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PREFACE

INTENDED AUDIENCE

Introduction to Electronics is intended to
meet the needs of a one-year program in elec-
tronics for high schools, vocational schools, ca-
reer colleges, and community colleges. The book
may also be used in a survey course in electron-
ics for electronics technology, computer technol-
ogy, and telecommunications. The fifth edition
continues to give students the basic background
that more closely relates to the needs of industry.
It provides the hands-on instruction required by
industry along with the required theory.

BACKGROUND OF THIS BOOK

This fifth edition has the same objectives as the
four previous editions, namely, to provide a text
and reference book that summarizes in under-
standable terms those principles and techniques
that are the basic tools of electronics. In keeping
with current trends, increased emphasis is placed
on the general techniques of electronics. During
my teaching in public school I completed a study
on what industry wanted from students graduat-
ing with a background in electronics. I found that
industry valued students” ability to do more than
their ability to kzow. I found that industry wanted
less time spent on teaching theory and more time
spent on instructing hands-on applications.
After I had rewritten my curriculum, I found I
had to use several textbooks to teach it. I originally
wrote the first edition of Introduction to Electronics to
provide the students with all the information re-
quired by the curriculum in one easy-to-use text-
book. The fifth edition continues to refine the

needs of the students through input from teachers
and changes from the electronics field.

TEXTBOOK ORGANIZATION

Due to the rapid growth of electronics, it becomes
impossible to cover all of the important topics in
a one-year course. Introduction to Electronics pro-
vides the instructor with an opportunity to select
those topics that he/she wishes to emphasize
and, at the same time, provides the student with
a reference book of basic electronics coverage
and continuing value.

Teachers can guide students to concentrate on
the material related to a particular course syl-
labus, leaving the remaining subject matter as en-
richment should students wish to extend their
knowledge at a future date. Alternatively, instruc-
tors can choose to cover a series of selected topics,
such as DC and AC circuits. Another possibility is
to concentrate on the material related primarily to
linear electronics circuits or another topic of
choice. Many other combinations are possible.

The emphasis still continues to be coverage of
electronics combined with a presentation that al-
lows the student to study a particular topic with-
out having to read the entire text. The level of the
presentation remains unchanged.

The textbook is divided into six separate
sections.

Section 1—DC Circuits discusses fundamentals
of electricity, current, voltage,
resistance, ohm'’s law, electrical
measurements—meters, power, DC
circuits, magnetism, inductance, and
capacitance.

vii
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Section 2—AC Circuits discusses alternating
current, AC measurement, resistive AC

circuits, capacitive AC circuits, inductive

AC circuits, resonance circuits, and
transformers.

Section 3—Semiconductor Devices discusses
semiconductor fundamentals, PN
junction diodes, zener diodes, bipolar
transistors, field effect transistors (FET),
thyristors, integrated circuits, and
optoelectric devices.

Section 4—Linear Electronic Circuits discusses
power supplies, amplifier basics,
amplifier applications, oscillators, and
waveshaping circuits.

Section 5—Digital Electronic Circuits discusses
binary number systems, basic logic
gates, simplifying logic circuit,
sequential logic circuits, combinational

logic circuits, and microcomputer basics.

Section 6—Practical Applications discusses
fabricating a printed circuit board,
printed circuit board assembly and
repair, and basic troubleshooting.

A Glossary contains key terms and definitions.

Self-Test Answers are included for students.

Appendices include Appendix 1—Electronics
Abbreviations, Appendix 2—Periodic
Table of Elements, Appendix 3—The
Greek Alphabet, Appendix 4—Metric
Prefixes Used in Electronics,
Appendix 5—Resistor Color Code,
Appendix 6—Capacitor Color Code,
Appendix 7—Electronics Symbols,

Chapters are brief and focused.

Objectives are clearly stated with the
learning goals at the beginning of each
chapter.

Colortul illustrations are generously used
throughout the text to strengthen concepts
learned.

Cautions and notes are color coded for easy
identification throughout the text.

Review questions appear at the end of every
chapter subdivision to allow a
comprehension check.

All formulas are written using fundamental
formulas only.

Many examples show math and formulas in
use throughout the text.

Summaries are included at the end of each
chapter for reviewing important concepts.
Self-tests are included at the end of each
chapter as a learning tool.

Four-color photographs are used to show the
learner exactly what is addressed in the text.
Four-color layouts focus attention to
important features in the text.

Numerous examples incorporate the
chapters” material with real life
applications.

Section activities provide an opportunity to
reinforce concepts with hands-on projects.

NEW FEATURES
IN THIS EDITION

¢ New photographs are used throughout the
book and detailed, step-by-step examples are
included to show how math and formulas
are used.

Appendix 8—Semiconductor Schematic
Symbols, Appendix 9—Digital Logic
Symbols, and Appendix 10—DC and AC
Circuit Formulas.

FEATURES

The following list provides some of the significant ¢ Many examples have been developed into
features of the textbook. MultiSIM® version 9 on a companion disk
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for students to learn first hand what is
happening in the circuit.

New career profiles are located at the
beginning of each section to stimulate the
student’s interest in further study and/or
potential employment in the electronics
fields.

New chapters and chapter sections include:

33-7 Bulffer
Section 6—Practical Applications
Chapter 38 Fabricating a Printed
Circuit Board
38-1 Fundamentals
38-2 Schematic Diagram
38-3 Breadboarding
38-4 Laying Out Printed Circuit
Boards
38-5 Transferring Designs
38-6 Etching Printed Circuit Boards
38-7 Preparing the Etched Printed
Circuit Board
38-8 Material Safety Data
Sheets (MSDS)
Chapter 39 Printed Circuit Board
Assembly and Repair
39-1 Electronics Technician Toolbox
39-2 Electronic Test Equipment
39-3 Solder and Soldering Irons
38-4 Soldering a Printed Circuit
Board
38-5 Analyzing Soldered
Connections
38—-6 Protective Coatings
38-7 Safety Precautions
39-8 Electrostatic Discharge
Chapter 40 Basic Troubleshooting
40-1 Tools for Troubleshooting
40-2 Isolation Techniques for
Effective Troubleshooting
40-3 Common Types of Defects
40-4 Troubleshooting Tips
40-5 Documentation

USING THE CD-ROM

The accompanying CD includes MultiSIM™ cir-
cuit files. Students can use these precreated files
for troubleshooting and simulation. Textbook fig-
ures created as MultiSIM files are identified by a
CD icon throughout the text.

In addition, the CD includes Electronics into the
Future, which offers interactive tutorials and pre-
sentations on fundamental electronics concepts,
such as Ohm'’s Law, series circuits, parallel cir-
cuits, series-parallel circuits, network theorems
and magnetism.

THE LEARNING PACKAGE

The complete ancillary package was developed to
achieve two goals:

1 To assist students in learning the essential
information needed to prepare for the ex-
citing field of electronics.

2 To assist instructors in planning and imple-
menting their instructional programs for
the most efficient use of time and other re-
sources.

LAB MANUAL. Labs provide students with the
opportunity to transfer theory provided in class to
hands-on practical applications. Projects serve to
reinforce the student’s learning, providing them
the opportunities to see theory become practice.
(ISBN: 1-4018-8901-8)

INSTRUCTOR’S GUIDE. The Instructor’s Guide
contains solutions to end-of-chapter textbook
questions and to the lab manual experiments. To
assist the instructor/teacher in preparing the pro-
gram, a curriculum guide is provided in the In-
structor’s Guide. It helps instructors to provide a
program that will develop a student’s interest in
the field of electronics. (ISBN: 1-4018-8902-6)
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E.RESOURCE. The e.resource is an educational
resource that creates a truly electronic class-
room. It is a CD-ROM containing tools and in-
structional resources that enrich your classroom
and make your preparation time shorter. The
elements of e.resource link directly to the text
and tie together to provide a unified instruc-
tional system. With the e.resource, you can spend
your time teaching, not preparing to teach.
(ISBN: 1-4018-8903-4)
Features contained in the e.resource include:

POWERPOINT PRESENTATION. These slides
provide the basis for a lecture outline that helps
you to present concepts and material. Key points
and concepts can be graphically highlighted for
student retention. There are 480 slides, covering
every chapter in the text.

COMPUTERIZED TESTBANK. Includes over
900 questions in multiple-choice format so you
can assess student comprehension.

IMAGE LIBRARY. Includes over 200 images
from the textbook to create your own trans-
parency masters or to customize your own Pow-
erPoint slides. The Image Library comes with the
ability to browse and search images with key
words and allows quick and easy use.

ONLINE COMPANION

The text has a companion website at www.
electronictech.delmar.cengage.com, which will have
high appeal to both educators and students. The
Online Companion provides access to text updates.

ABOUT THE AUTHOR

¢ Associate Professor, Emeritus at the State
University of New York at Oswego where he
taught Electronics Technology.

e Has 23 years experience in public education
as a teacher and administrator.

¢ Retired from the US Navy as an Electronics
Technician Senior Chief.

¢ Member of the International Technology
Education Association, New York State
Technology Education Association and the
International Graphic Arts Education
Association.

e President of TEK Prep, a small business that
does education consulting.

e Asan education consultant, he teaches
courses in South Carolina and Florida.
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CAREERS IN ELECTRONICS

Many exciting career opportunities exist in the
electrical/electronics field. A sample of these
available opportunities are provided in the fol-
lowing information. Check for other career op-
portunities at the career information center in
your school or community.

AUTOMATION MECHANIC

An automation mechanic maintains controllers,
assembly equipment, copying machines, robots,
and other automated or computerized devices. A
person with this job installs, repairs, and services
machinery with electrical, mechanical, hydraulic,
or pneumatic components. Precision measuring
instruments, test equipment, and handtools are
used. A knowledge of electronics and the ability to
read wiring diagrams and schematics are required.

Becoming an automation mechanic requires
formal training, which is offered by the military,
junior/community colleges, vocational-technical
schools, and in-house apprenticeship programs.
Although most training is provided through formal
classroom instruction, some of the training may
only be obtained through on-the-job training.

Automation mechanic is one of the fastest
growing vocations in the industry. This rapid
growth is expected to continue annually.

AUTOMOTIVE MECHANIC

There are currently more computers aboard to-
day’s automobile than aboard our first spaceship.
A typical automobile contains approximately ten
to fifteen computers that operate everything
from the engine and radio to the driver’s seat. As
xii

a result, automotive mechanics now need a
greater knowledge of electronics.

To be able to distinguish an electronic mal-
function from a mechanical malfunction, auto-
motive mechanics must be familiar with the
minimum of the basic principles of electronics. In
addition, they must be able to test and replace
electronic components.

Becoming an automotive mechanic requires
formal training, which is offered by the military,
junior/community colleges, vocational-technical
schools, and in-house apprenticeship programs.
Although most training is provided through for-
mal classroom instruction, some of the training
may be obtained only through on-the-job train-
ing. To reduce the amount of time invested in
training a prospective mechanic, more employers
are now looking for people who have completed
a formal automotive training program.

Employment opportunities are good for auto-
motive mechanics who have completed an auto-
motive training program. People whose training
includes basic electronics skills will have the best
opportunities. Employment growth is expected to
increase at a normal rate annually with a concen-
tration in automobile dealerships, independent
automotive repair shops, and specialty car-care
chains. Employment in gasoline service stations
will continue to decline as fewer stations will of-
fer repair services.

COMPUTER TECHNICIAN

A computer technician installs, maintains, and
repairs computer equipment and systems. Ini-
tially, the computer technician is responsible
for laying cables and making equipment con-
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nections. This person must thoroughly test the
new system(s), resolving all problems before
the customer uses the equipment. At regular
intervals, the computer technician maintains
the equipment to ensure that everything is op-
erating efficiently. A knowledge of basic and
specialized test equipment and handtools is
necessary.

Computer technicians spend much of their time
working with people—listening to complaints, an-
swering questions, and sometimes offering advice
on both equipment system purchases and ways to
keep equipment operating efficiently. Experienced
computer technicians often train new technicians
and sometimes have limited supervisory roles before
moving into a supervisory or service managerial
position.

A computer technician is required to have
one or two years of training in basic electronics
or electrical engineering from a junior college,
college or vocational training center, or military
institution. The computer technician must be
able to keep up with all the new hardware and
software.

Projections indicate that employment for
computer technicians will be high. The nation’s
economy is expanding, so the need for computer
equipment will increase; therefore, more com-
puter technicians will be required to install and
maintain equipment. Many job openings for com-
puter technicians may develop from the need to
replace technicians who leave the labor force,
transfer to other occupations or fields, or move
into management.

COMPUTER ENGINEERS

The rapid growth in computers has generated a
demand for people trained in designing new
hardware and software systems and incorporat-
ing new technologies into existing and new sys-
tems. These trained professionals are known as
computer engineers and system analysts.

Computer engineers can be further broken
down into hardware and software engineers. Com-
puter hardware engineers design, develop, test, and
supervise the manufacturing of computer hard-
ware. Computer software engineers design and
develop software systems for control and automa-
tion of manufacturing, business, and management
processes. They also may design and develop soft-
ware applications for consumer use at home or
create custom software applications for clients.

There is no universally accepted preparation
for a computer professional because the job often
depends on the work that needs to be done. Most
employers require that employees have at least a
bachelor’s degree. However, a passion for comput-
ers and proficiency in advanced computer skills
will at times win out over a bachelor’s degree.

This field is one of the fastest-growing fields.
Technological advances are occurring so rapidly in
the computer field that employers are struggling to
keep up with trained professionals. As the technol-
ogy becomes more sophisticated and complex, more
expertise and a higher level of skills will be required.
A continual learning process must be undertaken to
keep up. College graduates with a bachelor’s degree
in computer science, computer engineering, infor-
mation science, or information systems will enjoy
favorable employment opportunities.

ELECTRICAL ENGINEER

Electrical engineers make up the largest branch
of engineering. An electrical engineer designs
new products, writes performance specifications,
and develops maintenance requirements. Electri-
cal engineers also test equipment and solve oper-
ating problems within a system, and predict how
much time a project will require. Then, based on
the time estimate, the electrical engineer deter-
mines how much the project will cost.

The electrical engineering field is divided into
two specialty groups: electrical engineering
and electronic engineering. An electrical engineer
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works in one or more areas of power-generating
equipment, power-transmitting equipment, elec-
tric motors, machinery control, and lighting and
wiring installation. An electronics engineer works
with electronic equipment associated with radar,
computers, communications, and consumer goods.

The number of engineers in demand is ex-
pected to increase annually. This projected
growth is attributed to an increase in demand for
computers, communication equipment, and mili-
tary equipment. Additional jobs are being created
through research and development of new types
of industrial robot control systems and aviation
electronics. Despite this rapid growth, a majority
of openings will result from a need to replace elec-
trical and electronics engineers who leave the la-
bor force, transfer to other occupations or fields,
or move into management.

ELECTRICIAN

An electrician may specialize in construction,
maintenance, or both. Electricians assemble, in-
stall, and maintain heating, lighting, power, air-
conditioning, and refrigeration components. The
work of an electrician is active and sometimes
strenuous. An electrician risks injury from elec-
trical shock, falls, and cuts from sharp objects. To
decrease the risk of these job-related hazards, an
electrician is taught to use protective equipment
and clothing to prevent shocks and other in-
juries. An electrician must adhere to the National
Electrical Code (NEC)®* specifications and proce-
dures, as well as to the requirements of state,
county, and municipal electric codes.

A large proportion of electricians are trained
through apprenticeship programs. These pro-
grams are comprehensive, and people who com-

*National Electrical Code (NEC)® are registered trademarks of
the National Fire Protection Association, Inc., Quincy, MA.

plete them are qualified for both maintenance
and construction work. Most localities require
that an electrician be licensed. To obtain the li-
cense, electricians must pass an examination that
tests their knowledge of electrical theory, the Na-
tional Electrical Code®, and local electrical and
building codes. After electricians are licensed, it is
their responsibility to keep abreast of changes in
the National Electrical Code®, with new materials,
and with methods of installation.

Employment for an electrician is expected to
increase annually. As population increases and
the economy grows, more electricians will be
needed to maintain the electrical systems used in
industry and in homes. Additionally, as both new
and old homes are prepared for new technologies
to make them smarter, the demand will require
more electricians who are trained in the new
technologies.

ELECTRONICS TECHNICIAN

Electronics technicians develop, manufacture, and
service electronic equipment and they use sophis-
ticated measuring and diagnostic equipment to
test, adjust, and repair electronic equipment. This
equipment includes radio, radar, sonar, television,
and computers, as well as industrial and medical
measuring and controlling devices.

Omne of the largest areas of employment for
electronics technicians is in research and develop-
ment. Technicians work with engineers to set up
experiments and equipment and calculate the re-
sults. They also assist engineers by making proto-
types of newly developed equipment, as well as
by performing routine design work. Some elec-
tronics technicians work as sales or field repre-
sentatives to give advice on installation and
maintenance of complex equipment. Most elec-
tronics technicians work in laboratories, electron-
ics shops, or industrial plants. Ninety percent of
electronics technicians work in private industry.
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Becoming an electronics technician requires
formal training, which is offered by the military,
junior/community colleges, vocational-technical
schools, or in-house apprenticeship programs.

Employment of electronics technicians is ex-
pected to increase annually due to an increased de-

mand for computers, communication equipment,
military electronics, and electronic consumer goods.
Increased product demand will provide job opportu-
nities, but the need to replace technicians who leave
the labor force, transfer to other occupations or
fields, or move into management may also increase.
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Due to a decrease in cost, the handheld electronic
calculator are very popular. Many students have
rejoiced that all of their mathematical work is now
mastered. In just a few keystrokes, a calculator will
give the correct answer. However, students fail to
realize that a calculator is just a tool to perform cal-
culations very quickly, but with no guarantees for
a correct answer. A calculator gives the correct an-
swer only when the correct numbers are entered,
in the correct order, and with the correct function
keys used at the appropriate time.

If operators do not understand principles of
the mathematical process, they will not be able to
properly enter data into a calculator, nor will they
be able to correctly interpret the results. Mathe-
matical skills still count. Even when all data is en-
tered correctly, the answer may be incorrect due
to battery failure or other conditions.

Selecting a calculator appropriate for electronics
is an important decision. The marketplace is flooded
with many makes and models. Which is the right
one? What are the functions that will prove to be the
most useful? For this course, choose one that has the
following functions: +, —, X, +, 1/x, x,and V' . A
memory function is optional. Scientific and pro-
grammable calculators have become popular. Al-
though they are not needed for this textbook,
they typically include formulas and functions
used in trigonometry and statistics. If you decide
to purchase one, study the manual carefully so
you may use the calculator to its fullest extent.
All calculators generally come with a manual,
which should be kept handy.

The following examples show how a calculator
is used to solve various types of problems in elec-
tronics. Turn on your calculator. Examine the key-
board. Let’s do some calculating.

XVvi

Display
39857
39857
19733
59590

Display
30102
30102
15249
14853

Display
33545
33545
981
32907645

ADDITION
EXAMPLE 1 Add: 39,857 + 19,733
Solution:
Enter
39857
+
19733
SUBTRACTION
EXAMPLE 2 Subtract: 30,102 — 15,249
Solution:
Enter
30102
15249
MULTIPLICATION
EXAMPLE 3 Multiply: 33,545 X 981
Solution
Enter
33545
X
981
DIVISION

EXAMPLE 4 Divide: 36,980 by 43 or 36,980

or 43 + 36,980
Solution
Enter

36980

43

43

Display
36980
36980
43

860
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SQUARE ROOT

EXAMPLE 5 Find the square root of 35,721
Solution

Enter Display
35721 35721
2 189

TOTAL RESISTANCE (PARALLEL
CIRCUIT)

The total resistance of a parallel circuit may be
calculated by first computing the reciprocal of
each branch and then taking the reciprocal of the
branch total.

Parallel circuits are made up of resistors that
are sold in resistance values of ohms. Calculating
parallel circuit total resistance involves the use of
reciprocals (1/R) as shown in the parallel circuit
formula:

1 1 1 1 1
7:7_*_7_‘_7..._{_7
Rr R Ry R R,

A calculator gives the reciprocal of a number
by simply pressing the 1/X key. If the calculator
does not have a 1/X key, then each reciprocal
value will be found separately by dividing 1 by the
resistance value.

EXAMPLE 6 Calculate the total equivalent re-
sistance of the parallel circuit shown

— <"y 2R, 2Ry 2R,
3 $150 $270 $3a Faro
Solution

Enter Display
Reciprocal of R, 15 15

1/X 0.0666667

Reciprocal of R, 27 27
1/X 0.037037
Reciprocal of R, 33 33
1/X 0.030303
Reciprocal of R, 47 47
1/X 0.0212766
Enter Display
Totals of reciprocals 0.0666667 0.0666667
+
0.037037 0.1037037
+
0.030303 0.1340067
+
0.0212766 0.1552833
Enter Display
Reciprocal of totals  0.1552833 0.1552833
1/X 6.4398425 Round
answer to
6.44 Q

EXAMPLE 7 Using a calculator with memory
function

Solution
Enter Display

Reciprocal of R, 15 15
1/X 0.0666667
M+ 0.0666667 M
C 0

Reciprocal of R, 27 27
1/X 0.037037
M+ 0.037037 M
co

Reciprocal of R, 33 33
1/X 0.030303
M+ 0.030303 M
C 0

Reciprocal of R, 47 47
1/X 0.0212766
M+ 0.0212766 M
C 0

Totals of reciprocals RM 0.0.155283329

Reciprocal of totals 1/X 6.439841299

Round answer
10 6.44 Q)
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ROUNDING

Note: Rounding is not a calculator function and must be
done mentally. The number of significant digits can
be reduced by rounding off. This means dropping
the least significant digits until the desired num-
ber of digits remain. The new least significant digit
may be changed using the following rules:

If the highest significant digit dropped is

¢ less than 5, the new significant digit is not
changed.

e greater than 5, the new significant digit is
increased by one.

e 5, the new significant digit is not changed if
it is even.

¢ 5, the new significant digit is increased by
one if it is odd.

EXAMPLE Round 352.580

Round to the nearest tenth 352.6
Round to the nearest whole number 352
Round to the nearest hundred 400

These rules result in a rounding off technique that
on the average gives the most consistent reliability.
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The following safety precautions are not intended
as a replacement for information given in class or
lab manuals. If at any time you question what
steps or procedures to follow, consult your teacher.

GENERAL SAFETY
PRECAUTIONS

Because of the possibility of personal injury, dan-
ger of fire, and possible damage to equipment
and materials, all work on electrical and elec-
tronic circuits should be conducted following
these basic safety procedures.

1. Remove power from the circuit or equipment
prior to working on it. Never override inter-
lock safety devices. Never assume the cir-
cuit is off; check it with a voltmeter.

2. Remove and replace fuses only after the power to
the circuit has been deenergized.

3. Make sure all equipment is properly grounded.

4. Use extreme caution when removing or installing
batteries containing acid.

5. Use cleaning fluids only in well-ventilated spaces.

6. Dispose of cleaning rags and other flammable
materials in tightly closed metal containers.

7. Incaseof an electrical fire, deenergize the circuit and
report it immediately to the appropriate authority.

HIGH VOLTAGE SAFETY
PRECAUTIONS

As people become familiar with working on cir-
cuits, it is human nature to become careless with
routine procedures. Many pieces of electrical
equipment use voltages that are dangerous and
can be fatal if contacted. The following precau-

tions should be followed at all times when work-
ing on or near high-voltage circuits:

1. Consider the result of each act. There is absolutely
no reason for individuals to take chances that
will endanger their life or the lives of others.

2. Keep away from live circuits. Do not work on
or make adjustments with high voltage on.

3. Do not work alone. Always work in the pres-
ence of another person capable of providing
assistance and first aid in case of an emer-
gency. People who are considering a career
working in the electricity and electronics
field should become CPR certified.

4. Do not tamper with interlocks.

5. Do not ground yourself. Make sure you are not
grounded when making adjustments or us-
ing measuring instruments. Use only one
hand when connecting equipment to a cir-
cuit. Make it a practice to put one hand in
your rear pocket.

6. Use an isolation transformer when working on
AC-powered circuits/equipment. An isolation
transformer isolates the circuit/equipment
from the power source, adding an addi-
tional safety factor.

7. Never energize equipment in the presence of wa-
ter leakage.

PERSONAL SAFETY
PRECAUTIONS

Take time to be safe when working on electrical
and electronic circuits. Do not work on any cir-
cuits or equipment unless the power is secured.

1. Work only in clean, dry areas. Avoid working in
damp or wet locations because the resistance

xix



SAFETY PRECAUTIONS

of the skin will be lower; this increases the
chance of electrical shock.
2. Do not wear loose or flapping clothing. Not only
may it get caught, but it might also serve as
a path for the conduction of electricity.
3. Wear only nonconductive shoes. This will re-
duce the chance of electrical shock.
4. Remove all rings, wristwatches, bracelets, 1D
chains and tags, and similar metal items. Avoid
clothing that contains exposed metal zip-
pers, buttons, or other types of metal fas-
teners. The metal can act as a conductor,
heat up, and cause a bad burn.
Do not use bare hands to remove hot parts.

6. Use a shorting stick to remove high-voltage
charges on capacitors. Capacitors can hold a
charge for long periods of time and are fre-
quently overlooked.

7. Make certain that the equipment being used is
properly grounded with polarized plugs. Ground
all test equipment to the circuit and/or
equipment under test.

8. Remove power to a circuit prior to connecting al-
ligator clips. Handling uninsulated alligator
clips could cause potential shock hazards.

9. When measuring voltages over 300 volts, do not
hold the test prods. This eliminates the possi-
bility of shock from leakage on the probes.

Safety is everyone’s responsibility. It is the job
of everybody in and out of class to exercise proper
precautions to ensure that no one will be injured
and no equipment will be damaged.

Every class in which you work should
emphasize and practice safety.

FIRE SAFETY

There are three categories of fire, with each re-
quiring special extinguishing techniques.

Class A

i

Combustible materials such as
wood, paper, or cloth. Extinguish
this type of fire by cooling it with
water or smothering it with a CO
(carbon dioxide) extinguisher.

2

Class B Flammable liquids such as
gasoline, kerosene, greases, or
solvents. Extinguish by smothering
with foam or CO, extinguisher.

Class C  Electrical equipment. Extinguish

by removing power source and use
nonconducting dry power or CO,
extinguisher.

ELECTRICAL SHOCK

A major hazard when working with electricity
and electronic circuits is electrical shock. Electri-
cal shock occurs when an electric current flows
through the body when a complete circuit exists.
Ditferent levels of current produce the following
results:

0.001 Ampere (1 mA) A mild tingling
sensation that can
be felt.
Start to lose
muscular control.
Breathing becomes
upset and labored.
Muscular paralysis.
0.100 Ampere (100 mA) Death if the current
lasts for more than
a second.
0.200 Ampere (200 mA) Severe burns,
breathing stops.
Death.

0.010 Ampere (10 mA)

0.030 Ampere (30 mA)

One technique to reduce current flow is to in-
crease body resistance. Body resistance is high
when the skin moisture content is low with no
cuts or abrasions at the point of electrical contact.
In these situations, very little current will flow,
with a mild shock resulting.

If the situation were reversed with high skin
moisture content, lowering the body resistance, a
large current would flow. If the current flows
through the chest region, the heart could go into
ventricular fibrillation, resulting in rapid and ir-
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regular muscle contractions and leading to cardiac
arrest and respiratory failure.

The factors that influence the effects of elec-
trical shock include:

¢ Intensity of the current
¢ Frequency of the current
e Current path through the body

e Length of time current passes through the
body

Remember, it is the amount of current flow
through the body, not the amount of voltage con-
tacted, that determines the severity of a shock.
The larger the current through the body, the
greater the effect of the shock.

FIRST AID

With severe electrical shock, do not become part
of the problem. First, send for help; then remove
the source of power. Do not attempt to touch or
pull the victim away without removing the
power source or you will also get yourself
shocked.

If the power source cannot be secured, use a
nonconducting material to remove the victim
from the circuit. Once the victim is free, check for
signs of breathing and pulse. If trained, begin CPR
(cardiopulmonary resuscitation) if necessary.

HAZARDOUS CHEMICALS

Concerns with hazardous chemicals include
breathing vapors, contact with skin and eyes, in-
jecting liquids, and danger of fire or explosions.
Chemicals found in the electronics laboratory in-
clude adhesives, cleaning solvents, etching solu-
tions, photographic developing solutions,
screenprinting developing and cleaning solu-
tions, solder fumes, and spray paints.

Observe the following safety practices when
working with chemicals:

1. Always wear safety glasses when working
with hazardous chemicals.
2. Wear protective rubber/vinyl gloves when
working with acids.
3. Use tongs when handling printed circuits
being etched.
4. Read the label on all chemicals being used.
Work in a well-ventilated space.
Wash all tools that contact any hazardous
chemical.
Always label containers with chemicals.
8. Do not store chemicals in glass containers if
possible.
9. Store all chemicals in a flammable metal
storage cabinet.

In case of contact with a hazardous chemical,
read the label and follow instructions and send for
expert medical help.

Various hazardous materials are wused
throughout the electronics industry. These mate-
rials are clearly identified and classified through
the MSDS system. Handling and disposing proce-
dures and information can be obtained from spe-
cific manufacturer’s websites or through many
online resources, such as http://www.ilpi.com/msds/
and http://www.msdssearch.com

AN

N

ELECTROSTATIC
DISCHARGE (ESD)

Static electricity is an electrical charge at rest on a
surface. The static charge becomes larger through
the action of contact and separation or by motion.
The electrostatic discharge takes place when the
charged body comes near or touches a neutral
surface.

A surface can become charged through three
means. The most common means is an electrical
charge generated by friction. Rubbing two dissim-
ilar materials together will generate an electrical
charge. Walking across a floor or removing a gar-
ment will develop a voltage in excess of 5000
volts. It takes approximately 5000 volts to jump
approximately 1/4 of an inch.
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Induction is a second means of developing a
charge. When a person handles a printed circuit
board or electronic component wrapped in a plas-
tic material, they induce a charge into the con-
tents of the plastic wrap. When another person
removes the plastic wrap, the sudden discharge
results in ESD damage.

Capacitance is the third means of generating
a static charge. Capacitance is inversely related to
the distance between two surfaces. A low voltage
can become harmful as one surface is removed
further from the other surface or ground. When
a circuit is picked up from a table its relative ca-
pacitance decreases and voltage increases. When
the circuit is grounded again, damage will occur
by the large voltage discharging that was gener-
ated when the circuit was originally lifted.

Metal oxide semiconductors (MOSs) are ex-
tremely sensitive to static charges, as are CMOSs,
FETs, VLSI ICs, NMOSs, PMOSs, Schottky diodes,
and ECL and linear ICs devices.

High humidity can increase surface conductiv-
ity, which reduces friction-generated static elec-
tricity. The increased humidity spreads the charge
over a larger surface area, reducing the field inten-
sity, and allows the charge to bleed off to ground.

Manufacturers have designed protective cir-
cuitry to help dissipate ESD using zener diodes
and limiting resistors.

ESD prevention requires the awareness and
practice of the following procedures.

1. Treat all electronic components and circuits
as static sensitive.

2. Donottouch the leads, pins, or components
of printed circuit board traces.

3. Before handling a component or circuit,
discharge yourself by touching a grounded
metal surface.

4. Keep components in original packing mate-
rials until needed.

5. Never slide static components over any
surface.

HAND TOOLS

When using hand tools, always observe the fol-
lowing precautions:

1. Always use the proper tool for the job. Use the
right type and size tool for each application.

2. When carrying tools, always keep the cut-
ting edge down.

3. Keep hands clean when using tools. Avoid
grease, dirt, or oil on hands when using
any tool.

4. Clamp small pieces when using a hacksaw,
screwdriver, or soldering iron.

5. Avoid using chisels and punches with
mushroomed heads.

6. Never use a file without a handle.

7. Never use plastic-handled tools near an

open flame.

Keep metal rules clear of electrical circuits.

9. Disconnect all electrical devices by pulling
directly on the plug, never the cord.

10. When cutting wire, always cut one wire at

a time to avoid damaging the cutting tool.

w

POWER TOOLS

When using power tools, always observe the fol-
lowing precautions:

1. Only the operator starts or stops a machine.
When stopping a machine, wait until it
comes to a complete stop before leaving the
machine.

2. Make all adjustments to the machine prior
to turning it on.

3. Never have any loose hand tools, rags, or
brushes in the work area when applying
power.

4. Keep all safety guards in their proper posi-
tion at all times.

5. Never force a cutting or drilling tool into a
workpiece.
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6. Only one person in the work zone at all
times power is applied.

7. Have instructor check any special setups
prior to applying power.

8. Use only grounded power tools with three-
prong plugs or UL (Underwriters Laborato-
ries) -approved housing power tools.

SOLDERING

When soldering, always observe the following
precautions:

1. Always assume the soldering iron is hot.
Never touch the tip to see if it is hot.

2. Always place the soldering iron in its holder
when idling.

3. Never shake excess solder off the tip; wipe it
on a damp sponge or approved tip cleaner.

4. Never pass a soldering iron to another per-
son; place it in the holder and let the other
person take it from there.

5. Never solder on a circuit that has power ap-
plied to it.

6. Always use a grounded-tip soldering iron.

STANDARDS

An Underwriters Laboratories (UL) label on a
device implies that the product bearing the la-
bel is safe for use as intended. Tests completed

by Underwriters Laboratories determine if a
product meets the minimum safety standards.
When purchasing a product, check to deter-
mine if it has the UL label on it. The UL label
has nothing to do with the quality of a product,
only its safety.

The Canadian Standard Association (CSA) is
similar to the UL safety test. It also has very strict
safety codes. The CSA label appears on all types of
products, including electrical products. CSA also
does on-site inspections of manufacturers on a
frequent basis.

If a device has both the UL and CSA labels on
it, it can be assumed that the device is safe.

A number of insurance companies have formed
a group known as the National Fire Protection
Association. Every few years, this group pub-
lishes a summary of electrical-wiring codes under
the general heading of the National Electrical Code
(NEC).® The purpose of this code is to provide
guidelines for safe wiring practices in residential
and commercial buildings. State and local munic-
ipalities may require even more stringent codes
than the NEC that must be followed. In many
states all wiring must be done or approved by a
master electrician. These codes are published for
both your own and your neighbor’s protection.
Electrical fires can and do happen and they
can spread to adjacent homes or apartments.
The NEC guidebook helps to minimize electrical
fires and to provide safety when doing electri-
cal wiring.
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CAREER
|MNOIIIPR Ccvvard M. Livingston

Airborne Communications Systems Operator—MC-13E Talon |

ORGANIZATION
711th Special Operations Squadron

TITLE

Duke Field, Florida
U.S. Air Force

BACKGROUND

Sergeant Livingston entered the U.S. Air Force as a reservist at
Duke Field in April 1976, after having completed a four-year
tour of duty in the U.S. Marine Corps, where he served as an avi-
ation electronics technician on the Douglas A-4 Skyhawk. Dur-
ing his time in the marine corps and later in the Air Force
Reserve, Sergeant Livingston completed numerous technical
courses that include: aviation electronics technician, aviation
radar maintenance, and aviation communication and naviga-
tion systems. This specialized training in the field of electron-
ics allowed Sergeant Livingston numerous promotions; he rose
in rank from a private in the marine corps to a First Sergeant in
the Air Force Reserve.

JOB REQUIREMENTS

Specialized training in electronics as it relates to military ap-
plications (supplemented by on-the-job training).

ON THE JOB

A typical day on the job consists of preparing the electronic
communication systems on the MC-13E Talon | aircraft for op-
eration under all potential conditions, reviewing communica-
tion procedures with other members of the aircrew, actually
operating the communication systems in both training and
live-combat settings, troubleshooting systems, and training
less experienced technicians in his squadron. But some days
can be more exciting than others. Sergeant Livingston served
with the Joint Special Operations Air Component in Operation
Iraqi Freedom. During a routine training mission out of Duke
Field, Florida, Sergeant Livingston noticed a derailed train near
the city of Crestview, Florida. While his aircraft circled the train
wreck, Sergeant Livingston noticed that one of the train cars
was leaking gas. Applying his electronic communication skills,
Sergeant Livingston quickly notified civilian authorities of the
need for a quick evacuation of the area. Moments after all peo-

ple were evacuated from the danger zone, the leaking train car
exploded. On this “day on the job,” Sergeant Livingston saved
the lives of several people on the ground and was awarded the
Air Force Commendation medal for his quick thinking and sub-
sequent actions.

UPSIDE

What Sergeant Livingston likes best about his job is knowing
that he is helping to keep America free and Americans safe.
The job is exciting, and it allows him to travel and see new and
different people and places. It also allows him to make an im-
portant contribution to society.

DOWNSIDE

Like any person in the military, Sergeant Livingston must be
prepared to deploy to combat in “hot spots” all over the
world—sometimes at short notice.

OPPORTUNITIES

There are many opportunities for electronics technicians in all
branches of the military. The various branches of the military
need the same types of electronics technicians that civilian
employers need, including avionics technicians, biomedical
electronics technicians, ground transportation electronics
technicians, calibration and instrumentation technicians, tel-
evision/radio/audio-visual electronics technicians, computer
hardware technicians, electronics engineering technologists,
electrical/electronics drafting technicians, and equipment in-
stallation/maintenance/repair technicians, to name just a few.

WORDS OF ADVICE

Get a solid background in basic electronics before joining the
military. This background will help when you attend various
specialized “tech schools” in the military. Then be prepared to
continue learning for the rest of your life as electronic tech-
nologies continue to improve and change.



CHAPTER 1

Fundamentals of Electricity

OBJECTIVES

After completing this chapter, the student will be able to:

o Define atom, matter, element, and molecule.

e List the parts of an atom.
e Define the valence shell of an atom.

¢ Identify the unit for measuring current.

e Draw the symbol used to represent current flow in a circuit.

e Describe the difference between conductors, insulators, and semiconductors.

e Define difference of potential, electromotive force, and voltage.

¢ Draw the symbol used to represent voltage.

¢ Identify the unit used to measure voltage.

e Define resistance.

¢ Identify characteristics of resistance in a circuit.

¢ Identify the unit for measuring resistance.

e Draw the symbol used to represent resistance in a circuit.

See accompanying CD for interactive presentations and tutorials relating to

Chapter 1.

Everything, whether natural or man-made, can
be broken down into either an element or a com-
pound. However, the smallest part of each of
these is the atom.

The atom is made up of protons, neutrons,
and electrons. The protons and neutrons group
together to form the center of the atom called the

nucleus. The electrons orbit the nucleus in shells
located at various distances from the nucleus.
When appropriate external force is applied to
electrons in the outermost shell, they are knocked
loose and become free electrons. The movement
of free electrons is called current. The external
force needed to create this current is called voltage.
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As it travels along its path, the current encounters
some opposition, called resistance.

This chapter looks at how current, voltage,
and resistance collectively form the fundamentals
of electricity.

MATTER, ELEMENTS,
AND COMPOUNDS

Matter is anything that occupies space and has
weight. It may be found in any one of three
states: solid, liquid, or gas. Examples of matter in-
clude the air we breathe, the water we drink, the
clothing we wear, and ourselves. Matter may be
either an element or a compound.

An element is the basic building block of na-
ture. It is a substance that cannot be reduced to a
simpler substance by chemical means. There are

FIGURE 1-1

now over 100 known elements (Appendix 2). Ex-
amples of elements are gold, silver, copper, and
oxygen.

The chemical combination of two or more ele-
ments is called a compound (Figure 1-1). A compound
can be separated by chemical but not by physical
means. Examples of compounds are water, which
consist of hydrogen and oxygen, and salt, which
consists of sodium and chlorine. The smallest part of
the compound that still retains the properties of the
compound is called a molecule. A molecule is the
chemical combination of two or more atoms. An
atom is the smallest particle of an element that re-
tains the characteristic of the element.

The physical combination of elements and
compounds is called a mixture. Examples of mix-
tures include air, which is made up of oxygen, ni-
trogen, carbon dioxide, and other gases, and salt
water, which consists of salt and water.

The chemical combination of two or more elements is called a compound. A molecule is the chemical combination of two or more

atoms. Examples are water (H,0) and salt (NaCl).

ELEMENT 1

MOLECULES

ELEMENT 2

COMPOUND
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1. In what forms can matter be found?

2. What is a substance called that cannot be
reduced to a simpler substance by
chemical means?

3. What is the smallest possible particle that
retains the characteristic of a compound?

4. What is the smallest possible particle that
retains the characteristic of an element?

JEYA A CLOSER LOOK
AT ATOMS

As previously stated, an atom is the smallest parti-
cle of an element. Atoms of different elements dif-
fer from each other. If there are over 100 known
elements, then there are over 100 known atoms.

Every atom has a nucleus. The nucleus is lo-
cated at the center of the atom. It contains posi-
tively charged particles called protons and
uncharged particles called neutrons. Negatively
charged particles called electrons orbit around the
nucleus (Figure 1-2).

FIGURE 1-2
Parts of an atom.
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The number of protons in the nucleus of the
atom is called the element’s atomic number. Atomic
numbers distinguish one element from another.

Each element also has an atomic weight. The
atomic weight is the mass of the atom. It is deter-
mined by the total number of protons and neu-
trons in the nucleus. Electrons do not contribute
to the total mass of the atom; an electron’s mass is
only 1/1845 that of a proton and is not significant
enough to consider.

The electrons orbit in concentric circles about
the nucleus. Each orbit is called a shell. These shells
are filled in sequence; K is filled first, then L, M,
N, and so on (Figure 1-3). The maximum num-
ber of electrons that each shell can accommodate
is shown in Figure 1-4.

The outer shell is called the valence shell and
the number of electrons it contains is the valence.
The farther the valence shell is from the nucleus,
the less attraction the nucleus has on each valence
electron. Thus the potential for the atom to gain
or lose electrons increases if the valence shell is
not full and is located far enough away from the

FIGURE 1-3
The electrons are held in shells around the nucleus.
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FIGURE 1-6

FIGURE 1-4
The number of electrons each shell can accommodate.
TOTAL
SHELL NUMBER OF
DESIGNATION ELECTRONS
K 2
L 8
M 18
N 32
O 18
P 12
Q 2

nucleus. Conductivity of an atom depends on its
valence band. The greater the number of elec-
trons in the valence shell, the less it conducts. For
example, an atom having seven electrons in the
valence shell is less conductive than an atom hav-
ing three electrons in the valence shell.

Electrons in the valence shell can gain energy.
If these electrons gain enough energy from an ex-
ternal force, they can leave the atom and become
free electrons, moving randomly from atom to
atom. Materials that contain a large number of
free electrons are called conductors. Figure 1-5

FIGURE 1-5
Conductivity of various metals used as conductors.
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Copper has a valence of 1.
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compares the conductivity of various metals used
as conductors. On the chart, silver, copper, and
gold have a valence of 1 (Figure 1-6). However,
silver is the best conductor because its free elec-
tron is more loosely bonded.

Insulators, the opposite of conductors, prevent
the flow of electricity. Insulators are stabilized by ab-
sorbing valence electrons from other atoms to fill
their valence shells, thus eliminating free electrons.

FIGURE 1-7
Insulation properties of various materials used as insulators.
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Materials classified as insulators are compared in
Figure 1-7. Mica is the best insulator because it has
the fewest free electrons in its valence shell. A per-
fect insulator will have atoms with full valence
shell. This means it cannot gain electrons.

Halfway between conductors and insulators
are semiconductors. Semiconductors are neither good
conductors nor good insulators but are important
because they can be altered to function as con-
ductors or insulators. Silicon and germanium are
two semiconductor materials.

An atom that has the same number of elec-
trons and protons is said to be electrically bal-
anced. A balanced atom that receives one or more
electrons is no longer balanced. It is said to be neg-
atively charged and is called a negative ion. A bal-
anced atom that loses one or more electrons is said
to be positively charged and is called a positive ion.
The process of gaining or losing electrons is called
ionization. Ionization is significant in current flow.

1. What atomic particle has a positive
charge and a large mass?

2. What atomic particle has no charge at all?

3. What atomic particle has a negative
charge and a small mass?

4. What does the number of electrons in the
outermost shell determine?

5. What is the term for describing the
gaining or losing of electrons?

JEEN CURRENT

Given an appropriate external force, the movement
of electrons is from negatively charged atoms to
positively charged atoms. This flow of electrons is
called current (I). The symbol I is used to represent
current. The amount of current is the sum of the
charges of the moving electrons past a given point.

An electron has a very small charge, so the
charge of 6.24 X 108 electrons is added together
and called a coulomb (C). When one coulomb of
charge moves past a single point in one second it
is called an ampere (A). The ampere is named for a
French physicist named André Marie Ampere
(1775-1836). Current is measured in amperes.

1. What action causes current in an electric
circuit?

2. What action results in an ampere of current?
3. What symbol is used to represent current?

4. What symbol is used to represent the
unit ampere?

IE Y VOLTAGE

When there is an excess of electrons (negative
charge) at one end of a conductor and a deficiency
of electrons (positive charge) at the opposite end,
a current flows between the two ends. A current
flows through the conductor as long as this condi-
tion persists. The source that creates this excess of
electrons at one end and the deficiency at the
other end represents the potential. The potential is
the ability of the source to perform electrical work.

The actual work accomplished in a circuit is a
result of the difference of potential available at the
two ends of a conductor. It is this difference of po-
tential that causes electrons to move or flow in a
circuit (Figure 1-8). The difference of potential is
referred to as electromotive force (emf) or voltage.
Voltage is the force that moves the electrons in the
circuit. Think of voltage as the pressure or pump
that moves the electrons.

The symbol E is used in electronics to repre-
sent voltage. The unit for measuring voltage is
the volt (V), named for Count Alessandro Volta
(1745-1827), inventor of the first cell to produce
electricity.
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FIGURE 1-8

Electrons flow in a circuit because of the difference of
potential.
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ously mentioned, silver, copper, gold, and alu-
minum are examples of good conductors.

Materials with a high resistance are called in-
sulators. Insulators have few free electrons and of-
fer a high resistance to current flow. As previously
mentioned, glass, rubber, and plastic are examples
of good insulators.

Resistance is measured in ohms, a unit named
for the German physicist George Simon Ohm
(1787-1854). The symbol for the ohm is the
Greek letter omega (£2).

1. What force moves electrons in a circuit?

2. What is the term that represents the
potential between the two ends of a
conductor?

3. What symbol is used to represent voltage?

4. What symbol is used to represent the
unit volt?

&SN RESISTANCE

As the free electrons move through the circuit,
they encounter atoms that do not readily give up
electrons. This opposition to the flow of electrons
(the current) is called resistance (R).

Every material offers some resistance or
opposition to current flow. The degree of resist-
ance of a material depends on its size, shape,
and temperature.

Materials with a low resistance are called con-
ductors. Conductors have many free electrons and
offer little resistance to current flow. As previ-

1. What is the term used to describe
opposition to current flow?

2. What is the main difference between
conductors and insulators?

3. What is the symbol used to represent
resistance?

4. What is the symbol used to represent the
unit of resistance?

I

SUMMARY ‘

¢ Matter is anything that occupies space.

e Matter can be an element or compound.

¢ An element is the basic building block of
nature.

¢ A compound is a chemical combination of
two or more elements.

¢ A molecule is the smallest unit of a
compound that retains the properties of
the compound.

¢ An atom is the smallest unit of matter that
retains the structure of the element.

¢ An atom consists of a nucleus, which
contains protons and neutrons. It also has
one or more electrons that orbit around the
nucleus.

¢ Protons have a positive charge, electrons
have a negative charge, and neutrons have
no charge.
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The atomic number of an element is the
number of protons in the nucleus.

The atomic weight of an atom is the sum
of protons and neutrons.

The orbits of the electrons are called shells.

The outer shell of an atom is called the
valence shell.

The number of electrons in the valence
shell is called the valence.

An atom that has the same number of
protons as electrons is electrically
balanced.

The process by which atoms gain or lose
electrons is called ionization.

The flow of electrons is called current.
Current is represented by the symbol 1.
The charge of 6,240,000,000,000,000,000
(or 6.24 X 10'8) electrons is called a
coulomb.

An ampere of current is measured when
one coulomb of charge moves past a given
point in one second.

Ampere is represented by the symbol A.
Current is measured in amperes.

An electric current flows through a
conductor when there is an excess of

electrons at one end and a deficiency at the
other end.

A source that supplies excess electrons
represents a potential or electromotive
force.

The potential or electromotive force is
referred to as voltage.

Voltage is the force that moves electrons in
a circuit.

The symbol E is used to represent voltage.
A volt (V) is the unit for measuring
voltage.

Resistance is the opposition to current flow.
Resistance is represented by the symbol R.
All materials offer some resistance to
current flow.

The resistance of a material is dependent
on the material’s size, shape, and
temperature.

Conductors are materials with low
resistance.

Insulators are materials with high
resistance.

Resistance is measured in ohms.

The Greek letter omega () is used to
represent ohms.

CHAPTER 1 SELF-TEST

1.

What criteria determine whether an atom is a good conductor?

2. What determines whether a material is a conductor, semiconductor, or insulator?

insulators?

. Why is it essential to understand the relationship between conductors, semiconductors, and

4. Explain the difference between current, voltage, and resistance.

i

. Describe how the resistance of a material is determined.

6. Name one standard that can be a resource to you in evaluating the safety compliance of an

electric drill?

. Where can you determine what health hazard, if any, solder in your lab poses?
. In comparing electronics laboratory practices with applicable MSDS information (such as

soldering practices), identify changes that could be made to improve safety in the lab.



CHAPTER 2

OBJECTIVES

Current

After completing this chapter, the student will be able to:

e State the two laws of electrostatic charges.

e Define coulomb.

¢ Identify the unit used to measure current flow.

¢ Define the relationship of amperes, coulombs, and time through a formula.

e Describe how current flows in a circuit.

e Describe how electrons travel in a conductor.

e Define and use scientific notation.

¢ Identify commonly used prefixes for powers of ten.

See accompanying CD for interactive presentations and tutorials relating to

Chapter 2.

The atom has been defined as the smallest parti-
cle of an element. It is composed of electrons,
protons, and neutrons.

Electrons breaking away from atoms and
flowing through a conductor produce an electric
current.

This chapter examines how electrons break
free from atoms to produce a current flow and
how to use scientific notation. Scientific notation
expresses very large and small numbers in a form
of mathematical shorthand.

10

ELECTRICAL
CHARGE

Two electrons together or two protons together
represent “like” charges. Like charges resist being
brought together and instead move away from
each other. This movement is called repelling. This
is the first law of electrostatic charges: like
charges repel each other (Figure 2—-1). According
to the second law of electrostatic charges, unlike
charges attract each other.



CHAPTER 2 CURRENT 11

FIGURE 2-1
Basic laws of electrostatic charges.
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LIKE CHARGES REPEL EACH OTHER

UNLIKE CHARGES ATTRACT EACH OTHER

The negative electrons are drawn toward the
positive protons in the nucleus of an atom. This
attractive force is balanced by the centrifugal force
caused by the electron’s rotation about the nu-
cleus. As a result the electrons remain in orbit and
are not drawn into the nucleus.

The amount of attracting or repelling force
that acts between two electrically charged bodies
depends on two factors: their charge and the dis-
tance between them.

Single electrons have a charge too small for
practical use. The unit adopted for measuring
charges is the coulomb (C), named for Charles
Coulomb. The electrical charge (Q) carried by
6,240,000,000,000,000,000 electrons (six quintil-
lion, two hundred forty quadrillion, or 6.24 X
10'%) represents one coulomb.

1C = 6.24 X 108 electrons

Electrical charges are created by the displace-
ment of electrons. When there is an excess of
electrons at one point and a deficiency of elec-
trons at another point, a difference of potential
exists between the two points. When a difference

of potential exists between two charged bodies
connected by a conductor, electrons will flow
along the conductor. This flow of electrons is
called current.

1. What are the two laws of electrostatic
charges?

2. What does an electrical charge represent?
3. Define coulomb.

p A CURRENT FLOW

An electric current consists of the drift of elec-
trons from an area of negative charge to an
area of positive charge. The unit of measure-
ment for current flow is the ampere (A). An am-
pere represents the amount of current in a
conductor when one coulomb of charge moves
past a point in one second. The relationship be-
tween amperes and coulombs per second can
be expressed as:

where: I = current measured in amperes
Q = quantity of electrical charge in
coulombs
t = time in seconds

EXAMPLE: What is the current in amperes if 9
coulombs of charge flow past a point in an electric
circuit in 3 seconds?

Given: Solution:
I =27 =9
t
9
Q = 9 coulombs 1= ;
t = 3 seconds I = 3 amperes
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EXAMPLE: A circuit has a current of 5 amperes.
How long does it take for one coulomb to pass a
given point in the circuit?

Given:
I = 5 amperes
= 1 coulomb
t =7
Solution:
e
t
1
5=—
t
5 1 .
T}-{?(cross multiply)
(1) = (5)(1)
1 = 5t
1 At
— = —(divide both sides by 5)
5 z
1
— =t
5

0.2 seconds = t

Electrons, with their negative charge, repre-
sent the charge carrier in an electric circuit. There-
fore, electric current is the flow of negative
charges. Scientists and engineers once thought

that current flowed in a direction opposite to elec-
tron flow. Later work revealed that the movement
of an electron from one atom to the next created
the appearance of a positive charge, called a hole,
moving in the opposite direction (Figures 2-2,
2-3). Electron movement and current were found
to be the same.

If electrons are added to one end of a conduc-
tor and provision is made to take electrons from
the other end, an electric current flows through
the conductor. As free electrons move slowly
through the conductor, they collide with atoms,
knocking other electrons free. These new free
electrons travel toward the positive end of the
conductor and collide with other atoms. The elec-
trons drift from the negative to the positive end of
the conductor because like charges repel. In addi-
tion, the positive end of the conductor, which rep-
resents a deficiency in electrons, attracts the free
electrons because unlike charges attract.

The drift of electrons is slow (approximately
an eighth of an inch per second), but individual
electrons ricochet off atoms, knocking other elec-
trons loose, at the speed of light (186,000 miles
per second). For example, visualize a long, hollow
tube filled with Ping-Pong balls (Figure 2—4). As a
ball is added to one end of the tube, a ball is forced
out the other end of the tube. Although an indi-

FIGURE 2-2

As electrons move from one

atom to another, they NEGATIVE
POTENTIAL

create the appearance of
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POTENTIAL

a positive charge, called
a hole.
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FIGURE 2-3

Electron movement occurs in the opposite direction to hole movement.
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FIGURE 2-4

Electrons in a conductor react like Ping-Pong balls in a
hollow tube.
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vidual ball takes time to travel down the tube, the
speed of its impact can be far greater.

The device that supplies electrons from one
end of a conductor (the negative terminal) and re-

ELECTRON FLOW —»
CURRENT FLOW —»

moves them from the other end of the conductor
(the positive terminal) is called the voltage source. It
can be thought of as a kind of pump (Figure 2-5).

1. Define electric current.

2. What is the unit for measuring flow?

3. What is the relationship of current,
coulombs, and time?

4. What is the current if 15 coulombs of
charge flow past a point in a circuit in 5
seconds?

5. How long does it take for 3 coulombs to
move past a point in a circuit if the circuit
has 3 amperes of current flow?

6. What makes electrons move through a
conductor in only one direction?

pS N SCIENTIFIC NOTATION

In electronics, it is common to encounter very
small and very large numbers. Scientific notation is
a means of using single-digit numbers plus powers
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FIGURE 2-5

A voltage source can be considered a pump that supplies electrons to the load and recycles the excess electrons.
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of ten to express large and small numbers. For
example, 300 in scientific notation is 3X102.

The exponent indicates the number of deci-
mal places to the right or left of the decimal point
in the number. If the power is positive, the deci-
mal point is moved to the right. For example:

3 X 10> = 3.0 X 10*> = 3.000 = 3000

3 places
If the power is negative, the decimal point is
moved to the left. For example:
3 X 10°=3.0X10°=0000003.= 0.000003

6 places

Figure 2-6 lists some commonly used powers
of ten, both positive and negative, and the prefixes
and symbols associated with them. For example,
an ampere (A) is a large unit of current that is not

FIGURE 2-6

Prefixes commonly used in electronics.

Giga- G 10° 1,000,000,000
Mega- M 108 1,000,000
Kilo- k 108 1,000
Milli- m 1073 0.001
Micro- u 107 0.000001
Nano- n 107° 0.000000001
Pico- p 102 0.000000000001

often found in low-power electronic circuits. More
frequently used units are the milliampere (mA) and
the microampere (pnA). A milliampere is equal to



CHAPTER 2 CURRENT 15

one-thousandth (1/1000) of an ampere or 0.001 A.
In other words, it takes 1000 milliamperes to equal
one ampere. A microampere is equal to one-
millionth (1/1,000,000) of an ampere or 0.000001A;
it takes 1,000,000 microamperes to equal one
ampere.

EXAMPLE: How many milliamperes are there in
2 amperes?

Solution:
1000 mA X mA
1A 22 1000mA = 1A)
1A 2A
1000 X
1 2
(1)(X) = (1000)(2)
X = 2000 mA

EXAMPLE: How many amperes are there in
50 micro-amperes?

Solution:
1,000,000 uA 50 pA
1A XA
1,000,000 50
1 X
(1)(50) = (1,000,000 (X)
50
1,000,000 %
0.00005 = X
0.00005 A = X

1. Define scientific notation.

2. In scientific notation:
a. What does a positive exponent mean?
b. What does a negative exponent mean?

3. Convert the following numbers to
scientific notation:

a. 500
b. 3768

c. 0.0056
d. 0.105
e. 356.78

. Define the following prefixes:
a. Milli-

b. Micro-

. Perform the following conversions:
a.15A= mA
b.15 A = LA
c. 1I50mA=___ A
d. 750 pA = A

IR

SUMMARY

Laws of electrostatic charges: like charges
repel, unlike charges attract.

Electrical charge (Q) is measured in
coulombs (C).

One coulomb is equal to 6.24 X 10'8
electrons.

An electric current is the slow drift of
electrons from an area of negative charge
to an area of positive charge.

Current flow is measured in amperes.
One ampere (A) is the amount of current
that flows in a conductor when one
coulomb of charge moves past a point in
one second.

The relationship between current,
electrical charge, and time is represented
by the formula:

Electrons (negative charge) represent the
charge carrier in an electrical circuit.

Hole movement (positive charge) occurs in
the opposite direction to electron
movement.

Current flow in a circuit is from negative
to positive.
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e Electrons travel very slowly through a e If the power-of-ten exponent is positive,
conductor, but individual electrons move the decimal point is moved to the right.
at the speed of light. e If the power-of-ten exponent is negative,

e Scientific notation expresses a very large the decimal point is moved to the left.
or small number as a numeral from 1 to 9 e The prefix milli- means one-thousandth.
to a power of ten. e The prefix micro- means one-millionth.

CHAPTER 2 SELF-TEST

1. How much current is in a circuit if it takes 5 seconds for 7 coulombs to flow past a given
point?
2. Describe how electrons flow in a circuit with reference to the potential in the circuit.
3. Convert the following numbers to scientific notation:
a. 235
b. 0.002376
C. 56323.786
4. What do the following prefixes represent?
a. Milli-
b. Micro-



CHAPTER 3

OBJECTIVES

Voltage

After completing this chapter, the student will be able to:

¢ Identify the six most common voltage sources.

e Describe six different methods of producing electricity.

¢ Define a cell and a battery.

¢ Describe the difference between primary and secondary cells.

e Describe how cells and batteries are rated.

¢ Identify ways to connect cells or batteries to increase current or voltage output

or both.
¢ Define voltage rise and voltage drop.

¢ Identify the two types of grounds associated with electrical circuits.

See accompanying CD for interactive presentations, tutorials and Voltage
examples in MultiSim, Chapter 3.

In a piece of copper wire, the electrons are in ran-
dom motion with no direction. To produce a cur-
rent flow, the electrons must all move in the
same direction. To produce motion in a given di-
rection, energy must be imparted to the electrons
in the copper wire. This energy comes from a
source connected to the wire.

The force that causes the electrons to move in
a common direction is referred to as difference of
potential, or voltage. This chapter examines how
voltage is produced.

B2JW® VOLTAGE SOURCES

A current is produced when an electron is forced
from its orbit around an atom. Any form of en-
ergy that dislodges electrons from atoms can be
used to produce current. It is important to note
that energy is not created; rather, there is simply
a transfer of energy from one form to another.
The source supplying the voltage is not simply a
source of electrical energy. Instead, it is the
means of converting some other form of energy

17



SECTION 1 DC CIRCUITS

into electrical energy. The six most common volt-
age sources are friction, magnetism, chemicals,
light, heat, and pressure.

Friction is the oldest known method of pro-
ducing electricity. A glass rod can become charged
when rubbed with a piece of fur or silk. This is
similar to the charge you can generate by scuffing
your feet across a carpet in a dry room. A Van de
Graaf generator is a device that operates using the
same principles as the glass rod and is capable of
producing millions of volts (Figure 3-1).

Magnetism is the most common method of
producing electrical energy today. If a wire is
passed through a magnetic field, voltage is pro-
duced, as long as there is motion between the
magnetic field and the conductor. A device based
on this principle is called a generator (Figure 3-2).
A generator can produce either direct current or
alternating current, depending on how it is wired.
When electrons flow in only one direction, the
current is called direct current (DG). When electrons
flow in one direction then in the opposite direc-
tion, the current is called alternating current (AC). A
generator may be powered by steam from nuclear
power or coal, water, wind, or gasoline or diesel
engines. The schematic symbol for an AC genera-
tor is shown in Figure 3-3.

The second most common method of produc-
ing electrical energy today is by the use of a chem-
ical cell. The cell consists of two dissimilar metals,
copper and zinc, immersed in a salt, acid, or alka-
line solution. The metals, copper and zinc, are the
electrodes. The electrodes establish contact with
the electrolyte (the salt, acid, or alkaline solution)
and the circuit. The electrolyte pulls the free elec-
trons from the copper electrode, leaving it with a
positive charge. The zinc electrode attracts free
electrons in the electrolyte and thus acquires a
negative charge. Several of these cells can be con-
nected together to form a battery. Figure 3-4
shows the schematic symbol for a cell and battery.
Many types of cells and batteries are in use today
(Figure 3-5).

FIGURE 3-1

A Van de Graaf generator is capable of producing millions of
volts.
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Light energy can be converted directly to
electrical energy by light striking a photosensitive
(light-sensitive) substance in a photovoltaic cell
(solar cell) (Figure 3-6). A solar cell consists of pho-
tosensitive materials mounted between metal
contacts. When the surface of the photosensitive
material is exposed to light, it dislodges electrons
from their orbits around the surface atoms of the
material. This occurs because light has energy. A
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FIGURE 3-2

FIGURE 3-5

A generator uses magnetism to produce electricity.
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FIGURE 3-3
Schematic symbol for an alternating current generator.
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FIGURE 3-4

Schematic symbol for a cell and a battery. The combination of
two or more cells forms a battery.
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single cell can produce a small voltage. Figure 3—7
shows the schematic symbol for a solar cell. Many
cells must be linked together to produce a usable
voltage and current. Solar cells are used primarily
in satellites and cameras. The high cost of con-

Some of the more common chemical batteries and cells in
use today.

AMTLLYE BTy

J13IDVANG

ANTLIYE BETYNTY

MdNINA
1idovelna

FIGURE 3-6
A photovoltaic cell can convert sunlight directly into
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struction has limited their general application.
However, the price of solar cells is declining.
Heat can be converted directly to electricity
with a device called a thermocouple (Figure 3-8).
The schematic symbol for a thermocouple is
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FIGURE 3-7

FIGURE 3-10

Schematic symbol of a photovoltaic cell (solar cell).

FIGURE 3-8

Thermocouples convert heat energy directly into electrical
energy.

COPPER IRON

FIGURE 3-9
Schematic symbol for a thermocouple.

>

shown in Figure 3-9. A thermocouple consists of
two dissimilar metal wires, twisted together. One
wire is copper and the other wire is zinc or iron.
When heat is applied to the twisted connection,
the copper wire readily gives up free electrons,
which are transferred to the other wire. Thus the
copper wire develops a positive charge and the
other wire develops a negative charge, and a small
voltage occurs. The voltage is directly propor-

Crystal microphone.

FIGURE 3-11
Schematic diagram of piezoelectric crystal.

L1

tional to the amount of heat applied. One appli-
cation of the thermocouple is as a thermometer.
Also called a pyrometer, these devices are often
used in high-temperature kilns and foundries.

When pressure is applied to certain crystalline
materials such as quartz, tourmaline, Rochelle
salts, or barium titanate, a small voltage is pro-
duced. This is referred to as the piezoelectric effect.
Initially, negative and positive charges are distrib-
uted randomly throughout a piece of crystalline
material and no overall charge can be measured.
However, when pressure is applied, electrons
leave one side of the material and accumulate on
the other side. A charge is produced as long as the
pressure remains. When the pressure is removed,
the charge is again distributed, so no overall charge
exists. The voltage produced is small and must be
amplified to be useful. Uses of the piezoelectric
effect include crystal microphones, phonograph
pickups (crystal cartridges), and precision oscilla-
tors (Figures 3-10, 3-11).
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Note that while a voltage can be produced by
these means, the reverse is also true; that is, a
voltage can be used to produce magnetism, chem-
icals, light, heat, and pressure. Magnetism is evi-
dent in motors, speakers, solenoids, and relays.
Chemical activities can be produced through elec-
trolysis and electroplating. Light is produced with
light bulbs and other optoelectric devices. Heat is
produced with heating elements in stoves, irons,
and soldering irons. And voltage can be applied to
bend or twist a crystal.

1. What are the six most common voltage
sources?

2. What is the most common method for
producing a voltage?

FIGURE 3-12

3. What is the second most common method
for producing a voltage?

4. Why are solar cells not used more for
producing a voltage?

B2 CELLS AND BATTERIES

As mentioned in the previous unit, a cell contains
a positive and a negative electrode separated by
an electrolytic solution. A battery is a combination
of two or more cells.

There are two basic types of cells. Cells that
cannot be recharged are called primary cells. Cells
that can be recharged are called secondary cells.

An example of a primary cell is a Leclanche
cell, also called a dry cell (Figure 3—12). This type

Diagram of a dry cell (shown cut away).
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of cell is not actually dry. It contains a moist paste
as the electrolyte. A seal prevents the paste from
leaking out when the cell is turned sideways or
upside down. The electrolyte in a dry cell is a so-
lution of ammonium chloride and manganese
dioxide. The electrolyte dissolves the zinc elec-
trode (the case of the cell) leaving an excess of
electrons with the zinc. As the current is
removed from the cell, the zinc, ammonium
chloride, and manganese dioxide produce man-
ganese dioxide, water, ammonia, and zinc chlo-
ride. The carbon rod (center electrode) gives up
the extra electrons that accumulate on the zinc
electrode. This type of cell produces as much as
1.75 to 1.8 volts when new. A typical Leclanche
cell has an energy density of approximately 30
watt-hours per pound. As the cell is used, the
chemical action decreases, and eventually the re-
sulting current ceases. If the cell is not used, the
electrolytic paste eventually dries out. The cell
has a shelf life of about two years. The output
voltage of this type of cell is determined entirely
by the materials used for the electrolyte and the
electrodes. The AA cell, C cell, D cell, and No. 6
dry cell (Figure 3-13) are all constructed of the
same materials and therefore produce the same
voltage. It should be noted that although the La-
clanche cell is frequently referred to as a carbon-
zinc (or zinc-carbon) cell, the carbon does not
take any part in the chemical reaction that pro-
duces electricity.

The alkaline cell is named because of the
highly caustic base, potassium hydroxide (KOH),
used as the electrolyte. The design of an alkaline
cell on the outside is very similar to that of a
carbon-zinc cell. However, the inside of the alka-
line cell is significantly different (Figure 3-14).
Alkaline cells have an open-circuit rating of ap-
proximately 1.52 volts, and an energy density of
about 45 watt-hours per pound. The alkaline cell
performs much better over temperature ex-
tremes than carbon-zinc cells. Alkaline cells per-
form best where moderate-to-high currents are
drawn over extended periods of time.

FIGURE 3-13

Some common examples of dry cells.

Lithium cells (Figure 3-15) have overcome
the inherent properties associated with lithium.
Lithium is extremely reactive with water. Lithium
cell formation uses lithium, manganese dioxide
(MnO,), and a lithium perchlorate (LiCIO,) in
an organic solvent (water cannot be used). The
output of a lithium cell is approximately 3 volts.
Lithium cells are very efficient, with energy den-
sities of about 90 watt-hours per pound. The
greatest benefit of lithium cells is their extremely
long shelf life of five to ten years.

A secondary cell is a cell that can be re-
charged by applying a reverse voltage. An exam-
ple is the lead-acid battery used in automobiles
(Figure 3-16). It is made of six 2-volt secondary
cells connected in series. Each cell has a positive
electrode of lead peroxide (PbO,) and a negative
electrode of spongy lead (Pb). The electrodes are
separated by plastic or rubber and immersed in
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FIGURE 3-14

Alkaline cells are constructed inside out. The cathode surrounds the anode.
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an electrolytic solution of sulfuric acid (H,SO,)
and distilled water (H,0). As the cell is dis-
charged, the sulfuric acid combines with the lead
sulfate, and the electrolyte converts to water.
Recharging the cell involves applying a source of
DC voltage greater than that produced by the
cell. As the current flows through the cell, it
changes the electrode back to lead peroxide and
spongy lead and converts the electrolyte back to
sulfuric acid and water. This type of cell is also re-
ferred to as a wet cell.

Another type of secondary cell is the nickel-
cadmium (Ni-Cad) cell (Figure 3—-17). This is a dry
cell that can be recharged many times and can
hold its charge for long periods of time. It consists
of a positive and negative electrode, a separator,
electrolyte, and package. The electrodes consist of
a deposit of powdered nickel on a nickel wire
screen, which is coated with a nickel salt solution

/— STEEL CAN

METALIZED
y PLASTIC FILM LABEL

POWDERED ZINC
ANODE

|—BRASS
CURRENT COLLECTOR

STEEL
INNER CELL COVER

NYLON SEAL

PLATED STEEL
NEGATIVE COVER

for the positive electrode and a cadmium salt so-
lution for a negative electrode. The separator is
made of an absorbent insulating material. The
electrolyte is potassium hydroxide. A steel can
forms the package and is sealed tightly. A typical
voltage from this type of cell is 1.2 volts.

The ability of a battery to deliver power con-
tinuously is expressed in ampere-hours. A battery
rated at 100 ampere-hours can continuously sup-
ply any of the following: 100 amperes for 1 hour
(100 X 1 = 100 ampere-hours), 10 amperes for
10 hours (10 X 10 = 100 ampere-hours), or 1 am-
pere for 100 hours (1 X 100 = 100 ampere-hours).

1. What are the components of a cell?

2. What are the two basic types of cells?
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FIGURE 3-15
Lithium cells have extremely high energy density.
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3. What is the major difference between the CONNECTING CELLS
two types of cells? AND BATTERIES

4. List some examples of a primary cell.

Cells and batteries can be connected together to

increase voltage and/or current. They can be con-
I nected in series, in parallel, or in series-parallel.

5. List some examples of a secondary cell.
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FIGURE 3-16

An example of a secondary cell (shown cut away).
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FIGURE 3-18

A nickel-cadmium (Ni-Ca) battery is another example of a
secondary cell.

In series, cells or batteries can be connected in
either series-aiding or series-opposing configura-
tions. In a series-aiding configuration, the positive
terminal of the first cell is connected to the nega-
tive terminal of the second cell; the positive ter-
minal of the second cell is connected to the

Cells or batteries can be connected in series to increase
voltage.

- 45V >
15V 15V 1.5V
15V 15V 15V
-+ -+ -+
1] 1l 1l
i i i

OR
45V

negative terminal of the third cell, and so on (Fig-
ure 3-18). In a series-aiding configuration the
same current flows through all the cells or batter-
ies. This can be expressed as:

L=1=L=1

The subscript numbers refer to the number of
each individual cell or battery. The total voltage is
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FIGURE 3-19

]
Cells or batteries can be connected in parallel to @
increase current flow.
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the sum of the individual cell voltages and can be
expressed as:

E.=E, +E,+E,

In a series-opposing configuration, the cells or
batteries are connected with like terminals to-
gether, negative to negative or positive to posi-
tive. However, this configuration has little
practical application.

In a parallel configuration, all the positive ter-
minals are connected together and all the negative
terminals are connected together (Figure 3-19).
The total current available is the sum of the indi-
vidual currents of each cell or battery. This can be
expressed as:

L=1+L+1
The total voltage is the same as the voltage of each
individual cell or battery. This can be expressed as:
ET = El = EZ = E3
If both a higher voltage and a higher current
are desired, the cells or batteries can be connected

FIGURE 3-20

|
Cells and batteries can be connected in series- @
parallel to increase current and voltage outputs.

nf 1 |

SVT SV]-

FIGURE 3-21

]
The voltage increases when cells are connected @
in series.

i l

6V

T |

in a series-parallel configuration. Remember, con-
necting cells or batteries in series increases the
voltage, and connecting cells or batteries in paral-
lel increases the current. Figure 3—20 shows four
3volt batteries connected in a series-parallel con-
figuration. This configuration produces a total
voltage of 6 volts with a current twice that of an
individual battery. It is necessary to connect the
two 3-volt batteries in series to get the 6 volts
(Figure 3-21). To increase the current, a second
pair of 3-volt batteries is connected in series, and
the resulting series-connected batteries are con-
nected in parallel (Figure 3—22). The overall result
is a series-parallel configuration.

1. Draw three cells connected in a series-
aiding configuration.

2. What effect does a series-aiding
configuration have on current and
voltage?
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FIGURE 3-22

—_——
Connecting the series-connected cells in parallel @
increases the output current. The net result is a
series-parallel configuration.
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3. Draw three cells connected in parallel.

4. What effect does connecting cells in
parallel have on current and voltage?

5. How can cells or batteries be connected
to increase both current and voltage?

VOLTAGE RISES
AND VOLTAGE DROPS

In electric and electronic circuits, there are two
types of voltage: voltage rise and voltage drop.
Potential energy, or voltage, introduced into
a circuit is called a voltage rise (Figure 3-23). The
voltage is connected to the circuit so that the cur-
rent flows from the negative terminal of the volt-
age source and returns to the positive terminal of

FIGURE 3-23
A potential applied to a circuit is called a voltage rise.
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FIGURE 3-24

The energy used by the circuit in passing current through the
load (resistance) is called a voltage drop. A voltage drop
occurs when current flows in the circuit.

+ 1 R. &  VOLTAGE
= '$ DrROP

the voltage source. A 12-volt battery connected
to a circuit gives a voltage rise of 12 volts to the
circuit.

As the electrons flow through the circuit, they
encounter a load, some resistance to the flow of
electrons. As electrons flow through the load,
they give up their energy. The energy given up is
called a voltage drop (Figure 3-24). The energy is
given up in most cases as heat. The energy that
the electrons give up to a circuit is the energy
given to them by the source.

To repeat, energy introduced into a circuit is
called a voltage rise. Energy used up in a circuit by
the load is called a voltage drop. A voltage drop
occurs when there is a current flow in the circuit.
Current moves through a circuit from the nega-
tive polarity to the positive polarity. The voltage
source establishes the voltage rise from the nega-
tive terminal to the positive terminal.

The voltage drop in a circuit equals the volt-
age rise of the circuit, because energy cannot be
created or destroyed, only changed to another
form. If a 12-volt source is connected to a 12-volt
lamp, the source supplies a 12-volt voltage rise,
and the lamp produces a 12-volt voltage drop. All
the energy is consumed in the circuit. If two iden-
tical 6-volt lamps are connected in series to the
same 12-volt source (Figure 3-25), each lamp
produces a 6-volt drop, for a total of 12 volts. If
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FIGURE 3-25

Two identical 6-volt lamps each produce a 6-volt Q
drop when connected in series to a 12-volt source.

< L,

FIGURE 3-26 @ L
When two lamps of different voltage are

connected in series to a 12-volt source, the voltage drop
across each lamp will differ, based on the voltage
requirement of the lamp.
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two different lamps are connected in series, such
as a 9-volt lamp and a 3-volt lamp (Figure 3-26),
the 9-volt lamp produces a voltage drop of 9 volts,
and the 3-volt lamp produces a voltage drop of 3
volts. The sum of the voltage drops equals the
voltage rise of 12 volts.

1. What is a voltage rise?

2. What is a voltage drop?

3. If two identical resistors are connected in
series to a voltage source, what is the
voltage drop across each of the resistors?

GROUND AS A VOLTAGE
REFERENCE LEVEL

Ground is a term used to identify zero potential. All
other potentials are either positive or negative
with respect to ground. There are two types of
grounds: earth and electrical.

In the home, all electrical circuits and appli-
ances are earth grounded. Consequently, no dif-
ference of potential exists between any two
appliances or circuits. All circuits are tied to a
common point in the circuit panel box (circuit-
breaker or fuse box) (Figure 3-27). This com-
mon point (the neutral bus) is then connected
by a heavy copper wire to a copper rod driven
into the earth or fastened to the metal pipe that
supplies water to the home. This protects the
user from electrical shock in case of a faulty
connection.

Electrical grounding is used in automobiles.
Here the chassis of the automobile is used as a
ground. This can be verified by seeing where the
battery cables are attached to the automobile.
Generally, the negative terminal is bolted directly
to the frame of the automobile. This point or any
other point on the frame of the automobile is con-
sidered to be ground. Ground serves as part of the
complete circuit.

In electronics, electrical ground serves a dif-
ferent purpose: Ground is defined as the zero ref-
erence point against which all voltages are
measured. Therefore, the voltage at any pointin a
circuit may be measured with reference to
ground. The voltage measured may be positive or
negative with respect to ground.

In larger pieces of electronic equipment, the
chassis or metal frame serves as the ground point
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FIGURE 3-27

In a residential circuit panel box, all circuits are tied to a
common point (the neutral bus).
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(reference point), as in the automobile. In smaller
electronic devices plastic is used for the chassis,
and all components are connected to a printed cir-
cuit board. In this case, ground is a copper pad on
the circuit board that acts as a common point to
the circuit.

1. What are the two types of grounds?

2. What is the purpose of earth grounding?

3. How is an electrical ground used in an
automobile?

4. How is an electrical ground used in a
piece of electronic equipment?

5.

In electronics, what function does ground
serve when taking voltage
measurements?

SUMMARY

I

Current is produced when an electron is
forced from its orbit.

Voltage provides the energy to dislodge
electrons from their orbit.

A voltage source provides a means of
converting some other form of energy into
electrical energy.

Six common voltage sources are: friction,
magnetism, chemicals, light, heat, and
pressure.

Voltage can be used to produce
magnetism, chemicals, light, heat, and
pressure.

Magnetism is the most common method
used to produce a voltage.

Chemical cells are the second most
common means of producing a voltage.

A cell contains positive and negative
electrodes separated by an electrolytic
solution.

A battery is a combination of two or more
cells.

Cells that cannot be recharged are called
primary cells.

Cells that can be recharged are called
secondary cells.

Dry cells are primary cells.

Lead-acid batteries and nickel-cadmium (Ni-
Cad) cells are examples of secondary cells.
Cells and batteries can be connected in
series, in parallel, or in series-parallel to
increase voltage, current, or both.

When cells or batteries are connected in a
series-aiding configuration, the output
current remains the same, but the output
voltage increases.
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L=1=L=1 E,=E, +E,+E,
When cells or batteries are connected in
parallel, the voltage output remains the
same but the output current available
increases.

L=1+L+1L E.=E =E,=E,
A series-parallel combination increases
both the output voltage and the output
current.

Voltage applied to a circuit is referred to as
a voltage rise.

CHAPTER 3 SELF-TEST

B W N =

. How are secondary cells rated?

rated at 250 milliamperes.

applied?

The energy used by a circuit is referred to
as a voltage drop.

The voltage drop in a circuit equals the
voltage rise.

Two types of ground are earth and
electrical.

Earth grounding is used to prevent electric
shock by keeping all appliances and
equipment at the same potential.
Electrical grounding provides a common
reference point.

. Does current or voltage actually perform the work in a circuit?
. List six forms of energy that can be used to produce electricity.

. Draw a series-parallel combination that will supply 9 volts at 1 ampere. Use 1}-volt cells

. What is the voltage drop across three lamps of 3 volts, 3 volts, and 6 volts with 9 volts

oV =

3V > L,




CHAPTER 4

OBJECTIVES

Resistance

After completing this chapter, the student will be able to:

¢ Define resistance and explain its affect in a circuit.

¢ Determine the tolerance range of a resistor.

e Identify carbon composition, wirewound, and film resistors.

¢ Identify potentiometers and rheostats.

¢ Describe how a variable resistor operates.

e Decode a resistor’s value using the color code or alphanumerical code.
¢ Identify the three types of resistor circuits.

e Calculate total resistance in series, parallel, and series-parallel circuits.

See accompanying CD for interactive presentations, tutorials and Resistance
examples in MultiSim, Chapter 4.

Resistance is opposition to the flow of current.
Some materials such as glass and rubber offer
great opposition to current flow. Other materials
such as silver and copper offer little opposition to
current flow. This chapter examines the charac-
teristics of resistance, types of resistance, and the
effects of connecting resistors together by a con-
ductor to form a circuit.

el RESISTANCE

As previously mentioned, every material offers
some resistance or opposition to the flow of cur-
rent. Some conductors such as silver, copper, and

aluminum offer very little resistance to current
flow. Insulators such as glass, wood, and paper
offer high resistance to current flow.

The size and type of wires in an electric circuit
are chosen to keep the electrical resistance as low
as possible. This allows the current to flow easily
through the conductor. In an electric circuit, the
larger the diameter of the wire, the lower the elec-
trical resistance to current flow.

Temperature also affects the resistance of an
electrical conductor. In most conductors (copper,
aluminum, and so on), resistance increases with
temperature. Carbon is an exception because
the resistance decreases as temperature increases.
Certain alloys of metals (manganin and constantan)

31
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FIGURE 4-1

Resistance of several conductors of the same length and
cross-section area.

Silver 1.000

Copper 1.0625
Lead 1.3750
Gold 1.5000
Aluminum 1.6875
Iron 6.2500
Platinum 6.2500

have resistance that does not change with
temperature.

The relative resistance of several conductors
of the same length and cross section is shown in
Figure 4-1. Silver is used as a standard of 1 and
the remaining metals are arranged in order of as-
cending resistance.

The resistance of an electric circuit is ex-
pressed by the symbol R. Manufactured circuit
parts containing definite amounts of resistance
are called resistors. Resistance (R) is measured in
ohms. One ohm is the resistance of a circuit or cir-
cuit element that permits a steady current flow of
one ampere (one coulomb per second) when one
volt is applied to the circuit.

1. What is the difference between
conductors and insulators?

2. How does the diameter of a piece of wire
affect its resistance?

3. What factors affect the resistance of a
conductor?

4. What material makes the best conductor?

I

i 24 CONDUCTANCE

The term in electricity that is opposite of resist-
ance is conductance (G). Conductance is the ability
of a material to pass electrons. The unit of con-
ductance is Mho, ohm spelled backwards. The
symbol used to represent conductance is the in-
verted Greek letter omega (U). Conductance is
the reciprocal of resistance and is measured in
Siemens (S). A reciprocal is obtained by dividing
the number into one.

R=1/G

G =1/R
If the resistance of a material is known, dividing
its value into one will give its conductance. Sim-

ilarly, if the conductance is known, dividing its
value into one will give its resistance.

1. Define the term conductance.

2. What is the significance of conductance
in a circuit?

3. What symbol is used to represent
conductance?

4. What is the unit of conductance?

el RESISTORS

Resistance is a property of all electrical compo-
nents. Sometimes the effect of resistance is unde-
sirable, other times it is constructive. Resistors are
components manufactured to possess a specific
value of resistance to the flow of current. A resis-
tor is the most commonly used component in an
electronic circuit. Resistors are available with
fixed or variable resistance values. They are avail-
able in a variety of shapes and sizes to meet spe-
cific circuit, space, and operating requirements
(Figures 4-2 and 4-3). Resistors are drawn
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FIGURE 4-2

FIGURE 4-3

Fixed resistors come in various sizes and shapes.

schematically as a series of jagged lines, as shown
in Figure 4-4.

A resistor’s tolerance is the amount that the re-
sistor may vary and still be acceptable. It is ex-
pensive for a manufacturer to hold a resistor to a
certain value when an exact value is not needed.
Therefore, the larger the tolerance, the cheaper it
is to manufacture. Resistors are available with tol-
erances of £20%, +=10%, =5%, 2%, and =1%.
Precision resistors are available with even smaller
tolerances. In most electronic circuits, resistors of
10% tolerance are satisfactory.

EXAMPLE: How much can a 1000-ohm resistor
with a 20% tolerance vary and still be acceptable?

1000 X 0.20 = =200 ohms
or
1000
X 0.20
200.00 ohms

Solution:

The tolerance is =200 ohms. Therefore, the
1000-ohm resistor may vary from 800 to 1200
ohms and still be satisfactory.

Variable resistors come in many styles to meet the needs of
manufacturers of electronic equipment.

TRIMMING POTENTIOMETERS

TRIM POTENTIOMETER

FIGURE 4-4

Schematic diagram of a fixed resistor.

—_— M
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FIGURE 4-5

FIGURE 4-6

Standard resistor values (exclusive of multiplier band).

1.0 1.0 1.0
1.1

1.2 1.2

1.3

1.5 1.5 1.5
1.6

1.8 1.8

2.0

2.2 22 2.2
2.4

2.7 2.7

3.0

3.3 3.3 3.3
3.6

3.9 3.9

4.3

4.7 4.7 4.7
5.1

5.6 5.6

6.2

6.8 6.8 6.8
7.5

8.2 8.2

9.1

For the sake of uniformity, electronic manu-
facturers offer a number of standard resistor val-
ues. Figure 4-5 is a list of standard values for
resistors with =5%, £10%, and £20% tolerance.
After the value on the chart is obtained, it is mul-

Carbon composition resistors are the most widely used
resistors in electronic circuits.

FIGURE 4-7
Wirewound resistors are available in many different styles.

tiplied by the value associated with the color of
the multiplier band.

Resistors fall into three major categories,
named for the material they are made of: molded
carbon composition resistors, wirewound resis-
tors, and film resistors.

Until recently, the molded carbon composition
resistor was the most commonly used resistor in
electronic circuits (Figure 4-6). It is manufactured
in standard resistor values.

The wirewound resistor is constructed of a
nickel-chromium alloy (nichrome) wire wound
on a ceramic form (Figure 4-7). Leads are at-
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FIGURE 4-8

FIGURE 4-9

The film resistor offers the size of the carbon resistor with the
accuracy of the wirewound resistor.

tached and the entire resistor sealed with a coat-
ing. Wirewound resistors are used in high-current
circuits where precision is necessary. The resist-
ance range varies from a fraction of an ohm to
several thousand ohms.
Film resistors have become popular (Figure
—8) because they offer the small size of the com-
position resistor with the accuracy of the wire-
wound resistor. A thin film of carbon or metal
alloy is deposited on a cylindrical ceramic core
and sealed in an epoxy or glass coating. The
value of the resistor is set by cutting a spiral
groove through the film, the length of the re-
sistor. The closer the pitch of the spiral, the
higher the resistance. Carbon film resistors are
available from 10 ohms to 2.5 megohms at a
*1% tolerance. Metal film resistors are physi-
cally similar to carbon film resistors but are
less expensive. They are available from 10
ohms to 1.5 megohms at a =1% tolerance, al-
though tolerances down to *£0.1% are avail-

Tin oxide resistors.

R24 2 EH][ETR]R249
R72a R248[RMETN]F250
R26 [E=pEwi266
R2% 9" -sts

C1

able. Another type of film resistor is the tin ox-
ide resistor (Figure 4-9). It consists of a tin ox-
ide film on a ceramic substrate.

Surface-mount resistors are ideal for small cir-
cuit applications. A thin film of carbon or metal
alloy is deposited on a ceramic base or sub-
strate. Contact from the resistive element to the
printed circuit board is via metal end caps or
terminals, resulting in zero lead length. In ap-
plication, these end caps are soldered directly to
the circuit board conductive trace using an au-
tomated soldering process. The lack of long
leads to solder into the printed circuit board
yields several advantages. Among them are
lightweight, smaller printed circuit board sizes
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FIGURE 4-10

FIGURE 4-11

Variable resistors allow the resistance to increase or decrease
at random.
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A rheostat is a variable resistor used to control current.

and the use of automated assembly processes.
Surface-mount resistors are available in both
thick and thin films. They are available from
zero ohms to 10 megohms at tolerance of =5%
down to =0.1% with power-handling capabili-
ties of /" watt to 1 watt.

Variable resistors allow the resistance to vary.
They have a resistive element of either carbon
composition or wire that is connected to two
terminals. A third terminal is attached to a mov-
able wiper, which is connected to a shaft. The
wiper slides along the resistive element when
the shaft is rotated. As the shaft is rotated, the
resistance between the center terminal and one
outer terminal increases while the resistance
between the center terminal and the other
outer terminal decreases (Figure 4-10). Variable
resistors are available with resistance that varies
linearly (a linear taper) or logarithmically (an
audio taper).

A variable resistor used to control voltage is
called a potentiometer or pot. A variable resistor used
to control current is called a rheostat (Figure 4-11).
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FE2 RESISTOR

IDENTIFICATION

1. What is the purpose of specifying the
tolerance of a resistor?

The small size of the resistor prevents printing the

2. What are the three major types of fixed resistance value and tolerance on its case. There-
resistors? fore, a color-coded strip system is used to display
3. What is the advantage of film resistors the resistor value. The strips can be seen and read
over carbon composition resistors? in any position that the resistor is placed. The

Electronic Industries Association (EIA) color

4. Explain how a variable resistor works.
code is shown in Figure 4-12.

FIGURE 4-12
The Electronic Industries Association (EIA) color code.

Two-Significant-Figure Color Code

'/7 Note: A fifth band may be present, which
represents reliability factors and may be ignored.

1st 2nd 3rd 4th

Black 0 0 — —
Brown 1 1 0 1%
Red 2 2 00 2%
Orange 3 3 000 —
Yellow 4 4 0,000 —
Green 5 5 00,000 0.5%
Blue 6 6 000,000 0.25%
Violet 7 7 0.10%
Gray 8 8 0.05%
White 9 9 —
Gold x0.1 5%
Silver %0.01 10%
No Color 20%
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FIGURE 4-13

FIGURE 4-15

Meaning of the colored bands on a carbon composition
resistor.

/— TOLERANCE

{ NUMBER

OF
ZEROS

1ST
DIGIT DIGIT

FIGURE 4-14
This resistor has a resistance value of 1500 ohms.

GREEN RED
BROWN \\\\ // SILVER

The meaning of the colored bands on a resis-
tor is as follows. The first band, closest to the end
of the resistor, represents the first digit of the re-
sistor value. The second band represents the sec-
ond digit of the resistor value. The third band
represents the number of zeros to be added to the
first two digits. The fourth band represents the tol-
erance of the resistor (Figure 4-13).

For example, the resistor shown in Figure
4-14 has a resistance value of 1500 ohms. The
brown band (first band) represents the first digit
(1). The green band (second band) represents the
second digit (5). The red band (third band) repre-
sents the number of zeros (two zeros—00) to be

The fifth band on a resistor indicates the resistor’s reliability.

RELIABILITY —\

TOLERANCE
NUMBER

DIGIT DIGIT OF
ZEROS

added to the first two digits. The silver band
(fourth band) indicates a resistance tolerance of
+10%. Therefore, this is a 1500-ohm resistor
with a =10% tolerance.

A resistor may have a fifth band (Figure 4-15).
This band indicates the reliability of the resistor. It
tells how many of the resistors (per thousand) will
fail after 100 hours of operation. Generally, when
there are five bands on a resistor, the same amount
of body color shows at each end. In this case, look for
the tolerance band (gold or silver), position it on the
right, and read the resistor as described previously.

There are two instances where the third band
does not mean the number of zeros. For resistor
values of less than 10 ohms, the third band is gold.
This means that the first two digits should be mul-
tiplied by 0.1. For resistor values of less than 1
ohm, the third band is silver. This means the first
two digits are multiplied by 0.01.

A resistor may also be identified by a letter-
and-number (alphanumeric) system (Figure
4-16). For example, RN60D5112F has the follow-
ing meaning:

RN60 Resistor style (composition,
wirewound, film)

D Characteristic (effects of temperature)

5112 Resistance value (2 represents
number of zeros)

F Tolerance
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FIGURE 4-16

FIGURE 4-17

Resistors may also be identified by a letter-and-number

system.
RN60D

5112F

The resistor value is the primary concern. The
value of the resistor may be indicated by three to
five digits. In all cases, the last digit indicates the
number of zeros to be added to the preceding dig-
its. In the example given, the last digit (2) indicates
the number of zeros to be added to the first three
digits (511). So 5112 translates to 51,100 ohms.

In some cases an R may be inserted into the
number. The R represents a decimal point and is
used when the resistor value is less than 10 ohms.
For example, 4R7 represents 4.7 ohms.

The five-digit numbering system is similar to
the three- and four-digit systems. The first four
digits represent significant digits while the last
digit indicates the number of zeros to be added.
For values of less than 1000 ohms, the R is used
to designate a decimal point.

Surface-mount resistors are identified similar
to the letter and number system. The part number
of the resistor is interpreted as follows; the num-
ber will vary between manufacturers. For exam-
ple, RC0402J103T has the following meaning:

RC Chip resistor

0402 Size (0.40” X 0.02”)

J Tolerance (J = *5%, F= £1%, D =
£0.5%, B = +0.1%)

103 Resistance (three- or four-digit code
available)

T Packaging method

The resistance value is indicated by three or
four digits. In either case, the last digit indicates
the number of zeros to be added to the preceding

Potentiometers (variable resistors) are also labeled with their
values.

digits. In the example given, the first two digits are
1 and 0 followed by 3 zeroes for a value of 10,000
ohms. For values of less than 100 or 1000 (de-
pending on the number of digits used), D is used
to designate the decimal point. For example, 3D9
would represent 3.9 ohms. A zero-ohm resistor or
jumper is designated as 000.

Potentiometers (variable resistors) are also
imprinted with their values (Figure 4-17). These
may be their actual values or an alphanumeric
code. With the alphanumeric code system, the re-
sistance value is determined from the last part of
the code. For example, in MTC2531L4, the num-
ber 253 means 25 followed by three zeros, or
25,000 ohms. The L4 indicates the resistor con-
struction and body type.

1. Write the color code from memory.

2. What do the four bands on a carbon
composition resistor represent?
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3. Decode the following resistors:

Ist Band  2nd Band 3rd Band 4th Band
a. Brown Black Red Silver
b. Blue Green Orange Gold

c. Orange White Yellow  (None)
d. Red Red Red Silver

e. Yellow Violet Brown Gold
4. What does a fifth band on a resistor
indicate?
5. What does a gold or silver third band
represent?

PE=J CONNECTING
RESISTORS

There are three important types of resistive cir-
cuits: the series circuit, the parallel circuit, and the
series-parallel circuit (Figure 4-18). A series circuit
provides a single path for current flow. A parallel
circuit provides two or more paths for current
flow. A series-parallel circuit is a combination of a
series circuit and a parallel circuit.

1. What are the three basic types of circuit
configurations?

E®J CONNECTING
RESISTORS IN SERIES

A series circuit contains two or more resistors and
provides one path for current to flow. The current
flows from the negative side of the voltage source
through each resistor to the positive side of the
voltage source. If there is only one path for cur-
rent to flow between two points in a circuit, the
circuit is a series circuit.

FIGURE 4-18

Three types of resistive circuits: (A) series circuit, (B) parallel
circuit, (C) series-parallel circuit.

R,
AAA
vy
— <
Er = 1: R,
W ®
Rs
= b3 >3 b3
E, = s R, R, s $ Rs
(B)
R,
4 < <
Er = s$hR $R

The more resistors connected in series, the
more opposition there is to current flow. The more
opposition there is to current flow, the higher the
resistance in the circuit. In other words, when a
resistor is added in series to a circuit, the total re-
sistance in the circuit increases. The total resist-
ance in a series circuit is the sum of the individual
resistances in the circuit. This can be expressed as:

R, =R, +R,+R,... + R,

The numerical subscripts refer to the individual
resistors in the circuit. R_ is the last resistor in the
circuit. The symbol R, represents the total resist-
ance in the circuit.

EXAMPLE: What is the total resistance of the
circuit shown in Figure 4-19?



CHAPTER 4 RESISTANCE 41

FIGURE 4-19 @_
AAA
vy
R,=10Q
—_— <
Er= $R,=200Q
R;=30Q
AAA
\AA4
FIGURE 4-20 @_
AAA. AAA.
A\AAL A\AAL
R,=1kQ R,=47kQ
—— <
Er = $R,=39kQ
Ry=10kQ R,=820Q
AAA AAA
vy A\AAL
Given:
R, =?
R, = 10 ohms
R, = 20 ohms
R, = 30 ohms
Solution:

R, =R, + R, + R,
R, =10 + 20 + 30
R, = 60 ohms

EXAMPLE: Calculate the total resistance for the
circuit shown in Figure 4-20.

Given:
R, =?
R, = 1 kilohm
R, = 4.7 kilohms
R, = 3.9 kilohms
R, = 820 ohms
R, = 10 kilohms
Solution:

R; =R, + R, + R, + R, + R,

R, = 1k+47k+39k+082k+ 10k
R, = 1000 + 4700 + 3900 + 820 + 10,000
R, = 20,420 ohms

1. Write the formula for determining total
resistance in a series circuit.

2. What is the total resistance of a circuit
with three resistors—1500 ohms,
3300 ohms, and 4700 ohms—connected
in series?
(First draw the circuit.)

CONNECTING
RESISTORS IN
PARALLEL

A parallel circuit contains two or more resistors
and provides two or more paths for current to
flow. Each current path in a parallel circuit is called
a branch. The current flows from the negative side
of the voltage source, through each branch of the
parallel circuit, to the positive side of the voltage
source. If there is more than one path for current
to flow between two points in a circuit with two or
more resistors, the circuit is a parallel circuit.

The more resistors are connected in parallel,
the less opposition there is to current flow. The
less opposition there is to current flow, the
lower the resistance in the circuit. In other
words, when a resistor is added in parallel to a
circuit, the total resistance in the circuit de-
creases, because additional paths for current
flow are provided. In a parallel circuit, the total
resistance is always less than the resistance of
any branch.

The total resistance in a parallel circuit is
given by the formula:

1 1 1 1 1
—=—t .t
Rr Ry Ry R R,
Again, R is the total resistance, R, R,, and R, are
the individual (branch) resistors, and R, is the
number of the last resistor in the circuit.
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FIGURE 4-21 @ Given:
| _ r)
T

R. =7
R, = 1 kilohm (1000 ohms)
R, = 4.7 kilohms (4700 ohms)
E = >3 Fr= >3 Ro= >3 Rs R, = 3.9 kilohms (3900 ohms)
_ < < <
10 Q 20 Q 30 Q R4=820 ohms
R, = 10 kilohms (10,000 ohms)
Solution:
EXAMPLE: What is the total resistance of the 1 1 1 1 1
circuit shown in Figure 4-21? o =5ttt +
| & Rr R, R, Ry R, Rs
Given:
R =2 1 1 1 1 1 1
T — = + + + +
R. = 10 ohms Ry 1000 4700 3900 820 10,000
1
R, = 20 ohms It is too complicated to find a common denomi-
R. = 30 ohms nator, so work with decimals.
3
. 1
Solution: — = 0.001 + 0.000213 + 0.000256
1111 Ry
_— = 4 — 4+ —
Rr R, R, R, +0.00122 + 0.0001
r_1r .1 1 (common L 0.002789
Ry 10 20 30 denominator is 60) Ry
1 6 3 2 1 0.002789
R, 60 60 60 R; 1
1 11 1 0.002789 .
— = — X ———— (cross multiply)
Ry 60 Ry 1
1. X1 (0.002789)(R,) = (1)(1)
Ry 60 0.002789 R, = 1
(11)(Rp) = (1)(60) 0002789 Ry 1 (divide both sides
1Ry = 60 0.002789  0.002789 by 0.002789)
H R 60
—l== (divide both sides by 11) IR, = o
o1l 0.002789
60 R, = 358.55 ()
IR; = —
11
R. = 5.45 ohms NOTE: HOW MANY PLACES EACH NUMBER IS
! ) ) ROUNDED OFF WILL SIGNIFICANTLY AFFECT THE
Note that the total resistance is less than that of the ACCURACY OF THE FINAL ANSWER.

smallest resistor. The circuit shown in Figure 4-21

could be replaced with one 5.45-ohm resistor.
EXAMPLE: What resistor value must be con-

EXAMPLE: Calculate the total resistance for the nected in parallel with a 47-ohm resistor to provide
circuit shown in Figure 4-22. a total resistance of 27 ohms? See Figure 4-23.
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@-

FIGURE 4-22
E = EE R, EE R, EE Rs EE R, Rs
FIGURE 4-23
f— ' 4—7 QUESTIONS
1. Write the formula for determining total
o R R = resistance in a parallel circuit.
< 1~ <aaE
Rr=270 3 470 3 2. What is the total resistance of a circuit
? with three resistors—1500 ohms, 3300
ohms, and 4700 ohms—connected in
e .
Given: parallel? (First draw the circuit.)
R, = 27 ohms
R, = 47 ohms
= ')
R, EEY CONNECTING
Solution: RESISTORS IN SERIES
1_1. 1 AND PARALLEL
RT Rl RZ
1 1 1 A series-parallel circuit is a combination of a se-
37 a7 E ries and a parallel circuit. Figure 4-24 shows a

1
(Subtract —
1 1 1 1 1 47

= +—
27 47 47 47 R, from both sides)

1 1 1 (easierto work

27 47 R, with decimals)

1
0.0370—0.0213=—
Ry

1
0.0157 =—
R,

63.69 ohms = R,

Note that 63.69 ohms is not a standard resistor
value. Use the closest standard resistor value,
which is 62 ohms.

simple series-parallel circuit with resistors. Notice
that R, and R, are in parallel, and that this paral-
lel combination is in series with R, and R,. The
current flows from the negative side of the volt-
age source through resistor R, and divides at
point A to flow through the two branches, R, and
R,. At point B, the current recombines and flows
through R,.

The total resistance for a series-parallel circuit
or compound circuit is computed using the series
formula:

R, =R, +R,+R,... +R_
and the parallel formula:
1 1 1 1

1
— =t — =+
R Ry Ry R, R,
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FIGURE 4-24 @_
Wy
R, =20 Q |8
E, = R,=500% $R,-250
T 2= < <€ s
R,=300Q 7
4AAA I A

vy

Most circuits can be broken down to a simple
parallel or series circuit. The procedure is as
follows:

1. Calculate the parallel portion of the circuit
first to determine the equivalent resistance.

2. If there are series components within the
parallel portion of the circuit, determine the
equivalent resistance for the series compo-
nents first.

3. After the equivalent resistance is deter-
mined, redraw the circuit, substituting the
equivalent resistance for the parallel por-
tion of the circuit.

4. Do final calculations.

EXAMPLE: What is the total resistance for the
circuit shown in Figure 4-24?

The first step is to determine the equivalent re-
sistance (R,) for R, and R,.

Given:
R, =7
R, = 50 ohms
R, = 25 ohms
Solution:
1 1 1
_— = — 4 —
Ry Ry Ry
1 1 1
_—=— 4 —
Ry, 50 25

R, = 16.7 ohms

Redraw the circuit, substituting the equiva-
lent resistance for the parallel portion of the cir-
cuit. See Figure 4-25.

FIGURE 4-25 @_

AAA
vy

R,=20Q

— <
Er = 3R,=1670

R,=30Q

AAA

vy

Now determine the total series resistance for
the redrawn circuit.

Given: Solution:

R, =? R, =R, + R, + R,
R, =20 ohms R, =20+ 16.7 + 30
R, = 16.7 ohms R, = 66.7 ohms

R, = 30 ohms

EXAMPLE: Calculate the total resistance for the
circuit shown in Figure 4-26.

First find the equivalent resistance (R,) for paral-
lel resistors R, and R;. Then find the equivalent
resistance (R;) for resistors R,, R, and R..

Given:
R, =7
R, = 47 ohms
R, = 62 ohms
Solution:
1 1 1
_ 4 —
Ra Ry R
1 1 1
—_ 4 —
R, 47 62

R, = 26.7 ohms
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FIGURE 4-26 @_
AAA AAA
vy vy
R,=47Q Ry =100 Q
R,=10Q R,=68Q
AAA AAA AAA
AAAL vy \AAL
Re=100Q
AAA AAA
vy vy
Ry =620 R,=100Q
|
it
ET
FIGURE 4-27 @_
AAA AAA AAA AAA,
yyy vy vy vy
R,=10Q R,=26.7Q R,=680Q Rg=33.3Q
il
ET
Given: FIGURE 4-28 @_
R, =?
R, = 100 ohms E = EE R, =138 0
R, = 100 ohms
R, = 100 ohms
Solution:
L — i + i + L Given: Solution:
Rg Rs R¢ Ry R, =7 R, =R, +R, + R, + R,
1_ 1 1 1 R, = 10 ohms R, =10 + 26.7 + 68 + 33.3
Ry 100 100 100 RA = 26.7 ohms RT = 138 ohms
R, = 33.3 ohms R, =68 ohms
R, = 33.3 ohms

Now redraw the circuit using equivalent resist-
ance R, and Ry and determine the total series re-
sistance for the redrawn circuit. See Figure 4-27.

The circuit shown in Figure 4-26 could be replaced
with a single resistor of 138 ohms (Figure 4-28).
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FIGURE 4-29 @_
AAA, AAA, AAA,
vy AAAL vy
R,=180Q R,=200Q R,=6200Q
AAA AAA
vy vy
R, =2.7kQ R = 5.6 kQ
AAA,
vy
Ry = 1kQ
|
1L
ET
EXAMPLE: Find the total resistance for the cir- Solution:
cuit shown in Figure 4-29. 11 + 1
RA RS RS
The equivalent resistance of the series in the 1 1 1

parallel portion of the circuit must be determined
first. This is labeled R.

Given: Solution:

R =7 R, =R, + R, + R,
R, = 180 ohms Ry = 180 + 200 + 620
R, = 200 ohms R = 1000 ohms

R, = 620 ohms

Redraw the circuit, substituting equivalent
resistance R, for the series resistors R,, R,, and R,
See Figure 4-30.

Determine the equivalent parallel resistance
R, for R and R..

Given:
R, =?
R, = 1000 ohms
R, = 1000 ohms
FIGURE 4-30 @
|
AAA
A\AAL
Rg=1kQ
AAA AAA.
\AAL A\AAL
R, =27kQ Rg =5.6 kQ
AAA.
A\AAL
R5 =1kQ

_—— 4+ ——
R, 1000 1000

R, = 500 ohms

Redraw the circuit again, substituting equiva-
lent resistance R, for parallel resistors R, and R,,
and determine the total series resistance for the
redrawn circuit. See Figure 4-31.

Given: Solution:

RT=? RT=R1-I—RA+R6

R1 = 2700 ohms RT = 2700 + 500 + 5600
RA = 500 RT = 8800 ohms

R, = 5600 ohms

The circuit shown in Figure 4-29 can be re-
placed with a single resistor of 8800 ohms (Fig-
ure 4-32).

FIGURE 4-31 @
]
AAA AAA AAA
Yy A\AAA vy

R, = 2.7 kQ R, =500 Q Rg = 5.6 kQ
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FIGURE 4-32 @
|

=8.8 kQ

m
T
11l
1

AAA
vy
ms)

1. What is the total resistance of a circuit
with a 1500-ohm and a 3300-ohm
resistor in parallel connected in series
with a 4700-ohm resistor? (First draw
the circuit.)

I

SUMMARY

¢ Resistors are either fixed or variable.

¢ The tolerance of a resistor is the amount
that its resistance can vary and still be
acceptable.

e Resistors are either carbon composition,
wirewound, or film.

e Carbon composition resistors are the most
commonly used resistors.

e Wirewound resistors are used in high-
current circuits that must dissipate large
amounts of heat.

¢ Film resistors offer small size with high
accuracy.

e Variable resistors used to control voltage
are called potentiometers.

e Variable resistors used to control current
are called rheostats.

Resistor values may be identified by
colored bands:
—The first band represents the first digit.
—The second band represents the
second digit.
—The third band represents the number of
zeros to be added to the first two digits.
—The fourth band represents the
tolerance.
—A fifth band may be added to represent
reliability.
Resistor values of less than 100 ohms are
shown by a black third band.
Resistors may be placed in three
configurations—series, parallel, and
compound.
Resistor values of less than 10 ohms are
shown by a gold third band.
Resistor values of less than 1 ohm are
shown by a silver third band.
Resistor values for 1% tolerance resistors
are shown with the fourth band as the
multiplier.
Resistor values may also be identified by
an alphanumerical system.
The total resistance in a series circuit can
be found by the formula:

R, =R, +R,+R,... +R,
The total resistance in a parallel circuit can
be found by the formula:

1 1 1 1 1
— =t .+
Rr R, R, R R,
The total resistance in a series-parallel
circuit is determined by both series and
parallel formulas.

CHAPTER 4 SELF-TEST

1. Describe how the resistance of a material is determined.

2. What is the tolerance range of a 2200-ohm resistor with a 10% tolerance?
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3. Write the color codes for the following resistors:
a. 5600 ohms *£5%
b. 1.5 megohms £10%
c. 2.7 ohms *=5%
d. 100 ohms £20%
e. 470 kilohms =10%
4. Determine the total resistance for the circuit shown.
5. Describe how current flows through a series-parallel circuit.

AAA
vy

R, = 500 Q
| R,=250Q| L
Er = 3 3 3R, =7500Q
R, = 500 Q

Rs = 1000
AAA
vy




CHAPTER 5

OBJECTIVES

Ohm'’s Law

After completing this chapter, the student should be able to:

¢ Identify the three basic parts of a circuit.

e Identify three types of circuit configurations.

e Describe how current flow can be varied in a circuit.

e State Ohm’s law with reference to current, voltage, and resistance.

e Solve problems using Ohm’s law for current, resistance, or voltage in series,
parallel, and series-parallel circuits.

e Describe how the total current flow differs between series and parallel circuits.
¢ Describe how the total voltage drop differs between series and parallel circuits.
e Describe how the total resistance differs between series and parallel circuits.

e State and apply Kirchhoff’s current and voltage laws.

e Verify answers using Ohm’s law with Kirchhoff’s law.

See accompanying CD for interactive presentations, tutorials and Ohm’s Law
examples in MultiSim, Chapter 5.

Ohm’s law defines the relationship among three
fundamental quantities: current, voltage, and re-
sistance. It states that current is directly propor-
tional to voltage and inversely proportional to
resistance.

This chapter examines Ohm’s law and how it
is applied to a circuit. Some of the concepts are in-
troduced in previous chapters.

s 8l ELECTRIC CIRCUITS

As stated earlier, current flows from a point with
an excess of electrons to a point with a deficiency
of electrons. The path that the current follows is
called an electric circuit. All electric circuits consist
of a voltage source, a load, and a conductor. The
voltage source establishes a difference of potential

49
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that forces the current to flow. The source can be
a battery, a generator, or another of the devices
described in Chapter 3, Voltage. The load consists
of some type of resistance to current flow. The re-
sistance may be high or low depending on the
purpose of the circuit. The current in the circuit
flows through a conductor from the source to the
load. The conductor must give up electrons eas-
ily. Copper is used for most conductors.

The path the electric current takes to the load
may be through any of three types of circuits: a se-
ries circuit, a parallel circuit, or a series-parallel cir-
cuit. A series circuit (Figure 5-1) offers a single
continuous path for the current flow, going from
the source to the load. A parallel circuit (Figure 5-2)
offers more than one path for current flow. It allows
the source to apply voltage to more than one load.
It also allows several sources to be connected to a

FIGURE 5-1
A series circuit offers a single path for current flow.
R
AAA
vy
4 >
ET__—_ $R
IIT
AAA

vy

FIGURE 5-2

A parallel circuit offers more than one path for current flow.

> & b & b &
E b2 R, >3 R, >3 Rq

4
[l

o JJ

FIGURE 5-3

A series-parallel circuit is a combination of a series circuit
and a parallel circuit.

~ /M

> R, 3
T L
.

m
T
il
1
my]
N
AAA
A
Yy

FIGURE 5-4

Current flow in an electric circuit flows from the negative
side of the voltage source, through the load, and returns to
the voltage source through the positive terminal.

E; = LOAD

FIGURE 5-5
A closed circuit supports current flow.
O—O
81
—— <
E; = 5: R,

single load. A series-parallel circuit (Figure 5-3) is a
combination of the series and parallel circuit.

Current in an electric circuit flows from the
negative side of the voltage source through the
load to the positive side of the voltage source
(Figure 5-4). As long as the path is not broken, it
is a closed circuit and current flows (Figure 5-5).
However, if the path is broken, it is an open cir-
cuit and no current can flow (Figure 5-6).
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FIGURE 5-6 FIGURE 5-8
An open circuit does not support current flow. Current flow in an electric circuit can also be changed by
o varying the resistance in the circuit.
(e,
s1
Er = 3R R I
FIGURE 5-7

Current flow in an electric circuit can be changed by varying
the voltage.

E I
E I

The current flow in an electric circuit can be
varied by changing either the voltage applied to the
circuit or the resistance in the circuit. The current
changes in exact proportions to the change in the
voltage or resistance. If the voltage is increased, the
current also increases. If the voltage is decreased,
the current also decreases (Figure 5-7). On the
other hand, if the resistance is increased, the cur-
rent decreases (Figure 5-8). This relationship of
voltage, current, and resistance is called Ohm’s law.

1. What are the three basic parts of an
electric circuit?

2. Define the following:
a. Series circuit
b. Parallel circuit
c. Series-parallel circuit

3. Draw a diagram of a circuit showing how
current would flow through the circuit.
(Use arrows to indicate current flow.)

4. What is the difference between an open
circuit and a closed circuit?

5. What happens to the current in an
electric circuit when the voltage is
increased? When it is decreased? When
the resistance is increased? When it is
decreased?

SN OHM’S LAW

Ohm’s law, or the relationship among current,
voltage, and resistance, was first observed by
George Ohm in 1827. 0hm’s law states that the cur-
rent in an electric circuit is directly proportional
to the voltage and inversely proportional to the
resistance in a circuit. This may be expressed as:

voltage
current = —————
resistance
or
E
I=—
R
where: = current in amperes

voltage in volts
resistance in ohms

=
Il
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FIGURE 5-9 @_
—— <
E == R,=1kQ3
12V I
=7
FIGURE 5-10 @_
= Rr=12k03
E=71 | Iy = 20 mA

Whenever two of the three quantities are
known, the third quantity can always be de-
termined.

EXAMPLE: How much current flows in the cir-
cuit shown in Figure 5-9?

Given:
L=
E; = 12 volts
R, = 1000 ohms
Solution:
E
L ==
Ry
12
It = ——
1000

I, = 0.012 amp or 12 milliamps

EXAMPLE: In the circuit shown in Figure 5-10,
how much voltage is required to produce 20 mil-
liamps of current flow?

Given:

= 20 mA = 0.02 amp
E. =7

R.= 1.2 k) = ohms

FIGURE 5-11 @_
E = — R, = 95E
120v | | L =2A

Solution:
E
L ==
Ry
Er
1200
E; = 24 volts

0.02 =

EXAMPLE: What resistance value is needed for
the circuit shown in Figure 5-11 to draw 2 am-
peres of current?

Given:
L, = 2 amps
E, = 120 volts
R, =7
Solution:

E
I = —

Ry

120

Ry

60 ohms = R

1. State Ohm'’s law as a formula.

2. How much current flows in a circuit
with 12 volts applied and a resistance of
2400 ohms?

3. How much resistance is required to limit
current flow to 20 milliamperes with 24
volts applied?
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4. How much voltage is needed to produce
3 amperes of current flow through a
resistance of 100 ohms?

s N APPLICATION OF
OHM'S LAW

In a series circuit (Figure 5-12), the same current
flows throughout the circuit.

=Ty =g, =g ... =Ig,

Lo
The total voltage in a series circuit is equal to the
voltage drop across the individual loads (resist-
ance) in the circuit.

Er = Bp, + By, + B, ... + Ep.

The total resistance in a series circuit is equal to
the sum of the individual resistances in the circuit.
R,=R,+R,+R,...+R_

In a parallel circuit (Figure 5-13), the same
voltage is applied to each branch in the circuit.
Er = B, = Ep, = Eg, ... = Eg.

3

The total current in a parallel circuit is equal to
the sum of the individual branch currents in the
circuit.

I=Tg + g + I ...+ I

FIGURE 5-12 @_
In a series circuit, the current flow is the same
throughout the circuit.
} AVAVAVR1
Er = R, EE

AAA RS
vy

FIGURE 5-13

In a parallel circuit, the current divides among the @
branches of the circuit and recombines on returning to the
voltage source.

{ ) N
E, = EE R EE R, EE Ry

A B N

The reciprocal of the total resistance is equal to
the sum of the reciprocals of the individual
branch resistances.

1 1 1 1 1

— =ttt

R R, R, R, R,
The total resistance in a parallel circuit will always
be smaller than the smallest branch resistance.

Ohm’s law states that the current in a circuit

(series, parallel, or series-parallel) is directly pro-
portional to the voltage and inversely propor-
tional to the resistance.

In determining unknown quantities in a cir-
cuit, follow these steps:

1. Draw a schematic of the circuit and label all
known quantities.

2. Solve for equivalent circuits and redraw the
circuit.

3. Solve for the unknown quantities.

NOTE: OHM'S LAW IS TRUE FOR ANY POINT IN A
CIRCUIT AND CAN BE APPLIED AT ANY TIME. THE SAME
CURRENT FLOWS THROUGHOUT A SERIES CIRCUIT AND
THE SAME VOLTAGE IS PRESENT AT ANY BRANCH OF A
PARALLEL CIRCUIT.
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FIGURE 5-14 @_
AAA
vy
R, =560 Q
=E=12V R,=68003
l IT =9 R3 =1kQ
AAA
vy
FIGURE 5-15

e =12v

— <
— <
<

'|' R;=2240Q
L o =7

vy

EXAMPLE: What is the total current flow in the
circuit shown in Figure 5-14?

Given:

L.=?

E. = 12 volts

R, =7

R, = 560 ohms

R, = 680 ohms

R, = 1k = 1000 ohms
Solution:

First solve for the total resistance of the circuit:
R, =R, + R, + R,
R, =560 + 680 + 1000
R, = 2240 ohms

Draw an equivalent circuit. See Figure 5-15.
Now solve for the total current flow:

E

I; = —
Ry
12

IT=7
2240

I, = 0.0054 amp or 5.4 milliamp

EXAMPLE: How much voltage is dropped across
resistor R, in the circuit shown in Figure 5-16?

FIGURE 5-16

AAA,
vy

E;=48V R, =1.2kQ

| lr=? Ry =56kQ

AAA
\AAS

uy)

NS
1l

w

©

F

)
AAA

\A4

FIGURE 5-17 @_
R;=10,700 Q
— <
— b2
ET= 48V I o= 2
Given:
L="?
E; = 48 volts
R, =?
R, = 1.2 k) = 1200 ohms
R, = 3.9 k) = 3900 ohms
R, = 5.6 k{) = 5600 ohms
Solution:

First solve for the total circuit resistance:
RT = R1 + R2 + R3
RT = 1200 + 3900 + 5600

R, = 10,700 ohms

Draw the equivalent circuit. See Figure 5-17.
Solve for the total current in the circuit:

E
I ==
Ry
48
IT =
10,700

I, = 0.0045 amp or 4.5 milliamps

Remember, in a series circuit, the same current
flows throughout the circuit. Therefore, I, = Ij.

Eg,
I. =
R, ]R2
R,
0.0045 =
3900

Eg, = 17.55 volts
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FIGURE 5-18

-

J_ET=120V
TI I, =200 mA

<
> R, =1kQ

AAA

>$ >$
< =7 <
2 R=7 <

Ry=5.6 kQ

EXAMPLE: What is the value of R, in the circuit
shown in Figure 5-18?

First solve for the current that flows through
R, and R,. Because the voltage is the same in
each branch of a parallel circuit, each branch
voltage is equal to the source voltage of 120 volts.

Given: Solution:
ERI
I; =7 =
R, R, R,
E 120 volt 1 120
= volts = —
R R 1000
R, = 1000 ohms Iz, = 0.12 amp
Given: Solution:
ER;
I =7 I
R, R, R,
120
Er. = 120 volts i, = ——
? ? 5600

R, = 5600 ohms Iz, = 0.021 amp

In a parallel circuit, the total current is equal
to the sum of the currents in the branch currents.

Given:
I, = 0.200 amp
Iz, = 0.120 amp
I, =7
Iz, = 0.021 amp
Solution:

I = Iy, + Iy, + I,
0.200 = 0.120 + I, + 0.021
0.200 = 0.141 + Iy,

0.200 — 0.141 = Iy,

Resistor R, can now be determined using
Ohm’s law.

Given:
Iz, = 0.059 amp
Eg, = 120 volts
R,=7?
Solution:
Eg,
Iy, = R,
0.059 = 120

R, = 2033.9 ohms

EXAMPLE: What is the current through R, in
the circuit shown in Figure 5-19?

First determine the equivalent resistance (R,)
for resistors R| and R,.

Given:
R, =?
R, = 1000 ohms
R, = 2000 ohms

Solution:
1 1 1  (adding fractions
R, R, + R, Tequiresa common
denominator)
11 1
R, 1000 2000

R, = 666.67 ohms

Then determine the equivalent resistance
(R;) for resistors R,, R,, and R,. First, find the to-
tal series resistance (R;) for resistors R and R,.
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FIGURE 5-19 @
|

AAA

\AAL
R,=1kQ
AAA
vy
E.=120V = Ry =2kQ R,=56kQ 3
T T R, =4.7kQ 9
AAA
vy
Rs = 1.5kQ Rg = 3.3kQ
AAA AAA
vy vy
Given: Solution: Solution:
R =7 R, = R, + R, R, =R, +R, + R,
R, = 1500 ohms R, = 1500 + 3300 R} = 666.67 + 5600 + 2375.30
R, = 3300 ohms R, = 4800 ohms R; = 8641.97 ohms
Given: Now solve for the total current through the
R =2 equivalent circuit using Ohm’s law.
p =7
R, = 4700 ohms Given:
R, = 4800 ohms I=7
Solution: E; = 120 volts
1 1 1 RT = 8641.97 ohms
Ry B R, B Rq Solution:
1 1 (In this case, a common L = Er
— =—_ 4+ — denominator would be too TR,
Rg 4700 4800 large. Use decimals!) 120
= [ =———
Ry = 2375.30 ohms T~ 8641.97
Redraw the equivalent circuit substituting R, and L. = 0.0139 amp or 13.9 milliamps
R,, and find the total series resistance of the

B’

equivalent circuit. See Figure 5-20. In a series circuit, the same current flows

throughout the circuit. Therefore, the current
Given: flowing through R, is equal to the total current in

? the circuit.

R, = 666.67 ohms
R, = 5600 ohms
R, = 2375.30 ohms

FIGURE 5-20 5-3 QUESTIONS

AAA

vy
J_ R, = 666.67 Q R, = 5.6 kQ 1. State th.e .formulas necessary for.
= E,=120V determining total current in series and

Rg =2375.3Q parallel circuits when the current flow

AAA,
vy

=
—
I

L, =1L

Iz, = 13.9 milliamps

AAA,
vy
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FIGURE 5-21

@_

> R, = 2200 Q
>

AAA
vy

R, = 500 Q

v
AAA,

<
= R, = 1200 Q
E =12V

through the individual components is
known.

2. State the formulas necessary for
determining total voltage in series and
parallel circuits when the individual
voltage drops are known.

3. State the formulas for determining total
resistance in series and parallel circuits
when the individual resistances are known.

4. State the formula to solve for total
current, voltage, or resistance in a series
or parallel circuit when at least two of
the three values (current, voltage, and
resistance) are known.

5. What is the total circuit current in
Figure 5-21?

=

E; = 12 volts

R, = 500 ohms
R, = 1200 ohms
R, = 2200 ohms

3

KIRCHHOFF’S
CURRENT LAW

In 1847 G. R. Kirchhoff extended Ohm’s law
with two important statements that are referred
to as Kirchhoff’s laws. The first law—known as
Kirchhoff’s current law—states:

.
N

T— :R
)

AA
vy
)
N
AAA
AAAJ

i
AA,

<

1

|1 IZt |3 |

_j '

¢ The algebraic sum of all the currents entering
and leaving a junction is equal to zero.

Another way of stating Kirchhoff’s current
law is:

e The total current flowing into a junction is
equal to the sum of the current flowing out
of that junction.

A junction is defined as any point of a circuit
at which two or more current paths meet. In a
parallel circuit, the junction is where the parallel
branches of the circuit connect.

In Figure 5-22, point A is one junction and
point B is the second junction. Following the cur-
rent in the circuit, L. flows from the voltage source
into the junction at point A. There the current
splits among the three branches as shown. Each of
the three branch currents (I,, I, and I,) flows out
of junction A. According to Kirchhoff’s current
law, which states that the fotal current into a junc-
tion is equal to the total current out of the junction, the
current can be stated as:

L=1+1+1L

Following the current through each of the
three branches finds them coming back together
at point B. Currents I, I, and I, flow into junction
B, and I, flows out. Kirchhoff’s current law for-
mula at this junction is the same as at junction A:

L+L+L =1
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FIGURE 5-23

I, =1mA

1. State Kirchhoff’s current law.

2. A total of 3 A flows into a junction of
three parallel branches. What is the sum
of the three branch currents?

3. If 1 mA and 5 mA of current flow into a
junction, what is the amount of current
flowing out of the junction?

4. In a parallel circuit with two branches,
one branch has 2 mA of current flowing
through it. The total current is 5 mA. What
is the current through the other branch?

5. Refer to Figure 5-23. What are the values
of I, and I,?

KIRCHHOFF’S
VOLTAGE LAW

Kirchhoff’s second law is referred to as Kirchhoff's
voltage law, and it states:

e The algebraic sum of all the voltages around
a closed circuit equals zero.

Another way of stating Kirchhoff’s voltage
law is:

¢ The sum of all the voltage drops in a closed
circuit will equal the voltage source.

FIGURE 5-24 @_

E1
AAA

T YYv_
R1

—— + + <
B =_ R, 3E,

R

A
vy
E

In Figure 5-24 there are three voltage drops and
one voltage source (voltage rise) in the circuit. If
the voltages are summed around the circuit as
shown, they equal zero.

E,—E —E —E =0

Notice that the voltage source (E;) has a sign
opposite that of the voltage drops. Therefore the
algebraic sum equals zero.

Looking at this another way, the sum of all
the voltage drops will equal the voltage source.

E.=E +E, + E;

Both of the formulas shown are stating the
same thing and are equivalent ways of expressing
Kirchhoff’s voltage law.

The key to remember is that the voltage
source’s polarity in the circuit is opposite to that of
the voltage drops.
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FIGURE 5-25

v 2V
AAA ANA

\AA vy

R, R,

— <
E = ?T RS :; 2V
T="

Rs R,
AAA AANA

\AA vy

4V 3V

1. State Kirchhoff’s voltage law two
different ways.

2. A series resistive circuit is connected to a
12-volt voltage source. What is the total
voltage drop in the circuit?

3. A series circuit has two identical resistors
connected in series with a 9-volt battery.
What is the voltage drop across each
resistor?

4. A series circuit is connected to a 12-volt
voltage source with three resistors. One
resistor drops 3 V and another resistor
drops 5 V. What is the voltage drop across
the third resistor?

5. Refer to Figure 5-25. What is the total
voltage applied to the circuit?

IO

SUMMARY

e An electric circuit consists of a voltage
source, a load, and a conductor.

¢ The current path in an electric circuit can
be series, parallel, or series-parallel.

A series circuit offers only one path for
current to flow.

A parallel circuit offers several paths for
the flow of current.

A series-parallel circuit provides a
combination of series and parallel paths
for the flow of current.

Current flows from the negative side of the
voltage source through the load to the
positive side of the voltage source.
Current flow in an electric circuit can be
varied by changing either the voltage or
the resistance.

The relationship of current, voltage, and
resistance is given by Ohm’s law.
Ohm’s law states that the current in an
electric circuit is directly proportional to
the voltage applied and inversely
proportional to the resistance in the
circuit.

Ohm’s law applies to all series, parallel,

and series-parallel circuits.

To determine unknown quantities in a

circuit:

— Draw a schematic of the circuit and
label all quantities.

— Solve for equivalent circuits and
redraw the circuit.

— Solve for all unknown quantities.

Kirchhoff’s current law: The algebraic

sum of all the currents entering and

leaving a junction is equal to zero; it

may be restated as the total current

flowing into a junction is equal to the

sum of the current flowing out of that

junction.

Kirchhoff’s voltage law: The algebraic sum

of all the voltages around a closed circuit

equals zero; it may be restated as the sum

of all the voltage drops in a closed circuit

will equal the voltage source.
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CHAPTER 5 SELF-TEST

Using Ohm'’s law, find the unknown value for the following:

1.I=7 E=9V R = 4500 ohms
2.1 =250mA ER R = 470 ohms
3.I=10A E =240V R =7

4. Find the current and voltage drop through each component for the circuits shown below.
5. Use Kirchhoff’s laws to verify answers for question 4.

(A) (B)
R, =50 Q
AN MWy
R, = 150 Q
£ $R,=250
E;=12V = o2 AAA
—— = vy
— R, =300 Q
E =12V
(€)
75 Q
AAA
A\AAL
75 Q
My >
E =12V = 5: 75 Q




CHAPTER 6

Electrical Measurements—
Meters

OBJECTIVES
After completing this chapter, the student should be able to:

Identify the two types of meter movements available.

Describe how a voltmeter is used in a circuit.

Describe how an ammeter is used in a circuit.

Describe how an ohmmeter is used for measuring resistance.

Identify the functions of a multimeter.

Identify the advantages/disadvantages of DMMs and VOMs.

Describe how to use a multimeter to measure voltage, current, and resistance.
Describe how to measure current using an ammeter.

Describe how to connect an ammeter into a circuit.

List safety precautions for using an ammeter.

Describe how to connect a voltmeter to an electrical circuit.

List safety precautions for connecting a voltmeter to a circuit.

Describe how resistance values are measured using an ohmmeter.

Define continuity check.

Describe how an ohmmeter is used to check open, short, or closed circuits.

See accompanying CD for interactive presentations and tutorials relating to

Chapter 6.
In the field of electricity, accurate quantitative A good understanding of the design and opera-
measurements are essential. A technician com- tion of electrical measuring meters is important.
monly works with current, voltage, and resis- This chapter describes the more commonly
tance. Ammeters, voltmeters, and ohmmeters used analog meters, including the multimeter or
are used to provide the essential measurements. multifunction meter.

61
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INTRODUCTION
TO METERS

Meters are the means by which the invisible ac-
tion of electrons can be detected and measured.
Meters are indispensable in examining the oper-
ation of a circuit. Two types of meters are avail-
able. One type is the analog meter, which uses a
graduated scale with a pointer (Figure 6-1). The
other type is the digital meter, which provides a
reading in numbers (Figure 6-2). Digital meters
are easier to read and provide a more accurate
reading than analog meters. However, analog
meters provide a better graphic display of rapid
changes in current or voltage.

FIGURE 6-1

Analog meter.

FIGURE 6-2

FIGURE 6-3

A digital meter.

Location of the zero adjustment screw on an analog meter.

ZERO ADJUSTMENT SCREW

Most meters are housed in a protective case.
Terminals are provided for connecting the meter
to the circuit. The polarity of the terminals must
be observed for proper connection. A red terminal
is positive and a black terminal is negative.

Prior to use of an analog meter, the pointer
should be adjusted to zero. A small screw is located
on the front of the meter to permit this adjustment
(Figure 6-3). To zero the meter, place the meter in
the position where it is to be used. If the needle does
not point to zero, use a screwdriver to turn the screw
until it does. The meter should not be connected to
a circuit while this adjustment is being made.

1. What is the purpose of a meter?

2. What are the two types of meters
available?

3. What colors identify the positive and
negative terminals of a meter?

4. What adjustments should be made before
using an analog meter?

IS
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(3PN TYPES OF METERS

An ammeter is used to measure current in a cir-
cuit. An ammeter (schematic symbol shown in
Figure 6-4) can be considered a flow meter. It
measures the number of electrons flowing past a
given point in a circuit. The electrons must flow
through the ammeter to obtain a reading. As
shown in Figure 6-5, this is accomplished by
opening the circuit and inserting the ammeter.

A voltmeter is used to measure the voltage (dif-
ference of potential) between two points in a cir-
cuit. A voltmeter can be considered a pressure
gauge, used to measure the electrical pressure in
a circuit (Figure 6-6).

Resistance is measured with an ochmmeter. To
measure resistance, a voltage is placed across the
device to be measured, inducing a current flow
through the device (Figure 6-7). When there is
little resistance, a large current flows and the
ohmmeter registers a low resistance. When there
is great resistance, a small current flows and the
ohmmeter registers a high resistance.

FIGURE 6-4
Schematic symbol for an ammeter.

©

FIGURE 6-5
The placement of an ammeter in a circuit.

N/_ AMMETER
A

4

LOAD

T ™~ VoLTAGE
SOURCE

FIGURE 6-6

(A) Schematic symbol for a voltmeter. (B) A voltmeter is
connected in parallel in a circuit.

/
(A)
+ < )
= Rk
(B)

FIGURE 6-7

(A) Schematic symbol for an ohmmeter. (B) An ohmmeter
applies a voltage across the component being measured and
monitors the current flowing through it.

(B)

1. What is used to measure current?

2. What is used to measure voltage?
3. What meter is used to measure resistance?

4. Describe how to measure current with an
ammeter.
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5. Describe how to measure voltage with a
voltmeter.

6. Describe how to measure resistance with
an ohmmeter.

(23 MULTIMETERS

When working on a piece of equipment, many
different measurements must be taken. To elimi-
nate the need for several meters, the voltmeter,
ammeter, and ohmmeter can be combined into a
single instrument called a multimeter. An analog
multimeter is referred to as a volt-ohm-milliammeter
(VOM), Figure 6-8. A digital multimeter is also re-
ferred to as a DMM.

The meter in Figure 6-8 has five voltage po-
sitions, four current positions, and three resis-
tance positions. There are five scales on the meter
to accommodate the various ranges and func-
tions. The technician selects the switch on the
multimeter for the desired voltage, current, or
resistance range. The zero ohm control adjusts
the ohmmeter circuit to compensate for varia-
tions in the voltage of the internal batteries. The
function switch has three positions: —DC, +DC,
and AC. To measure current, DC voltage, and re-
sistance, the function switch is placed at —DC or
+DC according to the polarity of the applied cur-
rent or voltage. The function switch permits re-
versal of the test lead connections without
removing the leads from the circuit being tested.

To measure DC voltage, set the function switch
to +DC. With the function switch set at +DC, the
common jack is negative and the plus jack is posi-
tive. The voltmeter is connected in parallel with the
circuit. When measuring an unknown voltage, al-
ways set the meter to the highest range (500 volts).
If the measured voltage is lower, a lower position
can be selected. This procedure protects the meter
from damage. Read the voltage on the scale marked

FIGURE 6-8
Analog multimeter.

DC. For the 2.5-volt range, use the 0-250 scale and
divide by 100. For the 10-volt, 50-volt, and 250-volt
ranges, use the scales directly. For the 500-volt
range, use the 0-50 scale and multiply by 10.

To measure current, the selector switch is set
for the desired current position and the meter is
connected in series with the circuit. The DC scale
on the meter is used. For the 1-mA range, use the
0-10 scale and divide by 10. For the 10-mA range,
use the 0-10 scale directly. For the 100-mA range,
use the 0-10 scale and multiply by 10. For the 500-
mA range, use the 0-50 scale and multiply by 10.

To measure resistance, set the selector switch to
the desired resistance range. Short the test leads to-
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gether. Rotate the zero ohm control until the pointer
indicates zero ohms. Separate the test leads and con-
nect them across the component being measured.
For measuring resistance between 0 and 200 ohms,
use the R X 1 range. To measure resistance between
200 and 20,000 ohms, use the R X 100 range. For
resistance above 20,000 ohms, use the R X 10,000.
When measuring resistance in digital and semicon-
ductor circuits, do not use the R X 1 scale. This scale
is energized by a 9-V battery and could damage the
circuitry. Observe the reading on the ohm scale at
the top of the meter scales. Note that the ohm scale
reads from right to left. To determine the actual re-
sistance value, multiply the reading by the factor at
the switch position. The letter K equals 1000.

To use the other voltage and current jacks lo-
cated on the multimeter, refer to the operator’s
manual.

With a DMM, the meter movement is re-
placed by a digital readout, which is similar to the
readout used in an electronic calculator. The dif-
ference is the display is typically four digits.

The controls of a DMM are similar to those
found on an analog meter. The exception is with
a digital meter that has an autoranging feature. It
does not need to identify the range of the signal
being tested.

The readout of the DMM automatically places
the decimal point with the appropriate unit prefix.
DC measurements are displayed with a + or — sign.
This avoids the necessity of reversing the test leads.

The advantage of DMMs over VOMs include:

e Easier readability, resulting in a higher
accuracy with smaller voltage. The results
are repeatable with different readers.

e Autoranging capabilities.
e Autozeroing for resistance reading.

¢ Autolock of a displayed value.
The disadvantages of a DMM include:

¢ Requirement for batteries or other source of
electricity.

¢ Voltage limitation that if exceeded could
seriously damage the meter.

¢ Inability to measure an instantaneous
change in a signal that is faster than the
sampling time.

. What is a multimeter?

. What is an analog multimeter called?
. What is a digital multimeter called?

AW N -

. Explain how to use the ohmmeter
portion of a VOM.

5. What are the advantages of the DMM

over the VOM?

(Y MEASURING CURRENT

To use an ammeter to measure current, the cir-
cuit must be opened and the meter inserted into
the circuit in series (Figure 6-9).

When placing the ammeter in the circuit, po-
larity must be observed. The two terminals on an
ammeter are marked: red for positive and black
for negative (or common) (Figure 6-10).

CAUTION: ALWAYS TURN OFF THE POWER BEFORE YOU

CONNECT AN AMMETER TO A CIRCUIT.

The negative terminal must be connected to
the more negative point in the circuit, and the

FIGURE 6-9
An ammeter is connected in series in a circuit.

+®—
L :
.|._
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FIGURE 6-10

FIGURE 6-11

An ammeter is one part of this VOM. A black negative lead
plugs into the common or negative jack. A red positive lead
plugs into the jack with the plus symbol.

positive terminal to the more positive point in the
circuit (Figure 6-11). When the ammeter is con-
nected, the needle (pointer) of the meter moves
from left to right. If the needle moves in the op-
posite direction, reverse the leads.

Another way to measure current that does
not require opening the circuit and placing an
ammeter in series is to use a resistor of a known
value in the circuit. The resistor is referred as an
ammeter shunt and may be installed by the man-
ufacturer or inserted for temporary use. The re-
sistor may be left in for future testing of the
circuit and must be of a small enough value to
not interfere with the normal operation of the
circuit.

Connect the positive terminal of the ammeter to the more
positive point in the circuit. Connect the negative terminal to
the more negative point in the circuit.

+ —
(a)
\\
+
= LOAD
FIGURE 6-12
Determined current through a load.
Eg =330 mV
AAA,
vy
Rg=0.1Q

LOAD

.

The resistor’s purpose is to provide a small out-
put voltage for measuring. The best meter to use is
a DMM because it is able to accurately measure
small voltages. Ohm’s law (I = E/R) is used to cal-
culate the amount of current measured by the
shunt. Dividing the voltage read by the resistance
value will yield the current flowing in the circuit.

Figure 6-12 shows a 0.1-() resistor used as a
shunt. If the DMM read 330 mV, then the circuit
would have 3.3 A flowing through it.
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The advantage of using this technique is that
the circuit does not have to be opened and an am-
meter inserted. Also note that voltage—rather
than current—was read.

CAUTION: ANANALOG AMMETER MUST NEVER BE
CONNECTED IN PARALLEL WITH ANY OF THE CIRCUIT
COMPONENTS. IF CONNECTED IN PARALLEL, THE FUSE IN THE

AMMETER WILL BLOW AND MAY SERIOUSLY DAMAGE THE METER
OR THE CIRCUIT. ALSO, NEVER CONNECT AN AMMETER
DIRECTLY TO A VOLTAGE SOURCE.

Before turning on power to the circuit after
the ammeter is installed, set the meter to its high-
est scale (its highest ammeter range prior to ap-
plying power). After the power is applied, the
ammeter can be set to the appropriate scale. This
prevents the needle of the meter movement from
being driven into its stop.

The internal resistance of the ammeter adds
to the circuit and increases the total resistance of
the circuit. Therefore, the measured circuit cur-
rent can be slightly lower than the actual circuit
current. However, because the resistance of an
ammeter is usually minute compared to the cir-
cuit resistance, the error is ignored.

A clip-on ammeter requires no connection to
the circuit being measured and uses the electro-
magnetic field created by the current flow to
measure the amount of current in the circuit.

1. How is an ammeter connected to a
circuit?

2. What is the first step prior to connecting
an ammeter in a circuit?

3. What should be done if the ammeter
reads in the reverse direction?

4. What scale should the ammeter be placed
on prior to applying power?

=] MEASURING VOLTAGE

Voltage exists between two points; it does not
flow through a circuit as current does. Therefore,
a voltmeter, used to measure voltage, is con-
nected in parallel with the circuit.

CAUTION: IF AN ANALOG VOLTMETER IS CONNECTED IN
SERIES WITH A CIRCUIT, A LARGE CURRENT CAN FLOW

THROUGH THE METER AND MIGHT DAMAGE IT.

Polarity is important. The negative terminal
of the voltmeter must be connected to the more
negative point in the circuit, and the positive ter-
minal to the more positive point in the circuit
(Figure 6-13). If the connections are reversed, the
pointer deflects toward the left side of the meter,
registering no measurement. If this occurs, re-
verse the meter leads.

A good practice is to remove power from the
circuit, connect the voltmeter, and then reapply
power. Initially, set the voltmeter for its highest
scale. After the voltage is applied to the circuit, set
the meter down to the proper scale.

The voltmeter’s internal resistance is connected
in parallel with the component being measured.
The total resistance of resistors in parallel is always

FIGURE 6-13

When connecting a voltmeter into a circuit, be sure to observe
polarity.
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less than that of the smallest resistor. As a result, the
voltage read by the voltmeter is smaller than the ac-
tual voltage across the component. In most cases,
the internal resistance of a voltmeter is high, so that
the error is small and can be ignored. However, if
voltage is being measured in a high-resistance cir-
cuit, meter resistance may have a noticeable effect.
Some voltmeters are designed with extra-high in-
ternal resistance for such purposes.

Currently, the DMM is the best all-around
meter available. The voltage ranges have very lit-
tle loading effect on the circuits being measured.
The meter’s internal resistance is typically up to 10
M on its voltage range compared to a quality
analog meter with an internal resistance of 20,000
Q/V, which would yield 20,000 ) on its 1-V range.

1. How is a voltmeter connected to a
circuit?

2. What is the recommended practice for
connecting a voltmeter to a circuit?

3. What should be done if the voltmeter
reads in the reverse direction?

4. What caution must be taken when
measuring a high-resistance circuit?

23 MEASURING
RESISTANCE

An ohmmeter measures the resistance of a circuit
or component by applying a known voltage. The
voltage is supplied by batteries. When a constant
voltage is applied to the meter circuit through the
component under test, the pointer is deflected
based on the current flow. The meter deflection
varies with the resistance being measured. To
measure the resistance of a circuit or component,
the ohmmeter is connected in parallel with the
circuit or component.

CAUTION: PRIOR TO CONNECTING AN OHMMETER TO A

CIRCUIT, MAKE SURE THE POWER IS TURNED OFF.

When measuring a component in a circuit,
disconnect one end of the component from the
circuit. This eliminates parallel paths, which result
in an incorrect resistance reading. The device
must be removed from the circuit to obtain an ac-
curate reading. Then, the ohmmeter leads are
connected across the device (Figure 6-14).

Because the primary purpose of an ohmme-
ter is to measure resistance, it can be used in de-
termining whether a circuit is open, shorted, or
closed. An open circuit has infinite resistance be-
cause no current flows through it (Figure 6-15).
A short circuit has zero ohms of resistance because
current flows through it without developing a
voltage drop. A closed circuit is a complete path for
current flow. Its resistance varies depending on
the components in the circuit (Figure 6-16).

The testing for an open, short, or closed cir-
cuit is called a continuity test or check. It is a check

FIGURE 6-14

When using an ohmmeter to measure resistance, the
component being measured must be removed from the
circuit.
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FIGURE 6-15

An ohmmeter can be used to determine whether a circuit is
open. An open circuit indicates a high resistance.

\

FIGURE 6-16

An ohmmeter can also be used to determine whether a circuit
offers a complete path for current flow. A closed circuit
indicates a low resistance.

to determine if a current path is continuous. To
determine whether a circuit is open or closed, the
lowest scale on the ohmmeter should be used.
First ensure that there are no components in the
circuit that may be damaged by the current flow

from the ohmmeter. Then place the leads of the
ohmmeter across the points in the circuit to be
measured. If a reading occurs, the path is closed or
shorted. If no reading occurs, the path is open.
This test is useful to determine why a circuit does
not work.

The DMM has several advantages over the
analog multimeter, including higher accuracy,
digital readout, and repeatability of the reading.
Unlike the VOM, the DMM uses very little current
to test resistances. This allows the testing of semi-
conductor junctions. In fact, many DMMs have a
special range for testing semiconductor junctions.
These meters use approximately 1 mA of current
through the junction under test.

Another feature of a DMM is an audio signal
or “beeper” for continuity testing. This allows the
operator to focus on the circuit rather than on the
meter for continuity testing. The use of the beeper
function is not to check for resistance but rather
for continuity.

NOTE: WHEN USING ANY METER, IT IS IMPORTANT TO
KEEP FINGERS FROM TOUCHING THE PROBES TO AVOID
PUTTING BODY RESISTANCE IN PARALLEL WITH THE
COMPONENT UNDER TEST, THEREBY INTRODUCING
ERRORS.

1. How does an ohmmeter work?

2. What caution must be observed prior to
connecting an ohmmeter to a circuit?

3. What is the primary purpose of an
ohmmeter?

4. For what other purpose may an
ohmmeter be used?

5. Why is a DMM better for testing
semiconductors than a VOM?

6. Why is a DMM better for continuity
testing than a VOM?

3 1
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READING METER
SCALES

Voltmeter and ammeter scales are read in the
same manner. However, voltmeters measure
volts and ammeters measure amperes.

The maximum value indicated by a meter is
called the full scale value. In other words, the max-
imum voltage or current that a meter can read is
its full scale value.

The measured value of voltage or current is
read on the scale under the pointer. For example,
the pointer in Figure 6-17 is shown deflected one
major division, indicating a voltage of 1 volt or a
current of 1 ampere. In Figure 6-18, the meter is
shown deflected seven major divisions, indicating
a current of 7 amperes or a voltage of 7 volts.

If the pointer of the meter rests between the
major divisions of the scale, the smaller divisions are
read. Figure 6-19 shows four small lines between
each major division of the scale, creating five equally
spaced intervals. Each of these small intervals repre-
sents one-fifth of the major interval, or 0.2 unit.

If the pointer falls between the small lines on
a meter scale, the value must be estimated. In
Figure 6-20 the pointer falls between the % (0.4)

FIGURE 6-18

FIGURE 6-17
The reading indicates 1 volt or ampere.

e —

and % (0.6) marks. This indicates a value of ap-
proximately 2.5 volts or amperes. In Figure 6-21,
the pointer is one-fourth of the distance between
the % (0.6) and % (0.8) marks. Each small inter-
val represents 0.2. One-fourth of 0.2 is 0.05.
Therefore, the pointer indicates a value of about
4.65 volts or amperes.

The reading indicates 7 volts or amperes.
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FIGURE 6-19
Each small division represents 0.2 volt or ampere.

AR

FIGURE 6-20
The reading indicates 2.5 volts or amperes.

FIGURE 6-21
The reading indicates 4.65 volts or amperes.
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FIGURE 6-22

The ohmmeter scale is read from right to left.

500

100

50

The number of major and minor divisions on
a meter scale depends on the range of the voltage
or current that the meter is designed to measure.
In all cases, the value of the small intervals can be
found by dividing the value of the major interval
by the number of spaces it contains.

The ohm scale on a meter is different from
most voltage and current scales (Figure 6-22). It
is read from right to left instead of from left to
right. Also, it is a nonlinear scale, so the number
of small spaces between the major intervals is not
the same throughout the scale. Between 0 and 1
there are five small spaces, which equal 0.2 unit
each. There are four intervals between 5 and 10,
representing 1 unit each, and between each of
these there is a minor division that represents 0.5
unit. Between the 50 and 100 marks are five
small intervals, which each represent 10 units.
Between 100 and 500 there are four small inter-
vals, each representing 100 units. The last mark
on the left is labeled infinity (o). If the pointer de-
flects to this mark, the resistance is beyond the
range of the meter. The pointer normally rests on
the infinity mark when no resistance is being
measured. Figure 6-23 shows the pointer de-
flected to 1.5 ohms. Figure 6-24 shows the
pointer indicating 200 ohms.

Prior to using an ohmmeter, the test leads
are shorted together and the zero control is ad-
justed so the pointer rests on the zero mark. This
calibrates the meter and compensates for battery
deterioration.

1.

What determines the maximum value an
analog meter can measure?

. What are the differences between an

ohmmeter scale and a voltmeter or
ammeter scale?

. Estimate the reading of the voltmeter

scales in Figure 6-25.

L
SUMMARY

Analog meters use a graduated scale with
a pointer.

Digital meters provide a direct readout.
On both analog and digital meters, the red
terminal is positive and the black terminal
is negative.

Before using an analog meter, check the
mechanical zero adjustment.

A multimeter combines a voltmeter,
ammeter, and ohmmeter into one package.
A VOM is an analog multimeter that
measures volts, ohms, and milliamperes.
A DMM is a digital multimeter.

On a multimeter, the range selector switch
selects the function to be used.

An ammeter must be connected in series
with a circuit.

A voltmeter is connected in parallel with a
circuit.
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FIGURE 6-23
The reading indicates 1.5 ohms.

200 100 50 10

FIGURE 6-24
The reading indicates 200 ohms.

¢ An ohmmeter measures resistance by the e Ammeters and voltmeters are read

amount of current flowing through the
resistor being measured.

The maximum value of a meter scale is
called the full scale value.

The number of divisions on the meter
scale depends on the range the meter is
designed to measure.

from left to right and have a linear
scale.

Ohmmeters are read from right to left and
have nonlinear scales.

An analog ohmmeter must be calibrated
before use to compensate for battery
deterioration.
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FIGURE 6-25
Analog multimeter.
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CHAPTER 6 SELF-TEST

1. Which type of meter, analog or digital, would you use for an accurate reading?

Q

2. Which type of meter, analog or digital, would you use to gauge rapid changes in a source?

3. Draw a meter scale for each of the following and show where the needle would point for the
following readings.

a.23V
b. 220 mA
c. 2700 ohms
4. What are the advantages of using a multimeter?



CHAPTER 7

OBJECTIVES

Power

After completing this chapter, the student should be able to:

¢ Define power as it relates to electric circuits.

e State the relationship of current and voltage.

¢ Solve for power consumption in an electrical circuit.

¢ Determine the total power consumption in a series, parallel, or series-parallel

circuit.

See accompanying CD for interactive presentations, tutorials and Power
examples in MultiSim, Chapter 7.

In addition to current, voltage, and resistance, a
fourth quantity is important in circuit analysis.
This quantity is called power.

Power is the rate at which work is done.
Power is expended every time a circuit is ener-
gized. Power is directly proportional to both cur-
rent and voltage.

This chapter looks at circuit applications in-
volving power.

I POWER

Electrical or mechanical power relates to the rate
at which work is being done. Work is done
whenever a force causes motion. If a mechanical
force is used to lift or move a weight, work is be-
ing done. However, force exerted without caus-

ing motion, such as a force of a compressed
spring between two fixed objects, does not con-
stitute work.

Voltage is an electrical force that creates cur-
rent flow in a closed circuit. When voltage exists
between two points and current cannot flow, no
work is done. This is similar to a spring under ten-
sion that produces no motion. When voltage
causes electrons to move in a circuit, work is be-
ing done. The instantaneous rate at which work is
done is called the electric power rate and is meas-
ured in watts. Power can be defined at the rate
which energy is dissipated in a circuit.

The total amount of work done may be ac-
complished in different lengths of time. For ex-
ample, a given quantity of electrons may be
moved from one location to another in one sec-
ond, one minute, or one hour, depending on the

75
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rate in which they were moved. In all cases, the
total amount of work done is the same. However,
when the work is done in a short period of time,
the instantaneous power rate (wattage) is greater
than when the same amount of work is done over
a longer period of time.

As mentioned, the basic unit of power is the
watt. A watt is equal to the voltage across a circuit
multiplied by the current through the circuit. It
represents the rate at any given instant in which
work is being done, moving electrons through the
circuit. The symbol P represents electrical power.
The relationship of power, current, and voltage
may be expressed as follows:

P=1IXE

I represents the current through the circuit and
E represents the voltage applied to the circuit be-
ing measured. The amount of power will differ
with any change in the voltage or current in the
circuit.

EXAMPLE: Calculate the power consumed in
the circuit shown in Figure 7-1.

Given: Solution:
P=7? P=1E

I =2 amps P =(2)(12)
E = 12 volts P = 24 watts

EXAMPLE: What voltage is required to deliver 2
amperes of current at 200 watts?

Given: Solution:
P = 200 watts P=1E
I =2 amps 200 = 2(E)
E=7 100 volts = E
FIGURE 7-1
E =12V L S
T = i: Ry
L, l=2A

EXAMPLE: How much current does a 100-watt,
120-volt light bulb use?

Given:

P = 100 watts

1=?

E = 120 volts
Solution:

P=1E

100 = (I)(120)
0.83amp =1

1. Define power as it relates to electricity.

2. What unit is used to measure power?
3. Calculate the missing value:
a. P=?2E=12V,I=1A
b.P=1000W,E=2?2,1=10A
c. P=150W,E=120V,1=7?
[\

POWER APPLICATION
(CIRCUIT ANALYSIS)

Resistive components in a circuit consume
power. To determine the power dissipated by a
component, multiply the voltage drop across the
component by the current flowing through the
component.

P=1IE

The total power dissipated in a series or paral-
lel circuit is equal to the sum of the power dissi-
pated by the individual components. This can be
expressed as:

Py =Py + Py + Pp...+ Py

The power dissipated in a circuit is often less
than 1 watt. To facilitate the use of these smaller
numbers, the milliwatt (mW) and the microwatt
(LW) are used.
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1000 milliwatts = 1 watt

1
1 milliwatt = —— watt
1000
1,000,000 microwatts = 1 watt
1
1 microwatt = ——————— watt
1,000,000

EXAMPLE: How much power is consumed in
the circuit shown in Figure 7-2?

First determine the total resistance for the
circuit.

Given: Solution:

R, =7 R, =R, + R, + R,

R, = 560 ohms R, =560 + 820 + 1000
R, = 820 ohms R, = 2380 ohms

R, = 1000 ohms

Now determine the total current flowing in
the circuit, using Ohm’s law.

Given Solution:
Er
=7 I = R
E 12 volt I 12
= 12 volts =—
T T 2380
R, = 2380 ohms L. = 0.005 amp

The total power consumption can now be de-
termined using the power formula.

Given: Solution:

PT = 7 PT = ITET

L, = 0.005 amp P, = (0.005)(12)

E; = 12 volts P, = 0.06 watt or 60 mW

EXAMPLE: What is the value of resistor R, in
the circuit shown in Figure 7-3?

First determine the voltage drop across resis-
tor R,. In a parallel circuit the voltage is the same
in all branches.

Given:
Pg, = 0.018 watt
FIGURE 7-2 @— I, = 0.0015 amp
My E. =7
R, =560 Q fo
1 L Solution:
E =12V = 5: R, =820 Q Pg, = Iy Eg,
|
T 0.018 = (0.0015)(E
I A= 1Ko ( ) (Eg,)
Ve ERl = 12 volts
FIGURE 7-3 @—
E.=?— SR, =7 SR, =? $R, =7
T — b2 |R11 =15mA >3 |F{22 =7 3 IR:; =3.33mA
=7 mA Pg, = 18mW Pg, =26 mW Pg, =40 mW
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Now the current through resistor R, can be
determined.

Given:
Pg, = 0.026 watt
I, =7
Eg, = 12 volts
Solution:
]?R2 = IRZERZ

0.026 = (Ig,)(12)
Iz, = 0.00217 amp

The resistance value of R, can now be deter-
mined using Ohm’s law.

Given:
Iz, = 0.00217 amp
Eg, = 12 volts
R2 =9
Solution:
ERZ
I =
R, R,
12
0.00217 = —
R,

R, = 5530 ohms

EXAMPLE: If a current of 0.05 ampere flows
through a 22-ohm resistor, how much power is
dissipated by the resistor?

The voltage drop across the resistor must first
be determined using Ohm’s law.

Given: Solution:
Er
I; = 0.05 amp g = R
By =7 0.05 = &
22
R = 22 ohms E; = 1.1 volts

The power consumed by the resistor can now
be determined using the power formula.

Given: Solution:

P, =7 P, = kE;

E; = 1.1 volts Pp = (0.05)(1.1)

I; = 0.05 amp P, = 0.055 watt or 55 mW

1. What is the formula for power when both
the current and voltage are known?

2. What is the formula for determining the
total power in a series circuit? A parallel
circuit?

3. Convert the following:

a. 100mwW =____ uW

b. 10 W = mw

c. lopw=___ W

d. 1000 pW =__ mW
e. 0.025 W = mw

4. What is the power consumed by each
resistor in the circuit shown in Figure 7-4?

5. What is the power consumed by each
resistor in the circuit shown in Figure 7-5?

6. What is the power consumed by each
resistor in the circuit shown in Figure 7-6?

FIGURE 7-4 @
|
AAA
vy
J_ R, =220 Q e
E =9V = $R,=3300
-|- AAA
vy
R, =470 Q
FIGURE 7-5 @
|
E. —9V= $R =2200 $R,=3300 $R.=470Q
T= — §$ ™= 1» 2= :» 3~
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FIGURE 7-6 e Power is also the rate at which energy
] . . . . .
(heat) is dissipated by the resistance in a
A circuit.
R,=220Q e Power is measured in watts.
—e < < 3
E;=9V= 5: R, =330 Q 5: R, =470 Q e Power is the product of current and
voltage:
P =1E

e The total power dissipated in a series or
parallel circuit is equal to the sum of the

SUMMARY power dissipated by the individual

. . . components.
e Power is the rate at which energy is P

delivered to a circuit. P.=P +P,+P,...+P,

CHAPTER 7 SELF-TEST

Using Watt’s law, find the missing value for the following:

1.P=7 E=30V I=40mA
2.P=1W 5 =7 I =10 mA
3.P=123W E=30V I=7?

4. What is the total power consumption for the following circuits?

(A) (B) !
b3S
SR, =56k
E =120V = I E;=120V = R=1ke$ $R,-22k0
5: R, = 5.6 kQ
R, =1.5kQ
AAA
vy
©)
AAA
vy
L Ry=47kQ
E, =120V = & $ R, =3.3kQ
T <




CHAPTER 8

OBJECTIVES

DC Circuits

After completing this chapter, the student should be able to:

¢ Solve for all unknown values (current, voltage, resistance, and power) in a series,

parallel, or series-parallel circuit.

¢ Understand the importance of voltage dividers.

e Design and solve for all unknown values in a voltage-divider circuit.

See accompanying CD for interactive presentations, tutorials, and DC Circuit

examples in MultiSim, Chapter 8.

In the study of electronics, certain circuits appear
again and again. The most commonly used cir-
cuits are the series circuit, the parallel circuit, and
the series-parallel circuit.

This chapter applies information from the last
few chapters to the solving of all unknowns in
these three basic types of circuits. Voltage dividers
can make available several voltages from a single
voltage source. Voltage dividers are essentially se-
ries circuits with parallel loads. This chapter helps
the student understand how significant voltage
dividers are as an application of series circuits and
how to design one for a specific application.

.38 SERIES CIRCUITS

A series circuit (Figure 8-1) provides only one
path for current flow. The factors governing the
operation of a series circuit are:

80

FIGURE 8-1

Series circuit.
AAA
J_ vy
— IT R1
T = 2
T L> RB
AAA
AAAL

E

AAA
vy
uy)

1. The same current flows through each com-
ponent in a series circuit.
IT = IRl = IRZ =
2. The total resistance in a series circuit is equal
to the sum of the individual resistances.
R, =R +R,+R,... +R,

IR}--.:IRN

3. The total voltage across a series circuit is
equal to the sum of the individual voltage
drops.

E, = By, = Ep, = Eg ... = Eg,

3
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4. The voltage drop across a resistor in a series
circuit is proportional to the size of the re-
sistor. (I = E/R)

5. The total power dissipated in a series circuit
is equal to the sum of the individual power
dissipations.

P, =Py + Py, + Py ...+ Py

EXAMPLE: Three resistors, 47 ohms, 100 ohms,
and 150 ohms, are connected in series with a battery
rated at 12 volts. Solve for all values in the circuit.
The first step is to draw a schematic of the cir-
cuit and list all known variables. See Figure 8-2.

Given:

L=7? R, = 47 ohms Ep, = ?

E; = 12 volts R, = 100 ohms Eg, =7

R, =7 R, = 150 ohms Egp, = ?

P.=7? Pp, =7
Py, = ?
Pg, =7

In solving for all values in a circuit, the total
resistance must be found first. Then the total cir-
cuit current can be determined. Once the current
is known, the voltage drops and power dissipation
can be determined.

Given: Solution:
R, =? R, =R, + R, + R,
R, = 47 ohms R, = 47 + 100 + 150
R, = 100 ohms R, = 297 ohms
R, =150 ohms
FIGURE 8-2 @
|
AAA
AAAL
R,=47Q
E;=12V= $R,=1000
Ry =150 Q
AAA

vy

Using Ohm'’s law, the current is:

Given: Solution:
Er
L.=7? I; = —
T T RT
E 12 volt I 12
= olts = —
T v T 297
R, = 297 ohms I, = 0.040 amp

Since I, = I, = Iz, = I, the voltage drop (Eg )
across resistor R is:

Given: Solution:
ERI
I;, = 0.040 amp Ig, = R,
Eg,
By =7 0.040 = 17
R, = 47 ohms Eg, = 1.88 volts

The voltage drop (Eg ) across resistor R, is:

Given: Solution:
ER2
Iz, = 0.040 amp Iz, =
2 2 R2
0.040 = —=
Eg, = ? ’ 100
R, = 100 ohms Eg, = 4 volts

The voltage drop (Eg,) across resistor R, is:

Given: Solution:
ERZ

Iz. = 0.040 amp Iz =

3 3 R3

R,

Eg =7 0.040 =

’ 150
R, = 150 ohms Eg, = 6 volts

Verity that the sum of the individual voltages
is equal to the total voltage.

Given: Solution:

E; = 12 volts BEr = Eg, + By, + Eg,
Eg, = 1.88 volts E,=188+4+6
Er, = 4 volts E; = 11.88 volts

Eg, = 6 volts
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There is a difference between the calculated
and the total given voltage due to the rounding of
the total current to three decimal places.

The power dissipated across resistor R, is:

Given: Solution:

PRl =7 PRl = IRIERl

IRl = 0.040 amp PR1 = (0.040)(1.88)
Ezx = 1.88 volts PR1 = 0.075 watt

The power dissipated across resistor R, is:

Given: Solution:

PRz =7? Pg, = IRZERZ

IR2 = 0.040 amp PRz = (0.040)(4)
Eg, = 4 volts Pg, = 0.16 watt

The power dissipated across resistor R, is:

Given: Solution:

Pg, =7 Pg, = IRSERa

IR3 = 0.040 amp PR3 = (0.040)(6)
Er. = 6 volts Pr, = 0.24 watt

The total power dissipated is:
Solution:
Py = Pg, + Py, + Py,
P, =0.075 + 0.16 + 0.24
P, = 0.475 watt or 475 mW

Given:

P.=7

Pg, = 0.075 watt
Pg, = 0.16 watt
Pg, = 0.24 watt

1. Four resistors, 270 ohms, 560 ohms, 1200
ohms, and 1500 ohms, are connected in
series with a battery rated at 28 volts.
Solve for all values of the circuit.

. a? PARALLEL CIRCUITS

A parallel circuit (Figure 8-3) is defined as a circuit
having more than one current path. The factors
governing the operations of a parallel circuit are:

FIGURE 8-3

Parallel circuit.

m
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|1}
"
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vwvy
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vvy
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1. The same voltage exists across each branch
of the parallel circuit and is equal to that of
the voltage source.

Ep = Eg, = Bp, = By ... = Eg_

3

2. The current through each branch of a paral-
lel circuit is inversely proportional to the
amount of resistance of the branch, (I = E/R).

3. The total current in a parallel circuit is the
sum of the individual branch currents.

I=Tg + g + I ...+ I

4. The reciprocal of the total resistance in a
parallel circuit is equal to the sum of the re-
ciprocals of the individual resistances.

1 1 1 1 1
—=—+—+— ...+
Rr Ry Ry Ry R,
5. The total power consumed in a parallel cir-
cuit is equal to the sum of the power con-

sumed by the individual resistors.
Py =Py + Py, + Py ...+ Py

EXAMPLE: Three resistors, 100 ohms, 220
ohms, and 470 ohms, are connected in parallel
with a battery rated at 48 volts. Solve for all val-
ues of the circuit.

First draw a schematic of the circuit and list all
known variables (Figure 8-4).

Given:

L=7? R, = 100 ohms Iy, = ?

E. = 48 volts R, = 220 ohms Iy, =7

R, =7 R, = 470 ohms Iy, = ?

P. =7 Pp, =7
P, = ?
Pg =7
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In solving the circuit for all values, the total
resistance must be found first. Then the individ-

The current (Ig)) through resistor R, is:

Given: Solution:
ual currents flowing through each branch of the Ex
circuit can be found. Once the current is known, I, =7 Iz, = R :
the power dissipation across each resistor can be }
; 48
determined. Ep = 48 volts I =
} > 470
Given:
R =2 R, = 470 ohms Iz, = 0.102 amp
=7
R, = 100 ohms The total current is:
R, = 220 ohms Given: Solution:
R, = 470 ohms L=7 I = I, + I, + I,
Iz = 0.48 amp I.=0.48 +0.218 + 0.102
Solution: !
1 1 Iz, = 0.218 amp I, = 0.800 amp
E:E+E+E Iy, = 0.102 amp
1 1 1 1 The total current can also be found using
R, 100 220 470 Ohm’s law:
R, = 59.98 ohms Given: Solution:
The current (I ) through resistor R, is: I =" I = Er
R
Given: Solution: !
Er E. = 48 volts I 28
| =48 v =
IR] = ? IR| = R T T 59.98
1
48 R, = 59.98 ohms L. = 0.800 amps
Eg, = 48 volts Iy, = 100 Again, a difference occurs because of round-
R, = 100 ohms I, = 0.48 amp ing. The power dissipated by resistor R, is:

The current (I )) through resistor R, is:

Given: Solution:
ERZ
I =? I =
R, R, R,
E 48 volt 1 48
= 48 volts =—
Ra R 220
R, = 220 ohms Iz, = 0.218 amp
FIGURE 8-4 @_
Er=—F1|.=? <R/ = R,= <& <
T ! 1 2 =
48VT|T $i00 2008 Re=400g

Given: Solution:

Py =? Py, = Iy Eg,

Iz, = 0.48 amp Pp = (0.48)(48)

Eg, = 48 volts Pr, = 23.04 watts
The power dissipated by resistor R, is:

Given: Solution:

Py, = ? Py, = Ip Eg,

Iz, = 0.218 amp P, = (0.218)(48)

Eg, = 48 volts Py, = 10.46 watts
The power dissipated by resistor R, is:

Given: Solution:

Py, = ? Py, = I Eg,

Iz, = 0.102 amp Py, = (0.102)(48)

Er, = 48 volts Pr. = 4.90 watts

3
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The total power is:

Solution:

Pr = Pg, + Py, + Pg,

P = 23.04 + 10.46 + 4.90
P, = 38.40 watts

Given:
PT =7
Pg, = 23.04 watts

Pg, = 10.46 watts
Pr. = 4.90 watts

3

The total power can also be determined using
Ohm’s law:

Given: Solution:
P.=? P, = LE,
L, = 0.80 amp P, = (0.80)(48)
E; = 48 volts P, = 38.4 watts

1. Four resistors, 2200 ohms, 2700 ohms,
3300 ohms, and 5600 ohms, are
connected in parallel with a battery rated
at 9 volts. Solve for all values of the
circuit.

SERIES-PARALLEL
CIRCUITS

Most circuits consist of both series and parallel cir-
cuits. Circuits of this type are referred to as series-
parallel circuits (Figure 8-5). The solution of most
series-parallel circuits is simply a matter of apply-
ing the laws and rules discussed earlier. Series
formulas are applied to the series part of the

FIGURE 8-5

Series-parallel circuit.

AAA

vy 1

m
I
|
i1l
AAA
vy
X
nN
AA
v
)

circuit, and parallel formulas are applied to the
parallel parts of the circuit.

EXAMPLE: Solve for all unknown quantities in
Figure 8-6. Given:

I,=7? E,=48volts, R, =?,P. =7

—

R, =8200hms Iy =? By =? Py =72
R, = 330 ohms Ig, =7 Eg, =7 P, =7
R, = 680 ohms Iy =? By =? Py =72
R, = 470 ohms Ig,=? Eg, =7 Pg, =7
R, = 1200ohms Iy =? By =? Py =72
R, =5600hms Iz =? By =? Py =7

To solve for total resistance (R;), first find the
equivalent resistance (R,) for parallel resistors R,
and R,. Then solve for the equivalent resistance of
resistors R, and R, (identified as Rg) and Ry and
R, (identified as Rg ). Then the equivalent resist-
ance (Rg, ) can be determined for Rg and Rg . Fi-
nally, find the total series resistance for R, and R;.

Given:
R, =7
R, = 330 ohms
R, = 680 ohms
Solution:
1 1 1
_—=— 4 —
Ra Ry Rs
1 1 1

_ — 4 —
R, 330 680
R, = 222.22 ohms
Redraw the circuit, substituting resistor R, for
resistors R, and R,. See Figure 8-7.

Now determine series resistance Rg for resis-
torsR, and R,.

Solution:

R, =Ry + Ry

RSl = 222.22 + 470
Rs, = 692.22 ohms

Given:

R, = 222.22 ohms
R, = 470 ohms

Determine series resistance Rg, for resistors
R, and R,.
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FIGURE 8-6 @ L

AAA

vy
R,=330Q L
vy
AAA R4 =470 Q
w R, = 680 O
R,=8200Q 3=
AAA, AAA
vy \AA4
Rg =560 Q R,=120Q _j
|
| T
if
ET =48V
FIGURE 8-7
AAA AAA
vy vy
R, =2222Q R,=470Q
M
R, =820 Q
AVAVAV Av‘v‘y
m Rg = 560 Q Rg =120 Q
I T
E;=48V
FIGURE 8-8 Given:
=
AAA, RB {
R. =69220 Rg, = 692.22 ohms
AAA. Sy~ .
80 Rg = 680 ohms
R,=820Q " .
Re, = 680 © Solution:
nn S2
b Lo
ET =48V RB RS] RSZ
1 1 1
= T
Ry 692.22 680
R, = 343.64 ohms
Given: Solution: Redraw the circuit using resistor R;. See Fig-
Rs, =72 Rs, = Rs + R¢ ure 8-9.
R, =120 ohms Ry =120 + 560 Now determine the total resistance in the
R, = 560 ohms Rs, = 680 ohms circult.
Redraw the circuit with resistors Rg and Rg.. Given: Solution:
See Figure 8-8. T T 1 B
Now determine the parallel resistance (R;) R, = 820 ohms R, = 820 + 343.64

for resistors Rg and Rg . R, = 343.64 ohms R, = 1163.64 ohms
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FIGURE 8-9
AAA AAA
vy vy
R,=820Q Rg = 343.64 Q

E;=48V | _j

i
it

The total current in the circuit can now be de-
termined using Ohm'’s law.

Given: Solution:
Ep
I =7 I = —
T T RT
48
E; = 48 volts I} =————
1163.64
R, = 1163.64 ohms 1 = 0.0412 amp or 41.2 mA

The voltage drop across resistor R, can now be
determined.

Given:
Iz, = 0.0412 amp
ER1 =7
R, = 820 ohms
Solution:
ERl
L. =
R, R,
ERl
0.0412 = —
820

Eg, = 33.78 volts

The voltage drop across equivalent resistance
R, is:

Given:
Iz, = 0.0412 amp

B

B

R, = 343.64 ohms

Solution:
ERB
L. =
Ry R,
ERB
0.0412 = ——
343.64

Eg, = 14.158 volts

The current through each branch in a parallel
circuit has to be calculated separately.
The current through branch resistance Rs is:

Given: Solution:
ERS
I =7 Ig. = :
Rsl Rs, RSI
14.158
Eg. = 14.158 volts g =
> s 692.22

Ry = 692.22 ohms Iz, = 0.0205 amps

The current through branch resistance Ry, is:

Given: Solution:
ERS
Iz =7 Iz = -
Rsi Rsl RSZ
14.158
Eg. = 14.158 volts g =
> > 680

680 ohms

Z
I

Iz, = 0.0208 amp

The voltage drop across resistors R, and R
can now be determined.

4

Given: Solution:
ERA
Iz, = 0.0205 amp g =
A RA
Eg,
Er =7 0.0205 = —————
A 222.22
R, = 222.22 ohms Eg, = 4.56 volts
Given: Solution:
ER4
Iz, = 0.0205 amp g =
4 4 R4
Eg,
Egr =7 0.0205 =
¢ 470

R, = 470 ohms Eg, = 9.64 volts
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The voltage drop across resistors R, and R, is:

Given: Solution:
Eg,
Iz. = 0.0208 amp Iz =
5 5 RS
Rs
Er. =7 0.0208 =
> 120

R, = 120 ohms Eg, = 2.50 volts

Given: Solution:
ER6
Iz = 0.0208 amp g =
6 6 R6
Re
Er =7 0.0208 =
¢ 560

R, = 560 ohms

o Eg, = 11.65 volts

The current through equivalent resistance R,
splits through parallel branches with resistors R,
and R,. Current through each resistor has to be
calculated separately.

The current through resistor R, is:

Given: Solution:
Bg,
g =7 Ix =
RZ RZ I{2
4.56
Egr = 4.56 volts g = ——
2 ’ 330
R, = 330 ohms Iz, = 0.0138 amp
Given: Solution:
Eg,
I =72 I, =
R, R, R;
E 4.56 volt I 4.56
= 4.56 volts = —
K 680
R, = 680 ohms Iz, = 0.00671 amp

Now the power dissipation through each re-
sistor can be determined. The power consumed by
resistor R, is:

Given: Solution:

Py = ? Py, = Iy By,

Iz, = 0.0412 amp Py, = (0.0412)(33.78)
B, = 33.78 volts Py = 1.39 watts

The power consumed by resistor R, is:

Given: Solution:
]?R2 = ? PRZ = IRZERZ
IR2 = 0.0138 amp PRZ = (0.0138)(4.56)

Eg = 4.56 volts

2

Pg, = 0.063 watt or 63 mW

The power consumed by resistor R, is:

Solution:

P, = I Eg,

Pg, = (0.00670)(4.56)

Pg, = 0.031 watt or 31 mW

Given:
P =7

3

Eg, = 4.56 volts
Iz, = 0.00670 amp

The power consumed by resistor R, is:

Given: Solution:

PR4 = ? PR4 = IR4ER4

Eg, = 9.64 volts Py, = (0.0205)(9.64)

Iz, = 0.0205 amp  Pg, = 0.20 watt or 200 mW

The power consumed by resistor Ry is:

Solution:

Pg, = Iz Eg,

Pg. = (0.0208)(2.50)

Pg, = 0.052 watt or 52 mW

Given:
Pr. =7

5

Eg. = 2.50 volts

5

Iz, = 0.0208 amp

The power consumed by resistor R is:

Given: Solution:

PR(, =7 PRG = IR(,ER(,

ERﬁ = 11.65 volts PR6 = (0.0208)(11.65)

IR<, = 0.0208 amp PRG = 0.24 watt or 240 mW

The total power consumption of the circuit is:
Given:
P =7
Py = 1.39 watts
Pp. = 0.063 watt
Pr. = 0.031 watt
0.20 watt
Pg, = 0.052 watt
Py, = 0.24 watt

]
o
Il
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FIGURE 8-10
AAA AAA
vy vy
R, =330 Q Ry =150 Q
AAA
MWy M AV
R, = 1kQ R,=470Q R, =270 Q
AAA AAA
vy \AA4
Rg = 560 Q R = 680 Q
It
E =24V
Solution: In Chapters 4-6, the concept of connecting
Py = Py, + Pg, + Pg, + Py, + Pg + Py, resistors in series was presented. Ohm’s law (pre-
P, =139+ 0.063 + 0.031 + 0.20 + 0.052 + 0.24 sented in Chapter 5) is one of the most important
P. = 1.98 watts concepts to understand because power formulas,

The total power consumption could also be
determined by the use of the power formula.

Given: Solution:

P.=7? Pr = E{L;

E; = 48 volts P, = (48)(0.0413)
L, = 0.0413 amp P, = 1.98 watts

1. Solve for all unknown values in
Figure 8-10.

e VOLTAGE DIVIDERS

One of the more common uses of resistors is
voltage division, which is used extensively in
electronics. Voltage dividers are often used to
set a bias or operating point of various active
electronic components such as transistors or in-
tegrated circuits. A voltage divider is also used
to convert a higher voltage to a lower one so
that an instrument can read or measure a volt-
age above its normal range. This is often re-
ferred to as scaling.

voltage dividers, current dividers, and so on can
all be traced back to and solved by it. Ohm’s law
states that the current through a circuit is directly
proportional to the voltage across the circuit and
inversely proportional to the resistance.

voltage
current = ——————
resistance
E
I1=—
R

That the current is directly proportional to the
voltage across the circuit is a very simple yet pro-
found statement. The first part of the statement
simply means that as the voltage changes, so does
the current, and the change is in the same direc-
tion (i.e., if the voltage increases, then the cur-
rent increases; similarly, if the voltage decreases,
then the current decreases). The second part of
Ohm'’s law states that current is inversely propor-
tional to resistance. Inversely proportional simply
means that when one thing occurs, the opposite
happens to the other quantity. In this case, if re-
sistance increases, then current decreases.

Figure 8-11 depicts the simplest of circuits. It
has a single voltage source of 10 volts, which is con-
nected to a single 10-k{ resistor. By Ohm’s law,
1 milliampere of current is flowing in this circuit.
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FIGURE 8-11
Simple circuit.
ET = E :: R=
10V T < 10 kQ
I=1mA —j
FIGURE 8-12

Simple voltage divider.

AAA
v

—
oI'I'I
<1
]
1

<&
I=1mA

E
1=—

R
1= 10/10000

I1=0.001 AorlmA

In Figure 8-12, the original 10-k() resistor in
Figure 8-11 is shown divided into two equal re-
sistors, R, and R,. This circuit still has the same to-
tal resistance as Figure 8-11 and therefore has the
same amount of current flowing through it (i.e., 1
mA). Ohm’s law can be used to determine the
voltage across each of the resistors.

E,
II =
R,

0.001 = E,/5000
5V =E,

Therefore

E
)
R,

0.001 = EZ/SOOO
5V =E,

The voltage drop across R, and R, has effectively
divided the source voltage of 10 volts in half.

Now, let us take Figure 8-12 another step and
divide resistor R, into two resistors, R, and R,,
which are 4 kQ and 1 k(), as shown in Figure
8-13. As far as the voltage source is concerned,
nothing has really changed in the circuit because
the total resistance is still 10 k€. There is still 1 mA
of current flowing in the circuit. The important
difference is that now there are multiple voltage
drops. The voltage drop at the junction of R, and
R, is still 5 volts. However, at the junction of R,
and R, to the ground reference point, the voltage
drop is 1 volt.

The product of this discussion is depicted in
Figure 8-14. It represents a 10-volt voltage source
connected to a 10-k() potentiometer, or pot. As the
wiper moves up and down, the overall value of
the pot does not change as in the earlier examples.
However, the value of the resistance between the
wiper and the top of the pot does, thus effectively
creating a two-resistor divider of any value where
the resistors can be between zero and the value of
the pot. This is a common control used to set volt-
ages, audio levels (volume control), and so on. A
word of warning: This voltage divider action is
predictable only when these simple circuits are
connected to resistances greater than they are. For
example, if the 1-volt drop in Figure 8-13 were
supplying a load less than approximately 10-k(},
then, because it is in parallel with R,, the load
would reduce its value, thus changing the voltage
divider action (Figure 8-15).

What may not be obvious is that voltage di-
viders work on a ratio principle. Look at Figure
8-12. Resistor R, is 5 k{2, which just happens to
be half (or 50%) of the total network. It also hap-
pens to have half (or 50%) of the total supplied
voltage dropped across it. Inspection of Figure
8-13 depicts a similar event occurring. Resistor R,
is 1 kQ, which just happens to be one-tenth (or
10%) of the total network resistance. In this case,
the voltage dropped across it is 10% of the sup-
plied voltage, or 1 volt. The voltage R, remains
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FIGURE 8-13 @
—_——
Voltage divider.
> R —
3: 5kQ
A
Er==— > $ R,=
10V T 4kQ
E, =
A
B ¢ C\D Y
< 1kQ 1V
I=1mA
FIGURE 8-14 FIGURE 8-15 @_
Voltage divider application. Voltage divider with load.
>R =
3: 5kQ
ET = E R= ::
10V T 10kQ @
_j T $he-
10V T T 4kQ
I=1mA
< R;= <R, =
_j $ 1k $ 10k
unchanged because the sum of the resistances R, I=1mA

and R, make up R, voltage, and their combined
value is still 5 k().

A generalization can be stated for voltage di-
viders of this nature. The voltage drop is equal to
the percentage of the dropping resistor to the sum
of the dropping network.

E _ Esource X RDrop
oy = ————
P RTotal

The next example (Figure 8-16) is a more
practical example of a real-world voltage divider.
The voltage source is the standard automotive ac-
cessory power source of 14.8 volts. What is de-

sired is a voltage-divider network that will divide
this 14.8-volt source into a lower-voltage source
specified by the manufacturer of a tape or CD
player. The first voltage desired is 3 volts, and the
load for this voltage will draw 150 mA. The sec-
ond voltage required is 6 volts, and this voltage’s
load will draw 400 mA. The final voltage required
is 9 volts, and its load draws 600 mA. Reviewing
Figure 8-16 indicates that both series and parallel
networks are involved. It is necessary to know the
load currents for each voltage in advance.
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FIGURE 8-16

Real-world voltage divider.
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At first glance, the design of this circuit may
seem very complex. In reality it is a simple process.
Refer to Figure 8-17. Selecting the amount of cur-
rent that is desired to flow through resistor R,
starts the process. In this example, an arbitrary
value of 10 mA was chosen.

Next, inspect junction A between resistors R,
and R,. At this point, there is current summing or
addition. There is 10 mA of current flowing
through R, and it is joined or summed with 150
mA of current through the 3-volt load, R, ,. This
means that a total of 160 mA of current is flowing
through resistor R,.

At junction B between resistors R, and R,,
there is another summation process. The 400 mA
of current flowing through the 6-volt load now
joins the 160 mA of current through R,. The total
amount of current flowing through resistor R, is
this summation, or 560 mA.

Junction C has 560 mA of current entering it
through the divider chain, and it is summed with
the current from the 9-volt load, which is 600 mA.
This summation becomes the total current flow-

ing through the final resistor R, to be a value of
1160 mA, or 1.16 A.

The final step in the process is calculating the
values of R}, R,, R,, and R,. These calculations in-
volve nothing more than applying Ohm’s law.
Again, start at the bottom of the network with re-
sistor R,. At this point in the circuit, it is determined
that there is only the previously selected 10 mA of
current flowing. The desired voltage at junction A is
3 volts. Therefore, the following relationships exist:

E
I, =—

Ry

3
0.01 = —
R4

300 0 = R

The calculation of R, is only slightly more dif-
ficult. From the previous calculations, the total
current flowing through the resistor was deter-
mined to be 160 mA. Remember that voltage di-
viders are ratios, or the relation of one potential
point to another. The desired voltage junction B is
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FIGURE 8-17
Analyzing the circuit.
Total 1160mA <
or 1.16A
10MA + 150mA + 400mA + RS
600mA 9
@ 9V @ 600mA ﬂ
10mA + 150mA + 400mA R, $ 3
< <
148 = ‘
e 6V @ 400mA 41
10mA + 150mA R.$ > 3
3Q b3
@ 3V @ 150mA
< ‘ I <
10mA y R4 :: 1:
—

6 volts. However, this voltage is not used in the
calculation. Junction B is above junction A, which
has been established at 3 volts. Therefore, junc-
tion Bis 6 V. — 3V, or 3 V greater than junction A.
This value is used in the calculation of resistor R,.

E
L ==>

R;

3
0.160 = —
R;
18.75 Q0 = R,

The process is repeated in the calculation of
R,. The current flowing through R, is 560 mA. The
desired voltage at junction A is 9 volts. Junction A
is9V — 6V, or 3 volts more than at junction B.

E
==

R,

3

0.560 = —
R,
536 ) = R,

The final calculation to determine the value of
resistor R, is somewhat different. In this case, the

total current flowing through the circuitsis 1.16 A.
In this example, the junction A desired voltage is 9
volts. The source voltage is 14.8 volts; therefore,
resistor R, must drop 14.8 V — 9V, or 5.8 volts.

E

I =—"
R,

5.8
1.16 = —
R,

50 =R,

As in the real world, the resistor values re-
quired in this circuit are not exact values but are
rounded (Figure 8-18).

NOTE: THE VALUES OF RESISTORS INDICATED BY THE
COMPUTER SIMULATIONS WILL NOT PRECISELY MATCH
THE CALCULATED VALUES. AGAIN, THIS IS A REAL-WORLD
SIMULATION, AND THE RESISTORS’ VALUES ARE NOT
CARRIED PAST 1 OHM.

A REAL-WORLD AMMETER HAS SOME INTERNAL
RESISTANCE ASSOCIATED WITH IT, AND A REAL-WORLD
VOLTMETER HAS SOME CURRENT FLOWING THROUGH IT.
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FIGURE 8-18

Determining the resistor values.

@_

<~
10mA + 150mA + 400mA
+ 600mA = 1160mA

10mA + 150mA + 400mA
=560mA

14.8VDC —=

10mA + 150mA = 160mA

10mA I

@ 3V @ 150mA

AAA,

9V @ 600mA 41
< R2

< b3

€536Q <
6V @ 400mA 4—1

< R <

218750 2

v

< R4 I S
$ 3000 >

v

BOTH OF THESE DEVICES WILL CAUSE THE DISPLAYED
VALUES TO BE SLIGHTLY DIFFERENT FROM THOSE
CALCULATED.

COMPUTER SIMULATIONS USE CALCULATED VALUES,
AND THIS PRESENTS A COMMON PROBLEM IN
ELECTRONICS. COMPONENTS ARE MANUFACTURED IN
STANDARD VALUES, AND USUALLY ONLY THESE VALUES ARE
AVAILABLE WHEN A CIRCUIT NEEDS TO BE CONSTRUCTED.

THE ONLY WAY TO OBTAIN A RESISTOR SUCH AS
RESISTOR R, (5.36 €2) OR R, (18.75 €2) IS TO SPEND A
LARGE AMOUNT OF MONEY FOR A CUSTOM-MADE
RESISTOR. THE STUDENT SHOULD REALIZE THE GOAL IS
ALMOST ALWAYS TO DESIGN AND BUILD PRACTICAL AND
ECONOMICAL EQUIPMENT. THE USE OF PRECISION
COMPONENTS OFTEN INCREASES COSTS WITH LITTLE OR
NO BENEFIT.

1. What function does a voltage divider
perform?

2. What is a common function for voltage
dividers?

3. What principle do voltage dividers
work on?

4. What generalization can be stated for
voltage dividers?

5. Design a voltage divider to use a 14.8-V
voltage source to control a 3 V load at
300 mA.

FXEJ WHEATSTONE BRIDGE

A Wheatstone bridge is a measuring instrument
that was invented by Samuel Hunter Christie in
1833. In 1843, a talented and versatile scientist
named Sir Charles Wheatstone improved on the
original design of the Wheatstone bridge. He did
not claim to have invented the circuit named af-
ter him, but he was the first to use the circuit ef-
fectively for making resistance measurements.
The Wheatstone bridge consists essentially of
two voltage dividers (Figure 8-19). It is used to
measure an unknown electrical resistance by bal-
ancing one leg of which includes the unknown
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FIGURE 8-19
A Wheatstone bridge consists of two voltage dividers.

$ $
2 2 s
E, —
T o o
Voltmeter
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Ammeter
< -
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component against another leg of known compo-
nents with one being variable.

In the circuit, R, is the unknown resistor value.
R is a potentiometer and is adjusted until the volt-
age from the second voltage divider is equal to volt-
age from the voltage divider containing R,. When
the voltage values are equal, the bridge is said to be
balanced. The balance point can be detected by
connecting either a voltmeter or an ammeter
across the output terminals. Both meters will give
a zero reading when a balance is achieved.

NOTE: ADIGITAL METER WORKS WELL FOR THIS
APPLICATION.

In a balanced circuit, the ratioR, / R AlS equal
to the ratio R, / R...

Rx _Rg
Ry Rc
Therefore:
Ry X Ry
X = Re

In other words, if the values of R,, R, and R
are known, it is easy to calculate R,. R. would

FIGURE 8-20
Wheatstone bridge schematic.

have to be measured with a meter to determine
its value after adjusting for a zero reading. In an
actual Wheatstone bridge test instruments, R,
and R; are fixed and R_. is adjusted and R, can be
easily read off a sliding scale connected to R...

The circuit for a Wheatstone bridge as designed
by Wheatstone is shown in Figure 8-20. This is
how the circuit is drawn for applications using it.

Variations on the Wheatstone bridge can be
used to measure capacitance, inductance, and im-
pedance. Wheatstone bridge circuits are rarely
used today to measure resistance values. They are
now used for designing sensing circuits such as:
strain gauges for transforming a strain applied, to
a proportional change of resistance and are widely
used in industry; variometers to detect changes in
air pressure to alerting glider pilots to updrafts or
thermals so height can be gained allowing for
longer flights; and explosimeters for sampling the
amount of combustible gases in a space.

1. Who invented the Wheatstone bridge?

2. What is the Wheatstone bridge circuit
constructed of?
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3. When the meter reads zero, what does
this mean?

4. What is the value of R, when R, and R,
are 10 k() each and R_. is 96,432 ()?

5. What are other quantities that can be
measured using the Wheatstone bridge
concept?

6. What applications are used today for the
Wheatstone bridge?

I

SUMMARY

e A series circuit provides only one path for
current flow.

¢ Formulas governing the operation of a
series circuit include:

=1 =Ig =Ig ...=1Ip

1 2 3

R, =R, +R,+R,...+R,
Er = Ep, + Eg, + Eg, ... + Eg,

I=E/R
Pr =Py + Py + Py ...+ Pp
¢ A parallel circuit provides more than one
path for current flow.

¢ Formulas governing the operation of a
parallel circuit include:

I =g, + Iy, + Ig, ... + Iy

1 1 1 1 1
— =t =t — 4=
Rt R R, R; R,
Ep = By, = By, = B, ... = Eg.
I=E/R

Pr =Py + Py + Py ...+ Py

e Series-parallel circuits are solved by using
series formulas for the series parts of the
circuit and parallel formulas for the
parallel parts of the circuit.

e Voltage dividers are used to set the bias or
operating point of active electronic
components.

¢ A Wheatstone bridge is used to measure
an unknown electrical resistance.

CHAPTER 8 SELF-TEST

1. Solve for all unknown quantities in the circuits shown.

R, =150Q
(A) AA

vy

_ — <
E;=30V = > R, =300 Q

AAA,

©)

ET=3OV§

(B)
Er=30V= 3 3
1=3%0V= R _1500% R,-3000%¥
R, =100 0
AAA
vy
R,=50Q
AAA

vy

Ry =150 Q

AAA

vy



CHAPTER 9

Magnetism

OBJECTIVES
After completing this chapter, the student will be able to:

96

Identify three types of magnets.

Describe the basic shapes of magnets.

Describe the differences between permanent magnets and temporary magnets.
Describe how the earth functions as a magnet.

State the laws of magnetism.

Explain magnetism based on the theory of atoms and electron spin.
Explain magnetism based on the domain theory.

Identify flux lines and their significance.

Define permeability.

Describe the magnetic effects of current flowing through a conductor.
Describe the principle of an electromagnet.

Describe how to determine the polarity of an electromagnet using the left-
hand rule.

Define magnetic induction.

Define retentivity and residual magnetism.

Define a magnetic shield.

Describe how magnetism is used to generate electricity.
State the basic law of electromagnetism.

Describe how the left-hand rule for generators can be used to determine the
polarity of induced voltage.

Describe how AC and DC generators convert mechanical energy into electrical
energy.

Describe how a relay operates as an electromechanical switch.
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e Discuss the similarities between a doorbell and a relay.

¢ Discuss the similarities between a solenoid and a relay.

¢ Describe how a magnetic phonograph cartridge works.

e Describe how a loudspeaker operates.

¢ Describe how information can be stored and retrieved using magnetic recording.

¢ Describe how a DC motor operates.

See accompanying CD for interactive presentations and tutorials relating to

Chapter 9.

Electricity and magnetism are inseparable. To un-
derstand electricity means to understand the re-
lationship that exists between magnetism and
electricity.

Electric current always produces some form
of magnetism, and magnetism is the most com-
mon method for generating electricity. In addi-
tion, electricity behaves in specific ways under the
influence of magnetism.

This chapter looks at magnetism, electromag-
netism, and the relationship between magnetism
and electricity.

Pl MAGNETIC FIELDS

The word magnet is derived from magnetite, the
name of a mineral found in Magnesia, a part of
Asia Minor. This mineral is a natural magnet. An-
other type of magnet is the artificial magnet. This
magnet is created by rubbing a piece of soft iron
with a piece of magnetite. A third type of magnet
is the electromagnet. It is created by current flow-
ing through a coil of wire.

Magnets come in various shapes (Figure 9-1).
Among the more common shapes are the horse-
shoe, the bar or rectangle, and the ring.

Magnets that retain their magnetic properties
are called permanent magnets. Magnets that retain
only a small portion of their magnetic properties
are called temporary magnets.

FIGURE 9-1
Magnets come in various sizes and shapes.

Magnets are made of metallic or ceramic ma-
terials. Alnico (aluminum, nickel, and cobalt) and
Cunife (copper [Cu], nickel, and Iron [Fe]) are two
metallic alloys used for magnets.

The earth itself is a huge magnet (Figure 9-2).
The earth’s magnetic North and South Poles are sit-
uated close to the geographic north and south poles.
If a bar magnet is suspended, the magnet aligns in a
north-south direction, with one end pointing to-
ward the North Pole of the earth and the other to-
ward the South Pole. This is the principle behind the
compass. It is also the reason the two ends of the
magnet are called the north pole and the south pole.

Magnets align in a north-south direction be-
cause of laws similar to those of positive and neg-
ative charges: Unlike magnetic poles attract each
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FIGURE 9-2

FIGURE 9-4

The earth’s magnetic north and south poles are situated close
to the geographic North and South Poles.
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FIGURE 9-3

The domains in unmagnetized material are randomly
arranged with no overall magnetic effect.

£ DOy &
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other and like magnetic poles repel each other.
The color code for a magnet is red for the north
pole and blue for the south pole.

Magnetism, the property of the magnet, can be
traced to the atom. As electrons orbit around the
nucleus of the atom, they spin on their axis, like
the earth as it orbits the sun. This moving electro-
static charge produces a magnetic field. The direc-
tion of the magnetic field depends on the
electron’s direction of spin. Iron, nickel, and
cobalt are the only naturally magnetic elements.
Each of these materials has two valence electrons
that spin in the same direction. Electrons in other

When material becomes magnetized, all the domains align in
a common direction.

(NS] (NS] (NS] (NS] (NS] (NS] (NS]
(NS] (NS] (NS] (NS] (NS] (NS] (NS]

)W

materials tend to spin in opposite directions and
this cancels their magnetic characteristics.

Ferromagnetic materials are materials that re-
spond to magnetic fields. In ferromagnetic mate-
rials, the atoms combine into domains, or groups
of atoms arranged in the form of magnets. In an
unmagnetized material, the magnetic domains
are randomly arranged, and the net magnetic ef-
fect is zero (Figure 9-3). When the material be-
comes magnetized, the domains align in a
common direction and the material becomes a
magnet (Figure 9-4). If the magnetized material is
divided into smaller pieces, each piece becomes a
magnet with its own poles.

Evidence of this “domain theory” is that if
a magnet is heated, or hit repeatedly with a
hammer, it loses its magnetism (the domains
are jarred back into a random arrangement).
Also, if an artificial magnet is left by itself, it
slowly loses its magnetism. To prevent this loss,
bar magnets should be stacked on top of each
other with opposite poles together; keeper bars
should be placed across horseshoe magnets
(Figure 9-5). Both methods maintain the mag-
netic field.

A magnetic field consists of invisible lines of
force that surround a magnet. These lines of force
are called flux lines. They can be “seen” by placing
a sheet of paper over a magnet and sprinkling iron
filings on the paper. When the paper is lightly
tapped, the iron filings arrange themselves into a
definite pattern that reflects the forces attracting
them (Figure 9-6).
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FIGURE 9-5 The characteristic that determines whether a
To prevent loss of magnetism, (A) bar magnets are stacked substance is ferromagnetic or not is called perme-
on top of each other, and (B) keeper bars are placed across ability. Permeability is the ability of a material to
horseshoe magnets. accept magnetic lines of force. A material with

great permeability offers less resistance to flux
lines than air.

1. What are the three types of magnets?
2. What are the basic shapes of magnets?

3. How are the ends of a magnet identified?
4. What are the two laws of magnetism?
5. What are flux lines?

IR

KEEPER BAR

- ELECTRICITY AND
MAGNETISM
When current flows through a wire, it generates
FIGURE 9-6 a magnetic field around the wire (Figure 9-7). This
Magnetic lines of flux can be seen in patterns of iron filings. can be shown by placing a compass next to a wire

that has no current flowing through it. The com-
pass aligns itself with the earth’s magnetic field.
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BN vt A current flowing through a conductor creates a magnetic
S NN field around the conductor.
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Flux lines have several important characteris-
tics: They have polarity from north to south. They
always form a complete loop. They do not cross

. o / \— FLUX LINES
each other because like polarities repel. They tend

to form the smallest loop possible, because unlike \
poles attract and tend to pull together. CURRENT FLOW
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When current passes through the wire, however,
the compass needle is deflected and aligns itself
with the magnetic field generated by the current.
The direction of the flux lines is indicated by the
North Pole of the compass. The direction of the
flux lines can also be determined if the direction
of the current flow is known. If the wire is
grasped with the left hand, with the thumb
pointing in the direction of current flow, the fin-
gers point in the direction of the flux lines (Fig-
ure 9-8). When the polarity of the voltage source
is reversed, the flux lines are also reversed.

If two wires are placed next to each other
with current flowing in opposite directions, they
create opposing magnetic fields that repel each
other (Figure 9-9). If the two wires carry current

FIGURE 9-8

FIGURE 9-9

When current flows in opposite directions through two
conductors placed next to each other, the resulting magnetic

fields repel each other.

Determining the direction of the flux lines around a conductor when the direction of the current flow is known (left hand rule for

conductors).
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FIGURE 9-10

When current flows in the same direction through two
conductors placed next to each other, the magnetic fields
combine.

flowing in the same direction, the fields combine
(Figure 9-10).

A single piece of wire produces a magnetic
field with no north or south pole and little
strength or practical value. If the wire is twisted
into a loop, three things occur. One, the flux lines
are brought together. Two, the flux lines are con-
centrated at the center of the loop. Three, a north
and south pole are established. This is the princi-
ple of the electromagnet.

An electromagnet is composed of many turns
of wire close together. This allows the flux lines
to add together when a current flows through
the wire. The more turns of wire, the more flux
lines are added together. Also, the greater the
current, the greater the number of flux lines gen-
erated. The strength of the magnetic field, then,
is directly proportional to the number of turns in
the coil and the amount of current flowing
through it.

A third method of increasing the strength of
the magnetic field is to insert a ferromagnetic core
into the center of the coil. An iron core is typically
used because it has a higher permeability (can
support more flux lines) than air.

To determine the polarity of the electromag-
net, grasp the coil with the left hand, with the fin-
gers pointing in the direction of the current flow.
The thumb then points in the direction of the
north pole (Figure 9-11).

1. How can a magnetic field be shown
to exist when a current flows through
a wire?

2. How can the direction of flux lines
around a wire be determined?

3. What happens when two current-
carrying wires are placed next to each
other with the current flowing in:

a. The same direction?
b. Opposite directions?

4. What are three ways to increase the
strength of an electromagnetic field?

5. How can the polarity of an electromagnet
be determined?

SN MAGNETIC INDUCTION

Magnetic induction is the effect a magnet has on an
object without physical contact. For example, a
magnet may induce a magnetic field in an iron
bar (Figure 9-12). In passing through the iron
bar, the magnetic lines of force cause the domains
in the iron bar to align in one direction. The iron
bar is now a magnet. The domains in the iron bar
align themselves with their south pole toward
the north pole of the magnet, because opposite
poles attract. For the same reason, the iron bar is
drawn toward the magnet. The flux lines now
leave from the end of the iron bar; the iron bar is
an extension of the magnet. This is an effective
way to increase the length or change the shape of
a magnet without physically altering it.
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FIGURE 9-11

Determining the polarity of an electromagnet.

When the magnet and iron bar are separated,
the domains in the iron bar return to their random
pattern, although a few domains remain in
north—south alignment, giving the iron bar a weak
magnetic field. This remaining magnetic field is
called residual magnetism. The ability of a material
to retain its magnetic field after the magnetizing
force is removed is called retentivity. Soft iron has
low retentivity. Alnico, an alloy made of alu-
minum, nickel, and cobalt, has high retentivity.

Flux lines can be bent by inserting a low-
reluctance material in front of the magnetic field.
Low-reluctance materials are called magnetic shields.

An example is the material called Mu-metal. The
magnetic shield is placed around the item to be
protected. Electronic equipment, especially oscillo-
scopes, require shielding from magnetic flux lines.

Electromagnetic induction is the principle be-
hind the generation of electricity: When a con-
ductor passes or is passed by a magnetic field, a
current is produced (induced) in the conductor.
As the conductor passes through the magnetic
field, free electrons are forced to one end of the
conductor, leaving a deficiency of electrons at
the other end. This results in a difference of po-
tential between the ends of the conductor. This
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FIGURE 9-12

Placing an iron bar in a magnetic field extends the magnetic field and magnetizes the iron bar.

difference of potential exists only when the con-
ductor is passing through a magnetic field.
When the conductor is removed from the mag-
netic field, the free electrons return to their par-
ent atoms.

For electromagnetic induction to occur, either
the conductor must move or the magnetic field
must move. The voltage produced in the conduc-
tor is called induced voltage. The amount of induced
voltage is determined by the strength of the mag-
netic field, the speed with which the conductor
moves through the magnetic field, the angle at
which the conductor cuts the magnetic field, and
the length of the conductor.

The stronger the magnetic field, the greater the
induced voltage. The faster the conductor moves
through the field, the greater the induced voltage.
Motion between the conductor and the magnetic
field can be produced by moving the conductor, the
magnetic field, or both. The maximum voltage is
induced when the conductor moves at right angles
to the field. Angles less than 90 degrees induce less
voltage. If a conductor is moved parallel to the flux
lines, no voltage is induced. The longer the con-
ductor, the greater the induced voltage.

IRON BAR

Faraday’s law, the basic law of electromagnet-
ism, states: The induced voltage in a conductor is
directly proportional to the rate at which the con-
ductor cuts the magnetic lines of force.

The polarity of an induced voltage can be de-
termined by the following left-hand rule for gener-
ators: The thumb, index finger, and middle finger
are held at right angles to each other (Figure 9-13).
The thumb points in the same direction as the
motion of the conductor, the index finger points in
the direction of the flux lines (north to south), and
the middle finger points toward the negative end of
the conductor, the direction of the current flow.

1. How can the length of a magnet be
increased without physically altering
the magnet?

2. What is residual magnetism?

3. How does a magnetic shield work?

4. How is electromagnetic induction used to
generate electricity?

IO
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FIGURE 9-13

The left-hand rule for generators can be used to determine the direction of the induced current flow in a generator.

MOTION

MAGNETIC AND
ELECTROMAGNETIC
APPLICATIONS

An alternating current (AC) generator converts
mechanical energy to electrical energy by utilizing
the principle of electromagnetic induction. The
mechanical energy is needed to produce motion
between the magnetic field and the conductor.
Figure 9-14 shows a loop of wire (conductor)
being rotated (moved) in a magnetic field. The
loop has a light and dark side for ease of explana-
tion. At the point shown in part A, the dark half is
parallel to the lines of force, as is the light half. No
voltage is induced. As the loop is rotated toward
the position shown in part B, the lines of force are

FLUX

CURRENT

cut and a voltage is induced. The induced voltage
is greatest at this position, when the motion is at
right angles to the magnetic field. As the loop is
rotated to position C, fewer lines of force are cut
and the induced voltage decreases from the max-
imum value to zero volts. At this point the loop
has rotated 180 degrees, or half a circle.

The direction of current flow can be deter-
mined by applying the left-hand rule for genera-
tors. The direction of current flow at position B is
shown by the arrow. When the loop is rotated to
position D, the action reverses. As the dark half
moves up through the magnetic lines of force and
the light half moves down, applying the left-hand
rule for generators shows that the induced voltage
changes polarities. The voltage reaches a peak at
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FIGURE 9-14

FIGURE 9-15

Induced voltage in an AC generator.

(A)

(B)

‘o

(E)

L

position D and decreases until the loop reaches
the original position. The induced voltage has
completed one cycle of two alternations.

The rotating loop is called an armature and
the source of the electromagnetic field is called
the field. The armature can have any number of
loops. The term “armature” refers to the part that
rotates in the magnetic field, regardless of
whether it consists of one loop or multiple loops.
The frequency of the alternating current or voltage
is the number of complete cycles completed per
second. The speed of rotation determines the fre-
quency. An AC generator is often called an alfer-
nator because it produces alternating current.

Induced voltage in a DC generator.

(A)

(B)

=

(E)

[E S A

A direct current (DC) generator also converts
mechanical energy into electrical energy. It func-
tions like an AC generator with the exception that
it converts the AC voltage to DC voltage. It does
this with a device called a commutator, as shown in
Figure 9-15. The output is taken from the com-
mutator, a split ring. When the loop is rotated
from position A to position B, a voltage is induced.
The induced voltage is greatest as the motion is at
right angles to the magnetic field. As the loop is
rotated to position C, the induced voltage de-
creases from the maximum value to zero. As the
loop continues to rotate to position D, a voltage is
induced, but the commutator reverses the output
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FIGURE 9-16

FIGURE 9-17

Examples of various types of relays.

polarity so that it remains the same as before. The
loop then returns to the original position, E. The
voltage generated from the commutator pulsates,
but in one direction only, varying twice during
each revolution between zero and maximum.

A relay is an electromechanical switch that
opens and closes with an electromagnetic coil
(Figure 9-16). As a current flows through the
coil, it generates a magnetic field that attracts the
plunger, pulling it down. As the plunger is pulled
down, it closes the switch contacts. When the
current through the coil stops, a spring pulls the
armature back to its original position and opens
the switch.

A relay is used where it is desirable to have
one circuit control another circuit. It electrically
isolates the two circuits. A small voltage or current
can control a large voltage or current. A relay can
also be used to control several circuits some dis-
tance away.

A doorbell is an application of the relay. The
striker to ring the bell is attached to the plunger.
As the doorbell is pressed, the relay coil is ener-
gized, pulling down the plunger and striking the
bell. As the plunger moves down, it opens the cir-
cuit, de-energizing the relay. The plunger is pulled
back by the spring closing the switch contacts, en-

Examples of types of solenoids.

ergizing the circuit again, and the cycle repeats
until the button is released.

A solenoid is similar to a relay (Figure 9-17). A
coil, when energized, pulls a plunger that does
some mechanical work. This is used on some door
chimes where the plunger strikes a metal bar. It is
also used on automotive starters. The plunger
pulls the starter gear in to engage the flywheel to
start the engine.

Phonograph pickups use the electromagnetic
principle. A magnetic field is produced by a per-
manent magnet that is attached to a stylus (nee-
dle). The permanent magnet is placed inside a
small coil. As the stylus is tracked through the
groove of a record, it moves up and down and
from side to side in response to the audio signal
recorded. The movement of the magnet in the coil
induces a small voltage that varies at the audio
signal response. The induced voltage is then am-
plified and used to drive a loudspeaker, reproduc-
ing the audio signal.

Loudspeakers are used for all types of audio
amplification. Most speakers today are con-
structed of a moving coil around a permanent
magnet. The magnet produces a stationary mag-
netic field. As current is passed through the coil,
it produces a magnetic field that varies at the rate
of the audio signal. The varying magnetic field of
the coil is attracted and repelled by the magnetic
field of the permanent magnet. The coil is at-
tached to a cone that moves back and forth in re-
sponse to the audio signal. The cone moving back
and forth moves the air, reproducing the audio
sound.
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Magnetic recording is used for cassette
recorders, video recorders, reel-to-reel recorders,
floppy disk drives, and hard disk drives. All these
devices use the same electromagnetic principle to
store information. A signal is stored on the tape or
disk with a record head, to be read back later with
a playback head. In some equipment the record
and playback head are combined in one package
or they may be the same head. The record and
playback head are a coil of wire with a ferromag-
netic core. In a tiny gap between the ends of the
core is a magnetic field. As the storage medium, a
piece of material covered with iron oxide, is
pulled across the record head, the magnetic field
penetrates the type, magnetizing it. The informa-
tion is written on it in a magnetic pattern that cor-
responds to the original information. To play back
or read the information, the medium is moved
past the gap in the playback head. The changing
magnetic field induces a small voltage into the coil
winding. When this voltage is amplified, the orig-
inal information is reproduced.

The operation of a DC motor depends on the
principle that a current-carrying conductor, placed
in and at right angles to a magnetic field, tends to
move at right angles to the direction of the field.
Figure 9—18A shows a magnetic field extending be-
tween a north pole and south pole. Figure 9-18B
shows the magnetic field that exists around a
current-carrying conductor. The plus sign implies
that the current flows inward. The direction of the
flux lines can be determined using the left-hand
rule. Figure 9-18C shows the conductor placed in
the magnetic field. Note that both fields become
distorted. Above the wire, the field is weakened,
and the conductor tries to move upward. The
amount of force exerted upward depends on
the strength of the field between the poles and the
amount of current flowing through the conductor.
If the current through the conductor is reversed
(Figure 9-18D), the direction of the magnetic flux
around the conductor is reversed. If this occurs, the
field below the conductor is weakened and the
conductor tends to move downward.

FIGURE 9-18
Operation of a DC motor.

A method of determining the direction of a
current-carrying conductor in a magnetic field
uses the right-hand motor rule: When the thumb,
index finger, and middle finger of the right hand
are extended at right angles to each other, the
middle finger points in the direction of current
flow in the conductor; the index finger indicates
the magnetic field from the north pole to the
south pole; the thumb points in the direction of
the motion of the conductor.

The force acting on a current-carrying con-
ductor in a magnetic field depends on the strength
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of the magnetic field, the length of the conduc-
tor, and the amount of current flowing in the
conductor.

If a loop of wire, free to rotate horizontally, is
placed between the two poles of a magnet, the
loop spins as the poles repel each other. The cur-
rent flows in one direction on one side of the loop
and in the other direction on the other side of the
loop. One side of the loop moves down and the
other side of the loop moves upward. The loop ro-
tates in a counterclockwise direction around its
axis. A commutator reverses the direction of cur-
rent flow in the loop every time it reaches the top
or zero torque position. This is how a DC motor
rotates. The loop or armature rotates in a mag-
netic field. Permanent magnets or electromagnets
may produce this field. The commutator reverses
the direction of current through the armature.
Note the resemblance between a DC motor and a
DC generator.

The basic meter movement uses the principle
of the DC motor. It consists of a stationary per-
manent magnet and a moveable coil. When the
current flows through the coil, the resulting
magnetic field reacts with the field of the perma-
nent magnet and causes the coil to rotate. The
greater the current flow through the coil, the
stronger the magnetic field produced. The stronger
the magnetic field produced, the greater the rota-
tion of the coil. To determine the amount of cur-
rent flow, a pointer is attached to the rotating coil.
As the coil turns, the pointer also turns. The pointer
moves across a graduated scale and indicates the
amount of current flow. This type of meter move-
ment is used for analog meters such as voltmeters,
ammeters, and ohmmeters.

A conductor carrying current can be deflected
(moved) by a magnetic field. It is not the conduc-
tor that is deflected, but the electrons traveling in
the conductor. The electrons are restricted to the
conductor, so the conductor also moves. Electrons
can travel through other media. In the case of tel-
evision picture tubes, electrons travel through a
vacuum to strike a phosphor screen where they

emit light. The electrons are produced by an elec-
tron gun. By varying the electron beam over the
surface of the picture screen, a picture can be cre-
ated. To move the beam back and forth across the
screen, two magnetic fields deflect the beam. One
magnetic field moves the beam up and down the
screen and the other magnetic field moves the
beam from side to side. This method is used in tel-
evision, radar, oscilloscopes, computer terminals,
and other applications where a picture is desired
on a screen.

1. What are the differences between an AC
and a DC generator?

2. Why are relays important?
3. How does a loudspeaker produce sound?

4. What is the principle behind DC motors
and meter movements?

5. How does an electromagnetic field
produce an image on a screen?

SUMMARY

¢ The word magnet is derived from the
name of magnetite, a mineral that is a
natural magnet.

¢ A magnet can be created by rubbing a
piece of soft iron with another magnet.

¢ An electromagnet is created by current
flowing in a coil of wire.

¢ Horseshoe, bar, rectangular, and ring are
the most common shapes of magnets.

¢ Unlike poles attract and like poles repel.

¢ One theory of magnetism is based on the
spin of electrons as they orbit around an
atom.

¢ Another theory of magnetism is based on
the alignment of domains.

¢ Flux lines are invisible lines of force
surrounding a magnet.
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¢ Flux lines form the smallest loop possible.

¢ Permeability is the ability of a material to
accept magnetic lines of force.

¢ A magnetic field surrounds a wire when
current flows through it.

e The direction of the flux lines around a
wire can be determined by grasping the
wire with the left hand, with the thumb
pointing in the direction of current flow.
The fingers then point in the direction of
the flux lines.

e If two current-carrying wires are placed
next to each other, with current flowing in
the same direction, their magnetic fields
combine.

¢ The strength of an electromagnet is
directly proportional to the number of
turns in the coil and the amount of current
flowing through the coil.

¢ The polarity of an electromagnet is
determined by grasping the coil with the
left hand with the fingers in the direction
of current flow. The thumb then points
toward the north pole.

Retentivity is the ability of a material to
retain a magnetic field.

Electromagnetic induction occurs when a
conductor passes through a magnetic field.
Faraday’s law: Induced voltage is

directly proportional to the rate at which
the conductor cuts the magnetic lines of
force.

The left-hand rule for generators can be
used to determine the direction of induced
voltage.

AC and DC generators convert mechanical
energy into electrical energy.

A relay is an electromechanical switch.
Electromagnetic principles are applied in
the design and manufacture of doorbells,
solenoids, phonograph pickups,
loudspeakers, and magnetic recordings.
DC motors and meters use the same
principles.

Electron beams can be deflected by an
electromagnetic field to produce images
on television, radar, and oscilloscope
screens.

CHAPTER 9 SELF-TEST

1. How can the domain theory of magnetism be verified?

2. What three methods can be used to increase the strength of an electromagnet?

3. Explain how a DC generator operates through one cycle.



CHAPTER 10

OBJECTIVES

Inductance

After completing this chapter, the student should be able to:

¢ Explain the principles of inductance.
¢ Identify the basic units of inductance.
¢ Identify different types of inductors.

¢ Determine the total inductance in series and parallel circuits.

e Explain L/R time constants and how they relate to inductance.

See accompanying CD for interactive presentations and tutorials relating to

Chapter 10.

When a current flows through a conductor, a
magnetic field builds up around the conductor.
This field contains energy and is the foundation
for inductance.

This chapter examines inductance and its ap-
plication to DC circuits. Inductance is covered in
more detail in Chapter 16.

JIVI® INDUCTANCE

Inductance is the characteristic of an electrical con-
ductor that opposes a change in current flow. An
inductor is a device that stores energy in a mag-
netic field.

Inductance exhibits the same effect on cur-
rent in an electric circuit as inertia does on veloc-
ity of a mechanical object. It takes more work to
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start a load moving than it does to keep it moving
because the load possesses the property of inertia.
Inertia is the characteristic of mass that opposes a
change in velocity. Once current is moving
through a conductor, inductance helps to keep it
moving. The effects of inductance are sometimes
desirable and other times undesirable.

As noted in Chapter 9, the basic principle be-
hind inductance states, when a current flows
through a conductor, it generates a magnetic field
around the conductor As the magnetic flux lines
build up, they create an opposition to the flow of
current.

When the current changes direction or stops,
or the magnetic field changes, an electromotive
force (emf) is induced back into the conductor
through the collapsing of the magnetic field. The
opposition to the changes in current flow is iden-
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tified as counter electromotive force (counter
emf). This effect is summarized by Lenz’s law—an
induced emf in any circuit is always in a direction
to oppose the effect that produced it. The amount
of counter emf is in proportion to the rate of
change. The faster the rate of change, the greater
the counter emf.

All conductors have some inductance. The
amount of inductance depends on the conductor
and the shape of it. Straight wire has small
amounts of inductance whereas coils of wire have
much more inductance.

The unit by which inductance is measured
is the henry (H), named for Joseph Henry
(1797-1878), an American physicist. A henry is
the amount of inductance required to induce an
emf of 1 volt when the current in a conductor
changes at the rate of 1 ampere per second. The
henry is a large unit; the millihenry (mH) and mi-
crohenry (pH) are more commonly used. The
symbol for inductance is L.

10—-1 QUESTIONS

1. Define inductance.

2. What is the unit for measuring
inductance?

3. Define a henry.
4. What letter is used to represent inductance?

) [5#® INDUCTORS

Inductors are devices designed to have a specific in-
ductance. They consist of a conductor coiled
around a core and are classified by the type of core
material—magnetic or nonmagnetic. Figure 10-1
shows the symbol used for inductors.

Inductors can also be fixed or variable. Fig-
ure 10-2 shows the symbol for a variable induc-
tor. Variable inductors are created with adjustable
core material. Figure 10-3 shows several types of

FIGURE 10-1

Schematic symbol for an inductor.
YY)

FIGURE 10-2

Schematic symbol for a variable inductor.

FIGURE 10-3

Several types of inductors used to vary the inductance.

VARIABLE INDUCTORS
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FIGURE 10-4

FIGURE 10-6

An air-core inductor.

FIGURE 10-5

Schematic symbol for an iron-core inductor.

Y Y Y

inductors used for adjusting the core material.
Maximum inductance occurs when the core ma-
terial is in line with the coil of the wire.

Air-core inductors, or inductors without core
material, are used for up to 5 millihenries of in-
ductance. They are wrapped on a ceramic or phe-
nolic core (Figure 10-4).

Ferrite and powdered iron cores are used for
up to 200 millihenries. The symbol used for an
iron-core inductor is shown in Figure 10-5.

Toroid cores are donut-shaped and offer a
high inductance for a small size (Figure 10-6).
The magnetic field is contained within the core.

Shielded inductors have a shield made of
magnetic material to protect them from the influ-
ence of other magnetic fields (Figure 10-7).

Laminated iron-core inductors are used for all
large inductors (Figure 10-8). These inductors
vary from 0.1 to 100 henries, the inductance de-
pending on the amount of current flowing
through the inductor. These inductors are some-
times referred to as chokes. They are used in the fil-
tering circuits of power supplies to remove AC

Toroid-core inductor.

FIGURE 10-7

Shielded inductor.

components from the DC output. They will be dis-
cussed further later on.

Inductors typically have tolerances of =10%,
but tolerances of less than 1% are available. In-
ductors, like resistors, can be connected in series,
parallel, or series-parallel combinations. The total
inductance of several inductors connected in se-
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FIGURE 10-8

Laminated iron-core inductor.

ries (separated to prevent their magnetic fields
from interacting) is equal to the sum of the indi-
vidual inductances.
L,=L +L +L,...+L

If two or more inductors are connected in
parallel (with no interaction of their magnetic
fields) the total inductance is found by using the
formula:

10—2 QUESTIONS

5. What is the total inductance of a circuit
with three inductors, 10 H, 3.5 H, and 6
H, connected in parallel?

JUIESN 1./R TIME CONSTANTS

A time constant is the time required for current
through a conductor to increase to 63.2% or de-
crease to 36.8% of the maximum current. An RL
circuit is shown in Figure 10-9. L/R is the symbol
used for the time constant of an RL circuit. This
can be expressed as:

t=—
R

where: t = time in seconds

L = inductance in henries

R = resistance in ohms

Figure 10-10 charts the growth and decay (or

increase and decrease) of a magnetic field, in
terms of time constants. It takes five time con-
stants to fully transfer all the energy into the mag-
netic field, or to build up the maximum magnetic
field. It takes five full-time constants to com-
pletely collapse the magnetic field.

FIGURE 10-9

1. What are inductors?

2. Draw the symbols used to represent fixed
and variable inductors.

3. What is another name for a laminated
iron-core inductor?

4. What are the formulas for determining
total inductance in:

a. Series circuits?
b. Parallel circuits?

Circuit used to determine L/R time constant.

OO
GROWTH ({"
DECAY
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URE 10-10

Time constants required to build up or collapse the magnetic field in an inductor.
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10—-3 QUESTIONS

. What is a time constant for an inductor?
. How is a time constant determined?
. How many time constants are required to

fully build up a magnetic field for an
inductor?

. How many time constants are required to

fully collapse a magnetic field for an
inductor?

. How long does it take to fully build up a

magnetic field for a 0.1-henry inductor in
series with a 100,000-ohm resistor?

SUMMARY

Inductance is the ability to store energy in
a magnetic field.

The unit for measuring inductance is the
henry (H).

The letter L represents inductance.

Inductors are devices designed to have
specific inductances.
The symbol for fixed inductance is:

—_—Y Y

The symbol for a variable inductor is:

DS

Types of inductors include: air core, ferrite
or powdered iron core, toroid core,
shielded, and laminated iron core.

The total inductance for inductors connected
in series is calculated by the formula:

L =L +L +L,...+L
The total inductance for inductors
connected in parallel is:

1 1 1 1 1
=ttt
L L L, L L,
A time constant is the time required for
current to increase to 63.2% or decrease to

36.8% of the maximum current.
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¢ A time constant can be determined by the

formula:

L
t=—
R

e It takes five time constants to fully build up
or collapse the magnetic field of an inductor.

CHAPTER 10 SELF-TEST

1. How can the magnetic field be increased for a particular inductance?

2. What is the total inductance for the circuit shown?

3. A 500-mH inductor and a 10-kilohm resistor are connected in series to a 25-volt source. What
will be the voltage across the inductor 100 microseconds after energizing the circuit?

YN
L,=75uH
L= Ly=
1.6 mH 800 uH
L, =125 uH
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OBJECTIVES

Capacitance

After completing this chapter, the student should be able to:

¢ Explain the principles of capacitance.
¢ Identify the basic units of capacitance.
¢ Identify different types of capacitors.

¢ Determine total capacitance in series and parallel circuits.

¢ Explain RC time constants and how they relate to capacitance.

See accompanying CD for interactive presentations, tutorials and Capacitive

examples in MultiSim, Chapter 11.

Capacitance allows for the storage of energy in an
electrostatic field. Capacitance is present when-
ever two conductors are separated by an insulator.

This chapter focuses on capacitance and its
application to DC circuits. Capacitance is covered
in more detail in Chapter 15.

I§EI® CAPACITANCE

Capacitance is the ability of a device to store elec-
trical energy in an electrostatic field. A capacitor
is a device that possesses a specific amount of ca-
pacitance. A capacitor is made of two conductors
separated by an insulator (Figure 11-1). The
conductors are called plates and the insulator is
called a dielectric. Figure 11-2 shows the symbols
for capacitors.

116

FIGURE 11-1

A capacitor consists of two plates (conductors) separated by
a dielectric (insulator or nonconductor).

METAL
PLATES

> _ DIELECTRIC

When a DC voltage source is connected to a
capacitor, a current flows until the capacitor is
charged. The capacitor is charged with an ex-
cess of electrons on one plate (negative charge)
and a deficiency of electrons on the other plate
(positive charge). The dielectric prevents elec-
trons from moving between the plates. Once
the capacitor is charged, all current stops. The
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FIGURE 11-2
Schematic symbols for capacitors.

It
"
FIXED CAPACITOR

w
PZAY
VARIABLE CAPACITOR

capacitor’s voltage is equal to the voltage of the
voltage source.

A charged capacitor can be removed from the
voltage source and used as an energy source.
However, as energy is removed from the capaci-
tor, the voltage diminishes rapidly. In a DC circuit,
a capacitor acts as an open circuit after its initial
charge. An open circuit is a circuit with an infinite
resistance.

CAUTION: BECAUSE A CAPACITOR CAN BE REMOVED
FROM A VOLTAGE SOURCE AND HOLD THE POTENTIAL OF THE
VOLTAGE SOURCE INDEFINITELY, TREAT ALL CAPACITORS AS
THOUGH THEY WERE CHARGED. NEVER TOUCH BOTH LEADS OF

A CAPACITOR WITH YOUR HAND UNTIL YOU HAVE DISCHARGED
[T BY SHORTING BOTH LEADS TOGETHER. A CAPACITOR IN A
CIRCUIT CAN HOLD A POTENTIAL INDEFINITELY IF [T DOES NOT
HAVE A DISCHARGE PATH.

The amount of energy stored in a capacitor is
in proportion to the size of the capacitor. The ca-
pacitors used in classrooms are usually small and
deliver only a small shock if discharged through
the body. If a capacitor is large and charged with
a high voltage, however, the shock can be fatal.
Charged capacitors should be treated like any
other voltage source.

The basic unit of capacitance is the farad (F).
A farad is the amount of capacitance that can
store 1 coulomb (C) of charge when the capacitor
is charged to 1 volt. The farad is too large for or-

dinary use, so the microfarad (pF) and picofarad
(pF) are used. The letter C stands for capacitance.

1
1 microfarad = 0.000,001 or ——————— farad

1,000,000
1 picofarad = 0.000,000,000,001 or
1
farad

1,000,000,000,000

' 11-1 QUESTIONS

1. What is capacitance?

2. Draw the symbol for capacitance.

3. What precautions should be observed
when handling capacitors?

4. What is the unit for measuring
capacitance?

5. What units are normally associated with
capacitors?

CAPACITORS

Four factors affect the capacitance of a capacitor.
They are:

1. Area of the plate

2. Distance between the plates
3. Type of dielectric material
4. Temperature

A capacitor is either fixed or variable. A fixed
capacitor has a definite value that cannot be
changed. A variable capacitor is one whose capaci-
tance can be changed either by varying the space
between plates (trimmer capacitor) or by varying
the amount of meshing between two sets of plates
(tuning capacitor).

Capacitance is directly proportional to the
area of the plate. For example, doubling the plate
area doubles the capacitance if all other factors
remain the same.
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Capacitance is inversely proportional to the
distance between the plates. In other words, as
the plates move apart, the strength of the electric
field between the plates decreases.

The ability of a capacitor to store electrical en-
ergy depends on the electrostatic field between
the plates and the distortion of the orbits of the
electrons in the dielectric material. The degree of
distortion depends on the nature of dielectric ma-
terial and is indicated by its dielectric constant. A
dielectric constant is a measure of the effectiveness
of a material as an insulator. The constant com-
pares the material’s ability to distort and store en-
ergy in an electric field to the ability of air, which
has a dielectric constant of 1. Paper has a dielec-
tric constant of 2 to 3; mica has a dielectric con-
stant of 5 to 6; and titanium has a dielectric
constant of 90 to 170.

The temperature of a capacitor is the least sig-
nificant of the four factors. It need not be consid-
ered for most general-purpose applications.

Capacitors come in many types and styles to
meet the needs of the electronics industry. Elec-
trolytic capacitors offer large capacitance for small
size and weight (Figure 11-3). Electrolytic ca-
pacitors consist of two metal foils separated by
fine gauze or other absorbent material that is
saturated with a chemical paste called an elec-
trolyte. The electrolyte is a good conductor and
serves as part of the negative plate. The dielec-
tric is formed by oxidation of the positive plate.
The oxidized layer is thin and a good insulator.
An electrolytic capacitor is polarized, having a
positive and negative lead. Polarity must be ob-
served when connecting an electrolytic capaci-
tor in a circuit.

Paper and plastic capacitors are constructed
by a rolled foil technique (Figure 11-4). A paper
dielectric has less resistance than a plastic film di-
electric, and plastic film is now being used more
as a result. The plastic film allows a metallized
film to be deposited directly on it. This reduces
the distance between plates and produces a
smaller capacitor.

FIGURE 11-3

Electrolytic capacitors.

RADIAL CAPACITOR LEAD

AXIAL CAPACITOR LEADS

The ceramic disk capacitor is popular because
it is inexpensive to produce (Figure 11-5). It is
used for capacitors of 0.1 microfarad and smaller.
The ceramic material is the dielectric. This is a
tough, reliable, general-purpose capacitor.

Variable capacitors also come in all sizes and
shapes (Figure 11-6). Types include padders,
trimmers, and tuning capacitors. Padder and trim-
mer capacitors must be adjusted by a technician.
Tuning capacitors can be adjusted by the user.
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FIGURE 11-4

FIGURE 11-6

Paper and plastic capacitors.

FIGURE 11-5
Ceramic disk capacitors.

Like resistors and inductors, capacitors can
be connected in series, parallel, and series-paral-
lel combinations. Placing capacitors in series ef-
fectively increases the thickness of the dielectric.
This decreases the total capacitance, because ca-
pacitance is inversely proportional to the distance
between the plates. The total capacitance of ca-
pacitors in series is calculated like the total resist-
ance of parallel resistors:

Variable capacitors.

5

g ""*1{ J}'IJI'I'_J'.',|'J|,|'I|'|'||-:' il i
LTy

1 1,1 1 1
— =t —+ ...+
G G G G Cn

When capacitors of different values are con-
nected in series, the smaller capacitors charge up
to the highest voltage.

Placing capacitors in parallel effectively adds
to the plate area. This makes the total capacitance
equal to the sum of the individual capacitances:

C,=C, +C,+Cy...+C,

Capacitors in parallel all charge to the same voltage.

11-2 QUESTIONS

1. What four factors affect capacitance?

2. What are the advantages of electrolytic
capacitors?

3. What are other names for variable
capacitors?

4. What is the formula for total capacitance
in series circuits?

5. What is the formula for total capacitance
in parallel circuits?
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JJEE® RC TIME CONSTANTS

An RC time constant reflects the relationship be-
tween time, resistance, and capacitance. An RC
circuit is shown in Figure 11-7. The time it takes
a capacitor to charge and discharge is directly
proportional to the amount of the resistance and
capacitance. The time constant reflects the time
required for a capacitor to charge up to 63.2% of
the applied voltage or to discharge down to
36.8%. The time constant is expressed as:

t = RC
where: t = time in seconds

R = resistance in ohms
C = capacitance in farads

EXAMPLE: What is the time constant of a 1-
microfarad capacitor and a 1-megohm resistor?

Given: Solution:

C=1puF t=RC

R=1MQ t = (1,000,000)(0.000001)
t=7? t = 1 second

The time constant is not the time required to
charge or discharge a capacitor fully. Figure 11-8

FIGURE 11-8

FIGURE 11-7 e_
Circuit used to determine RC time constant.
o0
CHARGE e
? R
DISCHARGE 1

shows the time constants needed to charge and
discharge a capacitor. Note that it takes approxi-
mately five time constants to fully charge or dis-
charge a capacitor.

11-3 QUESTIONS

1. What is a time constant for a capacitor?

2. How is the time constant determined for
a capacitor?

3. How many time constants are required to
fully charge or discharge a capacitor?

Chart of time constants required to charge and discharge a capacitor.

100

|«———— CHARGE ———|=——— DISCHARGE——

80

60

40

20

PERCENT OF MAXIMUM VOLTAGE

1 2 3 4

5
0

0.7%
1 2 3 4 5

TIME CONSTANTS
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4. A 1-microfarad and a 0.1-microfarad
capacitor are connected in series. What is
the total capacitance for the circuit?

5. A 0.015-microfarad capacitor is charged
to 25 volts. What is the voltage 25
milliseconds after placing a 2-megohm
resistor across its terminals?

I

SUMMARY

¢ Capacitance is the ability to store electrical
energy in an electrostatic field.

e A capacitor consists of two conductors
separated by an insulator.

¢ The symbol for a fixed capacitor is:

_I(_

e The symbol for a variable capacitor is:

—

1. Where is the charge stored in a capacitor?

The unit of capacitance is the farad (F).
Because the farad is large, microfarads (uF)
and picofarads (pF) are more often used.
The letter C represents capacitance.
Capacitance is affected by:

1. Area of the capacitor plates

2. Distance between the plates

3. Types of dielectric materials

4. Temperature

Capacitor types include: electrolytic,
paper, plastic, ceramic, and variable.
The formula for total capacitance in a
series circuit is:

1 1 1 1 1
— =t —+ ...t
c; C, C, G, C,
The formula for total capacitance in a
parallel circuit is:
C,=C,+C,+C,...+C,
The formula for the RC circuit time
constant is:
t = RC
It takes five time constants to fully charge
and discharge a capacitor.

CHAPTER 11 SELF-TEST

2. Four capacitors are connected in series, 1.5 pF, 0.05 pF, 2000 pF, and 25 pF. What is the total

capacitance of the circuit?

3. Four capacitors are connected in parallel, 1.5 pF 0.05 p.F, 2000 pF and 25 pF. What is the

total capacitance of the circuit?
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SECTION ACTIVITIES

The

section activities are provided to support material covered in the five sections of the textbook. Al-

ways observe all safety precautions provided by your instructor and included with components. When
using power and hand tools always follow all safety rules for each piece of equipment. Never use a tool
for a purpose other than what it was intended for. Always wear safety glasses in the lab area.

Prior to starting a project it is important to complete the following:

Obtain all parts.
Develop a time line on how long it will take to finish the project. (Be realistic.)
Review all safety precautions.

Breadboard the circuit prior to the making of the printed circuit board. Breadboarding involves
the assembling of the circuit using a specially designed board.

Lay out a printed circuit board using the guidelines in Chapter 38.

SECTION 1 ACTIVITY—DC CIRCUITS

1.

S §

Design a voltage divider using series and parallel circuits. Prior to building, use MultiSim to ver-
ify that the circuit works. Assemble the circuit using a printed circuit board and test and compare
results with MultiSim.

Design and build a simple DC motor using magnets and enamel-coated copper wire.

Design and build a tester that can measure the voltage of several different types of cells and batteries.
Design and build a circuit for determining unknown resistor values.

Design and build a circuit that takes advantage of a capacitor charging and/or discharging.
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Career
Protile

DRS Training and Control Systems

Gemma Barnhart

TITLE
Electronic Assembler

COMPANY

BACKGROUND

Gemma was hired at DRS Training and Control Systems when
she responded to a want ad in her local newspaper. At the time
she had no formal education or experience in electronic
assembly, but she was willing to learn. Before beginning her new
job as an electronic assembler, Gemma first had to complete in-
house technical training provided by her company. Gemma
completed a course in soldering and another in crimping—two
critical skills for electronic assemblers. She then completed her
company's course to be a “Certified Electronics Assembler.” In
this course she learned more advanced assembly skills
including blueprint reading, measuring, and assembly-related
mathematics. Her math instruction focused on using both
regular and decimal fractions—a math skill that is important in
making accurate measurements. Gemma has worked at DRS
Training and Control Systems for more than nine years. With
her training and experience, she is now able to conduct in-
process inspections on various electronic assemblies and
wire harnesses.

JOB REQUIREMENTS
Technical certificate in electronic assembly

ON THE JOB

In her daily work, Gemma assembles various -electronic
components that become part of larger subassemblies and
assemblies. She also builds wire harnesses for power supplies
and other electromechanical devices. Her job involves reading
blueprints, selecting electronic components based on the
blueprints, soldering and crimping to make the components
part of a subassembly or an assembly, making measurements,
and inspecting work in progress to make sure that all
processes and procedures have been accomplished properly.

UPSIDE

Gemma finds her work very fulfilling and likes the potential
for career advancement it affords her. She is currently
enrolled in an Associate of Science Degree Program that is
offered on-site at DRS Training and Control Systems in
partnership with a local college. She also likes knowing that
her work is important—that the products she assembles will
be used to support the military in our country’s national
defense.

DOWNSIDE

People who want to work in this field must be able to work
under the pressure of deadlines. Like most companies, DRS
Training and Control Systems receives contracts that have
deadlines. This means that electronic assemblers such as
Gemma and all other personnel must be able to meet
deadlines. This requires you to be focused, stay on task, and
be well organized.

OPPORTUNITIES

We live in an electronic world. Consequently, opportunities
abound for people who want to work in this field and who
either have the requisite training or are willing to complete it.
Electromechanical manufacturing companies are always
looking for skilled personnel to work as electronic
assemblers.

WORDS OF ADVICE

If you want to work in this field, you should develop a positive
attitude, learn to read blueprints, and complete skills
training in soldering and crimping. It is also important to
learn how to use fractions and how to make accurate
measurements.



CHAPTER 12

Alternating Current

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Describe how an AC voltage is produced with an AC generator (alternator).

e Define alternation, cycle, hertz, sine wave, period, and frequency.
¢ Identify the parts of an AC generator (alternator).

e Define peak, peak-to-peak, effective, and rms.

e Explain the relationship between time and frequency.

¢ Identify and describe three basic nonsinusoidal waveforms.

¢ Describe how nonsinusoidal waveforms consist of the fundamental frequency and

harmonics.

¢ Understand why AC is used in today’s society.

e Describe how an AC distribution system works.

There are two types of electricity used to perform
work, such as lighting bulbs or running motors.
Direct current (DC), as its name implies, is a current
that flows in one direction only. Batteries de-
velop this type of energy. The second type of en-
ergy used today to perform useful work is
alternating current (AC). Unlike its converse, direct
current, the direction of alternating current flow
reverses with regularity.

Today, alternating current is the most used
method to transmit electrical energy from one lo-
cation to another. This was not the case in the late

1800s. Thomas Edison utilized direct current. His
vision of electrified cities incorporated the idea of
many small, DC-generating stations scattered
about in the community because there was no
way to change or alter direct current to recoup
transmission losses. This limited DC’s usefulness to
local small areas and prohibited its usefulness in
transmitting electrical energy over long distances.

In 1888 a young engineer discovered rotating
magnetic fields and their potential for the practi-
cal generation and transmission of electrical en-
ergy that made the electrification of the United
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States and the rest of the world possible. The
power lines that crisscross the cities and country-
side are a testament to his genius. The father of al-
ternating current and our electrified world was
Nikola Tesla.

This chapter examines the reasons alternating
current is important, the methods by which it is gen-
erated, and its important electrical characteristics.

GENERATING
" ALTERNATING
CURRENT

An AC generator converts mechanical energy
into electrical energy. The AC generator is capa-
ble of producing an alternating voltage by utiliz-
ing the principles of electromagnetic induction.
Electromagnetic induction is the process of in-
ducing a voltage in a conductor by passing it
through a magnetic field.

As described in Chapter 9, the left-hand rule
for generators can be used to determine the di-
rection of current flow in a conductor that is be-
ing passed through a magnetic field: When the
thumb is pointed in the direction of the conduc-
tor movement, the index finger (extended at
right angles to the thumb) indicates the direction
of the magnetic lines of flux from north to south,
and the middle finger (extended at a right angle
to the index finger) indicates the direction of cur-
rent flow in the conductor. Maximum voltage is
induced when the conductor is moved perpendi-
cular to the lines of flux. When the conductor is
moved parallel to the lines of flux, no voltage is
induced.

Figure 12-1A-F shows a wire loop being ro-
tated through a magnetic field. In position B, the
loop is parallel to the lines of force. As previously
stated, no voltage is induced when the conductor
is moved parallel to the lines of force. As the loop
is rotated to position C, it passes through more
lines of force, and the maximum voltage is in-

FIGURE 12-1A

Basic AC generator (alternator).

EXTERNAL LOAD
RESISTOR
SLIP
RINGS

duced when the loop is at right angles to the lines
of force. As the loop continues to rotate to posi-
tion D, fewer lines of force are cut and the in-
duced voltage decreases. Movement from
position B to position D represents a rotation of
180 degrees. Rotating the loop to position E re-
sults in a reversal of current flow. Again, the max-
imum voltage is induced when the loop is at right
angles to the lines of force. As the loop returns to
its original position at E the induced voltage re-
turns to zero.

Each time an AC generator moves through
one complete revolution, it is said to complete
one cycle. Its output voltage is referred to as one
cycle of output voltage. Similarly, the generator
produces one cycle of output current in a com-
plete circuit. The two halves of a cycle are referred
to as alternations (Figure 12-2). Bach alternation is
produced by a change in the polarity of the volt-
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FIGURE 12-1B-F

AC generator inducing a voltage output.

(B)

/

(E)

(F)

4+ T

FIGURE 12-2

Each cycle consists of a positive and a negative alternation.

POSITIVE

ALTERNATION \180° 270°
0° 90° NEGATIVE 360°
ALTERNATION

A

CYCLE——»

age. The voltage exhibits one polarity during half
the cycle (one alternation) and the opposite po-
larity during half the cycle (second alternation).
Generally, one alternation is referred to as the
positive alternation and the other as the negative
alternation. The positive alternation produces
output with a positive polarity; the negative alter-
nation produces output with a negative polarity.
Two complete alternations of voltage with no ref-
erence to time make up a cycle. One cycle per sec-
ond is defined as a hertz (Hz).

The rotating loop of wire is referred to as the
armature. The AC voltage that is induced in the
rotating armature is removed from the ends of
the loop by a sliding contact located at each end
of the armature (Figure 12-3). Two metal rings,
called slip rings, are attached to each end of the
loop. Brushes slide against the slip rings to re-
move the AC voltage. The AC generator de-
scribed generates a low voltage. To be practical,
an AC generator must be made of many loops to
increase the induced voltage.

The waveform produced by an AC generator
is called a sinusoidal waveform or sine wave for short
(Figure 12—4). The sine wave is the most basic and
widely used of all the AC waveforms. It can be
produced by both mechanical and electronic
methods. The sine wave is identical to the
trigonometric sine function. The values of a sine

FIGURE 12-3

Voltage is removed from the armature of an AC generator
through slip rings.
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FIGURE 12-4

The sinusoidal waveform, the most basic of the AC
waveforms.
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wave vary from zero to maximum in the same
manner as the sine value. Both voltage and cur-
rent exist in sine-wave form.

12—1 QUESTIONS

1. What is the function of an AC generator?
2. Explain how an AC generator operates.
3. Define the following terms:

a. Cycle

b. Alternation

c. Hertz

d. Sine wave

4. Identify the major parts of an AC
generator.

5. What is the difference between a positive
and a negative alternation?

6. Would it be possible to design an AC
generator whose armature generates the
magnetic field and rotates, thus inducing
an AC current in stationary coils placed
around it?

JP29M AC VALUES

Each point on a sine wave has a pair of numbers
associated with it. One value expresses the de-
gree of rotation of the waveform. The degree of ro-
tation is the angle to which the armature has
turned. The second value indicates its amplitude.
Amplitude is the maximum departure of the value
of an alternating current or wave from the aver-
age value. There are several methods of express-
ing these values.

The peak value of a sine wave is the absolute
value of the point on the waveform with the
greatest amplitude (Figure 12-5). There are two
peak values, one for the positive and one for the
negative alternation. These peak values are equal.

The peak-to-peak value refers to the vertical dis-
tance between the two peaks (Figure 12-6). The
peak-to-peak value can be determined by adding
the absolute values of each peak.

The effective value of alternating current is the
amount that produces the same degree of heat in
a given resistance as an equal amount of direct
current. The effective value can be determined by

FIGURE 12-5

The peak value of a sine wave is the point on the AC
waveform having the greatest amplitude. The peak value
occurs during both the positive and the negative alternations
of the waveform.
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FIGURE 12-6

The peak-to-peak value can be determined by adding the
peak values of the two alternations.

PEAK-
TO-
PEA

a mathematical process called the root-mean-square
(rms) process. Therefore, the effective value is
also referred to as the rms value. Using the rms
process shows that the effective value of a sine
wave is equal to 0.707 times the peak value.
When an AC voltage or current is given or meas-
ured, it is assumed to be the effective value unless
otherwise indicated. Most meters are calibrated to
indicate the effective, or rms, value of voltage and
current.

E,,, = 0.707E,

where: E__

EI‘

= rms or effective voltage value
maximum voltage of one
alternation

Ly = 0.7071

I .. = 1rms or effective current value

Ip = maximum current of one
alternation

where:

EXAMPLE: A current sine wave has a peak
value of 10 amperes. What is the effective value?

Given: Solution:
Irms =7 IrmS = 0.707Ip
Ip =10A IrmS = (0.707)(10)
IrmS =7.07 A

EXAMPLE: A voltage sine wave has an effective
value of 40 volts. What is the peak value of the
sine wave?

Given: Solution:
Ep =7 Erms = 0.7O7Ep
ErmS =40V 40 = 0.707Ep
56.58 V = Ep

The time required to complete one cycle of a
sine wave is called the period. The period is usually
measured in seconds. The letter t is used to repre-
sent the period.

The number of cycles that occurs in a specific
period of time is called the frequency. The fre-
quency of an AC sine wave is usually expressed
in terms of cycles per second. The unit of fre-
quency is the hertz. One hertz equals one cycle
per second.

The period of a sine wave is inversely propor-
tional to its frequency. The higher the frequency,
the shorter the period. The relationship between
the frequency and the period of a sine wave is ex-
pressed as:

where: frepresents the frequency, and t repre-
sents the period.

EXAMPLE: Whatis the frequency of a sine wave
with a period of 0.05 second?

Given: Solution:
1
f=7 f=—
t
1
t = 0.05 second f=——
0.05
f=20Hz

EXAMPLE: If a sine wave has a frequency of 60
hertz, what is its period?
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Given: Solution:
1
f=60Hz t=—
f
1
t="7 t=—
60

t = 0.0167 second
or 16.7 msec

12—-2 QUESTIONS

1. Define the following values:
a. peak
b. peak-to-peak
c. effective
d. rms

2. A voltage sine wave has a peak value of
125 volts. What is its effective value?

3. What is the relationship between time
and frequency?

4. A current sine wave has an effective value
of 10 amperes. What is its peak value?

5. What is the period of a 400-hertz
sine wave?

NONSINUSOIDAL
" WAVEFORMS

The sine wave is the most common AC wave-
form. However, it is not the only type of wave-
form used in electronics. Waveforms other than
sinusoidal (sine wave) are classified as nonsinu-
soidal. Nonsinusoidal waveforms are generated
by specially designed electronic circuits.

Figures 12-7 through 12-9 show three of
the basic nonsinusoidal waveforms. These wave-
forms can represent either current or voltage.
Figure 12-7 shows a square wave, so designated
because its positive and negative alternations are
square in shape. This indicates that the current

FIGURE 12-7
Square waveform.

FIGURE 12-8
Triangular waveform.

or voltage immediately reaches its maximum
value and remains there for the duration of the
alternation. When the polarity changes, the cur-
rent or voltage immediately reaches the opposite
peak value and remains there for the next dura-
tion. The pulse width is equal to one-half the pe-
riod. The pulse width is the duration the voltage is
at its maximum or peak value until it drops to
its minimum value. The amplitude can be any
value. The square wave is useful as an electronic
signal because its characteristics can be changed
easily.

Figure 12-8 shows a triangular waveform. It
consists of positive and negative ramps of equal
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FIGURE 12-9
Sawtooth waveform.

slope. During the positive alternation the wave-
form rises at a linear rate from zero to its peak
value and then decreases back to zero. During the
negative alternation the waveform declines in the
negative direction at a linear rate to peak value
and then returns to zero. The period of this wave-
form is measured from peak to peak. Triangular
waveforms are used primarily as electronic signals.

Figure 12-9 shows a sawtooth waveform. A
sawtooth waveform is a special case of the trian-
gular wave. First it rises at a linear rate and then
rapidly declines to its negative peak value. The
positive ramp is of relatively long duration and
has a smaller slope than the short ramp. Sawtooth
waves are used to trigger the operations of elec-
tronic circuits. In television sets and oscilloscopes
they are used to sweep the electron beam across
the screen, creating the image.

Pulse waveforms and other nonsinusoidal
waveforms can be considered in two ways. One
method considers the waveform as a momentary
change in voltage followed, after a certain time in-
terval, by another momentary change in voltage.
The second method considers the waveform as
the algebraic sum of many sine waves having dif-
ferent frequencies and amplitudes. This method is
useful in the design of amplifiers. If the amplifier
cannot pass all the sine-wave frequencies, distor-
tion results.

Nonsinusoidal waves are composed of the
fundamental frequency and harmonics. The fun-
damental frequency represents the repetition rate of
the waveform. Harmonics are higher-frequency
sine waves that are exact multiples of the funda-
mental frequency. Odd harmonics are frequencies
that are odd multiples of the fundamental fre-
quency. Even harmonics are frequencies that are
even multiples of the fundamental frequency.

Square waves are composed of the funda-
mental frequency and all odd harmonics.

Triangular waveforms are also composed of
the fundamental frequency and all odd harmon-
ics, but unlike the square wave, the odd harmon-
ics are 180 degrees out of phase with the
fundamental frequency.

Sawtooth waveforms are composed of both
even and odd harmonics. The even harmonics are
180 degrees out of phase with the odd harmonics.

12—-3 QUESTIONS

1. What are nonsinusoidal waveforms?

2. Draw two cycles of a:
a. Square wave
b. Triangular wave
c. Sawtooth wave

3. What are the applications of these
nonsinusoidal waveforms?

4. Describe the fundamental frequency and
harmonics of three different
nonsinusoidal waveforms.

SUMMARY

¢ AC is the most commonly used type of
electricity.

e AC consists of current flowing in one
direction and then reversing and flowing
in the opposite direction.
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One revolution of an AC generator is
called a cycle.

The two halves of a cycle are referred to as
alternations.

Two complete alternations with no
reference to time make up a cycle.

One cycle per second is defined as a hertz.
The waveform produced by an AC
generator is called a sinusoidal waveform
or sine wave.

The peak value of a sine wave is the
absolute value of the point on the
waveform with the greatest amplitude.
The peak-to-peak value is the vertical
distance from one peak to the other peak.
The effective value of AC is the amount of
current that produces the same degree of
heat in a given resistance as an equal
amount of direct current.

The effective value can be determined by a
mathematical process called the root-
mean-square (rms) process.

The rms value of a sine wave is equal to
0.707 times the peak value.

E,. = 0.707E
I, = 0.7071

The time required to complete one cycle of

a sine wave is called the period (t).

The number of cycles occurring in a specific

period of time is called frequency (f).

The relationship between frequency and

period is:

Square waves are composed of the
fundamental frequency and all odd
harmonics.

Triangular waveforms are composed of the
fundamental frequency and all odd
harmonics 180 degrees out of phase with
the fundamental frequency.

Sawtooth waveforms are composed of
both even and odd harmonics, the even
harmonics being 180 degrees out of phase
with the odd harmonics.

CHAPTER 12 SELF-TEST

A V1R W N =

. What causes magnetic induction to occur?

. Explain how the left-hand rule applies to AC generators.

. Explain how the peak-to-peak value of a waveform is determined.

. How is the effective value of alternating current determined?

. Draw examples of three nonsinusoidal waveforms that can represent current and voltage.
. Why are harmonics important in the study of waveforms?



CHAPTER 13

AC Measurements

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Identify the types of meters available for AC measurements.

¢ Identify the types of meter movements used to make AC measurements.

¢ Explain the function of an oscilloscope.

¢ Identify the basic parts of an oscilloscope and explain their functions.

¢ Demonstrate the proper setup of an oscilloscope.

e Describe how to use an oscilloscope to take a measurement.

e Explain how a counter works.

e Identify the basic parts of a counter.

AC measurements of current, voltage, resistance,
power, and frequency are necessary to operate
and repair AC circuits and equipment.

This chapter covers some of the important test
equipment used to take various AC measurements.

BRI ® AC METERS

The moving coil meter movement is referred to as
the d’Arsonval meter movement. The analog me-
ter (Figure 13-1) is a moving coil meter. The
easy-to-read digital meter (Figure 13-2) has re-
cently replaced the analog meter.

Moving coil meters are designed to measure
DC current. To measure AC current on this meter
the AC current must first be converted to DC cur-
rent. This is accomplished with diodes called recti-
fiers. The process of converting AC to DC is called
rectification. The rectifiers are placed between the
meter input and the meter movement and allow
current to flow in only one direction (Figure
13-3). The rectifiers convert the sine wave into a
pulsating DC current that is applied to the meter
movement.

A second type of AC meter uses the iron-vane
meter movement (Figure 13—4). This does not re-
quire the conversion of AC to DC. It consists of

133
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FIGURE 13-1

FIGURE 13-2

Analog meter used for AC measurements.

FIGURE 13-3

Rectifiers are used to convert the AC signal to a DC level prior
to applying it to the meter movement.

IN

Digital meter used for AC measurements.

two iron vanes located within a coil. One vane is
stationary and the other is movable. A pointer is
attached to the movable vane and moves propor-
tionally to the current passing through the coil.
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FIGURE 13-4

FIGURE 13-5

I[ron-vane meter movements do not require the conversion of
AC to DC.

POINTER —__
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The magnetic field of the coil induces a north and
south pole into the iron vanes. Because like poles
repel and both vanes have the same polarity, they
move away from each other. The iron-vane
movement requires more current for a full-scale
deflection than does the moving coil meter move-
ment. For this reason, iron-vane movements find
little application in low-power circuits. The iron-
vane movement is also inaccurate for frequencies
above 100 hertz. It is used primarily for 60-hertz
applications.

The clamp-on meter is based on the principle
that an AC current flowing in a conductor causes
a magnetic field to expand and collapse as the
current increases and decreases in value (Figure
13-5). Each time the AC current changes polar-
ity, the magnetic field changes direction. The
clamp-on AC meter uses a split-core transformer.
This allows the core to be opened and placed
around the conductor. At the end of the core is a
coil, which is cut by the magnetic lines of force.
This induces a voltage into the coil, creating a
flow of alternating current. This AC current must
be rectified before being sent to the meter move-
ment, generally a moving coil. This type of me-

A clamp-on meter operates on the principle that current flowing
through a wire generates a magnetic field around the wire.

mTF«'IF'LETT

ter is used for measuring high values of AC cur-
rent. The current in the conductor must be large
in order to produce a magnetic field strong
enough to induce a current flow in the core of
the meter.
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The basic AC meter movement is a current-
measuring device. However, this type of meter
movement can also be used to measure AC
voltage and power. Because alternating cur-
rent changes direction periodically, the meter
leads can be hooked into an AC circuit in ei-
ther direction.

CAUTION: THE METER MUST BE CONNECTED IN SERIES
WITH THE CIRCUIT WHEN MEASURING CURRENT. WHEN
MEASURING VOLTAGE, THE METER MUST ALWAYS BE
CONNECTED IN PARALLEL.

ALWAYS BE SURE THE CURRENT OR VOLTAGE BEING
MEASURED IS WITHIN THE RANGE OF THE METER. FOR
ADDITIONAL PROTECTION, ALWAYS START AT THE HIGHEST
SCALE AND WORK DOWN TO THE APPROPRIATE SCALE.

| 13—1 QUESTIONS

1. How is a d’Arsonval meter movement
used to measure an AC voltage?

2. What makes an iron-vane meter
movement desirable for measuring an
AC signal?

3. Explain the principle behind a clamp-on
AC meter.

4. Draw a circuit showing how to connect
an AC ammeter.

5. Describe the proper procedure for using
an AC voltmeter in a circuit. (Include
switch settings where possible).

JBEPM OSCILLOSCOPES

An oscilloscope is the most versatile piece of test
equipment available for working on electronic
equipment and circuits (Figure 13-6). It provides
a visual display of what is occurring in the circuit.

FIGURE 13-6

An oscilloscope is the most versatile piece of test equipment
available to a technician.

An oscilloscope is capable of providing the
following information about an electronic circuit:

1. The frequency of a signal

2. The duration of a signal

3. The phase relationship between signal
waveforms

4. The shape of a signal’s waveform

5. The amplitude of a signal

The basic parts of an oscilloscope are: a cathode-
ray tube (CRT), a sweep generator, horizontal
and vertical deflection amplifiers along with their
synchronizing circuits, and power supplies (Fig-
ure 13-7).

The sweep generator provides a sawtooth
waveform as input to the horizontal deflection
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FIGURE 13-7

FIGURE 13-8

Block diagram of the basic parts of an oscilloscope.

CATHODE RAY
TUBE (CRT)
VERTICAL HORIZONTAL POWER
AMPLIFIER AMPLIFIER SUPPLY
SYNCHRONIZING
CIRCUIT
SWEEP
GENERATOR
O
VERTICAL
INPUT

amplifier. The horizontal and vertical deflection
amplifiers increase the amplitude of the input
voltage to the proper level for deflection of the
electron beam in the cathode-ray tube. The power
supply provides DC voltages to operate the ampli-
fiers and cathode-ray tube.

The cathode-ray tube consists of three parts:
a phosphor screen, deflection plates, and an elec-
tron gun (Figure 13-8). The phosphor screen
emits light when struck by electrons. The elec-
tron gun generates the electron beam that strikes
the screen. As the electron beam approaches the
screen, the deflection plates change the direction
of the electron beam as it approaches the screen.
The horizontal deflection plate is attached to the
sweep generator, which moves the electron
beam back and forth across the screen. The ver-
tical amplifier is connected to the input signal
and controls its amplitude.

Using a faceplate that has been marked in
centimeters along both a vertical and a horizontal

Basic parts of a cathode-ray tube (CRT).

PHOSPHOR
SCREEN

ELECTRON
GUN
DEFLECTION
[ PLATES

FIGURE 13-9
Oscilloscope faceplate.

axis (Figure 13-9), the oscilloscope can be cali-
brated with a known voltage prior to testing an
unknown signal. Then, when the unknown sig-
nal is applied, its amplitude can be calculated.
Rather than mark the actual faceplate of the CRT,
oscilloscopes are provided with separate face-
plates called graticules that are mounted in front of
the CRT.

The power switch of an oscilloscope is usually
located on the front panel (Figure 13-10). It may
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FIGURE 13-10
Oscilloscopes vary in the number of front panel controls.

be a toggle, push-button, or rotary switch. It may
be mounted separately or mounted with another
switch. Its purpose is to apply line voltage to op-
erate the oscilloscope.

The intensity (also called brightness) switch is
used to control the electron beam within the CRT.
It is a rotary control and allows the operator to ad-
just the electron beam for proper viewing.

CAUTION: KEEP THE BRIGHTNESS AS LOW AS
POSSIBLE. TOO MUCH INTENSITY, FOR TOO LONG A TIME, CAN

BURN A HOLE OR ETCH A LINE IN THE PHOSPHOR SCREEN,
RUINING THE CRT.

The focus and astigmatism controls are con-
nected to the electron gun and are used to adjust
the electron beam size and shape before it reaches
the deflection plates. Both of these controls are
rotary controls. To use them, the electron beam is
slowly swept across the screen of the CRT and
both controls are alternately adjusted until a per-

fectly round dot is obtained. On some newer os-
cilloscopes the astigmatism control may be re-
cessed below the front panel.

The horizontal and vertical position controls
are also rotary controls. They allow the electron
beam to be positioned anywhere on the face of
the CRT. They are initially set so that the electron
beam sweeps across the center of the CRT. They
are then adjusted to place the electron beam in a
position to measure amplitude and time by its
placement on a graticule.

The vertical block consists of a vertical input
jack, and AC/DC switch, and a volts/cm rotary
switch. The oscilloscope probe is connected to the
input jack. The probe is then connected to the cir-
cuit to be tested. The AC/DC switch allows the
signal to be sent directly to the vertical amplifier
in the DC position or to a capacitor in the AC po-
sition. The capacitor in the AC position is used to
block any DC component on the signal being
checked. The volts/cm switch is used to adjust the
amplitude of the input signal. If the signal is too
large, the vertical amplifier distorts it. If the sig-
nal is too small, it is amplified. This control is cal-
ibrated to match the CRT faceplate. Where this
control is set depends on the amplitude of the sig-
nal on the CRT.

The horizontal block, also referred to as the
time base, consists of a time/cm rotary switch, a
trigger-control switch, and a triggering level con-
trol. The time/cm switch sets the horizontal
sweep rate that is to be represented by the hori-
zontal graduations. The lower the setting, the
fewer cycles per second are displayed. The trigger-
control switch selects the source and polarity of
the trigger signal. The trigger source can be line,
internal, or external. The polarity can be positive
or negative. When line is selected as the trigger
source, the power-line frequency of 60 hertz is
used as the trigger frequency. When internal (INT)
is selected as the trigger frequency, the input-signal
frequency is used as the trigger frequency. Exter-
nal (EXT) allows a trigger frequency from an ex-
ternal source to be used.
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The level control sets the amplitude that
the triggering signal must exceed before the
sweep generator starts. If the level control is in
the AUTO position, the oscilloscope is free run-
ning. Turning the level control results in a
blank screen when no signal is present. The
level control is turned to a point where the
trace on the oscilloscope goes out, and then
turned back to where the trace reappears. At
this point, a stable presentation is on the
screen. By using the triggering and level con-
trols together to synchronize the sweep gener-
ator with the input signal, a stable trace can be
obtained on the CRT.

Prior to use, the oscilloscope should be
checked to determine that it is not faulty. Misad-
justed controls can give false readings. Most oscil-
loscopes have a built-in test signal for setup.
Initially the controls should be set in the follow-
ing positions:

Intensity, Focus, Astigmatism, and Position con-
trols (set to the center of their range):

Triggering: INT +
Level: AUTO
Time/cm: 1 msec
Volts/cm: 0.02
Power: ON

The oscilloscope probe should be connected
to the test jack of the voltage calibrator. A square
wave should appear on the trace of the CRT. The
display should be stable and show several cycles at
the amplitude indicated by the voltage calibrator.
The oscilloscope can now be used.

To use the oscilloscope, set the volts/cm selec-
tor switch to its highest setting. Connect the input
signal to be observed, and rotate the volts/cm se-
lector switch until the display is approximately
two-thirds of the screen’s height. Adjust the time-
base controls to produce a stable trace and to se-
lect the desired number of cycles.

13-2 QUESTIONS

1. What can be learned about a waveform
by using an oscilloscope?

2. What are the basic parts of an oscilloscope?

3. Describe a basic procedure for setting up
an oscilloscope prior to its initial use.

4. What are applications of an oscilloscope
when working with a circuit?

5. What does the graticule marked on the
screen of the oscilloscope represent?

FREQUENCY
COUNTERS

A frequency counter (Figure 13-11) measures fre-
quency by comparing a known {frequency
against an input frequency. All frequency coun-
ters consist of the same basic sections: a time
base, an input-signal conditioner, a gate-control
circuit, a main gate, a decade counter, and a dis-
play (Figure 13-12).

The signal conditioner converts the input sig-
nal to a waveshape and amplitude compatible

FIGURE 13-11

A frequency counter is used widely in repair shops and
industry.
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FIGURE 13-12
Block diagram of an electronic counter.
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with the circuitry in the counter. The main gate
passes the conditioned input signal to the counter
circuit if a signal from the time base is present at
the same time. The time base drives the gate-control
circuit, using a signal compatible with the signal
being measured. The gate control acts as the syn-
chronization center of the counter. It controls the
opening and closing of the main gate and also
provides a signal to latch (lock onto) the count at
the end of the counting period and reset the cir-
cuitry for the next count. The decade counter
keeps a running tally of all the pulses that pass
through the main gate. One decade counter is re-
quired for each digit displayed. The display, which
provides a visual readout of the frequency being
measured, can be of several types. The more com-
mon displays are gas-discharge tubes, light-emitting
diode displays, and liquid-crystal displays.

The electronic counter was once a piece of
laboratory equipment but is now used in electron-
ics repair shops, engineering departments, ham-
radio shacks, and on industrial production lines.
The wide use of the counter can be attributed to
the integrated circuit, which has reduced the size
and price of the counter while increasing its accu-
racy, stability, reliability, and frequency range. (In-
tegrated circuits are discussed in Section 3.)

13-3 QUESTIONS

1. What is the function of an electronic
counter?

2. What are the basic sections of a counter?

3. Draw and label a block diagram of an
electronic counter.

4. What is the function of the signal
conditioner in a counter?

5. Why has the counter increased in
popularity?

|BEY'® BODE PLOTTERS

Bode plots were originated and named for H. W.
Bode, who used the plots for studying amplifier
feedback. The original plots required semilog
graph paper. Two graphs were required, one for
gain in decibels plotted against frequency on the
log scale and the other for phase shift in degrees
plotted against frequency on the log scale. The ar-
rival of computer simulations such as Electronic
Workbench’s MultiSIM has resulted in greater
utilization of Bode plotters.

The Bode plotter in MultiSIM allows the user to
produce a graph of a circuit’s frequency response
and is quite useful in analyzing filter circuits. The
plotter measures a signal’s voltage gain or phase
shift. When the plotter is attached to a circuit, a
frequency-amplitude and phase-angle analysis is
performed.

The Bode plotter generates a range of fre-
quencies over a specified spectrum. An AC source
must be present somewhere in the circuit for it to
work. The frequency of the AC source does not af-
fect the plotter.

The Bode plotter measures the ratio of mag-
nitudes (voltage gain in decibels) between two
points (V+ and V—). It also measures the phase
shift (in degrees) between two points.
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A logarithmic base is used when the com-
pared values have a large range, which is typical
when analyzing frequency response. The hori-
zontal or x-axis always shows frequency in Hertz.

When measuring the voltage gain, the ver-
tical or y-axis shows the ratio of the circuit’s
output voltage to its input voltage. The units are
in decibels. When measuring phase, the vertical
axis always shows the phase angle in degrees.

' 13—4 QUESTIONS

1. What is the function of a Bode plotter?

2. What are the two graphs that a Bode
plotter generates?

3. What is required to use the Bode plotter?
4. What units must the input magnitude
be in?
5. With both graphs, what does the
horizontal axis represent?

I

SUMMARY

e To measure AC current or voltage on a
moving coil meter, the current or voltage
must first be converted to DC.

N N IR W N

Iron-vane meter movement does not

require conversion to DC.

A clamp-on AC meter is based on the

principle that current flowing through a

wire generates a magnetic field.

An oscilloscope provides the following

information about a circuit:

— Frequency of the signal

— Duration of the signal

— Phase relationships between signal
waveforms

— Shape of the signal’s waveform

— Amplitude of the signal

The basic parts of an oscilloscope are:

— Cathode-ray tube

— Sweep generator

— Horizontal deflection amplifier

Vertical deflection amplifier

— Power supply

A counter measures frequency by

comparing an unknown frequency to a

known frequency.

The basic parts of a frequency counter are:

— Time base

Input-signal conditioner

— Gate-control circuit

— Main gate

— Decade counter

— Display

A bode plotter produces a graph of a

circuit frequency response.

CHAPTER 13 SELF-TEST

. Describe how a DC meter can be adapted to measure an AC signal.

. Explain how a clamp-on ammeter is used for measuring current.

. What type of information does an oscilloscope provide?

. Describe the process for examining an oscilloscope to determine if it is operating properly.
. Identify and describe the function of each of the major blocks of a counter.

. What has been the major factor in bringing the counter to the workbench of repair shops?
. Describe how a Bode plotter is connected to a circuit to measure magnitude.



CHAPTER 14

Resistive AC Circuits

OBJECTIVES

After completing this chapter, the student shall be able to:

e Describe the phase relationship between current and voltage in a resistive circuit.
e Apply Ohm’s law to AC resistive circuits.

e Solve for unknown quantities in series AC resistive circuits.

¢ Solve for unknown quantities in parallel AC resistive circuits.

e Solve for power in AC resistive circuits.

The relationship of current, voltage, and resist-
ance is similar in DC and AC circuits. The simple
AC circuit must be understood before moving on
to more complex circuits containing capacitance
and inductance.

BASIC AC RESISTIVE
CIRCUITS

A basic AC circuit (Figure 14-1) consists of an AC
source, conductors, and a resistive load. The AC
source can be an AC generator or a circuit that
generates an AC voltage. The resistive load can be
a resistor, a heater, a lamp, or any similar device.

When an AC voltage is applied to the resistive
load, the AC current’s amplitude and direction
vary in the same manner as those of the applied
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FIGURE 14-1

A basic AC circuit consists of an AC source, conductors, and
a resistive load.

By
iy
AAA
v

voltage. When the applied voltage changes polar-
ity, the current also changes. They are said to be in
phase. Figure 14-2 shows the in-phase relation-
ship that exists between the current and the ap-
plied voltage in a pure resistive circuit. The
current and voltage waveforms pass through zero
and maximum values at the same time. However,
the two waveforms do not have the same peak
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FIGURE 14-2
The voltage and current are in phase in a pure resistive

circuit.
VOLTAGE
,? CURRENT

amplitudes because they represent different
quantities, measured in different units.

The AC current flowing through the resistor
varies with the voltage and the resistance in the
circuit. The current at any instant can be deter-
mined by applying Ohm’s law.

Effective values are used in most measure-
ments. As stated previously, the effective value is
the amount of AC voltage that produces the same
degree of heat as a DC voltage of the same value.
The effective value can be considered the DC
equivalent value. Ohm’s law can be used with ef-
fective AC values, just as with DC values, in a pure
resistive circuit.

EXAMPLE: If a circuit has an AC voltage source
of 120 volts and a resistance of 1000 ohms, what
is the effective current in the circuit? (Remember,
an AC voltage or current is assumed to be effec-
tive unless otherwise specified.)

Given: Solution:
E
1=? ==
R
120
E=120V Il=——
1000
R = 1000 I1=012A

EXAMPLE: If an effective current of 1.7 amperes
flows through a 68-ohm resistor, what is the ef-
fective value of the applied voltage?

Given: Solution:
E
I=17A I=—
R
E
E=7? 1.7 =—
68
R =68() E=11560V

14-1 QUESTIONS

1. What is the phase relationship between
current and voltage in a pure resistive
circuit?

2. What AC value is used for most
measurements?

3. What is the effective current in a circuit
of 10,000 ) with 12 V applied?

4. What is the voltage (rms) of a circuit with
250 mA flowing through 100 ?

5. What is the resistance of a circuit when
350 nA are produced with an AC voltage
of 12 V?

SERIES AC CIRCUITS

The current in a resistive circuit depends on the
applied voltage. The current is always in phase
with the voltage regardless of the number of re-
sistors in the circuit. At any point in the circuit,
the current has the same value.

Figure 14-3 shows a simple series circuit.
The current flow is the same through both resis-
tors. Using Ohm'’s law, the voltage drop across
each resistor can be determined. The voltage
drops added together equal the applied voltage.
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FIGURE 14-3

FIGURE 14-4

Simple series AC circuit.

Figure 14—4 shows the phase relationships of the
voltage drops, the applied voltage, and the cur-
rent in the circuit. All the voltages and the cur-
rent are in phase with one another in a pure
resistive circuit.

EXAMPLE: If an AC circuit has an effective
value of 120 volts applied across two resistors (R, =
470 ohms and R, = 1000 ohms), what is the volt-
age drop across each resistor?

Given:
R, =470 Q
R, = 1000 Q)
Eg, = ?
Eg, = ?
E =120V
Solution:
First, find the total resistance (R;).
R, =R, + R,
R, = 470 + 1000
R, = 1470 Q
Using R, now find the total current (I;).
E
I =—"
Ry
120
Ip=——
1470
I.=0.082 A

In a series circuit, I. = Iy = Iz
“ Iz, = 0.082 A
Iz, = 0.082 A

2

The in-phase relationship of the voltage drops, applied
voltage, and current in a series AC circuit.

TOTAL
/_ VOLTAGE

E ACROSS R,

E ACROSS R,

CURRENT

Use I, to find the voltage drop across resistor R,.

Eg,
I =
R, R1
Ep,
0.082 =
470
Eg, = 38.54V
Use 1, to find the voltage drop across resistor R,.
Eg,
I =
R, R,
Eg,
0.082 =
1000
Eg, = 82V

The voltage drop across each resistor is the ef-
fective voltage drop.
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' 14-2 QUESTIONS

1. What is the voltage drop across two
resistors, 22 kilohms and 47 kilohms,
connected in series with 24 volts
applied?

2. What is the voltage drop across the
following series resistors:

a.E; =100V, R, = 680 Q, R, = 1200 Q)

b.E, =24V, R, =22k, R, = 47kQ

c. I, =250 mA, R, = 100 Q, R, = 500 Q)
d.R; = 10kQ, I, = 1mA, R, = 4.7 kO

e E;=120V,R, =7200Q I =125mA

I

PARALLEL AC
" CIRCUITS

The voltage in a parallel circuit (Figure 14-5) re-
mains constant across each individual branch.
However, the total current divides among the in-
dividual branches. In a parallel AC circuit, the to-
tal current is in phase with the applied voltage
(Figure 14-6). The individual currents are also in
phase with the applied voltage.

All current and voltage values are the effec-
tive values. These values are used the same way
DC values are used.

EXAMPLE: If an AC circuit has an effective volt-
age of 120 volts applied across two parallel resistors
of 470 ohms and 1000 ohms, respectively, what is
the current flowing through each of the resistors?

FIGURE 14-5

A simple parallel AC circuit.

> >
< <
R > R >
19 2 QP

FIGURE 14-6

The in-phase relationship of the applied voltage, total
current, and individual branch currents in a parallel AC
circuit.

Given:
Iy, = ?
Iy, = ?
E =120V
R, = 470 Q
R, = 1000 O
Solution:
In a parallel circuit B, = Ex = Eg,
o By, =120V
Ep, = 120V
Use E, to find the current through resistor R,.
Eg,
Iy, = R,
Y470

Iz, = 0.26 A or 260 mA



146 SECTION 2 AC CIRCUITS

Use E, to find the current through resistor R,.

Eg,

Iy, = .
_ 120

7 1000

Iz, = 0.12 A or 120 mA

14-3 QUESTION

1. What is the current flow through the
following parallel AC resistive circuits?

a. E, = 100 V, R, = 470 Q, R, = 1000 Q
b. E, =24V, R, =22kQ, R, =47kQ

c. E,=150 V,R, = 100 Q, R, = 500 Q
d.I. = 0.0075 A, E, = 10V, R, = 4.7 kQ
e R; = 4700 O, I, =11 mA, E, =120V

JUS® POWER IN AC CIRCUITS

Power is dissipated in AC resistive circuits the
same way as in DC resistive circuits. Power is
measured in watts and is equal to the current
times the voltage in the circuit.

The power consumed by the resistor in an
AC circuit varies with the amount of current
flowing through it and the voltage applied across
it. Figure 14-7 shows the relationship of power,
current, and voltage. The power curve does not
fall below the reference line because the power
is dissipated in the form of heat. It does not mat-
ter in which direction the current is flowing, as
power is assumed to have a positive value.

Power varies between the peak value and
zero. Midway between peak value and zero is the
average power consumed by the circuit. In an AC
circuit, the average power is the power con-
sumed. This can be determined by multiplying the
effective voltage value by the effective current
value. This is expressed as:

P=1IE

FIGURE 14-7

The relationship of power, current, and voltage in a resistive
AC circuit.

;O

Er
Iy

EXAMPLE: What is the power consumption in an
AC circuit with 120 volts applied across 150 ohms
of resistance? (Remember, when the voltage value
is not specified for an AC source, it is assumed to be
the effective value.)

Given:
=2
E, =120V
R; =150 Q
P. =7
Solution:
First, find the total current (I,).
ET
I = —
Ry
120
IT =
150
I.=0.80A
Now, find the total power (P,).
P, = LE,
P, = (0.80)(120)
P, =96 W

When the current is not given, the current
must be determined prior to using the power for-
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mula. The resistance in this circuit consumes 96
watts of power.

14-4 QUESTIONS

1. What is the total power consumption of
the following circuits:

Series:

a. E.= 100 V, R, = 680 Q, R, = 1200 Q
b. I, = 250 mA, R, = 100 Q, R, = 500 Q
Parallel:

c. E. =100V, R, = 470 Q, R, = 1000 Q
d.I, = 7.5mA, E, =10V, R, = 4.7kQ
2. Find the power consumption of each indi-

vidual component in the following circuit.

R, = 1200 Q
AAA
vy

— [

AAA
vy

R, = 800 Q

ET=120V@ R, = 500 Q

AAA.
vy

R,=220Q

SUMMARY

e A basic AC resistive circuit consists of a

voltage source, conductors, and a resistive
load.

The current is in phase with the applied
voltage in a resistive circuit.

The effective value of AC current or
voltage produces the same results as the
equivalent DC voltage or current.

The effective values are the most widely
used measurement values.

Ohm’s law can be used with all effective
values.

AC voltage or current values are assumed
to be the effective values if not otherwise
specified.

CHAPTER 14 SELF-TEST

1. Explain the phase relationship between current and voltage in a pure resistive circuit.
2. What is the effective voltage of an AC circuit with 25 mA flowing through 4.7 kQ)?
3. What is the voltage drop across two resistors of 4.7 k() and 3.9 k() in series with an AC

voltage of 12 V applied?

4. If two parallel resistors of 2.2 k) and 5.6 k() have an AC effective voltage of 120 V applied
across their input, what is the current developed through each of the resistors?

5. What determines the power consumption in an AC circuit?

6. What is the power consumption in an AC circuit with 120 V applied across a load of 1200 (2?



CHAPTER 15

Capacitive AC Circuits

OBJECTIVES

After completing this chapter, the student should be able to:

e Describe the phase relationship between current and voltage in a capacitive AC

circuit.

¢ Determine the capacitive reactance in an AC capacitive circuit.

¢ Describe how resistor-capacitor networks can be used for filtering, coupling, and

phase shifting.

¢ Explain how low-pass and high-pass RC filters operate.

See accompanying CD for Capacitative AC Circuit examples in MultiSim,

Chapter 15.

Capacitors are key components of AC circuits. Ca-
pacitors combined with resistors and inductors
form useful electronic networks.

CAPACITORS IN AC
CIRCUITS

When an AC voltage is applied to a capacitor, it
gives the appearance that electrons are flowing
in the circuit. However, electrons do not pass
through the dielectric of the capacitor. As the ap-
plied AC voltage increases and decreases in am-
plitude, the capacitor charges and discharges.
The resulting movement of electrons from one
plate of the capacitor to the other represents cur-
rent flow.

148

The current and applied voltage in a capaci-
tive AC circuit differ from those in a pure resis-
tive circuit. In a pure resistive circuit the current
flows in phase with the applied voltage. Current
and voltage in a capacitive AC circuit do not flow
in phase with each other (Figure 15-1). When
the voltage starts to increase, current is at maxi-
mum because the capacitor is discharged. As
soon as the capacitor charges to the peak AC
voltage the charging current drops to zero. As
the voltage begins to drop, the capacitor begins
discharging. The current begins to increase in a
negative direction. When the current is at maxi-
mum, the voltage is at zero. This relationship is
described as 90 degrees out of phase. The current
leads the applied voltage in a capacitive circuit.
The negative voltage peaks when the voltage
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FIGURE 15-1

Note the out-of-phase relationship between the current and
the voltage in a capacitive AC circuit. The current leads the
applied voltage.

VOLTAGi7

el

Z(CUFKRENT

equals zero volts. The phase difference continues
through each cycle. In a purely capacitive circuit,
the current leads the voltage by an angle of 90
degrees. This can be represented by the acronym
ICE. Current (I) leads the voltage (E) in a capaci-
tive (C) circuit.

In a capacitive AC circuit, the applied voltage is
constantly changing, causing the capacitor to
charge and discharge. After the capacitor is initially
charged, the voltage stored on its plates opposes
any change in the applied voltage. The opposition
that the capacitor offers to the applied AC voltage
is called capacitive reactance. Capacitive reactance is
represented by X and is measured in ohms.

Capacitive reactance can be calculated by us-
ing the formula:

1
27iC

where: 7 = pi, the constant 3.14
t = frequency in hertz
C = capacitance in farads
Capacitive reactance is a function of the fre-
quency of the applied AC voltage and the capaci-
tance. Increasing the frequency decreases the
reactance, resulting in greater current flow. De-

Xc

creasing the frequency increases the opposition
and decreases current flow.

EXAMPLE: What is the capacitive reactance of a
1-microfarad capacitor at 60 hertz?

Given:
XC =7
T =3.14
f=60Hz
C =1 uF = 0.000001 F
Solution:
X. = 1
¢ e
1
XC =

(2)(3.14)(60)(0.000001)
X, = 2653.93 Q

EXAMPLE: What is the capacitive reactance of a
1-microfarad capacitor at 400 hertz?

Given:
XC =?
T =3.14
f =400 Hz

C=1pnF = 0.000001F

Solution:
X. = 1
¢ orfc
1
Xc =
(2)(3.14)(400)(0.000001)
XC = 398.09 ()

EXAMPLE: What is the capacitive reactance of a
0.1-microfarad capacitor at 60 hertz?

Given:
XC =7
T =3.14
f=60Hz

C = 0.0000001 F = 0.1 uF
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Solution:
X = 1
¢ 2xiC
1
XC -
(2)(3.14)(60)(0.0000001)
X, = 26,539.28 Q

EXAMPLE: What is the capacitive reactance of a
10-microfarad capacitor at 60 hertz?

Given:
X, =7
T =3.14
f=60Hz
C =10 uF = 0.00001 F
Solution:
xo= L
27fC
Xe = !
(2)(3.14)(60)(0.00001)
X. = 265.39 Q

Capacitive reactance is the opposition to
changes in the applied AC voltage by a capacitor.
In an AC circuit, a capacitor is thus an effective
way of controlling current. Using Ohm's law, the
current is directly proportional to the applied volt-
age and inversely proportional to the capacitive
reactance. This is expressed as:

E

I=—
X

Note: X, (capacitive reactance) has been substi-
tuted for R (resistance) in Ohm's law.

It is important to keep in mind that capacitive
reactance depends on the frequency of the ap-
plied voltage and the capacitance in the circuit.

EXAMPLE: A 100-microfarad capacitor has
12 volts applied across it at 60 hertz. How much
current is flowing through it?

Given:
=7
E =12 VAC
T =3.14
f =60Hz
C =100 pF = 0.0001 F
Solution:
First, find the capacitive reactance (X.).
. -1
¢ 2xic
1
XC =
(2)(3.14)(60)(0.0001)
X, = 26.54 Q)
Using X, now find the current flow:
E
1= —
Xc
12
26.54

I=0.452 A or 452 mA

EXAMPLE: Al0-microfarad capacitor has 250 mil-
liamperes of current flowing through it. How much
voltage at 60 hertz is applied across the capacitor?

Given:
X, =7
T =3.14
f =60 Hz
C =10 pnF = 0.00001 F
I=250mA or0.25 A
E=7?
Solution:
First, find the capacitive reactance (X.).
xo- L
27fC

(2)(3.14)(60)(0.00001)
X, = 26539 Q)
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Now, find the voltage drop (E).

E
I==—
X
E
0.25 =
265.39
E = 66.35V

When capacitors are connected in series, the ca-
pacitive reactance is equal to the sum of the indi-
vidual capacitive reactance values.

Xe, = X¢, + Xe, + X¢, .o + X,

When capacitors are connected in parallel, the

reciprocal of the capacitive reactance is equal to

the sum of the reciprocals of the individual ca-
pacitive reactance values.

1 1 1 1 1

— =t —+— ..+

XCT XC] XCZ XC; XC

15—1 QUESTIONS

1. Describe how an AC voltage appears to
make current move through a capacitor.

n

2. What is the relationship between current
and voltage in a capacitive circuit?

3. What is capacitive reactance?

4. What is the capacitive reactance of a 10-
microfarad capacitor at 400 hertz?

JSEPN APPLICATIONS OF
- CAPACITIVE CIRCUITS

Capacitors can be used alone or combined with
resistors to form RC (resistor-capacitor) networks. RC
networks are used for filtering, decoupling, DC
blocking, or coupling phase-shift circuits.

A filter is a circuit that discriminates among
frequencies, attenuating (weakening) some while
allowing others to pass. It works by establishing a

FIGURE 15-2
RC low-pass filter.
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cut-off point between frequencies that are passed
and frequencies that are attenuated. The two
most common types of filters are low-pass filters
and high-pass filters. A low-pass filter allows low
frequencies to pass with little opposition while at-
tenuating the high frequencies. A high-pass filter
permits frequencies above the cut-off point to
pass while attenuating frequencies below the cut-
off point.

A low-pass filter (Figure 15-2) consists of a
capacitor and a resistor in series. The input volt-
age is applied across both capacitor and resistor.
The output is taken from across the capacitor. At
low frequencies, the capacitive reactance is higher
than the resistance, so most of the voltage is
dropped across the capacitor. Therefore, most of
the voltage appears across the output. As the in-
put frequency increases, the capacitive reactance
decreases, and less voltage is dropped across the
capacitor. Therefore, more voltage is dropped
across the resistor, with a decrease in the output
voltage. The cut-off is gradual. Frequencies above
the cut-off point pass with a gradual attenuation
in the output voltage. Figure 15-3 shows a fre-
quency response curve for an RC low-pass filter.

A high-pass filter also consists of a resistor and
capacitor in series (Figure 15-4). However, the out-
put is taken across the resistor. At high frequencies,
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FIGURE 15-3
Frequency response of an RC low-pass filter.
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FIGURE 15-5
Frequency response of an RC high-pass filter.
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FIGURE 15-4
RC high-pass filter.

Y|
N
O

AAA

\AA
By
m

Q- |
|

the capacitive reactance is low, and most of the
voltage is dropped across the resistor. As the fre-
quency decreases, the capacitive reactance in-
creases, and more voltage is dropped across the
capacitor. This results in a decrease in the output
voltage across the resistor. Again, the drop in out-
put voltage is gradual. Figure 15-5 shows a fre-
quency response curve for an RC high-pass filter.
Most electronic circuits include both AC and
DC voltages. This results in an AC signal superim-
posed on a DC signal. If the DC signal is used to op-
erate equipment, it is advantageous to remove the
AC signals. An RC low-pass filter can be used for
this purpose. A decoupling network (Figure 15-6) al-

Y FREQUENCY >

FIGURE 15-6
RC decoupling network.

<
Y] $ R
T
= T C DCE oyt

lows the DC signal to pass while attenuating or
eliminating the AC signal. The AC signal may be in
the form of oscillations, noises, or transient spikes.
By adjusting the cut-off frequency, most of the AC
signal can be filtered out, leaving only the DC volt-
age across the capacitor.

In another application, it may be desirable to
pass the AC signal while blocking the DC voltage.
This type of circuit is called a coupling network
(Figure 15-7). An RC high-pass filter can be
used. Initially the capacitor charges to the DC
voltage level. Once the capacitor is charged, no
more DC current can flow in the circuit. The AC
source causes the capacitor to charge and dis-
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FIGURE 15-7 @
|
RC coupling network.
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FIGURE 15-8

-

Leading output phase-shift network. The output
voltage leads the input voltage.
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charge at the AC rate, creating current flow
through the resistor. The component values are
chosen so that the AC signal is passed with a min-
imum of attenuation.

At times it is necessary to shift the phase of
the AC output signal with respect to the input sig-
nal. RC networks can be used for phase-shifting
applications. The RC phase-shift networks are used
only where small amounts of phase shift, less
than 60 degrees, are desired.

Figure 15-8 shows a phase-shift network with
the input applied across the resistor-capacitor
combination and the output taken across the
resistor. In the circuit, the current leads the
voltage because of the capacitor. The voltage
across the resistor is in phase with the resistor.
This results in the output voltage leading the
input voltage.

FIGURE 15-9

Lagging output phase-shift network. The voltage @
across the capacitor lags the applied voltage.

o MWy _L o
R 1

IN T c, ouT
[ O

FIGURE 15-10
Cascaded RC phase-shift networks.
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In Figure 15-9, the output is taken across the
capacitor. The current in the circuit leads the ap-
plied voltage. However, the voltage across the ca-
pacitor lags the applied voltage.

To achieve greater phase shifts, several RC net-
works may be cascaded (connected) together (Fig-
ure 15-10). Cascaded networks reduce the output
voltage, however. An amplifier is needed to raise
the output voltage to the proper operating level.

Phase-shift networks are valid for only one
frequency, because the capacitive reactance varies
with changes in frequency. Changing the reac-
tance results in a different phase shift.

15—-2 QUESTIONS

1. What are three uses of resistor-capacitor
networks in electronic circuits?

2. Draw a diagram of a low-pass filter and
describe how it works.

3. Draw a diagram of a high-pass filter and
describe how it works.
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* Capacitive reactance is represented by X..

4. What is the purpose of a decoupling e Capacitive reactance is measured in ohms.
network?  Capacitive reactance can be calculated by
5. What do RC phase shift networks do? the formula:
IS 1

X. = ——
¢ anfC

¢ RC networks are used for filtering,
coupling, and phase shifting.

e A filter is a circuit that discriminates
against certain frequencies.

SUMMARY

¢ When an AC voltage is applied to a

capacitor, it gives the appearance of
current flow.

The capacitor charging and discharging
represents current flow.

The current leads the applied voltage by
90 degrees in a capacitive circuit.
Capacitive reactance is the opposition a
capacitor offers to the applied voltage.

A low-pass filter passes frequencies below
a cut-off frequency. It consists of a resistor
and capacitor in series.

A high-pass filter passes frequencies
above a cut-off frequency. It consists of a
capacitor and resistor in series.

Coupling networks pass AC signals but
block DC signals.

CHAPTER 15 SELF-TEST

1. What is the relationship between current and the applied voltage in a capacitive circuit?
2. What is the capacitive reactance of a 1000-wF capacitor at 60 Hz?

3. In question 2, what is the current flow through the capacitor with 12 V applied?

4. List three applications for capacitive circuits.

5. Why are capacitive coupling circuits important?



CHAPTER 16

Inductive AC Circuits

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Describe the phase relationship between current and voltage in an inductive AC

circuit.

e Determine the inductive reactance in an AC circuit.

e Explain impedance and its effect on inductive circuits.

e Describe how an inductor-resistor network can be used for filtering and phase

shifting.

¢ Explain how low-pass and high-pass inductive circuits operate.

Chapter 16.

See accompanying CD for Inductive AC Circuit examples in MultiSim,

Inductors, like capacitors, oppose current flow in
AC circuits. They may also introduce a phase shift
between the voltage and the current in AC cir-
cuits. A large number of electronic circuits are
composed of inductors and resistors.

INDUCTANCE IN
AC CIRCUITS

Inductors in AC circuits offer opposition to cur-
rent flow. When an AC voltage is placed across an
inductor, it creates a magnetic field. As the AC
voltage changes polarity, it causes the magnetic
field to expand and collapse. It also induces a
voltage in the inductor coil. This induced voltage

is called a counter electromotive force (cemf), the
greater the inductance, the greater the cemf. The
cemf is out of phase with the applied voltage by
180 degrees (Figure 16-1) and opposes the ap-
plied voltage. This opposition is as effective in re-
ducing current flow as a resistor.

The amount of voltage induced in the induc-
tor depends on the rate of change of the magnetic
field. The faster the magnetic field expands and
collapses, the greater the induced voltage. The to-
tal effective voltage across the inductor is the dif-
ference between the applied voltage and the
induced voltage. The induced voltage is always
less than the applied voltage.

Figure 16-2 shows the relationship of the cur-
rent to the applied voltage. In a purely inductive

155
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FIGURE 16-1

The applied voltage and the induced voltage are 180 degrees
out of phase with each other in an inductive circuit.
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FIGURE 16-2

The current lags the applied voltage in an AC inductive
circuit.
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circuit, the current lags behind the applied voltage
by 90 degrees. Another way of stating this is that
the applied voltage leads the current by 90 de-
grees in a pure inductive current. This can be rep-
resented by the acronym ELL Voltage (E) leads
current (I) in an inductive (L) circuit.

The opposition offered to current flow by an
inductor in an AC circuit is called inductive reac-
tance. Inductive reactance is measured in ohms.
The amount of inductive reactance offered by an
inductor depends on its inductance and the fre-
quency of the applied voltage. The larger the in-
ductance, the larger the magnetic field generated

and the greater the opposition to current flow.
Also, the higher the frequency, the greater the
opposition to current flow.

Inductive reactance is expressed by the sym-
bol X;. Inductive reactance is determined by the
formula:

X, = 2miL
where: m = pior 3.14

f = frequency in hertz
L = inductance in henries

EXAMPLE: What is the inductive reactance of a
0.15-henry coil at 60 hertz?

Given: Solution:

X, =7 X, = 2miL

m=3.14 X, = (2)(3.14)(60)(0.15)
t=60Hz X, =56.52 ()
L=0.15H

EXAMPLE: What is the inductive reactance of a
0.15-henry coil at 400 hertz?

Given: Solution:

X =7 X, = 2wiL

™= 3.14 X, = (2)(3.14)(400)(0.15)
f=400Hz X, = 376.80 ()
L=0.15H

Notice that the inductive reactance increases
with the increase in frequency.

Ohm’s law applies to inductive reactance in
AC circuits in the same manner that it applies to
resistance. The inductive reactance in an AC cir-
cuit is directly proportional to the applied voltage
and inversely proportional to the current. This re-
lationship is expressed as:
_E
=X

The inductance increases with an increase in
voltage or a decrease in current. Likewise, a de-
crease in inductive reactance results from a de-
crease in voltage or an increase in current.

I
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EXAMPLE: How much current flows through a
250-millihenry inductor when a signal of 12 volts
and 60 hertz is applied across it?

Given:
X, =7
m™=3.14
f =60 Hz
L=025H
=7
E=12V
Solution:
First, find the inductive reactance (X, ).
X, = 2mfL
X, = (2)(3.14)(60)(0.25)
X, =94.20 Q
Using X,, now find the current flow (I).
E
I=—
Xy
12
= ——
94.20

1=0.127 amp or 127 mA

EXAMPLE: How much voltage is necessary
to cause 10 milliamperes to flow through a 15-
millihenry choke at 400 Hz?

Given:
X, =7
m™=3.14
f =400 Hz
L=0.015H
1=0.01A
E=7?
Solution:
First, find the inductive reactance (X).
X, = 2miL
X, = (2)(3.14)(400)(0.015)

X, = 37.68 Q

Using X, now find the voltage (E).

E
1=—
Xy
0.01 = ——
37.68
E =038V

EXAMPLE: What is the inductive reactance of a
coil that has 120 volts applied across it with 120
milliamperes of current flow?

Given: Solution:
E
I=0.12A I1=—
Xi
120
E=120V 0.12 =—
Xy
XL =7 XL = 1000 Q)

The impedance of a circuit containing both
inductance and resistance is the total opposition
to current flow by both the inductor and the re-
sistor. Because of the phase shift caused by the
inductor, the inductive reactance and the resist-
ance cannot be added directly. The impedance is
the vector sum of the inductive reactance and
the resistance in the circuit. The impedance is
expressed in ohms and is designated by the let-
ter Z. Impedance can be defined in terms of
Ohm'’s law as:

The most common inductive circuit consists
of a resistor and an inductor connected in series.
This is referred to as an RL circuit. The impedance
of a series RL circuit is the square root of the sum
of the squares of the inductive reactance and the
resistance. This can be expressed as:

Z= VR +X{

EXAMPLE: What is the impedance of a 100-
millihenry choke in series with a 470-ohm resis-
tor with 12 volts, 60 hertz applied across them?
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Given:
X, =7
m=3.14
f=60Hz
100mH = 0.1 H
7Z="7
R =4700Q
Solution:
First, find the inductive reactance (X, ).
X, = 2miL
X, = (2)(3.14)(60)(0.1)
X, = 37.68 Q

Using X, now find the impedance (Z).
Z=VR*+ X}
Z =V (470) + (37.68)>
Z=471.51 Q

When inductors are connected in series, the in-
ductive reactance is equal to the sum of the indi-
vidual inductive reactance values.

X, = Xp, + X, + X, ...+ Xp
When inductors are connected in parallel, the re-
ciprocal of the inductive reactance is equal to the

sum of the reciprocals of the individual inductive
reactance values.

LU SR B !
) D D D .

16—1 QUESTIONS

1. What does an AC voltage do when
applied across an inductor?

2. What is the relationship between current
and voltage in an inductive circuit?

3. What is inductive reactance?

4. What is the inductive reactance of a 200-
millihenry inductor at 10,000 hertz?

5. How is the impedance determined for an
inductor-resistor network?

J T APPLICATIONS OF
~" INDUCTIVE CIRCUITS

Inductive circuits are widely used in electronics.
Inductors compete with capacitors for filtering
and phase-shift applications. Because inductors
are larger, heavier, and more expensive than ca-
pacitors, they have fewer applications than ca-
pacitors. However, inductors have the advantage
of providing a reactive effect while still complet-
ing a DC circuit path. Capacitors can provide a re-
active effect, but block the DC elements.
Inductors are sometimes combined with ca-
pacitors to improve the performance of a circuit.
The reactive effect of the capacitor then opposes
the reactive effect of the inductor. The end result
is that they complement each other in a circuit.
Series RL networks are used as low- and high-
pass filters. Figure 16-3 shows the two basic types
of filters. The circuits are essentially resistor-
inductor voltage dividers. Figure 16-3A is a low-

FIGURE 16-3 @_
RL filters.
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pass filter. The input is applied across the inductor
and resistor. The output is taken from across the
resistor. At low frequencies, the reactance of the
coil is low. Therefore it opposes little current and
most of the voltage is dropped across the resistor.
As the input frequency increases, the inductive
reactance increases and offers more opposition to
current flow, so that more voltage drops across
the inductor. With more voltage dropped across
the inductor, less voltage is dropped across the re-
sistor. Increasing the input frequency decreases
the output voltage. Low frequencies are passed
with little reduction in amplitude while high fre-
quencies are greatly reduced in amplitude.
Figure 16-3B is a high-pass filter. The input is
applied across the inductor and resistor and the out-
put is taken across the inductor. At high frequencies,
the inductive reactance of the coil is high, causing
most of the voltage to be dropped across the coil. As
the frequency decreases, the inductive reactance de-
creases, offering less opposition to the current flow.
This causes less voltage to be dropped across the coil
and more voltage to be dropped across the resistor.
The frequency above or below the frequencies
passed or attenuated is called the cut-off frequency.
The symbol for the cut-off frequency is f.. . The cut-
off frequency can be determined by the formula:

R

f = —
€O 2L

where: f_, = cut-off frequency in hertz
R = resistance in ohms
m=3.14
f = frequency in hertz
L = inductance in henries

' 16—2 QUESTIONS

1

. What are the disadvantages of using

inductors in circuits?

. What are the advantages of using

inductors in circuits?

. Draw a diagram of an RL low-pass filter

and explain how it operates.

. Draw a diagram of an RL high-pass filter

and explain how it operates.

. How can the cut-off frequency of an RL

circuit be determined?

I

SUMMARY

In a pure inductive circuit, the current lags
the applied voltage by 90 degrees.
Inductive reactance is the opposition to
current flow offered by an inductor in an
AC circuit.

Inductive reactance is represented by X .
Inductive reactance is measured in ohms.
Inductive reactance can be calculated by
the formula:

X, = 2wfL

Impedance is the vector sum of the
inductive reactance and the resistance in
the circuit.

Series RL circuits are used for low- and
high-pass filters.

CHAPTER 16 SELF-TEST

1. What is the relationship between current and the applied voltage in an inductive circuit?

2. What factor affects the inductive reactance of an inductive circuit?
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3. What is the inductive reactance of a 100-mH coil at 60 Hz?

4. How much current would flow through the inductor in question 3 if 24 V were applied?
5. How are inductors used in circuits?

6. What is the cut-off frequency of an inductive circuit?



CHAPTER 17

Resonance Circuits

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Identify the formulas for determining capacitive and inductive reactance.

¢ Identify how AC current and voltage react in capacitors and inductors.

e Determine the reactance of a series circuit, and identify whether it is capacitive or

inductive.
¢ Define the term impedance.

¢ Solve problems for impedance that contain both resistance and capacitance or

inductance.

¢ Discuss how Ohm’s law must be modified prior to using it for AC circuits.
* Solve for X, X, X, Z, and I in RLC series circuits.

e SolveforI, I, I, I, and I, in RLC parallel circuits.

See accompanying CD for interactive presentations, tutorials, and DC Circuit

examples in MultiSim, Chapter 17.

In previous chapters, resistance, capacitance, and in-
ductance in AC circuits were looked at individually
in a circuit. In this chapter, resistance, capacitance,
and inductance will be observed as connected to-
gether in an AC circuit. The concepts covered in this
chapter will not present any new material, but will
apply all of the principles presented so far.

When the reactance of the inductor equals
the reactance of the capacitor, it forms a resonant
circuit. Resonant circuits are used in a variety of
circuits in electronics.

REACTANCE IN
SERIES CIRCUITS

A series circuit (Figure 17-1) DC voltage is gen-
erally supplied by a battery. The value of the
amount of current flowing in a circuit may be de-
termined by Ohm’s law, which uses the battery
voltage and resistance of the circuit.

When an AC voltage source is applied to a cir-
cuit (Figure 17-2), the instantaneous value of

161
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FIGURE 17-1

FIGURE 17-3

DC resistive circuit.
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FIGURE 17-2
AC resistive circuit.
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current flowing through the resistor varies with
the alternating output voltage applied. Ohm’s law
applies to the AC circuit just as it does with the DC
circuit. Peak current may be calculated from the
source’s peak voltage, and rms current from the
rms voltage.

Figure 17-3 shows a graph of one cycle of
AC. It shows that when the voltage reaches a
peak, the current also reaches a peak. Both the
voltage and the current crosses the zero line to-
gether. The two waveforms are said to be in
phase. This is the condition that occurs when a
circuit contains pure resistance and no reactive
components.

The effects of pure inductance or capacitance
cause the voltage or current of a circuit to be 90
degrees out of phase. This situation becomes more
complex when both reactive and resistance com-
ponents are combined—a condition that is typical
of an AC circuit.

In Figure 17-4, the components are shown
connected in a series circuit, and the current flows
equally through both components. Resistor R,

In a resistive AC circuit, current and voltage are in phase.

FIGURE 17-4

Voltage in either RL circuits such as this one or @
in RC circuits are not in phase and cannot be added directly.

Eq, = 105.75,
R,=470Q
AAA,
vy
ET = f— XL = 2525 Q
—_— 1
120V T E,, = 56.81
f=60Hz
I=225A

has a value of 47 ohms, and the calculated value
of inductive reactance for inductor L, is 25.25
ohms for the frequency of 60 hertz. The current
flow in the circuit is 2.25 amperes, and the volt-
age drop across resistor R, is 105.75 volts and
across inductor L, is 56.81 volts. These voltages
appear to be incorrect because they total more
than the supply voltage of 120 volts. This occurs
because the voltage across the resistor is out of
phase with the voltage across the inductor.
Voltage and current are in phase in the re-
sistive portion of the circuit. In the inductive
portion of the circuit, voltage leads the current
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FIGURE 17-5

FIGURE 17-6

Vectors can be used to show the relationship between
voltages in a reactive circuit.
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by 90 degrees. Because the current at all points
in a series circuit must be in phase, E; and E, are
out of phase.

A way to represent voltage and current in cir-
cuits, such as the one in Figure 17-4, is to use vec-
tors. Vectors are arrows that start at the origin of a
coordinate system and point in a particular direc-
tion (Figure 17-5). The length of the arrow indi-
cates the magnitude—the longer the arrow, the
larger the value. The angle the arrow makes with
the x-axis indicates its phase in degrees. The posi-
tive x-axis is zero degrees and the degrees increase
as the arrow is moved in a counterclockwise
direction.

In Figure 17-4, the current flows through both
components with the same phase. The current
vector is used as the zero degree reference and will
lie on the x-axis. Voltage E,, is in phase with the
current and its vector is also placed on the x-axis.

The voltage across the inductor, B, is90 degrees
ahead of the current. Therefore, its vector points
straight up, or 90 degrees from the x-axis. Each vec-
tor is drawn to scale. The source voltage vector (E;)
is started at the origin and ends at the maximum val-
ues of E; and E|, as shown in Figure 17-5. The an-
gle of the vector E; (0) is the phase between the
source voltage and current, and its length indicates
the voltage’s magnitude.

Vectors can be rearranged to form a right triangle.

ge

The base voltage diagram may be rearranged
to form a right triangle, with the hypotenuse rep-
resenting the longest vector (Figure 17-6). Scale
drawings are not needed to determine magnitude
because the Pythagorean Theorem states:

Er = VEZ+ E;?

This formula may be used to calculate any vector
when the other two legs are known.

Vector representation also allows the use of
trigonometric functions to determine voltage
when only one voltage and the phase angle is
known. It also determines the phase angle
when the two voltages are known. These rela-
tionships are:

Sin 6 = B, /E,
Cos 6§ = E./E;
Tan 6 = B, /B,

Using the example in Figure 17-4 and any of the
relationships shown, the phase difference may be
determined between the supply voltage and cur-
rent as 28.26 degrees.

Experimenting with different values of E; and
E, will reveal several useful tips to remember:

e When a circuit is purely resistive, the phase
angle is zero because voltage and current are
in phase.

e As the inductive reactance increases, the
phase angle becomes greater until it reaches
45 degrees when the resistance and the
reactance are equal in value. As the
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inductive reactance increases further, the
angle will approach 90 degrees.

¢ When a circuit contains pure reactance with
no resistance the phase angle will increase to
90 degrees.

Current flow is the same through all compo-
nents in a series circuit. The voltage drop across
any component in the circuit is proportional to
the resistance or reactance of that component. If
vectors are drawn for the resistance and reac-
tance of the circuit, they would be proportional
to those drawn for the voltage (Figure 17-4).
The resistance, R, would be drawn at 0 degrees
and the inductive reactance, X;, would be drawn
at 90 degrees.

The combined effect of resistance and reac-
tance is called impedance and is represented by
the symbol Z. Impedance must be used to calcu-
late the current in a reactive circuit when the
supply voltage is known. Dividing the source
voltage by the resistance added to the reactance
will yield an incorrect answer because the volt-
ages involved are not in phase with each other.
Vectors may be used to describe the circuit im-
pedance (Figure 17-7).

The series RC circuit in Figure 17-8A is de-
scribed by the vector diagrams in Figure 17-8B and
17-8C. Again, the current is used as the zero-degree
reference point, with E; at 0 degrees since it is in

FIGURE 17-8

FIGURE 17-7
Vectors can also be used to describe impedance.

R

phase with the current. Remember, in a capacitive
circuit, the voltage lags 90 degrees behind the cur-
rent, so its voltage vector (E) is drawn downward.
The phase angle of such a circuit is sometimes given
a negative value, although it is just as acceptable to
specify “leading” or “lagging” instead. All the same
trigonometric equations and the Pythagorean The-
orem may be applied to the vectors.

17-1 QUESTIONS

1. Draw a graph showing the relationship
of current and voltage in a purely
resistive series circuit.

2. Show the relationship between current
and voltage for the circuit shown in
Figure 17-9.

Vectors can be used to describe capacitive AC circuits, the same as inductive circuits.

53
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. For the circuit in Figure 17-9, draw a
graph showing the vector relationship.
Include all arrows and label each vector.
. Using the Pythagorean Theorem,
determine the impedance for the circuit
shown in Figure 17-9.

. Determine the phase angle for the circuit
shown in Figure 17-9.

REACTANCE IN
~ PARALLEL CIRCUITS

Parallel circuits containing inductors and capaci-
tors may also be analyzed with vector diagrams.
However, the vectors used are current vectors be-
cause the voltage across each component must be
equal and in phase with each other.

Figure 17-10 shows a parallel RL circuit and
its resulting vector diagram. The vector for the re-
sistor current is placed at 0 degrees. It is a simple
matter to plot the vector for the inductor’s cur-
rent, I,. The current through the inductor lags be-
hind the voltage by 90 degrees, so the vector is
drawn downward.

Figure 17-11 shows the vector diagram for a
parallel RC circuit. Notice that the capacitive and
inductive vectors (Figure 17-10) for parallel cir-
cuits are drawn in the opposite direction to those
R, =150 Q of a series circuit. Remember, in parallel circuits

A current is examined, not voltage.

Just as the resistance of a parallel circuit is
always less than the value of the smallest resis-
tor, the impedance of a parallel RL or RC circuit
is smaller than both the individual resistance or
reactance. Vectors may be used to determine
parallel circuit impedance; however, the recipro-
cal values of R, X, and Z must be used. This

6. Verify the impedance for the circuit
shown in Figure 17-9.

7. Verify the current flow for the circuit
shown in Figure 17-9.

FIGURE 17-9

E,=
120V (MU
60 Hz

§L1 =265 mH

FIGURE 17-10

Vectors can be used to analyze parallel inductance circuits. Current flow, not voltage, is used because the voltage across each
component is equal and in phase.
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FIGURE 17-11

Vectors can be used to analyze parallel capacitance circuits.
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makes impedance calculations a little more com- FIGURE 17-12
plex for parallel circuits. All the trigonometric
functions mentioned previously are applicable to
parallel circuits provided that the vectors are
drawn correctly. Mathematically, for Figures 17-10
and 17-11: E = J |
Inductive circuits: éiOHV &Y 21K T Ci=10uF
z

I=VIZ+L’
1/Z=1/R + 1/X;

Capacitive circuits:
I=VIgZ+1?

1/Z = 1/R + 1/X,

' 17-2 QUESTIONS

1. Using the Pythagorean Theorem,
calculate the resultant current flow for

the circuit shown in Figure 17-10. The
total voltage is 120 V at 60 Hz, R = 150 Q)
and L = 265 mH.

2. Calculate the impedance of the circuit in
Figure 17-12.

I
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POWER

The power consumption of a purely resistive AC
circuit is easy to determine. Calculate the product
of the rms current and rms voltage to obtain the
average power. Figure 17-13A shows a graphical
method in which instantaneous power consump-
tion may be calculated by plotting current and
voltage on the same axes and then performing
successive multiplications to plot the power curve.

The same principle may be applied to the re-
active circuit (Figure 17-13B). Remember that a
circuit containing just pure inductance shows cur-
rent lagging voltage by 90 degrees. Plotting the
power curve for this circuit yields an alternating
waveform that is centered on 0. The net power
consumption of an inductive circuit is low.

During the positive portion of the waveform,
the inductor takes energy and stores it in the form
of a magnetic field. During the negative portion of
the waveform, the field collapses and the coil re-
turns energy to the circuit. A similar situation oc-
curs with pure capacitance, except the capacitor
stores energy as an electrostatic field and the volt-
age current phase relationship is reversed.

As resistance is introduced to a circuit, the
phase angle becomes less than 90 degrees and the
power curve will shift to a more positive value,
showing that the circuit is taking more energy

FIGURE 17-13

than it is returning. However, the capacitive or in-
ductive part of the circuit still stores and releases
energy and consumes no power. The power loss is
due entirely to the resistance. Remember, only
the resistive part of the circuit consumes power.

Figure 17-14 shows a capacitive circuit. Using
the Pythagorean Theorem, the resistance of 100
ohms and the capacitance reactance of 50 ohms
gives a combined impedance (Z) of approximately
112 ohms, as follows:

Z=VR}+ X
Z = \V100? + 50?
Z=111.8Q

Using Ohm'’s law, this would allow a current
of approximately 1 amp to flow in the circuit. The
voltage drop across the resistor would be 100
volts, so the true power dissipated by the resistor
would be approximately 100 watts.

The capacitive part of the circuit consumes no
power, yet multiplying the source voltage by cir-
cuit current yields an answer of 112 watts. The
difference is accounted for by the difference in
phases between the various voltages. As opposed
to true power, the figure obtained by multiplying
the source voltage and current is known as appar-
ent power, and it is specified as 112 VA or 112 volt-
amperes. The true power of the circuit can never
be greater than the apparent power. The ratio of

Power dissipation in a resistive circuit has a non-zero value (A). In a reactive circuit, there is no average or net power loss (B).

POWER
¥

——————— AVERAGE
POWER

POWER
I’

S 7 - TIME

TIME

(B)
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FIGURE 17-14

In a reactive circuit, the true power dissipated with resistance and the reactive power supplied to its reactance vectorly sum to

produce an apparent power vector.

ER1 =100V
R, =100 Q

AAA
vy

L X =500
T Eg, =50V
1

true power in watts to apparent power in volt-
amps is called the power factor.

Vector diagrams may be used to analyze the
power factor. If the phase angle of the circuit is
known, the power factor may be calculated by
taking the cosine of the angle. In the circuit
shown in Figure 17-14, it is the same as the ratio
of E, to source voltage. Several methods are used
to obtain the power factor based on the data
available. In a pure resistive circuit, the true
power is the same as the apparent power, so the
power factor is 1. In a pure inductive or capaci-
tive circuit the true power is 0—no matter what
the apparent power is—so the power factor is 0.
Power factor is an important consideration in
heavy industrial power distribution where the
cables must be capable of handling the apparent
power load.

17-3 QUESTIONS

1. What is the net power consumption of an
inductive circuit? Why?

2. Calculate the apparent power for the
circuit shown in Figure 17-15.

100 W
" -, TRUE POWER
|
0 |
50 112 VA |
VA |
|
|
|
l |
REACTION APPARENT
POWER POWER
FIGURE 17-15
R, = 1KQ
AAA,
vy
E =
120V (N, §L1=200mH
400 HZ

3. Define power factor.

4. What is the relationship between true
power and apparent power?

IYe ™ INTRODUCTION
-~ TO RESONANCE

Resonance is a phenomenon that occurs in
many fields, including electronics. A resonance
device produces a broadening and dampening



CHAPTER 17 RESONANCE CIRCUITS 169

effect. In electronics, resonant circuits pass de-
sired frequencies and reject all others. The abil-
ity of a series or parallel combination of X; or X
to produce resonance provides a number of
unique applications. Resonant circuits make it
possible for a radio or television receiver to tune
in and receive a station at a particular fre-
quency. The tuning circuit consists of a coil of
wire in parallel with a capacitor. Parallel tuned
circuits have maximum impedance at resonant
frequencies. Tuned circuits are vital to a variety
of types of communication equipment, from ra-
dios to radar.

Resonance occurs when a circuit’s inductive
and capacitive reactance are balanced. Previ-
ously, it was mentioned that inductive reactance
increases with frequency, and capacitive reac-
tance increases with frequency. If both inductive
and capacitive components are in an AC circuit,
at one particular frequency their reactances will
be equal but opposite. This condition is referred
to as resonance. A circuit that contains this char-
acteristics is called a resonant circuit. Both induc-
tance and capacitance must be present for this
condition to occur.

In any resonant circuit, some resistance is
usually present. Though the resistance does not
have an effect on the resonant frequency, it does
affect other resonant circuit parameters that will
be explained later.

The value of inductance and capacitance
determines the specific frequency of resonance
of a circuit. Changing either or both will result
in a different resonant frequency. Typically, the
larger the value of inductance and capacitance,
the lower the resonant frequency. Therefore, the
smaller the value of inductance and capacitance,
the higher the resonant frequency.

Above and below the resonant frequency of
any LC circuit, the circuit behaves as any standard
AC circuit. Resonance is desired with radio fre-
quencies in tuning receivers and transmitters, cer-
tain industrial equipment, and test equipment. It

is undesired in audio amplifiers and power sup-
plies. Resonant circuits are not used in the audio
bands of frequencies.

' 17-4 QUESTIONS

1. When does resonance occur?

2. Where are resonance circuits used?

3. What is the relationship between
size of components and resonance
frequencies?

SUMMARY

e Ohm’s law applies to AC circuits, just as it
does to DC circuits.

¢ The AC current lags the voltage by 90
degrees in an inductor (ELI).

¢ The AC current leads the voltage by 90
degrees in a capacitor (ICE).

¢ Vector representation allows the use of
trigonometric functions to determine
voltage or current when the phase angle
is known.

e The combined effect of resistance and
inductance or capacitance is called
impedance.

e Apparent power is obtained by
multiplying the source voltage and current
with units of volt-amperes.

¢ The ratio of true power to apparent
power in volts-amperes is called the
power factor.

¢ Power factor is very important in the
consideration of heavy industrial power
distribution.

¢ Resonance circuits make it possible for a
circuit to tune a station to a particular
frequency.

¢ Resonance is desired for radio frequency
in tuning circuits.
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CHAPTER 17 SELF-TEST

1. What are the values of X, X, X, Z, and I for the circuit shown in Figure 17-16?

FIGURE 17-16
Series RLC circuit.

R,=56Q
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Er=120V
T =
F = 60 Hz @ %"1 750 mH

It
4
C,=10pf

2. What are the values of I, I, I, I, and I, for the circuit shown in Figure 17-17?

FIGURE 17-17
Parallel RLC circuit.
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CHAPTER 18

OBJECTIVES

Transformers

After completing this chapter, the student should be able to:

e Describe how a transformer operates.
e Explain how transformers are rated.

¢ Explain how transformers operate in a circuit.

e Describe the differences between step-up, step-down, and isolation transformers.

¢ Describe how the ratio of the voltage, current, and number of turns are related

with a transformer.

¢ Describe applications of a transformer.
¢ Identify different types of transformers.

See accompanying CD for Transformer examples in MultiSim, Chapter 18.

Transformers allow the transfer of an AC signal
from one circuit to another. The transfer may in-
volve stepping up the voltage, stepping down the
voltage, or passing the voltage unchanged.

ELECTROMAGNETIC
INDUCTION

If two electrically isolated coils are placed next
to each other and an AC voltage is put across
one coil, a changing magnetic field results. This
changing magnetic field induces a voltage into
the second coil. This action is referred to as

electromagnetic induction. The device is called a
transformer.

In a transformer, the coil containing the AC
voltage is referred to as the primary winding. The
other coil, in which the voltage is induced, is re-
ferred to as the secondary winding. The amount of
voltage induced depends on the amount of mu-
tual induction between the two coils. The amount
of mutual induction is determined by the coeffi-
cient of coupling. The coefficient of coupling is a
number from 0 to 1, with 1 indicating that all the
primary flux lines cut the secondary windings and
0 indicating that none of the primary flux lines cut
the windings.
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The design of a transformer is determined by
the frequency at which it will be used, the power
it must handle, and the voltage it must handle.
For example, the application of the transformer
determines the type of core material that the coils
are wound on. For low-frequency applications,
iron cores are used. For high-frequency applica-
tions, air cores are used. Air cores are nonmetallic
cores used to reduce losses associated with the
higher frequencies.

Transformers are rated in volt-amperes (VA)
rather than in power (watts). This is because of
the loads that can be placed on the secondary
winding. If the load is a pure capacitive load, the
reactance could cause the current to be excessive.
The power rating has little meaning where a volt-
ampere rating can identify the maximum current
the transformer can handle.

Figure 18-1 shows the schematic symbol of a
transformer. The direction of the primary and sec-
ondary windings on the core determines the po-
larity of the induced voltage in the secondary
winding. The AC voltage can either be in phase or
180 degrees out of phase with the induced volt-
age. Dots are used on the schematic symbol of the
transformer to indicate polarity.

Transformers are wound with tapped second-
aries (Figure 18-2). A center-tapped secondary is
the equivalent of two secondary windings, each
with half of the total voltage across them. The
center tap is used for power supply to convert AC
voltages to DC voltages. A transformer may have

FIGURE 18-1
Transformer schematic symbol showing phase indication.

IN PHASE

180° OUT OF PHASE

FIGURE 18-2

(A) Transformers with a center-tapped secondary.
(B) Schematic symbol showing transformer with a center-
tapped secondary.

taps on the primary to compensate for line volt-
ages that are too high or too low.

18—1 QUESTIONS

1. How does a transformer operate?

2. What determines the design of a
transformer?

3. Give an example of how the application
of a transformer determines its design.

4. How are transformers rated?

5. Draw and label the schematic symbol for
a transformer.

| B2 MUTUAL
INDUCTANCE

When a transformer is operated without a load
(Figure 18-3) there is no secondary current flow.
There is a primary current flow because the



CHAPTER 18 TRANSFORMERS 173

FIGURE 18-3
Transformer without a load on the secondary.

transformer is connected across a voltage source.
The amount of primary current depends on the
size of the primary windings. The primary wind-
ings act like an inductor. Exciting current is the
small amount of primary current that flows. The
exciting current overcomes the AC resistance of
the primary winding and supports the magnetic
field of the core. Because of inductive reactance,
the exciting current lags behind the applied volt-
age. These conditions change when a load is ap-
plied across the secondary.

When a load is connected across the second-
ary winding (Figure 18-4) a current is induced
into the secondary. Transformers are wound with
the secondary on top of the primary. The mag-
netic field created by the primary current cuts the
secondary windings. The current in the secondary
establishes a magnetic field of its own. The ex-
panding magnetic field in the secondary cuts the
primary turns, inducing a voltage back into the
primary. This magnetic field expands in the same
direction as the current in the primary, aiding it

-

FIGURE 18-4
Transformer with a loaded secondary.

©

and causing it to increase, with an effect called mu-
tual inductance. The primary induces a voltage into
the secondary and the secondary induces a volt-
age back into the primary.

| 18—2 QUESTIONS

1. How does loading a transformer affect its
operation?

2. Define mutual inductance.

3. Describe how a transformer induces a
voltage back into its primary.

I8 TURNS RATIO

The turns ratio of a transformer determines
whether the transformer is used to step up, step
down, or pass voltage unchanged. The turns ratio
is the number of turns in the secondary winding
divided by the number of turns in the primary
winding. This can be expressed as:

: Ny
turns ratio = —
P
where: N = number of turns
A transformer with secondary voltage greater
than its primary voltage is called a step-up trans-
former. The amount the voltage is stepped up de-
pends on the turns ratio. The ratio of secondary to
primary voltage is equal to the ratio of secondary
to primary turns. This is expressed as:

Es Ng

Er Np
Thus the turns ratio of a step-up transformer is
always greater than one.

EXAMPLE: A transformer has 400 turns on the
primary and 1200 turns on the secondary. If 120
volts of AC current are applied across the primary,
what voltage is induced into the secondary?



SECTION 2 AC CIRCUITS

Given: Solution:
E N
E =7 ===
EE Np
Eg 1200
E, =120V — =
120 400
N, = 1200 turns E, =360V
N, = 400 turns

A transformer that produces a secondary
voltage less than its primary voltage is called a
step-down transformer. The amount the voltage is
stepped down is determined by the turns ratio. In
a step-down transformer the turns ratio is always
less than one.

EXAMPLE: A transformer has 500 turns on the
primary and 100 turns on the secondary. If 120
volts AC are applied across the primary, what is
the voltage induced in the secondary?

Given: Solution:
Er Np
N, = 500 turns E = 100
P 120 500
Ng = 100 turns E, =24V
E, =120V

Assuming no transformer losses, the power in
the secondary must equal the power in the pri-
mary. Although the transformer can step up volt-
age, it cannot step up power. The power removed
from the secondary can never be more than the
power supplied to the primary. Therefore, when a
transformer steps up the voltage, it steps down
the current so the output power remains the
same. This can be expressed as:

P, = P
(Ip) (Ep) = (Ig) (E)

The current is inversely proportional to the

turns ratio. This can be expressed as:
I Ny
I, Np

EXAMPLE: A transformer hasa 10:1 turns ratio.
If the primary has a current of 100 milliamperes,
how much current flows in the secondary?

NOTE: THE FIRST NUMBER IN THE RATIO REFERS TO
THE PRIMARY, THE SECOND NUMBER TO THE SECONDARY.

Given: Solution:
I N
I =2 ==
I, Np
0.1 1
= 10 - =
Ig 10
NS =1 IS =1A
I,=100mA =0.1 A

An important application of transformers is in
impedance matching. Maximum power is trans-
ferred when the impedance of the load matches
the impedance of the source. When the imped-
ance does not match, power is wasted.

For example, if a transistor amplifier can effi-
ciently drive a 100-ohm amplifier, it will not effi-
ciently drive a 4-ohm speaker. A transformer used
between the transistor amplifier and speaker can
make the impedance of the speaker appear to be
in proportion. This is accomplished by choosing
the proper turns ratio.

The impedance ratio is equal to the turns ratio
squared. This is expressed as:

Z _ ( Np>2
Zs Ny
EXAMPLE: What must the turns ratio of a trans-

former be to match a 4-ohm speaker to a 100-
ohm source?

Given: Solution:
z Np \?
(%)
Zg Ng
100 Np \2
N, =7 —=(—
4 Ns
N
Z, =100 V25 =+
Ng
5 N
Z,=4 ==
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The turns ratio is 5:1.

18—3 QUESTIONS

1. What determines whether a transformer
is a step-up or a step-down transformer?

2. Write the formula for determining the
turns ratio of a transformer.

3. Write the formula for determining
voltage based on the turns ratio of a
transformer.

4. What is the secondary output of a
transformer with 100 turns on the
primary and 1800 turns on the secondary
and 120 volts applied?

I8 -8 APPLICATIONS

Transformers have many applications. Among
them are stepping up and stepping down voltage
and current, impedance matching, phase shifting,
isolation, blocking DC while passing AC, and pro-
ducing several signals at various voltage levels.

Transmitting electrical power to homes and
industry requires the use of transformers. Power
stations are located next to sources of energy, and
electrical power must often be transmitted over
great distances. The wires used to carry the power
have resistance, which causes power loss during
the transmission. The power is equal to the cur-
rent times the voltage:

P=1E
Ohm'’s law states that current is directly pro-

portional to voltage and inversely proportional to
resistance:

The amount of power lost, then, is propor-
tional to the amount of resistance in the line. The

easiest way to reduce power losses is to keep the
current low.

EXAMPLE: A power station produces 8500 volts
at 10 amperes. The power lines have 100 ohms
of resistance. What is the power loss of the
lines?

Given:
P=7
I=10A
E=7?
R =100
Solution:
First, find the amount of voltage drop.
E
I=—
R
E
10 = —
100
E = 1000 V
Using E, find the power loss.
P=1E
P = (10)(1000)
P=10,000 W

Using a transformer to step the voltage up
to 85,000 volts at 1 ampere, what is the power
loss?

Given:
I=1A
E=7?
R =100
Solution:
First, find the amount of voltage drop.
E
I=—
R
E
1 = ——
100
E =100V
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FIGURE 18-5

A transformer can be used to generate a phase shift.

ATRANSFORMER WITH A
180° PHASE SHIFT

Using E, find the power loss.

P=1IE
P = (1)(100)
P=100 W

How the transformer is wound determines
whether it produces a phase shift or not. The ap-
plication determines how important the phase
shift is (Figure 18-5).

NOTE: THE PHASE CAN BE SHIFTED BY SIMPLY
REVERSING THE LEADS TO THE LOAD

If DC voltage is applied to a transformer, noth-
ing occurs in the secondary once the magnetic
field is established. A changing current is neces-
sary to induce a voltage in the secondary. A trans-
former can be used to isolate the secondary from
any DC voltage in the primary (Figure 18-6).

Transformers are used to isolate electronic
equipment from 120-volts AC, 60-hertz power
while it is being tested (Figure 18-7). The reason
for using a transformer is to prevent shocks. With-
out the transformer, one side of the power source
is connected to the chassis. When the chassis is re-

FIGURE 18-6

| B0 |

A transformer can be used to block DC voltage.

Ea

A TRANSFORMER CONNECTED TO
PRODUCE NO PHASE SHIFT

FIGURE 18-7

An isolation transformer prevents electrical shock by
isolating the equipment from ground.

moved from the cabinet, the “hot” chassis pres-
ents a shock hazard. This condition is more likely
to occur if the power cord can be plugged in either
way. A transformer prevents connecting either
side of the equipment to ground. An isolation trans-
former does not step up or step down the voltage.

An autotransformer is a device used to step up
or step down applied voltage. It is a special type
of transformer in which the primary and sec-
ondary windings are both part of the same core.
Figure 18-8A shows an autotransformer stepping
down a voltage. Because the secondary consists
of fewer turns, the voltage is stepped down. Fig-
ure 18-8B shows an autotransformer stepping up
a voltage. Because the secondary has more turns
than the primary, the voltage is stepped up. A dis-
advantage of the autotransformer is that the sec-
ondary is not isolated from the primary. The
advantage is that the autotransformer is cheaper
and easier to construct than a transformer.

A special type of autotransformer is a variable
autotransformer, in which the load is connected
to a movable arm and one side of the autotrans-
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FIGURE 18-8

An autotransformer is a special type of transformer used to
step up or step down the voltage.

3. How can a transformer produce a phase
shift of the input signal?

4. Why are isolation transformers important
when working on electronic equipment?

5. What is an autotransformer used for?

(A) STEPPING DOWN A (B) STEPPING UP A SUMMARY

VOLTAGE VOLTAGE ¢ A transformer consists of two coils, a
primary winding and a secondary winding.
e An AC voltage is put across the primary
FIGURE 18-9 winding, inducing a voltage in the
A variable autotransformer. secondary winding.

¢ Transformers allow an AC signal to be
transferred from one circuit to another.

¢ Transformers allow stepping up, stepping
down, or passing the signal unchanged.

¢ Transformers are designed to operate at
certain frequencies.

¢ Transformers are rated in volt-amperes (VA).

¢ The schematic symbol used for iron-core
transformers is:

e The turns ratio determines whether a
transformer is used to step up, step down,
or pass voltage unchanged.

former (Figure 18-9). Moving the arm varies the turns ratio = Ns

turns ratio, producing a change in the voltage P

across the load. The output voltage can be varied ¢ The ratio of secondary to primary voltage
from 0 to 130 VAC. is equal to the ratio of secondary to

primary turns.

18—-4 QUESTIONS E. N

1. What are the applications of transformers? Ep Np
2. How are transformers used in transmitting ¢ A transformer that produces a secondary
electrical power to the home? voltage greater than its primary voltage is

called a step-up transformer.
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The turns ratio of a step-up transformer is
always greater than 1.

A transformer that produces a secondary
voltage less than its primary voltage is
called a step-down transformer.

The turns ratio of a step-down transformer
is always less than 1.

The amount the voltage is stepped up or
down is determined by the turns ratio.
Transformer applications include:
impedance matching, phase shifting,
isolation, blocking DC while passing AC,
and producing several signals at different
voltage levels.

An isolation transformer passes the signal
unchanged.

An isolation transformer is used to prevent
electric shocks.

An autotransformer is used to step up or
step down voltage.

An autotransformer is a special
transformer that does not provide
isolation.

CHAPTER 18 SELF-TEST

. Explain how electromagnetic induction induces a voltage into the secondary of a transformer.

. Why are transformers rated in volt-amperes rather than watts?

. What is the difference between two transformers, one that has voltage applied to the primary
without a load on the secondary and one that has a load on the secondary?

. What turns ratio is required on the secondary of a transformer if the primary has 400 turns?
The applied voltage is 120 VAC and the secondary voltage is 12 V.

. What turns ratio is required for an impedance-matching transformer to match a 4-ohm

speaker to a 16-() source?

. Explain why transformers are important for transmitting electrical power to residential and

industrial needs.

. How does an isolation transformer prevent electrical shock?
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CAREER

1220 IRl Ronald G. Walls

Broadcast Television Station TV24

TITLE
Station Manager

EMPLOYER

BACKGROUND

Ron began his preparation right after graduating from high
school when he attended the David Rankin School of Mechan-
ical Trades and completed a two-year program of study in elec-
tronic communication and computer technology. Upon
graduation, Ron secured a position in the videotape division of
Ampex Corporation. He then enlisted in the U.S. Navy, where he
completed advanced training in electronics. Ron spent four
years in the navy teaching electronics at the Great Lakes Naval
Training Command. He held various positions in radio and tel-
evision after leaving the navy and simultaneously completed
additional specialized education programs in electronics, be-
coming certified by the International Society of Certified Elec-
tronics Technicians (ISCET). Ron later taught electronics,
robotics, and electrical engineering technology at technical in-
stitutes and community colleges before becoming the station
manager for Broadcast Television Station TV24.

JOB REQUIREMENTS

Associate Degree in Electronics or a technical certificate and
on-the-job training.

ON THE JOB

Working as the station manager of a small television station
involves ensuring FCC license compliance, producing or
procuring program content, scheduling programs, public rela-
tions, personnel management, and soliciting advertising.
Much of what it takes to be a successful station manager is
learned on the job. However, to even get started, one must have
a solid background in television-related electronics and must
keep up-to-date in this field. Everything else the manager of a
small television station must do is based on having this foun-
dational knowledge of electronics.

UPSIDE

Though the pace can be hectic, the rewards can be great. As a
member of the electronic media, many opportunities arise that
are not available to people in other positions. These include
opportunities to meet American presidents, presidential can-
didates, other political figures, movie stars, and renowned
athletes.

DOWNSIDE

Working in the television industry can mean long hours seven
days a week and 365 days a year. It is easy to “burn out” un-
less you pace yourself. There are days when you would give al-
most anything for just five minutes of peace and quiet. Then
there are days or even longer periods when it seems nothing
newsworthy is going to happen.

OPPORTUNITIES

The television industry is filled with opportunities for electron-
ics technicians. Television employs many different kinds of
electronics technicians including camera, video, and computer
technicians; equipment installation, service, and repair tech-
nicians; network and computer technicians; communications
technicians; and electrical/electronics engineering techni-
cians and technologists.

WORDS OF ADVICE

As an electronics technician, an electronics instructor, and a tel-
evision station manager, | learned that flexibility is critical to
long-term success in the broad field of electronics. Things
change quickly and continually in electronics, so there is a con-
stant need to learn and adapt. However, with a solid under-
standing of basic electronics principles you can continue to learn,
grow, and adapt over a lifetime and enjoy a successful career.



CHAPTER 19

Semiconductor
Fundamentals

OBJECTIVES
After completing this chapter, the student should be able to:

Identify materials that act as semiconductors.

Define covalent bonding.

Describe the doping process for creating N- and P-type semiconductor materials.
Explain how doping supports current flow in a semiconductor material.

Semiconductors are the basic components of electronic equipment. The more commonly
used semiconductors are the diode (used to rectify), the transistor (used to amplify), and the
integrated circuit (used to switch or amplify). The primary function of semiconductor devices
is to control voltage or current for some desired result.

Advantages of semiconductors include the following:

Small size and weight

Low power consumption at low voltages
High efficiency

Great reliability

Ability to operate in hazardous environments
Instant operation when power is applied
Economic mass production

Disadvantages of semiconductors include:

Great susceptibility to changes in temperature
Extra components required for stabilization

Easily damaged (by exceeding power limits, by reversing polarity of operating
voltage, by excess heat when soldering into circuit)
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SEMICONDUCTION
IN GERMANIUM
AND SILICON

Semiconductor materials have characteristics that
fall between those of insulators and conductors.
Three pure semiconductor elements are carbon
(C), germanium (Ge), and silicon (Si). Those suit-
able for electronic applications are germanium
and silicon.

Germanium is a brittle, grayish-white element
discovered in 1886. A powder, germanium diox-
ide, is recovered from the ashes of certain types of
coal. The powder is then reduced to the solid form
of pure germanium.

Silicon was discovered in 1823. It is found
extensively in the earth’s crust as a white or
sometimes colorless compound, silicon dioxide.

FIGURE 19-1

Silicon dioxide (silica) can be found abundantly
in sand, quartz, agate, and flint. It is then chem-
ically reduced to pure silicon in a solid form. Sil-
icon is the most commonly used semiconductor
material.

Once the pure or intrinsic material is available,
it must be modified to produce the qualities nec-
essary for semiconductor devices.

As described in Chapter 1, the center of the
atom is the nucleus, which contains protons and
neutrons. The protons have a positive charge
and the neutrons have no charge. Electrons or-
bit around the nucleus and have a negative
charge. Figure 19-1 shows the structure of the
silicon atom. The first orbit contains two elec-
trons, the second orbit contains eight electrons,
and the outer orbit, or valence shell, contains
four electrons. Valence is an indication of the
atom’s ability to gain or lose electrons and deter-

Atomic structure of silicon.

NUCLEUS

ELECTRON

14 ELECTRONS
IN ORBIT
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FIGURE 19-2

FIGURE 19-3

Simplified silicon atom shown with only valence electrons.

mines the electrical and chemical properties of
the atom. Figure 19-2 shows a simplified draw-
ing of the silicon atom, with only the four elec-
trons in the valence shell.

Materials that need electrons to complete
their valence shell are not stable and are referred
to as active materials. To gain stability, an active ma-
terial must acquire electrons in its valence shell.
Silicon atoms are able to share their valence elec-
trons with other silicon atoms in a process called
covalent bonding (Figure 19-3). Covalent bonding is
the process of sharing valence electrons, resulting
in the formation of crystals.

Each atom in such a crystalline structure has
four of its own electrons and four shared electrons
from four other atoms—a total of eight valence
electrons. This covalent bond cannot support
electrical activity because of its stability.

Atroom temperature, pure silicon crystals are
poor conductors. They behave like insulators. If
heat energy is applied to the crystals, however,
some of the electrons absorb the energy and move
to a higher orbit, breaking the covalent bond. This
allows the crystals to support current flow.

Silicon, like other semiconductor materials, is
said to have a negative temperature coefficient be-
cause as the temperature increases, its resistance
decreases. The resistance is cut in half for every 6
degrees celsius of rise in temperature.

Crystalline structure of silicon with covalent bonding.
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Like silicon, germanium has four electrons in
its valence shell and can form a crystalline struc-
ture. Germanium’s resistance is cut in half for
every 10 degrees celsius of temperature rise. Thus
germanium appears to be more stable with re-
spect to temperature change than silicon. How-
ever, germanium requires less heat energy to
dislodge its electrons than does silicon. Silicon has
a thousand times more resistance than germa-
nium at room temperature.

Heat is a potential source of trouble for semi-
conductors that is not easy to control. Good circuit
design minimizes heat changes. Its resistance is
what makes silicon preferable to germanium in
most circuits. In some applications, heat-sensitive
devices are necessary. In these applications the
germanium temperature coefficient can be an ad-
vantage; therefore, germanium is used.

All early transistors were made of germa-
nium. The first silicon transistor was not made
until 1954. Today, silicon is used for most solid-
state applications.
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19—-1 QUESTIONS

1. What is a semiconductor material?

2. Define the following terms:
a. Covalent bonding
b. Negative temperature coefficient
3. Why are silicon and germanium
considered semiconductor materials?
4. Why is silicon preferred over
germanium?

CONDUCTION IN
PURE GERMANIUM
AND SILICON

The electrical activity in semiconductor material
is highly dependent on temperature. At ex-
tremely low temperatures, valence electrons are
held tightly to the parent atom through the co-
valent bond. Because these valence electrons
cannot drift, the material cannot support current
flow. Germanium and silicon crystals function as
insulators at low temperatures.

As the temperature increases, the valence
electrons become agitated. Some of the electrons
break the covalent bonds and drift randomly from
one atom to the next. These free electrons are able
to carry a small amount of electrical current if an
electrical voltage is applied. At room temperature,
enough heat energy is available to produce a small
number of free electrons and to support a small
amount of current. As the temperature increases,
the material begins to acquire the characteristics
of a conductor. Only at extremely high tempera-
tures does silicon conduct current as ordinary
conductors do. Typically, such high temperatures
are not encountered under normal usage.

When an electron breaks away from its cova-
lent bond, the space previously occupied by the

FIGURE 19-4
A hole is created when an electron breaks its covalent bond.
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electron is referred to as a hole (Figure 19-4). As
described in Chapter 2, a hole simply represents
the absence of an electron. Because an electron
has a negative charge, its absence represents the
loss of a negative charge. A hole thus has the
characteristic of a positively charged particle. As
an electron jumps from one valence shell to an-
other valence shell with a hole, it leaves a hole
behind it. If this action continues, the hole ap-
pears to move in the opposite direction to the
electron.

Each corresponding electron and hole are re-
ferred to as an electron-hole pair. The number of
electron-hole pairs increases with an increase in
temperature. At room temperature a small num-
ber of electron-hole pairs exist.

When pure semiconductor material is sub-
jected to a voltage, the free electrons are at-
tracted to the positive terminal of the voltage
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FIGURE 19-5
Current flow in pure semiconductor material.
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source (Figure 19-5). The holes created by
movement of the free electrons drift toward the
negative terminal. As the free electrons flow
into the positive terminal, an equal number
leave the negative terminal. As the holes and
electrons recombine, both holes and free elec-
trons cease to exist.

In review, holes constantly drift toward the
negative terminal of the voltage source. Electrons
always tlow toward the positive terminal. Current
flow in a semiconductor consists of the movement
of both electrons and holes. The amount of cur-
rent flow is determined by the number of elec-
tron-hole pairs in the material. The ability to
support current flow increases with the tempera-
ture of the material.

19-2 QUESTIONS

CONDUCTION IN

DOPED GERMANIUM
AND SILICON

1. How can pure germanium support a
current flow?

2. When a potential is applied to pure
germanium, in what direction do the
electrons and holes move?

3. What determines the amount of current
flow in a pure semiconductor material?

Pure semiconductors are mainly of theoretical in-
terest. Development and research are concerned
with the effects of adding impurities to pure ma-
terials. If it were not for these impurities, most
semiconductors would not exist.

Pure semiconductor materials, such as germa-
nium and silicon, support only a small number of
electron-hole pairs at room temperature. This allows
for conduction of very little current. To increase their
conductivity, a process called doping is used.

Doping is the process of adding impurities to a
semiconductor material. Two types of impurities
are used. The first, called pentavalent, is made of
atoms with five valence electrons. Examples are
arsenic and antimony. The other, called trivalent, is
made of atoms with three valence electrons. Ex-
amples are indium and gallium.

When pure semiconductor material is doped
with a pentavalent material such as arsenic (As),
some of the existing atoms are displaced with ar-
senic atoms (Figure 19-6). The arsenic atom
shares four of its valence electrons with adjacent
silicon atoms in a covalent bond. Its fifth elec-
tron is loosely attached to the nucleus and is eas-
ily set free.

The arsenic atom is referred to as a donor
atom because it gives its extra electron away.
There are many donor atoms in a semiconductor
material that has been doped. This means that
many free electrons are available to support cur-
rent flow.

At room temperature the number of donated
free electrons exceeds the number of electron-
hole pairs. This means that there are more elec-
trons than holes. The electrons are therefore
called the majority carrier. The holes are minority
carriers. Because the negative charge is the major-
ity carrier, the material is called N-type.
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FIGURE 19-6

FIGURE 19-8

Silicon semiconductor material doped with an arsenic atom.
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FIGURE 19-7

Current flow in N-type material.
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If voltage is applied to N-type material (Fig-
ure 19-7) the free electrons contributed by the
donor atoms flow toward the positive terminal.
Additional electrons break away from their co-
valent bonds and flow toward the positive ter-

Silicon semiconductor material doped with an indium atom.
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minal. These free electrons, in breaking their
covalent bonds, create electron-hole pairs. The
corresponding holes move toward the negative
terminal.

When semiconductor materials are doped
with trivalent materials such as indium (I), the in-
dium atom shares its three valence electrons with
three adjacent atoms (Figure 19-8). This creates a
hole in the covalent bond.

The presence of additional holes allows the
electrons to drift easily from one covalent bond to
the next. Because holes easily accept electrons,
atoms that contribute extra holes are called accep-
tor atoms.

Under normal conditions, the number of
holes greatly exceeds the number of electrons in
such material. Therefore, the holes are the ma-
jority carrier and the electrons are the minority
carrier. Because the positive charge is the major-
ity carrier, the material is called P-type material.
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FIGURE 19-9
Current flow in P-type material.
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If voltage is applied to P-type material, it
causes the holes to move toward the negative ter-
minal and the electrons to move toward the pos-
itive terminal (Figure 19-9). In addition to the
holes provided by the acceptor atom, holes are
produced as electrons break away from their co-
valent bonds, creating electron-hole pairs.

N- and P-type semiconductor materials have
much higher conductivity than pure semiconduc-
tor materials. This conductivity can be increased
or decreased by the addition or deletion of impu-
rities. The more heavily a semiconductor material
is doped, the lower its electrical resistance.

19—-3 QUESTIONS

1. Describe the process of doping a
semiconductor material.

2. What are the two types of impurities
used for doping?

3. What determines whether a material,
when doped, is an N-type or P-type
semiconductor material?

4. How does doping support current flow in
a semiconductor material?

5. What determines the conductivity of a
semiconductor material?

L

SUMMARY

¢ Semiconductor materials are any materials
with characteristics that fall between those
of insulators and conductors.

¢ Pure semiconductor materials are germanium
(Ge), silicon (Si), and carbon (C).

¢ Silicon is used for most semiconductor
devices.

¢ Valence is an indication of an atom’s
ability to gain or lose electrons.

¢ Semiconductor materials have valence
shells that are half full.

¢ Crystals are formed by atoms sharing their
valance electrons through covalent
bonding.

¢ Semiconductor materials have a negative
temperature coefficient: As the temperature
rises, their resistance decreases.

¢ Heat creates problems with semiconductor
materials by allowing electrons to break
their covalent bonds.

¢ As the temperature increases in a
semiconductor material, electrons drift
from one atom to another.

¢ A hole represents the absence of an
electron in the valence shell.

¢ A difference of potential, applied to pure
semiconductor material, creates a current
flow toward the positive terminal and a
hole flow toward the negative terminal.

¢ Current flow in semiconductor materials
consists of both electron flow and hole
movement.

e Doping is the process of adding impurities
to a semiconductor material.

¢ Pentavalent materials have atoms with five
valence electrons and are used to make N-
type material.

¢ Trivalent materials have atoms with three
valence electrons and are used to make P-
type material.

¢ In N-type material, electrons are the
majority carrier and holes are the minority
carrier.
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e In P-type material, holes are the majority e N- and P-type semiconductor materials
carrier and electrons are the minority have a higher conductivity than pure
carrier. semiconductor materials.

CHAPTER 19 SELF-TEST

1. What makes silicon more desirable to use than germanium?

2. Why is covalent bonding important in the formation of semiconductor materials?

3. Describe how an electron travels through a block of pure silicon at room temperature.
4. Describe the process of converting a block of pure silicon to N-type material.

5. Describe what happens to a block of N-type material when a voltage is applied.



CHAPTER 20

PN Junction Diodes

OBJECTIVES

After completing this chapter, the student should be able to:

e Describe what a junction diode is and how it is made.

e Define depletion region and barrier voltage.

¢ Explain the difference between forward bias and reverse bias of a diode.

¢ Draw and label the schematic symbol for a diode.

e Describe three diode construction techniques.

¢ Identify the most common diode packages.

e Test diodes using an ohmmeter.

Diodes are the simplest type of semiconductor. They allow current to flow in only one
direction. The knowledge of semiconductors that is acquired by studying diodes is also
applicable to other types of semiconductor devices.

See accompanying CD for PN Junction Diode examples in MultiSim, in

Chapter 20.

PN JUNCTIONS

When pure or intrinsic semiconductor material is
doped with a pentavalent or trivalent material,
the doped material is called N- or P-type based on
the majority carrier. The electrical charge of each
type is neutral because each atom contributes an
equal number of protons and electrons.
Independent electrical charges exist in each
type of semiconductor material, because electrons
are free to drift. The electrons and holes that drift

are referred to as mobile charges. In addition to the
mobile charges, each atom that gains an electron
has more electrons than protons and assumes a
negative charge. Similarly, each atom that loses
an electron has more protons than electrons and
therefore assumes a positive charge. As de-
scribed in Chapter 1, these individual charged
atoms are called negative and positive ions.
There is always an equal number of mobile and
ionic charges within N-type and P-type semicon-
ductor materials.

191
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FIGURE 20-1

FIGURE 20-2

Diode formed by joining P- and N-type material to form a PN
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A diode is created by joining N- and P-type ma-
terials together (Figure 20-1). Where the materials
come in contact with each other, a junction is
formed. This device is referred to as a junction diode.

When the junction is formed, the mobile
charges in the vicinity of the junction are strongly
attracted to their opposites and drift toward the
junction. As the charges accumulate, the action
increases. Some electrons move across the junc-
tion and fill some of the holes near the junction
in the P-type material. In the N-type material, the
electrons become depleted near the junction.
This region near the junction where the electrons
and holes are depleted is called the depletion re-
gion. It extends only a short distance on either
side of the junction.

There are no majority carriers in the deple-
tion region, and the N-type and P-type materials
are no longer electrically neutral. The N-type
material takes on a positive charge near the junc-
tion, and the P-type material takes on a negative
charge.

The depletion region does not get larger. The
combining action tapers off quickly and the re-
gion remains small. The size is limited by the op-
posite charges that build up on each side of the
junction. As the negative charge builds up, it re-
pels further electrons and keeps them from cross-

Barrier voltage as it exists across a PN junction.
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OLTAGE
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ing the junction. The positive charge absorbs free
electrons and aids in holding them back.

These opposite charges that build up on each
side of the junction create a voltage, referred to as
the barrier voltage. It can be represented as an ex-
ternal voltage source, even though it exists across
the PN junction (Figure 20-2).

The barrier voltage is quite small, measuring
only several tenths of a volt. Typically, the barrier
voltage is 0.3 V for a germanium PN junction and
0.7 V for a silicon PN junction. This voltage becomes
apparent when an external voltage source is applied.

20—1 QUESTIONS

1. Define the following terms:

a. Donor atom
b. Acceptor atom
c. Diode

2. What occurs when an N-type material is
joined with a P-type material?

3. How is the depletion region formed?

4. What is the barrier voltage?

5. What are typical barrier voltages for a
germanium and a silicon diode?
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p{\?”8 DIODE BIASING

When a voltage is applied to a diode, it is referred
to as a hias voltage. Figure 20-3 shows a PN junc-
tion diode connected to a voltage source. A resis-
tor is added for limiting current to a safe value.

In the circuit shown, the negative terminal of
the voltage source is connected to the N-type ma-
terial. This forces electrons away from the termi-
nal, toward the PN junction. The free electrons
that accumulate on the P side of the junction are
attracted by the positive terminal. This action can-
cels the negative charge on the P side, the barrier
voltage is eliminated, and a current is able to flow.
Current flow occurs only if the external voltage is
greater than the barrier voltage.

The voltage source supplies a constant flow of
electrons, which drift through the N-type mate-
rial along with the free electrons contained in it.
Holes in the P material also drift toward the junc-
tion. The holes and electrons combine at the junc-
tion and appear to cancel each other. However, as
the electrons and holes combine, new electrons
and holes appear at the terminals of the voltage
source. The majority carriers continue to move
toward the PN junction as long as the voltage
source is applied.

Electrons flow through the P side of the diode,
attracted by the positive terminal of the voltage
source. As electrons leave the P material, holes are
created that drift toward the PN junction where
FIGURE 20-3

PN junction diode with forward bias. @

-Q -0

4—04_0
-0 -0
N -ATA-'F-)

|| 1
UL Yy

Rs

they combine with other electrons. When the
current flows from the N-type toward the P-type
material, the diode is said to have a forward hias.

The current that flows when a diode is for-
ward biased is limited by the resistance of the P
and N materials and the external resistance of the
circuit. The diode resistance is small. Therefore,
connecting a voltage directly to a forward-biased
diode creates a large current flow. This can gener-
ate enough heat to destroy the diode. To limit the
forward current flow, an external resistor must be
connected in series with the diode.

A diode conducts current in the forward di-
rection only if the external voltage is larger than
the barrier voltage and is connected properly. A
germanium diode requires a minimum forward
bias of 0.3 V; a silicon diode requires a minimum
forward bias of 0.7 V.

Once a diode starts conducting, a voltage drop
occurs. This voltage drop is equal to the barrier
voltage and is referred to as the forward voltage
drop (E;). The voltage drop is 0.3 V for a germa-
nium diode and 0.7 V for a silicon diode. The
amount of forward current (1)) is a function of the
external voltage (E), the forward voltage drop
(Ep), and the external resistance (R). The rela-
tionship can be shown using Ohm's law:

E
I=—
R
E-E
= ——

R

EXAMPLE: A silicon diode has an external bias
voltage of 12 V with an external resistor of 150 ().
What is the total forward current?

Given: Solution:
E — Ep
=7 Iz = R
12 — 0.7
E=12V g =—F7—
150
R =150 IF=0.075A
E. =07V or 75 mA
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FIGURE 204
PN junction diode with reverse bias.

In a diode that is forward biased, the negative
terminal of the external voltage source is con-
nected to the N material, and the positive termi-
nal is connected to the P material. If these
terminals are reversed, the diode does not con-
duct and is said to be connected in reverse hias
(Figure 20—4). In this configuration, the free elec-
trons in the N material are attracted toward the
positive terminal of the external voltage source.
This increases the number of positive ions in the
area of the PN junction, which increases the width
of the depletion region on the N side of the junc-
tion. Electrons also leave the negative terminal of
the voltage source and enter the P material. These
electrons fill holes near the PN junction, causing
the holes to move toward the negative terminal,
which increases the width of the depletion region
on the P side of the junction. The overall effect is
that the depletion region is wider than in an un-
biased or forward-biased diode.

The reverse-biased voltage increases the bar-
rier voltage. If the barrier voltage is equal to the
external voltage source, holes and electrons can-
not support current flow. A small current flows
with a reverse bias applied. This leakage current is
referred to as reverse current (I,) and exists because
of minority carriers. At room temperature the mi-
nority carriers are few in number. As the temper-
ature increases, more electron-hole pairs are
created. This increases the number of majority
carriers and the leakage current.

All PN junction diodes produce a small leak-
age current. In germanium diodes it is measured
in microamperes; in silicon diodes it is measured
in nanoamperes. Germanium has more leakage
current because it is more sensitive to tempera-
ture. This disadvantage of germanium is offset by
its smaller barrier voltage.

In summary, a PN junction diode is a one-
directional device. When it is forward biased, a
current flows. When it is reverse biased, only a
small leakage current flows. It is this characteris-
tic that allows the diode to be used as a rectifier. A
rectifier converts an AC voltage to a DC voltage.

20—2 QUESTIONS

1. What is a bias voltage?

2. What is the minimum amount of voltage
needed to produce current flow across a
PN junction diode?

3. What is the difference between forward
and reverse biasing?

4. What is leakage current in a PN junction
diode?

DIODE

-~ CHARACTERISTICS

Both germanium and silicon diodes can be dam-
aged by excessive heat and excessive reverse
voltage. Manufacturers specify the maximum
forward current (I, max) that can be handled
safely. They also specify the maximum-safe re-
verse voltage (peak inverse voltage, or PIV). If the
PIV is exceeded, a large reverse current flows,
creating excess heat and damaging the diode.

At room temperature, the reverse current is
small. As the temperature increases, the reverse
current increases, interfering with proper opera-
tion of the diode. In germanium diodes, the re-
verse current is higher than in silicon diodes,
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FIGURE 20-5
Diode schematic symbol.
ANODE CATHODE
FIGURE 20-6 @
|

Diode connected with forward bias.
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doubling with approximately every 10° C of in-
creased temperature.

The diode symbol is shown in Figure 20-5.
The P section is represented by an arrow, and the
N section by a bar. Forward current flows from
the N section to the P section (against the arrow).
The N section is called the cathode, and the P sec-
tion is called the anode. The cathode supplies and
the anode collects the electrons.

Figure 20-6 shows a properly connected
forward-biased diode. The negative terminal is
connected to the cathode. The positive terminal is
connected to the anode. This setup conducts a for-
ward current. A resistor (R,) is added in series to
limit the forward current to a safe value.

Figure 20-7 shows a diode connected in re-
verse bias. The negative terminal is connected to

FIGURE 20-7 @_
Diode connected with reverse bias.
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the anode. The positive terminal is connected to
the cathode. In reverse bias, a small reverse cur-
rent (I;) flows.

20-3 QUESTIONS

1. What problem can a reverse current
create in a germanium or silicon diode?

2. Draw and label the schematic symbol for
a diode.

3. Draw a circuit that includes a forward-
biased diode.

4. Draw a circuit that includes a reverse-
biased diode.

5. Why should a resistor be connected in
series with a forward-biased diode?

DIODE
"~ CONSTRUCTION
TECHNIQUES

The PN junction of a diode may be one of three
types: a grown junction, an alloyed junction, or a
diffused junction. Each involves a different con-
struction technique.

In grown junction method (the earliest tech-
nique used) intrinsic semiconductor material and
P-type impurities are placed in a quartz container
and heated until they melt. A small semiconduc-
tor crystal, called a seed, is then lowered into the
molten mixture. The seed crystal is slowly rotated
and withdrawn from the molten mixture slowly
enough to allow the molten mixture to cling to
the seed. The molten mixture, clinging to the seed
crystal, cools and rehardens, assuming the same
crystalline characteristics as the seed. As the seed
crystal is withdrawn, it is alternately doped with
N- and P-type impurities. Doping is the process of
adding impurities to pure semiconductor crystals
to increase the number of free electrons or the
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number of holes. This creates N and P layers in the
crystal as it is grown. The resulting crystal is then
sliced into many PN sections.

The alloyed junction method of forming a
semiconductor is extremely simple. A small pel-
let of trivalent material, such as indium, is placed
on an N-type semiconductor crystal. The pellet
and crystal are heated until the pellet melts and
partially fuses with the semiconductor crystal.
The area where the two materials combine forms
the P-type material. When the heat is removed,
the material recrystallizes and a solid PN junction
is formed.

The diffused junction method is the method
most in use today. A mask with openings is placed
on a thin section of N- or P-type semiconductor
material called a wafer. The wafer is then placed
in an oven and exposed to an impurity in a
gaseous state. At an extremely high temperature,
the impure atoms penetrate or diffuse through
the exposed surfaces of the water. The depth of
diffusion is controlled by the length of the expo-
sure and the temperature.

FIGURE 20-8
Common diode packages.

Once the PN junction is formed, the diode
must be packaged to protect it from both envi-
ronmental and mechanical stresses. The package
must also provide a means of connecting the
diode to a circuit. Package style is determined
by the purpose or application of the diode (Figure
20-8). If large currents are to flow through the
diode, the package must be designed to keep the
junction from overheating. Figure 20-9 shows
the package for diodes rated at 3 A or less. The
cathode is identified by a black, white or silver
band on the end.

20—4 QUESTIONS

1. Describe three methods of diode
fabrication.

2. Which method of diode fabrication is
favored over the others?

3. Draw four common diode packages.

4. How is the cathode identified on diode
packages rated at less than 3 A?

FIGURE 20-9

Packages for diodes.




CHAPTER 20 PN JUNCTION DIODES 197

TESTING PN
JUNCTION DIODES

A diode can be tested by checking the forward-
to-reverse-resistance ratio with an ohmmeter.
The resistance ratio indicates the ability of the
diode to pass current in one direction and block
current in the other direction.

A germanium diode has a low forward resist-
ance of several hundred ). The reverse resistance
is high, greater than 100,000 (. Silicon diodes
have a higher forward and reverse resistance than
germanium. An ohmmeter test of a diode should
show a low forward resistance and a high reverse
resistance.

CAUTION: SOME OHMMETERS USE HIGH-VOLTAGE

BATTERIES THAT CAN DESTROY A PN JUNCTION.

The polarity of the terminals in an ohmmeter
appears at the leads of the ohmmeter: Red is posi-
tive and black is negative or common. If the posi-
tive ohmmeter lead is connected to the anode of
the diode and the negative lead to the cathode, the
diode is forward biased. Current should then flow
through the diode and the meter should indicate a
low resistance. If the meter leads are reversed, the
diode is reverse biased. Little current should flow
and the meter should measure a high resistance.

If a diode shows both low forward and low re-
verse resistance, it is probably shorted. If the diode
measures both high forward and high reverse re-
sistance, then it is probably opened.

An accurate diode test can be made with most
types of ohmmeters.

NOTE: SOME OHMMETERS USED FOR
TROUBLESHOOTING HAVE AN OPEN-CIRCUIT LEAD
VOLTAGE OF LESS THAN 0.3 V. THIS TYPE OF METER
CANNOT BE USED TO MEASURE THE FORWARD
RESISTANCE OF A DIODE.

The forward resistance voltage must be larger
than the barrier voltage of the diode (0.7 V for sil-
icon and 0.3 V for germanium) for conduction to
take place.

An ohmmeter can also be used to determine
the cathode and anode of an unmarked diode.
When there is a low reading, the positive lead is
connected to the anode and the negative lead is
connected to the cathode.

20-5 QUESTIONS

1. How is a diode tested with an
ohmmeter?

2. What precaution(s) must be taken when
testing diodes with an ohmmeter?

3. How does the ohmmeter indicate that a
diode is shorted?

4. How does the ohmmeter indicate that a
diode is opened?

5. How can an ohmmeter be used to
determine the cathode end of an
unmarked diode?

SUMMARY

¢ A junction diode is created by joining N-
type and P-type materials together.

¢ The region near the junction is referred to
as the depletion region. Electrons cross the
junction from the N-type to the P-type
material and thus both the holes and the
electrons near the junction are depleted.

¢ The size of the depletion region is limited
by the charge on each side of the junction.

¢ The charge at the junction creates a voltage
called the barrier voltage.

¢ The barrier voltage is 0.3 V for germanium
and 0.7 V for silicon.

¢ A current flows through a diode only
when the external voltage is greater than
the barrier voltage.
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A diode that is forward biased conducts
current. The P-type material is connected to
the positive terminal, and the N-type material
is connected to the negative terminal.

A diode that is reverse biased conducts
only a small leakage current.

A diode is a one-directional device.

A diode’s maximum forward current and
reverse voltage are specified by the
manufacturer.

The schematic symbol for a diode is:

q

In a diode, the cathode is the N-type material,
and the anode is the P-type material.

Diodes can be constructed by the grown
junction, alloyed junction, or diffused
junction method.

The diffused junction method is the one
most often used.

Packages for diodes of less than 3 A
identify the cathode end of the diode with
a black, white or silver band.

A diode is tested by comparing the
forward to the reverse resistance with an
ohmmeter.

When a diode is forward biased, the
resistance is low.

When a diode is reverse biased, the
resistance is high.

CHAPTER 20 SELF-TEST

1. What does a PN junction diode accomplish?
2. Under what conditions will a silicon PN junction diode turn on?
3. Draw examples of a PN junction diode in forward and reverse bias. (Use schematic symbols.)



CHAPTER 21

OBJECTIVES

Zener Diodes

After completing this chapter, the student should be able to:

e Describe the function and characteristics of a zener diode.

¢ Draw and label the schematic symbol for a zener diode.

e Explain how a zener diode operates as a voltage regulator.

e Describe the procedure for testing zener diodes.

Zener diodes are closely related to PN junction diodes. They are constructed to take
advantage of reverse current. Zener diodes find wide application for controlling voltage in

all types of circuits.

See accompanying CD for Zener Diode examples in MultiSim, Chapter 21.

ZENER DIODE
CHARACTERISTICS

As previously stated, a high reverse-biased volt-
age applied to a diode may create a high reverse
current, which can generate excessive heat and
cause a diode to break down. The applied reverse
voltage at which the breakdown occurs is called
the breakdown voltage, or peak reverse voltage. A spe-
cial diode called a zener diode is connected to op-
erate in the reverse-biased mode. It is designed to
operate at those voltages that exceed the break-
down voltage. This breakdown region is called
the zener region.

When a reverse-biased voltage is applied
that is high enough to cause breakdown in a
zener diode, a high reverse current (I,) flows.
The reverse current is low until breakdown oc-
curs. After breakdown, the reverse current in-
creases rapidly. This occurs because the
resistance of the zener diode decreases as the re-
verse voltage increases.

The breakdown voltage of a zener diode (E,)
is determined by the resistivity of the diode. This,
in turn, is controlled by the doping technique
used during manufacturing. The rated breakdown
voltage represents the reverse voltage at the zener
test current (L,;). The zener test current is somewhat
less than the maximum reverse current the diode

199
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can handle. The breakdown voltage is typically
rated with 1 to 20% tolerance.

The ability of a zener diode to dissipate power
decreases as the temperature increases. There-
fore power dissipation ratings are given for specific
temperatures. Power ratings are also based on
lead lengths: shorter leads dissipate more power.
A derating factor is given by the diode manufac-
turer to determine the power rating at different
temperatures from the ones specified in their ta-
bles. For example, a derating factor of 6 mW per
degree celsius means that the diode power rating
decreases 6 mW for each degree of change in
temperature.

Zener diodes are packaged like PN junction
diodes (Figure 21-1). Low-power zener diodes
are mounted in either glass or epoxy. High-power
zener diodes are stud mounted with a metal case.
The schematic symbol for the zener diode is simi-
lar to the PN junction diode except for the diago-
nal lines on the cathode bar (Figure 21-2).

FIGURE 21-1

Zener diode packages.

FIGURE 21-2
Schematic symbol for a zener diode.
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21-1 QUESTIONS

1. What is the unique feature of a zener
diode?

2. How is a zener diode connected into a
circuit?

3. What determines the voltage at which a
zener diode breaks down?

4. What considerations go into
determining the power dissipation
rating of a zener diode?

5. Draw and label the schematic symbol
used to represent a zener diode.

ZENER DIODE
RATINGS

The maximum zener current (1,,,) is the maximum
reverse current that can flow in a zener diode
without exceeding the power dissipation rating
specified by the manufacturer. The reverse cur-
rent (I;) represents the leakage current before
breakdown and is specified at a certain reverse
voltage (E;). The reverse voltage is approxi-
mately 80% of the zener voltage (E,).

Zener diodes that have a breakdown volt-
age of 5 V or more have a positive zener voltage-
temperature coefficient, which means that the
breakdown voltage increases as the temperature
increases. Zener diodes that have a breakdown
voltage of less than 4 V have a negative zener
voltage-temperature coefficient, which means that
the breakdown voltage decreases with an increase
in temperature. Zener diodes with a breakdown
voltage between 4 and 5 volts may have a positive
or negative voltage-temperature coefficient.

A temperature-compensated zener diode is formed
by connecting a zener diode in series with a PN
junction diode, with the PN junction diode for-
ward biased and the zener diode reverse biased.
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By careful selection of the diodes, temperature co-
efficients can be selected that are equal and oppo-
site. More than one PN junction diode may be
needed for proper compensation.

21-2 QUESTIONS

1. What determines the maximum zener
current of a zener diode?

2. What is the difference between the
maximum zener current and the reverse
current for a zener diode?

3. What does a positive zener voltage-
temperature coefficient signify?

4. What does a negative zener voltage-
temperature coefficient signify?

5. How can a zener diode be temperature
compensated?

VOLTAGE
~ REGULATION WITH
ZENER DIODES

A zener diode can be used to stabilize or regulate
voltage. For example, it can be used to compensate
for power-line voltage changes or load-resistance
changes while maintaining a constant DC output.

Figure 21-3 shows a typical zener diode reg-
ulator circuit. The zener diode is connected in se-

FIGURE 21-3
Typical zener diode regulator circuit.
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ries with resistor R,. The resistor allows enough
current to flow for the zener diode to operate in
the zener breakdown region. The DC input volt-
age must be higher than the zener diode break-
down voltage. The voltage drop across the zener
diode is equal to the zener diode’s voltage rating.
Zener diodes are manufactured to have a specific
breakdown voltage rating that is often referred to
as the diode’s zener voltage rating (E,). The voltage
drop across the resistor is equal to the difference
between the zener (breakdown) voltage and the
input voltage.

The input voltage may increase or decrease.
This causes the current through the zener diode to
increase or decrease accordingly. When the zener
diode is operating in the zener voltage, or break-
down region, a large current will flow through
the zener with an increase in input voltage. How-
ever, the zener voltage remains the same. The
zener diode opposes an increase in input voltage,
because when the current increases the resistance
drops. This allows the zener diode’s output volt-
age to remain constant as the input voltage
changes. The change in the input voltage appears
across the series resistor. The resistor is in series
with the zener diode, and the sum of the voltage
drop must equal the input voltage. The output
voltage is taken across the zener diode. The out-
put voltage can be increased or decreased by
changing the zener diode and the series resistor.

The circuit just described supplies a constant
voltage. When a circuit is designed, the current in
the circuit must be considered as well as the volt-
age. The external load requires a specific load cur-
rent (I,) determined by the load resistance and
output voltage (Figure 21-4). The load current and
the zener current flow through the series resistor.
The series resistor must be chosen so that the zener
current is adequate to keep the zener diode in the
breakdown zone and allow the current to flow.

When the load resistance increases, the load
current decreases, which should increase the volt-
age across the load resistance. But the zener diode
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FIGURE 21-4 @_
Zener diode voltage regulator with load.
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opposes any change by conducting more current.
The sum of the zener current and the load current
through the series resistor remains constant. This
action maintains the same voltage across the se-
ries resistor.

Similarly, when the load current increases, the
zener current decreases, maintaining a constant
voltage. This action allows the circuit to regulate for
change in output current as well as input voltage.

21-3 QUESTIONS

1. What is a practical function for a zener
diode?

2. Draw a schematic diagram of a zener
diode regulator circuit.

3. How can the voltage of a zener diode
voltage regulator circuit be changed?

4. What must be considered in designing a
zener diode voltage regulator?

5. Describe how a zener diode voltage
regulator maintains a constant output
voltage.

TESTING ZENER

DIODES

Zener diodes can be quickly tested for opens,
shorts, or leakage with an ohmmeter. The ohm-
meter is connected in forward and reverse bias
in the same manner as with PN junction diodes.
However, these tests do not provide informa-
tion on whether the zener diode is regulating at
the rated value. For that information, a regula-
tion test must be performed with a metered
power supply that can indicate both voltage and
current.

Figure 21-5 shows the proper setup for a
zener diode regulation test. The output of the
power supply is connected with a limiting resistor
in series with a zener diode to be tested. A volt-
meter is connected across the zener diode under
test to monitor the zener voltage. The output volt-
age is slowly increased until the specified current
is flowing through the zener diode. The current is
then varied on either side of the specified zener
current (L). If the voltage remains constant, the
zener diode is operating properly.

FIGURE 21-5
Setup for testing zener diode regulation.
ADJUSTABLE
DC POWER CURRENT- &
SUPPLY LIMITING :’
RESISTOR
/7g VOLT AMP o o
. ZENER o0
© © DIODE —
UNDER DC VOLTMETER

TEST |
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21-4 QUESTIONS

1.

Describe the process for testing a zener
diode with an ohmmeter.

. What parameters are not tested when

using an ohmmeter to test a zener diode?

. Draw a schematic diagram showing how

to connect a zener diode to check its
breakdown voltage.

. Describe how the circuit in question 3

operates to determine whether the zener
diode is operating properly.

. How can the cathode end of a zener diode

be determined using an ohmmeter?

IO

SUMMARY

CHAPTER 21 SELF-TEST

Zener diodes are designed to operate at
voltages greater than the breakdown
voltage (peak reverse voltage).

The breakdown voltage of a zener diode is
determined by the resistivity of the diode.

Zener diodes are manufactured with a
specific breakdown (zener) voltage.
Power dissipation of a zener diode is
based on temperature and lead lengths.
The schematic symbol for a zener diode is:

- -

Zener diodes are packaged the same as PN
junction diodes.

Zener diodes with a breakdown voltage
greater than 5 V have a positive zener
voltage-temperature coefficient.

Zener diodes with a breakdown voltage
less than 4 V have a negative zener
voltage-temperature coefficient.

Zener diodes are used to stabilize or
regulate voltage.

Zener diode regulators provide a constant
output voltage despite changes in the
input voltage or output current.

Zener diodes can be tested for opens,
shorts, or leakage with an ohmmeter.

To determine whether a zener diode is
regulating at the proper voltage, a
regulation test must be performed.

1. Explain how a zener diode functions in a voltage regulator circuit.

2. Describe the process for testing a zener diode’s voltage rating.



CHAPTER 22

Bipolar Transistors

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Describe how a transistor is constructed and its two different configurations.

¢ Draw and label the schematic symbol for an NPN and a PNP transistor.

e Identify the ways of classifying transistors.

¢ Identify the function of a transistor using a reference manual and the

identification number (2NXXXX).

¢ Identify commonly used transistor packages.

e Describe how to bias a transistor for operation.

¢ Explain how to test a transistor with both a transistor tester and an ohmmeter.

e Describe the process used for substituting a transistor.

In 1948, Bell Laboratories developed the first
working junction transistor. A transistor is a
three-element, two-junction device used to
control electron flow. By varying the amount
of voltage applied to the three elements, the
amount of current can be controlled for pur-
poses of amplification, oscillation, and switch-
ing. These applications are covered in Chapters
28, 29, and 30.

204

TRANSISTOR
CONSTRUCTION

When a third layer is added to a semiconductor
diode, a device is produced that can amplify power,
current, or voltage. The device is called a bipolar
transistor, also referred to as a junction transistor or
transistor. The term transistor will be used here.
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FIGURE 22-1

FIGURE 22-2

NPN transistor.

EMITTER COLLECTOR

BASE

(A) BLOCK DIAGRAM OF AN NPN TRANSISTOR

COLLECTOR

BASE

EMITTER

(B) SCHEMATIC SYMBOL FOR A NPN TRANSISTOR

A transistor, like a junction diode, can be
constructed of germanium or silicon, but silicon
is more popular. A transistor consists of three al-
ternately doped regions (as compared to two in a
diode). The three regions are arranged in one of
two ways.

In the first method, the P-type material is
sandwiched between two N-type materials, form-
ing an NPN transistor (Figure 22—-1). In the second
method, a layer of N-type material is sandwiched
between two layers of P-type material, forming a
PNP transistor (Figure 22-2).

In both types of transistor, the middle region
is called the base and the outer regions are called
the emitter and collector. The emitter, base, and
collector are identified by the letters E, B, and C,
respectively.

PNP transistor.

EMITTER COLLECTOR

BASE

(A) BLOCK DIAGRAM OF A PNP TRANSISTOR

COLLECTOR

BASE >

EMITTER

(B) SCHEMATIC SYMBOL FOR A PNP TRANSISTOR

22—1 QUESTIONS

1. How does the construction of a transistor
differ from the construction of a PN
junction diode?

2. What are the two types of transistors?

3. What are the three parts of a transistor
called?

4. Draw and label the schematic symbols
for an NPN and a PNP transistor.

5. What are transistors used for?

IR
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TRANSISTOR TYPES
AND PACKAGING

Transistors are classified by the following methods:

=

According to type (either NPN or PNP)

2. According to the material used (germanium
or silicon)

3. According to major use (high or low power,

switching, or high frequency)

Most transistors are identified by a number.
This number begins with a 2 and the letter N and
has up to four more digits. These symbols identify
the device as a transistor and indicate that it has
two junctions.

A package serves as protection for the transis-
tor and provides a means of making electrical con-
nections to the emitter, base, and collector regions.
The package also serves as a heat sink, or an area
from which heat can be extracted, removing excess
heat from the transistor and preventing heat dam-
age. Many different packages are available, cover-
ing a wide range of applications (Figure 22-3).

Transistor packages are designated by size and
configuration. The most common package identi-
fier consists of the letters TO (fransistor outline)
followed by a number. Some common transistor
packages are shown in Figure 22—4.

Because of the large assortment of transistor
packages available, it is difficult to develop rules for
identifying the emitter, base, and collector leads of
each device. It is best to refer to the manufacturer’s
specification sheet to identify the leads of each device.

22—2 QUESTIONS

1. How are transistors classified?

2. What symbols are used to identify
transistors?

3. What purposes does the packaging of a
transistor serve?

4. How are transistor packages labeled?

FIGURE 22-3

Various transistor packages.

5. What is the best method for determining
which leads of a transistor are the base,
emitter, and collector?

BASIC TRANSISTOR
OPERATION

A diode is a rectifier and a transistor is an ampli-
fier. A transistor may be used in a variety of ways,
but its basic functions are to provide current am-
plification of a signal or to switch the signal.
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FIGURE 22-4

FIGURE 22-5

Typical transistor packages.

A transistor must be properly biased by exter-
nal voltages so that the emitter, base, and collec-
tor regions interact in the desired manner. In a
properly biased transistor, the emitter junction is
forward biased and the collector junction is re-
verse biased. A properly biased NPN transistor is
shown in Figure 22-5.

Electrons are caused to flow from an NPN
transistor emitter by a forward bias. Forward bias
is a positive voltage on the base terminal with re-
spect to the emitter terminal. A positive potential
attracts electrons, creating an electron flow from
the emitter. The electrons that are attracted into
the base are now influenced by the positive po-
tential applied to the collector. The majority of
electrons are attracted to the collector and into
the positive side of the reverse-biased voltage
source. A few electrons are absorbed into the base
region and support a small electron flow from it.
For this action to occur, the base region must be
extremely thin. In a properly biased PNP transis-
tor, the batteries must be reversed (Figure 22-6).

The difference between the NPN and PNP
transistors is twofold: The batteries have oppo-

Properly biased NPN transistor.

il : il
(A) BLOCK DIAGRAM OF A BIASED NPN TRANSISTOR

I

I
1 )
I .

B) SCHEMATIC DIAGRAM OF A BIASED NPN TRANSISTOR

site polarities, and the direction of the electron
flow is reversed.

As with the diode, a barrier voltage exists
within the transistor. In a transistor, the barrier
voltage is produced across the emitter-base junc-
tion. This voltage must be exceeded before elec-
trons can flow through the junction. The internal
barrier voltage is determined by the type of semi-
conductor material used. As in diodes, the inter-
nal barrier voltage is 0.3 V for germanium
transistors and 0.7 V for silicon transistors.

The collector-base junction of a transistor
must also be subjected to a positive potential that
is high enough to attract most of the electrons
supplied by the emitter. The reverse-bias voltage
applied to the collector-base junction is usually
much higher than the forward-bias voltage across
the emitter-base junction, supplying this higher
voltage.
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FIGURE 22-6

Properly biased PNP transistor.

o
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(A) BLOCK DIAGRAM OF A BIASED PNP TRANSISTOR

B) SCHEMATIC DIAGRAM OF A BIASED PNP TRANSISTOR

22—-3 QUESTIONS

1. What are the basic functions of a
transistor?

2. What is the proper method for biasing a
transistor?

3. What is the difference between biasing
an NPN and a PNP transistor?

4. What is the barrier voltage for a
germanium and a silicon transistor?

5. What is the difference between the
collector-base junction and the emitter-
base junction bias voltages?

I

TRANSISTOR TESTING

Transistors are semiconductor devices that usu-
ally operate for long periods of time without fail-
ure. If a transistor does fail, the failure is generally
caused by excessively high temperature, current,
or voltage. Failure can also be caused by extreme
mechanical stress. As a result of this electrical or
mechanical abuse, a transistor may open or short
internally, or its characteristics may alter enough
to affect its operation. There are two methods for
checking a transistor to determine if it is func-
tioning properly: with an ohmmeter and with a
transistor tester.

A conventional ohmmeter can help detect a
defective transistor in an out-of-circuit test. Resis-
tance tests are made between the two junctions of
a transistor in the following way: emitter to base,
collector to base, and collector to emitter. In test-
ing the transistor, the resistance is measured be-
tween any two terminals with the meter leads
connected one way. The meter leads are then re-
versed. In one meter connection, the resistance
should be high, 10,000 ohms or more. In the
other meter connection, the resistance should be
lower, less than 10,000 ohms.

Each junction of a transistor exhibits a low re-
sistance when it is forward biased and a high re-
sistance when reverse biased. The battery in the
ohmmeter is the source of the forward- and
reverse-bias voltage. The exact resistance meas-
ured varies with different types of transistors, but
there is always a change when the ohmmeter
leads are reversed. This method of checking works
for either NPN or PNP transistors (Figure 22-7).

If a transistor fails this test, it is defective. If it
passes, it may still be defective. A more reliable
means of testing a transistor is by using a transis-
tor tester.

Transistor testers are designed specifically for
testing transistors and diodes. There are two types:
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FIGURE 22-8

FIGURE 22-7

Resistance measurements of transistor junctions.
O\N \ \6\’\ \ _
Y\\G‘Y\ ~ O\N ~
H/G/y / _ LOW / _
OW_/( /GH_/

CAUTION: ASWITH DIODES, THE OHMMETER TERMINAL
VOLTAGE MUST NEVER EXCEED THE MAXIMUM VOLTAGE RATING
BETWEEN THE JUNCTIONS OF A TRANSISTOR. THE LOWER
SCALES OF SOME OHMMETERS CAN SUPPLY A DAMAGING

CURRENT TO THE TRANSISTOR UNDER TEST. AS A
PRECAUTIONARY MEASURE, IT IS BEST TO START OUT AT THE
SAFEST RANGE AND THEN CHANGE TO A SCALE THAT GIVES AN
ADEQUATE READING.

an in-circuit tester and an out-of-circuit tester. Both
may be housed in the same package (Figure 22-8).

The transistor’s ability to amplify is taken as a
rough measure of its performance. There is an ad-
vantage with an in-circuit tester because the tran-
sistor does not have to be removed from the
circuit. An out-of-circuit transistor tester can not
only determine whether the transistor is good or
defective, but also determine the leakage current.
Leakage tests cannot be made in-circuit.

Transistor tester.

Transistor testers contain controls for adjusting
voltage, current, and signal. Refer to the manufac-
turer’s instruction manual for the proper settings.

22—4 QUESTIONS

1. What may cause a transistor to fail?

2. What are two methods of testing a
transistor?

3. When using an ohmmeter, what should
the results be for an NPN transistor?

4. What are the two types of commercial
transistor testers?

TRANSISTOR
= SUBSTITUTION

Numerous guides have been prepared by manu-
facturers to provide cross references for transistor
substitution. Most substitutions can be made
with confidence.
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If the transistor is unlisted or the number of spikes, transients, and surges that are inher-
the transistor is missing, the following proce- ent in most circuits.
dure can be used to make an accurate replace- 5. Collector current requirements? The easiest
ment selection. way to determine the actual current is to

. . . measure the current in the collector circuit
1. NPN or PNP? The first source of information

is the symbol on the schematic diagram. If a
schematic is not available, the polarity of
the voltage source between the emitter and
collector must be determined. If the collec-
tor voltage is positive with respect to the
emitter voltage, then it is an NPN device. If
the collector voltage is negative with re-
spect to the emitter voltage, then it is a PNP
device. An easy way to remember the po-
larity of the collector voltage for each type
of transistor is shown in Figure 22-9.

. Germanium or silicon? Measure the voltage
from the emitter to the base. If the voltage
is approximately 0.3 V, the transistor is ger-
manium. If the voltage is approximately 0.7
V, the transistor is silicon.

. Operating frequency range? Identify the
type of circuit and determine whether it is
working in the audio range, the kilohertz
range, or the megahertz range.

. Operating voltage? Voltages from collector
to emitter, collector to base, and emitter to
base should be noted either from the
schematic diagram or by actual voltage meas-
urement. The transistor selected for replace-
ment should have voltage ratings that are at
least three to four times the actual operating
voltage. This helps to protect against voltage

FIGURE 22-9

How to remember the polarity of the collector voltage.

NP e N
PN e P

with an ammeter. This measurement should
be taken under maximum power conditions.
Again, a safety factor of three to four times
the measured current should be allowed.

. Maximum power dissipation? Use maxi-

mum voltage and collector current require-
ments to determine maximum power
requirements (P = IE). The transistor is a
major factor in determining power dissipa-
tion in the following types of circuits:

e Input stages, AE or RF (50 to 200 mW)

e IF stages and driver stages (200 mW
to 1 W)

e High-power output stages (1 W and
higher)

. Current gain? The common emitter small

signal DC current gain referred to as h;_ or
Beta (B) should be considered. Some typical
gain categories are:

e RF mixers, IF and AF (80 to 150)

e RF and AF drivers (25 to 80)

e RF and AF output (4 to 40)

e High-gain preamps and sync separators
(150 to 500)

. Case style? Frequently, there is no differ-

ence between the case styles of original
parts and recommended replacements.
Case types and sizes need only be consid-
ered where an exact mechanical fit is re-
quired. Silicon grease should always be
used with power devices to promote heat
transfer.

. Lead configuration? This is not a prime con-

sideration for replacement transistors, al-
though it may be desirable for ease of
insertion and appearance.
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22—-5 QUESTIONS

1. Where can suggestions for transistor
replacements be found?

2. Why does it matter whether a transistor
is germanium or silicon?

3. Why are the operating frequency, voltage,
current, and power ratings important
when replacing a transistor?

4. What does the transistor’s Beta refer to?

5. Are the transistor’s case and lead
configuration important when
substituting a transistor?

I

SUMMARY

e A transistor is a three-layer device used to
amplify and switch power and voltage.

¢ A bipolar transistor is also called a
junction transistor or simply a transistor.

e Transistors can be configured as NPN or PNP.

¢ The middle region of the transistor is
called the base, and the two outer regions
are called the emitter and collector.

e The schematic symbols used for NPN and
PNP transistors are:

C C
B B
NPN E PNP E

CHAPTER 22 SELF-TEST

A transistor is classified according to
whether it is NPN or PNP, silicon or
germanium, high or low power, and
switching or high frequency.

Transistors are identified with a prefix of
2N followed by up to four digits.

The transistor package provides
protection, a heat sink, and a support for
the leads.

Transistor packages are identified with the
letters TO (transistor outline).

In a properly biased transistor, the
emitter-base junction is forward biased
and the collector-base junction is reverse
biased.

PNP transistor bias sources are the reverse
of NPN bias sources.

The internal barrier voltage for germanium
transistors is 0.3 V and for silicon
transistors is 0.7 V.

The reverse-bias voltage applied to the
collector-base junction is higher than the
forward-bias voltage applied to the
emitter-base junction.

When a transistor is tested with an
ohmmeter, each junction exhibits a low
resistance when it is forward biased and
a high resistance when it is reverse
biased.

Transistor testers are available for testing
transistors in and out of circuit.

1. The junction of a transistor can be forward biased, reverse biased, or unbiased. What are the
normal conditions of bias across the emitter-base and collector-base junctions of a transistor?

2. When checking a good transistor with an ohmmeter, what kind of resistance should exist

across each junction?
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3. Using an ohmmeter, what difficulty, if any, would be experienced in identifying the transistor
material type and emitter, base, and collector leads of an unknown transistor?

4. When connecting a transistor in a circuit, why must the technician know whether a transistor
is NPN or PNP?

5. How does the testing of a transistor with an ohmmeter compare to testing a transistor with a
transistor tester?



CHAPTER 23

Field Effect

Transistors (FETS)

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Describe the difference between transistors, JFETs, and MOSFETSs.

e Draw schematic symbols for both P-channel and N-channel JFETSs, depletion
MOSFETS, and enhancement MOSFETS.

e Describe how a JFET, depletion MOSFET, and enhancement MOSFET operate.
¢ Identify the parts of JFETs and MOSFETs.
¢ Describe the safety precautions that must be observed when handling MOSFETs.

e Describe the procedure for testing JFETs and MOSFETs with an ohmmeter.
The history of field effect transistors (FETs) dates back to 1925, when Julius Lillenfield
invented both the junction FET and the insulated gate FET. Both of these devices currently
dominate electronics technology. This chapter is an introduction to the theory of junction and

insulated gate FETs.

JUNCTION FETs

The junction field effect transistor (JFET) is a unipolar
transistor that functions using only majority
carriers. The JFET is a voltage-operated device.
JFETs are constructed from N-type and P-type
semiconductor materials and are capable of am-
plifying electronic signals, but they are con-

structed differently from bipolar transistors and
operate on different principles. Knowing how a
JFET is constructed helps to understand how it
operates.

Construction of a JFET begins with a sub-
strate, or base, of lightly doped semiconductor
material. The substrate can be either P- or N-type
material. The PN junction in the substrate is made

213
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FIGURE 23-1

FIGURE 23-3

Cross section of an N-channel JFET.

SUBSTRATE

using both the diffusion and growth methods (see
Chapter 20). The shape of the PN junction is im-
portant. Figure 23—-1 shows a cross section of the
embedded region within the substrate. The U-
shaped region is called the channel and is flush
with the upper surface of the substrate. When the
channel is made of N-type material in a P-type
substrate, an N-channel JFET is formed. When the
channel is made of P-type material in an N-type
substrate, a P-channel JFET is formed.

Three electrical connections are made to a
JFET (Figure 23-2). One lead is connected to the
substrate to form the gate (G). One lead is con-
nected to each end of the channel to form the
source (S) and the drain (D). It does not matter
which lead is attached to the source or drain, be-
cause the channel is symmetrical.

FIGURE 23-2
Lead connections for an N-channel JFET.

GATE (G)

SOURCE (S) \

DRAIN (D)

\ EMBEDDED

CHANNEL

Properly biased N-channel JFET.

DEPLETION
REGION

The operation of a JEET requires two external
bias voltages. One of the voltage sources (E) is
connected between the source and the drain, forc-
ing the current to flow through the channel. The
other voltage source (E_) is connected between
the gate and the source. It controls the amount of
current flowing through the channel. Figure 23-3
shows a properly biased N-channel JFET.

Voltage source E ¢ is connected so that the
source is made negative with respect to the drain.
This causes a current to flow, because the major-
ity carriers are electrons in the N-type material.
The source-to-drain current is called the FET’s
drain current (1). The channel serves as resistance
to the supply voltage (E).

The gate-to-source voltage (E ) is connected
so that the gate is negative with respect to the
source. This causes the PN junction formed by the
gate and channel to be reverse biased. This creates
a depletion region in the vicinity of the PN junc-
tion, which spreads inward along the length of
the channel. The depletion region is wider at the
drain end because the E_ voltage adds to the E
voltage, creating a higher-reverse bias voltage
than that appearing across the source end.

The size of the depletion region is controlled
by E . As E ¢ increases, so does the depletion re-
gion. A decrease in E_ causes a decrease in the
depletion region. When the depletion region
increases, it effectively reduces the size of the
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channel. This reduces the amount of current
that is able to flow through it. E ¢ can thus be
used to control the drain current (I;) that flows
through the channel. An increase in E ¢ causes a
decrease in 1.

In normal operation, the input voltage is ap-
plied between the gate and the source. The re-
sulting output current is the drain current (). In
a JFET, the input voltage is used to control the
output current. In a transistor, it is the input cur-
rent, not the voltage, that is used to control the
output current.

Because the gate-to-source voltage is reverse
biased, the JFET has an extremely high input re-
sistance. If the gate-to-source voltage were for-
ward biased, a large current would flow through
the channel, causing the input resistance to
drop and reducing the gain of the device. The
amount of gate-to-source voltage required to
reduce I, to zero is called the gate-to-source cut-off
voltage (Egs o) This value is specified by the
manufacturer of the device.

The drain-to-source voltage (E ) has control
over the depletion region within the JFET. As E
increases, I also increases. A point is then
reached where I levels off, increasing only
slightly as E_ ¢ continues to rise. This occurs be-
cause the size of the depletion region has in-
creased also, to the point where the channel is
depleted of minority carriers and cannot allow I
to increase proportionally with E_ . The resistance
of the channel also increases with an increase of
E_, with the result that I, increases at a slower
rate. However, I levels off because the depletion
region expands and reduces the channel’s width.
When this occurs, 1 is said to pinch off. The value
of E; required to pinch off or limit I, is called the
pinch-off voltage (E,). E, is usually given by the
manufacturer for an E ¢ of zero. E, is always close
t0 Eig o when E_ is equal to zero. When E, is
equal to E_ the drain current is pinched off.

P-channel and N-channel JFETs have the
same characteristics. The main difference be-

tween them is the direction of the drain current
(I,) through the channel. In a P-channel JFET, the
polarity of the bias voltages (E_,, E) is opposite
to that in an N-channel JFET.

The schematic symbols used for N-channel
and P-channel JFETs are shown in Figure 23-4.
The polarities required to bias an N-channel JFET
are shown in Figure 23-5 and for a P-channel
JFET in Figure 23-6.

GS’

FIGURE 234
Schematic symbols for JFETs.

DRAIN (D)
ATE
GATE (G) SOURCE (S)
N-CHANNEL JFET
DRAIN (D)
GATE (G) SOURCE (S)
P-CHANNEL JFET
FIGURE 23-5

The polarities required to bias an N-channel JFET.

5 IDj
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FIGURE 23-6
The polarities required to bias a P-channel JFET.
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23—1 QUESTIONS

1. Describe how a JFET differs in
construction from a bipolar transistor.

2. Identify the three electrical connections
to the JFET.

3. How is the current shut off in a JFET?

4. Define the following with reference to
JFETs:

a. Depletion region
b. Pinch-off voltage
c. Source

d. Drain

5. Draw and label a schematic diagram of a
P-channel and an N-channel JFET.

p3 %9 DEPLETION
INSULATED GATE
FETs (MOSFETS)

Insulated gate FETs do not use a PN junction. In-
stead they use a metal gate, which is electrically
isolated from the semiconductor channel by a
thin layer of oxide. This device is known as a
metal oxide semiconductor field effect fransistor
(MOSFET or MOST).

There are two important types of MOSFETs:
N-type units with N channels and P-type units
with P channels. N-type units with N channels are
called depletion mode devices because they conduct
when zero bias is applied to the gate. In the de-
pletion mode, the electrons are conducting until
they are depleted by the gate bias voltage. The
drain current is depleted as a negative bias is ap-
plied to the gate. P-type units with P channels are
enhancement mode devices. In the enhancement
mode, the electron flow is normally cut off until it
is aided or enhanced by the bias voltage on the
gate. Although P-channel depletion MOSFETs

FIGURE 23-7

N-channel depletion MOSFET.

METAL

GATE ——— | INSULATING
LAYER

SOURCE
\

and N-channel enhancement MOSFETs exist,
they are not commonly used.

Figure 23-7 shows a cross section of an N-
channel depletion MOSFET. It is formed by implant-
ing an N channel in a P substrate. A thin insulating
layer of silicon dioxide is then deposited on the
channel, leaving the ends of the channel exposed
to be attached to wires and act as the source and
the drain. A thin metallic layer is attached to the
insulating layer over the N channel. The metallic
layer serves as the gate. An additional lead is at-
tached to the substrate. The metal gate is insulated
from the semiconductor channel so that the gate
and the channel do not form a PN junction. The
metal gate is used to control the conductivity of
the channel as in the JFET.

The MOSFET shown in Figure 23-8 has an N
channel. The drain is always made positive with
respect to the source, as in the JFET. The majority
carriers are electrons in the N channel, which al-
low drain current (I,) to flow from the source to
the drain. The drain current is controlled by the
gate-to-source bias voltage (E_), as in the JFET.
When the source voltage is zero, a substantial
drain current flows through the device, because a
large number of majority carriers (electrons) are
present in the channel. When the gate is made
negative with respect to the source, the drain cur-
rent decreases as the majority carriers are de-
pleted. If the negative gate voltage is increased
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FIGURE 23-8

N-channel depletion MOSFET with bias supply.

DEPLETION
REGION

sufficiently, the drain current drops to zero. One
difference between MOSFETs and JFETs is that
the gate of the N-channel depletion MOSFET can
also be made positive with respect to the source.
This cannot be done with a JFET because it would
cause the gate and channel PN junction to be for-
ward biased.

When the gate voltage of a depletion MOS-
FET is made positive, the silicon dioxide insulat-
ing layer prevents any current from flowing
through the gate lead. The input resistance re-
mains high, and more majority carriers (elec-
trons) are drawn into the channel, enhancing the
conductivity of the channel. A positive gate volt-
age can be used to increase the MOSFET’s drain
current, and a negative gate voltage can be used
to decrease the drain current. Because a negative
gate voltage is required to deplete the N-channel
MOSEFET, it is called a depletion mode device. A
large amount of drain current flows when the
gate voltage is equal to zero. All depletion mode
devices are considered to be normally turned on
when the gate voltage is equal to zero.

An N-channel depletion MOSFET is repre-
sented by the schematic symbol shown in Figure
23-9. Note that the gate lead is separated from
the source and drain leads. The arrow on the sub-
strate lead points inward to represent an N-channel

FIGURE 23-9
Schematic symbol for an N-channel depletion MOSFET.
DRAIN
(D)
| — SUBSTRATE
| (B)
GATE
(G) \-/
SOURCE
(S)

FIGURE 23-10
Properly biased N-channel depletion MOSFET.

device. Some MOSFETs are constructed with the
substrate connected internally to the source lead
and the separate substrate lead is not used.

A properly biased N-channel depletion MOS-
FET is shown in Figure 23-10. Note that it is bi-
ased the same way as an N-channel JFET. The
drain-to-source voltage (E, ) must always be ap-
plied so that the drain is positive with respect to
the source. The gate-to-source voltage (E ) can
be applied with the polarity reversed. The sub-
strate is usually connected to the source, either in-
ternally or externally. In special applications, the
substrate may be connected to the gate or another
point within the FET circuit.

A depletion MOSFET may also be constructed
as a P-channel device. P-channel devices operate
in the same manner as N-channel devices. The dif-
ference is that the majority carriers are holes. The
drain lead is made negative with respect to the
source, and the drain current flows in the opposite
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FIGURE 23-11
Schematic symbol for a P-channel depletion MOSFET.
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(G) \/
SOURCE
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direction. The gate may be positive or negative
with respect to the source.

The schematic symbol for a P-channel deple-
tion MOSFET is shown in Figure 23-11. The only
difference between the N-channel and P-channel
symbols is the direction of the arrow on the sub-
strate lead.

Both N-channel and P-channel depletion
MOSFETs are symmetrical. The source and drain
leads may be interchanged. In special applica-
tions, the gate may be offset from the drain region
to reduce capacitance between the gate and drain.
When the gate is offset, the source and drain leads
cannot be interchanged.

23—-2 QUESTIONS

1. How does a MOSEFET differ in
construction from a JFET?

2. Describe how a MOSFET conducts a
current.

3. What is the major difference in operation
between a MOSFET and a JFET?

4. Draw and label a schematic diagram of a
P-channel and an N-channel MOSFET.

5. What leads can be interchanged on JFETs
and MOSFETSs?

ENHANCEMENT
INSULATED GATE
FETs (MOSFETS)

Depletion MOSFETs are devices that are normally
on. That is, they conduct a substantial amount of
drain current when the gate-to-source voltage is
zero. This is useful in many applications. It is also
useful to have a device that is normally off—that
is, a device that conducts only when a suitable
value of B4 is applied. Figure 23-12 shows a
MOSFET that functions as a normally off device. It
is similar to a depletion MOSFET, but it does not
have a conducting channel. Instead, the source
and drain regions are diffused separately into the
substrate. The figure shows an N-type substrate
and P-type source and drain regions. The opposite
arrangement could also be used. The lead arrange-
ments are the same as with a depletion MOSFET.

A P-channel enhancement MOSFET must be
biased so that the drain is negative with respect to
the source. When only the drain-to-source volt-
age (E) is applied, a drain current does not flow.
This is because there is no conducting channel be-
tween the source and drain. When the gate is
made negative with respect to the source, holes
are drawn toward the gate, where they gather to
create a P-type channel that allows current to

FIGURE 23-12
P-channel enhancement MOSFET.
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flow from the drain to the source. When the neg-
ative gate voltage is increased, the size of the
channel increases, allowing even more current to
flow. An increase in gate voltage tends to enhance
the drain current.

The gate of a P-channel enhancement MOS-
FET can be made positive with respect to the
source without affecting the operation. The MOS-
FET’s drain current is zero and cannot be reduced
with the application of a positive gate voltage.

The schematic symbol for a P-channel en-
hancement MOSFET is shown in Figure 23-13. It
is the same as that for a P-channel depletion
MOSFET except that a broken line is used to in-
terconnect the source, drain, and substrate re-
gion. This indicates the normally off condition.
The arrow points outward to indicate a P channel.

A properly biased P-channel enhancement
MOSFET is shown in Figure 23-14. Notice that
E, makes the MOSFET’s drain negative with re-

FIGURE 23-13

spect to the source. E_¢ also makes the gate neg-
ative with respect to the source. Only when E_¢
increases from zero volts and applies a negative
voltage to the gate does a substantial amount of
drain current flow. The substrate is normally
connected to the source, but in special applica-
tions the substrate and source may be at different
potentials.

N-channel enhancement MOSFETs may also
be constructed. These devices operate with a pos-
itive gate voltage so that electrons are attracted to-
ward the gate to form an N-type channel.
Otherwise, these devices function like P-channel
devices.

Figure 23-15 shows the schematic symbol for
an N-channel enhancement MOSFET. It is similar to
the P-channel device except that the arrow points
inward to identify the N channel. Figure 23-16
shows a properly biased N-channel enhancement
MOSFET.

FIGURE 23-15

Schematic symbol for a P-channel enhancement MOSFET.
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GATE (B)
SOURCE

(S)

FIGURE 23-14

Schematic symbol for an N-channel enhancement MOSFET.
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FIGURE 23-16

Properly biased P-channel enhancement MOSFET.

Properly biased N-channel enhancement MOSFET.
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MOSFETs are usually symmetrical, like JFETs.
Therefore the source and drain can usually be re-
versed or interchanged.

23-3 QUESTIONS

1. How do depletion and enhancement
MOSFETs differ from each other?

2. Describe how an enhancement insulated
gate FET operates.

3. Draw and label the schematic symbol for
a P-channel and an N-channel
enhancement MOSFET.

4. Why are there four leads on a MOSFET?

5. What leads on an enhancement MOSFET
can be reversed?

MOSFET SAFETY
~ PRECAUTIONS

Certain safety precautions must be observed
when handling and using MOSFETs. It is impor-
tant to check the manufacturer’s specification
sheet for maximum rating of E .

CAUTION: IFE IS INCREASED TOO MUCH, THE THIN
INSULATING LAYER RUPTURES, RUINING THE DEVICE. THE
INSULATING LAYER IS SO SENSITIVE THAT IT CAN BE DAMAGED
BY A STATIC CHARGE THAT HAS BUILT UP ON THE LEADS OF THE

DEVICE. ELECTROSTATIC CHARGES ON FINGERS CAN BE
TRANSFERRED TO THE MOSFET'S LEADS WHEN HANDLING OR
MOUNTING THE DEVICE.

To avoid damage to the device, MOSFETSs are
usually shipped with the leads shorted together.
Shorting techniques include wrapping leads with
a shorting wire, inserting the device into a short-
ing ring, pressing the device into conductive
foam, taping several devices together, shipping in
antistatic tubes, and wrapping the device in
metal foil.

Newer MOSFETs are protected with zener
diodes electrically connected between the gate and
source internally. The diodes protect against static
discharges and in-circuit transients and eliminate
the need for external shorting devices. In electron-
ics, a transient is a temporary component of current
existing in a circuit during adjustment to a load
change, voltage source difference, or line impulse.

If the following procedures are followed, un-
protected MOSFETs can be handled safely:

1. Prior to installation into a circuit, the leads
should be kept shorted together.

2. The hand used to handle the device should
be grounded with a metallic wrist band.

3. The soldering iron tip should be grounded.

4. A MOSFET should never be inserted or re-
moved from its circuit when the power is on.

23—-4 QUESTIONS

1. What is the reason that MOSFETs have to
be handled very carefully?

2. What voltage source, if exceeded, can
ruin a MOSFET?

3. What methods are used to protect
MOSFETs during shipping?

4. What precautions have been taken to
protect newer MOSFETS?

5. Describe the procedures that must be
observed when handling unprotected
MOSFETs.

TESTING FETs

Testing a field effect transistor is more compli-
cated than testing a normal transistor. The fol-
lowing points must be considered prior to the
actual testing of an FET.
1. Is the device a JFET or a MOSFET?
2. Is the FET an N-channel or a P-channel
device?
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3. With MOSFETs, is the device an enhance-
ment or a depletion mode device?

Before removing an FET from an circuit or
handling it, check to see whether it is a JFET or a
MOSFET. MOSFETs can be damaged easily unless
certain precautions in handling are followed.

1. Keep all of the leads of the MOSFET shorted
until ready to use.

2. Make sure the hand used to handle the
MOSFET is grounded.

3. Ensure that the power to the circuit is re-
moved prior to insertion or removal of the
MOSFET.

Both JFETs and MOSFETs can be tested us-
ing commercial transistor test equipment or an
ohmmeter.

If using commercial transistor test equipment,
refer to the operations manual for proper switch
settings.

TESTING JFETs WITH
AN OHMMETER

1. Use alow-voltage ohmmeter in the R X 100
range.
2. Determine the polarity of the test leads. Red
is positive and black is negative.
3. Determine the forward resistance as follows:
a. N-channel JFETs: Connect the positive
lead to the gate and the negative lead to
the source or drain. Because the source
and drain are connected by a channel,
only one side needs to be tested. The for-
ward resistance should be a low reading.
b. P-channel JFETs: Connect the negative
lead to the gate and the positive lead to
the source or drain.
4. Determine the reverse resistance as follows:
a. N-channel JFETs: Connect the negative
test lead of the ohmmeter to the gate
and the positive test lead to the source
or drain. The JFET should indicate an
infinite resistance. A lower reading in-
dicates a short or leakage.

b. P-channel JFETs: Connect the positive test
lead of the ohmmeter to the gate and the
negative test lead to the source or drain.

TESTING MOSFETSs
WITH AN OHMMETER

The forward and reverse resistance should be
checked with a low-voltage ohmmeter on its
highest scale. MOSFETs have extremely high in-
put resistance because of the insulated gate. The
meter should register an infinite resistance in
both the forward- and reverse-resistance test be-
tween the gate and source or drain. A lower read-
ing indicates a breakdown of the insulation
between the gate and source or drain.

23-5 QUESTIONS

1. What questions must be answered prior
to the actual testing of an FET?

2. Why is it important to know whether a
device is a JFET or a MOSFET before
removing it from a circuit?

3. Describe how to test a JFET using an
ohmmeter.

4. Describe how to test a MOSFET using an
ohmmeter.

5. What procedure is used to test either a
JFET or MOSFET with a commercial
transistor tester?

SUMMARY

¢ A JFET uses a channel instead of junctions
(as in transistors) for controlling a signal.

e The three leads of a JFET are attached to
the gate, source, and drain.

e The input signal is applied between the
gate and the source for controlling a JFET.

e JFETs have extremely high input
resistance.
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¢ The schematic symbols for JFETs are: MOSFETs because the devices are
symmetrical.
D D e The schematic symbol for an enhancement
G—@: —@: MOSFET is:
N-CHANNEL S P-CHANNEL S
* MOSFETs (insulated gate FETs) isolate the G g G [g)

metal gate from the channel with a thin
oxide layer.
¢ Depletion mode MOSFETs are usually

N-channel devices and are classified as « MOSFETs must be handled carefully to

normally on. avoid rupture of the thin oxide layer
¢ Enhancement mode MOSFETs are usually separating the metal gate from the

P-channel devices and are normally off. channel.

N-CHANNEL P-CHANNEL

* One difference between JFETs and e Electrostatic charges from fingers can
MOSFETs is that the gate can be made damage a MOSFET.
positive or negative on MOSFETs. e Prior to use, keep the leads of a MOSFET
¢ The schematic symbol for a depletion shorted together.
MOSFET is:

e Wear a grounded metallic wrist strap
when handling MOSFETSs.

G B G B ¢ Use a grounded soldering iron when
S S soldering MOSFETSs into a circuit and
N-CHANNEL P-CHANNEL make sure the power to the circuit is off.
e JFETs and MOSFETS can be tested using a
¢ The source and drain leads can be commercial transistor tester or an
interchanged on most JFETs and ohmmeter.

CHAPTER 23 SELF-TEST

1. Explain what is meant by pinch-off voltage for an FET.

2. How is the pinch-off voltage for a JFET determined?

3. Describe what is meant by depletion-type MOSFET.

4. In what mode of operation is an enhancement MOSFET likely to be cut off?

5. Develop a list of safety precautions that must be observed when handling MOSFETSs.



CHAPTER 24

OBJECTIVES

Thyristors

After completing this chapter, the student should be able to:

¢ Identify common types of thyristors.

e Describe how an SCR, TRIAC, or DIAC operates in a circuit.
¢ Draw and label schematic symbols for an SCR, TRIAC, and DIAC.
¢ Identify circuit applications of the different types of thyristors.

e Identify the packaging used with the different types of thyristors.

¢ Test thyristors using an ohmmeter.

See accompanying CD for Thyristor examples in MultiSim, Chapter 24.

Thyristors are a broad range of semiconductor
components used for electronically controlled
switches. They are semiconductor devices with a
bistable action that depends on a PNPN regener-
ative feedback to stay turned on or off. Bistable ac-
tion refers to locking onto one of two stable states.
Regenerative feedback is a method of obtaining an
increased output by feeding part of the output
back to the input.

Thyristors are widely used for applications
where DC and AC power must be controlled.
They are used to apply power to a load or remove
power from a load. In addition, they can also be
used to regulate power or adjust the amount of
power applied to a load—for example, a dimmer
control for a light or a motor speed control.

SILICON-CONTROLLED
RECTIFIERS

Silicon-controlled rectifiers are the best known of the
thyristors and are generally referred to as SCRs.
They have three terminals (anode, cathode, and
gate) and are used primarily as switches. An SCR
is basically a rectifier because it controls current
in only one direction. The advantage of the SCR
over a power transistor is that it can control a
large current, dependent on an external circuit,
with a small trigger signal. An SCR requires a cur-
rent flowing to stay turned on after the gate sig-
nal is removed. If the current flow drops to zero,
the SCR shuts off and a gate signal must be reapplied

223
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FIGURE 24-1 FIGURE 24-3
Simplified SCR. Schematic representation of an equivalent SCR.
GATE ANODE
ANODE CATHODE

to turn the SCR back on. A power transistor
would require ten times the trigger signal of an
SCR to control the same amount of current.

An SCR is a solid-state device consisting of
four alternately doped semiconductor layers. It is
made from silicon by the diffusion or diffusion-
alloy method (see Chapter 20). Figure 24-1
shows a simplified diagram of an SCR. The four
layers are sandwiched together to form three
junctions. Leads are attached to only three of the
layers to form anode, cathode, and gate.

Figure 24-2 shows the four layers divided
into two three-layer devices. They are a PNP and
an NPN transistor interconnected to form a re-
generative feedback pair. Figure 24-3 shows the
schematic symbols for these transistors. The figure
shows that the anode is positive with respect to

FIGURE 24-2
Equivalent SCR.

ANODE

GATE

CATHODE

I &—0 GATE
CATHODE

the cathode, and the gate is open. The NPN tran-
sistor does not conduct because its emitter junc-
tion is not subject to a forward-bias voltage
(provided by the PNP transistor’s collector or gate
signal). Because the NPN transistor’s collector is
not conducting, the PNP transistor is not conduct-
ing (the NPN transistor’s collector provides the
base drive for the PNP transistor). The circuit does
not allow current to flow from the cathode to the
anode under these conditions.

If the gate is made positive with respect to the
cathode, the emitter junction of the NPN transis-
tor becomes forward biased and the NPN transis-
tor conducts. This causes base current to flow
through the PNP transistor, which in turn allows
the PNP transistor to conduct. The collector cur-
rent flowing through the PNP transistor causes
the base current to flow through the NPN transis-
tor. The two transistors hold each other in the
conducting state, allowing current to flow contin-
uously from the cathode to the anode. This action
takes place even though the gate voltage is ap-
plied only momentarily. The momentary gate
voltage causes the circuit to switch to the con-
ducting state and the circuit to continue conduct-
ing even though the gate voltage is removed. The
anode current is limited only by the external cir-
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cuit. To switch the SCR off, it is necessary to re-
duce the anode-to-cathode voltage below the
hold-on value, typically close to zero. This causes
both transistors to turn off and remain off until a
gate voltage is again applied.

The SCR is turned on by a positive input gate
voltage and turned off by reducing the anode-to-
cathode voltage to zero. When the SCR is turned
on and is conducting a high cathode-to-anode
current, it is conducting in the forward direction.
If the polarity of the cathode-to-anode bias volt-
age is reversed, only a small leakage current flows
in the reverse direction.

Figure 24-4 shows the schematic symbol for
an SCR. This is a diode symbol with a gate lead at-
tached. The leads are typically identified by the
letters K (cathode), A (anode), and G (gate). Fig-
ure 24-5 shows several SCR packages.

A properly biased SCR is shown in Figure 24—6.
The switch is used to apply and remove gate volt-
age. The resistor R, is used to limit current to the

FIGURE 24-4
Schematic symbol for an SCR.
G
A L K

FIGURE 24-5

Common SCR packages.

FIGURE 24-6 o_
Properly biased SCR.
AV‘VAV
T R Rg
AC v SCR,

i \ '

specified gate current. The anode-to-cathode volt-
age is provided by the AC voltage source. The series
resistor (R;) is used to limit the anode-to-cathode
current to the specified gate current when the de-
vice is turned on. Without resistor R; the SCR
would conduct an anode-to-cathode current high
enough to damage the SCR.

SCRs are used primarily to control the appli-
cation of DC and AC power to various types of
loads. They can be used as switches to open or
close circuits. They can also be used to vary the
amount of power applied to a load. In using an
SCR, a small gate current can control a large load
current.

When an SCR is used in a DC circuit, there is
no inexpensive method of turning off the SCR
without removing power from the load. This prob-
lem can be solved by connecting a switch across
the SCR (Figure 24-7). When switch S, is closed,
it shorts out the SCR. This reduces the anode-to-
cathode voltage to zero, reducing the forward cur-
rent to below the holding value, and turning off
the SCR.

FIGURE 24-7
Removing power in a DC circuit.

» SCR
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When an SCR is used in an AC circuit it is ca-
pable of conducting only one of the alternations
of each AC input cycle, the alternation that makes
the anode positive with respect to the cathode.
When the gate current is applied continuously,
the SCR conducts continuously. When the gate
current is removed, the SCR turns off within one-
half of the AC signal and remains off until the gate
current is reapplied. It should be noted that this
means only half of the available power is applied
to the load. It is possible to use the SCR to control
current during both alternations of each cycle.
This is accomplished by rectifying the AC signal so
that both alternations of each cycle are made to
flow in the same direction before being applied to
the SCR.

Figure 24-8 shows a simple variable half-
wave circuit. The circuit provides a phase shift
from 0 to 90 electrical degrees of the anode volt-
age signal. Diode D, blocks the reverse gate volt-
age on the negative half-cycle of the anode supply
voltage.

24—-1 QUESTIONS

1. Why is an SCR considered better for
switching than a transistor?

2. Describe how an SCR is constructed.

W

. Explain how an SCR operates.

4. Draw and label the schematic symbol
for an SCR.

5. What are some applications of an SCR?

FIGURE 24-8

Variable half-wave circuit. @

SCR,
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FIGURE 24-9
Equivalent TRIAC.

(GATE)

MT1

TRIACs

TRIAC is an acronym for triode AC semiconductor.
TRIACs have the same switching characteristics
as SCRs but conduct both directions of AC cur-
rent flow. A TRIAC is equivalent to two SCRs
connected in parallel, back to back (Figure 24-9).
Because a TRIAC can control current flowing
in either direction, it is widely used to control ap-
plication of AC power to various types of loads. It
can be turned on by applying a gate current and
turned off by reducing the operating current to be-
low the holding level. It is designed to conduct for-
ward and reverse current through the terminals.
Figure 24-10 shows a simplified diagram of a
TRIAC. A TRIAC is a four-layer NPNP device in
parallel with a PNPN device. It is designed to re-
spond to a gating current through a single gate.
The input and output terminals are identified as
main terminal 1 (MT1) and main terminal 2 (MT2).
The terminals are connected across the PN junc-
tions at the opposite ends of the device. Terminal
MTI is the reference point for measurement of
voltage and current at the gate terminal. The gate
(G) is connected to the PN junction at the same
end as MT1. From MTI1 to MT2, the signal must
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FIGURE 24-10

FIGURE 24-12

Simplified TRIAC.

MT2

GATE MT1

FIGURE 24-11
Schematic symbol for a TRIAC.

MT2 o 4 o MT1

pass through an NPNP series of layers or a PNPN
series of layers.

The schematic symbol for a TRIAC is shown
in Figure 24-11. It consists of two parallel diodes
connected in opposite directions with a single gate
lead. The terminals are identified as MT1, MT2,
and G (gate). Several TRIAC packages are shown
in Figure 24-12.

A TRIAC can be used as an AC switch (Fig-
ure 24-13). It can also be used to control the
amount of AC power applied to a load (Figure
24-14). TRIACs apply all available power to the
load. When a TRIAC is used to vary the amount
of AC power applied to the load, a special trig-
gering device is needed to ensure that the TRIAC
functions at the proper time. The triggering de-
vice is necessary because the TRIAC is not equally
sensitive to the gate current flowing in opposite
directions.

TRIACs have disadvantages when compared
to SCRs. TRIACs have current ratings as high as
25 amperes, but SCRs are available with current

Common TRIAC packages.

FIGURE 24-13

TRIAC AC switch circuit.
M >
‘f RL RG
AC

i s,

FIGURE 24-14
TRIAC AC control circuit.

AC
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ratings as high as 1400 amperes. A TRIAC’s max-
imum voltage rating is 500 volts, compared to an
SCR’s 2600 volts. TRIACs are designed for low fre-
quency (50 to 400 hertz) whereas SCRs can han-
dle up to 30,000 hertz. TRIACs also have difficulty
switching power to inductive loads.
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24-2 QUESTIONS

1. What is the difference between a TRIAC
and an SCR?

2. Describe how a TRIAC is constructed.

3. Draw and label the schematic symbol for
a TRIAC.

4. What are some applications of a TRIAC?

5. Compare the advantages and
disadvantages of TRIACs and SCRs.

BIDIRECTIONAL
~ TRIGGER DIODES

Bidirectional (two-directional) trigger diodes are
used in TRIAC circuits because TRIACs have non-
symmetrical triggering characteristics; that is, they
are not equally sensitive to gate current flowing in
opposite directions. The most frequently used trig-
gering device is the DIAC (diode AC).

The DIAC is constructed in the same manner
as the transistor. It has three alternately doped
layers (Figure 24-15). The only difference in the
construction is that the doping concentration
around both junctions in the DIAC is equal. Leads
are only attached to the outer layers. Because
there are only two leads, the device is packaged
like a PN junction diode.

Both junctions are equally doped, so a DIAC
has the same effect on current regardless of the di-
rection of flow. One of the junctions is forward bi-
ased and the other is reverse biased. The
reverse-biased junction controls the current flow-

FIGURE 24-15
Simplified DIAC.
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FIGURE 24-16
Equivalent DIAC.
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ing through the DIAC. The DIAC performs as if it
contains two PN junction diodes connected in se-
ries back to back (Figure 24-16). The DIAC re-
mains in the off state until an applied voltage
in either direction is high enough to cause its
reverse-biased junction to break over and start
conducting much like a zener diode. Break over is
the point at which conduction starts to occur. This
causes the DIAC to turn on and the current to rise
to a value limited by a series resistor in the circuit.

The schematic symbol for a DIAC is shown in
Figure 24-17. It is similar to the symbol for a
TRIAC. The difference is that a DIAC does not
have a gate lead.

DIACs are most commonly used as a trigger-
ing device for TRIACs. Each time the DIAC turns
on, it allows current to flow through the TRIAC
gate, thus turning the TRIAC on. The DIAC is
used in conjunction with the TRIAC to provide
full-wave control of AC signals.

Figure 24-18 shows a variable full-wave
phase-control circuit. Variable resistor R, and ca-
pacitor C, form a phase-shift network. When the
voltage across C, reaches the breakover voltage of
the DIAC, C, partially discharges through the
DIAC into the gate of the TRIAC. This discharge
creates a pulse that triggers the TRIAC into con-
duction. This circuit is useful for controlling lamps,
heaters, and speeds of small electrical motors.

FIGURE 24-17
Schematic symbol for a DIAC.

(e, o
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FIGURE 24-18
Variable full-wave phase-control circuit.
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24-3 QUESTIONS

. Where are DIACs used in circuits?

-

1 TRIAC

A
vy
0

|

. Describe how a DIAC is constructed.
. Explain how a DIAC works in a circuit.
. Draw the schematic symbol for a DIAC.

Vi B W N =

. Draw the schematic for a full-wave phase-
control circuit using DIACs and TRIACs.

XYW TESTING THYRISTORS

Like other semiconductor devices, thyristors may
fail. They can be tested with commercial test
equipment or with an ohmmeter.

To use commercial test equipment for testing
thyristors, refer to the operator’s manual for
proper switch settings and readings.

An ohmmeter can detect the majority of de-
fective thyristors. It cannot detect marginal or
voltage-sensitive devices. It can, however, give a
good indication of the condition of the thyristor.

TESTING SCRs WITH
AN OHMMETER

1. Determine the polarity of the ohmmeter
leads. The red lead is positive and the black
lead is negative.

2. Connect the ohmmeter leads, positive to
the cathode and negative to the anode. The
resistance should exceed 1 megohm.

3. Reverse the leads, negative to the cathode
and positive to the anode. The resistance
should again exceed 1 megohm.

4. With the ohmmeter leads connected as in
step 3, short the gate to the anode (touch
the gate lead to the anode lead). The resist-
ance should drop to less than 1 megohm.

5. Remove the short between the gate and the
anode. If a low-resistance range of the ohm-
meter is used, the resistance should stay
low. If a high-resistance range is used, the
resistance should return to above 1 megohm.
In the higher resistance ranges, the ohmme-
ter does not supply enough current to keep
the gate latched (turned on) when the short
is removed.

6. Remove the ohmmeter leads from the SCR
and repeat the test. Because some ohmme-
ters do not give significant results on step 5,
step 4 is sufficient.

TESTING TRIACs WITH
AN OHMMETER

1. Determine the polarity of the ohmmeter
leads.

2. Connect the positive lead to MT1 and the
negative lead to MT2. The resistance should
be high.

3. With the leads still connected as in step 2,
short the gate to MTI1. The resistance
should drop.

4. Remove the short. The low resistance should
remain. The ohmmeter may not supply
enough current to keep the TRIAC latched
if a large gate current is required.

5. Remove the leads and reconnect as speci-
fied in step 2. The resistance should again
be high.

6. Short the gate to MT2. The resistance
should drop.




230

10.

11.

12.

13.

14.

SECTION 3 SEMICONDUCTOR DEVICES

Remove the short. The low resistance
should remain.

Remove and reverse the leads, the negative
lead to MT1 and the positive lead to MT2.
The resistance should read high.

Short the gate to MTI1. The resistance
should drop.
Remove the short.
should remain.
Remove the leads and reconnect in the
same configuration. The resistance should
again be high.

Short the gate to MT2. The resistance
should drop.
Remove the short.
should remain.
Remove and reconnect the leads. The re-
sistance should be high.

The low resistance

The low resistance

TESTING DIACs WITH
AN OHMMETER

In testing DIACs with an ohmmeter, a low resist-
ance in either direction indicates that the device
is not opened (defective). This does not indicate
a shorted device. Further testing of the DIAC re-
quires a special circuit setup to check the voltage
at the terminals (Figure 24-19).

FIGURE 24-19
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Dynamic DIAC test.
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24-4 QUESTIONS

1

. Describe the switch settings and

indications for using a transistor tester
for testing an SCR. (Refer to the
manual.)

. Describe the switch settings and

indications for using a transistor tester
for testing a TRIAC. (Refer to the
manual.)

. Describe the procedure for testing an

SCR with an ohmmeter.

. Describe the procedure for testing a

TRIAC with an ohmmeter.

. Describe the procedure for testing a

DIAC with an ohmmeter.

IO
SUMMARY

Thyristors include SCRs (silicon-
controlled rectifiers), TRIACs, and DIACs.
An SCR controls current in one direction
by a positive gate signal.

An SCR is turned off by reducing the
anode-to-cathode voltage to zero.

SCRs can be used to control current in
both AC and DC circuits.

The schematic symbol for an SCR is:

\G

TRIACs are bidirectional triode thyristors.
TRIACs control current in either direction

by either a positive or negative gate signal.
The schematic symbol for a TRIAC is:

MT1

NS
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¢ SCRs can handle up to 1400 A compared ¢ DIAGCs are bidirectional trigger diodes.
to 25 A for TRIACs. ¢ The schematic symbol for a DIAC is:
e SCRs have voltage ratings up to 2600 V
compared to 500 V for TRIACs. ld
¢ SCRs can handle frequencies of up to gl
30,000 hertz compared to 400 hertz for
TRIACs. e DIACs are mostly used as triggering
e Because TRIACs have nonsymmetrical devices for TRIACs.
triggering characteristics, they require the e Thyristors can be tested using commercial
use of a DIAC. transistor testers or ohmmeters.

CHAPTER 24 SELF-TEST

1. What is the difference between a PN junction diode and an SCR?

2. After the SCR has been turned on, what effect does the anode supply voltage have on the
anode current that flows through the SCR?

3. What effect does the load resistance have on the current flowing through an SCR circuit?

4. Describe the process for testing an SCR.

5. Why is a DIAC used in the gate circuit of a TRIAC?



CHAPTER 25

Integrated Circuits

OBJECTIVES
After completing this chapter, the student should be able to:

Explain the importance of integrated circuits.

Identify advantages and disadvantages of integrated circuits.
Identify the major components of an integrated circuit.

Describe the four processes used to construct integrated circuits.
Identify the major integrated circuit packages.

List the families of integrated circuits.

Transistors and other semiconductor devices have made it possible to reduce the size of
electronic circuits because of their small size and low power consumption. It is now possi-
ble to extend the principles behind semiconductors to complete circuits as well as individ-
ual components. The goal of the integrated circuit is to develop a single device to perform a
specific function, such as amplification or switching, eliminating the separation between
components and circuits.

Several factors have made the integrated circuit popular:

It is reliable with complex circuits.

It meets the need for low power consumption.

It offers small size and weight.

It is economical to produce.

It offers new and better solutions to system problems.

232
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INTRODUCTION
TO INTEGRATED
CIRCUITS

The first integrated circuit was conceived by Ge-
offrey W. A. Dummer, a radar scientist for the
Royal Radar Establishment of the British Min-
istry of Defense. He published his idea in Wash-
ington, D.C., on May 7, 1952. But by 1956, he
had still failed to build a successtul circuit based
on his model.

At Texas Instruments Jack Kilby was assigned
in the summer of 1958 to develop a smaller elec-
trical circuit. His idea evolved to fabricating all the
components and the chip out of the same block
(monolith) of semiconductor material. In Septem-
ber 1958, he constructed the first integrated circuit
and it worked perfectly. Making all the parts out of
the same block of material and adding the metal
needed to connect them as a top layer resulted in
not needing individual discrete components and
wires. The circuits could be made smaller and the
manufacturing process could be automated. Jack
Kilby is probably most famous for his invention of
the integrated circuit, for which he received the
Nobel Prize in Physics in the year 2000.

Robert Noyce of Fairchild Semiconductor in-
dependently developed his own idea for inte-
grated circuit construction a half a year later
than Jack Kilby. Noyce’s circuit solved Kirby’s
problem of interconnecting all the components
on the chip. He added the metal as a final layer
and then removed some of it so that the wires
needed to connect the components were formed.
This made the integrated circuit suitable for mass
production.

Today, an integrated circuit (IC) is a complete
electronic circuit in a package no larger than
that of a conventional low-power transistor.
The circuit consists of diodes, transistors, resis-

tors, and capacitors. Integrated circuits are pro-
duced with the same technology and materials
used in making transistors and other semicon-
ductor devices.

The most obvious advantage of the integrated
circuit is its small size. An integrated circuit is con-
structed of a chip of semiconductor material ap-
proximately one-eighth of an inch square. It is
because of the integrated circuit’s small size that it
finds extensive use in military and aerospace pro-
grams. The integrated circuit has also transformed
the calculator from a desktop to a handheld in-
strument. Computer systems, once the size of
rooms, are now available in portable models be-
cause of integrated circuits.

This small, integrated circuit consumes less
power and operates at higher speeds than a con-
ventional transistor circuit. The electron travel
time is reduced by direct connection of the inter-
nal components.

Integrated circuits are more reliable than di-
rectly connected transistor circuits. In the inte-
grated circuit, internal components are connected
permanently. All the components are formed at the
same time, reducing the chance for error. After the
integrated circuit is formed, it is pretested before fi-
nal assembly.

Many integrated circuits are produced at the
same time. This results in substantial cost savings.
Manufacturers otffer a complete and standard line
of integrated circuits. Special-purpose integrated
circuits can still be produced to specification, but
this results in higher costs if quantities are small.

Integrated circuits reduce the number of parts
needed to construct electronic equipment. This
reduces inventory, resulting in less overhead for
the manufacturer and further reducing the cost of
electronic equipment.

Integrated circuits do have some disadvan-
tages. They cannot handle large amounts of cur-
rent or voltage. High current generates excessive
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heat, damaging the device. High voltage breaks
down the insulation between the various internal
components. Most integrated circuits are low-
power devices, consuming from 5 to 15 volts in
the milliamp range. This results in power con-
sumption of less than 1 watt.

Only four types of components are included
in integrated circuits: diodes, transistors, resistors,
and capacitors. Diodes and transistors are the eas-
iest to construct. Resistors increase in size as they
increase in resistance. Capacitors require more
space than resistors and also increase in size as
their capacity increases.

Integrated circuits cannot be repaired. This
is because the internal components cannot be
separated. Therefore, problems are identified by
individual circuit instead of by individual com-
ponent. The advantage of this disadvantage is
that it greatly simplifies maintaining highly
complex systems. It also reduces the amount of
time required for maintenance personnel to
service equipment.

When all factors are considered, the advan-
tages outweigh the disadvantages. Integrated
circuits reduce the size, weight, and cost of elec-
tronic equipment while increasing its reliability.
As integrated circuits become more sophisti-
cated, they become capable of performing a
wider range of tasks.

25—1 QUESTIONS

1. Define integrated circuit.

2. What are the advantages of integrated
circuits?

3. What are the disadvantages of integrated
circuits?

4. What components can be included in
integrated circuits?

5. What is the procedure for repairing a
faulty integrated circuit?

I

pAEM INTEGRATED CIRCUIT
CONSTRUCTION
TECHNIQUES

Integrated circuits are classified according to their
construction techniques. The more common
construction techniques are monolithic, thin
film, thick film, and hybrid.

Monolithic integrated circuits are constructed
in the same manner as transistors but include a
few additional steps. The integrated circuit begins
with a circular silicon wafer 3 to 4 inches in di-
ameter and about 0.010 inch thick. This serves as
a substrate (base) on which the integrated circuits
are formed. Many integrated circuits are formed
at the same time on this wafer, up to several hun-
dred, depending on the size of the wafer. The in-
tegrated circuits on the wafer are generally all the
same size and type and contain the same number
and type of components (Figure 25-1).

After fabrication, the integrated circuits are
tested on the wafer. After testing, the wafer is
sliced into individual chips. Each chip represents
one complete integrated circuit containing all the
components and connections associated with
that circuit. Each chip that passes quality-control

FIGURE 25-1

Integrated circuits on wafer.
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tests is then mounted into a package. Even
though a large number of integrated circuits are
fabricated at the same time, only a certain number
are usable. This is referred to as the yield. The
yield is the maximum number of usable inte-
grated circuits compared with the rejects.

Thin-film integrated circuits are formed on the
surface of an insulating substrate of glass or ce-
ramic, usually less than an inch square. The com-
ponents (resistors and capacitors) are formed by an
extremely thin film of metal and oxides deposited
on the substrate. Thin strips of metal are then
deposited to connect the components. Diodes
and transistors are formed as separate semiconduc-
tor devices and attached in the proper location.
Resistors are formed by depositing tantalum or
nichrome on the surface of the substrate in a thin
film 0.0001 inch thick. The value of the resistor is
determined by the length, width, and thickness of
each strip. Conductors are formed of low-resistance
metal such as gold, platinum, or aluminum. This
process can produce a resistor accurate to within
+0.1%. It can also obtain a ratio between resistors
accurate to =0.01%. Accurate ratios are important
for the proper operation of a particular circuit.

Thin-film capacitors consist of two thin layers
of metal separated by an extremely thin dielectric.
A metal layer is deposited on the substrate. An ox-
ide coating is then formed over the metal for a di-
electric. The dielectric is formed from an insulating
material such as tantalum oxide, silicon oxide, or
aluminum oxide. The top plate, formed from gold,
tantalum, or platinum, is deposited on the dielec-
tric. The capacitor value is obtained by adjusting
the area of the plate and by varying the thickness
and type of dielectric.

Diode and transistor chips are formed using
the monolithic technique. The diode and transis-
tor chips are permanently mounted on the sub-
strate. They are then electrically connected to the
thin-film circuit using extremely thin wires.

The materials used for components and con-
ductors are deposited on the substrate using an
evaporation or sputtering process. The evaporation

process requires that the material deposited on the
substrate be placed in a vacuum and heated until
it evaporates. The vapors are then allowed to con-
dense on the substrate forming a thin film.

The sputtering process subjects a gas-filled cham-
ber to a high voltage. The high voltage ionizes the
gas, and the material to be deposited is bombarded
with ions. This dislodges the atoms within the ma-
terial, which drift toward the substrate where they
are deposited as a thin film. A mask is used to en-
sure proper location of the film deposit. Another
method is to coat the substrate completely and cut
or etch away the undesired portions.

In thick-film construction, the resistors, ca-
pacitors, and conductors are formed on the sub-
strate using a screen printing process: A fine wire
screen is placed over the substrate and metallized
ink is forced through the screen with a squeegee.
The screen acts as a mask. The substrate and ink
are then heated to over 600 degrees celsius to
harden the ink.

Thick-film capacitors have low values (in pico-
farads). When a higher value is required, discrete
capacitors are used. The thick-film components are
0.001 inch thick; they have no discernable thick-
ness. The thick-film components resemble conven-
tional discrete components.

Hybrid integrated circuits are formed using
monolithic, thin-film, thick-film, and discrete com-
ponents. This allows for a high degree of circuit
complexity by using monolithic circuits while at
the same time taking advantage of extremely accu-
rate component values and tolerances with the film
techniques. Discrete components are used because
they can handle relatively large amounts of power.

If only a few circuits are to be made, it is
cheaper to use hybrid integrated circuits. The ma-
jor expense in hybrid construction is the wiring
and assembly of components and the final pack-
aging of the device. Because hybrid circuits use
discrete components, they are larger and heavier
than monolithic integrated circuits. The use of
discrete components tends to make hybrid circuits
less reliable than monolithic circuits.
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25—2 QUESTIONS

1. What methods are used to construct
integrated circuits?

2. Describe the monolithic process of
integrated circuit fabrication.

3. What are the differences between thin-
film and thick-film fabrication processes?

4. How is a hybrid integrated circuit
constructed?

5. What determines which process will be
used when fabricating an integrated
circuit?

INTEGRATED CIRCUIT
PACKAGING

An integrated circuit is a thin chip consisting of
hundreds to millions of interconnected semicon-
ductor devices such as transistors, resistors, and
capacitors. In 2004, a typical chip size of 1 cm? or
smaller was common, although larger sizes were
also produced.

Integrated circuits are mounted in packages
designed to protect them from moisture, dust,
and other contaminants. The most popular
package design is the dual-inline package (DIP)
(Figure 25-2). DIPs are manufactured in sev-
eral sizes to accommodate the various sizes of
integrated circuits: small-scale integration (SSI)
with up to 100 electrical components per chip
(early 1960s), medium-scale integration (MSI)
with 100 to 3,000 electrical components per
chip (late 1960s), large-scale integration (LSI)
with 3,000 to 100,000 electrical components
per chip (mid 1970), and very large-scale integra-
tion (VLSI) with 100,000 to 1,000,000 electrical
components per chip (1980s). ULSI stands for
ultra-large scale integration and provides no quali-

FIGURE 25-2

Integrated Circuit Dual Inline Packages.

tative leap from VLSI, but is reserved to empha-
size chip complexity in marketing. Integrated
circuit families are shown in Figure 25-3.

Wafer-scale integration (WSI), which uses un-
cut wafers containing entire computer systems in-
cluding memory, was developed in the 1980s. It
failed because of problems with creating a defect-
free manufacturing process. WSI was followed by
system-on-chip (SOC) design. This process takes com-
ponents that were typically manufactured on sepa-
rate chips and wired together on a printed circuit
board and designs them to occupy a single chip that
contains the whole electronic system: microproces-
sor, memory, peripheral interface, input/output
logic control, a/d converters, and so on.

The pin count of the VLSI circuits in the 1980s
exceeded the practical limits for DIP packaging.
This led to pin grid array (PGA) and leadless chip
carriers (LCC) packages. Surface-mount packag-
ing, which uses a fine lead pitch, became popular
in the late 1980s. In the late 1990s, high pin count
devices used Plastic Quad Flat Package (PQFP) and
Thin Small Outline Package (TSOP) packaging.

The package is made in either ceramic or plas-
tic. Plastic is less expensive and suitable for most
applications where the operating temperature
falls between 0 to 70 degrees celsius. Ceramic de-
vices are more expensive but offer better protec-
tion against moisture and contamination. They
also operate in a wider range of temperatures
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FIGURE 25-3

Families of integrated circuits.
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(—55 to +125 degrees celsius). Ceramic devices
are recommended for military, aerospace, and se-
vere industrial applications.

A small 8-pin DIP, called a mini-DIP, is used
for devices with a minimum number of inputs
and outputs. It is used mostly with monolithic in-
tegrated circuits.

A flat-pack is smaller and thinner than a DIP
and is used where space is limited. It is made from
metal or ceramic and operates in a temperature
range of —55 to +125 degrees celsius.

After the integrated circuit is packaged, it is
tested to ensure that it meets all electrical specifica-
tions. It is tested over a wide range of temperatures.

25—3 QUESTIONS

1. What are the functions of an integrated
circuit package?

2. What package is most often used for
integrated circuits?

3. What materials are used for integrated
circuit packages?

4. What are the advantages of ceramic

5.

packages?
What is the advantage of the flat-pack
integrated circuit package?

SUMMARY

Integrated circuits are popular because they:

—Are reliable with complex circuits

—Consume little power

—Are small and light

—Are economical to produce

—Provide new and better solutions to
problems

Integrated circuits cannot handle large

amounts of current or voltage.

Only diodes, transistors, resistors, and

capacitors are available as integrated circuits.

Integrated circuits cannot be repaired, only

replaced.

Integrated circuits are constructed by

monolithic, thin-film, thick-film, or hybrid

techniques.
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¢ The most popular integrated circuit ¢ Integrated circuit packages are made
package is the DIP (dual-inline package). of ceramic or plastic, with plastic most
often used.

CHAPTER 25 SELF-TEST

1. What components does a hybrid integrated circuit contain?
2. What is identified by the word “chip”?

3. In fabricating an integrated circuit using the monolithic construction method, what is the
problem with resistors and capacitors?



CHAPTER 26

Optoelectric Devices

OBJECTIVES
After completing this chapter, the student should be able to:

Identify the three categories of semiconductor devices that react to light.
Classify the major frequency ranges of light.

Identify major light-sensitive devices and describe their operation and
applications.

Identify major light-emitting devices and describe their operation and
applications.

Draw and label the schematic symbols associated with optoelectric devices.
Identify packages used for optoelectric devices.

Semiconductors in general, and semiconductor diodes in particular, have important uses
in optoelectronics. Here, a device is designed to interact with electromagnetic radiation (light
energy) in the visible, infrared, and ultraviolet ranges.

Three types of devices interact with light:

Light-detection devices
Light-conversion devices
Light-emitting devices

The semiconductor material and the doping techniques used determine the relevant light
wave-length of a particular device.
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BASIC PRINCIPLES
OF LIGHT

Light is electromagnetic radiation that is visible to
the human eye. Light is thought to travel in a
form similar to radio waves. Like radio waves,
light is measured in wavelengths.

Light travels at 186,000 miles per second or
30,000,000,000 centimeters per second through
a vacuum. The velocity is reduced as it passes
through various types of mediums. The frequency
range of light is 300 to 300,000,000 gigahertz
(giga = 1,000,000,000). Of this frequency range
only a small band is visible to the human eye.
The visible region spans from approximately
400,000 to 750,000 gigahertz. Infrared light falls
below 400,000 gigahertz and ultraviolet light
lies above 750,000 gigahertz. Light waves at the
upper end of the frequency range have more
energy than light waves at the lower end.

26—1 QUESTIONS

1. What is light?

2. What frequency range of light is visible
to the human eye?

3. What is infrared light?

4. What is ultraviolet light?

5. What type of light wave has the most
energy?

LIGHT-SENSITIVE
DEVICES

The photoconductive cell (photo cell) is the oldest op-
toelectric device. It is a light-sensitive device in
which the internal resistance changes with a
change in light intensity. The resistance change is
not proportional to the light striking it. The photo

FIGURE 26-1

Photo cell.

cell is made from light-sensitive material such as
cadmium sulfide (CdS) or cadmium selenide
(CdSe).

Figure 26—1 shows a typical photo cell. The
light-sensitive material is deposited on an insulat-
ing substrate of glass or ceramic in an S-shape to
allow greater contact length. The photo cell is
more sensitive to light than any other device. The
resistance can vary from several hundred million
ohms to several hundred ohms. The photo cell is
useful for low-light applications. It can stand high
operating voltages of 200 to 300 volts with a low
power consumption of up to 300 milliwatts. A dis-
advantage of the photo cell is its slow response to
light change.

Figure 26-2 shows the schematic symbols
used to represent a photo cell. The arrows indicate
a light-sensitive device. Sometimes the Greek let-
ter lambda (M) is used to represent a light-sensitive
device.

Photo cells are used in light meters for photo-
graphic equipment, instruction detectors, auto-



CHAPTER 26 OPTOELECTRIC DEVICES 241

FIGURE 26-2

FIGURE 26-4

Schematic symbols for a photo cell.
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FIGURE 26-3

Schematic symbols for a solar cell.

o
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FIGURE 26-5

Construction of a solar cell.

METAL

P-TYPE
MATERIAL

CONTACT

METAL SUPPORT
AND CONTACT

matic door openers, and various kinds of test
equipment to measure light intensity.

The photovoltaic cell (solar cell) converts light
energy directly into electrical energy. The solar
cell finds most of its applications in converting so-
lar energy into electrical energy.

The solar cell is basically a PN junction device
made from semiconductor materials. It is most
commonly made from silicon. Figure 26—3 shows
the construction technique. The P and N layers
form a PN junction. The metal support and the
metal contact act as the electrical contacts. It is de-
signed with a large surface area.

The light striking the surface of the solar cell
imparts much of its energy to the atoms in the
semiconductor material. The light energy knocks
valence electrons from their orbits, creating free
electrons. The electrons near the depletion region
are drawn to the N-type material, producing a
small voltage across the PN junction. The voltage
increases with an increase in light intensity. All

PN junction photodiode.

/— LIGHT

ANONDE CATHODE

the light energy striking the solar cell does not
create free electrons, however. In fact, the solar
cell is a highly inefficient device, with a top effi-
ciency of 15 to 20%. The cell is inefficient when
expressed in terms of electrical power output
compared to the total power contained in the in-
put light energy.

Solar cells have a low voltage output of about
0.45 volt at 50 milliamperes. They must be con-
nected in a series and parallel network to obtain
the desired voltage and current output.

Applications include light meters for photo-
graphic equipment, motion-picture projector
soundtrack decoders, and battery chargers on
satellites.

Schematic symbols for the solar cell are
shown in Figure 26—4. The positive terminal is
identified with a plus (+) sign.

The photodiode also uses a PN junction and has
a construction similar to that of the solar cell. It is
used the same way as the photo cell, as a light-
variable resistor. Photodiodes are semiconductor
devices that are made primarily from silicon. They
are constructed in two ways. One method is as a
simple PN junction (Figure 26-5). The other
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FIGURE 26-6

PIN junction photodiode.
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method inserts an intrinsic (undoped) layer be-
tween the P and N region (Figure 26-6), forming
a PIN photodiode.

A PN junction photodiode operates on the
same principles as a photovoltaic cell except that
it is used to control current flow, not generate it.
A reverse-bias voltage is applied across the photo-
diode, forming a wide depletion region. When
light energy strikes the photodiode, it enters the
depletion region, creating free electrons. The elec-
trons are drawn toward the positive side of the

FIGURE 26-7

bias source. A small current flows through the
photodiode in the reverse direction. As the light
energy increases, more free electrons are gener-
ated, creating more current flow.

A PIN photodiode has an intrinsic layer between
the P and N regions. This effectively extends the
depletion region. The wider depletion region al-
lows the PIN photodiode to respond to lower light
frequencies. The lower light frequencies have less
energy and so must penetrate deeper into the de-
pletion region before generating free electrons.
The wider depletion region offers a greater chance
of free electrons being generated. The PIN photo-
diode is more efficient over a wide range.

The PIN photodiode has a lower internal ca-
pacitance because of the intrinsic layer. This al-
lows for a faster response to changes in light
intensity. Also, a more linear change in reverse
current with light intensity is produced.

The advantage of the photodiode is fast re-
sponse to light changes, the fastest of any photo-
sensitive device. The disadvantage is a low output
compared to other photosensitive devices.

Figure 26-7 shows a typical photodiode pack-
age. A glass window allows light energy to strike the

Photodiode package.
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FIGURE 26-8

FIGURE 26-11

Schematic symbol for a photodiode.
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FIGURE 26-9
Voltage divider using a photodiode.
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FIGURE 26-10
Equivalent circuit for a phototransistor.
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photodiode. The schematic symbol is shown in Fig-
ure 26-8. A typical circuit is shown in Figure 26-9.

A phototransistor is constructed like other tran-
sistors with two PN junctions. It resembles a stan-
dard NPN transistor. It is used like a photodiode
and packaged like a photodiode, except that it has
three leads (emitter, base, and collector). Figure 26-10
shows the equivalent circuit. The transistor con-
duction depends on the conduction of the photo-
diode. The base lead is seldom used. When it is
used, its purpose is to adjust the turn-on point of
the transistor.

Phototransistors can produce higher out-
put current than photodiodes. Their response
to light changes is not as fast as that of the pho-

Schematic symbol for a phototransistor.
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FIGURE 26-12
Darkness-on DC switch.
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todiode. There is a sacrifice of speed for a
higher output current.

Applications include phototachometers, pho-
tographic exposure controls, flame detectors, ob-
ject counters, and mechanical positioners.

Figure 26-11 shows the schematic symbol for
a phototransistor. Figure 26-12 shows a typical
circuit application.

26—2 QUESTIONS

1. Explain how a photoconductive cell
operates.

2. Explain how a solar cell functions.

3. What is the difference between the two
types of photodiodes?

4. How is the phototransistor an
improvement over the photodiode?

5. Draw and label the schematic symbols
for a photoconductive cell, solar cell,
photodiode, and phototransistor.
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LIGHT-EMITTING
DEVICES

Light-emitting devices produce light when sub-
ject to a current flow, converting electrical energy
to light energy. A light-emitting diode (LED) is the
most common semiconductor light-emitting de-
vice. Being a semiconductor component, it has
an unlimited life span due to the absence of a fil-
ament, a cause of trouble in conventional lamps.

Any PN junction diode can emit light when
subject to an electrical current flow. The light is
produced when the free electrons combine with
holes and the extra energy is released in the form
of light. The frequency of the light emitted is de-
termined by the type of semiconductor material
used in construction of the diode. Regular diodes
do not emit light because of the opaque material
used in their packaging.

An LED is simply a PN junction diode that
emits light when a current flows through its junc-
tion. The light is visible because the LED is pack-
aged in semitransparent material. The frequency
of the light emitted depends on the material used
in the construction of the LED. Gallium arsenide
(GaAs) produces light in the infrared region,
which is invisible to the human eye. Gallium ar-
senide phosphide (GaAsP) emits a visible red
light. By changing the phosphide content, differ-
ent frequencies of light can be produced.

Figure 26-13 shows the construction of an
LED. The P layer is made thin so that light energy
near the PN junction only needs to travel a short
distance through it.

After the LED is formed, it is mounted in a
package designed for optimum emission of light.
Figure 26-14 shows some of the more common
LED packages. Most LEDs contain a lens that gath-
ers and intensifies the light. The case may act as a
colored filter to enhance the natural light emitted.

In a circuit, an LED is connected with forward
bias to emit light (Figure 26—15). The forward bias
must exceed 1.2 volts before a forward current

FIGURE 26-13
LED construction.
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Common LED packages.

FIGURE 26-15

Forward-biased LED.
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FIGURE 26-16

FIGURE 26-18

Schematic symbol for an LED.
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FIGURE 26-17
Properly biased LED circuit.
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can flow. Because LEDs can be easily damaged by
an excessive amount of voltage or current, a series
resistor is connected to limit current flow.

The schematic symbol for an LED is shown in
Figure 26-16. Figure 26—17 shows a properly biased
circuit. The series resistor (R) is used to limit the
forward current (I.) based on the applied voltage.

Figure 26-18 shows LEDs arranged to form a
seven-segment display used for digital readouts.
Figure 26-19 shows an LED used in conjunction
with a phototransistor to form an optical coupler.
Both devices are housed in the same package. An
optical coupler consists of an LED and a photo-
transistor. They are coupled by the light beam pro-
duced by the LED. The signal to the LED can vary,
which in turn varies the amount of light available.
The phototransistor converts the varying light back
into electrical energy. An optical coupler allows
one circuit to pass a signal to another circuit while
providing a high degree of electrical insulation.

26—3 QUESTIONS

1. Explain how an LED differs from a
conventional diode.

2. How does an LED emit different colors
of light?

Seven-segment display of LEDS for digital readout.
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FIGURE 26-19

Commercial optical coupler.
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3. How may the LED package enhance the
light emitted?

4. Draw and label the schematic symbol
for an LED.

5. What is the function of an optical
coupler?
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SUMMARY Photo cell

¢ Semiconductor devices that interact with —MWA—
light can be classified as light-detection \t\
devices, light-conversion devices, or light-
emitting devices.

¢ Light is electromagnetic radiation that is
visible to the human eye. ’,//

e The frequency range of light is:
—Infrared light—Iless than 400,000

gigahertz

Solar cell

—Visible light—400,000 to 750,000 Photodiode
gigahertz
—~Ultraviolet light—greater than 750,000 \i\
gigahertz — i
¢ Light-sensitive devices include photo Phototransistor

cells, solar cells, photodiodes, and

phototransistors. \\\\
¢ Light-emitting devices include the LED

(light-emitting diode).
e An optical coupler combines a light-

sensitive device with a light-emitting ¢ The schematic symbol for an LED is:
device.
¢ The schematic symbols for light-sensitive /7

devices are: _ —

CHAPTER 26 SELF-TEST

1. Which light-sensitive device has the fastest response time for changes in light intensity?

2. Which light-sensitive device would lend itself to a wider range of applications, a photodiode
or a phototransistor? Why?

3. How does the amount of current flowing in an LED affect the intensity of the light emitted?

SECTION 3 ACTIVITY—SEMICONDUCTOR DEVICES

1. Using an assortment of semiconductor devices, identify how to determine if the device is
working or defective.

2. Using an assortment of semiconductor devices, look up each item in a catalog and/or on the
Internet to determine specifications and price.



SECTION 4

Linear Electronic
Circuits



Career
Protile

Chief, Strategic Plans Branch for the 46th Test Wing at Eglin Air Force Base, Florida

Civil Service Employee—U.S. Air Force (USAF)
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EMPLOYER

BACKGROUND

Pablo graduated with a degree in Electrical Engineering from the Uni-
versity of Puerto Rico, Mayaguez campus, and was hired by the U.S. Air
Force (USAF) directly out of college. He started his career as an Elec-
tro-optics/Infrared (IR) engineer working for the Test Wing at Eglin Air
Force Base where he got to work with some of the latest technologies
available in the field of IR sensors and signal processing techniques.
During this assignment, Pablo had the opportunity to develop a one-of-
a-kind mobile IR data collection system that served the Test Wing mis-
sion for more than ten years. After thirteen years in the electro-optics
field, Pablo volunteered to transfer into the weapons development divi-
sion at the Air Armament Center at Eglin Air Force Base, where he served
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in support of the development, acquisition, testing, and sustainment of
the USAF’s air-delivered weapons. After seven years in the weapons de-
velopment division, Pablo was asked to come back to the Test Wing to
serve as chief of strategic planning, which is his current position.

JOB REQUIREMENTS
Electrical Engineering degree

ON THE JOB

As chief of the Strategic Plans Branch, Pablo is responsible for en-
suring that the Test Wing is able to support the testing and evalua-
tion of newly developed weapon and command and control (C2)
systems. This means that he and his team must stay informed of the
latest trends in electronics technologies and how they can be applied
to these systems. Pablo must assess where the Test Wing is now and
where it needs to be in the near, mid-, and far term in terms of capa-
bility to support future testing. Pablo must stay in touch with where
the Department of Defense (DoD) wants to go and what the war-
fighter requirements are in order to plan and smartly invest in future
infrastructure and capabilities that will support those future require-
ments. Pablo also works closely with the Test Wing Commander to en-
sure that his vision and mission goals are being implemented and
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plans, and metrics that guide investments and measure progress.

Pablo also briefs new test engineers and project engineers on the Test
Wing capabilities and facilities to familiarize them with the overall
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UPSIDE
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investments come to fruition that will enhance the mission of the Test
Wing. It also allows Pablo the opportunity to work closely with USAF
leaders and better understand their goals and interests. Working with
development and research engineers affords Pablo the opportunity to
see firsthand some of the future technologies under development and
the great possibilities to better support the USAF's mission.

DOWNSIDE

Sometimes it is difficult to understand how newly developed tech-
nologies will be applied to a weapon or a command and control sys-
tem, and from there how and what needs to be done in order to be able
to test that capability at some point in the future. Occasionally you
have to just make an “educated guess,” which sometimes leads to
success and sometimes doesn't.

OPPORTUNITIES

There are many civil service opportunities for electrical/electronics engi-
neers supporting the military. The military uses all of the latest technolo-
gies. Command, control, and communication is a big field in the
Department of Defense and it is a field that requires electrical/electronics
engineers and technicians. As the military moves into a network-centric
warfare environment there will be an ever-increasing number of new and
exiting challenges for engineers and technicians in the field of electronics.

WORDS OF ADVICE

Develop a solid base of skills in the field of electronics in school. Then
find work in a related field to gain valuable experience. Once you have
both education and experience, consider branching out to broaden
your career by working in some other related fields. Always stay en-
gaged and up-to-date with trends in the field.



CHAPTER 27

Power Supplies

OBJECTIVES
After completing this chapter, the student should be able to:

¢ Explain the purpose of a power supply.

¢ Draw a block diagram of the circuits and parts of a power supply.

¢ Describe the three different rectifier configurations.

¢ Explain the function of a filter.

¢ Describe the two basic types of voltage regulators and how they operate.
¢ Explain the function of a voltage multiplier.

¢ Identify over-voltage and over-current protection devices.

Power supplies are used to supply voltage to a variety of circuits. Their basic principles
are the same.

The primary function of the power supply is to convert alternating current (AC) to direct
current (DC). The power supply may increase or decrease the incoming AC voltage by means
of a transformer.

Once the voltage is at the desired level, it is converted to a DC voltage through a process
called rectification. The rectified voltage still contains an AC signal, which is referred to as a
ripple frequency. The ripple is removed with a filter.

To ensure that the output voltage remains at a constant level, a voltage regulator is used.
The voltage regulator holds the output voltage at a constant level.

See accompanying CD for Power Supply examples in MultiSim, Chapter 27.
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TRANSFORMERS

Transformers are used in power supplies to isolate
the power supply from the AC voltage source.
They are also used to step up voltages if higher
voltages are required or to step down voltages if
lower voltages are required.

If transformers are used in power supplies,
the AC power source is connected only to the pri-
mary of the transformer. This isolates the electri-
cal circuits from the power source.

When selecting a transformer, its primary
power rating is the first concern. The most com-
mon primary ratings are 110 to 120 volts and 220
to 240 volts. The next concern is its frequency.
Some frequencies are 50 to 60 hertz, 400 hertz,
and 10,000 hertz. The third concern is its second-
ary voltage and current ratings. The final concern
is its power-handling capability, or volt-ampere
rating. This is essentially the amount of power
that can be delivered to the secondary of the
transformer. It is given as volt-amperes because of
the loads that can be placed on the secondary.

27-1 QUESTIONS

1. Why are transformers used in power
supplies?

2. How is a transformer connected in a
power supply?

3. What are the important considerations
when selecting a transformer for a
power supply?

4. How are transformers rated?

RECTIFIER CIRCUITS

The rectifier circuit is the heart of the power sup-
ply. Its function is to convert the incoming AC
voltage to a DC voltage. There are three basic

FIGURE 27-1
Basic half-wave rectifier.
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FIGURE 27-2
Half-wave rectifier during positive alternation.
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types of rectifier circuit used with power sup-
plies: half-wave rectifiers, full-wave rectifiers, and
bridge rectifiers.

Figure 27-1 shows a basic half-wave rectifier.
The diode is located in series with the load. The
current in the circuit flows in only one direction
because of the diode.

Figure 27-2 shows a half-wave rectifier dur-
ing the positive alternation of the sine wave. The
diode is forward biased, allowing a current to flow
through the load. This allows the positive alterna-
tion of the cycle to develop across the load.

Figure 27-3 shows the circuit during the neg-
ative alternation of the sine wave. The diode is
now reverse biased and does not conduct. Be-
cause no current flows through the load, no volt-
age is dropped across the load.

The half-wave rectifier operates during only
one-half of the input cycle. The output is a series
of positive or negative pulses, depending on how
the diode is connected in the circuit. The fre-
quency of the pulses is the same as the input fre-
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FIGURE 27-3

Half-wave rectifier during negative alternation.
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The diode determines the direction of current flow.
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quency. The frequency of the pulses is called the
ripple frequency.

The polarity of the output depends on which
way the diode is connected in the circuit (Figure
27-4). The current tflows through the diode from
cathode to anode. When current flows through a
diode, a deficiency of electrons exists at the anode
end, making it the positive end of the diode. The
polarity of the power supply can be reversed by
reversing the diode.

There is a serious disadvantage with the half-
wave rectifier because current flows during only
half of each cycle. To overcome this disadvantage,
a full-wave rectifier can be used.

Figure 27-5 shows a basic full-wave rectifier
circuit. It requires two diodes and a center-tapped
transformer. The center tap is grounded. The volt-
ages at each end of the transformer are 180 de-
grees out of phase with each other.

Figure 27-6 shows a full-wave rectifier dur-
ing the positive alternation of the input signal.
The anode of diode D, is positive, and the anode

FIGURE 27-5 @_
Basic full-wave rectifier circuit.
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FIGURE 27-6
Full-wave rectifier during positive alternation.
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of diode D, is negative. Diode D, is forward biased
and conducts current. Diode D, is reverse biased
and does not conduct. The current flows from the
center tap of the transformer through the load
and diode D, to the top of the secondary of the
transformer. This permits the positive half of the
cycle to be felt across the load.

Figure 27-7 shows the full-wave rectifier dur-
ing the negative half of the cycle. The anode of
diode D, becomes positive, and the anode of diode
D, becomes negative. Diode D, is now forward bi-
ased and conducts. Diode D, is reverse biased and
does not conduct. The current flows from the cen-
ter tap of the transformer through the load and
diode D, to the bottom of the secondary of the
transformer.

With a full-wave rectifier, the current flows
during both half-cycles. This means that the rip-
ple frequency is twice the input frequency.

+0
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FIGURE 27-7

FIGURE 27-9

Full-wave rectifier during negative alternation.
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FIGURE 27-8
Bridge rectifier circuit.
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There is a disadvantage with the full-wave
rectifier because the output voltage is half that of
a half-wave rectifier for the same transformer.
This disadvantage can be overcome by the use of
a bridge rectifier circuit.

Figure 27-8 shows a bridge rectifier circuit.
The four diodes are arranged so that the current
flows in only one direction through the load.

Figure 27-9 shows the current flow during
the positive alternation of the input signal. Cur-
rent flows from the bottom of the secondary side
of the transformer, up through diode D,, through
the load, through diode D, to the top of the sec-
ondary of the transformer. The entire voltage is
dropped across the load.

Figure 27-10 shows the current flow during
the negative alternation of the input signal. The
top of the secondary is negative, and the bottom

Bridge rectifier during positive alternation.
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FIGURE 27-10
Bridge rectifier during negative alternation.

DN
Ay §||§ ?D</ /0 =
I

is positive. The current flows from the top of the
secondary, down through diode D,, through the
load and diode D, to the bottom of the secondary.
Note that the current flows in the same direction
through the load as during the positive alterna-
tion. Again the entire voltage is dropped across
the load.

A bridge rectifier is a type of full-wave recti-
fier because it operates on both half-cycles of the
input sine wave. The advantage of the bridge rec-
tifier is that the circuit does not require a center-
tapped secondary. This circuit does not require a
transformer to operate. A transformer is used
only to step up or step down the voltage or pro-
vide isolation.

To summarize the differences in rectifiers: The
advantages of the half-wave rectifier are its sim-
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plicity and low cost. It requires one diode and a
transformer. It is not very efficient, because only
half of the input signal is used. It is also restricted
to low-current applications.

The full-wave rectifier is more efficient than
the half-wave rectifier. It operates on both alter-
nations of the sine wave. The higher ripple fre-
quency of the full-wave rectifier is easier to filter.
A disadvantage is that it requires a center-tapped
transformer. Its output voltage is lower than that
of a half-wave rectifier for the same transformer
because of the center tap.

The bridge rectifier can operate without a
transformer. However, a transformer is needed to
step up or step down the voltage. The output of
the bridge rectifier is higher than that of either the
full-wave or half-wave rectifier. A disadvantage is
that the bridge rectifier requires four diodes.
However, the diodes are inexpensive compared to
a center-tapped transformer.

27—-2 QUESTIONS

1. What is the function of the rectifier in a
power supply?

2. What are three configurations for
connecting rectifiers to power supplies?

3. What are the differences in operation of
the three configurations?

4. What are the advantages of one rectifier
configuration over another?

5. Which rectifier configuration represents
the best selection? Why?

FILTER CIRCUITS

The output of the rectifier circuit is a pulsating
DC voltage. This is not suitable for most elec-
tronic circuits. Therefore, a filter follows the rec-
tifier in most power supplies. The filter converts
the pulsating DC voltage to a smooth DC voltage.

FIGURE 27-11
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Half-wave rectifier with capacitor filter.
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FIGURE 27-12

Output of a half-wave rectifier without and with a filter
capacitor.
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OUTPUT WITHOUT
CAPACITOR FILTER

o oo OUTPUT WITH
CAPACITOR FILTER

The simplest filter is a capacitor connected
across the output of the rectifier (Figure 27-11).
Figure 27-12 compares the outputs of a rectifier
without and with the addition of a filter capacitor.

A capacitor affects the circuit in the following
manner. When the anode of the diode is positive,
current flows in the circuit. At the same time, the
filter capacitor charges to the polarity indicated in
Figure 27-11. After 90 degrees of the input signal,
the capacitor is fully charged to the peak potential
of the circuit.

When the input signal starts to drop in the neg-
ative direction, the capacitor discharges through
the load. The resistance of the load controls the rate
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the capacitor discharges by the RC time constant.
The discharge time constant is long compared to
the cycle time. Therefore the cycle is completed
before the capacitor can discharge. Thus, after the
first quarter cycle, the current through the load is
supplied by the discharging capacitor. As the ca-
pacitor discharges, the voltage stored in the ca-
pacitor decreases. However, before the capacitor
can completely discharge, the next cycle of the
sine wave occurs. This causes the anode of the
diode to become positive, allowing the diode to
conduct. The capacitor recharges and the cycle
repeats. The end result is that the pulses are
smoothed out and the output voltage is actually
raised (Figure 27-13).

The larger the capacitor, the greater (longer)
the RC time constant. This results in a slower dis-
charge of the capacitor, raising the output voltage.
The presence of the capacitor allows the diode in
the circuit to conduct for a shorter period of time.
When the diode is not conducting, the capacitor is
supplying the current to the load. If the current
required by the load is large, a very large capaci-
tor must be used.

FIGURE 27-13

A capacitor filter across a full-wave or bridge
rectifier behaves much like the capacitor filter in
the half-wave rectifier just described. Figure 27-14
shows the output of a full-wave or bridge rectifier.
The ripple frequency is twice that of the half-wave
rectifier. When the capacitor filter is added to the
output of the rectifier, the capacitor does not dis-
charge very far before the next pulse occurs. The
output voltage is high. If a large capacitor is used,
the output equals the peak voltage of the input sig-
nal. Thus, the capacitor does a better job of filtering
in a full-wave circuit than in a half-wave circuit.

The purpose of the filter capacitor is to
smooth out the pulsating DC voltage from the rec-
tifier. The filter’s performance is determined by
the ripple remaining on the DC voltage. The rip-
ple can be made lower by using a large capacitor
or by increasing the load resistance. Typically, the
load resistance is determined by the circuit design.
Therefore, the size of the filter capacitor is deter-
mined by the amount of the ripple.

It should be realized that the filter capacitor
places additional stress on the diodes used in the
rectifier circuit. A half-wave and a full-wave rec-

FIGURE 27-14

Effects of different filter capacitors on output of half-wave
rectifier.
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FIGURE 27-15

Half-wave rectifier (A) and full-wave rectifier (B) followed by a filter capacitor.
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tifier followed by a filter capacitor are shown in
Figure 27-15. The capacitor charges to the peak
value of the secondary voltage and holds this
value throughout the input cycle. When the
diode becomes reverse biased, it shuts off and a
maximum negative voltage is felt on the anode of
the diode. The filter capacitor holds a maximum
positive voltage on the cathode of the diode. The
difference of potential across the diode is twice the
peak value of the secondary. The diode must be
selected to withstand this voltage.

The maximum voltage a diode can withstand
when reverse biased is called the peak-inverse-volt-
age (PIV). A diode should be selected that has a PIV
higher than twice the peak value. Ideally, the diode
should be operated at 80% of its rated value to al-
low for changes in the input voltage. This holds
true for both the half-wave and the full-wave rec-
tifier. This does not hold true for the bridge rectifier.

FIGURE 27-16
Bridge rectifier with capacitor filter.
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The diodes in a bridge rectifier are never ex-
posed to more than the peak value of the sec-
ondary. In Figure 27-16, none of the diodes is
exposed to more than the peak value of the in-
put signal. The use of diodes with lower PIV rat-
ings represents another advantage of the bridge
rectifier.
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27-3 QUESTIONS

1. What is the purpose of a filter in a
power supply?

. What is the simplest filter configuration?
. What is the ripple frequency?
. How is a filter capacitor selected?

Vi B W N

. What adverse effects result from the
addition of a filter?

VOLTAGE

— REGULATORS

Two factors can cause the output voltage of a
power supply to vary. First, the input voltage to
the power supply can vary, resulting in increases
and decreases in the output voltage. Second, the
load resistance can vary, resulting in a change in
current demand.

Many circuits are designed to operate at a cer-
tain voltage. If the voltage varies, the operation of
the circuit is affected. Therefore, the power supply
must produce the same output regardless of load
and input voltage changes. To accomplish this, a
voltage regulator is added after the filter.

There are two basic types of voltage regula-
tors: shunt regulators and series regulators. They are
named for the method by which they are con-
nected with the load. The shunt regulator is con-
nected in parallel with the load. The series
regulator is connected in series with the load. Se-
ries regulators are more popular than shunt regu-
lators because they are more efficient and
dissipate less power. The shunt regulator also acts
as a control device, protecting the regulator from
a short in the load.

Figure 27-17 shows a basic zener diode reg-
ulator circuit. This is a shunt regulator. The
zener diode is connected in series with a resis-
tor. The input voltage, unregulated DC voltage,
is applied across goth the zener diode and the

FIGURE 27-17
Basic zener diode regulator circuit.
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resistor so as to make the zener diode reverse
biased. The resistor allows a small current to
flow to keep the zener diode in its zener break-
down region. The input voltage must be higher
than the zener breakdown voltage of the diode.
The voltage across the zener diode is equal to
the zener diode’s voltage rating. The voltage
dropped across the resistor is equal to the dif-
ference between the zener diode’s voltage and
the input voltage.

The circuit shown in Figure 27-17 provides a
constant output voltage for a changing input volt-
age. Any change in the voltage appears across the
resistor. The sum of the voltage drops must equal
the input voltage. By changing the output zener
diode and the series resistor, the output voltage
can be increased or decreased.

The current through the load is determined
by the load resistance and the output voltage. The
load current and the zener current flow through
the series resistor. The series resistor must be cho-
sen carefully so that the zener current keeps the
zener diode in the breakdown zone and allows
the current to flow.

When the load current increases, the zener
current decreases and the load current and zener
current together maintain a constant voltage. This
allows the circuit to regulate for changes in out-
put current as well as input voltage.

Figure 27-18 shows a shunt regulator circuit
using a transistor. Note that transistor Q, is in par-
allel with the load. This protects the regulator in
case a short develops with the load. More com-
plex shunt regulators are available that use more
than one transistor.
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FIGURE 27-18

FIGURE 27-20

Shunt regulator using a transistor.
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FIGURE 27-19
Series regulator using a variable resistor.
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The series regulator is more popular than the
shunt regulator. The simplest series regulator is a
variable resistor in series with the load (Figure
27-19). The resistance is adjusted continuously to
maintain a constant voltage across the load.
When the DC voltage increases, the resistance in-
creases, dropping more voltage. This maintains
the voltage drop across the load by dropping the
extra voltage across the series resistor.

The variable resistor can also compensate for
changes in load current. If the load current in-
creases, more voltage drops across the variable re-
sistor. This results in less voltage dropped across
the load. If the resistance can be made to decrease
at the same instant that the current increases, the
voltage dropped across the variable resistor can
remain constant. This results in a constant output
voltage despite changes in the load current.

In reality, it is too difficult to vary the resis-
tance manually to compensate for voltage and
current changes. It is more efficient to replace the
variable resistor with a transistor (Figure 27-20).
The transistor is connected so that the load’s cur-

Transistor series regulator using a manually adjusted
variable resistor.
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FIGURE 27-21
Self-adjusting series regulator.
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rent flows through it. By changing the current on
the base of the transistor, the transistor can be bi-
ased to conduct more or less current. Additional
components are required to make the circuit self-
adjusting (Figure 27-21). These components al-
low the transistor to compensate automatically
for changes in the input voltage or load current.
Figure 27-22 shows a simple series regulator.
The input is unregulated DC voltage, and the

FIGURE 27-22
A series regulator.
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output is in a lower, regulated DC voltage. The
transistor is connected as an emitter follower,
meaning that there is a lack of phase inversion
between the base and the emitter. The emitter
voltage follows the base voltage. The load is con-
nected between the emitter of the transistor and
ground. The voltage at the base of the transistor
is set by the zener diode. Therefore, the output
voltage is equal to the zener voltage minus the
0.7 volt dropped across the base-emitter junction
of the transistor.

When the input voltage increases through the
transistor, the voltage out also tries to increase.
The base voltage is set by the zener diode. If the
emitter becomes more positive than the base, the
conductance of the transistor decreases. When
the transistor conducts less, it reacts the same way
a large resistor would react if placed between the
input and output. Most of the increase in input
voltage is dropped across the transistor and there
is only a small increase in the output voltage.

There is a disadvantage with the emitter-
follower regulator because the zener diode must
have a large power rating. Zener diodes with large
power-handling capabilities are expensive.

A more popular type of series regulator is the
feedback regulator. A feedback regulator consists
of a feedback circuit to monitor the output volt-
age. If the output voltage changes, a control signal
is developed. This signal controls the transistor’s
conductance. Figure 27-23 shows a block dia-
gram of the feedback regulator. An unregulated
DC voltage is applied to the input of the regulator.
A lower, regulated DC output voltage appears at
the output terminals of the regulator.

A sampling circuit appears across the output
terminals. A sampling circuit is a voltage divider
that sends a sample of the output voltage to the
error-detection circuit. The voltage changes if the
output voltage changes.

The error-detection circuit compares the
sampled voltage with a reference voltage. In or-
der to produce the reference voltage, a zener

diode is used. The difference between the sam-
ple and reference voltages is the error voltage.
The error voltage is amplified by an error ampli-
fier. The error amplifier controls the conduction
of the series transistor. The transistor conducts
more or less to compensate for changes in the
output voltage.

Figure 27-24 shows a feedback voltage regu-
lator circuit. Resistors R,, R,, and Ry form the
sampling circuit. Transistor Q, acts as both the
error-detection and error-amplification circuit.
Zener diode D, and resistor R, produce the refer-
ence voltage. Transistor Q, is the series regulator
transistor. Resistor R, is the collector load resistor
for transistor Q, and the biasing resistor for tran-
sistor Q,.

If the output voltage tries to increase, the
sample voltage also increases. This increases the
bias voltage on the base of transistor Q,. The emit-
ter voltage of transistor Q, is held constant by
zener diode D,. This results in transistor Q, con-
ducting more and increasing the current through
resistor R,. In turn, the voltage on the collector of
transistor Q, and the base of transistor Q, de-
creases. This decreases the forward bias of transis-
tor Q,, causing it to conduct less. When transistor
Q, conducts less, less current flows. This causes a
smaller voltage drop across the load and cancels
the increase in voltage.

The output voltage can be adjusted accu-
rately by varying potentiometer R,. To increase
the output voltage of the regulator, the wiper of
potentiometer R, is moved in the more negative
direction. This decreases the sample voltage on
the base of transistor Q,, decreasing the forward
bias. This results in transistor Q, conducting less,
causing the collector voltage of transistor Q, and
base of transistor Q, to increase. This increases
the forward bias on transistor Q,, causing it to
conduct more. More current flows through the
load, which increases the voltage out.

There is a serious disadvantage with the series
regulator because the transistor is in series with



CHAPTER 27 POWER SUPPLIES 259

FIGURE 27-23
Block diagram of a feedback series regulator.
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the load. A short in the load would result in a
large current flowing through the transistor,
which could destroy the transistor. A circuit is
needed to keep the current passing through the
transistor at a safe level.

Figure 27-25 shows a circuit that limits cur-

forward biased by a minimum of 0.7 volt. When
0.7 volt is applied between the base and emitter,
the transistor conducts. If R, is 1 ohm, the cur-
rent necessary to develop 0.7 volt to the base of
transistor Q, is:

E
rent through the series regulator transistor. It is I= R
shown added to the feedback series voltage regu-
lator. Transistor Q, and resistor R, form the I= 0.1
1

current-limiting circuit. In order for transistor Q,
to conduct, the base-to-emitter junction must be

I=0.7 A or700 mA
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When less than 700 milliamperes of current
flows, transistor Q,’s base-to-emitter voltage is
less than 0.7 volt, keeping it shut off. When tran-
sistor Q, is shut off, the circuit acts as if it does not
exist. When the current exceeds 700 milliamperes,
the voltage dropped across resistor R, increases
above 0.7 volt. This results in transistor Q, con-
ducting through resistor R,. This decreases the
voltage on the base of transistor Q,, causing it to
conduct less. The current cannot increase above
700 milliamperes. The amount of current that can
be limited can be varied by changing the value of
resistor R.. Increasing the value of resistor R, low-
ers the limit on current value.

The feedback series regulator has another dis-
advantage, the number of components required.
This problem can be overcome by the use of an in-
tegrated circuit (IC) regulator.

Modern IC regulators are low in cost and easy
to use. Most IC regulators have only three terminals
(input, output, and ground) and can be connected
directly to the filtered output of a rectifier (Figure
27-26). The IC regulator provides a wide variety of
output voltages of both positive and negative polar-
ities. If a voltage is needed that is not a standard
voltage, adjustable IC regulators are available.

In selecting an IC regulator, the voltage and
load current requirements must be known along

FIGURE 27-26

with the electrical characteristics of the unregu-
lated power supply. IC regulators are classified by
their output voltage. Fixed voltage regulators
have three terminals and provide only one output
voltage. They are available in both positive and
negative voltages. Dual-polarity voltage regula-
tors can supply both a positive and a negative
voltage. Both fixed- and dual-polarity voltage reg-
ulators are available as adjustable voltage regula-
tors. If using any of the IC voltage regulators, refer
to the manufacturer’s specification sheet.

27-4 QUESTIONS

1. What is the purpose of a voltage
regulator in a power supply?

2. What are the two basic types of voltage
regulators?

3. Which type of voltage regulator is used
more?

4. Draw a schematic of a simple zener diode
voltage regulator and explain how it
operates.

5. Draw a block diagram of a series feedback
regulator and explain how it operates.

Three-terminal IC regulator.

TO-220 PACKAGE TO-3 PACKAGE o 5
REGULATOR
£23 3 78XX
L { 7805 5VOLTS 7815 15VOLTS
7806 6VOLTS 7818 18 VOLTS
12 ) 7808 8VOLTS 782424 VOLTS
123 PIN1. INPUT T T 7812 12VOLTS

PIN 2. GROUND
PIN 3. OUTPUT

COMMON VOLTAGES AVAILABLE
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VOLTAGE
MULTIPLIERS

In all previous cases, the DC voltage is limited to
the peak value of the input sine wave. When
higher DC voltages are required, a step-up trans-
former is used. However, higher DC voltages can
be produced without a step-up transformer. Cir-
cuits that are capable of producing higher DC
voltages without the benefit of a transformer are
called voltage multipliers. Two voltage multipliers
are the voltage doubler and the voltage tripler.
Figure 27-27 shows a half-wave voltage dou-
bler. It produces a DC output voltage that is twice
the peak value of the input signal. Figure 27-28
shows the circuit during the negative alternation
of the input signal. Diode D, conducts, and the
current flows along the path shown. Capacitor C,
charges to the peak value of the input signal. Be-

FIGURE 27-27
Half-wave voltage doubler.
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FIGURE 27-28

Half-wave voltage doubler during negative alternation of
input signal.
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FIGURE 27-29

Half-wave voltage doubler during positive alternation of
input signal.
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cause there is no discharge path, capacitor C, re-
mains charged. Figure 27-29 shows the positive
alternation of the input signal. At this point, ca-
pacitor C, is charged to the negative peak value.
This keeps diode D, reverse biased and forward
biases diode D,. This allows diode D, to conduct,
charging capacitor C,. Because capacitor C, is
charged to the maximum negative value, capaci-
tor C, charges to twice the peak value of the in-
put signal.

As the sine wave changes from the posi-
tive half cycle to the negative half cycle, diode
D, is cut off. This is because capacitor C, holds
diode D, reverse biased. Capacitor C, discharges
through the load, holding the voltage across
the load constant. Therefore, it also acts as a
filter capacitor.

Capacitor C, recharges only during the posi-
tive cycle of the input signal, resulting in a ripple
frequency of 60 hertz (hence the name half-
wave voltage doubler). One disadvantage of the
half-wave voltage doubler is its hard to filter be-
cause of the 60-hertz ripple frequency. Another
disadvantage is that capacitor C, must have a
voltage rating of at least twice the peak value of
the AC input signal.

A full-wave voltage doubler overcomes some
of the disadvantages of the half-wave voltage
doubler. Figure 27-30 is a schematic of a circuit
that operates as a full-wave voltage doubler. Fig-
ure 27-31 shows that, on the positive alternation
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FIGURE 27-30
Full-wave voltage doubler.
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FIGURE 27-31

Full-wave voltage doubler during positive alternation of input
signal.
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FIGURE 27-32

Full-wave voltage doubler during negative alternation of
input signal.
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of the input signal, capacitor C, charges through
diode D, to the peak value of the AC input signal.
Figure 27-32 shows that, on the negative alterna-
tion, capacitor C, charges through diode D, to the
peak value of the input signal.

When the AC input signal is changing be-
tween the peaks of the alternations, capacitors C,
and C, discharge in series through the load. Be-
cause each capacitor is charged to the peak value
of the input signal, the total voltage across the load
is two times the peak value of the input signal.

Capacitors C, and C, are charged during the
peaks of the input signal. The ripple frequency is
120 hertz because both capacitors C, and C, are
charged during each cycle. Capacitors C, and C,
split the output voltage to the load, so each capac-
itor is subject to the peak value of the input signal.

Figure 27-33 shows the circuit of a voltage
tripler. In Figure 27-34, the positive alternation of
the input signal biases diode D, so that it conducts.
This charges capacitor C, to the peak value of the

-

FIGURE 27-33
Voltage tripler.
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FIGURE 27-34

Voltage tripler during first positive alternation of input
signal.
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FIGURE 27-35

Voltage tripler during negative alternation of input signal.
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FIGURE 27-36

Voltage tripler during second positive alternation of input

signal.
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input signal. Capacitor C, places a positive poten-
tial across diode D,.

Figure 27-35 shows the negative alternation
of the input signal. Because diode D, is now for-
ward biased, current flows through it to capacitor
C, via capacitor C,. This charges capacitor C, to
twice the peak value because of the voltage stored
in capacitor C,.

Figure 27-36 shows the occurrence of the
next positive alternation. It places a difference of
potential across capacitor C, that is three times the
peak value. The top plate of capacitor C, has a
positive peak value of two times the peak value.
The anode of diode D, has a positive value of three
times the peak value with respect to ground. This
charges capacitor C, to three times the peak value.
This is the voltage that is applied to the load.

| 27—-5 QUESTIONS

1. What is the function of a voltage
multiplier circuit?

2. Draw a schematic of a half-wave voltage
doubler and explain how it operates.

3. Draw a schematic of a full-wave voltage
doubler.

4. Draw a schematic of a voltage tripler.

5. What requirement must be placed on
capacitors used in voltage doubler and
tripler circuits?

CIRCUIT-PROTECTION
DEVICES

To protect the load from failure of the power sup-
ply, an over-voltage protection circuit is used.

Figure 27-37 shows an over-voltage protec-
tion circuit called a crowbar. The SCR, placed in
parallel with the load, is normally cut off (not con-
ducting). If the output voltage rises above a prede-
termined level, the SCR turns on and places a short
circuit across the load. With the short circuit across
the load, very little current flows through the load.
This fully protects the load. The short circuit across
the load does not protect the power supply. The
output of the power supply is shorted, thereby
blowing the fuse of the power supply.

FIGURE 27-37
Crowbar overprotection circuit.
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The zener diode establishes the voltage level
at which the SCR turns on. It protects the load
from voltage above the zener voltage. As long as
the supply voltage is less than the zener diode
voltage rating, the diode does not conduct. This
keeps the SCR turned off.

If the supply voltage rises above the zener
voltage due to a malfunction, the zener diode
conducts. This creates a gate current to the SCR,
turning it on and shorting out the load. It should
be noted that the SCR must be large enough to
handle the large short-circuit current.

To protect circuits against excessive transient
voltage, a varistor is used. A varistor is an elec-
tronic component and the most common type is
a Metal Oxide Varistor (MOV). An MOV protects
various types of electronic devices and semicon-
ductor elements from switching and induced
lightning surges. When exposed to high transient
voltage, the MOV clamps the voltage to a safe
level. An MOV absorbs potentially destructive
energy and dissipates it as heat, protecting the
circuit components.

MOV devices are made primarily of zinc oxide
with small amounts of bismuth, cobalt, man-
ganese, and other metal oxides. They can be con-
nected in parallel for increased energy-handling
capabilities. They can also be connected in series
to provide higher voltage ratings or to provide
voltage rating between the standard increments.

MOVs are available with peak current ratings
ranging from 40A to 70,000A.

Another protection device is a fuse (Figure
27-38). A fuse is a device that fails when an over-
load occurs. A fuse is essentially a small piece of
wire between two metal terminals. A hollow glass
cylinder holds the metal terminals apart and pro-
tects the wire. Typically, a fuse is placed in series
with the primary of the power supply trans-
former. If a large current flows in the power sup-
ply, it causes the fuse wire to overheat and melt.
This opens the circuit so that no more current can

FIGURE 27-38

Fuses used for protection of electronic circuits.

flow. The glass housing of the fuse allows a visual
check to see if the fuse is blown.

Fuses are classified as normal or slow blow. A
normal fuse opens as soon as its current is exceeded.
In some circuits this is an advantage because it re-
moves the overload very quickly. A slow-blow fuse
can withstand a brief period of overloading before it
blows. This brief period of overloading occurs be-
cause the fuse wire heats more slowly. If the over-
load is present for longer than a few seconds, it blows
the fuse. A slow-blow fuse may contain a spring for
pulling the fuse wire apart once it melts. Some cir-
cuits can withstand a surge in current. In these, a
slow-blow fuse is preferable to a normal fuse.

The fuse is always installed after the switch
on the hot (live and energized) lead of the AC
power source. This disconnects the transformer
from the AC power source when the fuse blows.
By installing it after the switch, power can be re-
moved from the fuse holder for added safety in
replacing a blown fuse.

WARNING: A blown fuse should not be replaced

until the fault is diagnosed and corrected.
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FIGURE 27-39

Circuit breakers used for protection of electronic circuits.

A disadvantage of the fuse is that it must be re-
placed each time it blows. A circuit breaker performs
the same job but does not have to be replaced each
time an overload occurs. Instead, the circuit breaker
can be manually reset after the overload occurs
(Figure 27-39). Circuit breakers are connected into
the circuit in the same manner as fuses.

27—6 QUESTIONS

1. How does a crowbar over-voltage
protection circuit operate?

2. How does a fuse operate when used in a
circuit?

3. What are the different types of fuses?

4. Where is the fuse of any circuit-
protection device located in a circuit?

5. What is the advantage of a circuit breaker
over a fuse?

SUMMARY

¢ The primary purpose of a power supply is
to convert AC to DC.

Transformers are used in power supplies
for isolation and to step up or step down
the voltage.

A rectifier circuit converts incoming AC
voltage to pulsating DC voltage.

The basic rectifier circuits are half-wave,
full-wave, and bridge.

Half-wave rectifiers are simpler and less
expensive than either full-wave or bridge
rectifiers.

The full-wave rectifier is more efficient
than the half-wave rectifier.

The bridge rectifier can operate without a
transformer.

To convert pulsating DC voltage to a
smooth DC voltage, a filter must follow
the rectifier in the circuit.

A capacitor in parallel with the load is an
effective filter.

A voltage regulator provides constant
output regardless of load and input
voltage changes.

The voltage regulator is located after the
filter in the circuit.

The two basic types of regulator are the
shunt regulator and the series regulator.
The series regulator is more efficient and
therefore more popular than the shunt
regulator.

Voltage multipliers are circuits capable
of providing higher DC voltages than
the input without the aid of a
transformer.

Voltage doublers and voltage triplers are
voltage multipliers.

A crowbar is a circuit designed for over-
voltage protection.

A fuse protects a circuit from a current
overload.

Fuses are classified as either normal or
slow-blow.

Circuit breakers perform the same job as
fuses but do not have to be replaced each
time there is an overload.
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CHAPTER 27 SELF-TEST
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. What are the four areas of concern when selecting a transformer for a power supply?

. What is the purpose of the transformer in a power supply?

. What purpose does a rectifier serve with a power supply?

. What are the advantages and disadvantages between the full-wave rectifier circuit and the

bridge rectifier circuit?

. Describe the process of how a filter capacitor converts a pulsating DC voltage to a smooth DC

voltage.

. On what basis is the size of the filter capacitor selected?

. How does a series regulator maintain the output voltage at a constant level?

. What circuit characteristics must be known when selecting a regulator circuit?
. What practical use do voltage multipliers serve?

10.
11.

What advantages does a full-wave voltage doubler have over a half-wave voltage doubler?
What type of device(s) is used for over-voltage protection?

. What type of device(s) is used for over-current protection?



CHAPTER 28

Amplifier Basics

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Describe the purpose of an amplifier.

e Identify the three basic configurations of transistor amplifier circuits.

¢ Identify the classes of amplifiers.

e Describe the operation of direct coupled amplifiers, audio amplifiers, video
amplifiers, RF amplifiers, IF amplifiers, and operational amplifiers.

¢ Draw and label schematic diagrams for the different types of amplifier circuits.

Amplifiers are electronic circuits that are used to increase the amplitude of an electronic sig-
nal. A circuit designed to convert a low voltage to a higher voltage is called a voltage ampli-
fier. A circuit designed to convert a low current to a higher current is called a current amplifier.

Chapter 28.

See accompanying CD for Amplifier Basics examples in MultiSim,

AMPLIFIER
CONFIGURATIONS

In order for a transistor to provide amplification, it
must be able to accept an input signal and produce
an output signal that is greater than the input.

The input signal controls current flow in the
transistor. This, in turn, controls the voltage
through the load. The transistor circuit is de-
signed to take voltage from an external power
source (V..) and apply it to a load resistor (R;) in
the form of an output voltage. The output voltage
is controlled by a small input voltage.

The transistor is used primarily as an am-
plifying device. However, there is more than
one way of achieving this amplification. The
transistor can be connected in three different
circuit configurations.

The three circuit configurations are the
common-hase circuit, the common-emitter circuit, and
the common-collector circuit. In each configuration,
one of the transistor’s leads serves as a common
reference point and the other two leads serve
as input and output connections. Each configura-
tion can be constructed using either NPN or PNP
transistors. In each, the transistor’s emitter-base

267
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FIGURE 28-1

FIGURE 28-3

Common-base amplifier circuit.
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FIGURE 28-2

Common-emitter amplifier circuit.

junction is forward biased, while the collector-
base junction is reverse biased. Each configura-
tion offers advantages and disadvantages.

In the common-base circuit (Figure 28-1) the
input signal enters the emitter-base circuit, and

Common-collector amplifier circuit.

év ]

— cc

|

1 .
:

Al

<
w
@
AAA
vy
uy)
-

the output leaves from the collector-base circuit.
The base is the element common to both the in-
put and output circuits.

In the common-emitter circuit (Figure 28-2)
the input signal enters the base-emitter circuit,
and the output signal leaves from the collector-
emitter circuit. The emitter is common to both the
input and output circuit. This method of connect-
ing a transistor is the most widely used.

The third type of connection (Figure 28-3) is
the common-collector circuit. In this configura-
tion, the input signal enters the base-collector
circuit, and the output signal leaves from the
emitter-collector circuit. Here, the collector is
common to both the input and output circuits.
This circuit is used as an impedance-matching
circuit.

Figure 28-4 charts the input-output resist-
ance and voltage, current, and power gains for the

FIGURE 28-4
Amplifier circuit characteristics.
CIRCUIT INPUT OUTPUT VOLTAGE | CURRENT | POWER
TYPE RESISTANCE | RESISTANCE GAIN GAIN GAIN
COMMON BASE Low High High Less than 1 | Medium
COMMON EMITTER Medium Medium Medium Medium High
COMMON COLLECTOR High Low Less than 1| Medium Medium
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FIGURE 28-6

FIGURE 28-5
Amplifier circuit input-output phase relationships.
AMPLIFIER INPUT OUTPUT
TYPE WAVEFORM WAVEFORM
COMMON N m
BASE U U
COMMON N m
EMITTER J U
COMMON
COLLECTOR

three circuit configurations. Figure 28-5 shows
the phase relationship of input and output wave-
forms for the three configurations. Note that the
common-emitter configuration provides a phase
reversal of the input-output signal.

28—1 QUESTIONS

1. Draw schematic diagrams of the three
basic configurations of transistor
amplifier circuits.

2. List the characteristics of the:
a. Common-base circuit
b. Common-emitter circuit
c. Common-collector circuit

3. Make a chart showing the input-output
phase relationship of the three
configurations.

4. Make a chart showing the input-output
resistances of the three configurations.

5. Make a chart showing the voltage,
current, and power gains of the three
configurations.

Common-emitter amplifier with single voltage source.
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ErXM AMPLIFIER BIASING

The basic configurations of transistor amplifier cir-
cuits are the common base, the common emitter,
and the common collector. All require two volt-
ages for proper biasing. The base-emitter junction
must be forward biased and the base-collector
junction must be reverse biased. However, both
bias voltages can be provided from a single source.
Because the common-emitter circuit configu-
ration is the most often used, it is described in de-
tail here. The same principles apply to the
common-base and common-collector circuits.
Figure 28-6 shows a common-emitter transis-
tor amplifier using a single voltage source. The cir-
cuit is schematically diagrammed in Figure 28-7.
The voltage source is identified as +V .. The
ground symbol is the negative side of the voltage
source V... The single voltage source provides
proper biasing for the base-emitter and base-
collector junctions. The two resistors (R, and R;)
are used to distribute the voltage for proper oper-
ation. Resistor R,, the collector load resistor, is in
series with the collector. When a collector current
flows, a voltage develops across resistor R;. The
voltage dropped across resistor R; and the voltage
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FIGURE 28-7 @_
Schematic representation of common-emitter

amplifier with single voltage source.
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dropped across the transistor’s collector-to-emitter
junction must add up to the total voltage applied.

Resistor R, connected between the base and
the voltage source, controls the amount of cur-
rent flowing out of the base. The base current
flowing through resistor R, creates a voltage
across it. Most of the voltage from the source is
dropped across it. A small amount of voltage
drops across the transistor’s base-to-emitter junc-
tion, providing the proper forward bias.

The single voltage source can provide the nec-
essary forward-bias and reverse-bias voltages. For
an NPN transistor, the transistor’s base and collec-
tor must be positive with respect to the emitter.
Therefore, the voltage source can be connected to
the base and the collector through resistors R, and
R, . This circuit is often called a base-biased circuit,
because the base current is controlled by resistor
R and the voltage source.

The input signal is applied between the tran-
sistor’s base and emitter or between the input ter-
minal and ground. The input signal either aids or
opposes the forward bias across the emitter junc-
tion. This causes the collector current to vary,
which then causes the voltage across R, to vary.
The output signal is developed between the out-
put terminal and ground.

FIGURE 28-8 @_
Common-emitter amplifier with collector feedback.
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The circuit shown in Figure 28-6 is unstable,
because it cannot compensate for changes in the
bias current with no signal applied. Temperature
changes cause the transistor’s internal resistance
to vary, which causes the bias currents to change.
This shifts the transistor operating point, reducing
the gain of the transistor. This process is referred
to as thermal instability.

It is possible to compensate for temperature
changes in a transistor amplifier circuit. If a por-
tion of the unwanted output signal is fed back to
the circuit input, the signal opposes the change.
This is referred to as degenerative or negative feed-
back (Figure 28-8). In a circuit using degenerative
feedback, the base resistor R, is connected directly
to the collector of the transistor. The current flow-
ing through resistor R is determined by the volt-
age at the collector. If the temperature increases,
the collector current increases, and the voltage
across R; increases. The collector-to-emitter volt-
age decreases, reducing the voltage applied to R;,.
This reduces the base current, which causes the
collector current to decrease. This is referred to as
a collector feedback circuit.

Figure 28-9 shows another type of feed-
back. The circuit is similar to the one shown in
Figure 28-7, except that a resistor R; is con-
nected in series with the emitter lead. Resistors
R, and R; and the transistor’s emitter-base junc-
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FIGURE 28-9
Common-emitter amplifier with emitter feedback.
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tion are connected in series with the source
voltage V...

An increase in temperature causes the collec-
tor current to increase. The emitter current then
also increases, causing the voltage drop across re-
sistor Ry, to increase and the voltage across resistor
R, to decrease. The base current then decreases,
which reduces both the collector current and the
emitter current. Because the feedback is gener-
ated at the transistor’s emitter, the circuit is called
an emitter feedback circuit.

There is a problem with this type of circuit be-
cause an AC input signal develops across resistor
R, as well as across the load resistor R, and the
transistor. This reduces the overall gain of the cir-

@_

FIGURE 28-10
Emitter feedback with bypass capacitor.

fe) +VCC

vy

R

AAA
vy
uy)

————o

>
<
[
OUTPUT
o C) S
[

INPUT

cuit. With the addition of a capacitor across the
emitter resistor R, (Figure 28-10), the AC signal
bypasses resistor R.. The capacitor is often re-
ferred to as a bypass capacitor.

The bypass capacitor prevents any sudden
voltage changes from appearing across resistor R
by offering a lower impedance to the AC signal.
The bypass capacitor holds the voltage across re-
sistor R steady, while at the same time not inter-
fering with the feedback action provided by
resistor R..

A voltage-divider feedback circuit (Figure 28-11)
offers even more stability. This circuit is the one most
widely used. Resistor Ry is replaced with two resis-
tors, R, and R,. The two resistors are connected in se-
ries across the source voltage V... The resistors divide
the source voltage into two voltages, forming a volt-
age divider.

Resistor R, drops less voltage than resistor R,.
The voltage at the base, with respect to ground, is
equal to the voltage developed across resistor R,.
The purpose of the voltage divider is to establish a
constant voltage from the base of the transistor to
ground. The current flow through resistor R, is to-
ward the base. Therefore, the end of resistor R, at-
tached to the base is positive with respect to ground.

Because the emitter current flows up through
resistor R, the voltage dropped across resistor R,
FIGURE 28-11 @_

Common-emitter amplifier with voltage-divider
feedback.
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is more positive at the end that is attached to the
emitter. The voltage developed across the emitter-
base junction is the difference between the two
positive voltages developed across resistor R, and
resistor R;. For the proper forward bias to occur,
the base must be slightly more positive than the
emitter.

When the temperature increases, the collec-
tor and emitter currents also increase. The in-
crease in the emitter current causes an increase in
the voltage drop across the emitter resistor Ry
This results in the emitter becoming more positive
with respect to ground. The forward bias across
the emitter-base junction is then reduced, causing
the base current to decrease. The reduction in the
base current reduces the collector and emitter
currents. The opposite action takes place if the
temperature decreases: The base current in-
creases, causing the collector and emitter currents
to increase.

The amplifier circuits discussed so far have
been biased so that all of the applied AC input sig-
nal appears at the output. Except for a higher volt-
age, the output signal is the same as the input
signal. An amplifier that is biased so that the cur-
rent flows throughout the entire cycle is operating
as a class A amplifier (Figure 28-12).

An amplifier that is biased so that the out-
put current flows for less than a full cycle but
more than a half cycle is operating as a class AB
amplifier. More than half but less than the full AC
input signal is amplified in the class AB mode
(Figure 28-13).

FIGURE 28-12
Class A amplifier output.
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An amplifier that is biased so that the output
current flows for only half of the input cycle is op-
erating as a class B amplifier. Only one-half of the
AC input signal is amplified in the class B mode
(Figure 28-14).

An amplifier that is biased so that the output
current flows for less than half of the AC input cy-
cle is operating as a class C amplifier. Less than one
alternation is amplified in the class C mode (Fig-
ure 28-15).

Class A amplifiers are the most linear of the
types mentioned. They produce the least amount
of distortion. They also have lower output ratings
and are the least efficient. They find wide applica-
tion where the full signal must be maintained, as

FIGURE 28-13
Class AB amplifier output.
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FIGURE 28-14
Class B amplifier output.
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FIGURE 28-15

Class C amplifier output.
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FIGURE 28-16

Push-pull amplifier configuration.

in the amplification of audio signals in radios and
televisions. However, because of the high power-
handling capabilities required for class A opera-
tion, transistors are usually operated in the class
AB or class B mode.

Class AB, B, and C amplifiers produce a sub-
stantial amount of distortion. This is because they
amplify only a portion of the input signal. To am-
plify the full AC input signal, two transistors are
needed, connected in a push-pull configuration
(Figure 28-16). Class B amplifiers are used as out-
put stages of stereo systems and public address
amplifiers, and in many industrial controls. Class
C amplifiers are used for high-power amplifiers
and transmitters where only a single frequency is
amplified, such as the RF (radio frequency) carrier
used for radio and television transmission.

28—2 QUESTIONS

1. Draw a schematic diagram of a common-
emitter transistor amplifier using a single
voltage source.

2. How are temperature changes
compensated for in a transistor amplifier?

3. Draw a schematic diagram of a voltage-
divider feedback circuit.

4. List the classes of amplifiers and identify
their outputs.

5. List the applications of each class of
amplifier.

pi e AMPLIFIER COUPLING

To obtain greater amplification, transistor ampli-
fiers may be connected together. However, to
prevent one amplifier’s bias voltage from affect-
ing the operation of the second amplifier, a cou-
pling technique must be used. The coupling
method used must not disrupt the operation of
either circuit. Coupling methods used include
resistance-capacitance coupling, impedance cou-
pling, transformer coupling, and direct coupling.

Resistive-capacitive coupling, or RC coupling, con-
sists of two resistors and a capacitor connected as
shown in Figure 28-17. Resistor R, is the collector
load resistor of the first stage. Capacitor C, is the
DC-blocking and AC-coupling capacitor. Resistors
R, and R, are the input load resistor and DC return
resistor for the base-emitter junction of the second
stage. Resistance-capacitive coupling is used pri-
marily in audio amplifiers.
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FIGURE 28-17
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Coupling capacitor C, must have a low reac-
tance to minimize low-frequency attenuation.
Typically, a high-capacitance value of 10 to 100
microfarads is used. The coupling capacitor is gen-
erally an electrolytic type.

The reactance of the coupling capacitor in-
creases as the frequency decreases. The low-
frequency limit is determined by the size of the
coupling capacitor. The high-frequency limit is
determined by the type of transistor used.

The impedance-coupling method is similar to
the RC-coupling method, but an inductor is used
in place of the collector load resistor for the first
stage of amplification (Figure 28-18).

Impedance coupling works just like RC cou-
pling. The advantage is that the inductor has a
very low DC resistance across its windings. The
AC output signal is developed across the inductor
just as across the load resistor. However, the in-
ductor consumes less power than the resistor, in-
creasing the overall efficiency of the circuit.

The disadvantage of impedance coupling is
that the inductance reactance increases with the
frequency. The voltage gain varies with the fre-
quency. This type of coupling is ideal for single-
frequency amplification when a very narrow
band of frequencies must be amplified.

FIGURE 28-18
Impedance coupling.
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FIGURE 28-19
Transformer coupling.
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In a transformer-coupled circuit, the two ampli-
fier stages are coupled through the transformer
(Figure 28-19). The transformer can effectively
match a high-impedance source to a low-imped-
ance load. The disadvantage is that transformers
are large and expensive. Also, like the inductor-
coupled amplifier, the transformer-coupled ampli-
fier is useful only for a narrow band of frequencies.
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FIGURE 28-20
Direct coupling.
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When very low frequencies or a DC signal
must be amplified, the direct-coupling technique
must be used (Figure 28-20). Direct-coupled am-
plifiers provide a uniform current or voltage gain
over a wide range of frequencies. This type of
amplifier can amplify frequencies from zero (DC)
hertz to many thousands of hertz. However,
direct-coupled amplifiers find their best applica-
tions with low frequencies.

A drawback of direct-coupled amplifiers is
that they are not stable. Any change in the output
current of the first stage is amplified by the second
stage. This occurs because the second stage is es-
sentially biased by the first stage. To improve the
stability requires the use of expensive precision
components.

| 28—3 QUESTIONS

1. What are the four main methods of
coupling transistor amplifiers?

2. Where is resistance-capacitive coupling
primarily used?

3. What is the difference between
resistance-capacitive coupling and
impedance coupling?

4. What is the disadvantage of transformer
coupling?

5. What coupling method is used for DC
and low-frequency signals?

SUMMARY

e Amplifiers are electronic circuits used to
increase the amplitude of an electronic
signal.

¢ The transistor is used primarily as an
amplifying device.

¢ The three transistor amplifier
configurations are common base, common
collector, and common emitter.

¢ Common-collector amplifiers are used for
impedance matching.

¢ Common-emitter amplifiers provide phase
reversal of the input-output signal.

e All transistor amplifiers require two
voltages for proper biasing.

¢ A single voltage source can provide the
necessary forward-bias and reverse-bias
voltages using a voltage-divider
arrangement.

e A voltage-divider feedback arrangement is
the most commonly used biasing
arrangement.

¢ A transistor amplifier can be biased so that
all or part of the input signal is present at
the output.

e Class A amplifiers are biased so that the
output current flows throughout the cycle.

e Class AB amplifiers are biased so that the
output current flows for less than the full
but more than half of the input cycle.

e Class B amplifiers are biased so that the
output current flows for only half of the
input cycle.

¢ Class C amplifiers are biased so that the
output current flows for less than half of
the input cycle.
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¢ Coupling methods used to connect one ¢ Direct-coupled amplifiers are used for
transistor to another include resistance- high gain at low frequencies or
capacitance coupling, impedance coupling, amplification of a DC signal.

transformer coupling, and direct coupling.

CHAPTER 28 SELF-TEST

1. Briefly describe how a transistor is used to provide amplification.

N

. Why is the common-emitter amplifier the most widely used transistor amplifier
configuration?

. What factor affects the gain of the transistor, and what must be done to compensate for it?

. How does an amplifier’s class of operation affect the biasing of the amplifier?

. What factor must be taken into consideration when connecting one amplifier to another?

A V1 B W

. How does the frequency of operation of an amplifier affect the coupling method used in
connecting amplifiers together?



CHAPTER 29

Amplifier Applications

OBJECTIVES

After completing this chapter, the student should be able to:

e Describe the operation of:
—direct coupled amplifiers
—audio amplifiers
—yvideo amplifiers
—RF amplifiers
—IF amplifiers
—operational amplifiers

¢ Identify schematic diagrams for the different types of amplifier circuits.

An amplifier may be defined as an electronic circuit designed to increase the amplitude
of an electronic signal. Amplifier circuits are one of the most basic circuits in electronics. Am-
plifier circuits make signal level greater, sound louder, and provide the circuit with gain.
Gain is the ability of an electronic circuit to increase the amplitude of an electronic signal.
This chapter looks at some unique types of amplifier circuits.

See accompanying CD for Amplifier Application examples in MultiSim,

Chapter 29.

DIRECT-COUPLED
AMPLIFIERS

Direct-coupled or DC amplifiers are used for high gain
at low frequencies or for amplification of a direct-
current signal. The DC amplifier is also used to
eliminate frequency loss through a coupling net-
work. Applications of the DC amplifier include

computers, measuring and test instruments, and
industrial control equipment.

A simple DC amplifier is shown in Figure 29-1.
The common-emitter amplifier is the one most
frequently used. The circuit is shown with
voltage-divider bias and emitter feedback. This
type of circuit does not use a coupling capaci-
tor. The input is applied directly to the base of

277
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FIGURE 29-1 @_
Simple DC amplifier.
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the transistor. The output is taken from the
collector.

The DC amplifier can provide both voltage
and current gain. However, it is used primarily as
a voltage amplifier. The voltage gain is uniform for
both AC and DC signals.

In most applications, one stage of amplifica-
tion is not enough. Two or more stages are re-
quired to obtain a higher gain. Two or more stages
connected together are referred to as a multiple-
stage amplifier. Figure 29-2 shows a two-stage am-
plifier. The input signal is amplified by the first
stage. The amplified signal is then applied to the
base of the transistor in the second stage. The

FIGURE 29-2
Two-stage DC amplifier.
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overall gain of the circuit is the product of the
voltage gains of the two stages. For example, if
both the first and second stages have a voltage
gain of 10, the overall gain of the circuit is 100.

Figure 29-3 shows another type of two-stage
DC amplifier. Both an NPN and a PNP transistor
are used. The type of circuit is called a complemen-
tary amplifier. The circuit functions the same way
as the circuit shown in Figure 29-2. The differ-
ence is that the second-stage transistor is a PNP
transistor. The PNP transistor is reversed so that
the emitter and collector are biased properly.

Figure 29-4 shows two transistors connected
together to function as a single unit. This circuit
arrangement is called a darlington arrangement.
Transistor Q, is used to control the conduction of
transistor Q,. The input signal applied to the base
of transistor Q, controls the base of transistor Q,.
The darlington arrangement may be a single
package with three leads: emitter (E), base (B),
and collector (C). It is used as a simple DC ampli-
fier but offers a very high voltage gain.

The main disadvantage of multiple-stage am-
plifiers is their high thermal instability. In circuits
requiring three or four stages of DC amplification,
the final output stage may not amplify the origi-
nal DC or AC signal but one that has been greatly
distorted. The same problem exists with the dar-
lington arrangement.
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FIGURE 294
Darlington arrangement.
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In applications where both high gain and
temperature stability are required, another type
of amplifier is necessary. This type is called a dif-
ferential amplifier (Figure 29-5). It is unique in that
it has two separate inputs and can provide either
one or two outputs. If a signal is applied to the in-
put of transistor Q,, an amplified signal is pro-
duced between output A and ground as in an
ordinary amplifier. However, a small signal is also
developed across resistor R, and is applied to the
emitter of transistor Q,. Transistor Q, functions as
a common-base amplifier and amplifies the signal
on its base. An amplified output signal is produced

between output B and ground. The output pro-
duced at B is 180 degrees out of phase with out-
put A. This makes the differential amplifier much
more versatile than a conventional amplifier.

The differential amplifier is generally not
used to obtain an output between either output
and ground. The output signal is usually ob-
tained between output A and output B. Because
the two outputs are 180 degrees out of phase, a
substantial output voltage is developed between
the two points. The input signal can be applied to
either input.

The differential amplifier has a high degree of
temperature stability, because transistors Q, and
Q, are mounted close together and therefore are
equally affected by temperature changes. Also,
the collector currents of transistors Q, and Q, tend
to increase and decrease by the same amount, so
that the output voltage remains constant.

The differential amplifier is used extensively in
integrated circuits and electronic equipment in
general. It is used to amplify and/or compare the
amplitudes of both DC and AC signals. It is possi-
ble to connect one or more differential amplifiers
together to obtain a higher overall gain. In some
cases, the differential amplifier is used as a first
stage, with conventional amplifiers used in suc-
ceeding circuits. Because of their versatility and
temperature stability, differential amplifiers are the
most important type of direct-coupled amplifier.

29—-1 QUESTIONS

1. When are direct-coupled amplifiers used
in a circuit?

2. What kind of amplifiers are direct-
coupled amplifiers primarily used for?
3. Draw schematic diagrams of the
following circuits:
a. Complementary amplifier
b. Darlington arrangement
c. Differential amplifier
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4. How does a differential amplifier differ
from a conventional amplifier?

5. Where are differential amplifiers
primarily used?

BX®M AUDIO AMPLIFIERS

Audio amplifiers amplify AC signals in the fre-
quency range of approximately 20 to 20,000
hertz. They may amplify the whole audio range
or only a small portion of it.

Audio amplifiers are divided into two cate-
gories: voltage amplifiers and power amplifiers. Voltage
amplifiers are primarily used to produce a high
voltage gain. Power amplifiers are used to deliver
a large amount of power to a load. For example, a
voltage amplifier is typically used to increase the
voltage level of a signal sufficiently to drive a
power amplifier. The power amplifier then sup-
plies a high output to drive a load such as a loud-
speaker or other high-power device. Typically,
voltage amplifiers are biased to operate as class A
amplifiers, and power amplifiers are biased to op-
erate as class B amplifiers.

Figure 29-6 shows a simple voltage amplifier.
The circuit shown is a common-emitter circuit. It

FIGURE 29-6

Voltage amplifier.
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is biased class A to provide a minimum amount of
distortion. The amplifier can provide a substantial
voltage gain over a wide frequency range. Be-
cause of the coupling capacitors, the circuit can-
not amplify a DC signal.

Two or more voltage amplifiers can be con-
nected together to provide higher amplification.
The stages may be RC coupled or transformer
coupled. Transformer coupling is more efficient.
The transformer is used to match the input and
output impedance of the two stages. This keeps
the second stage from loading down the first
stage. Loading down is the condition when a device
creates too large a load and severely affects the
output by drawing too much current. The trans-
former used to link the two stages together is
called an interstage transformer.

Once a sufficient voltage level is available, a
power amplifier is used to drive the load. Power
amplifiers are designed to drive specific loads and
are rated in watts. Typically a load may vary from
4 to 16 ohms.

Figure 29-7 shows a two-transistor power am-
plifier circuit, called a push-pull amplifier. The top
half of the circuit is a mirror image of the bottom
half. Each half is a single transistor amplifier. The
output voltage is developed across the primary of
the transformer during alternate half-cycles of the
input signal. Both transistors are biased either class
AB or class B. The input to a push-pull amplifier re-
quires complementary signals. That is, one signal
must be inverted compared to the other. However,
both signals must have the same amplitude and the
same frequency. The circuit that produces the com-
plementary signal is called a phase splitter. A single-
transistor phase splitter is shown in Figure 29-8.
The complementary outputs are taken from the
collector and the emitter of the transistor. The
phase splitter is operated as a class A amplifier to
provide minimum distortion. The coupling capaci-
tors are necessary to offset the differences between
the DC collector and emitter voltages.

A push-pull amplifier that does not require a
phase splitter is called a complementary push-pull
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FIGURE 29-7
Push-pull power amplifier.
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amplifier. It uses an NPN and a PNP transistor to FIGURE 29-10
accomplish the push-pull action (Figure 29-9). Quasi-complementary power amplifier.
The two transistors are connected in series with
their emitters together. When each transistor is
properly biased, there is 0.7 volt between the base
and emitter or 1.4 volts between the two bases. b
The two diodes help to keep the 1.4-volt differ- !
ence constant. The output is taken from between
the two emitters through a coupling capacitor.
For amplifiers greater than 10 watts, it is dif- p
ficult and expensive to match NPN and PNP tran- o
sistors to ensure that they have the same >Q4
characteristics. Figure 29-10 shows a circuit that
uses two NPN transistors for the output-power
transistors. The power transistors are driven by =

Q
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FIGURE 29-11
One type of heat sink available.

lower-power NPN and PNP transistors while the
upper set of transistors is connected in a darling-
ton configuration. The lower set of transistors
uses a PNP and an NPN transistor. Operating as a
single unit, they respond like a PNP transistor.
This type of amplifier is called a quasi-complemen-
tary amplifier. It operates like a complementary
amplifier but does not require high-power com-
plementary output transistors.

Because of the large amounts of power gen-
erated by power amplifiers, some components get
hot. To assist in the removal of this heat buildup,
a heat sink is used. A heat sink is a device that pro-
vides a large area from which the heat can radi-
ate. Figure 29-11 shows different types of heat
sinks used with transistors.

| 29—-2 QUESTIONS

1. For what frequency range are audio
amplifiers used?

2. What are the two types of audio
amplifiers?

3. What is an interstage transformer?

4. Draw schematic diagrams of the
following:

a. Push-pull amplifier
b. Complementary push-pull amplifier
c. Quasi-complementary amplifier

P VIDEO AMPLIFIERS

Video amplifiers are wideband amplifiers used to
amplify video (picture) information. The fre-
quency range of the video amplifier is greater
than that of the audio amplifier, extending from
a few hertz to 5 or 6 megahertz. For example, a
television requires a uniform bandwidth of 60
hertz to 4 megahertz. Radar requires a band-
width of 30 hertz to 2 megahertz. In circuits
that use sawtooth or pulse waveforms, it is nec-
essary to cover a range of frequencies from one-
tenth of the lowest frequency to ten times the
highest frequency. The extended range is nec-
essary because nonsinusoidal waveforms con-
tain many harmonics and they must all be
amplified equally.

Because video amplifiers require good unifor-
mity in frequency response, only direct or RC
coupling is used. Direct coupling provides the best
frequency response, whereas RC coupling has
economic advantages. The RC-coupled amplifier
also has a flat response in the middle frequency
range that is suitable for video amplifiers. Flat re-
sponse is the term used to indicate that the gain of
an amplifier varies only slightly within a stated
frequency range. The response curve plotted for
such an amplifier is almost a straight line; hence
the term “flat response.”

A factor that limits the high-frequency re-
sponse in a transistor amplifier is the shunt capac-
itance of the circuit. A small capacitance exists
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FIGURE 29-12

Shunt peaking.
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between the junctions of the transistor. The ca-
pacitance is determined by the size of the junction
and the spacing between the transistor’s leads.
The capacitance is further affected by the junction
bias. A forward-biased base-emitter junction has
a greater capacitance than a reverse-biased collector-
base junction.

To reduce the effects of shunt capacitance
and increase the frequency response in transistor
video amplifiers, peaking coils are used. Figure
29-12 shows the shunt-peaking method. A small
inductor is placed in series with the load resistor.
At the low- and mid-frequency range, the peak-
ing coil will have little effect on the amplifier re-

FIGURE 29-13

sponse. At the higher frequencies, the inductor
resonates with the circuit’s capacitance, which
results in an increase in the output impedance
and boosts the gain.

Another method is to insert a small inductor
in series with the interstage coupling capacitor.
This method is called series peaking (Figure 29-13).
The peaking coil effectively isolates the input and
output capacitance of the two stages.

Often series and shunt peaking are combined
to gain the advantages of both (Figure 29-14).
This combination can extend the bandwidth to
over 5 megahertz.

The most common use of video amplifiers is
in television receivers and computer monitors.
(Figure 29-15). Transistor Q, is connected as an
emitter-follower. Input to transistor Q, is from the
video detector. The video detector recovers the
video signal from the intermediate frequency. In
the collector circuit of transistor Q, is a shunt-
peaking coil (L)). In the signal-output path is a
series-peaking coil (L,). The video signal is then
coupled to the picture tube through coupling
capacitor Ci.

Series peaking.
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FIGURE 29-14

Series-shunt peaking.
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Video amplifier in a television receiver.
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29-3 QUESTIONS

1. What is a video amplifier?

2. What is the frequency range of a video
amplifier?

3. What coupling techniques are used for
video amplifiers?

4. Define the following:
a. Shunt peaking
b. Series peaking
5. Where are video amplifiers used?
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RF AND IF
~ AMPLIFIERS

RF (radio-frequency) amplifiers usually are the first
stage in an AM, FM, or TV receivers and are sim-
ilar to other amplifiers. They differ primarily in
the frequency spectrum over which they operate,
which is 10,000 to 30,000 megahertz. There are
two classes of RF amplifiers: untuned and tuned.
In an untuned amplifier, a response is desired over
a large RF range, and the main function is ampli-
fication. In a tuned amplifier, high amplification is
desired over a small range of frequencies or a sin-
gle frequency. Normally, when RF amplifiers are
mentioned, they are assumed to be tuned unless
otherwise specified.

In receiving equipment, the RF amplifier
serves to amplify the signal and select the proper
frequency. In transmitters, the RF amplifier serves
to amplify a single frequency for application to the
antenna. Basically, the receiver RF amplifier is a
voltage amplifier, and the transmitter RF ampli-
fier is a power amplifier.

FIGURE 29-16

In a receiver circuit, the RF amplifier must
provide sufficient gain, produce low internal
noise, provide good selectivity, and respond well
to the selected frequencies.

Figure 29-16 shows an RF amplifier used for
an AM radio. Capacitors C, and C, tune the an-
tenna and the output transformer T, to the same
frequency. The input signal is magnetically cou-
pled to the base of transistor Q,. Transistor Q, op-
erates as a class A amplifier. Capacitor C, and
transformer T, provide a high voltage gain at the
resonant frequency for the collector load circuit.
Transformer T, is tapped to provide a good im-
pedance match for the transistor.

Figure 29-17 shows an RF amplifier used in a
television VHF tuner. The circuit is tuned by coils
L, L and L .. When the channel selector is
turned, a new set of coils is switched into the cir-
cuit. This provides the necessary bandwidth re-
sponse for each channel. The input signal is
developed across the tuned circuit consisting of
L,,, C,, and C,. Transistor Q, operates as a class A
amplifier. The collector-output circuit is a double-
tuned transformer. Coil L,; is tuned by capacitor

RF amplifier in an AM radio.
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FIGURE 29-17

RF amplifier in a television VHF tuner.
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C,, and colil L is tuned by capacitor C.. Resistor
R, and capacitor C, form a decoupling filter to
prevent any RF from entering the power supply
to interact with other circuits.

In an AM radio, the incoming RF signal is
converted to a constant IF (intermediate frequency)
signal. A fixed-tuned IF amplifier is then used to
increase the signal to a usable level. The IF ampli-
fier is a single-frequency amplifier. Typically, two

FIGURE 29-18
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or more IF amplifiers are used to increase the sig-
nal to the proper level. The sensitivity of a re-
ceiver is determined by its signal-to-noise (S/N)
ratio. The higher the gain, the better the sensitiv-
ity. Figure 29-18 shows a typical IF amplifier in an
AM radio. The IF frequency is 455,000 hertz.
Figure 29-19 shows an IF amplifier in a television
receiver. Figure 29-20 compares the frequencies
of radio and television receivers.

[F amplifier in an AM radio.
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FIGURE 29-19

[F amplifier in a television receiver.

FIGURE 29-20
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Comparison of radio and television frequencies.

TYPE RECEIVED RF | COMMON IF BANDWIDTH
AM Radio 535-1605 kHz 455 kHz 10 kHz
FM Radio 88-108 MHz 10.7 MHz 150 kHz
Television
Channels 2-6 54-88 MHz
Channels 7-13 174-216 MHz 41-47 MHz 6 MHz
Channels 14-83 | 470-890 MHz
pXas OPERATIONAL
AMPLIFIERS

| 29—-4 QUESTIONS

1. How do RF amplifiers differ from other

amplifiers?

2. What are the two types of RF amplifiers?

3. Where are RF amplifiers used?
4. What is an IF amplifier?
5. What is significant about an IF amplifier?

I

Operational amplifiers are usually called op-amps. An
op-amp is a very high-gain amplifier used to am-
plify both AC and DC signals. Typically, op-amps
have an output gain in the range of 20,000 to
1,000,000 times the input. Figure 29-21 shows
the schematic symbol used for op-amps. The
negative (—) input is called the inverting input
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FIGURE 29-21
Schematic symbol for an op-amp.
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and the positive (+) is called the noninverting
input.

Figure 29-22 is a block diagram of an op-amp.
The op-amp consists of three stages. Each stage is
an amplifier with some unique characteristic.

The input stage is a differential amplifier. It al-
lows the op-amp to respond only to the differ-
ences between input signals. Also, the differential
amplifier amplifies only the differential input volt-
age and is unaffected by signals common to both
inputs. This is referred to as common-mode rejection.
Common-mode rejection is useful when measur-
ing a small signal in the presence of 60-hertz noise.
The 60-hertz noise common to both inputs is re-
jected, and the op-amp amplifies only the small
difference between the two inputs. The differen-
tial amplifier has a low-frequency response that
extends down to a DC level. This means that the
differential amplifier can respond not only to low-
frequency AC signals but to DC signals as well.

The second stage is a high-gain voltage ampli-
fier. This stage is composed of several darlington-

FIGURE 29-22

pair transistors. This stage provides a voltage gain
of 200,000 or more and supplies most of the op-
amp’s gain.

The last stage is an output amplifier. Typically,
this is a complementary emitter-follower ampli-
fier. It is used to give the op-amp a low output
impedance. The op-amp can deliver several milli-
amperes of current to a load.

Generally, op-amps are designed to be pow-
ered by a dual-voltage power supply in the range of
+5 to *15 volts. The positive power source deliv-
ers +5 to +15 volts with respect to ground. The
negative power source delivers —5 to —15 volts
with respect to ground. This allows the output
voltage to swing from positive to negative with re-
spect to ground. However, in certain cases, op-
amps may be operated from a single voltage source.

A schematic diagram of a typical op-amp is
shown in Figure 29-23. The op-amp shown is
called a 741. This op-amp does not require fre-
quency compensation, is short-circuit protected,
and has no latch-up problems. It provides good
performance for a low price and is the most com-
monly used op-amp. A device that contains two
741 op-amps in a single package is called a 747 op-
amp. Because no coupling capacitors are used, the
circuit can amplify DC signals as well as AC signals.

The op-amp’s normal mode of operation is a
closed loop. The closed-loop mode uses feedback, as
compared to the open-loop mode, which does not use
feedback. A lot of degenerative feedback is used

Block diagram of an op-amp.
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FIGURE 29-23
Schematic diagram of an op-amp. (Courtesy of National Semiconductor Corporation.)

National Operational Amplifiers/Buffers
Semiconductor
LM741/LM741A/ILM741C/LM741E Operational Amplifier

General Description

The LM741 series are general purpose operational
amplifiers which feature improved performance
over industry standards like the LM709. They are
direct, plug-in replacements for the 709C, LM201,
MC1439 and 748 in most applications.

tection on the input and output, no latch-up when
the common mode range is exceeded, as well as
freedom from oscillations.

The LM741C/LM741E are identical to the
LM741/LM741A except that the LM741C/
LM741E have their performance guaranteed over
a 0°C to +70°C temperature range, instead of

The amplifiers offer many features which make
—55°C to +125°C.

their application nearly foolproof: overload pro-
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with the closed-loop mode. This reduces the over-
all gain of the op-amp but provides better stability.

In closed-loop operation, the output signal is
applied back to one of the input terminals as a
feedback signal. This feedback signal opposes the
input signal. There are two basic closed-loop cir-
cuits: inverting and noninverting. The inverting
configuration is more popular.

Figure 29-24 shows the op-amp connected as
an inverting amplifier: The input signal is applied to
the op-amp’s inverting (—) input through resistor
R,. The feedback is provided through resistor R,.
The signal at the inverting input is determined by
both the input and output voltages.

A minus sign indicates a negative output signal
when the input signal is positive. A plus sign indi-
cates a positive output signal when the input signal
is negative. The output is 180 degrees out of phase
with the input. Depending on the ratio of resistor
R, to R,, the gain of the inverting amplifier can be
less than, equal to, or greater than 1. When the
gain is equal to 1, it is called a unity-gain amplifier
and is used to invert the polarity of the input signal.

Figure 29-25 shows an op-amp connected as
a noninverting amplifier: The output signal is in
phase with the input. The input signal is applied
to the op-amp’s noninverting input. The output
voltage is divided between resistors R, and R, to
produce a voltage that is fed back to the inverting
(—) input. The voltage gain of a noninverting in-
put amplifier is always greater than 1.

FIGURE 29-24
Op-amp connected as an inverting amplifier.
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FIGURE 29-25
Op-amp connected as a noninverting amplifier.
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The gain of an op-amp varies with frequency.
Typically, the gain given by a specification sheet is
the DC gain. As the frequency increases, the gain
decreases. Without some means to increase the
bandwidth, the op-amp is only good for amplify-
ing a DC signal. To increase the bandwidth, feed-
back is used to reduce the gain. By reducing the
gain, the bandwidth increases by the same amount.
In this way, the 741 op-amp bandwidth can be in-
creased to 1 megahertz.

Besides its use for comparing, inverting, or
noninverting a signal, the op-amp has several
other applications. It can be used to add several
signals together as shown in Figure 29-26. This is
referred to as a summing amplifier. The negative
feedback holds the inverting input of the op-amp
very close to ground potential. Therefore, all the
input signals are electrically isolated from each
other. The output of the amplifier is the inverted

FIGURE 29-26

sum of the input signal.
Op-amp connected as a summing amplifier. @
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In a summing amplifier, the resistor chosen
for the noninverting input-to-ground is equal to
the total parallel resistance of the input and feed-
back resistances. If the feedback resistance is in-
creased, the circuit can provide gain. If different
input resistances are used, the input signals can be
added together with different gains.

Summing amplifiers are used when mixing
audio signals together. Potentiometers are used
for the input resistances to adjust the strength of
each of the input signals.

Op-amps can also be used as active filters. Filters
that use resistors, inductors, and capacitors are called
passive filters. Active filters are inductorless filters using
integrated circuits. The advantage of active filters is
the absence of inductors, which is handy at low fre-
quencies because of the size of inductors.

There are some disadvantages when using
op-amps as active filters because they require a
power supply, can generate noise, and can oscil-
late due to thermal drift or aging components.

Figure 29-27 shows an op-amp used as a high-
pass filter. A high-pass filter rejects low frequencies
while passing frequencies above a certain cut-off
frequency. Figure 29-28 shows an op-amp used as
a low-pass filter. A low-pass filter passes low fre-
quencies while blocking frequencies above the
cut-off frequency. Figure 29-29 shows an op-amp
used as a band-pass filter. A band-pass filter passes
frequencies around some central frequency while
attenuating both higher and lower frequencies.

-

FIGURE 29-27
Op-amp connected as a high-pass filter.
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FIGURE 29-28
Op-amp connected as a low-pass filter.
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FIGURE 29-29
Op-amp connected as a band-pass filter.
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Op-amp connected as a difference amplifier.
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A difference amplifier subtracts one signal from
another signal. Figure 29-30 shows a basic differ-
ence amplifier. This circuit is called a subtractor be-
cause it subtracts the value of E, from the value of E,.
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29-5 QUESTIONS

. What is an op-amp?
. Draw a block diagram of an op-amp.
. Briefly explain how an op-amp works.

B W N =

an op-amp?

i

. What type of gain can be obtained with
an op-amp?

6. Draw schematic diagrams of the

following:

a. Inverting amplifier

b. Summing amplifier

c. High-pass filter

d. Band-pass filter

e. Difference amplifier

B W ON -

complementary push-pull amplifier?

. How are IF amplifiers used in a circuit?

o 0 N &N W

. What is the normal mode of operation for

. What is the purpose of an RF amplifier?

SUMMARY

10. For what type of application is the op-amp used?

Direct-coupled amplifiers are used
primarily as voltage amplifiers.

A differential amplifier has two separate
inputs and may provide either one or two
outputs.

Audio amplifiers amplify AC signals in
the audio range of 20 to 20,000 hertz.

The two types of audio amplifiers are
voltage amplifiers and power amplifiers.
Video amplifiers are wideband amplifiers
used to amplify video information.

Video frequencies extend from a few hertz
to 5 or 6 megahertz.

RF amplifiers operate from 10,000 to
30,000 megahertz.

The two types of RF amplifiers are tuned
and untuned.

Op-amps may provide output gains of
20,000 to 1,000,000 times the input.

The two basic closed-loop modes are the
inverting configuration and the
noninverting configuration.

CHAPTER 29 SELF-TEST

. Under what conditions would a DC amplifier be used?

. How is the problem of temperature instability resolved with high-gain DC amplifiers?

. What are the main differences between audio voltage amplifiers and audio power amplifiers?
. What is the practical advantage of using a quasi-complementary power amplifier over a

. How does a video amplifier differ from an audio amplifier?
. What factor is involved in limiting the output of high-frequency video amplifiers?

. Identify the three stages of an op-amp, and describe its function.



CHAPTER 30

OBJECTIVES

Oscillators

After completing this chapter, the student should be able to:

e Describe an oscillator and its purpose.

¢ Identify the main requirements of an oscillator.

¢ Explain how a tank circuit operates and describe its relationship to an oscillator.

¢ Draw a block diagram of an oscillator.

e Identify LC, crystal, and RC sinusoidal oscillator circuits.

¢ Identify nonsinusoidal relaxation oscillator circuits.

¢ Draw examples of sinusoidal and nonsinusoidal oscillators.

An oscillator is a nonrotating device for producing alternating current. Oscillators are
used extensively in the field of electronics: in radios and televisions, communication sys-
tems, computers, industrial controls, and timekeeping devices. Without the oscillator, very

few electronic circuits would be possible.

See accompanying CD for interactive presentations, tutorials, and DC Circuit
examples in MultiSim, Chapter 30.

FUNDAMENTALS
OF OSCILLATORS

An oscillator is a circuit that generates a repetitive
AC signal. The frequency of the AC signal may
vary from a few hertz to many millions of hertz.
The oscillator is an alternative to the mechanical
generator used to produce electrical power. The
advantages of the oscillator are the absence of
moving parts and the range over which the AC
signal can be produced. The output of an oscilla-

tor may be a sinusoidal, rectangular, or sawtooth
waveform, depending on the type of oscillator
used. The main requirement of an oscillator is
that the output be uniform; that is, the output
must not vary in either frequency or amplitude.

When an inductor and a capacitor are con-
nected in parallel, they form what is called a tank
circuit. When a tank circuit is excited by an exter-
nal DC source, it oscillates; that is, it produces a
back-and-forth current flow. If it were not for the
resistance of the circuit, the tank circuit would os-

293
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cillate forever. However, the resistance of the tank
circuit absorbs energy from the current, and the
oscillations of the circuit are dampened.

For the tank circuit to maintain its oscillation,
the energy that is dissipated must be replaced. The
energy that is replaced is referred to as positive
feedback. Positive feedback is the feeding back into
the tank circuit of a portion of the output signal to
sustain oscillation. The feedback must be in phase
with the signal in the tank circuit.

Figure 30-1 shows a block diagram of an os-
cillator. The basic oscillator can be broken down
into three sections. The frequency-determining
oscillator circuit is usually an LC tank circuit. An
amplifier increases the output signal of the tank
circuit. A feedback circuit delivers the proper
amount of energy to the tank circuit to sustain os-
cillation. The oscillator circuit is essentially a
closed loop that uses DC power to maintain AC
oscillations.

30-1 QUESTIONS

1. What is an oscillator?

2. How does a tank circuit operate?

3. What makes a tank circuit continue to
oscillate?

4. Draw and label a block diagram of an
oscillator.

5. What are the functions of the basic parts
of an oscillator?

I

FIGURE 30-1
Block diagram of an oscillator.

OUTPUT

E1\By SINUSOIDAL
OSCILLATORS

Sinusoidal oscillators are oscillators that produce a
sine-wave output. They are classified according
to their frequency-determining components. The
three basic types of sinusoidal oscillators are LC
oscillators, crystal oscillators, and RC oscillators.

LC oscillators use a tank circuit of capacitors
and inductors, connected either in series or paral-
lel, to determine the frequency. Crystal oscillators
are like LC oscillators except that crystal oscilla-
tors maintain a higher degree of stability. LC and
crystal oscillators are used in the radio frequency
(RF) range. They are not suitable for low-fre-
quency applications. For low-frequency applica-
tions, RC oscillators are used. RC oscillators use a
resistance-capacitance network to determine the
oscillator frequency.

Three basic types of LC oscillator are the Hart-
ley oscillator, the Colpitts oscillator, and the Clapp
oscillator. Figures 30-2 and 30-3 show the two
basic types of Hartley oscillator. The tapped in-
ductor in the tank circuit identifies these circuits
as Hartley oscillators. The disadvantage of the se-
ries-fed Hartley (Figure 30-2) is that DC current

FIGURE 30-2
Series-fed Hartley oscillator.
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FIGURE 30-3 @_
Shunt-fed Hartley oscillator.
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flows through a portion of the tank circuit. The
shunt-fed Hartley (Figure 30-3) overcomes the
problem of DC current in the tank circuit by using
a coupling capacitor in the feedback line.

The Colpitts oscillator (Figure 30-4) is like
the shunt-fed Hartley except that two capacitors
are substituted for the tapped inductor. The Col-
pitts is more stable than the Hartley and is more
often used.

FIGURE 30-5
Clapp oscillator.
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The Clapp oscillator (Figure 30-5) is a varia-
tion of the Colpitts oscillator. The main difference
is the addition of a capacitor in series with the in-
ductor in the tank circuit. The capacitor allows
tuning of the oscillator frequency.

Temperature changes, aging of components,
and varying load requirements cause oscillators to
become unstable. When stability is a requirement,
crystal oscillators are used.

Crystals are materials that can convert me-
chanical energy to electrical energy when pres-
sure is applied or can convert electrical energy to
mechanical energy when a voltage is applied.
When an AC voltage is applied to a crystal, the
crystal stretches and compresses, creating me-
chanical vibrations that correspond to the fre-
quency of the AC signal.

Crystals, because of their structure, have a
natural frequency of vibration. If the AC signal
applied matches the natural frequency, the crystal
vibrates more. If the AC signal is different from
the crystal’s natural frequency, little vibration is
produced. The crystal’s mechanical frequency of
vibration is constant, making it ideal for oscillator
circuits.
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The most common materials used for crystals
are Rochelle salt, tourmaline, and quartz.
Rochelle salt has the most electrical activity, but it
fractures easily. Tourmaline has the least electrical
activity, but it is the strongest. Quartz is a com-
promise: It has good electrical activity and is
strong. Quartz is the most commonly used crystal
in oscillator circuits.

The crystal material is mounted between two
metal plates, with pressure applied by a spring so
that the metal plates make electrical contact with
the crystal. The crystal is then placed in a metal
package. Figure 30-6 shows the schematic symbol
used to represent the crystal. The letters Y or XTAL
identify crystals in schematics.

FIGURE 30-6
Schematic symbol for crystal.

FIGURE 30-7
Crystal shunt-fed Hartley oscillator.
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FIGURE 30-8
Colpitts crystal oscillator.
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Figure 30-7 shows a shunt-fed Hartley oscil-
lator with the addition of a crystal. The crystal is
connected in series with the feedback circuit. If
the frequency of the tank circuit drifts from the
crystal frequency, the impedance of the crystal
increases, reducing feedback to the tank circuit.
This allows the tank circuit to return to crystal
frequency.

Figure 30-8 shows a Colpitts oscillator con-
nected the same way as the Hartley crystal oscil-
lator. The crystal controls the feedback to the tank
circuit. The LC tank circuit is tuned to the crystal
frequency.

Figure 30-9 shows a Pierce oscillator. This cir-
cuit is similar to the Colpitts oscillator except that
the tank-circuit inductor is replaced with a crys-
tal. The crystal controls the tank-circuit imped-
ance, which determines the feedback and
stabilizes the oscillator.

Figure 30-10 shows a Butler oscillator. This is
a two-transistor circuit. It uses a tank circuit, and
the crystal determines the frequency. The tank
circuit must be tuned to the crystal frequency or
the oscillator does not work. The advantage of the
Butler oscillator is that a small voltage exists
across the crystal, reducing stress on the crystal.
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FIGURE 30-11

FIGURE 30-9
Pierce oscillator.
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Butler oscillator.
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By replacing the tank-circuit components, the os-
cillator can be tuned to operate on one of the crys-
tal’s overtone frequencies.

RC oscillators use resistance-capacitance net-
works to determine the oscillator frequency.
There are two basic types of RC oscillators that
produce sinusoidal waveforms: the phase-shift
oscillator and the Wien-bridge oscillator.

Phase-shift oscillator.
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A phase-shift oscillator is a conventional am-
plifier with a phase-shifting RC feedback net-
work (Figure 30-11). The feedback must shift
the signal 180 degrees. Because the capacitance
reactance changes with a change in frequency, it
is the frequency-sensitive component. Stability
is improved by reducing the amount of phase
shift across each RC network. However, there is
a power loss across the combined RC network.
The transistor must have enough gain to offset
these losses.

A Wien-bridge oscillator is a two-stage ampli-
fier with a lead-lag network and voltage divider
(Figure 30-12). The lead-lag network consists of
a series RC network (R, C,) and a parallel net-
work. It is called a lead-lag network because the
output phase angle leads for some frequencies
and lags for other frequencies. At the resonant
frequency, the phase shift is zero, and the output
voltage is maximum. Resistors R, and R, form the
voltage-divider network, which is used to de-
velop the degenerative feedback. Regenerative
feedback is applied to the base and degenerative
feedback is applied to the emitter of oscillator tran-
sistor Q. The output of transistor Q, is capaci-
tively coupled to the base of transistor Q, where
it is amplified and shifted and required 180 de-
grees. The output is coupled by capacitor C, to
the bridge network.
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FIGURE 30-12
Wien-bridge oscillator.
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FIGURE 30-13
IC Wien-bridge oscillator.
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Figure 30-13 shows an integrated circuit
Wien-bridge oscillator. The inverting and nonin-
verting inputs of the op-amp are ideal for use as a
Wien-bridge oscillator. The gain of the op-amp is
high, which offsets the circuit losses.

30—2 QUESTIONS

1. What are the three types of sinusoidal
oscillators?

2. Draw and label schematic diagrams of
the three types of LC oscillators.

3. What is the difference between a Colpitts
oscillator and a Hartley oscillator?

4. How can the stability of an LC oscillator
be improved?

5. What are the two types of RC oscillators
used for producing sinusoidal waves?

ETV W NONSINUSOIDAL
~ OSCILLATORS

Nonsinusoidal oscillators are oscillators that do not
produce a sine-wave output. There is no specific
nonsinusoidal waveshape. The nonsinusoidal os-
cillator output may be a square, sawtooth, rec-
tangular, or triangular waveform, or a
combination of two waveforms. A common char-
acteristic of all nonsinusoidal oscillators is that
they are a form of relaxation oscillator. A relax-
ation oscillator stores energy in a reactive compo-
nent during one phase of the oscillation cycle and
gradually releases the energy during the relax-
ation phase of the cycle.

Blocking oscillators and multivibrators are relax-
ation oscillators. Figure 30-14 shows a blocking
oscillator circuit. The reason for the name is that
the transistor is easily driven into the blocking
(cut-off) mode. The blocking condition is deter-
mined by the discharge from capacitor C,. Capac-
itor C, is charged through the emitter-base
junction of transistor Q,. However, once capacitor

FIGURE 30-14
Blocking oscillator.
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FIGURE 30-15

FIGURE 30-16

Sawtooth waveform generated by a blocking oscillator.
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C, is charged, the only discharge path is through
resistor R,. The RC time constant of resistor R,
and capacitor C, determines how long the transis-
tor is blocked or cut off and also determines the
oscillator frequency. A long time constant pro-
duces a low frequency; a short time constant pro-
duces a high frequency.

If the output is taken from an RC network in
the emitter circuit of the transistor, the output is a
sawtooth waveshape (Figure 30-15). The RC net-
work determines the frequency of oscillation and
produces the sawtooth output. Transistor Q, is
forward biased by resistor R,. As transistor Q,
conducts, capacitor C, charges quickly. The posi-
tive potential on the top plate of capacitor C, re-
verse biases the emitter junction, turning off
transistor Q,. Capacitor C, discharges through re-
sistor R,, producing the trailing portion of the
sawtooth output. When capacitor C, discharges,
transistor Q, is again forward biased and con-
ducts, repeating the action.

Capacitor C, and resistor R, determine the fre-
quency of oscillation. By making resistor R, variable,
the frequency can be adjusted. If resistor R, offers
high resistance, a long RC time constant results, pro-
ducing a low frequency of oscillation. If resistor R,
offers low resistance, a short RC time constant re-
sults, producing a high frequency of oscillation.

A multivibrator is a relaxation oscillator that can
function in either of two temporarily stable con-

Free-running multivibrator.
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ditions and is capable of rapidly switching from
one temporary state to the other.

Figure 30-16 shows a basic free-running mul-
tivibrator circuit. It is basically an oscillator con-
sisting of two stages coupled so that the input
signal to each stage is taken from the output of the
other. One stage conducts while the other stage is
cut off, until a point is reached where the stages re-
verse their conditions. The circuit is free-running
because of regenerative feedback. The frequency
of oscillation is determined by the coupling circuit.

An astable multivibrator is one type of free-run-
ning multivibrator. The output of an astable mul-
tivibrator is rectangular. By varying the RC time
constants of the coupling circuits, rectangular
pulses of any desired width can be obtained. By
changing the values of the resistor and capacitor,
the operating frequency can be changed. The fre-
quency stability of the multivibrator is better than
that of the typical blocking oscillator.

An integrated circuit that can be used as an
astable multivibrator is the 555 timer (Figure
30-17). This integrated circuit can perform many
functions. It consists of two comparators, a flip-
flop, an output stage, and a discharge transistor.
Figure 30-18 shows a schematic diagram in
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FIGURE 30-17
Block diagram of a 555 timer integrated circuit.
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FIGURE 3 0__18 : : @— which the 555 timer is used as an astable multi-
Astable multivibrator using a 555 timer. vibrator. The output frequency is determined by

+V resistors R, and R, and capacitor C,. This circuit

finds wide application in industry.

cC

35 RA I | 30-3 QUESTIONS
— 7 4 8
$RB 555 1. Draw the more commonly used
1—: 6 TIMER 3 |—ooouTPUT nonsinusoidal waveforms.

1 5 | -LI-LI-L 2. What is a relaxation oscillator?
e~ C1 C A =
T T 2 3. Give two examples of relaxation

l oscillators.
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4. Draw a schematic diagram of a blocking
oscillator.

5. Draw a schematic diagram of a 555 timer
used as an astable multivibrator.

IO

SUMMARY

e An oscillator is a nonrotating device for
producing alternating current.

¢ The output of an oscillator can be
sinusoidal, rectangular, or sawtooth.

¢ The main requirement of an oscillator is
that the output be uniform and not vary in
frequency or amplitude.

e A tank circuit is formed when a capacitor
is connected in parallel with an inductor.

e A tank circuit oscillates when an external
voltage source is applied.

e The oscillations of a tank circuit are
dampened by the resistance of the circuit.

e For a tank circuit to maintain oscillation,
positive feedback is required.

An oscillator has three basic parts: a
frequency-determining device, an
amplifier, and a feedback circuit.

The three basic types of sinusoidal
oscillators are LC oscillators, crystal
oscillators, and RC oscillators.

The three basic types of LC oscillators are
the Hartley, the Colpitts, and the Clapp.
Crystal oscillators provide more stability
than LC oscillators.

RC oscillators use resistance-capacitance
networks to determine the oscillator
frequency.

Nonsinusoidal oscillators do not produce a
sine-wave output.

Nonsinusoidal oscillator outputs include
square, sawtooth, rectangular, and
triangular waveforms and combinations of
two waveforms.

A relaxation oscillator is the basis of all
nonsinusoidal oscillators.

A relaxation oscillator stores energy in a
reactive component during one part of the
oscillation cycle.

Examples of relaxation oscillators are
blocking oscillators and multivibrators.

CHAPTER 30 SELF-TEST

1. Identify the parts of an oscillator, and explain what each part does in making the oscillator

function.

. How are crystals used in oscillator circuits?

V1 W N

. What are the major types of sinusoidal oscillators?

. Explain how a tank circuit can sustain an oscillation.

. How does a nonsinusoidal oscillator differ from a sinusoidal oscillator?
. What types of components make up nonsinusoidal oscillators?



CHAPTER 31

Waveshaping Circuits

OBJECTIVES
After completing this chapter, the student should be able to:

¢ Identify ways in which waveform shapes can be changed.

e Explain the frequency-domain concept in waveform construction.

e Define pulse width, duty cycle, rise and fall time, undershoot, overshoot, and ringing as they
relate to waveforms.

e Explain how differentiators and integrators work.

e Describe clipper and clamper circuits.

e Describe the differences between monostable and bistable multivibrators.

e Draw schematic diagrams of waveshaping circuits.

In electronics it is sometimes necessary to change the shape of a waveform. Sine waves
may need to be changed to square waves, rectangular waveforms may need to be changed to
pulse waveforms, and pulse waveforms may need to be changed to square or rectangular
waveforms. Waveforms can be analyzed by two methods. Analyzing a waveform by its am-
plitude per unit of time is called a time-domain analysis. Analyzing a waveform by the sine
waves that make it up is called a frequency-domain analysis. This concept assumes that all pe-
riodic waveforms are composed of sine waves.

See accompanying CD for Waveshaping Circuit examples in MultiSim,
Chapter 31.

NONSINUSOIDAL

WAVEFORMS wave, and sawtooth wave. Although the three

waveforms are different, they all have the same

Figure 31-1 shows three basic waveforms that period of frequency. By using various electronic

are represented by the time domain concept. The circuits, these waveforms can be changed from
three waveforms shown are sine wave, square one shape to another.

302
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FIGURE 31-1

FIGURE 31-3

Three basic waveforms: (A) sine wave, (B) square wave,
(C) sawtooth wave.

(A)

(B)

©)

I I
1CYCLE ! 1 cYCLE |

FIGURE 31-2

Chart of fundamental frequency of 1000 hertz and some of
its harmonics.

(Fundamental) 1st Harmonic 1000 Hz
2nd Harmonic 2000 Hz
3rd Harmonic 3000 Hz
4th Harmonic 4000 Hz
5th Harmonic 5000 Hz

A periodic waveform is one with the same
waveform for all cycles. According to the frequency
domain concept, all periodic waveforms are made
up of sine waves. In other words, any periodic
wave can be formed by superimposing a number
of sine waves having different amplitudes, phases,
and frequencies. Sine waves are important be-
cause they are the only waveform that cannot be
distorted by RC, RL, or LC circuits.

The sine wave that has the same frequency as
the periodic waveform is called the fundamental
frequency. The fundamental frequency is also
called the first harmonic. Harmonics are multiples of

Square wave.

FIGURE 314
Formation of a square wave by the frequency domain method.
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the fundamental frequency. The second harmonic
is twice the fundamental, the third harmonic is
three times the fundamental, and so on. Figure 31-2
shows the fundamental frequency of 1000 hertz
and some of its harmonics. Harmonics can be
combined in an infinite number of ways to pro-
duce any periodic waveform. The type and num-
ber of harmonics included in the periodic
waveform depend on the shape of the waveform.

For example, Figure 31-3 shows a square
wave. Figure 31-4 shows how a square wave is
formed by the combination of the fundamental
frequency with an infinite number of odd har-
monics that cross the zero reference line in phase
with the fundamental.
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FIGURE 31-5

FIGURE 31-6

Formation of a sawtooth wave by the frequency domain

method.
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N
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Figure 31-5 shows the formation of a saw-
tooth waveform. It consists of the fundamental
frequency plus odd harmonics in-phase and even
harmonics crossing the zero reference line 180
degrees out of phase with the fundamental.

An oscilloscope displays waveforms in the
time domain. A spectrum analyzer (Figure 31-6)

Spectrum analyzer.

the frequency domain.
Frequency domain analysis can be used to deter-
mine how a circuit affects a waveform.

Periodic waveforms are waveforms that occur at

displays waveforms in

regular intervals. The period of a waveform is
measured from any point on one cycle to the
same point on the next cycle (Figure 31-7).

The pulse width is the length of the pulse (Fig-
ure 31-8). The duty cycle is the ratio of the pulse
width to the period. It can be represented as a per-
centage indicating the amount of time that the

pulse exists during each cycle.

pulse width

duty cycle = —————
period

All pulses have rise and fall times. The rise time
is the time it takes from the pulse to rise from 10%
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FIGURE 31-7

FIGURE 31-10

Period of a waveform.

—— PERIOD——]

FIGURE 31-8

Pulse width of a waveform.

—] |— PULSE WIDTH

FIGURE 31-9

The rise and fall times of a waveform are measured at 10%
and 90% of the waveform’s maximum amplitude.

7

-
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RISE TIME FALL TIME

to 90% of its maximum amplitude. The fall time is
the time it takes for a pulse to fall from 90% to
10% of its maximum amplitude (Figure 31-9).
Overshoot, undershoot, and ringing are conditions
common to high-frequency pulses (Figure 31-10).
Overshoot occurs when the leading edge of a wave-
form exceeds its normal maximum value. Under-
shoot occurs when the trailing edge exceeds its
normal minimum value. (The leading edge is the

Overshoot, undershoot, and ringing.

¥

OVERSHOOT

T

RINGING

_v

UNDERSHOOT

1

front edge of the waveform; the trailing edge is the
back edge of the waveform.) Both conditions are
followed by damped oscillations known as ringing.
These conditions are undesirable but exist be-
cause of imperfect circuits.

' 31-1 QUESTIONS

1. Define the frequency domain concept.

2. How are the following waveforms
constructed according to the frequency
domain concept?

a. Square wave

b. Sawtooth wave
3. What is a periodic waveform?
4. What is a duty cycle?

5. Draw examples of overshoot, undershoot,
and ringing as they apply to a waveform.

EIB M WAVESHAPING
= CIRCUITS

An RC network can change the shape of complex
waveforms so that the output barely resembles
the input. The amount of distortion is determined
by the RC time constant. The type of distortion is
determined by the component the output is
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FIGURE 31-11

FIGURE 31-13

Differentiator circuit.
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taken across. If the output is taken across the re-
sistor, the circuit is called a differentiator. A differen-
tiator is used to produce a pip or peaked
waveform from square or rectangular waveforms
for timing or synchronizing circuits. It is also used
to produce trigger or marker pulses. If the output
is taken across the capacitor, the circuit is called
an integrator. An integrator is used for waveshap-
ing in radio, television, radar, and computers.

Figure 31-11 shows a differentiator circuit.
Recall that complex waveforms are made of the
fundamental frequency plus a large number of
harmonics. When a complex waveform is ap-
plied to a differentiator, each frequency is af-
fected differently. The ratio of the capacitive
reactance (X.) to R is different for each har-
monic. This results in each harmonic being
shifted in phase and reduced in amplitude by a
different amount. The net result is distortion of
the original waveform. Figure 31-12 shows what
happens to a square wave applied to a differen-
tiator. Figure 31-13 shows the effects of different
RC time constants.

FIGURE 31-12

Result of applying a square wave to a differentiator circuit.
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Effects of different time constants on a differentiator circuit.
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FIGURE 31-14
Integrator circuit.

LONG TIME CONSTANT

o Wy _T_ o
R

INPUT ! T C, OUTPUT

o o O

FIGURE 31-15
Result of applying a square wave to an integrator circuit.
1 1

|
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An integrator circuit is similar to a differen-
tiator except that the output is taken across the
capacitor (Figure 31-14). Figure 31-15 shows the
result of applying a square wave to an integrator.
The integrator changes the waveform in a differ-

INPUT
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FIGURE 31-16

FIGURE 31-18

Effects of different time constants on an integrator circuit.
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FIGURE 31-17
Basic series diode clipping circuit.

-

(e, O
D,
<
-QU— 5: R, -Q\—,
_/
o o]

ent way than the differentiator. Figure 31-16
shows the effects of different RC time constants.
Another type of circuit that can change the
shape of a waveform is a clipping, or limiter circuit
(Figure 31-17). A clipping circuit can be used to
square off the peaks of an applied signal, obtain a
rectangular waveform from a sine-wave signal,
eliminate positive or negative portions of a wave-
form, or keep an input amplitude at a constant
level. The diode is forward biased and conducts
during the positive portion of the input signal.
During the negative portion of the input signal,
the diode is reverse biased and does not conduct.

Result of reversing the diode in a clipping circuit. @

[o,
D1
< /’\\
7 3 V)
o o
FIGURE 31-19 @
|
Biased series diode clipping circuit.
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FIGURE 31-20

Result of reversing diode and bias source in a
biased series clipping circuit.
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Figure 31-18 shows the effect of reversing the
diode: The positive portion of the input signal is
clipped off. The circuit is essentially a half-wave
rectifier.

By using a bias voltage, the amount of signal
that is clipped off can be regulated. Figure 31-19
shows a biased series clipping circuit. The diode
cannot conduct until the input signal exceeds the
bias source. Figure 31-20 shows the result of re-
versing the diode and the bias source.
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FIGURE 31-21
Shunt diode clipping circuit.
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FIGURE 31-22 @_
Result of reversing the diode in a shunt diode

clipping circuit.
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Biased shunt diode clipping circuit.

(o, M o

R1
D1
Es = 4
CLIPPED OFF
o, O

A shunt clipping circuit performs the same
function as the series clipper (Figure 31-21). The
difference is that the output is taken across the
diode. This circuit clips off the negative portion of
the input signal. Figure 31-22 shows the effect of
reversing the diode. A shunt clipper can also be bi-
ased to change the clipping level as shown in Fig-
ures 31-23 and 31-24.

FIGURE 31-24

Effect of reversing the diode and bias source in
a shunt diode clipping circuit.
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FIGURE 31-25 @_
Clipping circuit used to limit both the positive
and negative peaks.
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If both the positive and the negative peaks
must be limited, two biased diodes are used (Fig-
ure 31-25). This prevents the output signal from
exceeding predetermined values for both peaks.
With the elimination of both peaks, the remain-
ing signal is generally square-shaped. Therefore,
this circuit is often referred to as a square-wave
generator.

Figure 31-26 shows another clipping circuit
that limits both positive and negative peaks.
Therefore, the output is clamped to the break-
down voltage of the zeners. Between the two ex-
tremes, neither zener diode will conduct, and the
input signal is passed to the output.

Sometimes it is desirable to change the DC ref-
erence level of a waveform. The DC reference level is

O

o
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FIGURE 31-26

Alternate circuit to limit both positive and
negative peaks.
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FIGURE 31-27
Diode clamper circuit.
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the starting point from which measurements are
made. A clamping circuit can be used to clamp the
top or bottom of the waveform to a given DC volt-
age. Unlike a clipper or limiter circuit, a clamping
circuit does not change the shape of the wave-
form. A diode clamper (Figure 31-27) is also called
a DC restorer. This circuit is commonly used in
radar, television, telecommunications, and com-
puters. In the circuit shown, a square wave is ap-
plied to an input signal. The purpose of the circuit
is to clamp the top of the square wave to 0 volts,
without changing the shape of the waveform.

31-2 QUESTIONS

1. Draw schematic diagrams of the
following RC networks:

a. Differentiator
b. Integrator

2. What are the functions of integrator and
differentiator circuits?

3. Draw schematic diagrams of the
following circuits:

a. Clipper
b. Clamper

4. What are the functions of clipper and
clamper circuits?

5. What are applications of the following
circuits:

a. Differentiator
b. Integrator

c. Clipper

d. Clamper

SPECIAL-PURPOSE
" CIRCUITS

The prefix mono- means one. A monostable multivi-
brator has only one stable state. It is also called a
one-shot multivibrator because it produces one out-
put pulse for each input pulse. The output pulse
is generally longer than the input pulse. There-
fore, this circuit is also called pulse stretcher. Typ-
ically, the circuit is used as a gate in computers,
electronic control circuits, and communication
equipment.

Figure 31-28 shows a schematic diagram of
a monostable multivibrator. The circuit is nor-
mally in its stable state. When it receives an in-
put trigger pulse, it switches to its unstable
state. The length of time the circuit is in the
unstable state is determined by the RC time
constant of resistor R, and capacitor C,. Capac-
itor C, and resistor R, form a differentiator cir-
cuit, which is used to convert the input pulse
to a positive and negative spike. Diode D, al-
lows only the negative spike to pass through to
turn on the circuit.
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FIGURE 31-28

FIGURE 31-29

Monostable multivibrator.
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A bistable multivibrator is a multivibrator having
two stable states (bi- meaning two). This circuit re-
quires two inputs to complete one cycle. A pulse at
one input sets the circuit to one of its stable states.
A pulse at the other input resets it to its other sta-
ble state. This circuit is often called a flip-flop be-
cause of its mode of operation (Figure 31-29).

A Dbasic flip-flop circuit produces a square or
rectangular waveform for use in gating or timing
signals or for on-off switching operations in bi-
nary counter circuits. A binary counter circuit is
essentially two transistor amplifiers with the out-
put of each transistor coupled to the input of the
other transistor. When an input signal is applied
to the set input, transistor Q, turns on, which
turns transistor Q, off. When transistor Q, turns
off, it places a positive potential on the base of
transistor Q,, holding it on. If a pulse is not ap-
plied to the reset input, it causes transistor Q, to
conduct, turning off transistor Q,. Turning tran-
sistor Q, off holds transistor Q, on.

Discrete versions of the flip-flop find little ap-
plication today. However, integrated circuit ver-
sions of the flip-flop find wide application. It is
perhaps the most important circuit in digital elec-

Basic flip-flop circuit.
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FIGURE 31-30
Basic Schmitt trigger circuit.
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tronics, used for frequency division, data storage,
counting, and data manipulation.

Another bistable circuit is the Schmitt trigger
(Figure 31-30). One application of the Schmitt
trigger is to convert a sine-wave, sawtooth, or
other irregularly shaped waveform to a square or
rectangular wave. The circuit differs from a con-
ventional bistable multivibrator in that one of the
coupling networks is replaced by a common-emitter
resistor (R,). This provides additional regenera-
tion for quicker action and straighter leading and
trailing edges on the output waveform.
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31-3 QUESTIONS

1. What is a monostable multivibrator?

2. Draw a schematic diagram of a one-shot
multivibrator.

3. What is a bistable multivibrator?
4. Draw a schematic diagram of a flip-flop.

5. How does a Schmitt trigger differ from a
conventional bistable multivibrator?

I

SUMMARY

e Waveforms can be changed from one shape
to another using various electronic circuits.

¢ The frequency domain concept holds that
all periodic waveforms are made of sine
waves.

e Periodic waveforms have the same
waveshape in all cycles.

e Sine waves are the only waveform that
cannot be distorted by RC, RL, or LC
circuits.

¢ According to the frequency domain
concept, waveforms consist of the
fundamental frequency plus combinations
of even or odd harmonics, or both.

e A square wave consists of the fundamental
plus an infinite number of odd harmonics.

¢ A sawtooth wave consists of the
fundamental plus even and odd harmonics
crossing the zero reference line 180
degrees out of phase with the
fundamental.

Periodic waveforms are measured from
any point on a cycle to the same point on
the next cycle.

The pulse width is the length of the pulse.
The duty cycle is the ratio of the pulse
width to the period.

The rise time of a pulse is the time it takes
to fall from 10% to 90% of its maximum
amplitude.

The fall time of a pulse is the time it takes
to fall from 90% to 10% of its maximum
amplitude.

Overshoot, undershoot, and ringing are
undesirable in a circuit and exist because
of imperfect circuits.

An RC circuit can be used to change the
shape of a complex waveform.

If the output is taken across the resistor in
an RC circuit, the circuit is called a
differentiator.

If the output is taken across the capacitor
in an RC circuit, the circuit is called an
integrator.

Clipping circuits are used to square off the
peaks of an applied signal or to keep an
amplitude constant.

Clamping circuits are used to clamp the
top or bottom of a waveform to a DC
voltage.

A monostable multivibrator (one-shot
multivibrator) produces one output pulse
for each input pulse.

Bistable multivibrators have two stable
states and are called flip-flops.

A Schmitt trigger is a special-purpose
bistable multivibrator.

CHAPTER 31 SELF-TEST

1. Describe the frequency domain concept of waveforms.

2. Why do such problems as overshoot, undershoot, and ringing occur in waveshaping circuits?

3. Describe where integrator and differentiator waveshaping circuits are used.
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4. How can the DC reference level of a signal be changed?
5. Explain the difference between monostable and bistable circuit functions.
6. Of what significance is the flip-flop?

SECTION 4 ACTIVITY—LINEAR ELECTRONIC CIRCUITS

1. Build an electronic circuit such as the one shown in the back of the lab manual. Break the
circuit down into basic circuits. Write a description of how the device works using own
words. Use MultiSIM to help explain how the circuit works.

2. Design and build an electronic circuit that will blink lights and/or emit sound. Verity the
circuit’s operation with MultiSIM prior to building the circuit.

3. Design and build an audio amplifier that has a minimum gain of 100. Verity the circuit’s
operation using MultiSIM.
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BACKGROUND

Ray became interested in the field of design and drafting while
serving in the U.S. Air Force. After being honorably discharged, he
pursued an Associate of Science degree in Design and Drafting
with a specialization in the areas of electronics and mechanical
design. Upon graduation he secured a position with an engineer-
ing firm and worked full-time in his field for six years. During this
time, Ray pursued and completed both the Bachelor's and Mas-
ter's degrees in Technical Education. His experience on the job
coupled with his graduate degree helped him secure a position
on the faculty of Okaloosa-Walton College (OWC) teaching
electromechanical design and drafting. In addition to teaching,
Ray is also Chairman of the Manufacturing and Technology De-
partment at OWC, which includes programs in electronics, com-
puter networking, graphic design, and drafting and design.

JOB REQUIREMENTS

Associate of Science degree in electromechanical drafting
and Bachelor’s degree in Technical Education in order to be a
college-level instructor; Master's degree required in order to
be a department chairman.

ON THE JOB

Atypical day for Ray involves teaching several electromechanical
design and drafting classes, providing counseling and academic
advising for students majoring in electromechanical design and
drafting, grading student work, assisting graduates in finding
jobs in this field, recruiting new students for his program, par-
ticipating in various committee meetings that are part of his du-
ties as a faculty member and administrator, supervising faculty
members who report to him, developing course schedules, doing
the research and reading necessary to stay up-to-date in his
field, and interacting with design and drafting professionals who
act as advisors for his program.

In addition to teaching electromechanical design and
drafting, Ray continues to work as a consultant in this field for
various companies. His consulting activities help him stay in
touch with employers and up-to-date with the latest develop-
ments in his field.
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Ray enjoys teaching because he knows that he is helping peo-
ple make a better life for themselves and their families. He also
knows that he is helping provide well-educated, highly skilled
employees for engineering and manufacturing companies who
hire electromechanical design and drafting technicians.

DOWNSIDE

Being both an instructor and a department chair sometimes
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other faculty members do as well as his administrative duties.

OPPORTUNITIES

There are many opportunities for instructors in the fields of
electronic design and drafting and electromechanical design
and drafting, especially at community colleges and technical
schools—nboth public and private. Being a technical instruc-
tor requires an individual to have qualifications in both the de-
sired technical field and the field of education. Opportunities
abound for those who take the time to acquire both sets of
qualifications.

WORDS OF ADVICE

First build a strong background in electronics during your
studies in technical school or community college. This will be
the foundation for all of your other studies that will build on
your technical certificate or associate degree. Then, continue
to study electronics for a lifetime so that your knowledge is
never outdated.




CHAPTER 32

Binary Number System

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Describe the binary number system.

¢ Identify the place value for each bit in a binary number.

¢ Convert binary numbers to decimal numbers.

e Convert decimal numbers to binary numbers.
e Convert decimal numbers to 8421 BCD code.
e Convert 8421 BCD code numbers to decimal numbers.

A number system is nothing more than a code. For each distinct quantity, there is an as-
signed symbol. When the code is learned, counting can be accomplished. This leads to arith-

metic and higher forms of mathematics.

The simplest number system is the hinary number system. The binary system contains only
two digits, 0 and 1. These digits have the same value as in the decimal number system.

The binary number system is used in digital and microprocessor circuits because of its sim-
plicity. Binary data are represented by binary digits, called bits. The term bit is derived from bi-

nary digit.

B2 ® BINARY NUMBERS

The decimal system is called a base-10 system be-
cause it contains ten digits, O through 9. The bi-
nary system is a base-two system because it
contains two digits, 0 and 1. The position of the 0
or 1 in a binary number indicates its value within
the number. This is referred to as its place value

or weight. The place value of the digits in a binary
number increases by powers of two.

Place Value
32 16 8 4 2 1

Power of 2: 2° 24 23 22 21 20

Counting in binary starts with the numbers 0
and 1. When each digit has been used in the 1s

315
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place, another digit is added in the 2s place and
the count continues with 10 and 11. This uses
up all combinations of two digits, so a third digit
is added in the 4’s place and the count contin-
ues with 100, 101, 110, and 111. Now a fourth
digit is needed in the 8’s place to continue, and
so on. Figure 32-1 shows the binary counting
sequence.

To determine the largest value that can be
represented by a given number of places in base 2,
use the following formula:

Highest number = 2" — 1

where: n represents the number of bits (or
number of place values used)

EXAMPLE: Two bits (two place values) can be
used to count from 0 to 3 because:

M-—1=2-1=4-1=3

Four bits (four place values) are needed to
count from 0 to 15 because:

2t—1=2t-1=16—-1=15

32—-1 QUESTIONS

FIGURE 32-1

1. What is the advantage of the binary
number system over the decimal number
system for digital circuits?

2. How is the largest value of a binary
number determined for a given number
of place values?

3. What is the maximum value of a binary
number with:

a. 4 bits
b. 8 bits
c. 12 bits
d. 16 bits

Decimal number and equivalent binary table.

Decimal Number

Binary Number
24 28 22 2
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BINARY AND DECIMAL
" CONVERSION

As stated, a binary number is a weighted number
with a place value. The value of a binary number can
be determined by adding the product of each digit
and its place value. The method for evaluating a bi-
nary number is shown by the following example:

EXAMPLE:
Place Value
32 16 8 4 2
Binary number: 1 0 1 1 0
Value: 1 X 32 =32
0X16=0
1X8 =8
1 X4 =4
0X2 =0
+1 X1 =1

101101, =45,

The number 45 is the decimal equivalent of the
binary number 101101.

Fractional numbers can also be represented in
binary form by placing digits to the right of the bi-
nary zero point, just as decimal numbers are
placed to the right of the decimal zero point. All
digits to the right of the zero point have weights
that are negative powers of two, or fractional
place values.

Power Place

of 2 value
25 =32
24=16
22=8
22=4
2l =
20=1

decimal point

4 1 1
2 =—=-=05
2 2
- 1 1
27 =5=—-=025
2 4
N 1 1
2 2?2520‘125
4 1 1
270 = =—-—=0.0625
2 16

EXAMPLE: Determine the decimal value of the
binary number 111011.011.

Binary  Place

number value Value

1 X 32 =32

1 X16 =16

1 X 8 =38

0 X4 =0

1 X 2 =2

1 X 1 =1

0 X 0.5 =0

1 X 0.25 =0.25
+ 1 X 0.125 =10.125

111011.011, = 59.375,

In working with digital equipment, it is often
necessary to convert from binary to decimal form
and vice versa. The most popular way to convert
decimal numbers to binary numbers is to pro-
gressively divide the decimal number by 2, writ-
ing down the remainder after each division. The
remainders, taken in reverse order, form the bi-
nary number.

EXAMPLE: To convert 11,, to a binary num-
ber, progressively divide by 2 (LSB = least sig-
nificant bit).
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11 + 2 = 5 with a remainder of 1 LSB
5 =+ 2 = 2 with a remainder of 1

2 + 2 = 1 with a remainder of 0

1 + 2 = 0 with a remainder of 1

(1/2 = 0 means that 2 will no longer divide into
1, so 1 is the remainder.) Decimal 11 is equal to
1011 in binary.

The process can be simplified by writing the
numbers in an orderly fashion as shown for con-
verting 25, to a binary number.

EXAMPLE:
2 25 LSB

2 12 1

2.6 0

23 0

2 1 1

01

Y

Decimal number 25 is equal to binary num-
ber 11001.

Fractional numbers are done a little differ-
ently: The number is multiplied by 2 and the carry
is recorded as the binary fraction.

EXAMPLE: To convert decimal 0.85 to a binary
fraction, progressively multiply by 2.
LSB

0.85 X 2 =1.70 = 0.70 with a carry of 1
0.70 X 2 = 1.40 = 0.40 with a carry of 1
0.40 X 2 = 0.80 = 0.80 with a carry of 0
0.80 X 2 = 1.60 = 0.60 with a carry of 1
0.60 X 2 = 1.20 = 0.20 with a carry of 1
0.20 X 2 = 0.40 = 0.40 with a carry of 0 Y

Continue to multiply by 2 until the needed
accuracy is reached. Decimal 0.85 is equal to
0.110110 in binary form.

EXAMPLE: Convert decimal 20.65 to a binary
number. Split 20.65 into an integer of 20 and a

fraction of 0.65 and apply the methods previously
shown.

2 20 LSB
2 10 0
2 5 0
2 2 1
2 1 0
01 Y

Decimal 20 = Binary 10100

and
LSB
0.65 X 2 =1.30 = 0.30 with a carry of 1
0.30 X 2 = 0.60 = 0.60 with a carry of 0
0.60 X 2 =1.20 = 0.20 with a carry of 1
0.20 X 2 = 0.40 = 0.40 with a carry of 0
0.40 X 2 = 0.80 = 0.80 with a carry of 0
0.80 X 2 = 1.60 = 0.60 with a carry of 1
0.60 X 2 =1.20 = 0.20 with a carry of 1
Decimal 0.65 = Binary 0.1010011 Y

Combining the two numbers results in
20.65,, = 10100.1010011,. This 12-bit number is
an approximation, because the conversion of the
fraction was terminated after 7 bits.

32—2 QUESTIONS

1. What is the value of each position in an
8-bit binary number?

2. What is the value of each position to the
right of the decimal point for 8 places?

3. Convert the following binary numbers to
decimal numbers:

a. 1001
b. 11101111
c. 11000010
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d.10101010.1101
e. 10110111.0001

4. What is the process for converting
decimal numbers to binary digits?

5. Convert the following decimal numbers
to binary form:

a. 27

b. 34.6

c. 346

d. 321.456
e. 7465

EYRE! BCD CODE

An 8421 code is a hinary-coded-decimal (BCD) code
consisting of four binary digits. It is used to rep-
resent the digits 0 through 9. The 8421 designa-
tion refers to the binary weight of the 4 bits.

Powers of 2: 23 22 2! 20
Binary weight: 8 4 2 1

The main advantage of this code is that it permits
easy conversion between decimal and binary
form. This is the predominant BCD code used
and is the one referred to unless otherwise stated.
Each decimal digit (0 through 9) is repre-
sented by a binary combination as follows:
Decimal 8421 code

0 0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

O 00 NN 1 R W N

Although sixteen numbers (24) can be repre-
sented by four binary positions, the six code
combinations above decimal 9 (1010, 1011,
1100, 1101, 1110, and 1111) are invalid in the
8421 code.

To express any decimal number in the 8421
code, replace each decimal digit by the appropri-
ate 4-bit code.

EXAMPLE: Convert the following decimal num-
bers into a BCD code: 5, 13, 124, 576, 8769.

5= 0101
13 = 0001 0011
124 = 0001 0010 0100
576 = 0101 0111 0110
8769 = 1000 0111 0110 1001

To determine a decimal number from an 8421
code number, break the code into groups of 4 bits.
Then write the decimal digit represented by each
4-bit group.

EXAMPLE: Find the decimal equivalent for each
of the following BCD codes: 10010101, 1001000,
1100111, 1001100101001, 1001100001110110.

1001 0101 = 95

0100 1000 = 48

01100111 = 67
0001 0011 0010 1001 = 1329
1001 1000 0111 0110 = 9876

Note: If there is an insufficient number of bits
in the group furthest to the left, zeros are implied.

32—3 QUESTIONS

1. What is the 8421 code and how is it used?

2. Convert the following decimal numbers
into BCD code:

a. 17
b. 100
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c. 256
d. 778
e. 8573

. Convert the following BCD codes into

decimal numbers:

a. 1000 0010

b. 0111 0000 0101

c. 1001 0001 0011 0100
d. 0001 0000 0000 0000
e. 0100 0110 1000 1001

I

SUMMARY

CHAPTER 32 SELF-TEST

B W N -

The binary number system is the simplest
number system.

The binary number system contains two
digits, 0 and 1.

The binary number system is used to
represent data for digital and computer
systems.

a. 100101.001011
b. 111101110.11101110
c. 1000001.00000101

a. 0100 0001 0000 0110
b. 1001 0010 0100 0011
c. 0101 0110 0111 1000

Binary data are represented by binary
digits called bits.

The term bit is derived from binary digit.
The place value of each higher digit’s
position in a binary number is increased
by a power of 2.

The largest value that can be represented
by a given number of places in base 2 is 2"
— 1, where n represents the number of bits.
The value of a binary digit can be
determined by adding the product of each
digit and its place value.

Fractional numbers are represented by
negative powers of 2.

To convert from a decimal number to a
binary number, divide the decimal
number by 2, writing down the remainder
after each division. The remainders, taken
in reverse order, form the binary number.
The 8421 code, a binary-coded-decimal
(BCD) code, is used to represent digits 0
through 9.

The advantage of the BCD code is ease of
converting between decimal and binary
forms of a number.

. What represents the decimal equivalent of 0 through 27 in binary?

. How many binary bits are required to represent the decimal number 100?
. Describe the process for converting a decimal number to a binary number.
. Convert the following binary numbers to their decimal equivalents.

. Describe the process for converting decimal numbers to BCD.
. Convert the following BCD numbers to their decimal equivalents.



CHAPTER 33

Basic Logic Gates

OBJECTIVES

After completing this chapter, the student should be able to:

¢ Identify and explain the function of the basic logic gates.

¢ Draw the symbols for the basic logic gates.

e Develop truth tables for the basic logic gates.

All digital equipment, whether simple or complex, is constructed of only a few basic cir-
cuits. These circuits, referred to as logic elements, perform some logic function on binary data.

There are two basic types of logic circuits: decision-making and memory. Decision-making
logic circuits monitor binary inputs and produce an output based on the status of the inputs
and the characteristics of the logic circuit. Memory circuits are used to store binary data.

See accompanying CD for interactive presentations, tutorials, and DC Circuit
examples in MultiSim, Chapter 33.

33-1

AND GATE

The AND gate is a logic circuit that has two or more
inputs and a single output. The AND gate pro-
duces an output of 1, only when all its inputs are
1s. If any of the inputs are 0Os, the output is 0.
Figure 33-1 shows the standard symbol used
for AND gates. An AND gate can have any num-
ber of inputs greater than one. Shown in the fig-
ure are symbols representing the more commonly
used gates of two, three, four, and eight inputs.
The operation of the AND gate is summarized
by the table in Figure 33-2. Such a table, called a
truth table, shows the output for each possible in-

put. The inputs are designated A and B. The out-
put is designated Y. The total number of possible
combinations in the truth table is determined by
the following formula:

N =2"
where: N = the total number of possible
combinations
n = the total number of input variables

EXAMPLE:
For two input variables, N =22 =4

For three input variables, N = 23 = 8
For four input variables, N = 24 =16
For eight input variables, N = 28 = 256

321
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FIGURE 33-1
Logic symbol for an AND gate.

A —:)_Y=AB A _D_Y=ABC
B — B —
C —
A —
B —
C —
A — D — =
B — = E _DMDEFGH
c —:D_ABCD E—
D —
H —
FIGURE 33-2
Truth table for a two-input AND gate.
INPUTS OUTPUT
A B Y
0 0 0
1 0 0
0 1 0
1 1 1

The AND gate performs the basic operation of
multiplication. Multiplication is known as the AND
function. The output of an AND gate is repre-
sented by the equation Y = A - Bor Y = AB. The
AND function is represented by the dot between
the two variables A and B.

33—1 QUESTIONS

1. Under what conditions does an AND gate
produce a 1 output?

2. Draw the symbol used to represent a
two-input AND gate.

3. Develop a truth table for a three-input
AND gate.

4. What logical operation is performed by
an AND gate?

5. What is the algebraic output of an
AND gate?

-

FIGURE 33-3
Truth table for a two-input OR gate.
INPUTS OUTPUT

A B Y

0 0 0

1 0 1

0 1 1

1 1 1
FIGURE 33-4

-

Logic symbol for an OR gate.

A Y= g Y=
B A+B c A+B+C
A
A B
C
B Y= D Y=
c A+B+C+D E A+B+C+D+
F
E+F+G+H
D G
H

OR GATE

An OR gate produces a 1 output if any of its inputs
are 1s. The output is a 0 if all the inputs are Os.
The output of a two-input OR gate is shown in
the truth table in Figure 33-3. The total number
of possible combinations is expressed by N = 22
= 4. The truth table shows all four combinations.

An OR gate performs the basic operation of
addition. The algebraic expression for the output
of an OR gate is Y = A + B. The plus sign desig-
nates the OR function.

Figure 33-4 shows the logic symbol for an OR
gate. The inputs are labeled A and B, and the out-
put is labeled Y. An OR gate can have any num-
ber of inputs greater than one. Shown in the
figure are OR gates with two, three, four, and
eight inputs.
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33—-2 QUESTIONS

1. What conditions produce a 1 output for
an OR gate?

2. Draw the symbol used to represent a
two-input OR gate.

3. Develop a truth table for a three-input
OR gate.

4. What operation is performed by an
OR gate?

5. What algebraic expression represents the
output of an OR gate?

EEEEY NOT GATE

The simplest logic circuit is the NOT gate. It performs
the function called inversion, or complementa-
tion, and is commonly referred to as an inverter.
The purpose of the inverter is to make the out-
put state the opposite of the input state. The two
states associated with logic circuits are 1 and 0. A 1
state can also be referred to as a high, to indicate
that the voltage is higher than in the 0 state. A 0
state can also be referred to as a low, to indicate that
the voltage is lower than in the 1 state. If a 1, or
high, is applied to the input of an inverter, a low,
or 0, appears on its output. If a 0, or low, is applied
to the input, a 1, or high, appears on its output.
The operation of an inverter is summarized in
Figure 33-5. The input to an inverter is labeled A
and the output is labeled A (read “A NOT” or “NOT

FIGURE 33-5
Truth table for an inverter.
INPUTS OUTPUT
A Y
0 1
1 0

FIGURE 33-6 @_
Logic symbol for an inverter.
A=1 Y=0
(A)
A = 0 Y = 1
O
(B)

A”). The bar over the letter A indicates the comple-
ment of A. Because the inverter has only one input,
only two input combinations are possible.

The symbol used to represent an inverter or
NOT function is shown in Figure 33-6. The triangle
portion of the symbol represents the circuit, and the
circle or “bubble” represents the circuit inversion or
complementary characteristic. The choice of symbol
depends on where the inverter is used. If the in-
verter uses a 1 as the qualifying input, the symbol in
Figure 33-6A is used. If the inverter uses a 0 as the
qualifying input, the symbol in Figure 33-6B is used.

33-3 QUESTIONS

1. What operation is performed by a NOT
circuit?

2. Develop a truth table for the NOT circuit.

3. Draw the symbols used to represent the
NOT circuit.

4. Why are two different symbols used to
represent the NOT circuit?

EE 5l NAND GATE

A NAND gate is a combination of an inverter and an
AND gate. It is called a NAND gate from the NOT-
AND function it performs. The NAND gate is the
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FIGURE 33-7
Logic symbol for an NAND gate.

A

B ) AB {>C Y =AB

FIGURE 33-8
Truth table for a two-input NAND gate.

INPUTS OUTPUT
A B Y
0 0 1
1 0 1
0 1 1
1 1 0

most commonly used logic function. This is because
it can be used to construct an AND gate, OR gate,
inverter, or any combination of these functions.
The logic symbol for a NAND gate is shown in
Figure 33-7. Also shown is its equivalency to an AND
gate and an inverter. The bubble on the output end
of the symbol means to invert the AND function.
Figure 33-8 shows the truth table for a two-
input NAND gate. Notice that the output of the
NAND gate is the complement of the output of an
AND gate. Any 0 in the input yields a 1 output.
The algebraic formula for NAND-gate output
is Y = AB, where Y is the output and A and B are
the inputs. NAND gates are available with two,
three, four, eight, and thirteen inputs.
NAND gates are the most widely available
gates on the market. The availability and flexibil-
ity of the NAND gate allows it to be used for other

types of gates. Figure 33-9 shows how a NAND
gate can be used to generate other logic functions.

33-4 QUESTIONS

1. What is a NAND gate?

2. Why is the NAND gate so often used in
circuits?

3. Draw the logic symbol used to represent
a NAND gate.

4. What is the algebraic expression for a
NAND gate?

5. Develop a truth table for a three-input
NAND gate.

EERe W NOR GATE

A NOR gate is a combination of an inverter and an
OR gate. Its name derives from its NOT-OR func-
tion. Like the NAND gate, the NOR gate can also
be used to construct an AND gate, an OR gate,
and an inverter.

The logic symbol for the NOR gate is shown in
Figure 33-10. Also shown is its equivalency to an
OR gate and an inverter. The bubble on the output
of the symbol means to invert the OR function.

Figure 33-11 shows the truth table for a two-
input NOR gate. Notice that the output is the
complement of the OR-function output. A 1 oc-
curs only when 0 is applied to both inputs. A 1 in-
put produces a 0 output.

The algebraic expression for NOR-gate output
isY = A + B, where Y is the output and A and B
are the inputs. NOR gates are available with two,
three, four, and eight inputs.

33-5 QUESTIONS

1. What is a NOR gate?

2. Why is the NOR gate useful in designing
digital circuits?
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FIGURE 33-9
Using the NAND gate to generate other logic functions.
LOGIC LOGIC SYMBOL LOGIC FUNCTIONS USING ONLY NAND GATES
— A -
INVERTER A_[>0_A —EDO_A
A A
AND AB B AB
O | =D
A
A A+B
A+B
or | 5] >8] 4
A
A —
NOR B:[>oﬁf5 B A+B
A
A
B
A
A —
XNOR E:Dﬂm AGB
B
3. Draw the symbol used to represent a EXCLUSIVE OR AND
NOR gate. NOR GATES
4. What is the algebraic expression for a
NOR gate? A less common but still important gate is called

BRI clopla truth table for a three-input an exclusive OR gate, abbreviated as XOR. An XOR
y gate has only two inputs, unlike the OR gate,

NOR gate.
8 which may have several inputs. However, the
I XOR is similar to the OR gate in that it generates
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FIGURE 33-10 @_ FIGURE 33-13
Logic symbol for a NOR gate. Truth table for an exclusive OR gate.
A Y= ATB INPUTS OUTPUT
B A B Y
0 0 0
1 0 1
A A+B {>o Y= AB 0 1 1
B 1 1 0
FIGURE 33-11 FIGURE 33-14 @
Truth table for a two-input NOR gate. Logic symbol for an exclusive NOR gate.
INPUTS OUTPUT A : Y - AR
A B Y B ) )
0 0 1
1 0 0 FIGURE 33-15
0 1 0 Truth table for an exclusive NOR gate.
1 1 0
INPUTS OUTPUT
A B Y
FIGURE 33-12 @_ 0 0 1
Logic symbol for an exclusive OR gate. 1 0 0
A ) ) N Y - A®B 0 1 0
B J / 1 1 1

a 1 output if either input is a 1. The exclusive OR
is different when both inputs are 1s or 0s. In that
case, the output is a 0.

The symbol for an XOR gate is shown in Figure
33-12. Also shown is the equivalent logic circuit.
Figure 33-13 shows the truth table for an exclusive
OR gate. The algebraic output is written as
Y = A@B. Itisread as “Y equals A exclusive or B.”

The complement of the XOR gate is the
XNOR (exclusive NOR) gate. Its symbol is shown in
Figure 33-14. The bubble on the output implies
inversion or complement. Also shown is the
equivalent logic circuit. Figure 33-15 shows the
truth table for an exclusive NOR gate. The alge-
braic output is written as Y = A@B, read as “Y
equals A exclusive nor B.”
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33—6 QUESTIONS

1. What is the difference between an OR
gate and an XOR gate?

2. Draw the symbol used to represent an
XOR gate.

3. Develop a truth table for an XOR gate.

4. Draw the symbol used to represent an
XNOR gate.

5. Write the algebraic expressions for XOR
and XNOR gates.

B ¥4 BUFFER

A buffer is a special logic gate that isolates con-
ventional gates from other circuitry and provides
a high driving current for heavy circuit loads or
fan-out. Buffers provide noninverting input and
output. A 1 in provides a 1 out and a 0 in provides
a 0 out. Figure 33-16 shows the schematic sym-
bol for a basic buffer with its truth table.

Another type of buffer is the 3-state buffer
shown with its truth table in Figure 33-17. The
FIGURE 33-16 @_
Logic symbol for a buffer.

Input Output
A Q
0 0
1 1

FIGURE 33-17

-

Logic symbol for a 3-state buffer.

A Q
EN
Input Output
A EN Q
Oor1 0 Oor1
Oor1 1 No Output

3-state buffer has the usual 1 and 0 output
states but it also has a third state, which is re-
ferred to as a high-impedance state. This state
provides an open circuit between the input cir-
cuitry and the output and is controlled by the
EN line. The EN line represents an enable/
disable control input. Figure 33-18 shows how
the 3-stage buffer operates.

33-7 QUESTIONS

1. How does a buffer differ from an
inverter?

2. What function does a buffer serve?

3. Draw the symbol for a buffer and a 3-
state buffer.

4. Develop a truth table for a 3-state buffer.

5. What conditions must exist for no output
from a 3-state buffer?
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FIGURE 33-18 SUMMARY

3-state buffer operation.

A=0 Q=0

STANDARD LOGIC
OPERATION

STANDARD LOGIC
OPERATION

A=0or1 Q = No Output

HIGH IMPEDANCE
STATE

An AND gate produces a 1 output when
all of its inputs are 1s.

An AND gate performs the basic operation
of multiplication.

An OR gate produces a 1 output if any of
its inputs are 1s.

An OR gate performs the basic operation
of addition.

A NOT gate performs the function called
inversion or complementation.

A NOT gate coverts the input state to an
opposite output state.

A NAND gate is a combination of an AND
gate and an inverter.

A NAND gate produces 1 output when any
of the inputs are 0s.

A NOR gate is a combination of an OR
gate and an inverter.

A NOR gate produces a 1 output only
when both inputs are Os.

An exclusive OR (XOR) gate produces

a 1 output only if both inputs are
different.

An exclusive NOR (XNOR) gate
produces a 1 output only when both
inputs are the same.

A buffer isolates conventional gates from
other circuitry.

A buffer provides a high current for heavy
loads or fan-outs.

A 3-state buffer has a high-impedance
third state.

CHAPTER 33 SELF-TEST

1. Draw the schematic symbol for a six-input AND gate.

2. Develop the truth table for a four-input AND gate.

3. Draw the schematic symbol for a six-input OR gate.

4. Develop the truth table for a four-input OR gate.
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=2 I B - R |

. What is the purpose for the NOT circuit?

How does an inverter for an input signal differ from the inverter for an output signal?
Draw the schematic symbol for an eight-input NAND gate.
Develop the truth table for a four-input NAND gate.

. Draw the schematic symbol for an eight-input NOR gate.
10.
11.
12.
13.
14.
15.

Develop the truth table for a four-input NOR gate.
What is the significance of the XOR gate?

The XNOR gate has what maximum number of inputs?
Draw the schematic symbol for a buffer.

What purpose does the buffer serve?

Draw the schematic symbol for a 3-state buffer.
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CHAPTER 34

Simplifying Logic Circuits

OBJECTIVES
After completing this chapter, the student should be able to:

¢ Explain the function of Veitch diagrams.
¢ Describe how to use a Veitch diagram to simplify Boolean expressions.
¢ Explain the function of a Karnaugh map.
¢ Describe how to simplify a Boolean expression using a Karnaugh map.

Digital circuits are being used more and more in electronics, not only in computers, but
also in applications such as measurement, automatic control, robotics, and in situations re-
quiring decisions. All of these applications require complex switching circuits that are
formed from the five basic logic gates: the AND, OR, NAND, and NOR gates and the inverter.

The significant point about these logic gates is that they only have two operating condi-
tions. They are either ON (1) or OFF (0). When logic gates are interconnected to form more
complex circuits, it is necessary to obtain the simplest circuit possible.

Boolean algebra offers a means of expressing complex switching functions in equation
form. A Boolean expression is an equation that expresses the output of a logic circuit in terms
of its input. Veitch diagrams and Karnaugh maps provide a fast and easy way to reduce a logic
equation to its simplest form.

To use a Veitch diagram, follow these steps, as

34—1« VEITCH DIAGRAMS illustrated in the example.
1. Draw the diagram based on the number of
Veitch diagrams provide a fast and easy method for variables.
reducing a complicated expression to its simplest 2. Plot the logic functions by placing an X in
form. They can be constructed for two, three, or each square representing a term.
four variables. Figure 34—1 shows several Veitch 3. Obtain the simplified logic function by
diagrams. looping adjacent groups of X’s in groups of

330
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FIGURE 34-1
Two-, three-, and four-variable Veitch diagrams.
A A A A A A
D
B B B
D
B B B
D
C C C C C C

eight, four, or two. Continue to loop until Plot 1st term AB
all X’s are included in a loop.

4. “OR” the loops with one term per loop. A A
(Each expression is pulled off the Veitch di- \\ //
agram and “OR”ed using the “+” symbol, B /)\\
e.g., ABC + BCD.) ’ \
5. Write the simplified expression.
_ _ B
EXAMPLE: Reduce AB + AB + AB = Y to its
simplest form.
Step 1. Draw the Veitch diagram. There are two _
variables, A and B, so use the two-variable chart. Plot 2nd term AB
A A
AN /
B \)Q/
A A 77N
Ve N\
B —
B
E —
Plot 3rd term AB
A A
B
Step 2. Plot the logic function by placing an X
in each square representing a term.
A B AN /
AB + AB + AB N
Ist 2nd 3rd AN
term term term d >
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Step 3. Loop adjacent groups of X’s in the
largest group possible.
Start by analyzing chart A A
for largest groups possi-
ble. The largest group g
possible here is two.

ov]|

One possible group is the
one indicated by the dot-
ted line.

Another group is the one
indicated by this dotted
line.

wl

Step 4. “OR” the groups: either AorB=A + B

Step 5. The simplified expression for AB +
AB + AB = Yis A + B = Y obtained from the
Veitch diagram.

EXAMPLE: Find the simplified expression for
ABC + ABC + ABC + ABC = Y

Step 1. Draw a three-variable Veitch diagram.

A A

@l

al
9]
ol

Step 2. Place an X for each term on the Veitch
diagram.

>l

A

X
X

C C

wl

X

A A

1)
i | I

C C C

Step 3. Loop the groups.

wl

Step 4. Write the term for each loop, one term
per expression:

AB, BC
Step 5. The simplified expression is AB + BC

Notice the unusual looping on the two bot-
tom squares. The four corners of the Veitch dia-
gram are considered connected as if the diagram
were formed into a ball.

EXAMPLE: Find the simplified expression for:
ABCD + ABCD + ABCD + ABCD +
ABCD + ABCD =Y

Step 1. Draw a four-variable Veitch diagram.

A A
D
B
D
B
D
C C C
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Step 2. Place an X for each term on the Veitch
diagram.

A A
. D
XX
T D
X XX
X 5
C C C
Step 3. Loop the groups.
A A
D
B
D
EQ X
D
C C C

Step 4. Write the term for each loop, one term
per expression: AD, ABC

Step 5. “OR” the terms to form the simplified
expression: AD + ABC =Y

34—-1 QUESTIONS

1. What is the function of a Veitch diagram?

2. How many variables can be represented
on a Veitch diagram?
3. List the steps for using a Veitch diagram.
4. Simplify the following expressions using
Veitch diagrams.
a. ABC + ABC+ ABC + ABC +
ABC = Y
b. ABCD + ABCD + ABCD + ABCD +
ABCD + ABCD + ABCD =Y
c. AB + ABD + BCD + BC + ABCD = Y

KARNAUGH MAPS

Another technique for reducing complex Boolean
expressions was developed by Maurice Karnaugh
in 1953. His technique is similar to using Veitch
diagrams. Figure 34-2 shows several Karnaugh

FIGURE 34-2
Two-, three-, and four-variable Karnaugh maps.
B B
A
A
C C
AB
AB
A B
AB
CD CD CD CD
AB
AB
AB
AB
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maps. It can be cumbersome to solve problems
with five or six variables with either Veitch dia-
grams or Karnaugh maps. Those types of prob-
lems are best solved by other techniques or
computer software designed specifically for them.
To use a Karnaugh map, follow these steps:

1. Draw the diagram based on the number of
variables. As Figure 34-2 shows, a two-
variable map requires 22 = 4 squares, a
three-variable map requires 2*> = 8 squares,
and a four-variable map requires 2* = 16
squares—the same requirements as a Veitch
diagram.

2. Plot the logic functions by placing a “1” in
each square representing a term.

3. Obtain the simplified logic function by
looping adjacent groups of 1s in groups of
eight, four, or two. Continue to loop until
all 1’s are included.

4. “OR” the loops with one term per loop.
(Each expression is pulled off the Karnaugh
map and ORed using the “+” symbol (e.g.,
ABC = BCD).

5. Write the simplified expression.

EXAMPLE: Reduce AB + AB + AB = Y to its
simplest form.

Step 1. Draw the Karnaugh map. There are two
variables, A and B, so use the two-variable map.

B B

>|

Step 2. Plot the logic function by placinga “1”
in each square representing a term
AB - first term

AB - second term
AB - third term

Plot 1st term AB

B B

>l

Plot 2nd term AB

B B

>|

Plot 3rd term AB

B B
A 1
A 1 1

Step 3. Loop adjacent groups of 1s in the
largest group possible.

Start by analyzing the map for the largest
groups possible. The largest group here is two.

B B
A 1
A 1 1
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One possible group is the one indicated by the Step 2. Place a “1” in each square represent-
dotted line. ing a term on the map.
B B C C
A 1 AB| 1
Y -
Al (1 1) AB

Another group is the one indicated by this AB 1 1
dotted line.
B B AB| 1
AN

Step 3. Loop adjacent groups of 1’s in the
[ largest group possible.

Al (1 L) -
c c

>l
T — ~

Rel
Step 4. “OR” the groups: either Aor B = A + B.
Step 5. The simplified expression for AB + AB
+ AB = Yis A + B = Y obtained from the Kar- AB
naugh map.
EXAMPLE: Find the simplified expression for AB ( 1 1 )
ABC + ABC + ABC + ABC = Y
Step 1. Draw the Karnaugh map. There are
three variables, A, B, and C, so use the three-variable AB m
map.
c c Step 4. Write the term for each loop, one term
er expression:
AB perexp __
AB, BC
Step 5. The simplified expression is AB + BC
AB =Y
EXAMPLE: Find the simplified expression for
A B ABCD + ABCD + ABCD + ABCD + ABCD +
ABCD =Y
_ Step 1. Draw the Karnaugh map. There are
A B four variables, A, B, C, and D, so use the four-
variable map.
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(@]
ol
Ol
O
O
w]
O
O

Step 4. Write the term for each loop, one term
per expression:

b
wi

AD, ABC

Step 5. The simplified expression is AD + ABC
=Y

AB ' 34—2 QUESTIONS

1. What is the function of a Karnaugh map?

>|
sy

AB 2. What is the maximum number of
variables that can be represented with a
Karnaugh map?

Step 2. Place a “1” in each square represent-

ing a term on the map. 3. Simplify the following expressions using

Karnaugh maps:
Cb_Cb cb _cb a. ABC + ABC + ABC + ABC + ABC = Y

15 1 1 b. ABCD + ABCD + ABCD + ABCD +
ABCD + ABCD + ABCD =Y
c. AB + ABD + BCD + BC + ABCD = Y
AB 1 1 [
A B
SUMMARY
_ ¢ Veitch diagrams provide a fast and easy
AB ! 1 way to reduce complicated expressions to
their simplest form.
Step 3. Loop adjacent groups of 1’s in the  Veitch diagrams can be constructed from
largest group possible. two, three, or four variables.
e The simplest logic expression is obtained
CD CD cD cD from a Veitch diagram by looping groups
of two, four, or eight X’s and “OR”ing the
AB ’ 1 1 ‘ looped terms.
¢ Like Veitch diagrams, Karnaugh maps
provide a fast and easy method to reduce
AB 1 1 complex Boolean expressions to their
simplest form.
e Karnaugh maps can be constructed for
A B two, three, or four variables.
e The simplest logic expression is obtained
_ from a Karnaugh map by looping groups
AB| (1 1 ) of two, four, or eight 1’s and “OR”ing the

looped terms.
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CHAPTER 34 SELF-TEST

1. Describe the procedure for using the Veitch diagram to simplify logic circuits.

2. Simplify the following Boolean expression by using a Veitch diagram:
ABCD + ABCD + ACD + ABC + AB + ABCD = Y

3. Describe the procedure for using a Karnaugh map to simplify logic circuits.

4. Simplify the Boolean expression in question 2 using a Karnaugh map.



CHAPTER 35

Sequential Logic Circuits

OBJECTIVES
After completing this chapter, the student should be able to:

¢ Describe the function of a flip-flop.

¢ Identify the basic types of flip-flops.

e Draw the symbols used to represent flip-flops.

e Describe how flip-flops are used in digital circuits.

¢ Describe how a counter and shift register operate.

¢ Identify the different types of counters and shift registers.

¢ Draw the symbols used to represent counters and shift registers.
e Identify applications of counters and shift registers.

Sequential logic circuits consist of circuits requiring timing and memory devices. The basic
building block for sequential logic circuits is the flip-flop. Flip-flops can be wired together
to form counters, shift registers, and memory devices.

The flip-flop belongs to a category of digital circuits called multivibrators. A multivibra-
tor is a regenerative circuit with two active devices. It is designed so that one device conducts
while the other device is cut off. Multivibrators can store binary numbers, count pulses, syn-
chronize arithmetic operations, and perform other essential functions in digital systems.

There are three types of multivibrators: bistable, monostable, and astable. The bistable
multivibrator is called a flip-flop.

See accompanying CD for interactive presentations, tutorials, and DC Circuit
examples in MultiSim, Chapter 35.

338
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FLIP-FLOPS

A flip-flop is a bistable multivibrator whose output
is either a high or low voltage, a 1 or a 0. The out-
put stays high or low until an input called a trig-
ger is applied.

The basic flip-flop is the RS flip-flop. Tt is
formed by two cross-coupled NOR or NAND gates
(Figure 35-1). The RS flip-flop has two outputs, Q
and Q, and two controlling inputs, R (Reset) and
S (Set). The outputs are always opposite or com-
plementary: If Q = 1, then Q = 0, and vice-versa.

To understand the operation of the circuit,
assume that the Q output, R input, and S input
are all low. The low on the Q output is con-
nected to one of the inputs of gate 2. The S in-
put is low. The output of gate 2 is high. This
high is coupled to the input of gate 1, holding its
output to a low. When the Q output is low, the
flip-flop is said to be in the RESET state. It re-
mains in this state indefinitely, until a high is
applied to the S input of gate 2. When a high is
applied to the S input of gate 2, the output of
gate 2 becomes a low and is coupled to the in-
put of gate 1. Because the R input of gate 1 is a
low, the output changes to a high. The high is

FIGURE 35-1 @_
Basic flip-flop circuit. .
R . Q
s Q
S L g Q
" Q

coupled back to the input of gate 2, ensuring
that the Q output remains a low. When the Q
output is high, the flip-flop is said to be in the
SET state. It remains in the SET state until a
high is applied to the R input, causing the flip-
flop to RESET.

An “illegal” or “unallowed” condition occurs
when a high is applied to both the R and S inputs
simultaneously. In this case, the Q and Q outputs
both try to go low, but Q and Q cannot be in the
same state at the same time without violating the
definition of flip-flop operation. When the highs
on the R and S inputs are removed simultane-
ously, both of the outputs attempt to go high. Be-
cause there is always some difference in the gates,
one gate dominates and becomes high. This forces
the other gate to remain low. An unpredictable
mode of operation exists and therefore the output
state of the flip-flop cannot be determined.

Figure 35-2 shows the truth table for opera-
tion of an RS flip-flop. Figure 35-3 is a simplified
symbol used to represent an RS flip-flop.

Another type of flip-flop is called a clocked flip-
flop. It is different from the RS flip-flop in that an
additional input is required for operation. The third
input is called the clock or trigger. Figure 35-4
shows a logic diagram for a clocked flip-flop. A
high at either input of the flip-flop portion acti-
vates the flip-flop, causing it to change states. The

FIGURE 35-2
Truth table for an RS flip-flop.
INPUTS OUTPUTS
S R Q Q
0 0 NC NC
0 1 0 1
1 0
1 1 0

NC = No Change
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FIGURE 35-3

Logic symbol for an RS flip-flop.
S Q
R Q

FIGURE 354
Logic circuit for a clocked RS flip-flop.

-

S I
Q
|
I
CLK —¢ :
I —
I Q
R
: BASIC
STEERING GATE FLIP-FLOP

portion labeled “steering gate” steers or directs the
clock pulses to either input gate.

The clocked flip-flop is controlled by the
logic state of the S and R inputs when a clock
pulse is present. A change in the state of the flip-
flop occurs only when the leading edge of the
clock pulse is applied. The leading edge of the

FIGURE 35-6

FIGURE 35-5

Logic symbol for a positive-edge-triggered RS flip-flop.
S Q
CLK
R Q

clock pulse is a positive-going transition (low to
high). This means that the pulse goes from a
zero voltage level to a positive voltage level. This
is referred to as positive edge-triggered (the edge
of the pulse is what triggers the circuit).

As long as the clock input is low, the S and R
inputs can be changed without affecting the state
of the flip-flop. The only time that the effects of
the S and R inputs are felt is when a clock pulse
occurs. This is referred to as synchronous opera-
tion. The flip-flop operates in step with the clock.
Synchronous operation is important in computers
and calculators when each step must be per-
formed in an exact order. Figure 35-5 shows the
logic symbol used to represent a positive-edge-
triggered RS flip-flop.

A D flip-flop is useful where only one data bit
(1 or 0) is to be stored. Figure 35-6 shows the
logic diagram for a D flip-flop. It has a single data
input and a clock input. The D flip-flop is also re-

Logic circuit and symbol for the D flip-flop.

D_

CLK

-

— CLK

2l
Ql
I
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FIGURE 35-7

Logic circuit and symbol for the JK flip-flop.

(=T

—1J

CLK———

ferred to as a delay flip-flop. The D input is delayed
one clock pulse from getting to the output (Q).
Sometimes the D flip-flop has a PS (preset) input
and CLR (clear) input. The preset input sets out-
put Q to a 1 when a low or 0 is applied to it. The
clear input clears the Q output to a 0 when it is
enabled by a low or 0. D f{lip-flops are wired to-
gether to form shift registers and storage registers.
These registers are widely used in digital systems.

The JK flip-flop is the most widely used flip-
flop. It has all the features of the other types of
flip-flops. It is also edge triggered, accepting data
only at the J and K inputs that are present at the
active clock edge (high to low or low to high).
This allows the accepting of input data on J and
K at a precise instant. The logic diagram and sym-
bol for the JK flip-flop is shown in Figure 35-7.J
and K are the inputs. The significant feature of
the JK flip-flop is that when both the J and K in-
puts are high, repeated clock pulses cause the
output to toggle or change state. The two asyn-
chronous inputs, PS (preset) and CLR (clear),
override the synchronous inputs, the J and K
data inputs, and the clock input. JK flip-flops are
widely used in many digital circuits, especially
counter circuits. Counters are found in almost
every digital system.

A latch is a device that serves as a temporary
buffer memory. It is used to hold data after the in-
put signal is removed. The D flip-flop is a good ex-
ample of a latch device. Other types of flip-flops
can also be used.

@_

—J QF— —iJ QF—
— cLK —ol>CLK
—K (_) L —K 6 I
(a) (b)
FIGURE 35-8
Four-bit latch.
DO Q°
D! Q!
D? Q?
D3 Q?

—— o E2®

A latch is used when inputting to a seven-
segment display. Without a latch, the information
being displayed is removed when the input signal
is removed. With the latch, the information is dis-
played until it is updated.

Figure 35-8 shows a 4-bit latch. The unit has
four D flip-flops enclosed in a single IC package.
The E (enable) inputs are similar to the clock in-
put of the D flip-flop. The data are latched when
the enable line drops to a low, or 0. When the en-
able is high, or 1, the output follows the input.
This means that the output will change to what-
ever state the input is in; for example, if the in-
put is high, the output will become high; if the
input is low, the output will become low. This
condition is referred to as a transparent latch.
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35—-1 QUESTIONS

. What is a flip-flop?
. What are the different types of flip-flops?

. What is meant by a clocked flip-flop?

B W N =

. What is the difference between an
asynchronous input and a synchronous
input?

5. What is a latch?

COUNTERS

A counter is a logic circuit that can count a se-
quence of numbers or states when activated by a
clock input. The output of a counter indicates the
binary number stored in the counter at any given
time. The number of counts or states through
which a counter progresses before returning to its
original state (recycling) is called the modulus of
the counter.

A flip-flop can act as a simple counter when
connected as shown in Figure 35-9. Assuming that
initially the flip-flop is reset, the first clock pulse
causes it to set (Q = 1). The second clock pulse
causes it to reset (Q = 0). Because the flip-flop has
set and reset, two clock pulses have occurred.

@-

FIGURE 35-9
JK flip-flop set up for counting.

1

J Q
CLK
K Q

FIGURE 35-10
Input and output waveforms of JK flip-flop set up as a counter.

CLK

Ql

Figure 35-10 shows the output waveform of
the flip-flop. Notice that the Q output is high (1)
after every odd clock pulse and low (0) after every
even clock pulse. Therefore, when the output is
high, an odd number of clock pulses has occurred.
When the output is low, either no clock pulses or
an even number of clock pulses has occurred. In
this case, it is not known which has occurred.

A single flip-flop produces a limited counting
sequence, 0 or 1. To increase the counting capac-
ity, additional flip-flops are needed. The maxi-
mum number of binary states in which a counter
can exist depends on the number of flip-flops in
the counter. This can be expressed as:

N=2n

where: N = maximum number of counter states
n = number of flip-flops in counter

Binary counters fall into two categories based
on how the clock pulses are used to sequence the
counter. The two categories are asynchronous
and synchronous.

Asynchronous means not occurring at the same
time. With respect to counter operations, asyn-
chronous means that the flip-flops do not change
states at the same time. This is because the clock
pulse is not connected to the clock input of each
stage. Figure 35-11 shows a two-stage counter
connected for asynchronous operation. Each flip-
flop in a counter is referred to as a stage.
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FIGURE 35-11
Two-stage counter.

1 ® ()

J QF— eJ Q
CLK CLK
K o— 4k

Notice that the Q output of the first stage is
coupled to the clock input of the second stage.
The second stage only changes state when trig-
gered by the transition of the output of the first
stage. Because of the delay through the flip-
flop, the second flip-flop does not change state
at the same time the clock pulse is applied.
Therefore, the two flip-flops are never simulta-
neously triggered, which results in asynchro-
nous operation.

Asynchronous counters are commonly re-
ferred to as ripple counters. The input clock pulse is
first felt by the first flip-flop. The effect is not felt
by the second flip-flop immediately because of the
delay through the first flip-flop. In a multiple-
stage counter, the delay is felt through each flip-
flop, so that the effect of the input clock pulse
“ripples” through the counter. Figure 35-12
shows a three-stage binary counter and timing
chart for each of the stages. A truth table is also
shown to show the counting sequence.

Synchronous means occurring at the same time.
A synchronous counter is a counter in which each
stage is clocked at the same time. This is accom-
plished by connecting the clock input to each
stage of the counter (Figure 35-13). A synchro-
nous counter is also called a parallel counter be-
cause the clock input is connected in parallel to
each flip-flop.

A synchronous counter operates as follows.
Initially the counter is reset with both flip-flops
in the 0 state. When the first clock pulse is ap-
plied, the first flip-flop toggles and the output
goes high. The second flip-flop does not toggle
because of the delay from the input to the actual
changing of the output state. Therefore, there is
no change in the second flip-flop output state.
When the second clock pulse is applied, the first
flip-flop toggles and the output goes low. Be-
cause there is a high from the output of the first
stage, the second stage toggles and its output
goes high. After four clock pulses, the counter
recycles to its original state. Figure 35-14 shows
a timing chart for this sequence of events with a
two-stage synchronous counter.

Figure 35-15 shows a three-stage binary
counter and timing chart. Figure 35-16 shows a
four-stage synchronous counter and logic symbol.

One application of a counter is frequency di-
vision. A single flip-flop produces an output pulse
for every two input pulses. Therefore, it is essen-
tially a divide-by-two device with an output one-
half the frequency of the input. A two-stage binary
counter is a divide-by-four device with an output
equal to one-fourth the input clock frequency. A
four-stage binary counter is a divide-by-sixteen
device with the output equal to one-sixteenth the
input clock frequency (Figure 35-17).

A binary counter with n stages divides the
clock frequency by a factor of 2". A three-stage
counter divides the frequency by eight (23%), a
four-stage counter by sixteen (2%), a five-stage
counter by thirty-two (2°), and so on. Notice that
the modulus of the counter is the same as the di-
vision factor.

Decade counters have a modulus of ten, or ten
states in their counting sequence. A common decade
counter is the BCD (8421) counter, which produces
a binary-coded-decimal sequence (Figure 35-18).
The AND and OR gates detect the occurrence of
the ninth state and cause the counter to recycle
on the next clock pulse. The symbol for a decade
counter is shown in Figure 35-19.
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FIGURE 35-12 @_
Three-stage binary counter.
1 ® ®
—J QF— — J Q— —J Q
CLK CLK CLK
K a— Yk Q |— L K
NUMBER OF BINARY COUNT SEQUENCE DECIMAL
CLOCK PULSES (& B A COUNT
0 0 0 0 0
1 0 0 1 1
2 0 1 0 2
3 0 1 1 3
4 1 0 0 4
5 1 0 1 5
6 1 1 0 6
7 1 1 1 7
8 0 0 0 0
COUNT SEQUENCE
CLOCK
PULSES 0 1 2 3 4 5 6 7 8
A
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FIGURE 35-13
Two-stage synchronous counter.

1 ®

J Q J Q

— CLK — CLK

FIGURE 35-14
Input and output waveforms for the two-stage synchronous

counter.
CLK J 0 1 2 3 4 |

An up-down counter can count in either direction
through a certain sequence. It is also referred to as
a bidirectional counter. The counter can be reversed
at any point in the counting sequence. Its symbol is
shown in Figure 35-20. An up-down counter can
consist of any number of stages. Figure 35-21
shows the logic diagram for a BCD up-down
counter. The inputs to the JK flip-flops are en-
abled by the up-down input qualifying the up or
down set of the AND gates.

Counters can be stopped after any sequence
of counting by using a logic gate or combination
of logic gates. The output of the gate is fed back to
the input of the first flip-flop in a ripple counter.

If a 0 is fed back to the JK input of the first
flip-flop (Figure 35-22) it prevents the first flip-
flop from toggling, thereby stopping the count.

35-2 QUESTIONS

1. What function does a counter serve?

2. How many counting sequences are
available with an eight-stage counter?

3. How does an asynchronous counter
operate?

4. How does a synchronous counter differ
from an asynchronous counter?

5. How can a counter be made to stop at any
count desired?

b8 SHIFT REGISTERS

A shift register is a sequential logic circuit widely
used to store data temporarily. Data can be loaded
into and removed from a shift register in either a
parallel or serial format. Figure 35-23 shows the
four different methods of loading and reading
data in a shift register. Because of its ability to
move data one bit at a time from one storage
medium to another, the shift register is valuable
in performing a variety of logic operations.

Shift registers are constructed of flip-flops
wired together. Flip-flops have all the functions
necessary for a register: They can be reset, preset,
toggled, or steered to a 1 or 0 level. Figure 35-24
shows a basic shift register constructed from four
flip-flops. It is called a 4-bit shift register because
it consists of four binary storage elements.

A significant feature of the shift register is that
it can move data to the right or left a number of
bit positions. This is equivalent to multiplying or
dividing a number by a specific factor. The data
are shifted one bit position at a time for each in-
put clock pulse. The clock pulses have full control
over the shift register operations.

Figure 35-25 shows a typical 4-bit shift regis-
ter constructed of JK flip-flops. The serial data and
their complements are applied to the JK inputs of
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FIGURE 35-15

Three-stage binary counter and timing chart.

1

® ®

J J Q — J
—{ cLk —] CLK CLK
K K — K
CLK 1 2 3 4 5 6 7
OUTPUTS
A L1 L1 L1 |

C
NUMBER OF BINARY COUNT SEQUENCE DECIMAL
CLOCK PULSES c B A COUNT
0 0 0 0 0
1 0 0 1 1
2 0 1 0 2
3 0 1 1 3
4 1 0 0 4
5 1 0 1 5
6 1 1 0 6
7 1 1 1 7
8 0 0 0 0
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FIGURE 35-16 @_
Logic symbol for a four-stage synchronous counter.
1 ® @ @
] ||

J Q J Q 0—JQ—+_D_0—JQ

|_ CLK| r— CLK CLK CLK
K [—K — K — K
Q, A
Qg B
CLK
Q. c
Qg D
FIGURE 35-17
A counter as a frequency divider.
Q, A
Qg B
CLK
JLUL Q, o
Qp D
CLK 0 1 2 3 4 5 6 7 8 o Lol 1L el I3 _f14L sl _le
s L1 i rrrrirefrLrr
e —— I 1 LTI 1—
c | | | [
| I




348 SECTION 5 DIGITAL ELECTRONIC CIRCUITS

FIGURE 35-18

Synchronous BCD decade counter.

O ®

U

—JQ J Qf— —J Q- J Qe
CLK ] CLK CLK |_ CLK
—|KR||TIKR —|KR K R
CLK !
0
N\
I_J
FIGURE 35-19 FIGURE 35-20
Logic symbol for a decade counter. Logic symbol for an up-down counter.
QA QA
C‘)B QB
CLK CLK
QC QC
Qp UP/DOWN Qp
FIGURE 35-21 @_
Logic diagram for a BCD up-down counter.
TP/DOWN —-~Dc»1|:D_ @
:P J Q J J Q J Q
CLOCK q CLK [ > 9 cLK —o| CLK
L KQ [ KQ [ D K
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FIGURE 35-22 @_
A low applied to the JK input of the first flip-flop prevents it from toggling, stopping the count.

® © -
| —D—

1 P
—J aHe{J aHe{u aHe{ U Q-
CLOCK——0
—K Q K Q K Q K Q@
FIGURE 35-23 FIGURE 35-25 @_
Methods of loading and reading data in a shift register. A typical shift register constructed of JK flip-flops.
SERIAL IN SERIAL IN @ @ @
™| semacout [T 7] PARALLEL ouT | . . .
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‘ ‘ —CLk | Hclk | Mok | ek
PARALLEL IN PARALLELIN | K Q K Q K Q K Q
PARALLEL OUT SERIAL OUT
| ICLR ICLR ICLR JCLR
‘ CLOCK

the A flip-flop. The other flip-flops are cascaded,

with the outputs of one connected to the inputs of

the next. The toggles of all the flip-flops are con-

FIGURE 35-24 nected together, and the clock pulse is applied to
Q_ this line. Because all the flip-flops are toggled to-

gether, this is a synchronous circuit. Also, the
(? (% clear inputs of each flip-flop are tied together to

DATA b akedp ak-dp akédb a shifted through the flip-flops one bit position for

form a reset line. Data applied to the input are
each clock pulse. For example, if the binary num-

Shift register constructed from four flip-flops.

CLK_ CLK CLK CLK ber 1011 is applied to the input of the shift regis-

r CLF? [ CLF(!) [ CLS [ CL& ter and a shift pulse is applied, the number stored

CLOCK & ‘l? > ql’ > ql’ T in the shift register is shifted out and lost while the
CLEAR & & &

external number is shifted in. Figure 35-26 shows
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FIGURE 35-26

FIGURE 35-27

Storing a number in a shift register.

INITIAL CONDITION 1 0 1 1fofo]o]o]

AFTER 1ST 101f1]o]ofojo

SHIFT PULSE

AFTER 2ND 1of1]1]ofojo o
SHIFT PULSE

AFTER 3RD 1of1f1]ojo o o
SHIFT PULSE

AFTER 4TH (1]of1]1Jo 0o 0 0
SHIFT PULSE

DATA LOST

the sequence of events for storing a number in the
shift register.

One of the most common applications of a shift
register is serial-to-parallel or parallel-to-serial data
conversion. Figure 35-27 shows how a shift reg-
ister can be loaded by a parallel input. For paral-
lel operations, the input data are preset into the
shift register. Once the data are in the shift reg-
ister, they can be shifted out serially, as discussed
earlier.

For serial-to-parallel data conversion, the
data are initially shifted into the shift register with
clock pulses. Once the data are in the shift regis-
ter, the outputs of the individual flip-flops are
monitored simultaneously, and the data are
routed to their destination.

Shift registers can perform arithmetic opera-
tions such as multiplication or division. Shifting a

FIGURE 35-28

-

———— DATAIN ———
P ? 9
d PS 5 PS 4 Ps LP

—J Q J _Q J _Q J Qe
A B C D

ck | ek | grofok | rofoLk
K Q K Q K Q K QR
I;_R” CLR] [JcLR] |[|cLRT —I

CLOCK

CLEAR @ @ @ @

—————— DATAOUT —

Loading a shift register using parallel input.

binary number stored in the shift register to the
right has the same effect as dividing the number by
some power of 2. Shifting the binary number stored
in the shift register to the left has the same effect as
multiplying the number by some power of 2. Shift
registers are a simple and inexpensive means of per-
forming multiplication and division of numbers.
Shift registers are often used for temporary
storage. They are capable of storing one or more
binary words. There are three requirements for
this application of a shift register: First, it must be
able to accept and store data. Second, it must be
able to retrieve or read out the data on command.
Third, when the data are read, they must not be
lost. Figure 35-28 shows the external circuitry re-

Shift register circuitry for maintaining and reading data.

DATA
READ/WRITE

SHIFT REGISTER

OUTPUT

MSB LSB
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quired to enable a shift register to read and main-
tain the data stored in it. The read/write line, when
high, allows new data to be stored in the shift reg-
ister. Once the data is stored, the read/write line
goes low, enabling gate 2, which allows the data to
recirculate while reading out the data.

35-3 QUESTIONS

1. What is the function of a shift register?

2. What is a significant feature of a shift
register?

3. From what are shift registers
constructed?

4. What is a common application of a shift
register?

5. What arithmetic operations can a shift
register perform, and how does it
perform them?

[\

FIGURE 35-29

b MEMORY

Memory serves to store digital data on a temporary
or permanent basis. Because of the different ways
that the stored data are used in digital systems,
many different types of memories have evolved,
each designed for a particular application.

Memory is built from storage registers. Storage
registers store the digital data, such as programs or
data, on a short term in digital systems. The flip-
flop is the basic building block for storage registers.

A four-bit register stores four bits, referred to
as a nibble; and eight-bit register stores eight bits
called a byte; and a larger register stores a word.
Typical word sizes are 16, 32, 64, and 128 bits.
Four-, eight-, and sixteen-bit registers are shown
in Figure 35-29. By looking at the Q output, the
status of the data stored can be checked in any of
these registers. The complementary data are also
available by looking at the Q output.

Four-, eight-, and sixteen-hit registers.
4 2 1 0
LSB
Q| |a | q
0 1 0 1

FELT

COMPLEMENTARY DATA
(A)

16384 8192 4096 2048 1024 512 256 128

Qo JoJorPo. T o Po T Fo o

64 32 16 8 4 2 1 0
LSB
Q| o oo |a|alalcog

64

COMPLEMENTARY DATA AVAILABLE
(B)

8 4 2 1 0
LSB
o [o,|a | |alaq

16

COMPLEMENTARY DATA AVAILABLE
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FIGURE 35-30

Large memory array (eight bit).
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A 64 79 //// //
80 95 // /1 /|
A2 ANV
2 9% 111 // ///
A2 x 12 127 // %84
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A 16 160 175 ///////
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o 64 208 223 // )/
’ 224 239| /]
240 256

Figure 35-30 shows how data are stored in a
larger memory configuration. A matrix of storage el-
ements capable of storing a 1 or a 0 is organized into
words that a decoder can locate by a specific address.

The technology used in making the memory
integrated circuits (chips) is based on either bipo-

lar (also referred to as transistor-to-transistor logic
[TTL]) or MOS transistors. Bipolar memory is
faster than MOS memory, but MOS memory can
be packed with a higher density, providing more
memory locations in the same amount of area re-
quired by bipolar memory.
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FIGURE 35-31

ROM family chart.

ROM

BIPOLAR
(TTL)

MOS

MASK MASK
ROM PROM ROM

PROM EPROM EEPROM

Data are stored digitally in two types of
memory: random-access memory and read-
only memory. Random-access memory (RAM)
is used for the temporary storage of programs,
data, control information, and so on. It provides
random access to the stored data with all stor-
age locations being reached in the same amount
of time. RAM has the capability to both read
and write data. It is also volatile. This means
that the stored data will be lost if the power is
shut off.

Two types of RAM are available: static and dy-
namic. Static RAM (SRAM) uses a bistable circuit
as the storage element. It loses data when the
power is removed. Dynamic RAM (DRAM) is
different because it uses capacitors to store the
data. The drawback is that the capacitors will dis-
charge over time and must be recharged or re-
freshed periodically to maintain the stored data.
Even with the additional support circuit require-
ment, SRAMs are still cheaper and have a higher
density, reducing the circuit board area required.

Read-only memory (ROM) allows data to be
permanently stored and allows the data to be read
from memory at any time with no provision for
data to be written to it. ROMs are considered as
nonvolatile memory. ROMs use the same decoder
circuitry as RAM. The stored data are retained
even when the power is removed. ROMs may be
programmed during manufacture to be either
permanent or replaceable by the user, but they
are not easily altered and require the use of a spe-
cial device called a burner.

Figure 35-31 shows the ROM family chart.
The mask-programming process takes place dur-
ing the manufacturing process. The transistor-
emitter connection is either made or not made
through a mask during manufacture. The mask
does the programming.

Programmable read-only memory (PROM)
can be programmed after manufacture. The pro-
gram is entered into the PROM by blowing a
fusible link. Initially all emitter links are con-
nected as 1’s in all storage locations. The emitter
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links where 0’s occur are blown open with a high-
current surge. PROMs cannot be reprogrammed.

Electrically erasable PROMs can be pro-
grammed and erased by using an electrical charge.
By applying a high voltage (around 21 volts), a
single byte or the entire chip can be erased in
about 10 milliseconds. Erasing can be done with
the chip in the circuit. EEPROMs are used where
data need to be maintained for later use, such as
the custom guide in a television satellite system.

35-4 QUESTIONS

1. What is memory?

2. What are the two types of technology
used to make memory chips?

3. What are the two types of memory
devices?

4. What is meant by the term volatile?

5. Describe a situation in which it would be
advantageous to convert from EPROM
memory design to the mask-ROM.

L

SUMMARY

e A flip-flop is a bistable multivibrator
whose output is either a high or a low.
¢ Types of flip-flops include:

a. RS

b. Clocked RS
c¢. D

d. JK

¢ Flip-flops are used in digital circuits such
as counters.

¢ A latch is a temporary buffer memory.

¢ A counter is a logic circuit that can count a
sequence of numbers or states.

A single flip-flop produces a count
sequence of 0 or 1.

The maximum number of binary states a
counter can have depends on the number
of flip-flops contained in the counter.
Counters can be either asynchronous or
synchronous.

Asynchronous counters are called ripple
counters.

Synchronous counters clock each stage at
the same time.

Shift registers are used to store data
temporarily.

Shift registers are constructed of flip-flops
wired together.

Shift registers can move data to the left or
right.

Shift registers are used for serial-to-
parallel and parallel-to-serial data
conversions.

Shift registers can perform multiplication
and division.

Memory stores data temporarily or
permanently.

Memory is built from shift registers.

A four-bit register stores a nibble.

An eight-bit register stores a byte.

A sixteen-bit register stores a word.
Bipolar memory is faster than MOS memory.
MOS memory can pack a higher density,
providing more memory location in the
same area for bipolar memory.

Data is stored into two types of memory:
random-access memory (RAM) or read-
only memory (ROM).

Two types of RAM are available: static
RAM (SRAM) or dynamic RAM (DRAM).
Programmable read-only memory (PROM)
can be programmed after manufacture.
Electrically erasable PROMs (EEPROMs)
can be programmed and erased using an
electrical charge.
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CHAPTER 35 SELF-TEST

A Ve W N

. Describe how an RS flip-flop changes states from a high on the Q output to a high on the

Q output.

. What is the major difference between the D flip-flop and the clocked RS flip-flop?
. What components make up a counter, and how is it constructed?

. Draw a schematic for a counter that will count to 10 and then repeat.

. How does a shift register differ from a counter?

. For what functions/applications can the shift register be used?



CHAPTER 36

Combinational Logic

OBJECTIVES

Circuits

After completing this chapter, the student will be able to:

¢ Describe the functions of encoders, decoders, multiplexers, adders, subtractors,

and comparators.

¢ Identify the schematic symbols for encoders, decoders, multiplexers, adders,

subtractors, and comparators.

¢ Identify applications for combinational logic circuits.

e Develop truth tables for the different combinational logic circuits.

Combinational logic circuits are circuits that combine the basic components of AND gates, OR
gates, and inverters to produce more sophisticated circuits. The output of a combinational
logic circuit is a function of the states of the inputs, the types of gates used, and the inter-
connection of the gates. The most common of the combinational circuits are decoders, en-

coders, multiplexers, and arithmetic circuits.

See accompanying CD for interactive presentations, tutorials, and DC Circuit

examples in MultiSim, Chapter 36.

ENCODERS

An encoder is a combinational logic circuit that ac-
cepts one or more inputs and generates a multibit
binary output. Encoding is the process of convert-
ing any keyboard character or number as input to
a coded output such as a binary or BCD form.
Figure 36-1 shows a decimal-to-hinary encoder.
Its function is to take a single digit (0 to 9) as in-
put and to output a 4-bit code representation of
the digit. This is referred to as a 10-line-to-4-line

356

encoder. That is, if the digit 4 on the keyboard is
typed in, this produces low or a 0 on line 4, which
produces the 4-bit code 0100 as an output.
Figure 36-2 shows a decimal-to-hinary priority
encoder. The priority function means that if two
keys are pressed simultaneously the encoder pro-
duces a BCD output corresponding to the highest-
order decimal digit appearing on the input. For
example, if both a 5 and a 2 are applied to the en-
coder, the BCD output is 1010, or the invert of
decimal 5. This type of encoder is built into a
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2 4

FIGURE 36-1 @_ single integrated circuit and consists of approxi-
Decimal-to-binary encoder. mately thirty logic gates. Figure 36-3 shows the
0 symbol for a priority encoder.
8 307 D This type of encoder is used to translate the
7 decimal input from a keyboard to an 8421 BCD
6 )0 c code. The decimal-to-binary encoder and the deci-
2 | mal-to-binary priority encoder are found wherever
3 D: B there is keyboard input. This includes: calculators,
? computer keyboard inputs, electronic typewriters,
A and teletypewriters (TTY).
LSB
FIGURE 36-2 @_
Decimal-to-hinary priority encoder.
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FIGURE 36-3

FIGURE 36-4

Logic symbol for a decimal-to-binary priority encoder.
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36—1 QUESTIONS

1. What is encoding?

2. What does an encoder accomplish?

3. What is the difference between a normal
encoder and a priority encoder?

4. Draw the logic symbol for a decimal-to-
binary priority encoder.

5. What are applications of decimal-to-
binary encoders?

1o DECODERS

A decoder is one of the most frequently used com-
binational logic circuits. It processes a complex bi-
nary code into a recognizable digit or character. For
example, it might decode a BCD number into one
of the ten possible decimal digits. The output of
such a decoder is used to operate a decimal num-
ber readout or display. This type of decoder is called
a 1-of-10 decoder or a 4-line-to-10-line decoder.
Figure 36-4 shows the ten NAND gates re-
quired for decoding a 4-bit BCD number to its ap-
proximate output (one decimal digit). When all
the inputs to a NAND gate are 1, its output is 0.

P
|

Binary-to-decimal decoder.

o

—_

Ao

N

N

w

[¢)]

[«

~

[oe]

©

P7YToTYYYe

FIGURE 36-5
Logic symbol for a binary-to-decimal decoder.
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All other outputs from the NAND gates in the de-
coder are 1’s. Rather than draw all the logic gates
each time the circuit is used, the symbol shown
in Figure 36-5 is used.
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FIGURE 36-6

Logic symbols for a 1-0f-8 decoder (A) and a 1-0f-16 decoder (B).
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Two other types of decoder circuits are the 1-
of-8 (octal, or base 8) decoder and the 1-of-16
(hexadecimal, or base 16) decoder (Figure 36-6).
The 1-of-8 decoder accepts a 3-bit input word
and decodes it to one of eight possible outputs.
The 1-0f-16 decoder activates one of sixteen out-
put lines by a 4-bit code word. It is also called a
4-line-to-16-line decoder.

A special type of decoder is the standard 8421
BCD-to-seven-segment decoder. It accepts a BCD
input code and generates a special 7-bit output
code to energize a seven-segment decimal readout
display (Figure 36-7). The display consists of seven
LED segments that are lit in different combinations
to produce each of the ten decimal digits, 0
through 9 (Figure 36-8). Besides seven-segment
LED displays, there are incandescent and liquid
crystal (LCD) displays.

Each of these displays operates on the same
principle. A segment is activated by either a high
or low voltage level. Figure 36-9 shows two types
of LED displays: a common anode and a common

10F 16

OO0 w>»
a a4 4 o
OB WN= 0 ©®NOO~WND-=O

(B)

FIGURE 36-7
Seven-segment display configuration.

d.p.

cathode. In each case, the LED segment has to be
forward biased for light to be emitted. For a com-
mon cathode, a high (1) lights up the segment, a
low (0) does not.

Figure 36-10 shows the decoding logic circuit
required to produce the output for a seven-segment
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FIGURE 36-8

Using the seven-segment display to form the ten decimal digits.

FIGURE 36-9

Differences between the two types of LED displays: a common
cathode (A), and a common anode (B).

3. Draw the logic symbol for a 1-of-10
decoder.

4. What is the purpose of a seven-segment
decoder?

5. What codes can be used in decoders?

Bl MULTIPLEXERS
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(A) = (B)

display with a BCD input. Referring to Figure 36-7,
notice that segment a is activated for digits 0, 2, 3, 5,
7, 8, and 9; segment b is activated for digits 0, 1, 2,
3,4,7,8,and 9; and so on. Boolean expressions can
be formed to determine the logic circuitry needed to
drive each segment of the display. The logic symbol
for a BCD-to-seven-segment decoder is shown in
Figure 36-11. This represents the circuit contained
in an integrated circuit.

36—2 QUESTIONS

1. What is a decoder?
2. What are the uses of decoders?

A multiplexer is a circuit used to select and route any
one of several input signals to a single output. An
example of a nonelectronic circuit multiplexer is a
single-pole, multiposition switch (Figure 36-12).

Multiposition switches are widely used in
many electronic circuits. However, circuits that
operate at high speed require the multiplexer to
switch at high speed and to be automatically se-
lected. A mechanical switch cannot perform this
task satisfactorily. Therefore, multiplexers used to
perform high-speed switching are constructed of
electronic components.

Multiplexers handle two basic types of data:
analog and digital. For analog applications, multi-
plexers are built of relays and transistor switches.
For digital applications, multiplexers are built
from standard logic gates.

Digital multiplexers allow digital data from
several individual sources to be routed through
a common line for transmission to a common
destination. A basic multiplexer has several in-
put lines with a single output line. The input
lines are activated by data selection input that
identifies the line the data are to be received on.
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FIGURE 36-10

Binary-to-seven-segment display decoder.
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FIGURE 36-11

FIGURE 36-12

Logic symbol for a BCD-to-seven-segment decoder.
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Figure 36—13 shows the logic circuit for an eight-
input multiplexer. Notice that there are three
input-control lines, labeled A, B, and C. Any of
the eight input lines can be selected by the proper
expression of the input-control line. The symbol
used to represent a digital multiplexer is shown
in Figure 36-14.

A single-pole, multiposition switch can be