0 we have
v=2costV
and
i — 10 cos / mA

(b) Determine the energy supplied by this voltage source for
the periord 0 < t < 1s.

Figure P 2.5-5

P 2.5-6 Figure P 2.5.6 shows a battery connected to a load.
The load in Figure P 2.5.6 might represent automobile head-
lights, a digital camera, or a cell phone. The energy supplied
by the battery to load is given by
w= f wvidt
N

When the battery voltage is constant and the load resistance is
fixed, then the battery current will be constant and

w=Vi(t2-fi)
The capacity of a battery is the product of the battery current
and time required to discharge the battery. Consequently, the

Problems -—- 47

energy stored in a battery is equal to the product of the battery
voltage and the battery capacity. The capacity is usually given
with the units of Ampere-hours (Ah). A new 12-V battery
having a capacity of 800 mAh is connected to a load that draws
a current of 25 mA. (a) How long will it take for the load to
discharge the battery? (b) How much energy will be supplied
to the load during the time required to discharge the battery?

battery load

Figure P 2.5-6

Section 2.6 Voltmeters and Ammeters
P 2.6-1 For the circuit of Figure P 2.6-1:

(a) What is the value of the resistance R?
(b) How much power is delivered by the voltage source?

12V

Figure P 2.6-1

P 2.6-2 The current source in Figure P 2.6-2 supplies 40 W.
What values do the meters in Figure P 2.6-2 read?

P 2.6-3 An ideal voltmeter is modeled as an open circuit. A
more realistic model of a voltmeter is a large resistance. Figure P
2.6-3tf shows a circuit with a voltmeter that measures the voltage
vimt In Figure P 2.6-3/>, the voltmeter is replaced by the model of
an ideal voltmeter, an open circuit. Ideally, there is no current in
the 100-1) resistor, and the voltmeter measures vmi = 12 V. the
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(a) Express the measurement error that occurs when Rm =
10 11 as a percent of *mi'

(b) Determine the maximum value of Rm required to ensure
that the measurement error is smaller than 5 percent.

ideal value of vm In Figure P 2.6-3<\ the voltmeter is modeled by
the resistance Rm Now the voltage measured by the voltmeter is

12
' Urn + 100j
Because Rm oo, the voltmeter becomes an ideal voltmeter, and

Mn_>Mni= 12V . When Rm< oo, the voltmeter is not ideal, and u
h . L [ J— oc__h Ammeter Q
vm< vm. The difference between vmand v is a measurement —
error caused by the fact that the voltmeter is not ideal. > 1kQ
N .
(a) Express the measurement error that occurs when Rm= 900 8 :
O as a percent of vmi.
(b) Determine the minimum value of Rmrequired to ensure that r
the measurement error is smaller than 2 percent ot vimi.
im=2 A
j ) 2A <l 1 kft
> W Q-
(b)
100 £2
Figure P 2.6-4
100 £ P 2.6-5 The voltmeter in Figure P 2.6-5a measures the

voltage across the current source. Figure P 2.6-5b shows
the circuit after removing the voltmeter and labeling the
voltage measured by the voltmeter as vm. Also, the other
element voltages and currents are labeled in Figure P 2.6-5b.

Figure P 2.6-3

P 2.6-4 An ideal ammeter is modeled as a short circuit. A
more realistic model of an ammeter is a small resistance. Figure P
2.6-4a shows a circuit with an ammeter that measures the current
V InFigure P 2.6-4b, the ammeter is replaced by the model ofan
ideal ammeter, a short circuit. Ideally, there is no voltage across
the 1-kfl resistor, and the ammeter measures /mi = 2 A, the ideal

value of im. In Figure P 2.6-4c, the ammeter is modeled by the 25Q iR
resistance Rm Now the current measured by the ammeter is e
—+ -
_ (1000
V1000 + tfn 12V(p i 2A0,,
T Hs "

As Rm-> 0, the ammeter becomes an ideal ammeter, and im—»

im= 2 A When Rm> 0, the ammeter is not ideal, and im < imi.

The difference between imana M iS « measvremene ErrOr (b)
caused by the fact that the ammeter is not ideal. Figure P 2.6-5



Given that
12=vr4vmand —/r —i$—2A

and
VR= 25/r

(a) Determine the value of the voltage measured by the meter.
(b) Determine the power supplied by each element.

P 2.6-6 The ammeter in Figure P 2.6-6a measures the current
in the voltage source. Figure P 2.6-6b shows the circuit after
removing the ammeter and labeling the current measured by
the ammeter as zm Also, the other element voltages and
currents are labeled in Figure P 2.6-6b.

Given that

2+im=zr and VR=vs= 12V
and
VvVR= 25/r

(a) Determine the value of the current measured by the meter.
(b) Determine the power supplied by each element.

(b)
Figure P 2.6-6

Section 2.7 Dependent Sources

P 2.7-1 The ammeter in the circuit shown in Figure P 2.7-1
indicates that 2= 2 A, and the voltmeter indicates that v =
8 V. Determine the value of r, the gain of the CCVS.

Answer: r —4 V/IA
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P 2.7-2 The ammeter in the circuit shown in Figure P 2.7-2
indicates that ia= 2 A, and the voltmeter indicates that vb =
8 V. Determine the value of g, the gain of the VCCS.

Answer: g = 0.25 AV

Figure P 2.7-2

P 2.7-3 The ammeters in the circuit shown in Figure P 2.7-3
indicate that ia= 32 A and 2= 8 A. Determine the value ofd,
the gain of the CCCS.

Answer: d —4 AlA

1312]-10]

P 2.7-4 The voltmeters in the circuit showii in Figure P 2.7-4
indicate that va= 2 VV and vb = 8 V. Determine the value of b,
the gain of the VCVS.

Answer: b —4 VIV
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P 2.7-5 The values of the current and voltage of each circuit

element are shown in Figure P 2.7-5.
Determine the values of the resistance, R, and of the

gain of the dependent source, A.
-2V+

12V

Figure P 2.7-5

P 2.7-6 Find the power supplied by the VCCS in Figure P 2.7-6.

Answer: 17.6 watts are supplied by the VCCS. (-17.6 watts
are absorbed by the VCCS.)

P 2.7-7 The circuit shown in Figure P 2.7.7 contains a

dependent source. Determine the value of the gain k of that
dependent source.

-10V

CDZSO mA

200 mA |

10Q

Figure P 2.7-7

P 2.7-8 The circuit shown in Figure P 2.7-8 contains a
dependent source. Determine the value of the gain k of that

dependent source.

P 2.7-9 The circuit shown in Figure P 2.7-9 contains a
dependent source. The gain of that dependent source is
k= 25h

Determine the value of the voltage vb.

vb

P 2.7-10 The circuit shown in Figure P 2.7-10 contains a
dependent source. The gain of that dependent source is

k ~ 90"{T = 009y
Determine the value of the current i/,



100Q 50 mA
— Wv '
+ va -~
M 10V 10Qi %V

Figure P 2.7-10

Section 2.8 Transducers

P 2.8-1 For the potentiometer circuit of Figure 2.8-2, the
current source current and potentiometer resistance are 1.1 mA
and 100 kH, respectively. Calculate the required angle, 0, so
that the measured voltage is 23 V.

P 2.8-2 An AD590 sensor has an associated constant k =
1  The sensor has a voltage v = 20 V; and the measured
current, i(t)yas shown in Figure 2.8-3, is4 [JJA<i< 13f.Aina
laboratory setting. Find the range of measured temperature.

Section 2.9 Switches

P 2.9-1 Determine the current, /, att= 1lsandatt= 4 s for
the circuit of Figure P 2.9-1.
/=2s

P 2.9-2 Determine the voltage, v, at/ = 1sandatt= 4 sfor
the circuit shown in Figure P 2.9-2.

P 2.9-3 Ideally, an open switch is modeled as an open circuit
and a closed switch is modeled as a closed circuit. More
realistically, an open switch is modeled as a large resistance,
and a closed switch is modeled as a small resistance.

Figure P 2.9-3a shows a circuit with a switch. In Figure
P 2.9-3b, the switch has been replaced with a resistance. In Figure
P 2.9-3b, the voltage v is given by

Ver + ooy
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Determine the value of v for each of the following cases.

(@) The switchis closed and Rs= 0 (a short circuit).
(b) The switchis closed and Rs=5 fl.

(c) The switchis open and Rs= oo (an opencircuit).
(d) The switchis open and Rs= 10 kft.

Figure P 2.9-3

Section 2-10 How Can We Check ...?

P 2.10-1 The circuit shown in Figure P 2.10-1 is used to test
the CCVS. Your lab partner claims that this measurement
shows that the gain of the CCVS is —20 V/A instead of +20
VI/A. Do you agree? Justify your answer.

P 2.10-2 The circuit of Figure P 2.10-2 is used to measure the
current in the resistor. Once this current is known, the resistance
can be calculated as R = §. The circuit is constructed using a
voltage source with vs= 12V and a 25-H, 1/2-W resistor. After a
puffofsmoke and an unpleasant smell, the ammeter indicates that
i = 0 A. The resistor must be bad. You have more 25-17, 1/2-W
resistors. Should you try another resistor? Justify your answer.

Figure P 2.10-2

Hint: 1/2-W resistors are able to safely dissipate one /2 W
of power. These resistors may fail if required to dissipate
more than 1/2 watt of power.
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Design Problems

DP 2-1 Specify the resistance R in Figure DP 2-1so that both
of the following conditions are satisfied:

1 i > 40 mA.

2. The power absorbed by the resistor is less than 0.5 W.

Figure DP 2-1

DP 2-2 Specify the resistance R in Figure DP 2-2 so that both
of the following conditions are satisfied:

1. v > 420 v

2. The power absorbed by the resistor is less than 15 W.

Figure DP 2-2

Hint: There is no guarantee that specifications can always be
satisfied.
DP 2-3 Resistors are given a power rating. For example,
resistors are available with ratings of 1/8 W, 1/4 W, 1/2 W,
and 1W. A 1/2-W resistor is able to safely dissipate 1/2 W of
power, indefinitely. Resistors with larger power ratings are more
expensive and bulkier than resistors with lower power ratings.
Good engineering practice requires that resistor power ratings be
specified to be as large as, but not larger than, necessary.
Consider the circuit shown in Figure DP 2-3. The values

of the resistances are
RX= 1000 N. R2= 2000 N, and /23 = 4000 11

The value of the current source current is
is = 30 m A

Specify the power rating for each resistor.

Figure DP 2-3
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31 INTRODUCTION
In this chapter, we will do the following:

Write equations using Kirchhoffs laws.

Not surprisingly, the behavior of an electric circuit is determined both by the types of
elements that comprise the circuit and by the way those elements are connected together. The
constitutive equations describe the elements themselves, and Kirchhoffs laws describe the way
the elements are connected to each other to form the circuit.

Analyze simple electric circuits, using only Kirchhoffs laws and the constitutive equations of the
circuit elements.

Analyze two very common circuit configurations: series resistors and parallel resistors.

We will see that series resistors act like a “‘voltage divider,”” and parallel resistors act like a 4current
divider.” Also, series resistors and parallel resistors provide our first examples ofan “equivalent circuit.”
Figure 3.1-1 illustrates this important concept. Here, a circuit has been partitioned into two parts, A and B.
Replacing B by an equivalent circuit, Z&g, does not change the current or voltage ofany circuit element in
part A. It is in this sense that B” is equivalent to B. We will see how to obtain an equivalent circuit when
part B consists either of series resistors or of parallel resistors.

Determine equivalent circuits for series voltage sources and parallel current sources.

Determine the equivalent resistance of a resistive circuit.

Often, circuits consisting entirely of resistors can be reduced to a single equivalent resistor by

repeatedly replacing series and/or parallel resistors by equivalent resistors.

3.2 KIRCHHOFF'S LAWS

An electric circuit consists of circuit elements that are connected together. The places where the
elements are connected to each other are called nodes. Figure 3.2-1a shows an electric circuit that ©

consists of six elements connected together at four nodes. It is common practice to draw electric



FIGURE 3.1-1 Replacing B by an
equivalent circuit, Beg, does not
change the current or voltage of
any circuit element in A.

circuits using straight lines and to position the elements horizontally or vertically as shown in Figure
3.2-1h.

The circuit is shown again in Figure 3.2-Ic, this time emphasizing the nodes. Notice that
redrawing the circuit, using straight lines and horizontal and vertical elements, has changed the way
that the nodes are represented. In Figure 3.2-la, nodes are represented as points. In Figures 3.2-1 b,c,
nodes are represented using both points and straight-line segments.

The same circuit can be drawn in several ways. One drawing of a circuit might look much
different from another drawing of the same circuit. How can we tell when two circuit drawings
represent the same circuit? Informally, we say that two circuit drawings represent the same circuit if

‘4
v5
+
06 “
(b)
-------------- Lrormmeeee 4
w -
- +
1 2] 2 B 3l 3 3
+ + FIGURE 3.2-1 (a) An electric

circuit. (b) The same circuit,
redrawn using straight lines and
horizontal and vertical elements,
(c) The circuit after labeling the
nodes and elements.
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corresponding elements are connected to corresponding nodes. More formally, we say that circuit
drawings A and B represent the same circuit when the following three conditions are met.

1. There is a one-to-one correspondence between the nodes of drawing A and the nodes of drawing
B. (A one-to-one correspondence is a matching. In this one-to-one correspondence, each node in
drawing A is matched to exactly one node of drawing B and vice versa. The position ofthe nodes is

not important.)
2. There is a one-to-one correspondence between the elements of drawing A and the elements of
drawing B.

3. Corresponding elements are connected to corresponding nodes.

Example 3.2-1 Different Drawings of the Same Circuit

Figure 3.2-2 shows four circuit drawings. Which of these drawings, if any, represent the same circuit as the circuit
drawing in Figure 3.2-Ic?

@ (b)

(c) (d)

FIGURE 3.2-2 Four circuit drawings.
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The circuit drawing shown in Figure 3.2-2a has five nodes, labeled r. s, t, u, and v. The circuit drawing in Hgure
3 2-1c has four nodes. Because the two drawings have different numbers of nodes, there cannot be a one-to-one
correspondence between the nodes of the two drawings. Hence, these drawings represent different circuits.

The circuit drawing shown in Figure 3.2-2b has four nodes and six elements, the same numbers of nodes and
elements as the circuit drawing in Figure 3.2-Ic. The nodes in Figure 3.2-2b have been labeled in the same way as the
corresponding nodes in Figure 3.2-lc. For example, node ¢ in Figure 3.2-2/? corresponds to node ¢ in Figure 3.2-lc.
The elements in Figure 3.2-2/? have been labeled in the same way as the corresponding elements in Figure 3.2-Ic. For
example, element 5 in Figure 3.2-2/) corresponds to element 5 in Figure 3.2-lc. Corresponding elements are indeed
connected to corresponding nodes. For example, element 2 is connected to nodes a and b, in both Figure 3.2-2b and in
Figure 3.2-lc. Consequently, Figure 3.2-2/? and Figure 3.2-Ic represent the same circuit.

The circuit drawing shown in Figure 3.2-2c has four nodes and six elements, the same number of nodes and
elements as the circuit drawing in Figure 3.2-Ic. The nodes and elements in Figure 3.2-2¢ have been labeled in the
same way as the corresponding nodes and elements in Figure 3.2-lc. Corresponding elements are indeed
connected to corresponding nodes. Therefore, Figure 3.2-2c and Figure 3.2-Ic represent the same circuit.

The circuit drawing shown in Figure 3.2-2d has four nodes and six elements, the same numbers of nodes and
elements as the circuit drawing in Figure 3.2-Ic. However, the nodes and elements of Figure 3.2-2d cannot be
labeled so that corresponding elements of Figure 3.2-Ic are connected to corresponding nodes. (For example, in
Figure 3.2-Ic, three elements are connected between the same pair of nodes, a and b. That does not happen in
Figure 3.2-2d.) Consequently, Figure 3.2-2d and Figure 3.2-lc represent different circuits.

FIGURE 3.2-3 Gustav
Robert Kirchhoff (1824-
1887). Kjrchhoff stated
two laws in 1847
regarding the current and
voltage in an electrical
circuit. Courtesy of

the Smithsonian
Institution.

In 1847, Gustav Robert Kirchhoff, a professor at the University of Berlin, formulated
two important laws that provide the foundation for analysis of electric circuits. These laws are
referred to as Kirchhoffs current law (KCL) and Kirchhoffs voltage law (KVL) in his honor.
Kirchhoffs laws are a consequence of conservation of charge and conservation of energy.
Gustav Robert Kirchhoff is pictured in Figure 3.2-3.

Kirchhoffscurrent law states that the algebraic sum ofthe currents entering any node is
identically zero for all instants of time.

Kirchhoffs current law (KCL): The algebraic sum of the currents into a node at
any instant is zero.

The phrase algebraic sum indicates that we must take reference directions into account as
we add up the currents of elements connected to a particular node. One way to take
reference directions into account is to use a plus sign when the current is directed away from
the node and a minus sign when the current is directed toward the node. For example,
consider the circuit shown in Figure 3.2-Ic. Four elements of this circuit—elements 1, 2, 3,
and 4—are connected to node a. By Kirchhoffs current law, the algebraic sum of the

element currents i2,13,and ;4must be zero. Currents i2 and /3are directed away from node a, so we
will use a plus sign for i2and <. In contrast, currents /, and iAare directed toward node a, so we will
use a minus sign for /1and /4. The KCL equation for node a of Figure 3.2-Ic is

—\+i2+h —n=0 (3.2-1)

An”~ mate~ ofobtaining the algebraic sum of the currents into a node is to set the sum ofall

he currents directed away from the node equal to the sum ofall the currents directed toward that node,
sing this technique, we find that the KCL equation for node a of Figure 3.2-Ic is

2+ 10= 11+14 (3 2->)

Clearly. Egs. 3.2-1 and 3.2-2 are equivalent.
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Similarly, the Kirchhoffs current law equation for node b of Figure 3.2-1c is
\—h+h+%

Before we can state Kirchhoffs voltage law, we need the definition of a loop. A loop is a closed
path through a circuit that does not encounter any intermediate node more than once. For example,
starting at node a in Figure 3.2-Ic, we can move through element 4 to node c, then through element 5to
node d, through element 6 to node b, and finally through element 3 back to node a. We have a closed
path, and we did not encounter any of the intermediate nodes—b, ¢, or d—more than once.
Consequently, elements 3, 4, 5, and 6 comprise a loop. Similarly, elements 1, 4, 5, and 6 comprise
a loop ofthe circuit shown in Figure 3.2-Ic. Elements 1and 3 comprise yet another loop of this circuit.
The circuit has three other loops: elements 1and 2, elements 2 and 3, and elements 2, 4, 5, and 6.

We are now ready to state Kirchhoffs voltage law.

Kirchhoffs voltage law (KVL): The algebraic sum of the voltages around any loop in a
circuit is identically zero for all time.

The phrase algebraic sum indicates that we must take polarity into account as we add up the voltages
of elements that comprise a loop. One way to take polarity into account is to move around the loop in
the clockwise direction while observing the polarities of the element voltages. We write the voltage
with a plus sign when we encounter the + ofthe voltage polarity before the — In contrast, we write the
voltage with a minus sign when we encounter the —ofthe voltage polarity before the +. For example,
consider the circuit shown in Figure 3.2-Ic. Elements 3, 4, 5, and 6 comprise a loop of the circuit. By
Kirchhoffs voltage law, the algebraic sum of the element voltages v3, v4, v5, and v6 must be zero. As
we move around the loop in the clockwise direction, we encounter the + of v4before the — the —ofv5
before the +, the —ofv6before the +, and the —of v3before the +. Consequently, we use a minus sign
for v3, v5, and v6 and a plus sign for v4. The KCL equation for this loop of Figure 3.2-Ic is

V4 —5—v6—Vv3=10

Similarly, the Kirchhoffs voltage law equation for the loop consisting of elements 1, 4, 5, and 6 is
V4- v5—v6+ vj =0

The Kirchhoffs voltage law equation for the loop consisting of elements 1 and 2 is

—2-fvj=0

Consider the circuit shown in Figure 3.2-4a. Determine the power supplied by element C and the power received
by element D.

Solution
Figure 3.2-40 provides a value for the current in element C but not for the voltage, v, across element C. The voltage
and current ot element C given in Figure 3.2-4a adhere to the passive convention, so the product of this voltage and
current is the power received by element C. Figure 3.2-4a provides a value for the voltage across element D but not for
the current, /, in element D. The voltage and current of element D given in Figure 3.2-4a do not adhere to the passive
convention, so the product of this voltage and current is the power supplied by element D.

We need to determine the voltage, v, across element C and the current, i, in element D. We will use KirchhofFs
laws to determine values of v and /. First, we identify and label the nodes of the circuit as shown in Figure 3.2-4b.



——————— Resistive Circuits

+ 4 V-
110A
(a)
+
6V 110A
FIGURE 3.2-4 (a) The circuit considered in Example
d 3.2-2 and (b) the circuit redrawn to emphasize the
(b) nodes.

Apply Kirchhoffs voltage law (KVL) to the loop consisting of elements C, D, and B to get
—v—(—4) —6=0=>v= 2V

The value ofthe current in element C in Figure 3.2-4b is 7 A. The voltage and current ofelement C given in Figure
3.2-4b adhere to the passive convention, so
Pc=v(7)=(- 2)(7)= —14W
is the power received by element C. Therefore, element C supplies 14 W.
Next, apply Kirchhoffs current law (KCL) at node b to get
7+ (-10) +z=0 == i= 3A
The value ofthe voltage across element D in Figure 3.2-4bis -4 V. The voltage and current ofelement D given in
Figure 3.2-46 do not adhere to the passive convention, so the power supplied by element D is given by
Pd = (-4)/=(-4)(3) = —12W
Therefore, element D receives 12 W.

Example 3.2-3 Ohm’s and Kirchhoff’s Laws

Consider the circuit shown in Figure 3.2-5. Notice that the passive convention was used to assign reference
directions to the resistor voltages and currents. This anticipates using Ohm’s law. Find each current and
each voltage when /2, =8 SI, v2=-10 V, /3= 2 A, and R3= | ft. Also, determine the resistance R2

Solution
The sum of the currents entering node a is

N—2—-13=0
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Using Ohm’s law for R3, we find that
v3= R)h = 12 = 2V
Kirchhoffs voltage law for the bottom loop incorporating vb v3, 12V
and the 10-V source is
-10+ W+ v3=0

Therefore. vi= 10—v3= 8V
Ohm’s law for the resistor Ri is 10V
vi = R\i\
or h —vi/?i = 8/8 = 1A
Next, apply Kirchhoffs current law at node a to get FIGURE 3.2-5 Circuit with two
2—i\ —i3= 1—2=—1A constant-voltage sources.
We can now find the resistance R2 from
\£ = Rih
or Ri —Vijii ——10/— = 100
Example 3.2-4 Ohm’s and £ INTERACTIVE EXAMPLE

Kirchhoff’s Laws

Determine the value of the current, in amps, measured by the ammeter in Figure 3.2-6a.

Solution
An ideal ammeter is equivalent to a short circuit. The current measured by the ammeter is the current in the short
circuit. Figure 3.2-6b shows the circuit after replacing the ammeter by the equivalent short circuit.

The circuit has been redrawn in Figure 3.2-7 to label the nodes of the circuit. This circuit consists of a
voltage source, a dependent current source, two resistors, and two short circuits. One of the short circuits is the
controlling element of the CCCS, and the other short circuit is a model of the ammeter.

4Q

41| b 2Q <t
2V -VW—9c¢
+ 2im -

FIGLRt 3.2-6 (a) A circuit with dependent source and an
ammeter, (b) The equivalent circuit after replacing the ammeter ~ FIGURE 3.2-7 The circuit of Figure 3.2-6 after labeling the
by a short circuit. nodes and some element currents and voltages.
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Applying KCL twice, once at node d and again at node a, shows that the current in the voltage source and the
current in the 4-0 resistor are both equal to «.. These currents are labeled in Figure 3.2-7. Applying KCL again, at
node ¢ shows that the current in the 2-11 resistor is equal to im. This current is labeled  Figure 3.2-7.

Next, Ohm’s law tells us that the voltage across the 4-0 resistor is equal to 4/,, and that the voltage across the
2-0 resistor is equal to 2im. Both of these voltages are labeled in Figure 3.2-7.

Applying KCL at node b gives

fa 3/a Pm 0

Applying KVL to closed path a-b-c-e-d-a gives

0= 4ad-2rm—12 = —4 +2/m—I12 = 3Im—12
Finally, solving this equation gives .
Im=4A
Example 3.2-5 Ohm’s and A INTERACTIVE EXAMPLE

Kirchhoff’s Laws

Determine the value of the voltage, in volts, measured by the voltmeter in Figure 3.2-8a.

4a S5a

FIGURE 3.2-8 (a) A circuit with dependent source and a
voltmeter. (b) The equivalent circuit after replacing the

voltmeter by an open circuit. FIGURE 3.2-9 The circuit of Figure 3.2-8b after labeling the

nodes and some element currents and voltages.

Solution
An ideal voltmeter is equivalent to an open circuit. The voltage measured by the voltmeter is the voltage across the
open circuit. Figure 3.2-Sb shows the circuit after replacing the voltmeter by the equivalent open circuit

The circuit has been redrawn in Figure 3.2-9 to label the nodes of the circuit. This circuit consists of a
voltage source, a dependent voltage source, two resistors, a short circuit, and an open circuit The short circuit is
the contro ling element of the CCVS, and the open circuit is a model of the voltmeter

Applying KCL twice, once at node d and again at node a, shows that the current in the voltage source and the
current m.he 4-(1 resisror are both equal These current* are labeled in F.gure 3.2-9. Applying KCL again!«
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node c, shows that the current in the 5-0 resistor is equal to the current in the open circuit, that is, zero. This
current is labeled in Figure 3.2-9. Ohm’s law tells us that the voltage across the 5-fl resistor is also equal to zero.
Next, applying KVL to the closed path b-c-f-e-b gives vm= 3/a.

Applying KVL to the closed path a-b-e-d-a gives

—4ia+ 3/a—12 —0
S0 fa=-12 A

Finally
V= 3/a= 3(—12) = -36 V

EXERCISE 3.2-1  Determine the values of 3, i4, i6>v2, v4, and v6 in Figure E 3.2-1.

Answer: i$=—3A,i4=3A, /6=4A v2=—-3V,va= -6V, v6=6V
+ 3V-

3V

VA FIGURE E 3.2-1

3.3 SERIES RESISTORS AND VOLTAGE DIVISION

Let us consider a single-loop circuit, as shown in Figure 3.3-1. In anticipation of using Ohm's
law, the passive convention has been used to assign reference directions to resistor voltages
and currents.
The connection of resistors in Figure 3.3-1 is said to be a series connection because
all the elements carry the same current. To identify a pair of series elements, we look for
two elements connected to a single node that has no other elements connected to it. Notice,
for example, that resistors ft, and R2 are both connected to node b and that no other
circuit elements are connected to node b. Consequently, /, = i2, so both resistors have the ~FIGURE 3.3-1
same current. A similar argument shows that resistors R2 and R3 are also connected in  Single-loop circuit with a
series. Noticing that R2 is connected in series with both R\ and R"%we say that all three voltage source vs.
resistors are connected in series. The order of series resistors is not important. For
example, the voltages and currents of the three resistors in Figure 3.3-1 will not change if
we interchange the positions R2 and R3.
Using KCL at each node of the circuit in Figure 3.3-1, we obtain

a: =0\
b: /1= i2
c: i2=nh
d: 8= is

Consequently, U= .i\ = h—h



Resistive Circuits

To determine jj, we use KVL around the loop to obtain
Vi -FVR-h\W—vs=0

where, for example, v, is the voltage across the resistor R{. Using Ohm’s law for each resistor,

R\i\ + Rzh + - vs= 0 =% R\i\ +Rii\ + Rii\ = vs
Solving for  we have . Vs
R\ + Ri + Ry

Thus, the voltage across the nth resistor Rn is v,, and can be obtained as

_*p Vej?!
v *" 2, +R2+R3

For example, the voltage across resistor R2 is

R2
V2 [?, + R2+ R} \

Thus, the voltage across the series combination of resistors is divided up between the individual
resistors in a predictable way. This circuit demonstrates the principle of voltage division, and the
circuit is called a voltage divider.

In general, we may represent the voltage divider principle by the equation

R
R\ 4-R2 4- «*4-Rn

where vn is the voltage across the nth resistor of N resistors connected in series.

We can replace series resistors by an equivalent resistor. This is illustrated in Figure 3.3-2. The
series resistors R\, R2, and R3 in Figure 3.3-2a are replaced by a single, equivalent resistor Rs in Figure
3.3-2b. Rsis said to be equivalent to the series resistors R {, R2, and R3when replacing R},R2, and R3 by Rs
does not change the current or voltage of any other element of the circuit. In this case, there is only one
other element in the circuit, the voltage source. We must choose the value of the resistance Rs so that
replacing R UR2, and R3 by Rswill not change the current of the voltage source. In Figure 3.3-2a, we have

i v*
R\ + R2+ R3

In Figure 3.3-2b, we have

Because the voltage source current must be the same in both circuits, we require that

Rs=R\ + R2+ R3
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In general, the series connection of N resistors having resistances Ru R2 me+ Rn is equivalent to the
single resistor having resistance

Rs = R\ 4 R24- **4-Rn

Replacing series resistors by an equivalent resistor does not change the current or voltage of any other

element of the circuit.
Next, let’s calculate the power absorbed by the series resistors in Figure 3.3-2a:

p = is2R\ 4 "2 + h~Ri
Doing a little algebra gives
P —is\R\ 4 ™2 4-Ri) = U-Rs

which is equal to the power absorbed by the equivalent resistor in Figure 3.3-2b. We conclude
that the power absorbed by series resistors is equal to the power absorbed by the equivalent

resistor.

Example 3.3-1 Voltage Divider

Let us consider the circuit shown in Figure 3.3-3 and determine the resistance R2 required so that the voltage
across R2 will be 1/4 of the source voltage when ~=9 (1. Determine the current i when vs= 12 V.

i *]

"1
v2>R2

FIGURE 3.3-3 Voltage divider circuit with R\ = 9 Q..

Solution
The voltage across resistor R2 will be
- .Re

R1+ /2 "
Because we desire v2/vs= 1/4, we have

Ri 1

R\ + 4

or R1= 3?72

Because «, = 9fi,we require that R2= 3 Cl. Using KVL around the loop, we have

vs-fvi-hv2=0
or vs = zR\ + iR2
s 12

Therefore, 1A (3.3-1)

RU+R2 9-f3_
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Example 3.3-2 Series Resistors

For the circuit of Figure 3.3-4a, find the current measured by the ammeter. Then show that the power absorbed by
the two resistors is equal to that supplied by the source.

() (b)
FIGURE 3.3-4 (a) A circuit containing series resistors. (b) The circuit after the ideal ammeter has been replaced by the equivalent
short circuit, and a label has been added to indicate the current measured by the ammeter, im.

Solution
Figure 3.3-4b shows the circuit after the ideal ammeter has been replaced by the equivalent short circuit and a

label has been added to indicate the current measured by the ammeter, im. Applying KVL gives

15 4" 5zm -h 10/n

The current measured by the ammeter is

15
m=—1A
5+10

(Why is 2nnegative? Why can’t we just divide the source voltage by the equivalent resistance? Recall that when
we use Ohm's law, the voltage and current must adhere to the passive convention. In this case, the current
calculated by dividing the source voltage by the equivalent resistance does not have the same reference direction
as im, so we need a minus sign.)
The total power absorbed by the two resistors is
pr = 5/m2+ 10/m2= 15(12) = 15W

The power supplied by the source is
Ps = —vs/m= —15(—1) = 15W

Thus, the power supplied by the source is equal to that absorbed by the series connection of resistors.

Example 3.3-3 Voltage Divider Design )-

The input to the voltage divider in Figure 3.3-5 is the voltage, v,, of the voltage source. The output is the voltage

v measured by the voltmeter. Design the voltage divider; that is, specify values of the resistances, /?, and R, to
satisfy both of these specifications. 2

Specification 1: The input and output voltages are related by vo= 0.8 vs.

pis”fr=20ve Breqgi"r'd“ “ PPy "° mOre ,han * mW 0f POWer When ,he #
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nm

© Voltmeter q

Voltage Divider FIGURE 3.3-5 A voltage divider.

Solution
We’ll examine each specification to see what it tells us about the resistor values.

Specification 1: The input and output voltages of the voltage divider are related by

Ri
R1+R2
So specification 1 requires Ri
=08 = R2=4
R\ +R:

Specification 2: The power supplied by the voltage source is given by

= IS\ = / VS \j\$=_V'2
B + Ri

So specification 2 requires

20
0.001 > Ri+Ri> 400 x 103= 400 kn
R\ + R2

Combining these results gives
5Rt > 400 kQ

The solution is not unique. One solution is
Rt = 100kfl and«2=400k0

EXERCISE 3.3-1 Determine the voltage measured by the voltmeter in the circuit shown in
Figure E 3.3-la.

Hint: Figure E 3.3-16 shows the circuit after the ideal voltmeter has been replaced by the equivalent
open circuit and a label has been added to indicate the voltage measured by the voltmeter, vm.

Answer: vm= 2V

FIGURE E 33-1 (a) A voltage divider. (b) The voltage divider after the ideal voltmeter has been replaced by the
equivalent open circuit and a label has been added to indicate the voltage measured by the voltmeter, vm
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EXERCISE 3.3-2 Determine the voltage measured by the voltmeter in the circuit shown in
Figure E 33-2a.

FIGURE E 3.3-2 (a) A voltage divider. (b) The voltage divider after the ideal voltmeter has been replaced by the
equivalent open circuit and a label has been added to indicate the voltage measured by the voltmeter, vm

Hint: Figure E 3.3-2b shows the circuit after the ideal voltmeter has been replaced by the equivalent
open circuit and a label has been added to indicate the voltage measured by the voltmeter, vm.

Answer: vm= 2V

34 PARALLEL RESISTORS AND CURRENT DIVISION --mmmemmmm

Circuit elements, such as resistors, are connected in parallel when the voltage across each element is
identical. The resistors in Figure 3.4-1 are connected in parallel. Notice, for example, that resistors R\
and R2 are each connected to both node a and node b. Consequently, v{= v2, so both resistors have the
same voltage. A similar argument shows that resistors R2 and R3 are also connected in parallel.
Noticing that R2 is connected in parallel with both R\ and R$, we say that all three resistors are
connected in parallel. The order of parallel resistors is not important. For example, the voltages and
currents of the three resistors in Figure 3.4-1 will not change if we interchange the positions R2and R3.

The defining characteristic of parallel elements is that they have the same voltage. To identify
a pair of parallel elements, we look for two elements connected between the same pair of nodes.

Consider the circuit with two resistors and a current source shown in Figure 3.4-2. Note that
both resistors are connected to terminals a and b and that the voltage v appears across each parallel
element. In anticipation of using Ohm s law, the passive convention is used to assign reference
directions to the resistor voltages and currents. We may write KCL at node a (or at node b) to obtain

is—i\—h =0
or
h=i\l+ =
However, from Ohm’s law
Vioand 2=V
b e 0---------

figure 3.4-1 A circuit with parallel res.stors. FIGURE 3.4-2 Parallel circuit with a current source.
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Then
(3.4-1)

Recall that we defined conductance G as the inverse of resistance R. We may therefore rewrite Eq.
34-1 as
i8= G\v-1G2v = (G\ 4 G2)v (3.4-2)

Thus, the equivalent circuit for this parallel circuit is a conductance Gp, as shown in
Figure 3.4-3, where

Gp—G\ 4- G2
The equivalent resistance for the two-resistor circuit is found from FIGURE 3.4-3
Equivalent circuit for a
Gr=T . +-k parallel circuit.
Because Gp= 1/Rp, we have
11 J_
Fp~T]+T2
or
R - R'RI (3.4-3)
p~RI+R2

Note that the total conductance, Gp, increases as additional parallel elements are added and that the
total resistance, Rp, declines as each resistor is added.
The circuit shown in Figure 3.4-2 is called a current divider circuit because it divides the source

current. Note that
ii = Gl (3.4-4)
Also, because is= (G\ -f G2)v, we solve for v, obtaining

h

Gi+ G2 (3:4-5)

Substituting v from Eq. 3.4-5 into Eq. 3.4-4, we obtain

G\h
G\ 4 G2 (3.4-6)
G2h

Similarly,
Gj 4 G2

Note that we may use G2—\/R2and Ci = |//?i to obtain the current i2 in terms of two resistances as
follows:

Rii
D= i,
R\ -f R2

Thle current of the source divides between conductances Gj and G2 in proportion to their conductance
values.
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Let us consider the more general case of current division with a set of TVparallel conductors as
shown in Figure 3.4-4. The KCL gives

. iS*h+ 2 + %3+ e*+m (
i
I : I for which .
I ! In-"Gnv (3.4-8)
o—VW*“4 forn=1 ...,N We may write Eq. 3.4-7 as
is= (Gi-h 2 + G~ eoesr (3.4-9)
Therefore,
h=v52g* (3.4-10)
n—1

Because in= Gn\\ we may obtain v from Eq. 3.4-10 and substitute it in Eq. 3.4-8, obtaining
'\(IBnis (3.4-11)

G,
n—

In =

FIGURE 3.4-4 Recall that the equivalent circuit. Figure 3.4-12, has an equivalent conductance Gp such that

Set of N parallel N
conductances Gp—" Gn (3.4-12)
with a current n=1
source L. Therefore,
1>
e (3.4-13)

which is the basic equation for the current divider with N conductances. Of course, Eq. 3.4-12 can be
rewritten as

- =y - (3.4-14)

Example 3.4-1 Parallel Resistors

For the circuit in Figure 3.4-5, find (a) the current in each
branch, (b) the equivalent circuit, and (c) the voltage v. The
resistors are

FIGURE 3.4-5 Parallel circuit for Example 3.3-2.

Solution
The current divider follows the equation
Gn
In ——-%rh
p
so it is wise to find the equivalent circuit, as shown in 28 A(T
Figure 3.4-6, with its equivalent conductance Gp. We have
W FIGURE 3.4-6 Equivalent circuit for the parallel circuit

Gp=2_"Gn=G\+ G2+ G3=2+4+8= 14S ofFigure 34'5-
n=1
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Recall that the units for conductance are siemens (S). Then
£(28)-4 A

G2is _ 4(28) _
Similarly, 14

and /3= 8§ N = 16A

Because i,,= Grnv, we have

Example 3.4-2 Parallel Resistors INTERACTIVE EXAMPLE

For the circuit of Figure 3.4-7a, find the voltage measured by the voltmeter. Then show that the power absorbed by
the two resistors is equal to that supplied by the source.

FIGURE 3.4-7 (a) A circuit containing parallel resistors.
(b) The circuit after the ideal voltmeter has been replaced by
8Q the equivalent open circuit and a label has been added to
indicate the voltage measured by the voltmeter, vm (c) The
circuit after the parallel resistors have been replaced by an
(b) (c) equivalent resistance.

Solution

Figure 3.4-76 shows the circuit after the ideal voltmeter has been replaced by the equivalent open circuit, and a
label has been added to indicate the voltage measured by the voltmeter, vm. The two resistors are connected in
parallel and can be replaced with a single equivalent resistor. The resistance of this equivalent resistor is
calculated as

40- 10

- 8(1
40+ 10

Figure 3.4-7c shows the circuit after the parallel resistors have been replaced by the equivalent resistor. The
current in the equivalent resistor is 250 mA, directed upward. This current and the voltage vmdo not adhere to the
passive convention. The current in the equivalent resistance can also be expressed as -250 mA, directed
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downward. This current and the voltage vm do adhere to the passive convention. Ohm’s law gives
vm= 8(—0.25) = -2V

The voltage vm in Figure 3.4-7/? is equal to the voltage vm in Figure 3.4-7c. This is a consequence of the
equivalence ofthe 8-0 resistor to the parallel combination ofthe 40-H and 10-ft resistors. Looking at Figure 3.4-

1b, we seethat the power absorbed by the resistors is
v2 v2 22 22
Pr ‘4 0 ‘ 10 40 10

The voltage vmandthe current of the current sourceadhere to the passive convention, so
Ps = vm(0.25) = (-2)(0.25) = -0.5 W

is the power received by the current source. The current source supplies 0.5 W.
Thus, the power absorbed by the two resistors is equal to that supplied by the source.

Example 3.4-3 Current Divider Design

The input to the current divider in Figure 3.4-8 is the current, is, of the current source. The output is the current, i0,
measured by the ammeter. Specify values of the resistances, R\ and R2, to satisfy both of these specifications:

0——f-\NA T -© Ammeter ©

is©

Current Divider FIGURE 3.4-8 A current divider circuit.

Specification 1. The input and output currents are related by /0= 0.8 is.

Specification 2: The current source is required to supply no more than 10 mW of power when the input to the
current divider is /, = 2 mA.

Solution

We’ll examine each specification to see what it tells us about the resistor values.
Specification 1: The input and output currents of the current divider are related by

n2
R\ + R2
So specification 1 requires
*2
RU+ry W8 RZ=4RL

Specification 2: The power supplied by the current source is given by

Ps  hvs rsifs RIR2 12/ AR
R\ + R2 R\+R2
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So specification 2 requires
0.01 >(0.002):( ~ ) « srrk™~soo

Combining these results gives

R] < 2500 ZR\<2500 =* /f, <3125 0O
1?77 + 4R2 ~ 5

The solution is not unique. One solution is

[?i=3k0O and Ri = 12ki2

EXERCISE 3.4-1 A resistor network consisting of parallel resistors is shown in a package
used for printed circuit board electronics in Figure E 3.4-1a. This package is only 2 cm x 0.7 cm,
and each resistor is 1 kfl. The circuit is connected to use four resistors as shown in Figure E 3.4-16.
Find the equivalent circuit for this network. Determine the current in each resistor when is= 1 mA.

FIGURE E 3.4-1
(a) A parallel resistor
network. Courtesy of
Dale Electronics.

(b) The connected
circuit uses four
resistors where R =

@ (b) 1 kH.

Answer: Rp=250 1)

EXERCISE 3.4-2 Determine the current measured by the ammeter in the circuit shown in
Figure E 3.4-2a.

FIGURE E 3.4-2 (a) A current divider. (b) The
current divider after the ideal ammeter has been
replaced by the equivalent short circuit and a label
has been added to indicate the current measured by
the ammeter. zm
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Hint: Figure E 3.4-2/) shows the circuit after the ideal ammeter has been replaced by the equivalent
short circuit, and a label has been added to indicate the current measured by the ammeter, im.

Answer: im= —1 A

3.5 SERIES VOLTAGE SOURCES AND
PARALLEL CURRENT SOURCES

Voltage sources connected inseries are equivalent to a singlevoltagesource. The voltage of the
equivalentvoltage source is equal tothe algebraic sum of voltages of theseries voltage sources.
Consider the circuit shown in Figure 3.5-la. Notice that the currents of both voltage sources are

equal. Accordingly, define the current, is, to be

is="a="% (3.5-1)
Next, define the voltage, vs, to be

Vs = Va-I- Vb (3.5-2)

Using KCL, KVL, and Ohm’s law, we can represent the circuit in Figure 3.5-1a by the equations

<A F (3.5-3)
v2 .

' 3.5-4

,S- N +i3 ( )

Ve = v, (3.5-5)

V] = vS+ V2 (3.5-6)

v2 = i}R} (3.5-7)

where is—i3=iband vs= va+ vh. These same equations result from applying KCL, KVL, and Ohm’s
law to the circuit in Figure 3.5-16. If js= ja= /b and vs= va + vb, then the circuits shown in Figures
3.5-la and 3.5-16 are equivalent because they are both represented by the same equations.

For example, suppose that /c= 4 A, = 2 ft, R2=6 ft, R3=3ft, va= 1V, and vb= 3V. The
equations describing the circuit in Figure 3.5-la become

4 =" + s (3.5-8)

h=2? +13 (3.5-9)

(a)

FIGURE 3.5-1 {a) A circuit containing
voltage sources connected in series and
(b) an equivalent circuit.
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Table 3 5-1 Parallel and Series Voltage and Current Sources

EQUIVALENT CIRCUIT
CIRCUIT EQUIVALENT CIRCUIT CIRCUIT Q
va+ b
O *0'9D CH-0-0
va b Va~vb i+ %
0 -0 —AN -0 —° 0-0-0
a s}
Not allowed
CD 'a'l
Not allowed
VC = Vi
Vvj =4+ V2
v2= 3/3

The solution to this set ofequationsisM = 6V, is= 1A,i3= 0.66 A, v2= 2V, and vc= 6 V. Egs.
3.5-8 to 3.5-12 also describe the circuit in Figure 3.5-16. Thus, vj =6 V, is= 1A, 3= 0.66 A,
v2= 2V, and vc= 6 V in both circuits. Replacing series voltage sources by a single, equivalent
voltage source does not change the voltage or current of other elements of the circuit.

Figure 3.5-2a shows a circuit containing parallel current sources. The circuit in Figure
3.5-2b is obtained by replacing these parallel current sources by a single, equivalent current
source. The current of the equivalent current source is equal to the algebraic sum of the currents
of the parallel current sources.

We are not allowed to connect independent current sources in series. Series elements have
the same current. This restriction prevents series current sources from being independent.
Similarly, we are not allowed to connect independent voltage sources in parallel.

Table 3.5-1 summarizes the parallel and series connections of current and voltage sources.

36 CIRCUIT ANALYSIS

In this section, we consider the analysis of a circuit by replacing a set of resistors with an
equivalent resistance, thus reducing the netw'ork to a form easily analyzed.

Consider the circuit shown in Figure 3.6-1. Note that it includes a set of resistors that is in
series and another set of resistors that is in parallel. It is desired to find the output voltage VO, so
we wish to reduce the circuit to the equivalent circuit shown in Figure 3.6-2.

(b)
FIGURE 3.5-2
(@) A circuit
containing parallel
current sources and (6)
an equivalent circuit.
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*2 *3

FIGURE 3.6-2 Equivalent circuit for the circuit of

FIGURE 3.6-1 Circuit with a set of series resistors and i
Figure 3.6-2.

a set of parallel resistors.

We note that the equivalent series resistance is
Rs= R\ + R2-f~3

and the equivalent parallel resistance is

* . <@p
where = G4+ G5-f G6
Then, using the voltage divider principle, with Figure 3.6-2, we have
Rp
V' Rs+RpW

Replacing the series resistors by the equivalent resistor Rs did not change the current or voltage of
any other circuit element. In particular, the voltage vGdid not change. Also, the voltage vGacross the
equivalent resistor Rpis equal to the voltage across each of the parallel resistors. Consequently, the
voltage vGin Figure 3.6-2 is equal to the voltage vGin Figure 3.6-1. We can analyze the simple
circuit in Figure 3.6-2 to find the value of the voltage vGand know that the voltage vQin the more
complicated circuit shown in Figure 3.6-1 has the same value.

Example 3.6-1 Series and Parallel Resistors

Consider the circuit shown in Figure 3.6-3. Find the current ix when
R4=2fl and R2= R3—8fl

© »3Q >9£2 18 £2

*3

180

© (b)
FIGURE 3.6-3 (a) Circuit for Example 3.6-1. (b) Partially reduced circuit for Example 3.6-1.

Solution

Because the objective is to find iu we will attempt to reduce the circuit so that the 341 resistor is in parallel with
one resistor and the current source is. Then we can use the current divider principle to obtain /,. Because /?, and /?,
are in parallel, we find an equivalent resistance as

*2*3

Rp\ = =40
*2+*3
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FIGURE 3.6*4 Equivalent circuit for Figure 3.6-3.

This equivalent resistor is connected in series with R4. Then adding Rp\ to R4, we have a series equivalent resistor
i%="4+ [pl=2 +4=6n
Now the Rsresistor is in parallel with three resistors as shown in Figure 3.6-3b. However, we wish to obtain the

equivalent circuit as shown in Figure 3.6-4 so that we can find iV Therefore, we combine the 9-0 resistor, the
18-0 resistor, and Rsshown to the right of terminals a-b in Figure 3.6-36 into one parallel equivalent conductance

Gp2. Thus, we find
1 1 11 1 1 1
G2=9+18+" “9+T8+6"3S
Then, using the current divider principle,

Gl
N =
where jp=Q\+GR= —. _
Therefore,
1/3.
11=2/3 5

Example 3.6-2 Equivalent Resistance

The circuit in Figure 3.6-5a contains an ohmmeter. An ohmmeter is an instrument that measures resistance in
ohms. The ohmmeter will measure the equivalent resistance of the resistor circuit connected to its terminals.
Determine the resistance measured by the ohmmeter in Figure 3.6-5a.

Solution

Working from left to right, the 30-0 resistor is parallel to the 60-0 resistor. The equivalent resistance is
60 ‘30
== X =2
60 + 30 00

In Figure 3.6-56, the parallel combination of the 30-0 and 60-11 resistors has been replaced with the equivalent
20-0 resistor. Now the two 20-0 resistors are in series.
The equivalent resistance is

204-20=400
In Figure 3,6-5c, the series combination of the two 20-0 resistors has been replaced with the equivalent 40-0
resistor. Now the 40-0 resistor is parallel to the 10-0 resistor. The equivalent resistance is

40 10

40 + 10 ~

In Figure 3.6-5d the parallel combination of the 40-0 and 10-0 resistors has been replaced with the equivalent
8-0 resistor. Thus, the ohmmeter measures a resistance equal to 8 O.
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rrm

20Q
-O Ohmmeter®©

-AAA-—--F---0 O

*60Q < 30fi < 10n
@
<<=> -O Ohmmeter Q
'8Q
© (d)
FIGURE 3.6-5

Example 3.6-3 Circuit Analysis Using Equivalent Resistances

Determine the values of /3, v4, i5, and v6 in circuit shown in Figure 3.6-6.

Solution

The circuit shown in Figure 3.6-7 has been obtained from the circuit shown in Figure 3.6-6 by replacing series and
parallel combinations of resistances by equivalent resistances. We can use this equivalent circuit to solve this
problem in three steps:

1. Determine the values of the resistances R\, and R3in Figure 3.6-7 that make the circuit in Figure 3.6-7
equivalent to the circuit in Figure 3.6-6.

figure 3.6-6 The circuit considered in Example 3.6-3.
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+ M
gb
+ M-
—Wv—
12ft 12 ft
6ft 18ft 24 ft
ab—"VW  AAA/— AN at— Sb
- W H 8ft
_ . @ (b) ©
FIGURE 3.6-7 An equivalent circuit for the
FIGURE 3.6-8

circuit in Figure 3.3-6.

2. Determine the values of vu v2, and / in Figure 3.6-7.

3. Because the circuits are equivalent, the values of  v2 and zin Figure 3.6-6 are equal to the values of vj,
V2, and zin Figure 3.6-7. Use voltage and current division to determine the values of 23, v4, 5, and V6 in

Figure 3.6-6.

Step I: Figure 3.6-8a shows the three resistors at the top of the circuit in Figure 3.6-6. We see that the 6-O
resistor is connected in series with the 18-O resistor. In Figure 3.6-8b, these series resistors have been replaced by
the equivalent 24-0 resistor. Now the 24-0 resistor is connected in parallel with the 12-0 resistor. Replacing
series resistors by an equivalent resistance does not change the voltage or current in any other element of the
circuit. In particular, vI? the voltage across the 12-0 resistor, does not change when the series resistors are
replaced by the equivalent resistor. In contrast, v4 is not an element voltage of the circuit shown in Figure 3.6-8b.

In Figure 3.6-8c, the parallel resistors have been replaced by the equivalent 8-Oresistor. The voltage across
the equivalent resistor is equal to the voltage across each of the parallel resistors, vjin thiscase. In summary, the
resistance R\ in Figure 3.6-7 is given by

Ri = 12| (6+ 18) = 80
Similarly, the resistances R2 and R3 in Figure 3.6-7 are given by
R2= 12+ (20 | 5) = 160
*3=8] (2+6)=40
Step 2: Apply KVL to the circuit of Figure 3.6-7 to get

R\i+R2i+R$i+ & —18=0 = i= 18 18

= = =05 A
R\ +R2+/3+8 8+16 +4+ 38

Next, Ohm’s law gives
v, = R\i= 8(0.5) =4V and v2=R3i=4(05) =2V

Step 3: The values of vj, v2, and zin Figure 3.6-6 are equal to the values of vj, v2, andzin Figure 3.6-7.
Returning our attention to Figure 3.6-6, and paying attention to reference directions, we can determine thevalues
of i3, v4, 5, and v6 using voltage division, current division, and Ohm’s law:

*-rM fw 5 (05,=0'25A

T
v = - 6+18 VI = - 1 (4) = -3V
> 05) = -0.1 A
20454 Gy :

\6 (20 || 5)i = 4(0.5) = 2V J
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In general, we may find the equivalent resistance for a portion of a circuit consisting only of
resistors and then replace that portion of the circuit with the equivalent resistance. For example,
consider the circuit shown in Figure 3.6-9. The resistive circuit in (a) is equivalent to the single 56 i
resistor in (b). Let’s denote the equivalent resistance as Req. We say that Req is the equivalent
resistance seen looking into the circuit of Figure 3.6-9(a) from terminals a-b." Figure 3.6-9(c) shows a
notation used to indicate the equivalent resistance. Equivalent resistance is an important concept that
occurs in a variety of situations and has a variety of names. “ Input resistance,” “output resistance,
“Thevenin resistance,” and “ Norton resistance” are some names used for equivalent resistance.

a
0-

(a) (b) (c)
FIGURE 3.6-9 The resistive circuit in (a) is equivalent to the single resistor in (b). The notation used to indicate the

equivalent resistance is shown in (C).

EXERCISE 3.6-1 Determine the resistance measured by the ohmmeter in Figure E 3.6-1.

FIGURE E 3.6-1

(30 + 30) 30
Answer: + 30 =50a
(30 + 30) + 30

37 ANALYZING RESISTIVE CIRCUITS
USING MATLAB

We can analyze simple circuits by writing and solving a set of equations. We use Kirchhoffs law and
the element equations, for instance, Ohm’s law, to write these equations. As the following example
illustrates, MATLAB provides a convenient way to solve the equations describing an electric circuit.

Example 3.7-1 MATLAB for Simple Circuits

Determine the values of the resistor voltages and currents for the circuit shown in Figure 3.7-1.

40 n

12V 32 0

FIGURE 3.7-1 The circuit considered in Example 3.7-1.
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aon 2 48Q %
AT

12V i4>80 Q
FIGURE 3.7-2 The circuit from Figure 3.7-1 after labeling the resistor voltages and currents.

Solution
Let’s label the resistor voltages and currents. In anticipation of using Ohm’s law, we will label the voltage and

current of each resistor to adhere to the passive convention. (Pick one of the variables—the resistor current or the
resistor voltage—and label the reference direction however you like. Label the reference direction of the other
variable to adhere to the passive convention with the first variable.) Figure 3.7-2 shows the labeled circuit.

Next, we will use Kirchhoffs laws. First, apply KCL to the node at which the current source and the 40-11,
48-0, and 80-0 resistors are connected together to wTite

2+ 15=0.5 + ¥ (3.7-1)
Next, apply KCL to the node at which the 48-0 and 32-0 resistors are connected together to write
is =% (3.7-2)
Apply KVL to the loop consisting of the voltage source and the 40-0 and 80-0 resistors to write
2=+ v (3.7-3)
Apply KVL to the loop consisting of the 48-0, 32-0, and 80-0 resistors to write
v4 om\5 + V= 0 (3.7-4)
Apply Ohm’s law to the resistors.
V2 =402, v4 = 8014, v5 = 48 /5, v6 =3216 (3.7-5)

We can use the Ohm’s law equations to eliminate the variables representingresistor voltages. Doing so enables us
to rewrite Eq. 3.7-3 as:

12= 402+ 802 (3.7-6)

Similarly, we can rewrite Eq. 3.7-4 as
80i4+485+328=0 (3.7-7)
Next, use Eq. 3.7-2 to eliminate z from Eq. 3.7-6 as follows
80z4 +48z5+32z5=0 = 80/4 +80/5=0=> ZA= -25 (3.7-8)
Use Eqg. 3.7-8 to eliminate & from Eq. 3.7-1.
2-/4=05+74 = 2=05+2 2% (3.7-9)

Use Egq. 3. -9 to eliminate z from Eq. 3.7-6. Solve the resulting equation to determine the value of 2.

12=40)2+ 80(~ 2°5) = 80<~20 ~ '2= =04A (3.7-10)
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Now we are ready to calculate the values of the rest of the resistor voltages and currents as follows:

i2- 05 04- 0.
4o 27050 205:_0.05A’

2
i6=1is = —m= 0.05A,

v2 = 40/2= 40(0.4) = 16V,
v4 = 80/4 = 80(—0.05) = -4 V,
V5=48 5=48(0.05) = 2.4V,
and v6 = 32/6 = 32(0.05) = 1.6 V.

MA TLAB Solution 1
The preceding algebra shows that this circuit can be represented by these equations:

i2- 05
12=80i2- 20,4 = al -, 6= i5= - 14,v2 = 40/2, v4 = 80 4,

v5 = 48 5, and v6 = 32 is

These equations can be solved consecutively, using MATLAB as shown in Figure 3.7-3.

MVAILAB JAp 1 xj
MAILAB JDIxJ File Edit Debug Desktop Window Help
File Edit Debug Desktop Window Help
D s # * m - - & & f

p cg( % % m . c f:y
Shortcuts [S How to Add [£] What's New

Shortcuts (3 How to Add 1} What's New

jo» A=[ 1 -1 1 0 ; £l
j» 12= (12+20)/80 o o 11
12 = 40 80 0 0;
0.4000
_ : 0 80 48 32]
i »  i4= (i2-0.5}/2 A =
j14 =
0.0500 ! ! ! 0
. 0 0 1 -1
>> BT
40 80 0 0
» 16=15; o 80
» v2=40%*i2 48 32
v2 = » B=[0.5; 0; 12; 0]
B =
16
o> vA=80r b 0.5000
vd = o]
40000 12.0000
» V5=48*i5 0
v5 = » i=A\ B
2.4000 =
» Vv6=32%16 0.4000
V6 = -0.0500
1.6000 0.0500
» v 0.0500
. 1 » -
il J tor ’I_
_4_*rStarT|i J\] ...... J |T
i ¢+ Sat|

H(jLRE 3.7-3 Consecutive equations.
FIGURE 3.7-4 Simultaneous equations.
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MATLAB Solution 2
We can avoid some algebra if we are willing to solve simultaneous equations.

After applying Kirchhoffs laws and then using the Ohm’s law equations to eliminate the variables
representing resistor voltages, we have Egs 3.7-1, 2, 6, and 7:

i2-fj5ae 05+ #, 5= 2612 = 40 22+ 80 #,

80 24 -h48 %54-32 25—0
This set of four simultaneous equations in 2, 24, 3, and 25can be written as a single matrix equation.

1 -11 0 h 0.5
0 0 1-1 2 0 (3.7-11)
40 80 0 is 0 12
0 80 4832 0
We can write this equation as
Ai =B (3.7-12)
where
"1 -1 1 o' h ‘0.5
0o 0 1 -1 _ 4 0
= = andB =
A= 40 80 o o ! is 12
0 80 48 32 J6. 0

This matrix equation can be solved using MATLAB as shown in Figure 3.7-4. After entering matrices A and B,
the statement

i= A\B
tells MATLAB to calculate 2 by solving Eq 3.7-12.

A circuit consisting of n elements has n currents and n voltages. A set of equations representing that
circuit could have as many as 2n unknowns. We can reduce the number of unknowns by labeling the
currents and voltages carefully. For example, suppose two of the circuit elements are connected in series.
We can choose the reference directions for the currents in those elements so that they are equal and use
one variable to represent both currents. Table 3.7-1 presents some guidelines that will help us reduce the
number of unknowns in the set of equations describing a given circuit.

Guidelines for Labeling Circuit Variables

CIRCUIT FEATURE GUIDELINE

Resistors Label the voltage and current of each resistor to adhere to the passive convention. Use
Ohm’s law to eliminate either the current or voltage variable.

Series elements Label the reference directions for series elements so that their currents are equal. Use one

variable to represent the currents of series elements.

Parallel elements Label the reference directions for parallel elements so that their voltages are equal. Use one

variable to represent the voltages of parallel elements.

Ideal Voltmeter Replace each (ideal) voltmeter by an open circuit. Label the voltage across the open circuit

to be equal to the voltmeter voltage.

Ideal Ammeter Replace each (ideal) ammeter by a short circuit. Label the current in the short circuit to be

equal to the ammeter current.
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3.8 HOW CAN WE CHECK ...?

Engineers are frequently called upon to check that a solution to a problem is indeed correct. For
example, proposed solutions to design problems must be checked to confirm that all of the
specifications have been satisfied. In addition, computer output must be reviewed to guard against

data-entry errors, and claims made by vendors must be examined critically.
Engineering students are also asked to check the correctness of their work. For example,
occasionally just a little time remains at the end of an exam. It is useful to be able to quickly identify

those solutions that need more work.
The following example illustrates techniques useful for checking the solutions of the sort of

problem discussed in this chapter.

Example 3.8-1 How Can We Check Voltage and Current Values?

The circuit shown in Figure 3.8-la was analyzed by writing and solving a set of simultaneous equations:
12=v2+ 4/3)id=y 4-13,vs = 4/3, and — = 4+ 5/4

The computer Mathcad (Mathcad User's Guide, 1991) was used to solve the equations as shown in Figure 3.8-
1b. It was determined that

v2= -60V,i3= 18A,i4= 6A, andvs= 72 V.

How can we check that these currents and voltages are correct?

«6=5/4
v2 = 0 i3 =0 i4 =0 v5 =0
Given
12 * v2 + 4 «i3 Apply KVL to loop A.
c
+ UuS - i Ve
i4 =>— +1i3 Apply KCL at node b.
v5 4 i3 Apply KVL to loop B.
4q v5
bi—VA—id y ~ 14 +5-14 Apply KCL at node c.

FIGURE 3.8-1 (a) An example circuit and (b) computer analysis using Mathcad.



How Can We Check ... ? - ( 83

Solution
The current i2 can be calculated from v2f i3, i4, and v5 in a couple of different ways. First, Ohm’s law gives

Next, applying KCL at node b gives
= 1-bhu= 18-hb6=24A

Clearly, i2 cannot be both -12 and 24 A, so the values calculated for v2, i3, i4, and v5 cannot be correct.
Checking the equations used to calculate v2, i3, i4, and v5 we find a sign error in the KCL equation

corresponding to node b. This equation should be

After making this correction, vz, 13, z4 and vs are calculated to be

V=75V, B=1125A, 4= 0375A.v5=45V

Now

and i2=23+1i4= 1125+ 0.375 = 15A

This checks as we expected.
As an additional check, consider v3. First, Ohm’s law gives

V3= M3 -4 (1125 = a5 v
Next, applying KVL to the loop consisting of the voltage source and the 4-fl and 5-fl resistors gives
v3=12-v2= 12-7.5 =45V
Finally, applying KVL to the loop consisting of the ..o and 4-H resistors gives
v3: v5- 45y
The results of these calculations agree with each other, indicating that
v2=75V, 3= 1125A i4=0375A, v5= 45V

are the correct values.
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j 3.9 DESIGN EXAMPLE [--eomeomeomeoeeme

ADJUSTABLE VOLTAGE SOURCE

A circuit is required to provide an adjustable voltage. The specifications for this circuit are
that:

1. It should be possible to adjust the voltage to any value between -5 V and +5 V. It should
not be possible accidentally to obtain a voltage outside this range.

2. The load current will be negligible.

3. The circuit should use as little power as possible.

The available components are:

1. Potentiometers: resistance values of 10 kfl, 20 kO, and 50 kfi are in stock

2. A large assortment of standard 2 percent resistors having values between 10 H and 1 MCl
(see Appendix D)

3. Two power supplies (voltage sources): one 12-V supply and one —12-V supply, both
rated at 100 mA (maximum)

Describe the Situation and the Assumptions

Figure 3.9-1 shows the situation. The voltage v is the adjustable voltage. The circuit that uses
the output of the circuit being designed is frequently called the load. In this case, the load
current is negligible, so i= 0.

Load current
i=0

FIGURE 3.9-1 The circuit being
designed provides an adjustable
voltage, v, to the load circuit.

State the Goal
A circuit providing the adjustable voltage

—5V < v< +5V

must be designed using the available components.

Generate a Plan
Make the following observations.
1. The adjustability of a potentiometer can be used to obtain an adjustable voltage v.

2. Both power supplies must be used so that the adjustable voltage can have both positive
and negative values.

3. The terminals of the potentiometer cannot be connected directly to the power supplies
because the voltage v is not allowed to be as large as 12 V or -12 V.
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These observations suggest the circuit shown in Figure 3.9-2a. The circuit in Figure 3.9-2b is
obtained by using the simplest model for each component in Figure 3.9-2a.

FIGURE 3.9-2 {a) A proposed circuit for producing the variable voltage, v, and (b) the equivalent circuit
after the potentiometer is modeled.

To complete the design, values need to be specified for Ru R2, and Rp. Then several
results need to be checked and adjustments made, if necessary.

1. Can the voltage v be adjusted to any value in the range —5 V to -1-:5v?

2. Are the voltage source currents less than 100 mA? This conditionmust be satisfied if the
power supplies are to be modeled as ideal voltage sources.

3. Is it possible to reduce the power absorbed by Ru R2, and Rp?
Act on the Plan

It seems likely that Rx and R2 will have the same value, so let R\ =R2=R. Then it is
convenient to redraw Figure 3.9-2b as shown in Figure 3.9-3.

FIGURE 3.9-3 The circuit after setting R]=R2=R.

Applying KVL to the outside loop yields
-12 + Ria+ aRpia+ (i - a)Rpi. + Ria-12 =0

t - 24
a 2R+Rp
Next, applying KVL to the left loop gives
v= 12 - (R + aRp)ia
Substituting for i, gives
24(R + aflp)
2S + «,,
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When a= 0, v must be 5V, so
24/?
2 -
27+ I7p
Solving for /? gives
R = OJRp
Suppose the potentiometer resistance is selected to be Rp= 20 kft, the middle of the three

available values.
Then,

R = 14 kO

Verify the Proposed Solution
As a check, notice that when a= 1,

/ M.QO00 + 20.000 \ 5
V28,000k + 20,000y
as required. The specification that
-5V<v<5V

has been satisfied. The power absorbed by the three resistances is

242

—i"{2R -bRp) —
P IZ{/ ) 2R + Rp
S0 p=12mwW

Notice that this power can be reduced by choosing Rp to be as large as possible, 50 kO in
this case. Changing Rpto 50 kCl requires a new value of R:

R=0J x Rp = 35kO

Because

-5Vv=12- {350 24 < v< 12— (- 35°00° 8242 5V
\ ~ = 00J

V70,000 + 50,
the specification that

-5V<<v<bV
has been satisfied. The power absorbed by the three resistances is now

242
- = 5mwW
H 50,000 + 70,000

Finally, the power supply current is
. _ 24
" ~ 50,000 + 70,000 “ °'2

which is well below the 100 mA that the voltage sources are able to supply. The design is
complete.



3100 SUMMARY

O Kirchhoffs current law (KCL) states that the algebraic sum
of the currents entering a node is zero. Kirchhoffs voltage
law (KVL) states that the algebraic sum of the voltages
around a closed path (loop) is zero.

O Simple electric circuits can be analyzed using only Kirchhoffs
laws and the constitutive equations of the circuit elements.

O Series resistors act like a “voltage divider,” and parallel
resistors act like a “current divider.” The first two rows of
Table 3.10-1 summarize the relevant equations.

O Series resistors are equivalent to a single “equivalent resis-
tor.” Similarly, parallel resistors are equivalent to a single

o

Summary

“equivalent resistor.” The first two rows of Table 3.10-1
summarize the relevant equations.

Series voltage sources are equivalent to a single
“equivalent voltage source.” Similarly, parallel current
sources are equivalent to a single “equivalent current.”
The last two rows of Table 3.10-1 summarize the rele-
vant equations.

Often circuits consisting entirely of resistors can be
reduced to a single equivalent resistor by repeatedly
replacing series and/or parallel resistors by equivalent
resistors.

Table 3 10 1 Equivalent Circuits for Series and Parallel Elements

| RI 1
+ \%i +1
Series resistors Circuit WV>R2 Circut v g
J2 -
L _ _R1 o m .
I=1=i2vx= Bj+BZV' and v2—--—-;-/?—2V Rs=RI +R2 and v=Rsi
Parallel resistors
Series voltage Circuit
sources
Parallel current Circuit V eifhi! Circuit
sources 0:

v=iljsv2 and i=ij +i2

D=1+
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PROBLEMS

Section 3.2 Kirchhoff s Laws

P 3.2-1 Consider the circuit shown in Figure P 3.2-1 Deter-
mine the values of the power supplied by branch B and the
power supplied by branch F.

+4V-

-1 A
Figure P 3.2-1

P 3.2-2 Determine the values of 2, %, v2, v3, and v6 in Figure
P 3.2-2.

v3 4v-

Figure P 3.2-2

P 3.2-3 Consider the circuit shown in Figure P 3.2-3.

(a) Suppose that/?! =80 and R2=4 O. Find the current i and
the voltage v.

(b) Suppose, instead, that i =2.25 A and v= 42 V. Determine
the resistances R\ and R2.

(c) Suppose, instead, that the voltage source supplies 24 W of
power and that the current source supplies 9 W of power.
Determine the current i, the voltage v, and the resistances
R\ and R2.

P 3.2-4 Determine the power absorbed by each of the resis-
tors in the circuit shown in Figure P 3.2-4.

Answer: The 4-0 resistor absorbs 100 W, the 6-0 resistor
absorbs 24 W, and the 8-0 resistor absorbs 72 W.

3A

20V

Figure P 3.2-4
P 3.2-5 Determine the power absorbed by each of the resis-
tors in the circuit shown in Figure P 3.2-5.

Answer: The 4-0 resistor absorbs 16 W, the 6-11 resistor
absorbs 24 W, and the 8-0 resistor absorbs 8 W.

8V

Figure P 3.2-5

P 3.2-6 Determine the power supplied by each current source
in the circuit of Figure P 3.2-6.

Answer: The 2-mA current source supplies 6 mW, and the
1-mA current source supplies — mW.

5V 2 mA

P 3.2-7 Determine the power supplied by each voltage source
in the circuit of Figure P 3.2-7.

Answer: The 2-V voltage source supplies 2 mW and the 3-V
voltage source supplies —6 mW.

3V 2V



P 3.2-8 What is the value of the resistance R in Figure
P 3.2-8.

Hint: Assume an ideal ammeter. An
equivalent to a short circuit.

Answer: R—4 0

ideal ammeter is

P 3.2-9 The voltmeter in Figure P 3.2-9 measures the value of
the voltage across the current source to be 56 V. What is the
value of the resistance R?

Hint: Assume an ideal voltmeter. An ideal voltmeter is
equivalent to an open circuit.

Answer: R= 10 H

Figure P 3.2-9

P 3.2-10 Determine the values of the resistances R\ and R2in
Figure P 3.2-10.

P3.2-11 The circuit shown in Figure P 3.2-11 consists of five
voltage sources and four current sources. Express the power
supplied by each source in terms of the voltage source voltages
and the current source currents.

Problems-—-- ( 8

1v7

Figure P 3.2-11

P 3.2-12 Determine the power received by each of the
resistors in the circuit shown in Figure P 3.2-12.
+ -

P 3.2-13 Determine the voltage and current of each of the
circuit elements in the circuit shown in Figure P 3.2-13.

Hint: You’ll need to specify reference directions for the
element voltages and currents. There is more than one way
to do that, and your answers will depend on the reference
directions that you choose.

15V 0.25 A

10 ft
Figure P 3.2-13

P 3.2-14 Determine the voltage and current of each of the
circuit elements in the circuit shown in Figure P 3.2-14.

Hint: You'll need to specify reference directions for the
element voltages and currents. There is more than one way
to do that, and your answers will depend on the reference
directions that you choose.
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Figure P 3.2-14

P 3.2-15 Determine the value of the current that is measured
by the meter in Figure P 3.2-15.

Figure P 3.2-15

P 3.2-16 Determine the value of the current that is measured
by the meter in Figure P 3.2-16.

KzZu—o Ammeter Q

Figure P 3.2-16

P 3.2-17 Determine the value of the voltage that is measured
by the meter in Figure P 3.2-17.

P 3.2-18 Determine the value of the voltage that is measured
by the meter in Figure P 3.2-18.

1 60 ft

P 3.2-19 The voltage source in Figure P 3.2-19 supplies

3.6 W ofpower. The current source supplies 4.8 W. Determine
the values of the resistances, R\ and R2-

P 3.2-20 Determine the current / in Figure P 3.2-20.

Answer:i=4 A

4a

vV (T)2A

Figure P 3.2-20

P 3.2-21 Determine the value of the current im in Figure
P 3.2-21ar.

6Q

va(T) 3A \ i/ 25v,

(a)

1

Figure P 3.2-21 (a) A circuit containing a VCCS. (b) The circuit
after labeling the nodes and some element currents and voltages.

Hint: Apply KVL to the closed path a-b-d-c-a in Figure
P 3.2-21/? to determine va. Then apply KCL at node b to find im.

Answer: im=9 A

P 3.2-22 Determine the value of the voltage vm in Figure
P 3.2-22a.

Hint: Apply KVL to the closed path a-b-d-c-a in Figure
P 3.2-22b to determine va.

Answer: vm= 24 V
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P 3.2-26 Determine the value of the voltage v5for the circuit

50
shown in Figure P 3.2-26.

40

@

Figure P 3.2-26

P 3.2-27 Determine the value of the voltage v6 for the circuit
shown in Figure P 3.2-27.

Figure P 3.2-22 (@) A circuit containing a VCVS. (b) The circuit

after labeling the nodes and some element currents and voltages. v6

P 3.2-23 Determine the value of the voltage v6 for the circuit
shown in Figure P 3.2-23.

i=10i2 . o
P 3.2-28 Determine the value of the voltage v5 for the circuit

shown in Figure P 3.2-28.

250 mA
220 mA
Figure P 3.2-23
P 3.2-24 Determine the value of the voltage v6 for the circuit 25 mA 0.5u2
shown in Figure P 3.2-24. .
Figure P 3.2-28
15 mA v5»l0u2

P 3.2-29 The voltage source in the circuit shown in Figure

r— -/
- 2K5‘]n “““ ) P 3.2-29 supplies 2 W of power. The value of the voltage
across the 25-0 resistor is v2= 4 V. Determine the values of
.V - 12vo S0as the resistance R\ and of the gain, G, of the VCCS.
_____ o
25 mA

Figure P 3.2-24
P 3.2-25 Determine the value of the voltage v5 for the circuit
shown in Figure P 3.2-25.

45Q 250 mA

Figure P 3.2-29

P 3.2-30 Consider the circuit shown in Figure P 3.2-30.
Determine the values of
(a) The current iain the 20-11 resistor.

Fioure P 3.2.5 (b) The voltage vb across the 10-0 resistor.
lgure  3.2- (c) The current ic in the independent voltage source.
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L-VW
20 ft  ia

Figure P 3.2-30

Section 3.3 Series Resistors and Voltage Division

P 3.3-1 Use voltage division to determine the voltages vb v2,
V3, and V4 in the circuit shown in Figure P 3.3-1.

P 3.3-2 Consider the circuits shown in Figure P 3.3-2.

(a) Determine the value of the resistance R in Figure P 3.3-2b
that makes the circuit in Figure P 3.3-2b equivalent to the
circuit in Figure P 3.3-2a.

(b) Determine the current / in Figure P 3.3-26. Because the
circuits are equivalent, the current i in Figure P 3.3-2a is
equal to the current i in Figure P 3.3-2b.

(c) Determine the power supplied by the voltage source.

6 3ft 2ft
aaar- NMNW - -vw -
41t
(a)

Figure P 3.3-2

P 3.3-3 The ideal voltmeter in the circuit shown in Figure
P 3.3-3 measures the voltage v.

(a) Suppose R2=50 fl. Determine the value of R\.

(b) Suppose, instead, 72=50 d. Determine the value of
Ri.

(c) Suppose, instead, that the voltage source supplies 1.2 W of
power. Determine the values of both R{and R2.

P 3.3-4 Determine the voltage v in the circuit shown in
Figure P 3.3-4.

P 3.3-5 The model of a cable and load resistor connected to a
source is shown in Figure P 3.3-5. Determine the appropriate
cable resistance, R, so that the output voltage, vG remains
between 9 V and 13 V when the source voltage, vs, varies
between 20 V and 28 V. The cable resistance can assume
integer values only in the range 20 < R < 100 H.

-0-—VA—°-
Cable yo>100ft
-0--——--V v\—
R

Figure P 3.3-5 Circuit with a cable.

P 3.3-6 The input to the circuit shown in Figure P 3.3-6 is
the voltage ofthe voltage source, va. The output of this circuit is
the voltage measured by the voltmeter, vb. This circuit produces
an output that is proportional to the input, that is,

\b= kva
where k is the constant of proportionality.

(a) Determine the value of the output, vb, when R = 180 Cl and
va= 18 V.

(b) Determine the value of the power supplied by the voltage
source when R= 180 O and va= 18 V.

(c) Determine the value of the resistance, R, required to cause
the output to be vb= 2 V when the input is va= 18 V.

(d) Determine the value of the resistance, R, required to cause
vb= 0.2va (that is, the value of the constant of proportion-
ality is k = +).



P 3.3-7 Determine the value of voltage v in the circuit shown
in Figure P 3.3-7.

15 ft 18V

Figure P 3.3-7

P 3.3-8 Determine the power supplied by the dependent
source in the circuit shown in Figure P 3.3-8.

Figure P 3.3-8

P 3.3-9 A potentiometer can be used as a transducer to
convert the rotational position of a dial to an electrical
quantity. Figure P 3.3-9 illustrates this situation. Figure
P 3.3-9a shows a potentiometer having resistance Rp con-
nected to a voltage source. The potentiometer has three
terminals, one at each end and one connected to a sliding
contact called a wiper. A voltmeter measures the voltage
between the wiper and one end of the potentiometer.

Figure P 3.3-9b shows the circuit after the potentiome-
ter is replaced by a model of the potentiometer that consists of
two resistors. The parameter a depends on the angle, #, of the
dial. Herea = and o is given in degrees. Also, in Figure P
3.3-96, the voltmeter has been replaced by an open circuit, and
the voltage measured by the voltmeter, vm has been labeled.
The input to the circuit is the angle o, and the output is the
voltage measured by the meter, vm

(a) Show that the output is proportional to the input.

(b) Let Rp= 1 kfl and v9—24 V. Express the output as a
function of the input. What is the value of the output when
0= 45°? What is the angle when vm= 10 V?

Problems------- 1 93

@
t (I-a)tfp
(o VYV $
»s(p aRP< un
(b)

Figure P 3.3-9

P 3.3-10 Determine the value of the voltage measured by the
meter in Figure P 3.3-10.

Figure P 3.3-10

P 3.3-11 For the circuit of Figure P 3.3-11, find the voltage v3
and the current i and show that the power delivered to the three
resistors is equal to that supplied by the source.

Answer:v3=3V,I= 1A

Figure P 3.3-11

P 3.3-12 Consider the voltage divider shown in Figure
P 3.3-12 when Rx= 8 ft. It is desired that the output power
absorbed by R\ be 45 W. Find the voltage vD and the
required source vs.

2 ft 4 ft

Figure P 3.3-12
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P 3.3-13 Consider the voltage divider circuit shown in Figure
P 3.3-13. The resistor R represents a temperature sensor. The
resistance R. in fi, is related to the temperature T, in °C, by the

equation

R=50+ —T

(a) Determine the meter voltage, vm, corresponding to tem-
peratures 0°C, 75°C and 100°C.

(b) Determine the temperature. T, corresponding to the meter
voltages 8V, 10V, and 15 V.

P 3.3-14 Consider the circuit shown in Figure P 3.3-14.

(a) Determine the value of the resistance R required to cause
v0= 17.07 V.

(b) Determine the value of the voltage vDwhen R = 14 ft.

(c) Determine the power supplied by the voltage source when
V0= 1422 V.

Figure P 3.3-14

Section 3.4 Parallel Resistors and Current Division

P 3.4-1 Use current division to determine the currents iu i2,
/3, and t4 in the circuit shown in Figure P 3.4-1.

Figure P 3.4-1

P 3.4-2 Consider the circuits shown in Figure P 3.4-2.

(a) Determine the value of the resistance R in Figure P 3.4-2/?
that makes the circuit in Figure P 3.4-2/? equivalent to the
circuit in Figure P 3.4-2a.

(b) Determine the voltage v in Figure P 3.4-2/?. Because the
circuits are equivalent, the voltage v in Figure P 3.4-2a is
equal to the voltage v in Figure P 3.4-2/2.

(c) Determine the power supplied by the current source.

4 £ 6A(f

(a) (b)
Figure P 3.4-2

P 3.4-3 The ideal voltmeter in the circuit shown in Figure
P 3.4-3 measures the voltage v.

(a) Suppose R2= 6 ft. Determine the value of Rj and of the
current i.

(b) Suppose, instead, R\ =6 ft. Determine the value ofR2and
of the current /.

(c) Instead, choose R\ and R2to minimize the power absorbed
by any one resistor.

P 3.4-4 Determine the current / in the circuit shown in Figure
P 3.4-4.

Figure P 3.4-4

P 3.4-5 Consider the circuit shown in Figure P 3.4-5 when
4 ft < /?, < 6 ft and R2= 10 ft. Select the source is so that
v0 remains between 9 V and 13 V.

Figure P 3.4-5

P 3.4-6 The input to the circuit shown in Figure P 3.4-6 is the
current of the current source, A. The output of this circuit is the
current measured by the ammeter, ij,. This circuit produces an
output that is proportional to the input, that is,

ib=k ia
where k is the constant of proportionality.

(a) Determine the value of the output, *, when R = 24 ft and
fa= 21 A



(b) Determine the value of the resistance, R, required to cause
the output to be ib= 15 A when the input is 2= 2 A

(c) Determine the value of the resistance, R, required to cause
ib= 0.4 ia (that is, the value of the constant of proportion-

ality is k —§9.

2Q A-
BAAA/— °< H

Figure P 3.4-6

P 3.4-7 Figure P 3.4-7 shows a transistor amplifier. The values
ofRiand R2are to be selected. Resistances Riand R2are used to
bias the transistor, that is, to create useful operating conditions.
Inthis problem, we want to select Ri and R2so that vb= 5 V. We
expect the value of b to be approximately 10 NjIA Wilien /j <
10zh, it is customary to treat /bas negligible, that is, to assume
D= 0. In that case, R\ and R2 comprise a voltage divider.

(@) Select values for Rl and R2 so that vb=5 V, and the
total power absorbed by Rxand R2 is no more than 5 mWw.
(b) An inferior transistor could cause /b to be larger than
expected. Using the values of Rx and R2 from part (a),
determine the value of vbthat would result from ib= 15 jiA.

Figure P 3.4-7

P 3.4-8 Determine the value of the current i in the circuit

shown in Figure P 3.4-8.
2A

Figure P 3.4-8
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P 3.4-9 Determine the value of the voltage v in Figure P 3.4-9.

40 ft 20 ft b
—O——W \r -AAAr-  -AAAr-  -O—
40 ft
- e -
3 mA

Figure P 3.4-9

P 3.4-10 A solar photovoltaic panel may be represented by the
circuit model shown in Figure P 3.4-10, where RL is the load
resistor. Determinethe values ofthe resistances R\ and RL.

12 ft a
| F-V A 9

(t) 30 mA Ri> * 5mA RI> 2V

Figure P 3.4-10

P 3.4-11 Determine the power supplied by the dependent
source in Figure P 3.4-11

Figure P 3.4-11

P 3.4-12 The voltmeter in Figure P 3.4-12 measures the value
of the voltage vm

(a) Determine the value of the resistance R.
(b) Determine the value of the power supplied by the current

Figure P 3.4-12

P 3.4-13 Determine the values of the resistances R* and R2
for the circuit shown in Figure P 3.4-13.
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16 A

P 3.4-14 Determine the values of the resistances Ri and R2
for the circuit shown in Figure P 3.4-14.

+ 0.384V -

P 3.4-15 Determine the value of the current measured by the
meter in Figure P 3.4-15.

P 3.4-16 Consider the combination of resistors shown in
Figure P 3.4-16. Let Rp denote the equivalent resistance.

(@) Suppose 20 fl < R < 32011. Determine the correspond-
ing range of values of Rp.

(b) Suppose, instead, R = 0 (a short circuit). Determine the
value of Rp.

(c) Suppose, instead, R = 00 (an open circuit). Determine the
value of Rp.

(d) Suppose, instead, the equivalent resistance is Rp = 4011.
Determine the value of R.

Figure P 3.4-16

P 3.4-17 Consider the combination of resistors shown in
Figure P 3.4-17. Let Rp denote the equivalent resistance

(a) Suppose 40(1 <R < 40011. Determine the correspond-
ing range of values of Rp.

(b) Suppose, instead, /2= 0 (a short circuit). Determine the
value of Rp.

(c) Suppose, instead, R = oc (an open circuit). Determine the
value of Rp.

(d) Suppose, instead, the equivalent resistance is Rp = 80 fl.
Determine the value of R.

Figure P 3.4-17

P 3.4-18 Consider the combination of resistors shown in
Figure P 3.4-18. Let Rp denote the equivalent resistance.

(a) Suppose 5011 < R < 80011. Determine the correspond-
ing range of values of Rp.

(b) Suppose, instead, R = 0 (a short circuit). Determine the
value of Rp.

(c) Suppose, instead, R = oc (an open circuit). Determine the
value of Rp.

(d) Suppose, instead, the equivalent resistance is Rp — 150 0.
Determine the value of R.

Figure P 3.4-18

P 3.4-19 The input to the circuit shown in Figure P 3.4-19 is
the source current, /s. The output is the current measured by
the meter, iQ A current divider connects the source to the
meter. Given the following observations:

(@) The input /, = 5 A causes the output to be iQ= 2 A
(b) When i%= 2 A, the source supplies 48 W.

Determine the values of the resistances Rxand R2.



@

(b)

Figure P 3.4-19 (c)

Section 3.5 Series Voltage Sources and Parallel
Current Sources

P 3.5-1 Determine the power supplied by each source in
the circuit shown in Figure P 3.5-1.

8V

Problems ------- 97

Determine the value of the resistance R in Figure P 3.6-1b
that makes the circuit in Figure P 3.6-1b equivalent to the
circuit in Figure P 3.6-la.

Find the current i and the voltage v shown in Figure P 3.6-
1. Because of the equivalence, the current i and the
voltage v shown in Figure P 3.6-la are equal to the current
i and the voltage v shown in Figure P 3.6-1b.
Find the current 2, shown in Figure P 3.6-1a, using current
division.

)1.25 A
80
Figure P 3.5-1
P 3.5-2 Determine the power supplied by each source in the
circuit shown in Figure P 3.5-2. Figure P 3.6-1
2V 05 A
O O P 3.6-2 The circuit shown in Figure P 3.6-2a has been

divided into three parts. In Figure P 3.6-2b, the rightmost
part has been replaced with an equivalent circuit. The rest of

(p the circuit has not been changed. The circuit is simplified
further in Figure 3.6-2c. Now the middle and rightmost parts
have been replaced by a single equivalent resistance. The
leftmost part of the circuit is still unchanged.

Figure P 3.5-2 (@)
P 3.5-3 Determine the power received by each resistor in the

circuit shown in Figure P 3.5-3. (b)
3V

©
0.25A (" 2a0 7n> 0 125A

8V
Figure P 3.5-3 O

Section 3.6 Circuit Analysis

P 36-1 The circuit shown in Figure P 3.6-la has been
divided into two parts. In Figure P 3.6-1b, the right-hand
part has been replaced with an equivalent circuit. The left- ()
hand part of the circuit has not been changed.

Determine the value of the resistance R{in Figure P 3.6-2b
that makes the circuit in Figure P 3.6-2b equivalent to the
circuit in Figure P 3.6-2a.

Determine the value of the resistance R2 in Figure P 3.6-2C
that makes the circuit in Figure P 3.6-2c equivalent to the
circuit in Figure P 3.6-2b.

Find the current ixand the voltage \j shown in Figure P
3.6-2c. Because of the equivalence, the current ij and the
voltage vj shown in Figure P 3.6-2b are equal to the
current /i and the voltage M shown in Figure P 3.6-2c.

Hint: 24 = 6(/,-2) + /,rt2

Find the current i2 and the voltage v2 shown in Figure
P 3.6-2b. Because of the equivalence, the current i2
and the voltage v2 shown in Figure P 3.6-2a are equal
to the current i2 and the voltage v2 shown in Figure
P 3.6-2h.

Hint: Use current division to calculate i2 from i\.
Determine the power absorbed by the 3-1) resistance
shown at the right of Figure P 3.6-2a.
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Figure P 3.6-2

P 3.6-3 Find i, using appropriate circuit reductions and the
current divider principle for the circuit of Figure P 3.6-3.

1ft 1ft 1ft 1ft

P 3.6-4

(a) Determine values of  and R2 in Figure P 3.6-46 that
make the circuit in Figure P 3.6-46 equivalent to the
circuit in Figure P 3.6-4a.

(b) Analyze the circuit in Figure P 3.6-46 to determine the
values of the currents @ and ib.

(c) Because the circuits are equivalent, the currents z
and ib shown in Figure P 3.6-46 are equal to the currents
ia and ib shown in Figure P 3.6-4a. Use this fact to
determine values of the voltage vj and current i2 shown
in Figure P 3.6-4a.

_u+

Figure P 3.6-4

P 3.6-5 The voltmeter in the circuit shown in Figure P 3.6-5
shows that the voltage across the 30-0 resistor is 6 volts.
Determine the value of the resistance R\.

Hint: Use the voltage division twice.

Answer: R\ = 40 H

P 3.6-6 Determine the voltages va and vc and the currents ib
and id for the circuit shown in Figure P 3.6-6.

Answer: va= -2 V,vc=6V,ib=-16 mA, and id= 2 mA

P 3.6-7 Determine the value of the resistance R in Figure
P 3.6-7.

Answer: R = 2SkCl

12 kit

Figure P 3.6-7

P 3.6-8 Most of us are familiar with the effects of a mild
electric shock. The effects ofa severe shock can be devastating
and often fatal. Shock results when current is passed through
the body. A person can be modeled as a network of resistances.
Consider the model circuit shown in Figure P 3.6-8. Determine



the voltage developed across the heart and the current flowing
through the heart of the person when he or she firmly grasps
one end of a voltage source whose other end is connected to the
floor. The heart is represented by Rh. The floor has resistance to
current flow equal to Rt, and the person is standing barefoot on
the floor. This type of accident might occur at a swimming pool
or boat dock. The upper-body resistance Ru and lower-body
resistance RL vary from person to person.

Ru=20 ft
Rh=100 ft

R<= 200 ft R1=30 ft

Figure P 3.6-8
P 3.6-9 Determine the value of the current i in Figure 3.6-9.

Answer: i= 0.5 mA

3 kit 3 kit

P 3.6-10 Determine the values of ja, ib and vc in Figure
P 3.6-10.

10 ft

Figure P 3.6-10

P 3.6-11 Find i and Regabif vab= 40 V in the circuit of
Figure P 3.6-11.
Answer: Rega b=8H,/=5/6 A

6 ft

Figure P 3.6-11
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P 3.6-12 The ohmmeter in Figure P 3.6-12 measures the
equivalent resistance, Req, of the resistor circuit. The value of
the equivalent resistance, Reg, depends on the value of the
resistance R.

(a) Determine the value of the equivalent resistance, Rcg,

when R=9 H.
(b) Determine the value of the resistance R required to cause

the equivalent resistance to be Req= 12 fl.

P 3.6-13 Find the Reg at terminals a-b in Figure P 3.6-13.
Also determine /, iu and 2.

Answer: Req= 8 H,i=5A, \=5/3 A, i2=5/2 A

i 12 ft

P 3.6-14 All of the resistances in the circuit shown in Figure
P 3.6-14 are multiples of R. Determine the value of R.

Figure P 3.6-14

P 3.6-15 The circuit shown in Figure P 3.6-15 contains seven
resistors, each having resistance R. The input to this circuit is the
voltage source voltage, vs. The circuit has two outputs, vaand
Express each output as a function of the input.
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R R /\
+ ]
va<>R R<
1/ R 1
R~ s R

Figure P 3.6-15

P 3.6-16 The circuit shown in Figure P 3.6-16 contains three
10-11, 1/4-W resistors. (Quarter-watt resistors can dissipate
1/4 W safely.) Determine the range of voltage source volt-
ages, Vs, such that none of the resistors absorbs more than /4
W of power.

10Q

Figure P 3.6-16

P 3.6-17 The four resistors shown in Figure P 3.6-17 represent
strain gauges. Strain gauges are transducers that measure the
strain that results when a resistor is stretched or compressed.
Strain gauges are used to measure force, displacement, or pres-
sure. The four strain gauges in Figure P 3.6-17 each have a
nominal (unstrained) resistance 0f200 O and can each absorb 0.5
mW safely. Determine the range of voltage source voltages, vs,
such that no strain gauge absorbs more than 0.5 mW of power.

Figure P 3.6-17

P 3.6-18 The circuit shown in Figure P 3.6-18b has been
obtained from the circuit shown in Figure P 3.6-18a by
replacing series and parallel combinations of resistances by
equivalent resistances.

(a) Determine the values of the resistances R\, R2, and /?3in
Figure P 3.6-18b so that the circuit shown in Figure
P 3.6-18/) is equivalent to the circuit shown in Figure
P 3.6-18a.

(b) Determine the values of vj, vz, and / in Figure
P 3.6-18/?.

(c) Because the circuits are equivalent, the values of vif v2,
and i in Figure P 3.6-18a are equal to the values of V2,
and / inFigure P 3.6-1 Sh. Determine the values of v4, 5,
and v7 in Figure P 3.6-18a.

(b)

Figure P 3.6-18

P 3.6-19 Determine the values of vj, v2, 23 v4, v5, and /6 in
Figure P 3.6-19.

Figure P 3.6-19

P 3.6-20 Determine the values of 1, v. and Raqg for the circuit
shown in Figure P 3.6-20, given that vah= 18 V.
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measured by the meter, vG Show that the output of this circuit
is proportional to the input. Determine the value of the
constant of proportionality.

Figure P 3.6-20

P 3.6-21 Determine the value of the resistance R in the circuit
shown in Figure P 3.6-21, given that Req=09 ft .

Answer: R = 15 ft

Figure P 3.6-24

P 3.6-25 The input to the circuit in Figure P 3.6-25 is the
voltage of the voltage source, vs. The output is the current
measured by the meter, j0. Show that the output of this circuit
is proportional to the input. Determine the value of the
constant of proportionality.

4 ft

Figure P 3.6-21

P 3.6-22 Determine the value of the resistance R in the circuit
shown in Figure P 3.6-22, given that /?eq= 40 0.

Figure P 3.6-25

P 3.6-26 Determine the voltage measured by the voltmeter in
the circuit shown in Figure P 3.6-26.
4 ft ‘a
P 3.6-23 Determine the values of r, the gain of the CCVS, and
g, the gain of the VCCS, for the circuit shown in Figure P 3.6-23.

P 3.6-24 The input to the circuit in Figure P 3.6-24 is the
voltage of the voltage source, vs. The output is the voltage  Figure P 3.6-26
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P 3.6-27 Determine the current measured by the ammeter in
the circuit shown in Figure P 3.6-27.

N R R *
P 3.6-28 Determine the value of the resistance R that causes
the voltage measured by the voltmeter in the circuit shown in
Figure P 3.6-28 to be 6 V.

3A

Figure P 3.6-28

P 3.6-29 The input to the circuit shown in Figure P 3.6-29 is

the voltage of the voltage source, vs. The output is the current
freasured By the feter, m

(@) Suppose vs= 15 V. Determine the value of the resistance
R that causes the value of the current measured by the
meter to be im = 12 A

(b) Suppose vs= 15V and /*= 80 H Determine the current
measured by the ammeter.

(c) Suppose R=24 11 Determine the value of the input
voltage, V5 that causes the value of the current measured
by the meter to be /m=3 A

5va

16fi 9 Ammeter q
"—WV—odU-iH1

— VNA/—

Figure P 3.6-29

P 3.6-30 The ohmmeter in Figure P 3.6-30 measures the
equivalent resistance of the resistor circuit connected to the
meter probes.

(a) Determine the value of the resistance R required to cause

the equivalent resistance to be Req= 12 H.
ib) Determine the value of the ewﬂivalent resistance when

P 3.6-31 The voltmeter in Figure P 3.6-31 measures the
voltage across the current source.

(a) Determine the value ofthe voltage measured by the meter.
(b) Determine the power supplied by each circuit element.

doc oo r\ + ) ,
P 3 6 32 Determine the resistance measured by the ohmme-
ter in Figure P 3.6-32.



P 3.6-33 Determine the resistance measured by the ohmme-
ter in Figure P 3.6-33.

P 3.6-34 Consider the circuit shown in Figure P 3.6-34.
Given the values of the following currents and voltages:

z, = 0625A, 2= -25V, j3= -1.25 A,
and M = —18.75V,

determine the values of R2 Ri, and R4.

VA

Figure P 3.6-34

P 3.6-35 Consider the circuits shown in Figure P 3.6-35. The
equivalent circuit is obtained from the original circuit by replac-
ing series and parallel combinations of resistors with equivalent
resistors. The value of the current in the equivalent circuit is 5 =
0.8 A. Determine the values of Rx R2, R5/v2, and i3.

40V
-G -
180 320. 320.
100
-AAA—V W
b m +¥h=0C
original circuit

Figure P 3.6-35
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P 3.6-36 Consider the circuit shown in Figure P 3.6-36.
Given

V2 = -sz, B= ’1*'1, and v4 = -3v2,
determine the values of R\, R2, and Ra4.

Hint: Interpret v2 = fvs, Z = \i\. and v = 8v2 as current
and voltage division.

v4

Figure P 3.6-36

P 3.6-37 Consider the circuit shown in Figure P 3.6-37. Given

2. 2 4
V3= -vi.andza = -/2,

=
determine the values of R\, R2, and R4.
Hint: Interpreti2 = |is, v3 = | v\, and* = |z2 as current and

voltage division.

Figure P 3.6-37

P 3.6-38 Consider the circuit shown in Figure P 3.6-38.

(a) Suppose B = |zj. What is the value of the resistance R?

(b) Suppose, instead, v2 = 4.8 V. What is the value of the
equivalent resistance of the parallel resistors?

(c) Suppose, instead, R = 20 fl. What is the value of the
current in the 40-0 resistor?

Hint: Interpret 8 =\i\ as current division.

Figure P 3.6-38

P 3.6-39 Consider the circuit shown in Figure P 3.6-39.

(a) Suppose v3 = Jvj. What is the value of the resistance R?

(b) Suppose 2 =s 1.2 A. What is the value of the resistance R?

(c) Suppose R = 70 0. What is the voltage across the
20-H resistor?
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(d) Suppose R = 3011 What is the value of the current in this
30-0 resistor?
Hint: Interpret v3 = as voltage division.

2 R

v3> ion

P 3.6-40 Consider the circuit shown in Figure P 3.6-40.
Given that the voltage of the dependent voltage source is
va = 8 V, determine the values of R\ and vQ
+ V0 -
8Q *

va= 20 zb

Figure P 3.6-40

P 3.6-41 Consider the circuit shown in Figure P 3.6-41.
Given that the current of the dependent current source is
@A = 2 A, determine the values of R\ and iQ

L = 0.2vr

Figure P 3.6-41

P 3.6-42 Determine the values of z, /b, 2, and v, in the circuit
shown in Figure P 3.6-42.

5Q
rAA/V-i gqQ 2Q

r B - <AW— e wv—i
K j i

20 a >12Q

f [ i

Figure P 3.6-42

< 24Q

Section 3.7 Analyzing Resistive Circuits Using
MATLAB

P 3.7-1 Determine the power supplied by each of the
sources, independent and dependent, in the circuit shown in
Figure P 3.7-1.

/11,,,. yse the guidelines given in Section 3.7 to label the
circuit diagram. Use MATLAB to solve the equations repre-
senting the circuit.

P 3.7-2 Determine the power supplied by each of the sources,
independent and dependent, in the circuit shown in Figure

P 3.7-2.

Hint: Use the guidelines given in Section 3.7 to label the
circuit diagram. Use MATLAB to solve the equations repre-
senting the circuit.

Section 3.8 How Can We Check ...?

P 3.8-1 A computer analysis program, used for the circuit of
Figure P 3.8-1, provides the following branch currents and
voltages: ix= -0.833 A, /2= -0.333 A, i3= -1.167 A, and
v= 2.0 V. Are these answers correct?

Hint: Verif