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The eighth edition of Principles of Electric Circuits: Conventional Current Version provides
a complete and straightforward coverage of the basics of electrical components and circuits.
Fundamental circuit laws and analysis methods are explained and applied in a variety of ba-
sic circuits. Applications, many of which are new to this edition, are emphasized, and most
chapters have a special feature called A Circuit Application. Troubleshooting continues to be
an important part of this edition, and many chapters have a separate section devoted to the

topic.

New in This Edition

*

L

+

Text layout and design
Multisim files for selected examples

Multisim 8 files, in addition to Multisim 2001 and Multisim 7, for Troubleshooting
and Analysis problems

Phasor coverage has been moved to Chapter 11, Introduction to Alternating Current
and Voltage

Complex number coverage has been moved to Chapter 15, RC Circuits
New problems in most chapters
Numerous miscellaneous improvements throughout

Innovative PowerPoint® slides for each chapter available on CD-ROM

Features

*

+

Full-color format

Chapter openers with a chapter outline, introduction, chapter objectives, key terms
list, and website reference

An introduction and objectives at the beginning of each section within a chapter
A Circuit Application feature at the end of most chapters

Abundance of high-quality illustrations

Short biographies of key figures in the history of electricity in several chapters

Safety Notes located at appropriate points throughout the text and identified by a
special logo

Many worked examples
A Related Problem in each worked example with answers at the end of the chapter

Section Reviews with answers at the end of the chapter



vi

*

PREFACE

+ Troubleshooting section in many chapters
+ Summary at the end of each chapter

+ Key terms defined at the end of the chapter and in the comprehensive glossary at the
end of the book

+ Formula list at the end of each chapter
+ Self-test at the end of each chapter with answers at the end of the chapter

+ A Circuit Dynamics Quiz that tests the student’s grasp of what happens in a circuit as
a result of certain changes or faults. Answers are at the end of the chapter.

+ Sectionalized problem set for each chapter, with the more difficult problems indi-
cated by an asterisk. Answers to odd-numbered problems are at the end of the book.

+ A comprehensive glossary at the end of the book that defines all boldface and key
terms in the textbook

¢ The conventional direction of current is used. (An alternate version of this text uses
electron-flow direction.)

Accompanying Student Resources

Experiments in Basic Circuits, Eighth Edition: lab manual by David Buchla (ISBN:
0-13-170181-9). Solutions are provided in the Instructor’s Resource Manual.

Experiments in Electric Circuits, Eighth Edition: lab manual by Brian Stanley
(ISBN: 0-13-170180-0). Solutions are provided in the Instructor’s Resource Manual.

Multisim® CD-ROM: Packaged with each text, this CD contains a set of Multisim
circuit files referenced in the text. Many of these circuits have hidden faults. All circuit
files are provided on the CD-ROM in Multisim 2001®, Multisim 7€, and Multisim 8%.
Circuit files in later versions of Multisim will be posted to the Companion Website at
www.prenhall.com/floyd as subsequent versions of the software are developed by the
manufacturer, Electronics Workbench.

These Multisim circuit files are provided for use by anyone who has Multisim soft-
ware. Anyone who does not have Multisim software and wishes to purchase it in order
to use the circuit files may do so by ordering it from www.prenhall.com/ewb. However,
although the circuit files are intended to complement classroom, textbook, and labora-
tory study, it is not necessary to use these files in order to successfully study dc/ac cir-
cuits or use Floyd’s Principles of Electric Circuits, Eighth Edition.

Companion Website (www.prenhall.com/floyd): For the student, this website offers
the opportunity to test his or her own progress and practice answering sample test questions.

Instructor Resources

To access supplementary materials online, instructors need to request an instructor access code.
Go to www.prenhall.com, click the Instructor Resource Center link, and then click
Register Today for an instructor access code. Within 48 hours after registering you will receive
a confirming e-mail including an instructor access code. Once you have received your code, go
to the site and log on for full instructions on downloading the materials you wish to use.

PowerPoint® Slides A completely new set of innovative PowerPoint® slides, created by
David M. Buchla, dynamically illustrates key concepts in the text. Each slide contains a
summary with examples, key term definitions, and a quiz for each chapter. This is an
excellent tool for classroom presentation to supplement the textbook. Another folder of
PowerPoint® slides contains all figures from the text. The PowerPoints® are available on
both CD and the Internet.


http://www.prenhall.com/floyd
http://www.prenhall.comJewb.
http://www.prenhall.com.click
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FIGURE P-1

A typical chapter opener.

Instructor’s Resource Manual Includes solutions to chapter problems, solutions to A Cir-
cuit Application features, a test item file, Multisim circuit file summary, and solutions to both
lab manuals. Available in print and online.

Prentice Hall TestGen This is a computerized test bank. Available on CD-ROM and online.

lllustration of Chapter Features

Chapter Opener Each chapter begins as shown in Figure P-1. Each chapter opener in-
cludes the chapter number and title, a brief introduction, lists of text sections and chapter
objectives, a key terms list, A Circuit Application preview, and a website reference for study
aids and supplementary materials.

Section Opener Each section in a chapter begins with a brief introduction that includes
a general overview and section objectives. An illustration is given in Figure P-2.

Section Review Each section in a chapter ends with a review consisting of questions or
exercises that emphasize the main concepts covered in the section. An example is shown in
Figure P-2. Answers to the Section Reviews are at the end of the chapter.

Worked Examples and Related Problems Numerous worked examples throughout each
chapter help to illustrate and clarify basic concepts or specific procedures. Each example ends
with a Related Problem that reinforces or expands on the example by requiring the student to
work through a problem similar to the example. Selected examples have a Multisim circuit
exercise. A typical worked example with a Related Problem is shown in Figure P-3.
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» FIGURE P-2
A typical section opener and section

end each section.

Section review questions

review.

# FIGURE P-3

A typical worked example and
related problem.

Introductory paragraph
begins each section. — |

Performance-based
section objectives. — |
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6-3  KircHHOFF's CURRENT Law

Kirchhalf's veltage law deals with voltages in a single closed path. Kirchboff's current
/ {aw applies 1o currents in multipie paths.
After completing this section, you should be able 10

= Apply Kirchhoff's current law
+ State Kirchhoff's current kaw
+ Define node
+ Determine the 1otal current by adding the branch cuments
» Determine an imknown branch current

KirchhofTs enrrent law, often abbrevialed KCL, can be stated as follows:
s equal to the sum of the cur-

rents sul of that node (total current out).

A node is any point of junction in a circuit P
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A Circuit Application is set off from text.

PREFACE

A series of activities relates theory to practice.
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FIGURE P-4

I
Realistic instrument and circuit board graphics

A portion of a typical A Circuit Application feature.

Troubleshooting Sections Many chapters include a troubleshooting section that relates
to the topics covered in the chapter and emphasizes logical thinking as well as a structured
approach called APM (analysis, planning, and measurement) where applicable. Particular
troubleshooting methods, such as half-splitting, are applied when appropriate.

A Circuit Application This special feature at the end of each chapter (except Chapters 1
and 21) presents a practical application of certain topics covered in the chapter. Each of
these features includes a series of activities, many of which involve comparing circuit
board layouts with schematics, analyzing circuits, using measurements to determine circuit
operation, and in some cases, developing simple test procedures. Results and answers are
found in the Instructor’s Resource Manual (IRM). A portion of a representative A Circuit
Application feature is illustrated in Figure P-4.

Chapter End Matter The following pedagogical features are found at the end of each
chapter:

*

*

Summary

Key terms glossary
Formula list

Self-Test

Circuit Dynamics Quiz

Problems

*

IX
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¢ Answers to section reviews, related problems for examples, self-test, and the circuit
dynamics quiz

Sugdestions for Teaching with Principles of Electric Circuits

Selected Course Emphasis and Flexibility of the Text This textbook is designed pri-
marily for use in a two-term course sequence in which dc topics (Chapters 1 through 10)
are covered in the first term and ac topics (Chapters 11 through 21) are covered in the sec-
ond term. A one-term course covering dc and ac topics is possible but would require very
selective and abbreviated coverage of many topics.

If time limitations or course emphasis restrict the topics that can be covered, as is usu-
ally the case, there are several options for selective coverage. The following suggestions for
light treatment or omission do not necessarily imply that a certain topic is less important
than others but that, in the context of a specific program, the topic may not require the em-
phasis that the more fundamental topics do. Because course emphasis, level, and available
time vary from one program to another, the omission or abbreviated treatment of selected
topics must be made on an individual basis. Therefore, the following suggestions are in-
tended only as a general guide.

1. Chapters that may be considered for omission or selective coverage:
+ Chapter 8, Circuit Theorems and Conversions
¢ Chapter 9, Branch, Loop, and Node Analyses
¢ Chapter 10, Magnetism and Electromagnetism
¢ Chapter 18, Passive Filters
¢ Chapter 19, Circuit Theorems in AC Analysis
+ Chapter 20, Time Response of Reactive Circuits
¢ Chapter 21, Three-Phase Systems in Power Applications

2. A Circuit Application features and troubleshooting sections can be omitted without
affecting other material.

3. Other specific topics may be omitted or covered lightly on a section-by-section ba-
sis at the discretion of the instructor.

The order in which certain topics appear in the text can be altered at the instructor’s dis-
cretion. For example, the topics of capacitors and inductors (Chapters 12 and 13) can be
covered at the end of the dc course in the first term by delaying coverage of the ac topics
in Sections 12-6, 12-7, 13-5, and 13—6 until the ac course in the second term. Another
possibility is to cover Chapters 12 and 13 in the second term but cover Chapter 15 (RC
Circuits) immediately after Chapter 12 (Capacitors) and cover Chapter 16 (RL Circuits)
immediately after Chapter 13 (Inductors).

A Circuit Application  These features are useful for motivation and for introducing ap-
plications of basic concepts and components. Suggestions for using these sections are:

¢ As an integral part of the chapter to illustrate how the concepts and components can
be applied in a practical situation. The activities can be assigned for homework.

¢ As extra credit assignments.
+ As in-class activities to promote discussion and interaction and to help students un-

derstand why they need to know the material.

Coverage of Reactive Circuits Chapters 15, 16, and 17 have been designed to provide
two approaches to teaching these topics on reactive circuits.



The first option is to cover the topics on the basis of components. That is, first cover all
of Chapter 15 (RC Circuits), then all of Chapter 16 (RL Circuits), and, finally, all of Chap-
ter 17 (RLC Circuits and Resonance).

The second option is to cover the topics on the basis of circuit type. That is, first cover all
topics related to series reactive circuits, then all topics related to parallel reactive circuits, and
finally, all topics related to series-parallel reactive circuits. To facilitate this second approach,
each of the chapters has been divided into the following parts: Part 1: Series Circuits, Part 2:
Parallel Circuits, Part 3: Series-Parallel Circuits, and Part 4: Special Topics. So, for series
reactive circuits, cover Part 1 of all three chapters in sequence. For parallel reactive circuits,
cover Part 2 of all three chapters in sequence. For series-parallel reactive circuits, cover Part
3 of all three chapters in sequence. Finally, cover Part 4 of all three chapters.

To the Student

Any career training requires hard work, and electronics is no exception. The best way to
learn new material is by reading, thinking, and doing. This text is designed to help you
along the way by providing an overview and objectives for each section, numerous worked-
out examples, exercises, and review questions.

Read each section of the text carefully and think about what you have read. Sometimes
you may need to read the section more than once. Work through each example problem step
by step before you try the related problem that goes with the example. After each section,
answer the review questions. Answers to the related problems and the section review ques-
tions are at the end of the chapter.

Review the chapter summary, the key term definitions, and the formula list. Take the
multiple choice self test and the Circuit Dynamics Quiz. Check your answers against those
at the end of the chapter. Finally, work the problems. Working problems is the most impor-
tant way to check your comprehension and solidify concepts. Verify your answers to the
odd-numbered problems with those provided at the end of the book.

Careers in Electronics

The field of electronics is very diverse, and career opportunities are available in many
areas. Because electronics is currently found in so many different applications and new
technology is being developed at a fast rate, its future appears limitless. There is hardly
an area of our lives that is not enhanced to some degree by electronics technology. Those
who acquire a sound, basic knowledge of electrical and electronic principles and are will-
ing to continue learning will always be in demand.

The importance of obtaining a thorough understanding of the basic principles contained
in this text cannot be overemphasized. Most employers prefer to hire people who have both
a thorough grounding in the basics and the ability and eagerness to grasp new concepts and
techniques. If you have a good training in the basics, an employer will train you in the
specifics of the job to which you are assigned.

There are many types of job classifications for which a person with training in electron-
ics technology may qualify. A few of the most common job functions are discussed briefly
in the following paragraphs.

Service Shop Technician Technical personnel in this category are involved in the repair
or adjustment of both commercial and consumer electronic equipment that is returned to
the dealer or manufacturer for service. Specific areas include TVs, VCRs, CD and DVD
players, stereo equipment, CB radios, and computer hardware. This area also offers oppor-
tunities for self-employment.

Industrial Manufacturing Technician Manufacturing personnel are involved in the
testing of electronic products at the assembly-line level or in the maintenance and trou-
bleshooting of electronic and electromechanical systems used in the testing and manufac-
turing of products. Virtually every type of manufacturing plant, regardless of its product,
uses automated equipment that is electronically controlled.

PREFACE
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Georg Simon
Ohm
1787-1854

‘Ohm was born in Bavaria and
struggled for years to gain
recognition for his work in
formulating the relationship of
current, voltage, and resistance.
This mathematical relationship is
known today as Ohm's law and the
unit of resistance is named in his
honor. (Photo credit: Library of
Congress, LC-USZ62-40943.)

Laboratory Technician These technicians are involved in breadboarding, prototyping,
and testing new or modified electronic systems in research and development laboratories.
They generally work closely with engineers during the development phase of a product.

Field Service Technician Field service personnel service and repair electronic equip-
ment—for example, computer systems, radar installations, automatic banking equipment,
and security systems—at the user’s location.

Engineering Assistant/Associate Engineer Personnel in this category work closely
with engineers in the implementation of a concept and in the basic design and development
of electronic systems. Engineering assistants are frequently involved in a project from its
initial design through the early manufacturing stages.

Technical Writer Technical writers compile technical information and then use the infor-
mation to write and produce manuals and audiovisual materials. A broad knowledge of a
particular system and the ability to clearly explain its principles and operation are essential.

Technical Sales Technically trained people are in demand as sales representatives for
high-technology products. The ability both to understand technical concepts and to com-
municate the technical aspects of a product to a potential customer is very valuable. In this
area, as in technical writing, competency in expressing yourself orally and in writing is es-
sential. Actually, being able to communicate well is very important in any technical job cat-
egory because you must be able to record data clearly and explain procedures, conclusions,
and actions taken so that others can readily understand what you are doing.

Milestones in Electronics

Before you begin your study of electric circuits, let’s briefly look at some of the important
developments that led to the electronics technology we have today. The names of many of
the early pioneers in electricity and electromagnetics still live on in terms of familiar units
and quantities. Names such as Ohm, Ampere, Volta, Farad, Henry, Coulomb, Oersted, and
Hertz are some of the better known examples. More widely known names such as Franklin
and Edison are also significant in the history of electricity and electronics because of their
tremendous contributions. Short biographies of some of these pioneers, like shown here,
are located throughout the text.

The Beginning of Electronics Early experiments with electronics involved electric cur-
rents in vacuum tubes. Heinrich Geissler (1814—-1879) removed most of the air from a glass
tube and found that the tube glowed when there was current through it. Later, Sir William
Crookes (1832-1919) found the current in vacuum tubes seemed to consist of particles.
Thomas Edison (1847-1931) experimented with carbon filament bulbs with plates and dis-
covered that there was a current from the hot filament to a positively charged plate. He
patented the idea but never used it.

Other early experimenters measured the properties of the particles that flowed in vac-
uum tubes. Sir Joseph Thompson (1856-1940) measured properties of these particles, later
called electrons.

Although wireless telegraphic communication dates back to 1844, electronics is basi-
cally a 20th century concept that began with the invention of the vacuum tube amplifier. An
early vacuum tube that allowed current in only one direction was constructed by John A.
Fleming in 1904, Called the Fleming valve, it was the forerunner of vacuum tube diodes.
In 1907, Lee deForest added a grid to the vacuum tube. The new device, called the au-
diotron, could amplify a weak signal. By adding the control element, deForest ushered in
the electronics revolution. It was with an improved version of his device that made
transcontinental telephone service and radios possible. In 1912, a radio amateur in San
Jose, California, was regularly broadcasting music!

In 1921, the secretary of commerce, Herbert Hoover, issued the first license to a broad-
cast radio station; within two years over 600 licenses were issued. By the end of the 1920s
radios were in many homes. A new type of radio, the superheterodyne radio, invented by



Edwin Armstrong, solved problems with high-frequency communication. In 1923,
Vladimir Zworykin, an American researcher, invented the first television picture tube, and
in 1927 Philo T. Farnsworth applied for a patent for a complete television system.

The 1930s saw many developments in radio, including metal tubes, automatic gain con-
trol, “midget sets,” directional antennas, and more. Also started in this decade was the devel-
opment of the first electronic computers. Modern computers trace their origins to the work of
John Atanasoff at lowa State University. Beginning in 1937, he envisioned a binary machine
that could do complex mathematical work. By 1939, he and graduate student Clifford Berry
had constructed a binary machine called ABC, (for Atanasoff-Berry Computer) that used
vacuum tubes for logic and condensers (capacitors) for memory. In 1939, the magnetron, a
microwave oscillator, was invented in Britain by Henry Boot and John Randall. In the same
year, the klystron microwave tube was invented in America by Russell and Sigurd Varian.

During World War II, electronics developed rapidly. Radar and very high-frequency com-
munication were made possible by the magnetron and klystron. Cathode ray tubes were im-
proved for use in radar. Computer work continued during the war. By 1946, John von Neumann
had developed the first stored program computer, the Eniac, at the University of Pennsylvania.
The decade ended with one of the most important inventions ever, the transistor.

Solid-State Electronics The crystal detectors used in early radios were the forerunners
of modern solid-state devices. However, the era of solid-state electronics began with the in-
vention of the transistor in 1947 at Bell Labs. The inventors were Walter Brattain, John
Bardeen, and William Shockley. PC (printed circuit) boards were introduced in 1947, the
year the transistor was invented. Commercial manufacturing of transistors began in Allen-
town, Pennsylvania, in 1951,

The most important invention of the 1950s was the integrated circuit. On September
12, 1958, Jack Kilby, at Texas Instruments, made the first integrated circuit. This inven-
tion literally created the modern computer age and brought about sweeping changes in
medicine, communication, manufacturing, and the entertainment industry. Many billions
of *chips”—as integrated circuits came to be called—have since been manufactured.

The 1960s saw the space race begin and spurred work on miniaturization and computers.
The space race was the driving force behind the rapid changes in electronics that followed.
The first successful “op-amp™ was designed by Bob Widlar at Fairchild Semiconductor in
1965. Called the uA709, it was very successful but suffered from “latch-up™ and other prob-
lems. Later, the most popular op-amp ever, the 741, was taking shape at Fairchild. This op-
amp became the industry standard and influenced design of op-amps for years to come.

By 1971, a new company that had been formed by a group from Fairchild introduced the first
microprocessor. The company was Intel and the product was the 4004 chip, which had the same
processing power as the Eniac computer. Later in the same year, Intel announced the first 8-bit
processor, the 8008. In 1975, the first personal computer was introduced by Altair, and Popular
Science magazine featured it on the cover of the January, 1975, issue. The 1970s also saw the
introduction of the pocket calculator and new developments in optical integrated circuits.

By the 1980s, half of all U.S. homes were using cable hookups instead of television an-
tennas. The reliability, speed, and miniaturization of electronics continued throughout the
1980s, including automated testing and calibrating of PC boards. The computer became a
part of instrumentation and the virtual instrument was created. Computers became a stan-
dard tool on the workbench.

The 1990s saw a widespread application of the Internet. In 1993, there were 130 web-
sites, and now there are millions. Companies scrambled to establish a home page and many
of the early developments of radio broadcasting had parallels with the Internet. In 1995, the
FCC allocated spectrum space for a new service called Digital Audio Radio Service. Digi-
tal television standards were adopted in 1996 by the FCC for the nation’s next generation
of broadcast television.

The 21st century dawned in January 2001. One of the major technology stories has been the
continuous and explosive growth of the Internet. Internet usage in North America has in-
creased by over 100% from 2000 to 2005. The rest of the world experienced almost 200%
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growth during the same period. The processing speed of computers is increasing at a steady
rate and data storage media capacity is increasing at an amazing pace. Carbon nanotubes are
seen to be the next step forward for computer chips, eventually replacing transistor technology.
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QUANTITIES AND UNITS
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CHAPTER OUTLINE VISIT THE COMPANION WEBSITE

B 1-1 Units of Measurement Study aids for this chapter are available at
1—2 Scientific Notation http://www.prenhall.com/floyd

'1-3  Engineering Notation and Metric Prefixes
1-4  Metric Unit Conversions INTRODUCTION

‘ : You must be familiar with the units used in electronics and
CHAPTER OBJECTIVES : know how to express electrical quantities in various ways us-
D the Sl sthdard ing metr!c plreﬁxes. Scientific notation and engineering nota-
tion are indispensable tools whether you use a computer, a
Use scientific notation (powers of ten) to represent quantities calculator, or do computations the old-fashioned way.
Use engineering notation and metric prefixes to represent large
and small quantities

Convert from one unit with a metric prefix to another

: When you work with
KEY TERMS . electricity, you must
be SI ' always consider .
"W ) safety first. Safety LN
Scientific notation notes throughout the :
Power of ten book remind you of
the importance of safety and
provide tips for a safe workplace.
Basic safety precautions are
introduced in Chapter 2.

+ Exponent
* Engineering notation
Metric prefix

I
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2 + QUANTITIES AND UNITS

1-1 UNITS OF MEASUREMENT

TABLE 1-1

SI fundamental units.

TABLE 1-2

SI supplementary units.

In the 19th century, the principal weight and measurement units dealt with commerce.
As technology advanced, scientists and engineers saw the need for international stan-
dard measurement units. In 1875, at a conference called by the French, representatives
from eighteen nations signed a treaty that established international standards. Today,
all engineering and scientific work use an improved international system of units,

Le Systéme International d’Unités, abbreviated SI*.

After completing this section, you should be able to
+ Discuss the SI standard
¢ Specify the fundamental SI units
+ Specify the supplementary units

+ Explain what derived units are

Fundamental and Derived Units

The SI system is based on seven fundamental units (sometimes called base units) and two
supplementary units. All measurements can be expressed as some combination of funda-
mental and supplementary units. Table 1-1 lists the fundamental units, and Table 1-2 lists
the supplementary units.

The fundamental electrical unit, the ampere, is the unit for electrical current. Current is
abbreviated with the letter / (for intensity) and uses the symbol A (for ampere). The ampere
is unique in that it uses the fundamental unit of time (¢) in its definition (second). All other
electrical and magnetic units (such as voltage, power, and magnetic flux) use various com-
binations of fundamental units in their definitions and are called derived units.

For example, the derived unit of voltage, which is the volt (V), is defined in terms of
fundamental units as m? - kg- s3«AL As you can see, this combination of fundamental
units is very cumbersome and impractical. Therefore, volt is used as the derived unit,

QUANTITY UNIT SYMBOL
Length Meter m
Mass Kilogram kg
Time Second s
Electric current Ampere A
Temperature Kelvin K
Luminous intensity Candela cd
Amount of substance Mole mol
QUANTITY UNIT SYMBOL
Plane angle Radian T
Solid angle Steradian ST

*All bold terms are in the end-of-book glossary. The bold terms in color are key terms and are also defined
at the end of the chapter.
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Letter symbols are used to represent both quantities and their units. One symbol is used
to represent the name of the quantity, and another symbol is used to represent the unit of
measurement of that quantity. For example, P stands for power, and W stands for watt,
which is the unit of power. Another example is voltage. In this case, the same letter stands
for both the quantity and its unit. Italic V represents voltage and nonitalic V represents the
volt, which is the unit of voltage. As a rule, italic letters stand for the quantity and nonitalic
letters represent the unit of that quantity.

Table 1-3 lists the most important electrical quantities, along with their derived SI units
and symbols. Table 1-4 lists magnetic quantities, along with their derived SI units and
symbols.

QUANTITY SYMBOL  SIUNIT SYMBOL FABLE =3

Electrical quantities and derived

Capacitance c Fg_rad F units with SI symbols.
Charge (o] Coulomb C
Conductance G Siemens S
Energy w Joule J
Frequency i Hertz Hz
Impedance z Ohm Q
Inductance L Henry H
Power ye Watt W
Reactance X Ohm Q
Resistance R Ohm Q
Voltage V Volt v

4« TABLE 1-4

QUANTITY SYMBOL S1 UNIT SYMBOL

Magnetic quantities and derived

Magnetic field intensity H Ampere-tumns/meter At/m units with SI symbols.
Magnetic flux @ Weber Wb

Magnetic flux density B “Tesla 4

Magnetomotive force F, Ampere-mm At

Permeability " ‘Webers/ampere-turn - meter ~ Wh/At-m

Reluctance R Ampere-turns/weber At/Wb

damental unit differ from a derived unit?
damental electrical unit?

able 1-3, list as many electrical quantities as possible, including
, and unit symbols.
g to Table 1-4, list as many magnetic quantities as possible,
bols, units, and unit symbols.
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QUANTITIES AND UNITS

SCIENTIFIC NOTATION

In electrical and electronics fields, you will encounter both very small and very large
quantities. For example, it is common to have electrical current values of only a few
thousandths or even a few millionths of an ampere and to have resistance values rang-
ing up to several thousand or several million ohms.

After completing this section, you should be able to
+ Use scientific notation (powers of ten) to represent quantities
+ Express any number using a power of ten

¢ Perform calculations with powers of ten

Scientific notation provides a convenient method to represent large and small num-
bers and to perform calculations involving such numbers. In scientific notation, a quantity
is expressed as a product of a number between 1 and 10 and a power of ten. For example,
the quantity 150,000 is expressed in scientific notation as 1.5 X 10°, and the quantity
0.00022 is expressed as 2.2 X 1074

Powers of Ten

Table 1-5 lists some powers of ten, both positive and negative, and the corresponding dec-
imal numbers. The power of ten is expressed as an exponent of the base 10 in each case
(10%). An exponent is a number to which a base number is raised. It indicates the number
of places that the decimal point is moved to the right or left to produce the decimal number.
For a positive power of ten, move the decimal point to the right to get the equivalent deci-
mal number. For example, for an exponent of 4,

10* = 1 x 10* = 1.0000. = 10,000
o S

For a negative the power of ten, move the decimal point to the left to get the equivalent deci-
mal number. For example, for an exponent of —4,

1074 =1 x 107* = .0001. = 0.0001
| S

TABLE 1-5

Some positive and negative powers of ten.

10° = 1,000,000 107° = 0.000001
10° = 100,000 107 = 0.00001
10* = 10,000 107 = 0.0001
10° = 1,000 107 = 0,001
102 = 100 1072 = 0.01

10! = 10 107" = 0.1

100 = 1
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EXAMPLE 1-1 Express each number in scientific notation.
(a) 200 (b) 5000 (c) 85,000 (d) 3,000,000
Solution  In each case, move the decimal point an appropriate number of places to the left to
determine the positive power of ten.
(a) 200 = 2 X 10? (b) 5000 = 5 x 10°
(¢) 85,000 = 8.5 x 10*  (d) 3,000,000 = 3 X 10°
Related Problem”  Express 4750 in scientific notation.
*Answers are at the end of the chapter.
EXAMPLE 1-2 Express each number in scientific notation.
(a) 0.2 (b) 0.005 (e) 0.00063 (d) 0.000015
Solution  In each case, move the decimal point an appropriate number of places to the right to
determine the negative power of ten.
(@ 02=2x10"" (b) 0.005 =5 x 107?
(c) 0.00063 = 6.3 X 10™*  (d) 0.000015 = 1.5 X 107°
Related Problem  Express 0.00738 in scientific notation.
EXAMPLE 1-3 Express each of the following as a regular decimal number:
(@ 1x10° (b)2xX10° (c)32x102% (d) 250 x10°°
Solution  Move the decimal point to the right or left a number of places indicated by the positive
or the negative power of ten respectively.
(a) 1 X 10° = 100,000  (b) 2 X 10° = 2000
(©) 32X 1077 =0.032 (d) 2.5 X 107° = 0.0000025
Related Problem  Express 9.12 X 10° as a regular decimal number.

Calculations Using Powers of Ten

The advantage of scientific notation is in addition, subtraction, multiplication, and division
of very small or very large numbers.

Addition The steps for adding numbers in powers of ten are as follows:

1. Express the numbers to be added in the same power of ten.

2. Add the numbers without their powers of ten to get the sum.

3. Bring down the common power of ten, which is the power of ten of the sum,
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EXAMPLE 1-4

Solution

Related Problem

Add 2 X 10°and 5 X 10 and express the result in scientific notation.

1. Express both numbers in the same power of ten: (2 X 106) + (50 X 106).
2. Add2 + 50 = 52.
3. Bring down the common power of ten (10°); the sum is 52 X 10° = 5.2 X 107,

Add 3.1 X 10*and 5.5 x 10%

Subtraction The steps for subtracting numbers in powers of ten are as follows:
1. Express the numbers to be subtracted in the same power of ten.
2. Subtract the numbers without their powers of ten to get the difference.

3. Bring down the common power of ten, which is the power of ten of the difference.

EXAMPLE 1-5

Solution

Related Problem

Subtract 2.5 X 102 from 7.5 X 10~ !! and express the result in scientific notation.

1. Express each number in the same power of ten: (7.5 X 1071y — (0.25 % 10_“).
2. Subtract 7.5 — 0.25 = 7.25.

3. Bring down the common power of ten (10'1); the difference is 7.25 X 10711,

Subtract 3.5 X 107° from 2.2 X 107>,

Multiplication The steps for multiplying numbers in powers of ten are as follows:
1. Multiply the numbers directly without their powers of ten.

2. Add the powers of ten algebraically (the exponents do not have to be the same).

EXAMPLE 1-6

Solution

Related Problem

Multiply 5 X 10'2and 3 X 107® and express the result in scientific notation.

Multiply the numbers, and algebraically add the powers.
(5 X'10193 X 107° = 15 X 10**9 = 15 x 105 = 1.5 x 107

Multiply 3.2 X 10%and 1.5 X 1073,

Division The steps for dividing numbers in powers of ten are as follows:
1. Divide the numbers directly without their powers of ten.

2. Subtract the power of ten in the denominator from the power of ten in the numera-
tor (the powers do not have to be the same).
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Solution  Write the division problem with a numerator and denominator as

50 X 10°
2.5 5% 107
Divide the numbers and subtract the powers of ten (3 from 8).
0 x 108
Log=2x103'3=zx105
2.5 X 10

Related Problem Divide 8 X 10%by 2 x 1071°,

EXAMPLE 1-7 Divide 5.0 X 10% by 2.5 X 10° and express the result in scientific notation.

tific notation:
.000000597

<109@ x 10%
2.5 %107 — (13 x 107)

1-3 ENGINEERING NOTATION AND METRIC PREFIXES

Engineering notation, a specialized form of scientific notation, is used widely in tech-
nical fields to represent large and small quantities. In electronics, engineering notation
is used to represent values of voltage, current, power, resistance, capacitance, induc-
tance, and time, to name a few. Metric prefixes are used in conjunction with engineer-
ing notation as a “short hand” for the certain powers of ten that are multiples of three.

After completing this section, you should be able to

+ Use engineering notation and metric prefixes to represent large and small
quantities

+ List the metric prefixes
+ Change a power of ten in engineering notation to a metric prefix
+ Use metric prefixes to express electrical quantities

+ Convert one metric prefix to another

Engineering Notation

Engineering notation is similar to scientific notation. However, in engineering notation
a number can have from one to three digits to the left of the decimal point and the power-
of-ten exponent must be a multiple of three. For example, the number 33,000 expressed in
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engineering notation is 33 X 10°. In scientific notation, it is expressed as 3.3 X 10*. As
another example, the number 0.045 expressed in engineering notation is 45 X 107>, In
scientific notation, it is expressed as 4.5 X 1072,

EXAMPLE 1-8 Express the following numbers in engineering notation: ‘
(a) 82,000 (b) 243,000 (¢) 1,956,000
Solution  In engineering notation, '
(a) 82,000 is expressed as 82 X 10°. !
(b) 243,000 is expressed as 243 X 10°. |
(€) 1,956,000 is expressed as 1.956 X 10,
Related Problem  Express 36,000,000,000 in engineering notation.
- T A Wk el sy S B |
EXAMPLE 1-9 Convert each of the following numbers to enginecring notation:
(a) 0.0022 (b) 0.000000047 (¢) 0.00033 ‘
Solution  In engineering notation, !
(a) 0.0022 is expressed as 2.2 X 1073, ‘
(b) 0.000000047 is expressed as 47 X 1072 |
|
(¢) 0.00033 is expressed as 330 X 1076
Related Problem  Express 0.0000000000056 in engineering notation.
Metric Prefixes
In engineering notation metric prefixes represent each of the most commonly used pow-
ers of ten. These metric prefixes are listed in Table 1-6 with their symbols and correspon-
ding powers of ten.

Metric prefixes are used only with numbers that have a unit of measure, such as volts,
amperes, and ohms, and precede the unit symbol. For example, 0.025 amperes can be
expressed in engineering notation as 25 X 1072 A. This quantity expressed using a metric pre-
fix is 25 mA, which is read 25 milliamps. Note that the metric prefix milli has replaced 1072

TARES 58 METRIC PREFIX SYMBOL POWER OF TEN VALUE
Metric prefixes with their symbols : =T _ =
and corresponding powers of ten temio £ 10 one-quadrillionth
nano n Vi one-billionth

micro w 10°° one-millionth

milli m 1073 one-thousandth

kilo k 10° one thousand

mega M 10° one million

giga G 10° one billion

tera T 10" one trillion
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As another example, 100,000,000 ochms can be expressed as 100 X 10° Q). This quantity
expressed using a metric prefix is 100 M{), which is read 100 megohms. The metric prefix
mega has replaced 109,

*
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EXAMPLE 1-10 Express each quantity using a metric prefix:
(a) 50,000V (b) 25,000,000 O (c) 0.000036 A
Solution  (a) 50,000V = 50 X 10°V = 50kV
(b) 25,000,000 Q = 25 X 10°Q = 25MQ
(¢) 0.000036 A = 36 X 10°A = 36 uA
Related Problem  Express using metric prefixes:
(a) 56,000,000 Q2  (b) 0.000470 A

Calculator Tip

All scientific and graphing calculators provide features for entering and displaying num-
bers in various formats. Scientific and engineering notation are special cases of exponen-
tial (power of ten) notation. Most calculators have a key labeled EE (or EXP) that is used
to enter the exponent of numbers. To enter a number in exponential notation, enter the base
number first, including the sign, and then press the EE key, followed by the exponent, in-
cluding the sign.

Scientific and graphing calculators have displays for showing the power of ten. Some
calculators display the exponent as a small raised number on the right side of the display.

47.0 %
Other calculators display the number with a small E followed by the exponent.
47.0e03

Notice that the base 10 is not generally shown, but it is implied or represented by the E.
When you write the number out, you need to include the base 10. The displayed number
shown above is written out as 47.0 X 107,

Some calculators are placed in the scientific or engineering notation mode using a sec-
ondary or tertiary function, such as SCI or ENG. Then numbers are entered in regular deci-
mal form. The calculator automatically converts them to the proper format. Other
calculators provide for mode selection using a menu.

Always check the owner’s manual for your particular calculator to determine how to use
the exponential notation features.

mbers in engineering notation:
(c) 950,000 (d) 375,000,000,000
e 'fgﬂowing powers of ten:

to express 0.000001 A.
to express 250,000 W.
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1-4 MEeTRIC UNIT CONVERSIONS

It is sometimes necessary or convenient to convert a quantity from one unit with a met-
ric prefix to another, such as from milliamperes (mA) to microamperes (A). Moving
the decimal point in the number an appropriate number of places to the left or to the
right, depending on the particular conversion, results in a metric unit conversion.

After completing this section, you should be able to
+ Convert from one unit with a metric prefix to another
+ Convert between milli, micro, nano, and pico

¢ Convert between kilo and mega

The following basic rules apply to metric unit conversions:
1. When converting from a larger unit to a smaller unit, move the decimal point to the right.
2. When converting from a smaller unit to a larger unit, move the decimal point to the left.

3. Determine the number of places to move the decimal point by finding the difference
in the powers of ten of the units being converted.

For example, when converting from milliamperes (mA) to microamperes (uA), move the dec-
imal point three places to the right because there is a three-place difference between the two
units (mA is 107> A and pA is 107° A). The following examples illustrate a few conversions.

EXAMPLE 1-11

Solution

Related Problem

Convert 0.15 milliampere (0.15 mA) to microamperes (A ).

Move the decimal point three places to the right.

0.15mA = 0.15 X 10°A = 150 X 10°6A = 150 nA

Convert 1 mA to microamperes.

EXAMPLE 1-12

Convert 4500 microvolts (4500 V) to millivolts (mV).

4500 1wV = 4500 X 1076V = 4.5 X 102V = 45mV

Convert 5000 nanoamperes (5000 nA) to microamperes ((A). ‘

Solution  Move the decimal point three places to the left.
Related Problem  Convert 1000 wV to millivolts.
EXAMPLE 1-13
Solution  Move the decimal point three places to the left.

Related Problem

5000nA = 5000 X 10°A =5 X 105A = 5 uA ‘

Convert 893 nA to microamperes.
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EXAMPLE 1-14 Convert 47,000 picofarads (47.000 pF) to microfarads (wF).

Solution  Move the decimal point six places to the left.
47,000 pF = 47,000 X 10712F = 0.047 X 107°F = 0.047 uF

Related Problem  Convert 10,000 pF to microfarads.

EXAMPLE 1-15 Convert 0.00022 microfarad (0.00022 wF) to picofarads (pF).

Solution  Move the decimal point six places to the right.
0.00022 uF = 0.00022 X 10°F = 220 X 107'2F = 220 pF

Related Problem  Convert 0.0022 uF to picofarads.

EXAMPLE 1-16 Convert 1800 kilohms (1800 k{2) to megohms (M{}).

Solution  Move the decimal point three places to the left.
1800kQ = 1800 X 10°Q = 1.8 X 10°Q = 1.8MQ

Related Problem  Convert 2.2 k{) to megohms.

When adding (or subtracting) quantities with different metric prefixes, first convert one
of the quantities to the same prefix as the other quantity.

EXAMPLE 1-17 Add 15 mA and 8000 A and express the sum in milliamperes.

Solution  Convert 8000 pA to 8 mA and add.

15mA + 8000 uA = 15 X 102 A + 8000 X 10°A
=15X 10°A +8 X 10°A = 15mA + 8mA = 23mA

Related Problem  Add 2873 mA to 10,000 uA; express the sum in milliamperes.
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SUMMARY
@ Sl is an abbreviation for Le Systéme International d"Unités and is a standardized system of units.
4 A fundamental unit is an SI unit from which other SI units are derived. There are seven funda-
mental units.
# Scientific notation is a method for representing very large and very small numbers as a number
between one and ten (one digit to left of decimal point) times a power of ten.
® Engineering notation is a form of scientific notation in which quantities are represented with one,
two, or three digits to the left of the decimal point times a power of ten that is a multiple of three.
¢ Metric prefixes represent powers of ten in numbers expressed in engineering notation.
KEY TERMS These key terms are also defined in the end-of-book glossary.
Engineering notation A system for representing any number as a one-, two-, or three-digit num-
ber times a power of ten with an exponent that is a multiple of 3.
Exponent The number to which a base number is raised.
Metric prefix An affix that represents a power-of-ten number expressed in engineering notation.
Power of ten A numerical representation consisting of a base of 10 and an exponent; the number
10 raised to a power.
Scientific notation A system for representing any number as a number between 1 and 10 times an
appropriate power of ten.
SI  Standardized internationalized system of units used for all engineering and scientific work; ab-
breviation for French Le Systéme International d’Unités.
SELF-TEST Answers are at the end of the chapter.

1. Which of the following is not an electrical quantity?
(a) current (b) voltage (¢) time (d) power
2. The unit of current is
(a) volt (b) watt (¢) ampere (d) joule
3. The unit of voltage is
(a) ohm (b) watt (c) volt (d) farad
4, The unit of resistance is
(a) ampere (b) henry (¢) hertz (d) ohm
5. Hertz is the unit of '
(a) power (b) inductance (¢) frequency (d) time
6. 15,000 W is the same as
(a) 15mW (b) 15kW (c) 15 MW (d) 15 uW
7. The quantity 4.7 X 107 is the same as
(a) 470 (b) 4700 (c) 47,000 (d) 0.0047
8. The quantity 56 X 1077 is the same as
(a) 0.056 (b) 0.560 (e) 560 (d) 56.000
9. The number 3,300,000 can be expressed in engineering notation as
(a) 3300 X 10  (b) 33X 10  (¢) 3.3 x 10°  (d) either answer (a) or (c)
10. Ten milliamperes can be expressed as
(a) 10 MA (b) 10 A (c) 10kA (d) 10 mA
11. Five thousand volts can be expressed as
(a) 5000V (b) 5MV (¢) 5kV (d) either answer (a) or (c)
12. Twenty million ohms can be expressed as
(a) 20 mQ (b) 20 MW (c) 20MQ (d) 20 u82



PROBLEMS

PROBLEMS

Answers to odd-numbered problems are at the end of the book.
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SECTION 1-2 Scientific Notation

SECTION 1-3

1.

10.

11.

12.

Express each of the following numbers in scientific notation:
(a) 3000 (b) 75.000 (c) 2.000,000

Express each fractional number in scientific notation:

(a) 1/500 (b) 1/2000 (c) 1/5.000,000

Express each of the following numbers in scientific notation:
(a) 8400 (b) 99,000 (¢) 0.2 x 108

Express each of the following numbers in scientific notation:
(a) 0.0002  (b) 0.6 (¢) 7.8 X 107°

Express each of the following numbers in scientific notation:
(@) 32 x 10°  (b) 6800 X 10°®  (c) 870 x 10°

. Express each of the following as a regular decimal number:

(a) 2 X 10° (b) 54 x 107° (¢) 1.0 x 10

. Express each of the following as a regular decimal number:

(@) 25X 10 (b) 50 X 10> (¢) 3.9 X 107
Express each number in regular decimal form:
(@) 45X 10° (b)) 8 X 107  (¢) 40 x 10712

. Add the following numbers:

(a) (9.2 % 10% + (34 x 107)  (b) (5 X 10%) + (85 x 107H
(¢) (5.6 X 107 + (4.6 X 1079

Perform the following subtractions:

(a) 3.2 % 10 — (1.1 x 10'% () (2.6 % 10% — (1.3 % 107)
(©) (15X 107"%) — (8 x 1071)

Perform the following multiplications:

(@) (5 X 1054 X 10°)  (b) (1.2 X 10"H)(3 X 10%)

(€) (22 X 107)(7 X 107

Divide the following:

(a) (1.0 X 10%) + (2.5 X 105 (b) (2.5 X 1078 + (5.0 X 107%
() 42 % 10% = (2 x 1079

Engineering Notation and Metric Prefixes

13.

14.

15.

16.

17.

18.

Express each of the following numbers in engineering notation:

(a) 89,000 (b) 450,000 () 12.040,000.000,000

Express each number in engineering notation:

(@) 235 X 10°  (b) 732 X 107 (o) 1.333 X 10°

Express each number in engineering notation:

(a) 0.000345 (b) 0.025 (e) 0.00000000129

Express each number in engineering notation:

(a) 9.81 X 107 (b) 482 x 107*  (c) 438 X 1077

Add the following numbers and express each result in engineering notation:
(@) (2.5 X 107%) + (4.6 X 107%)  (b) (68 X 10°) + (33 X 10%
(¢) (1.25 X 10% + (250 x 10%)

Multiply the following numbers and express each result in engineering notation:

(a) (32 X 107956 X 10%  (b) (1.2 X 107%(1.2 X 1079
(¢) 100(55 % 1079
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SECTION 1-4

ANSWERS

19. Divide the following numbers and express each result in engineering notation:
() 50 + (22X 10%  (b) (5 X 10%) + (25 X 107°)
() 560 X 10° + (660 x 10°)
20. Express each number in Problem 13 in ohms using a metric prefix.
21
22. Express each of the following as a quantity having a metric prefix:
(@ 31 X 10°A  (b) 55X 10°V  (c) 20 X 107?F
23. Express the following using metric prefixes:
(@ 3X10°F (b)) 33x10°Q  (¢) 350 X 107 A
24, Express the following using metric prefixes:
(@ 25X 107124 (b) 8 X 10°Hz  (c) 47 X 10°Q
Express each quantity by converting the metric prefix to a power-of-10:
(a) 7.5 pA (b) 3.3GHz (¢) 280 nW
26. Express each quantity in engineering notation:
(a) 5 pA (b) 43 mV (c) 275kQ)

Express each number in Problem 15 in amperes using a metric prefix.

25

(d) 10 MW

Metric Unit Conversions
27. Perform the indicated conversions:

(b) 3200 W to milliwatts
(d) 10 MW to kilowatts

(a) 5 mA to microamperes
(c) 5000 kV to megavolts
28. Determine the following:
(a) The number of microamperes in | milliampere
(b) The number of millivolts in 0.05 kilovolt
(¢) The number of megohms in 0.02 kilohm
(d) The number of kilowatts in 155 milliwatts
29. Add the following quantities:
(a) 50mA + 680 uA (b) 120k + 22 MO
30. Do the following operations:
(a) 10kQ + (2.2kQ + 10kQ)

(¢) 0.02 uF + 3300 pF

(b) 250 mV + 50 puV

SECTION 1-1

SECTION 1-2

SECTION REVIEWS

Units of Measurement

1. Fundamental units define derived units.

2. Ampere

3. Slis the abbreviation for Systéme International.

4. Refer to Table 1-3 after you have compiled your list of electrical quantities.
5. Refer to Table 1-4 after you have compiled your list of magnetic quantities.
Scientific Notation

1. True

2. 10

3. (@ 435 x 10°  (b) 1.201 X 10* () 2.9 % 107

4. (@ 76 X 107" (b)) 25X 107*  (¢) 597 x 1077

5.(3x100 (b)) 6x10° (0 2x10" (d) 237 X 107

(c) 1 MW =+ 2kW



SECTION 1-3

SECTION 1-4

ANSWERS

Engineering Notation and Metric Prefixes
1. (a) 56 X 103 (b) 283 X 1077  (¢) 950 X 10°  (d) 375 x 10°
2. Mega (M), kilo (k), milli (m), micro (), nano (n), and pico (p)
3. | pA (one microampere)
4. 250 kW (250 kilowatts)

Metric Unit Conversions

1. 0.01 MV = 10kV

2, 250,000 pA = 0.00025 mA

3. 0.05MW + 75kW = 50kW + 75kW = 125kW
4. 50mV + 25000V = 50mV + 25mV = 75mV

RELATED PROBLEMS FOR EXAMPLES
1-1 475 x 10°

1-2 738 %107

1-3 9120

1-4  5.81 x 10*

1-5 1.85 % 1073

1-6 4.8 x 10°

1=7¢ 4% 1t

1-8 36 x 10°

1-9 56 x 10712

1-10 (a) S6 MQ  (b) 470 uA
1-11 1000 nA

1-12 1 mV

1-13 0.893 pA

1-14 0.01 pF

1-15 2200 pF

1-16 0.0022 MQ

1-17 2883 mA

SELF-TEST
1. (c) 2. (c) 3. (o 4. (d) 5. (c) 6. (b)
7. (b) 8. (a) 9. (d) 10. (d) 11. (d) 12. (c)

*

15



= 0 :
VOLTAGE, CURRENT,

AND RESISTANCE

o -

A Y \ \
" X ! >~ L
g, L~ h

.

CHAPTER OUTLINE A CIRCUIT APPLICATION PREVIEW

e

B 2-1  Atomic Structure In the circuit application, you will see how the theory pre-
J 2-2 Electrical Charge sented in this chapter is applied to a practical circuit that
2-3 Voltage, Current, and Resistance simulates part of a car’s lighting system. An .automobile’s
b4\ Voitage and Curteit ctiurces lights are examples of simple types of electric circuits. When
5 . you turn on the headlights and taillights, you are connecting
2-5  Resistors the light bulbs to the battery, which provides the voltage and
2-6  The Electric Circuit produces current through each bulb. The current causes the
2-7  Basic Circuit Measurements bulbs to emit light. The light bulbs themselves have resist-
'2-8  Electrical Safety ance that limits the amount of current. The instrument
panel light in most cars can be adjusted for brightness. By
turning a knob, you actually change the resistance in the
circuit, thereby causing the current to change. The amount
SRS ELB OEIECTIVES of current through the light bulb determines its brightness.

Describe the basic structure of atoms
Explain the concept of electrical charge VISIT THE COMPANION WEBSITE

A Circuit Application

*

Define voltage, current, and resistance and discuss the character- Study aids for this chapter are available at
istics of each http://www.prenhall.com/floyd

Discuss a voltage source and a current source

Recognize and discuss various types and values of resistors INTRODUCTION :
Describe a basic electric circuit The useful application of electronics technology to practical -
Make basic circuit measurements situations requires that you first understand the theory that is N
Recognize electrical hazards and practice proper safety procedures the basis of a given appllcatlon_. ane y 0_” have mgstered the N
theory, you can learn to apply it in practice. In this chapter -
- and throughout the rest of the book, you will learn to put *-
KEY TERMS technology theory into practice in circuit applications.
Atom + Voltage source The theoretical concepts of electrical current, voltage, and -
resistance are introduced in this chapter. You will learn how -
Electron ¢ Current source e .
] to express each of these quantities in the proper units and Ly
@ Free electron ¢ Resistor how each quantity is measured. The essential elements that »
- % Conductor ¢ Potentiometer form a basic electric circuit and how they are put together
‘¢ Semiconductor ¢ Rheostat are covered. ;
e Sirsiibtar + Circuit You will be introduced to th_e_types of dfzvlces that gener—
ate voltage and current. In addition, you will see a variety of
. ¢ Charge ¢ Load components that are used to introduce resistance into elec-
~ ¢ Coulomb ¢ Closed circuit tric circuits. The operation of protective devices such as fuses
) & Voltage & Open circuit and circuit breakers are discussed, and mechanical switches
L that are commonly used in electric circuits are introduced.
- ¢ Volt * AWG :
Also, you will learn how to control and measure voltage, cur-
* Current ¢ Ground rent, and resistance using measuring instruments.
- ® Ampere + Voltmeter Voltage is essential in any kind of electric circuit. Voltage
‘¢ Resistance ¢ Ammeter is the potential energy of electrical charge required to make
Be Ohm & Ofneicr the circuit work: Current is also necessary for electric circuits
B ot ¥ o to oqerate, but it takes voltage to produce the current. Cur-
rent is the movement of electrons through a circuit. Resis-
@ Siemens # Electrical shock tance in a circuit limits the amount of current. A water

AL G 2
" (

\ e eA



system can be used as an analogy for a simple circuit. Voltage can be considered analogous
to the pressure required to force water through the pipes. Current through wires can be
thought of as analogous to the water moving through the pipes. Resistance can be thought
of as analogous to the restriction on the water flow produced by adjusting a valve.

2-1 ATOMIC STRUCTURE

ATOMIC STRUCTURE

*
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All matter is made of atoms; and all atoms consist of electrons, protons, and neutrons.
In this section, you will learn about the structure of an atom, including electron shells
and orbits, valence electrons, ions, and energy levels. The configuration of certain
electrons in an atom is the key factor in determining how well a given conductive or
semiconductive material conducts electric current.

After completing this section, you should be able to
¢ Describe the basic structure of atoms
+ Define nucleus, proton, neutron, and electron
+ Define atomic number
+ Define shell
+ Explain what a valence electron is
+ Describe ionization
+ Explain what a free electron is

+ Define conductor, semiconductor, and insulator

An atom is the smallest particle of an element that retains the characteristics of that
element. Each of the known 109 elements has atoms that are different from the atoms of all
other elements. This gives each element a unique atomic structure. According to the clas-
sic Bohr model, an atom is visualized as having a planetary type of structure that consists
of a central nucleus surrounded by orbiting electrons, as illustrated in Figure 2—1. The
nucleus consists of positively charged particles called protons and uncharged particles
called neutrons. The basic particles of negative charge are called electrons.

FIGURE 2-1

The Bohr model of an atom showing
electrons in circular orbits around
the nucleus. The “tails” on the
electrons indicate they are moving.

& Electron # Proton ) Neutron
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(a) Hydrogen atom

VOLTAGE, CURRENT, AND RESISTANCE

Each type of atom has a certain number of electrons and protons that distinguishes it
from the atoms of all other elements. For example, the simplest atom is that of hydrogen,
which has one proton and one electron, as pictured in Figure 2-2(a). As another example,
the helium atom, shown in Figure 2-2(b), has two protons and two neutrons in the nucleus
and two electrons orbiting the nucleus.

Nucleus

Nucleus

@

Electron

Electron

(b) Helium atom

FIGURE 2-2

The two simplest atoms, hydrogen and helium.

Atomic Number

All elements are arranged in the periodic table of the elements in order according to their
atomic number. The atomic number equals the number of protons in the nucleus. For ex-
ample, hydrogen has an atomic number of 1 and helium has an atomic number of 2. In their
normal (or neutral) state, all atoms of a given element have the same number of electrons
as protons; the positive charges cancel the negative charges, and the atom has a net charge
of zero, making it electrically balanced.

Shells, Orbits, and Energy Levels

As you have seen in the Bohr model, electrons orbit the nucleus of an atom at certain dis-
tances from the nucleus and are restricted to these specific orbits. Each orbit corresponds
to a different energy level within the atom known as a shell. The shells are designated 1, 2, 3,
and so on, with 1 being closest to the nucleus. Electrons further from the nucleus are at
higher energy levels.

The line spectrums of hydrogen from the Bohr model of the atom shows that the
electrons can only absorb or emit a specific amount of energy that represents the exact
difference between the levels. Figure 2-3 shows the energy levels within the hydrogen

FIGURE 2-3 Energy
Energy levels in hydrogen. 1

lonization
)
[}

n=3

n=2

Ground state, n = 1



atom. The lowest level (n = 1) is called the ground state and represents the most stable
atom with a single electron in the first shell. If this electron acquires a specific amount of
energy by absorbing a photon, it can be raised to one of the higher energy levels. In this
higher state, it can emit a photon with exactly the same energy and return to the ground
state. Transitions between the levels account for various phenomena we see in electronics,
such as the color of light from a light-emitting diode.

After Bohr’s work, Erin Schroedinger (1887-1961) proposed a mathematical theory for
the atom that explained more complicated atoms. He suggested that the electron has a
wavelike property, and he considered the simplest case as having a three-dimensional
standing wave pattern due to vibrations. Schroedinger theorized the standing wave of an
electron with a spherical shape could have only certain wavelengths. This wave-mechanics
model of the atom gave the same equation for the electron energy in hydrogen as Bohr's
model, but in the wave-mechanics model, more complicated atoms could be explained by
involving shapes other than spheres and adding a designation for the orientation of a given
shape within the atom. In both models, electrons near the nucleus have less energy than
those further out, which was the basic concept of the energy levels.

The idea of discrete energy levels within the atom is still a foundation for understanding
the atom, and the wave-mechanics model has been very successful at predicting the energy
levels for various atoms. The wave-mechanics model of the atom used the shell number,
called the principal quantum number, in the energy equation. Three other quantum num-
bers describe each electron within the atom. All electrons in an atom have a unique set of
quantum numbers.

When an atom is part of a large group, as in a crystal, the discrete energy levels broaden
into energy bands, which is an important idea in solid-state electronics. The bands also dif-
ferentiate between conductors, semiconductors, and insulators.

Valence Electrons

Electrons that are in orbits farther from the nucleus have higher energy and are less tightly
bound to the atom than those closer to the nucleus. This is because the force of attraction
between the positively charged nucleus and the negatively charged electron decreases with
increasing distance from the nucleus. Electrons with the highest energy levels exist in the
outermost shell of an atom and are relatively loosely bound to the atom. This outermost
shell is known as the valence shell, and electrons in this shell are called valence electrons.
These valence electrons contribute to chemical reactions and bonding within the structure
of a material, and they determine the material’s electrical properties.

Energy Levels and lonization Energy

If an electron absorbs a photon with sufficient energy, it escapes from the atom and
becomes a free electron. This is indicated by the ionization energy level in Figure 2-3.
Any time an atom or group of atoms is left with a net charge, it is called an ion. When an
electron escapes from the neutral hydrogen atom (designated H), the atom is left with a net
positive charge and becomes a positive ion (designated H). In some cases, an atom or
group of atoms can acquire an electron, in which case it is called a negative ion.

The Copper Atom

Copper is the most commonly used metal in electrical applications. The copper atom has
29 electrons that orbit the nucleus in four shells. The number of electrons in each shell fol-
lows a predictable pattern according to the formula, 2N°, where N is the number of the
shell. The first shell of any atom can have up to 2 electrons, the second shell up to 8 elec-
trons, the third shell up to 18 electrons, and the fourth shell up to 32 electrons.

A copper atom is represented in Figure 2—4. Notice that the fourth or outermost shell,
the valence shell, has only 1 valence electron. When the valence electron in the outer shell
of the copper atom gains sufficient thermal energy, it can break away from the parent atom

ATOMIC STRUCTURE
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The copper atom. -
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1st shell: 2 electrons
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and become a free electron. In a piece of copper at room temperature, a “sea” of these free
electrons is present. These electrons are not bound to a given atom but are free to move in
the copper material. Free electrons make copper an excellent conductor and make electri-
cal current possible.

Categories of Materials

Three categories of materials are used in electronics: conductors, semiconductors, and
insulators.

Conductors Conductors are materials that readily allow current. They have a large
number of free electrons and are characterized by one to three valence electrons in their
structure. Most metals are good conductors. Silver is the best conductor, and copper is next.
Copper is the most widely used conductive material because it is less expensive than silver.
Copper wire is commonly used as a conductor in electric circuits.

Semiconductors Semiconductors are classed below the conductors in their ability to
carry current because they have fewer free electrons than do conductors. Semiconductors
have four valence electrons in their atomic structures. However, because of their unique
characteristics, certain semiconductor materials are the basis for electronic devices such as
the diode, transistor, and integrated circuit. Silicon and germanium are common semicon-
ductive materials.

Insulators Insulators are materials that are poor conductors of electric current. In fact,
insulators are used to prevent current where it is not wanted. Compared to conductive
materials, insulators have very few free electrons and are characterized by more than four
valence electrons in their atomic structures.
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As you know, an electron is the smallest particle that exhibits negative electrical charge.
When an excess of electrons exists in a material, there is a net negative electrical charge.
When a deficiency of electrons exists, there is a net positive electrical charge.

After completing this section, you should be able to
+ Explain the concept of electrical charge
¢ Name the unit of charge
+ Name the types of charge
+ Discuss attractive and repulsive forces

¢ Determine the amount of charge on a given number of electrons

The charge of an electron and that of a proton are equal in magnitude. Electrical charge,
an electrical property of matter that exists because of an excess or deficiency of electrons,
is symbolized by Q. Static electricity is the presence of a net positive or negative charge in
a material. Everyone has experienced the effects of static electricity from time to time, for
example, when attempting to touch a metal surface or another person or when the clothes
in a dryer cling together.

Materials with charges of opposite polarity are attracted to each other, and materials
with charges of the same polarity are repelled, as indicated in Figure 2-5. A force acts
between charges, as evidenced by the attraction or repulsion. This force, called an electric
field, consists of invisible lines of force, as represented in Figure 2-6.

(a) Uncharged: (b) Opposite (c¢) Like positive (d) Like negative
no force charges charges repel charges repel
attract
FIGURE 2-5

Attraction and repulsion of electrical charges.

Lines of force FIGURE 2-6

Electric field between two oppositely
charged surfaces.

Coulomb: The Unit of Charge
Electrical charge (Q) is measured in coulombs, symbolized by C.
One coulomb is the total charge possessed by 6.25 X 10'8 electrons.

A single electron has a charge of 1.6 X 1071 C. The total charge Q, expressed in
coulombs, for a given number of electrons is stated in the following formula:

number of electrons
6.25 X 10'8 electrons/C

Q=

B1O GRAPRY

Charles
Coulomb,
1736-1806

Coulomb, a Frenchman, spent
many years as a military engineer.
When bad health forced him to
retire, he devoted his time to
scientific research. He is best
known for his work on electricity
and magnetism due to his
development of the inverse square
law for the force between two
charges. The unit of electrical
charge is named in his honor.
(Photo credit: Courtesy of the
Smithsonian Institution. Photo
number 52,597.)

Equation 2-1
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Positive and Negative Charge

Consider a neutral atom—that is, one that has the same number of electrons and protons
and thus has no net charge. As you know, when a valence electron is pulled away from the
atom by the application of energy. the atom is left with a net positive charge (more protons
than electrons) and becomes a positive ion. If an atom acquires an extra electron in its outer
shell, it has a net negative charge and becomes a negative ion.

The amount of energy required to free a valence electron is related to the number of elec-
trons in the outer shell. An atom can have up to eight valence electrons. The more complete
the outer shell, the more stable the atom and thus the more energy is required to release an
electron. Figure 2-7 illustrates the creation of a positive ion and a negative ion when a hydro-
gen atom gives up its single valence electron to a chlorine atom, forming gaseous hydrogen
chloride (HCI). When the gaseous HCl is dissolved in water, hydrochloric acid is formed.

» FIGURE 2-7 P O e Ao i ==
- e - ~ Pt - # ~ 2 AN
Example of the formation of positive / \ ,’,.° g \0 ;/ \ sze .- H\Gl\\o
e !
and negative ions. [ @ \] |¢¢ @ ‘@, | @ X ¢¢ @ ‘o,
\ / e\ @ \ ? o @i
\ / N \ RS
\\ // \\\“-3// /ﬁ \\ 4 ?\:Biéﬁ
S e--9 e e--9
Hydrogen atom Chlorine atom
(1 proton, 1 electron) (17 protons, 17 electrons)
(a) The neutral hydrogen atom has a single valence (b) The atoms combine by sharing the
electron. valence electron to form gaseous
hydrogen chloride (HCI).
- "_g__‘“ -~
fo e
? / i \9\
@ \é\ A\ @ é / ?
X o\ e ﬁi"
B\ ~__ oA
~Z9%
Positive hydrogen ion Negative chloride ion
(1 proton, no electrons) (17 protons, 18 electrons)

(c) When dissolved in water, hydrogen chloride gas separates into positive hydrogen ions
and negative chloride ions. The chlorine atom retains the electron given up by the
hydrogen atom forming both positive and negative ions in the same solution.

EXAMPLE 2-1 How many coulombs do 93.8 X 10'® electrons represent?

number of electrons _ 93.8 X 10'®electrons
6.25 X 108 electrons/C  6.25 X 10'8 electrons/C

Solution Q = =15xX10°C = 015C

Related Problem™ How many electrons does it take to have 3 C of charge?

*Answers are at the end of the chapter.

at is the unit symbol?
arge?
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2-3 VoLTAGE, CURRENT, AND RESISTANCE

Voltage, current, and resistance are the basic quantities present in all electrical circuits.
Voltage is necessary to produce current, and resistance limits the amount of current in a
circuit. The relationship of these three quantities is described by Ohm’s law in Chapter 3.

After completing this section, you should be able to
+ Define voltage, current, and resistance and discuss the characteristics of each
¢ State the formula for voltage and name its unit
¢ State the formula for current and name its unit
+ Explain the movement of electrons

+ Name the unit of resistance

Voltage

As you have seen, a force of attraction exists between a positive and a negative charge. A
certain amount of energy must be exerted, in the form of work, to overcome the force and BLOGRAPRY
move the charges a given distance apart. All opposite charges possess a certain potential =

energy because of the separation between them. The difference in potential energy per
charge is the potential difference or voltage. Voltage is the driving force in electric circuits
and is what establishes current.

As an analogy. consider a water tank that is supported several feet above the ground. A
given amount of energy must be exerted in the form of work to pump water up to fill the tank.
Once the water is stored in the tank, it has a certain potential energy which., if released. can be
used to perform work. -

Voltage, symbolized by V, is defined as energy or work per unit charge. Volta, an Italian, invented a device

= Alessandro

W to generate static electricity and he
V=— Equation 2-2  also discovered methane gas. Volta
Q investigated reactions between
where:  V = voltage in volts (V) dissimilar metals and developed

the first battery in 1800. Electrical

} potential, more commonly known
Q = charge in coulombs (C) as voltage, and the unit of voltage,

The unit of voltage is the volt, symbolized by V. the volt, are named in his honor.

’ ] - (Photo credit: AIP Emilio Segre
One volt is the potential difference (voltage) between two points when one joule of  ;ic,.11 Archives. Lande Collection.)

energy is used to move one coulomb of charge from one point to the other.

W = energy in joules (1)

EXAMPLE 2-2 If 50 I of energy are available for every 10 C of charge, what is the voltage?
W 5017
Solutio V= omie—=
ution 0~ 10C 5V

Related Problem  How much energy is used to move 50 C from one point to another when the voltage
between the two points is 12 V?

Current

Voltage provides energy to electrons, allowing them to move through a circuit. This move-
ment of electrons is the current, which results in work being done in an electrical circuit.
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As you have learned, free electrons are available in all conductive and semiconductive
materials. These electrons drift randomly in all directions, from atom to atom, within the
structure of the material, as indicated in Figure 2-8.

FIGURE 2-8

Random motion of free electrons in
a material.

If a voltage is placed across a conductive or semiconductive material, one end becomes
positive and the other negative, as indicated in Figure 2-9. The repulsive force produced by
the negative voltage at the left end causes the free electrons (negative charges) to move
toward the right. The attractive force produced by the positive voltage at the right end pulls
the free electrons to the right. The result is a net movement of the free electrons from the
negative end of the material to the positive end, as shown in Figure 2-9.

FIGURE 2-9

Electrons flow from negative to posi-
tive when a voltage is applied across
a conductive or semiconductive
material.

| Voltage !

The movement of these free electrons from the negative end of the material to the posi-
tive end is the electrical current, symbolized by 1.

Electrical current is the rate of flow of charge.

Current in a conductive material is determined by the number of electrons (amount of
charge) that flow past a point in a unit of time.

Equation 2-3 T Q
t

where: [/ = current in amperes (A)
Bl OGRAPHY Q = charge in coulombs (C)
S R 2 i, t = time in seconds (s)

One ampere (1 A) is the amount of current that exists when a number of electrons
having a total charge of one coulomb (1 C) move through a given cross-sectional
area in one second (1 s).

See Figure 2-10. Remember, one coulomb is the charge carried by 6.25 X 10'® electrons.

In 1820 j enchman,
developed a theory of electricity
and magnetism that was
fundamental for 19th century
developments in the field. He was
the first to build an instrument to
measure charge flow (current). The When a number of electrons having a total charge of 1 C pass
unit of electrical current is named through a cross-sectional area in | s, there is 1 A of current.
in his honor. (Photo credit: AIP
Emilio Segré Visual Archives.)

4 FIGURE 2-10

Ilustration of 1 A of current (1 C/s) in a material.
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EXAMPLE 2-3 Ten coulombs of charge flow past a given point in a wire in 2 s. What is the current in
amperes?
10C
Solution 1= = =5A
! 25
Related Problem  If there are 8 A of current through the filament of a lamp, how many coulombs of
charge move through the filament in 1.5 s?
Resistance

When there is current through a material, the free electrons move through the material and
occasionally collide with atoms. These collisions cause the electrons to lose some of their
energy, thus restricting their movement. The more collisions, the more the flow of electrons
is restricted. This restriction varies and is determined by the type of material. The property
of a material to restrict or oppose the flow of electrons is called resistance, R.

Resistance is the opposition to current.
Resistance is expressed in ohms, symbolized by the Greek letter omega ({1).

One ohm (1 (1) of resistance exists if there is one ampere (1 A) of current in a ma-
terial when one volt (1 V) is applied across the material.

The schematic symbol for resistance is shown in Figure 2—11.

R

—W\—

A FIGURE 2-11

Resistance symbol.

Conductance The reciprocal of resistance is conductance, symbolized by G. It is a
measure of the ease with which current is established. The formula is

The unit of conductance is the siemens, abbreviated S. For example, the conductance of a
22 k() resistor is

G=—-==455p8

The obsolete unit of mho (ohm spelled backwards) was previously used for conductance.

BT O GRAPHY

Georg Simon
Ohm
1787-1854

n was born in Bavaria and
struggled for years to gain
recognition for his work in
formulating the relationship of
current, voltage, and resistance.
This mathematical relationship is
known today as Ohm’s law and the
unit of resistance is named in his
honor. (Photo credit: Library of
Congress, LC-USZ62-40943.)

Equation 2-4
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2-4 VOLTAGE AND CURRENT SOURCES

BIOGRAPHY

Ernst Werner
von Siemens
1816-1872

Siemens was born in Prussia.
While in prison for acting as a
second in a duel, he began to
experiment with chemistry, which
led to his invention of the first
electroplating system. In 1837,
Siemens began making
improvements in the early
telegraph and contributed greatly
to the development of telegraphic
systems. The unit of conductance
is named in his honor. (Photo
credit: AIP Emilio Segreé Visual
Archives, E. Scott Barr Collection.)

A voltage source provides electrical energy or electromotive force (emf), more com-
monly known as voltage. Voltage is produced by means of chemical energy, light en-
ergy, and magnetic energy combined with mechanical motion. A current source
provides a constant current to a load.

After completing this section, you should be able to
+ Discuss a voltage source and a current source
+ List six categories of voltage sources
+ Describe the basic operation of a battery
+ Explain how a solar cell creates voltage
+ Discuss the principle of a generator

¢ Describe what an electronic power supply does

The Voltage Source

The Ideal Voltage Source An ideal voltage source can provide a constant voltage for
any current required by a circuit. The ideal voltage source does not exist but can be closely
approximated in practice. We will assume ideal unless otherwise specified.

Voltage sources can be either dc or ac. A common symbol for a dc voltage source is
shown in Figure 2—12(a) and one for an ac voltage source is shown in part (b). AC voltage
sources will be used later in the book.

FIGURE 2-12

L

Vs T V;

(a) DC voltage source

Symbols for voltage sources.

(b) AC voltage source

A graph showing voltage versus current for an ideal dc voltage source is called the VI
characteristic and is illustrated in Figure 2—13. As you can see, the voltage is constant for
any current (within limits) from the source. For a practical voltage source connected in a
circuit, the voltage decreases slightly as the current increases. Current is always drawn
from a voltage source when a load such as a resistance is connected to it.

FIGURE 2-13 v Voltage is constant
= : for al ts.
VI characteristic of an ideal voltage ALl it
source.
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Types of DC Voltage Sources

Batteries A battery is a type of voltage source that converts chemical energy into electri-
cal energy. A battery consists of one or more electro-chemical cells that are electrically con-
nected. A cell consists of four basic components: a positive electrode, a negative electrode, an
electrolyte, and a porous separator. The positive electrode has a deficiency of electrons due to
chemical reaction, the negative electrode has a surplus of electrons due to chemical reaction,
the electrolyte provides a mechanism for charge flow between positive and negative elec-
trodes, and the separator electrically isolates the positive and negative electrodes. A basic di-
agram of a battery cell is shown in Figure 2—14.

= it FIGURE 2-14
Porous Electrolyte :
separator Diagram of a battery cell.

Negative : Positive
electrode (B clcctrode [H8

The materials used in a battery cell determine the voltage that it produces. The chemical re-
action at each of the electrodes produces a fixed potential at each electrode. For example, in a
lead-acid cell, a potential of —1.685 V is produced at the positive electrode and a potential of
+0.365 V is produced at the negative electrode. This means that the voltage between the two
electrodes of a cell is 2.05 V, which is the standard lead-acid electrode potential. Factors such
as acid concentration will affect this value to some degree so that the typical voltage of a com-
mercial lead-acid cell is 2.15 V. The voltage of any battery cell depends on the cell chemistry.
Nickel-cadmium cells are about 1.2 V and lithium cells can be as high as almost 4 V.

Although the voltage of a battery cell is fixed by its chemistry, the capacity is variable
and depends on the quantity of materials in the cell. Essentially, the capacity of a cell is the
number of electrons that can be obtained from it and is measured by the amount of current
that can be supplied over time.

Batteries normally consist of multiple cells that are electrically connected together in-
ternally. The way that the cells are connected and the type of cells determine the voltage
and capacity of the battery. If the positive electrode of one cell is connected to the negative
electrode of the next and so on, as illustrated in Figure 2—15(a), the battery voltage is the
sum of the individual cell voltages. This is called a series connection. To increase battery
capacity, the positive electrodes of several cells are connected together and all the negative
electrodes are connected together, as illustrated in Figure 2—15(b). This is called a parallel
connection. Also, by using larger cells, which have a greater quantity of material, the abil-
ity to supply current can be increased but the voltage is not affected.

(a) Series-connected battery (b) Parallel-connected battery

FIGURE 2-15

Cells connected to form batteries.

*
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Batteries are divided into two major classes, primary and secondary. Primary batteries
are used once and discarded because their chemical reactions are irreversible. Secondary
batteries can be recharged and reused many times because they are characterized by re-
versible chemical reactions.

There are many types, shapes, and sizes of batteries. Some of the sizes that you are most
familiar with are AAA, AA, C, D, and 9 V. There is also a less common size called AAAA,
which is smaller than the AAA. Batteries for hearing aids, watches. and other miniature ap-
plications are usually in a flat round configuration and are often called button batteries or
coin batteries. Large multicell batteries are used in lanterns and industrial applications and,
of course, there is the familiar automotive battery.

In addition to the many sizes and shapes, batteries are usually classified according to
their chemical makeup as follows. Each of these classifications are typically available in
several physical configurations.

¢ Alkaline-MnQO, This is a primary battery that is commonly used in palm-type com-
puters, photographic equipment, toys, radios, and recorders.

* Lithium-MnQ;, This is a primary battery that is commonly used in photographic
and electronic equipment, smoke alarms, personal organizers, memory backup, and
communications equipment.

¢ Zinc air This is a primary battery that is commonly used in hearing aids, medical
monitoring instruments, pagers, and other frequency-use applications.

* Silver oxide This is a primary battery that is commonly used in watches, photo-
graphic equipment, hearing aids, and electronics requiring high-capacity batteries.

* Nickel-metal hvdride This is a secondary (rechargable) battery that is commonly
used in portable computers, cell phones, camcorders, and other portable consumer
electronics.

+ Lead-acid This is a secondary (rechargable) battery that is commonly used in au-
tomotive, marine, and other similar applications.

Solar Cells The operation of solar cells is based on the photovoltaic effect, which is
the process whereby light energy is converted directly into electrical energy. A basic so-
lar cell consists of two layers of different types of semiconductive materials joined to-
gether to form a junction. When one layer is exposed to light, many electrons acquire
enough energy to break away from their parent atoms and cross the junction. This
process forms negative ions on one side of the junction and positive ions on the other, and
thus a potential difference (voltage) is developed. Figure 2—-16 shows the construction of
a basic solar cell.

Light

Top

Transparent
antireflective coating _\S— contact

Semiconductor layer —>1

Junction

Semiconductor layer ——=

Bottom contact —/

FIGURE 2-16
Construction of a basic solar cell.
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Generator Electrical generators convert mechanical energy into electrical energy using
a principle called electromagnetic induction (see Chapter 10). A conductor is rotated
through a magnetic field, and a voltage is produced across the conductor. A typical gener-
ator is pictured in Figure 2-17.

A FIGURE 2-17
Cutaway view of a dc voltage generator.

The Electronic Power Supply Electronic power supplies convert the ac voltage from
a wall outlet to a constant (dc) voltage that is available across two terminals, as indicated in
Figure 2—18(a). Typical commercial power supplies are shown in Figure 2—-18(b).

Thermocouples The thermocouple is a thermoelectric type of voltage source that is
commonly used to sense temperature. A thermocouple is formed by the junction of two dis-
similar metals, and its operation is based on the Seebeck effect that describes the voltage
generated at the junction of the metals as a function of temperature.

Standard types of thermocouple are characterized by the specific metals used. These
standard thermocouples produce predictable output voltages for a range of temperatures.
The most common is type K, made of chromel and alumel. Other types are also designated
by letters as E, J, N, B, R, and S. Most thermocouples are available in wire or probe form.

Piezoelectric Sensors These sensors act as voltage sources and are based on the piezo-
electric effect where a voltage is generated when a piezoelectric material is mechanically
deformed by an external force. Quartz and ceramic are two types of piezoelectric material.
Piezoelectric sensors are used in applications such as pressure sensors, force sensors, ac-
celerometers, microphones, ultrasonic devices, and many others.

The Current Source

The Ideal Current Source As you know, an ideal voltage source can provide a constant
voltage for any load. An ideal eurrent souree can provide a constant current in any load.
Just as in the case of a voltage source, the ideal current source does not exist but can be ap-
proximated in practice. We will assume ideal unless otherwise specified.

The symbol for a current source is shown in Figure 2-19(a). The IV characteristic for an
ideal current source is a horizontal line as illustrated in Figure 2—-19(b). Notice that the cur-
rent is constant for any voltage across the current source.

*
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AC voliage
X from wall :
& outlet E{]}Zc{téomc
supply

DC voltage

(a)

TSNS BN O SIS PR TP

(b)

FIGURE 2-18
Electronic power supplies. (Courtesy of B+K Precision)

! Current is constant
/ for all voltages.
£ __7/
® : |
:I 5 Y 0 I 0 (A 1 1 ) M S 6 | v
(a) Symbol (b) IV characteristic

FIGURE 2-19

The current source.
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Actual Current Sources Power supplies are normally thought of as voltage sources be-
cause they are the most common source in the laboratory. However, current sources can
also be considered a type of power supply. Typical commercial constant-current sources
are illustrated in Figure 2-20.

(a)

In most transistor circuits, the transistor acts as a current source because part of the IV
characteristic curve is a horizontal line as shown by the transistor characteristic in Fig-
ure 2-21. The flat part of the graph indicates where the transistor current is constant over a
range of voltages. The constant-current region is used to form a constant-current source.

I (current through
A the transistor)

I
l«——— Constant-current region ——!

= V (voltage across
the transistor)

One common application of a constant-current source is in constant-current battery
chargers, as illustrated in a simplified way in Figure 2-22. The rectifier is a circuit that acts
as a dc voltage source by converting the ac volfage from a standard wall outlet to a constant
dc voltage. This voltage is effectively applied in parallel with a battery that is to be charged
and in series with a constant-current source. The battery voltage is initially low but in-
creases over time due to the constant charging current. The total voltage across the current
source is the voltage from the rectifier minus the voltage of the battery, which increases as
the battery charges.

Constant-
current source

©
Voltage -J Constant i Battery voltage

AC voltage :

—2
rectifier increases as

g olage ?— it charges.

< FIGURE 2-20

Typical commercial current sources.
(Courtesy of Lake Shore Cryotronics)

< FIGURE 2-21

Characteristic curve of a transistor
showing the constant-current region.

< FIGURE 2-22

Battery charger as an example of a
current source application.
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supply does.

ent that is used as a current source.

2-5 RESISTORS

A component that is specifically designed to have a certain amount of resistance is called
a resistor. The principal applications of resistors are to limit current in a circuit, to divide
voltage, and, in certain cases, to generate heat. Although resistors come in many shapes
and sizes, they can all be placed in one of two main categories: fixed and variable.

After completing this section, you should be able to
+ Recognize and discuss various types and values of resistors
+ Distinguish between fixed resistors and variable resistors
+ Know how the physical size of a resistor determines its ability to dissipate power
+ Read a color code or other designation to determine the resistance value

+ Describe how certain resistors are constructed

Fixed Resistors

Fixed resistors are available with a large selection of resistance values that are set during
manufacturing and cannot be changed easily. They are constructed using various methods
and materials. Figure 2-23 shows several common types.

o
T

(a) Carbon-composition resistors with (b)Metal film chip resistor (c) Chip resistor array
various power ratings

(d) Resistor network (simm) (e) Resistor network (surface mount) (f) Radial-lead for PC board insertion

4 FIGURE 2-23

Typical fixed resistors.



One common fixed resistor is the carbon-composition type, which is made with a mix-
ture of finely ground carbon, insulating filler, and a resin binder. The ratio of carbon to in-
sulating filler sets the resistance value. The mixture is formed into rods, and conductive lead
connections are made. The entire resistor is then encapsulated in an insulated coating for
protection. Figure 2-24(a) shows the construction of a typical carbon-composition resistor.

RESISTORS *

Color bands Protective glass
Resistance material Oxereoat
(carbon composition) External electrode (solder) Secondary

Insulated coating

/ feak

substrate

Ceramic Resistive

electrode

A Internal
material electrode

(a) Cutaway view of a carbon-composition resistor (b) Cutaway view of a tiny chip resistor

FIGURE 2-24
Two types of fixed resistors (not to scale).

The chip resistor is another type of fixed resistor and is in the category of SMT (surface
mount technology) components. It has the advantage of a very small size for compact as-
semblies. Figure 2-24(b) shows the construction of a chip resistor.

Other types of fixed resistors include carbon film, metal film, and wirewound. In film
resistors, a resistive material is deposited evenly onto a high-grade ceramic rod. The resis-
tive film may be carbon (carbon film) or nickel chromium (metal film). In these types of re-
sistors, the desired resistance value is obtained by removing part of the resistive material in
a helical pattern along the rod using a spiraling technique, as shown in Figure 2-25(a). Very
close tolerance can be achieved with this method. Film resistors are also available in the
form of resistor networks, as shown in Figure 2-25(b).

QOuter insulated

Ins i oati
Tlitig costing sl
_ i : : coating
\ T \ Resistive \\
’ element
— e
Wire lead
t Metal Metal or
end cap carbon film
scribed helix Termination

(a) Film resistor showing spiraling technique (b) Resistor network

Wirewound resistors are constructed with resistive wire wound around an insulating rod
and then sealed. Normally, wirewound resistors are used in applications that require higher
power ratings. Since they are constructed with a coil of wire, wirewound resistors have sig-
nificant inductance and are not used at higher frequencies. Some typical wirewound resis-
tors are shown in Figure 2-26.

FIGURE 2-25

33

Construction views of typical film
resistors.
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. FIGURE 2-26
Typical wirewound power resistors.

Resistor Color Codes

Fixed resistors with value tolerances of 5% or 10% are color coded with four bands to in-
dicate the resistance value and the tolerance. This color-code band system is shown in Fig-
ure 2-27, and the color code is listed in Table 2—1. The bands are always closer to one end.

FIGURE 2-27
Color-code bands on a 4-band
resistor.
1st digit —rt T . Percent tolerance
2nd Multiplier
digit (Number of zeros

following 2nd digit)

The color code is read as follows:

1. Start with the band closest to one end of the resistor. The first band is the first digit
of the resistance value. If it is not clear which is the banded end, start from the end
that does not begin with a gold or silver band.

TABLE 2-1
: Digit Color
Resistor 4-band color code.
0 Black
1 Brown
2 Red
Resistance value, first three bands: 3 Orange
First band—1st digit 4 Yellow
Second band—2nd digit
Third band—multiplier (number of 5 e
zeros following the 2nd digit) e Blue
7 Violet
8 Gray
9 ‘White
+5% Gold
Fourth band—tolerance
+10% Silver




2. The second band is the second digit of the resistance value.
3. The third band is the number of zeros following the second digit, or the multiplier.
4. The fourth band indicates the percent tolerance and is usually gold or silver.

For example, a 5% tolerance means that the actual resistance value is within = 5% of the
color-coded value. Thus, a 100 £} resistor with a tolerance of = 5% can have an acceptable
range of values from a minimum of 95 €} to a maximum of 105 ().

For resistance values less than 10 €), the third band is either gold or silver. Gold repre-
sents a multiplier of 0.1, and silver represents 0.01. For example, a color code of red, violet,
gold, and silver represents 2.7 {) with a tolerance of = 10%. A table of standard resistance
values is in Appendix A.

RESISTORS

*
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EXAMPLE 2-4 Find the resistance value in ohms and the percent tolerance for each of the color-coded

resistors shown in Figure 2-28.

—ilEl— —EEl— —AN—

FIGURE 2-28

Solution (a) First band is red = 2, second band is violet = 7, third band is orange = 3 zeros,

fourth band is silver = 10% tolerance.

R = 27,000 O = 10%

(b) First band is brown = 1, second band is black = 0, third band is brown = 1 zero,

fourth band is silver = 10% tolerance.
R =100 Q = 10%

(¢) First band is green = 5, second band is blue = 6, third band is green = 5 zeros,

fourth band is gold = 5% tolerance.
R = 5,600,000 Q = 5%

Related Problem A certain resistor has a yellow first band, a violet second band, a red third band, and a

gold fourth band. Determine its value in ohms and its percent tolerance.

Five-Band Color Code Certain precision resistors with tolerances of 2%, 1%, or less are
generally color coded with five bands, as shown in Figure 2-29. Begin at the band closest
to one end. The first band is the first digit of the resistance value, the second band is the sec-
ond digit, the third band is the third digit, the fourth band is the multiplier (number of ze-
ros after the third digit), and the fifth band indicates the percent tolerance. Table 2-2 shows
the 5-band color code.

i | FIGURE 2-29
i -
- Color-code bands on a 5-band resistor.

1st digit — 14 | t Percent tolerance
Multiplier (Number of zeros
3rd digit following 3rd digit)

2nd
digit
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» TABLE 2-2 DIGIT COLOR

Resistor 5-band color code. ;

Resistance value, first 0 ‘Black
three bands: 1 Brown
First band—Ist digit i ?;’d o
Second band—2nd digit 2 i
Third band—3rd digit ¥ oy
Fourth band—multiplier '6 BGI‘::“
(number of zeros 7 Violet
following 3rd digit) 4 Grey

9 White

g Red

+1% Brown
Fifth band—tolerance +0.5% Green

+0,25% Blue

+0,1% Violet

Resistor Reliability Band An extra band on some color-coded resistors indicates the re-
sistor’s reliability in percent of failures per 1000 hours (1000 h) of use. The reliability color
code is listed in Table 2—3. For example, a brown fifth band on a 4-band color-coded resis-
tor means that if a group of like resistors is operated under standard conditions for 1000 h,
1% of the resistors in that group will fail.

Resistors, as well as other components, should be operated substantially below their
rated values to enhance their reliability.

P TABLE 2-3 FAILURES DURING
Reliability color code. COLOR 1000 h OF OPERATION
Brown 1.0%
Red 0.1%
Orange 0.01%
Yellow 0.001%
EXAMPLE 2-5 Find the resistance value in ohms and the percent tolerance for each of the color-coded

resistors shown in Figure 2-30,
(a) (b) (c)

FIGURE 2-30

Solution  (a) First band is red = 2, second band is violet = 7, third band is black = 0, fourth
band is gold = X0.1, fifth band is red = #+ 2% tolerance.

R=270X0.1=27Q % 2%
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(b) First band is yellow = 4, second band is black = 0, third band is red = 2, fourth
band is black = 0, fifth band is brown = = 1% tolerance.

R=402Q %= 1%

(¢) First band is orange = 3, second band is orange = 3, third band is red = 2,
fourth band is orange = 3, fifth band is green = *0.5% tolerance.

R = 332,000 Q %= 0.5%

Related Problem A certain resistor has a yellow first band, a violet second band, a green third band, a
gold fourth band, and a red fifth band. Determine its value in ohms and its percent

tolerance.

Resistor Label Codes

Not all types of resistors are color coded. Many, including surface-mount resistors, use
typographical marking to indicate the resistance value and tolerance. These label
codes consist of either all numbers (numeric) or a combination of numbers and letters
(alphanumeric). In some cases when the body of the resistor is large enough, the entire re-
sistance value and tolerance are stamped on it in standard form.

Numeric Labeling This type of marking uses three digits to indicate the resistance value,
as shown in Figure 2-31 using a specific example. The first two digits give the first two dig-
its of the resistance value, and the third digit gives the multiplier or number of zeros that
follow the first two digits. This code is limited to values of 10 £ or greater.

FIGURE 2-31
12 =12 000 =128 Example of three-digit labeling for a
T 1 t resistor.
1st digit ‘ Multiplier (Number of zeros)
2nd
digit

Alphanumeric Labeling Another common type of marking is a three- or four-character
label that uses both digits and letters. This type of label typically consists of only three dig-
its or two or three digits and one of the letters R, K, or M. The letter is used to indicate the
multiplier, and the position of the letter indicates the decimal point placement. The letter R
indicates a multiplier of 1 (no zeros after the digits), the K indicates a multiplier of 1000
(three zeros after the digits), and the M indicates a multiplier of 1,000,000 (six zeros after
the digits). In this format, values from 100 to 999 consist of three digits and no letter to rep-
resent the three digits in the resistance value. Figure 2-32 shows three examples of this
type of resistor label.

2 AR =220 2M2 =22M0
Ist digit J [ L Decimal point 1st digit
and multiplier

2nd Decimal point
digit and multiplier

FIGURE 2-32

Examples of the alphanumeric resistor label.

J I LGddigit Ist digit

220K =220kx0
BEEEE

Decimal point
and multiplier
2nd
digit 3rd digit
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EXAMPLE 2-6 Interpret the following alphanumeric resistor labels:
(a) 470 (b) 5R6 (c) 68K (d) 10M (e) 3M3
Solution  (a) 470 = 470 Q (b) 5SR6 = 5.6 ) (¢) 68K = 68 k()
(d) 10M = 10MQ  (e) 3M3 = 3.3MQ
Related Problem  What is the resistance indicated by 1K25?
One system of labels for resistance tolerance values uses the letters F. G, and J:
= *1% G= *2% J= £5%
For example, 620F indicates a 620 () resistor with a tolerance of = 1%, 4R6G is a 4.6 ()
+2% resistor, and 56K1J is a 56 k{) +5% resistor.
Variable Resistors
Variable resistors are designed so that their resistance values can be changed easily with a
manual or an automatic adjustment.

Two basic uses for variable resistors are to divide voltage and to control current. The
variable resistor used to divide voltage is called a potentiometer. The variable resistor
used to control current is called a rheostat. Schematic symbols for these types are shown
in Figure 2-33. The potentiometer is a three-terminal device, as indicated in part (a). Ter-
minals 1 and 2 have a fixed resistance between them, which is the total resistance. Termi-
nal 3 is connected to a moving contact (wiper). You can vary the resistance between 3 and
1 or between 3 and 2 by moving the contact up or down.

Output (wiper) terminal
1 I
D 2
~—od Resistive element
2 2
(a) Potentiometer (b) Rheostat (c) Potentiometer connected (d) Basic construction (simplified)

as a rheostat

5 FIGURE 2-33
Potentiometer and rheostat symbols and basic construction of one type of potentiometer.

Figure 2-33(b) shows the rheostat as a two-terminal variable resistor. Part (c) shows
how you can use a potentiometer as a rheostat by connecting terminal 3 to either terminal
1 or terminal 2. Parts (b) and (c) are equivalent symbols. Part (d) shows a simplified con-
struction diagram of a potentiometer (which can also be configured as a rheostat). Some
typical potentiometers are pictured in Figure 2-34,

Potentiometers and rheostats can be classified as linear or tapered. as shown in Fig-
ure 2-35, where a potentiometer with a total resistance of 100 €) is used as an example. As
shown in part (a), in a linear potentiometer, the resistance between either terminal and the
moving contact varies linearly with the position of the moving contact. For example, one-
half of the total contact movement results in one-half the total resistance. Three-quarters of
the total movement results in three-quarters of the total resistance between the movin g con-
tact and one terminal, or one-quarter of the total resistance between the other terminal and
the moving contact.
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FIGURE 2-34
Typical potentiometers and two construction views.

gy Ty
250 I I
! | 60 0
-0 | |
A 100 © y
| | i
TSI Q : 4{)' 0
S N e g s 3SR g ey
1. Quarter turn 2. Half turn 3. Three-quarter turn 1. Quarter turn 2,
(a) Linear (b) Tapered (nonlinear)

FIGURE 2-35

Examples of linear and tapered potentiometers.

In the tapered potentiometer, the resistance varies nonlinearly with the position of the
moving contact, so that one-half of a turn does not necessarily result in one-half the total
resistance. This concept is illustrated in Figure 2—-35(b), where the nonlinear values are ar-
bitrary.

The potentiometer is used as a voltage-control device because when a fixed voltage is
applied across the end terminals, a variable voltage is obtained at the wiper contact with re-
spect to either end terminal. The rheostat is used as a current-control device because the
current can be changed by changing the wiper position.

Two Types of Automatically Variable Resistors A thermistor is a type of variable re-
sistor that is temperature sensitive. When its temperature coefficient is negative, the resis-
tance changes inversely with temperature. When its temperature coefficient is positive, the
resistance changes directly with temperature.

The resistance of a photoconductive cell changes with a change in light intensity. This
cell also has a negative temperature coefficient. Symbols for both of these devices are
shown in Figure 2-36. Sometimes the Greek letter lambda (A) is used in conjunction with
the photoconductive cell symbol.

60 (2
|
e —

Half turn

3. Three-quarter turn

39
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» FIGURE 2-36
Symbols for resistive devices with
sensitivities to temperature and

light.

(a) Thermistor (b} Photoconductive cell

resistors? Briefly explain the difference between them.
‘what does each band represent?
tolerance for each of the resistors in Figure 2-37.

(b)

© ®

d by each alphanumeric label:
(d) 6M8
n a rheostat and a potentiometer?

2—6 THE ELecTtric CiRCUIT

A basic electric circuit is an arrangement of physical components that use voltage, cur-
rent, and resistance to perform some useful function.

After completing this section, you should be able to
+ Describe a basic electric circuit
¢ Relate a schematic to a physical circuit

» Define open circuit and closed circuit



+ Describe various types of protective devices
+ Describe various types of switches
+ Explain how wire sizes are related to gauge numbers

+ Define ground or common

Direction of Current

For a few years after the discovery of electricity, people assumed all current consisted of
moving positive charges. However, in the 1890s, the electron was identified as the charge
carrier in solid conductors.

Today, there are two accepted conventions for the direction of electrical current.
Electron flow direction, preferred by many in the fields of electrical and electronics tech-
nology, assumes for analysis purposes that current is out of the negative terminal of a volt-
age source, through the circuit, and into the positive terminal of the source. Conventional
current direction assumes for analysis purposes that current is out of the positive terminal
of a voltage source, through the circuit, and into the negative terminal of the source. By fol-
lowing the direction of conventional current, there is a rise in voltage across a source (neg-
ative to positive) and a drop in voltage across a resistor (positive to negative).

Since you cannot actually see current, only its effects, it actually makes no difference
which direction of current is assumed as long as it is used consistently. The results of elec-
tric circuit analysis are not affected by the direction of current that is assumed for analyti-
cal purposes. The direction used for analysis is largely a matter of preference, and there are
many proponents for each approach.

Conventional current direction is also used in electronics technology and is used almost
exclusively at the engineering level. Conventional current direction is used throughout this
text. An alternate version of this text that uses electron flow direction is also available.

The Basic Circuit

Basically, an electric eireuit consists of a voltage source, a load, and a path for current be-
tween the source and the load. Figure 2-39 shows in pictorial form an example of a simple
electric circuit: a battery connected to a lamp with two conductors (wires). The battery is
the voltage source, the lamp is the load on the battery because it draws current from the
battery, and the two wires provide the current path from the positive terminal of the battery
to the lamp and back to the negative terminal of the battery. Current goes through the fila-
ment of the lamp (which has a resistance), causing it to emit visible light. Current through
the battery occurs by chemical action.

FIGURE 2-39
A simple electric circuit.

Wire conductor

Lamp
(load)
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To avoid electrical
shock, never touch a
circuit while it is
connected to a
voltage source. If you
need to handle a
circuit, remove a component, or
change a component, first make
sure the voltage source is
disconnected.
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4 FIGURE 2-40

Schematic for the circuit in
Figure 2-39.

In many practical cases, one terminal of the battery is connected to a common or ground
point. For example, in most automobiles, the negative battery terminal is connected to the
metal chassis of the car. The chassis is the ground for the automobile electrical system and
acts as a conductor that completes the circuit.

The Electric Circuit Schematic An electric circuit can be represented by a schematic
using standard symbols for each element, as shown in Figure 2-40 for the simple circuit
in Figure 2-39. A schematic, in an organized manner, shows how the various components
in a given circuit are interconnected so that the operation of the circuit can be determined.

Circuit Current Control and Protection

The example circuit in Figure 2-39 illustrated a closed eireuit—that is, a circuit in which
the current has a complete path. When the current path is broken, the circuit is called an
open circuit.

Mechanical Switches Switches are commonly used for controlling the opening or clos-
ing of circuits. For example, a switch is used to turn a lamp on or off, as illustrated in Fig-
ure 2-41. Each circuit pictorial is shown with its associated schematic. The type of switch
indicated is a single-pole—single-throw (SPST) toggle switch. The term pole refers to the
movable arm in a switch, and the term throw indicates the number of contacts that are af-
fected (either opened or closed) by a single switch action (a single movement of a pole).

Figure 2-42 shows a somewhat more complicated circuit using a single-pole—double-
throw (SPDT) type of switch to control the current to two different lamps. When one lamp

Closed Sy
switch Wi
OO 'O/ o

—
| |+
i

(a) There is current in a closed circuit because there is a complete (b) There is no current in an open circuit because the path is broken
current path (switch is ON or in the closed position). Current is (switch is OFF or in the open position).
almost always indicated by a red arrow in this text.

(a) Pictorial

» FIGURE 2-41

lllustration of closed and open circuits using an SPST switch for control.

1 ‘L
Lamp 1 Lamp 1
P SW mp
© )
+
A
Lamp 2
(b) A schematic showing (c) A schematic showing
Lamp 1 on and Lamp 2 off Lamp 2 on and Lamp 1 off

A FIGURE 2-42

An example of an SPDT switch controlling two lamps.
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(a) SPST (b) SPDT (c) DPST (d) DPDT (e) NOPB (f) NCPB
FIGURE 2-43
Switch symbols.

is on, the other is off, and vice versa, as illustrated by the two schematics in parts (b) and
(c), which represent each of the switch positions.

In addition to the SPST and the SPDT switches (symbols are shown in Figure 2—43(a)
and (b)), the following other types are important:

+ Double-pole—single-throw (DPST) The DPST switch permits simultaneous open-
ing or closing of two sets of contacts. The symbol is shown in Figure 2-43(c). The
dashed line indicates that the contact arms are mechanically linked so that both move
with a single switch action.

+ Double-pole—double-throw (DPDT) The DPDT switch provides connection from one set
of contacts to either of two other sets. The schematic symbol is shown in Figure 2-43(d).

¢ Push-button (PB) In the normally open push-button switch (NOPB), shown in
Figure 2-43(e), connection is made between two contacts when the button is de-
pressed, and connection is broken when the button is released. In the normally closed
push-button switch (NCPB), shown in Figure 2-43(f), connection between the two
contacts is broken when the button is depressed.

¢ Rotary In arotary switch, connection between one contact and any one of several
others is made by turning a knob. A symbol for a simple six-position rotary switch is
shown in Figure 2-43(g).

Figure 2-44 shows several varieties of mechanical switches, and Figure 245 shows the
construction view of a typical toggle switch.

Push-button switches

Toggle switch

Rotary switches DIP switches for mounting on PC boards

FIGURE 2-44

Typical mechanical switches.

(g) Single-pole rotary
(6-position)
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- FIGURE 2-46

FIGURE 2-45

Transistor switches.

Construction view of a typical toggle
switch.

Semiconductor Switches Transistors are widely used as switches in many applications.
The transistor can be used as the equivalent of a single-pole—single-throw switch. You can
open and close a circuit path by controlling the state of the transistor. Two types of transis-
tor symbols are shown in Figure 2—46 with their mechanical switch equivalents.

e e ———— LA

y

v

Current creates No current creates Voltage creates No voltage creates
a closed switch. an open switch. a closed switch, an open switch,
(a) Bipolar transistor (b) Field-effect transistor

Here is a greatly simplified description of operation. One type, called the bipolar tran-
sistor; is controlled by current. When there is current at a specific terminal, the transistor
acts as a closed switch; when there is no current at that terminal, the transistor acts as an
open switch, as illustrated in Figure 2-46(a). Another type, called the field-effect transistor;
is controlled by voltage. When there is voltage at a specific terminal, the transistor acts as
a closed switch; when there is no voltage at that terminal, the transistor acts as an open
switch, as illustrated in part (b).

Protective Devices Fuses and circuit breakers are used to deliberately create an open
circuit when the current exceeds a specified number of amperes due to a malfunction or
other abnormal condition in a circuit. For example, a 20 A fuse or circuit breaker will open
a circuit when the current exceeds 20 A.

The basic difference between a fuse and a circuit breaker is that when a fuse is “blown,”
it must be replaced; but when a circuit breaker opens, it can be reset and reused repeatedly.
Both of these devices protect against damage to a circuit due to excess current or prevent a
hazardous condition created by the overheating of wires and other components when the
current is too great. Several typical fuses and circuit breakers, along with their schematic
symbols, are shown in Figure 2—47.

Two basic categories of fuses in terms of their physical configuration are cartridge type and
plug type (screw in). Cartridge-type fuses have various-shaped housings with leads or other
types of contacts, as shown in Figure 2-47(a). A typical plug-type fuse is shown in part (b).
Fuse operation is based on the melting temperature of a wire or other metal element. As cur-
rent increases, the fuse element heats up and when the rated current is exceeded, the element
reaches its melting temperature and opens, thus removing power from the circuit.

Two common types of fuses are the fast-acting and the time-delay (slow-blow). Fast-
acting fuses are type F and time-delay fuses are type T. In normal operation, most fuses are
subjected to intermittent current surges the exceed the rated current, such as when power to
a circuit is turned on. Over time, this reduces the fuse’s ability to withstand short surges or
even current at the rated value. A slow-blow fuse can tolerate greater and longer duration
surges of current than the typical fast-acting fuse. A fuse symbol is shown in Figure 2—-47(c).

Typical circuit breakers are shown in Figure 2-47(d) and the symbol is shown in part (e).
Generally, a circuit breaker detects excess current either by the heating effect of the current
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(a) Cartridge fuses

—o o

(d) Circuit breakers (e) Circuit breaker symbol

4 FIGURE 2-47

Typical fuses and circuit breakers and their symbols.

or by the magnetic field it creates. In a circuit breaker based on the heating effect, a
bimetallic spring opens the contacts when the rated current is exceeded. Once opened, the
contact is held open by mechanical means until manually reset. In a circuit breaker based
on a magnetic field, the contacts are opened by a sufficient magnetic force created by
excess current and must be mechanically reset.

Wires

Wires are the most common form of conductive material used in electrical applications.
They vary in diameter and are arranged according to standard gauge numbers, called AWG
(American Wire Gauge) sizes. As the gauge number increases, the wire diameter decreases.
The size of a wire is also specified in terms of its cross-sectional area, as illustrated in
Figure 2-48. A unit of cross-sectional area used for wires is the circular mil, abbreviated
CM. One circular mil is the area of a wire with a diameter of 0.001 inch (1 mil). You can

FIGURE 2-48

Cross-sectional area of a wire.
0.001 in. \§

Cross-sectional area, A
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(b) Plug fuse

(¢) Fuse symbol
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find the cross-sectional area by expressing the diameter in thousandths of an inch (mils)
and squaring it, as follows:

Equation 2-5 A =d"
where A is the cross-sectional area in circular mils and d is the diameter in mils. Table 2—4
lists the AWG sizes with their corresponding cross-sectional area and resistance in ohms per
1000 ft at 20°C.

¥ TABLE 2-4
American Wire Gauge (AWG) sizes and resistances for solid round copper.

STANCI
(CM) )00 FT AT 20°C)

area of a wire with a diameter of 0.005 inch?

d = 0.005in. = 5mils
A=d=52=25CM

area of a 0.0015 in. diameter wire?

Wire Resistance Although copper wire conducts electricity extremely well, it still has
some resistance, as do all conductors. The resistance of a wire depends on three physical
characteristics: (a) type of material, (b) length of wire, and (c) cross-sectional area. In ad-
dition, temperature can also affect the resistance.



Each type of conductive material has a characteristic called its resistivity, p. For each
material, p is a constant value at a given temperature. The formula for the resistance of a
wire of length [ and cross-sectional area A is

THE ELecTric ClrCcuiT @

47

R = ol Equation 2-6
A
This formula shows that resistance increases with an increase in resistivity and length and
decreases with an increase in cross-sectional area. For resistance to be calculated in ohms,
the length must be in feet, the cross-sectional area in circular mils, and the resistivity in
CM-Q/ft.
EXAMPLE 2-8 Find the resistance of a 100 ft length of copper wire with a cross-sectional area of
810.1 CM. The resistivity of copper is 10.37 CM-Q/ft.
[ 10.37 CM-£)/ft)(100 ft
Solution e MARD _ 4 g00

A 810.1 CM

Related Problem  Use Table 2—4 to determine the resistance of 100 ft of copper wire with a cross-
sectional area of 8§10.1 CM. Compare with the calculated result.

As mentioned, Table 2—4 lists the resistance of the various standard wire sizes in ohms
per 1000 feet at 20°C. For example, a 1000 ft length of 14 gauge copper wire has a resis-
tance of 2.525 (). A 1000 ft length of 22 gauge wire has a resistance of 16.14 (). For a given
length, the smaller wire has more resistance. Thus, for a given voltage, larger wires can
carry more current than smaller ones.

Ground

Ground is the reference point in electric circuits. The term ground originated from the fact
that one conductor of a circuit was typically connected with an 8-foot long metal rod driven
into the earth itself. Today, this type of connection is referred to as an earth ground. In
household wiring, earth ground is indicated with a green or bare copper wire. Earth ground
is normally connected to the metal chassis of an appliance or a metal electrical box for
safety. Unfortunately, there have been exceptions to this rule, which can present a safety
hazard if a metal chassis is not at earth ground. It is a good idea to confirm that a metal
chassis is actually at earth ground potential before doing any work on an instrument or ap-
pliance.

Another type of ground is called a reference ground. Voltages are always specified with
respect to another point. If that point is not stated explicitly, the reference ground is under-
stood. Reference ground defines 0 V for the circuit. The reference ground can be at a com-
pletely different potential than the earth ground. Reference ground is also called common
and labeled COM or COMM because it represents a common conductor. When you are
wiring a protoboard in the laboratory, you will normally reserve one of the bus strips (a
long line along the length of the board) for this common conductor.

Three ground symbols are shown in Figure 2—49. Unfortunately, there is not a separate
symbol to distinguish between earth ground and reference ground. The symbol in (a) rep-
resents either an earth ground or a reference ground, (b) shows a chassis ground, and (c) is
an alternate reference symbol typically used when there is more than one common con-
nection (such as analog and digital ground in the same circuit). In this book, the symbol in
part (a) will be used throughout.

An instrument such as a laboratory power supply may have a green terminal that is la-
beled as earth ground. Figure 2-50 shows a triple output power supply. Each of the three

(a) (b) (c)
. FIGURE 2-49

Commonly used ground symbols.
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Earth ground
terminal

Chassis
ground

» FIGURE 2-50

A triple output power supply.
(Courtesy of B+K Precision)

Earth
ground
terminal

power supplies in the same chassis is isolated from the earth ground. An earth ground con-
nection is brought out to the front panel on the separate green connector on the left side, for
cases when earth ground is required. Internally, this is tied to the center (round) pin on the
ac plug.

If you want to connect a positive supply to a circuit, the earth ground is not used and the
ground reference (common) for the circuit is the (—) terminal of the supply. If you require
a negative voltage, the (+) terminal is the ground reference. Many circuits require both pos-
itive and negative supplies, so in this case the (+) terminal of one supply can be connected
to the negative terminal of the other supply which becomes the reference. Figure 2-51
illustrates this type of connection. The earth ground is not used for this application. Notice
that for the example circuit board, the amplifier circuit requires a common connection be-
tween two points which is connected to the power supply reference ground or common. As
illustrated in the figure, a schematic drawing can show the common reference with a
ground symbol or symbols. When a ground symbol is not shown on a circuit schematic, the
common or reference point is generally assumed to be either the negative side or the posi-
tive of the voltage source, depending on the circuit configuration.

00 00 00

Metal housing
Triple Output Power Supply |‘/

Power supply A | | Power supply B | | Power supply C ]

Schematic drawing of the amplifier circuit
Reference e
ground
(common)
Input o—
Output
\ i /
Amplifier circuit wired on PC Reference ground (common). The
board or protoboard same symbol as earth ground is
commonly used.
. FIGURE 2-51

Example of using grounds in a circuit application.
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Figure 2-52 illustrates a simple circuit with ground connections. The current is from the
positive terminal of the 12 V source, through the lamp, and back to the negative terminal of
the source through the ground connection. Ground provides a return path for the current
back to the source because all of the ground points are electrically the same point. The volt-
age at the top of the circuit is +12 V with respect to ground.

+12V <« FIGURE 2-52
Y ] A simple circuit with ground

connections.

*
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of an electric circuit?

2-7 BaAsic CiIRculiT MEASUREMENTS

An electronics technician cannot function without knowing how to measure voltage,
current, and resistance.

After completing this section, you should be able to
+ Make basic circuit measurements
¢ Properly measure voltage in a circuit

¢ Properly measure current in a circuit

*

Properly measure resistance

+*

Set up and read basic meters

Voltage, current, and resistance measurements are commonly required in electronics
work. The instrument used to measure voltage is a voltmeter, the instrument used to mea-
sure current is an ammeter, and the instrument used to measure resistance is an
ohmmeter. Commonly, all three instruments are combined into a single instrument called
a multimeter, in which you can choose what specific quantity to measure by selecting the
appropriate function with a switch.

Meter Symbols

Throughout this book, certain symbols will be used in circuits to represent meters, as
shown in Figure 2-53. You may see any of four types of symbols for voltmeters, ammeters,
or ohmmeters, depending on which symbol most effectively conveys the information
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Alligator
clips

V= §R ol V— §R

=M \\WSLEERLY 7
. 3LIA WY _@_
(a) Digital (b) Bar graph (c) Analog (d) Generic
. FIGURE 2-53

Examples of meter symbols used in this book. Each of the symbols can be used to represent either an
ammeter (A), a voltmeter (V), or an ohmmeter (£2).

required. The digital meter symbol is used when specific values are to be indicated in a
circuit. The bar graph meter symbol and sometimes the analog meter symbol are used to
illustrate the operation of a circuit when relative measurements or changes in quantities,
rather than specific values, need to be depicted. A changing quantity may be indicated by
an arrow in the display showing an increase or decrease. The generic symbol is used to in-
dicate placement of meters in a circuit when no values or value changes need to be shown.

Measuring Current

Figure 2-54 illustrates how to measure current with an ammeter. Part (a) shows a simple
circuit in which the current through the resistor is to be measured. First make sure the range
setting of the ammeter is greater than the expected current and then connect the ammeter in
the current path by first opening the circuit, as shown in part (b). Then insert the meter as
shown in part (c). Such a connection is a series connection. The polarity of the meter must
be such that the current is in at the positive terminal and out at the negative terminal.

4

£ +

(a) Circuit in which the current is to be measured (b) Open the circuit either between the resistor and the positive

terminal or between the resistor and the negative terminal of
source.

(c) Install the ammeter in the current path with polarity as shown (negative to
negative, positive to positive).

FIGURE 2-54

Example of an ammeter connection in a simple circuit to measure current,

Measuring Voltage

To measure voltage, connect the voltmeter across the component for which the voltage is to
be found. Such a connection is a parallel connection. The negative terminal of the meter must
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be connected to the negative side of the circuit, and the positive terminal of the meter must be
connected to the positive side of the circuit. Figure 2-55 shows a voltmeter connected to
measure the voltage across the resistor.

Never wear rings or
any type of metallic
jewelry while working
on a circuit. These
items may acciden-
tally come in contact
with the circuit, causing shock
and/or damage to the circuit.

i
=]
©

FIGURE 2-55
Example of a voltmeter connection in a simple circuit to measure voltage.

Measuring Resistance

To measure resistance, first turn off the power and disconnect one end or both ends of the
resistor from the circuit; then connect the ohmmeter across the resistor. This procedure is
shown in Figure 2-56.

FIGURE 2-56

Example of using an ohmmeter to
measure resistance.

(a) Disconnect the resistor from the (b) Measure the resistance.
circuit to avoid damage to the meter (Polarity is not important.)
and/or incorrect measurement.

Digital Multimeters

A IDMM (digital multimeter) is an electronic instrument that combines meters for the mea-
surement of voltage, current, and resistance. DMMs are the most widely used type of electronic
measuring instrument. Generally, DMMs provide more functions, better accuracy, greater ease
of reading, and greater reliability than do many analog meters. Analog meters have at least one
advantage over DMMs, however. They can track short-term variations and trends in a measured
quantity that many DMMs are too slow to respond to. Figure 2-57 shows typical DMMs.

DMM Functions The basic functions found on most DMM:s include the following:
¢ Ohms
+ DC voltage and current
¢ AC voltage and current

Some DMMs provide special functions such as transistor or diode tests, power measure-
ment, and decibel measurement for audio amplifier tests. Some meters require manual



52 ¢ VoOLTAGE, CURRENT, AND RESISTANCE

FIGURE 2-57

Typical digital multimeters (DMMs).
(Courtesy of B+K Precision)

FIGURE 2-58

Seven-segment display.

selection of the ranges for the functions. Many meters provide automatic range selection
and are called autoranging.

DMM Displays DMMs are available with either LCD (liquid-crystal display) or LED
(light-emitting diode) readouts. The LCD is the most commonly used readout in battery-
powered instruments because it requires only very small amounts of current. A typical battery-
powered DMM with an LCD readout operates on a 9 V battery that will last from a few
hundred hours to 2000 hours and more. The disadvantages of LCD readouts are that (a) they
are difficult or impossible to see in low-light conditions and (b) they are relatively slow to re-
spond to measurement changes. LEDs, on the other hand. can be seen in the dark and respond
quickly to changes in measured values. LED displays require much more current than LCDs,
and, therefore, battery life is shortened when LEDs are used in portable equipment.

Both LCD and LED DMM displays are in a 7-segment format. Each digit in a display
consists of seven separate segments as shown in Figure 2-58(a). Each of the ten decimal
digits is formed by the activation of appropriate segments, as illustrated in Figure 2—-58(b).
In addition to the seven segments, there is also a decimal point.

1 i o o o
& e S e G ) W P § O

(a) (b)

Resolution The resolution of a DMM is the smallest increment of a quantity that the
meter can measure. The smaller the increment, the better the resolution. One factor that de-
termines the resolution of a meter is the number of digits in the display.

Because many DMMs have 3% digits in their display, we will use this case for illustra-
tion. A 3)5-digit multimeter has three digit positions that can indicate from 0 through 9, and
one digit position that can indicate only a value of 0 or 1. This latter digit, called the half-
digit, is always the most significant digit in the display. For example, suppose that a DMM
is reading 0.999 V, as shown in Figure 2-59(a). If the voltage increases by 0.001 V to 1V,
the display correctly shows 1.000 V, as shown in part (b). The 17 is the half-digit. Thus,
with 3% digits, a variation of 0.001 V, which is the resolution, can be observed.

Now, suppose that the voltage increases to 1.999 V. This value is indicated on the meter as
shown in Figure 2-59(c). If the voltage increases by 0.001 V to 2'V, the half-digit cannot display
the 2. so the display shows 2.00. The half-digit is blanked and only three digits are active, as
indicated in part (d). With only three digits active, the resolution is 0.01 V rather than 0.001 V
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4 FIGURE 2-59
A 3%-digit DMM illustrates how the resolution changes with the number of digits in use.

as it is with 3% active digits. The resolution remains 0.01 V up to 19.99 V. The resolution goes
to 0.1 V for readings of 20.0 V to 199.9 V. At 200 V, the resolution goes to 1 V, and so on.

The resolution capability of a DMM is also determined by the internal circuitry and the
rate at which the measured quantity is sampled. DMMs with displays of 4% through 8}
digits are also available.

Accuracy The accuracy is the degree to which a measured value represents the true or
accepted value of a quantity. The accuracy of a DMM is established strictly by its internal
circuitry and calibration. For typical DMMs, accuracies range from 0.01% to 0.5%, with
some precision laboratory-grade DMMs going to 0.002%.

Reading Analog Multimeters

Although the DMM is the predominate type of multimeter, you may occasionally have to
use an analog meter. A representation of a typical analog multimeter is shown in Figure
2-60. This particular instrument can be used to measure both direct current (dc) and al-
ternating current (ac) quantities as well as resistance values. It has four selectable

7 b « FIGURE 2-60

A typical analog multimeter.
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functions: dc volts (DC VOLTS), dc milliamperes (DC mA), ac volts (AC VOLTS), and
OHMS. Most analog multimeters are similar to this one.

Within each function there are several ranges, as indicated by the brackets around the se-
lector switch. For example, the DC VOLTS function has 0.3V, 3V, 12V, 60V, 300 V, and
600 V ranges. Thus, dc voltages from 0.3 V full-scale to 600 V full-scale can be measured.
On the DC mA function, direct currents from 0.06 mA full-scale to 120 mA full-scale can
be measured. On the ohm scale, the settings are X1, X10, X100, X1000, and X100,000.

The Ofim Scale Ohms are read on the top scale of the meter. This scale is nonlinear; that
is, the values represented by each division (large or small) vary as you go across the scale.
In Figure 2-60, notice how the scale becomes more compressed as you go from right to left.

To read the actual value in ohms, multiply the number on the scale as indicated by the
pointer by the factor selected by the switch. For example, when the switch is set at X100
and the pointer is at 20, the reading is 20 X 100 = 2000 ().

As another example, assume that the switch is at X 10 and the pointer is at the seventh
small division between the 1 and 2 marks, indicating 17 1 (1.7 X 10). Now, if the meter
remains connected to the same resistance and the switch setting is changed to X1, the
pointer will move to the second small division between the 15 and 20 marks. This, of
course, is also a 17 ) reading, illustrating that a given resistance value can often be read at
more than one range switch setting. However, the meter should be zeroed each time the
range is changed by touching the leads together and adjusting the needle.

The AC-DC and DC mA Scales The second, third, and fourth scales from the top, labeled
“AC” and “DC,” are used in conjunction with the DC VOLTS and AC VOLTS functions.
The upper ac-dc scale ends at the 300 mark and is used with range settings, such as 0.3, 3,
and 300. For example, when the switch is at 3 on the DC VOLTS function, the 300 scale has
a full-scale value of 3 V: at the range setting of 300, the full-scale value is 300 V. The mid-
dle ac-dc scale ends at 60. This scale is used in conjunction with range settings, such as
0.06. 60, and 600. For example, when the switch is at 60 on the DC VOLTS function, the
full-scale value is 60 V. The lower ac-dc scale ends at 12 and is used in conjunction with
switch settings, such as 1.2, 12, and 120. The three DC mA scales are used in a similar way
to measure current.

EXAMPLE 2-9

FIGURE 2-61

Determine the quantity (voltage, current, or resistance) that is being measured and its
value for each specified switch setting on the meter in Figure 2—-61.

(a) The switch is set on the DC VOLTS function and the 60 V range.
(b) The switch is set on the DC mA function and the 12 mA range.
(¢) The switch is set on the OHMS function and the X 1K range.
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Solution  (a) The reading taken from the middle AC-DC scale is 18 V.
(b) The reading taken from the lower AC-DC scale is 3.8 mA.
(¢) The reading taken from the ohms scale (top) is 10 k().

Related Problem  In Figure 2-61 the switch is moved to the X100 ohms setting. Assuming that the same
resistance is being measured as in part (c), what will the needle do?

55

current, (b) voltage, and (c) resistance.

re . —4-2 to measure the current through
s). How can the same measurements be

sure the voltage across Lamp 2 in Figure 2-42.
ys, and discuss the advantages and disadvan-

3 V range to measure dc voltage. The
t voltage is being measured?

0 to measure 275 V dc, and on what scale

excess of 20 k(2, where do you set the switch?

2—-8 ELECTRICAL SAFETY

Safety is a major concern when working with electricity. The possibility of an electric
shock or a burn is always present, so caution should always be used. You provide a
current path when voltage is applied across two points on your body, and current pro-
duces electrical shock. Electrical components often operate at high temperatures, so
you can sustain skin burns when you come in contact with them. Also, the presence of
electricity creates a potential fire hazard.

After completing this section, you should be able to
+ Recognize electrical hazards and practice proper safety procedures
+ Describe the cause of electrical shock
+ List the groups of current paths through the body
+ Discuss the effects of current on the human body

+ List the safety precautions that you should observe when you work with elec-
tricity

Electric Shock

Current through your body, not the voltage, is the cause of electrical shock. Of course, it
takes voltage across a resistance to produce current. When a point on your body comes in
contact with a voltage and another point comes in contact with a different voltage or with
ground, such as a metal chassis, there will be current through your body from one point to
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» TABLE 2-5

Physical effects of electrical current.
Values vary depending on body mass.

the other. The path of the current depends on the points across which the voltage occurs.
The severity of the resulting electrical shock depends on the amount of voltage and the path
that the current takes through your body. The current path through the body determines
which tissues and organs will be affected.

Effects of Current on the Human Body The amount of current is dependent on voltage
and resistance. The human body has resistance that depends on many factors, which in-
clude body mass, skin moisture, and points of contact of the body with a voltage potential.
Table 2-5 shows the effects for various values of current in milliamperes.

CURRENT (mA) PHYSICAL EFFECT
0.4 Slight sensation
1.1 Perception threshold
1.8 Shock, no pain, no loss of muscular control
9 Painful shock, no loss of muscular control
16 Painful shock, let-go threshold
23 Severe painful shock, muscular contractions, breathing difficulty
75 “Ventricular fibrillation, threshold
235 Ventricular fibrillation, usually fatal for duration of
5 seconds or more
4.000 Heart paralysis (no ventricular fibrillation)
5,000 Tissue burn

Body Resistance Resistance of the human body is typically between 10 k€ and 50 k()
and depends on the two points between which it is measured. The moisture of the skin also
affects the resistance between two points. The resistance determines the amount of voltage
required to produce each of the effects listed in Table 2—5. For example, if you have a re-
sistance of 10 k() between two given points on your body, 90 V across those two points
will produce enough current (9 mA) to cause painful shock.

Safety Precautions

There are many practical things that you should do when you work with electrical and elec-
tronic equipment. Some important precautions are listed here.

¢ Avoid contact with any voltage source. Turn power off before you work on circuits
when touching circuit parts is required.

+ Do not work alone. A telephone should be available for emergencies.
¢ Do not work when tired or taking medications that make you drowsy.
+ Remove rings, watches, and other metallic jewelry when you work on circuits.

+ Do not work on equipment until you know proper procedures and are aware of po-
tential hazards.

¢ Use equipment with three-wire power cords (three-prong plug).
¢ Make sure power cords are in good condition and grounding pins are not missing or bent.

¢ Keep your tools properly maintained. Make sure the insulation on metal tool handles
is in good condition.

¢ Handle tools properly and maintain a neat work area.
¢ Wear safety glasses when appropriate, particularly when soldering and clipping wires.

¢ Always shut off power and discharge capacitors before you touch any part of a cir-
cuit with your hands.
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+ Know the location of the emergency power-off switch and emergency exits.

¢ Never try to override or tamper with safety devices such as an interlock switch.

+ Always wear shoes and keep them dry. Do not stand on metal or wet floors.

¢ Never handle instruments when your hands are wet.

+ Never assume that a circuit is off. Double-check it with a reliable meter before handling.

+ Set the limiter on electronic power supplies to prevent currents larger than necessary
to supply the circuit under test.

+ Some devices such as capacitors can store a lethal charge for long periods after
power is removed. They must be properly discharged before you work with them.

+ When making circuit connections, always make the connection to the point with the
highest voltage as your last step.

+ Avoid contact with the terminals of power supplies.

¢ Always use wires with insulation and connectors or clips with insulating shrouds.

+ Keep cables and wires as short as possible. Connect polarized components properly.
+ Report any unsafe condition.

¢ Be aware of and follow all workplace and laboratory rules. Do not have drinks or
food near equipment.

+ If another person cannot let go of an energized conductor, switch the power off im-
mediately. If that is not possible, use any available nonconductive material to try to
separate the body from the contact.

g v)‘lfatcauses _ﬁ_ﬁjs‘ié&l'. pain and/or damage to the body when electrical contact is made?
It’s OK to -Weariai.rihg when working on an electrical circuit. (T or F)
Standing wet floor presents no safety hazard when working with electricity.

1it can be rewired without removing the power if you are careful. (T or F)
ock can be extremely painful or even fatal. (T or F)

A Circuit Application

In this application, a dc voltage is ap- | set the amount of current through the lamp to back-light the in-
plied to a circuit in order to produce struments. The brightness of the lamp is proportional to the
current through a lamp and produce amount of current through the lamp. The switch used to turn the
light. You will see how the current is lamp on and off is the same one used for the headlights. There is
controlled by resistance. The circuit that you will be working i a fuse for circuit protection in case of a short circuit.
with simulates the instrument illumination circuit in a car, which |  Figure 2-62 shows the schematic for the illumination circuit.
allows you to increase or decrease the amount of light on the in- Figure 2-63 shows a breadboarded circuit which simulates the
struments. ! illumination circuit by using components that are functionally
The instrument panel illumination circuit in an automobile i equivalent but not physically the same as those in a car. A labo-

operates from the 12 V battery that is the voltage source for the ratory de power supply is used in the place of an actual automo-
circuit. The circuit uses a potentiometer connected as a rheostat, | bile battery. The protoboard in Figure 2-63 is a type that is
controlled by a knob on the instrument panel, which is used to | commonly used for constructing circuits on the test bench.
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4 FIGURE 2-62

Basic panel illumination circuit schematic.

The Test Bench

Figure 2-63 shows the breadboarded circuit, a dc power supply,
and a digital multimeter. The power supply is connected to pro-
vide 12 V to the circuit. The multimeter is used to measure cur-
rent, voltage, and resistance in the circuit.

# Identify each component in the circuit and check the bread-
boarded circuit in Figure 2-63 to make sure it is connected as
the schematic in Figure 2-62 indicates.

# Explain the purpose of each component in the circuit.
As shown in Figure 2-64, the typical protoboard consists of

rows of small sockets into which component leads and wires are
inserted. In this particular configuration, all five sockets in each
row are connected together and are effectively one electrical point
| as shown in the bottom view. All sockets arranged on the outer

edges of the board are typically connected together as shown.

i Measuring Current with the Multimeter

! Set the DMM to the ammeter function to measure current. You
must break the circuit in order to connect the ammeter in series
i to measure current. Refer to Figure 2-65.

1WA mA  COM

V= indicates dc/ac function in the same switch position

4 FIGURE 2-63
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Test bench setup for simulating the panel illumination circuit,
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Current measurements. The
circled numbers indicate the
meter-to-circuit connections.
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Redraw the schematic in Figure 2-62 to include the ammeter. |
For which measurement (A, B, or C) is the lamp brightest?
Explain.

List the change(s) in the circuit that can cause the ammeter
reading to go from A to B.

List the circuit condition(s) that will produce the ammeter
reading in C.

Measuring Voltage with the Multimeter

Set the DMM to the voltmeter function to measure voltage. You
must connect the voltmeter to the two points across which you
are measuring the voltage. Refer to Figure 2-66.

¢ Across which component is the voltage measured?

# Redraw the schematic in Figure 2—62 to include the voltmeter. |

0,

RESET N/LPf
)
2mA=
200 mA=

10 A=

com

EEEEEEEEE
EEEE

DC voltage

from power

supply " ®

L

'

- w

!

- - e

FIGURE 2-66

# For which measurement (A or B) is the lamp brighter?
Explain.

4 List the change(s) in the circuit that can cause the voltmeter

reading to go from A to B.

Measuring Resistance with the Multimeter

EEEFEEEEEN
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i Set the DMM to the ohmmeter function to measure resistance.
i Before you connect the ohmmeter, you must disconnect the
i resistance to be measured from the circuit. Before you discon-

nect any component, first turn the power supply off. Refer to

Figure 2-67.
# For which component is the resistance measured?

% For which measurement (A or B) will the lamp be brighter when

the circuit is reconnected and the power turned on? Explain.
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Voltage measurements.
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Resistance measurements.

Review

1. If the dc supply voltage in the panel illumination circuit is
reduced, how is the amount of light produced by the lamp
affected? Explain.

i 2. Should the potentiometer be adjusted to a higher or lower re-
sistance for the circuit to produce more light?

i
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SUMMARY
# An atom is the smallest particle of an element that retains the characteristics of that element.
# When electrons in the outer orbit of an atom (valence electrons) break away, they become free
electrons.
# Free electrons make current possible.
@ Like charges repel each other, and opposite charges attract each other.
® Voltage must be applied to a circuit to produce current.
# Resistance limits the current.
# Basically, an electric circuit consists of a source, a load, and a current path.
# An open circuit is one in which the current path is broken.
® A closed circuit is one which has a complete current path.
®  An ammeter is connected in line with the current path.
® A voltmeter is connected across the current path.
®  An ohmmeter is connected across a resistor (resistor must be disconnected from circuit).
¢ One coulomb is the charge of 6.25 X 10'® electrons.
# One volt is the potential difference (voltage) between two points when one joule of energy is used
to move one coulomb from one point to the other.
# One ampere is the amount of current that exists when one coulomb of charge moves through a
given cross-sectional area of a material in one second.
# One ohm is the resistance when there is one ampere of current in a material with one volt applied
across the material.
# Figure 2-68 shows the electrical symbols introduced in this chapter.
o : :
V_T —W— & A 1 é
Battery Resistor Potentiometer Rheostat Lamp Ground
o o
L = _01’ o= =2 Oy o o
-0 o— ~r o~ o— -7 o- —o OO o+—0 ©
NOPB NCPB SPST SPDT DPST DPDT Rotary
switch switch switch switch switch switch switch
Fuse Circuit breaker Voltmeter Ammeter Ohmmeter
A& FIGURE 2-68
KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Ammeter

An electrical instrument used to measure current.

Ampere (A) The unit of electrical current.
Atom The smallest particle of an element possessing the unique characteristics of that element.

AWG  American wire gauge; a standardization based on wire diameter.



FORMULAS

FormurLas ¢ 63

Charge An electrical property of matter that exists because of an excess or a deficiency of elec-
trons. Charge can be either positive or negative.

Circuit An interconnection of electrical components designed to produce a desired result. A basic
circuit consists of a source, a load, and an interconnecting current path.

Closed circuit A circuit with a complete current path.

Conductance The ability of a circuit to allow current. The unit is the siemens (S).

Conductor A material in which electric current is easily established. An example is copper.
Coulomb (C) The unit of electrical charge: the total charge possessed by 6.25 X 10'® electrons.
Current The rate of flow of charge (electrons).

Current source A device that produces a constant current for a varying load.

DMM Digital multimeter; an electronic instrument that combines meters for measurement of volt-
age, current, and resistance.

Electrical shock The physical sensation resulting from electrical current through the body.
Electron A basic particle of electrical charge in matter. The electron possesses negative charge.

Free electron A valence electron that has broken away from its parent atom and is free to move
from atom to atom within the atomic structure of a material.

Ground The common or reference point in a circuit.
Insulator A material that does not allow current under normal conditions.

Load An element connected across the output terminals of a circuit that draws current from the
source and upon which work is done.

Ohm () The unit of resistance.

Ohmmeter An instrument for measuring resistance.

Open circuit A circuit in which there is not a complete current path.

Potentiometer A three-terminal variable resistor.

Resistance Opposition to current. The unit is the ohm (£).

Resistor An electrical component specifically designed to have a certain amount of resistance.
Rheostat A two-terminal variable resistor.

Semiconductor A material that has a conductance value between that of a conductor and an insu-
lator. Silicon and germanium are examples.

Siemens (S) The unit of conductance.
Volt  The unit of voltage or electromotive force.

Voltage The amount of energy per charge available to move electrons from one point to another in
an electric circuit,

Voltage source A device that produces a constant voltage for a varying load.

Voltmeter An instrument used to measure voltage.

5.4 0= number 1(;? electrons Charge

6.25 X 10°° electrons/C

w
2-2 V= E Voltage equals energy divided by charge.

g . :

2-3 I = =3 Current equals charge divided by time.

1 . . o
2-4 G = R Conductance is the reciprocal of resistance.
2-5 A=d Cross-sectional area equals the diameter squared.

I

2-6 R = % Resistance is resistivity times length divided by

cross-sectional area.
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SELF-TEST

Answers are at the end of the chapter.

PROBLEMS

1.

10.

11.

12,

13.

14.

A neutral atom with an atomic number of three has how many electrons?
(a) 1 (b) 3 (¢) none (d) depends on the type of atom
Electron orbits are called

(a) shells (b) nuclei (c) waves (d) valences

. Materials in which there is no current when voltage is applied are called

(a) filters (b) conductors (¢) insulators (d) semiconductors

When placed close together, a positively charged material and a negatively charged material
will

(a) repel (b) become neutral (c) attract (d) exchange charges

. The charge on a single electron is

(a) 625X 10°%C ) 16x107°C (o) 1.6 x1077] (d) 3.14 x 10°°C

. Potential difference is another term for

(a) energy (b) voltage (¢) distance of an electron from the nucleus (d) charge

. The unit of energy is the

(a) watt (b) coulomb (c) joule (d) volt

. Which one of the following is not a type of energy source?

(a) battery (b) solar cell (¢) generator (d) potentiometer

. Which one of the following is not a possible condition in an electric circuit?

(a) voltage and no current (b) current and no voltage

(c) voltage and current (d) no voltage and no current

Electrical current is defined as

(a) free electrons

(b) the rate of flow of free electrons

(c) the energy required to move electrons

(d) the charge on free electrons

There is no current in a circuit when

(a) a swirtch is closed (b) aswitch is open (c) there is no voltage
(d) answers (a) and (c) (e) answers (b) and (c)

The primary purpose of a resistor is to

(a) increase current (b) limit current

(c) produce heat (d) resist current change

Potentiometers and rheostats are types of

(a) voltage sources (b) variable resistors

(c) fixed resistors (d) circuit breakers

The current in a given circuit is not to exceed 22 A. Which value of fuse is best?
(a) 10A (b) 25A (c) 20A (d) a fuse is not necessary

More difficult problems are indicated by an asterisk ().
Answers to odd-numbered problems are at the end of the book.

SECTION 2-2

Electrical Charge

1.

What is the charge in coulombs of the nucleus of a copper atom?

2. What is the charge in coulombs of the nucleus of a chlorine atom?

3. How many coulombs of charge do 50 X 10*! electrons possess?

4. How many electrons does it take to make 80 C (microcoulombs) of charge?
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SECTION 2-3 Voltage, Current, and Resistance

SECTION 2-4

SECTION 2-5

5.

10.

11,
12.
13.
14.
15.

16.

Determine the voltage in each of the following cases:
(a) 10J/C (b) 5J2C (c) 100J/25C

Five hundred joules of energy are used to move 100 C of charge through a resistor. What is the
voltage across the resistor?

. What is the voltage of a battery that uses 800 J of energy to move 40 C of charge through a

resistor?

. How much energy does a 12 V battery use to move 2.5 C through a circuit?

If a resistor with a current of 2 A through it converts 1000 J of electrical energy into heat
energy in 15 s, what is the voltage across the resistor?

Determine the current in each of the following cases:

(a) 75Cinls (b) 10Cin05s (¢) 5Cin2s

Six-tenths coulomb passes a point in 3 s. What is the current in amperes?

How long does it take 10 C to flow past a point if the current is 5 A?

How many coulombs pass a point in 0.1 s when the current is 1.5 A?

5.74 % 10" electrons flow through a wire in 250 ms. What is the current in amperes?
Find the conductance for each of the following resistance values:

(a) 50 (b) 250 (c) 1000

Find the resistance corresponding to the following conductances:

(a) 0.1S (b) 058 (c) 0028

Voltage and Current Sources

17.
18.
19.
20.

List four common sources of voltage.
Upon what principle is electrical generators based?
How does an electronic power supply differ from the other sources of voltage?

A certain current source provides 100 mA to a 1 k{2 load. If the resistance is decreased to
500 €1, what the current in the load?

Resistors

21.

22,

23.

24,

25.

26.

27.

Determine the resistance values and tolerance for the following 4-band resistors:
(a) red, violet, orange, gold (b) brown, gray, red, silver

Find the minimum and the maximum resistance within the tolerance limits for each resistor in
Problem 21.

Determine the color bands for each of the following 4-band, 5% values: 330 (2, 2.2 k),
56 k€2, 100 kQ, and 39 k().

Determine the resistance and tolerance of each of the following 4-band resistors:
(a) brown, black, black, gold

(b) green, brown, green, silver

(c) blue, gray, black, gold

Determine the color bands for each of the following 4-band resistors. Assume each has a 5%
tolerance.

(a) 047 Q (b) 270k} (c) 5.1 MQ

Determine the resistance and tolerance of each of the following 5-band resistors:
(a) red, gray, violet, red, brown

(b) blue, black, yellow, gold, brown

(c) white, orange, brown, brown, brown

Determine the color bands for each of the following 5-band resistors. Assume each has a 1%
tolerance.

(a) 14.7kQ (b) 39.20Q (c) 9.76 kQ



66 <+ VoLTAGE, CURRENT, AND RESISTANCE

28. The adjustable contact of a linear potentiometer is set at the mechanical center of its adjust-
ment. If the total resistance is 1000 €, what is the resistance between each end terminal and
the adjustable contact?

29. What resistance is indicated by 4K7?
30. Determine the resistance and tolerance of each resistor labeled as follows:
(a) 4R7] (b) 5602M (¢) 1501F

SECTION 2-6 The Electric Circuit
31. Trace the current path in Figure 2-69(a) with the switch in position 2.

32. With the switch in either position, redraw the circuit in Figure 2-69(d) with a fuse connected to
protect the circuit against excessive current.

1
)
o
T o
—o"
+ -
Vs = e —
_|__ Lampl |[Lamp2 |Lamp3 Lamp 1 Lamp 2
o o

J_ L{
X Lamp 1 Lamp 2 Lamp 1 Lamp 2

+ FIGURE 2-69

33. There is only one circuit in Figure 2-69 in which it is possible to have all lamps on at the same
time. Determine which circuit it is.

34. Through which resistor in Figure 2-70 is there always current, regardless of the position of the
switches?

SW2

FIGURE 2-70
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#35, Devise a switch arrangement whereby two voltage sources (Vs; and Vs;) can be connected
simultaneously to either of two resistors (R and R») as follows:

Vs connected to Ry and Vs, connected to R,
or Vg1 connected to R, and Vg, connected to R

36. The different sections of a stereo system are represented by the blocks in Figure 2-71. Show
how a single switch can be used to connect the phonograph, the CD (compact disk) player, the
tape deck, the AM tuner, or the FM tuner to the amplifier by a single knob control. Only one
section can be connected to the amplifier at any time.

Phonograph ~—©!

Tape deck 02

AM tuner —03 69—  Amplifier

FM tuner g o4 Speakers

Compact —05
disk player

FIGURE 2-71

SECTION 2-7 Basic Circuit Measurements

37. Show the placement of an ammeter and a voltmeter to measure the current and the source
voltage in Figure 2-72.

FIGURE 2-72

38. Explain how you would measure the resistance of R, in Figure 2-72.

39. In Figure 2-73, how much voltage does each meter indicate when the switch is in position 17
In position 27

FIGURE 2-73
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40. In Figure 2-73, indicate how to connect an ammeter to measure the current from the voltage
source regardless of the switch position.

41. In Figure 2-70, show the proper placement of ammeters to measure the current through each
resistor and the current out of the battery.

42. Show the proper placement of voltmeters to measure the voltage across each resistor in Figure 2-70.
43. What is the voltage reading of the meter in Figure 2-74?

FIGURE 2-74 e ™

t-Hr0< no
wHCO< N>

wIZTO

@DE »8 a9

44. How much resistance is the ohmmeter in Figure 2-75 measuring?

FIGURE 2-75 i b
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45. Determine the resistance indicated by each of the following ohmmeter readings and range settings:
(a) pointer at 2, range setting at X 10
(b) pointer at 15, range setting at X 100,000
(c) pointer at 45, range setting at X100

46. What is the maximum resolution of a 4%-digit DMM?

47. Indicate how you would connect the multimeter in Figure 2-75 to the circuit in Figure 2-76 to
measure each of the following quantities. In each case indicate the appropriate function and range.

(a) I (b) V, () Ry

FIGURE 2-76

Rl
AWy *
47kQ

T

ANSWERS

SECTION REVIEWS

SECTION 2-1 Atomic Structure
1. The electron is the basic particle of negative charge.
2. An atom is the smallest particle of an element that retains the unique characteristics of the element.
3. An atom is a positively charged nucleus surrounded by orbiting electrons.
4. Atomic number is the number of protons in a nucleus.
5. No, each element has a different type of atom.
6. A free electron is an outer-shell electron that has drifted away from the parent atom.
7. Shells are energy bands in which electrons orbit the nucleus of an atom.

8. Copper and silver

SECTION 2-2 Electrical Charge
1. Q = charge
2. Unit of charge is the coulomb; C

3. Positive or negative charge is caused by the loss or acquisition respectively of an outer-shell
(valence) electron.

10 X 10'? electrons

=16X%X10°C = 1.6 uC
6.25 X 10'® electrons/C &

4. 0 =

SECTION 2-3 Voeltage, Current, and Resistance
1. Voltage is energy per unit charge.
2. Volt is the unit of voltage.
3.V=WQO=24]10C =24V
4. Current is the rate of flow of electrons; its unit is the ampere (A).
5. electrons/coulomb = 6.25 X 10'®
6. I=0/t=20CHs=5A
7. Resistance is opposition to current.
8. The unit of resistance is the ohm (£}).
9. One ohm exists when 1 V produces 1 A.
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SECTION 2-4 Voltage and Current Sources

1. A voltage source is a device that produces a constant voltage for a varying load.
2. A battery converts chemical energy to electrical energy.
3. A solar cell uses the photovoltaic effect to convert light energy to electrical energy.

4. A generator produces voltage by rotating a conductor through a magnetic field based on the
principle of electromagnetic induction.

5. An electronic power supply converts the commercially available ac voltage to dc voltage.
6. A current source is a device that produces a constant current for a varying load.
7. Transistor

SECTION 2-5 Resistors

1. Two resistor categories are fixed and variable. The value of a fixed resistor cannot be changed,
but that of a variable resistor can.

2. First band: first digit of resistance value. Second band: second digit of resistance value. Third
band: multiplier (number of zeros following the second digit). Fourth band: % tolerance.

3. (a) 27kQ * 10% (b) 1000 = 10%
() 5.6MQ *+ 5% (d) 6.8k *= 10%

(e) 330 = 10% (H 47kl = 5%
4. 330 Q: (b); 2.2kQ: (d); 56 k€2: (e); 100 kQ2: (f); 39k (a)
5. (a) 3R =33Q (b) 5K6 = 5.6k{)

(¢) 900 = 900 ) (d) 6M8 = 6.8 M)

6. A rheostat has two terminals; a potentiometer has three terminals.

7. A thermistor is a temperature-sensitive resistor.

SECTION 2-6 The Electric Circuit

1. An electric circuit consists of a source, load, and current path between source and load.
2. An open circuit is one that has no path for current.

3. A closed circuit is one that has a complete path for current.

4. A fuse is not resettable, a circuit breaker is.

5. AWG 3 is larger.

6. Ground is the common or reference point.

SECTION 2-7 Basic Circuit Measurements

1. (a) An ammeter measures current.

(b) A voltmeter measures voltage.

(¢) An ohmmeter measures resistance.
2. See Figure 2-77.

Lamp |

(a) Two ammeters (b) One ammeter

4 FIGURE 2-77




ANSWERS ¢ 71

3. See Figure 2-78.

» FIGURE 2-78 Lamp 1

4. Two types of DMM displays are liquid-crystal display (LCD) and light-emitting display
(LED). The LCD requires little current, but it is difficult to see in low light and is slow to
respond. The LED can be seen in the dark, and it responds quickly. However, it requires
much more current than does the LCD.

5. Resolution is the smallest increment of a quantity that the meter can measure.
6. 1.5V

7. Set the range switch to 300 and read on the upper ac-dc scale.

8. X1000 range

SECTION 2-8 Electrical Safety
1. Current
2. F

F
4. F
T

A Circuit Application
1. Less voltage causes less light because the current is reduced.

2. A lower resistance will result in more light.

RELATED PROBLEMS FOR EXAMPLES
2-1 1.88 X 10" electrons

2-2 6007

2-3 12C

24 470080 * 5%

254750 = 2%

2-6 1.25k0)

2-7 225CM

2-8 1.280 Q; same as calculated result

2-9 The needle will move left to the “100™ mark.

SELF-TEST
L (b) 2. (a) 3. (@ 4. (c) 5. (b 6. b 7.0 8@
9. (b) 10. (b) 11. (e) 12. (b) 13. (b) 14. (¢)
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CHAPTER OUTLINE VISIT THE COMPANION WEBSITE

The Relationship of Current, Voltage, and Resistance Study aids for this chapter are available at
Calculating Current http://www.prenhall.com/floyd

Calculating Voltage
Calculating Resistance INTRODUCTION

Introduction to Troubleshooting in Chapter 2, you studied the concepts of voltage, current,
A Circuit Application and resistance. You also were introduced to a basic electric
circuit. In this chapter, you will learn how voltage, current,
CHAPTER OBJECTIVES and resistance are interrelated. You will also learn how to
analyze a simple electric circuit.
# Explain Ohm’s law Ohm’s law is perhaps the single most important tool for
@ Calculate current in a circuit the analysis of electric circuits, and you must know how to
E o Calculate voltage in a circuit apply it.
E In 1826 Georg Simon Ohm found that current, voltage,
and resistance are related in a specific and predictable way.
Describe a basic approach to troubleshooting Ohm expressed this relationship with a formula that is
known today as Ohm’s law. In this chapter, you will learn
KEY TERMS Ohm’s law and how to use it in solving circuit problems. A
] general approach to troubleshooting using an analysis, plan-
ning, and measurement (APM) approach is also introduced.

Calculate resistance in a circuit

& Ohm’s law
¢ Linear
» Troubleshooting

; A CIRCUIT APPLICATION PREVIEW

In this application, you will see how Ohm’s law is used in a
ractical circuit, You are assigned the task of modifying an
isting test fixture for use in a new application. The test
xture is a resistance box with an array of switch-selectable
B resistors of various values. You will determine and specify
X the changes necessary in the existing circuit for the new
L application. Also, you will develop a test procedure once the
“modifications have been made.
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Ohm’s law describes mathematically how voltage, current, and resistance in a circuit
are related. Ohm'’s law is expressed in three equivalent forms depending on which
quantity you need to determine. As you will learn, current and voltage are linearly
proportional. However, current and resistance are inversely proportional.

After completing this section, you should be able to

+ Explain Ohm’s law

*

*

*

Describe how V, [, and R are related

Express [ as a function of V and R

Express V as a function of 7 and R

Express R as a function of V and /

Show graphically that I and V are directly proportional
Show graphically that / and R are inversely proportional

Explain why / and V are linearly proportional

Ohm determined experimentally that if the voltage across a resistor is increased, the
current through the resistor will also increase; and, likewise, if the voltage is decreased,
the current will decrease. For example, if the voltage is doubled, the current will double.
If the voltage is halved, the current will also be halved. This relationship is illustrated in
Figure 3—1, with relative meter indications of voltage and current.

FIGURE 3-1

Effect on the current of changing
the voltage with the resistance at a
constant value.

(a) Less V, less [ (b) More V, more [

Ohm also determined that if the voltage is kept constant, less resistance results in
more current, and, also, more resistance results in less current. For example, if the resis-
tance is halved, the current doubles. If the resistance is doubled, the current is halved.
This concept is illustrated by the meter indications in Figure 3-2, where the resistance is
increased and the voltage is held constant.

FIGURE 3-2

Effect on the current of changing
the resistance with the voltage at a
constant value.

(a) Less R, more f (b) More R, less [
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Equation 3-1

Equation 3-2

Equation 3-3

Ohm’s law states that current is directly proportional to voltage and inversely propor-
tional to resistance. The circuits in Figures 3—1 and 3-2 illustrate Ohm’s law, which is
given in the following formula:

o
R
where: [ = currentin amperes (A)
V = voltage in volts (V)
R = resistance in ohms ({1)

For a constant value of R, if the value of V is increased, the value of [ increases; if V'is de-
creased, [ decreases. If V is constant and R is increased, 7 decreases. Similarly, if V is con-
stant and R is decreased, / increases.

Using Equation 3-1, you can calculate the current if you know the values of voltage and re-
sistance. By manipulating Equation 31, you can obtain expressions for voltage and resistance.

Vi=Ik

With Equation 3-2, you can calculate voltage if you know the values of current and resistance.
With Equation 3-3, you can calculate resistance if you know the values of voltage and current.

The three expressions—Equations 31, 3-2 and 3-3—are all equivalent. They are sim-
ply three ways of using Ohm’s law.

The Linear Relationship of Current and Voltage

In resistive circuits, current and voltage are linearly proportional. Linear means that if one
of the quantities is increased or decreased by a certain percentage, the other will increase
or decrease by the same percentage, assuming that the resistance is constant in value. For
example, if the voltage across a resistor is tripled, the current will triple.

EXAMPLE 3-1

Show that if the voltage in the circuit of Figure 3-3 is increased to three times its pres-
ent value, the current will triple in value.

FIGURE 3-3
Tk
o e =R
v _—-:L ! 47k0
With 10 V, the current is
% 10V
=== =21 A
R 47k0 20

If the voltage is increased to 30 V, the current will be I

Pt DV gk
Rie A7ED -

The current went from 2.13 mA to 6.38 mA when the voltage was tripled to 30 V.
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Related Problem”™  If the voltage in Figure 3-3 is quadrupled, will the current also quadruple?
*Answers are at the end of the chapter.
Let’s take a constant value of resistance, for example, 10 (1, and calculate the current
for several values of voltage ranging from 10 V to 100V in the circuit in Figure 3—4(a).
The current values obtained are shown in Figure 3—4(b). The graph of the / values versus
the V values is shown in Figure 3—4(c). Note that it is a straight line graph. This graph tells
us that a change in voltage results in a linearly proportional change in current. No matter
what value R is, assuming that R is constant, the graph of [ versus V will always be a
straight line.
I(A)
3
v I N Tl
v 1A Q| as Y
20V | 2A gl [
oV 3A | |
40V | 4A T P
50V 5A 6 i
60V | 6A !
- 0V | 7A i
A\ 80V | 8A i i =
0V | 9A =t e
— 100 V |
v 7-_é 10 V-100 V % 0| 10 2 S .t
B 100 (50 {
v I | | | | | | I | |
. V(V
4 10Q 10 20 30 40 50 60 70 80 90 100 ™)
(a) (b) (c)
. FIGURE 3-4

Graph of current versus voltage for the circuit in part (a).

EXAMPLE 3-2

Related Problem

Solution

Assume that you are measuring the current in a circuit that is operating with 25 V. The
ammeter reads 50 mA. Later, you notice that the current has dropped to 40 mA. As-
suming that the resistance did not change, you must conclude that the voltage source
has changed. How much has the voltage changed. and what is its new value?

The current has dropped from 50 mA to 40 mA, which is a decrease of 20%. Since the
voltage is linearly proportional to the current, the voltage has decreased by the same
percentage that the current did. Taking 20% of 25 V, you get

Change in voltage = (0.2)(25V) = 5V
Subtract this change from the original voltage to get the new voltage.
New voltage = 25V — 5V = 20V

Notice that you did not need the resistance value in order to find the new voltage.

If the current drops to 0 A under the same conditions stated in the example, what is the
voltage?
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The Inverse Relationship of Current and Resistance

As you have seen, current varies inversely with resistance as expressed by Ohm’s law,
I = VJ/R. When the resistance is reduced, the current goes up; when the resistance is
increased, the current goes down. For example, if the source voltage is held constant and
the resistance is halved, the current doubles in value; when the resistance is doubled, the
current is reduced by half.

Let’s take a constant value of voltage, for example, 10 V, and calculate the current for

several values of resistance ranging from 10 € to 100 () in the circuit in Figure 3-5(a). The

values obtained are shown in Figure 3-5(b). The graph of the / values versus the R values

is shown in Figure 3-5 (c).

1(A)

L
1.0
0.9 \
0.8 \
S e et 0.7
RO 1(A) \ |
10| 1.000 Q5 -
20 | 0.500 0.5 X
0 30 | 0.333 |
+® 2 | 0250 0.4 \ f
50 | 0.200 03 Ik‘\,
" %R 60 | 0.167 02
oy = 70 | 0.143 :
- 100 -100 Q 80 | 0.125 0.1 | e
90 | 0.111
R(Q
100 | 0.100 % 710 20 30 40 50 60 70 80 %0 100 <P

(a) (b) (c)
4 FIGURE 3-5

Graph of current versus resistance for the circuit in part (a).

Juantities are related. What are these quantities?

stor is tripled, does the current increase or
‘half, how much will the current change?
the resistance value, how much current

istance is cut in half. Would the current
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Examples in this section illustrate the Ohm’s law formula / = V/R.
After completing this section, you should be able to
¢ Calculate current in a circuit
¢ Use Ohm’s law to find current when you know voltage and resistance values

¢ Use voltage and resistance values expressed with metric prefixes

The following examples use the formula / = V/R. In order to get current in amperes,
you must express the value of voltage in volts and the value of resistance in ohms.

EXAMPLE 3-3 How many amperes of current are in the circuit of Figure 3—6?
FIGURE 3-6
I
+
v ea— R
100V ~=" 20

Solution  Use the formula I = V/R, and substitute 100 V for V and 22 () for R.

V100V
I—E—ﬁ—él.SSA

Related Problem  If R is changed to 33 () in Figure 3-6, what is the current?

culation for the related problem.

Use Multisim file E03-03 to verify the calculated results in this example and your cal-

'EXAMPLE 3-4 If the resistance in Figure 3-6 is changed to 47 () and the voltage to 50 V, what is the

new value of current?

Solution  Substitute V = 50V and R = 47 () into the formula I = V/R.

V 50V
R 47Q LG~

Related Problem IfV = 5Vand R = 1000}, what is the current?

Units with Metric Prefixes

In electronics, resistance values of thousands of ohms or even millions of ohms are com-
mon. The metric prefixes kilo (k) and mega (M) are used to indicate large values. Thus,
thousands of ohms are expressed in kilohms (k€)), and millions of ohms are expressed in
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megohms (M{2). The following four examples illustrate how to use kilohms and megohms
to calculate current. Volts (V) divided by kilohms (k{)) results in milliamperes (mA). Volts
(V) divided by megohms (M{}) results in microamperes (1LA).

EXAMPLE 3-5 Calculate the current in Figure 3-7.
* FIGURE 3-7
1
+
V —— R
sov = § 1.OkQ
Solution Remember that 1.0 kQ is the same as 1 X 10° Q. Use the formula / = V/R and substi-

tute S0V for Vand 1 X 10° Q) for R.

Vv S0V 50V

I=—= = =50 X 10°A = 50mA
R LOKQ | 1 X 10°Q
Related Problem  Calculate the current in Figure 3-7 if R is changed to 10 k().

In Example 3-5, 50 X 107> A is expressed as 50 milliamperes (50 mA). This can be
used to advantage when you divide volts by kilohms. The current will be in milliamperes,
as Example 3-6 illustrates.

EXAMPLE 3-6 How many milliamperes are in the circuit of Figure 3-8?
* FIGURE 3-8
1
+
il e R
30V T, 5.6 k0
Solution  When you divide volts by kilohms, you get current in milliamperes.
V 30V
TR T e
Related Problem  What is the current in milliamperes if R is changed to 2.2 kQ)?

Use Multisim file E03-06 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

If you apply volts when resistance values are in megohms, the current is in microam-
peres (nwA), as Examples 3—5 and 3-6 show.
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EXAMPLE 3-7 Determine the amount of current in the circuit of Figure 3-9.
FIGURE 3-9
-+
b
25V =,

R
4.7 MO

Solution  Recall that 4.7 MQ equals 4.7 X 10°Q. Substitute 25 V for V and 4.7 X 10°Q for R.

LS sy 5y
R 47MQ 47 % 10°0

Related Problem What is the current if V is increased to 100 V in Figure 3-6?

=502 A=5P A

EXAMPLE 3-8 Change the value of R in Figure 3-9 to 1.8 M{). What is the new value of current?

Solution  When you divide volts by megohms, you get current in microamperes.

v 25V

R 18MQ

= 139 xA

Related Problem  If R is doubled in the circuit of Figure 3—6, what is the new value of current?

Small voltages, usually less than 50 V are common in semiconductor circuits. Occasion-
ally, however, large voltages are encountered. For example, the high-voltage supply in some
television receivers is around 20,000 V (20 kilovolts, or 20 kV), and transmission voltages
generated by the power companies may be as high as 345,000V (345 kV). The following two
examples illustrate how to use voltage values in the kilovolt range to calculate current.

EXAMPLE 3-9 How much current is produced by a voltage of 24 kV across a 12 k() resistor?

Solution  Since kilovolts are divided by kilohms, the prefixes cancel: therefore, the current is in

amperes.

V_24kV 24X 10°V _

TR 12KQ 12 X 10°Q

Related Problem What is the current in mA produced by 1 kV across a 27 k() resistor?

EXAMPLE 3-10 How much current is there through a 100 M(2 resistor when 50 kV are applied?

Solution  In this case, divide 50 kV by 100 M{Q to get the current. Substitute 50 X 10° V for

50 kV and 100 X 10°€ for 100 MQ.
V  50kV 50 X 10°V

1: —_— —
R 100MQ 100 X 10°Q

= = =05%X10°A = 0.5mA




80 ¢ OHM's Law

Remember that the power of ten in the denominator is subtracted from the power of
ten in the numerator. So 50 was divided by 100, giving 0.5, and 6 was subtracted from
3, giving 107>,

Related Problem How much current is there through a 6.8 M resistor when 10 kV are applied?

/ across it, how much current is there?
M) resistor produce?

3—-3 CALCULATING VOLTAGE

Examples in this section illustrate the Ohm’s law expression V = IR.
After completing this section, you should be able to
+ Calculate voltage in a circuit
+ Use Ohm'’s law to find voltage when you know current and resistance values

¢ Use current and resistance values expressed with metric prefixes

The following examples use the formula V' = [R. To obtain voltage in volts, you must
express the value of / in amperes and the value of R in ohms.

EXAM PLE 3-11 In the circuit of Figure 3—10, how much voltage is needed to produce 5 A of current?
~ FIGURE 3-10
2l SA )
V= 1000

Solution  Substitute 5 A for / and 100 Q for R into the formula V = IR.
V=1IR=(5A)1000Q) =500V
Thus, 500 V are required to produce 5 A of current through a 100 ) resistor.

Related Problem  In Figure 3-10, how much voltage is required to produce 12 A of current?
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The following two examples illustrate how to use current values in the milliampere (mA)
and microampere (A) ranges to calculate voltage.

EXAMPLE 3-12

Solution

Related Problem

How much voltage will be measured across the resistor in Figure 3-11?

FIGURE 3-11

5 mA s 7
= R§
5 56 0
[

Five milliamperes equals 5 X 1073 A. Substitute the values for / and R into the formula
V = IR.

V=IR = (5mA)56Q) = (5 X 10> A)(560Q) = 280 X 10V = 280 mV

|+

-
[

When you multiply milliamperes by ohms, you get millivolts.
How much voltage is measured across R if R = 33 () and / = 1.5 mA in Figure 3-11?

Use Multisim file E03-12 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

EXAMPLE 3-13

Solution

Related Problem

Suppose that there is a current of 8 wA through a 10 € resistor. How much voltage is
across the resistor?

Eight microamperes equals 8 X 107 A. Substitute the values for 7 and R into the for-
mula V = [R.

V=IR=8rA)10Q) = (8 X 10°A)(10Q) = 80 X 10°°V = 80 uV
When you multiply microamperes by ohms, you get microvolts.

If there are 3.2 A through a 47 () resistor, what is the voltage across the resistor?

The following two examples illustrate how to use resistance values in the kilohm (k{2)
and megohm (M(2) ranges to calculate voltage.

EXAMPLE 3-14

The circuit in Figure 3—12 has a current of 10 mA. What is the voltage?

FIGURE 3-12

10 mA

|+

R
i [ 3.3k0
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|
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Solution

Related Problem

Ten milliamperes equals 10 X 107> A and 3.3 k() equals 3.3 X 10° Q. Substitute
these values into the formula V = IR.

V=IR = (10mA)3.3kQ) = (10 X 102 A)(3.3 X 10°Q) = 33V

Notice that 10 and 10? cancel. Therefore, milliamperes cancel kilohms when multi-
plied. and the result is volts.

If the current in Figure 3-12 is 25 mA, what is the voltage?

Use Multisim file E03-14 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

MPLE 3-15

Solution

Related Problem

If there is a current of 50 uA through a 4.7 M{) resistor, what is the voltage?

Fifty microamperes equals 50 X 107% A and 4.7 MQ is 4.7 X 10° Q). Substitute these
values into the formula V = IR.

V = IR = (50uA)4.7MQ) = (50 X 107°A)4.7 X 10°Q) = 235V

Notice that 107 and 10° cancel. Therefore, microamperes cancel megohms when mul-

tiplied, and the result is volts.

If there are 450 pwA through a 3.9 M{) resistor, what is the voltage?

produce 100 mA through a 4.7 kQ resistor?
' of current in a 3.3 k() resistor?
ugh a 6.8 () resistive load. What is the battery voltage?

3—-4 CALCULATING RESISTANCE

Examples in this section illustrate the Ohm’s law expression R = V/I.
After completing this section, you should be able to
+ Calculate resistance in a circuit
¢ Use Ohm’s law to find resistance when you know voltage and current values

¢ Use current and voltage values expressed with metric prefixes
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The following examples use the formula R = V/I. To get resistance in ohms, you must
express the value of / in amperes and the value of V in volts.

EXAMPLE 3-16 In the circuit of Figure 3-13, how much resistance is needed to draw 3.08 A of current
from the battery?
~ FIGURE 3-13
3.08 A

+
I

Y = §R

Solution  Substitute 12 V for V and 3.08 A for [ into the formula R = V/I.
V 12V

I 3.08A

= 3.90 O

Related Problem  In Figure 313, to what value must R be changed for a current of 5.45 A?

Units with Metric Prefixes

The following two examples illustrate how to use current values in the milliampere (mA)
and microampere (iA) ranges to calculate resistance.

EXAMPLE 3-17 Suppose that the ammeter in Figure 3-14 indicates 4.55 mA of current and the volt-
meter reads 150 V. What is the value of R?

~ FIGURE 3-14

Solution  4.55 mA equals 4.55 X 1073 A. Substitute the voltage and current values into the for- |
mula R = V/I. |

Fm e Y 150V
I 455mA 455 % 103A

=33 X 10°Q = 33kQ

When volts are divided by milliamperes, the resistance is in kilohms.

Related Problem  If the ammeter indicates 1.10 mA and the voltmeter reads 75 V, what is the value of R?

Use Multisim file E03-17 to verify the calculated results in this example and to con-
firm your calculation for the related problem.
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EXAMPLE 3-18 Suppose that the value of the resistor in Figure 3—14 is changed. If the battery voltage
is still 150 V and the ammeter reads 68.2 nA, what is the new resistor value?

Solution  68.2 wA equals 68.2 X 1075 A. Substitute V and / values into the equation for R.

vV 150V 150V
R=== = =22 X 10°Q = 22MQ
I 682uA 682 X 10°A

When volts are divided by microamperes, the resistance has units of megohms.

Related Problem  If the resistor is changed in Figure 3—14 so that the ammeter reads 48.5 A, what is
the new resistor value? Assume V = 150 V.

WA
resistor across which you measure 25 V, and your ammeter indicates
urrent. What is the resistor’s value in kilohms? In ohms?

3-5 INTRODUCTION TO TROUBLESHOOTING

Technicians must be able to diagnose and repair malfunctioning circuits and systems.
In this section, you learn a general approach to troubleshooting using a simple exam-
ple. Troubleshooting coverage is an important part of this textbook, so you will find a
troubleshooting section in many of the chapters and troubleshooting problems, includ-
ing Multisim circuits, for skill building.

After completing this section, you should be able to

+ Describe a basic approach to troubleshooting

¢ List three steps in troubleshooting
¢ Explain what is meant by half-splitting

+ Discuss and compare the three basic measurements of voltage, current, and
resistance

Troubleshooting is the application of logical thinking combined with a thorough
knowledge of circuit or system operation to correct a malfunction. The basic approach to
troubleshooting consists of three steps: analysis, planning, and measuring. We will refer to
this 3-step approach as APM.
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Analysis

The first step in troubleshooting a circuit is to analyze clues or symptoms of the failure. The
analysis can begin by determining the answer to certain questions:

1. Has the circuit ever worked?

2. If the circuit once worked. under what conditions did it fail?
3. What are the symptoms of the failure?
4

. What are the possible causes of failure?

Planning

The second step in the troubleshooting process, after analyzing the clues, is formulating a
logical plan of attack. Much time can be saved by proper planning. A working knowledge
of the circuit is a prerequisite to a plan for troubleshooting. If you are not certain how the
circuit is supposed to operate, take time to review circuit diagrams (schematics), operating
instructions, and other pertinent information. A schematic with proper voltages marked at
various test points is particularly useful. Although logical thinking is perhaps the most im-
portant tool in troubleshooting, it rarely can solve the problem by itself.

Measuring

The third step is to narrow the possible failures by making carefully thought out measure-
ments. These measurements usually confirm the direction you are taking in solving the
problem, or they may point to a new direction that you should take. Occasionally, you may
find a totally unexpected result.

An APM Example

The thought process that is part of the APM approach can be illustrated with a simple ex-
ample. Suppose you have a string of 8 decorative 12V bulbs connected in series toa 120V
source Vs, as shown in Figure 3—15. Assume that this circuit worked properly at one time
but stopped working after it was moved to a new location. When plugged in at the new lo-
cation, the lamps fail to turn on. How do you go about finding the trouble?

(

+
Vs
120V

|

FIGURE 3-15

A string of bulbs connected to a voltage source.

The Analysis Thought Process You may think like this as you proceed to analyze the
situation:

¢ Since the circuit worked before it was moved, the problem could be that there is no
voltage at the new location.

+ Perhaps the wiring was loose and pulled apart when moved.

¢ It is possible that a bulb is burned out or loose in its socket.
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A good resistance reading indicates
this part of the circuit is OK.

The voltage is
disconnected.

+

1

With this reasoning, you have considered possible causes and failures that may have oc-
curred. The thought process continues:

+ The fact that the circuit once worked eliminates the possibility that the original cir-
cuit was improperly wired.

¢ If the fault is due to an open path, it is unlikely that there is more than one break
which could be either a bad connection or a burned out bulb.

You have now analyzed the problem and are ready to plan the process of finding the fault
in the circuit.

The Planning Thought Process The first part of your plan is to measure for voltage at
the new location. If the voltage is present, then the problem is in the string of lights. If volt-
age is not present, check the circuit breaker at the distribution box in the house. Before re-
setting breakers, you should think about why a breaker may be tripped. Let’s assume that
you find the voltage is present. This means that the problem is in the string of lights.

The second part of your plan is to measure either the resistance in the string of lights or
to measure voltages across the bulbs. The decision whether to measure resistance or volt-
age is a toss-up and can be made based on the ease of making the test. Seldom is a trou-
bleshooting plan developed so completely that all possible contingencies are included. You
will frequently need to modify the plan as you go along.

The Measurement Process You proceed with the first part of your plan by using a mul-
timeter to check the voltage at the new location. Assume the measurement shows a voltage
of 120 V. Now you have eliminated the possibility of no voltage. You know that, since you
have voltage across the string and there is no current because no bulb is on, there must be
an open in the current path. Either a bulb is burned out, a connection at the lamp socket is
broken, or the wire is broken.

Next, you decide to locate the break by measuring resistance with your multimeter.
Applying logical thinking, you decide to measure the resistance of each half of the string
instead of measuring the resistance of each bulb. By measuring the resistance of half the
bulbs at once, you can usually reduce the effort required to find the open. This technique is
a type of troubleshooting procedure called half-splitting.

Once you have identified the half in which the open occurs, as indicated by an infinite
resistance, you use half-splitting again on the faulty half and continue until you narrow the
fault down to a faulty bulb or connection. This process is shown in Figure 3-16, assuming
for purposes of illustration that the seventh bulb is burned out.

An infinite resistance reading indicates

Step 1 Step 2/ this part of the circuit is open.
&

Step 5

One additional measurement
will find which of these two
bulbs is open.

A good resistance
reading indicates this
part of the circuit is OK.

An infinite resistance reading
indicates this part of the circuit
is open.

FIGURE 3-16

lllustration of the half-splitting method of troubleshooting. The numbered steps indicate the se-
quence in which the multimeter is moved from one position to another.
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As you can see in the figure, the half-splitting approach in this particular case takes a
maximum of five measurements to identify the open bulb. If you had decided to measure
each bulb individually and had started at the left, you would have needed seven measure-
ments. Sometimes half-splitting saves steps; sometimes it doesn’t. The number of steps re-
quired depends on where you make your measurements and in what sequence.

Unfortunately, most troubleshooting is more difficult than this example. However,
analysis and planning are essential for effective troubleshooting in any situation. As meas-
urements are made, the plan is often modified; the experienced troubleshooter narrows the
search by fitting the symptoms and measurements into a probable cause. In some cases.
low-cost equipment is simply discarded when troubleshooting and repair costs are compa-
rable to replacement costs.

Comparison of V, R, and I Measurements

As you know from Section 2-7, you can measure voltage, current, or resistance in a circuit.
To measure voltage, place the voltmeter in parallel across the component; that is, place one
lead on each side of the component. This makes voltage measurements the easiest of the
three types of measurements.

To measure resistance, connect the ohmmeter across a component: however, the volt-
age must be first disconnected, and sometimes the component itself must be removed
from the circuit. Therefore, resistance measurements are generally more difficult than
voltage measurements.

To measure current, place the ammeter in series with the component; that is, the amme-
ter must be in line with the current path. To do this you must disconnect a component lead
or a wire before you connect the ammeter. This usually makes a current measurement the
most difficult to perform.
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in the APM approach to troubleshooting.
of the half-splitting technique.
er to measure than currents in a circuit?

A Circuit Application

In this application, an existing resist- | 5. The maximum voltage across any resistor in the box will
ance box that is to be used as part of a be 4 V.
test setup in the lab is to be checked | 6 Two additional resistors are required, one to limit the current
out and modified. Your task is tomod- | 5 0mA + 10% and the other to limit the current to

ify the circuit so that it will meet the requirements of the new 5mA * 10% with a4 V drop.

application. You will have to apply your knowledge of Ohm’s

law in order to complete this assignment. The Existing Resistor Circuit

The specifications are as follows: i =5 7 [ :
i The existing resistance box is shown in both top and bottom

1. Each resistor is switch selectable and only one resistor is  views in Figure 3-17. The switch is a rotary type.

selected at a time.

2. The lowest resistor value is to be 10 £). The Schematic

3. Each successively higher resistance in the switch sequence | & Erom Figure 3-17, determine the resistor values and draw the

must be a decade (10 times) increase over the previous one. schematic for the existing circuit. Determine the resistor

4. The maximum resistor value must be 1.0 M{). numbering from the R labels on the top view.
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4 Determine the modifications that must be made to the exist-
ing circuit board to meet the specifications and develop a de-
tailed list of the changes including resistance values, wiring, !
and new components. You should number each point in the 2. Determine the current through each resistor when 4 V is
schematic for easy reference. i applied across it.

. One resistor at a time is to be connected by the switch

+  OHM's Law
FIGURE 3-17
(a) Top view (b) Bottom view
The Schematic for the New Requirements i A Test Procedure
¢ Draw the schematic for a circuit that will accomplish the ¢ After the resistance box has been modified to meet the new
following: specifications, it must be tested to see if it is working prop-

erly. Determine how you would test the resistance box and
what instruments you would use. Then detail your test proce-
dure in a step-by-step format.

between terminals 1 and 2 of the box.

. Provide switch-selectable resistor values beginning with

10 © and increasing in decade increments to 1.0 M{). Troubleshooting the Circuit

. Each of the resistors must be selectable by a sequence of @ An ohmmeter is connected across terminals 1 and 2 of the re-
adjacent switch positions in ascending order. sistance box. Determine the most likely fault in each of the

. There must be two switch-selectable resistors, one isin following cases:
switch position 1 (shown in Figure 3-17, bottom view) 1. The ohmmeter shows an infinitely high resistance when
and must limit the current to 10 mA = 10% witha4V | the switch is in position 3.
drop and the other is in switch position 8 and must limit 2. The ohmmeter shows an infinitely high resistance in all
the current to 5mA = 10% with a 4 V drop. switch positions.

. All the resistors must be standard values with 10% toler- 2 The ohimmctershows sncorect valve bl revistance
ance. See Appendix A for standard resistor values. when the switch is in position 6.

! Review

1. Explain how you applied Ohm's law to this application.

SUMMARY

Voltage and current are linearly proportional.

Ohm’s law gives the relationship of voltage, current, and resistance.
Current is inversely proportional to resistance.

A kilohm (k()) is one thousand ohms.

A megohm (M{2) is one million ohms.

A microampere (nA) is one-millionth of an ampere.

®* ¢+ ¢ ¢ & & 9

A milliampere (mA) is one-thousandth of an ampere.
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Use I = VJR to calculate current.

Use V = IR to calculate voltage.

Use R = V/I to calculate resistance.

APM is a 3-step troubleshooting approach, consisting of analysis, planning, and measuring.
Half-splitting is a troubleshooting technique that can be used to reduce the number of measure-
ments required to find a problem.

KEY TERMS Key terms and other bold terms in the chapter are defined in the end-of-book glossary.
Linear Characterized by a straight-line relationship.
Ohm’s law A law stating that current is directly proportional to voltage and inversely proportional
to resistance.
Troubleshooting A systematic process of isolating, identifying, and correcting a fault in a circuit
or system.
FORMULAS
v ; 2
3-1 I = R Form of Ohm’s law for calculating current
3-2 V = IR Form of Ohm’s law for calculating voltage
4 J "
3-3 R = T Form of Ohm’s law for calculating resistance
SELF-TEST Answers are at the end of the chapter.

1.

(7]
.

o

10.

Ohm'’s law states that

(a) current equals voltage times resistance

(b) voltage equals current times resistance

(¢) resistance equals current divided by voltage

(d) voltage equals current squared times resistance

. When the voltage across a resistor is doubled, the current will

(a) triple (b) halve (¢) double (d) not change

When 10V are applied across a 20 £ resistor, the current is

(a) 10A (b) 0.5A (c) 200 A (d) 2A

When there are 10 mA of current through 1.0 k) resistor, the voltage across the resistor is
(a) 100V (b) 0.1V (c) 10kV (d) 10V

If 20 V are applied across a resistor and there are 6.06 mA of current, the resistance is

(a) 3.3k0 (b) 33kQ (c) 330kQ) (d) 3.03kQ

. A current of 250 pA through a 4.7 k() resistor produces a voltage drop of

(a) 532V (b) 1.18 mV (c) 188V (d) LLI8V

. A resistance of 2.2 M(} is connected across a 1 kV source. The resulting current is approximately

(a) 22 mA (b) 0.455 mA (c) 45.5 nA (d) 0.455A

. How much resistance is required to limit the current from a 10 V battery to 1 mA?

(a) 100 Q (b) 1.0kQ (c) 100 (d) 10kQ

. An electric heater draws 2.5 A from a 110V source. The resistance of the heating element is

(a) 275 Q (b) 22.7m&) (c) 440 (d) 440 Q

The current through a flashlight bulb is 20 mA and the total battery voltage is 4.5 V. The resist-
ance of the bulb is

(a) 900 (b) 225 Q) (c) 4440 (d) 45Q
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CIRCUIT DYNAMICS
QulzZ Answers are at the end of the chapter.

1. If the current through a fixed resistor goes from 10 mA to 12 mA, the voltage across the resistor
(a) increases (b) decreases (c) stays the same

2. If the voltage across a fixed resistor goes from 10V to 7 V, the current through the resistor
(a) increases (b) decreases (c) stays the same

3. A variable resistor has 5V across it. If you reduce the resistance, the current through it
(a) increases (b) decreases (c) stays the same

4. If the voltage across a resistor increases from 5V to 10 V and the current increases from 1 mA
to 2 mA, the resistance

(a) increases (b) decreases (c) stays the same

Refer to Figure 3-14.

5. If the voltmeter reading changes to 175 V, the ammeter reading
(a) increases (b) decreases (c) stays the same

6. If R is changed to a larger value and the voltmeter reading stays at 150 V, the current
(a) increases (b) decreases (¢) stays the same

7. If the resistor is removed from the circuit leaving an open, the ammeter reading
(a) increases (b) decreases (c) stays the same

8. If the resistor is removed from the circuit leaving an open, the voltmeter reading

(a) increases (b) decreases (c) stays the same

Refer to Figure 3-21.
9. If the rheostat is adjusted to increase the resistance, the current through the heating element

(a) increases (b) decreases (c) stays the same

10. If the rheostat is adjusted to increase the resistance, the source voltage
(a) increases (b) decreases (c) stays the same

11. If the fuse opens, the voltage across the heating element
(a) increases (b) decreases (c) stays the same

12. If the source voltage increases, the voltage across the heating element
(a) increases (b) decreases (c) stays the same

13. If the fuse is changed to one with a higher rating, the current through the rheostat

(a) increases (b) decreases (c) stays the same

Refer to Figure 3-23.
14. If the lamp burns out (opens), the current

(a) increases (b) decreases (c) stays the same
15. If the lamp burns out, the voltage across it

(a) increases (b) decreases (c) stays the same

More difficult problems are indicated by an astrisk ().
PROBLEMS Answers to odd-numbered problems are at the end of the book.

SECTION 3-1 The Relationship of Current, Voltage, and Resistance

1. In a circuit consisting of a voltage source and a resistor, describe what happens to the current
when

(a) the voltage is tripled
(b) the voltage is reduced by 75%

(c) the resistance is doubled
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(d) the resistance is reduced by 35%
(e) the voltage is doubled and the resistance is cut in half

(f) the voltage is doubled and the resistance is doubled

2. State the formula used to find 7 when the values of V and R are known.

3. State the formula used to find V when the values of [ and R are known.

4. State the formula used to find R when the values of V and [ are known.

5. A variable voltage source is connected to the circuit of Figure 3-18. Start at 0 V and increase
the voltage in 10V steps up to 100 V. Determine the current at each voltage point, and plot a
graph of V versus /. Is the graph a straight line? What does the graph indicate?

FIGURE 3-18
0+
Variable V § 100 2
O

6. In a certain circuit, / = 5 mA when V = 1 V. Determine the current for each of the following
voltages in the same circuit:

(a V=15V (b) V=2V (¢ V=3V
(d) V=4V (&) V=10V
7. Figure 3—19 is a graph of current versus voltage for three resistance values. Determine Ry, R,
and Ry,
FIGURE 3-19 1(A)
h Ry Rz
=== =l
5 —— P
| = i
% | | | ! | R3
3 ' L] :
2 Z =
1 |
—
|
-— > V(V
L. TE e

8. Plot the current-voltage relationship for a four-band resistor with the color code gray, red, red,
gold.

9. Plot the current-voltage relationship for a five-band resistor with the color code brown, green,
gray, brown, red.

10. Which circuit in Figure 320 has the most current? The least current?

FIGURE 3-20 R

R
Wy

33k0 3.9k 4.7kf)

100V —

S0V — 5V

(a) (b) ()
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SECTION 3-2

SECTION 3-3

*11.

*12.

13.

14.

You are measuring the current in a circuit that is operated on a 10 V battery. The ammeter reads
50 mA. Later, you notice that the current has dropped to 30 mA. Eliminating the possibility of
a resistance change, you must conclude that the voltage has changed. How much has the volt-
age of the battery changed, and what is its new value?

If you wish to increase the amount of current in a resistor from 100 mA to 150 mA by chang-
ing the 20 V source, by how many volts should you change the source? To what new value
should you set it?

Plot a graph of current versus voltage for voltage values ranging from 10 V to 100 V in 10 V
steps for each of the following resistance values:

(a) 1.0Q (b) 5.00 (c) 200 (d) 100
Does the graph in Problem 13 indicate a linear relationship between voltage and current? Explain.

Calculating Current

15. Determine the current in each case:
(a) V=5V,R=100 (b) V=15V,R=100
(¢) V=30V.R = 1000Q (d) V=30V,R =15k}
() V=250V.R =5.6MQ
16. Determine the current in each case:
(a) V=9V,R=27kQ (b) V=55V,R =10k}
(¢) V=40V.R = 68k (d) V=1kV,R = 22kQ
(e) V=66kV.R = 10MQ
17. A 10 Q resistor is connected across a 12 V battery. What is the current through the resistor?
18. A certain resistor has the following color code: orange, orange, red, gold. Determine the maxi-
mum and minimum currents you should expect to measure when a 12 V source is connected
across the resistor.
19. A 4-band resistor is connected across the terminals of a 25 V source. Determine the current in
the resistor if the color code is yellow, violet, orange, silver.
20. A 5-band resistor is connected across a 12 V source. Determine the current if the color code is
orange, violet, yellow, gold, brown.
21. If the voltage in Problem 20 is doubled, will a 0.5 A fuse blow? Explain your answer.

#22, The potentiometer connected as a rheostat in Figure 3-21 is used to control the current to a
heating element. When the rheostat is adjusted to a value of 8 () or less, the heating element
can burn out. What is the rated value of the fuse needed to protect the circuit if the voltage
across the heating element at the point of maximum current is 100 V and the voltage across the
rheostat is the difference between the heating element voltage and the source voltage?

FIGURE 3-21
Fuse R
120 V Heating
T element
Calculating Voltage
23. Calculate the voltage for each value of / and R:
(a) I=2AR =180 (b) I=5A,R=560Q
(¢c) I=25A,R =680 (d) I=06AR=470Q
(e) I=0.1A,R =560
24. Calculate the voltage for each value of 7 and R:

(a) I=1mA,R =100 (b) 1=50mA,R =330Q
(c) I=3A,R=56k{) (d) I =1.6mA,R = 2.2k()
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(e) 1 =250uA,R = 10kQ (f) I =500mA,R = 1.5MQ
(g) I =850 uA.R = 10MQ (h) I =75pA.R=470Q

25. Three amperes of current are measured through a 27 () resistor connected across a voltage
source. How much voltage does the source produce?

26. Assign a voltage value to each source in the circuits of Figure 3-22 to obtain the indicated
amounts of current.

27 k) 100 MO
+ -
i — e—
3mA SuA
(a) (b) (¢)
FIGURE 3-22

*27. A6V source is connected to a 100 2 resistor by two 12 ft lengths of 18 gauge copper wire. The to-
tal resistance is the resistance of both wires added to the 100 () resistor. Determine the following:

(a) Current
(b) Resistor voltage drop
(¢) Voltage drop across each length of wire

SECTION 3-4 Calculating Resistance

28. Calculate the resistance of a rheostat for each value of V and I:
(a) V=10V, =2A (by V=00V, I=45A
(c) V=50V, I=35A (d) V=55V,I=10A
(e) V=150V,I=05A

29, Calculate the resistance of a rheostat for each set of V and 7 values:
(a) V=10kV,I=35A (b) V=7V,I=2mA
(¢) V=500V,]=250mA (d) V=350V.I=500puA
() V=1kV,I=1mA

30. Six volts are applied across a resistor. A current of 2 mA is measured. What is the value of the
resistor?

31. The filament of a lamp in the circuit of Figure 3-23(a) has a certain amount of resistance, rep-
resented by an equivalent resistance in Figure 3-23(b). If the lamp operates with 120 V and
0.8 A of current, what is the resistance of its filament when it is on?

I I
+ e +

¥ — j@g V = § R (filament)
= \\"‘ —

(a) (b)

FIGURE 3-23

32. A certain electrical device has an unknown resistance. You have available a 12 V battery and an
ammeter. How would you determine the value of the unknown resistance? Draw the necessary
circuit connections.
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33. By varving the rheostat (variable resistor) in the circuit of Figure 3-24, you can change the
amount of current. The setting of the rheostat is such that the current is 750 mA. What is the
resistance value of this setting? To adjust the current to 1 A, to what resistance value must you
set the rheostat? What is the problem with this circuit?

» FIGURE 3-24

’+

- R
100V = %'
L

*34. A 120V lamp-dimming circuit is controlled by a rheostat and protected from excessive current
by a 2 A fuse. To what minimum resistance value can the rheostat be set without blowing the
fuse? Assume a lamp resistance of 15 ().

35. Repeat Problem 34 fora 110 V circuit and a 1 A fuse.

SECTION 3-5 Introduction to Troubleshooting
36. In the light circuit of Figure 3-25. identify the faulty bulb based on the series of ohmmeter
readings shown.

Step3 Infinite resistance

Sten1 reading
Infinite resistance tep
reading \m

pro—emmeanal [

+
The voltage is
disconnected.

Infinite resistance
reading

- T Step 2 Step 4

|
A good resistance
reading

FIGURE 3-25

37. Assume you have a 32-light string and one of the bulbs is burned out. Using the half-splitting
approach and starting in the left half of the circuit, how many resistance measurements will it
take to find the faulty bulb if it is seventeenth from the left?

Multisim Troubleshooting and Analysis

These problems require your Multisim CD-ROM.

38. Open file P03-38 on your CD-ROM and determine which one of the three circuits is not work-
ing properly.

39. Open file PO3-39 and measure the resistance values of the resistors.

40. Open file P03-40 and determine the values of the current and voltage.
41. Open file PO3-41 and determine the value of the source voltage and the resistance.
42. Open file P03-42 and find the problem with the circuit.
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SECTION 3-1

SECTION REVIEWS

The Relationship of Current, Voltage, and Resistance

.

Current, voltage, and resistance

2. | =VR

3. V=IR
4. R =V

9:
10.

When voltage is tripled, current increases by three times.

. When voltage is halved, current reduces to one-half of original value.
. 05A

. The current would increase by four times if the voltage doubles and the resistance is halved.

/= 5mA
I=6A

SECTION 3-2 Calculating Current

1.
2.
3.
4.
5.
6.

I=10V/560 = 179A

I = 100 V/560 Q) = 179 mA
[=5V22k0 =22TmA

I =15V/4TMQ = 319 pA
I =20kV/A4.7TMQ = 426 mA
I=10kV/22kQ =455A

SECTION 3-3 Calculating Voltage

L5
2.
3.
4.

5.
6.
7.
8.
9.

10.

V=(1A0Q)= 10V

V = (8 A)470 Q)) = 3.76 kV

V = (3mA)(100 Q) = 300 mV
V=@25pA)560)=14mV
V=02mA)1.8kQ) =36V

V = (5mA)(100 MQ) = 500kV
V=(10uA)22M0O) =22V
V = (100 mA)4.7k{)) = 470V
V= (3mA)3.3kQ) =99V
V=(2A)6.80)=136V

SECTION 3-4 Calculating Resistance

SECTION 3-5

1.

R=10VR2I13A=47Q
270 VAIDA = 27 Q)
= 20kV/5.13A = 3.9kQ

3VR2.27 uA = 22MO
=25V/532mA = 047k =4700Q

2. R
3. R
4. R = I5V/2.68 mA = 5.6kQ)
R
6. R

Introduction to Troubleshooting

1. Analysis, planning, and measurement

2. Half-splitting identifies the fault by successively isolating half of the remaining circuit.

3. Voltage is measured across a component; current is measured in series with the component.
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A Circuit Application

1. For the new resistors, R = V.

2. 1=4V10Q = 400mA;: 1 = 4V/100 Q = 40mA:] = 4 V/1.OkQ = 4mA;

I=4V/10k€ = 400 pA; T = 4 V/100kQ = 40 pA: 1 = 4V/1.OMQ = 4 uA.

RELATED PROBLEMS FOR EXAMPLES
3-1  Yes

32 0V

3-3 3.03A
34 0.005A
3-5 0.005A
3-6 13.6mA
3-7 213 pA
3-8 2.66 pA
3-9 37.0mA
3-10 1.47mA
3-11 1200V
3-12 495 mV
3-13 0.150 mV
3-14 825V
3-15 1755V
3-16 2200
3-17 68.2kQ)
3-18 3.30MQ

SELF-TEST
1. (b) 2. (¢ 3. (b) 4. (d) 5. (a) 6. (d)
9. (c) 10. (b)

CIRCUIT DYNAMICS QUIZ

1. (a) 2. (b) 3. (a) 4. (c) 5. (a) 6. (b)
9. (b) 10. (¢) 11. (b) 12. (a) 13. (¢) 14. (b)

7. () 8 (d)

7. (b)
15. (c)

8. (c)
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CHAPTER OUTLINE

.

B4-1  Energy and Power
842 Power in an Electric Circuit
' 4-3  Resistor Power Ratings
44 Energy Conversion and Voltage Drop in Resistance
4-5  Power Supplies
A Circuit Application

. CHAPTER OBJECTIVES

# Define energy and power
% Calculate power in a circuit
- Properly select resistors based on power consideration
Explain energy conversion and voltage drop
Discuss power supplies and their characteristics

KEY TERMS

Energy

Power

Joule (J)

Watt (W)
Kilowatt-hour
Voltage drop

Power supply
Ampere-hour rating
Efficiency

A CIRCUIT APPLICATION PREVIEW

In the application you will see how the theory learned in
this chapter is applicable to the resistance box introduced
in the last chapter. Suppose that the resistance box is to
be used in testing a circuit in which there will be a maxi-
mum of 4 V across all the resistors. You will evaluate the
power rating of each resistor and, if it is not sufficient, to
replace the resistor with one that has an adequate power
rating.

VISIT THE COMPANION WEBSITE

Study aids for this chapter are available at
http://www.prenhall.com/floyd

INTRODUCTION

From Chapter 3, you know the relationship of current, volt-
ade, and resistance as stated by Ohm'’s law. The existence of
these three quantities in an electric circuit results in the
fourth basic quantity known as power. A specific relationship
exists between power and /, V, and R.

Energy is the ability to do work, and power is the rate at
which energy is used. Current carries electrical energy
through a circuit. As the free electrons pass through the
resistance of the circuit, they give up their energy when they
collide with atoms in the resistive material. The electrical
energy given up by the electrons is converted into heat
energy. The rate at which the electrical energy is used is the
power in the circuit.
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4-1 ENERGY AND POWER

Equation 4-1

BIOGRAPHY

James Wait
1736-1819

Watt was a Scottish inventor and
was well known for his
improvements to the steam engine
that made it practical for industrial
use. Watt patented several
inventions, including the rotary
engine. The unit of power is
named in his honor. (Photo credit:
Library of Congress.)

When there is current through a resistance, electrical energy is converted to heat
or other form of energy, such as light. A common example of this is a light bulb
that becomes too hot to touch. The current through the filament that produces
light also produces unwanted heat because the filament has resistance. Electrical
components must be able to dissipate a certain amount of energy in a given period
of time.

After completing this section. you should be able to
+ Define energy and power
+ Express power in terms of energy
+ State the unit of power
¢ State the common units of energy

+ Perform energy and power calculations

Energy is the ability to do work, and power is the rate at which energy is used.
Power (P) is a certain amount of energy (W) used in a certain length of time (1), expressed
as follows:

w
t

P'-_'-

where: P = power in watts (W)
W = energy in joules (J)
t

Il

time in seconds (s)

Note that an italic W is used to represent energy in the form of work and a nonitalic W is
used for watts, the unit of power. The joule (J) is the SI unit of energy.

Energy in joules divided by time in seconds gives power in watts. For example, if 50 J
of energy are used in 2 s, the power is 50 J/2 s = 25 W. By definition,

One watt (W) is the amount of power when one joule of energy is used in one
second.

Thus, the number of joules used in one second is always equal to the number of watts. For
example, if 75 J are used in 1 s, the poweris P = W/t = 75]/1s = T5 W,

Amounts of power much less than one watt are common in certain areas of electronics.
As with small current and voltage values, metric prefixes are used to designate small
amounts of power. Thus, milliwatts (mW), microwatts (uW), and even picowatts (pW) are
commonly found in some applications.

In the electrical utilities field, kilowatts (kW) and megawatts (MW) are common units.
Radio and television stations also use large amounts of power to transmit signals. Electric
motors are commonly rated in horsepower (hp) where 1 hp = 746 W.

Since power is the rate at which energy is used, as expressed in Equation 41, power uti-
lized over a period of time represents energy consumption. If you multiply power in watts
and time in seconds, you have energy in joules, symbolized by W.

W= P
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EXAMPLE 4-1

Solution

Related Problem’

An amount of energy equal to 100 J is used in 5 s. What is the power in watts?

e W 1007
g W 10 o
time 1 Ss

If 100 W of power occurs for 30 s, how much energy, in joules, is used?

*Answers are at the end of the chapter.

EXAMPLE 4-2

Solution

Related Problem

Express the following values of electrical power using appropriate metric prefixes:
(a) 0.045 W (b) 0.000012 W (c) 3500 W (d) 10,000,000 W

(a) 0.045W =45 mW (b) 0.000012W =12 uW

(c) 3500 W = 3.5 kW (d) 10,000,000 W = 10 MW

Express the following amounts of power in watts without metric prefixes:

(a) 1 mW (b) 1800 uW (c) 1000 mW (d) 1 uW

The Kilowatt-hour (kWh) Unit of Energy

The joule has been defined as a unit of energy. However, there is another way to express
energy. Since power is expressed in watts and time in seconds, units of energy called the
watt-second (Ws), watt-hour (Wh), and kilowatt-hour (kWh) can be used.

When you pay your electric bill, you are charged on the basis of the amount of energy
you use, not the power. Because power companies deal in huge amounts of energy, the most
practical unit is the kilowatt-hour. You use a kilowatt-hour of energy when you use one
thousand watts of power for one hour. For example, a 100 W light bulb burning for 10 h

uses 1 kWh of energy.

W = Pr = (100 W)(10h) = 1000 Wh = 1kWh

810G RAPHY

James

Joule

Prescott

1818-1889

Joule, a British physicist, is known
for his research in electricity and
thermodynamics. He formulated
the relationship that states that the

amount of heat energy produced by

an electrical current in a conductor
is proportional to the conductor’s

resistance and the time. The unit of

energy is named in his honor.

(Photo credit: Library of Congress.)

EXAMPLE 4-3

Solution

Determine the number of kilowatt-hours (kWh) for each of the following energy con-

sumptions:
(a) 1400 W for 1 h (b) 2500 W for 2 h (c) 100,000 W for 5 h
(a) 1400 W = 1.4kW (b) 2500 W = 25kW
W= Pt = (14kW)(1h) = 1.4kWh W= (25kW)2h) = 5kWh
(c) 100,000 W = 100 kW
W = (100kW)(5 h) = 500 kWh

Related Problem  How many kilowatt-hours are used by a 250 W bulb burning for 8 h?
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(9 0.000025 W
h, how much energy (in kWh) have you used?

4—-2 PoOWER IN AN ELECTRIC CIRCUIT

Equation 4-2

Equation 4-3

The generation of heat, which occurs when electrical energy is converted to heat en-
ergy, in an electric circuit is often an unwanted by-product of current through the re-
sistance in the circuit. In some cases, however, the generation of heat is the primary
purpose of a circuit as, for example, in an electric resistive heater. In any case, you
must frequently deal with power in electrical and electronic circuits.

After completing this section, you should be able to
+ Calculate power in a circuit
¢ Determine power when you know [/ and R values
+ Determine power when you know V and [ values

# Determine power when you know V and R values

When there is current through resistance, the collisions of the electrons produce heat as
a result of the conversion of electrical energy, as indicated in Figure 4-1. The amount of
power dissipated in an electric circuit is dependent on the amount of resistance and on the

amount of current, expressed as follows:
P =R
where: P = power in watts (W)
I = current in amperes (A)
R = resistance in ohms ({))

You can get an equivalent expression for power in terms of voltage and current by substi-

tuting V for IR (I is I X I).
P =R = (IX DR = KIR) = (IR)]

P=VvI
» FIGURE 4-1
S 3 I
Power dissipation in an electric - ’ R ﬁ Heat produced by
circuit results in heat energy given V= § 7 current through |
- = resistance is a result
off by the resistarice. -’- of energy conversion.
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where P is in watts when V is in volts and / is in amperes. You can obtain another equiva-
lent expression by substituting V/R for / (Ohm’s law).

(%)
P=yI=V|=
R

V?.

Equation 44
R

P

The relationships between power and current, voltage, and resistance expressed in the pre-
ceding formulas are known as Watt’s law. In each case, / must be in amps, V in volts, and R
in ohms. To calculate the power in a resistance, you can use any one of the three power for-
mulas, depending on what information you have. For example, assume that you know the val-
ues of current and voltage. In this case calculate the power with the formula P = VI. If you
know I and R, use the formula P = [’R. If you know V and R, use the formula P = V*/R.

101

EXAMPLE 4-4 Calculate the power in each of the three circuits of Figure 4-2.

FIGURE 4-2

+
—5V 100

1

(

+
T V
(b)

Solution  In circuit (a), you know V and I. Therefore, use Equation 4-3.
P=VI=(10V)2A) =20W

In circuit (b), you know / and R. Therefore, use Equation 42,
P =R = (2A)%470Q) = 188W
In circuit (c), you know V and R. Therefore, use Equation 4—4.
:E_SWZ

P R—wﬂzz.sw

Related Problemm  Determine P in each circuit of Figure 4-2 for the following changes:
Circuit (a): I doubled and V remains the same
Circuit (b): R doubled and / remains the same

Circuit (¢): V halved and R remains the same

EXAMPLE 4-5 A 100 W light bulb operates on 120 V. How much current does it require?

Solution  Use the formula P = VI and solve for / by first transposing the terms to get / on the
left side in the equation.

Vi=P
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Rearranging,
P
=
v

Substituting 100 W for P and 120 V for V yields

100 W
120V

I=%= = 0.833A = 833mA

_ Related Problem A light bulb draws 545 mA from a 110 V source. What is the power dissipated?

d a current of 3 A through it, what is the power

igure 4-3 generate? What is the power in the
Why?

istor .with-.s V across it dissipate?
) that takes 0.5 A?

4—-3 REesisToR POWER RATINGS

As you know, a resistor gives off heat when there is current through it. The limit to the
amount of heat that a resistor can give off is specified by its power rating.

After completing this section, you should be able to
* Properly select resistors based on power consideration
¢ Define power rating
+ Explain how physical characteristics of resistors determine their power rating

# Check for resistor failure with an ohmmeter

The power rating is the maximum amount of power that a resistor can dissipate without
being damaged by excessive heat buildup. The power rating is not related to the ohmic value
(resistance) but rather is determined mainly by the physical composition, size, and shape of
the resistor. All else being equal, the larger the surface area of a resistor, the more power it can
dissipate. The surface area of a cylindrically shaped resistor is equal o the length (1) times
the circumference (c). as indicated in Figure 4-4. The area of the ends is not included.
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le—— Length (/) —> 4« FIGURE 4-4

The power rating of a resistor is
Circumference (¢ directly related to its surface area.

Surface area=1Ix¢

Metal-film resistors are available in standard power ratings from /%4 W to 1 W, as shown in
Figure 4-5. Available power ratings for other types of resistors vary. For example, wirewound
resistors have ratings up to 225 W or greater. Figure 4-6 shows some of these resistors.

b 4 FIGURE 4-5

Relative sizes of metal-film resistors
- with standard power ratings of /5 W,
W, % W, and 1W.

(a) Axial-lead wirewound (b) Adjustable wirewound (¢) Radial-lead for PC board insertion

FIGURE 4-6
Typical resistors with high power ratings.

When a resistor is used in a circuit, its power rating must be greater than the maximum
power that it will have to handle. For example, if a resistor is to dissipate 0.75 W in a cir-
cuit application, its rating should be at least the next higher standard value which is 1 W. A
rating larger than the actual power should be used when possible as a safety margin.

EXAMPLE 4-6 Choose an adequate power rating for each of the metal-film resistors in Figure 4-7
(% W. %4 W. %5 W, or 1 W).

FIGURE 4-7

10 mA

+
=

+
F—
=

10V ==

1000 Q)

(a) (b)
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Solution

Related Problem

Resistors can become
very hot in normal
operation. To avoid a
burn, do not touch a
circuit component
while the power is
connected to the circuit. After power
has been turned off, allow time for
the components to cool down.

FIGURE 4-8

Typical portable multimeters.

(a) Courtesy of Fluke Corporation.
Reproduced with permission.

(b) Courtesy of B+K Precision.

In Figure 4-7(a), the actual power is

_ V¥ dov)? 100 V?

= = = 0. W
R 120 O 120 Q) s

resistor should be used.
In Figure 4-7(b), the actual power is

P = PR = (10mA)%(1000 Q) = (10 X 1072 A)*(1000 Q) = 0.1 W

Select a resistor with a power rating higher than the actual power. In this case, a 1 W ‘
|
At least a %4 W (0.125 W) resistor should be used in this case. ‘

A certain resistor is required to dissipate 0.25 W. What standard rating should be used?

When the power in a resistor is greater than its rating, the resistor will become exces-
sively hot. As a result, either the resistor will burn open or its resistance value will be
greatly altered.

A resistor that has been damaged because of overheating can often be detected by the
charred or altered appearance of its surface. If there is no visual evidence, a resistor that is
suspected of being damaged can be checked with an ohmmeter for an open or incorrect re-
sistance value. Recall that one or both leads of a resistor should be removed from a circuit
to measure resistance.

Checking a Resistor with an Ohmmeter

A typical digital multimeter and an analog multimeter are shown in Figures 4-8(a) and
4-8(b), respectively. For the digital meter in Figure 4-8(a), you use the round function
switch to select ohms (£)). You do not have to manually select a range because this partic-
ular meter is autoranging and you have a direct digital readout of the resistance value. The
large round switch on the analog meter is called a range switch. Notice the resistance
(OHMS) settings on both meters.

For the analog meter in part (b), each setting indicates the amount by which the ochms
scale (top scale) on the meter is to be multiplied. For example, if the pointer is at 50 on the

|
b

(a) Digital multimeter (b) Analog multimeter
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ohms scale and the range switch is set at X10, the resistance being measured is
50 X 10 Q2 = 500 Q. If the resistor is open, the pointer will stay at full left scale (% means
infinite) regardless of the range switch setting.

EXAMPLE 4-7 Determine whether the resistor in each circuit of Figure 4-9 has possibly been
damaged by overheating.

+

(a) (b) (c)

FIGURE 4-9

Solution  In the circuit in Figure 4-9(a),
P _ovf
R 1000
The rating of the resistor is ¥4 W (0.25 W), which is insufficient to handle the power.
The resistor has been overheated and may be burned out, making it an open.
In the circuit of Figure 4-9(b),
Vv _ vy
R 15kQ

P = 0.810 W = 810 mW

P= = 0.384 W = 384 mW

The rating of the resistor is 2 W (0.5 W), which is sufficient to handle the power.
In the circuit of Figure 4-9(c),

LV 6V

TR 100

The rating of the resistor is 1 W, which is insufficient to handle the power. The resistor
has been overheated and may be burned out, making it an open.

=25W

Related Problem A 0.25'W, 1.0 k() resistor is connected across a 12 V battery. Is the power rating adequate?

values associated with a resistor.
ical size of a resistor determine the amount of power that it can

power ratings of metal-film resistors.
andle 0.3 W. What minimum power rating of a metal-film resistor
dissipate the energy properly?
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4-4 ENERGY CONVERSION AND VOLTAGE DRrRoP IN RESISTANCE

FIGURE 4-10

A loss of energy by electrons (charge)
as they flow through a resistance
creates a voltage drop because
voltage equals energy divided by
charge.

As you have learned, when there is current through a resistance, electrical energy is con-
verted to heat energy. This heat is caused by collisions of the free electrons within the
atomic structure of the resistive material. When a collision occurs, heat is given off; and
the electron gives up some of its acquired energy as it moves through the material.

After completing this section, you should be able to
+ Explain energy conversion and voltage drop
+ Discuss the cause of energy conversion in a circuit
+ Define voltage drop

+ Explain the relationship between energy conversion and voltage drop

Figure 4-10 illustrates charge in the form of electrons flowing from the negative terminal
of a battery, through a circuit, and back to the positive terminal. As they emerge from the neg-
ative terminal, the electrons are at their highest energy level. The electrons flow through each
of the resistors that are connected together to form a current path (this type of connection is
called series, as you will learn in Chapter 5). As the electrons flow through each resistor, some
of their energy is given up in the form of heat. Therefore, the electrons have more energy
when they enter a resistor than when they exit the resistor, as illustrated in the figure by the
decrease in the intensity of the red color. When they have traveled through the circuit back to
the positive terminal of the battery, the electrons are at their lowest energy level.

Heat

HAAAAA
R

® Most energy
@ Less energy
= Least energy

Recall that voltage equals energy per charge (V = W/Q) and charge is a property of elec-
trons. Based on the voltage of the battery, a certain amount of energy is imparted to all of
the electrons that flow out of the negative terminal. The same number of electrons flow at
each point throughout the circuit, but their energy decreases as they move through the
resistance of the circuit,

In Figure 4-10, the voltage at the left end of R is equal to W,.,/Q, and the voltage at the
right end of R) is equal to W,,;/Q. The same number of electrons that enter R; also exit R;,
so @ is constant. However, the energy Wy is less than Wepe, so the voltage at the right end



of R) is less than the voltage at the left end. This decrease in voltage across the resistor due to
a loss of energy is called a voltage drop. The voltage at the right end of R, is less negative
(or more positive) than the voltage at the left end. The voltage drop is indicated by — and
+ signs (the + implies a less negative or more positive voltage).

The electrons have lost some energy in R and now they enter R, with a reduced energy
level. As they flow through R, they lose more energy, resulting in another voltage drop
across R».

POWER SUPPLIES

*
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energy conversion in a resistor?

drop in relation to conventional current direction?

4-5 POWER SUPPLIES

In general, a power supply is a device that provides power to a load. Recall that a load
is any electrical device or circuit that is connected to the output of the power supply
and draws current from the supply.

After completing this section, you should be able to
+ Discuss power supplies and their characteristics
+ Define ampere-hour rating of batteries

¢ Discuss electronic power supply efficiency

Figure 4-11 shows a representation of a power supply with a loading device connected
to it, The load can be anything from a light bulb to a computer. The power supply produces
a voltage across its two output terminals and provides current through the load, as indicated
in the figure. The product /Vyt is the amount of power produced by the supply and con-
sumed by the load. For a given output voltage (Vgyr), more current drawn by the load
means more power from the supply.

< FIGURE 4-11

Power supply and load.
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Power supplies range from simple batteries to regulated electronic circuits where an
accurate output voltage is automatically maintained. A battery is a dc power supply that
converts chemical energy into electrical energy. Electronic power supplies normally con-
vert 110 V ac (alternating current) from a wall outlet into a regulated dc (direct current)
voltage at a level suitable for electronic components.

Ampere-hour Ratings of Batteries

Batteries convert chemical energy into electrical energy. Because of their limited source of
chemical energy, batteries have a certain capacity that limits the amount of time over which
they can produce a given power level. This capacity is measured in ampere-hours. The
ampere-hour (Ah) rating determines the length of time that a battery can deliver a cer-
tain amount of average current to a load at the rated voltage.

A rating of one ampere-hour means that a battery can deliver an average of one ampere
of current to a load for one hour at the rated voltage output. This same battery can deliver
an average of two amperes for one-half hour. The more current the battery is required to
deliver, the shorter the life of the battery. In practice, a battery usually is rated for a speci-
fied current level and output voltage. For example, a 12 V automobile battery may be rated
for 70 Ah at 3.5 A. This means that it can produce an average of 3.5 A for 20 h at the rated
voltage.

+ ENERGY AND POWER
EXAMPLE 4-8
Solution
Related Problem

For how many hours can a battery deliver 2 A if it is rated at 70 Ah?

The ampere-hour rating is the current times the number of hours (x).
70 Ah = (2 A)(xh)
Solving for the number of hours, x, yields

70 Ah
= —_— = h
% 2A =

A certain battery delivers 10 A for 6 h. What is its Ah rating?

Equation 4-5

Equation 4-6

Power Supply Efficiency

An important characteristic of electronic power supplies is efficiency. Efficiency is the
ratio of the output power delivered to a load to the input power to a circuit.

Pout
IN

Efficiency =

Efficiency is often expressed as a percentage. For example, if the input power is 100 W and
the output power is 50 W, the efficiency is (50 W/100 W) X 100% = 50%.

All electronic power supplies require that power be put into them. For example, an elec-
tronic power supply generally uses the ac power from a wall outlet as its input. Its output is
usually a regulated dc voltage. The output power is always less than the input power be-
cause some of the total power must be used internally to operate the power supply circuitry.
This internal power dissipation is normally called the power loss. The output power is the
input power minus the power loss.

Pour = PIN — Pross

High efficiency means that very little power is dissipated in the power supply and there is
a higher proportion of output power for a given input power.
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EXAMPLE 4-9 A certain electronic power supply requires 25 W of input power. It can produce an
output power of 20 W. What is its efficiency, and what is the power loss?

POU 20
Soluti ffici T W ;
oiution E iciency = ""'_I = —""25 = 0.8

Expressed as a percentage,

20W

Efficiency = ( SW

)100% = 80%

The power loss is
Pross = PiN — Pour = 25W — 20W = 5W

Helated Problem A power supply has an efficiency of 92%. If Ppy is 50 W, what is Poyt?

‘an increased amount of current from a power supply,

‘“ﬁpﬁlﬁﬂrﬂpfesen a greater or a smaller load on the supply?
ur rating of 100 Ah, how long can it provide 5 A to a
12 V device, what is its power to a load for the spec-

n the lab operates with an input power of 1 W. It can
50 mW. What is its efficiency? Determine the power loss.

| A Circuit Application

In this application, the resistance box 4 If arating is not adequate, determine the lowest rating re-
that you modified in Chapter 3 is quired to handle the maximum power. Choose from standard
back. The last time, you verified that ratings of %4 W, Y4 W, A W, 1 W, 2 W, and 5 W.

all the resistor values were correct. 4 Add the power rating of each resistor to the schematic devel-

This time you must make sure each resistor has a sufficient oped in Chapter 3

power rating; and if the power rating is insufficient, replace the
resistor with one that is adequate. Review

1. How many resistors were replaced because of inadequate

Power Ratingds ;
power ratings?

Assume the power rating of each resistor in the resistance box as
modified in Chapter 3 is % W. The box is shown in Figure 4-12.

@ Determine if the power rating of each resistor is adequate for
a maximum of 4 V.

2. If the resistance must operate with 10 V maximum, which
resistors must be changed and to what minimum power
ratings?
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(a) Top view

4 FIGURE 4-12

(b) Bottom view

SUMMARY

KEY TERMS

L I

* & & o o

* ¢ o

* ¢ ¢ o

&

The power rating in watts of a resistor determines the maximum power that it can handle safely.
Resistors with a larger physical size can dissipate more power in the form of heat than smaller ones.

A resistor should have a power rating higher than the maximum power that it is expected to handle
in the circuit.

Power rating is not related to resistance value.

A resistor normally opens when it overheats and fails.

Energy is the ability to do work and is equal to power multiplied by time.
The kilowatt-hour is a unit of energy.

One kilowatt-hour equals one thousand watts used for one hour or any other combination of watts
and hours that has a product of one.

A power supply is an energy source used to operate electrical and electronic devices.
A battery is one type of power supply that converts chemical energy into electriFa] energy.

An electronic power supply converts commercial energy (ac from the power company) to regu-
lated dc at various voltage levels.

The output power of a supply is the output voltage times the load current.
A load is a device that draws current from the power supply.
The capacity of a battery is measured in ampere-hours (Ah).

One ampere-hour equals one ampere used for one hour, or any other combination of amperes and
hours that has a product of one.

A circuit with a high efficiency has a smaller percentage power loss than one with a lower efficiency.

Key terms and other bold terms in the chapter are defined in the end-of-book glossary.

Ampere-hour (Ah) rating A number given in ampere-hours determined by multiplying the cur-
rent (A) times the length of time (h) a battery can deliver that current to a load.

Efficiency ~The ratio of the output power delivered to a load to the input power to a circuit, usually
expressed as a percentage.
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Energy The ability to do work.

Joule (J) The SI unit of energy.

Kilowatt-hour (kWh) A large unit of energy used mainly by utility companies.
Power The rate of energy usage.

Power supply A device that provides power to a load.

Voltage drop The decrease in voltage across a resistor due to a loss of energy.

Watt (W) The unit of power. One watt is the power when 1 J of energy is used in 1 s.

FORMULAS
w = :
4-1 P = = Power equals energy divided by time.
4-2 P=PR Power equals current squared times resistance.
4-3 P=VI Power equals voltage times current.
Vz
4-4 P = R Power equals voltage squared divided by resistance.
N RS UT: wid
4-5 Efficiency = P Power supply efficiency
N
4-6 Pour = Pix — Pross Output power is input power less power loss.
SELF-TEST Answers are at the end of the chapter.

1. Power can be defined as

(a) energy (b) heat
(c) the rate at which energy is used (d) the time required to use energy

2. Two hundred joules of energy are consumed in 10 s. The power is

(a) 2000 W (b) 10W (c) 20W (d) 2W
3. If it takes 300 ms to use 10,000 J of energy, the power is

(a) 33.3kW (b) 333 W (e) 33.3 mW
4. In 50 kW, there are

(a) 500 W (b) 5000 W (c) 0.5 MW (d) 50,000 W
5. In 0.045 W, there are

(a) 45 kW (b) 45 mW (c) 4,500 uW (d) 0.00045 MW
6. For 10 V and 50 mA, the power is

(a) 500 mW (b) 0.5W (¢) 500,000 LW (d) answers (a), (b), and (c)
7. When the current through a 10 k() resistor is 10 mA, the power is

(a) 1W (b) 10W (¢) 100 mW (d) 1000 pW
8. A 2.2k resistor dissipates 0.5 W. The current is

(a) 15.1 mA (b) 0.227 mA () 1.1 mA (d) 4.4 mA
9. A 330 () resistor dissipates 2 W. The voltage is
(a) 257V (b) 660V (c) 6.6V (d) 257V
If you used 500 W of power for 24 h, you have used
(a) 0.5 kWh (b) 2400 kWh (c) 12,000 kWh (d) 12 kWh
11. How many watt-hours represent 75 W used for 10 h?

(a) 75 Wh (b) 750 Wh (¢) 0.75 Wh (d) 7500 Wh
12. A 100 £) resistor must carry a maximum current of 35 mA. Its rating should be at least
(a) 35 W (b) 35 mW () 123 mW (d) 3500 mW

10
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CIRCUIT DYNAMICS
QUIZ

13. The power rating of a resistor that is to handle up to 1.1 W should be
(a) 0.23W (b) 1W (¢) 2W (d) 5W

14. A 22 ) half-watt resistor and a 220 () half-watt resistor are connected across a 10 V source.
Which one(s) will overheat?

(a) 220 (b) 2200 (c) both (d) neither
15. When the needle of an analog ohmmeter indicates infinity, the resistor being measured is
(a) overheated (b) shorted (c) open (d) reversed

16. A 12V battery is connected to a 600 £) load. Under these conditions, it is rated at 50 Ah. How

long can it supply current to the load?
(a) 2500 h (b) 50h (€) 25h (d) 4.16 h

17. A given power supply is capable of providing 8 A for 2.5 h. Its ampere-hour rating is
(a) 2.5Ah (b) 20 Ah (c) 8 Ah

18. A power supply produces a 0.5 W output with an input of 0.6 W. Its percentage of
efficiency is

(a) 50% (b) 60% (¢) 83.3% (d) 45%

Answers are at the end of the chapter.

1. If the current through a fixed resistor goes from 10 mA to 12 mA, the power in the resistor
(a) increases (b) decreases (c) stays the same

2. If the voltage across a fixed resistor goes from 10V to 7 V, the power in the resistor
(a) increases (b) decreases (c) stays the same

3. A variable resistor has 5 V across it. If you reduce the resistance, the power in the resistor

(a) increases (b) decreases (c) stays the same

4. If the voltage across a resistor increases from 5 V to 10 V and the current increases from 1 mA

to 2 mA, the power
(a) increases (b) decreases (c) stays the same

5. If the resistance of a load connected to a battery is increased, the amount of time the battery
can supply current

(a) increases (b) decreases (c) stays the same

6. If the amount of time that a battery supplies current to a load is decreased, its ampere-hour
rating
(a) increases (b) decreases (c) stays the same

7. If the current that a battery supplies to a load is increased, the battery life
(a) increases (b) decreases (c) stays the same
8. If there is no load connected to a battery, its ampere-hour rating

(a) increases (b) decreases (c) stays the same

Refer to Figure 4-11.
9. If the output voltage of the power supply increases, the power to the constant load
(a) increases (b) decreases (c) stays the same
10. For a constant output voltage, if the current to the load decreases, the load power
(a) increases (b) decreases (c) stays the same
11. For a constant output voltage, if the resistance of the load increases, the power in the load
(a) increases (b) decreases (c) stays the same

12. If the load is removed from the circuit leaving an open, ideally the power supply output
voltage

(a) increases (b) decreases (c) stays the same
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More difficult problems are indicated by an asterisk ().
PROBLEMS Answers to odd-numbered problems are at the end of the book.

SECTION 4-1 Energy and Power
1. Prove that the unit for power (the watt) is equivalent to one volt X one amp.
2. Show that there are 3.6 X 10° joules in a kilowatt-hour.
3. What is the power when energy is consumed at the rate of 350 J/s?
4. How many watts are used when 7500 J of energy are consumed in 5 h?
5. How many watts does 1000 J in 50 ms equal?
6. Convert the following to kilowatts:
(a) 1000 W (b) 3750 W (c) 160 W (d) 50,000 W
7. Convert the following to megawatts:
(a) 1,000,000 W (b) 3 X 10°W (¢) 15 X 10" W (d) 8700 kW
8. Convert the following to milliwatts:
(a) 1 W (b) 0.4W (c) 0.002W (d) 0.0125 W
9. Convert the following to microwatts:
(a) 2W (b) 0.0005 W (c) 0.25 mW (d) 0.00667 mW
10. Convert the following to watts:
(a) 1.5kW (b) 0.5 MW (c) 350 mW (d) 9000 uW
11. A particular electronic device uses 100 mW of power. If it runs for 24 h, how many joules of
energy does it consume?
#12. If a 300 W bulb is allowed to burn continuously for 30 days, how many kilowatt-hours of
energy does it consume?
*13. At the end of a 31 day period, your utility bill shows that you have used 1500 kWh. What is
your average daily power usage?
14. Convert 5 X 10° watt-minutes to kWh.
15. Convert 6700 watt-seconds to kWh.

16. For how many seconds must there be 5 A of current through a 47 () resistor in order to
consume 25 J?

SECTION 4-2 Power in an Electric Circuit
17. If a 75 V source is supplying 2 A to a load, what is the resistance value of the load?
18. If a resistor has 5.5 V across it and 3 mA through it, what is the power?
19. An electric heater works on 120 V and draws 3 A of current. How much power does it use?
20. What is the power when there are 500 mA of current through a 4.7 k() resistor?
21. Calculate the power dissipated by a 10 k() resistor carrying 100 pA.
22. If there are 60 V across a 680 () resistor, what is the power?

23. A 56 () resistor is connected across the terminals of a 1.5 V battery. What is the power
dissipation in the resistor?

24, If a resistor is to carry 2 A of current and handle 100 W of power, how many ohms must it be?
Assume that the voltage can be adjusted to any required value.

25. A 12V source is connected across a 10 ) resistor.
(a) How much energy is used in two minutes?

(b) If the resistor is disconnected after one minute, is the power during the first minute greater
than, less than, or equal to the power during a two minute interval?

SECTION 4-3 Resistor Power Ratings

26. A 6.8 k{1 resistor has burned out in a circuit. You must replace it with another resistor with the
same resistance value. If the resistor carries 10 mA. what should its power rating be? Assume
that you have available resistors in all the standard power ratings.
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27. A certain type of power resistor comes in the following ratings: 3 W, 5 W, 8 W, 12 W, 20 W,
Your particular application requires a resistor that can handle approximately 8 W. Which rating
would you use for a minimum safety margin of 20% above the rated value? Why?

SECTION 4-4 Energy Conversion and Voltage Drop in Resistance

28. For each circuit in Figure 4-13, assign the proper polarity for the voltage drop across the resistor.

R
AWy
+ -
V —= R i — R
= s
- +
I | .
(a) (b) (c)
FIGURE 4-13

SECTION 4-5 Power Supplies
29. A 50 Q load uses 1 W of power. What is the output voltage of the power supply?

30. Assume that an alkaline D-cell battery can maintain an average voltage of 1.25 V for 90 hours
ina 10 () load before becoming unusable. What average power is delivered to the load during
the life of the battery?

31
32. A battery can provide an average of 1.5 A of current for 24 h. What is its ampere-hour rating?

What is the total energy in joules that is delivered during the 90 hours for the battery in Problem 30?

33. How much average current can be drawn from an 80 Ah battery for 10 h?
34. If a battery is rated at 650 mAh, how much average current will it provide for 48 h?

35. If the input power is 500 mW and the output power is 400 mW, how much power is lost? What
is the efficiency of this power supply?

36. To operate at 85% efficiency, how much output power must a source produce if the input power
is5W?

*37. A certain power supply provides a continuous 2 W to a load. It is operating at 60% efficiency.
In a 24 h period, how many kilowatt-hours does the power supply use?

Multisim Troubleshooting and Analysis
These problems require your Multisim CD-ROM.

38. Open file P04-38 and determine the current, voltage, and resistance. Using the measured val-
ues, calculate the power.

39. Open file P04-39 and determine the current, voltage, and resistance. Calculate the power from
these values.

40. Open file P04-40. Measure the current in the lamp and determine if the value agrees with that
determined using the power and voltage rating of the lamp.

ANSWERS

SECTION REVIEWS

SECTION 4-1 Energy and Power
1. Power is the rate at which energy is used.

2.p= Wi
3. Watt is the unit of power. One watt is the power when 1 J of energy is used in 1 s.
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4. (a) 68,000 W = 68 kW (b) 0.005W =5mW (c) 0.000025W =25 uW
5. W= (0.1kW)(10h) = 1kWh

6. 2000 Wh = 2kWh

7. 360,000 Ws = 0.1 kWh

SECTION 4-2 Power in an Electric Circuit
1. P=(10V)(3A) = 30W

2. P=(24V)(50mA) = 1.2 W; 1.2 W; the values are the same because all energy generated by
the source is dissipated by the resistance.

. P = (5A)56 Q) = 1400 W

. P = (20mA(4.7kQ) = 1.88W
LP=GBVHIOOQ =25W

. P=@8V)’22kQ =29.1 mW

. R =T75W/(0.5A) = 3000Q

=N SN kW

SECTION 4-3 Resistor Power Ratings
1. Resistors have resistance and a power rating.
2. A larger surface area of a resistor dissipates more power.
3. 0.125W,025W,05W, 1 W
4. A 0.5 W rating should be used for 0.3 W.

SECTION 4-4 Energy Conversion and Voltage Drop in Resistance

1. Energy conversion in a resistor is caused by collisions of free electrons with the atoms in the
material.

2. Voltage drop is a decrease in voltage across a resistor due to a loss of energy.

3. Voltage drop is positive to negative in the direction of conventional current.

SECTION 4-5 Power Supplies
1. More current means a greater load.
2. P=(10V)(035A)=5W
3. t=100Ah/5A = 20h
4. P = (12V)(5A) = 60W
5. Eff = (0.75 W/1 W)100% = 75%; Pross = 1000mW — 750 mW = 250 mW

A Circuit Application
1. Two
2. 10 Q, 10 W; 100 ©, 1 W; 400 Q, 4W

RELATED PROBLEMS FOR EXAMPLES

4-1 300017

4-2 (a) 0.001'W (b) 0.0018 W (¢) 1 W (d) 0.000001 W
4-3 2kWh

4-4 (a) 40W (b) 376 W (c) 625 mW

4-5 60W

4-6 05W

4-7 Yes

4-8 60 Ah

4-9 46 W
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SELF-TEST

1. (¢) 2. (c) 3. (a) 4. (d)
9. (d) 10. (d) 11. (b) 12. (c)
17. (b) 18. (c)

CIRCUIT DYNAMICS QUIZ
1. (a) 2. (b 3. (a) 4. (a)
7. (b) 8. (¢) 9. (a) 10. (b)

5. (b)
13. (c)

5. (a)
11. (b)

6. (d)
14. (a)

6. (c)
¥Z.(C)

7. (a)
15. (c)

8. (a)
16. (a)



CHAPTER OUTLINE
: Resistors in Series
Current in a Series Circuit
Total Series Resistance
Application of Ohm’s Law
Voltage Sources in Series
Kirchhoff’s Voltage Law
Voltage Dividers
Power in Series Circuits
Voltage Measurements
Troubleshooting
A Circuit Application

CHAPTER OBJECTIVES

# Identify a series resistive circuit

Determine the current throughout a series circuit

Determine total series resistance

¢ Apply Ohm’s law in series circuits

@ Determine the total effect of voltage sources connected in series
Apply Kirchhoff’s voltage law

Use a series circuit as a voltage divider

Determine power in a series circuit

Measure voltage with respect to ground

Troubleshoot series circuits

KEY TERMS

Series
Kirchhoff’s voltage law
Voltage divider
Reference ground
Open
Short

¢ 4 606 o0

A CIRCUIT APPLICATION PREVIEW

In the application, you will evaluate a voltage-divider circuit
board connected to a 12 V battery to provide a selection of
fixed reference voltages for use with an electronic instrument.

VISIT THE COMPANION WEBSITE

Study aids for this chapter are available at
http://www.prenhall.com/floyd

INTRODUCTION

In Chapter 3 you learned about Ohm’s law, and in Chapter 4
you learned about power in resistors. In this chapter, those
concepts are applied to circuits in which resistors are con-
nected in a series arrangement.

Resistive circuits can be of two basic forms: series and
parallel. In this chapter, series circuits are studied. Parallel
circuits are covered in Chapter 6, and combinations of series
and parallel resistors are examined in Chapter 7. In this
chapter, you will see how Ohm’s law is used in series circuits;
and you will learn another important circuit law, Kirchhoff’s
voltage law. Also, several applications of series circuits,
including voltage dividers, are presented.

When resistors are connected in series and a voltage is
applied across the series connection, there is only one path
for current; and, therefore, each resistor in series has the
same amount of current through it. All of the resistances in
series add together to produce a total resistance. The voltage
drops across each of the resistors add up to the voltage
applied across the entire series connection.
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5
-
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5—1 RESISTORS IN SERIES

When connected in series, resistors form a “string” in which there is only one path for
current.

After completing this section, you should be able to
+ Identify a series resistive circuit

+ Translate a physical arrangement of resistors into a schematic

The schematic in Figure 5-1(a) shows two resistors connected in series between point A
and point B. Part (b) shows three resistors in series, and part (¢) shows four in series. Of
course, there can be any number of resistors in a series circuit.

R, R, R, R, R

fo—AMN— MW —o8 4 M—os 4o AM—AM— Ao

(a) (b) (c)
» FIGURE 5-1

Resistors in series.

When a voltage source is connected between point A and B, the only way for current to
get from one point to the other in any of the connections of Figure 5-1 is to go through each
of the resistors. The following statement describes a series circuit:

A series circuit provides only one path for current between two points so that the
current is the same through each series resistor.

In an actual circuit diagram, a series circuit may not always be as easy to visually iden-
tify as those in Figure 5-1. For example. Figure 5-2 shows series resistors drawn in other
ways with voltage applied. Remember, if there is only one current path between two points,
the resistors between those two points are in series, no matter how they appear in a
diagram.

One path, > One path,
At B = AtoB

One path,
AtoB

(a) (b) (c)

FIGURE 5-2

Some examples of series circuits. Notice that the current is the same at all points because the current
has only one path.

EXAMPLE 5-1 Suppose that there are five resistors positioned on a protoboard as shown in Figure 5-3.
Wire them together in series so that, starting from the positive (+) terminal, R| is first,
R, is second, Rj is third, and so on. Draw a schematic showing this connection.
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* FIGURE 5-3
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Solution  The wires are connected as shown in Figure 5-4(a), which is the assembly diagram.
The schematic is shown in Figure 5-4(b). Note that the schematic does not necessarily
show the actual physical arrangement of the resistors as does the assembly diagram.
The schematic shows how components are connected electrically; the assembly dia-
gram shows how components are arranged and interconnected physically.
FIGURE 5-4
l:llni_-ulsﬁaﬁ_:';
' = -.—:-:‘H:@ L] mi R R
Illlll!lll!l‘!llﬂ"i I 2
HEEEEENEEEENEEEE W ‘l’-ﬁ: A
O b v R R,
! FEEEEEEEELEE T B o AN AN
. L . W
_'ﬂ'_'l’_l’.l‘.l’!_lmr-.-!_”
(a) Assembly diagram (b) Schematic
Related Problem”  (a) Show how you would rewire the protoboard in Figure 5-4(a) so that all the odd-
numbered resistors come first followed by the even-numbered ones. (b) Determine the
resistance value of each resistor.
*Answers are at the end of the chapter.
EXAMPLE 5-2

FIGURE 5-5

Describe how the resistors on the printed circuit (PC) board in Figure 5-5 are related

electrically. Determine the resistance value of each resistor,
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Solution  Resistors R through Ry are in series with each other. This series combination is
connected between pins 1 and 2 on the PC board.
Resistors Rg through R, are in series with each other. This series combination is
‘connected between pins 3 and 4 on the PC board.
The values of the resistors are R, = 2.2kQ, R, = 3.3kQ, R; = 1.0kQ,
Ry = 12kQ, Rs = 33k, Rg = 4.7kQ, R; = 56k, Rg = 12k, Ry = 68k(),
Rip = 27kQ, R; = 12kQ, Ry, = 82k, and R;3 = 270kQ).

Related Problem  How is the circuit changed when pin 2 and pin 3 in Figure 5-5 are connected?

ies circuit?

Ic each part of Figure 5-6 by connecting each
er from terminal A to terminal B.

l?_sl:'_i'_n_ ngreS—G in series with each other.

(c)

5—2 CURRENT IN A SERIES CIRCUIT

The current is the same through all points in a series circuit. The current through each
resistor in a series circuit is the same as the current through all the other resistors that
are in series with it.

After completing this section, you should be able to
¢ Determine the current throughout a series circuit

¢ Show that the current is the same at all points in a series circuit

Figure 5~7 shows three resistors connected in series to a dc voltage source. At any point
in this circuit, the current into that point must equal the current out of that point, as illus-
trated by the current directional arrows. Notice also that the current out of each resistor
must equal the current into each resistor because there is no place where part of the current
can branch off and go somewhere else. Therefore, the current in each section of the circuit
is the same as the current in all other sections. It has only one path going from the positive
(+) side of the source to the negative (—) side.

Let’s assume that the battery in Figure 5-7 supplies one ampere of current to the series
resistance. There is one ampere of current out of the battery’s positive terminal. When am-
meters are connected at several points in the circuit, as shown in Figure 5-8, each meter
reads one ampere.
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(a) Pictorial (b) Schematic

A FIGURE 5-7
Current into any point in a series circuit is the same as the current out of that point.

(a) Pictorial (b) Schematic

A FIGURE 5-8

Current is the same at all points in a series circuit.

ries, there is 1 A of current through
through the 4.7 ) resistor?
p mts A and B in Figure 5-9. It measures
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s ammeter 1 indicate? How much current does

R
W=
560

®
:®+

+ 100 V

+ —-—
i
Vs

5—3 ToTtAL SERIES RESISTANCE

The total resistance of a series circuit is equal to the sum of the resistances of each
individual series resistor.

After completing this section, you should be able to
+ Determine total series resistance
+ Explain why resistance values add when resistors are connected in series

+ Apply the series resistance formula

Series Resistor Values Add

When resistors are connected in series, the resistor values add because each resistor offers
opposition to the current in direct proportion to its resistance. A greater number of resis-
tors connected in series creates more opposition to current. More opposition to current im-
plies a higher value of resistance. Thus, every time a resistor is added in series, the total
resistance increases.

Figure 5-11 illustrates how series resistances add to increase the total resistance. Figure
5—11(a) has a single 10 ) resistor. Figure 5-11(b) shows another 10 { resistor connected

100
e
+ 100 _— 100 <300
. = o -
(@ ® ©

A4 FIGURE 5-11

Total resistance increases with each additional series resistor.
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in series with the first one, making a total resistance of 20 €. If a third 10 € resistor is con-
nected in series with the first two, as shown in Figure 5-11(c), the total resistance becomes
30 Q.

Series Resistance Formula

For any number of individual resistors connected in series, the total resistance is the sum of
each of the individual values.

Rr=R, + Ry +R; + - +R, Equation 5-1

where Ry is the total resistance and R, is the last resistor in the series string (n can be any
positive integer equal to the number of resistors in series). For example, if there are four re-
sistors in series (n = 4), the total resistance formula is

RT=R1 +R2+R3+R4
If there are six resistors in series (n = 6), the total resistance formula is
RT:RI +R2+R3+R4+R5+R6

To illustrate the calculation of total series resistance, let’s determine Ry in the circuit of
Figure 5-12, where Vi is the source voltage. The circuit has five resistors in series. To get
the total resistance, simply add the values.

Ry =560 + 1000 + 270 + 10Q + 47Q = 240 O

Note in Figure 5-12 that the order in which the resistances are added does not matter. You
can physically change the positions of the resistors in the circuit without affecting the total
resistance or the current.

R] RZ
560 100 Q
%
Vg = R
5 "__ 270 § 3
R; R,
470 100
FIGURE 5-12
Example of five resistors in series.
EXAMPLE 5-3 Connect the resistors in Figure 5-13 in series, and determine the total resistance, Ry.
FIGURE 5-13
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Solution
adding all the values.

The resistors are connected as shown in Figure 5-14. Find the total resistance by

Rp =R+ Ry + Ry + Ry + Rs = 33 () + 680 + 100€) + 470 + 10 = 258 O

NARREEEy NN ZES :::._‘.

W M MMM W W EE RN W E W

(a) Circuit assembly

FIGURE 5-14

R, R,
Ao WAV—WY
330 68 Q) =
3
Rs R, 100 Q
Bo——A—WY
100 470

(b) Schematic

Related Problem
interchanged.

Determine the total resistance in Figure 5-14(a) if the positions of R, and R, are

EXAMPLE 5-4

‘What is the total resistance (Ry) in the circuit of Figure 5-15?

FIGURE 5-15

AM—AN—WW
100 © 470 100 2
180 £}
290
68 ()
gk
|
Ve

Solution  Sum all the values.

Ry =390 + 1000 +47Q + 1000 + 1800 + 630 = 534 Q

Related Problemn  What is the total resistance for the following series resistors: 1.0 k€2, 2.2k, 3.3k(,

and 5.6 kQ)?
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EXAMPLE 5-5 Determine the value of Ry in the circuit of Figure 5-16.
FIGURE 5-16
{ 1.9k0
0/ o L 3 —
R, = 1.0kQ
R, = 2.2Kk0
i
Vs =
g Ry S 47KQ
R,

Solution  From the ohmmeter reading, Ry = 17.9k{}.
Rr=R,+ R, +R3 + Ry
Solving for Ry yields
Ry=Rr— Ry + R, + R3) = 17.9kQ — (1.0kQ + 2.2k + 4.7kQ) = 10kQ

Helated Problem  Determine the value of Ry in Figure 5-16 if the ohmmeter reading is 14.7 k().

Equal-Value Series Resistors

When a circuit has more than one resistor of the same value in series, there is a shortcut
method to obtain the total resistance: Simply multiply the resistance value by the number
of equal-value resistors that are in series. This method is essentially the same as adding the
values. For example, five 100 () resistors in series have an Ry of 5(100 £2) = 500 ). In
general, the formula is expressed as

Rt = nR Equation 5-2

where n is the number of equal-value resistors and R is the resistance value.

EXAMPLE 5-6 Find the Ry of eight 22 ) resistors in series.

Solution  Find Ry by adding the values.
Rp=220+220 +220 +220+20+220+220+220 =1760Q
However, it is much easier to multiply to get the same result.
Ry =8(220) =176 O

Related Problem  Find Ry for three 1.0 kQ resistors and two 720 () resistors in series.
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(one each) are in series: 1.0 Q, 2.2 Q. 3.3 Q, and 4.7 Q.. What

in series: one 100 €2, two 56 . four 12 Q0. and one 330 Q.

ne resistor each of the following values: 1.0k(), 2.7 k(,
et a tot; stance of approximately 13.8 k{1, you need one
e be?

velve 56 () resistors in series?

resistors and thirty 8.2 k() resistors in series?

5-4  APPLICATION OF OHM’S LAw

The basic concepts of series circuits and Ohm’s law can be applied to series circuit
analysis.

After completing this section, you should be able to
¢ Apply Ohm’s law in series circuits
¢ Find the current in a series circuit

+ Find the voltage across each resistor in series

The following are key points to remember when you analyze series circuits:
1. Current through any of the series resistors is the same as the total current.

2. If you know the total applied voltage and the total resistance, you can determine the
total current by Ohm’s law.

Vr
It =—
T Ry
3. If you know the voltage drop across one of the series resistors (R,), you can deter-
mine the total current by Ohm’s law.

Vi
Iy = =
T Rx

4. If you know the total current, you can find the voltage drop across any of the series
resistors by Ohm’s law.
VR = ITR.I
5. The polarity of a voltage drop across a resistor is positive at the end of the resistor
that is closest to the positive terminal of the voltage source.

6. The current through a resistor is defined to be in a direction from the positive end
of the resistor to the negative end.

7. An open in a series circuit prevents current: and, therefore, there is zero voltage
drop across each series resistor. The total voltage appears across the points between
which there is an open.

Now let’s look at several examples that use Ohm’s law for series circuit analysis.
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EXAMPLE 5-7

Find the current in the circuit of Figure 5-17.

FIGURE 5-17

R, Ry
AWN—WY
820} 220
25%’ __-;-_ Ra:éliﬂ

Ry
AWy

100

Solution  The current is determined by the source voltage Vs and the total resistance Ry. First,
calculate the total resistance.

Rr=R +R +R; + R, =820 +220 + 150 +100 =129Q
Next, use Ohm’s law to calculate the current.
Vs 25V
I= Ry = o 0.194 A = 194 mA

where Vg is the total voltage and I is the total current. Remember, the same current ex-
ists at all points in the circuit. Thus, each resistor has 194 mA through it.

Related Problemm What is the current in the circuit of Figure 5-17 if R4 is changed to 100 Q?

Use Multisim file E05-07 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

EXAMPLE 5-8

The current in the circuit of Figure 5-18 is 1 mA. For this amount of current, what
must the source voltage Vg be?

FIGURE 5-18

Vs
A

|.51§i§ gflzm

+ I=1mA =

—M+ —WV+

1.2k 5.6 k()

Solution  In order to calculate Vg, first determine Ry.
Rr=Ry+ R + Ry + Ry = 1.2kQ + 56kQ + 12kQ + 1.5kQ = 9.5kQ
Next, use Ohm’s law to determine Vs,
Vg = IRt = (1mA)(9.5kQ) = 95V
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Related Problem

Calculate Vg if the 5.6 k() resistor is changed to 3.9 k() with the current the same.

Use Multisim file E05-08 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

EXAMPLE 5-9

Solution

Calculate the voltage across each resistor in Figure 5-19, and find the value of Vg. To
what maximum value can Vg be raised if the current is to be limited to 5 mA?

( = Vi ) g
2 R, = 1.0k0
+ -
Vs = | R, =< 33Kk
+
Ry = 47kQ
A y, L

FIGURE 5-19

By Ohm’s law, the voltage across each resistor is equal to its resistance multiplied by
the current through it. Use the Ohm’s law formula V' = IR to determine the voltage
across each of the resistors. Keep in mind that there is the same current through each
series resistor. The voltage across R (designated V) is

Vi =IR| = (1mA)1.0kQ) =1V
The voltage across R, is

Vo = IRy = (1mA)(3.3kQ) = 3.3V
The voltage across Rj is

Vi = IR; = (1mA)4.7kQ) = 4.7V
To find the value of Vg, first determine Ry.

Rr = 1.0kQ + 33k + 4.7k} = 9k
The source voltage Vs is equal to the current times the total resistance.
Vs = IRy = (1mA)9k) =9V

Notice that if you add the voltage drops of the resistors, they total 9 V, which is the
same as the source voltage.
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Vs can be increased to a value where / = 5 mA. Calculate the maximum value of
Vs as follows:

Vsmax) = IRT = (S mA)9kQ) = 45V

Repeat the calculations for Vy, Va, V3. Vs, and Vg(pmay) if R3 = 2.2 k{2 and / is main-
tained at 1 mA.

Use Multisim file E05-09 to verify the calculated results in this example and to con-
firm your calculations for the related problem.

EXAMPLE 5-10

Solution

FIGURE 5-21

The voltmeter readings across
each resistor are indicated.

Some resistors are not color-coded with bands but have the values stamped on the resistor
body. When the circuit board shown in Figure 5-20 was assembled, the resistors were
erroneously mounted with the labels turned down, and there is no documentation showing
the resistor values. Without removing the resistors from the board, use Ohm’s law to de-
termine the resistance of each one. Assume that a multimeter and a power supply are
available but the ohmmeter function of the multimeter does not work.

FIGURE 5-20

The resistors are all in series, so the current is the same through each one. Measure
the current by connecting a 12 V source (arbitrary value) and an ammeter as shown
in Figure 5-21. Measure the voltage across each resistor. Start with the voltmeter
across the first resistor, and then repeat this measurement for the other three
resistors. For illustration, the voltage values indicated on the board are assumed to
be the measured values.
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Determine the resistance of each resistor by substituting the measured values of
current and voltage into the Ohm’s law formula.

Vi 25V
i _ZSmA_lwn
it Vo SV
: R=—2=—_=1200
5 A 2551 T 25mA
" ¥ 45V
Ri=—=—"=180Q
SSNT 0 25mA
Vy 2V
Bo= “25mA*809

Not:ce thatathe-]a;'gest-'value resistor has the largest voltage drop across it.

" Related Problem What is an easier way to determine the resistance values?

0 € resistors in series. What is the current

) mA through the circuit of Figure 5-22?

5-5 VOLTAGE SOURCES IN SERIES

Recall that a voltage source is an energy source that provides a constant voltage to a load.
Batteries and electronic power supplies are practical examples of dc voltage sources.

After completing this section, you should be able to
+ Determine the total effect of voltage sources connected in series
¢ Determine the total voltage of series sources with the same polarities

+ Determine the total voltage of series sources with opposite polarities
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1.5V

so—|l

1.5V L5V
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11 1l
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(a) (b)

1.5V
- LI+
I

(o]
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FIGURE 5-23

Voltage sources in series add algebraically.

When two or more voltage sources are in series, the total voltage is equal to the alge-
braic sum of the individual source voltages. The algebraic sum means that the polarities of
the sources must be included when the sources are combined in series. Sources with oppo-
site polarities have voltages with opposite signs.

Vsgoy = Vs1 + Vgp + 000 + Vg,

When the voltage sources are all in the same direction in terms of their polarities, as in
Figure 5-23(a), all of the voltages have the same sign when added; there is a total of 4.5V
from terminal A to terminal B with A more positive than B.

Vag =15V + 15V + 1.5V = +45V

The voltage has a double subscript, AB, to indicate that it is the voltage at point A with re-
spect to point B.

In Figure 5-23(b), the middle voltage source is opposite to the other two; so its voltage
has an opposite sign when added to the others. For this case the total voltage from A to B is

Vip= +15V — 15V + 15V = +15V

Terminal A is 1.5 V more positive than terminal B.

A familiar example of voltage sources in series is the flashlight. When you put two 1.5V
batteries in your flashlight, they are connected in series, giving a total of 3 V. When con-
necting batteries or other voltage sources in series to increase the total voltage, always con-
nect from the positive (+) terminal of one to the negative (—) terminal of another. Such a
connection is illustrated in Figure 5-24.
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FIGURE 5-24

Connection of three 6 V batteries to
obtain 18 V.

EXAMPLE 5-11

FIGURE 5-25

What is the total source voltage (Vso) in Figure 5-25?

Solution

Vsion = Vsi + Voo + Vg3 = 10V + 5V + 3V =18V

The polarity of each source is the same (the sources are connected in the same direc-
tion in the circuit). Add the three voltages to get the total.

Zk
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The three individual sources can be replaced by a single equivalent source of 18 V
with its polarity as shown in Figure 5-26.

FIGURE 5-26

Related Problem  If Vg3 in Figure 5-25 is reversed, what is the total source voltage?

T Use Multisim file EO5-11 to verify the calculated results in this example and to con-
: firm your calculation for the related problem.
EXAMPLE 5-12 Determine Vi) in Figure 5-27.
FIGURE 5-27
+
BV = Vs

15V =" Vg
Ak

Solution  These sources are connected in opposing directions. If you go clockwise around the
circuit, you go from plus to minus through Vg, and minus to plus through Vs,. The
total voltage is the difference of the two source voltages (algebraic sum of oppositely
signed values). The total voltage has the same polarity as the larger-value source. Here

we will choose Vi, to be positive.
Vsgon = Vs2 — V1 =25V — 15V = 10V

The two sources in Figure 5-27 can be replaced by a single 10V equivalent source
with polarity as shown in Figure 5-28.

FIGURE 5-28

10V == V5o R
Related Problem  If an 8 V source in the direction of Vg, is added in series in Figure 5-27, what is Vsiton?

L Use Multisim file E05-12 to verify the calculated results in this example and to con-
firm your calculation for the related problem.
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ed in series plus to minus. What is the total

nust nected in series to produce 60 V? Draw a
2ry connections.

ure 5-29 d to bias a transistor amplifier. Show how to

: "@!fﬁih order to get 30 V across the two resistors.

circuit of Figure 5-30.

r each circuit of Figure 5-30.

R,
Bias voltage
R,
20V
= %
i
+ +
R 10V= =10V
[l —w—
5V k
(b)

.....

5—6 KIRCHHOFF’S VOLTAGE LAw

Kirchhoff’s voltage law is a fundamental circuit law that states that the algebraic sum
of all the voltages around a single closed path is zero or, in other words, the sum of the
voltage drops equals the total source voltage.

After completing this section, you should be able to
+ Apply Kirchhoff’s voltage law
+ State Kirchhoff’s voltage law
¢ Determine the source voltage by adding the voltage drops

¢ Determine an unknown voltage drop

In an electric circuit, the voltages across the resistors (voltage drops) always have po-
]a.}-ities opposite to the source voltage polarity. For example, in Figure 5-31, follow a clock-
wise loop around the circuit. Note that the source polarity is minus-to-plus and each
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Equation 5-3

» FIGURE 5-31

Illustration of voltage polarities in a
closed-loop circuit.

voltage drop is plus-to-minus. The voltage drops across resistors are designated as Vi, V5,
and so on.

In Figure 5-31, the current is out of the positive side of the source and through the re-
sistors as the arrows indicate. The current is into the positive side of each resistor and out
the negative side. The drop in energy level across a resistor creates a potential difference,
or voltage drop, with a plus-to-minus polarity in the direction of the current.

The voltage from point A to point B in the circuit of Figure 5-31 is the source voltage,
Vs. Also, the voltage from A to B is the sum of the series resistor voltage drops. Therefore,
the source voltage is equal to the sum of the three voltage drops, as stated by Kirchhoff’s
voltage law.

The sum of all the voltage drops around a single closed path in a circuit is equal to
the total source voltage in that loop.

The general concept of Kirchhoff’s voltage law is illustrated in Figure 5-32 and expressed
by Equation 5-3.

VS=VI+V2+V3+"'+V"

where the subscript n represents the number of voltage drops.

= FIGURE 5-32

+

-

Sum of n voltage drops equals the v,
source voltage. -
+

Va
+

| Illl +
o
|

If all the voltage drops around a closed path are added and then this total is subtracted
from the source voltage, the result is zero. This result occurs because the sum of the volt-
age drops always equals the source voltage.

The algebraic sum of all the voltages (both source and drops) around a single
closed path is zero.
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Therefore, another way of expressing Kirchhoff's voltage law in equation form is
Vs — V=V, = V3—---=V,=0 Equation 5-4

You can verify Kirchhoff’s voltage law by connecting a circuit and measuring each re-
sistor voltage and the source voltage as illustrated in Figure 5-33. When the resistor volt-
ages are added together, their sum will equal the source voltage. Any number of resistors
can be added.

The three examples that follow use Kirchhoff’s voltage law to solve circuit problems.

FIGURE 5-33

lllustration of an experimental verification of Kirchhoff’s voltage law.

EXAMPLE 5-13 Determine the source voltage Vg in Figure 5-34 where the two voltage drops are
given. There is no voltage drop across the fuse.

FIGURE 5-34

Solution By Kirchhoff’s voltage law, (Eq. 5-3), the source voltage (applied voltage) must equal
the sum of the voltage drops. Adding the voltage drops gives the value of the source
voltage.

V=5V + 10V = 15V

Related Problem  If Vs is increased to 30 V. determine the two voltage drops. What is the voltage across
each component (including the fuse) if the fuse is blown?
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EXAMPLE 5-14

Solution

Related Problem

Determine the unknown voltage drop, V3, in Figure 5-35.

FIGURE 5-35
B 12V
+ e AN
Vs —= 1
0N o %
= Vz§6v
VS2T =
15V
+

By Kirchhoff’s voltage law (Eq. 5-4), the algebraic sum of all the voltages around the
circuit is zero. The value of each voltage drop except V3 is known. Substitute these
values into the equation.

—V52+V51—V1—V2—V3=0
—15V + 50V — 12V -6V — V3 =0V

Next, combine the known values, transpose 17 V to the right side of the equation, and
cancel the minus signs.

YN — V3 =0V
—V3=—-17V
Vi =17V

The voltage drop across R; is 17 V, and its polarity is as shown in Figure 5-35.

Determine Vj; if the polarity of Vg, is reversed in Figure 5-35.

EXAMPLE 5-15

Solution

Find the value of R4 in Figure 5-36.

FIGURE 5-36

In this problem you will use both Ohm’s law and Kirchhoff’s voltage law.
First, use Ohm’s law to find the voltage drop across each of the known resistors.
Vi = IRy = (200mA)(10 Q) = 2.0V
V, = IR, = (200mA)47 Q) = 9.4V
V3 = IR; = (200mA)(100 Q) = 20V
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Next, use Kirchhoff’s voltage law to find Vj, the voltage drop across the unknown
resistor.
Ve —Vi—Vo—=V3 =V, =0V
100V — 20V — 94V —20V -V, =0V
68.6V — V=0V
Vy=68.6V
Now that you know V. use Ohm’s law to calculate Rj.
Vs 68.6 V

7T T 200mA
‘This is most likely a 330 () resistor because 343 () is within a standard tolerance
range (+5%) of 330 ().

=343Q

Related Problem  Determine Ry in Figure 5-36 for Vg = 150V and I = 200 mA.

Use Multisim file E05-15 to verify the calculated results in the example and to confirm
your calculation for the related problem.

in two ways.
to a series resistive circuit. What is the sum of the voltage

sistors are cqn_neded in series across a 10 V battery. What is the
?

ource, there are three resistors. One voltage drop is 5 V,

value of the third voltage drop?

a series string are as follows: 1V,3V,5V,8V,and 7 V.

across the series string?

VOLTAGE DIVIDERS

A series circuit acts as a voltage divider. The voltage divider is an important applica-
tion of series circuits.

After completing this section, you should be able to
+ Use a series circuit as a voltage divider
¢ Apply the voltage-divider formula
¢ Use a potentiometer as an adjustable voltage divider

¢ Describe some voltage-divider applications

A circuit consisting of a series string of resistors connected to a voltage source acts as a
voltage divider. Figure 5-37 shows a circuit with two resistors in series, although there
can be any number. There are two voltage drops across the resistors: one across R; and one
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Equation 5-5

FIGURE 5-37

Two-resistor voltage divider. +
RV

I +
|

;

_

across R,. These voltage drops are V| and V5, respectively, as indicated in the schematic.
Since each resistor has the same current, the voltage drops are proportional to the resistance
values. For example, if the value of R; is twice that of R, then the value of V; is twice that
of V1 4

The total voltage drop around a single closed path divides among the series resistors in
amounts directly proportional to the resistance values. For example, in Figure 5-37, if Vg
is 10V, Ry is 50 £, and R» is 100 €, then V| is one-third the total voltage, or 3.33 V, be-
cause R, is one-third the total resistance of 150 (). Likewise, V> is two-thirds Vg, or 6.67 V.

Voltage-Divider Formula

With a few calculations, you can develop a formula for determining how the voltages
divide among series resistors. Assume a circuit with n resistors in series as shown in Figure
5-38, where n can be any number.

FIGURE 5-38

Generalized voltage divider with n
resistors.

wvi
il

|

o -

L

Let V, represent the voltage drop across any one of the resistors and R, represent the
number of a particular resistor or combination of resistors. By Ohm’s law, you can express
the voltage drop across R, as follows:

V=R

The current through the circuit is equal to the source voltage divided by the total
resistance (/I = Vg/Ry). In the circuit of Figure 5-38, the total resistance is
Ry + Ry + Ry + --- + R,. By substitution of Vg/Rt for [ in the expression for V,,

Vs
(2K

= (E,
x Ry S

Rearranging the terms you get
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Equation 5-35 is the general voltage-divider formula, which can be stated as follows:

The voltage drop across any resistor or combination of resistors in a series circuit
is equal to the ratio of that resistance value to the total resistance, multiplied by the
source voltage.
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EXAMPLE 5-16 Determine V (the voltage across R|) and V; (the voltage across R,) in the voltage
divider in Figure 5-39.

FIGURE 5-39

Solution  To determine V/, use the voltage-divider formula, V, = (R,/R1)Vs, where x = 1. The
total resistance is

Rr =R + R, =1000 + 560 = 1561
Ry is 100 €) and Vs is 10 V. Substitute these values into the voltage-divider formula.
R 100 Q
Vi=|=)vs=(——= )10V =641V
: (RT) S (1560)10 g4

There are two ways to find the value of V,: Kirchhoff’s voltage law or the voltage-
divider formula. If you use Kirchhoff’s voltage law (Vs = V; + V5), substitute the
values for Vg and V as follows:

VZI VS_ V[ =10V —-641V =359V

To determine V5_use the voltage-divider formula where x = 2.

R 56 Q)
Vo= =2V = [—= )10V = 359V
2 (RT) 2 (156(1) 0

Related Problem  Find the voltages across R and R» in Figure 5-39 if R, is changed to 180 ().

Use Multisim file E05-16 to verify the calculated results in this example and to con-
firm your calculations for the related problem.

EXAMPLE 5-17 Calculate the voltage drop across each resistor in the voltage divider of Figure 5-40.

FIGURE 5-40

10V = 2aS"

o
.
i
8
T o
R AL
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Solution

Related Problem

o

Look at the circuit for a moment and consider the following: The total resistance is
1000 €). Ten percent of the total voltage is across R because it is 10% of the total
resistance (100 € is 10% of 1000 €). Likewise, 22% of the total voltage is dropped
across R, because it is 22% of the total resistance (220 £ is 22% of 1000 ). Finally,
R drops 68% of the total voltage because 680 () is 68% of 1000 ().

Because of the convenient values in this problem, it is easy to figure the voltages
mentally. (V; = 0.10 X 10V =1V, V, =022 X 10V =22V, and V3 =
0.68 X 10V = 6.8 V). Such is not always the case, but sometimes a little thinking
will produce a result more efficiently and eliminate some calculating. This is also a
good way to estimate what your results should be so that you will recognize an unrea-
sonable answer as a result of a calculation error.

Although you have already reasoned through this problem, the calculations will

verify your results.
Rl) ( 100 Q )
Vi={—|Vs=|—= |10V =1V
- (RT > {1000 Q

R 220 O
Vs = (—z)vs = (L)Iov =22V

Ry 1000 O
(R, [ 680Q i
Vs = (RT)VS = (10000)1” =68V

Notice that the sum of the voltage drops is equal to the source voltage, in accordance
with Kirchhoff’s voltage law. This check is a good way to verify your results.

If Ry and R, in Figure 5-40 are changed to 680 (1, what are the voltage drops?

Use Multisim file E05-17 to verify the calculated results in this example and to con-
firm your calculations for the related problem.

EXAMPLE 5-18

Determine the voltages between the following points in the voltage divider of
Figure 5-41:

(a) AtoB (b) Ato C (¢) BtoC (d) BtoD (e) CtoD

FIGURE 5-41

|||—

Solution  First, determine Rr.

Rp =Ry + Ry + Ry = 1.0kQ + 82kQ + 33kQ = 125kQ
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Next, apply the voltage-divider formula to obtain each required voltage.
(a) The voltage A to B is the voltage drop across R;.
Ry 1.0k
Vip=|— |Vs=|——= )25V =2V
i (RT) 4 (12.51((1) ?

(b) The voltage from A to C is the combined voltage drop across both R and R;. In
this case, R, in the general formula given in Equation 5-5 is Ry + Rj.

R+ R, ( 9.2kQ )
Vie = [——2 Jvs = 25V = 184V
RS ( Ry )VS 15k )%

(¢) The voltage from B to C is the voltage drop across R».

(RN, (82k0 _
Vac = (RT)VS = (Iz‘sm)zsv =164V

(d) The voltage from B to D is the combined voltage drop across both Ry and R5. In
this case, R, in the general formula is Ry + Rj.

R2+R3) (11.51@)
Slisesse e == 5 Y = 23 Y
Vip ( Ry E 12.5kQ

(e) Finally, the voltage from C to D is the voltage drop across R3.

R3 33k
= (=)= 25V = 6.6V
Veo (RT) 2 (12.51(0)

If you connect this voltage divider, you can verify each of the calculated voltages
by connecting a voltmeter between the appropriate points in each case.

Determine each of the previously calculated voltages if Vg is doubled.

Use Multisim file E05-18 to verify the calculated results in this example and to con-
firm your calculations for the related problem.
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A Potentiometer as an Adjustable Voltage Divider

Recall from Chapter 2 that a potentiometer is a variable resistor with three terminals. A po-
tentiometer connected to a voltage source is shown in Figure 5-42(a) with the schematic
shown in part (b). Notice that the two end terminals are labeled 1 and 2. The adjustable ter-
minal or wiper is labeled 3. The potentiometer functions as a voltage divider, which can be

(a) Pictorial

FIGURE 5-42

I+

2

(b) Schematic (c) Equivalent schematic

The potentiometer used as a voltage divider.
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illustrated by separating the total resistance into two parts, as shown in Figure 5-42(c). The
resistance between terminal 1 and terminal 3 (Ry3) is one part, and the resistance between
terminal 3 and terminal 2 (R3;) is the other part. So this potentiometer is equivalent to a
two-resistor voltage divider that can be manually adjusted.

Figure 5-43 shows what happens when the wiper contact (3) is moved. In part (a), the
wiper is exactly centered, making the two resistances equal. If you measure the voltage
across terminals 3 to 2 as indicated by the voltmeter symbol, you have one-half of the total
source voltage. When the wiper is moved up, as in part (b), the resistance between termi-
nals 3 and 2 increases, and the voltage across it increases proportionally. When the wiper is
moved down, as in part (c), the resistance between terminals 3 and 2 decreases, and the

voltage decreases proportionally.

WLLTTR

+
e :

1|’

(b)

. FIGURE 5-43
Adjusting the voltage divider.

Applications

The volume control of radio or TV receivers is a common application of a potentiometer
used as a voltage divider. Since the loudness of the sound is dependent on the amount of
voltage associated with the audio signal, you can increase or decrease the volume by ad-
justing the potentiometer, that is, by turning the knob of the volume control on the set. The
block diagram in Figure 5—-44 shows how a potentiometer can be used for volume control
in a typical receiver.

5
= IF . I Audio |
amplifier Bietector % amplifier ﬁ@

Volume
control

FIGURE 5-44
A variable voltage divider used for volume control in a radio receiver.

Another application of a voltage divider is illustrated in Figure 5-45, which depicts a
potentiometer voltage divider as a level sensor in a liquid storage tank. As shown in part (a),
the float moves up as the tank is filled and moves down as the tank empties. The float is
mechanically linked to the wiper arm of a potentiometer, as shown in part (b). The output
voltage varies proportionally with the position of the wiper arm. As the liquid in the tank
decreases, the sensor output voltage also decreases. The output voltage goes to the indica-
tor circuitry, which controls a digital readout to show the amount of liquid in the tank. The
schematic of this system is shown in part (c).
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Resistive
element
(potentiometer)

Ground

Empty

#= Moving contact
: (wiper arm)
— P | [ } v
circuit
Float
Volume
display
" - Full
Level sensor m s
e g Supply Empty Output
voltage voltage
Output voltage is
proportional to float
position, = Ground
(a) Storage tank (b) Detail of level sensor (c) Schematic of level

sensor

A FIGURE 5-45
A potentiometer voltage divider used in a level sensor.

Still another application for voltage dividers is in setting the dc operating voltage (bias)
in transistor amplifiers. Figure 5-46 shows a voltage divider used for this purpose. You will
study transistor amplifiers and biasing in a later course, so it is important that you under-
stand the basics of voltage dividers at this point.

These examples are only three out of many possible applications of voltage dividers.

< FIGURE 5-46

The voltage divider used as a bias
circuit for a transistor amplifier, where
the voltage at the base of the transis-
tor is determined by the voltage
divider as Vi, = (Ry/(Ry + RY))Vs.

Transistor

«~ symbol

|+

o
[

1
1
5o
&
&
-
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e divider. If the potentiometer is linear,
from A to Band 5 V from B to C?

- o A

5—8 PoOWwER IN SERIES CIRCUITS

Equation 5-6

The power dissipated by each individual resistor in a series circuit contributes to the
total power in the circuit. The individual powers are additive.

After completing this section, you should be able to
+ Determine power in a series circuit

¢ Apply one of the power formulas

The total amount of power in a series resistive circuit is equal to the sum of the powers
in each resistor in series.

PT=P|+P2+P3+ SR =

where P is the total power and P, is the power in the last resistor in series.

The power formulas that you learned in Chapter 4 are applicable to series circuits. Since
there is the same current through each resistor in series, the following formulas are used to
calculate the total power:

Pr= Vsl
Py = PRy
Ry

where I is the current through the circuit, Vg is the total source voltage across the series
connection, and Ry is the total resistance.

Determine the total amount of power in the series circuit in Figure 5-48.

» FIGURE 5-48




Solution

Related Problem
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The source voltage is 15 V. The total resistance is
Rt =R+ Ry +Ry + R, =100 + 180 + 560 + 220 = 106

The easiest formula to use is Pr = V&/R since you know both Vs and Ry.

¥R _asNyY 2052
Rr 1060 1060

If you determine the power in each resistor separately and all of these powers are
added, you obtain the same result. First, find the current.
s L ISV
Ry 106 Q

Py =212W

I = 142mA

Next, calculate the power for each resistor using P = IR.
P, = I°R; = (142mA)*(10 Q) = 200 mW
P> = I’R, = (142mA)*(18 Q) = 360 mW
P5 = I’R; = (142mA)*(56 Q) = 1.12W
Py = I’Ry = (142mA)*(22 Q) = 441 mW
Then, add these powers to get the total power.
Pp = Py + Py + P3 + P4 = 200mW + 360mW + 1.12W + 441 mW = 2.12W
This result compares to the total power as determined previously by the formula

PT Fr V%){R’]‘

What is the power in the circuit of Figure 5-48 if Vj is increased to 30 V?

The amount of power in a resistor is important because the power rating of the resistors
must be high enough to handle the expected power in the circuit. The following example il-
lustrates practical considerations relating to power in a series circuit.

EXAMPLE 5-20

Solution

Determine if the indicated power rating (/2 W) of each resistor in Figure 5-49 is suffi-
cient to handle the actual power. If a rating is not adequate, specify the required mini-
mum rating.

FIGURE 5-49
R, R,
1.0KQ 27k0
AW A R,
+ WS 9100

=2 R,
L4
I WS 4 3xa
First, determine the total resistance.

Rr =R, + Ry + Ry + Ry = 1.0KkQ + 2.7kQ + 910Q + 3.3kQ = 7.91kQ
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‘Next, calculate the current.

1%
¥ 120V L ienik

] = —
Ry 791kQ

Then calculate the power in each resistor.
Py = I’R, = (15mA)*(1.0kQ) = 225 mW
Py = I’R, = (15mA)*(2.7kQ) = 608 mW
P; = I’R; = (15mA)*(910 Q) = 205 mW
Py = I’Ry = (15mA)*(3.3kQ) = 743mW
R, and Ry do not have a rating sufficient to handle the actual power, which exceeds

2 W in each of these two resistors, and they may burn out if the switch is closed. These
resistors should be replaced by 1 W resistors.

Related Problem  Determine the minimum power rating required for each resistor in Figure 5-49 if the
source voltage is increased to 240 V.

each resistor in a series circuit, how can you find the total

issipate the following powers: 2W, 5 W, 1 W, and 8 W.
the circuit?

), and a 680 € resistor in series. There is a current of 1 A
1e total power?

5-9 VOLTAGE MEASUREMENTS

Voltage is relative. That is, the voltage at one point in a circuit is always measured rel-
ative to another point. For example, if we say that there are +100 V at a certain point
in a circuit, we mean that the point is 100 V more positive than some designated refer-
ence point in the circuit. This reference point is called the ground or common point.

After completing this section, you should be able to
¢ Measure voltage with respect to ground
¢ Determine and identify ground in a circuit

¢ Define the term reference ground

The concept of ground was introduced in Chapter 2. In most electronic equipment, a
large conductive area on a printed circuit board or the metal housing is used as the

reference ground or common, as illustrated in Figure 5-50.

Reference ground has a potential of zero volts (0 V) with respect to all other points in the
circuit that are referenced to it, as illustrated in Figure 5-51. In part (a), the negative side of
the source is grounded, and all voltages indicated are positive with respect to ground. In part
(b), the positive side of the source is ground. The voltages at all other points are therefore
negative with respect to ground. Recall that all points shown grounded in a circuit are con-

nected together through ground and are effectively the same point electrically.
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I“E-

3

FIGURE 5-50
Simple illustration of ground in a circuit.

+100V +30V
—Wy MWy V MWy
+ ==
100V —— 100V ="
‘_I +
T Ground T T Ground T

(a) Negative ground (b) Positive ground

FIGURE 5-51
Example of negative and positive grounds.

Measuring Voltages with Respect to Ground

When you measure voltages with respect to the reference ground in a circuit, connect one
meter lead to the reference ground, and the other to the point at which the voltage is to be
measured. In a negative ground circuit, as illustrated in Figure 5-52, the negative meter ter-
minal is connected to the reference ground. The positive terminal of the voltmeter is then
connected to the positive voltage point. The meter reads the positive voltage at point A with
respect to ground.

For a circuit with a positive ground, the positive voltmeter lead is connected to refer-
ence ground, and the negative lead is connected to the negative voltage point, as indi-
cated in Figure 5-53. Here the meter reads the negative voltage at point A with respect to

ground.
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L7
)

i
P —

4 FIGURE 5-52

Measuring a voltage with respect to negative ground.

I.\\\\l".ﬂf/; ‘
.t_ 2 _ ..

; &

4 FIGURE 5-53

Measuring a voltage with respect to positive ground.

When you must measure voltages at several points in a circuit, you can clip the ground
lead to ground at one point in the circuit and leave it there. Then move the other lead from
point to point as you measure the voltages. This method is illustrated pictorially in Figure
5-54 and in equivalent schematic form in Figure 5-55.

Wy n
\\\\\\\\ \ -V.’ iy ,{{//?

Power

supply
voltage

(b) (c)

A FIGURE 5-54

Measuring voltages at several points in a circuit with respect to ground.
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| Wy, |
\ \%

(a) (b) (c)

FIGURE 5-55

Equivalent schematics for Figure 5—54.

Measuring Voltage Across an Ungrounded Resistor

Voltage can normally be measured across a resistor, as shown in Figure 5-56, even though
neither side of the resistor is connected to ground. If the measuring instrument is not
isolated from power line ground, the negative lead of the meter will ground one side of the
resistor and alter the operation of the circuit. In this situation, another method must be used,
as illustrated in Figure 5-57. The voltages on each side of the resistor are measured with
respect to ground. The difference of these two measurements is the voltage drop across the

resistor.
)
o
R Ry Ry
» + vvv - ¢
Vs
v 2
i T
FIGURE 5-56

Measuring voltage across a resistor.

AWy MWV MW——Wv—
+ +
Vs = s = N
Vee = V4 -V
. FIGURE 5-57

Measuring voltage across R, with two separate measurements to ground. Note V4, — Vg can be
expressed as V5, where the second subscript letter, B, is the reference.
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EXAMPLE 5-21 Determine the voltages with respect to ground of each of the indicated points in each
circuit of Figure 5-58. Assume that 25 V are dropped across each resistor.

(b)

~ FIGURE 5-58

Solution  In circuit (a), the voltage polarities are as shown. Point E is ground. Single-letter sub-
scripts denote voltage at a point with respect to ground. The voltages with respect to
ground are as follows:

VE = OV, VD — +25 V., VC = 450 V. VB = 475 V, VA = +100V
In circuit (b), the voltage polarities are as shown. Point D is ground. The voltages
with respect to ground are as follows:
Ve= =25V, Vp=0¥Y, Vo= +25V, Vp= +50V, V,= 475V

In circuit (¢), the voltage polarities are as shown. Point C is ground. The voltages
with respect to ground are as follows:
Vep= =50V, Vp=—-25V, V=0V, Vg=+25V, V, = +50V

Related Problem  If the ground is at point A in the circuit in Figure 5-58, what are the voltages at each
of the points with respect to ground?

Use Multisim file E05-21 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

e point in a circuit called?

Open resistors or contacts and one point shorted to another are common problems in
all circuits including series circuits.

After completing this section, you should be able to
+ Troubleshoot series circuits
¢ Check for an open circuit

¢ Check for a short circuit

¢ Identify primary causes of opens and shorts
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Open Circuit

The most common failure in a series circuit is an open. For example, when a resistor or a
lamp burns out, it causes a break in the current path and creates an open circuit, as
illustrated in Figure 5-59.

An open in a series circuit prevents current.

Wy,

Open filament

[ — 1

(a) A complete series circuit has current. (b) An open series circuit has no current.

FIGURE 5-59

Current ceases when an open occurs.

Troubleshooting an Open In Chapter 3, you were introduced to the analysis, planning, and
measurement (APM) approach to troubleshooting. You also learned about the half-splitting
method and saw an example using an ohmmeter. Now, the same principles will be applied us-
ing voltage measurements instead of resistance measurements. As you know, voltage meas-
urements are generally the easiest to make because you do not have to disconnect anything.

As a beginning step, prior to analysis, it is a good idea to make a visual check of the
faulty circuit. Occasionally, you can find a charred resistor, a broken lamp filament, a loose
wire, or a loose connection this way. However, it is possible (and probably more common)
for a resistor or other component to open without showing visible signs of damage. When
a visual check reveals nothing, then proceed with the APM approach.

When an open occurs in a series circuit, all of the source voltage appears across the
open. The reason for this is that the open condition prevents current through the series
circuit. With no current, there can be no voltage drop across any of the other resistors
(or other component). Since /R = (0 A)R = 0V, the voltage on each end of a good resis-
tor is the same. Therefore, the voltage applied across a series string also appears across the
open component because there are no other voltage drops in the circuit, as illustrated in
Figure 5-60. The source voltage will appear across the open resistor in accordance with
Kirchhoff’s voltage law as follows:

Ve=Vi+ Vot Va+ Vot Vs+ Vs
Vi=Vs = Vi—Va = Vo— Ve — Vi

=10V-0V-0V-0V-0V-0V
V4=VS=]0V

R, R, R, 10V OV R Re
MW—A—W—" B
£ Y 0V 0V 4 0V 0V
Vo =— 10V OPEN

FIGURE 5-60

The source voltage appears across the open series resistor.
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Example of Half-Splitting Using Voltage Measurements Suppose a circuit has four
resistors in series. You have determined by analyzing the symptoms (there is voltage but no
current) that one of the resistors is open, and you are planning to find the open resistor us-
ing a voltmeter for measuring by the half-splitting method. A sequence of measurements
for this particular case is illustrated in Figure 5-61.

Step 1. Measure across R and R, (the left half of the circuit). A 0V reading indicates
that neither of these resistors is open.

Step 2. Move meter to measure across Rs and Ry; the reading is 10 V. This indicates
there is an open in the right half of the circuit, so either R3 or Ry is the faulty
resistor (assume no bad connections).

Step 3. Move the meter to measure across R3. A measurement of 10 V across Rj iden-
tifies it as the open resistor. If you had measured across Ry, it would have indi-
cated 0 V. This would have also identified R3 as the faulty component because
it would have been the only one left that could have 10V across it.

Step 2

+ 10V -

FIGURE 5-61

Troubleshooting a series circuit for an open using half-splitting.

Short Circuit

Sometimes an unwanted short circuit occurs when two conductors touch or a foreign object
such as solder or a wire clipping accidentally connects two sections of a circuit together.
This situation is particularly common in circuits with a high component density. Several
potential causes of short circuits are illustrated on the PC board in Figure 5-62.

FIGURE 5-62 Wire
Examples of shorts on a PC board. chyping

r._) =} (=) (')—'-i—
{ B -

6 Ul 3 Uﬁi"‘-..j

7

/
Q I ﬁ Solder splash

Shorted
leads
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When there is a short, a portion of the series resistance is bypassed (all of the current
goes through the short), thus reducing the total resistance as illustrated in Figure 5-63.
Notice that the current increases as a result of the short.

A short in a series circuit causes more current than normal.

FIGURE 5-63

Example of the effect of a shortin a
series circuit.

7= 100 V 1A o 100V _ 357 A

100 © 28Q

(a) Before short (b) After short

Troubleshooting a Short A short is very difficult to troubleshoot. As in any trou-
bleshooting situation, it is a good idea to make a visual check of the faulty circuit. In the
case of a short in the circuit, a wire clipping, solder splash, or touching leads is often found
to be the culprit. In terms of component failure, shorts are less common than opens in many
types of components. Furthermore, a short in one part of a circuit can cause overheating in
another part due to the higher current caused by the short. As a result two failures, an open
and a short, may occur together.

When a short occurs in a series circuit, there is essentially no voltage across the shorted
part. A short has zero or near zero resistance, although shorts with significant resistance
values can occur from time to time. These are called resistive shorts. For purposes of illus-
tration, zero resistance is assumed for all shorts.

In order to troubleshoot a short, measure the voltage across each resistor until you get a
reading of 0 V. This is the straightforward approach and does not use half-splitting. In order
to apply the half-splitting method, you must know the correct voltage at each point in the
circuit and compare it to measured voltages. Example 5-22 illustrates using half-splitting to

find a short.

EXAMPLE 5-22 Assume you have determined that there is a short in a circuit with four series resistors
because the current is higher than it should be. You know that the voltage at each point in the
circuit should be as shown in Figure 5-64 if the circuit is working properly. The voltages are
shown relative to the negative terminal of the source. Find the location of the short.

FIGURE 5-64 ; T
=] " &
Series circuit (without a short) ' ‘.
with correct voltages indicated. Ry R,

+ 10V -
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Solution  Use the half-splitting method to troubleshoot the short.

Step 1: Measure across R; and R,. The meter shows a reading of 6.67 V, which is
higher than the normal voltage (it should be 5 V). Look for a voltage that is
lower than normal because a short will make the voltage less across that part of
the circuit.

Step 2: Move the meter and measure across R3 and Ry; the reading of 3.33 V is incor-
rect and lower than normal (it should be 5 V). This shows that the short is in the
right half of the circuit and that either Rz or Ry is shorted.

Step 3: Again move the meter and measure across R3. A reading of 3.3 V across Rj
tells you that R, is shorted because it must have 0 V across it. Figure 5-65
illustrates this troubleshooting technique.

& 1O =

* FIGURE 5-65
Troubleshooting a series circuit for a short using half-splitting.

Related Problem  Assume that R, is shorted in Figure 5-65. What would the Step 1 measurement be?




For this application, you have a voltage- |
divider circuit board to evaluate and ’
modify if necessary. You will use it to
obtain five different voltage levels from
a 12 V battery that has a 6.5 Ah rating. The voltage divider pro-
vides positive reference voltages to an electronic circuit in an ana-
log-to-digital converter. Your job is to check the circuit to see if it
provides the following voltages within a tolerance of = 5% with
respect to the negative side of the battery: 104V, 8.0V, 73V, 6.0V,
and 2.7 V. If the existing circuit does not provide the specified volt-
ages, you will modify it so that it does. Also, you must make sure
that the power ratings of the resistors are adequate for the applica-
tion and determine how long the battery will last with the voltage
divider connected to it.

The Schematic of the Circuit

¢ Use Figure 5-66 to determine the resistor values and draw
the schematic of the voltage-divider circuit. All the resistors
on the board are /% W.

FIGURE 5-66

A CIRCUIT APPLICATION ¢

A Circuit Application

Pin 3: positive terminal of 12 V battery
Pin4: 104V = 5%

Pin5: 8.0V 5%

Pin6: 73V = 5%

Pin7: 6.0V = 5%

If the output voltages of the existing circuit are not the same
as those stated in the specifications, make the necessary
changes in the circuit to meet the specifications. Draw a
schematic of the modified circuit showing resistor values and
adequate power ratings.

I+

i

s

The Battery

: @ Find the total current drawn from the 12V battery when the

voltage-divider circuit is connected and determine how many
days the 6.5 Ah battery will last.

A Test Procedure

¢ Determine how you would test the voltage-divider circuit
board and what instruments you would use. Then detail your
test procedure in a step-by-step format.

Troubleshooting

¢ Determine the most likely fault for each of the following
cases. Voltages are with respect to the negative battery termi-
nal (pin 1 on the circuit board).

1. No voltage at any of the pins on the circuit board
12 V at pins 3 and 4. All other pins have 0 V.

12 V at all pins except 0V at pin |

12V atpin 6 and 0V at pin 7

3.3V atpin2

. SR

i Review

155

1. What is the total power dissipated by the voltage-divider cir-

The Voltages

% Determine the voltage at each pin on the circuit board with
respect to the negative side of the battery when the positive
side of the 12 V battery is connected to pin 3 and the negative |
side is connected to pin 1. Compare the existing voltages to i
the following specifications: ;

Pin 1: negative terminal of 12 V battery
Pin2:2.7V *+ 5%

(3]

cuit in Figure 5-66 with a 12 V battery?

. What are the output voltages from the voltage divider if the
positive terminal of a 6 V battery is connected to pin 3 and
the negative terminal to pin 1?

{ 3. When the voltage-divider board is connected to the electronic

circuit to which it is providing positive reference voltages,
which pin on the board should be connected to the ground of
the electronic circuit?
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SUMMARY

KEY TERMS

# The current is the same at all points in a series circuit.

L 2

The total series resistance is the sum of all resistors in the series circuit.

% The total resistance between any two points in a series circuit is equal to the sum of all resistors
connected in series between those two points.

% If all of the resistors in a series circuit are of equal value, the total resistance is the number of
resistors multiplied by the resistance value of one resistor.

# Voltage sources in series add algebraically.

¢ Kirchhoff’s voltage law: The sum of all the voltage drops around a single closed path in a circuit
is equal to the total source voltage in that loop.

€ Kirchhoff’s voltage law: The algebraic sum of all the voltages (both source and drops) around a
single closed path is zero.

@ The voltage drops in a circuit are always opposite in polarity to the total source voltage.

# Conventional current is defined to be out of the positive side of a source and into the negative side.

# Conventional current is defined to be into the positive side of each resistor and out of the more

negative (less positive) side.

# A voltage drop results from a decrease in energy level across a resistor.

L 4

A voltage divider is a series arrangement of resistors connected to a voltage source.

# A voltage divider is so named because the voltage drop across any resistor in the series circuit is
divided down from the total voltage by an amount proportional to that resistance value in relation
to the total resistance.

L 4

A potentiometer can be used as an adjustable voltage divider.

L 2

The total power in a resistive circuit is the sum of all the individual powers of the resistors mak-
ing up the series circuit.

Ground (common) is zero volts with respect to all points referenced to it in the circuit.
Negative ground is the term used when the negative side of the source is grounded.
Positive ground is the term used when the positive side of the source is grounded.

The voltage across an open component always equals the source voltage.

¢ ¢ ¢ ¢ o

The voltage across a shorted component is always 0 V.

These key terms are also in the end-of-book glossary.

FORMULAS

Kirchhoff’s voltage law A law stating that (1) the sum of the voltage drops around a single closed
path equals the source voltage in that loop or (2) the algebraic sum of all the voltages (drops and
source) around a single closed path is zero.

Open A circuit condition in which the current path is broken.

Reference ground A method of grounding whereby the metal chassis that houses the assembly or
a large conductive area on a printed circuit board is used as the common or reference point.

Series In an electric circuit, a relationship of components in which the components are connected
such that they provide a single current path between two points.

Short A circuit condition in which there is a zero or abnormally low resistance path between two
points; usually an inadvertent condition.

Voltage divider A circuit consisting of series resistors across which one or more output voltages
are taken.

5-1 Ry =Ry + Ry + R; + --- + R, Total resistance of n resistors in series
5-2 Rt = nR Total resistance of n equal-value resistors in series
5-3 Ve =V + Vy + V3 + -+ 4V, Kirchhoff’s voltage law
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V¢ = Vi =V, = V3 — --- =V, =0 Kirchhoff’s voltage law stated another way
R, 2

Ve=1|-—1Vg Voltage-divider formula
Ry

Pr=P +P,+P3+--- +P, Total power

Answers are at the end of the chapter.

1.

&

10.

11.

12.

Five equal-value resistors are connected in series and there is a current of 2 mA into the first
resistor. The amount of current out of the second resistor is

(a) equal to 2 mA (b) less than 2 mA (c) greater than 2 mA

. To measure the current out of the third resistor in a circuit consisting of four series resistors, an

ammeter can be placed
(a) between the third and fourth resistors (b) between the second and third resistors

(c) at the positive terminal of the source (d) at any point in the circuit

. When a third resistor is connected in series with two series resistors, the total resistance

(a) remains the same (b) increases
(¢) decreases (d) increases by one-third

. When one of four series resistors is removed from a circuit and the circuit reconnected, the current

(a) decreases by the amount of current through the removed resistor
(b) decreases by one-fourth
(¢) quadruples

(d) increases

. A series circuit consists of three resistors with values of 100 €1, 220 €2, and 330 (). The total

resistance is
(a) less than 100 () (b) the average of the values (e) 550 () (d) 6500

A 9V battery is connected across a series combination of 68 (1, 33 (), 100 €, and 47 () resis-
tors. The amount of current is

(a) 36.3 mA (b) 27.6 A (c) 22.3 mA (d) 363 mA

. While putting four 1.5 V batteries in a flashlight, you accidentally put one of them in back-

ward. The voltage across the bulb will be
(a) 6V (b) 3V (c) 45V d) OV

. If you measure all the voltage drops and the source voltage in a series circuit and add them

together, taking into consideration the polarities, you will get a result equal to
(a) the source voltage (b) the total of the voltage drops
(c) zero (d) the total of the source voltage and the voltage drops

. There are six resistors in a given series circuit and each resistor has 5V dropped across it. The

source voltage is
(a) 5V (b) 30V
(c) dependent on the resistor values (d) dependent on the current

A series circuit consists of a 4.7 k(). a 5.6 k{2, and a 10 k{2 resistor. The resistor that has the
most voltage across it is

(a) the 4.7k} (b) the 5.6 k()
(c) the 10 kQ) (d) impossible to determine from the given information

Which of the following series combinations dissipates the most power when connected across a
100 V source?

(a) One 100 Q resistor (b) Two 100 () resistors
(¢) Three 100 £} resistors (d) Four 100 () resistors

The total power in a certain circuit is 1 W. Each of the five equal-value series resistors making
up the circuit dissipates

(a) 1W (b) 5W () 0.5W (d) 02W
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CIRCUIT DYNAMICS
QulZ

13. When you connect an ammeter in a series-resistive circuit and turn on the source voltage, the
meter reads zero. You should check for

(a) a broken wire (b) a shorted resistor
(c) an open resistor (d) answers (a) and (c)

14. While checking out a series-resistive circuit, you find that the current is higher than it should
be. You should look for

(a) an open circuit (b) a short (¢) a low resistor value (d) answers (b) and (c)

Answers are at the end of the chapter.

Refer to Figure 5-70.
1. If the current shown by one of the milliammeters increases, the current shown by the other two
(a) increases (b) decreases (c) stays the same
2. If the source voltage decreases, the current indicated by each milliammeter
(a) increases (b) decreases (c) stays the same

3. If the current through R, increases as a result of R| being replaced by a different resistor, the
current indicated by each milliammeter

(a) increases (b) decreases (c) stays the same
Refer to Figure 5-73.

4. With a 10 V voltage source connected between points A and B, when the switches are thrown
from position 1 to position 2, the total current from the source

(a) increases (b) decreases (c) stays the same

5. For the conditions described in Question 4, the current through R5
(a) increases (b) decreases (c) stays the same

6. When the switches are in position 1 and a short develops across R3, the current through R,
(a) increases (b) decreases (¢) stays the same

7. When the switches are in position 2 and a short develops across R, the current through Rs
(a) increases (b) decreases (c) stays the same

Refer to Figure 5-77.

8. If the switch is thrown from position A to position B, the ammeter reading

(a) increases (b) decreases (c) stays the same

9. If the switch is thrown from position B to position C, the voltage across Ry

(a) increases (b) decreases (c) stays the same

10. If the switch is thrown from position C to position D, the current through R
(a) increases (b) decreases (c) stays the same

Refer to Figure 5-84(b).

11. If R, is changed to 1.2 k), the voltage from A to B
(a) increases (b) decreases (c) stays the same
12. If R, and Rj are interchanged, the voltage from A to B
(a) increases (b) decreases (c) stays the same
13. If the source voltage increases from 8 V to 10V, the voltage from A to B

(a) increases (b) decreases (c) stays the same

Refer to Figure 5-91.
14. If the 9V source is reduced to 5V, the current in the circuit
(a) increases (b) decreases (c) stays the same
15. If the 9 V source is reversed, the voltage at point B with respect to ground

(a) increases (b) decreases (¢) stays the same
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More difficult problems are indicated by an asterisk ().
PROBLEMS Answers to odd-numbered problems are at the end of the book.

SECTION 5-1 Resistors in Series
1. Connect each set of resistors in Figure 5-67 in series between points A and B.

» FIGURE 5-67

R
R, o—AM——
O—NW—O RI Rz R3 R| R3 R4 R
o—A— 5
Ry

(a) (b) (c)

2. Determine which resistors in Figure 5-68 are in series. Show how to interconnect the pins to
put all the resistors in series.

» FIGURE 5-68

B —

3. Determine the nominal resistance between pins land 8 in the circuit board in Figure 5-68.
4. Determine the nominal resistance between pins 2 and 3 in the circuit board in Figure 5-68.

5. On the double-sided PC board in Figure 5-69, identify each group of series resistors. Note that
many of the interconnections feed through the board from the top side to the bottom side.

» FIGURE 5-69

6 54 3 21
Bottom
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SECTION 5-2 Current in a Series Circuit

6. What is the current through each resistor in a series circuit if the total voltage is 12 V and the
total resistance is 120 Q2?

7. The current from the source in Figure 5-70 is 5 mA. How much current does each milliamme-
ter in the circuit indicate?

FIGURE 5-70

8. Show how to connect a voltage source and an ammeter to the PC board in Figure 5-68 to
measure the current in R;. Which other resistor currents are measured by this setup?

#9, Using 1.5 V batteries, a switch, and three lamps, devise a circuit to apply 4.5 V across either one
lamp, two lamps in series, or three lamps in series with a single-control switch. Draw the
schematic.

SECTION 5-3 Total Series Resistance

10. The following resistors (one each) are connected in a series circuit: 1.0 2, 2.2 0, 5.6 (), 12 (),
and 22 (), Determine the total resistance.

11. Find the total resistance of each of the following groups of series resistors:
(a) 560 £ and 1000 O (b) 47 Q and 56 Q)
(¢) 1.5k, 2.2k0, and 10 k) (d) 1.0MQ, 470k, 1.0k, 2.2 M
12. Calculate Rt for each circuit of Figure 5-71.

— AW . ;

S 1L0kO 47Q

LOMO 560 k)

100 5.6 M2
§5,6 k)
= 12Q 680 k()
A 2 —o——AM,
22k0 1.0O 10 M)
(a) (b) (c)
FIGURE 5-71

13. What is the total resistance of twelve 5.6 k() resistors in series?

14. Six 56 (] resistors, eight 100 () resistors, and two 22 () resistors are all connected in series.
What is the total resistance?

15, If the total resistance in Figure 5-72 is 17.4 k{}, what is the value of Rs?

FIGURE 5-72 R, R,
TS
56k} 1.0kQ
Ry
Rs R,

? 4.7kQ
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*16. You have the following resistor values available to you in the lab in unlimited quantities: 10 (),
100 €1, 470 €2, 560 €2, 680 0, 1.0k, 2.2k, and 5.6 k(2. All of the other standard values are
out of stock. A project that you are working on requires an 18 k{) resistance. What combina-
tions of the available values would you use in series to achieve this total resistance?

17. Find the total resistance in Figure 571 if all three circuits are connected in series.

18. What is the total resistance from A to B for each switch position in Figure 5-73?

FIGURE 5-73

Rs 820 02

Bo—ANN

680 2

SECTION 5-4 Application of Ohm’s Law

19. What is the current in each circuit of Figure 5-74?

Ry 2.2k 1.0 MQ

55V = Ry 5.6 k{1 16 V—-

Ry S 1.0kQ 560 k)

(a) (b)

FIGURE 5-74

20. Determine the voltage drop across each resistor in Figure 5-74.
21. Three 470 £ resistors are connected in series with a 48 V source.
(a) What is the current is in the circuit?
(b) What is the voltage across each resistor?
(c) What is the minimum power rating of the resistors?

22. Four equal-value resistors are in series with a 5V battery, and 2.23 mA are measured. What is
the value of each resistor?

23. What is the value of each resistor in Figure 5-757
24. Determine V. R, and R; in Figure 5-76.

R
sy b
=——— R,
65.8mA 217V ¥ M
N R =145V J) 820

+
Ry =658V

2V

-
R, - I R, 1 123 mA
Wy MWy

= g
— 309V e 221V

e
[
|

FIGURE 5-75 FIGURE 5-76
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SECTION 5-5

SECTION 5-6

25. For the circuit in Figure 5-77 the meter reads 7.84 mA when the switch is in position A,
(a) What is the resistance of R,?
(b) What should be the meter reading for switch positions B, C, and D?

(c) Will a ' A fuse blow in any position of the switch?

26. Determine the current measured by the meter in Figure 5-78 for each position of the ganged
switch.

22kQ 27k

4 FIGURE 5-77 . FIGURE 5-78

Voltage Sources in Series

27. Series aiding is a term sometimes used to describe voltage sources of the same polarity in
series. Ifa 5V and a 9 V source are connected in this manner, what is the total voltage?

28. The term series opposing means that sources are in series with opposite polarities. If a 12 V
and a 3 V battery are series opposing, what is the total voltage?

29. Determine the total source voltage in each circuit of Figure 5-79.

5V 50V 25V
i | o e
8V =
z +
v = Rg 10V R§
= e
- T
Il I
(a) (b) (c)

A FIGURE 5-79

Kirchhoff’s Voltage Law

30. The following voltage drops are measured across three resistors in series: 5.5 V. 8.2V, and 12.3 V.
What is the value of the source voltage to which these resistors are connected?

31. Five resistors are in series with a 20V source. The voltage drops across four of the resistors are
1.5V,5.5V, 3V, and 6 V. How much voltage is dropped across the fifth resistor?

32. Determine the unspecified voltage drop(s) in each circuit of Figure 5-80. Show how to connect
a voltmeter to measure each unknown voltage drop.
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BV V2 L Laar AW
AWV AWy MWy AWy AWy
R R
ke o gl L
15 1V§ L §ZR
+ + +

05V 15V 4R 3R
AN M- AW AW

(a) (b)

FIGURE 5-80

33. In the circuit of Figure 5-81, determine the resistance of Ry.
34. Find R, Ry, and R3 in Figure 5-82.

+
56 () 112V
:
+0 270 54V
Vs +
=56y 470 0.94V )
5 9V
+
+ R,
Ry 44V
2 _I. MWy
= = — 10 mA
FIGURE 5-81 FIGURE 5-82

35. Determine the voltage across Rs for each position of the switch in Figure 5-83. The current in
each position is as follows: A, 3.35 mA; B, 3.73 mA; C, 4.50 mA; D, 6.00 mA.

36. Using the result of Problem 35, determine the voltage across each resistor in Figure 5-83 for
each switch position.

Ry Ry Ry Ry A o l(fg
—ANy—=— A\ :

1.8 k2 1.0 kO 820 560

Rs

FIGURE 5-83

SECTION 5-7 Voltage Dividers

#37. The total resistance of a circuit is 560 (). What percentage of the total voltage appears across a
27 () resistor that makes up part of the total series resistance?
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1000 =R,
o]
12V — A
560 =R,
! B
(a) (b)

FIGURE 5-84

38. Determine the voltage between points A and B in each voltage divider of Figure 5-84.
39. Determine the voltage with respect to ground for output A, B, and C in Figure 5-85(a).
40. Determine the minimum and maximum voltage from the voltage divider in Figure 5-85(b).

*41. What is the voltage across each resistor in Figure 5-867 R is the lowest-value resistor, and all
others are multiples of that value as indicated.

® OA
R
5.6 k0 R
B
3 Wy
=== Ry
15V =T 10 k2 2R
c =+
— 3R
R, o0V .
33k0 4R
ok O GND it
(a) (b) =
FIGURE 5-85 FIGURE 5-86

42, Determine the voltage at each point in Figure 5-87 with respect to the negative side of the
battery.

43. If there are 10V across Ry in Figure 5-88, what is the voltage across each of the other
resistors?

*44, With the table of standard resistor values given in Appendix A, design a voltage divider to pro-
vide the following approximate voltages with respect to ground using a 30 V source: 8.18 V,

22k0)

Ry Z1.0kQ

Ry 560 Q)

= 10 k€2

FIGURE 5-87 FIGURE 5-88
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14.7 V, and 24.6 V. The current drain on the source must be limited to no more than 1 mA. The
number of resistors, their values, and their wattage ratings must be specified. A schematic
showing the circuit arrangement and resistor placement must be provided.

*45. Design a variable voltage divider to provide an output voltage adjustable from a minimum of
10 V to a maximum of 100 V within * 1% using a 1 to 120 V source. The maximum voltage
must occur at the maximum resistance setting of the potentiometer, and the minimum voltage
must occur at the minimum resistance (zero) setting. The current is to be 10 mA.

SECTION 5-8 Power in Series Circuits

46. Five series resistors each handle 50 mW. What is the total power?

47. What is the total power in the circuit in Figure 5-88? Use the results of Problem 43.

48. The following ' W resistors are in series: 1.2k(), 2.2k(), 3.9k{), and 5.6 k(). What is the
maximum voltage that can be applied across the series resistors without exceeding a power rat-
ing? Which resistor will burn out first if excessive voltage is applied?

49. Find Ry in Figure 5-89.

50. A certain series circuit consists of a /4 W resistor, a /4 W resistor and a 2 W resistor. The total
resistance is 2400 £). If each of the resistors is operating in the circuit at its maximum power
dissipation, determine the following:

(a) 1 (b) V¢ (¢) The value of each resistor

FIGURE 5-89 12V

SECTION 5-9 Voltage Measurements
51. Determine the voltage at each point with respect to ground in Figure 5-90.

52. In Figure 5-91, how would you determine the voltage across R, by measuring, without
connecting a meter directly across the resistor?

53. Determine the voltage at each point with respect to ground in Figure 5-91.

A W B A R, 2 Ry ¢ Ry D
5.6 k)
5.6k S60kQ  100kQ  1.0MQ
-
100V — c Rs

- 100 k2
I 1.0 k2

l W D 15V = —— 9V
_n 1LOKQ L =

FIGURE 5-90 FIGURE 5-91

SECTION 5-10 Troubleshooting

54. A string of five series resistors is connected across a 12 V battery. Zero volts is measured
across all of the resistors except Ry. What is wrong with the circuit? What voltage will be
measured across R,?
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» FIGURE 5-92 P — ] A

Rs

55. By observing the meters in Figure 5-92, determine the types of failures in the circuits and
which components have failed.

56. What current would you measure in Figure 5-91(b) if only R, were shorted?

*57. Table 5-1 shows the results of resistance measurements on the PC board in Figure 5-93. Are
these results correct? If not, identify the possible problems.

» TABLE 5-1

BETWEEN PINS RESISTANCE
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4 FIGURE 5-93

*58.

*59.

*60.

You measure 15 k() between pins 5 and 6 on the PC board in Figure 5-93. Does this indicate a
problem? If so. identify it.

In checking out the PC board in Figure 5-93, you measure 17.83 k{) between pins | and 2.
Also, you measure 13.6 k{) between pins 2 and 4. Does this indicate a problem on the PC
board? If so, identify the fault.

The three groups of series resistors on the PC board in Figure 5-93 are connected in series with
each other to form a single series circuit by connecting pin 2 to pin 4 and pin 3 to pin 5. A volt-
age source is connected across pins 1 and 6 and an ammeter is placed in series. As you increase
the source voltage, you observe the corresponding increase in current. Suddenly, the current
drops to zero and you smell smoke. All resistors are /2 W,

(a) What has happened?

(b) Specifically, what must you do to fix the problem?

(c) At what voltage did the failure occur?

Multisim Troubleshooting and Analysis

These problems require your Multisim CD-ROM.

61.
62.
63.
64.
65.

Open file PO5-61 and measure the total series resistance.

Open file P05-62 and determine by measurement if there is an open resistor and, if so, which one.
Open file P05-63 and determine the unspecified resistance value.

Open file P05-64 and determine the unspecified source voltage.

Open file P05-65 and find the shorted resistor if there is one.

SECTION 5-1

SECTION REVIEWS

Resistors in Series

113

2.

Series resistors are connected end-to-end in a “string” with each lead of a given resistor con-
nected to a different resistor.

There is a single current path in a series circuit.
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SECTION 5-2

SECTION 5-3

SECTION 5-4

SECTION 5-5

Ry
A A
RS Rg
Rj.' ‘R‘;
Ry
B B
(a) (b) (c)
FIGURE 5-94
Ry
Ao ——
< —— &
Rzg Rs Ry ' Rq
Ry Ry
T—’VV\V— T_WV : 2
FIGURE 5-95

3. See Figure 5-94.
4. See Figure 5-95.

Current in a Series Circuit
.I=1A
2. The milliammeter measures 50 mA between C and D and 50 mA between E and F
3.7=100V/56Q = 1.79A; 1.79A

4. In a series circuit, current is the same at all points.

Total Series Resistance
LR=100+220+330+470=1120

. Rp = 1000 + 2(56 Q) + 4(12Q) + 3300 = 590 Q

. Rs = 13.8kQ) — (1.0k{Q) + 2.7kQ + 5.6k + 560 Q) = 3.94k()

. Ry = 12(56 ) = 672 Q)

Rt = 20(5.6 k) + 30(8.2k{)) = 358k()

th & W N

Application of Ohm’s Law
1. 7= 10V/300 Q = 33.3mA
2. Vg = (50mA)(21.2 Q) = 1.06 V

3. V= (50mA)10Q) = 05V; V5 = (50mA)5.6 Q) = 0.28V:
Vi = (50mA)(5.6 Q) = 0.28V

4. R = "4(5V/4.63mA) = 270 Q)

Voltage Sources in Series
1. Vp =4(15V) =60V
2. 60V/12V = 5; see Figure 5-96.

12V 12V 12V 12V 12V

il il il
=l
= 60V +

FIGURE 5-96
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ANSWERS
3. See Figure 5-97.
4. (a) Vgon = 100V +50V =75V =75V
(b) Vsgon =20V + 10V — 10V =5V =15V
5. See Figure 5-98.
+ +
TV e R Isve=
(a) (b)
FIGURE 5-97 FIGURE 5-98

SECTION 5-6 Kirchhoff’s Voltage Law

1. (a) Kirchhotf’s law states the algebraic sum of the voltages around a closed path is zero;

(b) Kirchhoff’s law states the sum of the voltage drops equals the total source voltage.
2. Vr=Vg =50V
3. Vi=V, =35V
4. V3 =25V - 10V -5V =10V
5. Vs =1V +3V+5V+EV+TV =24V

SECTION 5-7 Voltage Dividers

1. A voltage divider is a circuit with two or more series resistors in which the voltage taken across

any resistor or combination of resistors is proportional to the value of that resistance.
. Two or more resistors form a voltage divider.
. Vi = (R,/Rp)Vs
. Vg = 10V2 =5V

. Vi = (47 kEY/129Kk0)100V = 364 V; Vg = (82k(/129k0D)100V = 63.6 V; see
Figure 5-99.

6. Set the wiper at the midpoint.

T A W o

FIGURE 5-99

47 k0

82kNd

SECTION 5-8 Power in Series Circuits

1. Add the power in each resistor to get total power.
2. Pr=2W+5W+1IW+8W=16W
3. Pp=(1A)X1110Q) = [1I0W

SECTION 5-9 Voltage Measurements

1. The reference point in a circuit is called ground or common.
2. True

3. True



170 ¢ Series CIRCUITS

SECTION 5-10 Troubleshooting
1. A short is a zero resistance path that bypasses a portion of a circuit.
2. An open is a break in the current path.
3. When a circuit opens, current ceases.

4. An open can be created by a switch or by a component failure. A short can be created by a
switch or, unintentionally, by a wire clipping or solder splash.

5. True, a resistor normally fails open.
6. 24V across the open R; 0V across the other Rs

A Circuit Application

1. Py = (12V)¥/16.6kQ = 8.67mW

2. Pin 2: 1.41 V; Pin 6: 3.65 V; Pin 5: 4.01 V; Pin 4: 520 V; Pin 7: 3.11 V
3. Pin 3 connects to ground.

RELATED PROBLEMS FOR EXAMPLES
5-1 (a) See Figure 5-100.
(b) Ry = 1.0k, R, = 33k, R; = 39k}, Ry = 47002, Rs = 22k()

FIGURE 5-100 @

@ NEEEEENNN T .

lul-l!lnnizlw
EaEmE RN W W

\54/'

5-2 All resistors on the board are in series.
5-3 258 Q)

5-4 12.1kQ

5-5 6.8kQ

5-6 4440 Q

5-7 114 mA

5-8 78V

59 Vi=1V,V, =33V, V;
5-10 Use an ohmmeter.
5-1112V

5-122V

5-13 10V and 20 V; Viyee = Vg = 30V, Vg = Vpp = 0V
5-1447V

5-15 593 (). This is most likely a 560 €} resistor because 593 () is within a standard tolerance
(+10%) of 560 ().

5-16V, = 3.57V: V5 = 643V

5-17V, = V5 = V3 = 333V

518 Vg = 4V; Vyc = 368 V; Ve = 32.8V; Vgp = 46 V; Vep = 132V
5-198.49 W

22V, Vg =065V, Vgmaxy = 325V
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520 P, =092W(1W); P, = 249 W (5W); P; = 0.838 W (1 W); Py = 3.04 W(5 W)
521 Vy=0V;Vg=—-25V; Vo =—50V; Vp=—75V; Vg = =100V

5-22 333V

SELF-TEST
1. (a) 2. (d) 3. (b) 4. (d) 3. (d)
9. (b) 10. (c) 11. (a) 12. (d) 13. (d)

CIRCUIT DYNAMICS QUIZ

1. (a) 2. (b) 3. (a) 4. (b) 5. (b)
7. (a) 8. (a) 9. (a) 10. (b) 11. (b)
13. (a) 14. (a) 15. (b)

6. (a) 7. b) 8. (¢)
14. (d)

6. (c)
12. (c)

*
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CHAPTER OUTLINE

:-6~1 Resistors in Parallel

- 6-2  Voltage in a Parallel Circuit
. 6-3  Kirchhoff’s Current Law
Total Parallel Resistance
Application of Ohm’s Law
Current Sources in Parallel
Current Dividers

Power in Parallel Circuits
Parallel Circuit Applications
Troubleshooting

A Circuit Application

EE

CHAPTER OBJECTIVES

Identify a parallel resistive circuit

Determine the voltage across each parallel branch
Apply Kirchhoff’s current law

Determine total parallel resistance

Apply Ohm'’s law in a parallel circuit

Determine the total effect of current sources in parallel
Use a parallel circuit as a current divider

Determine power in a parallel circuit

Describe some basic applications of parallel circuits

Troubleshoot parallel circuits

KEY TERMS

Branch
Parallel

Kirchhoff’s current law
Node

Current divider

* ¢ 4 ¢ ¢

A CIRCUIT APPLICATION PREVIEW

In this application, a panel-mounted power supply will be
modified by adding a milliammeter to indicate current to a
load. Expansion of the meter for multiple current ranges us-
ing parallel (shunt) resistors will be demonstrated. The prob-
lem with very low-value resistors when a switch is used to
select the current ranges will be introduced and the effect of
switch contact resistance will be demonstrated. A way of
eliminating the contact resistance problem will be presented.
Finally, the ammeter circuit will be installed in the power
supply. The knowledge of parallel circuits and of basic am-
meters that you will acquire in this chapter plus your under-
standing of Ohm’s law, current dividers, and the resistor
color code will be put to good use.

VISIT THE COMPANION WEBSITE

Study aids for this chapter are available at
http://www.prenhall.com/floyd

INTRODUCTION

In Chapter 5, you learned about series circuits and how to ap-
ply Ohm’s law and Kirchhoff’s voltage law. You also saw how a
series circuit can be used as a voltage divider to obtain several
specified voltages from a single source voltage. The effects of
opens and shorts in series circuits were also examined.

In this chapter, you will see how Ohm’s law is used in paral-
lel circuits; and you will learn Kirchhoff’s current law. Also, sev-
eral applications of parallel circuits, including automotive

lighting, residential wiring, and the internal wiring of analog -
ammeters are presented. You will learn how to determine total "
parallel resistance and how to troubleshoot for open resistors.

When resistors are connected in parallel and a voltage is —,
applied across the parallel circuit, each resistor provides a =
separate path for current. The total resistance of a parallel .

circuit is reduced as more resistors are connected in parallel.
The voltage across each of the parallel resistors is equal to
the voltage applied across the entire parallel circuit.
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6-1 RESISTORS IN PARALLEL

When two or more resistors are individually connected between two separate points, they
are in parallel with each other. A parallel circuit provides more than one path for current.

After completing this section, you should be able to
+ Identify a parallel resistive circuit

+ Translate a physical arrangement of parallel resistors into a schematic

Each current path is called a branch, and a parallel circuit is one that has more than
one branch. Two resistors connected in parallel are shown in Figure 6-1(a). As shown in
part (b), the current out of the source (/1) divides when it gets to point A. I; goes through
R and I, goes through R,. If additional resistors are connected in parallel with the first two,
more current paths are provided between point A and point B, as shown in Figure 6-1(c).
All points along the top shown in blue are electrically the same as point A, and all points
along the bottom shown in green are electrically the same as point B.

Ry I

Ry | SRy I §R4

— W——o

(a) (b)

FIGURE 6-1

Resistors in parallel.

In Figure 6-1, it is obvious that the resistors are connected in parallel. Often, in actual
circuit diagrams, the parallel relationship is not as clear. It is important that you learn to
recognize parallel circuits regardless of how they may be drawn.

A rule for identifying parallel circuits is as follows:

If there is more than one current path (branch) between two separate points and if
the voltage between those two points also appears across each of the branches, then
there is a parallel circuit between those two points.

Figure 6-2 shows parallel resistors drawn in different ways between two separate points
labeled A and B. Notice that in each case, the current has two paths going from A to B, and

o g A O A o= ANV —
¥ | + . | % vy L T
| v | | I :"' |
L e ' . 1 b i
- | | -
-~ 5 8 b AAA. —9 |
b= = x < < > 4 | & .
> > < < >
1 Loe 3 3 | >
Bo== —AAN— Bo-—l_'_? — B O o] e TN | B 0= e
(a) (b) (c) (d) (e)
FIGURE 6-2

Examples of circuits with two parallel paths.
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the voltage across each branch is the same. Although these examples show only two paral-
lel paths, there can be any number of resistors in parallel.

AMPLE 6-1 Five resistors are positioned on a protoboard as shown in Figure 6-3. Show the wiring
required to connect all of the resistors in parallel between A and B. Draw a schematic
and label each of the resistors with its value.

- E AENEENS SN NN NN ENENE
) @l:rnss-l-’u

M*a-a:c::l!:xgi!
ttli'ﬂ@u:s-'-t:-ll =
NEEE®N EEEEEE N RN NN RN
FEEEEEEE NN RN AN EE N LY EE

(B D

EE NN I’llli

T OO

EEETENEEEENE NN NN N N L

FIGURE 6-3

Solution  Wires are connected as shown in the assembly diagram of Figure 6-4(a). The
schematic is shown in Figure 6-4(b). Again, note that the schematic does not
necessarily have to show the actual physical arrangement of the resistors. The schematic
shows how components are connected electrically.

A© & & & &
R| Rz Rj Rri RS
1.0 k) 22Kk0 8200 2.7 k0 1.0 k)
Bo @ @ @

Dol

(a) Assembly wiring diagram {b) Schematic

FIGURE 6-4

Related Problem™ How would the circuit have to be rewired if R, is removed?

*Answers are at the end of the chapter.
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.- EXAMPLE 6-2 Determine the parallel groupings in Figure 6-5 and the value of each resistor.

Pin |

Pin 2

Pin 3

Pin4 |

. FIGURE 6-5

Solution  Resistors R; through R4 and R; and R, are all in parallel. This parallel combination
is connected to pins 1 and 4. Each resistor in this group is 56 k{}.
Resistors R5 through Ry are all in parallel. This combination is connected to pins 2
and 3. Each resistor in this group is 100 k().

Related Problem How would you connect all of the resistors in Figure 6-5 in parallel?

connected in a parallel circuit?

parallel circuit?

s for the circuits in each part of Figure 6-6 by connecting the
n points A and B.
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rs in Figure 6-6 in parallel with each other.

Ry

Ry

A5 Ao—AMN—o
Ry

Rs o—w—o

Rg

b MA—  o—M—os

Rg
(b) (c)

6—2 VOLTAGE IN A PARALLEL CIRCUIT

The voltage across any given branch of a parallel circuit is equal to the voltage across
each of the other branches in parallel. As you know, each current path in a parallel cir-
cuit is called a branch.

After completing this section, you should be able to
+ Determine the voltage across each parallel branch

+ Explain why the voltage is the same across all parallel resistors

To illustrate voltage in a parallel circuit, let’s examine Figure 6-7(a). Points A, B, C, and D
along the left side of the parallel circuit are electrically the same point because the voltage is
the same along this line. You can think of all of these points as being connected by a single wire
to the negative terminal of the battery. The points E, F, G, and H along the right side of the cir-
cuit are all at a voltage equal to that of the positive terminal of the source. Thus, voltage across
each parallel resistor is the same, and each is equal to the source voltage. Note that the parallel

circuit in Figure 67 resembles a ladder.

Figure 6-7(b) is the same circuit as in part (a), drawn in a slightly different way. Here
the left side of each resistor is connected to a single point, which is the negative battery ter-
minal. The right side of each resistor is connected to a single point, which is the positive

battery terminal. The resistors are still all in parallel across the source.

» FIGURE 6-7 D i E =y
Voltage across parallel branches is H f b
the same.

C F

(a) (b)
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In Figure 6-8, a 12V battery is connected across three parallel resistors. When the volt-
age is measured across the battery and then across each of the resistors, the readings are the
same. As you can see, the same voltage appears across each branch in a parallel circuit.

FIGURE 6-8

The same voltage appears across
each resistor in parallel.

|

%

GEIoEIoRIC

+

+

+

—
et
+

VS= 12V

(a) Pictorial (b) Schematic

EXAMPLE 6-3 Determine the voltage across each resistor in Figure 6-9.

FIGURE 6-9

Fuse

1.8 k) 1.0 kO 33k0

Ry Ry
2.2kQ 22k0

Solution  The five resistors are in parallel, so the voltage across each one is equal to the applied
source voltage. There is no voltage across the fuse. The voltage across the resistors is

V1=V2=V3=V4=V5=VS=25V

+

<o~
I

s

Related Problem  If Ry is removed from the circuit, what is the voltage across R3?

Use Multisim file E06-03 to verify the calculated results in this example and to
confirm your calculation for the related problem.
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nnected in parallel with a 5 V source. What is the

Itage does voltmeter 1 indicate? Voltmeter 2?
branch of a parallel circuit related?

- FIGURE 6-11

KIRCHHOFF’S CURRENT LAw

Kirchhoff’s voltage law deals with voltages in a single closed path. Kirchhoff’s current
law applies to currents in multiple paths.

After completing this section, you should be able to
+ Apply Kirchhoff’s current law
¢ State Kirchhoff’s current law
¢ Define node
+ Determine the total current by adding the branch currents

¢ Determine an unknown branch current

Kirchhoff’s current law, often abbreviated KCL, can be stated as follows:

The sum of the currents into a node (total current in) is equal to the sum of the cur-
rents out of that node (total current out).

A mode is any point or junction in a circuit where two or more components are connected.
In a parallel circuit, a node or junction is a point where the parallel branches come together.
For example, in the circuit of Figure 6-12, point A is one node and point B is another. Let’s
start at the positive terminal of the source and follow the current. The total current /1 from the
source is info node A. At this point, the current splits up among the three branches as indi-
cated. Each of the three branch currents (/;, /», and 13) is ouf of node A. Kirchhoff’s current
law says that the total current into node A is equal to the total current out of node A; that is,

fT:I|+12+I3

Now, following the currents in Figure 612 through the three branches, you see
that they come back together at node B. Currents /,, I, and I5 are into node B, and
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Kirchhoff’s current law: The current
L into a node equals the current out of
Node A Node B that node.
- e \

e e

—E FIGURE 6-12
fr \

I7 s out of node B. Kirchhoff’s current law formula at node B is therefore the same as at
node A.
Ir=hL+5L+ 5

Figure 6-13 shows a generalized circuit node where a number of branches are con-
nected at a point in a circuit. Currents /iy through Iy, are into the node (n can be any
number). Currents oy through Ioyt(, are out of the node (m can be any number, but
not necessarily equal to n). By Kirchhoff’s current law, the sum of the currents into a node
must equal the sum of the currents out of the node. With reference to Figure 6-13, a gen-
eral formula for Kirchhoff’s current law is

Ivay + vy + -+ Iiny = Touty + loute) + -+ loutem

If all the terms on the right side of Equation 6-1 are brought over to the left side, their signs
change to negative, and a zero is left on the right side as follows:

Inay + Ivy + 7+ + Iingy — Touty — loutey — - — Ioutmy = 0

Iy Touty

Ine) fout)

- "DUTIA]

LNEN

Tine —

vy + vy + vy + -+ + Iy = Zoutony + foutey + louray +* - Loutin

Equation 6-1

FIGURE 6-13

Generalized circuit node illustrating
Kirchhoff’s current law.
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Based on this last equation, Kirchhoff’s current law can also be stated in this way:
The algebraic sum of all the currents entering and leaving a node is equal to zero.

You can verify Kirchhoff’s current law by connecting a circuit and measuring each
branch current and the total current from the source, as illustrated in Figure 6-14. When the
branch currents are added together, their sum will equal the total current. This rule applies
for any number of branches.

The following three examples illustrate use of Kirchhoff’s current law.

FIGURE 6-14

An illustration of Kirchhoff’s current
law.

EXAMPLE 6-4

Solution

Related Problem

The branch currents are shown in the circuit of Figure 6-15. Determine the total cur-
rent entering node A and the total current leaving node B.

FIGURE 6-15
A
—
)r'l‘
= I I
— 1 2
= 5mA § 12 mA
Iy
e
B

The total current out of node A is the sum of the two branch currents. So the total
current into node A is

Ip=1 + L =5mA + 12mA = 17mA

The total current entering node B is the sum of the two branch currents. So the total
current out of node B is

;=15 + 5L, =5mA + 12mA = 17mA

Note that this equation can be equivalently expressed as It — I} — I, = 0.

If a third branch is added to the circuit in Figure 6-15 and its current is 3 mA, what is
the total current into node A and out of node B?




KIRCHHOFF'S CURRENT LAW ¢

EXAMPLE 6-5 Determine the current /5 through R, in Figure 6-16.

——

100 mA

4+ " /
— ILL R 3
Vs = ! I = 3 § l 20 mA

FIGURE 6-16

Solution  The total current into the junction of the three branches is It = I} + I, + I5. From

Figure 6-16, you know the total current and the branch currents through R, and R;.
Solve for 5 as follows:

L=t — I — f3 = 100mA — 30mA — 20mA = 50 mA

Related Problem  Determine Iy and I, if a fourth branch is added to the circuit in Figure 616 and it has
12 mA through it.

EXAMPLE 6-6 Use Kirchhoff’s current law to find the current measured by ammeters A3 and AS in
Figure 6-17.

FIGURE 6-17

Solution  The total current into node X is 5 mA. Two currents are out of node X: 1.5 mA through
resistor Ry and the current through A3. Kirchhoff’s current law applied at node X gives

SmA = 1L.5mA + I3
Solving for /43 yields

Inz =5mA — 1.5mA = 3.5mA
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The total current into node Y is /43 = 3.5 mA. Two currents are out of node ¥:
1 mA through resistor R, and the current through A5 and R5. Kirchhoff’s current law
applied at node Y gives
3.5mA = 1mA + IAS
Solving for /5 yields
Iys = 35mA — 1mA = 2.5mA

Related Problem  How much current will an ammeter measure when it is placed in the circuit right be-
low R; in Figure 6-17? Below the negative battery terminal?

‘node and the current out of the node divides
im of all three branch currents?

d two branch currents leave the same node.
ode is 1 mA, and one of the currents leaving the
ntering and leaving the node is 8 mA. Determine

ntering the node and the value of the unknown

B —
Ir = 5uA

1 h

o

o

. FIGURE 6-19

6—4 TortAL PARALLEL RESISTANCE

When resistors are connected in parallel, the total resistance of the circuit decreases.
The total resistance of a parallel circuit is always less than the value of the smallest
resistor. For example, if a 10 €} resistor and a 100 €} resistor are connected in parallel,
the total resistance is less than 10 ).

After completing this section, you should be able to
¢ Determine total parallel resistance
+ Explain why resistance decreases as resistors are connected in parallel

¢ Apply the parallel-resistance formula
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As you know, when resistors are connected in parallel, the current has more than one
path. The number of current paths is equal to the number of parallel branches.

In Figure 6-20(a), there is only one current path because it is a series circuit. There is
a certain amount of current, /;, through R;. If resistor R, is connected in parallel with R,
as shown in Figure 6-20(b), there is an additional amount of current, /,, through R;.
The total current from the source has increased with the addition of the parallel resistor.
Assuming that the source voltage is constant, an increase in the total current from the
source means that the total resistance has decreased, in accordance with Ohm’s law.
Additional resistors connected in parallel will further reduce the resistance and increase
the total current.

e
I+ includes
> I, and 1.
Vs = 5 R, I § R,
(a) (b)
FIGURE 6-20

Addition of resistors in parallel reduces total resistance and increases total current.

Formula for Total Parallel Resistance

The circuit in Figure 6-21 shows a general case of n resistors in parallel (n can be any num-
ber). From Kirchhoff’s current law, the equation for current is

]T=]]+[2+13+"'+!”

s ~ ~ 3 A L
—_—
=
Ve R, R R e g
1 I kL £
-0 @ i *— ———— —
FIGURE 6-21

Circuit with n resistors in parallel.

Since Vg is the voltage across each of the parallel resistors, by Ohm’s law, I; = Vi/R,,
I, = Vg/R5, and so on. By substitution into the equation for current,

V. % Vg
_._:;:_S_',._"_i_b_‘._f_b
Rt R R R

n

183
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The term Vg can be factored out of the right side of the equation and canceled with Vg on
the left side, leaving only the resistance terms.

Recall that the reciprocal of resistance (1/R) is called conductance, which is symbolized by
G. The unit of conductance is the siemens (S). The equation for 1/Rt can be expressed in
terms of conductance as

GT=GI +G2+ G3 S R G,,

Solve for Rt by taking the reciprocal of (that is, by inverting) both sides of the equation

for 1/Rt.
1
Equation 6-2 Ry = 1 I 7 1
BEOEGENA
R 1 R.’Z R3 Rn
Equation 6-2 shows that to find the total parallel resistance, add all the 1/R (or conduc-
tance, ) terms and then take the reciprocal of the sum.
s
T G
EXAMPLE 6-7 Calculate the total parallel resistance between points A and B of the circuit in Fig-
ure 6-22.
FIGURE 6-22
Solution  Use Equation 6-2 to calculate the total parallel resistance when you know the individ-

ual resistances. First, find the conductance, which is the reciprocal of the resistance,
of each of the three resistors.

G =—=—-=1
1 R, | QO 0OmS
e R Y
2R 4 ;
1 1
e
SS R 90 a8

Next, calculate Rt by adding G, G,, and G5 and taking the reciprocal of the sum.

1 1 i
Rp=— = = = 13.
" Gr 10mS +213mS +455mS  76.8mS 180

For a quick accuracy check, notice that the value of Ry (13.0 £2) is smaller than the
smallest value in parallel, which is Ry (22 2), as it should be.

Related Problem  1If a 33 () resistor is connected in parallel in Figure 6-22, what is the new value of Ry?
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Calculator Tip

The parallel-resistance formula is easily solved on a calculator using Equation 6-2. The gen-
eral procedure is to enter the value of R, and then take its reciprocal by pressing the x ! key.
(The reciprocal is a secondary function on some calculators.) Next press the + key; then
enter the value of R, and take its reciprocal using the x ! key and press the + key. Repeat
this procedure until all of the resistor values have been entered:; then press ENTER. The final
step is to press the x ' key and the ENTER key to get Ry. The total parallel resistance is now
on the display. The display format may vary, depending on the particular calculator. For
example, the steps required for a typical calculator solution of Example 67 are as follows:

Enter 100. Display shows 100.

Press x ! (or 2nd then x1). Display shows 1007,

Press +. Display shows 100" +.

Enter 47. Display shows 100! + 47.

Press x ! (or 2nd then x ). Display shows 1007" + 4771,

Press +. Display shows 100! + 4771 +.

Enter 22. Display shows 1007" + 477! + 22.

Press x ! (or 2nd then x ). Display shows 100" + 4771 + 2271,
Press ENTER. Display shows a result of 76.7311411992E 7,

oI B BRI U TR Rt R

o
=

Press x ! (or 2nd then x~') and then ENTER. Display shows a result of
13.0325182758€0.

The number displayed in Step 10 is the total resistance in ohms. Round it to 13.0 2.

The Case of Two Resistors in Parallel

Equation 6-2 is a general formula for finding the total resistance for any number of resis-
tors in parallel. The combination of two resistors in parallel occurs commonly in practice.
Also, any number of resistors in parallel can be broken down into pairs as an alternate way
to find the Ry. Based on Equation 6-2, the formula for the total resistance of two resistors
in parallel is

1

(&) + (&)

Combining the terms in the denominator yields

R']"=

1
Rr=——7—77+—
(R, + Rz)
RiR;
which can be rewritten as follows:
RR
j 1%
R+ Ry

Equation 6-3 states

The total resistance for two resistors in parallel is equal to the product of the two
resistors divided by the sum of the two resistors.

This equation is sometimes referred to as the “product over the sum” formula.

Equation 6-3

*

185
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EXAMPLE 6-8 Calculate the total resistance connected to the voltage source of the circuit in Figure 6-23.

FIGURE 6-23

R, Ry
680 £) 330 0

o

i—|IF—

Solution  Use Equation 6-3.

= 2220

Re = RiRy (680 Q)(330Q) 224,400 Q*
S R R 6800+ 3300 1010 Q

Related Problem  Determine Ry if a 220 ) replaces R, in Figure 6-23.

The Case of Equal-Value Resistors in Parallel

Another special case of parallel circuits is the parallel connection of several resistors each
having the same resistance value. There is a shortcut method of calculating Rt when this

case occurs.
If several resistors in parallel have the same resistance, they can be assigned the same
symbol R. For example, Ry = R, = Ry =---= R, = R. Starting with Equation 6-2, you

can develop a special formula for finding Rr.

1
ONOMORG
=)+ |=)+(=)++ =
R R R R

Notice that in the denominator, the same term, 1/R, is added n times (n is the number of
equal-value resistors in parallel). Therefore, the formula can be written as

RT:

or
Equation 6-4 Rt =
Equation 6—4 says that when any number of resistors (n), all having the same resistance

(R), are connected in parallel, Ry is equal to the resistance divided by the number of resis-
tors in parallel.

EXAMPLE 6-9 Four 8 () speakers are connected in parallel to the output of an amplifier. What is the
total resistance across the output of the amplifier?

Solution  There are four 8 () resistors in parallel. Use Equation 6—4 as follows:

-382 0

R:
L3 4

==

Related Problem  If two of the speakers are removed, what is the resistance across the output?
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Determining an Unknown Parallel Resistor

Sometimes you need to determine the values of resistors that are to be combined to produce
a desired total resistance. For example, you use two parallel resistors to obtain a known to-
tal resistance. If you know or arbitrarily choose one resistor value, then you can calculate
the second resistor value using Equation 63 for two parallel resistors. The formula for de-
termining the value of an unknown resistor R, is developed as follows:

1 1 1

— = — 4 —

Rt Ry R,

-1 1

R, Ry R4

l A RA - RT

R, RARy
RyRt

R.=——— Equation 6-5

£ B — Rp q

where R, is the unknown resistor and R, is the known or selected value.

EXAMPLE 6-10 Suppose that you wish to obtain a resistance as close to 150 () as possible by combining
two resistors in parallel. There is a 330 ) resistor available. What other value do you need?
Solution Rt = 150 () and R4 = 330 (). Therefore,

RaRr (330 Q)(150 Q)
Ry — Ry 3300 — 150Q

R, = = 9750

The closest standard value is 270 ().

Related Problem  If you need to obtain a total resistance of 130 (), what value can you add in parallel to
the parallel combination of 330 €} and 270 )? First find the value of 330 Q) and
270 €} in parallel and treat that value as a single resistor.

Notation for Parallel Resistors

Sometimes, for convenience, parallel resistors are designated by two parallel vertical
marks. For example, R in parallel with R, can be written as R | R,. Also, when several re-
sistors are in parallel with each other, this notation can be used. For example,

Ry || Ry | Rs || Ry Rs

indicates that R, through Rs are all in parallel.
This notation is also used with resistance values. For example,

10kQ || 5kQ

means that a 10 k{) resistor is in parallel with a 5 k{} resistor.

al resistance increase or decrease as more resistors are connected in

| resistance is always less than what value?
al formula for Ry with any number of resistors in parallel.
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 resistors in parallel.
‘number of equal-value resistors in parallel.

1.0 kQ 1.0 k2 1.0 k€2 1.0 k2 470 100 ©

. FIGURE 6-26

6-5 APPLICATION OF OHM’s LAw

Ohm’s law can be applied to parallel circuit analysis.
After completing this section, you should be able to
+ Apply Ohm’s law in a parallel circuit
+ Find the total current in a parallel circuit
+ Find each branch current in a parallel circuit
+ Find the voltage across a parallel circuit

+ Find the resistance of a parallel circuit

The following examples illustrate how to apply Ohm’s law to determine the total cur-
rent, branch currents, voltage, and resistance in parallel circuits.

EXAMPLE 6-11 Find the total current produced by the battery in Figure 6-27.

* FIGURE 6-27
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Solution  The battery “sees” a total parallel resistance that determines the amount of current that
it generates. First, calculate Rry.

R = Rz (100KQ)S6kD) _ 5600 kQ*
TR +R 100kQ + 56kQ  156kQ
The battery voltage is 100 V. Use Ohm’s law to find /7.

Vs _ 100V
Rr  359kQ

= 359kQ

I = = 2.79 mA

Related Problemn What is I in Figure 6-27 if R, is changed to 120 k{)? What is the current through
Ry?

Use Multisim file EO6-11 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

EXAMPLE 6-12 Determine the current through each resistor in the parallel circuit of Figure 6-28.

f!l f:l "31
Vs = Ry Ry Ry

20V _—j 1L0KQ S 22kQ 560 Q

FIGURE 6-28

Solution  The voltage across each resistor (branch) is equal to the source voltage. That is, the
voltage across R is 20V, the voltage across R, is 20 V, and the voltage across Rj is
20 V. The current through each resistor is determined as follows:

Vs 20V

=22 = = 20mA

SR, L0k "
Vo 20V

T R apEn, VmA
Ve 00V

L e

Related Problem  If an additional resistor of 910 () is connected in parallel to the circuit in Figure 6-28,
determine all of the branch currents.

Use Multisim file E06-12 to verify the calculated results in this example and to con-
firm your calculations for the related problem.
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EXAMPLE 6-13

Solution

Related Problem

Find the voltage Vg across the parallel circuit in Figure 6-29.

—_—

10 mA
=L Ry Ry R;
_—I 2003 56000 10kQ

- - = —

FIGURE 6-29

Vs

The total current into the parallel circuit is 10 mA. If you know the total resistance,
then you can apply Ohm’s law to get the voltage. The total resistance is
- 1
G|+ Gy + G;
1

D

: (22<1m) g (56{19) g (l.olko)

1 1
"~ 455mS + 1.79mS + ImS  7.34mS

Ry

=136 0

Therefore, the source voltage is
Vs = ItRt = (10mA)(136 Q) = 1.36 V
Find the voltage if Rj is decreased to 680 () in Figure 629 and /7 is 10 mA.

Use Multisim file E06-13 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

EXAMPLE 6-14

The circuit board in Figure 6-30 has three resistors in parallel. The values of two of
the resistors are known from the color bands, but the top resistor is not clearly marked
(maybe the bands are worn off from handling). Determine the value of the unknown
resistor Ry using only an ammeter and a dc power supply.

FIGURE 6-30
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Solution  If you can determine the total resistance of the three resistors in parallel, then you can
use the parallel-resistance formula to calculate the unknown resistance. You can use
Ohm’s law to find the total resistance if voltage and total current are known.
In Figure 6-31, a 12 V source (arbitrary value) is connected across the resistors, and
the total current is measured. Using these measured values, find the total resistance.

V. iy
Rp=— = =498 Q)
T 24.0ImA e
Power
supply | (v

|
i
:E‘.

~ FIGURE 6-31

Find the unknown resistance as follows:
1 1 1 1

Rt R R R

1 1 1 1 1 1 1

X & &, Rk a0 1skn  1oxn  3m8
i

Ri = J5yas ~ 221K0

Related Problem  Explain how to determine the value of R using an ohmmeter and without removing R,
from the circuit.

across three 680 ) resistors that are in parallel. What is
reqmredto produce 20 mA of current through the circuit of
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re through each resistor of Figure 6-32?
stors in parallel with a 12 V source, and 5.85 mA of cur-
e value of each resistor?

istor are connected in parallel. There is a total of 100 mA
combination. How much voltage is dropped across the resistors?

6—6 CURRENT SOURCES IN PARALLEL

As you learned in Chapter 2, a current source is a type of energy source that provides a
constant current to a load even if the resistance of that load changes. A transistor can
be used as a current source; therefore, current sources are important in electronic cir-
cuits. Although the study of transistors is beyond the scope of this book, you should
understand how current sources act in parallel.

After completing this section, you should be able to
+ Determine the total effect of current sources in parallel
¢ Determine the total current from parallel sources having the same direction

¢ Determine the total current from parallel sources having opposite directions

In general, the total current produced by current sources in parallel is equal to the alge-
braic sum of the individual current sources. The algebraic sum means that you must con-
sider the direction of current when you combine the sources in parallel. For example, in
Figure 6-33(a), the three current sources in parallel provide current in the same direction

(into node A). So the total current into node A is
IF=1A+2A+2A=5A

In Figure 6-33(b), the 1 A source provides current in a direction opposite to the other

two. The total current into node A in this case is
It =2A+2A—-1A=3A

FIGURE 6-33 e N A _ _ A
IACT) 2A 2A § IAG) 2A 2A §
(a) (b)
EXAMPLE 6-15 Determine the current through R; in Figure 6-34.

~ FIGURE 6-34

I L
2 R
50 mA Q) 20 mA . §
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Solution  The two current sources are in the same direction; so the current through R; is
Ig, = I} + L = 50mA + 20mA = 70 mA

Related Problem  Determine the current through R, if the direction of I, is reversed.

parallel in the same direction. What cur-
istor?

t be connected in parallel to produce a total
tic showing the sources connected.
ransistor can be represented by a 10 mA
certain transistor amplifier, two transis-
rough the resistor Rg?

6—7 CURRENT DIVIDERS

A parallel circuit acts as a current divider because the current entering the junction of
parallel branches “divides” up into several individual branch currents.

After completing this section, you should be able to
+ Use a parallel circuit as a current divider
¢ Apply the current-divider formula

+ Determine an unknown branch current

In a parallel circuit, the total current into the junction of the parallel branches divides
among the branches. Thus, a parallel circuit acts as a current divider. This current-divider
principle is illustrated in Figure 6-36 for a two-branch parallel circuit in which part of the
total current /7 goes through R and part through R;.

< FIGURE 6-36

Total current divides between the
two branches.
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Since the same voltage is across each of the resistors in parallel, the branch currents are
inversely proportional to the values of the resistors. For example, if the value of R; is twice
that of R, then the value of /, is one-half that of /,. In other words,

The total current divides among parallel resistors into currents with values in-
versely proportional to the resistance values.

The branches with higher resistance have less current, and the branches with lower resist-
ance have more current, in accordance with Ohm’s law. If all the branches have the same
resistance, the branch currents are all equal.

Figure 6-37 shows specific values to demonstrate how the currents divide according to
the branch resistances. Notice that in this case the resistance of the upper branch is one-
tenth the resistance of the lower branch, but the upper branch current is ten times the lower
branch current.

FIGURE 6-37

The branch with the lower resistance
has more current, and the branch
with the higher resistance has less
current.

Current-Divider Formula

You can develop a formula for determining how currents divide among any number of par-
allel resistors as shown in Figure 6-38, where n is the total number of resistors.

FIGURE 6-38
A parallel circuit with n branches.

The current through any one of the parallel resistors is /,, where x represents the num-
ber of a particular resistor (1, 2, 3, and so on). By Ohm’s law, you can express the current
through any one of the resistors in Figure 6-38 as follows:
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The source voltage, Vs, appears across each of the parallel resistors, and R, represents any
one of the parallel resistors. The total source voltage, Vg, is equal to the total current times
the total parallel resistance.
VS = "’TRT
Substituting /TRy for Vg in the expression for 7, results in
IR
I = !
R,
Rearranging terms yields
Ry :
IL=\|— |k Equation 6-6
R,
where x = 1, 2, 3, etc.
Equation 66 is the general current-divider formula and applies to a parallel circuit with
any number of branches.
The current (I,) through any branch equals the total parallel resistance (Ry) di-
vided by the resistance (R,) of that branch, and then multiplied by the total current
(I7) into the junction of parallel branches.
EXAMPLE 6-16 Determine the current through each resistor in the circuit of Figure 6-39.
FIGURE 6-39
Ry
680 O
Ry
L b
3300
Ry
—— AV
220 Q
10 mA
Solution  First calculate the total parallel resistance.
1 |
Rt = =1110 |

@) G Gos) (o) )

The total current is 10 mA. Use Equation 66 to calculate each branch current.

R
I = (—T)IT - (M)IOmA = 1.63mA

R, 680
_ (R, _ (1110 ¢
L= (Rz)f'r = (—3309)1011‘1A = 3.36 mA
L (Rt), (1110 -

Related Problem  Determine the current through each resistor in Figure 6-39 if Ry is removed.
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+0 ®

Iy

=L &

FIGURE 6-40

Equation 6-7

Equation 6-8

Current-Divider Formulas for Two Branches Two parallel resistors are common in
practical circuits, as shown in Figure 6-40. As you know from Equation 6-3,
R\Ry
Ry = ————
T R +R,

Using the general current-divider formula in Equation 66, the formulas for /; and /I,
can be written as follows:

Ry RT)
L =|—|F d L =— |
! (R.)T e 2 (R?_ z

Substituting RR,/(R; + R,) for Ry and canceling terms result in

e e
Ry + Ry I d I Ry + Ry I
= e —— an = e —
| Xl T 2 KE T

Therefore, the current-divider formulas for the special case of two branches are

Note that in Equations 6-7 and 68, the current in one of the branches is equal to the op-
posite branch resistance divided by the sum of the two resistors, all multiplied by the total
current. In all applications of the current-divider equations, you must know the total current
into the parallel branches.

EXAMPLE 6-17

FIGURE 6-41

Solution

Related Problem

Find 7, and I, in Figure 6-41.

Rl
100 02
AWy
100 mA I
to— @ ¢$—— 0~
I
T I
Ry
470

Use Equation 6-7 to determine /.

R, (4710 .,
I = (m)ﬁr = (—14? Q)IOOmA = 32.0 mA

Use Equation 6-8 to determine /5.

R 100
LH=|————|l=|——]1 A= 1
2 (Rl i Rz) T (1470’) 00 m 68.0 mA

If Ry = 56, and R; = 82 Q in Figure 6-41 and Iy stays the same, what will each
branch current be?
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ating each branch current for a two-branch

el with a voltage source: 220 k€2, 100 k{2,
has the most current through it? The least

10 mA H P o &
4 mA
R, Ry Ry
220} 470 £} 470 L)

R
3300

-G 4 .

 FIGURE 6-43

6—8 PoWER IN PARALLEL CIRCUITS

Total power in a parallel circuit is found by adding up the powers of all the individual
resistors, the same as for series circuits.

After completing this section, you should be able to

+ Determine power in a parallel circuit

Equation 6-9 states the formula for finding total power in a concise way for any num-
ber of resistors in parallel.

PT == Pl g P2 e P3 reiiefa Pn qu.laﬁ()l'l 6-9

where P is the total power and P,, is the power in the last resistor in parallel. As you can
see, the powers are additive, just as in a series circuit.

The power formulas in Chapter 4 are directly applicable to parallel circuits. The follow-
ing formulas are used to calculate the total power Py:

PT = VIT

Pr = KRy
VQ

Pr = E

where V is the voltage across the parallel circuit, /7 is the total current into the parallel cir-
cuit, and Ry is the total resistance of the parallel circuit. Examples 6-18 and 6-19 show
how total power can be calculated in a parallel circuit.
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EXAMPLE 6-18

Solution

Related Problem

Determine the total amount of power in the parallel circuit in Figure 6-44.

+o ° e
S —
200 mA

R Ry Ry
68 () 330 220

FIGURE 6-44

The total current is 200 mA. The total resistance is

1
Rp = =11.10Q

(6810) 5 (3310) 2 (2210)

The easiest power formula to use is Pt = I%RT because you know both /1 and R.

Pr = BRy = (200mAY(11.1 Q) = 444 mW

Let’s demonstrate that if you determine the power in each resistor and if you add all
of these values together, you will get the same result. First, find the voltage across each
branch of the circuit.

V = IRt = (200mA)(11.1 Q) = 222V

Remember that the voltage across all branches is the same.
Next, use P = VR to calculate the power for each resistor.

Iy
e 72.5 mW
2.22V)
= = W
2 330 149 m
(2.22V)?
Py = ———— =224mW
3T 20 m

Add these powers to get the total power.
Ppr=725mW + 1499 mW + 224 mW = 446 mW

This calculation shows that the sum of the individual powers is equal (approximately)
to the total power as determined by one of the power formulas. Rounding to three sig-
nificant figures accounts for the difference.

Find the total power in Figure 644 if the total current is doubled.

EXAMPLE 6-19

The amplifier in one channel of a stereo system as shown in Figure 645 drives two
speakers. If the maximum voltage* to the speakers is 15 V, how much power must the
amplifier be able to deliver to the speakers?
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AT

Channel | x
stereo s |
amplifier

. FIGURE 6-45

Solution  The speakers are connected in parallel to the amplifier output, so the voltage across
each is the same. The maximum power to each speaker is
Vx| (15V)°
[ =—1"§~’5= eq - 281w
The total power that the amplifier must be capable of delivering to the speaker system
is twice the power in an individual speaker because the total power is the sum of the
individual powers.

PT(max) = P(rnax) 2t P(max) - 2P(max) = 2(281 W} = 56.2W

Related Problem  If the amplifier can produce a maximum of 18 V, what is the maximum total power to
the speakers?

*Voltage is ac in this case; but power is determined the same for ac voltage as for dc voltage, as
you will see later.

tor in a parallel circuit, how can you find the total power?
issipate the following powers: 238 mW, 512 mW,
What is the total power in the circuit?

7 kQ, and a 3.9 kQ) resistor in parallel. There is a total cur-
cuit. What is the total power?

6—9 PARALLEL CIRCUIT APPLICATIONS

Parallel circuits are found in some form in virtually every electronic system. In many
of these applications, the parallel relationship of components may not be obvious until
you have covered some advanced topics that you will study later. For now, let’s look at
some examples of common and familiar applications of parallel circuits.
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After completing this section, you should be able to
¢ Describe some basic applications of parallel circuits
* Discuss the lighting system in automobiles
+ Discuss residential wiring

+ Explain basically how a multiple-range ammeter works

Automotive

One advantage of a parallel circuit over a series circuit is that when one branch opens, the
other branches are not affected. For example, Figure 6-46 shows a simplified diagram of
an automobile lighting system. When one headlight on a car goes out, it does not cause the
other lights to go out because they are all in parallel.

lights

FIGURE 6-46

Simplified diagram of the exterior light system of an automobile.

Notice that the brake lights are switched on independently of the headlights and tail-
lights. They come on only when the driver closes the brake light switch by depressing the
brake pedal. When the lights switch is closed, both headlights and both taillights are on.
When the headlights are on, the parking lights are off and vice versa. If any one of the lights
burns out (opens), there is still current in each of the other lights. The back-up lights are
switched on when the reverse gear is engaged.

Residential

Another common use of parallel circuits is in residential electrical systems. All the lights
and appliances in a home are wired in parallel. Figure 6-47 shows a typical room wiring
arrangement with two switch-controlled lights and three wall outlets in parallel.

Analog Ammeters

Parallel circuits are used in the analog (needle-type) ammeter or milliammeter. Although
analog meters are not as common as they once were, they are still used as panel meters in
certain applications and analog multimeters are still available. Parallel circuits are an
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important part of analog ammeter operation because they allow the selection of various
ranges in order to measure many different current values.

The mechanism in an ammeter that causes the pointer to move in proportion to the cur-
rent is called the meter movement, which is based on a magnetic principle that you will
learn later. Right now, it is sufficient to know that a given meter movement has a certain re-
sistance and a maximum current. This maximum current, called the full-scale deflection
current, causes the pointer to go all the way to the end of the scale. For example, a certain
meter movement has a 50 {2 resistance and a full-scale deflection current of 1 mA. A meter
with this particular movement can measure currents of 1 mA or less as indicated in Figure
6—48(a) and (b). Currents greater than 1 mA will cause the pointer to “peg” (or stop)
slightly past the full scale mark as indicated in part (c¢), which can damage the meter.

FIGURE 6-47

*
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Example of parallel circuits in resi-

dential wiring.

>
0.5 ] 0.5 1 0.5
0 /4’\1 0 1 | 0/\ I
Greater
than e —t
0.5
e I mA, 50 Q St I mA, 50 Q b 1 mA, 50 Q
G ey - ——— meter = + 00— meter =0 — + O0—— meter
movement movement movement
s /
(a) Half-scale deflection (b) Full-scale deflection (c) “Pegged”
FIGURE 6-48
A 1 mA analog ammeter.
Figure 649 shows a simple ammeter with a resistor in parallel with the 1 mA meter
movement; this resistor is called a shunt resistor. Its purpose is to bypass a portion of cur-
rent around the meter movement to extend the range of current that can be measured. The
FIGURE 6-49

0.5 |
0 ] =—T—10x1mA =10mA
10 mA 1 mA l A
m/ 1 mA. 500 Om
+ o meter O -
movement
9 mA Ry
MY

A 10 mA analog ammeter.
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figure specifically shows 9 mA through the shunt resistor and 1 mA through the meter
movement. Thus, up to 10 mA can be measured. To find the actual current value, simply
multiply the reading on the scale by 10.

A multiple-range ammeter has a range switch that permits the selection of several full-
scale current settings. In each switch position, a certain amount of current is bypassed
through a parallel resistor as determined by the resistance value. In our example, the cur-
rent though the movement is never greater than 1 mA.

Figure 6-50 illustrates a meter with three ranges: 1 mA, 10 mA, and 100 mA. When the
range switch is in the 1 mA position, all of the current into the meter goes through the me-
ter movement. In the 10 mA setting, up to 9 mA goes through Rgy; and up to 1 mA through
the movement. In the 100 mA setting, up to 99 mA goes through Rgyy,, and the movement
can still have only 1 mA for full-scale.

The scale reading is interpreted based on the range setting. For example, in Figure 6-50,
if 50 mA of current are being measured, the needle points at the 0.5 mark on the scale; you
must multiply 0.5 by 100 to find the current value. In this situation, 0.5 mA is through the
movement (half-scale deflection) and 49.5 mA are through Rgp.

N
0.5
0 ] =——100x 1 mA =100 mA
100 mA_ 1 mA _ 1A, 500Q 100 mA
+ O meter 0 —
movement
1 mA
9mA ® joma  Fsm
o ANN—2
100 mA
Rsma
A
Switch N\'

-

FIGURE 6-50

An analog ammeter with three ranges.

Effect of the Ammeter on a Circuit  As you know, an ammeter is connected in series to
measure the current in a circuit. Ideally, the meter should not alter the current that it is
intended to measure. In practice, however, the meter unavoidably has some effect on the
circuit because its internal resistance is connected in series with the circuit resistance.
However, in most cases, the meter’s internal resistance is so small compared to the circuit
resistance that it can be neglected.

For example, if a meter has a 50 ) movement (Ryy) and a 0.1 mA full-scale current (/y),
the maximum voltage dropped across the movement is

Vi = IuRy = (0.1 mA)(50 Q) = 5mV
The shunt resistance (Rgy) for the 10 mA range, for example, is

VM S5mV
Rsy =

= e——=—— = .5
sz 9.9 mA Sl
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As you can see, the total resistance of the ammeter on the 10 mA range is the resistance
of the meter movement in parallel with the shunt resistance.

Ruvaon = Ryl Ry = 502 [10.505 Q = 0.5 Q

EXAMPLE 6-20 How much does a 10 mA ammeter with a 0.1 mA, 50 ) movement affect the current
in the circuit of Figure 6-51?

FIGURE 6-51

1200 Q 1200 O Rgyy

L R | + T e
10V =— 10V o= Ammeter

(a) Circuit (b) Circuit with ammeter connected

Solution  The original current in the circuit (with no meter) is

L 10V
8 1200 Q
The meter is set on the 10 mA range in order to measure this particular amount of cur-

rent. The meter’s resistance on the 10 mA range is 0.5 ). When the meter is connected
in the circuit, its resistance is in series with the 1200 ) resistor. Thus, there is a total

= 8.3333mA

of 1200.5 Q.
The current in the circuit is reduced slightly by inserting the meter.
10V
I = ———— = 8.3299mA
a8 T 200,50 )

The current with the presence of the meter differs from the original circuit current by
only 3.4 pA or 0.04%.

Therefore, the meter does not significantly alter the current value, a situation which,
of course, is necessary because the measuring instrument should not change the quan-
tity that is to be measured accurately.

Related Problem  How much will the measured current differ from the original current if the circuit
resistance in Figure 6-51 is 12 k() rather than 1200 Q?

re 6-51, what is the maximum resistance that the meter will
a circuit? What is the maximum current that can be measured
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6—-10 TROUBLESHOOTING

FIGURE 6-52

When switch opens, total current
decreases and current through R,
remains unchanged.

Recall that an open circuit is one in which the current path is interrupted and there is
no current. In this section we examine what happens when a branch of a parallel cir-
cuit opens.

After completing this section, you should be able to
+ Troubleshoot parallel circuits

¢ Check for an open in a circuit

Open Branches

If a switch is connected in a branch of a parallel circuit, as shown in Figure 6-52, an open
or a closed path can be made by the switch. When the switch is closed, as in Figure 6-52(a),
R and R, are in parallel. The total resistance is 50 £} (two 100 ) resistors in parallel). Cur-
rent is through both resistors. If the switch is opened, as in Figure 6-52(b), R, is effectively
removed from the circuit, and the total resistance is 100 ). Current is now only through R,.
In general,

When an open occurs in a parallel branch, the total resistance increases, the total
current decreases, and the same current continues through each of the remaining
parallel paths.

The decrease in total current equals the amount of current that was previously in the open
branch. The other branch currents remain the same.

A0

(—~I :
Switch
+

R, il open
100 0 =

Switch
closed

(a) (b)

Consider the lamp circuit in Figure 6-53. There are four bulbs in parallel with a 12 V
source. In part (a), there is current through each bulb. Now suppose that one of the bulbs
burns out, creating an open path as shown in Figure 6-53(b). This light will go out because
there is no current through the open path. Notice, however, that current continues through
all the other parallel bulbs, and they continue to glow. The open branch does not change the

T o e S
1 1_}@&@1%31@ Tzr:;_}@%?i}@ié

When one [amp opens, total current decreases and other branch currents remain unchanged.

|_;

FIGURE 6-53




voltage across the parallel branches; it remains at 12V, and the current through each branch
remains the same.

You can see that a parallel circuit has an advantage over a series circuit in lighting systems
because if one or more of the parallel bulbs burn out, the others will stay on. In a series circuit,
when one bulb goes out, all of the others go out also because the current path is completely in-
terrupted.

When a resistor in a parallel circuit opens, the open resistor cannot be located by mea-
surement of the voltage across the branches because the same voltage exists across all the
branches. Thus, there is no way to tell which resistor is open by simply measuring voltage.
The good resistors will always have the same voltage as the open one, as illustrated in Fig-
ure 654 (note that the middle resistor is open).

If a visual inspection does not reveal the open resistor, it must be located by current mea-
surements. In practice, measuring current is more difficult than measuring voltage because
you must insert the ammeter in series to measure the current. Thus, a wire or a PC board con-
nection must be cut or disconnected, or one end of a component must be lifted off the circuit
board, in order to connect the ammeter in series. This procedure, of course, is not required
when voltage measurements are made because the meter leads are simply connected across
a component.

Finding an Open Branch by Current Measurement

In a parallel circuit with a suspected open branch, the total current can be measured to find
the open. When a parallel resistor opens, the total current, Iy, is always less than its nor-
mal value. Once you know It and the voltage across the branches, a few calculations will
determine the open resistor when all the resistors are of different resistance values.

Consider the two-branch circuit in Figure 6-55(a). If one of the resistors opens, the total
current will equal the current in the good resistor. Ohm’s law quickly tells you what the
current in each resistor should be.

S0V

I, = m = 89.3mA
50V

I = 000 500 mA

1"’]‘ == I| + )'2 — 5893 mA

If R, is open, the total current is 89.3 mA, as indicated in Figure 6-55(b). If R, is open,
the total current is 500 mA, as indicated in Figure 6-55(c).

sov T ;Il R,

560 0 T Open

=2 L =Cx L g =

(a) Current with no open branch (b) Current with R, open

FIGURE 6-55

Ry S0V
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Open
+0 o Pl
+ +LJ +
vV 10V 10V v
-0 ® &
. FIGURE 6-54

Parallel branches (open or not) have
the same voltage.

Finding an open path by current measurement.

This procedure can be extended to any number of branches having unequal resistances.
If the parallel resistances are all equal, the current in each branch must be checked until a
branch is found with no current. This is the open resistor.

(¢) Current with R} open



206 <+ PARALLEL CIrRCUITS

EXAMPLE 6-21 In Figure 6-56, there is a total current of 31.09 mA, and the voltage across the parallel
branches is 20 V. Is there an open resistor, and, if so, which one is it?

FIGURE 6-56

Solution  Calculate the current in each branch,

\% 20V
I = o 100W =2mA
L= R% - % = 426 mA
TR
P
The total current should be

=5 +hL+1+1=2mA +426mA + 9.09mA + 20mA = 3535mA

The actual measured current is 31.09 mA, as stated, which is 4.26 mA less than nor-
mal, indicating that the branch carrying 4.26 mA is open. Thus, R, must be open.

Related Problemn  What is the total current measured in Figure 6-56 if R4 and not R, is open?

Finding an Open Branch by Resistance Measurement

If the parallel circuit to be checked can be disconnected from its voltage source and from
any other circuit to which it may be connected, a measurement of the total resistance can
be used to locate an open branch.

Recall that conductance, G, is the reciprocal of resistance (1/R) and its unit is the siemens
(S). The total conductance of a parallel circuit is the sum of the conductances of all the resistors.

GT: Gl = Gz + 63 + .04 Gn
To locate an open branch, do the following steps:

1. Calculate what the total conductance should be using the individual resistor values.

Gpaile) = 5 Bt oo
R 1 RZ R3 Rﬂ
2. Measure the total resistance with an ohmmeter and calculate the total measured
conductance.
|
GT[meaLs} =

R T(meas)
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3. Subtract the measured total conductance (Step 2) from the calculated total conduc-
tance (Step 1). The result is the conductance of the open branch and the resistance
is obtained by taking its reciprocal (R = 1/G).

1
- Equation 6-10

Ropen
F G"I‘(ca]":) == GT(mcas)

EXAMPLE 6-22 Check the PC board in Figure 6-57 for open branches.

~ FIGURE 6-57

Pin 1
Pin 2

Pin 3
Pin 4

Solution  There are two separate parallel circuits on the board. The circuit between pin 1 and pin
4 is checked as follows (we will assume one of the resistors is open):

1. Calculate what the total conductance should be using the individual resistor values.

1 1 1 1 1 1
Gr(ca[c)=*+_+_+_+_+_
R R Rs Ry Rpy Rpp

1 1 1 1 1 1

= 10k0 T 18kQ T 22kQ T 27k0 T 33kQ T 39k0

2. Measure the total resistance with an ohmmeter and calculate the total measured
conductance. Assume that your ohmmeter measures 402 ().

= 2.94mS

1
Gtmess) = 35, = 249mS

3. Subtract the measured total conductance (Step 2) from the calculated total conduc-
tance (Step 1). The result is the conductance of the open branch and the resistance
is obtained by taking its reciprocal.

Gopen = G’r(ca{c) = GT(mcas) =294mS — 249 mS = 0.45mS

1 1

Rypen = —— = =2.2k0
S Gopen. 045mS

Resistor R; is open and must be replaced.
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Related Problem  Your ohmmeter indicates 9.6 k{) between pin 2 and pin 3 on the PC board in Figure
6-57. Determine if this is correct and, if not, which resistor is open.

Shorted Branches

When a branch in a parallel circuit shorts, the current increases to an excessive value, caus-
ing a fuse or circuit breaker to blow. This results in a difficult troubleshooting problem
because it is hard to isolate the shorted branch.

A pulser and a current tracer are tools often used to find shorts in a circuit. They are not
restricted to use in digital circuits but can be effective in any type of circuit. The pulser is a
pen-shaped tool that applies pulses to a selected point in a circuit, causing pulses of current
to flow through the shorted path. The current tracer is also a pen-shaped tool that senses
pulses of current. By following the current with the tracer, the current path can be identified.

‘what changes can be detected in the circuit’s voltage and
> parallel circuit is across a constant-voltage source?

tance if one branch opens?
ected in parallel and one of the bulbs opens (burns out),

each branch of a parallel circuit. If one branch opens,
-th emaining branches?

reuit ally has the following branch currents: 100 mA, 250 mA,
‘current measures 350 mA, which branch is open?

A Circuit Application

In this application, a dc power supply is | ing for the meter to effectively measure higher currents than the
modified by adding a 3-range ammeter maximum current for which the meter movement is designed.
to indicate current to the load. As you !

have learned, parallel resistances can be : The Power Supply

used to extend the range of an ammeter. These parallel resistors, | © A rack-mounted power supply is shown in Figure 6-58. The volt-
called shunts, bypass current around the meter movement, allow- | meter indicates the output voltage, which can be adjusted from 0 V
FIGURE 6-58

Front panel view of a rack-mounted
power supply.
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DC power supply
Rectifier Regulator * o +V
O—
120 V ac
® o COM

Voltage

control
FIGURE 6-59

Basic block diagram of the dc power supply.

to 10 V using the voltage control. The power supply is capable of one for 250 mA and one for 2.5 A full-scale deflections. The

providing up to 2 A to a load. A basic block diagram of the power | internal meter movement provides the 25 mA range. This is
supply is shown in Figure 6-59. It consists of a rectifier circuit that shown in Figure 6-60. The range selection is provided by a
converts ac voltage from the wall outlet to dc voltage and a regula- 1-pole, 3-position rotary switch with a contact resistance of
tor circuit that keeps the output voltage at a constant value. i 50 m{). Contact resistance of switches can be from less than
1t is required that the power supply be modified by adding an am- 20 m{) to about 100 m{). The contact resistance of a given
meter with three switch-selected current ranges of 25 mA, 250 mA, switch can vary with temperature, current, and usage and,
and 2.5 A. To accomplish this, two shunt resistances are used that therefore, cannot be relied upon to remain within a reason-
can each be switched into a parallel connection with the meter able tolerance of the specified value. Also, the switch is a

movement. This approach works fine as long as the required values | make-before-break type, which means that contact with the
of the shunt resistors are not too small. However, there are problems | previous position is not broken until contact with the new

at very low values of shunt resistance and you will see why next. position is made.

i The shunt resistance value for the 2.5 A range is deter-
The Shunt Circuit i mined as follows where the voltage across the meter move-
An ammeter is selected that has a full-scale deflection of 25 mA ment is
and a resistance of 6 {1*. Two shunt resistors must be added— | VM = IRy = (25 mAXG6 ) = 150 mV

& =N
Meter movement
25 A6 O
Ry 025 mA
o 0 —0
M 250 mA
Each contact has a
Rsin 234 50 m{} resistance.

MW

FIGURE 6-60

Ammeter modified to provide three current ranges.

*See the Simpson model 1227 milliammeter at www.simpsonelectric.com.
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The current through the shunt resistor for full-scale deflection is
Isip = Iruiiscate — v = 25A — 25mA = 2475A
The total shunt resistance is
VM _ 150mV

— = = 60.6 m{)
Isgn 2475A i

Rsioioy =

Low-ohm precision resistors are generally available in values
from 1 m{) to 10 £) or greater from various manufacturers.
Notice in Figure 6-60 that the contact resistance, Rconr., of

the switch appears in series with Rgy,. Since the total shunt resis- |

tance must be 60.6 m{), the value of the shunt resistor Rgyy; is
RSHZ — R5H2(lnl) i RCONT = 60.6m — 50mf = 10.6 m{)

Although this value, or one close to it, may be available, the
problem in this case is that the switch contact resistance is al-
most twice that of Rgyyp and any variation in it would create a
significant inaccuracy in the meter. As you can see, this ap-
proach is not acceptable for these particular requirements.

Another Approach

A variation of the standard shunt resistance circuit is shown in
Figure 6-61. The shunt resistor, Ry, is connected in parallel for
the two higher current range settings and disconnected for the
25 mA setting using a 2-pole, 3-position switch. This circuit
avoids dependency on the switch contact resistance by using re-
sistor values that are large enough to make it insignificant. The
disadvantages of this meter circuit are that it requires a more
complex switch and the voltage drops from input to output are
greater than in the previous shunt circuit.

For the 250 mA range, the current through the meter move-
ment for full-scale deflection is 25 mA. The voltage across the
meter movement is 150 mV.

[SH = 250mA — 25mA = 225 mA

_ 150mV
225mA

SH = 0.67 Q = 670m{

This value of Rgy is more than thirty times the expected switch
contact resistance of 20 m{), thus minimizing the effect of the
contact resistance.

FIGURE 6-61

Meter circuit redesigned to eliminate
or minimize the effect of switch con-
tact resistance. The switch is a 2-
pole, 3-position make-before-break

For the 2.5 A range, the current through the meter movement

for full-scale deflection is still 25 mA. This is also the current
! through R;.

Isy = 25A — 25mA = 2475A

| The voltage across the meter circuit from A to B is

| Vap = IspyRsy = (2475 A)(670 m{)) = 1.66 V
Applying Kirchhoff’s voltage law and Ohm’s law to find R,
P VR + V= Vag

Vi = Vag — Vu = 1.66V — 150mV = 151V
Vmi 151V
Rl=—2 =" =6040
Ky 9EmR

This value is much greater than the contact resistance of the

i switch.

¢ Determine the maximum power dissipated by Rgy in Figure
6-61 for each range setting.

How much voltage is there from A to B in Figure 6-61 when
the switch is set to the 2.5 A range and the current is 1 A?

i e

The meter indicates 250 mA. How much does the voltage
across the meter circuit from A to B change when the switch
is moved from the 250 mA position to the 2.5 A position?

Assume the meter movement has a resistance of 4 {) instead
of 6 (). Specify any changes necessary in the circuit of
Figure 6-61.

Implementing the Power Supply Modification

{ Once the proper values are obtained, the resistors are placed on
a board which is then mounted in the power supply. The resis-
tors and the range switch are connected to the power supply as
shown in Figure 6-62. The ammeter circuit is connected be-
tween the rectifier circuit in the power supply and the regulator
| circuit in order to reduce the impact of the voltage drop across
the meter circuit on the output voltage. The regulator main-
tains, within certain limits, a constant dc output voltage even
though its input voltage coming through the meter circuit may

i change.

25 mA

rotary type.

AO
!
R,

250 mA 3\0 + |
o |

—AMWN————o

250 mA

2.5

-

1
|
I
I
I
25 mA II
|

2

A
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Rectifier @ Resistors Regulator o o +V
120V ac l |
Range B
switch A 0 COM
Voltage
control
FIGURE 6-62
Block diagram of dc power supply with 3-range milliammeter.
FIGURE 6-63

w.ois

DC AMPERES

Figure 663 shows the modified power supply front panel )

with the rotary range switch and milliammeter installed. The red

portion of the scale indicates excess current for the 2.5 A range =

since the power supply has a maximum current of 2 A for safe

operation.

Review

1. When the meter is set to the 250 mA range, which resistance 3.

has the most current through it?

Determine the total resistance from A to B of the meter cir-
cuit in Figure 6-61 for each of the three current ranges.

Explain why the circuit in Figure 6-61 was used instead of

the one in Figure 6-60.

If the pointer is at the 15 and the range switch is set to 250 mA,

what is the current?

How much current is indicated by the ammeter in Figure 664
for each of the three range switch settings in Figure 6-617

The power supply with the addition
of the milliammeter and the current
range selection switch.

FIGURE 6-64
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SUMMARY

KEY TERMS

Resistors in parallel are connected between two points (nodes).

A parallel combination has more than one path for current.

The total parallel resistance is less than the lowest-value resistor.
The voltages across all branches of a parallel circuit are the same.

Current sources in parallel add algebraically.

* & & + & ¢

Kirchhoff’s current law: The sum of the currents into a junction (total current in) equals the sum
of the currents out of the junction (total current out).

*

The algebraic sum of all the currents entering and leaving a junction is equal to zero.

# A parallel circuit is a current divider, so called because the total current entering the junction of
parallel branches divides up into each of the branches.

@ If all of the branches of a parallel circuit have equal resistance, the currents through all of the
branches are equal.

# The total power in a parallel-resistive circuit is the sum of all of the individual powers of the re-
sistors making up the parallel circuit.

# The total power for a parallel circuit can be calculated with the power formulas using values of to-
tal current, total resistance, or total voltage.

# If one of the branches of a parallel circuit opens, the total resistance increases, and therefore the
total current decreases.

# If a branch of a parallel circuit opens, there is no change in current through the remaining

branches.

These key terms are also in the end-of-book glossary.

FORMULAS

Branch One current path in a parallel circuit.

Current divider A parallel circuit in which the currents divide inversely proportional to the paral-
lel branch resistances.

Kirchhoff’s current law A circuit law stating that the total current into a node equals the total cur-
rent out of the node. Equivalently, the algebraic sum of all the currents entering and leaving a node
is zero.

Node A point in a circuit at which two or more components are connected; also known as a
Jjunction.

Parallel The relationship in electric circuits in which two or more current paths are connected be-
tween two separate nodes.

6-1 I!N(l) + I]N(Z} +oe0 "[N(M} Kirchhoff’s current law
= Iourqy + Ioure) + -+ lourm
1
6-2 Ry = 1 1 1 1 Total parallel resistance
— )+ )+ () + -+ |
&) &) @)+ (E)
RR
6-3 Ry = Sl B Special case for two resistors
R+ R, :
in parallel
R
6—d Ry = = Special case for n equal-value
resistors in parallel
RiRy

6-5 R, = EA_"'TT Unknown parallel resistor
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R
6-6 I. = ("R—)IT General current-divider formula
X
R, 5L
6-7 Ij= ———— Iy Two-branch current-divider formula
Ry + R,
6-—8!(R1) Two-branch divider formul
= o -
2 R+ &) wo-branch current-divider formula
6-9 Pr=P+P,+P3+---+ P, Total power
1
6-10 Ropen = Open branch resistance

GT{calc} o GT{measl

Answers are at the end of the chapter.

1

o

»

10.

11.

In a parallel circuit, each resistor has
(a) the same current (b) the same voltage
(c) the same power (d) all of the above

. When a 1.2 k() resistor and a 100 ) resistor are connected in parallel, the total resistance is

(a) greater than 1.2kQ)

(b) greater than 100 €) but less than 1.2 k()
(¢) less than 100 €2 but greater than 90 ()
(d) less than 90 ()

A 330 () resistor, a 270 () resistor, and a 68 () resistor are all in parallel. The total resistance is
approximately

(a) 668 () (b) 470 (c) 680 (d) 220

. Eight resistors are in parallel. The two lowest-value resistors are both 1.0 k(). The total resistance

(a) is less than 8 k() (b) is greater than 1.0 k{)

(c) isless than 1.0 k() (d) is less than 500 ()

When an additional resistor is connected across an existing parallel circuit, the total resistance
(a) decreases (b) increases

(¢) remains the same (d) increases by the value of the added resistor

. If one of the resistors in a parallel circuit is removed, the total resistance

(a) decreases by the value of the removed resistor (b) remains the same

(c) increases (d) doubles

. One current into a junction is 500 mA and the other current into the same junction is 300 mA.

The total current out of the junction is
(a) 200 mA (b) unknown (c) 800 mA (d) the larger of the two

. The following resistors are in parallel across a voltage source: 390 €0, 560 £, and 820 £, The

resistor with the least current is

(a) 390 Q) (b) 560 £}

(c) 8200 (d) impossible to determine without knowing the voltage
A sudden decrease in the total current into a parallel circuit may indicate

(a) ashort (b) an open resistor

(c) adrop in source voltage (d) either (b) or (c)

In a four-branch parallel circuit, there are 10 mA of current in each branch. If one of the
branches opens, the current in each of the other three branches is

(a) 13.3mA (b) 10 mA (c) OA (d) 30 mA

In a certain three-branch parallel circuit, Ry has 10 mA through it, R, has 15 mA through it,
and R3 has 20 mA through it. After measuring a total current of 35 mA, you can say that
(a) R;isopen (b) R, is open

(¢) Rsisopen (d) the circuit is operating properly
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12. If there are a total of 100 mA into a parallel circuit consisting of three branches and two of the
branch currents are 40 mA and 20 mA, the third branch current is

(a) 60 mA (b) 20 mA (¢) 160 mA (d) 40 mA

13. A complete short develops across one of five parallel resistors on a PC board. The most likely
result is

(a) the shorted resistor will burn out
(b) one or more of the other resistors will burn out
(c) the fuse in the power supply will blow
(d) the resistance values will be altered
14. The power dissipation in each of four parallel branches is 1 W. The total power dissipation is
(a) IW (b) 4W (c) 0.25W (d)y 16 W

CIRCUIT DYNAMICS

QulZ Answers are at the end of the chapter.
Refer to Figure 6-68.
1. If R opens with the switch in the position shown, the voltage at terminal A with respect to
ground
(a) increases (b) decreases (c) stays the same

2. If the switch is thrown from position A to position B, the total current
(a) increases (b) decreases (c) stays the same
3. If R4 opens with the switch in position C, the total current
(a) increases (b) decreases (c) stays the same
4. If a short develops between B and C while the switch is in position B, the total current

(a) increases (b) decreases (c) stays the same

Refer to Figure 6-74(b).
5. If R, opens, the current through R,
(a) increases (b) decreases (c) stays the same
6. If R opens, the voltage across it
(a) increases (b) decreases (c) stays the same
7. If Ry opens, the voltage across it
(a) increases (b) decreases (c) stays the same

Refer to Figure 6-75.
8. If the resistance of the rheostat R, is increased, the current through R,
(a) increases (b) decreases (c) stays the same
9. If the fuse opens, the voltage across the rheostat R,
(a) increases (b) decreases (c) stays the same
10. If the rheostat R, develops a short between the wiper and ground, the current through it
(a) increases (b) decreases (c) stays the same

Refer to Figure 6-79.

11. If the 2.25 mA source opens while the switch is in position C, the current through R
(a) increases (b) decreases (c) stays the same

12. 1If the 2.25 mA source opens while the switch is in position B, the current through R
(a) increases (b) decreases (e) stays the same

Refer to Figure 6-87.

13. If pins 4 and 5 are shorted together, the resistance between pins 3 and 6
(a) increases (b) decreases (c) stays the same
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14. If the bottom connection of R, is shorted to the top connection of Rs, the resistance between
pins 1 and 2

(a) increases (b) decreases (c) stays the same
15. If R; opens, the resistance between pins 5 and 6
(a) increases (b) decreases (c) stays the same

More difficult problems are indicated by an asterisk (°).
PROBLEMS Answers to odd-numbered problems are at the end of the book.

SECTION 6-1 Resistors in Parallel
1. Show how to connect the resistors in Figure 6—65(a) in parallel across the battery.

2. Determine whether or not all the resistors in Figure 6-65(b) are connected in parallel on the
printed circuit (PC) board.

#3, Identify which groups of resistors are in parallel on the double-sided PC board in Figure 6-66.

(b)

4 FIGURE 6-65

6 < T S L A |
Side 2

. FIGURE 6-66
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SECTION 6-2 Voltage in a Parallel Circuit
4. What is the voltage across and the current through each parallel resistor if the total voltage is
12 V and the total resistance is 550 )? There are four resistors, all of equal value.

5. The source voltage in Figure 6-67 is 100 V. How much voltage does each of the meters read?

FIGURE 6-67

6. What is the total resistance of the circuit as seen from the voltage source for each position of
the switch in Figure 6687
7. What is the voltage across each resistor in Figure 6-68 for each switch position?

8. What is the total current from the voltage source in Figure 668 for each switch position?

A

[}
/ B

4 O

C

4
5V = 'RI R3 R3 g R_;
I_ 1.0 k) 1.8 k) 2.2k0 2.7kQ

FIGURE 6-68

SECTION 6-3 Kirchhoff’s Current Law
9. The following currents are measured in the same direction in a three-branch parallel circuit:
250 mA, 300 mA, and 800 mA. What is the value of the current into the junction of these three
branches?
10. There is a total of 500 mA of current into five parallel resistors. The currents through four of
the resistors are 50 mA, 150 mA, 25 mA, and 100 mA. What is the current through the fifth
resistor?

FIGURE 6-69 +0

11. In the circuit of Figure 669, determine the resistance R,, Rs, and Ry.
e
5.03 mA

V. R,
= I 470 L J Ry

1 mA| 2.14 mA |0.470 mA

M
&

- O

*12. The electrical circuit in a room has a ceiling lamp that draws 1.25 A and four wall outlets. Two
table lamps that each draw 0.833 A are plugged into two outlets, and an electric heater that
draws 10 A is connected to the third outlet. When all of these items are in use, how much current
is in the main line serving the room? If the main line is protected by a 15 A circuit breaker, how
much current can be drawn from the fourth outlet? Draw a schematic of this wiring.

*13. The total resistance of a parallel circuit is 25 ). What is the current through a 220 () resistor
that makes up part of the parallel circuit if the total current is 100 mA?
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14. The following resistors are connected in parallel: 1.0 M€, 2.2 MQ, 5.6 MQ, 12 M(}, and
22 M{). Determine the total resistance.

15. Find the total resistance for each of the following groups of parallel resistors:
(a) 560 £ and 1000 £
(¢) 1.5k0,2.2k0, 10kQ

(b) 47 Q and 56 )
(d) 1.0MQ,470kQ, 1.0k, 2.7MQ

16. Calculate Ry for each circuit in Figure 6-70.
FIGURE 6-70 2, * I E———
Rl R] Rl
R, Ry 27 kQ) R,
A A 2
Sl =2l 6 56 kQ 15kQ  22kQ
o @

(a) (b) (c)

17. What is the total resistance of twelve 6.8 k{} resistors in parallel?

18. Five 470 Q, ten 1000 €2, and two 100 ) resistors are all connected in parallel. What is the total
resistance for each of the three groupings?

19. Find the total resistance for the entire parallel circuit in Problem 18.
20. If the total resistance in Figure 6-71 is 389.2 (), what is the value of R,?

FIGURE 6-71 0

21. What is the total resistance between point A and ground in Figure 6-72 for the following
conditions?

(a) SWI1 and SW2 open
(c) SWI open, SW2 closed

(b) SW1 closed, SW2 open
(d) SW1 and SW2 closed

FIGURE 6-72 %
SW1 SwW2
R R, Ry
510 k€ 470 k2 910 k)
SECTION 6-5 Application of Ohm’s Law
22. What is the total current in each circuit of Figure 6-737
FIGURE 6-73 R,
| : o a AW
560 £2
+
— R Ry Ry R
0V = 130 30 270 2V ok R/
I 4750
- = - — =5 i
(a) (b)
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23. Three 33 () resistors are connected in parallel with a 110 V source. What is the current from
the source?

24. Four equal-value resistors are connected in parallel. Five volts are applied across the parallel
circuit, and 1.11 mA are measured from the source. What is the value of each resistor?

25, Many types of decorative lights are connected in parallel. If a set of lights is connected to a
110 V source and the filament of each bulb has a hot resistance of 2.2 k(}, what is the current
through each bulb? Why is it better to have these bulbs in parallel rather than in series?

26. Find the values of the unspecified labeled quantities in each circuit of Figure 6-74.

1.OkOD
150 mA W Ry
+
R,

R,
MWy
100 mA 5
(a) (b)

Il

E—TE 100V
s

EpE

FIGURE 6-74

27. To what minimum value can the 100 £} rheostat in Figure 675 be adjusted before the 0.5 A
fuse blows?

FIGURE 6-75

28. Determine the total current from the source and the current through each resistor for each
switch position in Figure 6-76.

R,

560 k)
R,
220 k)
Ry

|[|—

270 k€L

Ry

1.0 MO
Ry

820 k2 |

Rﬁ -

22MQO
FIGURE 6-76
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29. Find the values of the unspecified quantities in Figure 6-77.

FIGURE 6-77

|+
-
o
g
=]
=
=
L

SECTION 6-6 Current Sources in Parallel
30. Determine the current through R; in each circuit in Figure 6-78.

~OO=2x QO 2
(a) (b)

FIGURE 6-78

(¢)

31. Find the current through the resistor for each position of the ganged switch in Figure 6-79.

FIGURE 6-79
A e ¢
o oR
j)/‘ oA
L
R
29 !
4.75 mA (t) Cf) 2.25 mA § LOKQ
e

SECTION 6-7 Current Dividers
32. How much branch current should each meter in Figure 6-80 indicate?

R,

FIGURE 6-80
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33. Determine the current in each branch of the current dividers of Figure 6-81.

R, 10 mA
1.0 MQ
+
Ry
]
22 MO
10 A
]
g — = — |
(a)
FIGURE 6-81

34. What is the current through each resistor in Figure 6-827 R is the lowest-value resistor, and all
others are multiples of that value as indicated.

FIGURE 6-82 +9

—_
10 mA

R 2R 3R § 4R

-0 & L 4

35. Determine all of the resistor values in Figure 6-83. Ry = 773 ().

iy vl =
l 15.53 mA l 3.64 mA l 6.67 mA l L l 3.08 mA
+
VS Rl R“! R3 Rd

|

FIGURE 6-83

#36. (a) Determine the required value of the shunt resistor Rgyy; in the ammeter of Figure 649 if
the resistance of the meter movement is 50 {.

(b) Find the required value for Rgy» in the meter circuit of Figure 6-50 (Ry; = 50 ().

#37. Special shunt resistors designed to drop 50 mV in high current-measuring applications are
available from manufacturers. A 50 mV, 10 k{) full-scale voltmeter is connected across the
shunt to make the measurement.

(a) What value of shunt resistance is required to use a 50 mV meter in a 50 A measurement
application?
(b) How much current is through the meter?

SECTION 6-8 Power in Parallel Circuits
38. Five parallel resistors each handle 250 mW. What is the total power?
39. Determine the total power in each circuit of Figure 6-81.

40. Six light bulbs are connected in parallel across 110 V. Each bulb is rated at 75 W. What is the
current through each bulb, and what is the total current?
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*41. Find the values of the unspecified quantities in Figure 6-84.

FIGURE 6-84 R,
MV -
Il
Ry

MWy

Py=075W ST

+ 2
VS___

T Pr=2W

il T

#42. A certain parallel circuit consists of only % W resistors. The total resistance is 1.0 k(), and the
total current is 50 mA. If each resistor is operating at one-half its maximum power level, deter-
mine the following:

(a) The number of resistors (b) The value of each resistor

(c) The current in each branch (d) The applied voltage

SECTION 6-10 Troubleshooting
43. 1f one of the bulbs burns out in Problem 40, how much current will be through each of the
remaining bulbs? What will the total current be?
44. In Figure 6-85, the current and voltage measurements are indicated. Has a resistor opened,
and, if so, which one?

R, R, R R, Rs
2200 2 1000 2 1.0kQ = 5600 = 2700

-0 @ @ . & @

FIGURE 6-85

45. What is wrong with the circuit in Figure 6-867
46. What is wrong with the circuit in Figure 6-86 if the meter reads 5.55 mA?

- FIGURE 6-86

25V B By A §
4.7k 10 k2 8.2k0)
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#47. Develop a test procedure to check the circuit board in Figure 6-87 to make sure that there are
no open components. You must do this test without removing a component from the board. List
the procedure in a detailed step-by-step format.

*48. For the circuit board shown in Figure 6-88, determine the resistance between the following
pins if there is a short between pins 2 and 4:

(a) 1and2 (b) 2and 3 (¢) 3and 4 (d) 1and 4

#49, For the circuit board shown in Figure 6-88, determine the resistance between the following

pins if there is a short between pins 3 and 4:

(a) land?2 (b) 2and 3 (c) 2and 4 (d) 1and4

R T S el ST

. FIGURE 6-87 FIGURE 6-88

=1 Multisim Troubleshooting and Analysis
'»:? These problems require your Multisim CD-ROM.
50. Open file PO6-50 and measure the total parallel resistance.
51. Open file PO6-51. Determine by measurement if there is an open resistor and, if so, which one.
52. Open file P06-52 and determine the unspecified resistance value.
53. Open file P06-53 and determine the unspecified source voltage.
54. Open file P06-54 and find the fault if there is one.

ANSWERS

SECTION REVIEWS

SECTION 6-1 Resistors in Parallel
1. Parallel resistors are connected between the same two separate points.

2. A parallel circuit has more than one current path between two given points.
3. See Figure 5-89,
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Ao o
Rs “

R{‘s
(a) (b) (c)
FIGURE 6-89
4. See Figure 6-90.
R, 4 R,
Ag ‘ MW —o
- %
R ks +—WW\—9
¢ Ry
o p—MAr——o O-—JVV\r—ll B
B B R

FIGURE 6-90

SECTION 6-2 Voltage in a Parallel Circuit
1. Vigo = Vo =5V
2. Vg = 118V;Vg = 118V
3. VRI = 50V and VRQ =50V
4. Voltage is the same across all parallel branches.

SECTION 6-3 Kirchhoff’s Current Law

1. Kirchhoff’s law: The algebraic sum of all the currents at a junction is zero; The sum of the
currents entering a junction equals the sum of the currents leaving that junction.

2., =h=1=I=25mA
3. Iput = 100mA + 300mA = 400 mA

4. I, =1y — L =3uA

5. In=8mA — ImA = TmA;Ipyr = 8mA — 3mA = 5mA

SECTION 6-4 Total Parallel Resistance
1. Ry decreases with more resistors in parallel.
2. The total parallel resistance is less than the smallest branch resistance.

_ 1

" (I/Ry) + (1/Ry) +--+ (1/Ry)

4. Ry = RiRy/(R, + Ry)

5. Ry = R/n

6. Ry = (1.0kQ)2.2k2)/3.2k = 688 O

7. Ry = 1.0kQ/4 = 250 Q)

8 Rr= 1

1/47 ) + 1/150 ) + 1/100 £

3. Ry

=2640Q
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SECTION 6-5 Application of Ohm’s Law
1. I+ = 10V/22.7 () = 44.1 mA
2. Vs = 20mA)(222 Q) = 444V
3.1, =444V/680 Q) = 653 mA: I, = 444V/330 Q0 = 13.5mA
4. Ry = 12V/585mA = 2.05k; R = (2.05kQ)(4) = 8.2k}
5. V= (100mA)(688 {)) = 68.8V

SECTION 6-6 Current Sources in Parallel
1. It = 405A) =2A
2. Three sources; See Figure 6-91.
3. Iz, = 10mA + 10mA = 20mA

FIGURE 6-91

300 mA

100 mA Ct) 100 mA 100 mA

SECTION 6-7 Current Dividers
L. I, = (Ry/Rplt

S e 2
A TAR AR N AR ARy

3. The 22 k{2 has the most current; the 220 k{) has the least current.
4. 1) = (680 2/1010 Q)10mA = 6.73mA; I, = (330 2/1010 Q)10 mA = 327 mA
5. ;= (114 /470 D)4 mA = 970 pA

[

SECTION 6-8 Power in Parallel Circuits
1. Add the power of each resistor to get total power.
2. Pr=238mW + 512mW + 109 mW + 876 mW = 1.74 W
3. Py = (1A)%615Q) = 615W

SECTION 6-9 Parallel Circuit Applications
1. Ryax = 50 L = 1mA

2. Rgy is less than Ry because the shunt resistors must allow currents much greater than the
current through the meter movement.

SECTION 6-10 Troubleshooting
1. When a branch opens, there is no change in voltage: the total current decreases.
2. If a branch opens, total parallel resistance increases.
3. The remaining bulbs continue to glow.
4. All remaining branch currents are 100 mA.
5. The branch with 120 mA is open.

A Circuit Application
1. Rgpy has the most current.
2. 25mArange: Ryp = Ry = 600
250 mA range: Ryp = Ry [| Rsy = 6 1 || 670 mQ = 603 mQ)
2.5Arange: Ryg = (R + Ry) | Rspy = (604 Q + 6 Q) || 670m& =
66.4 Q|| 670mQ = 663 mQ
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3. The meter circuit in Figure 6-61 negates the effect of the switch contact resistance.

4. 150 mA

5. 25 mA range: 7.5 mA
250 mA range: 75 mA
2.5 A range: 750 mA

RELATED PROBLEMS FOR EXAMPLES
6-1 See Figure 6-92.

FIGURE 6-92

6-2
6-3
6-4
6-5
6-6
6-7

Connect pin 1 to pin 2 and pin 3 to pin 4.
25V

20 mA into node A and out of node B

It = 112mA, I, = 50 mA

2.5 mA; 5 mA

9330

6-8 1320

6-9 40

6-10 1044 O

6-11 1.83 mA; 1 mA

6-12 I} = 20mA; I, = 9.09mA; I3 = 35.7mA, I; = 22.0mA

6-13 1.28V

6-14 Measure Ry with an ohmmeter and calculate Ry using R, = 1/[(1/R1) — (1/Ry) — (1/R3)]

6-15 30 mA

6-16 1) = 3.27mA: I, = 6.73mA

6-17 I} = 594 mA; I, = 40.6 mA

6-18 1.78 W

6-19 81 W

6-20 0.0347 pA

6-21 154 mA

6-22 Not correct, Ry (68 k{)) must be open.

SELF-TEST

1. (b) 2. (¢) 3. (b) 4. (d) 5. (a)
9. (d) 10. (b) 11. (a) 12. (d) 13. (¢)
CIRCUIT DYNAMICS QUIZ

1. (c) 2. (a) 3..(c) 4. (a) 5. (c)
9. (b) 10. (c) 11. (b) 12. (¢) 13. (a)

6.c) 7.0 8 ()
14. (b)
6. (¢) 7. (c) 8. (0
14. (c) 15. (a)
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INTRODUCTION

In Chapters 5 and 6, series circuits and parallel circuits were
studied individually. In this chapter, both series and parallel
resistors are combined into series-parallel circuits. In many
practical situations, you will have both series and parallel
combinations within the same circuit, and the analysis
methods you learned for series circuits and for parallel
circuits will apply.

Important types of series-parallel circuits are introduced
in this chapter. These circuits include the voltage divider
with a resistive load, the ladder network, and the Wheat-
stone bridge.

The analysis of series-parallel circuits requires the use of
Ohm’s law, Kirchhoff’s voltage and current laws, and the
methods for finding total resistance and power that you
learned in the last two chapters. The topic of loaded voltage
dividers is important because this type of circuit is found in
many practical situations. One example is the voltage-divider
bias circuit for a transistor amplifier, which you will study in
a later course. Ladder networks are important in several
areas, including a major type of digital-to-analog conversion,
which you will study in a digital fundamentals course. The
Wheatstone bridge is used in many types of systems for the
measurement of unknown parameters, including most elec-
tronic scales.

~ _In the circuit application, you will learn how a Wheatstone
bridge in conjunction with a thermistor can be used in a -

‘temperature-control application. The circuit in this applica- —
" tion is designed to turn a heating element on and off in .
order to keep the temperature of a liquid in a tank at a

: ~
& desired level. ~—
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A series-parallel circuit consists of combinations of both series and parallel current
paths. It is important to be able to identify how the components in a circuit are
arranged in terms of their series and parallel relationships.

After completing this section, you should be able to
+ Identify series-parallel relationships
+ Recognize how each resistor in a given circuit is related to the other resistors

+ Determine series and parallel relationships on a PC board

Figure 7—1(a) shows an example of a simple series-parallel combination of resistors.
Notice that the resistance from point A to point B is R;. The resistance from point B to point
C is R, and R; in parallel (R, || Rz). The total resistance from point A to point C is R; in
series with the parallel combination of R, and R3, as indicated in Figure 7-1(b).

Rjisin
series
with R, Il Rs.

(a) (b)

FIGURE 7-1

A simple series-parallel resistive circuit.

When the circuit of Figure 7-1(a) is connected to a voltage source as shown in Figure
7-1(c), the total current is through R| and divides at point B into the two parallel paths.
These two branch currents then recombine, and the total current is into the negative source
terminal as shown.

Now, to illustrate series-parallel relationships, let’s increase the complexity of the cir-
cuit in Figure 7-1(a) step-by-step. In Figure 7-2(a), another resistor (R4) is connected in
series with R,. The resistance between points A and B is now R| + Ry, and this combina-
tion is in series with the parallel combination of R, and Rj, as illustrated in Figure 7-2(b).

R, + Ry s in series
v!,ﬁwith Ryl Rs. _1

Co &
(a) (b)

FIGURE 7-2

Ry is added to the circuit in series with R;.
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In Figure 7-3(a), Rs is connected in series with R,. The series combination of R, and Rs
is in parallel with R5. This entire series-parallel combination is in series with the series
combination of R} and Ry, as illustrated in Figure 7-3(b).

Beige groups
Ry and R ( are in series. 1

are in series.

R R
4 1 R,
R, and Ry § R
are in series.
Rs l
C o— ® C o F ? i
(a) (b) Blue groups

are in parallel.

FIGURE 7-3

Rs is added to the circuit in series with R.

In Figure 7-4(a), Rg is connected in parallel with the series combination of R and Ry.
The series-parallel combination of R, Ry, and Ry is in series with the series-parallel com-
bination of R,, R3, and Rs, as indicated in Figure 7-4(b).

. Beige groups

M Blue groups W" are in series.
% an inE arjlcl‘:_r Rs l
e allel.
B p ™ .
A 0—1._/\M_M o 4 g
Ri LR 'R":"' VR"l
it Ryand R ke
yand R,
§ ¥ are in series. § Ry
Rs Rs
co . " |
(a) ®)

FIGURE 7-4

Rg is added to the circuit in parallel with the series combination of R; and R,.

EXAMPLE 7-1 Identify the series-parallel relationships in Figure 7-5.
FIGURE 7-5
R, |
Wy
A
+
Ve R, Ry
. - |




Solution

Related Problem”
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Starting at the positive terminal of the source, follow the current paths. All of the cur-
rent produced by the source must go through R, which is in series with the rest of the
circuit.

The total current takes two paths when it gets to node A. Part of it is through R,,
and part of it is through Rj3. Resistors R, and R; are in parallel with each other, and
this parallel combination is in series with R;.

At node B, the currents through R, and R3 come together again. Thus, the total cur-
rent is through Ry. Resistor Ry is in series with R and the parallel combination of R,
and Rs. The currents are shown in Figure 7-6, where /I7 is the total current.

FIGURE 7-6 R,

P
+

|'|

=

b

W
.

ol

Wy

Ry

In summary, R, and R, are in series with the parallel combination of R; and R; as
stated by the following expression:

R+ Ry || Ry + Ry

If another resistor, Rs, is connected from node A to the negative side of the source in
Figure 7-6, what is its relationship to the other resistors?

*Answers are at the end of the chapter.

EXAMPLE 7-2

Solution

Identify the series-parallel relationships in Figure 7-7.

I B :

FIGURE 7-7 FIGURE 7-8

Sometimes it is easier to see a particular circuit arrangement if it is drawn in a different
way. In this case, the circuit schematic is redrawn in Figure 7-8. which better illustrates
the series-parallel relationships. Now you can see that R, and R are in parallel with
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Related Problem

each other and also that R4 and Rs are in parallel with each other. Both parallel combi-
nations are in series with each other and with R, as stated by the following expression:

Ry + Ry || Ry + Ry || Rs

If a resistor is connected from the bottom end of Rj to the top end of Rs in Figure 7-8,
what effect does it have on the circuit?

EXAMPLE 7-3

Solution

Related Problem

Describe the series-parallel combination between terminals A and D in Figure 7-9.

FIGURE 7-9

Rz R1

R,

A 0—AM—E24 E

Between nodes B and C, there are two parallel paths. The lower path consists of Ry,
and the upper path consists of a series combination of R, and R3. This parallel combi-
nation is in series with Rs. The Ry, R3, R4, Rs combination is in parallel with R4. Re-
sistor R is in series with this entire combination as stated by the following expression:

R, + R || (Rs + Ry || (R; + R3))

If a resistor is connected from C to D in Figure 7-9, describe its parallel relationship.

EXAMPLE 7-4

Solution

Describe the total resistance between each pair of terminals in Figure 7-10.

FIGURE 7-10

1. From A to B: R, is in parallel with the series combination of R, and Rj.
R | (R, + Ry)

2. From A to C: Ry is in parallel with the series combination of R; and R,.
Rs || (R, + Ry)

3. From B to C: R is in parallel with the series combination of R} and Rs.
Ry || Ry + R3)
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Related Problem  In Figure 7-10, describe the total resistance between each terminal and an added
ground if a new resistor, Ry, is connected from C to ground. None of the existing resis-
tors connect directly to the ground.

Usually, the physical arrangement of components on a PC or protoboard bears no resem-
blance to the actual circuit relationships. By tracing out the circuit and rearranging the compo-
nents on paper into a recognizable form, you can determine the series-parallel relationships.

EXAMPLE 7-5 Determine the relationships of the resistors on the PC board in Figure 7-11.

FIGURE 7-11

Solution  In Figure 7-12(a), the schematic is drawn in the same arrangement as that of the resis-
tors on the board. In part (b), the resistors are rearranged so that the series-parallel re-
lationships are more obvious. Resistors Ry and Ry are in series; Ry + Rj is in parallel
with R,; Rs and Rg are in parallel and this combination is in series with R3. The R3, Rs,
and Ry series-parallel combination is in parallel with both R, and the R; + R4 combi-
nation. This entire series-parallel combination is in series with R;. Figure 7-12(c) il-
lustrates these relationships. Summarizing in equation form,

Rag = (Rs || Rg + R3) | Ry || (R + Ry) + Ry

Blue groups White groups
are in parallel.  are in series.

Ry

Ryand R,
are in
R series. Ry Rsand Rg
are in
parallel.
R 4
R; . Beige groups
B B are in series.

(a) (b) (c)

FIGURE 7-12

Related Problem  If Rs were removed from the circuit, what would be the relationship of R3 and Rg?
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scl s follows: Ry and R are in parallel. This
another parallel combination of R; and R,.

Bo & ® »

=
Sl

7-2  ANALYSIS OF SERIES-PARALLEL REsIsTIVE CIRCUITS

The analysis of series-parallel circuits can be approached in many ways, depending on
what information you need and what circuit values you know. The examples in this
section do not represent an exhaustive coverage, but they give you an idea of how to
approach series-parallel circuit analysis.

After completing this section, you should be able to
+ Analyze series-parallel circuits
+ Determine total resistance
+ Determine all the currents
+ Determine all the voltage drops

If you know Ohm’s law, Kirchhoff’s laws, the voltage-divider formula, and the current-
divider formula, and if you know how to apply these laws, you can solve most resistive cir-
cuit analysis problems. The ability to recognize series and parallel combinations is, of
course, essential. A few circuits, such as the unbalanced Wheatstone bridge, do not have
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basic series and parallel combinations. Other methods are needed for these cases, as we
will discuss later.

Total Resistance

In Chapter 5, you learned how to determine total series resistance. In Chapter 6, you learned
how to determine total parallel resistance. To find the total resistance (Rt) of a series-parallel
combination, simply define the series and parallel relationships; then perform the calculations
that you have previously learned. The following two examples illustrate this general approach.

EXAMPLE 7-6 Determine Ry of the circuit in Figure 7-16 between terminals A and B.
FIGURE 7-16
R
4 o——AA——
100}

Rz R3 >
100 £) 100 ) 3

Solution  First, calculate the equivalent parallel resistance of R, and R5. Since R, and R are
equal in value, you can use Equation 6-4.
R 1000
Rz =—=——""=500Q
2B 2
Notice that the term Ryj; is used here to designate the total resistance of a portion of a
circuit in order to distinguish it from the total resistance, R, of the complete circuit.
Now, since R is in series with R, |3, add their values as follows:

Rt = Ry +R2H3 =100 + 3500 = 60 Q

Related Problemn  Determine Ry in Figure 7-16 if R3 is changed to 82 ().

EXAMPLE 7-7 Find the total resistance between the positive and negative terminals of the battery in
Figure 7-17.

390 \

||}

FIGURE 7-17 ‘
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Solution

Related Problem

In the upper branch, R, is in series with R3. This series combination is designated
R>43 and is equal to R; + Rs.

Ryiy3 =Ry + Ry =470 + 470 = 94()

In the lower branch, R4 and Rs are in parallel with each other. This parallel combi-
nation is designated Rys.

RRs (68 2)(39 Q)

= =2480
Ry +Rs 68 + 390

Ryjs =

Also in the lower branch, the parallel combination of R4 and Rs is in series with Rg.
This series-parallel combination is designated Ry|s+¢.

R4ﬂ5+6 = Rg + R4||5 =750 +2480 =99.80Q

Figure 7—18 shows the original circuit in a simplified equivalent form.

R 243

99.8 {]

FIGURE 7-18

Now you can find the equivalent resistance between A and B. It is R, in parallel
with Rys+¢. Calculate the equivalent resistance as follows:
1 1
Ruyg = = =484 Q)
2= 1 1 1

+ +
R2+3 R4||5+6 94 ) 99.8 ()

Finally, the total resistance is R; in series with R,p.
RT ur R| i RAB =100 + 4840 = 1484 Q

Determine Rt if a 68 () resistor is added in parallel from A to B in Figure 7-17.

Total Current

Once you know the total resistance and the source voltage, you can apply Ohm’s law to find
the total current in a circuit. Total current is the source voltage divided by the total

resistance.

Vs
h=—
T Ry

For example, assuming that the source voltage is 30V, the total current in the circuit of Ex-

ample 7-7 (Figure 7-17) is
. ¥e 30V

" Ry 14840

It = 202 mA
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Branch Currents

Using the current-divider formula, Kirchhoff’s current law, Ohm'’s law, or combinations
of these, you can find the current in any branch of a series-parallel circuit. In some
cases, it may take repeated application of the formula to find a given current. The fol-
lowing two examples will help you understand the procedure. (Notice that the sub-

scripts for the current variables (/) match the R subscripts; for example, current through
Ry is referred to as [}.)
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EXAMPLE 7-8 Find the current through R, and the current through R in Figure 7-19.
Ry
A
AWy *
Iy 1.0 kO
21 R,

Ve == 22N 22k0

FIGURE 7-19

R; §
33kQ

Solution  First, identify the series and parallel relationship. Next, determine how much current is

into node A. This is the total circuit current. To find I, you must know Rr.

R>R; (2.2kQ)(3.3k0)
= + — = : + —i I + .3 =
Rt =R, R, + B, 1.0kQ 22K + 33K0 1.0k + 1.32kQ) = 2.32kQ)
Vs 22V
r=— = =0y m
3 Ry 232kQ) AR

Use the current-divider rule for two branches as given in Chapter 6 to find the cur-

rent through R».

R ) (3.3k0)
I (2 Vo i — 560 mA
< (R2+R3 s 3

Now you can use Kirchhoff’s current law to find the current through R;.

=L+t L

13 = !T s 12 = 948 mA — 5.69mA = 3.79mA

Related Problem A 4.7 k() resistor is connected in parallel with R; in Figure 7-19. Determine the cur-

rent through the new resistor.

firm your calculation for the related problem.

Use Multisim file EO7-08 to verify the calculated results in this example and to con-




236 ¢ SERIES-PARALLEL CIRCUITS

EXAMPLE 7-9

Solution

Related Problem

Determine the current through Ry in Figure 7-20 if Vg = 50 V.

FIGURE 7-20

+ 0O

-0

First, find the current (/) into node B. Once you know this current, use the current-
divider formula to find /4, the current through R;.

Notice that there are two main branches in the circuit. The left-most branch consists
of only R;. The right-most branch has R, in series with the parallel combination of R3
and R,. The voltage across both of these main branches is the same and equal to 50 V.
Calculate the equivalent resistance (R +3||4) of the right-most main branch and then
apply Ohm’s law; /; is the total current through this main branch. Thus,

" RiRy (330 2)(560 £2)
Ryt3)4 = Ry + I 330Q + T = 5380
Vs 50V
[2 R2+3!i4 538 () A

Use the two-resistor current-divider formula to calculate /.

R 330 O
=(—=)b=== A = 345mA
14 (R3 + R‘t)fg (8900)93[“ 34.5m

Determine the current through Ry and R; in Figure 7-20 if Vg = 20 V.,

Voltage Drops

To find the voltages across certain parts of a series-parallel circuit, you can use the voltage-
divider formula given in Chapter 5, Kirchhoff’s voltage law, Ohm’s law, or combinations
of each. The following three examples illustrate use of the formulas. (The subscripts for V
match the subscripts for the corresponding R: V/ is the voltage across Ry; V5 is the voltage

across R, etc.)

EXAMPLE 7-10

Determine the voltage drop from node A to ground in Figure 7-21. Then find the volt-
age (V) across R,.

FIGURE 7-21

150 0

Ry
560 02 560 )

o

i
z
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Solution  Note that R, and R5 are in parallel in this circuit. Since they are equal in value, their
equivalent resistance from node A to ground is

560 Q

5 280 Q)

A

In the equivalent circuit shown in Figure 7-22, R is in series with R,. The total circuit

resistance as seen from the source is
Rr =Ry + Ry, = 150Q + 2800 = 4300

FIGURE 7-22

+| 150
Vo o= B0V Ry

Use the voltage-divider formula to find the voltage across the parallel combination
of Figure 7-21 (between node A and ground).

Ry 280{1)
Va=(2)vs === )sov =521V
i (RT) 2 (4300

Now use Kirchhoffs voltage law to find V.
VS = V] =} VA
Vi=Ve—V, =80V —52.1V =279V

Related Problem  Determine V, and V, if R, is changed to 220 () in Figure 7-21.

Use Multisim file EO7-10 to verify the calculated results in this example and to con-
firm your calculation for the related problem.
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EXAMPLE 7-11 Determine the voltage drop across each resistor in the circuit of Figure 7-23.

|+

Ry

Vs = R 1.5k0
3.9k Rs

560 0

FIGURE 7-23
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Solution

Related Problem

The source voltage is not given, but you know the total current from the figure. Since
R| and R; are in parallel, they each have the same voltage. The current through R is

R 2.2kQ)
SRR K = 688 A
i (R1+R2)T (3‘2110. = H

The voltages across R, and R, are
Vi = LR, = (688 nA)(1.0kQ) = 688 mV
Vo, =V, = 688mV

The series combination of Ry and Rs form the branch resistance, R45. Apply the
current-divider formula to determine the current through R;.

Riis ) (2.061(0)
(R P A SuE A
i (R3+R4+5 ST H

The voltage across Rj is

V3 = LRy = (346 nA)(3.9kD) = 1.35V
The currents through R4 and Rs are the same because these resistors are in series.
Ii=1Is=It — 3 = 1mA — 346 pA = 654 uA

Calculate the voltages across R4 and Rs as follows:
Vi = LRy = (654 pA)(1.5kQ) = 981 mV
Vs = IsRs = (654 nA)(560 Q) = 366 mV

What is the source voltage, Vs, in the circuit of Figure 7-23?

Use Multisim file E07-11 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

EXAMPLE 7-12

Determine the voltage drop across each resistor in Figure 7-24.

i e

FIGURE 7-24
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Solution  Because the total voltage is given in the figure, you can solve this problem using the
voltage-divider formula. First, you need to reduce each parallel combination to an
equivalent resistance. Since R; and R, are in parallel between A and B, combine their
values.

RiR;  (3.3k0)(6.2kQ)

=215k
R+ Ry 9.5kQ) Lk

Since Ry is in parallel with the Rs and Ry series combination (Rs.4¢) between C and D,
combine these values.
RiRs+6  (1.0kQ)(1.07kQ)

= =5170
BiikiRere 2.07kQ

Rep

The equivalent circuit is drawn in Figure 7-25. The total circuit resistance is

Ry = Ryp + Ry + Rep = 2.15kQ + 1.0kQ + 517 Q = 3.67kQ

FIGURE 7-25 2
A a2 B
2.15kQ Ry
+ 1.0kQ
e c
SV —_—

= Rep

5170

i D
Next, use the voltage-divider formula to determine the voltages in the equivalent circuit.

R .
VAB = (ﬁ)Vs = (—_2 ISkQ)SV =469V

Rr 3.67kQ
RCD) ( 517 Q )
= =2 )y = |- V=113V
Vep (RT s = \ze7x0/°
R; 1.0k
Va=|=)vs = V =218V
? (RT) 3 (3.6?1(0)8

Refer to Figure 7-24. V5 equals the voltage across both R and R, so
Vi=V,=Vup =469V
Vep is the voltage across Ry and across the series combination of Rs and Rg. Therefore,
Vi=Vep =113V

Now apply the voltage-divider formula to the series combination of Rs and R to get
VS and Vﬁ.

Rs (6800 .

R¢ ( 390 QO )
= [ —= = | ——= 1113V = 412 mV
Ve (RS L R(,)VCD 1070 Q =
Related Problem R, is removed from the circuit in Figure 7-24. Calculate Vg, Ve, and Vep.

o X Use Multisim file EO7-12 to verify the calculated results in this example and to con-
: | firm your calculation for the related problem.
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 that may be necessary in the analysis of series-

d B in the circuit of Figure 7-26.
e 7-26.
as “seen” by the source.

R, R,
47Q 270 Rs
R3 270

|||
5
=}

7—3 VOLTAGE DiviIDERS WITH RESISTIVE LOADS

Voltage dividers were introduced in Chapter 5. In this section, you will learn how
resistive loads affect the operation of voltage-divider circuits.

After completing this section, you should be able to
¢ Analyze loaded voltage dividers
¢ Determine the effect of a resistive load on a voltage-divider circuit

¢ Define bleeder current

The voltage divider in Figure 7-28(a) produces an output voltage (V1) of 5 V because
the two resistors are of equal value. This voltage is the unloaded output voltage. When a
load resistor, R;, is connected from the output to ground as shown in Figure 7-28(b), the
output voltage is reduced by an amount that depends on the value of R;. The load resistor
is in parallel with R,, reducing the resistance from node A to ground and, as a result, also

R,
|+ 1.0 kO Vour
=10V A
1.0 k% Ry
= = =
(a) Unloaded (b) Loaded

. FIGURE 7-28
A voltage divider with both unloaded and loaded outputs.
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reducing the voltage across the parallel combination. This is one effect of loading a voltage
divider. Another effect of a load is that more current is drawn from the source because the
total resistance of the circuit is reduced.

The larger Ry is, compared to R,, the less the output voltage is reduced from its
unloaded value, as illustrated in Figure 7-29. When two resistors are connected in parallel
and one of the resistors is much greater than the other, the total resistance is close to the

value of the smaller resistance.

7
‘()1."['”:1\ load)

(a) No load

FIGURE 7-29

Vour = Youtmo load)

LT
Sk

Vour decreases

(b) R; not significantly greater than R, (¢) Ry much greater than R,

The effect of a load resistor.
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EXAMPLE 7-13

Solution

(a) Determine the unloaded output voltage of the voltage divider in Figure 7-30.

(b) Find the loaded output voltages of the voltage divider in Figure 7-30 for the
following two values of load resistance: R; = 10k and R; = 100k().

FIGURE 7-30

(a) The unloaded output voltage is

R, ) ( 10k )
OUT(unloaded) (Rl + Ry S 14.7kQ) e

(b) With the 10 k() load resistor connected, R; is in parallel with R,, which gives

RoR, 100 MQ
Ry + R, 20kQ

Ry || R, = = 5k0

The equivalent circuit is shown in Figure 7-31(a). The loaded output voltage is

Ry | Ry ) 5k )
V, =(———— Vo= | —— |5V = 2.
OUT(loaded) (Rl + R R, S (9.7kQ 5) 2.58V

With the 100 k) load, the resistance from output to ground is

RyRp  (10kQ)(100k€)

R || R, = =
2| R R, + R, 110kQ

= 9.1k}
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Related Problem

-

3

The equivalent circuit is shown in Figure 7-31(b). The loaded output voltage is

R || R; ) (9.1m)
— e R e = = B i AT e e V = - v
VOUT(loadcd) ( R + R, ” R; Vs 13.8k() 2 310

(a) R, =10kQ (b) R, =100 kQ

FIGURE 7-31

For the smaller value of R;, the reduction in Vg is
340V — 258V =0.82V
For the larger value of R;, the reduction in Vgyt is
340V — 330V =010V

This illustrates the loading effect of R; on the voltage divider.

Determine Vyt in Figure 7-30 for a 1.0 M{2 load resistance.

Use Multisim file E07-13 to verify the calculated results in this example and to con-
firm your calculation for the related problem.

Load Current and Bleeder Current

In a multiple-tap loaded voltage-divider circuit, the total current drawn from the source
consists of currents through the load resistors, called load currents, and the divider resis-
tors, Figure 7-32 shows a voltage divider with two voltage outputs or two taps. Notice that
the total current, I, through R enters node A where the current divides into Iy, through
Ry and into [, through R;. At node B, the current /5 divides into Ig;» through Rg; 5 and into

FIGURE 7-32 T
Currents in a two-tap loaded voltage ( )
ivider.
divider. R,
12 kQ

ir.h‘LI-

Ry
100 kQ

Y —

Ip eppER = 13
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I through R;3. Current I3 is called the bleeder current, which is the current left after the
total load current is subtracted from the total current in the circuit.

IgLeepErR = It — Iy — Ipi2 Equation 7-1

EXAMPLE 7-14

Vs
24V

(a)

+

Solution

Determine the load currents Iy and Ig;, and the bleeder current I3 in the two-tap
loaded voltage divider in Figure 7-32.

The equivalent resistance from node A to ground is the 100 k) load resistor R;; in
parallel with the combination of R, in series with the parallel combination of R3 and
Rp5. Determine the resistance values first. Ry in parallel with R;5 is designated Rp. The
resulting equivalent circuit is shown in Figure 7-33(a).

R3Rp» - (6.2kQ)(100k)

R = = 584k}
B Rs ¥ Ry 106.2 k)
R| Rl
12 k0 12 k€
+ +
Vs — | 8 Vs == Ae
e 24V =
§ Ryp Ry, Ry
12.0 kQ 100 kO 10.7 k2

(b) (©

FIGURE 7-33

R; in series with Rp is designated R, 5. The resulting equivalent circuit is shown in
Figure 7-33(b).

Ryip =Ry + Ry = 6.2k} + 5.84k() = 12.0kQ

Ry, in parallel with R, ;g is designated R,4. The resulting equivalent circuit is shown in
Figure 7-33(c).

. = _RuRsss _ (100kQ)12.0k0)
A

= = = 107k
Ry 112kQ ¥

Ry is the total resistance from node A to ground. The total resistance for the circuit is
Rr = Ry + Ry = 10.7kQ) + 12k = 22.7k()

Determine the voltage across Ry as follows, using the equivalent circuit in Figure

7-33(c):
Ry 10.7 kQ)
Ve = Va=|—=)Vs = UV= 113V
T A (RT) 3 (22.7 kQ
The load current through Ry is
Vel ( 113V )
I = = =
e oEn . A
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Determine the voltage at node B by using the equivalent circuit in Figure 7-33(a)

and the voltage at node A.
Rp ( 5.84kQ )
- Vy = 11.3V =550V
Vs (R2+3) 47 \12.0k0 7l
The load current through Ry is

Verz _ Vs _ 550V

Ippp = —— = - = 55 nA
R = " R 100kQ =
The bleeder current is
Vg 550V
= = 887 A
b= = 62k0 i

Helated Problem  How can the bleeder current in Figure 7-32 be reduced without affecting the load
currents?

Use Multisim file EQ7-14 to verify the calculated results in this example.

Bipolar Voltage Dividers

An example of a voltage divider that produces both positive and negative voltages from a
single source is shown in Figure 7-34. Notice that neither the positive nor the negative ter-
minal of the source is connected to reference ground or common. The voltages at nodes A
and B are positive with respect to reference ground, and the voltages at nodes C and D are
negative with respect to reference ground.

- FIGURE 7-34

A bipolar voltage divider. The posi-
tive and negative voltages are with
respect to reference ground.

e 7-35, determine the unloaded output voltage with
‘the output voltage with a 10 k() load resistor con-
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R, 47 k()
Output

R, = 100k

*
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7-4 LOADING EFFECT OF A VOLTMETER

As you have learned, voltmeters must be connected in parallel with a resistor in order to
measure the voltage across the resistor. Because of its internal resistance, a voltmeter puts
a load on the circuit and will affect, to a certain extent, the voltage that is being measured.
Until now, we have ignored the loading effect because the internal resistance of a volt-
meter is very high, and normally it has negligible effect on the circuit that is being mea-
sured. However, if the internal resistance of the voltmeter is not sufficiently greater than
the circuit resistance across which it is connected, the loading effect will cause the mea-
sured voltage to be less than its actual value. You should always be aware of this effect.

After completing this section, you should be able to
+ Determine the loading effect of a voltmeter on a circuit
+ Explain why a voltmeter can load a circuit

+ Discuss the internal resistance of a voltmeter

When a voltmeter is connected to a circuit as shown, for example, in Figure 7-36(a), its
internal resistance appears in parallel with Rs, as shown in part (b). The resistance from A

(a) (b)
4 FIGURE 7-36
The loading effect of a voltmeter,

(c)

I

l[I»

Ry

Ry ll Ry
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to B is altered by the loading effect of the voltmeter’s internal resistance, Ry, and is equal
to R || Ry, as indicated in part (c).

If Ry is much greater than Rj, the resistance from A to B changes very little, and the
meter indicates the actual voltage. If Ry is not sufficiently greater than Rs, the resistance
from A to B is reduced significantly, and the voltage across R; is altered by the loading ef-
fect of the meter. A good rule of thumb is that if the loading effect is less than 10%, it can
usually be neglected, depending on the accuracy required.

Two categories of voltmeters are the electromagnetic analog voltmeter (commonly
called VOM), whose internal resistance is determined by its sensitivity factor, and the digi-
tal voltmeter (the most commonly used type and commonly called DMM), whose internal
resistance is also typically at least 10 M(). The digital voltmeter presents fewer loading
problems than the electromagnetic type because the internal resistances of DMMs are much
higher.

EXAMPLE 7-15 How much does the digital voltmeter affect the voltage being measured for each circuit
indicated in Figure 7-37? Assume the meter has an input resistance (Ryy) of 10 MQ.

+15V +15V +15V
o} o
R; R,
180 0} 180 kQ2
L ]

Ry Ry
100 2 100 k2
(a)

()

FIGURE 7-37

Solution  To show the small differences more clearly, the results are expressed in more than
three significant figures in this example.

(a) Refer to Figure 7-37(a). The unloaded voltage across R, in the voltage-divider

circuit is
R 100 £
Vo=|— Vo= =—= 115V = 5357V
3 (Rl +R2) 3 (2809) 83

The meter’s resistance in parallel with R, is

R>Ry ) (100 Q)(10MQ)
R, + Ry 10.0001 MQ

Ry || Ry = ( = 99.999 ()

The voltage actually measured by the meter is

Ry || Ry ) (99.9999)
el —2M _lys=(——"_|i5v =5357V
2 (R,+R2]|RM s =\279.9990 /Y = 337

The voltmeter has no measurable loading effect.




Related Problem

LADDER NETWORKS ¢

(b) Refer to Figure 7-37(b).

Vo= (——‘32———)1/3 = (mm)lsv = 5357V

R FR; 280 k02
RoRy (100 kQ)(10 ML)
= = — w le
Ry || Ry Ry + Ry 10.1 MO 0

The voltage actually measured by the meter is

Ry || Rm ) ( 99.01kQ )
B el ISV =558V
V2 (R, TR ke T 2001k LN =0.052

The loading effect of the voltmeter reduces the voltage by a very small amount.

(¢) Refer to Figure 7-37(c).

Vi = (—R”'——)VS = (LOMQ)ISV =5357V

R, + R, 28MQ
RoRy  (LOMQ)(10MQ)
Ry || Ry = - = 909.09 kQ
2 | R R+ Ry 11 MQ

The voltage actually measured is

[ Ry Ru ) & (909.091@) B
V= (Rl B Vo=l mee |15V = 51034V

The loading effect of the voltmeter reduces the voltage by a noticeable amount. As

you can see, the higher the resistance across which a voltage is measured, the
more the loading effect.

Calculate the voltage across R, in Figure 7-37(c) if the meter resistance is 20 M.
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eter can potentially load a circuit.

u normally be concerned about the loading effect?

) MC) internal resistance is measuring the voltage across a

7-5 LADDER NETWORKS

A resistive ladder network is a special type of series-parallel circuit. The R/2R ladder
network is commonly used to scale down voltages to certain weighted values for
digital-to-analog conversion, which is a process that you will study in another course.

After completing this section, you should be able to

+ Analyze ladder networks

¢ Determine the voltages in a three-step ladder network

+ Analyze an R/2R ladder
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One approach to the analysis of a ladder network such as the one shown in Figure 7-38
is to simplify it one step at a time, starting at the side farthest from the source. In this way,
you can determine the current in any branch or the voltage at any node, as illustrated in
Example 7-16.

FIGURE 7-38

Basic three-step ladder network.

EXAMPLE 7-16 Determine the current through each resistor and the voltage at each labeled node with
respect to ground in the ladder network of Figure 7-39.

Ry

AWy ——s——A, MW——
l 10KQ "7 33kQ 7 47kQ 7
. s
R, R, R
N L - I
‘“_3 l 8.2k # 10 kQ ‘“l 4.7k
FIGURE 7-39 I

Solution  To find the current through each resistor, you must know the total current from the
source (/7). To obtain I, you must find the total resistance “seen’ by the source.
Determine Ry in a step-by-step process, starting at the right of the circuit diagram.
First. notice that Rs and Ry are in series across R4. Neglecting the circuit to the left of
node B, the resistance from node B to ground is

R~ _Ra®s + R _ (10kQ)94kD)
B R+ @Rs + R 19.4kQ

= 4.85kQ

Using R, you can draw the equivalent circuit as shown in Figure 7-40.

R, Ry

L

LOKQ 33kQ T,

+
< O0—

Ry Ry
il 8.2k 4.85 kf)

F S
o

|

1|
|
|

FIGURE 7-40
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Next, neglecting the circuit to the left of node A, the resistance from node A to ground
(R4) is R, in parallel with the series combination of R3 and Rjp. Calculate resistance Ry.

RoR; + Rp)  (82kQ)(8.15kQ)

Ry = = = 4.09 k)
4" Ry + (Rs + Rp) 16.35kQ)
Using Ry, you can further simplify the equivalent circuit of Figure 7-40 as shown in
Figure 7-41.
R, :
Wy ;
1.0 k22
" I
& RA
<22 409 kQ
FIGURE 7-41

Finally, the total resistance “seen” by the source is R in series with Ry.
Ry = Ry + Ry = 1.0kQ + 4.09kQ = 5.09k()
The total circuit current is
Vs _ 45V
Ry 5.09kQ

As indicated in Figure 740, /1 is into node A and divides between R, and the
branch containing R + Rp. Since the branch resistances are approximately equal in
this particular example, half the total current is through R, and half into node B. So the
currents through R, and R are

Ir = = 8.84 mA

L, = 442 mA
I Ju= 4.42 mA
If the branch resistances are not equal, use the current-divider formula. As indicated

in Figure 7-39, I3 is into node B and is divided between R, and the branch containing
Rs + Rg. Therefore, the currents through R4, Rs, and Rg can be calculated.

= Rs + Rg ) _(941(9) -
I = (h D 5= Toarg J442mA = 214mA
Iso=To= Iy —Ip= 442 mA — 2.14mA = 2.28 mA

To determine V,, Vg, and V., apply Ohm’s law.
Vi = bRy = (4.42mA)8.2k(2) = 36.2V
Vg = LRy = (2.14mA)(10kQ) = 214V
Ve = IgRg = (2.28mA)(4.7kQ) = 10.7V

Related Problem  Recalculate the currents through each resistor and the voltages at each node in Figure
7-39 if R, is increased to 2.2 k().

Use Multisim file EO7-16 to verify the calculated results in this example and to con-
firm your calculations for the related problem.
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The R/2R Ladder Network

A basic R/2R ladder network is shown in Figure 7-42. As you can see, the name comes
from the relationship of the resistor values. R represents a common value, and one set of
resistors has twice the value of the others. This type of ladder network is used in applications
where digital codes are converted to speech, music, or other types of analog signals as
found, for example, in the area of digital recording and reproduction. This application is
called digital-ro-analog (D/A) conversion.

FIGURE 7-42

A basic four-step R/2R ladder
network.

Input 1

[nput 2

Input 3

Input 4 Output

Let’s examine the general operation of a basic R/2R ladder using the four-step circuit in
Figure 7-43. In a later course in digital fundamentals, you will learn specifically how this
type of circuit is used in D/A conversion.

FIGURE 7-43 L

R/2R ladder with switch inputs to
simulate a two-level (digital) code. $=——————0

The switches used in this illustration simulate the digital (two-level) inputs. One
switch position is connected to ground (0 V), and the other position is connected to a pos-
itive voltage (V). The analysis is as follows: Start by assuming that switch SW4 in Figure
7-43 is at the V position and the others are at ground so that the inputs are as shown in
Figure 7-44(a).

The total resistance from node A to ground is found by first combining Ry and R, in par-
allel from node D to ground. The simplified circuit is shown in Figure 7-44(b).

2R

R1||R2=? R

Ry | R, is in series with R3 from node C to ground as illustrated in part (c).

Ri||Ry + Rs=R+R=2R



Vour

(R I Ry+ Ry) I R,

7
v ouT

Rsg
(all other
resistors)

Vour Vour

(d) (e)

FIGURE 7-44

Simplification of R/2R ladder for analysis.

Next, this combination is in parallel with R, from node C to ground as shown in part (d).
2R

Ry Ry + Ry) | Ry = 2R [| 2R = =~ = R

Continuing this simplification process results in the circuit in part (e) in which the output
voltage can be expressed using the voltage-divider formula as

2R v
V= [— )= —
vt (412) 2

A similar analysis, except with switch SW3 in Figure 7-43 connected to V and the other
switches connected to ground, results in the simplified circuit shown in Figure 7-45.

Re R FIGURE 7-45
B L /
Vo—AAN e AN —o Vi Simplified ladder with only V input
2R R at SW3 in Figure 7-43.
(R, through Rs
2R =4 combined) Ry

2R

LADDER NETWORKS
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The analysis for this case is as follows: The resistance from node B to ground is

R
RB=(R7+RS)||2R=3R||2R=6?

Using the voltage-divider formula, we can express the voltage at node B with respect to
ground as

( Rg B 6R/5 _ 6R/5 _ (SR
Vg = (Rs + RB)V (ZR + 6R,*’5)V (mes + sts)V (16R/5)V
6R 1%
& (raé)" TR

The output voltage is, therefore,

o - G-
CETNR # R ° 7 ABRANS 4

Notice that the output voltage in this case (V/4) is one half the output voltage (V/2) for the
case where V is connected at switch SW4.,

A similar analysis for each of the remaining switch inputs in Figure 7-43 results in out-
put voltages as follows: For SW2 connected to V and the other switches connected to
ground,

Vv
\% = —
ouT 3
For SW1 connected to V and the other switches connected to ground,

o
Vour = —
ouT 16

When more than one input at a time are connected to V, the total output is the sum of the
individual outputs, according to the superposition theorem that is covered in Section 8-4.
These particular relationships among the output voltages for the various levels of inputs are
important in the application of R/2R ladder networks to digital-to-analog conversion.
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7-6 THE WHEATSTONE BRIDGE

The Wheatstone bridge circuit can be used to precisely measure resistance. However,
the bridge is most commonly used in conjunction with transducers to measure physical
quantities such as strain, temperature, and pressure. Transducers are devices that sense
a change in a physical parameter and convert that change into an electrical quantity
such as a change in resistance. For example, a strain gauge exhibits a change in resist-
ance when it is exposed to mechanical factors such as force, pressure, or displacement.
A thermistor exhibits a change in its resistance when it is exposed to a change in tem-
perature. The Wheatstone bridge can be operated in a balanced or an unbalanced con-
dition. The condition of operation depends on the type of application.

After completing this section, you should be able to
+ Analyze and apply a Wheatstone bridge
¢ Determine when a bridge is balanced
+ Determine an unknown resistance with a balanced bridge
¢ Determine when a bridge is unbalanced

+ Discuss measurements using an unbalanced bridge

A Wheatstone bridge circuit is shown in its most common “diamond” configuration
in Figure 7—47(a). It consists of four resistors and a dc voltage source connected across the
top and bottom points of the “diamond.” The output voltage is taken across the left and
right points of the “diamond” between A and B. In part (b), the circuit is drawn in a slightly
different way to more clearly show its series-parallel configuration.

[+
I+
I
=
b
e
2

e
=

(a) (b)

FIGURE 7-47
Wheatstone bridge.

The Balanced Wheatstone Bridge

The Wheatstone bridge in Figure 747 is in the balanced bridge condition when the out-
put voltage (Voyt) between terminals A and B is equal to zero.

Vour = 0V
When the bridge is balanced, the voltages across R and R; are equal (V| = V) and the volt-
ages across Rz and Ry are equal (V3 = V). Therefore, the voltage ratios can be written as
Vi Vs

Vs Vg
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Equation 7-2

Substituting /R for V by Ohm’s law gives
LR, LRy
3R, 14R4

Since I; = I3 and I; = Iy, all the current terms cancel, leaving the resistor ratios.

R R
R3 R4

Solving for R, results in the following formula:

Ry
Rl =R3 R_4

This formula allows you to find the value of resistor R in terms of the other resistor val-
ues when the bridge is balanced. You can also find the value of any other resistor in a sim-
ilar way.

Using the Balanced Wheatstone Bridge to Find an Unknown Resistance Assume
that Ry in Figure 747 has an unknown value, which we call Ry. Resistors R, and R, have
fixed values so that their ratio, Ry/Rj. also has a fixed value. Since Ry can be any value, R;
must be adjusted to make R|/R; = R,/Ry4 in order to create a balanced condition. There-
fore, R; is a variable resistor, which we will call Ry. When Ry is placed in the bridge, Ry is
adjusted until the bridge is balanced as indicated by a zero output voltage. Then, the un-

known resistance is found as
R,
Rx RV(R)
The ratio R»/R; is the scale factor.

An older type of measuring instrument called a galvanometer can be connected between
the output terminals A and B to detect a balanced condition. The galvanometer is essentially
a very sensitive ammeter that senses current in either direction. It differs from a regular am-
meter in that the midscale point is zero. In modern instruments, an amplifier connected
across the bridge output indicates a balanced condition when its output is 0 V.

From Equation 7-2, the value of Ry at balance multiplied by the scale factor R,/Ry is
the actual resistance value of Ry. If Ry/Ry = 1, then Ry = Ry, if Ro/Ry = 0.5, then
Ry = 0.5Ry, and so on. In a practical bridge circuit, the position of the Ry adjustment can

be calibrated to indicate the actual value of Ry on a scale or with some other method of
display.

EXAMPLE 7-17

Determine the value of Ry in the balanced bridge shown in Figure 7-48.

FIGURE 7-48




Solution The scale factor is

Ry 1500 _

= =15
Ry 1000
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The bridge is balanced (Vo = 0 V) when Ry, is set at 1200 (2, so the unknown |

resistance is

R
Ry = RV(R—Z) = (1200 Q)(1.5) = 1800 Q

4

Related Problem  If Ry must be adjusted to 2.2 k) to balance the bridge in Figure 7-48, what is Ry?

> Use Multisim file E07-17 to verify the calculated results in this example and to con-
S firm your calculation for the related problem.

The Unbalanced Wheatstone Bridge

An unbalanced bridge condition occurs when Vgt is not equal to zero. The unbalanced
bridge is used to measure several types of physical quantities such as mechanical strain, tem-
perature, or pressure. This can be done by connecting a transducer in one leg of the bridge,
as shown in Figure 7-49. The resistance of the transducer changes proportionally to the
changes in the parameter that it is measuring. If the bridge is balanced at a known point, then
the amount of deviation from the balanced condition, as indicated by the output voltage,
indicates the amount of change in the parameter being measured. Therefore, the value of the
parameter being measured can be determined by the amount that the bridge is unbalanced.

FIGURE 7-49

A bridge circuit for measuring a
physical parameter using a
transducer.

Transducer

A Bridge Circuit for Measuring Temperature If temperature is to be measured, the
transducer can be a thermistor, which is a temperature-sensitive resistor. The thermistor re-
sistance changes in a predictable way as the temperature changes. A change in temperature
causes a change in thermistor resistance, which causes a corresponding change in the out-
put voltage of the bridge as it becomes unbalanced. The output voltage is proportional to
the temperature; therefore, either a voltmeter connected across the output can be calibrated
to show the temperature or the output voltage can be amplified and converted to digital
form to drive a readout display of the temperature.

A bridge circuit used to measure temperature is designed so that it is balanced at a ref-
erence temperature and becomes unbalanced at a measured temperature. For example, let’s
say the bridge is to be balanced at 25°C. A thermistor will have a known value of resistance
at 25°C. For simplicity, let’s assume the other three bridge resistors are equal to the ther-
mistor resistance at 25°C, s0 Riperm = B2 = R3 = Ry. For this particular case, the change
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Equation 7-3

in output voltage (A Voyr) can be shown to be related to the change in Riyerm by the fol-
lowing formula:

AVour = AR (VS)
OuUT = therm 4R

The A (Greek letter delta) in front of a variable means a change in the variable. This for-
mula applies only to the case where all resistances in the bridge are equal when the bridge
is balanced. A derivation is provided in Appendix B. Keep in mind that the bridge can be
initially balanced without having all the resistors equal as long as Ry = R; and Ry = Ry
(see Figure 7-47), but the formula for A Voyt would be more complicated.

EXAMPLE 7-18

Solution

Related Problem

Determine the output voltage of the temperature-measuring bridge circuit in Figure
7-50 if the thermistor is exposed to a temperature of 50°C and its resistance at 25°C is
1.0 k(). Assume the resistance of the thermistor decreases to 900 () at 50°C.

FIGURE 7-50

Riperm
1.0 k() @ 25°C
=V
- 12V
ARperm = 1.0kQ — 900 Q = 100 O
Vs 12V
AVour = AR == 1000 —— ) =03V
ouT Iherrn(4R) (41(\(1)
Since Vour = 0V when the bridge is balanced at 25°C and it changes 0.3 V, then
VOUT =03V

when the temperature is 50°C.

If the temperature is increased to 60°C, causing the thermistor resistance in Figure
7-50 to decrease to 850 £}, what is Vo 1?

Other Unbalanced Wheatstone Bridge Applications A Wheatstone bridge with a
strain gauge can be used to measure certain forces. A strain gauge is a device that exhibits
a change in resistance when it is compressed or stretched by the application of an external
force. As the resistance of the strain gauge changes, the previously balanced bridge be-
comes unbalanced. This unbalance causes the output voltage to change from zero, and this
change can be measured to determine the amount of strain. In strain gauges, the resistance
change is extremely small. This tiny change unbalances a Wheatstone bridge because of its
high sensitivity. For example, Wheatstone bridges with strain gauges are commonly used
in weight scales.



Some resistive transducers have extremely small resistance changes, and these changes are
difficult to measure accurately with a direct measurement. In particular, strain gauges are one
of the most useful resistive transducers that convert the stretching or compression of a fine wire
into a change in resistance. When strain causes the wire in the gauge to stretch, the resistance
increases a small amount; and when it compresses, the resistance of the wire decreases.

Strain gauges are used in many types of scales, from those that are used for weighing
small parts to those for weighing huge trucks. Typically, the gauges are mounted on a spe-
cial block of aluminum that deforms when a weight is on the scale. The strain gauges are
extremely delicate and must be mounted properly, so the entire assembly is generally pre-
pared as a single unit called a load cell. A wide variety of load cells with different shapes
and sizes are available from manufacturers depending on the application. A typical
S-shaped load cell for a weighing application that has four strain gauges is illustrated in
Figure 7-51(a). The gauges are mounted so that two of the gauges stretch (tension) when a
load is placed on the scale and two of the gauges compress.

Applied force

Strain gauges
=" (tension)
+
Vs =
Strain gauges
(compression)
(a) A typical load cell with four active strain gauges (b) Wheatstone bridge

FIGURE 7-51

Load cells are usually connected to a Wheatstone bridge as shown in Figure 7-51(b)
with strain gauges (SG) in tension (7)) and compression (C) in opposite diagonal legs as
shown. The output of the bridge is normally digitized and converted to a reading for a dis-
play or sent to a computer for processing. The major advantage of the Wheatstone bridge
circuit is that it is capable of accurately measuring very small differences in resistance. The
use of four active transducers increases the sensitivity of the measurement and makes the
bridge the ideal circuit for instrumentation. The Wheatstone bridge circuit has the added
benefit of compensating for temperature variations and wire resistance of connecting wires
that would otherwise contribute to inaccuracies.

In addition to scales, strain gauges are used with Wheatstone bridges in other types of
measurements including pressure measurements, displacement and acceleration measure-
ments to name a few. In pressure measurements, the strain gauges are bonded to a flexible
diaphragm that stretches when pressure is applied to the transducer. The amount of flexing
is related to the pressure, which again converts to a very small resistance change.

THE WHEATSTONE BRIDGE
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7-7 TROUBLESHOOTING

As you know, troubleshooting is the process of identifying and locating a failure or
problem in a circuit. Some troubleshooting techniques and the application of logical
thought h