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Introduction

OBJECTIVES

After studying this chapter, you will be
able to

¢ describe the SI system of measurement,
e convert between various sets of units,

* use power of ten notation to simplify
handling of large and small numbers,

 express electrical units using standard
prefix notation such as puA, kV, mW, etc.,

* use a sensible number of significant dig-
its in calculations,

 describe what block diagrams are and
why they are used,

* convert a simple pictorial circuit to its
schematic representation,

* describe generally how computers fit in
the electrical circuit analysis picture.
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An electrical circuit is a system of interconnected components such as resis- CHAPTER PREVIEW
tors, capacitors, inductors, voltage sources, and so on. The electrical behav-

ior of these components is described by a few basic experimental laws. These

laws and the principles, concepts, mathematical relationships, and methods of

analysis that have evolved from them are known as circuit theory.

Much of circuit theory deals with problem solving and numerical analysis.
When you analyze a problem or design a circuit, for example, you are typically
required to compute values for voltage, current, and power. In addition to a
numerical value, your answer must include a unit. The system of units used for
this purpose is the SI system (Systéme International). The SI system is a unified
system of metric measurement; it encompasses not only the familiar MKS
(meters, kilograms, seconds) units for length, mass, and time, but also units for
electrical and magnetic quantities as well.

Quite frequently, however, the SI units yield numbers that are either too
large or too small for convenient use. To handle these, engineering notation and
a set of standard prefixes have been developed. Their use in representation and
computation is described and illustrated. The question of significant digits is also
investigated.

Since circuit theory is somewhat abstract, diagrams are used to help present
ideas. We look at several types—schematic, pictorial, and block diagrams—and
show how to use them to represent circuits and systems.

We conclude the chapter with a brief look at computer usage in circuit analy-
sis and design. Several popular application packages and programming languages
are described. Special emphasis is placed on OrCAD PSpice and Electronics
Workbench, the two principal software packages used throughout this book.

Hints on Problem Solving PUTTING IT IN
DURING THE ANALYSIS of electric circuits, you will find yourself solving quite a few PERSPECTIVE

problems. An organized approach helps. Listed below are some useful guidelines:

1. Make a sketch (e.g., a circuit diagram), mark on it what you know, then iden-
tify what it is that you are trying to determine. Watch for “implied data” such
as the phrase “the capacitor is initially uncharged”. (As you will find out
later, this means that the initial voltage on the capacitor is zero.) Be sure to
convert all implied data to explicit data.

2. Think through the problem to identify the principles involved, then look for
relationships that tie together the unknown and known quantities.

3. Substitute the known information into the selected equation(s) and solve for
the unknown. (For complex problems, the solution may require a series of
steps involving several concepts. If you cannot identify the complete set of
steps before you start, start anyway. As each piece of the solution emerges, you
are one step closer to the answer. You may make false starts. However, even
experienced people do not get it right on the first try every time. Note also that
there is seldom one “right” way to solve a problem. You may therefore come
up with an entirely different correct solution method than the authors do.)

4. Check the answer to see that it is sensible—that is, is it in the “right ball-
park”? Does it have the correct sign? Do the units match?
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1.1 Introduction

Technology is rapidly changing the way we do things; we now have comput-
ers in our homes, electronic control systems in our cars, cellular phones that
can be used just about anywhere, robots that assemble products on produc-
tion lines, and so on.

A first step to understanding these technologies is electric circuit theory.
Circuit theory provides you with the knowledge of basic principles that you
need to understand the behavior of electric and electronic devices, circuits,
and systems. In this book, we develop and explore its basic ideas.

Before We Begin

Before we begin, let us look at a few examples of the technology at work.
(As you go through these, you will see devices, components, and ideas that
have not yet been discussed. You will learn about these later. For the moment,
just concentrate on the general ideas.)

As a first example, consider Figure 1-1, which shows a VCR. Its design
is based on electrical, electronic, and magnetic circuit principles. For exam-
ple, resistors, capacitors, transistors, and integrated circuits are used to con-
trol the voltages and currents that operate its motors and amplify the audio
and video signals that are the heart of the system. A magnetic circuit (the
read/write system) performs the actual tape reads and writes. It creates,
shapes, and controls the magnetic field that records audio and video signals
on the tape. Another magnetic circuit, the power transformer, transforms the
ac voltage from the 120-volt wall outlet voltage to the lower voltages required
by the system.

FIGURE 1-1 A VCR is a familiar example of an electrical/electronic system.



Figure 1-2 shows another example. In this case, a designer, using a per-
sonal computer, is analyzing the performance of a power transformer. The
transformer must meet not only the voltage and current requirements of the
application, but safety- and efficiency-related concerns as well. A software
application package, programmed with basic electrical and magnetic circuit
fundamentals, helps the user perform this task.

Figure 1-3 shows another application, a manufacturing facility where
fine pitch surface-mount (SMT) components are placed on printed circuit
boards at high speed using laser centering and optical verification. The bot-
tom row of Figure 1-4 shows how small these components are. Computer
control provides the high precision needed to accurately position parts as
tiny as these.

Before We Move On

Before we move on, we should note that, as diverse as these applications are,
they all have one thing in common: all are rooted in the principles of circuit
theory.

e HT T
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FIGURE 1-2 A transformer designer using a 3-D electromagnetic analysis program to
check the design and operation of a power transformer. Upper inset: Magnetic field pat-
tern. (Courtesy Carte International Inc.)

Section 1.1 = Introduction
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FIGURE 1-3 Laser centering and
optical verification in a manufacturing
process. (Courtesy Vansco Electronics
Ltd.)

FIGURE 1-4 Some typical elec-
tronic components. The small compo-
nents at the bottom are surface mount
parts that are installed by the machine
shown in Figure 1-3.

Surface mount
parts



Section 1.2 m The SI System of Units

1.2 The SI System of Units

The solution of technical problems requires the use of units. At present, two
major systems—the English (US Customary) and the metric—are in everyday
use. For scientific and technical purposes, however, the English system has
been largely superseded. In its place the SI system is used. Table 1-1 shows a
few frequently encountered quantities with units expressed in both systems.

The SI system combines the MKS metric units and the electrical units
into one unified system: See Tables 1-2 and 1-3. (Do not worry about the
electrical units yet. We define them later, starting in Chapter 2.) The units in
Table 1-2 are defined units, while the units in Table 1-3 are derived units,
obtained by combining units from Table 1-2. Note that some symbols and
abbreviations use capital letters while others use lowercase letters.

A few non-SI units are still in use. For example, electric motors are
commonly rated in horsepower, and wires are frequently specified in AWG
sizes (American Wire Gage, Section 3.2). On occasion, you will need to con-
vert non-SI units to SI units. Table 1-4 may be used for this purpose.

Definition of Units

When the metric system came into being in 1792, the meter was defined as
one ten-millionth of the distance from the north pole to the equator and the
second as 1/60 X 1/60 X 1/24 of the mean solar day. Later, more accurate def-
initions based on physical laws of nature were adopted. The meter is now

TABLE 1-2 Some SI Base Units

Quantity Symbol Unit Abbreviation
Length 4 meter m
Mass m kilogram kg
Time t second S
Electric current Li ampere A
Temperature T kelvin K
TABLE 1-3  Some SI Derived Units*

Quantity Symbol Unit Abbreviation
Force F newton N
Energy w joule J
Power Pp watt W
Voltage VVvE e volt v
Charge 0 q coulomb C
Resistance R ohm Q
Capacitance C farad F
Inductance L henry H
Frequency f hertz Hz
Magnetic flux $ weber Wb
Magnetic flux density B tesla T

*Electrical and magnetic quantities will be explained as you progress through the book. As in Table
1-2, the distinction between capitalized and lowercase letters is important.

TABLE 1-1 Common Quantities

1 meter = 100 centimeters = 39.37
inches

1 millimeter = 39.37 mils

1 inch = 2.54 centimeters

1 foot = 0.3048 meter

1 yard = 0.9144 meter

1 mile = 1.609 kilometers

1 kilogram = 1000 grams =
2.2 pounds

1 gallon (US) = 3.785 liters

7
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TABLE 1-4 Conversions

‘When You Know Multiply By To Find

Length inches (in) 0.0254 meters (m)

feet (ft) 0.3048 meters (m)

miles (mi) 1.609 kilometers (km)
Force pounds (Ib) 4.448 newtons (N)
Power horsepower (hp) 746 watts (W)
Energy kilowatthour (kWh) 3.6 X 10° joules* (J)

foot-pound (ft-1b) 1.356 joules* (J)

Note: 1 joule = 1 newton-meter.

defined as the distance travelled by light in a vacuum in 1/299 792 458 of a
second, while the second is defined in terms of the period of a cesium-based
atomic clock. The definition of the kilogram is the mass of a specific plat-
inum-iridium cylinder (the international prototype), preserved at the Interna-
tional Bureau of Weights and Measures in France.

Relative Size of the Units*

To gain a feel for the SI units and their relative size, refer to Tables 1-1 and
1-4. Note that 1 meter is equal to 39.37 inches; thus, 1 inch equals 1/39.37 =
0.0254 meter or 2.54 centimeters. A force of one pound is equal to 4.448
newtons; thus, 1 newton is equal to 1/4.448 = 0.225 pound of force, which
is about the force required to lift a “4-pound weight. One joule is the work
done in moving a distance of one meter against a force of one newton. This
is about equal to the work required to raise a quarter-pound weight one
meter. Raising the weight one meter in one second requires about one watt
of power.

The watt is also the SI unit for electrical power. A typical electric lamp,
for example, dissipates power at the rate of 60 watts, and a toaster at a rate of
about 1000 watts.

The link between electrical and mechanical units can be easily estab-
lished. Consider an electrical generator. Mechanical power input produces
electrical power output. If the generator were 100% efficient, then one watt
of mechanical power input would yield one watt of electrical power output.
This clearly ties the electrical and mechanical systems of units together.

However, just how big is a watt? While the above examples suggest that
the watt is quite small, in terms of the rate at which a human can work it is
actually quite large. For example, a person can do manual labor at a rate of
about 60 watts when averaged over an 8-hour day—just enough to power a
standard 60-watt electric lamp continuously over this time! A horse can do
considerably better. Based on experiment, Isaac Watt determined that a strong
dray horse could average 746 watts. From this, he defined the horsepower (hp)
as 1 horsepower = 746 watts. This is the figure that we still use today.

*Paraphrased from Edward C. Jordan and Keith Balmain, Electromagnetic Waves and
Radiating Systems, Second Edition. (Englewood Cliffs, New Jersey: Prentice-Hall, Inc,
1968).



1.3  Converting Units

Often quantities expressed in one unit must be converted to another. For
example, suppose you want to determine how many kilometers there are in
ten miles. Given that 1 mile is equal to 1.609 kilometers, Table 1-1, you can
write 1 mi = 1.609 km, using the abbreviations in Table 1-4. Now multiply
both sides by 10. Thus, 10 mi = 16.09 km.

This procedure is quite adequate for simple conversions. However, for
complex conversions, it may be difficult to keep track of units. The proce-
dure outlined next helps. It involves writing units into the conversion
sequence, cancelling where applicable, then gathering up the remaining units
to ensure that the final result has the correct units.

To get at the idea, suppose you want to convert 12 centimeters to
inches. From Table 1-1, 2.54 cm = 1 in. Since these are equivalent, you can
write

2.54 cm 1 in

: =1 or =
1in 2.54 cm

(1-1)

Now multiply 12 cm by the second ratio and note that unwanted units can-
cel. Thus,

1in
12 X ——=4.721
o 2.54 e n

The quantities in equation 1-1 are called conversion factors. Conver-
sion factors have a value of 1 and you can multiply by them without chang-
ing the value of an expression. When you have a chain of conversions, select
factors so that all unwanted units cancel. This provides an automatic check
on the final result as illustrated in part (b) of Example 1-1.

éEXAMPLE 1=1  Given a speed of 60 miles per hour (mph),

a. convert it to kilometers per hour,

b. convert it to meters per second.

Solution
a. Recall, 1 mi = 1.609 km. Thus,

_ 1609 km

1 :
1 mi

Now multiply both sides by 60 mi/h and cancel units:

60 mi < 1.609 km
h 1 mi

b. Given that 1 mi = 1.609 km, 1 km = 1000 m, 1 h = 60 min, and 1 min =
60 s, choose conversion factors as follows:

_ 1.609 km 1:1000m | = 1h nd1=1mm
1 km

60 mi/h =

= 96.54 km/h

1

s [l

1 mi G 60 s

Section 1.3 = Converting Units
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Thus,
60 mi _ 60 mi % 1.609@ < 1000 m 2 l\hT v I min _ 26.8 m/s
h N 1 mi 1 kma 60 min 60 s

You can also solve this problem by treating the numerator and denomi-
nator separately. For example, you can convert miles to meters and hours to
seconds, then divide (see Example 1-2). In the final analysis, both methods
are equivalent.

é EXAMPLE 1-=2 Do Example 1-1(b) by expanding the top and bottom sepa-

rately.
Solution
60 mi = 60 mi X 1'6101915“ X 1(1)(£mm = 96540 m
Ih=1HhX 601“1;\*“ X 16:;_; = 3600 s

Thus, velocity = 96 540 m/3600 s = 26.8 m/s as above.

1. Area = wr”. Given r = 8 inches, determine area in square meters (m?).
2. A car travels 60 feet in 2 seconds. Determine

a. its speed in meters per second,

b. its speed in kilometers per hour.

For part (b), use the method of Example 1-1, then check using the method of
Example 1-2.

Answers: 1. 0.130m*> 2. a. 9.14m/s b. 32.9 km/h

1.4 Power of Ten Notation

Electrical values vary tremendously in size. In electronic systems, for example,
voltages may range from a few millionths of a volt to several thousand volts,
while in power systems, voltages of up to several hundred thousand are com-
mon. To handle this large range, the power of ten notation (Table 1-5) is used.

To express a number in power of ten notation, move the decimal point to
where you want it, then multiply the result by the power of ten needed to
restore the number to its original value. Thus, 247 000 = 2.47 X 10°. (The
number 10 is called the base, and its power is called the exponent.) An easy
way to determine the exponent is to count the number of places (right or left)
that you moved the decimal point. Thus,

247000 =247000 =2.47 X 10°
M aA A
54321



Section 1.4 m Power of Ten Notation

TABLE 1-5 Common Power of Ten Multipliers

1 000 000 = 10° 0.000001 = 107°
100 000 = 10° 0.00001 = 1077
10 000 = 10* 0.0001 = 107*
1000 = 10° 0.001 = 107°
100 = 10? 0.01 = 1072
10 = 10 0.1 =107"

1 =10 1 =10

Similarly, the number 0.003 69 may be expressed as 3.69 X 107* as illus-
trated below.

369 =3.69x10"°
3

0.003 69 = 0.0
1

éo

[\

Multiplication and Division Using Powers of Ten
To multiply numbers in power of ten notation, multiply their base numbers,
then add their exponents. Thus,

(1.2 X 10%(1.5 X 10% = (1.2)(1.5) X 10°*¥ = 1.8 X 10’

For division, subtract the exponents in the denominator from those in the
numerator. Thus,

2
—‘;SX Xléf’z _ % X 1022 = 1.5 X 10*

EXAMFLE 1-3 Convert the following numbers to power of ten notation,
then perform the operation indicated:

a. 276 X 0.009,

b. 98 200/20.

Solution
a. 276 X 0.009 = (2.76 X 10*)(9 X 107%) =24.8 X 107! = 2.48

98200 _ 9.82 X 10*
20 2 X 10!

b. =491 X% 10°

Addition and Subtraction Using Powers of Ten

To add or subtract, first adjust all numbers to the same power of ten. It does
not matter what exponent you choose, as long as all are the same.

11
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Use common sense when han-
dling numbers. With calculators,
for example, it is often easier to
work directly with numbers in
their original form than to con-
vert them to power of ten nota-
tion. (As an example, it is more
sensible to multiply 276 X
0.009 directly than to convert to
power of ten notation as we did
in Example 1-3(a).) If the final
result is needed as a power of
ten, you can convert as a last
step.

éEXAMPLE 1-4 Add3.25 X 10*and 5 X 10°

a. using 10 representation,

b. using 10° representation.

Solution
a. 5 X 10°* = 50 X 10% Thus, 3.25 X 10*> + 50 X 10* = 53.25 X 10?

b. 3.25 X 10> = 0.325 X 10°. Thus, 0.325 X 10°* + 5 X 10° = 5.325 X 10°,
which is the same as 53.25 X 10?

Powers
Raising a number to a power is a form of multiplication (or division if the
exponent is negative). For example,

(2 X 10%* = (2 X 10%)(2 X 10°) = 4 X 10°

In general, (N X 10")" = N™ X 10™. In this notation, (2 X 10°)* = 2? X
10**? = 4 X 10° as before.
Integer fractional powers represent roots. Thus, 4" = V4 = 2 and

2713 =N/27 = 3.

é EXAMPLE 1-5 Expand the following:

a. (250)° b. (0.0056)* c. (141)7? d. (60)"”

Solution

. (250)° = (2.5 X 10%)° = (2.5)° X 10 = 15.625 X 10°

b. (0.0056)* = (5.6 X 10732 = (5.6 X 1076 = 31.36 X 107

c. (141)2 = (141 X 1052 = (1.41)2 X (10*2 = 0.503 X 10~
d. (60)"® = V60 = 3.915

o

Determine the following:

a. (6.9 X 10°(0.392 X 107%)

b. (23.9 X 10')/(8.15 X 10%)

c. 14.6 X 10> + 11.2 X 10" (Express in 10* and 10" notation.)
d. (29.6)°

e. (0.385)7?

Answers: a. 2.71 X 10> b. 2.93 X 10° c. 15.7 X 10* = 157 X 10!
e. 6.75

d. 25.9 X 10°




1.5 Prefixes

Scientific and Engineering Notation

If power of ten numbers are written with one digit to the left of the decimal
place, they are said to be in scientific notation. Thus, 2.47 X 10’ is in sci-
entific notation, while 24.7 X 10* and 0.247 X 10° are not. However, we
are more interested in engineering notation. In engineering notation, pre-
fixes are used to represent certain powers of ten; see Table 1-6. Thus, a
quantity such as 0.045 A (amperes) can be expressed as 45 X 107° A, but it
is preferable to express it as 45 mA. Here, we have substituted the prefix
milli for the multiplier 107°. It is usual to select a prefix that results in a
base number between 0.1 and 999. Thus, 1.5 X 107 s would be expressed
as 15 pus.

EXAMPLE 1-6  Express the following in engineering notation:

a. 10 X 10*volts b. 0.1 X 103 watts c. 250 X 1077 seconds

Solution

a. 10 X 10*V = 100 X 10* V = 100 kilovolts = 100 kV

b. 0.1 X 107 W = 0.1 milliwatts = 0.1 mW

c. 250 X 1077 s = 25 X 107 s = 25 microseconds = 25 us

EXAMPLE 1-=7 Convert 0.1 MV to kilovolts (kV).

Solution
0.1 MV =0.1 X 10°V = (0.1 X 10% X 10*V = 100 kV

Remember that a prefix represents a power of ten and thus the rules for

power of ten computation apply. For example, when adding or subtracting,
adjust to a common base, as illustrated in Example 1-8.

éEXAMPLE 1-& Compute the sum of 1 ampere (amp) and 100 milli-
amperes.

Solution Adjust to a common base, either amps (A) or milliamps (mA).
Thus,

1A+100mA=1A+100X 10°A=1A+0.1A=11A
Alternatively, 1 A + 100 mA = 1000 mA + 100 mA = 1100 mA.

Section 1.5 m Prefixes 13

TABLE 1-6 Engineering Prefixes

Power of 10

1012
10°
10°
10°
107°
107°
107°
10712

Prefix

tera
giga
mega
kilo
milli
micro
nano
pico

Symbol

T EE B3 AZQA
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1. Convert 1800 kV to megavolts (MV).

2. In Chapter 4, we show that voltage is the product of current times resistance—
that is, V = I X R, where V is in volts,  is in amperes, and R is in ohms.
Given I = 25 mA and R = 4 k(), convert these to power of ten notation, then
determine V.

3. IfI, =520 uA, I, = 0.157 mA, and I; = 2.75 X 10™* A, whatis I, + I, + I,
in mA?

Answers: 1. 1.8 MV 2. 100V 3. 0952 mA

IN-PROCESS
LEARNING
CHECK 1

1. All conversion factors have a value of what?
2. Convert 14 yards to centimeters.

3. What units does the following reduce to?

kam>< h ><mm

h km  min s
4. Express the following in engineering notation:
a. 4270 ms b. 0.001 53V c. 123 X 107*s

5. Express the result of each of the following computations as a number times
10 to the power indicated:

a. 150 X 120 as a value times 10*; as a value times 10°.
b. 300 X 6/0.005 as a value times 10*; as a value times 10°; as a value times 10°.
c. 430 + 15 as a value times 10% as a value times 10"
d. (3 X 1072)? as a value times 107°; as a value times 107°.
6. Express each of the following as indicated.
a. 752 pA in mA.
b. 0.98 mV in V.
c. 270 us + 0.13 ms in pus and in ms.

(Answers are at the end of the chapter.)

1.6  Significant Digits and Numerical Accuracy

The number of digits in a number that carry actual information are termed
significant digits. Thus, if we say a piece of wire is 3.57 meters long, we
mean that its length is closer to 3.57 m than it is to 3.56 m or 3.58 m and we
have three significant digits. (The number of significant digits includes the
first estimated digit.) If we say that it is 3.570 m, we mean that it is closer to
3.570 m than to 3.569 m or 3.571 m and we have four significant digits.
When determining significant digits, zeros used to locate the decimal point
are not counted. Thus, 0.004 57 has three significant digits; this can be seen
if you express it as 4.57 X 107,



Section 1.6 = Significant Digits and Numerical Accuracy

Most calculations that you will do in circuit theory will be done using a
hand calculator. An error that has become quite common is to show more
digits of “accuracy” in an answer than are warranted, simply because the
numbers appear on the calculator display. The number of digits that you
should show is related to the number of significant digits in the numbers
used in the calculation.

To illustrate, suppose you have two numbers, A = 3.76 and B = 3.7, to
be multiplied. Their product is 13.912. If the numbers 3.76 and 3.7 are exact
this answer is correct. However, if the numbers have been obtained by mea-
surement where values cannot be determined exactly, they will have some
uncertainty and the product must reflect this uncertainty. For example, sup-
pose A and B have an uncertainty of 1 in their first estimated digit—that is,
A =376 £ 0.01 and B = 3.7 = 0.1. This means that A can be as small as
3.75 or as large as 3.77, while B can be as small as 3.6 or as large as 3.8.
Thus, their product can be as small as 3.75 X 3.6 = 13.50 or as large as
3.77 X 3.8 = 14.326. The best that we can say about the product is that it is
14, i.e., that you know it only to the nearest whole number. You cannot even
say that it is 14.0 since this implies that you know the answer to the nearest
tenth, which, as you can see from the above, you do not.

We can now give a “rule of thumb” for determining significant digits.
The number of significant digits in a result due to multiplication or division
is the same as the number of significant digits in the number with the least
number of significant digits. In the previous calculation, for example, 3.7 has
two significant digits so that the answer can have only two significant digits
as well. This agrees with our earlier observation that the answer is 14, not
14.0 (which has three).

When adding or subtracting, you must also use common sense. For
example, suppose two currents are measured as 24.7 A (one place known
after the decimal point) and 123 mA (i.e., 0.123 A). Their sum is 24.823 A.
However, the right-hand digits 23 in the answer are not significant. They
cannot be, since, if you don’t know what the second digit after the decimal
point is for the first current, it is senseless to claim that you know their sum
to the third decimal place! The best that you can say about the sum is that it
also has one significant digit after the decimal place, that is,

247 A
+_0.123 A
24.823 A — 24.8 A (One place after decimal)

(One place after decimal)

Therefore, when adding numbers, add the given data, then round the result to
the last column where all given numbers have significant digits. The process
is similar for subtraction.

15

ores.

1L

When working with numbers,
you will encounter exact num-
bers and approximate numbers.
Exact numbers are numbers that
we know for certain, while
approximate numbers are num-
bers that have some uncertainty.
For example, when we say that
there are 60 minutes in one hour,
the 60 here is exact. However, if
we measure the length of a wire
and state it as 60 m, the 60 in
this case carries some uncer-
tainty (depending on how good
our measurement is), and is thus
an approximate number. When
an exact number is included in a
calculation, there is no limit to
how many decimal places you
can associate with it—the accu-
racy of the result is affected only
by the approximate numbers
involved in the calculation.
Many numbers encountered in
technical work are approximate,
as they have been obtained by
measurement.

In this book, given numbers are
assumed to be exact unless oth-
erwise noted. Thus, when a
value is given as 3 volts, take it
to mean exactly 3 volts, not sim-
ply that it has one significant
figure. Since our numbers are
assumed to be exact, all digits
are significant, and we use as
many digits as are convenient in
examples and problems. Final
answers are usually rounded to 3
digits.
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1. Assume thatonly the digits shown in 8.75 X 2.446 X 9.15 are significant. Deter-
mine their product and show it with the correct number of significant digits.

2. For the numbers of Problem 1, determine

8.75 X 2.446
9.15
3. If the numbers in Problems 1 and 2 are exact, what are the answers to eight
digits?
4. Three currents are measured as 2.36 A, 11.5 A, and 452 mA. Only the digits

shown are significant. What is their sum shown to the correct number of sig-
nificant digits?

Answers: 1. 196 2.234 3. 195.83288; 2.3390710 4. 143 A

1.7  Circuit Diagrams

Electric circuits are constructed using components such as batteries, switches,
resistors, capacitors, transistors, interconnecting wires, etc. To represent these
circuits on paper, diagrams are used. In this book, we use three types: block
diagrams, schematic diagrams, and pictorials.

Block Diagrams

Block diagrams describe a circuit or system in simplified form. The overall
problem is broken into blocks, each representing a portion of the system or
circuit. Blocks are labelled to indicate what they do or what they contain,
then interconnected to show their relationship to each other. General signal
flow is usually from left to right and top to bottom. Figure 1-5, for example,
represents an audio amplifier. Although you have not covered any of its cir-
cuits yet, you should be able to follow the general idea quite easily—sound
is picked up by the microphone, converted to an electrical signal, amplified
by a pair of amplifiers, then output to the speaker, where it is converted back
to sound. A power supply energizes the system. The advantage of a block
diagram is that it gives you the overall picture and helps you understand the
general nature of a problem. However, it does not provide detail.

Sound Amolifier Power Sound
Waves P Amplifier Waves
Microphone Power Speaker
Supply

Amplification System

FIGURE 1-5 An example block diagram. Pictured is a simplified representation of an
audio amplification system.
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FIGURE 1-6 A pictorial diagram. The battery is referred to as a source while the lamp
is referred to as a load. (The + and — on the battery are discussed in Chapter 2.)

Pictorial Diagrams

Pictorial diagrams are one of the types of diagrams that provide detail.
They help you visualize circuits and their operation by showing components
as they actually appear. For example, the circuit of Figure 1-6 consists of a
battery, a switch, and an electric lamp, all interconnected by wire. Operation
is easy to visualize—when the switch is closed, the battery causes current in
the circuit, which lights the lamp. The battery is referred to as the source and
the lamp as the load.

Schematic Diagrams

While pictorial diagrams help you visualize circuits, they are cumbersome to
draw. Schematic diagrams get around this by using simplified, standard
symbols to represent components; see Table 1-7. (The meaning of these
symbols will be made clear as you progress through the book.) In Figure
1-7(a), for example, we have used some of these symbols to create a
schematic for the circuit of Figure 1-6. Each component has been replaced
by its corresponding circuit symbol.

When choosing symbols, choose those that are appropriate to the occa-
sion. Consider the lamp of Figure 1-7(a). As we will show later, the lamp
possesses a property called resistance that causes it to resist the passage of
charge. When you wish to emphasize this property, use the resistance symbol
rather than the lamp symbol, as in Figure 1-7(b).
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(a) Schematic using lamp symbol
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(b) Schematic using resistance symbol

FIGURE 1-7  Schematic representa-
tion of Figure 1-6. The lamp has a cir-
cuit property called resistance (dis-
cussed in Chapter 3).
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TABLE 1-7  Schematic Circuit Symbols

Chapter 1 = Introduction

4oL L |3
17 T "
— 1
Single Multicell AC Current | Fixed Variable | Fixed Variable Air Iron  Ferrite
cell Voltage Source Core  Core Core
Source
Batteries Resistors Capacitors Inductors
o | I + ~
SPST | Earth
| D | A& |-
SPDT Chassis
Wires Wires
Lamp Switches Microphone Speaker Joining Crossing | Grounds Fuses
~_ | —O—
1
Voltmeter || 1
| —0 L
Ammeter Air Core Iron Core Ferrite Core
Circuit @ Dependent
Breakers Ammeter Transformers Source

When you draw schematic diagrams, draw them with horizontal and ver-
tical lines joined at right angles as in Figure 1-7. This is standard practice.
(At this point you should glance through some later chapters, e.g., Chapter 7,
and study additional examples.)

1.8

Personal computers are used extensively for analysis and design. Software
tools available for such tasks fall into two broad categories: prepackaged
application programs (application packages) and programming languages.
Application packages solve problems without requiring programming on
the part of the user, while programming languages require the user to write
code for each type of problem to be solved.

Circuit Analysis Using Computers

Circuit Simulation Software

Simulation software is application software; it solves problems by simulating
the behavior of electrical and electronic circuits rather than by solving sets of
equations. To analyze a circuit, you “build” it on your screen by selecting
components (resistors, capacitors, transistors, etc.) from a library of parts,
which you then position and interconnect to form the desired circuit. You can
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FIGURE 1-8 Computer screen showing circuit analysis using Electronics Workbench.

change component values, connections, and analysis options instantly with
the click of a mouse. Figures 1-8 and 1-9 show two examples.

Most simulation packages use a software engine called SPICE, an acro-
nym for Simulation Program with Integrated Circuit Emphasis. Popular
products are PSpice, Electronics Workbench® (EWB) and Circuit Maker. In
this text, we use Electronics Workbench and OrCAD PSpice, both of which
have either evaluation or student versions (see the Preface for more details).
Both products have their strong points. Electronics Workbench, for instance,
more closely models an actual workbench (complete with realistic meters)
than does PSpice and is a bit easier to learn. On the other hand, PSpice has a
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FIGURE 1-9 Computer screen showing circuit analysis using OrCAD PSpice.
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more complete analysis capability; for example, it determines and displays
important information (such as phase angles in ac analyses and current
waveforms in transient analysis) that Electronics Workbench, as of this writ-
ing, does not.

Prepackaged Math Software

Math packages also require no programming. A popular product is Mathcad
from Mathsoft Inc. With Mathcad, you enter equations in standard mathe-
matical notation. For example, to find the first root of a quadratic equation,
you would use

b+ Vb —-4-a-c
X =

2-a

Mathcad is a great aid for solving simultaneous equations such as those
encountered during mesh or nodal analysis (Chapters 8 and 19) and for plot-
ting waveforms. (You simply enter the formula.) In addition, Mathcad incor-
porates a built-in Electronic Handbook that contains hundreds of useful for-
mulas and circuit diagrams that can save you a great deal of time.

Programming Languages

Many problems can also be solved using programming languages such as
BASIC, C, or FORTRAN. To solve a problem using a programming lan-
guage, you code its solution, step by step. We do not consider programming
languages in this book.

A Word of Caution

With the widespread availability of inexpensive software tools, you may
wonder why you are asked to solve problems manually throughout this book.
The reason is that, as a student, your job is to learn principles and concepts.
Getting correct answers using prepackaged software does not necessarily
mean that you understand the theory—it may mean only that you know how
to enter data. Software tools should always be used wisely. Before you use
PSpice, Electronics Workbench, or any other application package, be sure
that you understand the basics of the subject that you are studying. This is
why you should solve problems manually with your calculator first. Follow-
ing this, try some of the application packages to explore ideas. Most chapters
(starting with Chapter 4) include a selection of worked-out examples and
problems to get you started.
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1.3 Converting Units PROBLEMS
1. Perform the following conversions: ;
a. 27 minutes to seconds b. 0.8 hours to seconds -
c. 2h3min47stos d. 35 horsepower to watts 1. Comverdion fgctqrs T 52
. found on the inside of the
e. 1827 W to hp f. 23 revolutions to degrees front cover or in the tables of
2. Perform the following conversions: Chapter 1.
a. 27 feet to meters b. 2.3 ydtocm 2. Difficult problems have their
c. 36°F to degrees C d. 18 (US) gallons to liters question number printed in
e. 100 sq. ft to m? f. 124 sq. in. to m? red.

3. Answers to odd-numbered

g. 47-pound force to newtons . )
problems are in Appendix D.

Set up conversion factors, compute the following, and express the answer in
the units indicated.

a. The area of a plate 1.2 m by 70 cm in m*
b. The area of a triangle with base 25 cm, height 0.5 m in m*
c. The volume of a box 10 cm by 25 cm by 80 cm in m®.

d. The volume of a sphere with 10 in. radius in m®.

. An electric fan rotates at 300 revolutions per minute. How many degrees is

this per second?

. If the surface mount robot machine of Figure 1-3 places 15 parts every 12 s,

what is its placement rate per hour?

. If your laser printer can print 8 pages per minute, how many pages can it

print in one tenth of an hour?

7. A car gets 27 miles per US gallon. What is this in kilometers per liter?

11.

12.

13.

14.

The equatorial radius of the earth is 3963 miles. What is the earth’s circum-
ference in kilometers at the equator?

. A wheel rotates 18° in 0.02 s. How many revolutions per minute is this?
10.

The height of horses is sometimes measured in “hands,” where 1 hand = 4
inches. How many meters tall is a 16-hand horse? How many centimeters?

Suppose s = vt is given, where s is distance travelled, v is velocity, and ¢ is
time. If you travel at v = 60 mph for 500 seconds, you get upon unthinking
substitution s = v¢ = (60)(500) = 30,000 miles. What is wrong with this
calculation? What is the correct answer?

How long does it take for a pizza cutter traveling at 0.12 m/s to cut diago-
nally across a 15-in. pizza?

Joe S. was asked to convert 2000 yd/h to meters per second. Here is Joe’s
work: velocity = 2000 X 0.9144 X 60/60 = 1828.8 m/s. Determine conver-
sion factors, write units into the conversion, and find the correct answer.
The mean distance from the earth to the moon is 238 857 miles. Radio sig-

nals travel at 299 792 458 m/s. How long does it take a radio signal to reach
the moon?
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15.

16.

14
17.

18.

19.

20.

21.

Your plant manager asks you to investigate two machines. The cost of elec-
tricity for operating machine #1 is 43 cents/minute, while that for machine

#2 is $200.00 per 8-hour shift. The purchase price and production capacity

for both machines are identical. Based on this information, which machine

should you purchase and why?

Given that 1 hp = 550 ft-1b/s, 1 ft = 0.3048 m, 1 Ib = 4.448 N, 1J = 1 N-
m, and 1 W = 1 J/s, show that 1 hp = 746 W.

Power of Ten Notation

Express each of the following in power of ten notation with one nonzero
digit to the left of the decimal point:

a. 8675 b. 0.008 72

c. 12.4 X 102 d. 37.2x 1072

e. 0.003 48 X 10° f. 0.000215 x 1073
g. 147 X 10°

Express the answer for each of the following in power of ten notation with
one nonzero digit to the left of the decimal point.

a. (17.6)(100)
b. (1400)(27 X 107
c. (0.15 X 10%)(14 X 107
d. 1 X1077 X 107* X 10.65
e. (12.5)(1000)(0.01)
f. (18.4 X 10°)(100)(1.5 X 107%)(0.001)
Repeat the directions in Question 18 for each of the following.
a 125 ' 8 x 10
1000 (0.001)
c 3 x10* d (16 X 1077)(21.8 X 10%
" (1.5 X 109 ' (14.2)(12 X 107

Determine answers for the following
a. 123.7 + 0.05 + 1259 X 107° b. 723X 1072+ 1 X 107°
c. 86.95 X 10> — 383 d. 452 X 107 + (697)(0.01)

Convert the following to power of 10 notation and, without using your cal-
culator, determine the answers.

a. (4 X 10%(0.05)2
b. (4 X 10°)(—0.05)
. (3 X 2 X 10)?
T @2X5%x107
4 30+ 20)7(2.5 X 10°(6000)
’ (1 X 10%)(2 X 10712
(—0.027)3(—0.2)?
23+ 1)°x 107°
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23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

1.5
33.

Problems

For each of the following, convert the numbers to power of ten notation,
then perform the indicated computations. Round your answer to four digits:

a. (452)(6.73 X 10 b. (0.009 85)(4700)

c. (0.0892)/(0.000 067 3) d. 12.40 — 236 X 1072

e. (1.27)* + 47.9/(0.8)? f. (—643 X 1073

g. [(0.0025)"][1.6 X 10*] h. [(—0.027)")/[1.5 X 107]

; (3.5 X 10172 X (0.0045)* X (729)"?
’ [(0.008 72) X (47)°] — 356
For the following,

a. convert numbers to power of ten notation, then perform the indicated
computation,

b. perform the operation directly on your calculator without conversion.
What is your conclusion?

i. 842 X 0.0014 il. 00352

0.007 91

Express each of the following in conventional notation:
a. 34.9 X 10* b. 15.1 X 10°

c. 2346 X 1074 d. 697 X 107?

e. 45786.97 X 10" f. 6.97 X 1073

One coulomb (Chapter 2) is the amount of charge represented by 6 240 000
000 000 000 000 electrons. Express this quantity in power of ten notation.
The mass of an electron is 0.000 000 000 000 000 000 000 000 000 000 899
9 kg. Express as a power of 10 with one non-zero digit to the left of the dec-
imal point.

If 6.24 X 10" electrons pass through a wire in 1 s, how many pass through
it during a time interval of 2 hr, 47 min and 10 s?

Compute the distance traveled in meters by light in a vacuum in 1.2 X 107*
second.

How long does it take light to travel 3.47 X 10° km in a vacuum?

How far in km does light travel in one light-year?

While investigating a site for a hydroelectric project, you determine that the

flow of water is 3.73 X 10* m*/s. How much is this in liters/hour?
The gravitational force between two bodies is F = 6.6726 X 10" %

N, where masses m, and m, are in kilograms and the distance » between
gravitational centers is in meters. If body 1 is a sphere of radius 5000 miles
and density of 25 kg/m®, and body 2 is a sphere of diameter 20 000 km and
density of 12 kg/m’®, and the distance between centers is 100 000 miles,
what is the gravitational force between them?

Prefixes

What is the appropriate prefix and its abbreviation for each of the following
multipliers ?

a. 1000 b. 1000 000
c. 10° d. 0.000 001
e. 107° f. 107"

23
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34.

35.

36.

37.

38.

39.

40.

41.

42.

44.

Express the following in terms of their abbreviations, e.g., microwatts as
uW. Pay particular attention to capitalization (e.g., V, not v, for volts).

a. milliamperes b. kilovolts
C. megawatts d. microseconds
e. micrometers f. milliseconds

g. nanoamps

Express the following in the most sensible engineering notation (e.g., 1270
us = 1.27 ms).

a. 0.0015 s b. 0.000 027 s c. 0.000 35 ms
Convert the following:

a. 156 mV to volts b. 0.15 mV to microvolts

c. 47 kW to watts d. 0.057 MW to kilowatts

e. 3.5 X 10 volts to kilovolts f. 0.000 035 7 amps to microamps
Determine the values to be inserted in the blanks.

a. 150kV=__X100V=__Xx10°V

b. 330 uW=__ X10*W=__X107°W

Perform the indicated operations and express the answers in the units indi-
cated.

a. 700 uA — 04 mA = _ pA=__mA

b. 600 MW + 300 X 10*W = _ MW

Perform the indicated operations and express the answers in the units indi-
cated.

a. 330V +0.15kV+02X10°V=__V
b. 60 W + 100 W + 2700 mW = _ W

The voltage of a high voltage transmission line is 1.15 X 10° V. What is its
voltage in kV?

You purchase a 1500 W electric heater to heat your room. How many kW is
this?

While repairing an antique radio, you come across a faulty capacitor desig-
nated 39 mmfd. After a bit of research, you find that “mmfd” is an obsolete
unit meaning “micromicrofarads”. You need a replacement capacitor of
equal value. Consulting Table 1-6, what would 39 “micromicrofarads” be
equivalent to?

. Aradio signal travels at 299 792.458 km/s and a telephone signal at 150

m/ps. If they originate at the same point, which arrives first at a destination
5000 km away? By how much?

a. If 0.045 coulomb of charge (Question 25) passes through a wire in 15
ms, how many electrons is this?

b. At the rate of 9.36 X 10" electrons per second, how many coulombs
pass a point in a wire in 20 us?
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FIGURE 1-10

1.6 Significant Digits and Numerical Accuracy
For each of the following, assume that the given digits are significant.

45. Determine the answer to three significant digits:

2.35—-147X10°°

46. Given V=IR.If I = 2.54 and R = 52.71, determine V to the correct num-
ber of significant digits.
47. IfA = 4.05 £ 0.01 is divided by B = 2.80 = 0.01,
a. What is the smallest that the result can be?
b. What is the largest that the result can be?
c. Based on this, give the result A/B to the correct number of significant digits.

48. The large black plastic component soldered onto the printed circuit board of
Figure 1-10(a) is an electronic device known as an integrated circuit. As
indicated in (b), the center-to-center spacing of its leads (commonly called
pins) is 0.8 = 0.1 mm. Pin diameters can vary from 0.25 to 0.45 mm. Con-
sidering these uncertainties,

a. What is the minimum distance between pins due to manufacturing toler-
ances?

b. What is the maximum distance?

1.7 Circuit Diagrams

49. Consider the pictorial diagram of Figure 1-11. Using the appropriate sym-
bols from Table 1-7, draw this in schematic form. Hint: In later chapters,
there are many schematic circuits containing resistors, inductors, and capac-
itors. Use these as aids.
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FIGURE 1-11

50. Draw the schematic diagram for a simple flashlight.

1.8 Circuit Analysis Using Computers

51. Many electronic and computer magazines carry advertisements for com-
puter software tools such as PSpice, SpiceNet, Mathcad, MLAB, Matlab,
Maple V, plus others. Investigate a few of these magazines in your school’s
library; by studying such advertisements, you can gain valuable insight into
what modern software packages are able to do.
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In-Process Learning Check 1 ANSWERS TO IN-PROCESS
1. One LEARNING CHECKS
2. 1280 cm
3. m/s
4. a. 427 s b. 1.53 mV c. 1.23 ms
5.a. 1.8 X 10*=18 X 10°
b. 36 X 10* = 3.6 X 10° = 0.36 X 10°
c. 445 X 10* = 44.5 X 10!
d. 27X 10°°=27 X107
6. a. 0.752 mA b. 980 uV c. 400 us = 0.4 ms



Voltage and Current

OBJECTIVES

After studying this chapter, you will be
able to

* describe the makeup of an atom,

* explain the relationships between
valence shells, free electrons, and con-
duction,

e describe the fundamental (coulomb)
force within an atom, and the energy
required to create free electrons,

¢ describe what ions are and how they are
created,

e describe the characteristics of conduc-
tors, insulators, and semiconductors,

e describe the coulomb as a measure of
charge,

e define voltage,

* describe how a battery “creates” volt-
age,

* explain current as a movement of charge
and how voltage causes current in a con-
ductor,

¢ describe important battery types and
their characteristics,

¢ describe how to measure voltage and
current.

KEY TERMS

Ampere
Atom
Battery
Cell

Circuit Breaker
Conductor
Coulomb
Coulomb’s Law
Current
Electric Charge
Electron

Free Electrons
Fuse

Insulator

Ton

Neutron
Polarity
Potential Difference
Proton
Semiconductor
Shell

Switch

Valence

Volt

OUTLINE

Atomic Theory Review

The Unit of Electrical Charge: The
Coulomb

Voltage

Current

Practical DC Voltage Sources
Measuring Voltage and Current
Switches, Fuses, and Circuit Breakers




basic electric circuit consisting of a source of electrical energy, a switch, a

load, and interconnecting wire is shown in Figure 2—1. When the switch is
closed, current in the circuit causes the light to come on. This circuit is represen-
tative of many common circuits found in practice, including those of flashlights
and automobile headlight systems. We will use it to help develop an understand-
ing of voltage and current.

Current
—_—

)

Switch

Lamp
(load)

!

Interconnecting wire

Battery
(source)

FIGURE 2-1 A basic electric circuit.

Elementary atomic theory shows that the current in Figure 2—1 is actually a
flow of charges. The cause of their movement is the “voltage” of the source.
While in Figure 2—1 this source is a battery, in practice it may be any one of a
number of practical sources including generators, power supplies, solar cells, and
SO on.

In this chapter we look at the basic ideas of voltage and current. We begin
with a discussion of atomic theory. This leads us to free electrons and the idea of
current as a movement of charge. The fundamental definitions of voltage and
current are then developed. Following this, we look at a number of common volt-
age sources. The chapter concludes with a discussion of voltmeters and amme-
ters and the measurement of voltage and current in practice.

CHAPTER PREVIEW

29
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PUTTING IT IN
PERSPECTIVE

IR’ nnnyny’”'’nnn’y’n””n”’n
The Equations of Circuit Theory

IN THIS CHAPTER you meet the first of the equations and formulas that we use
to describe the relationships of circuit theory. Remembering formulas is made
easier if you clearly understand the principles and concepts on which they are
based. As you may recall from high school physics, formulas can come about
in only one of three ways, through experiment, by definition, or by mathemati-
cal manipulation.

Experimental Formulas

Circuit theory rests on a few basic experimental results. These are results that
can be proven in no other way; they are valid solely because experiment has
shown them to be true. The most fundamental of these are called “laws.” Four
examples are Ohm’s law, Kirchhoff’s current law, Kirchhoff’s voltage law, and
Faraday’s law. (These laws will be met in various chapters throughout the
book.) When you see a formula referred to as a law or an experimental result,
remember that it is based on experiment and cannot be obtained in any other
way.

Defined Formulas

Some formulas are created by definition, i.e., we make them up. For example,
there are 60 seconds in a minute because we define the second as 1/60 of a
minute. From this we get the formula ¢, = 60 X #,;..

sec

Derived Formulas

This type of formula or equation is created mathematically by combining or
manipulating other formulas. In contrast to the other two types of formulas, the
only way that a derived relationship can be obtained is by mathematics.

An awareness of where circuit theory formulas come from is important to
you. This awareness not only helps you understand and remember formulas, it
helps you understand the very foundations of the theory—the basic experimen-
tal premises upon which it rests, the important definitions that have been made,
and the methods by which these foundation ideas have been put together. This
can help enormously in understanding and remembering concepts.

2.1  Atomic Theory Review

The basic structure of an atom is shown symbolically in Figure 2-2. It con-
sists of a nucleus of protons and neutrons surrounded by a group of orbiting
electrons. As you learned in physics, the electrons are negatively charged
(—), while the protons are positively charged (+). Each atom (in its normal
state) has an equal number of electrons and protons, and since their charges
are equal and opposite, they cancel, leaving the atom electrically neutral, i.e.,
with zero net charge. The nucleus, however, has a net positive charge, since
it consists of positively charged protons and uncharged neutrons.
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Electron
(negative charge)

@ @ Proton (positive charge)

Neutron (uncharged)

FIGURE 2-2 Bohr model of the atom. Electrons travel around the nucleus at incredible
speeds, making billions of trips in a fraction of a second. The force of attraction between
the electrons and the protons in the nucleus keeps them in orbit.

The basic structure of Figure 2-2 applies to all elements, but each ele-
ment has its own unique combination of electrons, protons, and neutrons.
For example, the hydrogen atom, the simplest of all atoms, has one proton
and one electron, while the copper atom has 29 electrons, 29 protons, and 35
neutrons. Silicon, which is important because of its use in transistors and
other electronic devices, has 14 electrons, 14 protons, and 14 neutrons.

Electrons orbit the nucleus in spherical orbits called shells, designated
by letters K, L, M, N, and so on (Figure 2-3). Only certain numbers of elec-
trons can exist within any given shell. For example, there can be up to 2
electrons in the K shell, up to 8 in the L shell, up to 18 in the M shell, and up
to 32 in the N shell. The number in any shell depends on the element. For
instance, the copper atom, which has 29 electrons, has all three of its inner
shells completely filled but its outer shell (shell N) has only 1 electron, Fig-
ure 2—4. This outermost shell is called its valence shell, and the electron in it
is called its valence electron.

No element can have more than eight valence electrons; when a valence
shell has eight electrons, it is filled. As we shall see, the number of valence
electrons that an element has directly affects its electrical properties.

N NN _ "M/
N \\__/
N 7
\\ ’/

FIGURE 2-3 Simplified representa-
tion of the atom. Electrons travel in
spherical orbits called “shells.”
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Valence shell Shell K (2 electrons) Valence
(1 electron) N —¢lectron

Nucleus

Shell L (8 electrons) Shell M (18 electrons)

FIGURE 2-4 Copper atom. The valence electron is loosely bound.

Electrical Charge

E In the previous paragraphs, we mentioned the word “charge”. However, we
need to look at its meaning in more detail. First, we should note that electri-
cal charge is an intrinsic property of matter that manifests itself in the form
of forces—electrons repel other electrons but attract protons, while protons
repel each other but attract electrons. It was through studying these forces
that scientists determined that the charge on the electron is negative while
that on the proton is positive.

However, the way in which we use the term “charge” extends beyond
this. To illustrate, consider again the basic atom of Figure 2-2. It has equal
numbers of electrons and protons, and since their charges are equal and
opposite, they cancel, leaving the atom as a whole uncharged. However, if
the atom acquires additional electrons (leaving it with more electrons than
protons), we say that it (the atom) is negatively charged; conversely, if it
loses electrons and is left with fewer electrons than protons, we say that it is
positively charged. The term ‘“charge” in this sense denotes an imbalance
between the number of electrons and protons present in the atom.

Now move up to the macroscopic level. Here, substances in their normal
state are also generally uncharged; that is, they have equal numbers of elec-
trons and protons. However, this balance is easily disturbed—electrons can
be stripped from their parent atoms by simple actions such as walking across
a carpet, sliding off a chair, or spinning clothes in a dryer. (Recall “static
cling”.) Consider two additional examples from physics. Suppose you rub an
ebonite (hard rubber) rod with fur. This action causes a transfer of electrons
from the fur to the rod. The rod therefore acquires an excess of electrons and
is thus negatively charged. Similarly, when a glass rod is rubbed with silk,
electrons are transferred from the glass rod to the silk, leaving the rod with a
deficiency and, consequently, a positive charge. Here again, charge refers to
an imbalance of electrons and protons.

As the above examples illustrate, “charge” can refer to the charge on an
individual electron or to the charge associated with a whole group of elec-
trons. In either case, this charge is denoted by the letter O, and its unit of mea-
surement in the SI system is the coulomb. (The definition of the coulomb is
considered shortly.) In general, the charge Q associated with a group of elec-
trons is equal to the product of the number of electrons times the charge on
each individual electron. Since charge manifests itself in the form of forces,
charge is defined in terms of these forces. This is discussed next.
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Coulomb’s Law

The force between charges was studied by the French scientist Charles
Coulomb (1736-1806). Coulomb determined experimentally that the force
between two charges O, and Q, (Figure 2-5) is directly proportional to the
product of their charges and inversely proportional to the square of the dis-
tance between them. Mathematically, Coulomb’s law states

2

r

F [newtons, N] 2-1)
where Q, and Q, are the charges in coulombs, r is the center-to-center spac-
ing between them in meters, and k = 9 X 10°. Coulomb’s law applies to
aggregates of charges as in Figure 2-5(a) and (b), as well as to individual
electrons within the atom as in (c).

As Coulomb’s law indicates, force decreases inversely as the square of
distance; thus, if the distance between two charges is doubled, the force
decreases to (¥2)> = Y4 (i.e., one quarter) of its original value. Because of
this relationship, electrons in outer orbits are less strongly attracted to the
nucleus than those in inner orbits; that is, they are less tightly bound to the
nucleus than those close by. Valence electrons are the least tightly bound and
will, if they acquire sufficient energy, escape from their parent atoms.

Free Electrons

The amount of energy required to escape depends on the number of electrons
in the valence shell. If an atom has only a few valence electrons, only a small
amount of additional energy is needed. For example, for a metal like copper,
valence electrons can gain sufficient energy from heat alone (thermal energy),
even at room temperature, to escape from their parent atoms and wander from
atom to atom throughout the material as depicted in Figure 2—6. (Note that
these electrons do not leave the substance, they simply wander from the
valence shell of one atom to the valence shell of another. The material there-
fore remains electrically neutral.) Such electrons are called free electrons. In
copper, there are of the order of 10> free electrons per cubic centimeter at
room temperature. As we shall see, it is the presence of this large number of
free electrons that makes copper such a good conductor of electric current. On
the other hand, if the valence shell is full (or nearly full), valence electrons are
much more tightly bound. Such materials have few (if any) free electrons.

Ions

As noted earlier, when a previously neutral atom gains or loses an electron, it
acquires a net electrical charge. The charged atom is referred to as an ion. If
the atom loses an electron, it is called a positive ion; if it gains an electron, it
is called a negative ion.

Conductors, Insulators, and Semiconductors

The atomic structure of matter affects how easily charges, i.e., electrons,
move through a substance and hence how it is used electrically. Electrically,
materials are classified as conductors, insulators, or semiconductors.
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(c) The force of attraction
keeps electrons in orbit

FIGURE 2-5 Coulomb law forces.

FIGURE 2-6 Random motion of free
electrons in a conductor.
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Conductors

Materials through which charges move easily are termed conductors. The
most familiar examples are metals. Good metal conductors have large num-
bers of free electrons that are able to move about easily. In particular, silver,
copper, gold, and aluminum are excellent conductors. Of these, copper is the
most widely used. Not only is it an excellent conductor, it is inexpensive and
easily formed into wire, making it suitable for a broad spectrum of applica-
tions ranging from common house wiring to sophisticated electronic equip-
ment. Aluminum, although it is only about 60% as good a conductor as cop-
per, is also used, mainly in applications where light weight is important,
such as in overhead power transmission lines. Silver and gold are too expen-
sive for general use. However, gold, because it oxidizes less than other mate-
rials, is used in specialized applications; for example, some critical electrical
connectors use it because it makes a more reliable connection than other
materials.

Insulators

Materials that do not conduct (e.g., glass, porcelain, plastic, rubber, and so
on) are termed insulators. The covering on electric lamp cords, for example,
is an insulator. It is used to prevent the wires from touching and to protect us
from electric shock.

Insulators do not conduct because they have full or nearly full valence
shells and thus their electrons are tightly bound. However, when high
enough voltage is applied, the force is so great that electrons are literally torn
from their parent atoms, causing the insulation to break down and conduc-
tion to occur. In air, you see this as an arc or flashover. In solids, charred
insulation usually results.

Semiconductors

Silicon and germanium (plus a few other materials) have half-filled valence
shells and are thus neither good conductors nor good insulators. Known as
semiconductors, they have unique electrical properties that make them
important to the electronics industry. The most important material is silicon.
It is used to make transistors, diodes, integrated circuits, and other electronic
devices. Semiconductors have made possible personal computers, VCRs,
portable CD players, calculators, and a host of other electronic products. You
will study them in great detail in your electronics courses.

7
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1. Describe the basic structure of the atom in terms of its constituent particles:
electrons, protons, and neutrons. Why is the nucleus positively charged? Why
is the atom as a whole electrically neutral?

2. What are valence shells? What does the valence shell contain?

3. Describe Coulomb’s law and use it to help explain why electrons far from the
nucleus are loosely bound.

4. What are free electrons? Describe how they are created, using copper as an
example. Explain what role thermal energy plays in the process.

5. Briefly distinguish between a normal (i.e., uncharged) atom, a positive ion,
and a negative ion.
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6. Many atoms in Figure 2—6 have lost electrons and are thus positively charged,
yet the substance as a whole is uncharged. Why?

(Answers are at the end of the chapter.)

35

2.2 The Unit of Electrical Charge: The Coulomb

As noted in the previous section, the unit of electrical charge is the coulomb
(C). The coulomb is defined as the charge carried by 6.24 X 10'® electrons.
Thus, if an electrically neutral (i.e., uncharged) body has 6.24 X 10" elec-
trons removed, it will be left with a net positive charge of 1 coulomb, i.e.,
Q = 1 C. Conversely, if an uncharged body has 6.24 X 10" electrons added,
it will have a net negative charge of 1 coulomb, i.e., Q = —1 C. Usually,
however, we are more interested in the charge moving through a wire. In this
regard, if 6.24 X 10" electrons pass through a wire, we say that the charge
that passed through the wire is 1 C.

We can now determine the charge on one electron. It is Q. = 1/(6.24 X
10"¥) = 1.60 X 107" C.

EXAMPLE 2-1 An initially neutral body has 1.7 uC of negative charge
removed. Later, 18.7 X 10" electrons are added. What is the body’s final
charge?

Solution Initially the body is neutral, i.e., Qyua = 0 C. When 1.7 uC of
electrons is removed, the body is left with a positive charge of 1.7 uC. Now,
18.7 X 10" electrons are added back. This is equivalent to

1 coulomb

18.7 X 10" electrons X =03 uC
CIECHIONS 22 624 X 10" electrons H

of negative charge. The final charge on the body is therefore O, = 1.7 uC —
0.3 uC = +14 uC.

To get an idea of how large a coulomb is, we can use Coulomb’s law. If
two charges of 1 coulomb each were placed one meter apart, the force
between them would be

doao

F=(9x10°
O iy

=9 X 10° N, i.e., about 1 million tons!

1. Positive charges Q, = 2 uC and Q, = 12 uC are separated center to center by
10 mm. Compute the force between them. Is it attractive or repulsive?

2. Two equal charges are separated by 1 cm. If the force of repulsion between
them is 9.7 X 1072 N, what is their charge? What may the charges be, both
positive, both negative, or one positive and one negative?

3. After 10.61 X 10" electrons are added to a metal plate, it has a negative
charge of 3 uC. What was its initial charge in coulombs?

Answers: 1. 2160 N, repulsive; 2. 32.8 nC, both (+) or both (—); 3. 14 uC(+)
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FIGURE 2-7 Voltages created by
separation of charges in a thunder
cloud. The force of repulsion drives
electrons away beneath the cloud, cre-
ating a voltage between the cloud and
ground as well. If voltage becomes
large enough, the air breaks down and a
lightning discharge occurs.
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The source of Figure 2-8 is
more properly called a cell than
a battery, since “cell” refers to a
single cell while “battery” refers
to a group of cells. However,
through common usage, such
cells are referred to as batteries.
In what follows, we will also
call them batteries.

2.3  Voltage

When charges are detached from one body and transferred to another, a
potential difference or voltage results between them. A familiar example is
the voltage that develops when you walk across a carpet. Voltages in excess
of ten thousand volts can be created in this way. (We will define the volt rig-
orously very shortly.) This voltage is due entirely to the separation of posi-
tive and negative charges.

Figure 2-7 illustrates another example. During electrical storms, elec-
trons in thunderclouds are stripped from their parent atoms by the forces of
turbulence and carried to the bottom of the cloud, leaving a deficiency of
electrons (positive charge) at the top and an excess (negative charge) at the
bottom. The force of repulsion then drives electrons away beneath the cloud,
leaving the ground positively charged. Hundreds of millions of volts are cre-
ated in this way. (This is what causes the air to break down and a lightning
discharge to occur.)

Practical Voltage Sources

As the preceding examples show, voltage is created solely by the separation
of positive and negative charges. However, static discharges and lightning
strikes are not practical sources of electricity. We now look at practical
sources. A common example is the battery. In a battery, charges are sepa-
rated by chemical action. An ordinary flashlight battery (dry cell) illustrates
the concept in Figure 2—-8. The inner electrode is a carbon rod and the outer
electrode is a zinc case. The chemical reaction between the ammonium-chlo-
ride/manganese-dioxide paste and the zinc case creates an excess of elec-

Metal cover and

/ positive terminal
@ Seal
—

=

T =i .E‘.I
I~ Insulated Spacer =
- Carbon rod (+) :_-.'
- Ammonium G
chloride

and manganese
dioxide mix

Zinc case (—)

— Jacket

A

(a) Basic construction.

(b) C cell, commonly called a flashlight
battery.

FIGURE 2-8 Carbon-zinc cell. Voltage is created by the separation of charges due to
chemical action. Nominal cell voltage is 1.5 V.



trons; hence, the zinc carries a negative charge. An alternate reaction leaves
the carbon rod with a deficiency of electrons, causing it to be positively
charged. These separated charges create a voltage (1.5 V in this case)
between the two electrodes. The battery is useful as a source since its chemi-
cal action creates a continuous supply of energy that is able to do useful
work, such as light a lamp or run a motor.

Potential Energy

The concept of voltage is tied into the concept of potential energy. We there-
fore look briefly at energy.

In mechanics, potential energy is the energy that a body possesses
because of its position. For example, a bag of sand hoisted by a rope over a
pulley has the potential to do work when it is released. The amount of work
that went into giving it this potential energy is equal to the product of force
times the distance through which the bag was lifted (i.e., work equals force
times distance).

In a similar fashion, work is required to move positive and negative
charges apart. This gives them potential energy. To understand why, consider
again the cloud of Figure 2—7. Assume the cloud is initially uncharged. Now
assume a charge of Q electrons is moved from the top of the cloud to the
bottom. The positive charge left at the top of the cloud exerts a force on the
electrons that tries to pull them back as they are being moved away. Since
the electrons are being moved against this force, work (force times distance)
is required. Since the separated charges experience a force to return to the
top of the cloud, they have the potential to do work if released, i.e., they pos-
sess potential energy.

Definition of Voltage: The Volt

In electrical terms, a difference in potential energy is defined as voltage. In
general, the amount of energy required to separate charges depends on the
voltage developed and the amount of charge moved. By definition, the volt-
age between two points is one volt if it requires one joule of energy to move
one coulomb of charge from one point to the other. In equation form,

V= % [volts, V] (2-2)

where W is energy in joules, Q is charge in coulombs, and V is the resulting
voltage in volts.

Note carefully that voltage is defined between points. For the case of the
battery, for example, voltage appears between its terminals. Thus, voltage
does not exist at a point by itself; it is always determined with respect to
some other point. (For this reason, voltage is also called potential differ-
ence. We often use the terms interchangeably.) Note also that, although we
considered static electricity in developing the energy argument, the same
conclusion results regardless of how you separate the charges; this may be
by chemical means as in a battery, by mechanical means as in a generator, by
photoelectric means as in a solar cell, and so on.

Section 2.3 = Voltage
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Alternate arrangements of Equation 2-2 are useful:

W= QV [joules,J] (2-3)

0= % [coulombs, C] (2-4)

EXAMPLE 2—2 If it takes 35 J of energy to move a charge of 5 C from one
point to another, what is the voltage between the two points?

Solution

W _ 35]
V=—"=—+=7JIC=7V
0 5

1. The voltage between two points is 19 V. How much energy is required to
move 67 X 10" electrons from one point to the other?

2. The potential difference between two points is 140 mV. If 280 uJ of work are
required to move a charge Q from one point to the other, what is Q?

Answers: 1. 204] 2. 2mC

FIGURE 2-9 Battery symbol. The
long bar denotes the positive terminal
and the short bar the negative terminal.
Thus, it is not necessary to put + and
— signs on the diagram. For simplicity,
we use the symbol shown in (a)
throughout this book.

(a) Symbol for a cell

1
-

(b) Symbol for a battery

+
Ei

T

(c) A 1.5 volt battery

+
1.5V

Although Equation 2-2 is the formal definition of voltage, it is a bit
abstract. A more satisfying way to look at voltage is to view it as the force or
“push” that moves electrons around a circuit. This view is looked at in great
detail, starting in Chapter 4 where we consider Ohm’s law. For the moment,
however, we will stay with Equation 2-2, which is important because it pro-
vides the theoretical foundation for many of the important circuit relation-
ships that you will soon encounter.

Symbol for DC Voltage Sources

Consider again Figure 2—1. The battery is the source of electrical energy that
moves charges around the circuit. This movement of charges, as we will soon
see, is called an electric current. Because one of the battery’s terminals is
always positive and the other is always negative, current is always in the same
direction. Such a unidirectional current is called dc or direct current, and the
battery is called a dc source. Symbols for dc sources are shown in Figure 2-9.
The long bar denotes the positive terminal. On actual batteries, the positive
terminal is usually marked POS (+) and the negative terminal NEG (—).

24 Current

Earlier, you learned that there are large numbers of free electrons in metals
like copper. These electrons move randomly throughout the material (Figure
2-6), but their net movement in any given direction is zero.

Assume now that a battery is connected as in Figure 2-10. Since elec-
trons are attracted by the positive pole of the battery and repelled by the neg-



When the amount of charge that
passes a point in one second is
one coulomb, the current is

one ampere
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FIGURE 2-10 Electron flow in a conductor. Electrons (—) are attracted to the positive
(+) pole of the battery. As electrons move around the circuit, they are replenished at the
negative pole of the battery. This flow of charge is called an electric current.

ative pole, they move around the circuit, passing through the wire, the lamp,
and the battery. This movement of charge is called an electric current. The
more electrons per second that pass through the circuit, the greater is the cur-
rent. Thus, current is the rate of flow (or rate of movement) of charge.

The Ampere

Since charge is measured in coulombs, its rate of flow is coulombs per sec-
ond. In the SI system, one coulomb per second is defined as one ampere
(commonly abbreviated A). From this, we get that one ampere is the current
in a circuit when one coulomb of charge passes a given point in one second
(Figure 2—-10). The symbol for current is I. Expressed mathematically,

I= % [amperes, A] 2-5)

where Q is the charge (in coulombs) and 7 is the time interval (in seconds)
over which it is measured. In Equation 2-5, it is important to note that t does
not represent a discrete point in time but is the interval of time during which
the transfer of charge occurs. Alternate forms of Equation 2-5 are

Q =1t [coulombs, C] (2-6)

and

t= % [seconds, s] 2-7)

EXAMPLE 2-3 If 840 coulombs of charge pass through the imaginary
plane of Figure 2—10 during a time interval of 2 minutes, what is the current?

Solution Convert ¢ to seconds. Thus,

—Q_ _80C _ o4
t (2 X60)s

Section 2.4 m Current
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1. Between r = 1 ms and # = 14 ms, 8 uC of charge pass through a wire. What
is the current?

2. After the switch of Figure 2—1 is closed, current / = 4 A. How much charge
passes through the lamp between the time the switch is closed and the time
that it is opened 3 minutes later?

Answers: 1. 0.615 mA 2. 720C

Although Equation 2-5 is the theoretical definition of current, we never
actually use it to measure current. In practice, we use an instrument called an
ammeter (Section 2.6). However, it is an extremely important equation that
we will soon use to develop other relationships.

Current Direction

In the early days of electricity, it was believed that current was a movement
of positive charge and that these charges moved around the circuit from the
positive terminal of the battery to the negative as depicted in Figure 2-11(a).
Based on this, all the laws, formulas, and symbols of circuit theory were
developed. (We now refer to this direction as the conventional current
direction.) After the discovery of the atomic nature of matter, it was learned
that what actually moves in metallic conductors are electrons and that they
move through the circuit as in Figure 2—11(b). This direction is called the
electron flow direction. However, because the conventional current direc-
tion was so well established, most users stayed with it. We do likewise. Thus,
in this book, the conventional direction for current is used.

(a) Conventional current direction (b) Electron flow direction

FIGURE 2-11 Conventional current versus electron flow. In this book, we use conven-
tional current.

Alternating Current (AC)

So far, we have considered only dc. Before we move on, we will briefly
mention ac or alternating current. Alternating current is current that
changes direction cyclically, i.e., charges alternately flow in one direction,
then in the other in a circuit. The most common ac source is the commercial
ac power system that supplies energy to your home. We mention it here
because you will encounter it briefly in Section 2.5. It is covered in detail in
Chapter 15.
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1. Body A has a negative charge of 0.2 uC and body B has a charge of 0.37 uC
(positive). If 87 X 10" electrons are transferred from A to B, what are the
charges in coulombs on A and on B after the transfer?

2. Briefly describe the mechanism of voltage creation using the carbon-zinc cell
of Figure 2-8 to illustrate.

3. When the switch in Figure 2—1 is open, the current is zero, yet free electrons
in the copper wire are moving about. Describe their motion. Why does their
movement not constitute an electric current?

4. 1f 12.48 X 10® electrons pass a certain point in a circuit in 2.5 s, what is the
current in amperes?

5. For Figure 2-1, assume a 12-V battery. The switch is closed for a short
interval, then opened. If I = 6 A and the battery expends 230 040 J moving
charge through the circuit, how long was the switch closed?

(Answers are at the end of the chapter.)
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2.5 Practical DC Voltage Sources

Batteries

Batteries are the most common dc source. They are made in a variety of
shapes, sizes, and ratings, from miniaturized button batteries capable of
delivering only a few microamps to large automotive batteries capable of
delivering hundreds of amps. Common sizes are the AAA, AA, C, and D as
illustrated in the various photos of this chapter. All batteries use unlike con-
ductive electrodes immersed in an electrolyte. Chemical interaction between
the electrodes and the electrolyte creates the voltage of the battery.

Primary and Secondary Batteries

Batteries eventually become “discharged.” Some types of batteries, however,
can be “recharged.” Such batteries are called secondary batteries. Other
types, called primary batteries, cannot be recharged. A familiar example of
a secondary battery is the automobile battery. It can be recharged by passing
current through it opposite to its discharge direction. A familiar example of a
primary cell is the flashlight battery.

Types of Batteries and Their Applications

The voltage of a battery, its service life, and other characteristics depend on
the material from which it is made.

Alkaline

This is one of the most widely used, general-purpose primary cells available.
Alkaline batteries are used in flashlights, portable radios, TV remote con-
trollers, cassette players, cameras, toys, and so on. They come in various
sizes as depicted in Figure 2—-12. Alkaline batteries provide 50% to 100%
more total energy for the same size unit than carbon-zinc cells. Their nomi-
nal cell voltage is 1.5 V.
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FIGURE 2-12  Alkaline batteries. From left to right, a 9-V rectangular battery, an AAA
cell, a D cell, an AA cell, and a C cell.

Carbon-Zinc

Also called a dry cell, the carbon-zinc battery was for many years the most
widely used primary cell, but it is now giving way to other types such as
the alkaline battery. Its nominal cell voltage is 1.5 volts.

Lithium
Lithium batteries (Figure 2—13) feature small size and long life (e.g., shelf
lives of 10 to 20 years). Applications include watches, pacemakers, cameras,

FIGURE 2-13  An assortment of lithium batteries. The battery on the computer moth-
erboard is for memory backup.
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and battery backup of computer memories. Several types of lithium cells are
available, with voltages from of 2 V to 3.5 V and current ratings from the
microampere to the ampere range.

Nickel-Cadmium

Commonly called “Ni-Cads,” these are the most popular, general-purpose
rechargeable batteries available. They have long service lives, operate over
wide temperature ranges, and are manufactured in many styles and sizes,
including C, D, AAA, and AA. Inexpensive chargers make it economically
feasible to use nickel-cadmium batteries for home entertainment equip-
ment.

Lead-Acid

This is the familiar automotive battery. Its basic cell voltage is about 2
volts, but typically, six cells are connected internally to provide 12 volts at
its terminals. Lead-acid batteries are capable of delivering large current (in
excess of 100 A) for short periods as required, for example, to start an
automobile.

Battery Capacity

Batteries run down under use. Their capacity is specified in ampere-hours
(Ah). The ampere-hour rating of a battery is equal to the product of its cur-
rent drain times the length of time that you can expect to draw the specified
current before the battery becomes unusable. For example, a battery rated at
200 Ah can theoretically supply 20 A for 10 h, or 5 A for 40 h, etc. The rela-
tionship between capacity, life, and current drain is

capacity

life = (2-8)

current drain
The capacity of batteries is not a fixed value as suggested above but is
affected by discharge rates, operating schedules, temperature, and other fac-
tors. At best, therefore, capacity is an estimate of expected life under certain
conditions. Table 2-1 illustrates approximate service capacities for several
sizes of carbon-zinc batteries at three values of current drain at 21°C. Under
the conditions listed, the AA cell has a capacity of (3 mA)(450 h) = 1350
mAh at a drain of 3 mA, but its capacity decreases to (30 mA)(32 h) = 960
mAbh at a drain of 30 mA. Figure 2—14 shows a typical variation of capacity

of a Ni-Cad battery with changes in temperature.

Other Characteristics

Because batteries are not perfect, their terminal voltage drops as the amount
of current drawn from them increases. (This issue is considered in Chapter
5.) In addition, battery voltage is affected by temperature and other factors
that affect their chemical activity. However, these factors are not considered
in this book.
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TABLE 2-1  Capacity-Current Drain

of Selected Carbon-Zinc Cells

Starting
Drain
Cell (mA)

AA 3.0
15.0
30.0

C 5.0
25.0
50.0

D 10.0
50.0
100.0

Life
(h)
450
80
32

520
115
53

525
125
57

Service

Courtesy T. R. Crompton, Battery Reference
Book, Butterworths & Co. (Publishers) Ltd,

1990.
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FIGURE 2-15 Cells connected in
series to increase the available voltage.

100

90
2 80
9]
1 /
; 70 /
e
260
O

50

=

—15 -5 5 15 25 35
Temperature (°C)

FIGURE 2-14 Typical variation of capacity versus temperature for a Ni-Cad battery.

EXAMPLE 2—-4  Assume the battery of Figure 2—14 has a capacity of 240
Ah at 25°C. What is its capacity at —15°C?

Solution From the graph, capacity at —15°C is down to 65%. Thus, capac-
ity = 0.65 X 240 = 156 Ah.

Cells in Series and Parallel

Cells may be connected as in Figures 2—15 and 2-16 to increase their volt-
age and current capabilities. This is discussed in later chapters.

Electronic Power Supplies

Electronic systems such as TV sets, VCRs, computers, and so on, require dc for
their operation. Except for portable units which use batteries, they obtain their
power from the commercial ac power lines by means of built-in power supplies

+
Vour=15V
= ; O
15V SV 15Vv=— 15V= IEV
= = o
(a) Terminal voltage remains (b) Schematic representation

unchanged.

FIGURE 2-16 Cells connected in parallel to increase the available current. (Both must
have the same voltage.) Do not do this for extended periods of time.
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(Figure 2—17). Such supplies convert the incoming ac to the dc voltages
required by the equipment. Power supplies are also used in electronic labora-
tories. These are usually variable to provide the range of voltages needed for
prototype development and circuit testing. Figure 2-18 shows a variable

supply.

FIGURE 2-17 Fixed power supplies. (Courtesy of Condor DC Power Supplies Inc.)

FIGURE 2-18 Variable laboratory power supply.
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Solar Cells

Solar cells convert light energy to electrical energy using photovoltaic
means. The basic cell consists of two layers of semiconductor material.
When light strikes the cell, many electrons gain enough energy to cross from
one layer to the other to create a dc voltage.

Solar energy has a number of practical applications. Figure 2-19, for
example, shows an array of solar panels supplying power to a commercial ac
network. In remote areas, solar panels are used to power communications
systems and irrigation pumps. In space, they are used to power satellites. In
everyday life, they are used to power hand-held calculators.

DC Generators

Direct current (dc) generators, which convert mechanical energy to electrical
energy, are another source of dc. They create voltage by means of a coil of
wire rotated through a magnetic field. Their principle of operation is similar
to that of ac generators (discussed in Chapter 15).

FIGURE 2-19  Solar panels. Davis California Pacific Gas & Electric PVUSA (Photo-
voltaic for Utility Scale Applications). Solar panels produce dc which must be converted
to ac before being fed into the ac system. This plant is rated at 174 kilowatts. (Courtesy
Siemens Solar Industries, Camarillo, California)

2.6 Measuring Voltage and Current

Voltage and current are measured in practice using instruments called volt-
meters and ammeters. While voltmeters and ammeters are available as
individual instruments, they are more commonly combined into a multipur-
pose instrument called a multimeter or VOM (volt-ohm-milliammeter).
Figure 2-20 shows both digital and analog multimeters. Analog instruments
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use a needle pointer to indicate measured values, while digital instruments
use a numeric readout. Digital instruments are more popular than analog
types because they are easier to use.

(a) Analog multimeter. (b) Hand-held digital multimeter (DMM).
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(Reproduced with permission from the John Fluke

FIGURE 2-20 Multimeters. These are multipurpose test instruments that you can use
to measure voltage, current and resistance. Some meters use terminal markings of + and
—, others use V) and COM and so on. Color coded test leads (red and black) are indus-
try standard.

Setting the Multimeter for Voltage and Current Measurement

In what follows, we will concentrate on the digital multimeter (DMM) and
leave the analog instruments to your lab course. (It should be noted however
that many of the comments below also apply to analog instruments.)

Multimeters typically have a set of terminals marked V(), A, and COM
as can be seen in Figure 2-20, as well as a function selector switch or set
of push buttons that permit you to select functions and ranges. Terminal
V() is the terminal to use to measure voltage and resistance, while terminal
A is used for current measurement. The terminal marked COM is the com-
mon terminal for all measurements. (Some multimeters combine the V()
and A terminals into one terminal marked VQA.) On many instruments the
V() terminal is called the + terminal and the COM terminal is called the
— terminal, Figure 2-21.

Mfg. Co., Inc.)
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DMMs as Learning Tools

Voltage and current as presented
earlier in this chapter are rather
abstract concepts involving
energy, charge, and charge
movement. Voltmeters and
ammeters are introduced at this
point to help present the ideas in
more physically meaningful
terms. In particular, we concen-
trate on DMMs. Experience has
shown them to be powerful
learning tools. For example,
when dealing with the some-
times difficult topics of voltage
polarity conventions, current
direction conventions, and so on
(as in later chapters), the use of
DMMs showing readings com-
plete with signs for voltage
polarity and current direction
provides clarity and aids under-
standing in a way that simply
drawing arrows and putting
numbers on diagrams does not.
You will find that in the first few
chapters of this book DMMs are
used for this purpose quite fre-
quently.

cuitry that automatically selects
the correct range for voltage mea-
surement. Such instruments are
called “autoranging” or “‘autoscal-
ing” devices.

Voltage Select .

When set to dc voltage (V), the meter measures the dc voltage between its
VQ (or +) and COM (or —) terminals. In Figure 2-21(a), for example,
with its leads placed across a 47.2-volt source, the instrument indicates
472 V.

Current Select

When set to dc current (A), the multimeter measures the dc current passing
through it, i.e., the current entering its A (or +) terminal and leaving its
COM (or —) terminal. In Figure 2-21(b), the meter measures and displays a
current of 3.6 A.

412
\4
OFF Vv -
\ 300mV
QO
= )
A A
35
A
N OFF ¥ _
A
300mV
Q
T % N
J - 7
—L .
472V 3.6 A (in) 3.6 A (out)

(a) Set selector to v
to measure dc voltage

(b) Set selector to A
to measure dc current

FIGURE 2-21 Measuring voltage and current with a multimeter. By convention, you
connect the red lead to the V() (+) terminal and the black lead to the COM (—) terminal.

How to Measure Voltage

Since voltage is the potential difference between two points, you measure
voltage by placing the voltmeter leads across the component whose voltage
you wish to determine. Thus, to measure the voltage across the lamp of Fig-
ure 2-22, connect the leads as shown. If the meter is not autoscale and you
have no idea how large the voltage is, set the meter to its highest range, then
work your way down to avoid damage to the instrument.

Be sure to note the sign of the measured quantity. (Most digital instru-
ments have an autopolarity feature that automatically determines the sign
for you.) If the meter is connected as in Figure 2-21(a) with its + lead con-
nected to the + terminal of the battery, the display will show 47.2 as indi-
cated, while if the leads are reversed, the display will show —47.2.
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0.3

v

By convention, DMMs and VOMs have one red lead and one black lead, with
the red lead connected to the (+) or VQA terminal of the meter and the black .
connected to the (—) or COM terminal. Thus, if the voltmeter indicates a pos- 0
itive value, the point where the red lead is touching is positive with respect to

the point where the black lead is touching; inversely, if the meter indicates

negative, the point where the red lead is touching is negative with respect to

the point where the black lead is connected. For current measurements, if an

ammeter indicates a positive value, this means that the direction of current is

into its (+) or VQA terminal and out of its (—) or COM terminal; conversely, R
if the reading is negative, this means that the direction of current is into the

meter’s COM terminal and out of its (+) or VQA terminal.

<il

)

>
>

E Lamp

How to Measure Current

As indicated by Figure 2-21(b), the current that you wish to measure must
pass through the meter. Consider Figure 2-23(a). To measure this current, ~ FIGURE 2-22° To measure voltage,

open the circuit as in (b) and insert the ammeter. The sign of the reading will place the voltmeter leads across the
component whose voltage you wish to

be positive if current enter the A or (+) terminal or negative if it enters the determine. If the voltmeter reading is
COM (or —) terminal as described in the Practical Note. positive, the point where the red lead is
connected is positive with respect to the
point where the black lead is con-

75./;/ nected.

=il
>

+ A —
16.7 mA 16.7 mA 3 [
e —_—

(a) Current to be measured (b) Ammeter correctly inserted

FIGURE 2-23 To measure current, insert the ammeter into the circuit so that the cur-
rent you wish to measure passes through the instrument. The reading is positive here
because current enters the + (A) terminal.

Reading Analog Multimeters

Consider the analog meter of Figure 2-24. Note that it has a selector switch
for selecting dc volts, ac volts, dc current, and ohms plus a variety of scales
to go with these functions and their ranges. To measure a quantity, set the
selector switch to the desired function and range, then read the value from
the appropriate scale.
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FIGURE 2-24  Analog multimeter.
The quantity being measured is indi-
cated on the scale selected by the rotary

switch.

/
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EXAMPLE 2-5 The meter of Figure 2-24 is set to the 100 volts dc range.
This means that the instrument reads full scale when 100 volts is applied and
proportionally less for other voltages. For the case shown, (expanded detail,
Figure 2-25), the needle indicates 70 volts.

FIGURE 2-25 Meter indicates 70
volts on the 100-V scale.

Meter Symbols

In our examples so far, we have shown meters pictorially. Usually, however,
they are shown schematically. The schematic symbol for a voltmeter is a cir-
cle with the letter V, while the symbol for an ammeter is a circle with the let-
ter I. The circuits of Figures 2-22 and 2-23 have been redrawn (Figure
2-26) to indicate this.

E—=— C3 E= §R

(a) Voltmeter (b) Ammeter

FIGURE 2-26  Schematic symbols for voltmeter and ammeter.

1. One sometimes hears statements such as “. . . the voltage through a resis-
tor” or “. . . the current across a resistor.” These statements are incorrect.
Voltage does not pass through anything; voltage is a potential difference
and appears across things. This is why we connect a voltmeter across com-
ponents to measure their voltage. Similarly, current does not appear across
anything; current is a flow of charge that passes through circuit elements.
This is why we put the ammeter in the current path—to measure the cur-
rent in it. Thus, the correct statements are “. . . voltage across the resistor

. 2 and “. . . current through the resistor. . . .”

2. Do not connect ammeters directly across a voltage source. Ammeters have
nearly zero resistance and damage will probably result.
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2.7 Switches, Fuses, and Circuit Breakers

Switches

The most basic switch is a single-pole, single-throw (SPST) switch as shown
in Figure 2-27. With the switch open, the current path is broken and the
lamp is off; with it closed, the lamp is on. This type of switch is used, for
example, for light switches in homes.

Figure 2-28(a) shows a single-pole, double-throw (SPDT) switch. Two
of these switches may be used as in (b) for two-way control of a light. This
type of arrangement is sometimes used for stairway lights; you can turn the
light on or off from either the bottom or the top of the stairs.

Switch 1 Switch 2
o—————0
_O/o— 1
’ E—
(a) SPDT switch (b) Two-way switch control of a light

FIGURE 2-28  Single-pole, double-throw (SPDT) switch.

Many other configurations of switches exist in practice. However, we will
leave the topic at this point.

Fuses and Circuit Breakers

Fuses and circuit breakers are used to protect equipment or wiring against
excessive current. For example, in your home, if you connect too many
appliances to an outlet, the fuse or circuit breaker in your electrical panel
“blows.” This opens the circuit to protect against overloading and possible
fire. Fuses and circuit breakers may also be installed in equipment such as
your automobile to protect against internal faults. Figure 2-29 shows a vari-
ety of fuses and breakers.

Fuses use a metallic element that melts when current exceeds a preset
value. Thus, if a fuse is rated at 3 A, it will “blow” if more than 3 amps
passes through it. Fuses are made as fast-blow and slow-blow types. Fast-
blow fuses are very fast; typically, they blow in a fraction of a second. Slow-
blow fuses, on the other hand, react more slowly so that they do not blow on
small, momentary overloads.

Circuit breakers work on a different principle. When the current exceeds
the rated value of a breaker, the magnetic field produced by the excessive
current operates a mechanism that trips open a switch. After the fault or
overload condition has been cleared, the breaker can be reset and used again.
Since they are mechanical devices, their operation is slower than that of a
fuse; thus, they do not “pop” on momentary overloads as, for example, when
a motor is started.

o

(a) Open

(b) Closed

FIGURE 2-27  Single-pole, single-
throw (SPST) switch.
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(b) Fuse symbols

(¢) Circuit breaker
(a) A variety of fuses and circuit breakers. symbols

FIGURE 2-29 Fuses and circuit breakers.
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PRACTIC
RN
Your company is considering the purchase of an electrostatic air cleaner
system for one of its facilities and your supervisor has asked you to pre-
pare a short presentation for the Board of Directors. Members of the Board
understand basic electrical theory but are unfamiliar with the specifics of
electrostatic air cleaners. Go to your library (physics books are a good refer-
ence) and research and prepare a short description of the electrostatic air
cleaner. Include a diagram and a description of how it works.

T mimmamiuumnm Iy’’’
PROBLEMS 2.1 Atomic Theory Review
1. How many free electrons are there in the following at room temperature?
a. 1 cubic meter of copper

b. a 5 m length of copper wire whose diameter is 0.163 cm

0, 0, 2. Two charges are separated by a certain distance, Figure 2-30. How is the
O O force between them affected if
a. the magnitudes of both charges are doubled?

b. the distance between the charges is tripled?
|<7 r —>| 3. Two charges are separated by a certain distance. If the magnitude of one
charge is doubled and the other tripled and the distance between them
FIGURE 2-30 halved, how is the force affected?



4.

10.

12.
13.
14.

2.3
16.

17.

Problems

A certain material has four electrons in its valence shell and a second mater-
ial has one. Which is the better conductor?

. a. What makes a material a good conductor? (In your answer, consider

valence shells and free electrons.)

b. Besides being a good conductor, list two other reasons why copper is so
widely used.

c. What makes a material a good insulator?

d. Normally air is an insulator. However, during lightning discharges, con-
duction occurs. Briefly discuss the mechanism of charge flow in this dis-
charge.

a. Although gold is very expensive, it is sometimes used in electronics as a
plating on contacts. Why?

b. Why is aluminum sometimes used when its conductivity is only about
60% as good as that of copper?

The Unit of Electrical Charge: The Coulomb

. What do we mean when we say that a body is “charged”?

Compute the force between the following charges and state whether it is
attractive or repulsive.

a. A +1 pC charge and a +7 uC charge, separated 10 mm
b. O, =8 uCand Q, = —4 uC, separated 12 cm

c. Two electrons separated by 12 X 10*m

d. An electron and a proton separated by 5.3 X 107" m

e. An electron and a neutron separated by 5.7 X 10™"' m

The force between a positive charge and a negative charge that are 2 cm
apart is 180 N. If O, = 4 uC, what is Q,? Is the force attraction or repul-
sion?

If you could place a charge of 1 C on each of two bodies separated 25 cm
center to center, what would be the force between them in newtons? In
tons?

. The force of repulsion between two charges separated by 50 cm is 0.02 N. If

0, = 50,, determine the charges and their possible signs.
How many electrons does a charge of 1.63 uC represent?
Determine the charge possessed by 19 X 10" electrons.

An electrically neutral metal plate acquires a negative charge of 47 uC. How
many electrons were added to it?

. A metal plate has 14.6 X 10" electrons added. Later, 1.3 uC of charge is

added. If the final charge on the plate is 5.6 uC, what was its initial
charge?

Voltage

Sliding off a chair and touching someone can result in a shock. Explain
why.

If 360 joules of energy are required to transfer 15 C of charge through the
lamp of Figure 2—1, what is the voltage of the battery?

53
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18.
19.
20.
21.
22.
23.
2.4
24.
25.
26.

27.
28.
29.

30.

31.

32.

33.

2.5
34.
35.

36.

If 600 J of energy are required to move 9.36 X 10" electrons from one point
to the other, what is the potential difference between the two points?

If 1.2 kJ of energy are required to move 500 mC from one point to another,
what is the voltage between the two points?

How much energy is required to move 20 mC of charge through the lamp of
Figure 2-22?

How much energy is gained by a charge of 0.5 uC as it moves through a
potential difference of 8.5 kV?

If the voltage between two points is 100 V, how much energy is required to
move an electron between the two points?

Given a voltage of 12 V for the battery in Figure 2—1, how much charge is
moved through the lamp if it takes 57 J of energy to move it?

Current

For the circuit of Figure 2—1, if 27 C pass through the lamp in 9 seconds,
what is the current in amperes?

If 250 uC pass through the ammeter of Figure 2-26(b) in 5 ms, what will
the meter read?

If the current / = 4 A in Figure 2—1, how many coulombs pass through the
lamp in 7 ms?

How much charge passes through the circuit of Figure 2-23 in 20 ms?
How long does it take for 100 uC to pass a point if the current is 25 mA?

If 93.6 X 10" electrons pass through a lamp in 5 ms, what is the
current?

The charge passing through a wire is given by ¢ = 10¢ + 4, where ¢ is in
coulombs and ¢ in seconds,

a. How much charge has passed at t = 5 s?
b. How much charge has passed at r = § s?
c. What is the current in amps?

The charge passing through a wire is ¢ = (80t + 20) C. What is the cur-
rent? Hint: Choose two arbitrary values of time and proceed as in Ques-
tion 30.

How long does it take 312 X 10" electrons to pass through the circuit of
Figure 2-26(b) if the ammeter reads 8 A?

If 1353.6 J are required to move 47 X 10" electrons through the lamp of
Figure 2—-1 in 1.3 min, what are V and 17

Practical DC Voltage Sources
What do we mean by dc? By ac?

For the battery of Figure 2-8, chemical action causes 15.6 X 10'® electrons
to be transferred from the carbon rod to the zinc can. If 3.85 joules of chem-
ical energy are expended, what is the voltage developed?

How do you charge a secondary battery? Make a sketch. Can you charge a
primary battery?



37. A battery rated 1400 mAh supplies 28 mA to a load. How long can it be
expected to last?

38. What is the approximate service life of the D cell of Table 2—1 at a current
drain of 10 mA? At 50 mA? At 100 mA? What conclusion do you draw
from these results?

39. The battery of Figure 2—14 is rated at 81 Ah at 5°C. What is the expected
life (in hours) at a current draw of 5 A at —15°C?

40. The battery of Figure 2—14 is expected to last 17 h at a current drain of
1.5 A at 25°C. How long do you expect it to last at 5°C at a current drain of
0.8A?

41. In the engineering workplace, you sometimes have to make estimations
based on the information you have available. In this vein, assume you have
a battery-operated device that uses the C cell of Table 2—1. If the device
draws 10 mA, what is the estimated time (in hours) that you will be able
to use it?

2.6 Measuring Voltage and Current

42. The digital voltmeter of Figure 2-31 has autopolarity. For each case, deter-
mine its reading.

OFF vV _
v OFF ¢ _
300mV \{
300mV

Q OFF § _
ki Q
——)
= x 300mV
Q

= = )

Problems
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25V 25V v 4

(@ (b) ©
FIGURE 2-31

43. The current in the circuit of Figure 2-32 is 9.17 mA. Which ammeter cor-
rectly indicates the current? (a) Meter 1, (b) Meter 2, (c) both.

44. What is wrong with the statement that the voltage through the lamp of Fig-
ure 2-22 is 70.3 V?

45. What is wrong with the metering scheme shown in Figure 2-33? Fix it.

-

(d)
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| Meter 1

OEFIRVA Meter 2

T @ @
T

. FIGURE 2-32
FIGURE 2-33 What is wrong here?

2.7 Switches, Fuses, and Circuit Breakers

TABLE 2-2 46. It is desired to control a light using two switches as indicated in Table 2—-2.

Switch 1 Switch 2 Lamp Draw the required circuit.

47. Fuses have a current rating so that you can select the proper size to protect a

ff L. . . .
ggzﬁ 8111)65 2 d 8n circuit against overcurrent. They also have a voltage rating. Why? Hint:
Closed Open On Read the section on insulators, i.e., Section 2.1.

Closed Closed On

ANSWERS TO IN-PROCESS In-Process Learning Check 1

LEARNING CHECKS 1. Anatom consists of a nucleus of protons and neutrons orbited by electrons. The
nucleus is positive because protons are positive, but the atom is neutral because
it contains the same number of electrons as protons, and their charges cancel.

2. The valence shell is the outermost shell. It contains either just the atom’s
valence electrons or additionally, free electrons that have drifted in from other
atoms.

3. The force between charged particles is proportional to the product of their
charges and inversely proportional to the square of their spacing. Since force
decreases as the square of the spacing, electrons far from the nucleus experi-
ence little force of attraction.

4. If a loosely bound electron gains sufficient energy, it may break free from its
parent atom and wander throughout the material. Such an electron is called a
free electron. For materials like copper, heat (thermal energy) can give an
electron enough energy to dislodge it from its parent atom.

5. A normal atom is neutral because it has the same number of electrons as pro-
tons and their charges cancel. An atom that has lost an electron is called a
positive ion, while an atom that has gained an electron is called a negative
ion.

6. The electrons remain in the material.
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In-Process Learning Check 2
1. 0, = 13.74 uC (pos.) Qg = 13.57 uC (neg.)

2. Chemical action creates an excess of electrons at the zinc and a deficiency of
electrons at the carbon electrode. Because one pole is positive and the other
negative, a voltage exists between them.

3. Motion is random. Since the net movement in all directions is zero, current is
Zero.

4. 80A
5.3195s



Resistance

OBJECTIVES

After studying this chapter, you will be

able to

e calculate the resistance of a section of
conductor, given its cross-sectional area
and length,

e convert between areas measured in
square mils, square meters, and circular
mils,

¢ use tables of wire data to obtain the
cross-sectional dimensions of various
gauges of wire and predict the allowable
current for a particular gauge of wire,

* use the temperature coefficient of a
material to calculate the change in resis-
tance as the temperature of the sample
changes,

e use resistor color codes to determine the
resistance and tolerance of a given
fixed-composition resistor,

e demonstrate the procedure for using an
ohmmeter to determine circuit continu-
ity and to measure the resistance of both
an isolated component and one which is
located in a circuit,

* develop an understanding of various
ohmic devices such as thermistors and
photocells,

* develop an understanding of the resis-
tance of nonlinear devices such as varis-
tors and diodes,

« calculate the conductance of any resis-
tive component.

KEY TERMS

Color Codes
Conductance
Diode

Ohmmeter

Open Circuit
Photocell
Resistance
Resistivity

Short Circuit
Superconductance
Temperature Coefficient
Thermistor
Varistor

Wire gauge

OUTLINE

Resistance of Conductors
Electrical Wire Tables

Resistance of Wires—Circular Mils
Temperature Effects

Types of Resistors

Color Coding of Resistors
Measuring Resistance—The Ohmmeter
Thermistors

Photoconductive Cells

Nonlinear Resistance

Conductance

Superconductors




You have been introduced to the concepts of voltage and current in previous ~ CHAPTER PREVIEW
chapters and have found that current involves the movement of charge. In a
conductor, the charge carriers are the free electrons which are moved due to the
voltage of an externally applied source. As these electrons move through the
material, they constantly collide with atoms and other electrons within the con-
ductor. In a process similar to friction, the moving electrons give up some of
their energy in the form of heat. These collisions represent an opposition to
charge movement that is called resistance. The greater the opposition (i.e., the
greater the resistance), the smaller will be the current for a given applied voltage.

Circuit components (called resistors) are specifically designed to possess
resistance and are used in almost all electronic and electrical circuits. Although
the resistor is the most simple component in any circuit, its effect is very impor-
tant in determining the operation of a circuit.

Resistance is represented by the symbol R (Figure 3—1) and is measured in
units of ohms (after Georg Simon Ohm). The symbol for ohms is the capital

Greek letter omega (). E = § R
In this chapter, we examine resistance in its various forms. Beginning with
metallic conductors, we study the factors which affect resistance in conductors.

Resistor

Following this, we look at commercial resistors, including both fixed and vari-
ab}e types. W? then discuss 1mp0r'ta-nt nonl%near r651§tar}ce devices and conclude  pGURE3-1 Basic resistive
with an overview of superconductivity and its potential impact and use. e,

RN
Georg Simon Ohm and Resistance PUTTING IT IN

ONE OF THE FUNDAMENTAL RELATIONSHIPS of circuit theory is that between PERSPECTIVE
voltage, current, and resistance. This relationship and the properties of resistance
were investigated by the German physicist Georg Simon Ohm (1787-1854)
using a circuit similar to that of Figure 3—1. Working with Volta’s recently devel-
oped battery and wires of different materials, lengths, and thicknesses, Ohm
found that current depended on both voltage and resistance. For example, for a
fixed resistance, he found that doubling the voltage doubled the current, tripling
the voltage tripled the current, and so on. Also, for a fixed voltage, Ohm found
that the opposition to current was directly proportional to the length of the wire
and inversely proportional to its cross-sectional area. From this, he was able to
define the resistance of a wire and show that current was inversely proportional
to this resistance; e.g., when he doubled the resistance; he found that the current
decreased to half of its former value.

These two results when combined form what is known as Ohm’s law. (You
will study Ohm’s law in great detail in Chapter 4.) Ohm’s results are of such
fundamental importance that they represent the real beginnings of what we now
call electrical circuit analysis.
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TABLE 3-1 Resistivity of

Materials, p

Material

Silver
Copper
Gold
Aluminum
Tungsten
Iron

Lead
Mercury
Nichrome
Carbon
Germanium
Silicon
Wood

Glass

Mica

Hard rubber
Amber
Sulphur
Teflon

Resistivity, p,
at 20°C (2-m)

1.645 X 10°®
1.723 X 10°®
2.443 X 1078
2.825 X 10°*
5.485 X 107*
12.30 X 10°®
22 X 1078
95.8 X 107%
99.72 X 107*
3500 X 10°®
20-2300*
=500*
10°-10™
1010_1014
1011_1015
1013_1016
5% 10"

1 X 10"

1 X 10'

*The resistivities of these materials are
dependent upon the impurities within the

materials.

3.1 Resistance of Conductors

As mentioned in the chapter preview, conductors are materials which permit
the flow of charge. However, conductors do not all behave the same way.
Rather, we find that the resistance of a material is dependent upon several
factors:

e Type of material
¢ Length of the conductor
* Cross-sectional area

e Temperature

If a certain length of wire is subjected to a current, the moving elec-
trons will collide with other electrons within the material. Differences at
the atomic level of various materials cause variation in how the collisions
affect resistance. For example, silver has more free electrons than copper,
and so the resistance of a silver wire will be less than the resistance of a
copper wire having the identical dimensions. We may therefore conclude
the following:

The resistance of a conductor is dependent upon the type of material.

If we were to double the length of the wire, we can expect that the num-
ber of collisions over the length of the wire would double, thereby causing
the resistance to also double. This effect may be summarized as follows:

The resistance of a metallic conductor is directly proportional to the
length of the conductor.

A somewhat less intuitive property of a conductor is the effect of cross-
sectional area on the resistance. As the cross-sectional area is increased, the
moving electrons are able to move more freely through the conductor, just as
water moves more freely through a large-diameter pipe than a small-diame-
ter pipe. If the cross-sectional area is doubled, the electrons would be
involved in half as many collisions over the length of the wire. We may sum-
marize this effect as follows:

The resistance of a metallic conductor is inversely proportional to the
cross-sectional area of the conductor.

The factors governing the resistance of a conductor at a given tempera-
ture may be summarized mathematically as follows:

R = :_6 [ohms, ()] 3-1)

where

o = resistivity, in ohm-meters ({)-m)
14

A = cross-sectional area, in square meters (m?).

length, in meters (m)

In the above equation the lowercase Greek letter rho (p) is the constant of
proportionality and is called the resistivity of the material. Resistivity is a
physical property of a material and is measured in ohm-meters ({2-m) in the
SI system. Table 3—1 lists the resistivities of various materials at a tempera-
ture of 20°C. The effects on resistance due to changes in temperature will be
examined in Section 3.4.
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Since most conductors are circular, as shown in Figure 3-2, we may deter-
mine the cross-sectional area from either the radius or the diameter as follows:

A=mP = w<i)2 _ ad (3-2)

2 4

EXAMFLE 3-1 Most homes use solid copper wire having a diameter of
1.63 mm to provide electrical distribution to outlets and light sockets. Deter-
mine the resistance of 75 meters of a solid copper wire having the above
diameter.

Solution We will first calculate the cross-sectional area of the wire using
equation 3-2.
wd”
4
_ m(1.63 X 10~° m)*
4
2.09 X 10" m?

A=

Now, using Table 3—1, the resistance of the length of wire is found as
R =0t
A

_ (1723 X 10 Q-m)(75 m)
2.09 X 10° m>

= 0.619 O

Find the resistance of a 100-m long tungsten wire which has a circular cross-sec-

tion with a diameter of 0.1 mm (7 = 20°C).

Answer: 698 ()
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FIGURE 3-2 Conductor with a cir-
cular cross-section.

EXAMFLE 3—2 Bus bars are bare solid conductors (usually rectangular)
used to carry large currents within buildings such as power generating sta-
tions, telephone exchanges, and large factories. Given a piece of aluminum
bus bar as shown in Figure 3-3, determine the resistance between the ends of
this bar at a temperature of 20°C.

=217
‘/
; R
50, =
My
~~

FIGURE 3-3 Conductor with a
rectangular cross section.
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Solution The cross-sectional area is

A = (150 mm)(6 mm)
= (0.15 m)(0.006 m)
= 0.0009 m>
=9.00 X 107*m?
The resistance between the ends of the bus bar is determined as
s
A
_ (2825 X 1078 -m)(270 m)
9.00 X 10* m?
= 8.48 X 107° Q) = 8.48 mQ)

IN-PROCESS
LEARNING
CHECK1

1. Given two lengths of wire having identical dimensions. If one wire is made of
copper and the other is made of iron, which wire will have the greater resis-
tance? How much greater will the resistance be?

2. Given two pieces of copper wire which have the same cross-sectional area,
determine the relative resistance of the one which is twice as long as the
other.

3. Given two pieces of copper wire which have the same length, determine the
relative resistance of the one which has twice the diameter of the other.

(Answers are at the end of the chapter:)

3.2 Electrical Wire Tables

Although the SI system is the standard measurement for electrical and
other physical quantities, the English system is still used extensively in the
United States and to a lesser degree throughout the rest of the English-
speaking world. One area which has been slow to convert to the SI system
is the designation of cables and wires, where the American Wire Gauge
(AWG) is the primary system used to denote wire diameters. In this sys-
tem, each wire diameter is assigned a gauge number. The higher the AWG
number, the smaller the diameter of the cable or wire, e.g., AWG 22 gauge
wire is a smaller diameter than AWG 14 gauge. Since cross-sectional area
is inversely proportional to the square of the diameter, a given length of 22-
gauge wire will have more resistance than an equal length of 14-gauge
wire. Because of the difference in resistance, we can intuitively deduce that
large-diameter cables will be able to handle more current than smaller-
diameter cables. Table 3-2 provides a listing of data for standard bare cop-
per wire.

Even though Table 3-2 provides data for solid conductors up to AWG
4/0, most applications do not use solid conductor sizes beyond AWG 10.
Solid conductors are difficult to bend and are easily damaged by mechanical
flexing. For this reason, large-diameter cables are nearly always stranded



TABLE 3-2  Standard Solid Copper Wire at 20°C

. Diameter
Size

(AWG) (inches) (mm)
56 0.0005 0.012
54 0.0006 0.016
52 0.0008 0.020
50 0.0010 0.025
48 0.0013 0.032
46 0.0016 0.040
45 0.0019 0.047
44 0.0020 0.051
43 0.0022 0.056
42 0.0025 0.064
41 0.0028 0.071
40 0.0031 0.079
39 0.0035 0.089
38 0.0040 0.102
37 0.0045 0.114
36 0.0050 0.127
35 0.0056 0.142
34 0.0063 0.160
33 0.0071 0.180
32 0.0080 0.203
31 0.0089 0.226
30 0.0100 0.254
29 0.0113 0.287
28 0.0126 0.320
27 0.0142 0.361
26 0.0159 0.404
25 0.0179 0.455
24 0.0201 0.511
23 0.0226 0.574
22 0.0253 0.643
21 0.0285 0.724
20 0.0320 0.813
19 0.0359 0.912
18 0.0403 1.02
17 0.0453 1.15
16 0.0508 1.29
15 0.0571 1.45
14 0.0641 1.63
13 0.0720 1.83
12 0.0808 2.05
11 0.0907 2.30
10 0.1019 2.588
9 0.1144 2.906
8 0.1285 3.264
7 0.1443 3.665
6 0.1620 4.115
5 0.1819 4.620
4 0.2043 5.189
3 0.2294 5.827
2 0.2576 6.543
1 0.2893 7.348
1/0 0.3249 8.252
2/0 0.3648 9.266
3/0 0.4096 10.40
4/0 0.4600 11.68

Area
(CM) (mm?)
0.240 0.000122
0.384 0.000195
0.608 0.000308
0.980 0.000497
1.54 0.000779
2.46 0.00125
3.10 0.00157
4.00 0.00243
4.84 0.00245
6.25 0.00317
7.84 0.00397
9.61 0.00487
12.2 0.00621
16.0 0.00811
20.2 0.0103
25.0 0.0127
314 0.0159
39.7 0.0201
50.4 0.0255
64.0 0.0324
79.2 0.0401
100 0.0507
128 0.0647
159 0.0804
202 0.102
253 0.128
320 0.162
404 0.205
511 0.259
640 0.324
812 0.412
1020 0.519
1290 0.653
1 620 0.823
2 050 1.04
2 580 1.31
3260 1.65
4110 2.08
5180 2.63
6530 3.31
8 230 4.17
10 380 5.261
13 090 6.632
16 510 8.367
20 820 10.55
26 240 13.30
33 090 16.77
41 740 21.15
52 620 26.67
66 360 33.62
83 690 42.41
105 600 53.49
133 100 67.43
167 800 85.01
211 600 107.2

*This current is suitable for single conductors and surface or loose wiring.

Resistance
(€2/1000 ft)

43 200
27 000
17 000
10 600
6 750
4210
3350
2590
2 140
1 660
1320
1 080
847
648
521
415
331
261
206
162
131
104
81.2
65.3
51.4
41.0
324
25.7
20.3
16.2
12.8
10.1
8.05
6.39
5.05
4.02
3.18
252
2.00
1.59
1.26
0.998 8
0.792 5
0.628 1
0.498 1
0.3952
0.313 4
0.248 5
0.197 1
0.156 3
0.123 9
0.098 25
0.077 93
0.061 82
0.049 01

Current Capacity

(A)

0.75*
1.3%
2.0%
3.0%
5.07
10.0
15.0°
20.0

30.0

"This current may be accommodated in up to three wires in a sheathed cable. For four to six wires, the current in each wire must be reduced to 80% of
the indicated value. For seven to nine wires, the current in each wire must be reduced to 70% of the indicated value.
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FIGURE 3-4 Stranded wire
(7 strands).

rather than solid. Stranded wires and cables use anywhere from seven
strands, as shown in Figure 3—4, to in excess of a hundred strands.

As one might expect, stranded wire uses the same AWG notation as
solid wire. Consequently, AWG 10 stranded wire will have the same cross-
sectional conductor area as AWG 10 solid wire. However, due to the addi-
tional space lost between the conductors, the stranded wire will have a larger
overall diameter than the solid wire. Also, because the individual strands are
coiled as a helix, the overall strand length will be slightly longer than the
cable length.

Wire tables similar to Table 3-2 are available for stranded copper cables
and for cables constructed of other materials (notably aluminum).

EXAMPLE 3-3 Calculate the resistance of 200 feet of AWG 16 solid cop-
per wire at 20°C.

Solution From Table 3-2, we see that AWG 16 wire has a resistance of 4.02 ()
per 1000 feet. Since we are given a length of only 200 feet, the resistance will
be determined as

_ <4.on

200 ft) = 0.804 Q)
1000ft>( 0010 = 0.80

By examining Table 3-2, several important points may be observed:

* If the wire size increases by three gauge sizes, the cross-sectional area will
approximately double. Since resistance is inversely proportional to cross-
sectional area, a given length of larger-diameter cable will have a resis-
tance which is approximately half as large as the resistance of a similar
length of the smaller-diameter cable.

* If there is a difference of three gauge sizes between cables, then the larger-
diameter cable will be able to handle approximately twice as much current
as the smaller-diameter cable. The amount of current that a conductor can
safely handle is directly proportional to the cross-sectional area.

* If the wire size increases by ten gauge sizes, the cross-sectional area will
increase by a factor of about ten. Due to the inverse relationship between
resistance and cross-sectional area, the larger-diameter cable will have about
one tenth the resistance of a similar length of the smaller-diameter cable.

e For a 10-gauge difference in cable sizes, the larger-diameter cable will
have ten times the cross-sectional area of the smaller-diameter cable and
so it will be able to handle approximately ten times more current.

EXAMPLE 3—4 If AWG 14 solid copper wire is able to handle 15 A of cur-
rent, determine the expected current capacity of AWG 24 and AWG 8 copper
wire at 20°C.
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Solution Since AWG 24 is ten sizes smaller than AWG 14, the smaller
cable will be able to handle about one tenth the capacity of the larger-diame-
ter cable.

AWG 24 will be able to handle approximately 1.5 A of current.

AWG 8 is six sizes larger than AWG 14. Since current capacity doubles
for an increase of three sizes, AWG 11 would be able to handle 30 A and
AWG 8 will be able to handle 60 A.

1. From Table 3-2 find the diameters in millimeters and the cross-sectional
areas in square millimeters of AWG 19 and AWG 30 solid wire.

2. By using the cross-sectional areas for AWG 19 and AWG 30, approximate the
areas that AWG 16 and AWG 40 should have.

3. Compare the actual cross-sectional areas as listed in Table 3-2 to the areas
found in Problems 1 and 2 above. (You will find a slight variation between
your calculated values and the actual areas. This is because the actual diam-
eters of the wires have been adjusted to provide optimum sizes for manufac-
turing.)

Answers:
1. dywgio = 0.912 mm Avero = 0.653 mm?
daweo = 0.254 mm A ez = 0.0507 mm?

2. Ao = 1.31mm>  A,yas = 0.0051 mm?
3. Agwgis = 1.31mm*  Aygu = 0.00487 mm?

65

1. AWG 12-gauge wire is able to safely handle 20 amps of current. How much
current should an AWG 2-gauge cable be able to handle?

2. The electrical code actually permits up to 120 A for the above cable. How
does the actual value compare to your theoretical value? Why do you think
there is a difference?

(Answers are at the end of the chapter.)

IN-PROCESS
LEARNING
CHECK 2

3.3 Resistance of Wires—Circular Mils

The American Wire Gauge system for specifying wire diameters was devel-
oped using a unit called the circular mil (CM), which is defined as the area
contained within a circle having a diameter of 1 mil (1 mil = 0.001 inch). A
square mil is defined as the area contained in a square having side dimen-
sions of 1 mil. By referring to Figure 3-5, it is apparent that the area of a cir-
cular mil is smaller than the area of a square mil.

Because not all conductors have circular cross-sections, it is occasion-
ally necessary to convert areas expressed in square mils into circular mils.
We will now determine the relationship between the circular mil and the
square mil.
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0.001 inch
(1 mil)

(a) Circular mil

— Imil |<—

(b) Square mil

FIGURE 3-5

Suppose that a wire has the circular cross section shown in Figure
3-5(a). By applying Equation 3-2, the area, in square mils, of the circular
cross section is determined as follows:

wd?
4

_ a1 mil)?
4

A =

=T 5q. mil
4 %

From the above derivation the following relations must apply:

1CM = % sq. mil (3-3)

1 sq. mil = 4 CM 34
T

The greatest advantage of using the circular mil to express areas of wires
is the simplicity with which calculations may be made. Unlike previous area
calculations which involved the use of , area calculations may be reduced
to simply finding the square of the diameter.

If we are given a circular cross section with a diameter, d (in mils) the
area of this cross-section is determined as

wd*

4

A= [square mils]

Using Equation 3—4, we convert the area from square mils to circular mils.
Consequently, if the diameter of a circular conductor is given in mils, we
determine the area in circular mils as

Ay = d,i°  [circular mils, CM] (3-5)

éEXAMF’LE 5-5 Determine the cross-sectional area in circular mils of a
wire having the following diameters:

a. 0.0159 inch (AWG 26 wire)
b. 0.500 inch

Solution

a. d = 0.0159 inch
= (0.0159 inch)(1000 mils/inch)
= 15.9 mils

Now, using Equation 3-5, we obtain
Acy = (15.9)* = 253 CM.

From Table 3-2, we see that the above result is precisely the area given for
AWG 26 wire.
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b. d = 0.500 inch
= (0.500 inch)(1000 mils/inch)
= 500 mils

Acy = (500)* = 250 000 CM

In Example 3-5(b) we see that the cross-sectional area of a cable may be a
large number when it is expressed in circular mils. In order to simplify the units
for area, the Roman numeral M is often used to represent 1000. If a wire has

a cross-sectional area of 250 000 CM, it is more easily written as 250 MCM.

Clearly, this is a departure from the SI system, where M is used to repre-
sent one million. Since there is no simple way to overcome this conflict, the
student working with cable areas expressed in MCM will need to remember

that the M stands for one thousand and not for one million.

EXAMPLE 3—6

a. Determine the cross-sectional area in square mils and in circular mils of a
copper bus bar having cross-sectional dimensions of 0.250 inch X 6.00
inch.

b. If this copper bus bar were to be replaced by AWG 2/0 cables, how many
cables would be required?

Solution

a. A, .. = (250 mils)(6000 mils)

= 1500 000 sq. mils

sq. mil

The area in circular mils is found by applying Equation 3—4, and this will be
Acy = (250 mils)(6000 mils)

(1 500 000 sq. mils)(i CM/sq. mil)
T

1910 000 CM
1910 MCM

b. From Table 3-2, we see that AWG 2/0 cable has a cross-sectional area of
133.1 MCM (133 100 CM), and so the bus bar is equivalent to the follow-
ing number of cables:

_ 1910 MCM _

"= 1amMem

This example illustrates that 15 cables would need to be installed to be
equivalent to a single 6-inch by 0.25-inch bus bar. Due to the expense and awk-
wardness of using this many cables, we see the economy of using solid bus bar.
The main disadvantage of using bus bar is that the conductor is not covered
with an insulation, and so the bus bar does not offer the same protection as
cable. However, since bus bar is generally used in locations where only expe-
rienced technicians are permitted access, this disadvantage is a minor one.
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TABLE 3-3 Resistivity of
Conductors, p

Resistivity, p,
Material at 20°C (CM-Q/ft)

Silver 9.90
Copper 10.36
Gold 14.7
Aluminum 17.0
Tungsten 33.0

Iron 74.0
Lead 132.
Mercury 576.
Nichrome 600.

As we have seen in Section 3.1, the resistance of a conductor was deter-
mined to be

R = Z—g [ohms, ] 3-1)

Although the original equation used SI units, the equation will also
apply if the units are expressed in any other convenient system. If cable
length is generally expressed in feet and the area in circular mils, then
the resistivity must be expressed in the appropriate units. Table 3-3 gives
the resistivities of some conductors represented in circular mil-ohms per
foot.

The following example illustrates how Table 3—3 may be used to deter-
mine the resistance of a given section of wire.

EXAMPLE 3—7 Determine the resistance of an AWG 16 copper wire at
20°C if the wire has a diameter of 0.0508 inch and a length of 400 feet.
Solution The diameter in mils is found as
d = 0.0508 inch = 50.8 mils
Therefore the cross-sectional area (in circular mils) of AWG 16 is
Acy = 50.8% = 2580 CM

Now, by applying Equation 3—1 and using the appropriate units, we obtain the
following:

ol

ACM

CM-Q
ft
2580 CM

1.61 Q

(10.36 )(400 ft)

1. Determine the resistance of 1 mile (5280 feet) of AWG 19 copper wire at
20°C, if the cross-sectional area is 1290 CM.

2. Compare the above result with the value that would be obtained by using the
resistance (in ohms per thousand feet) given in Table 3-2.

3. An aluminum conductor having a cross-sectional area of 1843 MCM is used
to transmit power from a high-voltage dc (HVDC) generating station to a
large urban center. If the city is 900 km from the generating station, deter-
mine the resistance of the conductor at a temperature of 20°C.

(Use 1 ft = 0.3048 m.)

Answers: 1. 42.4 Q) 2. 4250 3.2720
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A conductor has a cross-sectional area of 50 square mils. Determine the cross-
sectional area in circular mils, square meters, and square millimeters.

(Answers are at the end of the chapter.)

IN-PROCESS
LEARNING
CHECK 3

3.4 Temperature Effects

Section 3.1 indicated that the resistance of a conductor will not be constant
at all temperatures. As temperature increases, more electrons will escape
their orbits, causing additional collisions within the conductor. For most con-
ducting materials, the increase in the number of collisions translates into a
relatively linear increase in resistance, as shown in Figure 3—6.

R (Q)) AR
A /— Slope m = AT
Ryl 2
AR :
Ry 4 :
| |
| |
Absolute | |
Z€ero 7 | |
| = | —7(0)
—-273.15 T 0 T, T,

—_—

Temperature intercept AT

FIGURE 3-6 Temperature effects on the resistance of a conductor.

The rate at which the resistance of a material changes with a variation in
temperature is called the temperature coefficient of the material and is
assigned the Greek letter alpha («). Some materials have only very slight
changes in resistance, while other materials demonstrate dramatic changes in
resistance with a change in temperature.

Any material for which resistance increases as temperature increases is
said to have a positive temperature coefficient.

For semiconductor materials such as carbon, germanium, and silicon,
increases in temperature allow electrons to escape their usually stable orbits
and become free to move within the material. Although additional collisions
do occur within the semiconductor, the effect of the collisions is minimal
when compared with the contribution of the extra electrons to the overall
flow of charge. As the temperature increases, the number of charge electrons
increases, resulting in more current. Therefore, an increase in temperature
results in a decrease in resistance. Consequently, these materials are referred
to as having negative temperature coefficients.

Table 3—4 gives the temperature coefficients, o per degree Celsius, of
various materials at 20°C and at 0°C.
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TABLE 3-4 Temperature Intercepts and Coefficients for Common Materials

« «
T O™ O™
°C) at 20°C at 0°C
Silver —243 0.003 8 0.004 12
Copper —234.5 0.003 93 0.004 27
Aluminum —236 0.003 91 0.004 24
Tungsten —202 0.004 50 0.004 95
Iron —162 0.005 5 0.006 18
Lead —224 0.004 26 0.004 66
Nichrome —2270 0.000 44 0.000 44
Brass —480 0.002 00 0.002 08
Platinum —310 0.003 03 0.003 23
Carbon —0.000 5
Germanium —0.048
Silicon —0.075

If we consider that Figure 3—6 illustrates how the resistance of copper
changes with temperature, we observe an almost linear increase in resistance
as the temperature increases. Further, we see that as the temperature is
decreased to absolute zero (T = —273.15°C), the resistance approaches zero.

In Figure 3-6, the point at which the linear portion of the line is extrapo-
lated to cross the abscissa (temperature axis) is referred to as the tempera-
ture intercept or the inferred absolute temperature 7 of the material.

By examining the straight-line portion of the graph, we see that we have
two similar triangles, one with the apex at point 1 and the other with the
apex at point 2. The following relationship applies for these similar triangles.

R, R
T,-T T,-T

This expression may be rewritten to solve for the resistance, R, at any tem-
perature, 7, as follows:

T,— T

R:
T, -T

R, (3-6)

An alternate method of determining the resistance, R, of a conductor at a
temperature, 7, is to use the temperature coefficient, o of the material.
Examining Table 3—4, we see that the temperature coefficient is not a con-
stant for all temperatures, but rather is dependent upon the temperature of
the material. The temperature coefficient for any material is defined as

a= R, 3-7)
The value of « is typically given in chemical handbooks. In the above
expression, « is measured in (°C)~', R, is the resistance in ohms at a temper-
ature, T, and m is the slope of the linear portion of the curve (m = AR/AT).
It is left as an end-of-chapter problem for the student to use Equations 3-6
and 3-7 to derive the following expression from Figure 3—6.

R, = Ri[1 + (T, — T))] (3-8)
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EXAMPLE 3—& An aluminum wire has a resistance of 20 () at room tem-

perature (20°C). Calculate the resistance of the same wire at temperatures of
—40°C, 100°C, and 200°C.
Solution From Table 3—4, we see that aluminum has a temperature intercept
of —236°C.
At T = —40°C:
The resistance at —40°C is determined using Equation 3-6.
—40°C — (—236°C) 196°C
R e = 200 = 200 =153Q
0T 20°C — (—236°C) 256°C
At T = 100°C:
100°C — (—236°C) 336°C
R = 20 Q) = 20 Q) = 26.3 Q)
19°C T 20°C — (—236°C) 256°C
At T = 200°C:
200°C — (—236°C) 436°C
Ry = 20 Q) = 200 =34.10Q
W0°C T 20°C — (—236°C) 256°C
The above phenomenon indicates that the resistance of conductors changes
quite dramatically with changes in temperature. For this reason manufacturers
generally specify the range of temperatures over which a conductor may
operate safely.

éEXAM PLE 3-9 Tungsten wire is used as filaments in incandescent light

bulbs. Current in the wire causes the wire to reach extremely high tempera-
tures. Determine the temperature of the filament of a 100-W light bulb if the
resistance at room temperature is measured to be 11.7 {) and when the light is
on, the resistance is determined to be 144 ().

Solution If we rewrite Equation 3-6, we are able to solve for the tempera-
ture T, as follows

R,
R,

L= -17—+T
144 O

= [20 C —(—202 C)] m

+ (—202°C)

= 2530°C

wide temperature range. Calculate the resistance of 900 km of 1843 MCM alu-

A HVDC (high-voltage dc) transmission line must be able to operate over a .
minum conductor at temperatures of —40°C and +40°C.

Answers: 20.8 €);29.3 Q)
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IN-PROCESS
LEARNING
CHECK 4

Explain what is meant by the terms positive temperature coefficient and negative
temperature coefficient. To which category does aluminum belong?

(Answers are at the end of the chapter:)

3.5 Types of Resistors

Virtually all electric and electronic circuits involve the control of voltage
and/or current. The best way to provide such control is by inserting appropri-
ate values of resistance into the circuit. Although various types and sizes of
resistors are used in electrical and electronic applications, all resistors fall
into two main categories: fixed resistors and variable resistors.

Fixed Resistors

As the name implies, fixed resistors are resistors having resistance values
which are essentially constant. There are numerous types of fixed resistors,
ranging in size from almost microscopic (as in integrated circuits) to high-
power resistors which are capable of dissipating many watts of power. Fig-
ure 3-7 illustrates the basic structure of a molded carbon composition
resistor.

Insulated coating

Carbon
\‘\ composition

Color coding

Leads imbedded
into resistive
material

FIGURE 3-7 Structure of a molded carbon composition resistor.

As shown in Figure 3-7, the molded carbon composition resistor con-
sists of a carbon core mixed with an insulating filler. The ratio of carbon to
filler determines the resistance value of the component: the higher the pro-
portion of carbon, the lower the resistance. Metal leads are inserted into the
carbon core, and then the entire resistor is encapsulated with an insulated
coating. Carbon composition resistors are available in resistances from less
than 1 Q to 100 MQ and typically have power ratings from s W to 2 W.
Figure 3-8 shows various sizes of resistors, with the larger resistors being
able to dissipate more power than the smaller resistors.

Although carbon-core resistors have the advantages of being inexpensive
and easy to produce, they tend to have wide tolerances and are susceptible to
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FIGURE 3-8 Actual size of carbon resistors 2 W, 1 W, V2 W, Va W, 8 W).

large changes in resistance due to temperature variation. As shown in Figure
3-9, the resistance of a carbon composition resistor may change by as much
as 5% when temperature is changed by 100°C.

Other types of fixed resistors include carbon film, metal film, metal
oxide, wire-wound, and integrated circuit packages.

If fixed resistors are required in applications where precision is an
important factor, then film resistors are usually employed. These resistors
consist of either carbon, metal, or metal-oxide film deposited onto a ceramic
cylinder. The desired resistance is obtained by removing part of the resistive
material, resulting in a helical pattern around the ceramic core. If variation of
resistance due to temperature is not a major concern, then low-cost carbon is
used. However, if close tolerances are required over a wide temperature
range, then the resistors are made of films consisting of alloys such as nickel

AR () 100-Q resistor

1 /

1 1 1 L+ 7¢0)
25 50 75 100

=75 =50 =25 0

FIGURE 3-9 Variation in resistance of a carbon composition fixed resistor.
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(a) Internal resistor arrangement

FIGURE 3-11

chromium, constantum, or manganin, which have very small temperature
coefficients.

Occasionally a circuit requires a resistor to be able to dissipate large
quantities of heat. In such cases, wire-wound resistors may be used. These
resistors are constructed of a metal alloy wound around a hollow porcelain
core which is then covered with a thin layer of porcelain to seal it in place.
The porcelain is able to quickly dissipate heat generated due to current
through the wire. Figure 3—10 shows a few of the various types of power resis-
tors available.

FIGURE 3-10 Power resistors.

(b) Integrated resistor network. (Courtesy of Bourns, Inc.)
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In circuits where the dissipation of heat is not a major design considera-
tion, fixed resistances may be constructed in miniature packages (called inte-
grated circuits or ICs) capable of containing many individual resistors. The
obvious advantage of such packages is their ability to conserve space on a
circuit board. Figure 3—11 illustrates a typical resistor IC package.

Variable Resistors

Variable resistors provide indispensable functions which we use in one form
or another almost daily. These components are used to adjust the volume of
our radios, set the level of lighting in our homes, and adjust the heat of our
stoves and furnaces. Figure 3—12 shows the internal and the external view of
typical variable resistors.

(a) External view of variable resistors. (b) Internal view of variable resistor.

FIGURE 3-12 Variable resistors. (Courtesy of Bourns, Inc.)

In Figure 3-13, we see that variable resistors have three terminals, two
of which are fixed to the ends of the resistive material. The central terminal
is connected to a wiper which moves over the resistive material when the
shaft is rotated with either a knob or a screwdriver. The resistance between
the two outermost terminals will remain constant while the resistance
between the central terminal and either terminal will change according to the
position of the wiper.

If we examine the schematic of a variable resistor as shown in Figure
3—-13(b), we see that the following relationship must apply:

Rac = Rab + Rbc (3_9)

Variable resistors are used for two principal functions. Potentiometers,
shown in Figure 3—13(c), are used to adjust the amount of potential (voltage)
provided to a circuit. Rheostats, the connections and schematic of which are
shown in Figure 3—14, are used to adjust the amount of current within a cir-
cuit. Applications of potentiometers and rheostats will be covered in later
chapters.
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FIGURE 3-13 (a) Variable resistors. (Courtesy of Bourns, Inc.)
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FIGURE 3-14

3.6 Color Coding of Resistors

Large resistors such as the wire-wound resistors or the ceramic-encased
power resistors have their resistor values and tolerances printed on their
cases. Smaller resistors, whether constructed of a molded carbon composi-
tion or a metal film, may be too small to have their values printed on the
component. Instead, these smaller resistors are usually covered by an epoxy
or similar insulating coating over which several colored bands are printed
radially as shown in Figure 3—15.

The colored bands provide a quickly recognizable code for determining
the value of resistance, the tolerance (in percentage), and occasionally the
expected reliability of the resistor. The colored bands are always read from
left to right, left being defined as the side of the resistor with the band near-
estto it.

The first two bands represent the first and second digits of the resistance
value. The third band is called the multiplier band and represents the number
of zeros following the first two digits; it is usually given as a power of ten.
The fourth band indicates the tolerance of the resistor, and the fifth band (if
present) is an indication of the expected reliability of the component. The
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Band 5 (reliability)
Band 4 (tolerance)
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—Band 2
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significant figures

FIGURE 3-15 Resistor color codes.

reliability is a statistical indication of the expected number of components
which will no longer have the indicated resistance value after 1000 hours of
use. For example, if a particular resistor has a reliability of 1% it is expected
that after 1000 hours of use, no more than one resistor in 100 is likely to be
outside the specified range of resistance as indicated in the first four bands
of the color codes. Table 3-5 shows the colors of the various bands and the
corresponding values.

EXAMPLE 3—10 Determine the resistance of a carbon film resistor having
the color codes shown in Figure 3—16.

&"/

Red (0.1% reliability)
Gold (5% tolerance)
Orange (X 103)
Gray (8)
Brown (1)

FIGURE 3-16
Solution From Table 3-5, we see that the resistor will have a value deter-
mined as

18 X 10° Q + 5%
18 kO = 0.9 kO with a reliability of 0.1%

R

This specification indicates that the resistance will fall between 17.1 k() and
18.9 k. After 1000 hours, we would expect that no more than 1 resistor in
1000 would fall outside the specified range.
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TABLE 3-5 Resistor Color Codes

Band 1 Band 2 Band 3 Band 4 Band 5
Color Sig. Fig.  Sig. Fig. Multiplier Tolerance  Reliability

Black 0 10°=1
Brown 1 1 10' = 10 1%
Red 2 2 10> = 100 0.1%
Orange 3 3 10°* = 1 000 0.01%
Yellow 4 4 10* = 10 000 0.001%
Green 5 5 10° = 100 000
Blue 6 6 10° = 1 000 000
Violet 7 7 107 = 10 000 000
Gray 8 8
White 9 9
Gold 0.1 5%
Silver 0.01 10%
No color 20%

A resistor manufacturer produces carbon composition resistors of 100 M(}, with
a tolerance of +5%. What will be the color codes on the resistor? (Left to right)

Answer: Brown Black Violet Gold

3.7 Measuring Resistance—The Ohmmeter

The ohmmeter is an instrument which is generally part of a multimeter
(usually including a voltmeter and an ammeter) and is used to measure the
resistance of a component. Although it has limitations, the ohmmeter is used
almost daily in service shops and laboratories to measure resistance of com-
ponents and also to determine whether a circuit is faulty. In addition, the
ohmmeter may also be used to determine the condition of semiconductor
devices such as diodes and transistors. Figure 3—17 shows both an analog
ohmmeter and the more modern digital ohmmeter.

In order to measure the resistance of an isolated component or circuit,
the ohmmeter is placed across the component under test, as shown in Figure
3-18. The resistance is then simply read from the meter display.

When using an ohmmeter to measure the resistance of a component which
is located in an operating circuit, the following steps should be observed:

1. As shown in Figure 3—19(a), remove all power supplies from the circuit or
component to be tested. If this step is not followed, the ohmmeter reading
will, at best, be meaningless, and the ohmmeter may be severely damaged.

2. If you wish to measure the resistance of a particular component, it is nec-
essary to isolate the component from the rest of the circuit. This is done
by disconnecting at least one terminal of the component from the balance
of the circuit as shown in Figure 3—19(b). If this step is not followed, in
all likelihood the resistance reading indicated by the ohmmeter will not
be the resistance of the desired resistor, but rather the resistance of the
combination.



Section 3.7 m Measuring Resistance—The Ohmmeter

250 250
DC| 100==—. 100 JAC
Volts| ™ \ — 2 volts
10=, -_10
2= 2
120w X1
pc| 2
Iy gM@ﬁ o
0.06 100000
L VoA @ + - @co]v[
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FIGURE 3-17

. As shown in Figure 3-19(b), connect the two probes of the ohmmeter
across the component to be measured. The black and red leads of the
ohmmeter may be interchanged when measuring resistors. When measur-
ing resistance of other components, however, the measured resistance will
be dependent upon the direction of the sensing current. Such devices are
covered briefly in a later section of this chapter.

. Ensure that the ohmmeter is on the correct range to provide the most
accurate reading. For example, although a digital multimeter (DMM) can
measure a reading for a 1.2-k() resistor on the 2-M{) range, the same
ohmmeter will provide additional significant digits (hence more preci-
sion) when it is switched to the 2-k{) range. For analog meters, the best
accuracy is obtained when the needle is approximately in the center of the
scale.

. When you are finished, turn the ohmmeter off. Because the ohmmeter
uses an internal battery to provide a small sensing current, it is possible to
drain the battery if the probes accidently connect together for an extended
period.

210
K2
OFF V -
A\
300mV
=)o
= = W
A A

/i

I

FIGURE 3-18 Ohmmeter used to
measure an isolated component.
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In addition to measuring resistance, the ohmmeter may also be used to
indicate the continuity of a circuit. Many modern digital ohmmeters have an
audible tone which indicates that a circuit is unbroken from one point to
another point. As demonstrated in Figure 3—20(a), the audible tone of a digi-
tal ohmmeter allows the user to determine continuity without having to look
away from the circuit under test.

Ohmmeters are particularly useful instruments in determining whether a
given circuit has been short circuited or open circuited.

A short circuit occurs when a low-resistance conductor such as a piece
of wire or any other conductor is connected between two points in a circuit.
Due to the very low resistance of the short circuit, current will bypass the
rest of the circuit and go through the short. An ohmmeter will indicate a very
low (theoretically zero) resistance when used to measure across a short cir-
cuit.

An open circuit occurs when a conductor is broken between the points
under test. An ohmmeter will indicate infinite resistance when used to mea-
sure the resistance of a circuit having an open circuit.

Figure 3-20 illustrates circuits having a short circuit and an open circuit.

When a digital ohmmeter measures an open circuit, the display on the meter
will usually be the digit 1 at the left-hand side, with no following digits. This
reading should not be confused with a reading of 1 ), 1 k€, or 1 M{), which
would appear on the right-hand side of the display.

An ohmmeter is used to measure across the terminals of a switch.
a. What will the ohmmeter indicate when the switch is closed?

b. What will the ohmmeter indicate when the switch is opened?

Answers: a. 0 () (short circuit)
b. o (open circuit)
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3.8 Thermistors

In Section 3.4 we saw how resistance changes with changes in temperature.
While this effect is generally undesirable in resistors, there are many appli-
cations which use electronic components having characteristics which vary
according to changes in temperature. Any device or component which
causes an electrical change due to a physical change is referred to as a
transducer.

A thermistor is a two-terminal transducer in which resistance changes
significantly with changes in temperature (hence a thermistor is a “thermal
resistor”). The resistance of thermistors may be changed either by external
temperature changes or by changes in temperature caused by current through
the component. By applying this principle, thermistors may be used in cir-
cuits to control current and to measure or control temperature. Typical appli-
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(a) Photograph

FIGURE 3-21 Thermistors.
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FIGURE 3-22 Thermistor resistance
as a function of temperature.

cations include electronic thermometers and thermostatic control circuits for
furnaces. Figure 3-21 shows a typical thermistor and its electrical symbol.

Thermistors are constructed of oxides of various materials such as
cobalt, manganese, nickel, and strontium. As the temperature of the thermis-
tor is increased, the outermost (valence) electrons in the atoms of the mater-
ial become more active and break away from the atom. These extra electrons
are now free to move within the circuit, thereby causing a reduction in the
resistance of the component (negative temperature coefficient). Figure 3-22
shows how resistance of a thermistor varies with temperature effects.

PRACTICE
PROBLEMS 7

Referring to Figure 3-22, determine the approximate resistance of a thermistor
at each of the following temperatures:

a. 10°C.
b. 30°C.
c. 50°C.

Answers: a. 550 Q) b. 250 Q) c. 1200

3.9 Photoconductive Cells

Photoconductive cells or photocells are two-terminal transducers which
have a resistance determined by the amount of light falling on the cell. Most
photocells are constructed of either cadmium sulfide (CdS) or cadmium
selenide (CdSe) and are sensitive to light having wavelengths between 4000
A (blue light) and 10 000 A (infrared). The angstrom (A) is a unit commonly
used to measure the wavelength of light and has a dimension given as 1 A=
1 X 107'° m. Light, which is a form of energy, strikes the material of the
photocell and causes the release of valence electrons, thereby reducing the
resistance of the component. Figure 3-23 shows the structure, symbol, and
resistance characteristics of a typical photocell.

Photocells may be used to measure light intensity and/or to control light-
ing. They are typically used as part of a security system.
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FIGURE 3-23 Photocell.
3.10 Nonlinear Resistance
Up to this point, the components we have examined have had values of resis- 1(A)
tance which were essentially constant for a given temperature (or, in the case L
of a photocell, for a given amount of light). If we were to examine the cur- ~
rent versus voltage relationship for these components, we would find that the
relationship is linear, as shown in Figure 3-24.
If a device has a linear (straight-line) current-voltage relation then it is
referred to as an ohmic device. (The linear current-voltage relationship will be
will be covered in greater detail in the next chapter.) Often in electronics, we use Vv)
components which do not have a linear current-voltage relationship; these e

devices are referred to as nonohmic devices. On the other hand, some compo-
nents, such as the thermistor, can be shown to have both an ohmic region and a
nonohmic region. For large current through the thermistor, the component will
get hotter. This increase in temperature will result in a decrease of resistance.
Consequently, for large currents, the thermistor is a nonohmic device.

We will now briefly examine two common nonohmic devices.

FIGURE 3-24 Linear current-
voltage relationship.

Diodes

The diode is a semiconductor device which permits charge to flow in only
one direction. Figure 3-25 illustrates the appearance and the symbol of a
typical diode.
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FIGURE 3-25 Diode. (a) Typical
structure; (b) Symbol.
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FIGURE 3-26 Current-voltage rela-
tion for a silicon diode.

Conventional current through a diode is in the direction from the anode
toward the cathode (the end with the line around the circumference). When
current is in this direction, the diode is said to be forward biased and oper-
ating in its forward region. Since a diode has very little resistance in its for-
ward region, it is often approximated as a short circuit.

If the circuit is connected such that the direction of current is from the
cathode to the anode (against the arrow in Figure 3-25), the diode is reverse
biased and operating in its reverse region. Due to the high resistance of a
reverse-biased diode, it is often approximated as an open circuit.

Although this textbook does not attempt to provide an in-depth study of
diode theory, Figure 3-26 shows the basics of diode operation both when
forward biased and when reverse biased.

Because an ohmmeter uses an internal voltage source to generate a small
sensing current, the instrument may easily be used to determine the terminals
(and hence the direction of conventional flow) of a diode. (See Figure 3-27.)
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FIGURE 3-27 Determining diode terminals with an ohmmeter.

If we measure the resistance of the diode in both directions, we will find that
the resistance will be low when the positive terminal of the ohmmeter is con-
nected to the anode of the diode. When the positive terminal is connected to
the cathode, virtually no current will occur in the diode and so the indication
on the ohmmeter will be a very high resistance (theoretically, R = o (}).




Varistors

Varistors, as shown in Figure 3-28, are semiconductor devices which have
very high resistances when the voltage across the varistors is below the
breakdown value. However, when the voltage across a varistor (either polar-
ity) exceeds the rated value, the resistance of the device suddenly becomes
very small, allowing charge to flow. Figure 3-29 shows the current-voltage
relation for varistors.

(a) Photograph (b) Varistor symbols.

FIGURE 3-28 Varistors

Varistors are used in sensitive circuits, such as those in computers, to
ensure that if the voltage suddenly exceeds a predetermined value, the varis-
tor will effectively become a short circuit to the unwanted signal, thereby
protecting the rest of the circuit from excessive voltage.

3.11 Conductance

Conductance, G, is defined as the measure of a material’s ability to allow
the flow of charge and is assigned the SI unit the siemens (S). A large con-
ductance indicates that a material is able to conduct current well, whereas a
low value of conductance indicates that a material does not readily permit
the flow of charge. Mathematically, conductance is defined as the reciprocal
of resistance. Thus

G = % [siemens, S] (3-10)

where R is resistance, in ohms ({2).

Section 3.11 m Conductance 85
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FIGURE 3-29 Current-voltage rela-
tion of a 200-V (peak) varistor.
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EXAMPLE 3-11  Determine the conductance of the following resistors:

a. 50
b. 100 kQ)
c. 50 mQ

Solution
1

a.G=SQ

=0.2S =200 mS

—_

b. G

= 100 kO = 0.0l mS = 10 uS

1
O = Soma

=208

1. A given cable has a conductance given as 5.0 mS. Determine the value of the
resistance, in ohms.

2. If the conductance is doubled, what happens to the resistance?

Answers: 1. 200 ) 2. It halves.

Although the ST unit of conductance (siemens) is almost universally accepted,
older books and data sheets list conductance in the unit given as the mho (ohm
spelled backwards) and having an upside-down omega, U, as the symbol. In
such a case, the following relationship holds:

10=18 (3-11)

A specification sheet for a radar transmitter indicates that one of the components
has a conductance of 5 uu O.

a. Express the conductance in the proper SI prefix and unit.

b. Determine the resistance of the component, in ohms.

Answers: a. 5pS b. 2 X 10" Q

3.12 Superconductors

As you have seen, all power lines and distribution networks have internal
resistance which results in energy loss due to heat as charge flows through
the conductor. If there was some way of eliminating the resistance of the
conductors, electricity could be transmitted farther and more economically.
The idea that energy could be transmitted without losses along a “supercon-
ductor” transmission line was formerly a distant goal. However, recent dis-
coveries in high-temperature superconductivity promise the almost magical
ability to transmit and store energy with no loss in energy.
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In 1911, the Dutch physicist Heike Kamerlingh Onnes discovered the R(Q)
phenomenon of superconductivity. Studies of mercury, tin, and lead verified )
that the resistance of these materials decreases to no more than one ten-bil-
lionth of the room temperature resistance when subjected to temperatures of
4.6 K, 3.7 K, and 6 K respectively. Recall that the relationship between
kelvins and degrees Celsius is as follows:

Ty = Tpe, + 273.15° (3-12)

The temperature at which a material becomes a superconductor is referred to
as the critical temperature, 7, of the material. Figure 3-30 shows how the
resistance of a sample of mercury changes with temperature. Notice how the
resistance suddenly drops to zero at a temperature of 4.6 K. FIGURE 3-30 Critical temperature
Experiments with currents in supercooled loops of superconducting wire ~ ©f mercury.
have determined that the induced currents will remain undiminished for
many years within the conductor provided that the temperature is maintained
below the critical temperature of the conductor.
A peculiar, seemingly magical property of superconductors occurs when
a permanent magnet is placed above the superconductor. The magnet will
float above the surface of the conductor as if it is defying the law of gravity,
as shown in Figure 3-31.
This principle, which is referred to as the Meissner effect (named after
Walther Meissner), may be simply stated as follows:
When a superconductor is cooled below its critical temperature, mag-
netic fields may surround but not enter the superconductor.
The principle of superconductivity is explained in the behavior of elec-
trons within the superconductor. Unlike conductors which have electrons FIGURE 3-31 The Meissner
moving randomly through the conductor and colliding with other electrons effect: A magnetic cube hovers above
. . . . a disk of ceramic superconductor.
[Figure 3-32(a)], the electrons in superconductors form pairs which move The disk is kept below its critical
through the material in a manner similar to a band marching in a parade. The temperature in a bath of liquid nitro-
orderly motion of electrons in a superconductor, shown in Figure 3-32(b), gen. (Courtesy of AT&T Bell Labora-
results in an ideal conductor, since the electrons no longer collide. tories/AT&T Archives)
The economy of having a high critical temperature has led to the search
for high-temperature superconductors. In recent years, research at the IBM
Zurich Research Laboratory in Switzerland and the University of Houston in
Texas has yielded superconducting materials which are able to operate at
temperatures as high as 98 K (—175°C). While this temperature is still very

0Q t >
46K T (K)

Direction of Direction of
electron flow electron flow
—_— _—

k‘ - - - -
_0’\_.0"’\+ SN e o fo o o7
M g DK o OO o

(a) (b)

FIGURE 3-32 (a) In conductors, electrons are free to move in any direction through
the conductor. Energy is lost due to collisions with atoms and other electrons, giving rise
to the resistance of the conductor. (b) In superconductors, electrons are bound in pairs
and travel through the conductor in step, avoiding all collisions. Since there is no energy
loss, the conductor has no resistance.
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low, it means that superconductivity can now be achieved by using the read-
ily available liquid nitrogen rather than the much more expensive and rarer
liquid helium.

Superconductivity has been found in such seemingly unlikely materials
as ceramics consisting of barium, lanthanum, copper, and oxygen. Research
is now centered on developing new materials which become superconductors
at ever higher temperatures and which are able to overcome the disadvan-
tages of the early ceramic superconductors.

Very expensive, low-temperature superconductivity is currently used in
some giant particle accelerators and, to a limited degree, in electronic com-
ponents (such as superfast Josephson junctions and SQUIDs, i.e., supercon-
ducting quantum interference devices, which are used to detect very small
magnetic fields). Once research produces commercially viable, high-temper-
ature superconductors, however, the possibilities of the applications will be
virtually limitless. High-temperature superconductivity promises to yield
improvements in transportation, energy storage and transmission, computers,
and medical treatment and research. It is quite possible that high-temperature
superconductivity will change electronics as much as the invention of the
transistor.

PUTT

ING IT INTO PRACTICE
R A T

You are a troubleshooting specialist working for a small telephone com-
pany. One day, word comes in that an entire subdivision is without tele-
phone service. Everyone suspects that a cable was cut by one of several back-
hoe operators working on a waterline project near the subdivision. However,
no one is certain exactly where the cut occurred. You remember that the resis-
tance of a length of wire is determined by several factors, including the
length. This gives you an idea for determining the distance between the tele-
phone central office and location of the cut.

First you go to the telephone cable records, which show that the subdivi-
sion is served by 26-gauge copper wire. Then, since each customer’s tele-
phone is connected to the central office with a pair of wires, you measure the
resistance of several loops from the central office. As expected, some of the
measurements indicate open circuits. However, several pairs of the wire were
shorted by the backhoe, and each of these pairs indicates a total resistance of
338 (). How far from the central office did the cut occur?

PROBLEMS

3.1 Resistance of Conductors

1. Determine the resistance, at 20°C, of 100 m of solid aluminum wire having
the following radii:

a. 0.5 mm
b. 1.0 mm



10.

3.2
11.

12.

13.

14.

c. 0.005 mm

d. 0.5cm

Determine the resistance, at 20°C, of 200 feet of iron conductors having the
following cross sections:

a. 0.25 inch by 0.25 inch square

b. 0.125 inch diameter round

c. 0.125 inch by 4.0 inch rectangle

A 250-foot length of solid copper bus bar, shown in Figure 3-33, is used to
connect a voltage source to a distribution panel. If the bar is to have a resis-
tance of 0.02 () at 20°C, calculate the required height of the bus bar (in inches).

Nichrome wire is used to construct heating elements. Determine the length
of 1.0-mm-diameter Nichrome wire needed to produce a heating element
which has a resistance of 2.0 () at a temperature of 20°C.

. A copper wire having a diameter of 0.80 mm is measured to have a resis-

tance of 10.3 ) at 20°C. How long is this wire in meters? How long is the
wire in feet?

A piece of aluminum wire has a resistance, at 20°C, of 20 (). If this wire is
melted down and used to produce a second wire having a length four times
the original length, what will be the resistance of the new wire at 20°C?
(Hint: The volume of the wire has not changed.)

. Determine the resistivity (in ohm-meters) of a carbon-based graphite cylin-

der having a length of 6.00 cm, a diameter of 0.50 mm, and a measured
resistance of 3.0 () at 20°C. How does this value compare with the resistiv-
ity given for carbon?

. A solid circular wire of length 200 m and diameter of 0.4 mm has a resistance

measured to be 357 () at 20°C. Of what material is the wire constructed?

. A 2500-m section of alloy wire has a resistance of 32 (). If the wire has a

diameter of 1.5 mm, determine the resistivity of the material in ohm-meters.
Is this alloy a better conductor than copper?

A section of iron wire having a diameter of 0.030 inch is measured to have a

resistance of 2500 () (at a temperature of 20°C).

a. Determine the cross-sectional area in square meters and in square mil-
limeters. (Note: 1 inch = 2.54 cm = 25.4 mm)

b. Calculate the length of the wire in meters.

Electrical Wire Tables

Use Table 3-2 to determine the resistance of 300 feet of AWG 22 and AWG
19 solid copper conductors. Compare the diameters and the resistances of
the wires.

Use Table 3-2 to find the resistance of 250 m of AWG 8 and AWG 2
solid copper conductors. Compare the diameters and the resistances of the
wires.

Determine the maximum current which could be handled by AWG 19 wire
and by AWG 30 wire.

If AWG 8 is rated at a maximum of 40 A, how much current could AWG 2
handle safely?
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FIGURE 3-33
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15.

16.

33
17.

18.

19.

20.

21.

22.
23.

24.

34
25.

26.

A spool of AWG 36 copper transformer wire is measured to have a resis-
tance of 550 () at a temperature of 20°C. How long is this wire in meters?

How much current should AWG 36 copper wire be able to handle?

Resistance of Wires—Circular Mils
Determine the area in circular mils of the following conductors (7 = 20°C):
a. Circular wire having a diameter of 0.016 inch
b. Circular wire having a diameter of 2.0 mm
c. Rectangular bus bar having dimensions 0.25 inch by 6.0 inch

Express the cross-sectional areas of the conductors of Problem 17 in square
mils and in square millimeters.

Calculate the resistance, at 20°C, of 400 feet of copper conductors having
the cross-sectional areas given in Problem 17.

Determine the diameter in inches and in millimeters of circular cables hav-
ing cross-sectional areas as given below: (Assume the cables to be solid
conductors.)

a. 250 CM

b. 1000 CM
c. 250 MCM
d. 750 MCM

A 200-foot length of solid copper wire is measured to have a resistance of
0.500 Q.

a. Determine the cross-sectional area of the wire in both square mils and
circular mils.

b. Determine the diameter of the wire in mils and in inches.
Repeat Problem 21 if the wire had been made of Nichrome.

A spool of solid copper wire having a diameter of 0.040 inch is measured to
have a resistance of 12.5 () (at a temperature of 20°C).

a. Determine the cross-sectional area in both square mils and circular mils.
b. Calculate the length of the wire in feet.

Iron wire having a diameter of 30 mils was occasionally used for telegraph
transmission. A technician measures a section of telegraph line to have a
resistance of 2500 () (at a temperature of 20°C).

a. Determine the cross-sectional area in both square mils and circular mils.

b. Calculate the length of the wire in feet and in meters. (Note: 1 ft =
0.3048 m.) Compare your answer to the answer obtained in Problem 10.

Temperature Effects

An aluminum conductor has a resistance of 50 () at room temperature. Find
the resistance of the same conductor at —30°C, 0°C, and at 200°C.

AWG 14 solid copper house wire is designed to operate within a tempera-
ture range of —40°C to +90°C. Calculate the resistance of 200 circuit feet
of wire at both temperatures. Note: A circuit foot is the length of cable
needed for a current to travel to and from a load.
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33.

34.

Problems

A given material has a resistance of 20 () at room temperature (20°C) and
25 () at a temperature of 85°C.

a. Does the material have a positive or a negative temperature coefficient?
Explain briefly.

b. Determine the value of the temperature coefficient, «, at 20°C.

c. Assuming the resistance versus temperature function to be linear, deter-
mine the expected resistance of the material at 0°C (the freezing point of
water) and at 100°C (the boiling point of water).

A given material has a resistance of 100 () at room temperature (20°C) and
150 Q) at a temperature of —25°C.

a. Does the material have a positive or a negative temperature coefficient?
Explain briefly.

b. Determine the value of the temperature coefficient, «, at 20°C.

c. Assuming the resistance versus temperature function to be linear, deter-
mine the expected resistance of the material at 0°C (the freezing point of
water) and at —40°C.

An electric heater is made of Nichrome wire. The wire has a resistance of
15.2 Q) at a temperature of 20°C. Determine the resistance of the Nichrome
wire when the temperature of the wire is increased to 260°C.

A silicon diode is measured to have a resistance of 500 () at 20°C. Deter-
mine the resistance of the diode if the temperature of the component is
increased with a soldering iron to 30°C. (Assume that the resistance versus
temperature function is linear.)

. An electrical device has a linear temperature response. The device has a

resistance of 120 () at a temperature of —20°C and a resistance of 190 () at
a temperature of 120°C.

a. Calculate the resistance at a temperature of 0°C.
b. Calculate the resistance at a temperature of 80°C.

c. Determine the temperature intercept of the material.

. Derive the expression of Equation 3-8.

Types of Resistors

A 10-kQ) variable resistor has its wiper (movable terminal b) initially at the
bottom terminal, c¢. Determine the resistance R, between terminals a and b
and the resistance R, between terminals b and ¢ under the following condi-
tions:

a. The wiper is at c.

b. The wiper is one-fifth of the way around the resistive surface.
c. The wiper is four-fifths of the way around the resistive surface.
d. The wiper is at a.

The resistance between wiper terminal b and bottom terminal ¢ of a 200-k{}
variable resistor is measured to be 50 k(). Determine the resistance
which would be measured between the top terminal, a and the wiper
terminal, b.
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3.6
35.

36.

3.7
37.

38.

39.

40.

3.8
41.

3.9
42.

Color Coding of Resistors

Given resistors having the following color codes (as read from left to right),
determine the resistance, tolerance and reliability of each component.
Express the uncertainty in both percentage and ohms.

a. Brown Green Yellow Silver
b. Red Gray Gold Gold Yellow
c. Yellow Violet Blue Gold

d. Orange White Black Gold Red

Determine the color codes required if you need the following resistors for a
project:

a. 33 kQ £ 5%, 0.1% reliability

b. 820 Q) = 10%

c. 15Q £20%

d. 27MQ * 5%

Measuring Resistance—The Ohmmeter

Explain how an ohmmeter may be used to determine whether a light bulb is
burned out.

If an ohmmeter were placed across the terminal of a switch, what resistance
would you expect to measure when the contacts of the switch are closed?
What resistance would you expect to measure when the contacts are
opened?

Explain how you could use an ohmmeter to determine approximately how
much wire is left on a spool of AWG 24 copper wire.

An analog ohmmeter is used to measure the resistance of a two-terminal
component. The ohmmeter indicates a resistance of 1.5 k(). When the leads
of the ohmmeter are reversed, the meter indicates that the resistance of the
component is an open circuit. Is the component faulty? If not, what kind of
component is being tested?

Thermistors
A thermistor has the characteristics shown in Figure 3-22.
a. Determine the resistance of the device at room temperature, 20°C.
b. Determine the resistance of the device at a temperature of 40°C.

c. Does the thermistor have a positive or a negative temperature coefficient?
Explain.

Photoconductive Cells

For the photocell having the characteristics shown in Figure 3-23(c), deter-
mine the resistance

a. in a dimly lit basement having an illuminance of 10 lux
b. in a home having an illuminance of 50 lux

c. in a classroom having an illuminance of 500 lux
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3.11 Conductance
43. Calculate the conductance of the following resistances:
a. 0.25Q
b. 500 Q)
c. 250k
d. 125 MQ

44. Determine the resistance of components having the following conduc-
tances:

a. 62.5 uS
b. 2500 mS
c. 575 mS.
d. 2508

45. Determine the conductance of 1000 m of AWG 30 solid copper wire at a
temperature of 20°C.

46. Determine the conductance of 200 feet of aluminum bus bar (at a tempera-
ture of 20°C) which has a cross-sectional dimension of 4.0 inches by 0.25
inch. If the temperature were to increase, what would happen to the conduc-
tance of the bus bar?

In-Process Learning Check 1 ANSWERS TO IN-PROCESS
1. Iron wire will have approximately seven times more resistance than copper. LEARNING CHECKS
2. The longer wire will have twice the resistance of the shorter wire.

3. The wire having the greater diameter will have one quarter the resistance of
the small-diameter wire.

In-Process Learning Check 2
1. 200 A

2. The actual value is less than the theoretical value. Since only the surface of
the cable is able to dissipate heat, the current must be decreased to prevent
heat build-up.

In-Process Learning Check 3
A =63.7CM
A =323 X 10" m? = 0.0323 mm’

In-Process Learning Check 4

Positive temperature coefficient means that resistance of a material increases as
temperature increases. Negative temperature coefficient means that the resis-
tance of a material decreases as the temperature increases. Aluminum has a posi-
tive temperature coefficient.
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OBJECTIVES
After studying this chapter, you will be
able to

* compute voltage, current, and resistance
in simple circuits using Ohm’s law,

* use the voltage reference convention to
determine polarity,

* describe how voltage, current, and
power are related in a resistive circuit,

e compute power in dc circuits,

* use the power reference convention to
describe the direction of power transfer,

* compute energy used by electrical loads,
* determine energy costs,

¢ determine the efficiency of machines
and systems,

* use OrCAD PSpice and Electronics
Workbench to solve Ohm’s law prob-
lems.
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In the previous two chapters, you studied voltage, current, and resistance sepa- CHAPTER PREVIEW
rately. In this chapter, we consider them together. Beginning with Ohm’s law,

you will study the relationship between voltage and current in a resistive circuit,

reference conventions, power, energy and efficiency. Also in this chapter, we

begin our study of computer methods. Two application packages are considered

here; they are OrCAD PSpice and Electronics Workbench.

Georg Simon Ohm PUTTING IT IN
IN CHAPTER 3, WE LOOKED BRIEFLY at Ohm’s experiments. We now take a look PERSPECTIVE
at Ohm the person.
Georg Simon Ohm was born in Erlangen, Bavaria, on March 16, 1787. His
father was a master mechanic who determined that his son should obtain an edu- A &

cation in science. Although Ohm became a teacher in a high school, he had aspi-
rations to receive a university appointment. The only way that such an appoint-
ment could be realized would be if Ohm could produce important results
through scientific research. Since the science of electricity was in its infancy,
and because the electric cell had recently been invented by the Italian Conte
Alessandro Volta, Ohm decided to study the behavior of current in resistive cir-
cuits. Because equipment was expensive and hard to come by, Ohm made much
of his own, thanks, in large part, to his father’s training. Using this equipment,
Ohm determined experimentally that the amount of current transmitted along a
wire was directly proportional to its cross-sectional area and inversely propor-
tional to its length. From these results, Ohm was able to define resistance and
show that there was a simple relationship between voltage, resistance, and cur-
rent. This result, now known as Ohm’s law, is probably the most fundamental
relationship in circuit theory. However, when published in 1827, Ohm’s results
were met with ridicule. As a result, not only did Ohm miss out on a university
appointment, he was forced to resign from his high-school teaching position.
While Ohm was living in poverty and shame, his work became known and
appreciated outside Germany. In 1842, Ohm was appointed a member of the
Royal Society. Finally, in 1849, he was appointed as a professor at the Univer-
sity of Munich, where he was at last recognized for his important contributions.

S
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4.1 Ohm’s Law

Consider the circuit of Figure 4—1. Using a circuit similar in concept to this,
Ohm determined experimentally that current in a resistive circuit is directly
proportional to its applied voltage and inversely proportional to its resis-
tance. In equation form, Ohm’s law states

1= % [amps, A] 4-1)

where

E is the voltage in volts,
R is the resistance in ohms,
[ is the current in amperes.

From this you can see that the larger the applied voltage, the larger the cur-
rent, while the larger the resistance, the smaller the current.

250 m— ,—250
DC | 100m— ~100 |AC
250 m— ,—250 Volts ?8: < Tg Volts
DC | 100m=— 100 |AC 2m t 2
Volts 20—\\ — 20 yols pcl *== X1
10 -10 12— X 10 Ohms
- - MA| o6 X 1000
DC 120 m! X1 0.06¢ < 100000
12—t 0
MA 0.53\/<£>|<0<]u; Ohms \ VQA@+ _ _@COM /
0.06¢ < 100000
L VQAQ ¥ = @COM
—_—>

1 v

< \

R ‘

Resistor

W
E ~— =
W 1
—
=
E = § R
\ J,, ﬂ / — 5
Battery R
(a) Test circuit (b) Schematic, meters not shown

FIGURE 4-1 Circuit for illustrating Ohm’s law.



The proportional relationship between voltage and current described by
Equation 4—-1 may be demonstrated by direct substitution as indicated in Fig-
ure 4-2. For a fixed resistance, doubling the voltage as shown in (b) doubles
the current, while tripling the voltage as shown in (c) triples the current, and
so on.

E=10V—= §R=IOQ

E=20V 5

'
AW
=
1l
s

=)

<

by I %8 =2A

o

~
|

i |

3A

E=30V 3

§R=IOQ

=30V _
(©7=3¥ =34

FIGURE 4-2 For a fixed resistance, current is directly proportional to voltage; thus,
doubling the voltage as in (b) doubles the current, while tripling the voltage as in (c)
triples the current, and so on.

The inverse relationship between resistance and current is demonstrated
in Figure 4-3. For a fixed voltage, doubling the resistance as shown in (b)
halves the current, while tripling the resistance as shown in (c) reduces the
current to one third of its original value, and so on.

Ohm’s law may also be expressed in the following forms by rearrange-
ment of Equation 4—1:

E=1IR [volts, V] 4-2)

Section 4.1 m Ohm’s Law 97

- E=36V R=120§

= E=36V R=24Q§

(b)1=gg—?’)=1.5A

I=1A

e

= E=36V R=36Q§

(c)1=3g—¥2=1A

(O8]

FIGURE 4-3 For a fixed voltage,
current is inversely proportional to
resistance; thus, doubling the resistance
as in (b) halves the current, while
tripling the resistance as in (c) results
in one third the current, and so on.
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and
E
R= 7 [ohms, Q] 4-3)

When using Ohm’s law, be sure to express all quantities in base units of
volts, ohms, and amps as in Examples 41 to 4-3, or utilize the relationships
between prefixes as in Example 4-4.

EXAMPLE 4-1 A 27-Q resistor is connected to a 12-V battery. What is the
current?

Solution Substituting the resistance and voltage values into Ohm’s law
yields

E 12V
=2 =221 =0444A
R 27Q

é EXAMPLE 4—2  The lamp of Figure 44 draws 25 mA when connected to a

6-V battery. What is its resistance?

I=25mA
) —
— 7
R=?

FIGURE 44

Solution Using Equation 4-3,

=——————=2400
1" Bxi0a P

EXAMPLE 4=3 If 125 pA is the current in a resistor with color bands red,
red, yellow, what is the voltage across the resistor?

Solution Using the color code of Chapter 3, R = 220 k(). From Ohm’s law,
E=1IR = (125 X 10"°A)(220 X 10° Q) = 27.5 V.
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EXAMPLE 4—4 A resistor with the color code brown, red, yellow is con-
nected to a 30-V source. What is 1?

Solution When E is in volts and R in k(), the answer comes out directly in
mA. From the color code, R = 120 k(). Thus,
E 30V

=L — 025 mA
R 120k 0PM

Traditionally, circuits are drawn with the source on the left and the load
on the right as indicated in Figures 4—1 to 4-3. However, you will also
encounter circuits with other orientations. For these, the same principles
apply; as you saw in Figure 4-4, simply draw the current arrow pointing out
from the positive end of the source and apply Ohm’s law in the usual man-
ner. More examples are shown in Figure 4-5.

[=295uA [=2.65mA
<7
—_—
18V
W g0
6.8 k()
§22MQ 65V [ 140V
_ T
<7
1=0424 A
65V 18V 140 V
I= =295 pA b)I= =2.65 mA I=——=0424 A
@1=mma # ) " ©1=3300
FIGURE 4-5
1. a. For the circuit of Figure 4-2(a), show that halving the voltage halves the .
current. N
b. For the circuit of Figure 4-3(a), show that halving the resistance doubles

the current.

c. Are these results consistent with the verbal statement of Ohm’s law?

2. For each of the following, draw the circuit with values marked, then solve for

the unknown.

a. A 10 000-milliohm resistor is connected to a 24-V battery. What is the
resistor current?

b. How many volts are required to establish a current of 20 pA in a 100-kQ)
resistor?

c. If 125 V is applied to a resistor and 5 mA results, what is the resistance?

3. For each circuit of Figure 4-6 determine the current, including its direction
(i.e., the direction that the current arrow should point).
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I I I
AW
2V 470 O
9TV{ 2700 Q) =+
I
@ 390 v

(a) (b) ()

FIGURE 4-6

Answers:

1. a. 5V/I0Q=05A b. 36 V/I6 A =6A c.Yes

2. a. 24A b. 2.0V c. 25kQ

3. a. 249 A, left b. 15.6 mA, right c. 51.1 mA, left

]
]
30— ======- 1
1 1
Rt
20— --- P
— ] ]
1.0 — T
|, 1 I 1 I 1 I 1 I 1

0
0 10 20 30 40 50 E(V)

FIGURE 4-7 Graphical representa-
tion of Ohm’s law. The red plot is for a
10-Q resistor while the green plot is for
a 20-Q) resistor.

I=0A
—
da
E=4— R=xQ) —»
ob

FIGURE 4-8 An open circuit has
infinite resistance.

Ohm’s Law in Graphical Form

The relationship between current and voltage described by Equation 4-1
may be shown graphically as in Figure 4—7. The graphs, which are straight
lines, show clearly that the relationship between voltage and current is linear,
i.e., that current is directly proportional to voltage.

Open Circuits

Current can only exist where there is a conductive path (e.g., a length of
wire). For the circuit of Figure 4-8, I equals zero since there is no conductor
between points a and b. We refer to this as an open circuit. Since I = 0, sub-
stitution of this into Equation 4-3 yields

R=£=£:>000hms
I 0

Thus, an open circuit has infinite resistance.

Voltage Symbols

Two different symbols are used to represent voltage. For sources, use upper-
case E; for loads (and other components), use uppercase V. This is illustrated
in Figure 4-9.

Using the symbol V, Ohm’s law may be rewritten in its several forms as

1= [amps] (4-4)
V =1IR [volts] 4-5)
R= % o] (4-6)

These relationships hold for every resistor in a circuit, no matter how complex
the circuit. Since V = IR, these voltages are often referred to as IR drops.
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EXAMPLE 4-5 The current through each resistor of Figure 4-101is I = 0.5
A. Compute V, and V,.

I=05A

R =200 § v,

Ry =100 O § v,

FIGURE 4-10 Ohm’s law applies to each resistor.

Solution 'V, = IR, = (0.5 A)(20 ) = 10 V. Note, I is also the current
through R,. Thus, V, = IR, = (0.5 A)(100 ) = 50 V.

4.2  Voltage Polarity and Current Direction

So far, we have paid little attention to the polarity of voltages across resis-
tors. However, polarity is of extreme importance; fortunately, there is a sim-
ple relationship between current direction and voltage polarity. To get at the
idea, consider Figure 4-11(a). Here the polarity of V is obvious since the
resistor is connected directly to the source. This makes the top end of the
resistor positive with respect to the bottom end, and V = E = 12V as indi-
cated by the meters.

e
\%
OFF v -
o ]g]
Vv
Q
OFF ¥ _
= = ) v
A 2 300mV
Q
— )
A A

E=12V =

-~ ]

(a) Defining convention (b) Examples

1

FIGURE 4-9 Symbols used to repre-
sent voltages. E is used for source volt-
ages, while Vis used for voltages across
circuit components such as resistors.

In the interest of brevity (as in Fig-
ure 4—10), we sometimes draw
only a portion of a circuit with the
rest of the circuit implied rather
thanshownexplicitly.

=)
MWW

FIGURE 4-11 Convention for volt-
age polarity. Place the plus sign for V at
the tail of the current direction arrow.
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Now consider current. The direction of [ is from top to bottom through
the resistor as indicated by the current direction arrow. Examining voltage
polarity, we see that the plus sign for Vis at the tail of this arrow. This obser-
vation turns out to be true in general and gives us a convention for marking
voltage polarity on circuit diagrams. For voltage across a resistor, always
place the plus sign at the tail of the current reference arrow. Two additional
examples are shown in Figure 4—-11(b).

For each resistor of Figure 4-12, compute V and show its polarity.

%

—NWN—

—

I=0.1A
(@) R=10kQ

. v 3

—AM—

-
1=0.15mA 1=03 A 1=25A
(b) R=3 MQ (©R=400Q  (d)R=04Q

FIGURE 4-12

Answers:
a. 1000V, + atleft b. 450V, + atright c. 120V, + attop d. 1V, + at bottom

X IN-PROCESS
B LEARNING
CHECK 1

1. A resistor has color bands brown, black, and red and a current of 25 mA.
Determine the voltage across it.

2. For a resistive circuit, what is / if E = 500 V and R is open circuited? Will the
current change if the voltage is doubled?

3. A certain resistive circuit has voltage E and resistance R. If I = 2.5 A, what
will be the current if:

a. FE remains unchanged but R is doubled?

b. E remains unchanged but R is quadrupled?

c. E remains unchanged but R is reduced to 20% of its original value?
d. Ris doubled and E is quadrupled?

4. The voltmeters of Figure 4—13 have autopolarity. Determine the reading of
each meter, its magnitude and sign.
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O OFF ¥ OFF ¥
v OFF Y _ %

300mV. ki 300mV. 300mV

o 300mV. @ Q
== )) Q = )) =~ )
A A <A, A A A A

A A
I = 3 A I = 6 A
1 = 2 A I = 4 A
(@R=100Q (b)R=36Q (©R=15Q (d)R=40Q

FIGURE 4-13

(Answers are at the end of the chapter.)

Before We Move On

Before we move on, we will comment on one more aspect of current repre-
sentation. First, note that to completely specify current, you must include I=5A
both its value and its direction. (This is why we show current direction
reference arrows on circuit diagrams.) Normally we show the current com-
ing out of the plus (+) terminal of the source as in Figure 4—-14(a). (Here,
I = E/R = 5 A in the direction shown. This is the actual direction of the 10V = § 20
current.) As you can see from this (and all preceding examples in this chap-
ter), determining the actual current direction in single-source networks is
easy. However, when analyzing complex circuits (such as those with multi-
ple sources as in later chapters), it is not always easy to tell in advance in (@)
what direction all currents will be. As a result, when you solve such prob-
lems, you may find that some currents have negative values. What does this —_5A
mean? -~
To get at the answer, consider both parts of Figure 4-14. In (a), current
is shown in the usual direction, while in (b), it is shown in the opposite
direction. To compensate for the reversed direction, we have changed the
sign of I. The interpretation placed on this is that a positive current in one
direction is the same as a negative current in the opposite direction. There-
fore, (a) and (b) are two representations of the same current. Thus, if during
the solution of a problem you obtain a positive value for current, this means
that its actual direction is the same as the reference arrow; if you obtain a (b)
negative value, its direction is opposite to the reference arrow. This is an FIGURE 4-14 Two repre-
important idea and one that you will use many times in later chapters. It was @

10V = §29

sentations of the same current.
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introduced at this point to help explain power flow in the electric car of
upcoming Example 4-9. However, apart from the electric car example, we
will leave its consideration and use to later chapters. That is, we will con-
tinue to use the representation of Figure 4—14(a).

4.3 Power

Power is familiar to all of us, at least in a general sort of way. We know, for
example, that electric heaters and light bulbs are rated in watts (W) and that
motors are rated in horsepower (or watts), both being units of power as dis-
cussed in Chapter 1. We also know that the higher the watt rating of a device,
the more energy we can get out of it per unit time. Figure 4-15 illustrates the
idea. In (a), the greater the power rating of the light, the more light energy that
it can produce per second. In (b), the greater the power rating of the heater, the
more heat energy it can produce per second. In (c), the larger the power rating
of the motor, the more mechanical work that it can do per second.

Electric heating

element
Cool )
air
in ’ P

=7

w® Fan Hgt Py Mechanical
air energy out
out

P—

—
(a) A 100-W lamp produces P—>)~>

more light energy per (c) A 10-hp motor can do more work in
second than a 40-W lamp (b) Hair dryer a given time than a Y,-hp motor

FIGURE 4-15 Energy conversion. Power P is a measure of the rate of energy conversion.

As you can see, power is related to energy, which is the capacity to do

1. Time ¢ in Equation 4-7 is a work. Formally, power is defined as the rate of doing work or, equivalently,
time interval, not an instanta- as the rate of transfer of energy. The symbol for power is P. By definition,
neous point in time. W

2. The symbol for energy is W pP= Py [watts, W] 4-7)
and the abbreviation for watts
is W. Multiple use of sym- where W is the work (or energy) in joules and 7 is the corresponding time
bols is common in technol- interval of ¢ seconds.
ogy. In such cases, you have The SI unit of power is the watt. From Equation 4-7, we see that P also
to look at the context in has units of joules per second. If you substitute W = 1 Jand ¢t = 1 s you get
which a symbol is used to P =11J/1s=1W.From this, you can see that one watt equals one joule per
determine its meaning. second. Occasionally, you also need power in horsepower. To convert, recall

that 1 hp = 746 watts.



Power in Electrical and Electronic Systems

Since our interest is in electrical power, we need expressions for P in terms
of electrical quantities. Recall from Chapter 2 that voltage is defined as work
per unit charge and current as the rate of transfer of charge, i.e.,

V=— 4-8
0 e

and
1= —? 4-9)

From Equation 4-8, W = QV. Substituting this into Equation 4-7 yields P =
Wit = (QV)/lt = V(Q/t). Replacing Q/t with I, we get

P =VI [watts, W] (4-10)
and, for a source,
P = EI [watts, W] 4-11)

Additional relationships are obtained by substituting V = IR and I = V/R
into Equation 4-10:

P =1’R [watts, W] (4-12)

and

P= % [watts, W] (4-13)

éEXAMPLE 4—6 Compute the power supplied to the electric heater of Fig-
ure 4—16 using all three electrical power formulas.

—

1

+

\|7
~ -~

- E=120V V=120V — § —R=12Q
=S

1F

Heater

FIGURE 4-16 Power to the load (i.e., the heater) can be computed from any of the
power formulas.

Solution I = V/R = 120 V/12 Q) = 10 A. Thus, the power may be calcu-
lated as follows:

a. P=VI= (120 V)(10A) = 1200 W

b. P=1I°R = (10 A)*(12 Q) = 1200 W

c. P=V?R = (120V)/12Q = 1200 W

Note that all give the same answer, as they must.

Section 4.3 m Power
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EXAMPLE 4—7 Compute the power to each resistor in Figure 4-17 using
Equation 4-13.

FIGURE 4-17
Solution You must use the appropriate voltage in the power equation. For
resistor R, use V; for resistor R,, use V,.

a. P, = VYR, = (10V)¥20 Q = 5W
b. P, = VYR, = (50 V)¥100 Q = 25 W

éEXAM PLE 4—& If the dc motor of Figure 4-15(c) draws 6 A from a 120-V
source,
a. Compute its power input in watts.

b. Assuming the motoris 100% efficient (i.e., that all electrical power supplied
toitis output as mechanical power), compute its power output in horsepower.

Solution
a. P,=VI=(120V)(6 A) = 720 W

b. P, = P;, = 720 W. Converting to horsepower, P,,, = (720 W)/(746 W/hp) =
0.965 hp.

- P
* . Show that/ = [—
\1 a Ow (hal R

b. Show that V="V PR
c. A 100-Q resistor dissipates 169 W. What is its current?
d. A 3-Q) resistor dissipates 243 W. What is the voltage across it?

e. For Figure 4-17, 1 = 0.5 A. Use Equations 4-10 and 4—12 to compute power
to each resistor. Compare your answers to the answers of Example 4-7.

Answers: ¢. 1.3 A d. 27V e. P,=5W,P,=25W
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Power Rating of Resistors

Resistors must be able to safely dissipate their heat without damage. For this
reason, resistors are rated in watts. (For example, composition resistors of
the type used in electronics are made with standard ratings of Vs, V4, 12, 1,
and 2 W as you saw in Figure 3-8.) To provide a safety margin, it is custom-
ary to select a resistor that is capable of dissipating two or more times its
computed power. By overrating a resistor, it will run a little cooler.

A properly chosen resistor is able to dissipate its heat safely without becom-
ing excessively hot. However, if through bad design or subsequent component
failure its current becomes excessive, it will overheat and damage may result,
as shown in Figure 4-18. One of the symptoms of overheating is that the
resistor becomes noticeably hotter than other resistors in the circuit. (Be care-
ful, however, as you might get burned if you try to check by touch.) Compo-
nent failure may also be detected by smell. Burned components have a char-
acteristic odor that you will soon come to recognize. If you detect any of
these symptoms, turn the equipment off and look for the source of the prob-
lem. Note, however, an overheated component is often the symptom of a
problem, rather than its cause.

Measuring Power

Power can be measured using a device called a wattmeter. However, since
wattmeters are used primarily for ac power measurement, we will hold off
their consideration until Chapter 17. (You seldom need a wattmeter for dc
circuits since you can determine power directly as the product of voltage
times current and V and [ are easy to measure.)

4.4 Power Direction Convention

For circuits with one source and one load, energy flows from the source to
the load and the direction of power transfer is obvious. For circuits with mul-
tiple sources and loads, however, the direction of energy flow in some parts
of the network may not be at all apparent. We therefore need to establish a
clearly defined power transfer direction convention.

A resistive load (Figure 4-19) may be used to illustrate the idea. Since
the direction of power flow can only be into a resistor, never out of it (since
resistors do not produce energy), we define the positive direction of power
transfer as from the source to the load as in (a) and indicate this by means of
an arrow: P—. We then adopt the convention that, for the relative voltage
polarities and current and power directions shown in Figure 4—19(a), when
power transfer is in the direction of the arrow, it is positive, whereas when it
is in the direction opposite to the arrow, it is negative.

To help interpret the convention, consider Figure 4-19(b), which high-
lights the source end. From this we see that power out of a source is positive

FIGURE 4-18 The resistor on the
right has been damaged by overheating.



108 Chapter 4 m Ohm’s Law, Power, and Energy

(a) Power transfer

[ —

(b) Source end

(c) Load end

I —>
[o e —
+ Source
P—> Vv or
_ load
[o e —

(d) Generalization

FIGURE 4-19 Reference convention
for power.

when both the current and power arrows point out from the source, both I and
P have positive values, and the source voltage has the polarity indicated.

Now consider Figure 4-19(c), which highlights the load end. Note the
relative polarity of the load voltage and the direction of the current and
power arrows. From this, we see that power fo a load is positive when both
the current and power direction arrows point into the load, both have posi-
tive values, and the load voltage has the polarity indicated.

In Figure 4-19(d), we have generalized the concept. The box may con-
tain either a source or a load. If P has a positive value, power transfer is into
the box; if P has a negative value, its direction is out.

éEXAMPLE 4-9 Use the above convention to describe power transfer for

the electric vehicle of Figure 4-20.

Batteries

Control

/ Drive motors

E=

|
~
| aF
<

Batteries Motors
(b)
FIGURE 4-20

Solution During normal operation, the batteries supply power to the
motors, and current and power are both positive, Fig. 4-20(b). However,
when the vehicle is going downhill, its motors are driven by the weight of the
car and they act as generators. Since the motors now act as the source and the
batteries as the load, the actual current is opposite in direction to the refer-
ence arrow shown and is thus negative (recall Figure 4-14). Thus, P = VI is
negative. The interpretation is, therefore, that power transfer is in the direc-
tion opposite to the power reference arrow. For example, if V = 48 volts
and I = —10 A, then P = VI = (48 V)(—10 A) = —480 W. This is consis-
tent with what is happening, since minus 480 W into the motors is the same
as plus 480 W out. This 480 W of power flows from the motors to the batter-
ies, helping to charge them as the car goes downbhill.




4.5 Energy

Earlier (Equation 4-7), we defined power as the rate of doing work. When
you transpose this equation, you get the formula for energy:

W =Pt (4-14)

If ¢ is measured in seconds, W has units of watt-seconds (i.e., joules, J),
while if ¢ is measured in hours, W has units of watthours (Wh). Note that in
Equation 4-14, P must be constant over the time interval under considera-
tion. If it is not, apply Equation 4-14 to each interval over which P is con-
stant as described later in this section. (For the more general case, you need
calculus.)

The most familiar example of energy usage is the energy that we use in
our homes and pay for on our utility bills. This energy is the energy used by
the lights and electrical appliances in our homes. For example, if you run a
100-W lamp for 1 hour, the energy consumed is W = Pt = (100 W)(1h) =
100 Wh, while if you run a 1500-W electric heater for 12 hours, the energy
consumed is W = (1500 W)(12 h) = 18 000 Wh.

The last example illustrates that the watthour is too small a unit for
practical purposes. For this reason, we use kilowatthours (kWh). By defin-
ition,

CNergy w

4-15
1000 ( )

€nergy xwn) =

Thus, for the above example, W = 18 kWh. In most of North America, the
kilowatthour (kWh) is the unit used on your utility bill.

For multiple loads, the total energy is the sum of the energy of individ-
ual loads.

éEXAMPLE 4-10 Determine the total energy used by a 100-W lamp for 12
hours and a 1.5-kW heater for 45 minutes.

Solution Convert all quantities to the same set of units, e.g., convert 1.5 kW
to 1500 W and 45 minutes to 0.75 h. Then,

W = (100 W)(12 h) + (1500 W)(0.75 h) = 2325 Wh = 2.325 kWh
Alternatively, convert all power to kilowatts first. Thus,

W= (0.1 kW)(12 h) + (1.5 kW)(0.75 h) = 2.325 kWh

EXAMPLE 4—11  Suppose you use the following electrical appliances: a 1.5-
kW heater for 7%2 hours; a 3.6-kW broiler for 17 minutes; three 100-W lamps
for 4 hours; a 900-W toaster for 6 minutes. At $0.09 per kilowatthour, how
much will this cost you?

Section 4.5 = Energy
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Solution Convert time in minutes to hours. Thus,
W = (1500)(7%2) + (3600)(%) + (3)(100)(4) + (900)%)

= 13 560 Wh = 13.56 kWh
cost = (13.56 kWh)($0.09/kWh) = $1.22

In those areas of the world where the SI system dominates, the mega-
joule (MJ) is sometimes used instead of the kWh (as the kWh is not an SI
unit). The relationship is 1 kWh = 3.6 MJ.

Watthour Meter

In practice, energy is measured by watthour meters, many of which are
electromechanical devices that incorporate a small electric motor whose
speed is proportional to power to the load. This motor drives a set of dials
through a gear train (Figure 4-21). Since the angle through which the dials
rotate depends on the speed of rotation (i.e., power consumed) and the length
of time that this power flows, the dial position indicates energy used. Note
however, that electromechanical devices are starting to give way to elec-
tronic meters, which perform this function electronically and display the
result on digital readouts.

FIGURE 4-21 Watthour meter. This type of meter uses a gear train to drive the dials.
Newer meters are electronic with digital readouts.

Law of Conservation of Energy

Before leaving this section, we consider the law of conservation of energy. It
states that energy can neither be created nor destroyed, but is instead converted
from one form to another. You saw examples of this above—for example, the



conversion of electrical energy into heat energy by aresistor, and the conversion
of electrical energy into mechanical energy by a motor. In fact, several types of
energy may be produced simultaneously. For example, electrical energy is
converted to mechanical energy by a motor, but some heat is also produced.
This results in a lowering of efficiency, a topic we consider next.

4.6 Efficiency

Poor efficiency results in wasted energy and higher costs. For example, an
inefficient motor costs more to run than an efficient one for the same output.
An inefficient piece of electronic gear generates more heat than an efficient
one, and this heat must be removed, resulting in increased costs for fans,
heat sinks, and the like.

Efficiency can be expressed in terms of either energy or power. Power is
generally easier to measure, so we usually use power. The efficiency of a
device or system (Figure 4-22) is defined as the ratio of power output P, to
power input P,,, and it is usually expressed in percent and denoted by the

mn’>

Greek letter y (eta). Thus,
P

7 =—% X 100% (4-16)
Pin
In terms of energy,
W,
n= V X 100% 4-17)
Since Py, = P, T P €fficiency can also be expressed as
P X 100% = S — X 100% (4-18)
n_Poul+Plosses 0_1+% ’ -
P

out

The efficiency of equipment and machines varies greatly. Large power
transformers, for example, have efficiencies of 98% or better, while many
electronic amplifiers have efficiencies lower than 50%. Note that efficiency
will always be less than 100%.

EXAMFLE 4-12 A 120-V dc motor draws 12 A and develops an output
power of 1.6 hp.

a. What is its efficiency?

b. How much power is wasted?

Solution
a. P, = El=(120V)(12 A) = 1440 W, and P,,, = 1.6 hp X 746 W/hp =
1194 W. Thus,

g = Fou - AW 60 2599,
P,  1440W

b. Piges = Pin — Poye = 1440 — 1194 = 246 W

Section 4.6 m Efficiency 111
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or System out

FIGURE 4-22  Input power equals
output power plus losses.
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EXAMFLE 4-13 The efficiency of a power amplifier is the ratio of the
power delivered to the load (e.g., speakers) to the power drawn from the
power supply. Generally, this efficiency is not very high. For example, sup-
pose a power amplifier delivers 400 W to its speaker system. If the power loss
is 509 W, what is its efficiency?

Solution
Py, = Py T Proges = 400 W + 509 W = 909 W
P 400 W

= Lo 100% =
T p. 7T 909w

X 100% = 44%

For systems with subsystems or components in cascade (Figure 4-23),
overall efficiency is the product of the efficiencies of each individual part,
where efficiencies are expressed in decimal form. Thus,

N =y Xy Xg3 X oo X, 4-19)

Py ——>| —> m e — Pou

(a) Cascaded system

Py —— nr —> Pou

(b) Equivalent of (a)

FIGURE 4-23 For systems in cascade, the resultant efficiency is the product of the
efficiencies of the individual stages.

EXAMPLE 4-14
a. For a certain system, n, = 95%, n, = 85%, and n; = 75%. What is n;?
b. If 5, = 65%, 1, = 80%, and n; = 90%, what is 5,?

Solution

a. Convert all efficiencies to a decimal value, then multiply. Thus, n, =
7,m.1; = (0.95)(0.85)(0.75) = 0.61 or 61%.

b. ;= 1,/(1,m5) = (0.65)/(0.80 X 0.90) = 0.903 or 90.3%




EXAMPLE 4-15 A motor drives a pump through a gearbox (Figure 4-24).
Power input to the motor is 1200 W. How many horsepower are delivered to
the pump?

Pin_> Pout
To pump
Gear box
(n2="70%)
Motor
(n1=90%)
(a) Physical system

Pin—> Pout

(b) Block diagram

FIGURE 4-24 Motor driving pump through a gear box.

Solution The efficiency of the motor-gearbox combination is 5, =
(0.90)(0.70) = 0.63. The output of the gearbox (and hence the input to the
pump) is Py, = 1y X P, = (0.63)(1200 W) = 756 W. Converting to horse-
power, P, = (756 W)/(746 W/hp) = 1.01 hp.

EXAMFLE 4-16 The motor of Figure 4-24 is operated from 9:00 a.m. to
12:00 noon and from 1:00 p.m. to 5:00 p.m. each day, for 5 days a week, out-
putting 7 hp to a load. At $0.085/kWh, it costs $22.19 per week for electric-
ity. What is the efficiency of the motor/gearbox combination?

Solution

$22.19/wk

= D22 DIWK 561 | kWhiwk
"~ $0.085/kWh W

The motor operates 35 h/wk. Thus,

W, _ 261.1 kWh/wk
P, = = 2R 7460 W
n 35 h/wk
_ Py, _ (T1hp X 746 W/hp) _
ny = Lot — =07
P 7460 W

in

Thus, the motor/gearbox efficiency is 70%.

Section 4.6 m Efficiency
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“—AV=20V

V (V)

FIGURE 4-26 R = AV/AI =
20 V/40 mA = 500 Q.

4.7 Nonlinear and Dynamic Resistances

All resistors considered so far have constant values that do not change with
voltage or current. Such resistors are termed linear or ohmic since their cur-
rent-voltage (I-V) plot is a straight line. However, the resistance of some
materials changes with voltage or current. These materials are termed non-
linear because their /-V plot is curved (Figure 4-25).

I (mA) !
100 |— <— Linear +
resistor 14
80 |— Nonlinear -

resistor

60 f— ——fmm e c

; 1 1 1

40 |— R A

1 1 1 1 1

S T R R

20 —/ A 1 1 1 1 1

oL,

0 20 40 60 80 100 120

FIGURE 4-25 Linear and nonlinear resistance characteristics.

Since the resistance of all materials changes with temperature, all resis-
tors are to some extent nonlinear, since they all produce heat and this heat
changes their resistance. For most resistors, however, this effect is small over
their normal operating range, and such resistors are considered to be linear.
(The commercial resistors shown in Figure 3-8 and most others that you will
encounter in this book are linear.)

Since an I-V plot is a graph of Ohm’s law, resistance can be computed
from the ratio V/I. First, consider the linear plot of Figure 4-25. Because the
slope is constant, the resistance is constant and you can compute R at any
point. For example, at V=10V, = 20 mA, and R = 10 V/20 mA = 500 Q).
Similarly, at V = 20V, I = 40 mA, and R = 20 V/40 mA = 500 (2, which is
the same as before. This is true at all points on this linear curve. The result-
ing resistance is referred to as dc resistance, Ry.. Thus, R;. = 500 ().

An alternate way to compute resistance is illustrated in Figure 4-26. At
point 1, V, = [ |R. At point 2, V, = L,R. Subtracting voltages and solving for
R yields

R=2= Vi AV [ohms, Q] (4-20)

L—1, Al

where AV/AI is the inverse of the slope of the line. (Here, A is the Greek let-
ter delta. It is used to represent a change or increment in value.) To illustrate,
if you select AV to be 20V, you find that the corresponding Al from Figure
4-26 is 40 mA. Thus, R = AV/AI = 20 V/40 mA = 500 () as before. Resis-
tance calculated as in Figure 4-26 is called ac or dynamic resistance. For
linear resistors, R,, = R,

c*
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Now consider the nonlinear resistance plot of Figure 4-25. AtV =20,
I = 20 mA. Therefore, R;, = 20 V/20 mA = 1.0kQ; at V=120V, I = 60
mA, and R, = 120 V/60 mA = 2.0 k(). This resistance therefore increases
with applied voltage. However, for small variations about a fixed point on
the curve, the ac resistance will be constant. This is an important concept in
electronics. However, since dynamic resistance is beyond the scope of this
book, we must leave it for later courses to explore.

4.8 Computer-Aided Circuit Analysis

We end our introduction to Ohm’s law by solving several simple problems
using Electronics Workbench and OrCAD PSPice. As noted in Chapter 1,
these are application packages that work from a circuit schematic that you
build on your screen. (Since the details are different, we will consider the
two products separately, using the circuit of Figure 4-27 to get started.)
Because this is our first look at circuit simulation, considerable detail is
included. (Although the procedures may seem complex, they become quite
intuitive with a little practice.) Both packages run under Windows.

/] ——m———>

25V §12.SQ

FIGURE 4-27 Simple circuit to illustrate computer analysis.

Electronics Workbench

Figure 4-28 shows an Electronics Workbench (EWB) user interface screen.
(This is Version 5, the version current at the time of writing.) Along the top
are toolbars with icons and menu items that you can select with your mouse.
(Drop-down boxes open to indicate the purpose of your selection.) For
example, if you position the mouse pointer over the Basic icon and click the
left button, the Basic Parts bin shown in Figure 4-28 opens.

First read the EWB Operational Notes, then build the circuit on the
screen as follows:

¢ Click the New icon to allow creation of a new circuit.

* Click the Sources icon, drag a battery from the parts bin, position it on the
screen then release the mouse button.

* Click the Basic icon, drag a resistor from the parts bin, rotate it 90° by
clicking the Rotate icon, then position it. (If the resistor won’t rotate, it
isn’t selected—see EWB Operational Notes.)

* To “wire” the circuit, move the mouse pointer to the top battery terminal
and when a dot appears, as in Figure 4-29(a), click and drag the wire to
the top of the resistor as in (b). Release the mouse button and the wire
routes itself neatly as in (c). Similarly, add the bottom wire.

ELECTRONICS
WORKBENCH
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.-;:“I Jh:x?ﬂ T o *"""',ﬁ I r'-: Sf)urces Ba§ic.parts Rot:ilte In(.iic.ators ON/.OFF
ol M hﬁnﬁ S N bin icon bin icon part icon bin icon switch

EWB Operational Notes

1.

Unless directed otherwise,
use the left mouse button for
all operations.

. To drag a component, place

the pointer over it, press and
hold the left mouse button,
drag the mouse across its pad
to position the component,
then release the button.

. To select a component on the

screen, place the pointer on it
and click the left button. The
component turns red.

. To deselect a component,

move the cursor to an empty
point on the screen and click
the left button.

. To delete a component, select

it, then press the Delete key.

. Some components have

default values that you may
need to change.

. The order of wiring a circuit

sometimes has an effect. For
example, for Figure 4-28, if
you connect the ground to the
source before you add the
wire from the bottom end of
the resistor, the connector dot
may not be needed.

. All EWB circuits need a

ground.

]

“ Electronics Workbench E ducational E dition
File Edit Circuit A

MEEE alafe o o)
& = e[<] SI9T%] <lal Py @
x| &
o o] |m|3§| 4| 3 @ @I@lllﬂ|il|rj
el |\
Connector Voltmeter Ammeter
icon icon
]

Basic parts —
L

bin T
_I=
T\ Use connector

dot here if necessary
] |

2182935 Temp: 27

FIGURE 4-28 Electronics Workbench simulation of the circuit of Figure 4-27.

(a) Drag wire (b) Release (c) Wire snaps into place

FIGURE 4-29 Routing wires using Electronics Workbench.

* Drag a connector dot from the basic parts bin, position it as shown in Fig-
ure 4-28, then add a ground symbol from the sources bin. (Note: Make
sure the ground connects properly. See also Note 7.)

e Open the Indicators parts bin and drag an ammeter into position. (EWB
automatically rewires the circuit to accommodate the ammeter.)
* Drag a voltmeter from the Indicators parts bin, then wire it into place.

* To change the battery voltage, double click the battery symbol and when
the dialog box opens, click the Value tab (if not already selected), type 25,
select V, then click OK.

 Similarly, double click the resistor symbol, click the Value tab, type 12.5,
select (), then click OK.

 Activate the circuit by clicking the ON/OFF power switch at the top right
corner of the EWB window.
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The voltmeter should show 25 V and the ammeter 2 A as indicated in Figure
4-28.

circuit is driven by a —25 V source. Note the voltmeter and ammeter readings and
compare to the above solution. Reconcile these results with the voltage polarity
and current direction conventions discussed in this chapter and in Chapter 2.

Repeat the above example, except reverse the source voltage symbol so that the

OrCAD PSpice

You must specify the type of analysis that you wish to perform. Your choices
are DC Sweep (for dc analysis which is what we are doing here), AC Sweep
(for AC analysis), Time Domain (for transient analysis), or Bias Point
(which we do not consider in this book). When setting up your analysis,
there are generally several ways you can proceed, but the following is about
the simplest. Lastly, it is assumed that you have loaded PSpice from the
demo disk. Now, read the PSpice Operational Notes, then:

* On your Windows screen, click Start, select Programs, OrCAD Demo,
then click Capture CIS Demo. This opens the Capture session frame
(Appendix A, Figure A—1).

* Click menu item File, select New, and then click Project. The New Project
box (Figure A-2) opens. In the Name box, type Ch 4 PSpice 1, then click
the Analog or Mixed-Signal Circuit Wizard button. Click OK.

* You are prompted to add libraries. Click breakout.olb and click Add, click
eval.olb and click Add, and then click Finish. (Various components exist in
these libraries. For example, sources are in the SOURCE library, resistors
are in the ANALOG library, and so on. You will learn more about where
components are located as you go through the PSpice examples.)

* You should be on the Capture schematic editor page. Click anywhere to
activate it. You are now ready to build the circuit. Let us start with the volt-
age source. Click the Place part tool (Figure 4-30) to open the Place Part
dialog box. From the Libraries list, select SOURCE, then type VDC in the
Part box. Click OK and a dc voltage source symbol appears. Position it on
the screen as shown in Figure 4-30, click the left button to place it, then
press the Esc key to end placement (or click the right button and End
Mode as described in Appendix A).

* Click the Place part tool and select ANALOG from the Libraries list, then
in the Part box, type R and click OK. A resistor appears. Rotate it three
times as described in the PSpice Operational Notes box (for reasons
described in Appendix A). Place as shown in Figure 4-30 using the left
button, and then press Esc.

* To measure current, you need an ammeter. For this, use component
IPRINT. Click the Place part tool and select SPECIAL from the Libraries
list. In the Part box, type IPRINT and then click OK. Place the component
and then press Esc.

* Click the Place ground tool, select 0/SOURCE and click OK. Place the
ground as in Figure 4-30, and then press Esc.
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Current
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i Edit Simulation

NG, AR

PSpice Operational Notes

Settings

marker

E% OMCAD Capture - [/ - [SCHEMATIC : PAGE1)]

1. Unless directed otherwise, E Rle Edit “iew Plgce Macyd PSpice Accessories Option:  Window Help ;lilil
use the left mouse button for SEEIEIN | 22 elelale] s lelE=] s e 2]
all operations. — X ——

e | It 5] £l

. To select a particular com- x — | - N
ponent on your schematic, ] IPRINT =[x
place the pointer on it and \ Run icon B Place part ——»|
click. The selected compo- | New =4 Place wire ﬁl
nent changes color. Simulation Place ground ]

Profile W1 1

3. To deselect a component, jcon 8% —— g R1 7
move the pointer to an T 125 F
empty place on the screen e
and click. - mo

4. To delete a component from [ 0 f =)
your schematic, select it, <] | AR
then press the Delete key Oitems selected Scale=130%  ==1.80 ¥=1.20

Jo g drag acomp O,nent’ lase FIGURE 4-30 OrCAD PSpice simulation of Figure 4-27. Note that PSpice uses V for
the pointer over it, press and sources instead of E, although you can change this if you wish.
hold the left button, drag the
component to where you
want it, and then release.

6. To change a default value,
place the cursor over the
numerical value (not the * To wire the circuit, click the Place wire tool, position the cursor in the lit-
component symbol) and tle box at the end of the source lead, and click. Then move the cursor to
double click. Change the IPRINT and click to place. Wire the rest of the circuit in this manner. Press
appropriate value. Esc to end wire placement.

7. To rotate a component, All components have default values that need to be changed. First, con-
select it, click the right but- sider the resistor. Its default value is 1k{). To change it, double click the 1k
ton, then click Rotate. Alter- value (not the resistor symbol), type 12.5 into the Value box, and then
nately, hold the Ctrl key and click OK. Similarly, double click the IPRINT symbol, click the Parts tab
press the R key. (This is (bottom of screen) in the Properties Editor, then scroll right until you see a
denoted as Ctrl/R). cell labeled DC. Type yes into the cell and click Apply. Close the editor by

8. There must be no space clicking the X box in the upper right-hand corner of the Properties Editor
between a value and its unit. window. This returns you to Figure 4-30.

Thus, use 25V, not 25 V, efc. Click the New Simulation Profile icon (Figure 4-30). Enter a name (e.g.,

9. All PSpice circuits must Figure 4-30) in the Name box. Click Create. A Simulations Setting box
have a ground. opens. Click the Analysis tab. From the Analysis type list, select DC

10. As you build a circuit, you Sweep. From the Options list, select Primary Sweep. Under Sweep vari-

should frequently click the
Save Document icon to save
your work in case some-
thing goes wrong.

able, choose Voltage source. In the Name box, type the name of your
source. (It should be V1. Check your schematic to verify.) Click the Value
list button, type 25V into the box, and then click OK. (This sets the volt-
age of your source to 25 V but it does not update the screen display. If you
want to update the value on your screen, double click the default value
(i.e., OV, not the battery symbol), type 25V in the Value box, and click
OK.) Click the Save Document icon to save your work.



Section 4.8 m Computer-Aided Circuit Analysis 119

* Click the Run icon, Figure 4-30. When the results screen appears, click
View, Output File, then scroll to the bottom of the file where you will find
the answers

V_V1 I(V_PRINT1)
2.500E+01 2.000E+00

The symbol V_V1 represents the voltage of source V, and 2.500E+01 repre-
sents its value (in exponent form). Thus, V, = 2.500E+01 = 2.5 X 10' = 25
(which is the value you entered earlier). Similarly, [(V_PRINT1) represents
the current measured by component IPRINT. Thus the current in the circuit
is I = 2.000E+00 = 2.0 X 10° = 2.0 (which, as you can see, is correct).

* To exit from PSpice, click the X in the box in the upper right-hand corner
of the screen and click yes to save changes.

Plotting Ohm’s Law

PSpice can be used to compute and graph results. By varying the source
voltage of Figure 4-27 and plotting / for example, you can obtain a plot of
Ohm’s law. Proceed as follows.

* Follow the steps detailed earlier to call up the Schematic page editor. In
the New Project box, type Ch 4 PSpice 2 into the Name box. Build the
circuit of Figure 4-30 again (right up to the point where you have wired
the circuit), except omit part IPRINT.

* Click the New Simulation Profile icon and enter Figure 4-32 in the Name
box. Click Create. In the Simulations Settings box, click the Analysis tab
and from the Analysis type list, select DC Sweep. From the Options list,
select Primary Sweep. Under the Sweep Variable, choose Voltage source.
In the Name box, type the name of your source. (It should be V1.) Under
Sweep type, choose Linear. Type OV in the Start Value box, type 100V in
the End Value box, and type SV in the Increment box, and then click OK.
(This will sweep the voltage from 0 to 100 V in 5-V steps.)

ch 4 pspice 2-SCHEMATIC1-Figure 4-32 [active]

R
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FIGURE 4-31 Using a current FIGURE 4-32 Ohm’s law plot for the circuit of Figure 4-27.
marker to display current.
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PROBLEMS

FIGURE 4-33

 PUTTING IT INTO PRACTICE

* Click the Current Marker icon and position the marker as shown in Figure

4-31. Click the Save Document icon to save your work. Click the Run
icon. The Ohm’s law plot of Figure 4-32 appears on your screen. Using
the cursor (see Appendix A), read values from the graph and verify with
your calculator.

You have been assigned to perform a design review and cost analysis of
an existing product. The product uses a 12-V =5% power supply. After
a catalog search, you find a new power supply with a specification of 12 V
*2%, which, because of its newer technology, costs only five dollars more
than the one you are currently using. Although it provides improved perfor-
mance for the product, your supervisor won’t approve it because of the extra
cost. However, the supervisor agrees that if you can bring the cost differential
down to $3.00 or less, you can use the new supply. You then look at the
schematic and discover that a number of precision 1% resistors are used
because of the wide tolerance of the old supply. (As a specific example, a
+1% tolerance 220-k{) resistor is used instead of a standard 5% tolerance
resistor because the loose tolerance of the original power supply results in
current through the resistor that is out of spec. Its current must be between 50
mA to 60 mA when the 12-V supply is connected across it. Several other
such instances are present in the product, a total of 15 in all.) You begin to
wonder whether you could replace the precision resistors (which cost $0.24
each) with standard 5% resistors (which cost $0.03 each) and save enough
money to satisfy your supervisor. Perform an analysis to determine if your
hunch is correct.

4.1 Ohm’s Law

1. For the circuit of Figure 4-33, determine the current / for each of the fol-
lowing. Express your answer in the most appropriate unit: amps, milliamps,
microamps, etc.

a. E=40V,R=20Q b. E=35mV,R =5m{
c. V=200V,R =40k d. E=10V,R =25MQ
e. E=75V,R=25X10°Q f. V=12kV,R =2MQ

2. Determine R for each of the following. Express your answer in the most
appropriate unit: ohms, kilohms, megohms, etc.

a. E=50V,I=25A b. E=375V,I=1mA

c. E=2kV,I=0.1kA d. E=4kV,I=8X10*A
3. For the circuit of Figure 4-33, compute V for each of the following:

a. 1 mA, 40 kQ b. 10 pA, 30 kQ)

c. 10mA, 4 X 10*Q d. 12A,3 X102 Q

4. A 48-(Q) hot water heater is connected to a 120-V source. What is the current
drawn?



10.

11.

12.

13.

14.

17.

18.

19.

20.

21.

22.

. When plugged into a 120-V wall outlet, an electric lamp draws 1.25 A.

What is its resistance?

What is the potential difference between the two ends of a 20-k{) resistor
when its currentis 3 X 107> A?

. How much voltage can be applied to a 560-() resistor if its current must not

exceed 50 mA?

A relay with a coil resistance of 240 () requires a minimum of 50 mA to
operate. What is the minimum voltage that will cause it to operate?

. For Figure 4-33, if E = 30 V and the conductance of the resistor is 0.2 S,

what is 1?

If I = 36 mA when E = 12V, what is [ if the 12-V source is
a. replaced by an 18-V source?

b. replaced by a 4-V source?

Current through a resistor is 15 mA. If the voltage drop across the resistor is
33V, what is its color code?

For the circuit of Figure 4-34,
a. If E = 28V, what does the meter indicate?
b. If E = 312V, what does the meter indicate?

For the circuit of Figure 4-34, if the resistor is replaced with one with red,
red, black color bands, at what voltage do you expect the fuse to blow?

A 20-V source is applied to a resistor with color bands brown, black, red,
and silver

a. Compute the nominal current in the circuit.

b. Compute the minimum and maximum currents based on the tolerance of
the resistor.

. An electromagnet is wound with AWG 30 copper wire. The coil has 800

turns and the average length of each turn is 3 inches. When connected to a
48-V dc source, what is the current

a. at 20°C? b. at 40°C?

. You are to build an electromagnet with 0.643-mm-diameter copper wire. To

create the required magnetic field, the current in the coil must be 1.75 A at
20°C. The electromagnet is powered from a 9.6-V dc source. How many
meters of wire do you need to wind the coil?

A resistive circuit element is made from 100 m of 0.5-mm-diameter alu-
minum wire. If the current at 20°C is 200 mA, what is the applied voltage?

Prepare an Ohm’s law graph similar to Figure 4-7 for a 2.5-k() and a 5-k()
resistor. Compute and plot points every 5 V from E = 0 V to 25 V. Reading
values from the graph, find current at E = 14 V.

Figure 4-35 represents the I-V graph for the circuit of Figure 4-33. Whatis R?

For a resistive circuit, E is quadrupled and R is halved. If the new current is
24 A, what was the original current?

For a resistive circuit, £ = 100 V. If R is doubled and E is changed so that
the new current is double the original current, what is the new value of E?

You need to measure the resistance of an electric heater element, but have
only a 12-V battery and an ammeter. Describe how you would determine its
resistance. Include a sketch.

121

Problems

Ammeter

1A

Fuse

FIGURE 4-34

1(A)
20 f— s
15 b= cmmemem e
10 f—

5 —

o kK
0 20 40 60

V (V)

[ B
(=)

FIGURE 4-35



122

Vv 23.
I —
(@I=3A 24.
+ vV - 4.2
/ 25
b)Y V=60V
26.
\%
7 4.3
(C) I=6A 27
-V +
_/\/\/\/_ 28.
1 29.
V=105V
FIGURE 4-36  All resistors are 15 (). 30
Q
- = )
+
8 V=6V
(@)
FIGURE 4-37
31.
32.
33.
34.

Chapter 4 m Ohm’s Law, Power, and Energy

If 25 m of 0.1-mm-diameter Nichrome wire is connected to a 12-V battery,
what is the current at 20°C?

If the current is 0.5 A when a length of AWG 40 copper wire is connected to
48 V, what is the length of the wire in meters? Assume 20°C.

Voltage Polarity and Current Direction

. For each resistor of Figure 4-36, determine voltage V and its polarity or cur-

rent / and its direction as applicable.

The ammeters of Figure 4-37 have autopolarity. Determine their readings,
magnitude, and polarity.

Power

A resistor dissipates 723 joules of energy in 3 minutes and 47 seconds. Cal-
culate the rate at which energy is being transferred to this resistor in joules
per second. What is its power dissipation in watts?

How long does it take for a 100-W soldering iron to dissipate 1470 J?

A resistor draws 3 A from a 12-V battery. How much power does the battery
deliver to the resistor?

. A 120-V electric coffee maker is rated 960 W. Determine its resistance and

rated current.

OFF ¥ _
OFF ¥ _ \ 300mV
A%
300mV O
@ )
)
A A
+ A -
™ -
- +
8 Q) V=6V 8 Q) V=6V
T _
(b) (©

A 1.2-kW electric heater has a resistance of 6 (). How much current does it
draw?

A warning light draws 125 mA when dissipating 15 W. What is its resis-
tance?

How many volts must be applied to a 3-() resistor to result in a power dissi-
pation of 752 W?

What IR drop occurs when 90 W is dissipated by a 10-{} resistor?



35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

4.4
45.

46.

4.5
47.

48.

A resistor with color bands brown, black, and orange dissipates 0.25 W.
Compute its voltage and current.

A 2.2-kQ) resistor with a tolerance of =5% is connected to a 12-V dc
source. What is the possible range of power dissipated by the resistor?

A portable radio transmitter has an input power of 0.455 kW. How much
current does it draw from a 12-V battery?

For a resistive circuit, £ = 12 V.

a. If the load dissipates 8 W, what is the current in the circuit?
b. If the load dissipates 36 W, what is the load resistance?

A motor delivers 3.56 hp to a load. How many watts is this?

The load on a 120-V circuit consists of six 100-W lamps, a 1.2-kW elec-
tric heater, and an electric motor drawing 1500 W. If the circuit is fused at
30 A, what happens when a 900-W toaster is plugged in? Justify your
answer.

A 0.27-kQ resistor is rated 2 W. Compute the maximum voltage that can be

applied and the maximum current that it can carry without exceeding its rating.

Determine which, if any, of the following resistors may have been damaged
by overheating. Justify your answer.

a. 560 Q, 2 W, with 75 V across it.
b. 3 Q, 20 W, with 4 A through it.
c. Ya W, with 0.25 mA through it and 40 V across it.

A 25-Q) resistor is connected to a power supply whose voltage is 100 V
*5%. What is the possible range of power dissipated by the resistor?

A load resistance made from copper wire is connected to a 24-V dc source.
The power dissipated by the load when the wire temperature is 20°C is
192 W. What will be the power dissipated when the temperature of the wire
drops to —10°C? (Assume the voltage remains constant.)

Power Direction Convention

Each block of Figure 4-38 may be a source or a load. For each, determine
power and its direction.

The 12-V battery of Figure 4-39 is being “charged” by a battery charger.
The current is 4.5 A as indicated.

a. What is the direction of current?
b. What is the direction of power flow?
c. What is the power to the battery?

Energy
A 40-W night safety light burns for 9 hours.
a. Determine the energy used in joules.
b. Determine the energy used in watthours.
c. At $0.08/kWh, how much does it cost to run this light for 9 hours?

An indicator light on a control panel operates continuously, drawing 20 mA
from a 120-V supply. At $0.09 per kilowatthour, how much does it cost per
year to operate the light?

Problems 123
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49.

50.
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56.
57.

58.

59.

60.

61.

62.

63.

Determine the total cost of using the following at $0.11 per kWh:
a. a 900-W toaster for 5 minutes,

b. a 120-V, 8-A heater for 1.7 hours,

c. an 1100-W dishwasher for 36 minutes,

d. a 120-V, 288-() soldering iron for 24 minutes.

An electric device with a cycle time of 1 hour operates at full power (400 W)
for 15 minutes, at half power for 30 minutes, then cuts off for the remainder
of the hour. The cycle repeats continuously. At $0.10/kWh, determine the
yearly cost of operating this device.

While the device of Problem 50 is operating, two other loads as follows are
also operating:

a. a 4-kW heater, continuously,
b. a 3.6-kW heater, on for 12 hours per day.
Calculate the yearly cost of running all loads.

At $0.08 per kilowatthour, it costs $1.20 to run a heater for 50 hours from a
120-V source. How much current does the heater draw?

If there are 24 slices in a loaf of bread and you have a two-slice, 1100-W
toaster that takes 1 minute and 45 seconds to toast a pair of slices, at
$0.13/kWh, how much does it cost to toast a loaf?

Efficiency

The power input to a motor with an efficiency of 85% is 690 W. What is its
power output?

a. in watts b. in hp

The power output of a transformer with n = 97% is 50 kW. What is its
power in?

For a certain device, n = 94%. If losses are 18 W, what are P, and P_,?

The power input to a device is 1100 W. If the power lost due to various inef-
ficiencies is 190 W, what is the efficiency of the device?

A 240-V, 4.5-A water heater produces heat energy at the rate of 3.6 MJ per
hour. Compute

a. the efficiency of the water heater,
b. the annual cost of operation at $0.09/kWh if the heater is on for 6 h/day.

A 120-V dc motor with an efficiency of 89% draws 15 A from the source.
What is its output horsepower?

A 120-V dc motor develops an output of 3.8 hp. If its efficiency is 8§7%,
how much current does it draw?

The power/control system of an electric car consists of a 48-V onboard bat-
tery pack, electronic control/drive unit, and motor (Figure 4-40). If 180 A
are drawn from the batteries, how many horsepower are delivered to the
drive wheels?

Show that the efficiency of n devices or systems in cascade is the product of
their individual efficiencies, i.e., that n, = 5, X 5, X --- X 9,.

A 120-V dc motor drives a pump through a gearbox (Figure 4-24). If the
power input to the pump is 1100 W, the gearbox has an efficiency of 75%,
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64.

65.

66.

4.7
67.

68.

and the power input to the motor is 1600 W, determine the horsepower out-
put of the motor.

If the motor of Problem 63 is protected by a 15-A circuit breaker, will it
open? Compute the current to find out.

If the overall efficiency of a radio transmitting station is 55% and it transmits
at 35 kW for 24 h/day, compute the cost of energy used per day at $0.09/kWh.

In a factory, two machines, each delivering 27 kW are used on an average
for 8.7 h/day, 320 days/year. If the efficiency of the newer machine is 87%
and that of the older machine is 72%, compute the difference in cost per
year of operating them at $0.10 per kilowatthour.

Nonlinear and Dynamic Resistances
A voltage-dependent resistor has the /-V characteristic of Figure 4-41.
a. AtV =25V, whatis I? What is R,.?
b. AtV =60V, what is /? What is R,;.?
c. Why are the two values different?
For the resistor of Figure 4—41:

a. Determine R for V between 0 and 40 V.

dynamic

b. Determine R y,mic for V greater than 40 V.
c. If Vchanges from 20 V to 30 V, how much does I change?
d. If V changes from 50 V to 70 V, how much does I change?

1(A)
50 b— oo
4.0 b= cmmmmmee— g

30 |—

1.0 |—

1
1
1
1
1
20 |— i
1
1
1
1
I

Ly (V)

FIGURE 4-41

4.8 Computer-Aided Circuit Analysis

69.

EWB Set up the circuit of Figure 4-33 and solve for currents for the volt-
age/resistance pairs of Problem 1a, 1c, 1d, and le.
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Battery

Charger

Charger Battery

(b) Equivalent

FIGURE 4-42

70. EWB A battery charger with a voltage of 12.9V is used to charge a battery,
Figure 4-42(a). The internal resistance of the charger is 0.12 () and the volt-
age of the partially run-down battery is 11.6 V. The equivalent circuit for the
charger/battery combination is shown in (b). You reason that, since the two
voltages are in opposition, net voltage for the circuit willbe 12.9V — 11.6V =
1.3V and, thus, the charging current / will be 1.3 V/0.12 Q) = 10.8 A. Set up
the circuit of (b) and use Electronics Workbench to verify your conclusion.

71. EWB Open the Basic parts bin and note the two switches, one a basic
switch and the other a time delayed (TD) switch. Drag and place a basic
switch on the screen, double click its symbol and when the dialog box
opens, select the Value tab, type the letter A then click OK. (This relabels
the switch as (A). Press the A key on the keyboard several times and note
that the switch opens and closes.) Select a second switch and label it (B),
then add a 12-V dc source, so as to set up the two-way light control circuit
of Figure 2-28 (page 51). Operate the switches and determine whether you
have successfully achieved the desired control.

72. PSpice Repeat Problem 69 using PSpice.
73. PSpice Repeat Problem 70 using PSpice.

74. PSpice Repeat the Ohm’s law analysis (Figure 4-32) except use R =
10 Q and sweep the source voltage from —10V to +10 V in 1-V incre-
ments. On this graph, what does the negative value for current mean?

75. PSpice The cursor may be used to read values from PSpice graphs. Get
the graph from Problem 74 on the screen and:

a. Click Trace on the menu bar, select Cursor, click Display, then position
the cursor on the graph, and click again. The cursor reading is indicated
in the box in the lower right hand corner of the screen.

b. The cursor may be positioned using the mouse or the left and right arrow
keys. Position the cursor at 2 V and read the current. Verify by Ohm’s
law. Repeat at a number of other points, both positive and negative.

ANSWERS TO IN-PROCESS
LEARNING CHECKS

In-Process Learning Check 1

1. 25V

2. 0A; No

3.a. 1.25A b. 0.625 A c. 125A d. 5A
4, a. 30V b. =72V c. 90V d. 160V






Series Circuits

OBJECTIVES

After studying this chapter, you will be
able to

determine the total resistance in a series
circuit and calculate circuit current,

use Ohm’s law and the voltage divider
rule to solve for the voltage across all
resistors in the circuit,

express Kirchhoff’s voltage law and use
it to analyze a given circuit,

solve for the power dissipated by any
resistor in a series circuit and show that
the total power dissipated is exactly
equal to the power delivered by the volt-
age source,

solve for the voltage between any two
points in a series or parallel circuit,
design a simple voltmeter or ohmmeter
given a particular meter movement,
calculate the loading effect of an amme-
ter in a circuit,

use computers to assist in the analysis of
simple series circuits.

KEY TERMS

Electric Circuit
Ground
Kirchhoff’s Voltage Law

Loading Effect (Ammeter)
Ohmmeter Design

Point Sources

Series Connection

Total Equivalent Resistance
Voltage Divider Rule
Voltage Subscripts
Voltmeter Design

OUTLINE

Series Circuits

Kirchhoff’s Voltage Law
Resistors in Series

Voltage Sources in Series
Interchanging Series Components
The Voltage Divider Rule

Circuit Ground

Voltage Subscripts

Internal Resistance of Voltage Sources
Voltmeter Design

Ohmmeter Design

Ammeter Loading Effects

Circuit Analysis Using Computers




In the previous chapter we examined the interrelation of current, voltage, resis- CHAPTER PREVIEW
tance, and power in a single resistor circuit. In this chapter we will expand on

these basic concepts to examine the behavior of circuits having several resistors

in series.

We will use Ohm’s law to derive the voltage divider rule and to verify
Kirchhoff’s voltage law. A good understanding of these important principles pro-
vides an important base upon which further circuit analysis techniques are built.
Kirchhoff’s voltage law and Kirchhoff’s current law, which will be covered in
the next chapter, are fundamental in understanding all electrical and electronic
circuits.

After developing the basic framework of series circuit analysis, we will
apply the ideas to analyze and design simple voltmeters and ohmmeters. While
meters are usually covered in a separate instruments or measurements course, we
examine these circuits merely as an application of the concepts of circuit analysis.

Similarly, we will observe how circuit principles are used to explain the
loading effect of an ammeter placed in series with a circuit.

T T
Gustav Robert Kirchhoff PUTTING IT IN

KIRCHHOFF WAS A GERMAN PHYSICIST born on March 12, 1824, in Konigsberg, PERSPECTIVE
Prussia. His first research was on the conduction of electricity, which led to his
presentation of the laws of closed electric circuits in 1845. Kirchhoff’s current
law and Kirchhoff’s voltage law apply to all electrical circuits and therefore are
fundamentally important in understanding circuit operation. Kirchhoff was the
first to verify that an electrical impulse travelled at the speed of light.

Although these discoveries have immortalized Kirchhoff’s name in electri-
cal science, he is better known for his work with R. W. Bunsen in which he
made major contributions in the study of spectroscopy and advanced the
research into blackbody radiation.

Kirchhoff died in Berlin on October 17, 1887.
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5.1 Series Circuits

An electric circuit is the combination of any number of sources and loads
connected in any manner which allows charge to flow. The electric circuit
may be simple, such as a circuit consisting of a battery and a light bulb. Or
the circuit may be very complex, such as the circuits contained within a tele-
vision set, microwave oven, or computer. However, no matter how compli-
cated, each circuit follows fairly simple rules in a predictable manner. Once
these rules are understood, any circuit may be analyzed to determine the
[ —> operation under various conditions.

All electric circuits obtain their energy either from a direct current (dc)
source or from an alternating current (ac) source. In the next few chapters,
r =4 \J,r § R we examine the operation of circuits supplied by dc sources. Although ac

_ circuits have fundamental differences when compared with dc circuits, the
laws, theorems, and rules that you learn in dc circuits apply directly to ac
circuits as well.

In the previous chapter, you were introduced to a simple dc circuit con-

Conventional flow

FIGURE 5-1 sisting of a single voltage source (such as a chemical battery) and a single
load resistance. The schematic representation of such a simple circuit was

covered in Chapter 4 and is shown again in Figure 5-1.
While the circuit of Figure 5-1 is useful in deriving some important con-
Ry cepts, very few practical circuits are this simple. However, we will find that
even the most complicated dc circuits can generally be simplified to the cir-

~~=__ Single point of cuit shown.
R connection We begin by examining the most simple connection, the series connec-
2

tion. In Figure 5-2, we have two resistors, R, and R,, connected at a single
point in what is said to be a series connection.

Two elements are said to be in series if they are connected at a single
FIGURE 5-2  Resistors in series. point and if there are no other current-carrying connections at this point.

A series circuit is constructed by combining various elements in series,
as shown in Figure 5-3. Current will leave the positive terminal of the volt-

R . ) )
AN age source, move through the resistors, and return to the negative terminal of
the source.
! In the circuit of Figure 5-3, we see that the voltage source, E, is in series
L ?Rz with R, R, is in series with R,, and R, is in series with E. By examining this
circuit, another important characteristic of a series circuit becomes evident.
In an analogy similar to water flowing in a pipe, current entering an element
must be the same as the current leaving the element. Now, since current does
VI\{;’ not leave at any of the connections, we conclude that the following must be
true.
FIGURE 5-3 Series circuit. The current is the same everywhere in a series circuit.

While the above statement seems self-evident, we will find that this will
help to explain many of the other characteristics of a series circuit.

LEARNING
CHECK 1 (Answers are at the end of the chapter.)

! IN-PROCESS What two conditions determine whether two elements are connected in series?




The Voltage Polarity Convention Revisited

The +, — sign convention of Figure 5—4(a) has a deeper meaning than so far
considered. Voltage exists between points, and when we place a + at one
point and a — at another point, we define this to mean that we are looking at
the voltage at the point marked + with respect to the point marked —. Thus,
in Figure 5—4(b), V = 6 volts means that point a is 6 V positive with respect
to point b. Since the red lead of the meter is placed at point @ and the black
at point b, the meter will indicate +6 V.

Now consider Figure 5-5(b). [Part (a) has been repeated from Figure
5-4(b) for reference.] Here, we have placed the plus sign at point b,
meaning that you are looking at the voltage at b with respect to a. Since
point b is 6 V negative with respect to point a, V will have a value of
minus 6 volts, i.e., V = —6 volts. Note also that the meter indicates —6
volts since we have reversed its leads and the red lead is now at point b
and the black at point a. It is important to realize here that the voltage
across R has not changed. What has changed is how we are looking at it
and how we have connected the meter to measure it. Thus, since the
actual voltage is the same in both cases, (a) and (b) are equivalent repre-
sentations.

6V =/ 6V =/
(a) Voltage at a with respect to b is 6 (b) Voltage at b with respect to a is —6
volts. volts.

FIGURE 5-5 Two representations of the same voltage.

EXAMPLE 5-1  Consider Figure 5-6. In (a), I = 3 A, while in (b), I = —3 A.
Using the voltage polarity convention, determine the voltages across the two
resistors and show that they are equal.
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FIGURE 5-4 The +, — symbology
means that you are looking at the volt-
age at the point marked + with respect
to the point marked —.
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FIGURE 5-7 Kirchhoff’s voltage
law.
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+ —
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b =-3Al0b
(a) (b)

FIGURE 5-6

Solution In each case, place the plus sign at the tail of the current direction
arrow. Then, for (a), you are looking at the polarity of a with respect to b and
you get V.=1IR = (3 A)(2 )) = 6 V as expected. Now consider (b). The
polarity markings mean that you are looking at the polarity of b with respect
to @ and you get V.= IR = (=3 A)(2 ()) = —6 V. This means that point b
is 6 V negative with respect to a, or equivalently, a is 6 V positive with
respect to b. Thus, the two voltages are equal.

5.2  Kirchhoff’s Voltage Law

Next to Ohm’s law, one of the most important laws of electricity is Kirch-
hoff’s voltage law (KVL) which states the following:

The summation of voltage rises and voltage drops around a closed loop
is equal to zero. Symbolically, this may be stated as follows:

2 V=0 foraclosed loop (5-1)

In the above symbolic representation, the uppercase Greek letter sigma
(2) stands for summation and V stands for voltage rises and drops. A
closed loop is defined as any path which originates at a point, travels
around a circuit, and returns to the original point without retracing any seg-
ments.

An alternate way of stating Kirchhoff’s voltage law is as follows:

The summation of voltage rises is equal to the summation of voltage
drops around a closed loop.

D Eres = 2 Viarops  for a closed loop (5-2)

If we consider the circuit of Figure 5-7, we may begin at point a in the
lower left-hand corner. By arbitrarily following the direction of the current,
I, we move through the voltage source, which represents a rise in potential
from point a to point b. Next, in moving from point b to point ¢, we pass
through resistor R;, which presents a potential drop of V,. Continuing
through resistors R, and R;, we have additional drops of V, and V; respec-
tively. By applying Kirchhoff’s voltage law around the closed loop, we
arrive at the following mathematical statement for the given circuit:

E-V,-V,-Vy=0

Although we chose to follow the direction of current in writing Kirch-
hoff’s voltage law equation, it would be just as correct to move around the
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circuit in the opposite direction. In this case the equation would appear as
follows:

ViV, +V,—E=0

By simple manipulation, it is quite easy to show that the two equations
are identical.

é EXAMPLE 5-2  Verify Kirchhoff’s voltage law for the circuit of Figure 5-8.

E=15V =

FIGURE 5-8

Solution If we follow the direction of the current, we write the loop equa-
tion as

IS5V-2V-3V-6V-3V-1V=0

Verify Kirchhoff’s voltage law for the circuit of Figure 5-9.

FIGURE 5-9 V=4V
AN~
+ . l
E2=4V
Il
+
V,=35V
E =2V = _
+
V3=15V
I
II
E3=3 V

Answer: 2V —4V +4V =35V —-15V+3V=0
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IN-PROCESS Define Kirchhoff’s voltage law.
' LEARNING
CHECK 2 (Answers are at the end of the chapter.)
5.3  Resistors in Series
Almost all complicated circuits can be simplified. We will now examine how
to simplify a circuit consisting of a voltage source in series with several
, + resistors. Consider the circuit shown in Figure 5-10.
Ry Vi Since the circuit is a closed loop, the voltage source will cause a current
B I in the circuit. This current in turn produces a voltage drop across each
N resistor, where
E = R, Vs VX = IRX

! Applying Kirchhoff’s voltage law to the closed loop gives
+ E=V,+V,+ - +V,

R" Vn

- =IR, + IR, + - + IR,

=IR,+R,+ - +R)
If we were to replace all the resistors with an equivalent total resistance,

FIGURE 5-10 R, then the circuit would appear as shown in Figure 5-11.
However, applying Ohm’s law to the circuit of Figure 5-11 gives
E = IR; (5-3)
! Since the circuit of Figure 511 is equivalent to the circuit of Figure 5—
E=T § Ry 10, we conclude that this can only occur if the total resistance of the n series
resistors is given as

R =R, +R,+ - + R, [ohms, Q] (54)

If each of the n resistors has the same value, then the total resistance is

FIGURE 5-11 .
determined as

R; = nR [ohms, ] (5-5)

EXAMPLE 5-3 Determine the total resistance for each of the networks

shown in Figure 5-12.
50 10 kQ
o 4'A%% o AN
100 10 kQ)
Ry — Ry —
20 Q 10 kQ
o A% o AN
15Q 10 kQ)
(@ (b)
FIGURE 5-12
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Solution
a R, =5Q0+10Q +20Q + 15Q = 50.0 Q)
b. Ry = 4(10 kQ) = 40.0 kQ

Any voltage source connected to the terminals of a network of series
resistors will provide the same current as if a single resistance, having a
value of R;, were connected between the open terminals. From Ohm’s law
we get

I= L [amps, A] (5-6)
Ry

The power dissipated by each resistor is determined as

[
P =VI= Y = IR, [watts, W]
1
Vi _ .
P,=V,I= e IR, [watts, W] 5-7)
2
V 2
P,=VI= R—" =I’R, [watts, W]

n

In Chapter 4, we showed that the power delivered by a voltage source to
a circuit is given as

Py = EI [watts, W] (5-8)

Since energy must be conserved, the power delivered by the voltage
source is equal to the total power dissipated by all the resistors. Hence

Pr=P +P,+ .-+ P, [watts, W] 5-9)
éEXAMPLE 5-4

Ri=20Q

+ —
MV

r 1
+
—E=24V R2=6Q§
A
FIGURE 5-13 R3;=4Q
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FIGURE 5-14 AN

For the series circuit shown in Figure 5—13, find the following quantities:

Total resistance, Rr.

Circuit current, 1.

Voltage across each resistor.

. Power dissipated by each resistor.

Power delivered to the circuit by the voltage source.

0 oa o0 o p

Verify that the power dissipated by the resistors is equal to the power
delivered to the circuit by the voltage source.

Solution

a Rr=20+60+40=120Q

b. I=24V)/(12Q) =2.00A

c. Vi=02A)Q2QO) =400V
V,=2A)(60Q) =120V
Vi=(2A)4 Q) =8.00V

d. P,=Q2A2Q0) =800W
P,=(2AP6Q)=240W
P,= QA4 Q) =160W

e. Pr=24V)2A)=48.0W

f. Pr=8W +24W + 16 W =48.0W

RIZZOQ

= E=120V R2=4OQ§

Ry=300

For the series circuit shown in Figure 5—14, find the following quantities:

A

a. Total resistance, Ry.

b. The direction and magnitude of the current, 1.

c. Polarity and magnitude of the voltage across each resistor.
d.
e
f

Power dissipated by each resistor.

. Power delivered to the circuit by the voltage source.

. Show that the power dissipated is equal to the power delivered.

nswers.

a. 90.0 Q

b.

1.33 A counterclockwise
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V, =267V, V,=533V,V, =400V
P, =356V,P,=71.1V,P, =533V
e. Pp=160.W

P, + P, + P, = 160.W = P,

e o

jla

Three resistors, R,, R,, and R;, are in series. Determine the value of each resistor
if R, = 42kQ, R, = 3R,, and R, = 2R,.

(Answers are at the end of the chapter.)

IN-PROCESS
I LEARNING
CHECK 3

5.4  Voltage Sources in Series

If a circuit has more than one voltage source in series, then the voltage
sources may effectively be replaced by a single source having a value that is
the sum or difference of the individual sources. Since the sources may have
different polarities, it is necessary to consider polarities in determining the
resulting magnitude and polarity of the equivalent voltage source.

If the polarities of all the voltage sources are such that the sources
appear as voltage rises in given direction, then the resultant source is deter-
mined by simple addition, as shown in Figure 5-15.

If the polarities of the voltage sources do not result in voltage rises in the
same direction, then we must compare the rises in one direction to the rises
in the other direction. The magnitude of the resultant source will be the sum
of the rises in one direction minus the sum of the rises in the opposite direc-
tion. The polarity of the equivalent voltage source will be the same as the
polarity of whichever direction has the greater rise. Consider the voltage
sources shown in Figure 5-16.

If the rises in one direction were equal to the rises in the opposite direc-
tion, then the resultant voltage source would be equal to zero.

E =2V =
E,=3V —/— = 2V+4V=6V

Y Y L.
E;=6V = 3V+6V=9V -|—
E4=4V -

FIGURE 5-16

E =2V

E,=3V

E;=6V

Ey=4V =

FIGURE 5-15
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. IN-PROCESS A typical lead-acid automobile battery consists of six cells connected in series.
éﬁé‘éﬁlze If the voltage between the battery terminals is measured to be 13.06 V, what is

the average voltage of each cell within the battery?

(Answers are at the end of the chapter.)

5.5 Interchanging Series Components

The order of series components may be changed without affecting the opera-
tion of the circuit.
The two circuits in Figure 5-17 are equivalent.

R =2kQ
R1=2kQ E2=3V IV\/\(
WV i} r ﬂv
a [\v - E,=3V
R2=3k9§
- E =15V R2=3kQ§
—=E =15V
A Wy
R; =4k R3=4KkQ
(a) (b)
FIGURE 5-17

Very often, once the circuits have been redrawn it becomes easier to
visualize the circuit operation. Therefore, we will regularly use the technique
of interchanging components to simplify circuits before we analyze them.

EXAMPLE 5-5  Simplify the circuit of Figure 5-18 into a single source in
series with the four resistors. Determine the direction and magnitude of the
current in the resulting circuit.

If
i)
I
[\*)
<

FIGURE 5-18 E;=1V
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Solution We may redraw the circuit by the two steps shown in Figure 5-19.
It is necessary to ensure that the voltage sources are correctly moved since it
is quite easy to assign the wrong polarity. Perhaps the easiest way is to imag-
ine that we slide the voltage source around the circuit to the new location.

RS20
Es=1V
Ry 240
2
E,=6V - E,=5V (0
RS 30
El =2V
R, 210
(a) (b)
FIGURE 5-19

The current in the resulting circuit will be in a counterclockwise direc-
tion around the circuit and will have a magnitude determined as
155 6V+1V -2V 5V

=== - = 0.500 A
R, 20+40130+10 109 >0

Because the circuits are in fact equivalent, the current direction deter-
mined in Figure 5-19 also represents the direction for the current in the cir-
cuit of Figure 5-18.

5.6 The Voltage Divider Rule

The voltage dropped across any series resistor is proportional to the magni-
tude of the resistor. The total voltage dropped across all resistors must equal

the applied voltage source(s) by KVL. V=2V
Consider the circuit of Figure 5-20. + -
We see that the total resistance Ry = 10 k() results in a circuit current of Rl«ﬁ\é\(kﬂ

I = 1 mA. From Ohm’s law, R, has a voltage drop of V, = 2.0 V, while

R,, which is four times as large as R, has four times as much voltage drop, 1

V, =80V

. . = E=1 =
We also see that the summation of the voltage drops across the resistors OV R,=8 kﬂ§

is exactly equal to the voltage rise of the source, namely,

E=10V=2V +8V

The voltage divider rule allows us to determine the voltage across any
series resistance in a single step, without first calculating the current. We  FIGURE 5-20

139
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V2=8V
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have seen that for any number of resistors in series the current in the circuit
is determined by Ohm’s law as

I= EE [Amps, A] (5-10)
Ry
where the two resistors in Figure 5-20 result in a total resistance of
R,=R,+R,
By again applying Ohm’s law, the voltage drop across any resistor in the
series circuit is calculated as

V.=1IR

X X

Now, by substituting Equation 5—4 into the above equation we write the
voltage divider rule for two resistors as a simple equation:
R

V,=—"r*E=—""F
T Ry R, +R,

In general, for any number of resistors the voltage drop across any resis-
tor may be found as

V,=—E (5-11)

EXAMFPLE 5-6 Use the voltage divider rule to determine the voltage
across each of the resistors in the circuit shown in Figure 5-21. Show that the
summation of voltage drops is equal to the applied voltage rise in the circuit.

Ry
AAAY
6

= E=18V 120§R2

7Q
MV
FIGURE 5-21 R;

Solution
Ri=60+120+70=250QQ

_(60 _

Vv, = (259)(18\/) 432V
(120 B

vV, = (—25 Q)(IS V) = 8.64 V

_ (719 _
V3—(259)(18V) 504V

The total voltage drop is the summation

Vi=432V +8.64V +504V =180V =F
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EXAMFPLE 5-7 Using the voltage divider rule, determine the voltage
across each of the resistors of the circuit shown in Figure 5-22.

Ry
AWV
20

- E=20V 1MQ§R2

FIGURE 5-22

Solution
Ry =2.Q + 1000000 Q = 1000002 Q
(20 _
Vi= ( 1,000 002 Q>(20 V) =40uv

_ 1.0 MQ
2 11.000 002 MQ
~20.0V

)(20 V) =19.999 86 V

The previous example illustrates two important points which occur regu-
larly in electronic circuits. If a single series resistance is very large in compari-
son with the other series resistances, then the voltage across that resistor will
be essentially the total applied voltage. On the other hand, if a single resis-
tance is very small in comparison with the other series resistances, then the
voltage drop across the small resistor will be essentially zero. As a general
rule, if a series resistor is more than 100 times larger than another series resis-
tor, then the effect of the smaller resistor(s) may be effectively neglected.

10Q
50
w W N

T E=20V 5MQ§ = E=60V 109§
MWy A
15 MQ I MQ
(a) (b)

FIGURE 5-23
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For the circuits shown in Figure 5-23, determine the approximate voltage drop
across each resistor without using a calculator. Compare your approximations to
the actual values obtained with a calculator.

Answers:

a. Vio=0 Vsma =5.00V Vioma = 15.0V
Viea = 10.0 nV Vsamo = 5.00V Viemo = 15.0V

b. Vip=0 Viea=0 Vimg =60V
Vsq=0300mV V4 =0.600 mV Vime =600V

IN-PROCESS
LEARNING
CHECK 5

The voltage drops across three resistors are measured to be 10.0 V, 15.0 V, and
25.0 V. If the largest resistor is 47.0 k{), determine the sizes of the other two
resistors.

(Answers are at the end of the chapter.)

L

(a) Circuit ground or reference

&

5.7

Perhaps one of the most misunderstood concepts in electronics is that of
ground. This misunderstanding leads to many problems when circuits are
designed and analyzed. The standard symbol for circuit ground is shown in Fig-
ure 5-24(a), while the symbol for chassis ground is shown in Figure 5-24(b).
In its most simple definition, ground is simply an “arbitrary electrical
point of reference” or “common point” in a circuit. Using the ground symbol
in this manner usually allows the circuit to be sketched more simply. When
the ground symbol is used arbitrarily to designate a point of reference, it

Circuit Ground

b) Chassi d . . . .
(b) Chassis groun would be just as correct to redraw the circuit schematic showing all the
FIGURE 5-24 ground points connected together or indeed to redraw the circuit using an
entirely different point of reference. The circuits shown in Figure 5-25 are
exactly equivalent circuits even though the circuits of Figure 5-25(a) and 5-
25(c) use different points of reference.
Rl=IOQ R1=IOQ R2=4OQ
l MWV 4'A%A% VWA l
IE=2V Ry=40Q T E=2V R2=4OQ§ R =100Q E=2VI
(@ (b) ©

FIGURE 5-25

While the ground symbol is used to designate a common point of refer-
ence within a circuit, it usually has a greater meaning to the technologist or
engineer. Very often, the metal chassis of an appliance is connected to the
circuit ground. Such a connection is referred to as a chassis ground and is
usually designated as shown in Figure 5-24(b).
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In order to help prevent electrocution, the chassis ground is usually fur-
ther connected to the earth ground through a connection provided at the
electrical outlet box. In the event of a failure within the circuit, the chassis
would redirect current to ground (tripping a breaker or fuse), rather than pre-
senting a hazard to an unsuspecting operator.

As the name implies, the earth ground is a connection which is bonded
to the earth, either through water pipes or by a connection to ground rods.
Everyone is familiar with the typical 120-Vac electrical outlet shown in Fig-
ure 5-26. The rounded terminal of the outlet is always the ground terminal
and is used not only in ac circuits by may also be used to provide a common
point for dc circuits. When a circuit is bonded to the earth through the
ground terminal, then the ground symbol no longer represents an arbitrary
connection, but rather represents a very specific type of connection.

Neutral Line

Tk 2

Ground

FIGURE 5-26 Ground connection in
a typical 120-Vac outlet.

If you measure the resistance between the ground terminal of the 120-Vac plug
and the metal chassis of a microwave oven to be zero ohms, what does this tell
you about the chassis of the oven?

(Answers are at the end of the chapter.)

IN-PROCESS
I LEARNING
CHECK 6

5.8  Voltage Subscripts

Double Subscripts

As you have already seen, voltages are always expressed as the potential
difference between two points. In a 9-V battery, there is a 9-volt rise in
potential from the negative terminal to the positive terminal. Current
through a resistor results in a voltage drop across the resistor such that the
terminal from which charge leaves is at a lower potential than the terminal
into which charge enters. We now examine how voltages within any circuit
may be easily described as the voltage between two points. If we wish to
express the voltage between two points (say points a and b in a circuit),
then we express such a voltage in a subscripted form (e.g., V,,), where the
first term in the subscript is the point of interest and the second term is the
point of reference.

Consider the series circuit of Figure 5-27.

If we label the points within the circuit a, b, ¢, and d, we see that point b
is at a higher potential than point a by an amount equal to the supply volt-
age. We may write this mathematically as V,, = +50 V. Although the plus
sign is redundant, we show it here to indicate that point b is at a higher
potential than point a. If we examine the voltage at point a with respect to
point b, we see that a is at a lower potential than b. This may be written
mathematically as V, = —50 V.

From the above illustration, we make the following general statement:

Vo = = Vi

a

for any two points a and » within a circuit.
Current through the circuit results in voltage drops across the resistors
as shown in Figure 5-27. If we determine the voltage drops on all resistors

Jov.
b AN ¢
R] = 100 Q
1
Jr

= E=50V R2=2SOQ§25V

Ry=150Q
. WA~ d
15V
FIGURE 5-27
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and show the correct polarities, then we see that the following must also
apply:

V,=+10V V,=—-10V

V= +25V Ve=—25V

V,=+15V VvV, ,=-15V

If we wish to determine the voltage between any other two points within
the circuit, it is a simple matter of adding all the voltages between the two
points, taking into account the polarities of the voltages. The voltage
between points b and d would be determined as follows:

Vie=Vye * V=10V +25V = +35V
Similarly, the voltage between points b and a could be determined by
using the voltage drops of the resistors:
Ve =Vpet Voy+ V=10V + 25V + 15V = +50V
Notice that the above result is precisely the same as when we deter-

mined V,,, using only the voltage source. This result indicates that the voltage
between two points is not dependent upon the path taken.

EXAMPLE 5-& For the circuit of Figure 5-28, find the voltages V.., V.,
V,and V,,.

= E =2V

FIGURE 5-28

Solution First, we determine that the equivalent supply voltage for the cir-
cuit is
E;=3V+4V -2V =50V

with a polarity such that current will move in a counterclockwise direction
within the circuit.

Next, we determine the voltages on all resistors by using the voltage
divider rule and assigning polarities based on the direction of the current.




V1=11§;;ET

- (109 n ;83 +409)(5'0V) = 0.625V
v, :% :

- (109 + igg +4OQ)(5-0V) = 1875V
V3=I%ET

- (109 +§33 +4OQ)(S.OV) =250V

The voltages appearing across the resistors are as shown in Figure 5-29.

FIGURE 5-29

~ \
5

|

w
<

1l

|

b d

1l

|
1S
I}
)
<

R,=30Q §1.875V
J’_

R3=4OQ E3=4V
o |

a M_ j'c II e

25V

Finally, we solve for the voltages between the indicated points:

V,=—20V —0625V=—-2625V
V,=—-20V—0625V+30V=+0375V
V,=+30V — 1875V + 40V = +5.125V
V,=+1875V — 3.0V + 0.625V = —0.500 V

Or, selecting the opposite path, we get

Since most students initially find it difficult to determine the correct polarity
for the voltage between two points, we present a simplified method to cor-
rectly determine the polarity and voltage between any two points within a cir-

cuit.

Vp,=+40V —-25V —-20V = —-0.500V

Section 5.8 m Voltage Subscripts
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1. Determine the circuit current. Calculate the voltage drop across all compo-
nents.

2. Polarize all resistors based upon the direction of the current. The terminal
at which the current enters is assigned to be positive, while the terminal at
which the current leaves is assigned to be negative.

3. In order to determine the voltage at point a with respect to point b, start at
point a. Refer to Figure 5-30. Now, imagine that you walk around the cir-
cuit to the reference point b.

FIGURE 5-30
5V 3V
a v ©
S AM—
l +
I 6V

Vp= +5V =3V + 6V=+8V

4. As you “walk” around the circuit, add the voltage drops and rises as you
get to them. The assigned polarity of the voltage at any component
(whether it is a source or a resistor) is the first polarity that you arrive at
for the component.

5. The resulting voltage, V,,, is the numerical sum of all the voltages between
a and b.

For Figure 5-30, the voltage V,, will be determined as
Vip=14+5V—=-3V+6V=8V

Find the voltage V,, in the circuit of Figure 5-31.

FIGURE 5-31 R; =100 Q
AN b
Ry,=500Q

"E=20V  Ry=150Q

Ry =200 Q

Answer: V, = —8.00V




Section 5.8 m Voltage Subscripts 147

Single Subscripts

In a circuit which has a reference point (or ground point), most voltages will
be expressed with respect to the reference point. In such a case it is no
longer necessary to express a voltage using a dual subscript. Rather if we
wish to express the voltage at point a with respect to ground, we simply refer
to this as V,. Similarly, the voltage at point b would be referred to as V.
Therefore, any voltage which has only a single subscript is always refer-
enced to the ground point of the circuit.

EXAMFLE 5-9 For the circuit of Figure 5-32, determine the voltages V,,
V,, V., and V,.

1l
|
1l

(V]
S
<

FIGURE 5-32

Solution Applying the voltage divider rule, we determine the voltage across
each resistor as follows:

a 2kQ ) a
V= a3k 1 sk 0V =400V
3kQ )
= 20V) = 6.
V2= a1 3kQ 1 sk 0 Y) T 600V
V= 5 (20 V) = 10.00 V

©2kQ + 3kQ + 5kO
Now we solve for the voltage at each of the points as follows:
V,=4V+6V+10V=+20V=E
V,=6V +10V = +16.0V
V.= +100V
V,=0V

If the voltage at various points in a circuit is known with respect to
ground, then the voltage between the points may be easily determined as
follows:

V,=V,—V, [volts,V] (5-12)
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EXAMPLE 5-10 For the circuit of Figure 5-33, determine the voltages V,,
and V,, giventhat V, = +5V,V, = +3V,and V. = —8 V.

a Rl b
V,=+5V R
V,=+3V
FIGURE5-33 V.= -8V ¢

Solution
V=15V —(+3V)=+2V
V,=—-8V—(+3V)=—-11V

Point Sources

The idea of voltages with respect to ground is easily extended to include
voltage sources. When a voltage source is given with respect to ground, it
may be simplified in the circuit as a point source as shown in Figure 5-34.
Point sources are often used to simplify the representation of circuits.
We need to remember that in all such cases the corresponding points always
represent voltages with respect to ground (even if ground is not shown).

FIGURE 5-34

EXAMFLE 511 Determine the current and direction in the circuit of Figure
5-35.

E =+5V Ey=—8V
o——AM—
FIGURE 5-35 R =52kQ

Solution The circuit may be redrawn showing the reference point and con-
verting the voltage point sources into the more common schematic represen-
tation. The resulting circuit is shown in Figure 5-36.

Ry =52k

]
1l
S
1l
(9]
<
o
o
|
oo
<
I
II

FIGURE 5-36 "= =

Now, we easily calculate the current in the circuit as

E. _ S5V+8V
(=22 -2V F8V _ o50mA
R, 52kQ m
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Voltage measurements are taken at three locations in a circuit. They are V, =
+5.00V,V,=—-250V, and V, = —5.00 V. Determine the voltages V,, V., and
Ve

(Answers are at the end of the chapter.)

MR IN-PROCESS
g | = ARNING
M CHECK 7

5.9 Internal Resistance of Voltage Sources

So far we have worked only with ideal voltage sources, which maintain con-
stant voltages regardless of the loads connected across the terminals. Consider
a typical lead-acid automobile battery, which has a voltage of approximately
12 V. Similarly, four C-cell batteries, when connected in series, have a com-
bined voltage of 12 V. Why then can we not use four C-cell batteries to operate
the car? The answer, in part, is because the lead-acid battery has a much lower
internal resistance than the low-energy C-cells. In practice, all voltage sources
contain some internal resistance which will reduce the efficiency of the volt-
age source. We may symbolize any voltage source schematically as an ideal
voltage source in series with an internal resistance. Figure 5-37 shows both an
ideal voltage source and a practical or actual voltage source.

The voltage which appears between the positive and negative terminals
is called the terminal voltage. In an ideal voltage source, the terminal volt-
age will remain constant regardless of the load connected. An ideal voltage
source will be able to provide as much current as the circuit demands. How-
ever, in a practical voltage source, the terminal voltage is dependent upon the
value of the load connected across the voltage source. As expected, the prac-
tical voltage source sometimes is not able to provide as much current as the
load demands. Rather the current in the circuit is limited by the combination
of the internal resistance and the load resistance.

Under a no-load condition (R, = o0 ()), there is no current in the cir-
cuit and so the terminal voltage will be equal to the voltage appearing
across the ideal voltage source. If the output terminals are shorted together
(R, = 0 Q), the current in the circuit will be a maximum and the terminal
voltage will be equal to approximately zero. In such a situation, the voltage
dropped across the internal resistance will be equal to the voltage of the
ideal source.

The following example helps to illustrate the above principles.

EXAMPLE 5-12 Two batteries having an open-terminal voltage of 12 V are
used to provide current to the starter of a car having a resistance of 0.10 Q. If
one battery has an internal resistance of 0.02 () and the second battery has an
internal resistance of 100 (), calculate the current through the load and the
resulting terminal voltage for each of the batteries.

Eigeal

—0+

Terminal
voltage

O

(a) Ideal voltage source

Rint

Eigeal T

(b) Actual voltage source

FIGURE 5-37

*

Terminal

voltage

Ry
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Solution The circuit for each of the batteries is shown in Figure 5-38.

Ry =0.02Q 1 i
RL = 010 Q

E=12V T

(a) Low internal resistance

D

Rip = 100 Q) 1 H
R.=0.10Q

E=12V

(b) High internal resistance

FIGURE 5-38
R, = 0.02 Q:
3 12V 5
C0.02Q+0.10Q 100 A
V., = (100 A)(0.10 Q) = 10.0V
R, =100 Q:
12V
=% —0.120A
000 +0100 120

V., = (0.120 A)(0.10 ) = 0.0120 V

This simple example helps to illustrate why a 12-V automobile battery
(which is actually 14.4 V) is able to start a car while eight 1.5 V-flashlight
batteries connected in series will have virtually no measurable effect when
connected to the same circuit.

5.10 Voltmeter Design

We now use the concept of a series circuit to analyze a functional circuit,
namely a voltmeter. Although most technologists will seldom need to design
a voltmeter, the principles presented here will help you understand the limi-
tations of the instrument and hopefully eliminate some of its mystery.
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The typical voltmeter consists of a meter movement in series with a
current-limiting resistance. The meter may be either a permanent-magnet
moving coil (PMMC) as shown in Figure 5-39, or a digital panel meter
(DPM).

Although the digital meter is now more common, we will examine
the circuits using the PMMC movement since this type of display is very
simple and easily understood with concepts you have learned. The PMMC
consists of an electromagnet mounted on a spring. When an external volt-
age is applied to the terminals of the voltmeter, a small current will occur
in the voltmeter. As charge flows through the coils of the electromagnet, a
magnetic field is developed. Since this movable coil is located inside a
permanent magnet, the magnets will interact causing the coil to deflect
proportional to the current within the movement. (In later chapters you
will learn more about how magnetic fields may be created by electric cur-
rents.)

The amount of current which causes the movement to deflect to its max-
imum position is referred to as the full-scale deflection current and is usu-
ally abbreviated as ;. The I, of an analog meter can be determined from
the sensitivity of the meter, S, which is generally printed on the meter face
and is given in volts per ohm. The sensitivity is defined to be

5=

I fsd
If the current in a circuit is less than /Iy, then the movement will deflect
an amount proportional to the current as follows:

deflection = —— X 100% (5-13)
fsd

If excessive current is applied to the meter movement, the fine needle
may be bent or the movement itself may be destroyed.

Due to the extreme length of very fine wire in the electromagnet, the
PMMC usually has a resistance on the order of several thousand ohms.
This resistance, called the meter resistance, is abbreviated as R,,. The
schematic representation of a typical PMMC movement is shown in Figure
5-40.

By combining the PMMC movement with a single series resistor as
shown in Figure 541, it is possible to build a simple circuit capable of mea-
suring external voltages.

In the schematic of Figure 5—41, the resistor R, is used to limit the
amount of current so that the meter movement never receives more than /.
The value of this resistor is dependent not only on the type of meter move-
ment used, but also on the voltage range of the voltmeter. Clearly we would
like to have maximum meter deflection when the meter detects the maxi-
mum voltage for the particular range. Once we have decided the voltage
range that the meter will be measuring, it is a simple task to scale the meter
with numbers and graticules to help in interpreting a measurement. Such a
scale is shown in Figure 5-42 for a voltmeter having a 10-V range. In the
meter of Figure 542, the meter will indicate the maximum voltage (10 V)
when the current through the meter movement is equal to /.

FIGURE 5-39 Permanent magnet
moving coil (PMMC) movement.
(Courtesy of Simpson Electric Co.)

FIGURE 5-40 Schematic representa-
tion of a PMMC movement.
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Full-scale
deflection
N e\ AV 5V 6V 7‘/8[/
\Q \\A’ 9 L P
Q d 0.

Each graticule represents
a variation of 0.2 V

FIGURE 5-42 Typical scaling of a
voltmeter.

R
wy o
+
Voltage
range

O

FIGURE 5-41 Simple voltmeter.

Using Ohm’s law, we determine that the total circuit resistance is deter-
mined as

Ry=—2 -y

range

S

Ifsd

Since the meter movement has a resistance of R,,, we may determine the
required series resistance as

R,=R;— R,
or
Vrangc
R, =2 _R, (5-14)
1 fsd

By adding a selector switch, it is possible to design a multirange volt-
meter, shown in Figure 5-43, which is able to select various ranges.

R 1 Vrange 1
—AM—
Ry Vrange 2\
— VW—o
+
Rj Vrange 3
ANA—
o

FIGURE 5-43 Multirange voltmeter.
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For a multirange voltmeter, the scaling is generally adjusted to allow a
simple interpretation of the reading. The following example illustrates how a
multirange voltmeter would be designed and how the scale might be indi-
cated on the meter face.

EXAMPLE 5-13 Design a voltmeter which has 20-V, 50-V, and 100-V
ranges and uses a meter movement having I, = 1 mA and R,, = 2 k().

Solution 20-V range: Using Equation 5-14, we determine the required
series resistance as

20V
R, =—— —2kQ = 18.0kQ
' 1mA

Similarly, the other two ranges would be designed as follows:

50-V range:
R, = S0V 2 kQ) = 48.0 k)
1 mA
100-V range:
100V
Ry, =—— -2k =98.0k()
P 1mA

The resulting circuit and corresponding scaling is shown in Figure 5-44.
Now, by selecting between the various ranges and using the corresponding
scale, we are able to use the meter to measure voltages up to 100 V.

Ry = 18kQ

AAA 20-V range
R, =48 kQ
—MA—o
50-V range +
R3 =98 kQ —
100-V range
©
(a) Voltmeter design
8 12
W av 4
A 0
N 8

N bl oy 20
30
\//P_ﬂ\/\loo %
7/

(b) Scaling of the meter face

FIGURE 5-44
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EXAMPLE 5-14 If the voltmeter of Example 5-13 is used to measure the
voltage across a 40-V voltage source, determine the range(s) which could be
used. For the range(s), calculate the current through the meter movement and
find the percent of deflection.

Solution The voltmeter could not be used on its 20-V range, since this
would cause the current to exceed I, However, either the 50-V range and the
100-V range could be used.

50-V range: If this range is used, then the current in the circuit is as shown in
Figure 5-45.

—AWVW—o
50-V range
A —o~———o——o—]
R, =48k 4
40V =
1 —
FIGURE 5-45 o—

By applying Ohm’s law, we determine the current in the circuit to be

40V

I:—
48 kQ + 2 k()

= 0.800 mA

The deflection of the movement is

080 mA

X1 =
L0 mA 00% = 80%

deflection =

100-V range: If this range is used, then current in the circuit is as shown in
Figure 5-46.

A0V ,
[2)

R, =2kQ

—AM—o

—wW—o

+
100-V range w
R3; =98 k)
40V

FIGURE 5-46 o—
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Applying Ohm’s law, we determine the current in the circuit to be

40V

S 98kQ 12k A00mA

The deflection when measuring the voltage on this range is

. 0.400 mA
= — X =
deflection L00 100% = 40%

Although we are occasionally able to measure voltages on more than one
range, it is generally more acceptable to measure on the range which gives
the greatest nonmaximum deflection. In this example, the better range would
therefore be the 50-V range since it provides the greater deflection.

Design a voltmeter which has a 250-V range and a 1000-V range. Use a meter
movement having a sensitivity S = 5 kQ/V (I;; = 200 pA) and R, = 5 kQ in
your design.

Answers: R, = 1.25 MQ R, = 5.00 MQ)

155

A voltmeter has a sensitivity of 20 k{}/V. Determine the resistance that you
would expect to measure between the terminals when the voltmeter is on its 100-V
range.

(Answers are at the end of the chapter.)

IN-PROCESS
LEARNING
CHECK &

5.11 Ohmmeter Design

In the previous section, we saw how a voltmeter is essentially constructed
from a meter movement in series with a resistance. The movement deflects
an amount which is proportional to the amount of current passing through it.
By employing a similar principle, it is possible to use the same meter move-
ment to construct an ohmmeter.

Unlike the voltmeter, which uses an external voltage to provide the nec-
essary current to cause a deflection within the PMMC movement, an ohm-
meter must have an internal voltage source (usually a battery) to provide the
required sensing current. The schematic of a simple ohmmeter is shown in
Figure 5-47.

In the circuit of Figure 5-47, we can see that no current will be present
until an unknown resistance, R,, is connected across the open terminals of
the ohmmeter. The ohmmeter is designed so that maximum current will pass
through the meter movement when the resistance connected across the termi-
nals is equal to zero (i.e., a short circuit R, = 0). The scaling of the meter
face plate is determined according to the movement deflection for various
values of unknown resistance.
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I Ry
O == =
- — AN o=
1
1 Rx
(resistance to
| be measured)
o
il o- -
E

FIGURE 5-47 Simple ohmmeter.

Now, since we want maximum deflection when the terminals are shorted,
the value of R, is calculated in a manner similar to the way the voltmeter was
designed, namely

E

s 3
Ifsd

R R, (5-15)

It is now apparent that when the resistance being measured is a mini-
mum (R = 0), current will be maximum. Conversely, when resistance is
maximum (R = o), current will be minimum, namely zero. The scaling for
an ohmmeter is shown in Figure 5-48.

Maximum
current, lgq

No current

FIGURE 5-48 Scaling of an ohmmeter.

Since current is inversely proportional to the resistance of the circuit, we
find that the scale will not be linear. The following example demonstrates
this principle.
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EXAMPLE 5-15 Design an ohmmeter using a 9-V battery and a PMMC
meter movement having I,y = 1 mA and R,, = 2 k(). Determine the value of
R, when the movement shows 25%, 50%, and 75% deflection.

Solution The value of the series resistance is

9V
R.=——2kQ =7.00kQ
' 1mA

The resulting circuit is as shown in Figure 5-49(a).

R,=7kQ
AAAY
1
3
1l
|
E=9V
(a) Ohmmeter circuit
2;‘7"_‘12‘1’71]]‘(’3”“ 75% deflection
R, = )—\ (R, =3kQ)

f— 50% deflection

\ (R, =9kQ)

No deflection Full-scale deflection

Ry =) (R,=0)
(b) Ohmmeter scaling

FIGURE 5-49

By analyzing the series circuit, we can see that when R, = 0 (), the current is
I, = 1 mA.
At 25% deflection, the current in the circuit is

1= (0.25)(1 mA) = 0.250 mA

157
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From Ohm’s law, the total resistance in the circuit must be

9V

=2 =36.0kQ
T 025mA 36.0

For the given circuit, only the load resistance, R, may change. Its value is
determined as

Rx:RT_Rs_Rm
=36kQ — 7kQ — 2k
= 27.0 kQ)

Similarly, at 50% deflection, the current in the circuit is / = 0.500 mA and
the total resistance is Ry = 18 k(). So, the unknown resistance must be R, =
9 k(.

Finally, at 75% deflection, the current in the circuit will be 7 = 0.750
mA, resulting in a total circuit resistance of 12 k{). Therefore, for 75%
deflection, the unknown resistance is R, = 3 k().

The resulting ohmmeter scale appears as shown in Figure 5—49(b).

5.12 Ammeter Loading Effects

As you have already learned, ammeters are instruments which measure the cur-
rent in a circuit. In order to use an ammeter, the circuit must be disconnected
and the ammeter placed in series with the branch for which the current is to be
determined. Since an ammeter uses the current in the circuit to provide a read-
ing, it will affect the circuit under measurement. This effect is referred to as
meter loading. All instruments, regardless of type, will load the circuit to some
degree. The amount of loading is dependent upon both the instrument and the
circuit being measured. For any meter, we define the loading effect as follows:

tositingg eittes = theoretical value. — measured value % 100% (5-16)
theoretical value

EXAMPLE 5-16 For the series circuits of Figure 5-50, determine the cur-

rent in each circuit. If an ammeter having an internal resistance of 250 () is
used to measure the current in the circuits, determine the current through the
ammeter and calculate the loading effect for each circuit.
R, =20k Ry =100 Q
VW MW
E, == 10V wv E, == 50 mV w
1 1 /! 2
(a) Circuit #1 (b) Circuit #2
FIGURE 5-50
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Solution Circuit No. 1: The current in the circuit is

10V

[ =——=0. A
=50k ~ 0-500m

Now, by placing the ammeter into the circuit as shown in Figure 5-51(a) the
resistance of the ammeter will slightly affect the operation of the circuit.

.43
7]

OFF ¥

(a) Circuit #1 (b) Circuit #2

FIGURE 5-51

The resulting current in the circuit will be reduced to

10V

1T 20KQ + 025k QA% mA

Circuit No. 1: We see that by placing the ammeter into circuit No. 1, the
resistance of the meter slightly affects the operation of the circuit. Applying
Equation 5-16 gives the loading effect as

0.500 mA — 0.494 mA

loading effect = X 1
oading effec 0.500 mA 00%

=123%

Circuit No. 2: The current in the circuit is also found as

I = 50 mV
1000

= 0.500 mA

Now, by placing the ammeter into the circuit as shown in Figure 5-51(b), the
resistance of the ammeter will greatly affect the operation of the circuit.
The resulting current in the circuit will be reduced to

50 mV

=—20mV ) 43mA
2~ 7000 1250 O 3m
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We see that by placing the ammeter into circuit No. 2, the resistance of the
meter will adversely load the circuit. The loading effect will be

. 0.500 mA — 0.143 mA
1 ffect = X 1
oading effect 0.500 mA 00%

=171.4%

The results of this example indicate that an ammeter, which usually has fairly
low resistance, will not significantly load a circuit having a resistance of sev-
eral thousand ohms. Howeyver, if the same meter is used to measure current in
a circuit having low values of resistance, then the loading effect will be sub-
stantial.

i i : g 5.13 Circuit Analysis Using Computers

We now examine how both Electronics Workbench and PSpice are used to

ELECTRONICS PSpice . . . .

WORKBENCH P determine the voltage and current in a series circuit. Although the methods
are different, we will find that the results for both software packages are
equivalent.

Electronics Workbench

The following example will build upon the skills that you learned in the pre-
vious chapter. Just as in the lab, you will measure voltage by connecting
voltmeters across the component(s) under test. Current is measured by plac-
ing an ammeter in series with the component(s) through which you would
like to find the current.

EXAMPLE 5-17 Use Electronics Workbench to solve for the circuit current
and the voltage across each of the resistors in Figure 5-52.

Ry

E |
2#4V T R2§ ol

FIGURE 5-52 A

Solution Open Electronics Workbench and construct the above circuit. If
necessary, review the steps as outlined in the previous chapter. Remember
that your circuit will need to have a circuit ground as found in the Sources
parts bin. Once your circuit resembles the circuit shown in Figure 5-52, insert
the ammeters and the voltmeters into the circuit as shown in Figure 5-53.
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+~ Electronics Workbench HE R
File Edit Circuit Analysis Window Help
~a S
D& o l@] < n|< | la] 7] Qlafex o 9 [oL]
= Fp | rien| o =
0| =le|e[d] T[S olE] BOM| = (=]
ex05-16.ewb ]
5
R1
25
— R2
— QEV B0 [zoo 9]
F3
40 j
|z Al
—
] | AV

Ready (3835 [ Temp: 27 [

FIGURE 5-53

Notice that an extra ammeter is placed into the circuit. The only reason for
this is to show that the current is the same everywhere in a series circuit.

Once all ammeters and voltmeters are inserted with the correct polarities,
you may run the simulator by moving the toggle switch to the ON position.
Your indicators should show the same readings as the values shown in Figure
5-53. If any of the values indicated by the meters are negative, you will need to
disconnect the meter(s) and reverse the terminals by using the Ctrl R function.

Although this example is very simple, it illustrates some very important
points that you will find useful when simulating circuit operation.

1. All voltmeters are connected across the components for which we are try-
ing to measure the voltage drop.

2. All ammeters are connected in series with the components through which
we are trying to find the current.

3. A ground symbol (or reference point) is required by all circuits that are to
be simulated by Electronics Workbench.

PSpice

While PSpice has some differences compared to Electronics Workbench, we
find that there are also many similarities. The following example shows how
to use PSpice to analyze the previous circuit. In this example, you will use
the Voltage Differential tool (one of three markers) to find the voltage across
various components in a circuit. If necessary, refer to Appendix A to find the
Voltage Differential tool. You may wish to experiment with other markers,
namely the Voltage Level marker (which indicates voltage with respect to
ground) and the Current Into Pin marker.

161
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EXAMPLE 5-1& Use PSpice to solve for the circuit current and the voltage
across each of the resistors in Figure 5-52.

Solution This example lists some of the more important steps that you will
need to follow. For more detail, refer to Appendix A and the PSpice example
in Chapter 4.

¢ Open the CIS Demo software.

* Once you are in the Capture session frame, click on the menu item File,
select New, and then click on Project.

¢ In the New Project box, type Ch 5 PSpice 1 in the Name text box. Ensure
that the Analog or Mixed-Signal Circuit Wizard is activated.

* You will need to add libraries for your project. Select the breakout.olb, and
eval.olb libraries. Click Finish.

% 01CAD Capture - [ - (SCHEMATIC1 : PAGE1]] MEE
@ File Edit “iew Place Macro PSpice Accessories Options ‘Window Help _ & x|

el [ = = = O e e S = = R M g||
alolr 2| 2l
1

3 3 j IT

=

T

IPRINT el

= ]

R1 =7 )

I |
\v+ 2 \v il

L5

z
&

W \V"

[E3 ]+

o
5

n
3
.
+
a9

ARy E
— \. v d \v«» L
-0 ¥
0
i [
()2
L I o B
| Ditems selected |Scale=150%  ®=5.20 ¥=1.10 -
FIGURE 5-54

* You should now be in the Capture schematic editor page. Click anywhere to
activate it. Build the circuit as shown in Figure 5-54. Remember to rotate the
components to provide for the correct node assignments. Change the compo-
nent values as required. Remember you will need to change the properties of
the IPRINT symbol by going into the Properties Editor and typing yes into
the DC cell. (Otherwise, you will not get a printout of current.)

* Click the New Simulation Profile icon and enter a name (e.g., Figure 5-54)
in the Name text box. You will need to enter the appropriate settings for
this project in the Simulation Setting box. Click the Analysis tab, and select
DC Sweep from the Analysis type list. For this example, we are using a
constant circuit voltage. Under Sweep variable, select Voltage source, and
type V1 in the Name text box. In the Sweep type box, select Linear.
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Finally, type 24V in the Start value text box, 24V in the End value text box,
and 1V in the Increment text box. Click OK and save the document.

* Click on the run icon. You will see a graph of resistor voltages as a function
of the source voltage. Since the voltage supply is constant resistor voltages
are given for a supply voltage of 24 V only. From the graph, we have the
following:

V,=40V,V,=12.0Vand V, = 8.0 V.
* In order to obtain the results of the IPRINT, we click on View and Output
File. From the bottom of the file we have

V_V1 I(V_PRINT1)
2.400E+01 2.000E+00
* For the supply voltage of 24 V, the current is 2.00 A. Clearly, these results

are consistent with the theoretical calculations and the results obtained
using Electronics Workbench.

» Save your project and exit from PSpice.

PUTTING IT INTO PRACTICE "‘:{ ;ﬁ,ﬁ“*&ﬁ; :
# 1 L LWL e TR A TR, el
You are part of a research team in the electrical metering department of a
chemical processing plant. As part of your work, you regularly measure
voltages between 100 V and 200 V. The only voltmeter available to you today
has voltage ranges of 20 V, 50 V and 100 V. Clearly, you cannot safely use the
voltmeter to measure the expected voltages. However, after examining the
meter, you notice that the meter movement has a resistance of R,, = 2 k() and
a sensitivity, S = 20 kQ)/V. You realize that the 100-V range can be converted
to a 200-V range by adding a series resistor into the circuit. (Naturally, you
would take extra precautions when measuring these voltages.) Without chang-
ing the internal design of the meter, calculate the value of the series resistor
that you would add to the meter. Show the schematic of the design for your
modified meter. In your design show the meter and series resistances of the
voltmeter as well as the additional resistor that you have added externally.
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PROBLEMS

5.1 Series Circuits
1. The voltmeters of Figure 5-55 have autopolarity. Determine the reading of

each meter, giving the correct magnitude and sign.

OFF ¢ _ OFF ¥V _
v %
300mV 300mV.
@ ® @ a
=~ ) = ~ )
I=3A I=6A
(aR=10Q b)R=15Q

FIGURE 5-55
2. The voltmeters of Figure 5-56 have autopolarity. Determine the reading of
each meter, giving the correct magnitude and sign.

[=2A [=4A

(@R=360Q (b) R=40Q

FIGURE 5-56



3. All resistors in Figure 5-57 are 15 (). For each case, determine the magni-
tude and polarity of voltage V.

[ —>

b)I=-4A

dI=-7TA

FIGURE 5-57 All resistors are 15 ().

4. The ammeters of Figure 5-58 have autopolarity. Determine their readings,
giving the correct magnitude and sign.

5.2 Kirchhoff’s Voltage Law

5. Determine the unknown voltages in the networks of Figure 5-59.

OFF V -
OFH v V \ 300mV
300mV a
@ )
A A
Tz "
+ A -
A -
- +
8 () V=6V 8 Q) V=—6V
+ —
(a) (b)

FIGURE 5-58

Problems 165

+ 16V —
* +
33V A%
O
- Vl +
(€]
+ 6V — 9V
o—oI -1}
+
17 3V
a P=12W
——— M
(b)
FIGURE 5-59
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Rl =3kQ
0 ANV
RT—>
R3
o——AM~
5kQ

FIGURE 5-63

6. Determine the unknown voltages in the networks of Figure 5-60.

7. Solve for the unknown voltages in the circuit of Figure 5-61.

8. Solve for the unknown voltages in the circuit of Figure 5-62.

+ 2V —
07
+ + +
Vs 16 V v
-  R=20Q a
o— PAAZEUN
- V2 +
(a)
FIGURE 5-60
oV
AW
Ry
3A[+y,
L pooav L§R3 Py=36 W
_V2+
NN
R,

FIGURE 5-61

5.3 Resistors in Series

9. Determine the total resistance of the networks shown in Figure 5-63.

Ry =360 kQ
——AW
R3
——AW
2MQ
(b)

+ V] -
Om"’\/\/\f
P=40W +
+
" 2V
Vs 6V -
+
V)
4V
e e B
(b)
Ry
AN
T E=100V 30 V§R2
+
Ry=1.5kQ
40 mA —»
W
V3

FIGURE 5-62

Rt

—_—

[e,

Each resistor band code is
orange, white, red

©
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10. Determine the unknown resistance in each of the networks in Figure 5-64.

Ri=10Q R,=220 R, R =2R,

——AN MW ° Wy °

R3;=47Q

Ry
Ry —> . Rr=360 —» §R2
T R;
YWV —AAA

Ry=150Q R3=3R,

o O o lv\A’
(a) (b) Each resistor band code is (©)

brown, red, orange

FIGURE 5-64

11. For the circuits shown in Figure 5-65, determine the total resistance, Ry,
and the current, 1.

R, =200 Q
MWV

Ry =400 Q
Eelovat [ E=300V 3

R3=1kQ

MW
R4 = 50 Q
(a) Circuit 1 (b) Circuit 2

FIGURE 5-65

12. The circuits of Figure 5-66 have the total resistance, Ry, as shown. For each
of the circuits find the following:

. The magnitude of current in the circuit.
. The total power delivered by the voltage source.
. The direction of current through each resistor in the circuit.

a
b
c
d. The value of the unknown resistance, R.
e. The voltage drop across each resistor.

f

. The power dissipated by each resistor. Verify that the summation of pow-
ers dissipated by the resistors is equal to the power delivered by the volt-
age source.

13. For the circuit of Figure 5-67, find the following quantities:
a. The circuit current.
b. The total resistance of the circuit.
c. The value of the unknown resistance, R.
d. The voltage drop across all resistors in the circuit.

e. The power dissipated by all resistors.
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AW
R

FIGURE 5-67

R =33kQ

MWy

E=45V =

$n
I=25mA

Wy
Ry=5.6kQ

FIGURE 5-68

7.5V
+ —_—

WV
Ry

- E=16V

Ry =3.6k
MW,

Ry=47 kn§

Y
V3

FIGURE 5-71

— E=130V P=IOOmW§1kQ

+
V5

1 kO 4%kQ
AA—A
L E=90v
Rr=12kQ
AMA—WW
R 3 kO

(a) Circuit 1

FIGURE 5-66

300 Q)
100 Q
MW
150 R
L E=25V
Rt =800 Q)
(b) Circuit 2

14. The circuit of Figure 5-68 has a current of 2.5 mA. Find the following

quantities:

a. The total resistance of the circuit.

b. The value of the unknown resistance, R,.

c. The voltage drop across each resistor in the circuit.

d. The power dissipated by each resistor in the circuit.

15. For the circuit of Figure 5-69, find the following quantities:

a. The current, /.

b. The voltage drop across each resistor.

c. The voltage across the open terminals a and b.

16. Refer to the circuit of Figure 5-70:

a. Use Kirchhoff’s voltage law to find the voltage drops across R, and R;.

b. Determine the magnitude of the current, /.

c. Solve for the unknown resistance, R,.

4 Ri=3000

o ANV

- +4V
v g

B 1

o AM

b Ry=250Q

FIGURE 5-69

Ry =100 Q

E

R2=4

FIGURE 5-70

17. Repeat Problem 16 for the circuit of Figure 5-71.

18. Refer to the circuit of Figure 5-72:

a. Find R;.

. Solve for the current, /.

b
c
d
e

. Determine the voltage drop across each resistor.
. Verify Kirchhoff’s voltage law around the closed loop.

. Find the power dissipated by each resistor.



f. Determine the minimum power rating of each resistor, if resistors are
available with the following power ratings: s W, Y4 W, 2 W, 1 W, and

2W.

g. Show that the power delivered by the voltage source is equal to the sum-
mation of the powers dissipated by the resistors.

19. Repeat Problem 18 for the circuit of Figure 5-73.

Ry
MV
18k
33 kQ§R2
180 vV = Ry —>
10 kQ§R3
8.2 k()
A%
Ry

FIGURE 5-72

20. Refer to the circuit of Figure 5-74.

R;=1200Q
M
> ]
36 V=
RT—P
R4§2209
R;
AWy
78 Q)

FIGURE 5-73

a. Calculate the voltage across each resistor.

b. Determine the values of the resistors R, and R,.

c. Solve for the power dissipated by each of the resistors.

5.5 Interchanging Series Components

21. Redraw the circuits of Figure 5-75, showing a single voltage source for
each circuit. Solve for the current in each circuit.

10 Q)
AWV
6V =/
- 10V
27Q§
I AW
4V 43 Q

(a) Circuit 1

FIGURE 5-75

27kQ 3V
AN |
=12V 33 kQ?
ANN—|
18 kQ 6V
(b) Circuit 2

22. Use the information given to determine the polarity and magnitude of the
unknown voltage source in each of the circuits of Figure 5-76.

Problems
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3mA —>

- E=72V

)
3z
=)

Ry

FIGURE 5-74
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i

FIGURE 5-76

12 kQ
I=2mA 14VJ_
6 kQ)
ANV~
3kQ
(@)

150 O 2
P=135mW

5.6 Voltage Divider Rule

23. Use the voltage divider rule to determine the voltage across each resistor in
the circuits of Figure 5-77. Use your results to verify Kirchhoff’s voltage
law for each circuit.

60 30

T 24V SQ§
AM—W
20 8 Q)

(a) Circuit 1

FIGURE 5-77

24. Repeat Problem 23 for the circuits of Figure 5-78.

= 142V

R;: brown, red, orange

R5: yellow,
violet, orange
]

Rj: blue, green, red |

(a) Circuit 1

FIGURE 5-78

25. Refer to the circuits of Figure 5-79:

[ ? l
L |
+
3.3 V§ 330 kQ) 390 kQ§
{—AWW—¢
6V 120kQ) 4V

©

43 kO

50V

MW

- 170V

2.7kQ §

AN——MW
9.1kQ 7.8 kQ

(b) Circuit 2

1.36 O

= 62V

1OOQ§

a. Find the values of the unknown resistors.

b. Calculate the voltage across each resistor.

c. Determine the power dissipated by each resistor.

WA
430 Q

(b) Circuit 2
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R,
Ri=4R
4 VW a a\/\/\’ 2 b
—>
=20 mA
24V_-.— R2=3.5R1§ SOV_--_ P2=16OmW§ Rz
C J\/\/\/ b J\/\/\/
R3 = 2 R2 R3 = 3 R2
(a) Circuit 1 (b) Circuit 2

FIGURE 5-79

26. Refer to the circuits of Figure 5-80:
a. Find the values of the unknown resistors using the voltage divider rule.
b. Calculate the voltage across R, and R;.

c. Determine the power dissipated by each resistor.

Ry a b | —— 2mA
—
MWV ' 1
135V
+
25kQ 36 VIR
Loy -1 R, § R3=1.5R2§
R3 = 4 Rl
27V 2V 62V
- F - i
l\/\/\, ’, Cc I\/\/\' 1] a
R, Ry
(a) (b)
FIGURE 5-80

27. A string of 24 series light bulbs is connnected to a 120-V supply as shown
in Figure 5-81. No.1 No.2
a. Solve for the current in the circuit.

b. Use the voltage divider rule to find the voltage across each light bulb.
c. Calculate the power dissipated by each bulb.
d

. If a single light bulb were to become an open circuit, the entire string
would stop working. To prevent this from occurring, each light bulb has a
small metal strip which shorts the light bulb when the filament fails. If
two bulbs in the string were to burn out, repeat Steps (a) through (c).

e. Based on your calculations of Step (d), what do you think would happen
to the life expectancy of the remaining light bulbs if the two faulty bulbs
were not replaced? FIGURE 5-81

R =25 Q/light bulb

28. Repeat Problem 27 for a string consisting of 36 light bulbs.
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5.8 Voltage Subscripts
29. Solve for the voltages V,, and V,, in the circuits of Figure 5-79.
30. Repeat Problem 29 for the circuits of Figure 5-80.

31. For the circuits of Figure 5-82, determine the voltage across each resistor
and calculate the voltage V.

b 10V a c
9kQ —AM—]
a 180 kQ 220 kQ
Vy=—2V
3k0 6 kQ V.=+6V
(a)
54V =

l a +6V

330 kQ2 180 kQ)
I

+6V 3300 a 6700 -3V

(b) (b)

FIGURE 5-82 FIGURE 5-83

32. Given the circuits of Figure 5-83:
a. Determine the voltage across each resistor.
b. Find the magnitude and direction of the current in the 180-k{) resistor.

c. Solve for the voltage V,.

5.9 Internal Resistance of Voltage Sources

33. A battery is measured to have an open-terminal voltage of 14.2 V. When
this voltage is connected to a 100-() load, the voltage measured between the
terminals of the battery drops to 6.8 V.

a. Determine the internal resistance of the battery.

b. If the 100-() load were replaced with a 200-€) load, what voltage would

be measured across the terminals of the battery?
34. The voltage source shown in Figure 5-84 is measured to have an open-

circuit voltage of 24 V. When a 10-() load is connected across the terminals,

the voltage measured with a voltmeter drops to 22.8 V.

a. Determine the internal resistance of the voltage source.

b. If the source had only half the resistance determined in (a), what voltage
would be measured across the terminals with the 10-() resistor con-
nected?
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cc.8
v
OFF ¥ _
v
300mV
Q
= ))
A A
c4H.0
v
OFF V -
\4
300mV
Q
e )
Rint §
+ ——
Eigeat T
Rinl
Eigeal -|-—
(a) (b)

FIGURE 5-84

5.10 Voltmeter Design
35. Given a meter movement having /iy, = 2 mA and R,, = 1 k{), design a volt-
meter having the following ranges:
a. 20-V range.
b. 100-V range.
c. 500-V range.
d. Is it possible to have a 1-V range using the given meter movement?
Explain.

36. Repeat Problem 35 using a meter movement having /;; = 50 pA and
R, = 5kQ.

5.11 Ohmmeter Design

37. Given a meter movement having I, = 2 mA and R,, = 1 k(), design an
ohmmeter which uses a 9-V battery to provide the sensing current. Deter-
mine the values of the unknown resistances which would result in meter
deflections of 25%, 50%, 75%, and 100%.

38. Given a meter movement having Iy, = 50 pA and R,, = 5 k(), design an
ohmmeter which uses a 6-V battery to provide the sensing current. Deter-
mine the percentage meter deflection for a 10-k{) resistor.

173
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5.12 Ammeter Loading Effects

39. For the series circuits of Figure 5-85, determine the current in each circuit.
If an ammeter having an internal resistance of 50 () is used to measure the
current in the circuits, determine the current through the ammeter and calcu-
late the loading effect for each circuit.

10 kQ) 100 O
MW MW
1I5V—= §12 kQ 0.15V = §12OQ
A AW
18 k() 180 Q)
(a) Circuit 1 (b) Circuit 2
FIGURE 5-85

40. Repeat Problem 39 if the ammeter has a resistance of 10 ().

5.13 Circuit Analysis Using Computers

41. EWB Refer to the circuits of Figure 5-77. Use Electronics Workbench to
find the following:

a. The current in each circuit.
b. The voltage across each resistor in the circuit.

42. EWB Given the circuit of Figure 5-86, use Electronics Workbench to
determine the following:

a. The current through the voltage source, 1.

b. The voltage across each resistor.

o

. The voltage between terminals a and b.

o

. The voltage, with respect to ground, at terminal c.

FIGURE 5-86

43. PSpice Refer to the circuit of Figure 5-73. Use PSpice to find the follow-
ing:
a. The current in the circuit.

b. The voltage across each resistor in the circuit.
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44. PSpice Refer to the circuit of Figure 5-72. Use PSpice to find the fol-
lowing:
a. The current in the circuit.

b. The voltage across each resistor in the circuit.

In-Process Learning Check 1 ANSWERS TO IN-PROCESS
1. Two elements are connected at only one node. LEARNING CHECKS

2. No current-carrying element is connected to the common node.

In-Process Learning Check 2

The summation of voltage drops and rises around any closed loop is equal to
zero; or the summation of voltage rises is equal to the summation of voltage
drops around a closed loop.

In-Process Learning Check 3

R, =42k
R, = 12.6 kQ
R, = 252k

In-Process Learning Check 4
Ecg =218V

In-Process Learning Check 5
R, = 18.8kQ)
R, = 28.21 kQ)

In-Process Learning Check 6

The chassis of the oven is grounded when it is connected to the electrical outlet.

In-Process Learning Check 7

V, =750V
V,=-10.0V
V, =25V

In-Process Learning Check 8
Ry = 2.00 MQ



Parallel Circuits

OBJECTIVES KEY TERMS
After studying this chapter you will be Ammeter Design
able to Current Divider Rule

 recognize which elements and branches Kirchhoff’s Current Law

in a given circuit are connected in paral-
lel and which are connected in series,

e calculate the total resistance and con-

ductance of a network of parallel resis-
tances,

e determine the current in any resistor in a

parallel circuit,

¢ solve for the voltage across any parallel

combinations of resistors,

e apply Kirchhoff’s current law to solve

for unknown currents in a circuit,

e explain why voltage sources of different

magnitudes must never be connected in
parallel,

¢ use the current divider rule to solve for

the current through any resistor of a par-
allel combination,

e design a simple ammeter using a perma-

nent-magnet, moving-coil meter move-
ment,

* identify and calculate the loading effects

of a voltmeter connected into a circuit,

¢ use Electronics Workbench to observe

loading effects of a voltmeter,

* use PSpice to evaluate voltage and cur-

rent in a parallel circuit.

Loading Effect (Voltmeter)
Nodes

Parallel Circuits

Total Conductance

Total Equivalent Resistance

OUTLINE

Parallel Circuits

Kirchhoff’s Current Law
Resistors in Parallel

Voltage Sources in Parallel
Current Divider Rule

Analysis of Parallel Circuits
Ammeter Design

Voltmeter Loading Effects

Circuit Analysis Using Computers




wo fundamental circuits form the basis of all electrical circuits. They are the ~ CHAPTER PREVIEW

series circuit and the parallel circuit. The previous chapter examined the prin-
ciples and rules which applies to series circuits. In this chapter we study the parallel
(or shunt) circuit and examine the rules governing the operation of these circuits.

Figure 6-1 illustrates a simple example of several light bulbs connected in
parallel with one another and a battery supplying voltage to the bulbs.

This illustration shows one of the important differences between the series
circuit and the parallel circuit. The parallel circuit will continue to operate even
though one of the light bulbs may have a defective (open) filament. Only the
defective light bulb will no longer glow. If a circuit were made up of several
light bulbs in series, however, the defective light bulb would prevent any current
in the circuit, and so all the light bulbs would be off.

FIGURE 6-1 Simple parallel circuit.

;" n_ T
Luigi Galvani and the Discovery of Nerve Excitation PUTTING IT IN

LuUIGI GALVANI WAS BORN IN BOLOGNA, Italy, on September 9, 1737. PERSPECTIVE

Galvani’s main expertise was in anatomy, a subject in which he was
appointed lecturer at the university in Bologna.

Galvani discovered that when the nerves of frogs were connected to sources
of electricity, the muscles twitched. Although he was unable to determine where
the electrical pulses originated within the animal, Galvani’s work was significant
and helped to open further discoveries in nerve impulses.

Galvani’s name has been adopted for the instrument called the galvanome-
ter, which is used for detecting very small currents.

Luigi Galvani died in Bologna on December 4, 1798. Although he made
many contributions to science, Galvani died poor and surrounded by contro-
Versy.

177
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Parallel
(@)
o _ 51 Series
| |

Parallel
(b)

FIGURE 6-3 Series-parallel combi-
nations.

6.1 Parallel Circuits

The illustration of Figure 6—1 shows that one terminal of each light bulb is
connected to the positive terminal of the battery and that the other terminal
of the light bulb is connected to the negative terminal of the battery. These
points of connection are often referred to as nodes.

Elements or branches are said to be in a parallel connection when they
have exactly two nodes in common.

Figure 6-2 shows several different ways of sketching parallel elements.
The elements between the nodes may be any two-terminal devices such as
voltage sources, resistors, light bulbs, and the like.

o a_ Node a
o - - » ¢ Node a
5]
2]
o Node b o * * Node b
(@) (©
o
0 Node a

o o g Node b

(b) (d)

FIGURE 6-2 Parallel elements.

In the illustrations of Figure 6-2, notice that every element has two ter-
minals and that each of the terminals is connected to one of the two nodes.

Very often, circuits contain a combination of series and parallel compo-
nents. Although we will study these circuits in greater depth in later chap-
ters, it is important at this point to be able to recognize the various connec-
tions in a given network. Consider the networks shown in Figure 6-3.

When analyzing a particular circuit, it is usually easiest to first designate
the nodes (we will use lowercase letters) and then to identify the types of
connections. Figure 6—4 shows the nodes for the networks of Figure 6-3.

Node a Node b Node a Node b
4 1 o o [ ]
o A O | B I
g
o ' o—e
Node ¢ Node ¢
(a) (b)

FIGURE 6-4
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In the circuit of Figure 6-4(a), we see that element B is in parallel with
element C since they each have nodes b and ¢ in common. This parallel com-
bination is now seen to be in series with element A.

In the circuit of Figure 6-4(b), element B is in series with element C
since these elements have a single common node: node b. The branch con-
sisting of the series combination of elements B and C is then determined to
be in parallel with element A.

6.2 Kirchhoff’s Current Law

Recall that Kirchhoff’s voltage law was extremely useful in understanding
the operation of the series circuit. In a similar manner, Kirchhoff’s current
law is the underlying principle which is used to explain the operation of a
parallel circuit. Kirchhoff’s current law states the following:

The summation of currents entering a node is equal to the summation of
currents leaving the node.

An analogy which helps us understand the principle of Kirchhoff’s cur-
rent law is the flow of water. When water flows in a closed pipe, the amount
of water entering a particular point in the pipe is exactly equal to the amount
of water leaving, since there is no loss. In mathematical form, Kirchhoftf’s
current law is stated as follows:

2 Ienlering node E Ileaving node (6_1)

Figure 6-5 is an illustration of Kirchhoff’s current law. Here we see that
the node has two currents entering, I, = 5 A and /5 = 3 A, and three currents
leaving, I, = 2 A, I, = 4 A, and I, = 2 A. Now we can see that Equation 6-1
applies in the illustration, namely.

Elinzzlout
SA+3A=2A+4A+8A
8A =8A (checks!)

Verify that Kirchhoff’s current law applies at the node shown in Figure 6-6.

FIGURE 6-6

I mA

Answer: 3mA + 6 mA + 1 mA =2 mA + 4 mA + 4 mA

Is=3A

[2=2A

FIGURE 6-5 Kirchhoff’s current
law.

Quite often, when we analyze a given circuit, we are unsure of the direc-
tion of current through a particular element within the circuit. In such cases,
we assume a reference direction and base further calculations on this
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assumption. If our assumption is incorrect, calculations will show that the
current has a negative sign. The negative sign simply indicates that the cur-
rent is in fact opposite to the direction selected as the reference. The follow-
ing example illustrates this very important concept.

éEXAM PLE 6-1 Determine the magnitude and correct direction of the cur-

rents /; and /5 for the network of Figure 6-7.

FIGURE 6-7

Solution Although points @ and b are in fact the same node, we treat the
points as two separate nodes with 0 () resistance between them.

Since Kirchhoff’s current law must be valid at point @, we have the fol-
lowing expression for this node:

L=IL+1I
and so
L=1 -1
=2A-3A=-1A

Notice that the reference direction of current /5 was taken to be from a to b,
while the negative sign indicates that the current is in fact from b to a.
Similarly, using Kirchhoff’s current law at point b gives

L=1+1I
which gives current /5 as

L=1—-1
=—-1A-6A=-7A
The negative sign indicates that the current /5 is actually towards node b

rather than away from the node. The actual directions and magnitudes of the
currents are illustrated in Figure 6-8.

FIGURE 6-8
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éEXAMPLE ©—2 Find the magnitudes of the unknown currents for the cir-
cuit of Figure 6-9.

FIGURE 6-9

Solution If we consider point a, we see that there are two unknown cur-
rents, /; and /;. Since there is no way to solve for these values, we examine
the currents at point b, where we again have two unknown currents, /; and /,.
Finally we observe that at point ¢ there is only one unknown, /,. Using Kirch-
hoff’s current law we solve for the unknown current as follows:

L +3A+2A=10A
Therefore,
L,=10A—-3A—-2A=5A
Now we can see that at point b the current entering is
L=5A+3A+2A=10A

And finally, by applying Kirchhoff’s current law at point a, we determine that
the current /, is

I, =10A-3A=7A

EXAMPLE 6-3 Determine the unknown currents in the network of Figure
6-10.

=24 A
I} =24A = Node a
—
12=11Ai L 12=11Ai
Iy
Node b Node ¢
Is lg=6A l Is i
I; P Node d
.
(@ (b)
FIGURE 6-10

181
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Solution We first assume reference directions for the unknown currents in
the network.

Since we may use the analogy of water moving through conduits, we can
easily assign directions for the currents I;, I5, and I;. However, the direction
for the current /7, is not as easily determined, so we arbitrarily assume that its
direction is to the right. Figure 6-10(b) shows the various nodes and the
assumed current directions.

By examining the network, we see that there is only a single source of
current /; = 24 A. Using the analogy of water pipes, we conclude that the
current leaving the network is I; = I, = 24 A.

Now, applying Kirchhoff’s current law to node a, we calculate the cur-
rent I; as follows:

IL=L+1I
Therefore,
L=1,—L=24A—-11A=13A
Similarly, at node ¢, we have
L+ 1, =1
Therefore,
L=I,—L=6A—-—13A=—-T7A

Although the current /, is opposite to the assumed reference direction, we do
not change its direction for further calculations. We use the original direction
together with the negative sign; otherwise the calculations would be need-
lessly complicated.

Applying Kirchhoff’s current law at node b, we get

L=1+1I
which gives
L=L—-1L=11A—-(-7A)=18A
Finally, applying Kirchhoff’s current law at node d gives
L+1L,=1
resulting in
L=L+I,=18A+6A=24A
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Determine the unknown currents in the network of Figure 6-11.

FIGURE 6-11 I

IIS(TOHA I/

;=200 pA

Answers: I, = 500 pA, 1, = =700 pA

183

6.3 Resistors in Parallel

A simple parallel circuit is constructed by combining a voltage source with
several resistors as shown in Figure 6—12.

FIGURE 6-12

The voltage source will result in current from the positive terminal of
the source toward node a. At this point the current will split between the var-
ious resistors and then recombine at node b before continuing to the negative
terminal of the voltage source.

This circuit illustrates a very important concept of parallel circuits. If we
were to apply Kirchhoff’s voltage law around each closed loop in the paral-
lel circuit of Figure 6-12, we would find that the voltage across all parallel
resistors is exactly equal, namely Vi, = Vi, = V. = E. Therefore, by apply-
ing Kirchhoff’s voltage law, we make the following statement:

The voltage across all parallel elements in a circuit will be the same.

The above principle allows us to determine the equivalent resistance, Ry,
of any number of resistors connected in parallel. The equivalent resistance,
Ry, is the effective resistance “seen” by the source and determines the total
current, I, provided to the circuit. Applying Kirchhoff’s current law to the
circuit of Figure 6-11, we have the following expression:

Li=1+L+ - +1
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However, since Kirchhoff’s voltage law also applies to the parallel cir-
cuit, the voltage across each resistor must be equal to the supply voltage, E.
The total current in the circuit, which is determined by the supply voltage
and the equivalent resistance, may now be written as

E E E E

—_— = — 4+ — 4+ ... 4+ —
R, R, R, R

n

Simplifying the above expression gives us the general expression for
total resistance of a parallel circuit as

L _ L 4 1 + e+ L (siemens, S) (6-2)
Ry R R,

n

Since conductance was defined as the reciprocal of resistance, we may
write the above equation in terms of conductance, namely,

G =G +G,+ - +G, (S) (6-3)

Whereas series resistors had a total resistance determined by the sum-
mation of the particular resistances, we see that any number of parallel resis-
tors have a total conductance determined by the summation of the individual
conductances.

The equivalent resistance of n parallel resistors may be determined in
one step as follows:

Ro— 1
T 1 1 1 (Q) (6-4)

— et — e+ —
R, R, K

An important effect of combining parallel resistors is that the resultant
resistance will always be smaller than the smallest resistor in the combination.

éEXAM PLE 6-4 Solve for the total conductance and total equivalent resis-
tance of the circuit shown in Figure 6-13.

O

T R1§4Q R2§IQ
Gr

FIGURE 6-13 o

Solution The total conductance is

1 1
Gi=G +G,=—+—-=1258
' ! 40 10
The total equivalent resistance of the circuit is
RT=L= 1 = 0.800 Q2
Gy 1258

Notice that the equivalent resistance of the parallel resistors is indeed less
than the value of each resistor.
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EXAMFLE 6-5 Determine the conductance and resistance of the network
of Figure 6-14.

O

Ry
> Ry Ry Ry
18 O 90 6 Q)
Gt

FIGURE 6-14 o

Solution The total conductance is
G: =G, + G, + G,
-t 1, 1
18 90 60O
=0.05S+0.11S+0.16S
=033S
where the overbar indicates that the number under it is repeated infinitely to

the right.
The total resistance is

FIGURE 6-15 o— 1 .

Rl R2 R3 R4
100 Q) 400 Q) 80 Q) 10 Q

For the parallel network of resistors shown in Figure 615, find the total conduc-
tance, G and the total resistance, Ry.

Answers: Gy = 0.125 S
R: =8.00Q

185

n Equal Resistors in Parallel

If we have n equal resistors in parallel, each resistor, R, has the same con-
ductance, G. By applying Equation 6-3, the total conductance is found:

G; =nG

The total resistance is now easily determined as

Ri=——=——=" (6-5)
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EXAMPLE 6-6 For the networks of Figure 616, calculate the total resis-
tance.

(@)
O
R; R, R; Ry
Rt — 00 Q 2000 S200Q S200Q
(o,
(b)
FIGURE 6-16
Solution
a Ry = 18 kQ )
b. Ry = 2029 =500Q

Two Resistors in Parallel

Very often circuits have only two resistors in parallel. In such a case, the
total resistance of the combination may be determined without the necessity
of determining the conductance.

For two resistors, Equation 6—4 is written

_
1,1
R, R
By cross multiplying the terms in the denominator, the expression
becomes

R =

S S
R, + R,
RiR,

Ry

Thus, for two resistors in parallel we have the following expression:

RiR,

Ry=——"— 6-6
" R +R, (6-6)



Section 6.3 m Resistors in Parallel

For two resistors connected in parallel, the equivalent resistance is found by
the product of the two values divided by the sum.

EXAMFLE 6-7 Determine the total resistance of the resistor combinations

of Figure 6-17.
O . 2 O
R Ry R, R R, Ry
T — 3IMQ S1MOQ === 36 Q 24 Q)
O 4 O
(a) (b)
o .
R R
R 1
T 08k S 2°kO
O L 2
(©)
FIGURE 6-17
Solution
(3 MQ)(1 MQ)
R =——"———-=0.75MQ = kQ
T IMO + 1MO 0-75 750
(36 0)(24 O)
b. Rp=-— """ =144 Q)
T 360 +240
(98 kQ)(2 kQ)
. R=—"—==196k(
T 98k + 2 kO

Although Equation 6-6 is intended primarily to solve for two resistors in
parallel, the approach may also be used to solve for any number of resistors
by examining only two resistors at a time.

EXAMFLE 6-& Calculate the total resistance of the resistor combination
of Figure 6-18.

i 1

Rt R R R R
> 1 2 ) 4
1800 S900Q 60 Q 60 Q
o |

FIGURE 6-18

187
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Solution By grouping the resistors into combinations of two, the circuit
may be simplified as shown in Figure 6-19.

O

Rt 180 O 0 Q 60 Q
9 60 Q

RA L T & RB

FIGURE 6-19

The equivalent resistance of each of the indicated combinations is determined
as follows:

_ (180 0)(%0 ©)

Ri=Ts00+900 ~ 0%
(60 Q)(60 Q)
=222 _ 30 Q)
Ry 60 Q + 60 Q

The circuit can be further simplified as a combination of two resistors shown
in Figure 6-20.

RT RA RB
—> 60 Q 30 Q

FIGURE 6-20

The resultant equivalent resistance is

_ (60030

=200
T 600 +300 0

Three Resistors in Parallel

Using an approach similar to the derivation of Equation 6-6, we may arrive
at an equation which solves for three resistors in parallel. Indeed, it is possi-
ble to write a general equation to solve for four resistors, five resistors, etc.
Although such an equation is certainly useful, students are discouraged from
memorizing such lengthy expressions. You will generally find that it is much
more efficient to remember the principles upon which the equation is con-
structed. Consequently, the derivation of Equation 6-7 is left up to the stu-
dent.

o R,R,R,
" RR, + RR; + R,R,

(6-7)
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FIGURE 6-21 Ry
O
20 Q)
R
90 Ry
Ry R, § 90 O
> 90 Q) 1
O
(@
e,
Ry R R, Ry Ry Rs Re
Ly 6kQ S3k0 S1kQ S1kQ S700Q S4200 Q
e,
(b)

Find the total equivalent resistance for each network in Figure 6-21.

Answers: a. 12 Q) b. 240 Q)
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If the circuit of Figure 6-21(a) is connected to a 24-V voltage source, determine
the following quantities:

a. The total current provided by the voltage source.
b. The current through each resistor of the network.

c. Verify Kirchhoff’s current law at one of the voltage source terminals.

(Answers are at the end of the chapter.)

IN-PROCESS
I LEARNING
CHECK 1

6.4

Voltage sources of different potentials should never be connected in paral-
lel, since to do so would contradict Kirchhoff’s voltage law. However, when
two equal potential sources are connected in parallel, each source will
deliver half the required circuit current. For this reason automobile batteries
are sometimes connected in parallel to assist in starting a car with a “weak”
battery. Figure 6-22 illustrates this principle.

Figure 6-23 shows that if voltage sources of two different potentials are
placed in parallel, Kirchhoff’s voltage law would be violated around the
closed loop. In practice, if voltage sources of different potentials are placed
in parallel, the resulting closed loop can have a very large current. The cur-
rent will occur even though there may not be a load connected across the

Voltage Sources in Parallel

1
I |
E\== 12V E, =12V RL§

FIGURE 6-22
parallel.

Voltage sources in
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°© sources. Example 6-9 illustrates the large currents that can occur when two

E, parallel batteries of different potential are connected.

12V

]

1
&
<

O

EXAMFLE 6-9 A 12-V battery and a 6-V battery (each having an internal
resistance of 0.05 ()) are inadvertently placed in parallel as shown in Figure
6—24. Determine the current through the batteries.

M~

FIGURE 6-23 Voltage sources of
different polarities must never be
placed in parallel.

1
[ O
Ry Ry
0.05 Q 0.05 Q
E E,

'|' 12V '|' 6V
FIGURE 6-24 . o

Solution From Ohm’s law,

E __12V-6V
Ry 0.05Q+0.050Q

1= =60 A

This example illustrates why batteries of different potential must never be
connected in parallel. Tremendous currents will occur within the sources
resulting in the possibility of a fire or explosion.

6.5 Current Divider Rule

When we examined series circuits we determined that the current in the series
circuit was the same everywhere in the circuit, whereas the voltages across the
series elements were typically different. The voltage divider rule (VDR) was
used to determine the voltage across all resistors within a series network.

In parallel networks, the voltage across all parallel elements is the same.
However, the currents through the various elements are typically different.
The current divider rule (CDR) is used to determine how current entering a
node is split between the various parallel resistors connected to the node.

Consider the network of parallel resistors shown in Figure 6-25.

FIGURE 6-25 Current divider rule.
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If this network of resistors is supplied by a voltage source, the total cur-
rent in the circuit is

E

L=—
T RT

(6-8)
Since each of the n parallel resistors has the same voltage, E, across its
terminals, the current through any resistor in the network is given as

I=— (6-9)

By rewriting Equation 6-8 as £ = I;R; and then substituting this into
Equation 6-9, we obtain the current divider rule as follows:
R
I = ?:IT (6-10)
An alternate way of writing the current divider rule is to express it in
terms of conductance. Equation 6-10 may be modified as follows:
G

I =—7I 6-11
x GT T ( )

The current divider rule allows us to calculate the current in any resistor
of a parallel network if we know the total current entering the network.
Notice the similarity between the voltage divider rule (for series compo-
nents) and the current divider rule (for parallel components). The main dif-
ference is that the current divider rule of Equation 6-11 uses circuit conduc-
tance rather than resistance. While this equation is useful, it is generally
easier to use resistance to calculate current.

If the network consists of only two parallel resistors, then the current
through each resistor may be found in a slightly different way. Recall that for
two resistors in parallel, the total parallel resistance is given as

RiR,
Ry=—"2-
R +R,

Now, by substituting this expression for total resistance into Equation 6—
10, we obtain

= InRe
R,
Rk
. R, + R,
R,
which simplifies to
R
I =—2—1I (6-12)
R, + R,
Similarly,
R,
L=——I (6-13)
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Several other important characteristics of parallel networks become evi-
dent.

If current enters a parallel network consisting of any number of equal
resistors, then the current entering the network will split equally between all
of the resistors.

If current enters a parallel network consisting of several values of resis-
tance, then the smallest value of resistor in the network will have the largest
amount of current. Inversely, the largest value of resistance will have the
smallest amount of current.

This characteristic may be simplified by saying that most of the current
will follow the path of least resistance.

EXAMPLE 6-10  For the network of Figure 6-26, determine the currents /;,
I, and ;.

FIGURE 6-26 o

Solution First, we calculate the total conductance of the network.

Now the currents may be evaluated as follows:

G, 1S

I =—1I= 14A =8.00A
Gr 1758
G 058

L=—>I,= 14A =400A
Gr 175 S
G 0.25S

L=—I= 14A=200A
Gr 1.75 S

An alternate approach is to use circuit resistance, rather than conductance.

RT=i= 1 = 05710

0.571 Q
)14A = 8.00A

14A =4.00A

0.571 Q

k-0
<“”Q>
5, - (oin

)14A =2.00A
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EXAMPLE 611

For the network of Figure 6-27, determine the currents 7,
L, and [;.

§ R, R, §R3
6 kQ) 6 kQ) 6 k()

FIGURE 6-27 o

Solution Since all the resistors have the same value, the incoming current

will split equally between the resistances. Therefore,

_ 12mA
3

= 4.00 mA

éEXAMPLE ©—-12 Determine the currents 7, and 7, in the network of Figure
6-28.

20 mA
I i A
R Ry
300 Q) 200 Q)
FIGURE 6-28 1
Solution

Because we have only two resistors in the given network, we use
Equations 6-12 and 6-13:

I R, 200 (20 mA) = 8.00 mA
= = m. = © m
" R+R T (3009+2009>

R, 300
L= = 20 mA) = 12.0 mA
"R +R (3OOQ+ZOOQ>(Om )=120m
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EXAMPLE 6-13 Determine the resistance R, so that current will divide as
shown in the network of Figure 6-29.

25 A

i12=5A

§R1 R2§3OQ

FIGURE 6-29 o—l

Solution There are several methods which may be used to solve this prob-
lem. We will examine only two of the possibilities.

Method I: Since we have two resistors in parallel, we may use Equation 6—
13 to solve for the unknown resistor:

= Ry
> R +R, T

R,
A=(—"—)05A
: <R1+3OQ)( e

Using algebra, we get
(B AR, + (5A)B0Q) = (25A)R,
(20A)R, = 150V

150 V
R =——=750Q
' 20A
Method II: By applying Kirchhoff’s current law, we see that the current in R,

must be
I,=25A—-—5A=20A

Now, since elements in parallel must have the same voltage across their ter-
minals, the voltage across R, must be exactly the same as the voltage across
R,. By Ohm’s law, the voltage across R, is

V,=(BA)3E0OD) =150V
And so

150 V
=——=7500
'20A
As expected, the results are identical. This example illustrates that there is
usually more than one method for solving a given problem. Although the
methods are equally correct, we see that the second method in this example is
less involved.
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Use the current divider rule to calculate the unknown currents for the networks
of Figure 6-30.

FIGURE 6-30
250 mA
—_—
o
R PRt
60 Q) 40 Q
o o
(a) Network 1 (b) Network 2
1
—— 12 =2mA

: 1

Rr—» R, §60 kQ §R2
36 k)

(c) Network 3

Answers: Network 1: I} = 100 mA I, = 150 mA
Network 2: I, = 4.50 A L=135A L =9.00A
Network 3: 7, = 3.00 mA 1 =15.00 mA

195

Four resistors are connected in parallel. The values of the resistors are 1 (), 3 (),
4, and 5 Q.

a. Using only a pencil and a piece of paper (no calculator), determine the cur-
rent through each resistor if the current through the 5-() resistor is 6 A.

b. Again, without a calculator, solve for the total current applied to the parallel
combination.

c. Use a calculator to determine the total parallel resistance of the four resistors.
Use the current divider rule and the total current obtained in part (b) to calcu-
late the current through each resistor.

(Answers are at the end of the chapter.)

IN-PROCESS
LEARNING
CHECK 2

6.6  Analysis of Parallel Circuits

We will now examine how to use the principles developed in this chapter
when analyzing parallel circuits. In the examples to follow, we find that the
laws of conservation of energy apply equally well to parallel circuits as to
series circuits. Although we choose to analyze circuits a certain way, remem-
ber that there is usually more than one way to arrive at the correct answer. As
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you become more proficient at circuit analysis you will generally use the
most efficient method. For now, however, use the method with which you
feel most comfortable.

é EXAMPLE 6-14

—_.—E R, §R2
36V 2kQ 8kQ
R

FIGURE 6-31

For the circuit of Figure 6-31, determine the following quantities:

a. Ry
b. I;
c. Power delivered by the voltage source
d. I, and [, using the current divider rule
e. Power dissipated by the resistors
Solution
R.R, (2 kQ)(8 k)
. Ry = = = 1.6 kQ)
LT RIR, 2K+ 8kQ
E 36V
b I;=—= =225 mA
TT R, 1.6KQ o
c. Pr=ElL.=(36V)22.5mA) = 810 mW
d. I R, 2Kk (22.5mA) = 45 mA
L= = SmA)=45m
> R 4R, <2k9+8k9)
I R, 8 kO (22.5mA) = 18.0 mA
= = SmA) =18.0m
" R +R, T <2kQ+8kQ>

e. Since we know the voltage across each of the parallel resistors must be 36 V,
we use this voltage to determine the power dissipated by each resistor. It
would be equally correct to use the current through each resistor to calcu-
late the power. However, it is generally best to use given information
rather than calculated values to perform further calculations since it is then
less likely that an error is carried through.

E  (36V)
=2 = = 648 mW
TR, 2KQ o
B (36Vy
2SR T sk eemW

Notice that the power delivered by the voltage source is exactly equal to
the total power dissipated by the resistors, namely Pr = P, + P,.
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éEXAM PLE 6-15 Refer to the circuit of Figure 6-32:

It=22A
—
oA M
E=120V= SR §R2 R3§P3= 144 W
300 Q
FIGURE 6-32

Solve for the total power delivered by the voltage source.
. Find the currents /,, I,, and ;.

a.
b
c. Determine the values of the unknown resistors R, and R;.
d. Calculate the power dissipated by each resistor.

@

. Verify that the power dissipated is equal to the power delivered by the
voltage source.

Solution
a. Pr=El; = (120V)2.2A) = 264 W

b. Since the three resistors of the circuit are in parallel, we know that the
voltage across all resistors must be equal to £ = 120 V.

vV, 120V

=— = =04A
"R, 3000
P, 144W

== =12A
V, 120V

Because KCL must be maintained at each node, we determine the current 7, as
L=1I—-1—1I
=22A—-04A—-12A=06A

Vv, 120V

=—2=""__ 2000
L 06A

c. R,

Although we could use the calculated current /5 to determine the resistance, it
is best to use the given data in calculations rather than calculated values.

_ V2 (120Vy

= —— =1000Q
P, 144 W 00
V2 (120 V)
d P=—t=—"—""=48W
'R, 300 Q
P,=LE,=(0.6A)(120V) =72 W
€. Pin = Pout

264W = P, + P, + P,
264W =48 W + 72 W + 144 W
264 W =264 W (checks!)
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6.7 Ammeter Design

The ammeter (which is used to measure current in a circuit) is a very good
practical application of a parallel circuit. Recall that in order to use the
ammeter correctly, the circuit under test must be opened and the ammeter
inserted between the open terminals. Although you will rarely be required to
design an ammeter, it is important to understand the internal operation of the
ammeter. Once you understand the operation, you will appreciate the limita-
tions of the instrument.

The schematic of a simple ammeter using a PMMC (permanent-magnet,
moving-coil) movement is shown in Figure 6-33.

] range
-

+ O

Ishum i§ Rshunt Vm

FIGURE 6-33 Simple ammeter.

Since the PMMC movement is able to handle only very small currents, a
precisely engineered resistance is placed in parallel with the resistance of the
meter movement, R,. The shunt resistance, R, ensures that the current
entering the sensitive meter movement is kept below the I; 4 (full-scale
deflection current) of the meter movement.

The ammeter is designed to provide full-scale deflection when the cur-
rent entering the instrument is at the desired range current. The shunt resis-
tance ensures that the excess current bypasses the meter movement. The fol-
lowing example shows how the value of shunt resistance is determined for a
given ammeter.

The voltage across the parallel combination of R,, and R, when the
meter movement is at its maximum deflection, is determined from Ohm’s
law as

V, = IR

From Kirchhoff’s current law, the current through the shunt resistor (at
full-scale deflection) is

Lount = Lanee — Iia

shunt range
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And so, from Ohm'’s law, the shunt resistor has a value determined as

I fstm 1
Ry, = = R (6-14)

shunt m
Irange - ]fsd (ﬁ _ 1)

1 fsd

Since the above equation is quite complicated, it is generally very diffi-
cult to memorize the expression. It is much easier to remember the principles
from which the expression is conceived.

EXAMPLE 6-16 Determine the value of shunt resistance required to build a
100-mA ammeter using a meter movement having /;,; = 1 mA and R,, = 2 k().

Solution When the ammeter is detecting the maximum current, the voltage
across the meter movement (and the shunt resistance) is

V,=L4R,=(1mA)(2kQ)=2.0V
The current in the shunt resistance is
Liwnt = Tange = Ira = 100 mA — 1 mA = 99 mA

And so the shunt resistance must have a value of

20V
=—=2020
shunt 99 mA 0

The resulting circuit appears in Figure 6-34.

100 mA
o
© 4
99 mA
+
l§ Repunt = 20.2 Q
20V
o —

FIGURE 6-34

Figure 6-35 shows the schematic of a simple multirange ammeter. In
order to have a multirange ammeter, it is necessary to have a different shunt
resistor for each range.

199
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R, § R, R

The selector switch must be a “make—before—break”
switch to prevent applying excessive current to
the meter movement when changing ranges.

FIGURE 6-35 Multirange ammeter.

To prevent damaging the sensitive meter movement, the ammeter of Fig-
ure 6-35 uses a “make-before-break” switch. As the name implies, this type
of switch makes contact with the new position before breaking contact with
the previous position. This feature prevents a large current from damaging
the sensitive meter movement while a switch is in transition from one range
to the next.

Design the shunt resistance needed to construct an ammeter which is able to
measure up to 50 mA. Use a meter movement having /;; = 2 mA and R,, = 2 k().
Show a sketch of your design.

Answer: Ry, = 83.3 Q)

shunt

6.8 Voltmeter Loading Effects

In the previous chapter, we observed that a voltmeter is essentially a meter
movement in series with a current-limiting resistance. When a voltmeter is
placed across two terminals to provide a voltage reading, the circuit is
affected in the same manner as if a resistance were placed across the two ter-
minals. The effect is shown in Figure 6-36.

If the resistance of the voltmeter is very large in comparison with the
resistance across which the voltage is to be measured, the meter will indicate
essentially the same voltage which was present before the meter was con-
nected. On the other hand, if the meter has an internal resistance which is



Section 6.8 m Voltmeter Loading Effects

near in value to the resistance across which the measurement is taken, then
the meter will adversely load the circuit, resulting in an erroneous reading.
Generally, if the meter resistance is more than ten times larger than the resis-
tance across which the voltage is taken, then the loading effect is considered
negligible and may be ignored.

In the circuit of Figure 6-37, there is no current in the circuit since the ter-
minals a and b are open circuited. The voltage appearing between the open
terminals must be V,, = 10 V. Now, if we place a voltmeter having an internal
resistance of 200 k() between the terminals, the circuit is closed, resulting in a
small current. The complete circuit appears as shown in Figure 6-38.

R=100Q
AA—a
T E=10V
ob
FIGURE 6-37 FIGURE 6-38

The reading indicated on the face of the meter is the voltage which
occurs across the internal resistance of the meter. Applying Kirchhoff’s volt-
age law to the circuit, this voltage is

200 kQ

= (10V)=9.995V
“ 200kQ+IOOQ( )

Clearly, the reading on the face of the meter is essentially equal to the
expected value of 10 V. Recall from the previous chapter that we defined the
loading effect of a meter as follows:

actual value — reading

loading effect = X 100%

actual value
For the circuit of Figure 6-38, the voltmeter has a loading effect of

10V —9995V

X 100% = 0.05%
10V

loading effect =
This loading error is virtually undetectable for the circuit given. The
same would not be true if we had a circuit as shown in Figure 6-39 and used
the same voltmeter to provide a reading.
Again, if the circuit were left open circuited, we would expect that V,, =
10V.

FIGURE 6-36

201
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R=1MQ

E=— 10V

FIGURE 6-39 FIGURE 6-40

By connecting the 200-k{) voltmeter between the terminals, as shown in
Figure 640, we see that the voltage detected between terminals ¢ and b will
no longer be the desired voltage; rather,

200 kO

VvV, =—
“ 200 kQ + 1 MQ

(10V) = 1.667V

The loading effect of the meter in this circuit is

loading effect = % X 100% = 83.33%

The previous illustration is an example of a problem which can occur
when taking measurements in electronic circuits. When an inexperienced
technician or technologist obtains an unforeseen result, he or she assumes
that something is wrong with either the circuit or the instrument. In fact,
both the circuit and the instrument are behaving in a perfectly predictable
manner. The tech merely forgot to take into account the meter’s loading
effect. All instruments have limitations and we must always be aware of
these limitations.

EXAMPLE 6-17 A digital voltmeter having an internal resistance of 5 M()
is used to measure the voltage across terminals a and b in the circuit of Figure
6-40.

a. Determine the reading on the meter.

b. Calculate the loading effect of the meter.
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Solution

a. The voltage applied to the meter terminals is

Vab=( 5 MQ

m)““ =833V

b. The loading effect is

loading error = W X 100% = 16.7%

203

taken. If you were given two voltmeters, one with an internal resistance of 200 k) LEARNING
and another with an internal resistance of 1 M(), which meter would load a cir- CHECK 3
cuit more? Explain.

All instruments have a loading effect on the circuit in which a measurement is ! IN-PROCESS

(Answers are at the end of the chapter.)

6.9 Computer Analysis ii .

As you have already seen, computer simulation is useful in providing a visual-

ization of the skills you have learned. We will use both Electronics Workbench ELECTRONICS
and PSpice to “measure” voltage and current in parallel circuits. One of the WORKBENCH
most useful features of Electronics Workbench is the program’s ability to accu-

rately simulate the operation of a real circuit. In this section, you will learn how

to change the settings of the multimeter to observe meter loading in a circuit.

Electronics Workbench

EXAMFPLE 6-1& Use Electronics Workbench to determine the currents I,
I,, and I, in the circuit of Figure 6—41. This circuit was analyzed previously in
Example 6-14.

FIGURE 641

Solution After opening the Circuit window:

 Select the components for the circuit from the Parts bin toolbars. You need
to select the battery and ground symbol from the Sources toolbar. The
resistors are obtained from the Basic toolbar.

* Once the circuit is completely wired, you may select the ammeters from the
Indicators toolbar. Make sure that the ammeters are correctly placed into

g
i

PSpice
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the circuit. Remember that the solid bar on the ammeter is connected to the
lower-potential side of the circuit or branch.

e Simulate the circuit by clicking on the power switch. You should see the
same results as shown in Figure 6-42.

= Electronics Workbench |E
File Edit Circuit Analpsis Window Help
] =21 = G - N s S O [ ) o
— Ay [HiEo| oigr
B Flelul<| ¥ISE 2w 8oy 5| =
exD6-18 ewb %]
|
18.00m A [2435m_A]
— 36y
2k 8k
[T | H

Rieady |2a77 s | |Temp: 27 |

FIGURE 6-42

Notice that these results are consistent with those found in Example 6—14.

EXAMFLE 6-19 Use Electronics Workbench to demonstrate the loading
effect of the voltmeter used in Figure 6—40. The voltmeter is to have internal
resistance of 200 k().

Solution After opening the Circuit window:

» Construct the circuit by placing the battery, resistor, and ground as shown
in Figure 6-40.

e Select the multimeter from the Instruments toolbar.

» Enlarge the multimeter by double clicking on the symbol.

e Click on the Settings button on the multimeter face.

e Change the voltmeter resistance to 200 k(). Accept the new value by click-
ing on OK.
e Run the simulation by clicking on the power switch. The resulting display

is shown in Figure 6—43.
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e arkhe _[&]x
File Edit Circuit Analysis \Window Help

D|S(Ele] =] = ]<]-la] v alafx I 9] i
3 Flal eyl ] ST ol BT =

ex06-19.ewb

LI

Multimeter [ 7]
Sheet 1 |

Ammeter resistance [R]. |1— m
Valtmeter resistance (R Im— m
Ohmmeter cument 1] W luA_E
Decibel standard /] |1— IV_E

-~ Multimeter

1.BB67 &

N
o~ — Cancel

Settings

Ready (517 [ [Temp: 27 [

FIGURE 6-43

OrCAD PSpice

In previous PSpice examples, we used the IPRINT part to obtain the current
in a circuit. An alternate method of measuring current is to use the Current
Into Pin marker.

EXAMFLE 6-20 Use PSpice to determine the currents in the circuit of
Figure 6—44.

It

T

27VJ__— R, ?3009 Ry §6OOQ Rs § 900 Q

FIGURE 6-44

Solution

e Open the CIS Demo software and construct the circuit as illustrated.

205
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e Place Current Into Pin markers as shown in Figure 6-45. Notice that the
marker at the voltage source is placed at the negative terminal, since cur-
rent enters this terminal.

% 0ICAD Capture - [ - (SCHEMATIC1 : PAGE1]] M=
E File Edit “iew Place Macro PSpice Accessories Options 'Wwindow Help — = x|

[ = O L D S A

= ==

1 4 1 &

Xl

‘ n
I
[ |=[f]2E| =8 =]

2
&

300 &o0 900

|18 ]mls

&
)

i o

Feady | Ditems selected |5cale=150%  %=3.30 Y=0.60

e|uo|O)x]” %]

FIGURE 6-45

* Click on the New Simulation Profile and set the simulation so that the volt-
age source sweeps from 27 V to 27 V in 1-V increments.

e After running the project, you will observe a display of the circuit currents
as a function of the source voltage. The currents are /(R1) = 90 mA, I(R2) =
45 mA, I(R3) = 30 mA, and —I(V1) = 165 mA.

Use Electronics Workbench to determine the current in each resistor of the cir-
cuit of Figure 6-21(a) if a 24-V voltage source is connected across the terminals
of the resistor network.

Answers: I, =1, =1, =0267A, I,=120A

Use PSpice to determine the current in each resistor of the circuit shown in Fig-
ure 6-46.
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T I I I I I
250V — RI%ZOQ Ry %SOQ %1259

—
It

FIGURE 6-46

Answers: I, = 125A, I, =5.00A, I, =200A, I;=195A

R
.-"!:-h- '|l.I . :l ﬂ _i:'!.._F.

You have been hired as a consultant to a heating company. One of your
jobs is to determine the number of 1000-W heaters that can be safely
handled by an electrical circuit. All of the heaters in any circuit are connected
in parallel. Each circuit operates at a voltage of 240 V and is rated for a maxi-
mum of 20 A. The normal operating current of the circuit should not exceed
80% of the maximum rated current. How many heaters can be safely installed
in each circuit? If a room requires 5000 W of heaters to provide adequate heat
during the coldest weather, how many circuits must be installed in this room?

PUTTING IT INTO PRACTICE
e o R | 30

RNy nynn’mmmm
6.1 Parallel Circuits PROBLEMS

1. Indicate which of the elements in Figure 647 are connected in parallel and
which elements are connected in series.

(b) (d)

FIGURE 647



208 Chapter 6 m Parallel Circuits

2. For the networks of Figure 648, indicate which resistors are connected in
series and which resistors are connected in parallel.

o °

AN AW
Ry Ry
—AM—— AW w3 . %
Rg
Ry R,
—AN— — AN — :
(@) (b) ©

FIGURE 6-48

3. Without changing the component positions, show at least one way of con-
necting all the elements of Figure 649 in parallel.

4. Repeat Problem 3 for the elements shown in Figure 6-50.

FIGURE 6-49 FIGURE 6-50

6.2 Kirchhoff’s Current Law

5. Use Kirchhoff’s current law to determine the magnitudes and directions of
the indicated currents in each of the networks shown in Figure 6-51.

(a) (b) ©
FIGURE 6-51

6. For the circuit of Figure 6-52, determine the magnitude and direction of
each of the indicated currents.
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FIGURE 6-52 FIGURE 6-53

7. Consider the network of Figure 6-53:
a. Calculate the currents /,, I,, I;, and I,.
b. Determine the value of the resistance R;.

8. Find each of the unknown currents in the networks of Figure 6-54.

500 mA 200 mA
[ —_— —_—

0A — 5 ° 100 mA 50 mA
4>. W\v _ e + Il wrn ]3 %

o Lol

4 R, R, <250 'Ry R,
T 2A - b Iy
o - -~
(a) (b)

FIGURE 6-55
FIGURE 6-54

9. Refer to the network of Figure 6-55:

a. Use Kirchhoff’s current law to solve for the unknown currents, I, I,, I,
and /,.

b. Calculate the voltage, V, across the network.
c. Determine the values of the unknown resistors, R, R;, and R,.
10. Refer to the network of Figure 6-56:

a. Use Kirchhoff’s current law to solve for the unknown currents.

b. Calculate the voltage, V, across the network.

c. Determine the required value of the voltage source, E. (Hint: Use Kirch-
hoff’s voltage law.) FIGURE 6-56
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6.3 Resistors in Parallel

11. Calculate the total conductance and total resistance of each of the networks
shown in Figure 6-57.

o 9 o
R T R T
— 4Q 6Q — 480 k) 240 kQ 40 k€
GT GT
o * e
(@) (b)
° . .
Gray | Brown + Orange
Ry Red Black White
R
G

Red Orange = Orange
I Gold I! Gold I! Gold

©
FIGURE 6-57

12. For the networks of Figure 658, determine the value of the unknown resis-
tance(s) to result in the given total conductance.

o, \ 4 O
Gr=25mS R 600  Gp=500pS S4k0 SR Ry=R
—_ —_ 2
o, & o,
(a) (b)

FIGURE 6-58

13. For the networks of Figure 6-59, determine the value of the unknown resis-
tance(s) to result in the total resistances given.

e, ) O
R =400 kQ 500 kQ R Rr=300 2500 IR 920 O
—_— R —
O L O
(a) (b)
FIGURE 6-59

14. Determine the value of each unknown resistor in the network of Figure 6—
60, so that the total resistance is 100 k().

15. Refer to the network of Figure 6-61:



© P o
101(3)1?) Ri 335 35 e 215)3 0 R Ry gk
1 | AR, 200 2 4R, 23
o, L L L O
FIGURE 6-60 FIGURE 6-61

a. Calculate the values of R,, R,, and R, so that the total resistance of the
network is 200 ).

b. If R; has a current of 2 A, determine the current through each of the other
resistors.

¢. How much current must be applied to the entire network?
16. Refer to the network of Figure 6—62:

a. Calculate the values of R,, R,, R;, and R, so that the total resistance of the
network is 100 k).

b. If R, has a current of 2 mA, determine the current through each of the
other resistors.

¢. How much current must be applied to the entire network?

Rr= R R R
R 2 3 4
100 kQ) 1 2R; 23R; 23R,
iy

[e, &

FIGURE 6-62

17. Refer to the network of Figure 6-63:
a. Find the voltages across R, and R,.
b. Determine the current /.
18. Refer to the network of Figure 6—64:
a. Find the voltages across R, R, and R;.
b. Calculate the current /,.

c. Calculate the current 7.

[0 e —
1] =2 mAT T]»)
2 ° . .
R
R 2 2A I I
1§450 Q 200 O i Zi 3i
R Ry R3
10 Q 40 QO >100 Q)
o—_ o

FIGURE 6-63 FIGURE 6-64

Problems
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19. Determine the total resistance of each network of Figure 6-65.

3kQ

Rt
—_—
O 4 4 O o
Ry R 27 kQ
, 600 Q) < 800 Q) < 800 Q T
O g g O

(@ (b) ©
FIGURE 6-65

20. Determine the total resistance of each network of Figure 6-66.

— 900 Q2 1100 ©

(@ (b) (©
FIGURE 6-66

21. Determine the values of the resistors in the circuit of Figure 6-67, given the
indicated conditions.

22. Given the indicated conditions, calculate all currents and determine all resis-
tor values for the circuit of Figure 6-68.

Ry ill i]z i13 iII ih i13
—
Eoy = § R, § R, é Ry E=54VT §R1 §R2 §R3

R =36Q
I, =3I 1

2 =30 I; =500 mA
Iy =151, B R
Ry=16kQ 2=

FIGURE 6-67 FIGURE 6-68
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23. Without using a pencil, paper, or a calculator, determine the resistance of
each network of Figure 6-69.

O p e,
Rt Ssoka Ssok S25%0 fr 22200 32200
e, L g & e,
(@) (b) ©
FIGURE 6-69

24. Without using a pencil, paper, or calculator, determine the approximate
resistance of the network of Figure 6-70.

25. Without using a pencil, paper, or a calculator, approximate the total resis-
tance of the network of Figure 6-71. 1 kQ 1 MO

26. Derive Equation 6-7, which is used to calculate the total resistance of three
parallel resistors.

FIGURE 6-70

ke 2x0 2300 2 00k

[e,

FIGURE 6-71

6.4 Voltage Sources in Parallel

27. Two 20-V batteries are connected in parallel to provide current to a 100-£)
load as shown in Figure 6-72. Determine the current in the load and the cur-
rent in each battery.

28. Two lead-acid automobile batteries are connected in parallel, as shown in
Figure 6-73, to provide additional starting current. One of the batteries is
fully charged at 14.2 V and the other battery has discharged to 9 V. If the
internal resistance of each battery is 0.01 (), determine the current in the
batteries. If each battery is intended to provide a maximum current of
150 A, should this method be used to start a car?
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—>

I

—T

>
20V T 20V gRLJOOQ

FIGURE 6-72

6.5 Current Divider Rule

Ri<2001Q R, <0010

E, .|. 142V E .|. 9V
_ O

Battery No. 1 Battery No. 2

FIGURE 6-73

29. Use the current divider rule to find the currents /, and /, in the networks of

Figure 6-74.

(a)

FIGURE 6-74

30. Repeat Problem 29 for the networks of Figure 6-75.

R1=1k9

FIGURE 6-75

(b)

31. Use the current divider rule to determine all unknown currents for the net-

works of Figure 6-76.

32. Repeat Problem 31 for the networks of Figure 6-77.
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=300 kQ

i 60 mA —
150 mA lls
| ]
I 2i Iy ih
>R R >R
Rl R2 R 3 R 4 1 2 3
4.7kQ 33kQ 1.0kQ 29 kQ 200 O 400 600 Q
A L
(a) (b)
FIGURE 6-76
24 mA
—_—>
O
I8 A
Ve —
o [’V
I
1 1 L] 3 i
R 2R 90 mA
R1§ Ry Rs Ry 1440 S 1200 o—jv
24 kQ 72 k) 236 k) > 24k
L
Ry =480 Q
1 5 W\V R 1 § 24 Q
o, -] 3
(a) (b)
FIGURE 6-77
33. Use the current divider rule to determine the unknown resistance in the net- FIGURE 6-78
work of Figure 6-78.
34. Use the current divider rule to determine the unknown resistance in the net- R
work of Figure 6-79.
35. Refer to the circuit of Figure 6-80:
a. Determine the equivalent resistance, Ry, of the circuit.
b. Solve for the current /.
I Node a FIGURE 6-79

FIGURE 6-80

12V 3

Ry

>240 <

Ry
48 Q)

R
160
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Node a

' Ry=8kQ

R]ZZkQ

R3=4kQ

2
Ry=6k0Q

i

4 R, R,

T20VS 600 S1000 3
Node a

FIGURE 6-82

FIGURE 6-85

c. Use the current divider rule to determine the current in each resistor.
d. Verify Kirchhoff’s current law at node a.
36. Repeat Problem 35 for the circuit of Figure 6-81.

6.6 Analysis of Parallel Circuits
37. Refer to the circuit of Figure 6—82:

a. Find the total resistance, Ry, and solve for the current, /, through the volt-
age source.

b. Find all of the unknown currents in the circuit.
c. Verify Kirchhoff’s current law at node a.

d. Determine the power dissipated by each resistor. Verify that the total
power dissipated by the resistors is equal to the power delivered by the
voltage source.

38. Repeat Problem 37 for the circuit of Figure 6-83.

Node a

FIGURE 6-83

39. Refer to the circuit of Figure 6-84:

J— R, Ry R3 Rs
IZOV 20 Q %109 40 S50

FIGURE 6-84

a. Calculate the current through each resistor in the circuit.
b. Determine the total current supplied by the voltage source.
c. Find the power dissipated by each resistor.

40. Refer to the circuit of Figure 6-85.
a. Solve for the indicated currents.
b. Find the power dissipated by each resistor.

c. Verify that the power delivered by the voltage source is equal to the total
power dissipated by the resistors.



41. Given the circuit of Figure 6-86:
a. Determine the values of all resistors.
b. Calculate the currents through R}, R,, and R,.

c. Find the currents /, and 1,.

d. Find the power dissipated by resistors R,, R;, and R,.

42. A circuit consists of four resistors connected in parallel and connected to a
20-V source as shown in Figure 6—87. Determine the minimum power rat-
ing of each resistor if resistors are available with the following power rat-

ings: s W, Ya W, 2 W, 1 W, and 2 W.

!

Red & Orange Red
| Violet White Black
- 20V Red l 'I Red Brown

FIGURE 6-87

43. For the circuit of Figure 688, determine each of the indicated currents. If
the circuit has a 15-A fuse as shown, is the current enough to cause the fuse

to open?
I
15-A fuse < 4
—o\_o
-
IT lzT I3T
4 R,
T 120V T§R1 §24Q >
I
P =1000 W

FIGURE 6-88

44. a. For the circuit of Figure 688, calculate the value of R; which will result

in a circuit current of exactly /; = 15 A.

b. If the value of R; is increased above the value found in part (a), what will

happen to the circuit current, I;.?

6.7 Ammeter Design

Ry
48 Q)

45. A common ammeter uses a meter movement having I;; = 50 pA and
R,, = 5 k. If the meter has a 10-mA range, determine the value of the
shunt resistor needed for this range.

46. Using a meter movement having I, = 50 pA and R,, = 2 k(), design an
ammeter having a 10-mA range, a 100-mA range, and a 250-mA range.

Sketch your design.

47. An ammeter has a 0.5-() shunt and a meter movement with /;; = 1 mA and

R,, = 5 k). Determine the maximum current which can be measured with

Problems 217

/Pl =1.152W

30 mA

R; 12mA jv

48V

FIGURE 6-86
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48.

6.8
49.

50.

this ammeter. If the meter deflects to 62% of its full-scale deflection, how
much current is being applied to the ammeter?

Using a meter movement having I, = 1 mA and R,, = 5 k), design an
ammeter having a 5-mA range, a 20-mA range, and a 100-mA range. Sketch
your design.

Voltmeter Loading Effects

A voltmeter having a 1-M() internal resistance is used to measure the indi-
cated voltage in the circuit shown in Figure 6-89.

a. Determine the voltage reading which will be indicated by the meter.
b. Calculate the voltmeter’s loading effect when used to measure the indi-
cated voltage.

Repeat Problem 49 if the 500-k{} resistor of Figure 6-89 is replaced with a
2-M(Q) resistor.

250 250
100 == —100

AC

FIGURE 6-89

DC
MA

VQAQ+

Volts

—20
10

2m— 2
120! X1

12} X 10 .
0.6 > 1000 |Ohms
0.06 100000

CoM

1MQ

b

FIGURE 6-90

51. An inexpensive analog voltmeter is used to measure the voltage across ter-
minals @ and b of the circuit shown in Figure 6-90. If the voltmeter indi-
cates that the voltage V,, = 1.2V, what is the actual voltage of the source if
the resistance of the meter is 50 k)?

52. What would be the reading if a digital meter having an internal resistance of
10 MQ is used instead of the analog meter of Problem 517

6.9 Computer Analysis

53. EWB Use Electronics Workbench to solve for the current through each
resistor in the circuit of Figure 8—82.

54.

EwWB

resistor in the circuit of Figure 8-83.

Use Electronics Workbench to solve for the current through each
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55. EWB Use Electronics Workbench to simulate a voltmeter with an internal
resistance of 1 M) used to measure voltage as shown in Figure 6-89.

56. EWB Use Electronics Workbench to simulate a voltmeter with an internal
resistance of 500 k() used to measure voltage as shown in Figure 6—89.

57. PSpice Use PSpice to solve for the current through each resistor in the
circuit of Figure 6-82.

58. PSpice Use PSpice to solve for the current through each resistor in the
circuit of Figure 6-83.

In-Process Learning Check 1

a. 1=200A

b. I,=05L=1,=0267A,1,=1200A

c. 3(0.267 A) + 1.200 A = 2.00 A (as required)

In-Process Learning Check 2

a. I, =300A,L,=10.0A,1,, =750A

b. I; =535A

c. Ry =0.561 Q. (The currents are the same as those determined in part a.)

In-Process Learning Check 3

The voltmeter with the smaller internal resistance would load the circuit more,
since more of the circuit current would enter the instrument.

ANSWERS TO IN-PROCESS
LEARNING CHECKS
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Series-Parallel Circuits

OBJECTIVES

After studying this chapter, you will be

able to

« find the total resistance of a network
consisting of resistors connected in vari-
ous series-parallel configurations,

* solve for the current through any branch
or component of a series-parallel circuit,

 determine the difference in potential
between any two points in a series-par-
allel circuit,

e calculate the voltage drop across a resis-
tor connected to a potentiometer,

 analyze how the size of a load resistor
connected to a potentiometer affects the
output voltage,

e calculate the loading effects of a volt-
meter or ammeter when used to measure
the voltage or current in any circuit,

 use PSpice to solve for voltages and cur-
rents in series-parallel circuits,

* use Electronics Workbench to solve for
voltages and currents in series-parallel
circuits.

KEY TERMS

Branch Currents

Parallel Branches
Potentiometer Circuits
Series-Parallel Connection
Transistor Bias

Zener Diode

OUTLINE

The Series-Parallel Network

Analysis of Series-Parallel Circuits
Applications of Series-Parallel Circuits
Potentiometers

Loading Effects of Instruments

Circuit Analysis Using Computers




Most circuits encountered in electronics are neither simple series circuits CHAPTER PREVIEW
nor simple parallel circuits, but rather a combination of the two. Although

series-parallel circuits appear to be more complicated than either of the previous

types of circuits analyzed to this point, we find that the same principles apply.

This chapter examines how Kirchhoff’s voltage and current laws are applied
to the analysis of series-parallel circuits. We will also observe that voltage and
current divider rules apply to the more complex circuits. In the analysis of
series-parallel circuits, we often simplify the given circuit to enable us to more
clearly see how the rules and laws of circuit analysis apply. Students are encour-
aged to redraw circuits whenever the solution of a problem is not immediately
apparent. This technique is used by even the most experienced engineers, tech-
nologists, and technicians.

In this chapter, we begin by examining simple resistor circuits. The princi-
ples of analysis are then applied to more practical circuits such as those contain-
ing zener diodes and transistors. The same principles are then applied to deter-
mine the loading effects of voltmeters and ammeters in more complex circuits.

After analyzing a complex circuit, we want to know whether the solutions
are in fact correct. As you have already seen, electrical circuits usually may be
studied in more than one way to arrive at a solution. Once currents and voltages
for a circuit have been found, it is very easy to determine whether the resultant
solution verifies the law of conservation of energy, Kirchhoff’s current law, and
Kirchhoff’s voltage law. If there is any discrepancy (other than rounding error),
there is an error in the calculation!

oo
Benjamin Franklin PUTTING IT IN

BENJAMIN FRANKLIN WAS BORN IN BOSTON, Massachusetts, in 1706. Although PERSPECTIVE
Franklin is best known as a great statesman and diplomat, he also furthered the
cause of science with his experiments in electricity. This particularly includes his
work with the Leyden jar, which was used to store electric charge. In his famous
experiment of 1752, he used a kite to demonstrate that lightning is an electrical
event. It was Franklin who postulated that positive and negative electricity are in
fact a single “fluid.”

Although Franklin’s major accomplishments came as a result of his work in
achieving independence of the Thirteen Colonies, he was nonetheless a notable
scientist.

Benjamin Franklin died in his Philadelphia home on February 12, 1790, at
the age of eighty-four.

221
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R
o MV
RT —> R2
Rs
o MV
FIGURE 7-1

7.1 The Series-Parallel Network

In electric circuits, we define a branch as any portion of a circuit which can
be simplified as having two terminals. The components between the two ter-
minals may be any combination of resistors, voltage sources, or other ele-
ments. Many complex circuits may be separated into a combination of both
series and/or parallel elements, while other circuits consist of even more
elaborate combinations which are neither series nor parallel.

In order to analyze a complicated circuit, it is important to be able to
recognize which elements are in series and which elements or branches are
in parallel. Consider the network of resistors shown in Figure 7—1.

We immediately recognize that the resistors R,, R;, and R, are in paral-
lel. This parallel combination is in series with the resistors R, and R;. The
total resistance may now be written as follows:

Ry =R, + (R)[|R5|IR)) + R

éEXAMPLE 7-1 For the network of Figure 7-2, determine which resistors
and branches are in series and which are in parallel. Write an expression for
the total equivalent resistance, Ry.

FIGURE 7-2 o >

Solution First, we recognize that the resistors R; and R, are in parallel:
(Rs|IR,).

Next, we see that this combination is in series with the resistor R,: [R, +
(Ry[|Rp)].

Finally, the entire combination is in parallel with the resistor R,. The total
resistance of the circuit may now be written as follows:

Rr =R, || [R, + (Rs]IR,)]
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For the network of Figure 7-3, determine which resistors and branches are in
series and which are in parallel. Write an expression for the total resistance, Ry.

FIGURE 7-3 R,
—AMW\ -

Ry Rs

Ry —» Rzé
b

Answer: Ry =R, + Rz” [(R3”R5) + (R4”R5)]

223

7.2 Analysis of Series-Parallel Circuits

Series-parallel networks are often difficult to analyze because they initially
appear confusing. However, the analysis of even the most complex circuit is
simplified by following some fairly basic steps. By practicing (not memoriz-
ing) the techniques outlined in this section, you will find that most circuits
can be reduced to groupings of series and parallel combinations. In analyz-
ing such circuits, it is imperative to remember that the rules for analyzing
series and parallel elements still apply.

The same current occurs through all series elements.

The same voltage occurs across all parallel elements.

In addition, remember that Kirchhoff’s voltage law and Kirchhoff’s cur-
rent law apply for all circuits regardless of whether the circuits are series,
parallel, or series-parallel. The following steps will help to simplify the
analysis of series-parallel circuits:

1. Whenever necessary, redraw complicated circuits showing the source
connection at the left-hand side. All nodes should be labelled to ensure
that the new circuit is equivalent to the original circuit. You will find that
as you become more experienced at analyzing circuits, this step will no
longer be as important and may therefore be omitted.

2. Examine the circuit to determine the strategy which will work best in
analyzing the circuit for the required quantities. You will usually find it
best to begin the analysis of the circuit at the components most distant to
the source.

3. Simplify recognizable combinations of components wherever possible,
redrawing the resulting circuit as often as necessary. Keep the same labels
for corresponding nodes.

4. Determine the equivalent circuit resistance, Rr.

5. Solve for the total circuit current. Indicate the directions of all currents
and label the correct polarities of the voltage drops on all components.
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6. Calculate how currents and voltages split between the elements of the
circuit.

7. Since there are usually several possible ways at arriving at solutions, ver-
ify the answers by using a different approach. The extra time taken in this
step will usually ensure that the correct answer has been found.

éEXAM PLE 7-2  Consider the circuit of Figure 7-4.

il GT "

FIGURE 74

a. Find R;.
b. Calculate I, I,, and I,.
c. Determine the voltages V, and V.

Solution By examining the circuit of Figure 7—4, we see that resistors R, and
R; are in parallel. This parallel combination is in series with the resistor R,.

The combination of resistors may be represented by a simple series net-
work shown in Figure 7-5. Notice that the nodes have been labelled using the
same notation.

a

(T

L
Rl § lsz V[

E—==48V (2

+

RyllRy T 8K

o

FIGURE 7-5
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a. The total resistance of the circuit may be determined from the combination
Ry = R, + Ry|IR,

(10 kQ)(40 kQ)

10 kQ) + 40 kQ)

12 kQ + 8 kQ) = 20 kQ)

Ry = 12kQ +

b. From Ohm’s law, the total current is

48 V
I =1, =———=24mA
TN T 20k0 -
The current /, will enter node b and then split between the two resistors R,
and R;. This current divider may be simplified as shown in the partial circuit

of Figure 7-6.

FIGURE 7-6

Applying the current divider rule to these two resistors gives

_ (40kQ)24mA) _
L= oka +a0kn ~ 192mA

_ 10kD)(2.4 mA)
P 10kQ + 40kQ
c. Using the above currents and Ohm’s law, we determine the voltages:

V, = 24 mA)(12kQ) = 28.8V
Vy = (0.48 mA)40kQ) = 192V =V,

=048 A

In order to check the answers, we may simply apply Kirchhoff’s voltage law
around any closed loop which includes the voltage source:

SV=E-V, -V,
=48V — 288V — 192V
= 0V (checks!)

The solution may be verified by ensuring that the power delivered by the volt-
age source is equal to the summation of powers dissipated by the resistors.

225

Use the results of Example 7-2 to verify that the law of conservation of energy
applies to the circuit of Figure 7-4 by showing that the voltage source delivers
the same power as the total power dissipated by all resistors.

(Answers are at the end of the chapter.)

M (N-PROCESS
TS | - ARNING
i CHECK 1
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é EXAMPLE 7-3  Find the voltage V,, for the circuit of Figure 7-7.

FIGURE 7-7

Solution

FIGURE 7-8

R, and R,.

R,
NV “
100 Q)
R
2 b R
50 Q) <300 Q
E R;
- 40V 200 O

We begin by redrawing the circuit in a more simple representation
as shown in Figure 7-8.

+ R + R
V. 2 1% 1
2550 I 31000
— 4
= 40V b"HVab;”a
Rs §R4
200 O 9 3000

Vi

Vi

From Figure 7-8, we see that the original circuit consists of two parallel
branches, where each branch is a series combination of two resistors.

If we take a moment to examine the circuit, we see that the voltage V,,
may be determined from the combination of voltages across R, and R,. Alter-
natively, the voltage may be found from the combination of voltages across

As usual, several methods of analysis are possible. Because the two
branches are in parallel, the voltage across each branch must be 40 V. Using
the voltage divider rules allows us to quickly calculate the voltage across each
resistor. Although equally correct, other methods of calculating the voltages
would be more lengthy.

R,
=—2_F
R, + R,
_ 50 Q
50 Q + 200 Q
R,
=—LF
R, + R,
:( 100 Q

)(40 V) =80V

100 Q + 300 Q>(4O V) =100V
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As shown in Figure 7-9, we apply Kirchhoff’s voltage law to determine the
voltage between terminals a and b.

- =
R, < V,=8V R, Vi=10V

b;Vab—» a

FIGURE 7-9

V,=—100V+80V=-20V

éEXAMPLE 7-4  Consider the circuit of Figure 7-10:

Ry=4kQ
_ A b
g AAA
[11 V2 IDV
Ry S3k0
R §6k9 Ry +v
a
> 15k9.<74
E=45V

|
FIGURE 7-10 -|-
d .

a. Find the total resistance R; “seen’ by the source E.
b. Calculate I, I,, and I,.

c. Determine the voltages V, and V.

Solution We begin the analysis by redrawing the circuit. Since we generally
like to see the source on the left-hand side, one possible way of redrawing the
resultant circuit is shown in Figure 7-11. Notice that the polarities of voltages
across all resistors have been shown.

+ Ry — b

= AN ’
I Ry 24KQ W, ’2l
+
E=45V Ili c R4§15k9 V4
+
R; 2 6kQ

d

p

R'p=(@4kQ +6k0) Il (15kQ)
FIGURE 7-11 =6kQ
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a. From the redrawn circuit, the total resistance of the circuit is
Ry =R; + [(R, + R)|R,]

(4 kQ + 6 kQ)(15 k)

4 kQ + 6kQ) + 15 kO

=3kQ + 6 kQ =9.00 kO

=3kQ +

b. The current supplied by the voltage source is

E 45V
== =2V _500mA
"T R, 9kQ o

We see that the supply current divides between the parallel branches as shown
in Figure 7-12.

]TZSmA
fo S —

dreatt

Ry < 4KkQO
L
R4§15k9
Ry < 6kQO
FIGURE7-12 o0 R'r=6kQ

Applying the current divider rule, we calculate the branch currents as

R';  (5mA)(6 k)

L=I = = 3.00 mA

=R 1Ry 4kQ+6kn  00m
R'y (5 mA)6kQ)

L=t =200 5 00mA

2= 15 kQ 00 m

Notice: When determining the branch currents, the resistance R’ is used
in the calculations rather the the total circuit resistance. This is because
the current I; = 5 mA splits between the two branches of R’ and the
split is not affected by the value of R;.

c. The voltages V, and V, are now easily calculated by using Ohm’s law:
V,=ILR, = 3mA)4kQ) =120V
V.= LR, = 2mA)(15kQ) = 30.0V
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EXAMPLE 7-5 For the circuit of Figure 7-13, find the indicated currents
and voltages.

I I
E — & — R a Rs E,
o M MV . M o
+12V 10Q 100/" 50 Q) —6\
+
Vah
- I
,/ B R
b MY
300

FIGURE 7-13

Solution Because the above circuit contains voltage point sources, it is eas-
ier to analyze if we redraw the circuit to help visualize the operation.

The point sources are voltages with respect to ground, and so we begin
by drawing a circuit with the reference point as shown in Figure 7-14.

I I
1'\;‘1}\' 2o R R

- “AMV——AMN—
10 Q 109/‘ 50 Q

E, 12V, AN E, =6V

FIGURE 7-14 =

Now, we can see that the circuit may be further simplified by combining the
voltage sources (E = E, + E,) and by showing the resistors in a more suitable
location. The simplified circuit is shown in Figure 7-15.

+ Ry - b
10 Q I.
I 2 S
( : Ry 2100
I _
+
= R a
E 18V 4§3_OQ
Jr
R3; 2500

E=E +E,

FIGURE 7-15
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The total resistance “seen” by the equivalent voltage source is
Ry = R, + [R[(R, + Ry)]

(30 Q)(10 Q + 50 Q)
300+ (10Q + 50 Q)

=10Q + =30.0Q

And so the total current provided into the circuit is

E 18V
I,=—=—=-=0.600A
"R, 30Q
At node b this current divides between the two branches as follows:
R, + R)I 60 )(0.600 A
(R RYL_ (600) ) o400
R,+R,+R, 30Q+10Q + 500
R, 30 )(0.600 A
I — _ 08X ) _ 02004

TRARTR, 300+100+500

The voltage V,, has the same magnitude as the voltage across the resistor R,,
but with a negative polarity (since b is at a higher potential than a):

V, = —LR,= —(0.200 A)(10 Q) = —2.0V

Consider the circuit of Figure 7-16:

FIGURE 7-16 —-10V

2kQ 331(9 3kQ

. Find the total circuit resistance, Ry.

a
b. Determine the current /; through the voltage sources.

o

. Solve for the currents /, and /,.

o

. Calculate the voltage V.

Answers: a. Ry = 7.20 kQ b. I; = 1.11 mA c. I, =0.133 mA; I, = 0.444 mA
d. v, =-0.800V
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Applications of Series-Parallel Circuits

We now examine how the methods developed in the first two sections of this
chapter are applied when analyzing practical circuits. You may find that
some of the circuits introduce you to unfamiliar devices. For now, you do not
need to know precisely how these devices operate, simply that the voltages
and currents in the circuits follow the same rules and laws that you have

used up to now.

éEXAMPLE 7-6  The circuit of Figure 7-17 is referred to as a bridge circuit

FIGURE 7-17

b. R, = 15kQ

Solution
a. R =0Q:

Calculate the current / and the voltage V,, when

a. R, = 0 Q (short circuit)

¢. R, = o (open circuit)

The circuit is redrawn as shown in Figure 7-18.

o}
1l

s

+
ViR 2500 R, 25kQ V,
10V a, b
Ry )
L + Yab
ViRy3 22000 §R:=0Q

FIGURE 7-18

I_

The voltage source “sees” a total resistance of
R;: = (R, + Ry|IR, = 250 Q||5000 O = 238 Q)

resulting in a source current of

_ 10V
23802

——=0.042A =422 mA

and is used extensively in electronic and scientific instruments.

231
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The voltage V,, may be determined by solving for voltage across R, and R,.
The voltage across R, will be constant regardless of the value of the vari-
able resistor R,. Hence

50 Q
=[——————)(10V) =200V
" <SOQ+ZOOQ>(O )=

Now, since the variable resistor is a short circuit, the entire source voltage
will appear across the resistor R,, giving
V,=10.0V
And so
Vpo=—-V,+V,=-200V + 100V = +8.00V
b. R, = 15k

The circuit is redrawn in Figure 7—19.

I + 4
Vi Ry 2500 R, 25kQ V,
Ry 7a b -
E=10V + =
+ Vab +
V3 R3Z200Q JR,=15kQ V,

FIGURE 7-19 *

The voltage source “sees” a circuit resistance of

R: = (R, + Ry)I(R, + R))
= 250 Q|20 k) = 247 Q)

which results in a source current of

10V
= 9V 0.0405A = 40.5 mA
247 Q) m

The voltages across R, and R, are

V, =200V (as before)
R,
"R, +R,
_ < 5 kQ)
5kQ + 15kQ

v, E

)(10 V) =250V

Now the voltage between terminals a and b is found as

Vab = _Vl aF V2
=—-20V +25V = +0.500V
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c. R, = o

The circuit is redrawn in Figure 7-20.

FIGURE 7-20 *

Because the second branch is an open circuit due to the resistor R, the total
resistance “seen” by the source is

R =R, + R; =250
resulting in a source current of

10V _
I1=5c5q = 0-040A = 40.0 mA

The voltages across R, and R, are

V, =2.00V (as before)
V, =0V (since the branch is open)

And so the resulting voltage between terminals a and b is
Vp=-V,+V,
=—-20V+0V=-200V

The previous example illustrates how voltages and currents within a
circuit are affected by changes elsewhere in the circuit. In the example, we
saw that the voltage V,, varied from —2 V to +8 V, while the total circuit
current varied from a minimum value of 40 mA to a maximum value
of 42 mA. These changes occurred even though the resistor R, varied from
0 Q to .

A transistor is a three-terminal device which may be used to amplify
small signals. In order for the transistor to operate as an amplifier, however,
certain dc conditions must be met. These conditions set the “bias point” of
the transistor. The bias current of a transistor circuit is determined by a dc
voltage source and several resistors. Although the operation of the transistor
is outside the scope of this textbook, we can analyze the bias circuit of a
transistor using elementary circuit theory.
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EXAMPLE 7=7 Use the given conditions to determine I, I, Vg, and Vj for
the transistor circuit of Figure 7-21.

Vpp =
+5V

Let: I =100 I
Ic~Ig
VBE= 07 V

FIGURE 7-21 =

Solution In order to simplify the work, the circuit of Figure 7-21 is sepa-
rated into two circuits: one circuit containing the known voltage Vj; and the
other containing the unknown voltage V.

Since we always start will the given information, we redraw the circuit
containing the known voltage V,; as illustrated in Figure 7-22.

Vep L +
+5V

|||—o

FIGURE 7-22

Although the circuit of Figure 7-22 initially appears to be a series cir-
cuit, we see that this cannot be the case, since we are given that [, = [, =
1007;. We know that the current everywhere in a series circuit must be the
same. However, Kirchhoff’s voltage law still applies around the closed loop,
resulting in the following:

Vg = Rgly + Vg + Rl
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The previous expression contains two unknowns, I, and I, (V. is given).
From the given information we have the current I, = 100/, which allows us
to write

Vs = Rply + Vi + R(1001,)
Solving for the unknown current 7, we have

5.0V = (200 kO)I; + 0.7V + (1 kQ)(1001,)
BO0KkM)I, =50V — 0.7V =43V
_ 43V
#1300 kQ
The current I, = I. = 1001, = 1.43 mA.
As mentioned previously, the circuit can be redrawn as two separate cir-

cuits. The circuit containing the unknown voltage V is illustrated in Figure
7-23. Notice that the resistor R, appears in both Figure 7-22 and Figure 7-23.

= 143 pA

_VCC=20V

FIGURE 7-23

Applying Kirchhoff’s voltage law around the closed loop of Figure 7-23, we
have the following:

Vee T Ve + Vi, = Vee
The voltage V. is found as
Vee = Vee — VRC - VRE
= Vee = Rl — Rplg

=20.0V — (4 kQ)(1.43 mA) — (1 kQ)(1.43 mA)
=200V — 573V — 143V = 128V

Finally, applying Kirchhoff’s voltage law from B to ground, we have

V= Vg + Vi,
=07V + 143V
=213V
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. Use the given information to find Vg, I,,, and V, for the circuit of Figure 7-24.

FIGURE 7-24
VDD =+ 15 \'%

Given: Vgg=—3.0V
ID = IS
I=0

](;:0

Answers: V;=0,1,=3.00mA, V,;=6.00V

The universal bias circuit is one of the most common transistor circuits
used in amplifiers. We will now examine how to use circuit analysis princi-
ples to analyze this important circuit.

é EXAMFPLE 7—& Determine the I and V; for the circuit of Figure 7-25.

VCC= 20 A%

Given:
IC = IE
VBE =07V

FIGURE 7-25

Solution If we examine the above circuit, we see that since [, = 0, we may
assume that R, and R, are effectively in series. This assumption would be
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incorrect if the current /; was not very small compared to the currents through
R, and R,. We use the voltage divider rule to solve for the voltage, V;. (For this
reason, the universal bias circuit is often referred to as voltage divider bias.)

— R,

" R +R,
_ 10 kQ
_[80k9-+10kﬂ
=222V

VB VC C

}mV)

Next, we use the value for V; and Kirchhoff’s voltage law to determine the
voltage across Rj.

Vee =222V — 0.7V =152V
Applying Ohm’s law, we now determine the current /.

;= 152V
E k0

=1.52mA =1,

Finally, applying Kirchhoff’s voltage law and Ohm’s law, we determine V,
as follows:

Vee = Vee t Vep + Ve

Ver = Vee = Vre = Ve
=20V — (1.52 mA)4 kQ) — (1.52 mA)(1 kQ)
=124V

A zener diode is a two-terminal device similar to a varistor (refer to
Chapter 3). When the voltage across the zener diode attempts to go above the
rated voltage for the device, the zener diode provides a low-resistance path
for the extra current. Due to this action, a relatively constant voltage, V,, is
maintained across the zener diode. This characteristic is referred to as volt-
age regulation and has many applications in electronic and electrical cir-
cuits. Once again, although the theory of operation of the zener diode is out-
side the scope of this textbook, we are able to apply simple circuit theory to
examine how the circuit operates.

EXAMPLE 7-9 For the voltage regulator circuit of Figure 7-26, calculate
1, 1, I, and P;.

Il +VI_
— a
M
R, =5kQ i[z l]z
v, t
E _| 4
5Y T sv ” 4 R2§10k9
Pz | Dz

FIGURE 7-26 b
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Solution If we take a moment to examine the circuit, we see that the zener
diode is placed in parallel with the resistor R,. This parallel combination is in
series with the resistor R, and the voltage source, E.

In order for the zener diode to operate as a regulator, the voltage across
the diode would have to be above the zener voltage without the diode present.
If we remove the zener diode the circuit would appear as shown in Figure 7-27.

Ry

5kQ

+
E—=15V Vv, R élom

From Figure 7-27, we may determine the voltage V, which would be
present without the zener diode in the circuit. Since the circuit is a simple
series circuit, the voltage divider rule may be used to determine V,:

R, . 10 kQ
R, + R, (5kQ+10kQ

FIGURE 7-27

V, )(15 V)=10.0V
When the zener diode is placed across the resistor R, the device will operate
to limit the voltage to V,, = 5 V.

Because the zener diode is operating as a voltage regulator, the voltage
across both the diode and the resistor R, must be the same, namely 5 V. The
parallel combination of D, and R, is in series with the resistor R, and so the
voltage across R, is easily determined from Kirchhoff’s voltage law as

V,=E-V,=15V-5V=10V

Now, from Ohm’s law, the currents /, and 7, are easily found to be

vV, 5V
L=2=—'_—05mA
2T R, 10KQ o

vV, 10V
[=2=—"=20mA
'T R 5kQ o

Applying Kirchoff’s current law at node a, we get the zener diode current as
I,=1,—1L=20mA — 05mA = 1.5mA
Finally, the power dissipated by the zener diode must be
P,=V,I, = (5V)(1.5mA) =75 mW

Use the results of Example 7-9 to show that the power delivered to the circuit by
the voltage source of Figure 7-26, is equal to the total power dissipated by the
resistors and the zener diode.

(Answers are at the end of the chapter.)
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increased to 10 k().

1. Determine /,, I, and I, for the circuit of Figure 7-26 if the resistor R, is .
2. Repeat Problem 1 if R, is increased to 30 k().

Answers:
1. I, = 1.00 mA, I, = 0.500 mA, I, = 0.500 mA

2. 1, =1, =0.375mA, I, = 0 mA. (The voltage across the zener diode is not sufficient
for the device to come on.)

7.4  Potentiometers

As mentioned in Chapter 3, variable resistors may be used as potentiometers
as shown in Figure 7-28 to control voltage into another circuit.

The volume control on a receiver or amplifier is an example of a vari-
able resistor used as a potentiometer. When the movable terminal is at the
uppermost position, the voltage appearing between terminals b and c is sim-
ply calculated by using the voltage divider rule as

v, = ( 50 kQ

m)ﬂm V) =60V

Alternatively, when the movable terminal is at the lowermost position,
the voltage between terminals b and ¢ is V,. = 0V, since the two terminals
are effectively shorted and the voltage across a short circuit is always zero.

The circuit of Figure 7-28 represents a potentiometer having an output
voltage which is adjustable between 0 and 60 V. This output is referred to as
the unloaded output, since there is no load resistance connected between
the terminals b and c. If a load resistance were connected between these ter-
minals, the output voltage, called the loaded output, would no longer be the
same. The following example is an illustration of circuit loading.

FIGURE 7-28

éEXAMPLE 7-10  For the circuit of Figure 7-29, determine the range of the
voltage V,, as the potentiometer varies between its minimum and maximum
values.

50 k() potentiometer

Ry a

b —o
R2<—| -

Ry
= 120 V 50 kQ g Ve

50 kQ

ol
1l

FIGURE 7-29 @

Solution The minimum voltage between terminals b and ¢ will occur when
the movable contact is at the lowermost contact of the variable resistor. In this
position, the voltage V,. = 0V, since the terminals b and ¢ are shorted.
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The maximum voltage V,. occurs when the movable contact is at the
uppermost contact of the variable resistor. In this position, the circuit may be
represented as shown in Figure 7-30.

Ry
VW
kQ
50 b
+
E=120V g, R,
50kQS 50 k9§ Vie
O

FIGURE 7-30 b

In Figure 7-30, we see that the resistance R, is in parallel with the load
resistor R,;. The voltage between terminals b and c is easily determined from
the voltage divider rule, as follows:

L RIR
bc —
(RAIR,) + R,
[ 25k0
(25k9-+50k0

We conclude that the voltage at the output of the potentiometer is adjustable
from 0 V to 40 V for a load resistance of R, = 50 k).

By inspection, we see that an unloaded potentiometer in the circuit of
Figure 7-29 would have an output voltage of 0 V to 60 V.

%mw=mv

Refer to the circuit of Figure 7-29.

a. Determine the output voltage range of the potentiometer if the load resistor is
R, =5kQ.

b. Repeat (a) if the load resistor is R, = 500 k().

c. What conclusion may be made about the output voltage of a potentiometer when
the load resistance is large in comparison with the potentiometer resistance?

Answers:
a. 0Oto 10V b. 0to 57.1V

c. When R, is large in comparison to the potentiometer resistance, the output voltage
will better approximate the unloaded voltage. (In this example, the unloaded voltage
is 0 to 60 V.)

IN-PROCESS
LEARNING
CHECK 3

A 20-kQ) potentiometer is connected across a voltage source with a 2-k() load
resistor connected between the wiper (center terminal) and the negative terminal
of the voltage source.
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a. What percentage of the source voltage will appear across the load when the
wiper is one-fourth of the way from the bottom?

b. Determine the percentage of the source voltage which appears across the load
when the wiper is one-half and three-fourths of the way from the bottom.

c. Repeat the calculations of (a) and (b) for a load resistor of 200 k().

d. From the above results, what conclusion can you make about the effect of
placing a large load across a potentiometer?

(Answers are at the end of the chapter.)
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7.5 Loading Effects of Instruments

In Chapters 5 and 6 we examined how ammeters and voltmeters affect the
operation of simple series circuits. The degree to which the circuits are
affected is called the loading effect of the instrument. Recall that, in order
for an instrument to provide an accurate indication of how a circuit operates,
the loading effect should ideally be zero. In practice, it is impossible for any
instrument to have zero loading effect, since all instruments absorb some
energy from the circuit under test, thereby affecting circuit operation.

In this section, we will determine how instrument loading affects more
complex circuits.

EXAMFPLE 7-11 Calculate the loading effects if a digital multimeter, having
an internal resistance of 10 M(), is used to measure V, and V, in the circuit of

Figure 7-31.
Vv
U
M
R, =5MQ
L R, T
E==127V 10MQ§_V2

FIGURE 7-31

Solution In order to determine the loading effect for a particular reading,
we need to calculate both the unloaded voltage and the loaded voltage.

For the circuit given in Figure 7-31, the unloaded voltage across each
resistor is

V1:< 5MQ

5MQ + 10 MQ

v2=< 10 MQ
5MQ + 10 MO

)(27 V)=9.0V

)(27 V) =180V
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When the voltmeter is used to measure V,, the result is equivalent to connect-
ing a 10-M() resistor across resistor R;, as shown in Figure 7-32.

Ry

MY
5MQ

<

FIGURE 7-32

The voltage appearing across the parallel combination of R, and resistance of
the voltmeter is calculated as
V. = 5 MQJI10 MQ
YL MO0 MQ) + 10 MO
_ (3.33MQ
13.3 MQ
=6.75V

)(27 V)

>(27 V)

Notice that the measured voltage is significantly less than the 9 V that we had

expected to measure.
With the voltmeter connected across resistor R,, the circuit appears as

shown in Figure 7-33.
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FIGURE 7-33

The voltage appearing across the parallel combination of R, and resistance of
the voltmeter is calculated as

B ( 10 MQJ|10 MQ
Vv, =

5MQ + (10 MOJ|10 MQ)
_ ( 5.0 MQ

)(27 V)

10.0 MQ
=135V

)(27 V)

Again, we notice that the measured voltage is quite a bit less than the 18 V
that we had expected.

Now the loading effects are calculated as follows.

When measuring V;:

loading effect = 20V =675V X 100%
9.0V
= 25%
When measuring V,:
loading effect = 180V =135V X 100%
18.0V
=25%

This example clearly illustrates a problem that novices often make when
they are taking voltage measurements in high-resistance circuits. If the mea-
sured voltages V, = 6.75V and V, = 13.50 V are used to verify Kirchhoff’s
voltage law, the novice would say that this represents a contradiction of the
law (since 6.75 V + 13.50 V # 27.0 V). In fact, we see that the circuit is
behaving exactly as predicted by circuit theory. The problem occurs when
instrument limitations are not considered.
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Whenever an instrument is used to measure a quantity, the operator must
always consider the loading effects of the instrument.

PRACTICE Calculate the loading effects if an analog voltmeter, having an internal resistance
PROBLEMS 6 of 200 k(), is used to measure V, and V, in the circuit of Figure 7-31.

Answers: V,: loading effect = 94.3%
V,: loading effect = 94.3%

EXAMFPLE 7-12  For the circuit of Figure 7-34, calculate the loading effect
if a 5.00-) ammeter is used to measure the currents I, /;, and L.

It
e

|

=100 mV R1§ZSQ R2§5 Q

o
1l

FIGURE 7-34

Solution We begin by determining the unloaded currents in the circuit.
Using Ohm’s law, we solve for the currents /, and Z,:

100 mV
=21 _ 40omA
1T 50 Om

100 mV
L=—"1Y _ 500mA
2~ 750 m

Now, by Kirchhoff’s current law,
I; = 4.0 mA + 20.0 mA = 24.0 mA

If we were to insert the ammeter into the branch with resistor R;, the circuit
would appear as shown in Figure 7-35.
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Circuit must
be broken in order
to measure current.

FIGURE 7-35

The current through the ammeter would be

_ 100 mV
250450

If we were to insert the ammeter into the branch with resistor R,, the circuit
would appear as shown in Figure 7-36.

l 10, gg

= 3.33 mA

OFF ¢ _
v
300mV
Q
® % )
50
> I
R, 250
E_L R; 5250
100 mV ]
+
FIGURE 7-36 _T
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The current through the ammeter would be

100 mV

2= 50150  [0OmA

If the ammeter were inserted into the circuit to measure the current I, the
equivalent circuit would appear as shown in Figure 7-37.

>R2
50

FIGURE 7-37

The total resistance of the circuit would be
R, =5Q0+25Q|50=9.17Q

This would result in a current /; determined by Ohm’s law as

100 mV
9.17 Q)

= 10.9 mA

The loading effects for the various current measurements are as follows:
When measuring 7/,

I, =

loading effect = 40 MA =333 mA 550
40 mA

= 16.7%

When measuring 7,

. 20 mA — 10 mA
load ffect = ————— X 100%
oading effec 20 o

= 50%
When measuring I,
24 mA — 10.9 mA

loading effect = X 100%
oading effec A A 00%

=54.5%
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Notice that the loading effect for an ammeter is most pronounced when it is
used to measure current in a branch having a resistance in the same order of
magnitude as the meter.

You will also notice that if this ammeter were used in a circuit to verify
the correctness of Kirchhoff’s current law, the loading effect of the meter
would produce an apparent contradiction. From KCL,

R=0hL"h

By substituting the measured values of current into the above equation, we
have

10.91 mA = 3.33 mA + 10.0 mA
10.91 mA # 13.33 mA (contradiction)

This example illustrates that the loading effect of a meter may severely affect
the current in a circuit, giving results which seem to contradict the laws of
circuit theory. Therefore, wherever an instrument is used to measure a partic-
ular quantity, we must always take into account the limitations of the instru-
ment and question the validity of a resulting reading.

nal resistance of 1 ) is used to measure the currents in the circuit of Figure

Calculate the readings and the loading error if an ammeter having an inter- .
7-34.

Answers: Iygpg, = 19.4 mA; loading error = 19.4%
I rpc) = 3.85 mA; loading error = 3.85%
Iigrpcy = 16.7 mA; loading error = 16.7%

247

7.6  Circuit Analysis Using Computers i i ) H

Electronics Workbench ELECTRONICS ~ PSpice

The analysis of series-parallel circuits using Electronics Workbench is WORKBENCH
almost identical to the methods used in analyzing series and parallel circuits

in previous chapters. The following example illustrates that Electronics

Workbench results in the same solutions as those obtained in Example 7-4.

EXAMPLE 7-13 Given the circuit of Figure 7-38, use Electronics Work-
bench to find the following quantities:

a. Total resistance, Ry
b. Voltages V, and V,
c. Currents Ir, I, and I,
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Ry=4KkQ
Z + b
. ANA—
[1, V Ia
R; S3kQ
+
Ry
R v,
1§6k9 “ skes
]TT-|-E=45V

FIGURE 7-38 d

Solution

a. We begin by constructing the circuit as shown in Figure 7-39. This circuit
is identical to that shown in Figure 7-38, except that the voltage source
has been omitted and a multimeter (from the Instruments button on the
Parts bin toolbar) inserted in its place. The ohmmeter function is then
selected and the power switch turned on. The resistance is found to be
R; = 9.00 k).

: -

FIGURE 7-39

b. Next, we remove the multimeter and insert the 45-V source. Ammeters
and voltmeters are inserted, as shown in Figure 7—40.
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ek 00 R [ (feeif
@ FIGURE 7-40

From the results we have I = 5.00 mA, I, = 3.00 mA, I, = 2.00 mA.

c. The required voltages are V, = 12.0 V and V, = 30.0 V. These results are
consistent with those obtained in Example 7—4.

The following example uses Electronics Workbench to determine the
voltage across a bridge circuit. The example uses a potentiometer to provide
a variable resistance in the circuit. Electronics Workbench is able to provide
a display of voltage (on a multimeter) as the resistance is changed.

EXAMFLE 7-14 Given the circuit of Figure 7-41, use Electronics Work-
bench to determine the values of / and V,, when R, = 0 (), 15 k(), and
50 k.

R,=0-550kQ

FIGURE 7-41
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Solution

1. We begin by constructing the circuit as shown in Figure 7-42. The poten-

tiometer is selected from the Basic button on the Parts bin toolbar. Ensure
that the potentiometer is inserted as illustrated.

- T E—— Y

@ FIGURE 7-42

. Double click on the potentiometer symbol and change its value to 50 k().

Notice that the increment value is set for 5%. Adjust this value so that it is
at 10%. We will use this in a following step.

. Once the circuit is completely built, the power switch is turned on. Notice

that the resistor value is at 50%. This means that the potentiometer is
adjusted so that its value is 25 k() The following step will change the
value of the potentiometer to 0 ().

. Double click on the potentiometer symbol. The value of the resistor is now

easily changed by either Shift R (to incrementally increase the value) or R
(to incrementally decrease the value). As you decrease the value of the
potentiometer, you should observe that the voltage displayed on the multi-
meter is also changing. It takes a few seconds for the display to stabilize.
As shown in Figure 7-42, you should observe that / = 42.0 mA and V,, =
8.00 V when R, = 0 Q).

. Finally, after adjusting the value of the potentiometer, we obtain the fol-

lowing readings:
R, = 15kQ (30%): 1= 40.5mA and V,, = 0.500 V
R, =50kQ (100%): I=402mAandV,=—1.09V
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OrCAD PSpice

PSpice is somewhat different from Electronics Workbench in the way it han-
dles potentiometers. In order to place a variable resistor into a circuit, it is
necessary set the parameters of the circuit to sweep through a range of val-
ues. The following example illustrates the method used to provide a graphi-
cal display of output voltage and source current for a range of resistance.
Although the method is different, the results are consistent with those of the

previous example.

EXAMPLE 7-15 Use PSpice to provide a graphical display of voltage V,,
and current / as R, is varied from 0 to 50 k() in the circuit of Figure 7-41.

Solution OrCAD uses global parameters to represent numeric values by
name. This will permit us to set up an analysis that sweeps a variable (in this
case a resistor) through a range of values.

e Open the CIS Demo software and move to the Capture schematic as out-
lined in previous PSpice examples. You may wish to name your project Ch
7 PSpice 1.

* Build the circuit as shown in Figure 7—43. Remember to rotate the compo-
nents to provide for the correct node assignments. Change all component
values (except R4) as required.

% OrCAD Capture - [/ - (SCHEMATIC1 : PAGE1)] HE R
Pl Fle Edt View Place Macio PSpice Accessoiss Options Window Help =181 x|

bl =1 =N W e e e e s s e i e e

== e

T T
-

S0

. a

g

|
"'\5

=

o 3
I

2| |+ E| 2] #]

]
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FIGURE 7-43

* Double click on the component value for R4. Enter {Rx} in the Value text
box of the Display Properties for this resistor. The curly braces tell PSpice
to evaluate the parameter and use its value.

 Click on the Place part tool. Select the Special library and click on the
PARAM part. Place the PARAM part adjacent to resistor R4.
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* Double click on PARAMETERS. Click on New. Type Rx in the Property
Name text box and click OK. Click in the cell below the Rx column and
enter S0k as the default value for this resistor. Click on Apply. Click on
Display and select Name and Value from the Display Format. Exit the
Property Editor.

 Click on the New Simulation icon and give the simulation a name such as
Fig 7-43.

e In the Simulation Settings, select the Analysis Tab. The Analysis type is
DC Sweep. Select Primary Sweep from the Options listing. In the Sweep
variable box select Global Parameter. Type Rx in the Parameter name text
box. Select the Sweep type to be linear and set the limits as follows:

Start value: 100
End value: 50k

Increment: 100.

These settings will change the resistor value from 100 Q to 50 k() in
100-Q increments. Click OK.

¢ Click on the Run icon. You will see a blank screen with the abscissa (hori-
zontal axis) showing R, scaled from 0 to 50 k().

» PSpice is able to plot most circuit variables as a function of R,. In order to
request a plot of V,,, click on Trace and Add Trace. Enter V(R3:1) —
V(R4:1) in the Trace Expression text box. The voltage V,, is the voltage
between node 1 of R, and node 1 of R,. Click OK.

* Finally, to obtain a plot of the circuit current / (current through the voltage
source), we need to first add an extra axis. Click on Plot and then click Add
Y Axis. To obtain a plot of the current, click on Trace and Add Trace.
Select I(V1). The resulting display on the monitor is shown in Figure 7—44.

EE SCHEMATIC1-Figure 7-43 - DiCAD PSpice A/D Demo - [ch 7 pspice 1-SCHEMATIC1-Figure 7-43 [aclive]]

B Fle Edt View Simuaon Trace Plot Took Window Help =& x]

a 10K 28K

o U(R3:1)- U(R4:1) [Z] < I(U1)

| ch 7 pspice .. I

[Far Help. press Fi |Rw= 50.00E+03 100% AEENEEEEEN 2

FIGURE 7-44
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Notice that the current shown is negative. This is because PSpice sets the ref-
erence direction through a voltage source from the positive terminal to the
negative terminal. One way of removing the negative sign is to request the
current as —I(V1).
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Given the circuit of Figure 7—45, use Electronics Workbench to solve for V,,, 1,
and I, when R, = 100 (2, 500 €2, and 1000 ().

300, 300
M M

h 3

€ Ry
T 24V §6OQ 100 Q —1000

FIGURE 7-45

Answers: R, = 100Q: =169 mA, V, = 693V, I, = 53.3 mA
R, =500Q0:1=143mA,V, =771V,I, = 145 mA
R, =1000Q:1=138mA,V,, =785V,I, = 7.62 mA

PRACTICE
PROBLEMS &

Use PSpice to input file for the circuit of Figure 7-45. The output shall display
the source current, /, the load current, /,, and the voltage V,, as the resistor R, is
varied in 100-€) increments between 100 () and 1000 ().

PRACTICE
PROBLEMS 9
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PUTTING IT INTO PRACTICE [# ““{ﬂ%ﬂ?hﬁ,; ﬂ
AR L R R R T g T

‘ J ery often manufacturers provide schematics showing the dc voltages that
one would expect to measure if the circuit were functioning properly.
The following figure shows part of a schematic for an amplifier circuit.

+20V

4kQ Izlé 144 kQ Isl 5kQ §54 kQ
+11.6V
I1=0 Iy
....... I¢ I¢ /I>)
C, C, >
2V
§2000. 13l§27k0 §1k0 §10kﬂ

{

Even though a schematic may include components with which the reader
is not familiar, the dc voltages provided on the schematic enable us to deter-
mine voltages and current in various parts of the circuit. If the circuit is
faulty, measured voltages and currents will be different from the theoretical,
allowing the experience troubleshooter to locate the fault.

Examine the circuit shown. Use the voltage information on the schematic
to determine the theoretical values of the currents /,, I,, I5, I,, and /s. Find the
magnitude and correct polarity of the voltage across the device labeled as C,.
(It’s a capacitor, and it will be examined in detail in Chapter 10.)

PROBLEMS

7.1 The Series-Parallel Network

1. For the networks of Figure 7-46, determine which resistors and branches
are in series and which are in parallel. Write an expression for the total
resistance, Ry.

2. For each of the networks of Figure 7—47, write an expression for the total
resistance, Ry.

3. Write an expression for both Ry, and Ry, for the networks of Figure 7-48.
4. Write an expression for both Ry, and Ry, for the networks of Figure 7-49.

5. Resistor networks have total resistances as given below. Sketch a circuit
which corresponds to each expression.

a. Ry = (R[IR|IR;) + (R,IR)
b. Ry =R, + (R2||R3) + [R4||(R5 + Re)]
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—AA—
Ry
A—— Y
RT —_—
Ry —A—
Ry — Ry § R;
R; —
R5 R4
MV ¢ —AW—
(a) (b)
FIGURE 7-46
Ry
Ry
RT E— R3 R4 fo . V\/\’_
Ry
Ry

>

=
w

(@) (b)

FIGURE 7-47

Ry
M o
Ry
o—ANWN—s¢ '
Ry R,
RTI > VVYV VVYV -— RT
Rs
o M
O
(a) (b)
FIGURE 7-48

6. Resistor networks have total resistances as given below. Sketch a circuit
which corresponds to each expression.

a. Ry = [(R|IRy) + (RsIR)]IIRs
b. Ry = (Rl”RZ) + R, + [(R, + Rs)"RG
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R, R,
MW ANWN—o
Lh
R3 é B RT
<

RTI —

e, O

(a) (b)

FIGURE 7-49

7.2 Analysis of Series-Parallel Circuits

7. Determine the total resistance of each network in Figure 7-50.

1.2 kQ 3.3kQ
300 O 200 Q2

. o—e— MWV
R
R 300 O L 251k 247kQ 25.6kQ
400 Q
0 e,
(a) (b)

FIGURE 7-50
8. Determine the total resistance of each network in Figure 7-51.

All resistors are 1 k().

All resistors are 1 k().

o—e— WV
RT R
RT —> é
O & &
(a) (b)

FIGURE 7-51

9. Calculate the resistances R, and R, in the circuit of Figure 7-52.
10. Calculate the resistances R, and R, in the circuit of Figure 7-53.

11. Refer to the circuit of Figure 7-54:
Find the following quantities:

a. R;
b. I, 1,1, 15, 1,
c. Vo Vo
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30Q
ao Wv
100 Q
20 Q)
b
é 50 Q
<
160 Q) 50 Q
C
40 Q
FIGURE 7-52 FIGURE 7-53
180 ) a 390 Q)
MV MY

P

b
FIGURE 7-54 FIGURE 7-55

12. Refer to the circuit of Figure 7-55:
Find the following quantities:

a. R; (equivalent resistance “seen” by the voltage source).
b. I, I, 1, I, 1,
¢ Vi Vio Vear

13. Refer to the circuit of Figure 7-56:

a. Find the currents [, I,, I5, L, I5, and I

Ri=1kQ , Ry=1kQ , Ry=3kQ
AW AW AMN—
e —> —_—>
I ) I3
. I Ry I Rs Rg
BV 4i Ss5k0 SL 6 kQ S6kQ
R,;=2kQ I
MV
b d

FIGURE 7-56
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b. Solve for the voltages V,, and V.

c. Verify that the power delivered to the circuit is equal to the summation of
powers dissipated by the resistors.

14. Refer to the circuit of Figure 7-57:

FIGURE 7-57

a. Find the currents I, I, I, I,, and Is.

b. Solve for the voltages V,, and V.

c. Verify that the power delivered to the circuit is equal to the summation of
powers dissipated by the resistors.

15. Refer to the circuits of Figure 7-58:

FIGURE 7-58

a. Find the indicated currents.
b. Solve for the voltage V.

c. Verify that the power delivered to the circuit is equal to the summation of
powers dissipated by the resistors.

16. Refer to the circuit of Figure 7-59:
a. Solve for the currents /,, I,, and I; when R, = 0 ) and when R, = 5 k().



b. Calculate the voltage V,, when R, = 0 () and when R, = 5 k().

R,=0 —5kQ

10V
'[ 400 O

7.3 Applications of Series-Parallel Circuits

FIGURE 7-59

17. Solve for all currents and voltage drops in the circuit of Figure 7-60. Verify
that the power delivered by the voltage source is equal to the power dissi-
pated by the resistors and the zener diode.

18. Refer to the circuit of Figure 7-61:

a. Determine the power dissipated by the 6.2-V zener diode. If the zener
diode is rated for a maximum power of Y4 W, is it likely to be destroyed?

b. Repeat Part (a) if the resistance R, is doubled.

Given the circuit of Figure 7-62, determine the range of R (maximum and
minimum values) which will ensure that the output voltage V, = 5.6 V
while the maximum power rating of the zener diode is not exceeded.

19.

R
Ry
NV '\%v
80 Q)
+ +
\% R \%
- 7 R L — -4 ! L
0V V72 27y 0V v, & a3y
=56V _ =56V =
1w 1w

FIGURE 7-62 FIGURE 7-63

20. Given the circuit of Figure 7-63, determine the range of R (maximum and
minimum values) which will ensure that the output voltage V, = 5.6 V

while the maximum power rating of the zener diode is not exceeded.
21.
22.

Given the circuit of Figure 7-64, determine Vy, I, and V.

Repeat Problem 21 if R, is increased to 10 k(). (All other quantities remain
unchanged.)

23. Consider the circuit of Figure 7-65 and the indicated values:
a. Determine /).

b. Calculate the required value for R;.

c. Solve for V.

24. Consider the circuit of Figure 7-66 and the indicated values:

a. Determine /,, and V.

Problems 259
Ry Ry
150 Q) 390
v, L
7= R 150 O
24V -[ oy :Z 3
FIGURE 7-60

Given: I-=1001Ig=1g
Vpe=—0.6V

FIGURE 7-64
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b. Design the required values for Rg and R,.

; TS5V . Vpp +15V
Given: Given:
VGS = _20 V VGS = _25 V
Is=1Ip il[) Ig=1Ip i[[)
Ig=0 Ig=0
|4 1%
1D=(10mA)[1__5L§,]2 - Ip=(oma) |1 - Ve .

Vps=+6.0V

Ig=0 D Ig=0 D
G + +
_ VDS _ VDS = 60 V
VGS S V(_IS S
1
i I i s
FIGURE 7-66

FIGURE 7-65

25. Calculate /. and V for the circuit of Figure 7-67.
26. Calculate /- and V; for the circuit of Figure 7-68.

VCC=+18V VCC=+16V
{ {
2400 Q)
RC§ I Re | (1,
Ry § 32k Given: Ry § 20kQ Given:
o C Ig =~ <rC Ig =
B IC = IE B IC = [E
] — VBE:O'7 v | —_ VBE=0-7 A\
IB = IB =~ ()
[ I L @
Rz§4 KQ R §l4oo Q Rz§ 20k0 R §l2 kQ
Ig I

FIGURE 7-67 FIGURE 7-68
7.4 Potentiometers
27. Refer to the circuit of Figure 7-69:

a. Determine the range of voltages which will appear across R; as the
potentiometer is varied between its minimum and maximum values.

b. IfR,isadjusted tobe 2.5k(), what will be the voltage V, ? If the load resistor
isnow removed, what voltage would appear between terminalsa and b?
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28. Repeat Problem 27 using the load resistor R, = 30 k(). 10 kO potentiometer
29. If the potentiometer of Figure 7-70 is adjusted so that R, = 200 (), deter- a
mine the voltages V,, and V. 20 kO
30. Calculate the values of R, and R, required in the potentiometer of Figure
7-70 if the voltage V; across the 50-{) load resistor is to be 6.0 V. R,
—36V R, +
Re " joka §7v,‘
1 kQ potentiometer 10 k€ potentiometer
10 kQ
o / :
/ 100 O T 1 FIGURE 7-69
>
Rl { R 1
= b T 120V
T 24V Rz{ Ry
+
R
500SVe

C

FIGURE 7-70 FIGURE 7-71

31. Refer to the circuit of Figure 7-71:

a. Determine the range of output voltage (minimum to maximum) which can
be expected as the potentiometer is adjusted from minimum to maximum.
b. Calculate R, when V_, = 20 V.
32. In the circuit of Figure 7-71, what value of R, results in an output voltage of
40V?

33. Given the circuit of Figure 7-72, calculate the output voltage V,, when
R, = 0, 250 (, and 500 Q.

R1§1000

20V

1
o)

Ry
R2 § /§V Vout

FIGURE 7-72

34. Given the circuit of Figure 7-73, calculate the output voltage V,,, when
R, =0, 500 €, and 1000 Q).
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R §2 kQ

72V 5

R2§ RL/? 0 Vout
1 kQ 0—1k

FIGURE 7-73

E| UQ, 7.5 Loading Effects of Instruments

35. A voltmeter having a sensitivity S = 20 k{)/V is used on the 10-V range

Y 5 (200-k() total internal resistance) to measure voltage across the 750-k(}
oo resistor of Figure 7-74. The voltage indicated by the meter is 5.00 V.
Q .
= a. Determine the value of the supply voltage, E.
200 kO b. What voltage will be present across the 750-k{) resistor when the volt-
- - meter is removed from the circuit?
c. Calculate the loading effect of the meter when used as shown.
d. If the same voltmeter is used to measure the voltage across the 200-k()
AN resistor, what voltage would be indicated?
200 kO 36. The voltmeter of Figure 7-75 has a sensitivity S = 2 kQ/V.
E =— é 750 kQ a. If the meter is used on its 50-V range (R = 100 k() to measure the volt-
b age across R,, what will be the meter reading and the loading error?
b. If the meter is changed to its 20-V range (R = 40 k()) determine the read-
ing on this range and the loading error. Will the meter be damaged on this
FIGURE 7-74 range? Will the loading error be less or more than the error in Part (a)?
Q “‘ @
= ~ )
20
5.6 Q
AN
L b I3

1l
|
=)
[\]
<
-
=
oo
=)
-—
WvV
w
o
=)

FIGURE 7-75
FIGURE 7-76
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Answers to In-Process Learning Checks

An ammeter is used to measure current in the circuit shown in Figure 7-76.
a. Explain how to correctly connect the ammeter to measure the current /.

b. Determine the values indicated when the ammeter is used to measure
each of the indicated currents in the circuit.

c. Calculate the loading effect of the meter when measuring each of the
currents.

Suppose the ammeter in Figure 7-76 has an internal resistance of 0.5 )

a. Determine the values indicated when the ammeter is used to measure the
indicated currents in the circuit.

b. Calculate the loading effect of the meter when measuring each of the
currents.

Circuit Analysis Using Computers

EWB Use Electronics Workbench to solve for V,, V,, I, I;, and I, in the
circuit of Figure 7-10.

EWB Use Electronics Workbench to solve for V,,, I, I,, and I, in the cir-
cuit of Figure 7-13.

EWB Use Electronics Workbench to solve for the meter reading in the cir-
cuit of Figure 7-75 if the meter is used on its 50-V range.

EWB Repeat Problem 41 if the meter is used on its 20-V range.

PSpice Use PSpice to solve for V,, V,, Iy, I, and I, in the circuit of Figure
7-10.

PSpice UsePSpicetosolveforV,,, I, I,, and I;in the circuit of Figure 7-13.

PSpice Use PSpice to obtain a display of V,, and I, in the circuit of Figure
7-59. Let R, change from 500 ( to 5 k() using 100-() increments.
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In-Process Learning Check 1

Py = 1152mW, P, = 69.1 mW, P, = 36.9 mW, P; = 9.2 mW LEARNING CHECKS
P, + P, + P; = 1152 mW as required.

In-Process Learning Check 2
Pr = 30.0 mW, P, = 20.0 mW, Py, = 2.50 mW, P, = 7.5 mW
Py + Pp, + P, = 30 mW as required.

In-Process Learning Check 3
R, = 2k
a. N=Va: V, = 8.7% of V,,
b. N= Y V, =143% of V,,
N = Ya: V, =26.1% of V,,
R, = 200 kQ:
c. N=Va V, = 24.5% of V,,
N =" V, = 48.8% of V,,
N = Ya: V, = 73.6% of V,,
d. If R, >> R,, the loading effect is minimal.

ANSWERS TO IN-PROCESS



Methods of Analysis

OBJECTIVES

After studying this chapter you will be

able to

 convert a voltage source into an equiva-
lent current source,

* convert a current source into an equiva-
lent voltage source,

* analyze circuits having two or more cur-
rent sources in parallel,

e write and solve branch equations for a
network,

 write and solve mesh equations for a
network,

e write and solve nodal equations for a
network,

 convert a resistive delta to an equivalent
wye circuit or a wye to its equivalent
delta circuit and solve the resulting sim-
plified circuit,

¢ determine the voltage across or current
through any portion of a bridge network,

 use PSpice to analyze multiloop circuits;

« use Electronics Workbench to analyze
multiloop circuits.

KEY TERMS

Branch-Current Analysis
Bridge Networks
Constant-Current Sources
Delta-Wye Conversions
Linear Bilateral Networks
Mesh Analysis

Nodal Analysis
Wye-Delta Conversions

OUTLINE

Constant-Current Sources

Source Conversions

Current Sources in Parallel and Series
Branch-Current Analysis

Mesh (Loop) Analysis

Nodal Analysis

Delta-Wye (Pi-Tee) Conversion
Bridge Networks

Circuit Analysis Using Computers




he networks you have worked with so far have generally had a single volt- CHAPTER PREVIEW

age source and could be easily analyzed using techniques such as Kirch-
hoff’s voltage law and Kirchhoff’s current law. In this chapter, you will examine A
circuits which have more than one voltage source or which cannot be easily ana-
lyzed using techniques studied in previous chapters.

The methods used in determining the operation of complex networks will
include branch-current analysis, mesh (or loop) analysis, and nodal analysis.
Although any of the above methods may be used, you will find that certain cir-
cuits are more easily analyzed using one particular approach. The advantages of
each method will be discussed in the appropriate section.

In using the techniques outlined above, it is assumed that the networks are =
linear bilateral networks. The term linear indicates that the components used
in the circuit have voltage-current characteristics which follow a straight line. (a) Linear V-I characteristics
Refer to Figure 8—1.

The term bilateral indicates that the components in the network will have
characteristics which are independent of the direction of the current through the
element or the voltage across the element. A resistor is an example of a linear
bilateral component since the voltage across a resistor is directly proportional to
the current through it and the operation of the resistor is the same regardless of
the direction of the current.

In this chapter you will be introduced to the conversion of a network from a
delta (A) configuration to an equivalent wye (Y) configuration. Conversely, we
will examine the transformation from a'Y configuration to an equivalent A con- >
figuration. You will use these conversions to examine the operation of an unbal- 14
anced bridge network.

(b) Non-linear V-I characteristics

FIGURE 8-1

PUTTING IT IN
PERSPECTIVE

Sir Charles Wheatstone

CHARLES WHEATSTONE WAS BORN IN GLOUCESTER, England, on February 6,
1802. Wheatstone’s original interest was in the study of acoustics and musical
instruments. However, he gained fame and a knighthood as a result of inventing
the telegraph and improving the electric generator.

Although he did not invent the bridge circuit, Wheatstone used one for mea-
suring resistance very precisely. He found that when the currents in the Wheat-
stone bridge are exactly balanced, the unknown resistance can be compared to a
known standard.

Sir Charles died in Paris, France, on October 19, 1875.

265
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FIGURE 8-2

source.

Ideal constant current

8.1 Constant-Current Sources

All the circuits presented so far have used voltage sources as the means of
providing power. However, the analysis of certain circuits is easier if you
work with current rather than with voltage. Unlike a voltage source, a con-
stant-current source maintains the same current in its branch of the circuit
regardless of how components are connected external to the source. The
symbol for a constant-current source is shown in Figure 8-2.

The direction of the current source arrow indicates the direction of con-
ventional current in the branch. In previous chapters you learned that the
magnitude and the direction of current through a voltage source varies
according to the size of the circuit resistances and how other voltage sources
are connected in the circuit. For current sources, the voltage across the cur-
rent source depends on how the other components are connected.

é EXAMPLE &—1 Refer to the circuit of Figure 8-3:

NORTEY:

FIGURE 8-3

a. Calculate the voltage Vi across the current source if the resistor is 100 ().
b. Calculate the voltage if the resistor is 2 k().

Solution The current source maintains a constant current of 2 A through the
circuit. Therefore,

a. Vg =V, = (2A)(100 Q) = 200 V.
b. Vi =V, = (2A)2 k) = 4000 V.

If the current source is the only source in the circuit, then the polarity of
voltage across the source will be as shown in Figure 8-3. This, however,
may not be the case if there is more than one source. The following example
illustrates this principle.



Section 8.1 m Constant-Current Sources

EXAMPLE &-2 Determine the voltages V,, V,, and Vi and the current /5 for
the circuit of Figure 8—4.

Ry =1k0Q

+ Ig
2mAC>V5 E=10V

FIGURE 84 Ry =2k

Solution Since the given circuit is a series circuit, the current everywhere in
the circuit must be the same, namely

I, =2mA
Using Ohm’s law,
V., = (2 mA)(1kQ) =2.00V
V, = (2 mA)2kQ) = 4.00V
Applying Kirchhoff’s voltage law around the closed loop,
SV=V;—V,—-V,+E=0

Vi=V,+V,— E
=2V+4V—-10V = —4.00V

From the above result, you see that the actual polarity of V is opposite to that
assumed.

éEXAM PLE &-3 Calculate the currents /; and 7, and the voltage V for the
circuit of Figure 8-5.

E,=—10V 2A Ey=—-5V
O— 764» ' — O
Vg I
s
I

FIGURE 8-5 =

Solution Because the 5-V supply is effectively across the load resistor,

=3V

=700 = 0.5A (in the direction assumed)
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Applying Kirchhoff’s current law at point a,
ILL=05A+20A=25A
From Kirchhoff’s voltage law,

SV=—10V+Vg+5V=0V
Vi=10V—5V=+5V

By examining the previous examples, the following conclusions may be
made regarding current sources:

The constant-current source determines the current in its branch of the
circuit.

The magnitude and polarity of voltage appearing across a constant-cur-
rent source are dependent upon the network in which the source is connected.

8.2  Source Conversions

In the previous section you were introduced to the ideal constant-current
source. This is a source which has no internal resistance included as part of
the circuit. As you recall, voltage sources always have some series resis-
tance, although in some cases this resistance is so small in comparison with
other circuit resistance that it may effectively be ignored when determining
the operation of the circuit. Similarly, a constant-current source will always
have some shunt (or parallel) resistance. If this resistance is very large in
comparison with the other circuit resistance, the internal resistance of the
source may once again be ignored. An ideal current source has an infinite
shunt resistance.
Figure 8—6 shows equivalent voltage and current sources.

Rg
—AMW—o o
E = <:> I C) §Rs
e —e ) O
E=IRg I=E/Ry

FIGURE 8-6

If the internal resistance of a source is considered, the source, whether it
is a voltage source or a current source, is easily converted to the other type.
The current source of Figure 8—6 is equivalent to the voltage source if

I=— (8-1)

and the resistance in both sources is Ry.
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Similarly, a current source may be converted to an equivalent voltage
source by letting

E = IR, (8-2)

These results may be easily verified by connecting an external resis-
tance, R,, across each source. The sources can be equivalent only if the volt-
age across R, is the same for both sources. Similarly, the sources are equiva-
lent only if the current through R, is the same when connected to either
source.

Consider the circuit shown in Figure 8-7.

The voltage across the load resistor is given as

R,

V,=—=—
Y R, +R

E (8-3)

The current through the resistor R, is given as

B

[ =——— 84
" R, +Ry (8-4)

Next, consider an equivalent current source connected to the same load
as shown in Figure 8—8. The current through the resistor R, is given by

R
=—F
Ry + R,

I

But, when converting the source, we get

And so

Ry \/E
v~ (v v
S L S

This result is equivalent to the current obtained in Equation 8—4. The
voltage across the resistor is given as

V.= LR,

[ E
R+ R,

The voltage across the resistor is precisely the same as the result
obtained in Equation 8-3. We therefore conclude that the load current and
voltage drop are the same whether the source is a voltage source or an equiv-
alent current source.
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FIGURE 8-7

FIGURE 8-8
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Although the sources are equiva-
lent, currents and voltages within
the sources may no longer be the
same. The sources are only equiv-
alent with respect to elements
connected external to the termi-
nals.

EXAMPLE &—4  Convert the voltage source of Figure 8-9(a) into a current
source and verify that the current, /,, through the load is the same for each
source.

RS I
AV Wv L
10Q

E=F48V RL§4()Q

(a)

I= a8V =48 A

C) RS§109 R. 2400

(b)
FIGURE 8-9

Solution The equivalent current source will have a current magnitude given
as

48V

I:_
10 O

=48A

The resulting circuit is shown in Figure 8-9(b).
For the circuit of Figure 8-9(a), the current through the load is found as

438V

=———=096A
L1100 +400
For the equivalent circuit of Figure 8-9(b), the current through the load is

; _ (48A)100)

=0.96 A
L 10Q+400Q 0-96

Clearly the results are the same.
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EXAMPLE &-5 Convert the current source of Figure 8-10(a) into a volt-
age source and verify that the voltage, V,, across the load is the same for each
source.

j'IL

+
] Ry Rp
I C) 30mA S350 10kO v,

(@)

E = (30 mA)(30 kQ) =900 V

I
AWV W' L
Rg =30k

+

— RL
ke S "z

(b)
FIGURE 8-10

Solution The equivalent voltage source will have a magnitude given as
E = (30 mA)(30 k) = 900 V

The resulting circuit is shown in Figure 8—10(b).
For the circuit of Figure 8—10(a), the voltage across the load is deter-
mined as

_ (30kD)(30 mA)
L 30kQ 4+ 10kQ
V, = LR, = (22.5 mA)(10kQ) = 225V

= 22.5mA

For the equivalent circuit of Figure 8—10(b), the voltage across the load is

10 kQ

V= ———m——
L 10kQ + 30 kQ

(900 V) = 225V

Once again, we see that the circuits are equivalent.
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1. Convert the voltage sources of Figure 8—11 into equivalent current sources.

R R
—AW— a —AM— a
12Q 50 kQ)
E 36V E = 250 mV
R ) ——————t IS
(@) )

FIGURE 8-11

2. Convert the current sources of Figure 8—12 into equivalent voltage sources.

O a O a

IC>25A R§3OQ ICDlzsp,A R§50k9

o b o b
(a) (b)

FIGURE 8-12

Answers:
1. a. I =3.00 A (downward) in parallel with R = 12 Q)

b. 1= 5.00 pA (upward) in parallel with R = 50 k()
2. a. E=V, =750V in series with R = 30 ()
b. E= = —6.25 V in series with R = 50 k()

ab —

8.3 Current Sources in Parallel and Series

When several current sources are placed in parallel, the circuit may be sim-
plified by combining the current sources into a single current source. The
magnitude and direction of this resultant source is determined by adding the
currents in one direction and then subtracting the currents in the opposite
direction.

EXAMFPLE &-6 Simplify the circuit of Figure 8—13 and determine the

voltage V.
L 2 O d
11<>3A R1§6Q R2§3Q IZCDzA I3<D6A R; L 6Q Vab
® o b
FIGURE 8-13
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Solution Since all of the current sources are in parallel, they can be
replaced by a single current source. The equivalent current source will have a
direction which is the same as both 7, and 75, since the magnitude of current in
the downward direction is greater than the current in the upward direction.
The equivalent current source has a magnitude of

I=2A+6A—-3A=5A

as shown in Figure 8—14(a).
The circuit is further simplified by combining the resistors into a single
value:

Ry = 693016 0=150

The equivalent circuit is shown in Figure 8—14(b).

nDoa a@2a 1Doa 5y 4@

SA

(b)
FIGURE 8-14

The voltage V,, is found as

V,=—(5A)15Q)=-75V
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EXAMPLE &-7 Reduce the circuit of Figure 8—15 into a single current
source and solve for the current through the resistor R;.

\ 100
() 200 mA < 400 Q Ry §20 Q

5V
I\\

FIGURE 8-15

Solution The voltage source in this circuit is converted to an equivalent cur-
rent source as shown. The resulting circuit may then be simpified to a single
current source where

I, = 200 mA + 50 mA = 250 mA
and
R = 400 Q100 Q= 80 Q)

The simplified circuit is shown in Figure 8-16.

T[L

Ry R 200
§
1S<>250 mA 30 O L

FIGURE 8-16

The current through R, is now easily calculated as

I 80 O
El80Q +200

)(250 mA) = 200 mA
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Current sources should never be placed in series. If a node is chosen
between the current sources, it becomes immediately apparent that the cur-
rent entering the node is not the same as the current leaving the node. Current sources of different val-
Clearly, this cannot occur since there would then be a violation of Kirch- ues are never placed in series.
hoff’s current law (see Figure 8-17).

Kirchhoff’s current law
is violated at this node
since Iy # Iy

\

A )
—/
I =3A L=5A
FIGURE 8-17
1. Briefly explain the procedure for converting a voltage source into an equiva- IN-PROCESS
lent current source. LEARNING
CHECK1

2. What is the most important rule determining how current sources are con-
nected into a circuit?

(Answers are at the end of the chapter.)

8.4  Branch-Current Analysis

In previous chapters we used Kirchhoff’s circuit law and Kirchhoff’s voltage
law to solve equations for circuits having a single voltage source. In this sec-
tion, you will use these powerful tools to analyze circuits having more than
one source.

Branch-current analysis allows us to directly calculate the current in
each branch of a circuit. Since the method involves the analysis of several
simultaneous linear equations, you may find that a review of determinants is
in order. Appendix B has been included to provide a review of the mechanics
of solving simultaneous linear equations.

When applying branch-current analysis, you will find the technique
listed below useful.

1. Arbitrarily assign current directions to each branch in the network. If a
particular branch has a current source, then this step is not necessary
since you already know the magnitude and direction of the current in this
branch.

2. Using the assigned currents, label the polarities of the voltage drops
across all resistors in the circuit.

3. Apply Kirchhoff’s voltage law around each of the closed loops. Write just
enough equations to include all branches in the loop equations. If a
branch has only a current source and no series resistance, it is not neces-
sary to include it in the KVL equations.
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4. Apply Kirchhoff’s current law at enough nodes to ensure that all branch
currents have been included. In the event that a branch has only a current
source, it will need to be included in this step.

5. Solve the resulting simultaneous linear equations.

é EXAMPLE &-& Find the current in each branch in the circuit of Figure 8—18.

p  RI=20 . Ry=40

AM~ T AW~
1.7
R, 220

E\=F 6V % Ey =2V

N
QA ¢
~

FIGURE 8-18

Solution

Step 1: Assign currents as shown in Figure 8—18.

Step 2: Indicate the polarities of the voltage drops on all resistors in the cir-
cuit, using the assumed current directions.

Step 3: Write the Kirchhoff voltage law equations.
Loop abcda: 6V—-—QQW,+20W),—4V=0V

Notice that the circuit still has one branch which has not been included in the
KVL equations, namely the branch cefd. This branch would be included if a
loop equation for cefdc or for abcefda were written. There is no reason for
choosing one loop over another, since the overall result will remain
unchanged even though the intermediate steps will not give the same results.

Loop cefdc: 4V -2, — 4L, +2V=0V

Now that all branches have been included in the loop equations, there is no
need to write any more. Although more loops exist, writing more loop equa-
tions would needlessly complicate the calculations.

Step 4: Write the Kirchhoff current law equation(s).
By applying KCL at node ¢, all branch currents in the network are included.
Node c: L=1I+1

To simplify the solution of the simultaneous linear equations we write them
as follows:

21, — 21, + O, = 2
01, — 21, — 4, = —6
1, + 1L, — 1L, =0
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The principles of linear algebra (Appendix B) allow us to solve for the deter-
minant of the denominator as follows:

2 =2 0
D=0 -2 —4
1 1 -1
-2 —4 =2 0 =2 0
=2 -0 +1
1 -1 1 -1 -2 —4
=22+4)—0+ 1(8) =20
Now, solving for the currents, we have the following:
2 =2 0
-6 -2 —4
I = 0o 1 -1
D
_2— —4 . =2 0 P =2 0
=2 |79 -2 —4
20
=2(2+4)+6(2)+0=%=1.200A
20 20
2 2 0
0 -6 —4
1 0 -1
IZ=7D
— -6 —4 Q 2 nq 0
STl o -1 0 -1 -6 —4
20
2(6) + 0+ 1(—=8) 4
= =—=0.200A
20 20
2 =2 2
0 —2 —6
L= 1 1 0
D
_ -2 -6 -2 2 , =2 2
a 1 0 10 -2 -6
20
:2(6)_O+1(12+4):§=1.400A

20 20



278

Chapter 8 m Methods of Analysis

EXAMPLE &-9 Find the currents in each branch of the circuit shown in

Figure 8—19. Solve for the voltage V.

FIGURE 8-19

Loop badb:
Loop bacb:

Step 1: The currents are indicated in the given circuit.

Step 4: Kirchhoff’s current law is applied as follows:
Node a: L+tL+IL,=5A
Rewriting the linear equations,
=2, +3,+ 0L, =8
—2L,+0L+ 11,=6
1L+ 1L+ 1, =5

The determinant of the denominator is evaluated as

a R3=10Q G
I by =
L i QRC
. R, 23Q
11<>5A Rém 2} E, =6V
o d
Iy
B8V J
, :

Solution Notice that although the above circuit has four currents, there are
only three unknown currents: /,, 5, and /,. The current /, is given by the
value of the constant-current source. In order to solve this network we will
need three linear equations. As before, the equations are determined by
Kirchhoff’s voltage and current laws.

Step 2: The polarities of the voltages across all resistors are shown.
Step 3: Kirchhoff’s voltage law is applied at the indicated loops:

-2 +BW)UI) —8V=0V
-2+ A MY)UI)—6V=0V

-2 3 0
D=|-2 0 1| =11
1 1 1
Now solving for the currents, we have
8 3 0
6 0 1
5 1 1 11
= =—==100A
: D 11
-2 8 0
-2 6
L=11 —22 _500A
D 11
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—9)
—9)
) 44

3

0

1 SI="=400A
11

8
6
5

The current /, is negative, which simply means that the actual direction of the
current is opposite to the chosen direction.

Although the network may be further analyzed using the assumed cur-
rent directions, it is easier to understand the circuit operation by showing the
actual current directions as in Figure 8-20.

a Rz=1Q
* MWV
PR
2
RS30

JF
11<DSA RS20 d E, =6V
_ 13T

L=1.00A
I;=2.00 A
I,=4.00 A

FIGURE 8-20

Using the actual direction for /,,

V=12 Q)1 A)=+2.00V

Use branch-current analysis to solve for the indicated currents in the circuit of
Figure 8-21.

FIGURE 8-21 20
MV ’
PAAAS
6V-—7 T4V
20
—W—i—
LT 4y
2
30 § § 10
I 3
Tt
8V

Answers: I, =3.00A,1, =4.00A,; = 1.00 A
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8.5 Mesh (Loop) Analysis

In the previous section you used Kirchhoff’s laws to solve for the current in
each branch of a given network. While the methods used were relatively sim-
ple, branch-current analysis is awkward to use because it generally involves
solving several simultaneous linear equations. It is not difficult to see that
the number of equations may be prohibitively large even for a relatively sim-
ple circuit.

A better approach and one which is used extensively in analyzing linear
bilateral networks is called mesh (or loop) analysis. While the technique is
similar to branch-current analysis, the number of simultaneous linear equa-
tions tends to be less. The principal difference between mesh analysis and
branch-current analysis is that we simply need to apply Kirchhoff’s voltage
law around closed loops without the need for applying Kirchhoff’s current
law.

The steps used in solving a circuit using mesh analysis are as follows:

1. Arbitrarily assign a clockwise current to each interior closed loop in the
network. Although the assigned current may be in any direction, a clock-
wise direction is used to make later work simpler.

2. Using the assigned loop currents, indicate the voltage polarities across all
resistors in the circuit. For a resistor which is common to two loops, the
polarities of the voltage drop due to each loop current should be indicated
on the appropriate side of the component.

3. Applying Kirchhoff’s voltage law, write the loop equations for each loop
in the network. Do not forget that resistors which are common to two
loops will have two voltage drops, one due to each loop.

4. Solve the resultant simultaneous linear equations.

5. Branch currents are determined by algebraically combining the loop cur-
rents which are common to the branch.

EXAMPLE &-10 Find the current in each branch for the circuit of Figure
8-22.

R =20Q Ry=40Q
MW

R, 220
El—— — aF 1 E3
VT I L) T2V

E2-|-4V

FIGURE 8-22

Solution

Step 1: Loop currents are assigned as shown in Figure 8-22. These currents

are designated /, and I,.
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Step 2: Voltage polarities are assigned according to the loop currents. Notice
that the resistor R, has two different voltage polarities due to the different
loop currents.

Step 3: The loop equations are written by applying Kirchhoff’s voltage law in
each of the loops. The equations are as follows:

Loop 1: 6V-—QO - QWL+ QMWL —4V =0
Loop 2: AV -QOL+ QO — @O, +2V =0

Note that the voltage across R, due to the currents /; and /, is indicated as two
separated terms, where one term represents a voltage drop in the direction of
I, and the other term represents a voltage rise in the same direction. The mag-
nitude and polarity of the voltage across R, is determined by the actual size
and directions of the loop currents. The above loop equations may be simpli-
fied as follows:

Loop I: @G —QO)L =2V
Loop 2: -2 + 60, =6V
Using determinants, the loop equations are easily solved as
s 4
L=16_6 =%=%=1.20A
=2 6
and
- 4
L= = ¢ _ L —E=1.40A

4 —2| 24—-4 20
=2 6
From the above results, we see that the currents through resistors R, and R,
are /, and 7, respectively.
The branch current for R, is found by combining the loop currents
through this resistor:

I, = 1.40A — 1.20A = 020 A (upward)

The results obtained by using mesh analysis are exactly the same as those
obtained by branch-current analysis. Whereas branch-current analysis
required three equations, this approach requires the solution of only two
simultaneous linear equations. Mesh analysis also requires that only Kirch-
hoff’s voltage law be applied and clearly illustrates why mesh analysis is pre-
ferred to branch-current analysis.

If the circuit being analyzed contains current sources, the procedure is a
bit more complicated. The circuit may be simplified by converting the cur-
rent source(s) to voltage sources and then solving the resulting network
using the procedure shown in the previous example. Alternatively, you may
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not wish to alter the circuit, in which case the current source will provide
one of the loop currents.

EXAMPLE &-11 Determine the current through the 8-V battery for the cir-
cuit shown in Figure 8-23.

MWV
10

FIGURE 8-23

Solution Convert the current source into an equivalent voltage source. The
equivalent circuit may now be analyzed by using the loop currents shown in

Figure 8-24.

a R3 =10
’ +Wv_

+

Ry Q E,
- [ 6V
L/ g _|_ Y I

b

Loop 1: —10V-Q2WI, -G, + 3, —-8V=0

oo +w |

FIGURE 8-24

Loop 2: 8V-—GCBW)L+3W, — 1YL, —6V=0
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Rewriting the linear equations, you get the following:

Loop 1: S —-BO0W)L=—-18V
Loop 2: -BW + A4, =2V
Solving the equations using determinants, we have the following:
=g =3
Ilz‘ 2 _4‘ - _%: —6.00 A
-3 4
5 —18
12=‘—3 _2‘=—%=—4.OOA
-3 4

If the assumed direction of current in the 8-V battery is taken to be I,, then

I=1L—1 =—400A — (—6.00 A) = 2.00 A

The direction of the resultant current is the same as 7, (upward).

The circuit of Figure 8—23 may also be analyzed without converting the
current source to a voltage source. Although the approach is generally not
used, the following example illustrates the technique.

éEXAMPLE &—12 Determine the current through R, for the circuit shown in
Figure 8-25.

+ — R2 SQ E
1<>5A R, é . g L &
I -y + I &

E;

FIGURE 8-25

Solution By inspection, we see that the loop current /;, = —5 A. The mesh
equations for the other two loops are as follows:

Loop 2: -COL+2W —CV)L+3BMW)L—8V=0

Loop 3: 8V —-CBOL+GCWL - (1ML -6V =0
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Although it is possible to analyze the circuit by solving three linear equations,

it is easier to substitute the known value I, = —5V into the mesh equation for
loop 2, which may now be written as

Loop 2: -COW)L—-10V-0CMW)L+GBM)L—-8V=0

The loop equations may now be simplified as

Loop 2: S, - B0V, =—-18V

Loop 3: -V, + @MW) =2V

The simultaneous linear equations are solved as follows:

’—18 —3‘
L= 2 4--%__600a
= 11
-3 4
‘ 5 —18‘
L=173 2 M _400A
- 11
-3 4

The calculated values of the assumed reference currents allow us to determine
the actual current through the various resistors as follows:

Iy =01 —-—5L=-5A—(—6A)=100A downward
In, =0L—1L,=—4A—(—6A)=200A upward
Ip, = —L,=400A left

2
.=

These results are consistent with those obtained in Example 8-9.

Format Approach for Mesh Analysis

A very simple technique may be used to write the mesh equations for any lin-
ear bilateral network. When this format approach is used, the simultaneous
linear equations for a network having n independent loops will appear as

follows:
Ryl — R, — Ryl — -+ — R, I, = E|
Ryl + Rpl, = Ryly — -+ — Ry, 1, = E,
_Rnlll - RnZIZ - Rn}I?a — e+ Rnnln = En
The terms R,,, R,,, Ry, . . ., R, represent the total resistance in each

loop and are found by simply adding all the resistances in a particular loop.
The remaining resistance terms are called the mutual resistance terms.
These resistances represent resistance which is shared between two loops.
For example, the mutual resistance R,, is the resistance in loop 1 which is
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located in the branch between loop 1 and loop 2. If there is no resistance
between two loops, this term will be zero.

The terms containing R,,, R,,, Rys, . . ., R, are positive, and all of the
mutual resistance terms are negative. This characteristic occurs because all
currents are assumed to be clockwise.

If the linear equations are correctly written, you will find that the coeffi-
cients along the principal diagonal (R,,, R,,, Rs3, . . ., R,,) will be positive.
All other coefficients will be negative. Also, if the equations are correctly
written, the terms will be symmetrical about the principal diagonal, e.g.,
R, = Ry,

The terms E,, E,, E5, . . ., E, are the summation of the voltage rises in
the direction of the loop currents. If a voltage source appears in the branch
shared by two loops, it will be included in the calculation of the voltage rise
for each loop.

The method used in applying the format approach of mesh analysis is as
follows:

1. Convert current sources into equivalent voltage sources.

2. Assign clockwise currents to each independent closed loop in the net-
work.

3. Write the simultaneous linear equations in the format outlined.

4. Solve the resulting simultaneous linear equations.

EXAMPLE &—13 Solve for the currents through R, and R, in the circuit of
Figure 8-26.

FIGURE 8-26

Solution

Step 1: Although we see that the circuit has a current source, it may not be
immediately evident how the source can be converted into an equivalent volt-
age source. Redrawing the circuit into a more recognizable form, as shown in
Figure 8-27, we see that the 2-mA current source is in parallel with a 6-k()
resistor. The source conversion is also illustrated in Figure 8—27.
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. 9 Ry
NNV—— VW
10 kQ 12kQ

6 kQ

12V—|:

FIGURE 8-27

Step 2: Redrawing the circuit is further simplified by labelling some of the
nodes, in this case a and b. After performing a source conversion, we have the
two-loop circuit shown in Figure 8-28. The current directions for /, and 7, are
also illustrated.

. Ri=10kQ Ry=12kQ
\} ¢ VMVV
6 kQ Ry S5k Rs 24k
I L
4 E, L
12v E; T 10V 28V

b
FIGURE 8-28

Step 3: The loop equations are

Loop 1: 6kQ +10kQ +5kM, — kW)L =—12V - 10V
Loop2: —(kO)I +(SkQ+ 12kQ +4kD)L, =10V +8V
In loop 1, both voltages are negative since they appear as voltage drops when
following the direction of the loop current.
These equations are rewritten as
Q1 kM, — k), = =22V
-5k, + 21 kMW, = 18V
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Step 4: In order to simplify the solution of the previous linear equations, we
may eliminate the units (k) and V) from our calculations. By inspection,
we see that the units for current must be in milliamps. Using determinants, we
solve for the currents /; and 7, as follows:

-2 -5
—462 +90 _ 372
—| 18 21] = _ _
g = Mi-25 416 08MmA
-5 21
‘ 21 —22‘
L=|-s 18] -0 _268 __60sma

= 441 —25 416
-5 21

The current through resistor R, is easily determined to be
I, — I, = 0.644 mA — (—0.894 mA) = 1.54 mA

The current through R; is not found as easily. A common mistake is to say that
the current in R; is the same as the current through the 6-k() resistor of the cir-
cuit in Figure 8-28. This is not the case. Since this resistor was part of the
source conversion it is no longer in the same location as in the original circuit.

Although there are several ways of finding the required current, the
method used here is the application of Ohm’s law. If we examine Figure
8-26, we see that the voltage across R; is equal to V,,. From Figure 8-28, we
see that we determine V,, by using the calculated value of 7;.

V= =6k, — 12V = —(6 kQ)(—0.894 mA) — 12V = —6.64 V
The above calculation indicates that the current through R is upward (since
point a is negative with respect to point b). The current has a value of

_ 664V
©6kQ

I, = L1l mA

Use mesh analysis to find the loop currents in the circuit of Figure 8-29.

FIGURE 8-29 AN
40
3V =
I
AN NN
30 90
vV = 9V é
12 13 < 1o
AWV L
20 14V

Answers: 1, =3.00A,1, =2.00A,; = 5.00 A
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8.6  Nodal Analysis

In the previous section we applied Kirchhoff’s voltage law to arrive at loop
currents in a network. In this section we will apply Kirchhoff’s current law
to determine the potential difference (voltage) at any node with respect to
some arbitrary reference point in a network. Once the potentials of all nodes
are known, it is a simple matter to determine other quantities such as current
and power within the network.

The steps used in solving a circuit using nodal analysis are as follows:

1. Arbitrarily assign a reference node within the circuit and indicate this
node as ground. The reference node is usually located at the bottom of
the circuit, although it may be located anywhere.

2. Convert each voltage source in the network to its equivalent current
source. This step, although not absolutely necessary, makes further calcu-
lations easier to understand.

3. Arbitrarily assign voltages (V,, V,, . . ., V,) to the remaining nodes in
the circuit. (Remember that you have already assigned a reference node,
so these voltages will all be with respect to the chosen reference.)

4. Arbitrarily assign a current direction to each branch in which there is no
current source. Using the assigned current directions, indicate the corre-
sponding polarities of the voltage drops on all resistors.

5. With the exception of the reference node (ground), apply Kirchhoff’s cur-
rent law at each of the nodes. If a circuit has a total of n + 1 nodes (includ-
ing the reference node), there will be n simultaneous linear equations.

6. Rewrite each of the arbitrarily assigned currents in terms of the potential
difference across a known resistance.

7. Solve the resulting simultaneous linear equations for the voltages (V,, V,,
V).

EXAMFLE &-14 Given the circuit of Figure 8-30, use nodal analysis to

solve for the voltage V.
R, I
A
40 Q) e
I, =50 mA 1,(1) 200ma R3§3OQ
O—3a
4
Ry 2300 I
Ry
C 1 §20 Q b
FIGURE 8-30




Solution
Step 1: Select a convenient reference node.

Step 2: Convert the voltage sources into equivalent current sources. The
equivalent circuit is shown in Figure 8-31.
I
—
4L R2 —

Vi Vs

= (Reference)

FIGURE 8-31

Steps 3 and 4: Arbitrarily assign node voltages and branch currents. Indicate
the voltage polarities across all resistors according to the assumed current
directions.

Step 5: We now apply Kirchhoff’s current law at the nodes labelled as V, and

V,:

Node V1: 2 Ientering = 2 Ileaving
200mA + 50mA =1, + I,

NOde V2: 2 Iemering = 2 Ileaving

200 mA + I, = 50 mA + I,

Step 6: The currents are rewritten in terms of the voltages across the resistors
as follows:

I, = Vi
200
IZ—VI_VZ
40 Q
V,
I_—
300

The nodal equations become

V1 +V1_V2

—+ =
200 mA + 50 mA 200 200

Vv, -V, v,
200mA + L2 — 50 mA +
m 40 O M 7300

Section 8.6 m Nodal Analysis
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Substituting the voltage expressions into the original nodal equations, we
have the following simultaneous linear equations:

( I L)Vl - (L)v2 =250 mA

200 400 40 O
(L, (e + v, = 150 ma
400" (300 400/

These may be further simplified as

(0.075 S)V, — (0.025 S)V, = 250 mA
—(0.025 S)V, + (0.0583)V, = 150 mA

Step 7: Use determinants to solve for the nodal voltages as

0.250 —0.025
_‘0.150 0.0583‘
' 10.075 —0.025
‘0.025 0.0585‘
_(0.250)(0.0583) — (0.150)(— 0.025)
(0.075)(0.0583) — (—0.025)(—0.025)
_ 00183
0.00375

=489V

and

0.075 0.250
_ |-0.025 0.150
: ‘ 0.075 0.025’

—0.025 0.0583

_ (0.075)(0.150) — (—0.025)(0.250)
0.00375

_ 0.0175
0.00375

=467V

If we go back to the original circuit of Figure 8-30, we see that the voltage V,
is the same as the voltage V,, namely

V, =467V =60V +V,
Therefore, the voltage V,, is simply found as

V,=467V—60V=—-133V
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EXAMFPLE &-15 Determine the nodal voltages for the circuit shown in

Figure 8-32.
A4
Ry
60 § C
60 ]
OIS N R e
J 18V R
FIGURE 8-32

Solution By following the steps outlined, the circuit may be redrawn as
shown in Figure 8-33.

Vi Ry=3Q )

M

O A L

R1§59 C)ZA R; 340 6Q§ 3A<>
1

(reference)

FIGURE 8-33

Applying Kirchhoff’s current law to the nodes corresponding to V, and V,,
the following nodal equations are obtained:

Elleaving = Elemering

Node V: I, +1L=2A
Node V,: L+1,=1+3A
The currents may once again be written in terms of the voltages across the
resistors:
p=
50
Vi—V
I =
P30
12
L=
40
V.
I=—2
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The nodal equations become
Vi (D)
Node V,: —t+——==2A
ode Vi 50 30
Vi Vi Vi =V)
Node V;: 4 =——+3A
ot 4060 30
These equations may now be simplified as
Node V;: L-I—LV—LV=2A
v 50 30)" (30)°
Node Vi —[—= v, + (- + L +-L|,=3a
g 30/ 40 60 3Q)°
The solutions for V, and V, are found using determinants:
2 —0.333
2.500
v,=, |3 0750 =2="""—865V
! U533 —0333 0.289
‘—0.333 0.750
‘ 0.533 2‘
_  |—-0333 3] _ 2267 _
V,= =——=785V
: . —0. 0.289
—0.333 0.750

In the previous two examples, you may have noticed that the simultaneous
linear equations have a format similar to that developed for mesh analysis.
When we wrote the nodal equation for node V, the coefficient for the vari-
able V| was positive, and it had a magnitude given by the summation of the
conductance attached to this node. The coefficient for the variable V, was
negative and had a magnitude given by the mutual conductance between
nodes V|, and V,.

Format Approach

A simple format approach may be used to write the nodal equations for any
network having n + 1 nodes. Where one of these nodes is denoted as the ref-
erence node, there will be n simultaneous linear equations which will appear
as follows:

GV, = GpV, =GRV — - =RV, =1
=Gy Vi + GpV, = GV — - =RV, = I,
_Gnlvl - GnZVZ - Gn3v3 — et le‘/n = In
The coefficients (constants) G,;, Gy, G, - . ., G, represent the sum-

mation of the conductances attached to the particular node. The remaining
coefficients are called the mutual conductance terms. For example, the
mutual conductance G, is the conductance attached to node V,, which is



common to node V. If there is no conductance that is common to two nodes,
then this term would be zero. Notice that the terms G,,, Gy, G55, . . ., G,,
are positive and that the mutual conductance terms are negative. Further, if
the equations are written correctly, then the terms will be symmetrical about
the principal diagonal, e.g., G,; = Gs,.

The terms V,, V,, . . ., V, are the unknown node voltages. Each voltage
represents the potential difference between the node in question and the ref-
erence node.

The terms I, I,, . . ., I, are the summation of current sources entering
the node. If a current source has a current such that it is leaving the node,
then the current is simply assigned as negative. If a particular current source
is shared between two nodes, then this current must be included in both
nodal equations.

The method used in applying the format approach of nodal analysis is as
follows:

1. Convert voltage sources into equivalent current sources.
2. Label the reference node as +. Label the remaining nodesas V|, V,,. . ., V,.
3. Write the linear equation for each node using the format outlined.

4. Solve the resulting simultaneous linear equations for V,, V,,. . ., V..

The next examples illustrate how the format approach is used to solve
circuit problems.

éEXAMPLE &—16 Determine the nodal voltages for the circuit shown in
Figure 8-34.

RZZSQ

RS30 IICDéA I3<>2A R,

FIGURE 8-34

Solution The circuit has a total of three nodes: the reference node (at a
potential of zero volts) and two other nodes, V, and V..

By applying the format approach for writing the nodal equations, we get
two equations:

Node V;: (LQ %)Vl (5%)‘/2 =—-6A+1A
Node V;: _<LQ> 4 (% LQ)V2 =—-1A—-2A

Section 8.6 m Nodal Analysis
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On the right-hand sides of the above, those currents that are leaving the nodes
are given a negative sign.
These equations may be rewritten as

Node V: (0.533 S)V, — (0.200 S)V, = =5 A
Node V,: —(0.200 S)V, + (0.450S)V, = =3 A
Using determinants to solve these equations, we have
‘—5 —0.200
= 1=3 _0450] _ =28 __, 4y
0.533  —0.200 0.200
—0.200  0.450
‘ 0.533 —5‘
y,= 170200 =3 _ 260 _ 5,y
. —0. 0.200
—0.200 0.450

éEXAM PLE &-17 Use nodal analysis to find the nodal voltages for the cir-
cuit of Figure 8-35. Use the answers to solve for the current through R, .

Ry=4kQ
NV
Ry
5kQ IZGD R2§3kﬂ 14<> R4§2k9
10\/_|_ 3 mA 2 mA

[

FIGURE 8-35

Solution In order to apply nodal analysis, we must first convert the voltage
source into its equivalent current source. The resulting circuit is shown in
Figure 8-36.




Vi Ry =4k V)
MV
CDZmA §5kQ IC) R2§3kﬂ <> R4§2k9
5> [3 mA Iy [2mA

I

FIGURE 8-36

Labelling the nodes and writing the nodal equations, we obtain the following:

Node V;: (1 S I 4 1>Vl—(L>V2=2mA—3mA

5kQ ' 3kQ | 4KkQ 4KQ
1 1 1
Node V: - + + =2mA
ode V2 (41<Q)V1 (4kQ 2kQ>V2 -

Because it is inconvenient to use kilohms and milliamps throughout our cal-
culations, we may eliminate these units in our calculations. You have already
seen that any voltage obtained by using these quantities will result in the units
being “volts.” Therefore the nodal equations may be simplified as

Node V: (0.7833)V, — (0.2500)V, = —1
Node Vj: —(0.2500)V, + (0.750)V, = 2
The solutions are as follows:
’—1 —0.250‘
_ 2 0750 _ —=0.250 _
= =—=— =04
Vi 7 0. 0.525 0476V
—-0.250 0.750
‘ 0.7833 —1‘
_  |—0.250 2| _ 13167 _
V, = = =251V
: ) 0. 0.525
—0.250 0.750

Using the values derived for the nodal voltages, it is now possible to solve for
any other quantities in the circuit. To determine the current through resistor
R, = 5 kQ), we first reassemble the circuit as it appeared originally. Since the
node voltage V, is the same in both circuits, we use it in determining the
desired current. The resistor may be isolated as shown in Figure 8-37.

FIGURE 8-37 Vi=-0476 V
[ Ry %5 kQ
1
—-|-_ 10V
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A common mistake is that the
current is determined by using
the equivalent circuit rather than
the original circuit. You must
remember that the circuits are
only equivalent external to the
conversion.
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The current is easily found as

(=0.476 V)

I=10V —
0 5kQ

=2.10 mA (upward)

Use nodal analysis to determine the node voltages for the circuit of Figure 8-38.

FIGURE 8-38 3A

JARY
-/

1Q V, 8 Q
Vi NV NWN—9V;

S0 Qo 03

Answers: V, =3.00V,V,=6.00V, V; = —-2.00V

[ —
10 Q
=30V 300 60 Q)
¢ MV
90 Q)
FIGURE 8-39

8.7 Delta-Wye (Pi-Tee) Conversion

Delta-Wye Conversion

You have previously examined resistor networks involving series, parallel,
and series-parallel combinations. We will next examine networks which
cannot be placed into any of the above categories. While these circuits
may be analyzed using techniques developed earlier in this chapter, there
is an easier approach. For example, consider the circuit shown in Figure
8-39.

This circuit could be analyzed using mesh analysis. However, you
see that the analysis would involve solving four simultaneous linear
equations, since there are four separate loops in the circuit. If we were
to use nodal analysis, the solution would require determining three node
voltages, since there are three nodes in addition to a reference node. Unless
a computer is used, both techniques are very time-consuming and prone to
error.

As you have already seen, it is occasionally easier to examine a circuit
after it has been converted to some equivalent form. We will now develop a
technique for converting a circuit from a delta (or pi) into an equivalent wye
(or tee) circuit. Consider the circuits shown in Figure 8-40. We start by
making the assumption that the networks shown in Figure 8—40(a) are equiv-
alent to those shown in Figure 8—40(b). Then, using this assumption, we will
determine the mathematical relationships between the various resistors in the
equivalent circuits.

The circuit of Figure 8—40(a) can be equivalent to the circuit of Figure
8—40(b) only if the resistance “seen” between any two terminals is exactly
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a c
Ry
Rj
a Rp c
Ry
Rc R4
b
b
Ry R3
a —NW AMV— ¢ Ry
a o-¢ NN »o C
R
2 R Ry
b o oo b
b o o
(a) Wye (“Y”) or Tee (“T”) network (b) Delta (“A”) or Pi (“II"’) network
FIGURE 8-40

the same. If we were to connect a source between terminals a and b of the
“Y,” the resistance between the terminals would be

R,=R, +R, (8-5)
But the resistance between terminals a and b of the “A” is
Ry, = RAR, + Rp) (8-6)

Combining Equations 8-5 and 8-6, we get

RA(R, + R
R+ R = Re®it Ry
R, + R; + R,
R,R- + RyR
R1+R2=M (8-7)
Ry, + Ry + R,

Using a similar approach between terminals b and c, we get
R,R; + R.R
R, + R, = —AB TAC (8-8)
R, + Ry + R

and between terminals ¢ and a we get

R,R; + RyR
R, + R =22 —£¢€ (8-9)
R, + R, + R,
If Equation 8-8 is subtracted from Equation 87, then
R,R- + RzR R,R; + R,R
R+ R = R+ R = "R R 1R
A B © A B @© (8—10)

RBRC — RARB

R — R, =
" R, +R,+ R,
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Adding Equations 8-9 and 8-10, we get
R Rz + RgRc + RgRc — RyRy

Ri+R,+R —R, =
R, + Ry +R. R, +Ry+Re

2R,R,
2R = ——bC (8-11)
Ry F IRy 4 fe
R = RyR:
R, + Ry + R,
Using a similar approach, we obtain
R,R.
R,=—2°<— (8-12)
R, + R, + R,
R,R
R,=—22 (8-13)
R, + R; + R,

Notice that any resistor connected to a point of the “Y” is obtained by
finding the product of the resistors connected to the same point in the
“A” and then dividing by the sum of all the “A” resistances.

If all the resistors in a A circuit have the same value, R,, then the resulting
resistors in the equivalent Y network will also be equal and have a value given as

Ry=— (8-14)

EXAMFLE &-1& Find the equivalent Y circuit for the A circuit shown in
Figure 8—41.

30 Q 60 Q)

FIGURE 8-41 90 O

Solution From the circuit of Figure 841, we see that we have the follow-
ing resistor values:

R, =90Q
Ry =60 Q)
R-=30Q

Applying Equations 8—11 through 8-13 we have the following equivalent
“Y” resistor values:

_ (30 Q)(60 Q)
300 +600+900

_ 18000
180

=10Q
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(30 Q2)(90 Q)
300 +60Q +900
2700 Q
180
R — __(600)(% Q)
300 +60Q+9Q

_ 5400 Q
180

=15Q

=30Q

The resulting circuit is shown in Figure 8—42.

a

FIGURE 8-42

Wye-Delta Conversion

By using Equations 8-11 to 8-13, it is possible to derive another set of
equations which allow the conversion from a “Y” into an equivalent “A.”
Examining Equations 8—11 through 8-13, we see that the following must
be true:

RuRy _ RuRc _ RyRc
R, R, R,

From the above expression we may write the following two equations:

_ RiR,

R 8-15
5T R, (8-15)
RR,
R.= 8-16
TR (8-16)

Now, substituting Equations 8—15 and 8-16 into Equation 8-11, we
have the following:
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By factoring R, out of each term in the denominator, we are able to arrive at

RiR, \(RiR,
e M)

R =
' R, R,
R[1+(Z1) + (=
R, R,
(RAR1R1>
R:R
Rl _ 2743

R, R,
1+ (=) + (=
(r) (&)
R,R\R,
Cre )
RR,+ R R;+ R,R;
T

_ R.R\R,
RR, + RRy + R,R,

Rewriting the above expression gives

RR, + RR;, + R,R,

R, = 8-17
A R, (8-17)
Similarly,
RR, + R\R; + R,R
RB — 1712 1743 273 (8—18)
R,
and
RR, + RIR; + R,R
RC — 1532 é 3 2°\3 (8—19)
3

In general, we see that the resistor in any side of a “A” is found by tak-
ing the sum of all two-product combinations of “Y” resistor values and then
dividing by the resistance in the “Y” which is located directly opposite to the
resistor being calculated.

If the resistors in a Y network are all equal, then the resultant resistors in
the equivalent A circuit will also be equal and given as

R, = 3R, (8-20)
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EXAMFLE &-19 Find the A network equivalent of the Y network shown in
Figure 8—43.
FIGURE 843

2.4kQ

3.6 kQ 4.8 kO

Solution The equivalent A network is shown in Figure 8—44.

FIGURE 8-44

15.6 kQ

The values of the resistors are determined as follows:

_ (48 k))(2.4 kQ) + (4.8 kD)(3.6 kOD) + (2.4 kN)(3.6 k)

Ry 48 KQ
= 7.8k
o - 438 kQ)(2.4 kQ) + (4.8 kQ)(3.6 kQ) + (2.4 kO)(3.6 kQ)
’ 3.6kQ
= 10.4 kQ
r - (48KD)Q24KD) + A8KkN)(B.6KD) + (24 kO)(3.6kN)
¢ 2.4kQ
= 15.6 kQ

éEXAMPLE &—20 Given the circuit of Figure 8-45, find the total resis-
tance, Ry, and the total current, /.

Il
10 Q)

=30V 30Q 60

Rr,

FIGURE 8-45 90 Q
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Solution As is often the case, the given circuit may be solved in one of
two ways. We may convert the “A” into its equivalent “Y,” and solve the cir-
cuit by placing the resultant branches in parallel, or we may convert the “Y”
into its equivalent “A.”” We choose to use the latter conversion since the
resistors in the “Y” have the same value. The equivalent “A” will have all
resistors given as

R, =3(100)=300Q

The resulting circuit is shown in Figure 8—46(a).

1
Ry
30V _TL 30 Q 60 Q)
30 Q)
¢ AN >
90 Q)
(@)
30 Q1130 Q 30 Q1160 Q
=15Q =200
30V =—
3001190 Q=225
¢ AN »
(b)
FIGURE 8-46

We see that the sides of the resulting “A” are in parallel, which allows us to
simplify the circuit even further as shown in Figure 8—46(b). The total
restance of the circuit is now easily determined as

Ry =15Q[20Q + 225 Q)
=11.09 Q

This results in a circuit current of

30V

= =2.706 A
11.09 O
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Convert the A network of Figure 8—44 into an equivalent Y network. Verify that PRACTICE
the result you obtain is the same as that found in Figure 8—43. PROBLEMS 5

Answers: R, = 4.8k, R, = 3.6 k), R, = 2.4 k()

8.8  Bridge Networks

In this section you will be introduced to the bridge network. Bridge net-
works are used in electronic measuring equipment to precisely measure
resistance in dc circuits and similar quantities in ac circuits. The bridge cir-
cuit was originally used by Sir Charles Wheatstone in the mid-nineteenth
century to measure resistance by balancing small currents. The Wheatstone
bridge circuit is still used to measure resistance very precisely. The digital
bridge, shown in Figure 8-47, is an example of one such instrument.

FIGURE 8-47 Digital bridge used for precisely measuring resistance, inductance, and
capacitance.

You will use the techniques developed earlier in the chapter to analyze
the operation of these networks. Bridge circuits may be shown in various
configurations as seen in Figure 8—48.

Although a bridge circuit may appear in one of three forms, you can see
that they are equivalent. There are, however, two different states of bridges:
the balanced bridge and the unbalanced bridge.

A balanced bridge is one in which the current through the resistance R;
is equal to zero. In practical circuits, Rs is generally a variable resistor in
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FIGURE 8-48

c R a
o « YWV
O Cc
Ry
Ry Ry
Rs § Rs
a b R3
R; Ry
o ¢ YWV
o * ® d Ry b
(b) (©)

series with a sensitive galvanometer. When the current through R; is zero,
then it follows that
Vi = R)OA) =0V

v,
Y

1 3

Vcd
Iy, = Iy, = ——
o KR, + R,

Iy

1

But the voltage V,, is found as
Vah =V,

wt — Vea =0
Therefore, V,, = V,, and

R3IR3 = R4IR4

‘/cd Vcd
Rlg+r) Rl R+ r
1 3 2 4

which simplifies to

R, _ R,
R +R, R, +R,

Now, if we invert both sides of the equation and simplify, we get the following:
R +Ry, R,+R,
R, R,
R R

—+1=—+1
R, R,

Finally, by subtracting 1 from each side, we obtain the following ratio for a
balanced bridge:
R R
L= (8-21)
R, R,
From Equation 8-21, we notice that a bridge network is balanced when-
ever the ratios of the resistors in the two arms are the same.
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An unbalanced bridge is one in which the current through Rs is not
zero, and so the above ratio does not apply to an unbalanced bridge network.
Figure 8—49 illustrates each condition of a bridge network.

(a) Balanced bridge (b) Unbalanced bridge

FIGURE 8-49

If a balanced bridge appears as part of a complete circuit, its analysis is
very simple since the resistor R; may be removed and replaced with either a
short (since Vi, = 0) or an open (since I, = 0).

However, if a circuit contains an unbalanced bridge, the analysis is more
complicated. In such cases, it is possible to determine currents and voltages
by using mesh analysis, nodal analysis, or by using A to Y conversion. The
following examples illustrate how bridges may be analyzed.

EXAMPLE &-21 Solve for the currents through R, and R, in the circuit of
Figure 8-50.

T 60V

FIGURE 8-50

Solution We see that the bridge of the above circuit is balanced (since R,/R; =
R,/R,). Because the circuit is balanced, we may remove R; and replace it with
either a short circuit (since the voltage across a short circuit is zero) or an
open circuit (since the current through an open circuit is zero). The remaining
circuit is then solved by one of the methods developed in previous chapters.
Both methods will be illustrated to show that the results are exactly the same.

Method 1: If R; is replaced by an open, the result is the circuit shown in Fig-
ure 8-51.
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1l
'
o)
S
=

FIGURE 8-51 .

The total circuit resistance is found as

R=100+(3BQ+ 120)6Q +24Q)
—10Q + 15Q[30 Q
=200

The circuit current is

60V

=——=30A
20 Q)

Iy

The current in each branch is then found by using the current divider rule:

30 Q
=(—="\3.0A)=20A
i <3OQ+159>(30) 0
10 Q
=——>" _30A)=10A
Ra 24Q+6Q( )

Method 2: If R, is replaced with a short circuit, the result is the circuit shown
in Figure 8-52.

=60 V

FIGURE 8-52

The total circuit resistance is found as

Ry =100+ 3 OJ6 Q) + (12 QJ24 Q)
=100+20+80Q
=200

The above result is precisely the same as that found using Method 1. There-
fore the circuit current will remain as I = 3.0 A.
The currents through R, and R, may be found by the current divider rule as

_ 6Q _
I, = (69 - SQ)(&OA) =20A



and

120

L, =|—————=—=|B3.0A)=1.0A
i (129 +24Q)( )

Clearly, these results are precisely those obtained in Method 1, illustrating

that the methods are equivalent. Remember, though, R can be replaced with a

short circuit or an open circuit only when the bridge is balanced.

EXAMPLE &-22 Use mesh analysis to find the currents through R, and Rs
in the unbalanced bridge circuit of Figure 8-53.

FIGURE 8-53

Solution After assigning loop currents as shown, we write the loop equa-
tions as

Loop 1: A5 — 6L — B3OV =30V
Loop 2: -6 MW+ 36 M), — (180, =0
Loop 3: -3 — A8, + (24 V), =0
The determinant for the denominator will is
5 -6 -3
D= -6 36 —18| = 6264
3 —18 24

Notice that, as expected, the elements in the principal diagonal are positive
and that the determinant is symmetrical around the principal diagonal.
The loop currents are now evaluated as

30 -6 -3
0 36 —I8

n=1o -18 24l - 16622630=2.586A
15 30 -3
6 0 -18

L=1-3 0 24l =320 _(ouga

D 6264

Section 8.8 m Bridge Networks
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15 —6 30
6 36 0

L=1-3 -18 0 =%=1.034A
1=3 -18 ol

The current through R, is found as
Iy, =1, — I, = 2586 A — 0.948 A = 1.638 A
The current through R; is found as

Iy =15 —1,=1034A - 0948 A
= 0.086 A to the right

The previous example illustrates that if the bridge is not balanced,
there will always be some current through resistor Rs. The unbalanced cir-
cuit may also be easily analyzed using nodal analysis, as in the following
example.

éEXAM PLE &-23 Determine the node voltages and the voltage V. for the
circuit of Figure 8-54.

RS=6Q

- 30V

FIGURE 8-54

Solution By converting the voltage source into an equivalent current
source, we obtain the circuit shown in Figure 8-55.

Vi

sA(? Rs§v
<6Q 2

FIGURE 8-55




The nodal equations for the circuit are as follows:

1 1 1 1
Node 1: e A s A ¥
0% (60 60 129)‘/1 (60) : (129)‘/3

1 1 1 1
Node2: —[— v, + (-2 +-1L+—1|v,—(—-|v,=0a
oce <6Q)1 (69 30 189)2 (189)3

1 1 1 1 1
- - - s x =0A
Node 3 (129)‘/1 <189>V2 (39 120 189)V3 0

The linear equations are

Node 1: 0.4167V, — 0.1667V, — 0.0833V, = 5 A
Node 2: —0.1667V, + 0.5556V, — 0.0556V, = 0
Node 3: —0.0833V, — 0.0556V, + 0.4722V, = 0

The determinant of the denominator is

04167 —0.1667 —0.0833
D = | —0.1667 0.5556 —0.0556| = 0.08951 A
—0.0833 —0.0556 0.4722
Again notice that the elements on the principal diagonal are positive and that

the determinant is symmetrical about the principal diagonal.
The node voltages are calculated to be

5 —0.1667 —0.0833

0 05556 —0.0556
_ 12963

VvV, =10 —0.0556 0.4722 = 1448 A
D 0.08951
0.4167 5 —0.0833 041667
= |—=0.1667 =(0), = — =466V
V, 0.1667 0 0.0556 0.08951 66
—0.0833 0 0.4722
0.4167 —0.1667 5 09778
= |—0.1667 d =— =310V
V, 0.166 0.0556 0 0.08951 3.10
—0.0833 —0.0556 0

Using the above results, we find the voltage across Rs:
Vgs = Vo, = V3=4.655V = 3.103V = 1.55V
and the current through Rj is

1.55V .
ks = 180 = 0.086 A to the right

As expected, the results are the same whether we use mesh analysis or nodal

analysis. It is therefore a matter of personal preference as to which approach
should be used.

Section 8.8 m Bridge Networks
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A final method for analyzing bridge networks involves the use of A to'Y
conversion. The following example illustrates the method used.

EXAMPLE &-24  Find the current through R for the circuit shown in Fig-

ure 8-56.

FIGURE 8-56

Solution

30 VS

By inspection we see that this circuit is not balanced, since

R | R
_71:_
R, R,

Therefore, the current through R cannot be zero. Notice, also, that the circuit
contains two possible A configurations. If we choose to convert the top A to
its equivalent Y, we get the circuit shown in Figure 8-57.

(6) (18)

v+ o0
RS=6‘Q a M:ZQ
A /6+12+18
I —»
(12) (13) 60

/6+12+18

b pC
T30V
R; 30
d

FIGURE 8-57
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By combining resistors, it is possible to reduce the complicated circuit to the
simple series circuit shown in Figure 8—58.

Rg=6Q
AN =
—_—
I
30V—=F
d

2+B+3)IOG+3)=560

FIGURE 8-58

The circuit of Figure 8-58 is easily analyzed to give a total circuit current of

30V

= =259A
60+20+3.60 >

1

Using the calculated current, it is possible to work back to the original circuit.
The currents in the resistors R; and R, are found by using the current divider
rule for the corresponding resistor branches, as shown in Figure 8-57.

s 6Q+3Q0)
B 6Q+30)+3Q+30)

. BQ+30)
B 6Q+30)+3Q+30)

(259A) =155A

(2.59A) = 1.03 A

These results are exactly the same as those found in Examples 8-21 and
8-22. Using these currents, it is now possible to determine the voltage V,,. as

Vie = =B W, + 3 D)y,
(=3 Q)(1.034A) + (3 Q)(3.103 A)
=155V

The current through R; is determined to be

_ 155V
180

I = 0.086 A to the right

311

1. For a balanced bridge, what will be the value of voltage between the mid-
points of the arms of the bridge?

2. If a resistor or sensitive galvanometer is placed between the arms of a bal-
anced bridge, what will be the current through the resistor?

3. In order to simplify the analysis of a balanced bridge, how may the resistance
Rs, between the arms of the bridge, be replaced?

(Answers are at the end of the chapter.)

IN-PROCESS
LEARNING
CHECK 2
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. FIGURE 8-59

10V

40 Q Ry=0—500

1. For the circuit shown in Figure 8-59, what value of R, will ensure that the
bridge is balanced?

2. Determine the current I through Rs in Figure 8-59 when R, = 0 () and when
R, =50 Q.

Answers: 1. 20 Q) 2. 286 mA, —52.6 mA

i i . H 8.9  Circuit Analysis Using Computers

! Electronics Workbench and PSpice are able to analyze a circuit without the
ELECTRONICS PSpice  need to convert between voltage and current sources or having to write
WORKBENCH lengthy linear equations. It is possible to have the program output the value

of voltage across or current through any element in a given circuit. The fol-
lowing examples were previously analyzed using several other methods
throughout this chapter.

EXAMFLE &-25 Given the circuit of Figure 8-60, use Electronics Work-
bench to find the voltage V,, and the current through each resistor.

@ R;=10Q
MV
R, 230
<>5A ngzﬂ E,=—6V
E1T8V
" o

FIGURE 8-60

Solution The circuit is entered as shown in Figure 8—61. The current source
is obtained by clicking on the Sources button in the Parts bin toolbar. As
before, it is necessary to include a ground symbol in the schematic although
the original circuit of Figure 8—60 did not have one. Make sure that all values
are changed from the default values to the required circuit values.
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= Electronics Workbench [_ 8] =]
File Edit Circuit Analysiz  Window Help
] =2 = 2 S o (o (e N ) @)
B Fels]2] ¥[ET] ol BlO|w] 2| (]
u0B-25.ewb
. g - ~
T
—
m - =
Cma) = P
—8Y
L
Al | D ;

Ready [1.495 [ [Temp: 27 [

FIGURE 8-61

From the above results, we have the following values:

V,=200V

Iz, = 1.00A (downward)
I, = 2.00 A (upward)
Ip, = 4.00 A (to the left)

OrCAD PSpice

éEXAMPLE &-26  Use PSpice to find currents through R, and R; in the cir-
cuit of Figure 8-62.

Rs

30V =

FIGURE 8-62
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Solution

Ei MicroSim Schematics - [ ex08-26.sch p.1 [stale] ]

[ﬂ File Edt Draw MNawigate Wiew Options @nalvsis Tools Markers Window Help

The PSpice file is entered as shown in Figure 8—63. Ensure that
you enter Yes in the DC cell of the Properties Editor for each IPRINT part.

=18|x]

Dls(a] 8] #l=le] 210 SIRlal

o|| <=0 R =l (|

=T a2 o S

\Em@mouz

i

050, 0.00 | Schematic saved.

iaSIarll @Cuntl...l @Exp\ur...l WMlcru...l quch I Chpbu. MIDIU... ﬁDeslg" | @Micl...

|Crd: Mark Current into Pin

24 _F0d B 11z

FIGURE 8-63

obtained in Example 8-22.

Once you have selected a New Simulation Profile, click on the Run icon.
Select View and Output File to see the results of the simulation. The currents
are I, = 1.64 A and I, = 86.2 mA. These results are consistent with those

Use Electronics Workbench to determine the currents, Iy, I, and I, in the circuit
of Figure 8-50. Compare your results to those obtained in Example 8-21.

Answers: Iy =3.00A, I = 2.00A and I, = 1.00 A

Use PSpice to input the circuit of Figure 8-50. Determine the value of I, when

R, = 0Q and when R, = 48 ().

Note: Since PSpice cannot let R, =

value such as 1 p() (1e-6).

0 ), you will need to let it equal some very small

Answers: Iy, = 1.08 Awhen R, = 0 Q2 and Iy, = 0.172 A when R, = 48 Q)

Use PSpice to input the circuit of Figure 8-54, so that the output file will pro-
vide the currents through R, R,, and R;. Compare your results to those obtained

in Example 8-23.
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Strain gauges are manufactured from very fine wire mounted on insulated
surfaces which are then glued to large metal structures. These instruments
are used by civil engineers to measure the movement and mass of large
objects such as bridges and buildings. When the very fine wire of a strain
gauge is subjected to stress, its effective length is increased (due to stretch-
ing) or decreased (due to compression). This change in length results in a cor-
responding minute change in resistance. By placing one or more strain
gauges into a bridge circuit, it is possible to detect variation in resistance, AR.
This change in resistance can be calibrated to correspond to an applied force.
Consequently, it is possible to use such a bridge as a means of measuring
very large masses. Consider that you have two strain gauges mounted in a
bridge as shown in the accompanying figure.

PUTTING |

N INTO PRACTICE

24V =

Strain gauge bridge.

The variable resistors, R, and R, are strain gauges that are mounted on
opposite sides of a steel girder used to measure very large masses. When a
mass is applied to the girder, the strain gauge on one side of the girder will
compress, reducing the resistance. The strain gauge on the other side of the
girder will stretch, increasing the resistance. When no mass is applied, there
will be neither compression nor stretching and so the bridge will be balanced,
resulting in a voltage V, = 0 V.

Write an expression for AR as a function of V,,. Assume that the scale is
calibrated so that resistance variation of AR = 0.02 ) corresponds to a mass
of 5000 kg. Determine the measured mass if V,, = —4.20 mV.

8.1 Constant-Current Sources PROBLEMS
1. Find the voltage V; for the circuit shown in Figure 8—64.
2. Find the voltage V for the circuit shown in Figure 8-65.
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6Q
SmA
MWV /) ) N
- -30V
+ Vs
INOIZ =+ 20V 2k0 4%0
FIGURE 8-64 FIGURE 8-65
R, wo Q R; wo Q 3. Refer to the circuit of Figure 8-66:
Y AN a. Find the current ;.
- i b. Determine the voltages Vs and V.
— VIR . . .
Jrl ! §100 o - 4. Consider the circuit of Figure 8-67:
4 a. Calculate the voltages V, and V.
20 mA C) Vs b. Find the currents / and ;.
— 1
-— _ —_—>
FIGURE 8-66 l A
. :
R1§3k9 5V Vs()’;‘mAl 2R129
+ V2 T
MN—
Rz = 5 kQ
FIGURE 8-67
5. For the circuit of Figure 8—68, find the currents /, and 7.
~AM—ES—AMN—
200 +57 20 Q
Vs
of )
R, Ry
V. Iy
CD g § -— 15V 300> "2 S40Q
100 nA |50kQ 150 kQ
1
Sy
FIGURE 8-68 FIGURE 8-69

6. Refer to the circuit of Figure 8—69:
a. Find the voltages Vg and V.
b. Determine the current /,.

7. Verify that the power supplied by the sources is equal to the summation of
the powers dissipated by the resistors in the circuit of Figure 8—68.
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8. Verify that the power supplied by the source in the circuit of Figure 8—69 is
equal to the summation of the powers dissipated by the resistors.

8.2 Source Conversions

9. Convert each of the voltage sources of Figure 8-70 into its equivalent cur- —0 —0
rent source.
10. Convert each of the current sources of Figure 8—71 into its equivalent volt- Rg § 200 Rg §2 kQ
age source.
5V =—/— 25V =
O O
o o

30ma () ngzon NG §6Q @ (b)

FIGURE 8-70

(a) (b)

FIGURE 8-71

11. Refer to the circuit of Figure 8-72:

a. Solve for the current through the load resistor using the current divider
rule.

b. Convert the current source into its equivalent voltage source and again
determine the current through the load.

a R2 = 3 Q
AN
. -
I
Rg ; ’
450 Q) I R, <>2A R1§59 30V =
C) 3 A <500
Ry=7Q
NN
b
FIGURE 8-72 FIGURE 8-73
12. Find V,, and I, for the network of Figure 8-73.
13. Refer to the circuit of Figure 8-74:
a
470Q 16V .
1=65mA C) R, 23300 ll R; =100 Q
b

FIGURE 8-74
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a. Convert the current source and the 330-() resistor into an equivalent volt-
age source.

b. Solve for the current / through R, .
c. Determine the voltage V.
14. Refer to the circuit of Figure 8-75:

a. Convert the voltage source and the 36-() resistor into an equivalent cur-
rent source.

b. Solve for the current / through R, .
c. Determine the voltage V.

R1=36Q

S

1|+
12\/[ R2§4OQ 1<>2A i g()LQ

FIGURE 8-75

8.3 Current Sources in Parallel and Series
15. Find the voltage V, and the current /, for the circuit of Figure 8-76.

"

+
Ry B (Diooma 8
MDsoma 25 " 2ok D S8kO

<

FIGURE 8-76

16. Convert the voltage sources of Figure 8—77 into current sources and solve
for the current /, and the voltage V.

3 mA
_/

a a + Vub - b

Ry =24k

T R Ry260 R3224Q é NN
1 R Vo Ré . -~ .
o 43 609_,, > 1.6 kQ 3 R3§20k0

E, 24V E; 48V
[T v
. . 1l

FIGURE 8-77 FIGURE 8-78

I

17. For the circuit of Figure 8-78 convert the current source and the 2.4-kQ)
resistor into a voltage source and find the voltage V,, and the current /.
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18. For the circuit of Figure 8—78, convert the voltage source and the series
resistors into an equivalent current source.

a. Determine the current /,.

b. Solve for the voltage V.

8.4 Branch-Current Analysis

19. Write the branch-current equations for the circuit shown in Figure 8-79 and
solve for the branch currents using determinants. R, E; J_
20. Refer to the circuit of Figure 8-80: 300 R2§6 Q SV
a. Solve for the current /; using branch-current analysis. E, Ry
b. Determine the voltage V. T 15V 20
R3=40 B=2V | FIGURE 8-79
it
R,
R, 2100
R 2
T 00 Dosa 2ida
1 E
1
T T
b
FIGURE 8-80

21. Write the branch-current equations for the circuit shown in Figure 8-81 and
solve for the current 7,.

R2=6.2Q
N\—¢

47]2

RiZ5Q

R, S820 C) Ry Sa.
4§ 25A 3§47Q
E1.|.10V

FIGURE 8-81

22. Refer to the circuit shown in Figure 8—82:
a. Write the branch-current equations.
b. Solve for the currents /, and I,.
c. Determine the voltage V.

23. Refer to the circuit shown in Figure 8—83:
a. Write the branch-current equations.
b. Solve for the current I,.
c. Determine the voltage V.

24. Refer to the circuit shown in Figure 8—84:

a. Write the branch-current equations.



320

Chapter 8 m Methods of Analysis

R2 [1
a P
NN
R, 6.7Q
I 2A 330, B8V
2
—
b
R E,
AWV L
1.0Q 3V

FIGURE 8-82

1Q

FIGURE 8-83

R =4Q E
AN L
8V
6Q Ry
R; 4A 10
)
<>3A Es_
IVT
R2=2.Q
A%

FIGURE 8-85

R2=6Q E a
AM——|
‘[ 16 V
2
Ry
12 A 20 Ry 2100 Ry 240
<
b

8.5
25.

26.
217.
28.

29.

30.

31.

32.

FIGURE 8-84

b. Solve for the current /.

c. Determine the voltage V.

Mesh (Loop) Analysis

Write the mesh equations for the circuit shown in Figure 8-79 and solve for
the loop currents.

Use mesh analysis for the circuit of Figure 8-80 to solve for the current /.
Use mesh analysis to solve for the current 7, in the circuit of Figure 8-81.

Use mesh analysis to solve for the loop currents in the circuit of Figure
8-83. Use your results to determine 7, and V.

Use mesh analysis to solve for the loop currents in the circuit of Figure
8—-84. Use your results to determine / and V.

Using mesh analysis, determine the current through the 6-() resistor in the
circuit of Figure 8-85.

Write the mesh equations for the network in Figure 8-86. Solve for the loop
currents using determinants.

Repeat Problem 31 for the network in Figure 8-87.
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g /R3O ¢y
R, 40

3V g Lay B ng R, KL
AWy MWy |
Ri=6Q Rs=3Q E1I=9V

|

1 Rs=4kQ

E =5V
FIGURE 8-87

FIGURE 8-86

8.6 Nodal Analysis

33. Write the nodal equations for the circuit of Figure 8-88 and solve for the
nodal voltages.

I, = 40 mA
Ry=50Q
a
RIZZOQ
L=2A —VWWV— R, " k ]
m.
&S tioson 09
NV b
n(})3a RS20 RZ40Q Iy=25 mA
Jo
U/
FIGURE 8-88 FIGURE 8-89

34. Write the nodal equations for the circuit of Figure 8—89 and determine the
voltage V.

35. Repeat Problem 33 for the circuit of Figure 8-90.

4 R=5Q E,=10V

AN |
12=6mA
! Q‘ i R
6A 330 -3A
I R, Ry R; 3=
TmA<2kQ <5kQ S 10kQ ¢ b
R3=4Q
= e = = /\/\/\r
FIGURE 8-90 FIGURE 8-91
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36. Repeat Problem 34 for the circuit of Figure 8-91.
37. Write the nodal equations for the circuit of Figure 8—85 and solve for V.

38. Write the nodal equations for the circuit of Figure 8—86 and solve for V.

8.7 Delta-Wye (Pi-Tee) Conversion

39. Convert each of the A networks of Figure 8-92 into its equivalent Y config-

uration.
a
5.6 kQ)
a o—e NN o b
300 920 Q)
4.7 kQ § 7.8 kQ)
b c
270 O c o—e o ¢
(@) ()

FIGURE 8-92

40. Convert each of the A networks of Figure 8-93 into its equivalent Y config-

uration.
420 Q)
ao < AN » o b 4o o d
100 Q 200 Q
360 O 220 Q)
200 Q
co v oc b o—e AN —o ¢
(@ (b)

FIGURE 8-93

41. Convert each of the Y networks of Figure 8-94 into its equivalent A config-

uration.
a
470 kQ 220 kQ
10 Q a o ANV ANV o b
30 Q) 20 Q) § 390 kQ
b c
c o o ¢
(a) (b)

FIGURE 8-94



42. Convert each of the Y networks of Figure 8-95 into its equivalent A config-

uration.
a
a o oa 24 Q) 48 Q)
§ 68 O 96 O
120 Q) 82 ()
b o ANV AV o C c
(a) (b)

FIGURE 8-95

43. Using A-Y or Y-A conversion, find the current / for the circuit of Figure 8-96.

44. Using A-Y or Y-A conversion, find the current / and the voltage V,, for the

circuit of Figure 8-97.
45. Repeat Problem 43 for the circuit of Figure 8-98.

Ry=300Q 1/5\})\/&\)'
A 1
—>
300 Q 75 Q
RIZZOQ a RZZZOQ
150 Q 50 Q)
FIGURE 8-97 FIGURE 8-98

46. Repeat Problem 44 for the circuit of Figure 8-99.

FIGURE 8-99

Problems 323

All resistors are 4.5 k()

FIGURE 8-96
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8.8 Bridge Networks
47. Refer to the bridge circuit of Figure 8—100:
a. Is the bridge balanced? Explain.
b. Write the mesh equations.
c. Calculate the current through R;.
d. Determine the voltage across R;.
48. Consider the bridge circuit of Figure 8-101:

o

. Is the bridge balanced? Explain.
b. Write the mesh equations.

c. Determine the current through R;.
d

. Calculate the voltage across Rs.

[ —
Rl R2
30Q 40 Q
Rs=400Q
E= 90V
R3§ R4
80 Q) 80 Q)

FIGURE 8-100 FIGURE 8-101

49. Given the bridge circuit of Figure 8-102, find the current through each
resistor.

50. Refer to the bridge circuit of Figure 8—103:
a. Determine the value of resistance R, such that the bridge is balanced.
b. Calculate the current through R; when R, = 0 () and when R, = 10 k().

Rg =100 Q

FIGURE 8-102 FIGURE 8-103

8.9 Circuit Analysis Using Computers

51. EWB Use Electronics Workbench to solve for the currents through all
resistors of the circuit shown in Figure 8—-86.



Answers to In-Process Learning Checks 325

52. EWB Use Electronics Workbench to solve for the voltage across the 5-k(}
resistor in the circuit of Figure 8-90.

53. PSpice Use PSpice to solve for the currents through all resistors in the
circuit of Figure 8-96.

54. PSpice Use PSpice to solve for the currents through all resistors in the
circuit of Figure 8-97.

In-Process Learning Check 1
1. A voltage source E in series with a resistor R is equivalent to a current source

having an ideal current source / = E/R in parallel with the same resistance, R.

2. Current sources are never connected in series.

In-Process Learning Check 2
1. Voltage is zero.
2. Current is zero.

3. R can be replaced with either a short circuit or an open circuit.

ANSWERS TO IN-PROCESS
LEARNING CHECKS



Network Theorems

OBJECTIVES

After studying this chapter you will be

able to

* apply the superposition theorem to
determine the current through or voltage
across any resistance in a given network,

e state Thévenin’s theorem and determine
the Thévenin equivalent circuit of any
resistive network,

¢ state Norton’s theorem and determine
the Norton equivalent circuit of any
resistive network,

e determine the required load resistance of
any circuit to ensure that the load
receives maximum power from the cir-
cuit,

 apply Millman’s theorem to determine
the current through or voltage across
any resistor supplied by any number of
sources in parallel,

* state the reciprocity theorem and
demonstrate that it applies for a given
single-source circuit,

e state the substitution theorem and apply
the theorem in simplifying the operation
of a given circuit.

KEY TERMS

Maximum Power Transfer
Millman’s Theorem
Norton’s Theorem
Reciprocity Theorem
Substitution Theorem
Superposition Theorem
Thévenin’s Theorem

OUTLINE

Superposition Theorem

Thévenin’s Theorem

Norton’s Theorem

Maximum Power Transfer Theorem
Substitution Theorem

Millman’s Theorem

Reciprocity Theorem

Circuit Analysis Using Computers




In this chapter you will learn how to use some basic theorems which will allow ~ CHAPTER PREVIEW
the analysis of even the most complex resistive networks. The theorems
which are most useful in analyzing networks are the superposition, Thévenin,
Norton, and maximum power transfer theorems.
You will also be introduced to other theorems which, while useful for pro-
viding a well-rounded appreciation of circuit analysis, have limited use in the
analysis of circuits. These theorems, which apply to specific types of circuits,
are the substitution, reciprocity, and Millman theorems. Your instructor may
choose to omit the latter theorems without any loss in continuity.

;" n_ T
André Marie Ampere PUTTING IT IN

ANDRE MARIE AMPERE WAS BORN in Polémieux, Rhone, near Lyon, France on PERSPECTIVE
January 22, 1775. As a youth, Ampere was a brilliant mathematician who was
able to master advanced mathematics by the age of twelve. However, the French
Revolution, and the ensuing anarchy which swept through France from 1789 to
1799, did not exclude the Ampere family. Ampere’s father, who was a prominent
merchant and city official in Lyon, was executed under the guillotine in 1793.
Young André suffered a nervous breakdown from which he never fully recov-
ered. His suffering was further compounded in 1804, when after only five years
of marriage, Ampere’s wife died.

Even so, Ampere was able to make profound contributions to the field of
mathematics, chemistry, and physics. As a young man, Ampere was appointed as
professor of chemistry and physics in Bourg. Napoleon was a great supporter of
Ampere’s work, though Ampere had a reputation as an “absent-minded profes-
sor.” Later he moved to Paris, where he taught mathematics.

Ampere showed that two current-carrying wires were attracted to one
another when the current in the wires was in the same direction. When the cur-
rent in the wires was in the opposite direction, the wires repelled. This work set
the stage for the discovery of the principles of electric and magnetic field theory.
Ampere was the first scientist to use electromagnetic principles to measure cur-
rent in a wire. In recognition of his contribution to the study of electricity, cur-
rent is measured in the unit of amperes.

Despite his personal suffering, Ampere remained a popular, friendly human
being. He died of pneumonia in Marseille on June 10, 1836 after a brief illness.

327



328 Chapter 9 m Network Theorems

The superposition theorem does
not apply to power, since power
is not a linear quantity, but
rather is found as the square of
either current or voltage.

9.1 Superposition Theorem

The superposition theorem is a method which allows us to determine the
current through or the voltage across any resistor or branch in a network.
The advantage of using this approach instead of mesh analysis or nodal
analysis is that it is not necessary to use determinants or matrix algebra to
analyze a given circuit. The theorem states the following:

The total current through or voltage across a resistor or branch may be
determined by summing the effects due to each independent source.

In order to apply the superposition theorem it is necessary to remove all
sources other than the one being examined. In order to “zero” a voltage
source, we replace it with a short circuit, since the voltage across a short
circuit is zero volts. A current source is zeroed by replacing it with an open
circuit, since the current through an open circuit is zero amps.

If we wish to determine the power dissipated by any resistor, we must
first find either the voltage across the resistor or the current through the
resistor:

éEXAM PLE 9-1 Consider the circuit of Figure 9-1:

Ry

AA%% o—
240 ILl
| E Ry

20V I(DzA §16Q

FIGURE 9-1

a. Determine the current in the load resistor, R, .

b. Verify that the superposition theorem does not apply to power.

Solution

a. We first determine the current through R, due to the voltage source by
removing the current source and replacing in with an open circuit (zero
amps) as shown in Figure 9-2.
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Ry I, 1)
NN 0—
24Q

1 E §RL
T 20V 16 O

o—e

Current source
replaced with an
open circuit

FIGURE 9-2

The resulting current through R, is determined from Ohm’s law as

. 20V
D16 Q +24Q

Next, we determine the current through R, due to the current source by
removing the voltage source and replacing it with a short circuit (zero volts)

as shown in Figure 9-3.
R I )
MWV 00—
24 Q)

b 1<>2A Ifgﬂ

= 0.500 A

Voltage source
replaced with a
short circuit

FIGURE 9-3

The resulting current through R, is found with the current divider rule as

_ (240 _
I = (24Q+ 16Q)(2A) 1.20 A



330

Chapter 9 m Network Theorems

The resultant current through R, is found by applying the superposition theo-
rem:

I, =05A—-12A = —0.700 A

The negative sign indicates that the current through R, is opposite to the
assumed reference direction. Consequently, the current through R, will, in
fact, be upward with a magnitude of 0.7 A.

b. If we assume (incorrectly) that the superposition theorem applies for
power, we would have the power due the first source given as

P, =1;,R, = (05A)(16Q) =40W
and the power due the second source as
P,=1,R, = (1.2A)(16 Q) = 23.04 W
The total power, if superposition applies, would be
P.=P +P,=40W + 23.04 W = 27.04 W

Clearly, this result is wrong, since the actual power dissipated by the load
resistor is correctly given as

P, =R, = (0.7A)(16 Q) = 7.84 W

The superposition theorem may also be used to determine the voltage
across any component or branch within the circuit.

EXAMPLE 9-2 Determine the voltage drop across the resistor R, of the
circuit shown in Figure 9—4.

1.6 kO

+
E =16V Vg, R2§1.6kﬂ 1<>5mA Ey= 32V

FIGURE 9-4

Solution Since this circuit has three separate sources, it iS necessary to
determine the voltage across R, due to each individual source.
First, we consider the voltage across R, due to the 16-V source as shown

in Figure 9-5.
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Ry
NV
l 1.6 kQ
+ YR
R, T
MV *
2.4kQ
Ry Il R3=0.8 kQ

FIGURE 9-5

The voltage across R, will be the same as the voltage across the parallel com-
bination of R,||R; = 0.8 k). Therefore,

0.8 k()

= —(————————)16V)=—4.00V
Ve (0.8kQ+2.4kQ>(6 ) 00

The negative sign in the above calculation simply indicates that the voltage
across the resistor due to the first source is opposite to the assumed reference
polarity.

Next, we consider the current source. The resulting circuit is shown in
Figure 9-6.

+ R
1 ®
® R2§1.6KQ I()SmA 1

FIGURE 9-6

From this circuit, you can observe that the total resistance “seen” by the cur-
rent source is

R: = R||R,||R; = 0.6 kQ)
The resulting voltage across R, is
Visoy = (0.6 kQ)(5 mA) = 3.00V

Finally, the voltage due to the 32-V source is found by analyzing the circuit
of Figure 9-7.

331
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R3
AMA~
l 1.6 kQ)
VR0
b4 R § 1.6 k() E, —/— 32V
R, I
22%%

2.4 k)
\—————
Rl Il RZ = 096 kQ

FIGURE 9-7

The voltage across R, is

v :( 0.96 kQ
RO 10.96 kKQ + 1.6 kKQ

)G2V)=120V

By superposition, the resulting voltage is

Vg, = =40V +3.0V + 120V =110V

Use the superposition theorem to determine the voltage across R, and R; in the
circuit of Figure 9—4.

Answers: Vi =270V, Vi, =210V

IN-PROCESS
LEARNING
CHECK1

Use the final results of Example 9-2 and Practice Problem 1 to determine the
power dissipated by the resistors in the circuit of Figure 9—4. Verify that the
superposition theorem does not apply to power.

(Answers are at the end of the chapter.)

9.2 Thévenin’s Theorem

In this section, we will apply one of the most important theorems of electric
circuits. Thévenin’s theorem allows even the most complicated circuit to be
reduced to a single voltage source and a single resistance. The importance of
such a theorem becomes evident when we try to analyze a circuit as shown
in Figure 9-8.

If we wanted to find the current through the variable load resistor when
R, = 0, R, = 2k, and R, = 5 k) using existing methods, we would need
to analyze the entire circuit three separate times. However, if we could
reduce the entire circuit external to the load resistor to a single voltage
source in series with a resistor, the solution becomes very easy.

Thévenin’s theorem is a circuit analysis technique which reduces any
linear bilateral network to an equivalent circuit having only one voltage
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6kQ

R
E=15V 1(>5mA R2§2kQ /§/'oi>5k0

FIGURE 9-8

source and one series resistor. The resulting two-terminal circuit is equiva-
lent to the original circuit when connected to any external branch or compo-
nent. In summary, Thévenin’s theorem is simplified as follows:

Any linear bilateral network may be reduced to a simplified two-termi-
nal circuit consisting of a single voltage source in series with a single resis-
tor as shown in Figure 9-9.

A linear network, remember, is any network that consists of components
having a linear (straight-line) relationship between voltage and current. A
resistor is a good example of a linear component since the voltage across a
resistor increases proportionally to an increase in current through the resis-
tor. Voltage and current sources are also linear components. In the case of a
voltage source, the voltage remains constant although current through the
source may change.

A bilateral network is any network that operates in the same manner
regardless of the direction of current in the network. Again, a resistor is a
good example of a bilateral component, since the magnitude of current
through the resistor is not dependent upon the polarity of voltage across the
component. (A diode is not a bilateral component, since the magnitude of
current through the device is dependent upon the polarity of the voltage
applied across the diode.)

The following steps provide a technique which converts any circuit into
its Thévenin equivalent:

1. Remove the load from the circuit.

2. Label the resulting two terminals. We will label them as a and b, although
any notation may be used.

3. Set all sources in the circuit to zero.
Voltage sources are set to zero by replacing them with short circuits (zero
volts).
Current sources are set to zero by replacing them with open circuits (zero
amps).

4. Determine the Thévenin equivalent resistance, Ry,, by calculating the

resistance “seen” between terminals a and b. It may be necessary to
redraw the circuit to simplify this step.

5. Replace the sources removed in Step 3, and determine the open-circuit
voltage between the terminals. If the circuit has more than one source, it
may be necessary to use the superposition theorem. In that case, it will be

Emn =

FIGURE 9-9 Thévenin equivalent
circuit.
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necessary to determine the open-circuit voltage due to each source sepa-
rately and then determine the combined effect. The resulting open-circuit
voltage will be the value of the Thévenin voltage, E,.

6. Draw the Thévenin equivalent circuit using the resistance determined in
Step 4 and the voltage calculated in Step 5. As part of the resulting cir-
cuit, include that portion of the network removed in Step 1.

éEXAMPLE 9-3 Determine the Thévenin equivalent circuit external to the
resistor R, for the circuit of Figure 9-10. Use the Thévenin equivalent circuit
to calculate the current through R;.

Ry
MV o—
24 Q)

E=T20V 1<>2A §Ifgﬂ

FIGURE 9-10

Solution

Steps 1 and 2: Removing the load resistor from the circuit and labelling the
remaining terminals, we obtain the circuit shown in Figure 9—11.

AN oa

o b

FIGURE 9-11

Step 3: Setting the sources to zero, we have the circuit shown in Figure 9-12.




Section 9.2 m Thévenin’s Theorem

Ry
AN —4—a
24 Q) l
< RTh = 24 Q
< -

[,

Voltage source
replaced with a

short circuit Current source

replaced with an
open circuit

FIGURE 9-12

Step 4: The Thévenin resistance between the terminals is Ry, = 24 ().

Step S: From Figure 9-11, the open-circuit voltage between terminals a and
b is found as

V, =20V — (24 Q)(2A) = —280V

Step 6: The resulting Thévenin equivalent circuit is shown in Figure 9—13.

Rrp a
O—
24 Q)
Vi
ETh — 28V §RL= 16Q

+
T’L

b

FIGURE 9-13

Using this Thévenin equivalent circuit, we easily find the current through R,
as

_ 28V _
I, = (7249 n 160) 0.700 A (upward)

This result is the same as that obtained by using the superposition theorem in
Example 9-1.
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EXAMPLE 9-4 Find the Thévenin equivalent circuit of the indicated area
in Figure 9-14. Using the equivalent circuit, determine the current through
the load resistor when R, = 0, R, = 2 k), and R, = 5 k().

Ry
A o—
6 kQ
Ry
E=15V I()SmA R2§2kQ 055 kC

FIGURE 9-14

Solution

Steps 1, 2, and 3: After removing the load, labelling the terminals, and set-
ting the sources to zero, we have the circuit shown in Figure 9-15.

R, ;
VW—t —o
6kQ) l

b R2§2kﬂ ~— Ry =6kQ 112kQ
=1.5kQ

O

Current source
replaced with an

Voltage source ..
open circuit

replaced with a
short circuit

FIGURE 9-15

Step 4: The Thévenin resistance of the circuit is

Ry = 6kQ2 KQ = 1.5kQ
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Step 5: Although several methods are possible, we will use the superposition
theorem to find the open-circuit voltage V,,. Figure 9-16 shows the circuit for
determining the contribution due to the 15-V source.

Ry
9 O
k) | +
fw +
E [ 15V R2§2kﬂ

Vab (1)

< O

FIGURE 9-16

V

a

. ( 2kQ
b(l) —

—= = +3.
2kQ+6kQ>(15V) 35V

Figure 9-17 shows the circuit for determining the contribution due to the
5-mA source.

Ry
AAAY o
6 kQ) 4F

) I 77 b
1 5 mA () Ry EkQ Vab 2)

FIGURE 9-17

Voo = ((2 kQ)(6 k)

= = 47.
aba2) 2kQ+6kQ>(5mA) Uo7

The Thévenin equivalent voltage is
Ery = Vo * Vo = +375V +75V =1125V

Step 6: The resulting Thévenin equivalent circuit is shown in Figure 9—18.

Rty @
1.5kQ
Emn—1125V R, =
0—5 kQ
b

FIGURE 9-18
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From this circuit, it is now an easy matter to determine the current for any
value of load resistor:

11.25V

R, =00 I = = 7.5 mA
L LT 15k0 o
1125V
R, = 2 k0): —— kYT
: LT IskQ 42k oA m
o _ 1125V
R, = 5 kO: L= e e = 173 mA

EXAMPLE 9-5 Find the Thévenin equivalent circuit external to Rs in the
circuit in Figure 9-19. Use the equivalent circuit to determine the current
through the resistor.

E=10V

FIGURE 9-19

Solution Notice that the circuit is an unbalanced bridge circuit. If the tech-
niques of the previous chapter had to be used, we would need to solve either
three mesh equations or three nodal equations.

Steps 1 and 2: Removing the resistor R; from the circuit and labelling the
two terminals a and b, we obtain the circuit shown in Figure 9-20.

E =10V

FIGURE 9-20

By examining the circuit shown in Figure 9-20, we see that it is no simple
task to determine the equivalent circuit between terminals a and b. The
process is simplified by redrawing the circuit as illustrated in Figure 9-21.
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ao
R1§IOQ R3§ZOQ
E
c I: d
10V
R2§2OQ R4§SOQ
bo

FIGURE 9-21

Notice that the circuit of Figure 9-21 has nodes a and b conveniently shown
at the top and bottom of the circuit. Additional nodes (node ¢ and node d)
are added to simplify the task of correctly placing resistors between the
nodes.

After simplifying a circuit, it is always a good idea to ensure that the
resulting circuit is indeed an equivalent circuit. You may verify the equiva-
lence of the two circuits by confirming that each component is connected
between the same nodes for each circuit.

Now that we have a circuit which is easier to analyze, we find the
Thévenin equivalent of the resultant.

Step 3: Setting the voltage source to zero by replacing it with a short, we
obtain the circuit shown in Figure 9-22.

ao
R1§IOQ R3§ZOQ
c e d
R2§209 R4§SOQ
bo

FIGURE 9-22

Step 4: The resulting Thévenin resistance is

Ry, = 10 Q20 Q + 20 Q50 Q
= 6.67Q + 1429 Q = 20.95 Q

Step S: The open-circuit voltage between terminals a and b is found by first
indicating the loop currents /, and Z, in the circuit of Figure 9-23.
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m§mﬂ

50 Q

NW

Ry

FIGURE 9-23 bo

Because the voltage source, E, provides a constant voltage across the resistor
combinations R,-R; and R,-R,, we simply use the voltage divider rule to
determine the voltage across the various components:
Vo = =V, + Vg,
_ _aomaov) " (20 (10 V)
30 Q) 70 Q)
—0.476 V

Note: The above technique could not be used if the source had some series
resistance, since then the voltage provided to resistor combinations R,-R; and
R,-R, would no longer be the entire supply voltage but rather would be
dependent upon the value of the series resistance of the source.

Step 6: The resulting Thévenin circuit is shown in Figure 9-24.

RTh a

20.95 O

Em, = 0476V  Rs 2300

FIGURE 9-24

From the circuit of Figure 9-24, it is now possible to calculate the current
through the resistor R; as

0476 V

= 20V _934mA (frombt
2095 Q + 30 Q mA  (frombtoa)

This example illustrates the importance of labelling the terminals which
remain after a component or branch is removed. If we had not labelled the
terminals and drawn an equivalent circuit, the current through R; would not
have been found as easily.
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Find the Thévenin equivalent circuit external to resistor R, in the circuit of Fig-
ure 9-1.

Answer: Ry, =16 Q, Ey, =52V

Use Thévenin’s theorem to determine the current through load resistor R, for the
circuit of Figure 9-25.

Ry

300 O

I Ry Rr
E =10V G)SOH‘IA 200 Q 80 Q)

FIGURE 9-25

Answer: I, = 10.0 mA upward

In the circuit of Figure 9-25, what would the value of R, need to be in order that
the Thévenin resistance is equal to R, = 80 ()?

(Answers are at the end of the chapter.)

IN-PROCESS
LEARNING
CHECK 2

9.3 Norton’s Theorem

Norton’s theorem is a circuit analysis technique which is similar to
Thévenin’s theorem. By using this theorem the circuit is reduced to a single
current source and one parallel resistor. As with the Thévenin equivalent cir-
cuit, the resulting two-terminal circuit is equivalent to the original circuit
when connected to any external branch or component. In summary, Norton’s
theorem may be simplified as follows:

Any linear bilateral network may be reduced to a simplified two-termi-
nal circuit consisting of a single current source and a single shunt resistor as
shown in Figure 9-26.

The following steps provide a technique which allows the conversion of
any circuit into its Norton equivalent:

1. Remove the load from the circuit.

2. Label the resulting two terminals. We will label them as a and b, although
any notation may be used.

3. Set all sources to zero. As before, voltage sources are set to zero by
replacing them with short circuits and current sources are set to zero by
replacing them with open circuits.

YoRE

o b

FIGURE 9-26 Norton equivalent cir-
cuit.
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4,

Determine the Norton equivalent resistance, Ry, by calculating the resis-
tance seen between terminals a and b. It may be necessary to redraw the
circuit to simplify this step.

. Replace the sources removed in Step 3, and determine the current which

would occur in a short if the short were connected between terminals a
and b. If the original circuit has more than one source, it may be neces-
sary to use the superposition theorem. In this case, it will be necessary to
determine the short-circuit current due to each source separately and then
determine the combined effect. The resulting short-circuit current will be
the value of the Norton current /.

Sketch the Norton equivalent circuit using the resistance determined in
Step 4 and the current calculated in Step 5. As part of the resulting circuit,
include that portion of the network removed in Step 1.

The Norton equivalent circuit may also be determined directly from the

Thévenin equivalent circuit by using the source conversion technique devel-
oped in Chapter 8. As a result, the Thévenin and Norton circuits shown in
Figure 9-27 are equivalent.

Rm=RNn 4 a
—VW—o o
= Ery,=INRN <:> C) §RN = Ry
Ey
. 5 In= . o
b N b
Thévenin equivalent circuit Norton equivalent circuit

FIGURE 9-27

From Figure 9-27 we see that the relationship between the circuits is as

follows:
Er, = IxRy 9-1)
ETh
=== 9-2
TR, (9-2)

EXAMFPLE 9-6 Determine the Norton equivalent circuit external to the
resistor R, for the circuit of Figure 9-28. Use the Norton equivalent circuit to
calculate the current through R,. Compare the results to those obtained using
Thévenin’s theorem in Example 9-3.
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R,
24 Q)
eV (D L, 1’2 0
FIGURE 9-28
Solution

Steps 1 and 2: Remove load resistor R, from the circuit and label the remain-
ing terminals as a and b. The resulting circuit is shown in Figure 9-29.

Ry a
MV o
24 Q)
E—/—20V | C) 2A
o
FIGURE 9-29 b

Step 3: Zero the voltage and current sources as shown in the circuit of Figure
9-30.

Ry
MW—2 oa
240 l
b ~— Ry=240Q
] ob

Current source replaced
with an open circuit
Voltage source
replaced with a
short circuit

FIGURE 9-30

Step 4: The resulting Norton resistance between the terminals is

Ry=R, =240
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Step 5: The short-circuit current is determined by first calculating the current
through the short due to each source. The circuit for each calculation is illus-
trated in Figure 9-31.

Voltage Source, E: The current in the short between terminals a and b [Figure
9-31(a)] is found from Ohm’s law as

20V
I =—-=0.833A
@240
Ry @
AMNV—
24 Q) l
E=T 20V ilab(l)
) b
(a) Voltage source
Notice that R is
shorted by the short
circuit between a and b
R @
M
24 Q)

b4 1 Q) 2A l Lap 2)

b

(b) Current source

FIGURE 9-31

Current Source, I: By examining the circuit for the current source [Figure 9—
31(b)] we see that the short circuit between terminals a and b effectively
removes R, from the circuit. Therefore, the current through the short will be

Ly = —2.00 A

a

Notice that the current /,, is indicated as being a negative quantity. As we
have seen before, this result merely indicates that the actual current is oppo-
site to the assumed reference direction.

Now, applying the superposition theorem, we find the Norton current as

Iy = Ly + Loy = 0.833A — 2.0A = —1.167 A
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As before, the negative sign indicates that the short-circuit current is actually
from terminal b toward terminal a.

Step 6: The resultant Norton equivalent circuit is shown in Figure 9-32.

) §§f Q 1129

1.167 A

FIGURE 9-32

Now we can easily find the current through load resistor R, by using the cur-
rent divider rule:

24 Q)
I, =\~ —-])1.167A) = 0.700 A d
: (24Q+ 169)( / Cera)

By referring to Example 9-3, we see that the same result was obtained by
finding the Thévenin equivalent circuit. An alternate method of finding the
Norton equivalent circuit is to convert the Thévenin circuit found in Example

9-3 into its equivalent Norton circuit shown in Figure 9-33.

Ry a a
—AWVW—o o

28 Q)

Eqp = 28V <:> CD §RN =Ry =240
28V
S ———) IN =— O
b 24 Q) b
=1.167 A
FIGURE 9-33

EXAMPLE 9-7 Find the Norton equivalent of the circuit external to resis-
tor R, in the circuit in Figure 9-34. Use the equivalent circuit to determine the
load current I, when R, = 0, 2 k), and 5 k().
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W
O—
6 kQ i I
L 1 R,
ETV 0 Psm 3k R.=0-5 kQ)
%

FIGURE 9-34

Solution

Steps 1, 2, and 3: After removing the load resistor, labelling the remaining
two terminals a and b, and setting the sources to zero, we have the circuit of
Figure 9-35.

Ry

VVN—2 o
6 k) l

b Rz§2m <~ Ry=6KkQ 11 2kQ

Ny

b
Voltage source Current source
replaced with a replaced with an
short circuit open circuit

FIGURE 9-35

Step 4: The Norton resistance of the circuit is found as
Ry = 6 kQ|2 kQ = 1.5 kQ

Step 5: The value of the Norton constant-current source is found by deter-
mining the current effects due to each independent source acting on a short
circuit between terminals a and b.

Voltage Source, E: Referring to Figure 9-36(a), a short circuit between termi-
nals a and b eliminates resistor R, from the circuit. The short-circuit current
due to the voltage source is

I 15V

ab(l) — 6@ = 2.50 mA
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6 kQ

E= 15V R2§2k0 i .

(a)

6 kQ)

1
H 5 mA C) R, § 2kQ i Lap (2)

(b)

FIGURE 9-36

Current Source, I: Referring to Figure 9-36(b), the short circuit between ter-
minals a and b eliminates both resistors R, and R,. The short-circuit current
due to the current source is therefore

I = 5.00 mA
The resultant Norton current is found from superposition as
In = Loy + Ly = 2.50 mA + 5.00 mA = 7.50 mA

Step 6: The Norton equivalent circuit is shown in Figure 9-37.

Dfm 330 27
75mA <1.5kQ Ry =

FIGURE 9-37 b

Let R, = 0: The current /, must equal the source current, and so
I, = 7.50 mA
Let R, = 2 kQ: The current /; is found from the current divider rule as

_( 1.5 kQ
-

m>(7.50 mA) = 3.21 mA
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Let R, = 5 kQ: Using the current divider rule again, the current /, is found as

1L=( 1.5 kQ

m)(7.50 mA) = 1.73 mA

Comparing the above results to those obtained in Example 94, we see that
they are precisely the same.

é EXAMPLE 9-& Consider the circuit of Figure 9-38:

3
1200 Sg, / R,
§2800 Dssoma () 180mA §1689

A E
T 24V

FIGURE 9-38

a. Find the Norton equivalent circuit external to terminals a and b.
b. Determine the current through R, .

Solution

a. Steps 1 and 2: After removing the load (which consists of a current source
in parallel with a resistor), we have the circuit of Figure 9-39.

RlélZOQ

E =24V

= §280 2 C) 5160 mA

FIGURE 9-39

Step 3: After zeroing the sources, we have the network shown in Figure
9-40.
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a
l O
Ry § 120 Q) R
28209 <— Ry =1200Q 11280 Q
[ ]
| [
°p
FIGURE 9-40

Step 4: The Norton equivalent resistance is found as
Ry = 120 Q)|280 Q) = 84 O

Step 5: In order to determine the Norton current we must again determine the
short-circuit current due to each source separately and then combine the results
using the superposition theorem.

Voltage Source, E: Referring to Figure 9-41(a), notice that the resistor R, is
shorted by the short circuit between terminals a and b and so the current in
the short circuit is

I 24V

ab(l) — m = 0.2 A =200 mA

R1§12OQ
2 % l
Lap (1)

™D 1

This resistor is shorted by
the short circuit between
terminals a and b

(a)

FIGURE 9-41

Current Source, I: Referring to Figure 9—41(b), the short circuit between ter-
minals a and b will now eliminate both resistors. The current through the
short will simply be the source current. However, since the current will not be
from a to b but rather in the opposite direction, we write

Loy = —560 mA

a
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Now the Norton current is found as the summation of the short-circuit cur-
rents due to each source:

Iy = Ly, + Lyoy = 200 mA + (—560 mA) = —360 mA

a

R, § 120 0
Ry Q) I ;
280 O 1/ 560 mA ab (2)

/ _

Both resistors are shorted
by the short circuit between
terminals a and b

(b)

FIGURE 9-41 continued

The negative sign in the above calculation for current indicates that if a
short circuit were placed between terminals a and b, current would actually
be in the direction from b to a. The Norton equivalent circuit is shown in
Figure 9-42.

IN §RN 1 §RL
C 360mA < 840 ()180“‘A 168 Q

FIGURE 9-42

b. The current through the load resistor 