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Preface

HOME BUILDERS INSTITUTE RESIDENTIAL
CONSTRUCTION ACADEMY: ELECTRICAL
PRINCIPLES, 2ND EDITION

About the Residential Construction Academy Series

he shortage of skilled labor is one of the most pressing problems

I confronting the building industry today. The construction industry
must recruit an estimated 200,000 to 250,000 new craft workers

each year to meet future needs. This shortage is expected to continue well
into the next decade because of projected job growth and a decline in the
number of available workers. At the same time, the training of available
labor is becoming an increasing concern throughout the country. The lack
of training opportunities has resulted in a shortage of 65,000 to 80,000
skilled workers per year. This challenge is affecting all of the construction
trades, and it is threatening the ability of builders to construct quality

homes.

These challenges led to the creation of the innovative Residential
Construction Academy Series. The Residential Construction Academy Series is
the perfect way to introduce people of all ages to the building trades
while guiding them in the development of essential workplace skills, includ-
ing carpentry; electrical wiring; heating, ventilating and air conditioning
(HVACQC); plumbing; masonry; and facilities maintenance. The products
and services offered through the Residential Construction Academy are the
result of cooperative planning and rigorous joint efforts between industry
and education. The program was originally conceived by the National

Association of Home Builders (NAHB)—the premier association of more
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than 200,000 member groups in the residential construction industry—and
its workforce development arm, the Home Builders Institute (HBI).

For the first time, construction professionals and educators have created
national skills standards for the construction trades. In the summer of 2001,
NAHB, through the HBI, began the process of developing residential craft
standards in six trades: carpentry, electrical wiring, HVAC, plumbing, masonry,
and facilities maintenance. Groups of employers from across the country met
with an independent research and measurement organization to begin the
development of new craft training standards. Care was taken to assure repre-
sentation of builders and remodelers, residential and light commercial, custom
single-family builders and high-production or volume builders. The guidelines
from the National Skills Standards Board were followed in developing the new
standards. In addition, the process met or exceeded American Psychological

Association standards for occupational credentialing.

Next, through a partnership between HBI and Cengage/Delmar Learning,
learning materials—textbooks, videos, and instructor’s curriculum, and teach-
ing tools—were created to teach these standards effectively. A foundational
tenet of this series is that students learn by doing. To that end, integrated into
this colorful, highly illustrated text are Procedure sections designed to help stu-
dents apply information through hands-on, active application. The constant
focus of the Residential Construction Academy Series is twofold: teaching the skills
students need in order to be successful in the construction industry, and con-

stantly applying the learning to real-world applications.

The newest programming component to the Residential Construction
Academy Series is industry Program Credentialing and Certification for
both instructors and students by the Home Builders Institute. National
Instructor Certification ensures consistency in instructor teaching/training
methodologies and knowledge competency when teaching to the industry’s
national skills standards. Student Certification is offered for each trade
area of the Residential Construction Academy Series in the form of rigorous
testing. Student Certification is tied to a national database that will provide
an opportunity for easy access for potential employers to verify skills and
competencies. Instructor and Student Certification serve the basis for
Program Credentialing offered by HBI. For more information on HBI Pro-
gram Credentialing and Instructor and Student Certification, please go to

www.hbi.org/certification.
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About this Book

lectrical Principles Second Edition is intended to present the concepts of
electricity to learners interested in the field of residential wiring. It
assumes that the learner has no knowledge of electricity and presents
the subject in a very practical, straightforward manner. The book begins with
electrical safety and progresses through basic electrical theory; electrical quanti-
ties and Ohm’s Law; series, parallel, and combination circuits; measuring
instruments; wire tables; magnetic induction; alternating current; transformers;
and motors. All mathematical calculations are explained in step-by-step detail.

This book is an excellent choice for anyone entering the electrical field.

Electrical Principles Second Edition is a blend of practical and theoretical. The
text not only explains the different concepts relating to electrical theory, it also
provides practical examples of how to do many of the common tasks the elec-
trician must perform. It was the author’s intention to make this book one that
an electrician would want to keep in his toolbox for a reference. Although the
text covers many areas of both direct and alternating current theory, the math

level has been kept to basic algebra and basic trigonometry.

The subject matter for Electrical Principles Second Edition has been divided
into separate stand-alone chapters. Although the chapters have been divided
in a logical progression, the stand-alone concept permits the information to
be presented in almost any sequence the instructor desires. In addition, the stu-
dent or electrician does not have to search the entire text to find information

concerning a particular subject; it is located within a certain chapter.

NeEw 10 THIS EDITION

The second edition of Electrical Principles continues to blend practical and theoretical
approaches to teaching electrical theory concepts. This edition offers even more
emphasis on the application of those concepts. New features include:

e Updated photographs and illustrations.
e New information on Arc Fault Circuit Interrupters (AFCI) in Chapter 1, “Safety.”

xii
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* An all-new Chapter 16, “Resistive-Capacitive Circuits”
RC Series Circuits
Impedance
Total Current
Voltage Drop Across the Resistor
True Power
Capacitance
Voltage Drop Across the Capacitor
Total Voltage
Reactive Power
Apparent Power
Power Factor
Angle Theta
RC Parallel Circuits
Resistive Current
True Power
Capacitive Current
Reactive Power
Capacitance
Total Current
Impedance
Apparent Power
Power Factor
Angle Theta
* An all-new Chapter 17, “Resistive-Inductive-Capacitive Circuits’
RLC Series Circuits
Computing Impedance
Total Circuit Current
Resistive Voltage Drop
True Power
Inductance
Voltage Drop Across the Inductor
Inductive VARs
Capacitance
Voltage Drop Across the Capacitor
Capacitive VARs
Apparent Power
Power Factor
Angle Theta
RLC Parallel Circuits
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Computing Impedance
Resistive Current
True Power
Inductive Current
Inductive VARs
Inductance
Capacitive Current
Capacitance
Capacitive VARs
Total Current
Apparent Power
Power Factor
Angle Theta

* A new end-of-chapter feature, “Practical Applications,” offering word problems that take stu-
dents through potential on-the-job situations and encourage them to develop critical thinking

skaills.

xiv
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FEATURES

This innovative series was designed with input from educators and industry and informed by
the curriculum and training objectives established by the Standards Committee. The following
features aid learning:

LEARNING FEATURES such as the introduc-
tion, objectives, and glossary set the stage for
the coming body of knowledge and help the
learner identify key concepts and information.
These learning features serve as a road map for
continuing through the chapter. The learner also
may use them as a reference later.

7 s
cLoSSARY OF BASIC E ECTRICAL pEEORY TERM
L

APPLICATION OF THEORY is a
core concept of this text. This
volume explains concepts relating
OBIECTIVES At compis i i i et it el to electrical theory, but also
provides practical examples of how
,,,,,,,,, » vty to do many of the common tasks
the electrician must perform.
Information is heavily illustrated to
show concepts and hardware
encountered by the learner. An
example section integrated
throughout each chapter takes the
information presented and immedi-
ately applies it so theory is linked to
the practical. The overall effect is a
clear link between theory and
practice, making learning easier
and more meaningful.

M T
500 ™ 500 ~ fa0o

S
0.003333 - 0.001111 = 00005555

o

= 0001666

®e=6000

SAFETY is featured at the beginning of the text
to instill safety as an“attitude” among learners.
Learners will come to appreciate that safety is a
blend of ability, skill, and knowledge that should
be continuously applied to all they do in the
construction industry.

Afier completing this unit, the student should be able to:

o state basic safety rules « explain how to properly place a straight ladder
ag: cture.

XV
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cHAPTER 15 Copocito’

REVIEW QUESTIONS are at the end of each
chapter. These are designed to reinforce the
information learned in the chapter and to give
learners the opportunity to think about what they
have learned and what they have accomplished.

ONS

REVIEW QUESTI

43, Can current flow through

capacitor? .
mine the

wo factors deter .

e o of 8 P

1. What s the dielectric?

2. List thee factors that determine the
capacitance of a capaditor:

e curent

many degrees ae he

15. How Moy et of phase n 2 P
adive drcut?

e capacitive
es the current n a pu
16 Dot lead o lag the applie
Voltage?
toris connected into @
0.y capacitor is connect
T o ciruit. What s the
2t flow in this drcuit?

apacitance beco!
e Sielectric constant of this
material?

4. in what formis the eneray of 2
" capacitor stored?

. o s
. ° itor is connected in
5. Four capacitors having values t 1o g e
s o 5 80 A What s the P
of the capacitor?

, 40 yF, a
20 el paraliel, What s the

$Omal capacitance of this dreuit?

6. 1 the four apadtors iy queston s
" Were to be conne .
e the total capadtancs
the ircuit?

16, A capactor i to be connected 10 2
A G0z line. I the capactor L
e a voltage rating of 600 VDG W
fie voltage rating of the 2P
be exceeded? )

hat factor is
the average, by W o

20- 90 e expectancy of a capacitor
e easod If the capacitor s
perated at half its voltage

ctedin
. capacitor is conne

" :eﬁr;in?asu-kmes\smr. Howlong
e take this capactor to harde?

tal chirge

8 AR o muchresstance s
connected in ‘series with the.
macnort

cted into @
o apacitor s omeced im0 2
2 O arcut. The cr

it is the
ent is 12 A. What
e e v e ance of he capactor?
o e e direct crrent il
connecte d L
10, Explain how an AC electrolytic

35
o itor s constructed

gitage rating of

PRACTICE PROBLEMS
provide practice with applied math
concepts. Placing mathematics in
context and applying it helps the
student better grasp the material

@
olytic capacitor “ o e
 type of electrolytic caPach .
e o permanently damaged ot

“onnected to the incorrect ‘polarity?

Alternating Current

- What is the total
Hrarge time of this capacitor?

12, AS00-nF capacitor is connected to 2
3000 resistor.

PRACTICE PROBLEMS

RC TIME CONSTANTS

Fillin al the misin fe
issing values. Refer o th
formulas given below, ‘

CAPACITIVE CIRCUITS

and makes academics meaningful.
] For example, while students are
o T

bl I :

learning about series-parallel
o | s circuits, they will be asked to

005s - -
o 15 | [ orctance X Froqueney
e e BEL

calculate unknown values when
o ‘J s given voltage and resistor values.
o U [0 e O Students are thus given an oppor-

tunity to practice challenging math

concepts in an applied and mean-
o : ingful context.

CHAPTER 15  Capacitors

PRACTICAL APPLICATIONS

You are an electrician working in an

xvi

PRACTICAL APPLICATIONS are word

»

industrial plant. You are given an AC
allfilled capacitor to install on a
480-V, 60-Hz line. The capacitor has
the following marking: (15 F,

600 VDC). Wil this capacitor be
damaged if it is installed? Explain

your answer

You are working in an industrial
plant. You have been instructed to
connect a capacitor in parallel with a
capacitor that s already connected o

amachine. The ratings of the existing
capacitor are not visible. The
capacitor i connected to 560 VAC,
and an ammeter indicates a current
of 6 A flowing to the capacitor. What
size capacitor should be connected to
the existing capacitor? What is the
minimum AC voltage rating for the
new capacitor? What is the minimum
DC voltage rating of the new
capacitor? Finally, what is the
minimum KVAR rating of the
new capacitor?

problems that take the student through potential

situations on the job and encourage them to
develop critical thinking skills.
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TURNKEY CURRICULUM AND
TEACHING MATERIAL PACKAGE

We understand that a text is only one part of a complete, turnkey educational sys-
tem. We also understand that instructors want to spend their time on teaching, not
preparing to teach. The Residential Construction Academy Series is committed to
providing thorough curriculum and prepatory materials to aid instructors and alle-
viate some of their heavy preparation commitments. An integrated teaching solu-
tion is ensured with the text Workbook, Instructor’s Resource Guide, print
instructor’s resource guide, and student videos.

Workbook

Designed to accompany Residential Construction Academy Electrical
Principles, 2nd edition, the Workbook is an extension of the core text.
It provides additional review questions and problems designed to chal-
lenge and reinforce student comprehension of content presented in the
core textbook.

Lab Exercises

The author has compiled a number of lab exercises designed to address
hands-on application of electrical-theory concepts presented in the text-
book. The labs can be used as is or modified by instructors in their Micro-
soft Word™ format. These hands-on activities reinforce active learning, a
core concept of the Residential Construction Academy Series.

Instructor Resources

The Instructor Resources CD contains lecture outlines; notes to instruc-
tors with teaching hints, cautions, and answers to review gquestions; and
other instructor aids for this series. These features are available for each
textbook chapter, and they are easily customizable in Microsoft Word.
Designed as a complete and integrated package, the Instructor is also
provided with suggestions for when and how to use the accompanying
PowerPoint, Computerized Test Bank, Video, and CD Courseware
package components. The Instructor’s Resource Guide is also available
in convenient print and pdf versions, as are other instructor aids in this
series.

Computerized Testbanks

The Computerized Testbank in ExamView makes generating tests and
quizzes a snap. With hundreds of questions and different styles to choose
from, you can create customized assessments for your students with the
click of a button. Add your own unique questions, and print rationales for
easy class preparation.

xvii
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PowerPoint®

Customizable PowerPoint® Presentations focus on key points for each
chapter through lecture outlines that can be used to guide your teaching
of the course. Instructors may teach from this outline or make changes to
suit individual classroom needs.

Videos

The Electrical Principles Video Series is an integrated part of the Residen-
tial Construction Academy Electricity package. This video series intro-
duces the viewer to electrical theory and its applications through an
overview of important concepts, equations, and practical examples. The
series contains a set of eight, 20-minute videos covering direct and alter-
nating current, and introducing single phase motors. Graphics and anima-
tions illustrate important concepts, creating a visually appealing
presentation that is easy to follow and understand.

The complete set includes the following: Video #1 Basic Electricity &
Ohms’ Law. Video #2 Series & Parallel Circuits. Video #3 Combination
Circuits. Video #4 Basic Alternating Current. Video #5 Inductance in AC
Circuits. Video #6 Capacitors. Video #7 Capacitors in AC Circuits. Video
#8 Single-Phase Motors.

CD Courseware

This package also includes computer-based training that uses video, ani-
mation, and testing to introduce, teach, or remediate the concepts cov-
ered in the videos. Students will be pretested on the material and then, if
needed, provided with suitable remediation to ensure understanding of
the concepts. Final post-testing will be administered to ensure that the
student has gained mastery of all material.

Online Companion

The Online Companion is an excellent supplement for students. It features
many useful resources to support the Electrical Principles, 2nd edition
book, videos, and CDs. Linked from the Student Materials section of
www.residentialacademy.com, the Online Companion includes chapter
quizzes, an online glossary, product updates, related links, and more. Visit;
http://www.delmarlearning.com/companions/index.asp?isbn=1401812945.
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state basic safety rules.

describe the effects of electric current on the
body.

discuss the origin and responsibilities of OSHA.

discuss material safety data sheets.
discuss lock out and tag out procedures.

discuss types of protective clothing.

(-4
w
-
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explain how to properly place a straight ladder
against a structure.

discuss different types of scaffolds.
discuss classes of fires.
discuss ground fault circuit interrupters.

discuss the importance of grounding.



4 SECTION 1

artificial respiration amethod
of providing oxygen to a person
unable to breath on his or her own

confined space a space that has
limited entrances or exits

CPR an acronym for
cardiopulmonary resuscitation

de-energized circuit a circuit
that has been disconnected from
the power supply

disconnect to turn off or remove
power from a circuit

egress an entrance or exit into a
structure

energized circuit a circuit
connected to the power supply; a

Basic Electricity

GLOSSARY OF SAFETY TERMS .

voltage or potential exists
between conductors

fibrillation a condition in which
the heart starts to quiver and stops
its pumping action

fire retardant clothing cloth-
ing made from a specially treated
material that resists ignition;
many industries require
electricians to wear this type of
clothing

horseplay playing practical
jokes or exhibiting adolescent
behavior in an inappropriate place

idiot proofing designing a

piece of equipment so it cannot be
misused by an experienced person

www.EngineeringEBooksPdf.com

lock out and tag out a
procedure to prevent a circuit from
being energized accidentally

meter an instrument used to test
for some electrical quantity such
as voltage, current, or resistance

milliamperes one milliampere
equals 1/1000 of an amp (0.001)

MSDS an acronym for material
safety data sheets

OSHA an acronym for
Occupational Safety and Health
Administration

scaffold a platform for working in
high places, generally designed so it
can be taken apart and transported
to a different job site or area



afety is the job of each individual. You
should be concerned not only with
your own safety, but with the safety
of others around you. This is especially true
for persons employed in the electrical field.
Some general rules should be followed
when working with electrical equipment or

circuits.

GENERAL SAFETY
RULES

NEVER WORK ON AN
ENERGIZED CIRCUIT IF THE
POWER CAN BE
DISCONNECTED

When possible, use the following three-step check
to make certain that power is turned off:

1 Test the meter on a known live circuit to make sure
the meter is operating.

2 Test the circuit that is to become the de-energized
circuit with the meter.

3 Test the meter on the known live circuit again to
make certain the meter is still operating.

Install a warning tag at the point of disconnec-
tion so people will not restore power to the circuit.
If possible, use a lock to prevent anyone from turn-
ing the power back on.

THINK

Of all the rules concerning safety, this one is
probably the most important. No amount of
safeguarding or idiot proofing a piece of equipment
can protect a person as well as taking time to
think before acting. Many technicians have been
killed by supposedly “dead” circuits. Do not
depend on circuit breakers, fuses, or someone
else to open a circuit. Test it yourself before you
touch it. If you are working on high voltage equip-
ment, use insulated gloves and meter probes
to measure the voltage being tested. Think
before you touch something that could cost you
your life.

CHAPTER 1 Safety 5

AVOID HORSEPLAY

Jokes and horseplay have a time and place, but not
when someone is working on an electric circuit or a
piece of moving machinery. Do not be the cause of
someone being injured or killed and do not let
someone else be the cause of your being injured

or killed.

DO NOT WORK ALONE

This is especially true when working in a hazard-
ous location or on a live circuit. Have someone
with you who can turn off the power or give artifi-
cial respiration and/or CPR. Possible effects of sev-
eral electrical shocks is breathing difficulties and
causing the heart to go into fibrillation.

WORK WITH ONE HAND
WHEN POSSIBLE

The worst kind of electrical shock occurs when the
current path is from one hand to the other, which
permits the current to pass directly through the
heart. A person can survive a severe shock between
the hand and foot that would cause death if the
current path was from one hand to the other.

LEARN FIRST AID

Anyone working on electrical equipment, espe-
cially those working with voltages greater than
50 volts, should make an effort to learn first aid.
A knowledge of first aid, especially CPR, might
save your own or someone else’s life.

EFrrFECTS OF ELECTRIC
CURRENT ON THE

Bobpy

Most people have heard that it’s not the voltage
that kills, but the current. This is true, but do not
be mislead into thinking voltage cannot harm you.
Voltage is the force that pushes the current though
the circuit. It can be compared to the pressure that
pushes water through a pipe. The more pressure
available, the greater the volume of water flowing
through the pipe. Students often ask how much
current will flow through the body at a particular
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6 SECTION 1 Basic Electricity

voltage. There is no easy answer to this question.
The amount of current that can flow at a particular
voltage is determined by the resistance of the cur-
rent path. Different people have different resis-
tances. A body has less resistance on a hot day
when sweating, because salt water is a very good
conductor. What one eats and drinks for lunch can
have an effect on the body’s resistance as can the
length of the current path. Is the current path
between two hands or from one hand to one
foot? All of these factors affect body resistance.

The chart (Fig. 1-1) illustrates the effects of dif-
ferent amounts of current on the body. This chart
is general—some people may have less tolerance to
electricity and others may have a greater tolerance.

A current of 2 to 3 milliamperes (0.002 to
0.003 amp) usually causes a slight tingling sensa-
tion, which increases as current increases and
becomes very noticeable at about 10 (0.010 amp)

0.100-0.200 (DEATH) THIS RANGE GENERALLY CAUSES

AMPERES  FIBRILLATION OF THE HEART. WHEN THE
HEART IS IN THIS CONDITION, IT VIBRATES AT
A FAST RATE LIKE A "QUIVER" AND CEASES TO
PUMP BLOOD TO THE REST OF THE BODY.

0.060-0.100 (EXTREME DIFFICULTY IN BREATHING)
AMPERES

0.040-0.060 (BREATHING DIFFICULTY)
AMPERES

0.030-0.040 (MUSCULAR PARALYSIS)
AMPERES

0.020-0.030 (UNABLE TO LET GO OF THE CIRCUIT)

AMPERES

| 0.010-0.020 (VERY PAINFUL)
AMPERES

—— 0.009-0.010 (MODERATE SENSATION)
AMPERES

| 0.002-0.003 (SLIGHT TINGLING SENSATION)
AMPERES

FIGURE 1-1
the body.

The effects of electric current on

milliamperes. The tingling sensation is very painful
at about 20 milliamperes. Currents between 20 and
30 milliamperes cause a person to seize the line and
be unable to let go of the circuit. Currents between
30 and 40 milliamperes cause muscular paralysis,
and those between 40 and 60 milliamperes cause
breathing difficulty. When the current increases to
about 100 milliamperes, breathing is extremely dif-
ficult. Currents from 100 to 200 milliamperes gen-
erally cause death because the heart usually goes
into fibrillation, a condition in which the heart
begins to “quiver” and the pumping action stops.
Currents above 200 milliamperes cause the heart to
squeeze shut. When the current is removed, the
heart usually returns to a normal pumping action.
This is the operating principle of a defibrillator.
The voltage considered to be the most dangerous
to work with is 120 volts, because that generally
causes a current flow of between 100 and 200 mil-
liamperes through most people’s bodies. Large
amounts of current can cause severe electrical
burns that are often very serious because they
occur on the inside of the body. The exterior of
the body may not look seriously burned, but the
inside may be severely burned.

OSHA

OSHA is an acronym for Occupational Safety and
Health Administration, U.S. Department of Labor.
Created by congress in 1971, its mission is to ensure
safe and healthful workplaces in the United States.
Since its creation, workplace fatalities have been cut
in half, and occupational injury and illness rates have
declined by 40%. Enforcement of OHSA regulations
is the responsibility of the Secretary of Labor.

OSHA standards cover many areas, such as the
handling of hazardous materials, fall protection, pro-
tective clothing, and hearing and eye protection. Part
1910 subpart S deals mainly with the regulations
concerning electrical safety. These regulations are
available in books and can be accessed at the OSHA
website on the Internet at www.osha.org.

HAZARD MATERIALS

It may become necessary to deal with some type of
hazardous material. A hazardous material or sub-
stance is any substance which exposure to may
result in adverse effects on the health or safety of
employees. Hazardous materials may be chemical,
biological, or nuclear. OSHA sets standards for
dealing with many types of hazardous materials.
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The required response is determined by the type of
hazard associated with the material. Hazardous
materials are required to be listed as such. Much
information concerning hazardous materials is
generally found on Material Safety Data Sheets
(MSDS). (A sample MSDS is included at the end
of the chapter.) If you are working in an area
that contains hazardous substances, always read
any information concerning the handling of the
material and any safety precautions that should
be observed. Waiting until a problem exists in not
the time to start looking for information on what
to do. Some hazardous materials require a
HAZMAT (Hazardous Materials Response
Team) to handle any problems. A HAZMAT
means any group of employees designated by the
employer that are expected to handle and control
an actual or potential leak or spill of a hazardous
material. They are expected to work in close prox-
imity to the material. A HAZMAT team is not a
fire brigade and a fire brigade may not necessarily
be a HAZMAT team. A HAZMAT team may be
part of a fire brigade or fire department.

EMPLOYER
RESPONSIBILITIES

Section 5(a)1 of the occupational safety and health
act basically states that each employer must furnish
each of his employees a place of employment that is
free of recognized hazards that are likely to cause
death or serious injury. This places the responsibil-
ity for compliance on the employer. The employer
must identify hazards or potential hazards within
the work site and eliminate them, control them, or
provide the employee with suitable protection from
them. It is the employee’s responsibility to follow
the safety procedures set up by the employer.

To help facilitate these safety standards and
procedures, OSHA requires that an employer
have a competent person oversee implementation
and enforcement of these standards and proce-
dures. This person must be able to recognize unsafe
or dangerous conditions and have the authority to
correct or eliminate them. He also has the author-
ity to stop work or shut down a job site until safety
regulations are met.

MSDS

MSDS stands for material safety data sheets, which
are provided with many products. They generally
warn users of any hazards associated with the

CHAPTER 1 Safety 7

product. They outline the physical and chemical
properties of the product, list precautions that should
be taken when using the product, list any potential
health hazards, storage consideration, flammability,
reactivity, and in some instances radioactivity. They
sometimes list the name, address, and telephone num-
ber of the manufacturer, MSDS date, and emergency
telephone numbers, and usually provide information
on first aid procedures to use if the product is swal-
lowed or comes in contact with the skin. Material
safety data sheets can be found on many home pro-
ducts such as cleaning products, insecticides, and
flammable liquids.

ALCOHOL AND DRUGS

The use of alcohol and drugs has no place on a
construction site. It is not only dangerous to users
and those who work around them, it also costs
industry millions of dollars a year. Alcohol and
drug abusers kill thousands of people on the high-
ways each year, and are just as dangerous on a
work site as they are behind the wheel of a vehicle.
Many industries have instituted testing policies to
screen for alcohol and drugs. A person who tests
positive generally receives a warning the first time
and is fired the second time.

TRENCHES

It is often necessary to dig trenches to bury conduit.
Under some conditions, these trenches can be deep
enough to bury a person if a cave-in should occur.
Safety regulations for the shoring of trenches is
found in OSHA Standard 1926 Subpart P App C
titled “Timber Shoring for Trenches.” These proce-
dures and regulations are federally mandated and
must be followed. Some general safety rules should
be followed also:

1 Don’t walk close to trenches unless it is necessary.
This can cause the dirt to loosen and increase the
possibility of a cave-in.

2 Don’t jump over trenches if it is possible to walk
around them.

3 Place barricades around trenches (Fig. 1-2).

4 Use ladders to enter and exit trenches.

CONFINED SPACES

Confined spaces have a limited means of egress
(Fig. 1-3). They can be very hazardous workplaces,
often containing atmospheres that are extremely
harmful or deadly. Confined spaces are very difficult
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=

FIGURE 1-2 Place a barricade around a trench and
use a ladder to enter and exit the trench.

—

FIGURE 1-3 A confined space is any space having a
limited means of egress.

to ventilate because of their limited openings. It is
often necessary for a workman to wear special cloth-
ing and use a separate air supply to work there.
OSHA Section 12: “Confined Space Hazards,” lists
rules and regulations for working in a confined space.
In addition, many industries have written procedures
that must be followed when working in confined
spaces. Some general rules include the following:

1 Have a person stationed outside the confined
space to watch the person or persons working
inside. The outside person should stay in voice or
visual contact with the inside workers at all times.
He should check air sample readings, and monitor
oxygen and explosive gas levels.

2 The outside person should never enter the space,
even in an emergency, but should contact the
proper emergency personnel. If he or she should
enter the space and become incapacitated, there
would be no one available to call for help.

3 Use only electrical equipment and tools that are
approved for the atmosphere found inside the

confined area. It may be necessary to obtain a
burning permit to operate tools that have open
brushes and that spark when they are operated.

4 As a general rule, a person working in a confined
space should wear a harness with a lanyard that
extends to the outside person, so the outside per-
son could pull him or her to safety if necessary.

LOCK OUT AND TAG OUT
PROCEDURES

Lock out and tag out procedures are generally
employed to prevent someone from energizing a
piece of equipment by mistake. This could apply
to switches, circuit breakers, or valves. Most indus-
tries have their own internal policies and proce-
dures. Some require that a tag similar to the one
shown in Figure 1-4 be placed on the piece of
equipment being serviced; some also require that
the equipment be locked out with a padlock.

FIGURE 1-4 Safety tag used to tag-out equipment.
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FIGURE 1-5 The equipment can be locked out by
several different people.

The person performing the work places the lock on
the equipment and keeps the key in his or her pos-
session. A device that permits the use of multiple
padlocks and a safety tag is shown in Figure 1-5.
This is used when more than one person is working
on the same piece of equipment. Violating lock and
tag out procedures is considered an extremely seri-
ous offense in most industries and often results
in immediate termination of employment. As a
general rule, there are no first time warnings.

PROTECTIVE
CLOTHING

Maintenance and construction workers alike are
usually required to wear certain articles of protec-
tive clothing, dictated by the environment of the
work area and the job being performed.

HEAD PROTECTION

Some type of head protection is required on almost
any construction site or in any industrial location.
A typical electrician’s hard hat, made of non-
conductive plastic, is shown in Figure 1-6. It has
a pair of safety goggles attached that can be used
when desired or necessary.

EYE PROTECTION

Eye protection is another piece of safety gear
required on almost all construction sites and

FIGURE 1-6 Typical electrician’s hard hat with
attached safety goggles.

industrial locations. Eye protection can come in
different forms ranging from the goggles shown
in Figure 1-6 to the safety glasses with side shields
shown in Figure 1-7. Common safety glasses may
or may not be prescription glasses, but almost all
provide side protection (Fig. 1-7). Sometimes a full
face shield may be required.

HEARING PROTECTION

Section IIT Chapter 5 of the OSHA Technical Man-
ual includes requirements concerning hearing pro-
tection. The need for hearing protection is based
on the ambient sound level of the construction
site or the industrial location. It is not unusual for
workers to be required to wear some type of
hearing protection when working in certain areas,
usually in the form of ear plugs or ear muffs.

FIGURE 1-7 Safety glasses provide side protection.
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10 SECTION 1 Basic Electricity

FIRE RETARDANT CLOTHING

Special clothing made of fire retardant material is
required in some areas, generally certain industries
as opposed to new construction sites. Fire retardant
clothes are often required for maintenance person-
nel who work with high power sources such as
transformer installations and motor control cen-
ters. An arc-flash in a motor control center can
easily catch a person’s clothes on fire. The typical
motor control center can produce enough energy
during an arc-flash to kill a person 30 feet away.

GLOVES

Another common article of safety clothing is
gloves. Electricians often wear leather gloves with
rubber inserts when it is necessary to work on ener-
gized circuits (Fig. 1-8). These gloves are usually
rated for a certain amount of voltage. They should
be inspected for holes or tears before they are used.
Kevlar gloves (Fig. 1-9) help protect against cuts
when stripping cable with a sharp blade.

SAFETY HARNESS

Safety harnesses provide protection from falling.
They buckle around the upper body with leg,
shoulder, and chest straps, and the back has a
heavy metal D-ring (Fig. 1-10). A section of rope
approximately 6 feet in length, called a lanyard, is
attached to the D-ring and secured to a stable
structure above the worker. If the worker falls,
the lanyard limits the distance he can drop. A
safety harness should be worn

FIGURE 1-8 Leather gloves with rubber inserts.

SHOULDER
STRAPS

FIGURE 1-10 Typical safety harness.

1 when working more than 6 feet above the ground or
floor.

2 when working near a hole or drop-off.
3 when working on high scaffolding

A safety harness is shown in Figure 1-11.

LADDERS AND

SCAFFOLDS

It is often necessary to work in an elevated loca-
tion. When this is the case, ladders or scaffolds
are employed. Scaffolds generally provide the safest
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FIGURE 1-11 Safety harness.

elevated working platforms. They are commonly
assembled on the job site from standard sections
(Fig. 1-12). The bottom sections usually contain
adjustable feet that can be used to level the section.
Two end sections are connected by X braces that
form a rigid work platform (Fig. 1-13). Sections of
scaffolding are stacked on top of each other to
reach the desired height.

ROLLING SCAFFOLDS

Rolling scaffolds are used in areas that contain
level floors, such as inside a building. The major
difference between a rolling scaffold and those dis-
cussed previously is that it is equipped with wheels
on the bottom section that permit it to be moved
from one position to another. The wheels usually
contain a mechanism that permits them to be
locked after the scaffold is rolled to the desired
location.

CHAPTER 1 Safety 11

FIGURE 1-12 Typical section of scaffolding.

N

>7</"<// '

N/

FIGURE 1-13 X braces connect scaffolding sections
together.

HANGING OR SUSPENDED
SCAFFOLDS

Hanging or suspended scaffolds are suspended by
cables from a support structure. They are generally
used on the sides of buildings to raise and lower
workers by using hand cranks or electric motors.

LADDERS

Ladders can be divided into two main types, straight
and step. Straight ladders are constructed by placing
rungs between two parallel rails (Fig. 1-14).
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12 SECTION 1 Basic Electricity

FIGURE 1-14 Straight ladder.

They generally contain safety feet on one end that
helps prevent the ladder from slipping. Ladders used
for electrical work are usually wood or fiberglass;
aluminum ladders are avoided because they conduct
electricity. Regardless of the type of ladder used,
you should check its load capacity before using it.
This information is found on the side of the
ladder. Load capacities of 200 lbs., 250 lbs., and
300 Ibs. are common. Do not use a ladder that
does not have enough load capacity to support
your weight plus the weight of your tools and the
weight of any object you are taking up the ladder
with you.

Straight ladders should be placed against the
side of a building or other structure at an angle of
approximately 76° (Fig. 1-15). This can be accom-
plished by moving the base of the ladder away
from the structure a distance equal to one-fourth
the height of the ladder. If the ladder is 20 feet
high, it should be placed 5 feet from the base of
the structure. If the ladder is to provide access to
the top of the structure, it should extend 3 feet
above the structure.

STEP LADDERS

Step ladders are self-supporting, constructed of two
sections hinged at the top (Fig. 1-16). The front
section has two rails and steps; the rear portion
two rails and braces. Like straight ladders, step lad-
ders are designed to withstand a certain load
capacity. Always check the load capacity before
using a ladder. As a general rule, ladder manufac-
turers recommend that the top step not be used

R

3FT.

0 0
0 0

LADDER 20 FT.

76°

s

FIGURE 1-15 A ladder should be placed at an angle
of approximately 76°.

HIGHEST USABLE STEP

TOP STEP
LADDER TOP

SPREADER

FIGURE 1-16 Typical step ladder.
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because of the danger of becoming unbalanced and
falling. Many people mistakenly think the top step
is the top of the ladder, but it is actually the last
step before the ladder top.

FIRES

For a fire to burn it must have three things: fuel,
heat, and oxygen. Fuel is anything that can burn,
including materials such as wood, paper, cloth,
combustible dusts, and even some metals. Different
materials require different amounts of heat for
combustion to take place. If the temperature of
any material is below its combustion temperature,
it will not burn. Oxygen must be present for com-
bustion to take place. If a fire is denied oxygen, it
will extinguish.

Fires are divided into four classes: A, B, C, and D.
Class A fires involve common combustible materi-
als such as wood or paper. They are often extin-
guished by lowering the temperature of the fuel
below the combustion temperature. Class A fire
extinguishers often use water to extinguish a fire.
A fire extinguisher listed as class A only should
never be used on an electrical fire.

Class B fires involve fuels such as grease, com-
bustible liquids, or gases. A class B fire extinguisher
generally employs carbon dioxide (CO;), which
greatly lowers the temperature of the fuel and
deprives the fire of oxygen. Carbon dioxide extin-
guishers are often used on electrical fires, because
they do not destroy surrounding equipment by
coating it with a dry powder.

Class C fires involve energized electrical equip-
ment. A class C fire extinguisher usually uses a dry
powder to smother the fire. Many fire extinguishers
can be used on multiple types of fires; for example, an
extinguisher labeled ABC could be used on any of the
three classes of fire. The important thing to remember
is never to use an extinguisher on a fire for which it is
not rated. Using a class A extinguisher filled with
water on an electrical fire could be fatal.

Class D fires consist of burning metal. Spraying
water on some burning metals actually can cause
the fire to increase. Class D extinguishers place a
powder on top of the burning metal that forms a
crust to cut off the oxygen supply to the metal.
Some metals cannot be extinguished by placing
powder on them, in which case, the powder should
be used to help prevent the fire from spreading to
other combustible materials.

CHAPTER 1 Safety 13

GROUND FAULT
Circult

INTERRUPTERS

Ground fault circuit interrupters (GFCI) are used to
prevent people from being electrocuted. They work
by sensing the amount of current flow on both the
ungrounded (hot) and grounded (neutral) conduc-
tors supplying power to a device. In theory, the
amount of current in both conductors should be
equal, but opposite in polarity (Fig. 1-17). In this
example, a current of 10 amperes flows in both
the hot and neutral conductors.

A ground fault occurs when a path to
ground, other than the intended path, is established
(Fig. 1-18). Assume that a person comes in contact
with a defective electrical appliance. If the person is
grounded, a current path can be established
through the person’s body. In the example shown
in Figure 1-18, it is assumed that a current of
0.1 amps is flowing through the person. This means
that the hot conductor now has a current of
10.1 amps, but the neutral conductor has a current
of only 10 amps. The GFCI is designed to detect this
current difference to protect personnel by opening the
circuit when it detects a current difference of approxi-
mately 5 milliamperes (0.005 amps). Section 210.8
of the National Electrical Code lists places where
ground fault protection is required in dwellings.

GFCI DEVICES

Several devices can be used to provide ground fault
protection, including the ground fault circuit breaker

10 AMPS

HOT @ —

10 AMPS

NEUTRAL </ )\
I -l

FIGURE 1-17 The current in both the hot and neu-
tral conductors should be the same but flowing in
opposite directions.
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10.1 AMPS

NEUTRAL —— ( / >

FIGURE 1-18 A ground fault occurs when a path to
ground other than the intended path is established.

FIGURE 1-19 Ground fault circuit breaker.

(Fig. 1-19). The circuit breaker provides ground
fault protection for an entire circuit, so any device
connected to the circuit is ground fault protected.
A second method of protection, ground fault

FIGURE 1-20 Ground fault receptacle.

receptacles (Fig. 1-20), provide protection at the
point of attachment. They have some advantages
over the GFClI circuit breaker. They can be connected
so that they protect only the devices connected to
them and do not protect any other outlets on the
same circuit, or they can be connected so they provide
protection to other outlets. Another advantage is that,
since they are located at the point of attachment for
the device, there is no stray capacitance loss between
the panel box and the equipment being protected.
Long wire runs often cause nuisance tripping of
GFCl circuit breakers. A third ground fault protective
device is the GFCI extension cord (Fig. 1-21). It can
be connected into any standard electrical outlet,
and any devices connected to it are then ground
fault protected.

ARrc-FauLTt Circulr
INTERRUPTERS

Arc-fault circuit interrupters (AFCI) are similar to
ground fault circuit interrupters in that they are
designed to protect people from a particular hazard.
Where the ground fault circuit interrupter is designed
to protect against electrocution, the arc-fault circuit
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FIGURE 1-21 Ground fault extension.

interrupter is intended to protect against fire. Studies
have shown that one third of electrical-related fires
are caused by an arc-fault condition. At present, the
National Electrical Code® requires that arc-fault cir-
cuit interrupters be used on all 120 volt, single-phase,
15 and 20 ampere circuits installed in dwelling units
supplying power to family rooms, dining rooms, liv-
ing rooms, parlors, libraries, dens, bedrooms, sun-
rooms, recreation rooms, closets, hallways, and
similar rooms or areas.

An arc-fault is a plasma flame that can develop
temperatures in excess of 6,000 °C or 10,832 °F.
Arc-faults occur when an intermittent gap between
two conductors or a conductor and ground permits
current to “jump” between the two conductive sur-
faces. There are two basic types of arc-faults, the
parallel and the series.

PARALLEL ARC-FAULTS

Parallel arc-faults are caused by two conductors
becoming shorted together, (Fig. 1-22). A prime
example of this situation is when the insulation of a
lamp cord or extension cord has become damaged
and permits the two conductors to short together.

CHAPTER 1 Safety 15

i1,
-

FIGURE 1-22 Parallel arc-faults are caused by two
conductors touching.

The current in this type of fault is limited by the resis-
tance of the conductors in the circuit. The current in
this type of fault is generally much higher than the
rated current of a typical thermo/magnetic circuit
breaker. A continuous short will usually cause the
circuit breaker to trip almost immediately because
it will activate the magnetic part of the circuit
breaker, but an intermittent short may take some
time to heat the thermal part of the circuit breaker
enough to cause it to trip open. Thermal/magnetic
circuit breakers are generally effective in protecting
against this type of arc-fault, but cords with small-
sized conductors, such as lamp cords and small
extension cords, can add enough resistance to the
circuit to permit the condition to exist long enough
to produce sufficient heat to start a fire.

Parallel arc-faults can be more hazardous than
series arc-faults (discussed in the next section)
because they generate a greater amount of heat,
often causing hot metal to be ejected into combus-
tible material. Parallel arc-faults, however, gener-
ally produce peak currents that are well above the
normal current rating of a circuit breaker. This per-
mits the electronic circuits in the arc-fault circuit
interrupter to detect the peak currents very quickly
and trip the breaker in a fraction of a second.

SERIES ARC-FAULTS

Series arc-faults are generally caused by loose con-
nections. A loose screw on an outlet terminal, or an
improperly made wire-nut connection are prime
examples of this problem. They are called “series
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LOOSE
CONNECTION ~(
TO HIGH WATTAGE
LOAD

FIGURE 1-23 Series arc-faults age generally caused
by bad connections.

arc-faults” because the circuit contains some type
of current-limiting resistance connected in series
with the arc (Fig. 1-23). Although the amount of
electrical energy converted into heat is less than
that of a parallel arc-fault, series arc-faults can be
more dangerous. Because the current is limited by a
load, it is kept below the thermal and magnetic trip
rating of a common thermo/magnetic circuit
breaker. Since the peak arc current is never greater
than the normal steady current flow, series arcing
is more difficult to detect than parallel arcing. A
switch damaged by a loose connection is shown
in (Fig. 1-24).

When the current of an arc remains below the
normal range of a common thermo/magnetic cir-
cuit breaker, it cannot provide protection. If a
hair-dryer, for example, normally has a current
draw of 12 amperes, but the wall outlet has a
loose screw at one terminal so that the circuit
makes connection only one half of the time, the
average circuit current is 6 amperes. This is well
below the trip rating of a common circuit breaker.
A 6-ampere arc, however, can produce a tremen-
dous amount of heat in a small area.

ARC-FAULT DETECTION

There are conditions where arcing in an electric
circuit is normal, such as:

e Turning a light switch on or off.
¢ Switching of a motor relay.

¢ Plugging in an appliance that is already turned on.

FIGURE 1-24 Switch damaged by a loose
connection.

e Changing a light bulb with the power turned on.

e The arcs caused by motors that contain a
commutator and brushes.

The arc-fault circuit interrupter is designed to dis-
tinguish between normally occurring arcs and an arc-
fault. An arc caused by a toggle switch being used to
turn a light on or off will produce a current spike of
short duration, as shown in (Fig. 1-25). An arc-fault,
however, is an intermittent connection and will
generally produce current spikes of various magni-
tudes and lengths of time (Fig. 1-26). In order for
an arc-fault circuit interrupter to determine the
difference between a normally occurring arc and
an arc-fault, a microprocessor and other related
electronic components are employed. The AFCI
contains current and temperature sensors, as well
as a microprocessor and non-volatile (retains its
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FIGURE 1-25 Current spike produced by turning a
light on or off.

FIGURE 1-26 \Waveform produced by typical
arc-fault.

information when power is switched off) memory.
The current and temperature sensors permit the
AFCI to operate as a normal circuit breaker in
the event of a circuit overload or short circuit.

CHAPTER 1 Safety 17

The microprocessor continuously monitors the cur-
rent and compares the waveform to information
stored in the memory. The microprocessor is mon-
itoring the current for the magnitude, duration,
and length of time between pulses, not for a partic-
ular waveform. For this reason, there are some
appliances that can produce waveforms similar to
that of an arc-fault and may cause the AFCI to trip.
Appliances containing motors that employ the use of
brushes and a commutator, such as vacuum cleaners
and hand drills, will produce a similar waveform.

CONNECTING AN
ARc-FAuLT CirculT

INTERRUPTER

The AFCI is connected in the same manner as a
ground fault circuit breaker. The AFCI contains a
white pigtail (Fig. 1-27) that is connected to the

FIGURE 1-27 Arc-fault circuit breaker.
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TO CIRCUIT
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PIGTAIL
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FIGURE 1-28 The arc-fault interrupter connects in
the same manner as a ground-fault interrupter.

neutral bus bar in the panel box. Both the neutral
and the hot or ungrounded conductors of the
branch circuit are connected to the arc-fault
circuit breaker. The circuit breaker contains a
silver-colored and a brass-colored screw. The
neutral or white wire of the branch circuit is
inserted under the silver screw and the black wire
is inserted under the brass screw (Fig. 1-28).
A rocker switch located on the front of the AFCI
permits the breaker to be tested for both short and
arc condition. In addition to the manual test
switch, the microprocessor performs a self-test
about once every 10 minutes.

GROUNDING

Grounding is one the most important safety consid-
erations in the electrical field. Grounding provides a
low resistance path to ground to prevent conductive
objects from existing at a high potential. Many elec-
trical appliances are provided with a three-wire cord.
The third prong is connected to the case of the

appliance and forces the case to exist at ground
potential. If an ungrounded conductor comes in con-
tact with the case, the grounding conductors conduct
the current directly to ground. The third prong on a
plug should never be cut off or defeated. Grounding
requirements are far too numerous to list in this
chapter, but Section 250 of the National Electrical
Code (NEC) covers the requirements for the ground-
ing of electrical systems.

SUMMARY

e Never work on an energized circuit if the power
can be disconnected.

e The most important rule of safety is to think.
e Avoid horseplay.

e Do not work alone.

e Work with one hand when possible.

e Learn first aid and CPR.

e A current of 100 to 200 milliamperes passing
through the heart generally causes death.

* The mission of OSHA is to ensure safe and
healthy workplaces in the United States.

® Avoid using alcohol and drugs in the
workplace.

e Don’t walk close to trenches unless it
IS necessary.

e Don’t jump over trenches if it is possible to walk
around them.

e Place barricades around trenches.
e Use ladders to enter and exit trenches.

® When working in confined spaces, an outside
person should keep in constant contact with
people inside the space.

e Lock out and tag out procedures are used to
prevent someone from energizing a circuit
by mistake.

¢ Scaffolds generally provide the safest elevated
working platforms.

e The bottom of a straight ladder should be placed
at a distance from the wall that is equal to one-

fourth the height of the ladder.

e Fires can be divided into four classes: class A
is common items such as wood and paper;
class B is grease, liquids, and gases; class C is
energized electrical equipment; and class D
is metals.
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¢ Ground fault circuit interrupters are used to e Arc-fault circuit interrupters sense the presence
protect people from electrical shock. of an electrical arc.

e GEFCI protectors open the circuit when approxi- e Arc-fault circuit interrupters employ the use of a
mately 5 milliamperes of ground fault current microprocessor to identify the characteristic
is sensed. waveform of an arc-fault.

e Section 250 of the NEC lists requirements for e Arc-faults can produce temperatures in excess

grounding electrical systems. of 6000 °C.
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REVIEW QUESTIONS

1.

10.

11.

Basic Electricity

What is the most important rule of
electrical safety?

Why should a person work with
only one hand when possible?

What range of electric current
generally causes death?

What is fibrillation of the heart?

What is the operating principle of
a defibrillator?

Who is responsible for enforcing
OSHA regulations?

What is the mission of OSHA?
What is an MSDS?

A padlock is used to lock out a piece
of equipment. Who should have
the key?

A ladder is used to reach the top of
a building 16 feet tall. What distance
should the bottom of the ladder

be placed from the side of the
building?

What is a ground fault?

12.

13.

14.

15.

16.

17.

18.

19.

20.

What is the approximate current at
which a ground fault detector will
open the circuit?

Name three devices used to provide
ground fault protection.

What type of fire is class B?

What section of the National
Electrical Code covers grounding?

What is an arc-fault?
Name two types of arc-faults.

Of the two types of arc-faults, which
is probably the most dangerous
and why?

What device is used to determine
the difference between normal
arcing that occurs when a switch is
opened and an arc-fault?

How often does an arc-fault circuit
breaker perform a test to ensure
that the device is operating
properly?
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Safety 21

SECTION 1

IDENTITY OF MATERIAL

Trade Name
Product Numbers
Formula
Synonyms

Firm Name & Mailing Address

Oatey Phone Number

Emergency Phone Numbers

Prepared By

31850, 31851, 31853, 31854
PVC Resin in Solvent Solution

PVC Plastic Pipe Cement

1-216-267-7100

Charles N. Bush, Ph.D.

OATEY HEAVY DUTY CLEAR LO-VOC PVC CEMENT

OATEY CO., 4700 West 160th Street, P.O. Box 35906 Cleveland,
Ohio 44135, U.S.A. http://www.oatey.com

For Emergency First Aid call 1-303-623-5716 COLLECT. For chemical
transportation emergencies ONLY, call Chemtrec at 1-800-424-9300

SECTION 2 HAZARDOUS INGREDIENTS
INGREDIENTS % CAS NUMBER SEC 313
Acetone 0-5% 67-64-1 No
Amorphous Fumed Silica (Non-Hazardous) 1-3% 112945-52-5 No
Proprietary (Non-Hazardous) 5-15% N/A No
PVC Resin (Non-Hazardous) 10-16% 9002-86-2 No
Cyclohexanone 5-15% 108-94-1 No
Tetrahydrofuran (See SECTION 11) 30-50% 109-99-9 No
Methyl Ethyl Ketone 20-35% 78-93-3 Yes

SECTION 3 KNOWN HAZARDS UNDER U.S. 29 CFR 1910.1200
HAZARDS YES NO HAZARDS YES | NO
Combustible Liquid X Skin Hazard X
Flammable Liquid X Eye Hazard X
Pyrophoric Material X Toxic Agent X
Explosive Material X Highly Toxic Agent X
Unstable Material X Sensitizer X
Water Reactive Material X Kidney Toxin X

Oxidizer X Reproductive Toxin X

Organic Peroxide X Blood Toxin X

(continued)
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HEAVY DUTY CLEAR LO-VOC PVC CEMENT (continued)

SECTION 3 KNOWN HAZARDS UNDER U.S. 29 CFR 1910.1200

Corrosive Material X Nervous System Toxin X

Compressed Gas X Lung Toxin X

Irritant X Liver Toxin X

Carcinogen NTP/IARC/OSHA (see SECTION 11) X

SECTION 4 | EMERGENCY AND FIRST AID PROCEDURES - CALL 1-303-623-5716 COLLECT

Skin If irritation arises, wash thoroughly with soap and water. Seek medical attention if irritation
persists. Remove dried cement with Oatey Plumber’s Hand Cleaner or baby oil.

Eyes If material gets into eyes or if fumes cause irritation, immediately flush eyes with water for
15 minutes. If irritation persists, seek medical attention.

Inhalation Move to fresh air. If breathing is difficult, give oxygen. If not breathing, give artificial
respiration. Keep victim quiet and warm. Call a poison control center or physician
immediately. If respiratory irritation occurs and does not go away, seek medical attention.

Ingestion DO NOT INDUCE VOMITING. This product may be aspirated into the lungs and cause
chemical pneumonitis, a potentially fatal condition. Drink water and call a poison control
center or physician immediately. Avoid alcoholic beverages. Never give anything by mouth to
an unconscious person.

Courtesy of Oatey Co.

SECTION 5

FIRE FIGHTING MEASURES

Precautions

Procedure

Special Fire Fighting

Do not use or store near heat, sparks, or flames. Do not smoke when using.
Vapors may accumulate in low places and may cause flash fires.

For Small Fires: Use dry chemical, CO,, water or foam extinguisher.
For Large Fires: Evacuate area and call Fire Department immediately.

SECTION 6

ACCIDENTAL RELEASE MEASURES

Spill or Leak Pr

ocedures | Remove all sources of ignition and ventilate area. Stop leak if it can be done
without risk. Personnel cleaning up the spill should wear appropriate personal
protective equipment, including respirators if vapor concentrations are high. Soak
up spill with absorbent material such as sand, earth or other non-combusting
material. Put absorbent material in covered, labeled metal containers. Contami-
nated absorbent material may pose the same hazards as the spilled product. See

Section 13 for disposal information.

SECTION 7

HANDLING AND STORAGE

Precautions

HANDLING & STORAGE: Keep away from heat, sparks and flames; store in
cool, dry place.

OTHER: Containers, even empties will retain residue and flammable vapors.

(continued)
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Safety 23

SECTION 8 EXPOSURE CONTROLS/PERSONAL PROTECTION

Protective EYES: Safety glasses with side shields. RESPIRATORY: NIOSH-approved canister respirator

Equipment in absence of adequate ventilation. GLOVES: Rubber gloves are suitable for normal use of

Types the product. For long exposures to pure solvents chemical resistant gloves may be required.
OTHER: Eye wash and safety shower should be available.

Ventilation LOCAL EXHAUST: Open doors & windows. Exhaust ventilation capable of maintaining
emissions at the point of use below permissible exposure limit (PEL). If used in enclosed
area, use exhaust fans. Exhaust fans should be explosion-proof or set up in a way that flam-
mable concentrations of solvent vapors are not exposed to electrical fixtures or hot surfaces.

SECTION 9 PHYSICAL AND CHEMICAL PROPERTIES

NFPA Hazard Signal
HMIS Hazard Signal
Boiling Point

Melting Point

Vapor Pressure

Vapor Density (Air = 1)
Volatile Components
Solubility In Water

PH

Specific Gravity

Evaporation Rate

Health 2

Health 3

151 Degrees F /66 C
N/A

145 mmHg @ 20 Degrees C

2.5

70-80%

Negligible

N/A

0.95 +/- 0.015

(BUAC =1)=5.5-8.0

Stability 1
Stability 1

Flammability 3
Flammability 4

Special None

Special None

Appearance Clear Liquid

Odor Ether-Like

Will Dissolve In Tetrahydrofuran

Material Is Liquid

SECTION 10 STABILITY AND REACTIVITY
Flammability LEL = 1.8% Volume, UEL = 11.8% Volume

Flashpoint And Method Used

Stability

Hazardous Polymerization

Incompatibility/Materials To

Avoid

0-5 Degrees F, PMCC

Stable. CONDITIONS TO AVOID: Heat, sparks, and open flame.
HAZARDOUS DECOMPOSITION PRODUCTS: Carbon monoxide/carbon
dioxide/hydrogen chloride/smoke.

Will Not Occur. CONDITIONS TO AVOID: None

Acids, oxidizing materials, alkalis, chlorinated inorganics (potassium,
calcium and sodium hypochlorite).

(continued)
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Inhalation

Tetrahydrofuran
Warning

Skin

Eye
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HEAVY DUTY CLEAR LO-VOC PVC CEMENT (continued)
SECTION 11 TOXICOLOGICAL INFORMATION
Entry Route Inhale — Yes Ingest — Yes Skin — Yes Eye - Yes

Eye, Skin, Kidney, Lung, Liver, Central Nervous System

Avoid breathing vapors. High vapor concentrations may cause irritation of mucous
membranes, nose & throat, headache, dizziness, nausea, numbness of the extremities,
and narcosis in high concentrations. Some solvents at concentrations much higher
than the OSHA PELs have caused CNS depression & liver damage in animals and/or
retardation of fetal development in rats. Vapor concentrations above OSHA PEL'’s will
generally not occur unless the product is being used in an enclosed area with no
ventilation. Exposure to vapors could aggravate pre-existing respiratory conditions.
There have been reports in the medical literature of epileptic seizures after exposure to
solvents. These are rare and links to the solvents in this product are not proven. See
Section 8.

The National Toxicology Program has reported that exposure of mice and rats to
tetrahydrofuran (THF) vapor levels up to 1800 ppm 6 hr/day, 5 days/week for their
lifetime caused an increased incidence of kidney tumors in male rats and liver

tumors in female mice. The significance of these findings for human health are unclear
at this time, and may be related to “species specific” effects. Elevated incidences of
tumors in humans have not been reported for THF. THF is not listed as a carcinogen
by NTP, IARC, or OSHA. One THF vendor has recommended a reduction in the
“acceptable exposure limit” from 200 ppm to 25 ppm, 8- and 12-hour time-weighted
average.

Chronic contact may lead to irritation & dermatitis. Chronic exposure to vapors of
high concentration may cause dermatitis. May possibly be absorbed through
the skin.

Vapors or direct contact may cause irritation.

See Section 4.

SECTION 12

ECOLOGICAL INFORMATION

VOC Information

VOC Level

This product emits VOCs (volatile organic compounds) in its use. Make sure that use
of this product complies with local VOC emission regulations, where they exist.

510 g/l per SCAQMD Test Method 316A.

SECTION 13

DISPOSAL INFORMATION

Waste Disposal

Product and absorbent material containing product is considered to be hazardous
waste. Dispose of according to local, state, and federal regulations. Residual material
after solvent evaporation is non-hazardous. Empty cans are also considered non-
hazardous.

(continued)
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SECTION 14

TRANSPORTATION INFORMATION

DOT Proper Shipping Name

DOT Hazard Class

Shipping ID Number

RCRA Hazardous Waste Number
EPA Hazardous Waste ID Number
EPA Hazard Waste Class

CONSUMER COMMODITY ORM-D; For Gallons: Adhesives, 3,
UN1133, PG Il

Class 3 Flammable Liquid

UN 1133 (Gallons Only)

U002, Uos7, U159, U213

D001, D035, FO03, FO05

Ignitable Waste. Toxic Waste (Methyl Ethyl Ketone content)

SECTION 15 REGULATIONS
CHEMICAL TLV (TWA) PEL STEL HAZARD ACTION
LEVEL
Methyl Ethyl 200 ppm 200 ppm 300 ppm N/A
Ketone
590 mg/cu m 590 mg/cu m 885 mg/cu m
Tetrahydrofuran 200 ppm 200 ppm 250 ppm N/A
590 mg/cu m 590 mg/cu m 735 mg/cu m
Cyclohexanone 25 ppm 50 ppm N/A N/A
100 mg/cu m 200 mg/cu m
Amorphous Fumed | 10 mg/cu m 20 mppcf N/A N/A
Silica
Acetone 500 ppm 1000 ppm 750 ppm N/A
1200 mg/cu m 2400 mg/cu m 1800 mg/cu m
California This product contains trace amounts of chemicals known to the State of California to
Proposition 65 cause cancer. Under normal use conditions, exposures to these chemicals at levels
above the State of California “No Significant Risk Level” (NSRL) are unlikely. Oatey
strongly encourages the use of proper personal protective equipment (PPE) and venti-
lation guidelines noted in Section 8 to minimize exposure to these chemicals.
SECTION 16 DISCLAIMER

The information herein has been compiled from sources believed to be reliable, up-to-date, and is accurate
to the best of our knowledge. However, Oatey cannot give any guarantees regarding information from other

sources, and expressly does not make warranties, nor assumes any liability for its use.
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Basic Electrical Theory

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

e [ist the three major parts of an atom. e discuss the differences between conductors
and insulators.
e state the law of charges.

e discuss the law of centrifugal force.
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GLOSSARY OF BASIC ELECTRICAL THEORY TERMS .

alternating current current electron a subatomic particle neutron one of the principal parts
that reverses its direction of flow that orbits the nucleus of an of an atom. The neutron has no
at periodic intervals atom and contains a charge and is part of the nucleus
negative charge
atom the smallest part of an nucleus the center or core of
element, atoms are composed of electron orbit the space in an object
three primary subatomic particles; which an electron circles the
the proton, the neutron, and nucleus of an atom positive a charge formed by a
the electron lack of electrons
element a material, the smallest
atomic number the number of part of which would be an atom proton a subatomic particle
protons located in the nucleus of located in the nucleus of an atom;
an atom insulators materials that hinder the proton has a positive charge
the flow of electricity
attraction generally the force repulsion generally the force
that exists between objects that matter any material composed that exists between two objects
contain opposite charges of atoms that contain like electrical charges
bidirectional a device that can molecules a combination of unidirectional something that
conduct current in either atoms that form the smallest part moves in only one direction
direction, or current that flows in of a compound
two directions valence electrons electrons
negative a charge formed by an located in the outermost orbit or
conductors materials that excess of electrons shell of an atom

conduct electricity easily

direct current (DC) current
that flows in only one direction
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28 SECTION 1 Basic Electricity

lectricity is the driving force that pro-
vides most of the power for the indus-
trialized world. It is used to light
homes, cook meals, heat and cool buildings,
drive motors, and supply the ignition for

most automobiles. The technician who

understands electricity can seek employment
in almost any part of the world.

Electrical sources are divided into two basic types,
direct current (DC) and alternating current (AC).
Direct current is unidirectional, which means
that it flows in only one direction. The first part
of this text will be devoted mainly to the study of
direct current. Alternating current is bidirectional,
which means that it reverses its direction of flow
at regular intervals. The latter part of this
text is devoted mainly to the study of alternating
current.

EARLY HISTORY
OF ELECTRICITY

Although the practical use of electricity has
become common only within the last hundred
years, it has been known as a force for much lon-
ger. The Greeks were the first to discover electric-
ity, about 2,500 years ago. They noticed that
when amber was rubbed with other materials it
became charged with an unknown force that
had the power to attract objects such as dried
leaves, feathers, bits of cloth, or other lightweight
materials. The Greeks called amber elektron. The
word electric was derived from it, meaning “to
be like amber” or to have the ability to attract
other objects.

This mysterious force remained little more
than a curious phenomenon until about 2,000
years later, when other people began to conduct
experiments. In the early 1600s, William Gilbert
discovered that amber was not the only material
that could be charged to attract other objects.
He called materials that could be charged electriks
and materials that could not be charged
nonelektriks.

About 300 years ago, a few men began to study
the behavior of various charged objects. In 1733, a

LISTA LIST B
GLASS (RUBBED ON SILK) HARD RUBBER (RUBBED
ON WOOL)
GLASS (RUBBED ON
WOOL OR COTTON) BLOCK OF SULFUR
(RUBBED ON WOOL
MICA (RUBBED ON CLOTH) | OR FUR)

ASBESTOS (RUBBED ON
CLOTH OR PAPER)

MOST KINDS OF RUBBER
(RUBBED ON CLOTH)

STICK OF SEALING WAX
(RUBBED ON WOOL)

SEALING WAX (RUBBED
ON SILK, WOOL, OR FUR)

GLASS OR MICA (RUBBED
ON DRY WOOL)

AMBER (RUBBED ON
CLOTH)

FIGURE 2-1 List of charged materials.

Frenchman named Charles DuFay found that a
piece of charged glass would repel some charged
objects and attract others. These men soon learned
that the force of repulsion was just as important
as the force of attraction. From these experiments,
two lists were developed (Fig. 2-1). It was deter-
mined that any material in list A would attract
any material in list B, and that all materials in list
A would repel each other and all materials in list B
would repel each other (Fig. 2-2). Various names

S
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FIGURE 2-2 Unlike charges attract and like
charges repel.



were suggested for the materials in lists A and B.
Any opposite-sounding names could have been
chosen, such as east and west, north and south,
or male and female. Benjamin Franklin named the
materials in list A positive and the materials in list
B negative. These names are still used today. The
first item in each list was used as a standard for
determining if a charged object was positive or neg-
ative. Any object repelled by a piece of glass
rubbed on silk would have a positive charge and
any item repelled by a hard rubber rod rubbed on
wool would have a negative charge.

ATOMS

To understand electricity, it is necessary to start
with the study of atoms. The atom is the basic
building block of the universe. All matter is made
from a combination of atoms. Matter is any sub-
stance that has mass and occupies space. It can
exist in any of three states: solid, liquid, or gas.
Water, for example, can exist as a solid in the
form of ice, as a liquid, or as a gas in the form of
steam (Fig. 2-3). An element is a substance that
cannot be chemically divided into a simpler sub-
stance. A table listing both natural and artificial
elements is shown in Figure 2-4. An atom is the
smallest part of an element. The three principal
parts of an atom are the electron, neutron,
and proton. Figure 2-5 illustrates those parts of
the atom.

LIQUID

=

FIGURE 2-3 Water can exist in three states,
depending on temperature and pressure.
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Notice that the proton has a positive charge,
the electron a negative charge, and the neutron
no charge. The neutron and proton combine to
form the nucleus of the atom. Since the neutron
has no charge, the nucleus will have a net positive
charge. The number of protons in the nucleus
determines what kind of element an atom is.
Oxygen, for example, contains 8 protons in its
nucleus, and gold contains 79. The atomic number
of an element is the same as the number of protons
in the nucleus. The lines of force produced by
the positive charge of the proton extend outward
in all directions (Fig. 2-6). The nucleus may or may
not contain as many neutrons as protons.
For example, the nucleus of an atom of helium
contains two protons and two neutrons, while an
atom of copper contains 29 protons and 35
neutrons (Fig. 2-7).

The electron orbits the outside of the nucleus.
Notice in Figure 2-5 that the electron is shown to
be larger than the proton. Actually, an electron
is about three times as large as a proton. The
estimated size of a proton is 0.07 trillionth of an
inch in diameter, and the estimated size of an
electron is 0.22 trillionth of an inch in diameter.
Although the electron is larger in size, the
proton weighs about 1840 times more. Imagine
comparing a soap bubble with a piece of buckshot.
Compared with the electron, the proton is a mas-
sive particle. Since the electron exhibits a negative
charge, the lines of force come in from all direc-
tions (Fig. 2-8).

THE LAw
OF CHARGES

To understand atoms, it is necessary first to
understand two basic laws of physics. One of
these is the law of charges, which states that
opposite charges attract and like charges repel.
In Figure 2-9, which illustrates this principle,
charged balls are suspended from strings. Notice
that the two balls that contain opposite charges
are attracted to each other. The two positively
charged balls and the two negatively charged
balls repel each other. This is because lines of
force can never cross each other. The outward-
going lines of force of a positively charged object
combine with the inward-going lines of force of a
negatively charged object (Fig. 2-10). This combin-
ing produces an attraction between the two objects.
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30 SECTION 1 Basic Electricity

NUMBER NAME £ECTRONS SYMBOL| \UwBer NAME g\ECTRONs SYMBOL|NUmBer NAME E/RGrRoNs SYMBOL
1 HYDROGEN 1 H 37 RUBIDIUM 1 Rb 73 TANTALUM 2 Ta
2 HELIUM 2 He 38 STRONTIUM 2 Sr 74 TUNGSTEN 2 w
3 LITHIUM 1 Li 39 YTTRIUM 2 Y 75 RHENIUM 2 Re
4 BERYLLIUM 2 Be 40 ZIRCONIUM 2 Zr 76 OSMIUM 2 Os
5 BORON 3 B 41 NIOBIUM 1 Nb 77 IRIDIUM 2 Ir
6 CARBON 4 C 42 MOLYBDENUM 1 Mo 78 PLATINUM 1 Pt
7 NITROGEN 5 N 43 TECHNETIUM 2 Tc 79 GOLD 1 Au
8 OXYGEN 6 (@) 44 RUTHENIUM 1 Ru 80 MERCURY 2 Hg
9 FLUORINE 7 F 45 RHODIUM 1 Rh 81 THALLIUM 3 Tl
10 NEON 8 Ne 46 PALLADIUM - Pd 82 LEAD 4 Pb
11  SODIUM 1 Na 47 SILVER 1 Ag 83 BISMUTH 5 Bl
12 MAGNESIUM 2 Ma 48 CADMIUM 2 Cd 84 POLONIUM 6 Po
13 ALUMINUM 3 Al 49 INDIUM 3 In 85 ASTATINE 7 At
14 SILICON 4 Si 50 TIN 4 Sn 86 RADON 8 Rd
15 PHOSPHORUS 5 P 51 ANTIMONY 5 Sb 87 FRANCIUM 1 Fr
16 SULFUR 6 S 52 TELLURIUM 6 Te 88 RADIUM 2 Ra
17 CHLORINE 7 Cl 53 IODINE 7 I 89 ACTINIUM 2 Ac
18 ARGON 8 A 54 XENON 8 Xe 90 THORIUM 2 Th
19 POTASSIUM 1 K 55 CESIUM 1 Cs 91 PROTACTINIUM 2 Pa
20 CALCIUM 2 Ca 56 BARIUM 2 Ba 92 URANIUM 2 U
21 SCANDIUM 2 Sc 57 LANTHANUM 2 La

22 TITANIUM 2 Ti 58 CERIUM 2 Ce ARTIFICAL ELEMENTS
23 VANADIUM 2 Vv 59 PRASEODYMIUM 2 Pr

24 CHROMIUM 1 Cr 60 NEODYMIUM 2 Nd 93 NEPTUNIUM 2 Np
25 MANGANESE 2 Mn 61 PROMETHIUM 2 Pm | 94 PLUTONIUM 2 Pu
26 IRON 2 Fe 62 SAMARIUM 2 Sm | 95 AMERICIUM 2 Am
27 COBALT 2 Co 63 EUROPIUM 2 Eu 96 CURIUM 2 Cm
28 NICKEL 2 Ni 64 GADOLINIUM 2 Gd 97 BERKELIUM 2 Bk
29 COPPER 1 Cu 65 TERBIUM 2 Tb 98 CALIFORNIUM 2 Cf
30 ZINC 2 Zn 66 DYSPROSIUM 2 Dy 99 EINSTEINIUM 2 E
31 GALLIUM 8 Ga 67 HOLMIUM 2 Ho |100 FERMIUM 2 Fm
32 GERMANIUM 4 Ge 68 ERBIUM 2 Er |101 MENDELEVIUM 2 Mv
33 ARSENIC 5 As 69 THULIUM 2 Tm |102 NOBELIUM 2 No
34 SELENIUM 6 Se 70 YTTERBIUM 2 Yb |103 LAWRENCIUM 2 Lw
35 BROMINE 7 Br 71 LUTETIUM 2 Lu

36 KRYPTON 8 Kr 72 HAFNIUM 2 Hf

FIGURE 2-4 Table of elements.

If two objects with like charges come close to each
other, the lines of force repel (Fig. 2-11). Since the
nucleus has a net positive charge and the electron
has a negative charge, the electron is attracted to
the nucleus.

STRUCTURE OF

THE ATOM

In 1808, a scientist named John Dalton proposed
that all matter was composed of atoms. Although
the assumptions that Dalton used to prove his

theory were later found to be factually incorrect,
the idea that all matter is composed of atoms was
adopted by most of the scientific world. Then, in
1897, J. J. Thompson discovered the electron.
Thompson determined that electrons have a nega-
tive charge and that they have very little mass com-
pared to the atom. He proposed that atoms have a
large, positively charged, massive body with nega-
tively charged electrons scattered throughout it.
Thompson also proposed that the negative charge
of the electrons exactly balanced the positive
charge of the large mass, causing the atom to
have a net charge of zero. Thompson’s model of
the atom proposed that electrons existed in a ran-
dom manner within the atom, much like firing
pellets from a BB gun into a slab of cheese. This
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FIGURE 2-5 The three principal parts of an atom.

PROTON

FIGURE 2-6 The lines of force extend outward.

was referred to as the “plum pudding model” of
the atom.

In 1913, a Danish scientist named Neils Bohr
presented the most widely accepted theory con-
cerning the structure of an atom. In the Bohr
model, electrons exist in specific or “allowed”
orbits around the nucleus in much the same way
that planets orbit the sun (Fig. 2-12). The orbit in
which the electron exists is determined by the elec-
tron’s mass, times its speed, times the radius of the
orbit. These factors must equal the positive force of
the nucleus. In theory, there can be an infinite num-
ber of allowed orbits.

When an electron receives enough energy from
some other source, it “quantum jumps” into a
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THE NUCLEUS OF A
HELIUM ATOM CONTAINS
2 PROTONS AND 2 NEUTRONS.
HELIUM

THE NUCLEUS OF
A COPPER ATOM
CONTAINS 29
PROTONS AND

35 NEUTRONS.

COPPER

FIGURE 2-7 The nucleus may or may not contain
the same number of protons and neutrons.

ELECTRON

FIGURE 2-8 The lines of force come inward.

higher allowed orbit. Electrons, however, tend to
return to a lower allowed orbit. When this occurs,
the electron emits the excess energy as a single pho-
ton of electromagnetic energy.

ELECTRON ORBITS

Each electron orbit of an atom contains a set num-
ber of electrons (Fig. 2-13). The number of elec-
trons that can be contained in any one orbit, or
shell, is found by using the formula (2N?). The let-
ter N represents the number of the orbit, or shell.
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32 SECTION 1 Basic Electricity

FIGURE 2-9 Unlike charges attract and like
charges repel.

PROTON ELECTRON

FIGURE 2-12 Electrons exist in allowed orbits.

ELECTRON
j

FIGURE 2-10 Unlike charges attract each other.

PROTON PROTON

FIGURE 2-11 Like charges repel each other. FIGURE 2-13 Electron orbits.
For example, the first orbit can hold no more than The second orbit can hold no more than eight
two electrons. electrons.

2 x (1)* or 2% (2)% or

2x1=2 2x4=28
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FIGURE 2-14 Electrons orbit the nucleus in a
circular fashion.

The third orbit can contain no more than 18
electrons.

2 x (3)* or
2x9=18

The fourth and fifth orbits cannot hold more than
32 electrons. Thirty-two is the maximum number of
electrons that can be contained in any orbit.

2 % (4)* or
2x16 =232

Although atoms are often drawn flat, as illus-
trated in Figure 2-13, electrons orbit the nucleus in
a spherical fashion, as shown in Figure 2-14. Elec-
trons travel at such a high rate of speed that they
form a shell around the nucleus. For this reason,
electron orbits are often referred to as shells.

VALENCE ELECTRONS

The outer shell of an atom is known as the valence
shell. Any electrons located in the outer shell of an
atom are known as valence electrons (Fig. 2-15).
The valence shell of an atom cannot hold more
than eight electrons. The valence electrons are of
primary concern in the study of electricity, because
they explain much of electrical theory. A
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VALENCEELECTRONAAA\\

VALENCE
SHELL

FIGURE 2-15 The electrons located in the outer
orbit of an atom are valence electrons.

conductor, for instance, is generally made from a
material that contains one or two valence electrons.
Atoms with one or two valence electrons are unsta-
ble and can be made to give up these electrons with
little effort. Conductors are materials that permit
electrons to flow through them easily. When an
atom has only one or two valence electrons, these
electrons are loosely held by the atom and are eas-
ily given up for current flow. Silver, copper, and
gold all contain one valence electron and are excel-
lent conductors of electricity. Silver is the best
natural conductor of electricity, followed by cop-
per, gold, and aluminum. An atom of copper is
shown in Figure 2-16. Although it is known that
atoms containing few valence electrons are the best
conductors, it is not known why some of these
materials are better conductors than others. Cop-
per, gold, platinum, and silver all contain only one
valence electron. Silver, however, will conduct elec-
tricity more readily than any of the others. Alumi-
num, which contains three valence electrons, is a
better conductor than platinum, which contains
only one valence electron.

ELECcTRON FLOW

Electrical current is the flow of electrons. It is
produced when an electron from one atom knocks
electrons of another atom out of orbit. Figure 2-17
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FIGURE 2-16 A copper atom contains 29 electrons
and has 1 valence electron.

HEAT PRODUCED
BY ELECTRON
IMPACT

illustrates this action. When an atom contains only
one valence electron, that electron is easily given up
when struck by another electron. The striking elec-
tron gives its energy to the electron being struck.
The striking electron settles into orbit around the
atom, and the electron that was struck moves off to
strike another electron. Some energy is lost when one
electron strikes another. That is why a wire heats
when current flows through it. If too much current
flows through a wire, overheating will damage the
wire and possibly become a fire hazard.

INSULATORS

Materials containing seven or eight valence electrons
are known as insulators. Insulators are materials that
resist the flow of electricity. When the valence shell
of an atom is full or almost full, the electrons are
held tightly and are not given up easily. Some good
examples of insulator materials are rubber, plastic,
glass, and wood. Figure 2-18 illustrates what hap-
pens when a moving electron strikes an atom
containing eight valence electrons. The energy of
the moving electron is divided so many times that
it has little effect on the atom. Any atom that has
seven or eight valence electrons is extremely stable
and does not easily give up an electron.

FIGURE 2-17 An electron of one atom knocks an
electron of another atom out of orbit.

FIGURE 2-18 The energy of the striking electron is
divided among the eight electrons.
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METHODS OF
PRODUCING

ELECTRICITY

In this unit, it has been shown that electricity is a
flow of electrons. There are six basic methods for
producing electricity:

magnetism
chemical
pressure
heat
friction
light

o a0~ O DN =

Of the six methods listed, magnetism is the
most commonly used to produce electricity. Elec-
tromagnetic induction is the operating principle of
all generators and alternators. These principles are
covered fully later in this text.

The second most common method of produc-
ing electricity is chemical action. The chemical pro-
duction of electricity involves the movement of
entire ions instead of just electrons.

The production of electricity by pressure
involves the striking, bending, or twisting of certain
crystals. This effect is referred to as the piezo elec-
tric effect. The word piezo is derived from a Greek
word meaning pressure.

Producing electricity with heat is called the See-
beck effect. The Seebeck effect is the operating
principle of thermocouples.

Static charges are probably the best example of
producing electricity by friction. A static charge
occurs when certain materials are rubbed together
and electrons are transferred from one object to
the other.
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Electricity is produced from light using parti-
cles called photons. In theory, photons are mass-
less particles of pure energy that can be produced
when electrons are forced to change energy levels,
or are knocked out of orbit. This is the operating
principle of gas-filled lights such as sodium vapor
or mercury vapor. Electricity can be produced by
photons when they strike a semiconductor mate-
rial. The energy of the photon is given to an elec-
tron, forcing it to move out of orbit. This is the
operating principle of photovoltaic devices called
solar cells.

SUMMARY

e The atom is the smallest part of an element.

e The three basic parts of an atom are the proton,
electron, and neutron.

e Protons have a positive charge, electrons a neg-
ative charge, and neutrons no charge.

e Valence electrons are located in the outer orbit
of an atom.

e Conductors are materials that provide an easy
path for electron flow.

e Conductors are made from materials that con-
tain one, two, or three valence electrons.

¢ Insulators are materials that do not provide an
easy path for the flow of electrons.

¢ Insulators are generally made from materials
containing seven or eight valence electrons.

e Six basic methods for producing electricity are
magnetism, chemical, light, heat, pressure, and
friction.

¢ A photon is a massless particle of pure energy.

e Photons can be produced when electrons move
from one energy level to another.
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36 SECTION 1 Basic Electricity

REVIEW QUESTIONS

1.  What are the three subatomic parts 5. What force keeps the electron from
of an atom, and what charge does falling into the nucleus of the atom?
each carry?

6. How many valence electrons are

2. How many times larger is an generally contained in materials
electron than a proton? used for conductors?

3. How many times more does 7. How many valence electrons are
the proton weigh than the generally contained in materials
electron? used for insulators?

4. State the law of charges. 8. What is electricity?
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Flectrical Quantities
and Ohm'’s Law

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

e define a coulomb. e compute different electrical values using Ohm’s law
formulas.
e define an amp.
e discuss different types of electrical circuits.
e define a volt.
e select the proper Ohm’s law formula from a chart.
e define an ohm.

e define a watt.
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GLOSSARY OF ELECTRICAL QUANTITY

AND OHM’'S LAW

TERMS

amp a measure of electric current
defined as one coulomb per
second

British thermal unit (BTU)
the amount of heat necessary to
change the temperature of one
pound of water one degree
Fahrenheit

complete path an electric
circuit that exists from the more
negative to the more positive
voltage

conventional current flow
theory an older theory stating
that electric current flows from the
more positive source to the more
negative source

coulomb a quantity measure of
electrons that equals 6.25x10"®
electrons

electromotive force (EMF)
the force known as voltage that

pushes the electrons through an
electric circuit

electron theory the theory
stating that electricity flows from
the more negative power source to
the more positive power source

grounding conductor gener-
ally the bare or green wire used to
establish a low resistance path to
ground

horsepower a common measure
of power in which the base is
established at 550 foot-pounds per
second; in electrical quantities,
746 watts equals one horsepower

impedance the total current
limiting effect in an electric
circuit; impedance is measured in
ohms.

joule a metric measure of power
similar to the English measure
watt
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neutral conductor the part of
an electric circuit that is generally
grounded

ohm (Q) the unit of measure
used to describe the resistance to
the flow of electric current

Ohm'’s law a set of mathematical
formulas developed by the German
scientist Georg S. Ohm

power the ability to do work; in
an electric circuit, it is generally
measured in watts

resistance the element of an
electric circuit that can limit the
flow of current by producing heat

volt a measure of EMF often
described as electrical pressure

watt a power measurement that
describes the amount of electrical
energy converted to some other
form



CHAPTER 3

lectricity has a standard set of values.

Before one can work with electricity,

one must know these values and how
to use them. Because the values of electrical
measurement have been standardized, they
are understood by everyone who uses them.
For instance, carpenters use a standard sys-
tem for measuring length, such as the inch,
foot, meter, or centimeter. Imagine what a
house would look like if it was constructed
by two carpenters who used different lengths
of measure for an inch or foot. The same
holds true for people who work with electric-
ity. The standards of measurement must be
the same for everyone. Meters should be cal-
ibrated to indicate the same quantity of cur-
rent flow, voltage, or resistance. A volt, an
ampere, or an ohm is the same everywhere in
the world.

THE COoULOMB

A coulomb is a quantity measurement for elec-
trons. One coulomb contains 6.25 x 108, or
6,250,000,000,000,000,000, electrons. To better
understand the number of electrons contained in
a coulomb, think of comparing one second with
200 billion years. Since the coulomb is a quantity
measurement, it is similar to a quart, gallon, or
liter. It takes a certain amount of liquid to equal
a liter, just as it takes a certain amount of electrons
to equal a coulomb.

The coulomb is named for a French scientist
who lived in the 1700s named Charles Augustin
de Coulomb. Coulomb experimented with electro-
static charges and developed a law dealing with the
attraction and repulsion of these forces. The law,
known as Coulomb’s law of electrostatic charges,
states that the force of electrostatic attraction or
repulsion is directly proportional to the product
of the two charges and inversely proportional to
the square of the distance between them. The num-
ber of electrons contained in the coulomb was
determined by the average charge of an electron.
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THE AMP

The amp, or ampere, is named for André Ampere,
a scientist who lived from the late 1700s to the
early 1800s. Ampere is most famous for his work
dealing with electromagnetism, which will be dis-
cussed in a later chapter. The amp (A) is defined as
one coulomb per second. Notice that the definition
of an amp involves a quantity measurement, the
coulomb, and a time measurement, the second.
One amp of current flows through a wire when
one coulomb flows past a point in one second
(Fig. 3-1). The ampere is a measurement of the
amount of electricity that is flowing through a cir-
cuit. In a water system, it would be comparable to
gallons per minute or gallons per second (Fig. 3-2).
The letter I, which stands for intensity of current,
and the letter A, which stands for amp, are both
used to represent current flow in algebraic

FIGURE 3-1 One ampere equals one coulomb
per second.
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FIGURE 3-2 Current in an electrical circuit can be
compared to flow rate in a water system.
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formulas. This text will use the letter I in formulas
to represent current.

_ Qi x Qs
2

F = Force in dynes

Q = Strength of charge in electrostatic units
D = Separation in cm

K = Dielectric constant

THE ELECTRON
THEORY

There are actually two theories concerning current
flow. The theory known as the electron theory
states that since electrons are negative particles,
current flows from the most negative point in the
circuit to the most positive. The electron theory is
the more widely accepted as being correct and is
used throughout this text.

THE CONVENTIONAL
CURRENT THEORY

The second theory, known as the conventional cur-
rent flow theory, is older than the electron theory
and states that current flows from the most positive
point to the most negative. Although it has been
established almost to a certainty that the electron
theory is correct, the conventional current theory is
still widely used for several reasons. Most elec-
tronic circuits use the negative terminal as ground
or common. When the negative terminal is used as
ground, the positive terminal is considered to be
above ground, or hot. It is easier for most people
to think of something flowing down rather than
up, or from a point above ground to ground. An
automobile electrical system is a good example of
this type of circuit. Most people consider the posi-
tive battery terminal to be the hot terminal.

Many people who work in the electronics field
prefer the conventional current flow theory because
all the arrows on the semiconductor symbols point in
the direction of conventional current flow. If the
electron flow theory is used, it must be assumed that
current flows against the arrow (Fig. 3-3). Another
reason that many people prefer using the conven-
tional current flow theory is that most electronic
schematics are drawn in such a manner that it
assumes current flows from the more positive to
the more negative source. In Figure 3-4 the positive

> ’I
DIODE

THE CONVENTIONAL
CURRENT FLOW THEORY

— STATES THAT CURRENT
FLOWS FROM POSITIVE
TO NEGATIVE.

’I

DIODE

THE ELECTRON FLOW
THEORY STATES THAT

— CURRENT FLOWS FROM
NEGATIVE TO POSITIVE.

FIGURE 3-3 Conventional current flow theory and
electron flow theory.
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FIGURE 3-4 On-delay timer.

voltage point is shown at the top of the schematic
and the negative (ground) is shown at the bottom.
When tracing the flow of current through a circuit,
most people find it easier to go from top to bottom
than from bottom to top.

The electron theory states that current flows in
the direction that electrons move; electrons always
move from negative to positive.

SPEED OF CURRENT

To determine the speed of current flow through a
wire, one must first establish exactly what is being
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measured. As stated previously, current is a flow of
electrons through a conductive substance. Assume
for a moment that it is possible to remove a single
electron from a wire and identify it by painting it
red. If it were possible to observe the progress of
the identified electron as it moved from atom to
atom, it would be seen that a single electron
moves rather slowly (Fig. 3-5). It is estimated that
a single electron moves at a rate of about 3 inches
per hour at one ampere of current flow.

Another factor that must be considered is
whether the circuit is DC, AC, or radio waves.
Radio waves move at approximately the speed of
light, which is 186,000 miles per second or
300,000,000 meters per second. The velocity of
alternating current through a conductor is less
than the speed of light because magnetic fields
travel more slowly in material dielectrics than
they do through free air.

In a direct current circuit, the impulse of elec-
tricity can appear to be faster than the speed of
light. Assume for a moment that a pipe has been
filled with ping pong balls, Figure 3-6. If a ball is
forced into the end of the pipe, the ball at the other
end will be forced out. Each time a ball enters one
end of the pipe, another ball is forced out the other

IDENTIFIED ELECTRON

FIGURE 3-5 Electrons moving from atom to atom.

CONDUCTOR
<

+Q QOO0+

FIGURE 3-6 \When a ball is pushed into one end,
another ball is forced out the other end. This basic prin-
ciple causes the instantaneous effect of electrical
impulses.
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FIGURE 3-7 The impulse of electricity can travel
faster than light.

end. This principle is also true for electrons in a
wire. There are billions of electrons in a wire. If
an electron enters one end of a wire, another elec-
tron is forced out the other end. Assume that a wire
is long enough to be wound around the earth 10
times. If a power source and switch were connected
at one end of the wire and a light at the other end,
Figure 3-7, the light would turn on the moment
the switch was closed. It would take light approxi-
mately 1.3 seconds to travel around the earth
10 times.

BAsic ELECTRICAL
CIrcuITS

A complete path must exist before current can flow
through a circuit (Fig. 3-8). A complete circuit is
often referred to as a closed circuit, because the
power source, conductors, and load form a closed
loop. In Figure 3-8, a lamp is used as the load. The
load offers resistance to the circuit and limits the
amount of current that can flow. If the switch is
opened, there is no longer a closed loop and no
current can flow. This is often referred to as an
incomplete, or open, circuit.

A short circuit, which has very little or no resis-
tance, generally occurs when the conductors lead-
ing from and back to the power source become
connected together (Fig. 3-9). In this example, a
separate current path has been established that
bypasses the load. Because the load is the device
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)
g N’
-
CURRENT FLOWS THROUGH

A CLOSED CIRCUIT.

NO CURRENT CAN FLOW
THROUGH AN OPEN CIRCUIT.

FIGURE 3-8 Current flows only through a closed
circuit.

POINT OF SHORT CIRCUIT

FIGURE 3-9 A short circuit bypasses the load and
permits too much current to flow.

that limits the flow of current, when it is bypassed
an excessive amount of current can flow. Short cir-
cuits generally cause a fuse to blow or a circuit
breaker to open. If the circuit has not been pro-
tected by a fuse or circuit breaker, a short circuit
can damage equipment, melt wires, and start fires.

Another type of circuit, one that is often confused
with a short circuit, is a grounded circuit. Grounded
circuits can also cause an excessive amount of current
flow. They occur when a path other than the one
intended is established to ground. Many circuits con-
tain an extra conductor called the grounding conduc-
tor. A typical 120-volt appliance circuit is shown in
Figure 3-10. In this circuit, the ungrounded, or hot,

o —"
Sl

CIRCUIT BREAKER

' UNGROUNDED (HOT)

GROUNDED (NEUTRAL

£ GROUNDING (SAFETY)
I

FIGURE 3-10 120-V appliance circuit.

conductor is connected to the fuse or circuit
breaker. The hot conductor supplies power to the
load. The grounded conductor, or neutral conduc-
tor, provides the return path and completes the circuit
back to the power source. The grounding conductor
is generally connected to the case of the appliance to
provide a low-resistance path to ground. Although
both the neutral and grounding conductors are
grounded at the power source, the grounding conduc-
tor is not considered to be a circuit conductor,
because current will flow through the grounding con-
ductor only when a circuit fault develops. In normal
operation, current flows through the hot and neutral
conductors only.

The grounding conductor helps prevent a
shock hazard in the event that the ungrounded,
or hot, conductor comes in contact with the case
or frame of the appliance (Fig. 3-11). This condi-
tion could occur in several ways. In this example, it
will be assumed that the motor winding becomes
damaged and makes connection to the frame of
the motor. Since the frame of the motor is con-
nected to the frame of the appliance, the grounding

m

FIGURE 3-11 The grounding conductor provides a
low resistance path to ground.
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conductor will provide a circuit path to ground. If
enough current flows, the circuit breaker will open.
Without a grounding conductor connected to the
frame of the appliance, the frame would become
hot (in the electrical sense) and anyone touching the
case and a grounded point, such as a water line,
would complete the circuit to ground. The resulting
shock could be fatal. For this reason the grounding
prong of a plug should never be cut off or bypassed.

THE VoLt

Voltage is defined as electromotive force, or EMF.
It is the force that pushes the electrons through a
wire and is often referred to as electrical pressure.
A volt is the amount of potential necessary to cause
one coulomb to produce one joule of work.
Remember that voltage cannot flow. Voltage in
an electrical circuit is like pressure in a water sys-
tem (Fig. 3-12). To say that voltage flows through
a circuit is like saying that pressure flows through a
pipe. Pressure can push water through a pipe, and
it is correct to say that water flows through a pipe,
but it is not correct to say that pressure flows
through a pipe. The same is true for voltage. Volt-
age pushes current through a wire, but voltage can-
not flow through a wire.

Voltage is often thought of as the potential to do
something. For this reason, it is frequently referred to
as potential, especially in older publications and ser-
vice manuals. Voltage must be present before current
can flow, just as pressure must be present before

N
POUND PER
% PUMP " 5QUARE INCH
J
+
VOLTS §
BATTERY

FIGURE 3-12 Voltage in an electrical circuit can be
compared to pressure in a water system.
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water can flow. A voltage, or potential, of 120 volts
is present at a common wall outlet, but there is no
flow until some device is connected and a complete
circuit exists. The same is true in a water system. Pres-
sure is present, but water cannot flow until the valve is
opened and a path is provided to a region of lower
pressure. The letter E, which stands for EMF, or the
letter V, which stands for volt, can be used to repre-
sent voltage in an algebraic formula. This text will use
the letter E to represent voltage in an algebraic
formula.

THE OaM

An ohm is the unit of resistance to current flow. It was
named after the German scientist Georg S. Ohm. The
symbol used to represent an ohm, or resistance, is the
Greek letter omega (Q). The letter R, which stands for
resistance, is used to represent ohms in an algebraic
formula. An ohm is the amount of resistance that
allows 1 amp of current to flow when the applied
voltage is 1 volt. So, one ohm equals one volt divided
by one ampere. Without resistance, every electrical
circuit would be a short circuit. All electrical loads,
such as heating elements, lamps, motors, transfor-
mers, and so on, are measured in ohms. Just as in a
water system a reducer can be used to control the flow
of water, in an electrical circuit, a resistor can be used
to control the flow of electrons. Figure 3-13 illus-
trates this concept.

To understand the effect of resistance on an
electric circuit, imagine a person running along a

A REDUCER HINDERS
THE FLOW OF WATER
THROUGH THE SYSTEM.

% PUMP

+ A RESISTOR HINDERS
THE FLOW OF CURRENT
THROUGH THE CIRCUIT.

NNV

BATTERY

FIGURE 3-13 A resistor in an electrical circuit can
be compared to a reducer in a water system.
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HEAT IS PRODUCED WHEN CURRENT
FLOWS THROUGH THE ELEMENT OF AN
INCANDESCENT LAMP.

THE HEAT PRODUCED WHEN
CURRENT FLOWS THROUGH
A WIRE IS CAUSED BY THE
RESISTANCE OF THE WIRE.

FIGURE 3-14 Heat is produced when current flows
through resistance.

beach. As long as the runner stays on the hard,
compact sand, he can run easily along the beach.
Likewise, current can flow easily through a good
conductive material, such as a copper wire. Now
imagine that the runner wades out into the water
until it is knee deep. He will no longer be able to
run along the beach as easily because of the resis-
tance of the water. Now imagine that the runner
wades out into the water until it is waist deep. His
ability to run along the beach will be hindered to a
greater extent because of the increased resistance of
the water against his body. The same is true for
resistance in an electric circuit. The higher the resis-
tance, the greater the hindrance to current flow.

Another fact an electrician should be aware of
is that any time current flows through a resistance,
heat is produced (Fig. 3-14). That is why a wire
becomes warm when current flows through it.
The elements of an electric range become hot, and
the filament of an incandescent lamp becomes
extremely hot because of resistance.

Another term similar in meaning to resistance
is impedance. Impedance is most often used in cal-
culations of alternating current rather than direct
current. Impedance will be discussed to a greater
extent later in this text.

THE WATT

Wattage is a measure of the amount of power that
is being used in a circuit. The watt was named in

TURBINE

S o5

FIGURE 3-15 Force equals flow rate times
pressure.

honor of the English scientist, James Watt. In an
algebraic formula, wattage is generally represented
either by the letter P, for power, or W, for watts. It
is proportional to the amount of voltage and the
amount of current flow. To understand watts,
return to the example of the water system. Assume
that a water pump has a pressure of 120 pounds
per square inch (PSI) and causes a flow rate of one
gallon per second. Now assume that this water is
used to drive a turbine, as shown in Figure 3-15.
The turbine has a radius of one foot from the cen-
ter shaft to the rim of the wheel. Since water weighs
8.34 pounds per gallon and it is being forced
against the wheel at a pressure of 120 PSI, the tur-
bine would develop a torque of 1000.8 foot-
pounds (120 x 8.34 x 1=1000.8). Torque is a
force that produces, or tends to produce, rotation
or torsion. If the pressure is increased to 240 PSI,
but the flow of water remains constant, the force
against the wheel will double (240 x 8.34 x 1=
2001.6). Notice that the amount of power devel-
oped by the turbine is determined by both the
amount of pressure driving the water and the
amount of flow.

The power of an electrical circuit is very simi-
lar. Figure 3-16 shows a resistor connected to a
circuit with a voltage of 120 V and a current
flow of 1 A. The resistor shown represents an elec-
trical heating element. When 120 V force a current
of 1 A through it, the heating element will produce
120 watts of heat (120 x 1=120 W). If the voltage
is increased to 240 V, but the current remains con-
stant, the element will produce 240 W of heat
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FIGURE 3-16 Amps times volts equals watts.

(240 x 1 =240 W). If the voltage remains at 120 V,
but the current is increased to 2 A, the heating ele-
ment will again produce 240 W (120 x 2 =240).
Notice that the amount of power used by the heating
element is determined by the amount of current flow
and the voltage driving it.

Watts is a measure of the amount of electrical
energy converted into some other form.

An important concept concerning power in an
electrical circuit is that before true power, or watts,
can exist, there must be some type of energy change
or conversion. In other words, electrical energy
must be changed or converted into some other
form of energy before there can be power or
watts. It makes no difference whether electrical
energy is converted into heat energy or mechanical
energy, but there must be some form of energy con-
version before watts can exist.

OTHER MEASURES
OF POWER

The watt is not the only unit of power measure.
Many years ago, James Watt decided that in
order to sell his steam engines, he would have to
rate their power in terms that the average person
could understand. He decided to compare his
steam engines to the horses he hoped his engines
would replace. After experimenting, Watt found
that the average horse working at a steady rate
could do 550 foot-pounds of work per second. A
foot-pound (ft-Ib) is the amount of force required
to raise a one-pound weight one foot. This rate of
doing work is the definition of a horsepower (hp).

1 hp = 550 ft-lb/s
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Horsepower can also be expressed as 33,000
foot-pounds per minute (550 ft-Ib x 60 s = 33,000).

1 hp = 33,000 ft-lb/min

It was later computed that the amount of elec-
trical energy needed to produce one horsepower
was 746 W.

1 hp = 746 W

Another measure of energy frequently used in
the English system of measure is the British thermal
unit (BTU). A BTU is defined as the amount of
heat required to raise the temperature of one
pound of water one degree Fahrenheit. In the met-
ric system, the calorie is used instead of the BTU to
measure heat. A calorie is the amount of heat
needed to raise the temperature of one gram of
water one degree Celsius. The joule is the metric
equivalent of the watt. A joule is defined as one
newton per meter. A newton is a force of
100,000 dynes, or about 3-1/2 ounces, and a
meter is about 39 inches. The joule can also be
expressed as the amount of work done by one
coulomb flowing through a potential of one volt,
or as the amount of work done by one watt for
one second.

1 joule = 1 watt/s

The chart in Figure 3-17 gives some common
conversions for different quantities of energy.
These quantities can be used to calculate different
values.

1 HORSEPOWER = 746 WATTS

1 HORSEPOWER = 550 FT-LB/S

1 WATT = 0.00134 HORSEPOWER
1 WATT = 3.412 BTU/HR
1 WATT/S = 1 JOULE

1 BTU/HR X 0.293 = WATTS

1 CAL/S = 4.19 WATTS
1FT-LB/S= 1.36 WATTS
1BTU = 1050 JOULES
1 JOULE = 0.2389 CAL
1CAL= 4.186 JOULES

FIGURE 3-17 Common power units.
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EXAMPLE 1

An elevator must lift a load of 4000 Ib
to a height of 50 ft in 20 s. How
much horsepower is required to
operate the elevator?

Solution

Find the amount of work that must
be performed, and then convert
that to horsepower.

4000 Ib x 50 ft =200,000 ft-Ib

200,000 ft-Ib
20s
10,000 ft-Ib./s
550 ft-lb./s

= 10,000 fb-Ib/s

=18.18 hp

OnaMm’s Law
In its simplest form, Ohm’s law states that it takes one
volt to push one amp through one ohm. Ohm discov-
ered that all electrical quantities are proportional to
each other and can therefore be expressed as mathe-
matical formulas. He found if the resistance of a cir-
cuit remained constant and the voltage increased,
there was a corresponding proportional increase of
current. Similarly, if the resistance remained constant
and the voltage decreased, there would be a propor-
tional decrease of current. He also found that if the
voltage remained constant and the resistance
increased, there would be a decrease of current, and
if the voltage remained constant and the resistance
decreased, there would be an increase of current.
This finding led Ohm to the conclusion that in a DC
circuit, the current is directly proportional to the volt-
age and inversely proportional to the resistance.

Since Ohm’s law is a statement of proportion, it
can be expressed as an algebraic formula when stan-
dard values such as the volt, amp, and ohm are used.
The three basic Ohm’s law formulas are shown.

E=IxR
E
[=—
R
E
R=-
I

EXAMPLE 2

A water heater contains 40 gallons
of water. Water weighs 8.34 |b per
gallon. The present temperature of
the water is 68°F. The water must
be raised to a temperature of 160°F
in 1 hour. How much power will be
required to raise the water to the
desired temperature?

Solution

First determine the weight of the
water in the tank, because a BTU is
the amount of heat required to raise
the temperature of one pound of
water one degree Fahrenheit.

40 gal X 8.34 Ib per gal=333.6 Ib

The second step is to determine
how many degrees of temperature
the water must be raised. This
amount will be the difference
between the present temperature
and the desired temperature.

160°F — 68°F = 92°F

The amount of heat required in
BTUs will be the product of the
pounds of water and the desired
increase in temperature.

333.6 Ib X 92°=30,691.2 BTU
1W=3412 BTU/hr
Therefore

30,691 BTU

where

E = EMEF, or voltage
I = intensity of current, or amperage
R = resistance

The first formula states that the voltage can be
found if the current and resistance are known.
Voltage is equal to amps multiplied by ohms. For
example, assume a circuit has a resistance of 50 Q
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and a current flow through it of 2 A. The voltage
connected to this circuit is 100 V.

E=IxR
E=2x50
E =100

The second formula states that the current can
be found if the voltage and resistance are known.
In the example shown, 120 V are connected to a
resistance of 30 . The amount of current flow will
be 4 A.

E
I=x
[ 120
30
1=4

The third formula states that if the voltage and
current are known, the resistance can be found.
Assume a circuit has a voltage of 240 V and a
current flow of 10 A. The resistance in the circuit

is 24 Q.

E
R==
I
240
R=——
10
R =24

Figure 3-18 shows a simple chart that can be
a great help in remembering an Ohm’s law for-
mula. To use the chart, cover the quantity that is
to be found. For example, if the voltage, E, is to be
found, cover the E on the chart. The chart now
shows the remaining letters IR (Fig. 3-19), thus
E = I x R. The same method reveals the formulas
for current (I) and resistance (R).

A larger chart that shows the formulas
needed to find watts as well as voltage, amperage,

E
| | R

FIGURE 3-18 Chart for finding values of voltage,
current, and resistance.
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FIGURE 3-19 Using the Ohm’s law chart.
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FIGURE 3-20 Formula chart for finding values of
voltage, current, resistance, and power.

and resistance is shown in Figure 3-20. The letter P
(power) is used to represent the value of watts.
Notice that this chart is divided into four sections
and that each section contains three different for-
mulas. To use this chart, select the section contain-
ing the quantity to be found and then choose the
proper formula from the given quantities.

MEeTRIC UNITS

Metric units of measure are used in the electrical
field just as they are in most scientific fields. A spe-
cial type of metric notation, known as engineering
notation, is used in electrical measurements. Engi-
neering notation is the same as any other metric
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EXAMPLE 3

An electric iron is connected to 120 V
and has a current draw of 8 A. How
much power is used by the iron?

Solution

The quantity to be found is watts,
or power. The known quantities
are voltage and amperage. The
proper formula to use is shown in

Figure 3-21.
P=EI
P=120x8
P=960 W

FIGURE 3-21 Finding power when volt-
age and current are known.

measure except that it is in steps of one thousand
instead of ten. The chart in Figure 3-24 shows stan-
dard metric units. The first step above the base unit
is deka, which means 10. The second unit is hecto,
which means 100, and the third unit is kilo, which
means 1000. The first unit below the base unit is
deci, which means 1/10; the second unit is centi,
which means 1/100; and the third is milli, which
means 1/1000.

The chart in Figure 3-25 shows engineering
units. The first unit above the base unit is kilo, or
1000; the second unit is mega, or 1,000,000; and
the third unit is giga, or 1,000,000,000. Notice that
each unitis 1000 times greater than the previous unit.
The chart also shows that the first unit below the base

EXAMPLE 4

An electric hair dryer has a power
rating of 1000 W. How much cur-
rent will it draw when connected to
120 V?

Solution

The quantity to be found is amper-
age, or current. The known quanti-
ties are power and voltage. To solve
this problem, choose the formula
shown in Figure 3-22.

FIGURE 3-22 Finding current when
power and voltage are known.

unit is milli, or 1/1000; the second is micro, repre-
sented by the Greek mu (), or 1/1,000,000; and the
third is nano, or 1/1,000,000,000.

Metric units are used in almost all scientific
measurements for ease of notation. It is much sim-
pler to write a value such as 10 MQ than it is to
write 10,000,000 ohms, or to write 0.5 ns than to
write 0.000,000,000,5 second. Once the metric
system has been learned, measurements such as
47 kilohms (kQ) or 50 milliamps (mA) become
commonplace to the technician.
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EXAMPLE 5

An electric hotplate has a power
rating of 1440 W and a current
draw of 12 A. What is the resistance
of the hotplate?

Solution

The quantity to be found is resis-
tance, and the known quantities are
power and current. Use the formula
shown in Figure 3-23.

_ 1440
12x 12

_ 1440
144

R=100Q

FIGURE 3-23 Finding resistance when
power and current are known.
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KILO 1000

HECTO 100

DEKA 10

BASE UNIT 1

DECI 1/10 OR 0.1

CENTI 1/100 OR 0.01

MILLI 1/1000 OR 0.001

FIGURE 3-24 Standard units of metric measure.
ENGINEERING | oyppoL MULTIPLY BY

UNIT
TERA T 1,000,000,000,000 X 102
GIGA G 1,000,000,000 X 10°
MEGA M 1,000,000 X 108
KILO k 1,000 X 10°
BASE UNIT 1
MILLI m 0.001 X107
MICRO n 0.000,001 X 107°
NANO 0.000,000,001 X 107°
PICO p 0.000,000,000,001 X 1072

FIGURE 3-25 Standard units of engineering notation.
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SUMMARY

A coulomb is a quantity measurement of electrons.
An amp (A) is one coulomb per second.

Either the letter I, which stands for intensity of
current flow, or the letter A, which stands for
amps, can be used in Ohm’s law formulas.

Voltage is referred to as electrical pressure,
potential difference, or electromotive force.

An E or a V can be used to represent voltage in
Ohm’s law formulas.

An ohm (Q) is a measurement of resistance (R)
in an electrical circuit.

The watt (W) is a measurement of power in an
electrical circuit. It is represented by either a
W or a P (power) in Ohm’s law formulas.

Electrical measurements are generally expressed
in engineering notation.

Engineering notation differs from the standard
metric system in that it uses steps of 1000
instead of steps of 10.

Before current can flow, there must be a com-
plete circuit.

A short circuit has little or no resistance.
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REVIEW QUESTIONS

1. What is a coulomb?
What is an amp?
Define voltage.
Define ohm.

Define watt.

©o o » w0 DN

An electric heating element has a
resistance of 16 Q and is connected
to a voltage of 120 V. How much
current will flow in this circuit?

7. How many watts of heat are being
produced by the heating element in
question 6?

8. A 240-V circuit has a current flow of
20 A. How much resistance is
connected in the circuit?

9. An electric motor has an apparent
resistance of 15 Q. If 8 A of current

PRACTICE PROBLEMS

OHM’S LAW

Fill in the missing values

10.

11.

12.

13.

14.

Electrical Quantities and Ohm’s Law

are flowing through the motor,
what is the connected voltage?

A 240-V air conditioning compressor
has an apparent resistance of 8 Q.
How much current will flow in the
circuit?

How much power is being used by
the motor in question 10?

A 5-kW electric heating unit is
connected to a 240-V line. What is
the current flow in the circuit?

If the voltage in question 12 is
reduced to 120 V, how much current
would be needed to produce the
same amount of power?

Is it less expensive to operate the
electric heating unit in question 12
on 240 V or 120 V?

Volts (E) Amps (I) Ohms (R) Watts (P)
153 0.056

0.65 470 Q

24 124

0.00975 0.035

6.8 kQ 0.86
460 72 Q

(continued)
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52 SECTION 1 Basic Electricity
Volts (E) Amps (I) Ohms (R) Watts (P)
48 1.2
154 0.8 Q
277 760
0.0043 0.0625
130 kQ 0.0225
96 2.2 kQ

PRACTICAL APPLICATIONS

You are an electrician on the job. The
blueprint shows that eight 500-watt
lighting fixtures are to be connected
on the same circuit. The circuit is 277
volts and is protected by a 20-ampere
fuse. The lights are a continuous
load, which means that the circuit
can be loaded to only 80% of its
capacity. Is the 20-ampere circuit
breaker large enough to carry

this load?

You have been sent to a new home.
The home owner reports that the
electric furnace sometimes trips the

240-volt 60-amp circuit breaker
connected to the furnace. Upon
examination, you find that the
furnace contains three 5-kW heating
elements designed to turn on in
stages. For example, when the
thermostat calls for heat, the first
heating element will turn on. After
some period of time the second
element will turn on, and after
another time delay the third element
will turn on. What do you think is the
cause of the problem, and what are
your recommendations for correcting
it? Explain your answer.
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OBJECTIVES After studying this unit, you should be able to:

e [ist the major types of fixed resistors. ® determine if a resistor is operating within its

power rating.
e determine the resistance of a resistor using the

color code. e connect a variable resistor for use as a
potentiometer.
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carbon film resistor a resistor
made by coating a nonconducting
material with a film of carbon

color code a method of marking
the resistance and tolerance of a
resistor with bands of color

composition carbon
resistor a resistor that is made
by combining carbon with a
resin material

metal film resistor a resistor
made by coating a nonconducting
material with a film of metal

metal glaze resistor a resistor
made by combining glass and
metal

Basic Electricity

GLOSSARY OF RESISTOR TERMS .

multiturn variable
resistors resistors constructed
so that their ohmic value can be
adjusted by turning a shaft from
three to ten turns

pot slang for potentiometer

potentiometer a variable
resistor employed in such a
manner that it can provide a
variable voltage

rheostat a variable resistor that
contains only two terminals

short circuit a circuit that
contains almost no resistance to
limit the flow of current
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tolerance the range over which a
resistor is considered to be within
its marked value

variable resistor a resistor
whose resistance value can
be changed

voltage divider a circuit
generally constructed of series
connected resistors to provide
different amounts of voltage

wire wound resistor a resistor
made with a high-resistance metal
wire such as Nichrome



he resistor is one of the most com-
mon components found in electrical
circuits. The unit of measure for resis-
tance (R) is the ohm, which was named for a
German scientist, Georg S. Ohm. The sym-
bol used to represent resistance is the Greek
letter omega (Q). Resistors come in various
sizes, types, and ratings to accommodate the

needs of almost any circuit application.

Resistors are commonly used to perform two func-
tions in a circuit. One is to limit the flow of current
through the circuit. In Figure 4-1, a 30-Q) resistor is
connected to a 15-V battery. The current in this
circuit is limited to a value of 0.5 A.

E
=R

15
[

30
I1=0.5A

If this resistor were not present, the circuit current
would be limited only by the resistance of the conduc-
tor, which would be very low, and a large amount of
current would flow. Assume for example that the
wire has a resistance of 0.0001 Q. When the wire is
connected across the 15-V power source, a current of
150,000 A would try to flow through the circuit
(15/0.0001 = 150,000). This is commonly known
as a short circuit.

I

_ 30 Q
— 8V 0.5 A
FIGURE 4-1 Resistor used to limit the flow of current.
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30 Q
1.5V

I

175V 120 Q

200 Q
10V

FIGURE 4-2 Resistors used as a voltage divider.

The second principal function of resistors is to
produce a voltage divider. The three resistors
shown in Figure 4-2 are connected in series with a
17.5-V battery. If the leads of a voltmeter were
connected between different points in the circuit,
it would indicate the following voltages:

AtoB, 1.5V

AtoC, 75V

AtoD, 175V

BtoC,6V

BtoD, 16 V

CtoD, 10V

By connecting resistors of the proper value, almost
any voltage desired can be obtained. Voltage dividers
were used to a large extent in vacuum tube circuits
many years ago. Voltage divider circuits are still

used today in applications involving field effect tran-
sistors (FETs) and in multirange voltmeter circuits.

FiIXED RESISTORS

Fixed resistors have only one ohmic value, which
cannot be changed or adjusted. There are several dif-
ferent types of fixed resistors. One of the most com-
mon types of fixed resistors is the composition
carbon resistor. Carbon resistors are made from
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CARBON RESIN COMPOUND

\ INSULATED BODY

FIGURE 4-3 Composition carbon resistor.

a compound of carbon graphite and a resin bond-
ing material. The proportions of carbon and resin
material determine the value of resistance. This
compound is enclosed in a case of nonconductive
material with connecting leads (Fig. 4-3).

Carbon resistors are very popular for most
applications because they are inexpensive and
readily available. They are made in standard values
that range from about 1 Q to about 22 MQ (M
represents meg), and they can be obtained in
power ratings of 1/8, 1/4, 1/2, 1, and 2 W. The
power rating of the resistor is indicated by its
size. A 1/2-W resistor is approximately 3/8 in. in
length and 1/8 in. in diameter. A 2-W resistor has a
length of approximately 11/16 in. and a diameter
of approximately 5/16 in. (Figure 4-4). The 2-W
resistor is larger than the 1/2-W or 1-W because
it must have a larger surface area to be able to
dissipate more heat. Although carbon resistors
have a lot of desirable characteristics, they have
one characteristic that is not desirable. Carbon
resistors will change their value with age or if
they are overheated. Carbon resistors generally
increase instead of decrease in value.

o e g W

12 WRESISTOR 1 W RESISTOR 2-W RESISTOR
18 IN. DIAMETER  /4IN. DIAMETER 516 IN. DIAMETER
3/g IN. LENGTH 716 IN. LENGTH 11/16 IN. LENGTH

FIGURE 4-4 Power rating is indicated by size.

OUTER COVERING ——\

CERAMIC ROD

METAL FILM

\CONNECTION LEAD

FIGURE 4-5 Metal film resistor.

METAL FILM RESISTORS

Another type of fixed resistor is the metal film
resistor. Metal film resistors are constructed by
applying a film of metal to a ceramic rod in a vac-
uum (Fig. 4-5). The resistance is determined by the
type of metal used to form the film and the thick-
ness of the film. Typical thicknesses for the film are
from 0.00001 to 0.00000001 in. Leads are then
attached to the film coating, and the entire assem-
bly is covered with a coating. These resistors are
superior to carbon resistors in several respects.
Metal film resistors do not change their value
with age, and their tolerance is generally better
than carbon resistors. Tolerance indicates the plus
and minus limits of a resistor’s ohmic value.
Carbon resistors commonly have a tolerance
range of 20%, 10%, or 5%. Metal film resistors
generally range in tolerance from 2% to 0.1%.
The disadvantage of the metal film resistor is that
it costs more.

CARBON FILM RESISTORS

Another type of fixed resistor that is constructed in
a similar manner is the carbon film resistor. This
resistor is made by coating a ceramic rod with a
film of carbon instead of metal. Carbon film resis-
tors are less expensive to manufacture than metal
film resistors and can have a higher tolerance rat-
ing than composition carbon resistors.

METAL GLAZE RESISTORS

The metal glaze resistor is also a fixed resistor, sim-
ilar to the metal film resistor. This resistor is made
by combining metal with glass. The compound is

www.EngineeringEBooksPdf.com



then applied to a ceramic base as a thick film. The
resistance is determined by the amount of metal
used in the compound. Tolerance ratings of 2%
and 1% are common.

WIRE WOUND RESISTORS

Wire wound resistors are fixed resistors that are
made by winding a piece of resistive wire around
a ceramic core (Fig. 4-6). The resistance of a wire
wound resistor is determined by three factors:

1 the type of material used to make the resistive wire,
2 the diameter of the wire, and

3 the length of the wire.

Wire wound resistors can be found in various
case styles and sizes. These resistors are generally
used when a high power rating is needed. Wire
wound resistors can operate at higher temperatures
than any other type of resistor. A wire wound resis-
tor with a hollow center is shown in Figure 4-7.
This type of resistor should be mounted vertically
and not horizontally. The center of the resistor is
hollow for a very good reason. When the resistor

FIGURE 4-6 \Wire wound resistor.

FIGURE 4-7 Wire wound resistor with hollow core.
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FIGURE 4-8 Air flow helps cool the resistor.

is mounted vertically, the heat from the resistor
produces a chimney effect and causes air to circu-
late through the center (Fig. 4-8). This increase of
air flow dissipates heat at a faster rate to help keep
the resistor from overheating. The disadvantage of
wire wound resistors is they are expensive and gen-
erally require a large amount of space for mount-
ing. They can also exhibit an amount of inductance
in circuits that operate at high frequencies. This
added inductance can cause problems to the
rest of the circuit. Inductance will be covered in
later units.

CoLoR CoODE

The values of a resistor can often be determined
by the color code. Many resistors have bands of
color that are used to determine the resistance
value, tolerance, and in some cases reliability. The
color bands represent numbers. Each color repre-
sents a different numerical value, as shown in
Table 4-1. Figure 4-9 lists the colors and the num-
ber value assigned to each color. The resistor shown
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SECTION 1 Basic Electricity
FIRST SECOND MULTIPLIER  |RESISTANCE FIRST SECOND MULTIPLIER | RESISTANCE
BAND BAND BAND BAND BAND BAND
BLACK HEEEEE |10 GOLD [N (43
prOwN I | 100 BLack NN |43
RED I | 1000 BrROwN I |430
BLACK ORANGE I | 10000 ORANGE RED I | 4300
YELLOW 0.1 MEG. ORANGE M | 43000
GREEN NN |10 MEG. YELLOW 0.43 MEG.
pLUE I | 100 VEG. GREEN I |43 MEG.
BLACK N |11 YELLOW GOLD [N (47
BrOWN I |10 BLACK N |47
RED I (1100 BrROwWN I |470
BROWN ORANGE FEN | 11000 VIOLET RED I | 4700
YELLOW 0.11 MEG. ORANGE F | 47000
GREEN I |1.1MEG. YELLOW 0.47 MEG.
BLUE I |110MEG. GREEN I |47 MEG.
BLAck I |12 GOLD [ (54
BROWN NN | 120 BLAck I |51
RED I | 1200 BROWN NN 510
RED ORANGE FEEN | 12000 BROWN RED I | 5100
YELLOW 0.12 MEG. ORANGE FN | 51000
GREEN I |12 MEG. YELLOW 0.51 MEG.
BLUE N | 120 VEG. GREEN I |51 VEG.
BLACK I |13 GREEN GOLD [ (56
prOwN NN |30 BLAcKk I |s6
Rep NN 1300 BROWN NN | 560
BROWN ORANGE ORANGE M | 13000 BLUE RED I | 5600
YELLOW 0.13 MEG. ORANGE M | 56000
GREEN HEEEE |13 VEG. YELLOW 0.56 MEG.
pLUE I | 130 MEG. GREEN I |55 MEG.
BLACKk I |15 GOLD [ |62
BROWN NN |50 BLACK I |62
RED I 1500 BROWN I | 620
GREEN ORANGE W | 15000 RED RED I | 6200
YELLOW 0.15 MEG. ORANGE F | 62000
GREEN I |15 MEG. YELLOW 0.62 MEG.
BLUE N | 150 MEG. GREEN I |62 MEG.
BLAck I |16 BLUE GOLD [ |68
BrOwN NN |60 BLACK I |68
RED I | 1600 BROWN I | 630
BLUE ORANGE M | 16000 GRAY RED I | 6300
YELLOW 0.16 MEG. ORANGE W | 68000
GREEN I |16 MEG. YELLOW 0.68 MEG.
BLUE I | 160 VEG. GREEN I |63 MEG.
BLACK N |13 GOLD [ (75
BrOwWN NN |30 BLACK I |75
RED I 1800 BROWN I | 750
GRAY ORANGE F | 18000 VIOLET GREEN RED I | 7500
YELLOW 0.18 MEG. ORANGE I | 75000
GREEN N |13 MEG. YELLOW 0.75 MEG.
BLUE I | 130 MEG. GREEN I |75 MEG.
GOLD [ (g2
BLACKk I |s2
BROWN N |s20
GRAY RED RED I | 3200
ORANGE F | 82000
YELLOW 0.82 MEG.
GREeEN I |32 MEG.
GOLD [ g1
BLACK NN |o
BROWN N |910
WHITE BROWN RED I 9100
ORANGE F | 91000
YELLOW 0.91 MEG.
GREEN W |91 MEG.

FIGURE 4-9 Resistor color code chart.
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CHAPTER 4 Resistors
FIRST SECOND MULTIPLIER  [RESISTANCE FIRST SECOND MULTIPLIER | RESISTANCE
BAND BAND BAND BAND BAND BAND
BLACK I | 20 GOLD W | 30
prOWN NN | o0 BLAck I | 30
RED IS | 2000 BroOwN I | 300
BLACK ORANGE BN | 20000 BLACK ReD N | 3000
YELLOW 0.2 MEG. ORANGE M | 30000
GREEN NN | 20 MEG. YELLOW 0.30 MEG.
pLUE N | 200 MEG. GREEN I | 30 MEG.
BLAck I | 22 GOLD W | 33
prowN I | o2 BLACK NN | 33
RED I | 2200 BrOwN I | 330
RED ORANGE F | 22000 ORANGE RED NN | 3300
YELLOW 0.22 MEG. ORANGE I | 33000
GREEN I | 22 MEG. YELLOW 0.33 MEG.
pLUE N | 220 VEG. GREEN I | 33MEG.
RED BLACK NN | 24 ORANGE GoLD M |35
BrROWN I | 240 BLACk I | 36
RED I | 2400 BROWN HEEEEE | 360
YELLOW ORANGE I | 24000 BLUE RED NN | 36500
YELLOW 0.24 MEG. ORANGE M | 36000
GREEN I | 24 MEG. YELLOW 0.36 MEG.
GREEN I | 36 MEG.
GOLD w27 ]
BLACK NN | o7 SO o | S
BrOwN I | 270 BROWN N | 390
VIOLET RED | o700 .
ORANGE EE | 27000 WHITE RED 3900
ORANGE M | 39000
YELLOW 0.27 MEG. YELLOW 0.59 MEG
GREEN I | 27 MEG. ! ’
GREEN I | 39 MEG.
STANDARD COLORCODE
MULTIPLIER SPACE
BANDS: 1 2 3 / TOLERANCE
5-BAND RESISTORS D
(1%)
}>— £
4-BAND RESISTORS )
( 10% )
° BANDS: 1 2 X
5% MULTIPLIER  TOLERANCE
BAND 1 BAND 2 BAND 3 (IF USED) RESISTANCE
1ST DIGIT 2ND DIGIT 3RD DIGIT MULTIPLIER TOLERANCE
COLOR DIGIT [ | COLOR DIGIT | | COLOR DIGIT [ [COLOR MULTIPLIER| |COLOR TOLERANCE
BLACK 0 BLACK 0 BLACK 0 BLACK 1 SILVER 10%
BROWN 1 BROWN 1 BROWN 1 BROWN 10 GOLD 5%
RED 2 RED 2 RED 2 RED 100 BROWN 1%
ORANGE 3 ORANGE 3 ORANGE 3 ORANGE 1,000
YELLOW 4 YELLOW 4 YELLOW 4 YELLOW 10,000
GREEN 5 GREEN 5 GREEN 5 GREEN 100,000
BLUE 6 BLUE 6 BLUE 6 BLUE 1,000,000
VIOLET 7 VIOLET 7 VIOLET 7 SILVER 0.01
GRAY 8 GRAY 8 GRAY 8 GOLD 0.1
WHITE 9 WHITE 9 WHITE 9

59

FIGURE 4-9 Continued
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60 SECTION 1 Basic Electricity

TABLE 4-1 Colors and numeric values

Color  Value Tolerance
Black

Orange

Yellow

Gray 8

White 9

Gold 5%
Silver 10%

None (No Band) 20%

beside the color chart illustrates how to determine
the value of a resistor. Resistors can have from
three to five bands of color. Resistors that have a
tolerance of +£20% have only three color bands.
Most resistors contain four bands of color. For resis-
tors with tolerances that range from +£10% to +2%,
the first two color bands represent number values.
The third color band is called the multiplier. The
first two numbers are combined and multiplied by
the power of 10 indicated by the value of the third
band. The fourth band indicates the tolerance. For
example, assume a resistor has color bands of
brown, green, red, and silver (Fig. 4-10). The first
two bands represent the numbers 1 and 5§ (brown is
1 and green is 5). The third band is red, which has a
number value of 2. The number 15 should be multi-
plied by 10% or 100. The value of the resistor is

BROWN
GREEN

RED
j/ SILVER

FIGURE 4-10 Determining resistor values using the
color code.

EXAMPLE 1

The resistor shown in Figure 4-11
contains the following bands of color:

first band = brown
second band = black
third band = black
fourth band = brown
fifth band = brown

Solution

The brown fifth band indicates that
this resistor has a tolerance of £1%.
To determine the value of a 1%
resistor, the first three bands are
numbers, and the fourth band is the
multiplier. In this example, the first
band is brown, which has a number
value of 1. The next two bands are
black, which represents a number
value of 0. The fourth band is
brown, which means add one 0 to
the first three numbers. The value of
this resistor is 1000 Q £1%.

FIGURE 4-11 Determining the value of a
+1% resistor

1500 Q. Another method, which is simpler to under-
stand, is to add the number of zeros indicated by the
multiplier band to the combined first two numbers.
The multiplier band in this example is red, which has
a numeric value of 2. Add two zeros to the first two
numbers. The number 15 becomes 1500.

The fourth band is the tolerance band. The tol-
erance band in this example is silver, which means
+10%. This resistor should be 1500 Q plus or
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EXAMPLE 2

A five-band resistor has the follow-
ing color bands:

first band = red
second band = orange
third band = violet
fourth band = red
fifth band = brown

Solution

The first three bands represent num-
ber values. Red is 2, orange is 3, and
violet is 7. The fourth band is the
multiplier; in this case, red represents
2. Add two zeros to the number 237.
The value of the resistor is 23,700 Q.
The fifth band is brown, which indi-
cates a tolerance of +1%.

Military resistors often have five
bands of color also. These resistors are
read in the same manner as a resistor
with four bands of color. The fifth
band can represent different things. A
fifth band of orange or yellow is used
to indicate reliability. Resistors with a
fifth band of orange have a reliability
good enough to be used in missile
systems, and a resistor with a fifth
band of yellow can be used in space
flight equipment. A military resistor
with a fifth band of white indicates
the resistor has solderable leads.

Resistors with tolerance ratings
ranging from 0.5% to 0.1% will
generally have their values printed
directly on the resistor.

minus 10%. To determine the value limits of this
resistor, find 10% of 1500.

1500 x 0.10 =150

The value can range from 1500 + 10%,
or 1500 + 150 = 1650 Q, to 1500 — 10% or
1500 — 150 = 1350 Q.

Resistors that have a tolerance of 1%, as well as
some military resistors, contain five bands of color.

CHAPTER 4 Resistors 61

GOLD AND SILVER AS
MULTIPLIERS

The colors gold and silver are generally found in
the fourth band of a resistor, but they can be
used in the multiplier band also. When the color
gold is used as the multiplier band, it means to
divide the combined first two numbers by 10. If
silver is used as the multiplier band, it means to
divide the combined first two numbers by 100.
For example, assume a resistor has color bands of
orange, white, gold, gold. The value of this resistor
is 3.9 Q with a tolerance of +5% (orange = 3;
white = 9; gold means to divide 39 by 10 = 3.9;
and gold in the fourth band means +5% tolerance).

STANDARD
RESISTANCE VALUES

OF FIXED RESISTORS

Fixed resistors are generally produced in standard
values. The higher the tolerance value, the fewer
resistance values available. Standard resistor values
are listed in the chart shown in Figure 4-12. In the
column under 10%, only 12 values of resistors are
listed. These standard values, however, can be multi-
plied by factors of 10. Notice that one of the standard
values listed is 33 Q). There are also standard values in
10% resistors of 0.33, 3.3, 330, 3300, 33,000,
330,000, and 3,300,000 Q. The 2% and 5% column
shows 24 resistor values, and the 1% column lists 96
values. All of the values listed in the chart can be mul-
tiplied by factors of 10 to obtain other resistance
values.

PowER RATINGS

Resistors also have a power rating in watts that
should not be exceeded or the resistor will be dam-
aged. The amount of heat that must be dissipated
(given off to the surrounding air) by the resistor
can be determined using one of the following
formulas.

P=TI’R
2
p- &
R
P = EI
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SECTION 1

Basic Electricity

STANDARD RESISTANCE VALUES (Q)
0.1%0.25% 0.1%0.25% 0.1%0.25% 0.1%0.25% 0.1%0.25%

0.5% 1% 0.5% 1% 0.5% 1% 0.5% 1% 0.5% 1%
10.0 10.0 17.2 = 29.4 29.4 50.5 = 86.6 86.6
10.1 = 17.4 17.4 29.8 = 51.1 51.1 87.6 =
10.2 10.2 17.6 = 30.1 30.1 51.7 = 88.7 88.7
10.4 = 17.8 17.8 30.5 = 52.3 52.3 89.8 =
10.5 10.5 18.0 = 30.9 30.9 53.0 — 90.9 90.9
10.6 = 18.2 18.2 31.2 = 53.6 53.6 92.0 =
10.7 10.7 18.4 = 31.6 31.6 54.2 = 93.1 93.1
10.9 = 18.7 18.7 32.0 = 54.9 54.9 94.2 =
11.0 11.0 18.9 = 32.4 32.4 55.6 = 95.3 95.3
11.1 = 19.1 19.1 32.8 = 56.2 56.2 96.5 =
11.3 11.3 19.3 = 33.2 33.2 56.9 = 97.6 97.6
11.4 = 19.6 19.6 33.6 = 57.6 57.6 98.8 =
11.5 11.5 19.8 = 34.0 34.0 58.3 =
11.7 = 20.0 20.0 34.4 = 59.0 59.0
11.8 11.8 20.3 = 34.8 34.8 59.7 =
12.0 = 20.5 20.5 35.2 = 60.4 60.4
12.1 12.1 20.8 = 35.7 35.7 61.2 =
12.3 = 21.0 21.0 36.1 = 61.9 61.9
12.4 12.4 21.3 = 36.5 36.5 62.6 =
12.6 = 215 215 37.0 = 63.4 63.4
12.7 12.7 21.8 = 37.4 37.4 64.2 = 2%,5% 10%
12.9 = 221 22.1 37.9 = 64.9 64.9 10 10
13.0 13.0 22.3 = 38.3 38.3 65.7 = 11 =
13.2 = 22.6 22.6 38.8 = 66.5 66.5 12 12
13.3 13.3 22.9 = 39.2 39.2 67.3 = 13 =
13.5 = 23.2 23.2 39.7 = 68.1 68.1 15 15
13.7 13.7 23.4 = 40.2 40.2 69.0 = 16 =
13.8 = 23.7 23.7 40.7 = 69.8 69.8 18 18
14.0 14.0 24.0 = 41.2 41.2 70.6 = 20 =
14.2 = 24.3 24.3 417 = 715 715 22 22
14.3 14.3 24.6 = 422 422 72.3 = 24 =
14.5 = 24.9 24.9 42.7 = 73.2 73.2 27 27
14.7 14.7 25.2 = 43.2 432 741 = 30 =
14.9 = 25.5 25.5 43.7 = 75.0 75.0 33 33
15.0 15.0 25.8 = 44.2 442 75.9 — 36 =
15.2 = 26.1 26.1 44.8 = 76.8 76.8 39 39
15.4 15.4 26.4 = 45.3 453 77.7 = 43 =
15.6 = 26.7 26.7 45.9 = 78.7 78.7 47 47
15.8 15.8 27.1 = 46.4 46.4 79.6 = 51 =
16.0 = 27.4 27.4 47.0 = 80.6 80.6 56 56
16.2 16.2 27.7 = 475 47.5 81.6 = 62 =
16.4 = 28.0 28.0 48.1 = 82.5 82.5 68 68
16.5 16.5 28.4 = 48.7 48.7 83.5 = 75 =
16.7 = 28.7 28.7 49.3 = 84.5 84.5 82 82
16.9 16.9 29.1 = 49.9 49.9 85.6 = 91 =

FIGURE 4-12 Standard resistance values.

VARIABLE RESISTORS

A variable resistor is a resistor whose values can be
changed or varied over a range. Variable resistors
can be obtained in different case styles and power
ratings. Figure 4-14 illustrates how a variable resis-
tor is constructed. In this example, a resistive wire
is wound in a circular pattern, and a sliding tap
makes contact with the wire. The value of resis-
tance can be adjusted between one end of the resis-
tive wire and the sliding tap. If the resistive wire

has a total value of 100 (), the resistor can be set
between the values of 0 and 100 Q.

A variable resistor with three terminals is
shown in Figure 4-15. This type of resistor has a
wiper arm inside the case that makes contact with
the resistive element. The full resistance value is
between the two outside terminals, and the wiper
arm is connected to the center terminal. The resis-
tance between the center terminal and either of the
two outside terminals can be adjusted by turning
the shaft and changing the position of the wiper
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EXAMPLE 3

The resistor shown in Figure 4-13

has a value of 100 Q and a power

rating of 1/2 W. If the resistor is

connected to a 10-V power supply,

will it be damaged? S S d

. FIGURE 4-14 Variable resistor.
Solution

Using the formula P = E determine
the amount of heat that will be
dissipated by the resistor.

Since the resistor has a power
rating of 1/2 W, and the amount of
heat that will be dissipated is 1 W,
the resistor will be damaged.

NV FIGURE 4-15 Variable resistors with three terminals.
N 7’

100 Q

oV

FIGURE 4-13 Exceeding the power rat-
ing causes damage to the resistor.

arm. Wire wound variable resistors of this type can
be obtained also (Fig. 4-16). The advantage of the
wire wound type is a higher power rating.

The resistor shown in Figure 4-15 can be
adjusted from its minimum to maximum value by
turning the control approximately three-quarters of
a turn. In some types of electrical equipment, this
range of adjustment may be too coarse to allow for
sensitive adjustments. When this becomes a prob-
lem, a multiturn resistor (Fig. 4-17) can be used. FIGURE 4-16 Wire wound variable resistor.
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64 SECTION 1 Basic Electricity

FIGURE 4-17 Multiturn variable resistor.

O +12 VDC

FIGURE 4-18 Variable resistor used as a
potentiometer.

Multiturn variable resistors operate by moving the
wiper arm with a screw of some number of turns.
They generally range from 3 turns to 10 turns. If a
10-turn variable resistor is used, it will require 10
turns of the control knob to move the wiper from
one end of the resistor to the other end instead of
three-quarters of a turn.

VARIABLE RESISTOR
TERMINOLOGY

Variable resistors are known by several common
names. The most popular name is pot, which is
shortened from the word potentiometer. Another
common name is rheostat. A rheostat is actually a
variable resistor that has two terminals. They are

10 kQ

FIXED RESISTORS
10 kQ
10 kQ

o T

VARIABLE RESISTORS

FIGURE 4-19 Schematic symbols used to represent
resistors.

used to adjust the current in a circuit to a certain
value. A potentiometer is a variable resistor that
has three terminals. Potentiometers can be used as
rheostats, by only using two of their three term-
inals. A potentiometer describes how a variable
resistor is used rather than some specific type of
resistor. The word potentiometer comes from the
word potential, or voltage. A potentiometer is a
variable resistor used to provide a variable voltage,
as shown in Figure 4-18. In this example, one end
of a variable resistor is connected to + 12 V, and
the other end is connected to ground. The middle
terminal, or wiper, is connected to the positive ter-
minal of a voltmeter and the negative lead is con-
nected to ground. If the wiper is moved to the
upper end of the resistor, the voltmeter will indi-
cate a potential of 12 V. If the wiper is moved to
the bottom, the voltmeter will indicate a value of
0 V. The wiper can be adjusted to provide any
value of voltage between 12 and 0 V.

SCHEMATIC SYMBOLS

Electrical schematics use symbols to represent the
use of a resistor. Unfortunately, the symbol used to
represent a resistor is not standard. Figure 4-19
illustrates several schematic symbols used to repre-
sent both fixed and variable resistors.
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SUMMARY

Resistors are used in two main applications: as
voltage dividers and to limit the flow of current
in a circuit.

The value of fixed resistors cannot be changed.

There are several types of fixed resistors such
as composition carbon, metal film, and
wire wound.

Carbon resistors change their resistance with age
or if overheated.

Metal film resistors never change their value, but
are more expensive than carbon resistors.

CHAPTER 4 Resistors 65

The advantage of wire wound resistors is their
high power ratings.

Resistors often have bands of color to indicate
their resistance value and tolerance.

Resistors are produced in standard values. The
number of values between 0 and 100 Q) is
determined by the tolerance.

Variable resistors can change their value within
the limit of their full value.

A potentiometer is a variable resistor used as
a voltage divider.

EnqgineeringEBooksPdf.com



66

SECTION 1

Basic Electricity

REVIEW QUESTIONS

1. Name three types of fixed resistors.

. What is the advantage of a metal

film resistor over a carbon resistor?

. What is the advantage of a wire

wound resistor?

. How should tubular wire wound

resistors be mounted and why?

. A 0.5-W, 2000-Q resistor has a

current flow of 0.01 A through it. Is
this resistor operating within its
power rating?

. A 1-W, 350-Q resistor is connected to

24 V. Is this resistor operating within
its power rating?

10.

A resistor has color bands of orange,
blue, yellow, gold. What are the
resistance and tolerance of this
resistor?

A 10,000-Q resistor has a tolerance
of 5%. What are the minimum
and maximum ratings of this
resistor?

Is 51,000 Q a standard value for a
5% resistor?

What is a potentiometer?

PRACTICE PROBLEMS

RESISTORS
Fill in the values missing.
1% Band 2"Y Band 3"Y Band 4'" Band Value %Tol
Red Yellow Brown Silver
6800 Q 5
Orange Orange Orange Gold
120 2
Brown Green Silver Silver
1.8 MQ 10
Brown Black Yellow None
10 kQ 5
Violet Green Black Red
4.7 kQ 20
Gray Red Green Red
5.6 Q 2
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You are an electrician on the job. The
speed of a DC motor is to be reduced
by connecting a resistor in series with
the armature. The voltage applied to
the motor is 250 volts and the
armature has a full load current
rating of 50 amperes. Your job is to
reduce the armature current to 40
amperes at full load. What value of
resistor should be used, and what is
the minimum power rating of the
resistor?

You are working on an electric
circuit. The circuit current is 5 mA. A
resistor is marked with the following
color bands: Brown, Black, Red, and
Gold. A voltmeter measures a voltage
drop of 6.5 volts across the resistor. Is
the resistor within its tolerance
rating?

CHAPTER 4 Resistors

PRACTICAL APPLICATIONS |

3.

A home owner uses a 100-watt
incandescent lamp as a heater in an
outside pump house to prevent the
pump from freezing in cold weather.
Unfortunately, the incandescent lamp
can burn out and leave the pump
unprotected. You have available a
100-watt, 150-ohm resistor. Can this
resistor be connected to a 120-volt
circuit without damage to the
resistor? If so, what would the
resistor’'s power output be?

You have determined that a 0.5-W,
4700-Q), resistor on a circuit board is
defective. Assuming that room
permits, can a 1-W, 4700-Q) resistor
be used to replace the defective
resistor without damage to the rest of
the board, or will the higher-wattage
resistor generate excess heat that
could damage other components?
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OBJECTIVES After studying this unit, you should be able to:

e discuss the properties of series circuits. e compute values of voltage, current, resistance, and

power for series circuits.
e [ist three rules for solving electrical values of

series circuits. e compute the values of voltage drop in a series
circuit using the voltage divider formula.
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chassis ground a conductor
connected to the metal case of a
piece of equipment for the
purpose of placing the case at
ground potential

circuit breakers devices that
disconnect power to a circuit in
the event of an excessive amount
of current

earth ground point at which a
metal rod is driven into the ground
to provide a low-resistance path to
the earth

fuses devices that disconnect
power to a circuit in the event of
an excessive amount of current

CHAPTER 5

GLOSSARY OF SERIES CIRCUIT TERMS .

general voltage divider
formula a formula employed to
determine the value of resistance
needed to produce a certain
voltage drop

ground point point at which a
circuit or device is grounded

resistance adds one of the
major rules concerning series
circuits

series circuit a circuit that
contains only one path for
current flow

series resistance resistance
connected in series with other
circuit components
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voltage divider a circuit used
to provide different values
of voltage

voltage drop the amount of
voltage existing across any
component that limits the flow of
current; voltage drop indicates
the amount of voltage necessary
to push current through a
limiting element

voltage polarity the polarity,
positive or negative, of the
voltage at a certain point

in a circuit



70 SECTION 1 Basic Electricity

lectrical circuits can be divided into
three major types: series, parallel
and combination. Combination cir-
cuits contain both series and parallel paths.

The first type discussed is the series circuit.

SERIES CIRCUITS

A series circuit is a circuit that has only one path for
current flow (Fig. 5-1). Because there is only one path
for current flow, the current is the same at any point
in the circuit. Imagine that an electron leaves the
negative terminal of the battery. This electron must
flow through each resistor before it can complete the
circuit to the positive battery terminal.

One of the best examples of a series-connected
device is a fuse or circuit breaker (Fig. 5-2). Since
fuses and circuit breakers are connected in series

RESISTOR 1 RESISTOR 2
_— + _—

RESISTOR 3

RESISTOR 5 RESISTOR 4

FIGURE 5-1
for current flow.

In a series circuit there is only one path

GENERATOR

FIGURE 5-2 Allthe current must flow through the fuse.

with the rest of the circuit, all the circuit current
must flow through them. If the current becomes exces-
sive, the fuse or circuit breaker will open and discon-
nect the rest of the circuit from the power source.

VOLTAGE DROPS IN
A SERIES CIRCUIT

Voltage is the force that pushes the electrons
through a resistance. The amount of voltage
required is determined by the amount of current
flow and resistance. If a voltmeter is connected
across a resistor (Fig. 5-3), the amount of voltage
necessary to push the current through that resistor
will be indicated by the meter. This amount is
known as voltage drop. It is similar to pressure
drop in a water system. In a series circuit, the sum
of all the voltage drops across all the resistors must
equal the voltage applied to the circuit. The amount
of voltage drop across each resistor will be propor-
tional to its resistance and the circuit current.

In the circuit shown in Figure 5-4, four resistors
are connected in series. It is assumed that all four
resistors have the same value. The circuit is con-
nected to a 24-V battery. Since all the resistors
have the same value, the voltage drop across each
will be 6 V (24 V/4 resistors =6 V). Note that all
four resistors will have the same voltage drop only
if they all have the same value. The circuit shown
in Figure 5-5 illustrates a series circuit comprising
resistors of different values. Notice that the voltage
drop across each resistor is proportional to its

FIGURE 5-3 The voltage drops in a series circuit
must equal the applied voltage.



- 6Vpc - +

+ 6Vpc - +

()
()

FIGURE 5-4 The voltage drop across each resistor
is proportional to its resistance.

+ =

‘s

5Vpc

10 Q

24V pc
— + =
4Vpc
8 Q

-

NV
. 62
VN

+
7VDC
14 Q
8VpC
16 Q

FIGURE 5-5 Series circuit with four resistors having
different voltage drops.

resistance. Also notice that the sum of the voltage
drops is equal to the applied voltage of 24 V.

RESISTANCE IN
A SERIES CIRCUIT

Because there is only one path for the current to
flow through a series circuit, it must flow through
each resistor in the circuit (Fig. 5-1). Each resistor
limits or impedes the flow of current in the circuit.
Therefore, the total amount of series resistance to

CHAPTER 5 Series Circuits 71

current flow in a series circuit is equal to the sum of
the resistances in that circuit.

CALCULATING SERIES
Circulit VALUES

Three rules can be used with Ohm’s law for finding
values of voltage, current, resistance, and power in
any series circuit.

1 The current is the same at any point in the circuit.

2 The total resistance is the sum of the individual
resistors.

3 The applied voltage is equal to the sum of the volt-
age drops across all the resistors.

The circuit shown in Figure 5-6 shows the
values of current flow, voltage drop, and resistance
for each of the resistors. The total resistance (R) of
the circuit can be found by adding the values of the
three resistors (resistance adds).

Rr=R;+Ry+R3
Ry =200+ 100+ 300
Ry = 600

The amount of current flow in the circuit can
be found using Ohm’s law.

E
I=—
R
[ 120
60
I=2A

E =40V
I, =2A
Er=120V Ri=20Q E,=20V
Iy =2A b =2A
_—— R=600Q Rp=10Q

AVAAY

E;=60V
I =2 A
Rs=30 Q

FIGURE 5-6 Series circuit values.
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72 SECTION 1 Basic Electricity

A current of 2 A flows through each resistor in
the circuit.
Ir=L=hL=1I

Since the amount of current flowing through
resistor Ry is known, the voltage drop across the
resistor can be found using Ohm’s law.

E1 :Il XR1
Et=2Ax%x20Q
Ei =40V

In other words, it takes 40 V to push 2 A of
current through 20 Q of resistance. If a voltmeter
were connected across resistor Ry, it would indi-
cate a value of 40 V (Fig. 5-7). The voltage drop
across resistors R, and Rz can be found in the
same way.

E2212><R2
E;,=2A%x10Q
E, =20V
E3:I3 XR3
E;=2Ax300Q
E; =60V

If the voltage drop across all the resistors is
added, it equals the total applied voltage (Et).

Er=E; +E, +E;
Er=40V+20V+60V
Er =120V

o)
+

E:

E;=40V
Iy =2A

Er=120v  R=20Q E,=20V

— lk=2A l, =2A

— PRy=600Q R,=10 Q

RIS

E;=60V
I =2 A
Re=30 Q

FIGURE 5-7 The voltmeter indicates a voltage drop
of 40 V.

SoLvinGg CircuiTts

In the following problems, circuits that have
missing values are shown. The missing values can

be found using the rules for series circuits and
Ohm’s law.

EXAMPLE 1

Er=40V

TE A AN
E,= Es=
Iy = ly =
R,=300Q Ry=150Q
P, = o

FIGURE 5-8 Series circuit, Example 1.

The first step in finding the
missing values in the circuit shown
in Figure 5-8 is to find the total
resistance (Ry). This can be done
using the second rule of series cir-
cuits, which states that resistances
add to equal the total resistance of
the circuit.

Rr=R1+R,+R3+R4
Rr=100Q+250Q+150Q+300Q
Rr=800Q

Now that the total voltage and
total resistance are known, the cur-
rent flow through the circuit can be
found using Ohm's law.

The first rule of series circuits states
that current remains the same at any
pointin the circuit. Therefore, 0.050 A
flows through each resistor in the
circuit (Fig. 5-9). The voltage drop
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EXAMPLE 1 CONTINUED

across each resistor can now be found using

Ohm’s law (Fig. 5-10).

E1 =11 X Ry

E; =0.050 x 100
E1=5V

E; =1, XR;

E; =0.050 x 250
E; =125V

E; =13 XR3

Es; =0.050 x 150
Es=75V
Es=1s XRy

E; =0.050 x 300
Es=15V

It =0.05 A
Rr=800 Q
— Pr=

Es= Es=
l, =0.05A ls =0.05A
R4=300Q R3=150Q
Pi= P;=

FIGURE 5-9 The current is the same at any
point in a series circuit.

It =0.05 A
Ry =800Q
— P;=
i

E,=15V E =75V
l, =0.05A l; =0.05 A
R, =300 Q R3;=150 Q
Py= Pay=

FIGURE 5-10 The voltage drop across
each resistor can be found using Ohm'’s law.

CHAPTER 5 Series Circuits

Several formulas can be used to determine
the amount of power dissipated (converted
into heat) by each resistor. The power
dissipation of resistor Ry will be found using the
formula

Pi=E; X4
P, =5x0.05
P,=025W

The amount of power dissipation for resistor
R, will be computed using the formula

_E
P, = R
156.25
P, =
27 7250
P, =0.625W

The amount of power dissipation for resistor
Rs will be computed using the formula

P3 =1, X Rs
P3 =0.0025 x 150
P;=0.375W

The amount of power dissipation for resistor
R4 will be found using the formula

Ps=E; X1s
P, =15 % 0.05
P,=075W

A good rule to remember when calculating
values of electrical circuits is that the total
power used in a circuit is equal to the sum of
the power used by all parts. That is, the total
power can be found in any kind of a circuit—
series, parallel, or combination—by adding the
power dissipation of all the parts. The total
power for this circuit can be found using the
formula

Pr=P1+P,+P3+P,4
Pr=025+0.625+0.375+0.75
PT = ZW

Now that all the missing values have been
found (Fig. 5-11), the circuit can be checked
using the third rule of series circuits, which

73



74 SECTION 1 Basic Electricity

EXAMPLE 1 CONTINUED

states that voltage drops add to equal the
applied voltage.

Er=E1+E,+E3+E4
Er=5+125+75+15

_ Rr=800 Q
Er=40V — Pl-ow
L/\/\/\/_/\/\/\/_
E,=15V E;=75V
I, =0.05A I =0.05A
R, =300 Q Ry=150 Q
P,=0.75W Py=0.375 W

FIGURE 5-11 The final values for the circuit in
Example 1.

EXAMPLE 2

The second circuit to be solved is shown in R, =Rr—(R1+R3 +Ry)

Figure 5-12. In this circuit the total resis- _
tance is known, but the value of resistor R, R2 = 6000 — (1000 +2000 + 1200)

is not. The second rule of series circuits R, = 6000 — 4200

R, =18000Q

states that resistances add to equal the total
resistance of the circuit. Since the total
resistance is known, the missing resistance
of R, can be found by adding the values
of the other resistors and subtracting their
sum from the total resistance of the

circuit (Fig. 5-13).

E1= E2=
[ b =
R;=1000 Q R,=1800 Q
Er=120v  P1= =
—
Ry =6000 Q
— Pr=
A
E,= Es= E,= Es=
I = k= Iy = ly =
Ry =1200 Q R3=2000 Q R, =1200 Q R3=2000 Q
P,= By= P,= P3=
FIGURE 5-12 Series circuit, Example 2. FIGURE 5-13 The missing resistor value.
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EXAMPLE 2 CONTINUED

The amount of current flow in the circuit
can be found using Ohm'’s law.
_E
"R
120
~ 6000

1=0.020A

Since the amount of current flow is the

same through all elements of a series circuit

(Fig. 5-14), the voltage drop acros each
resistor can be found using Ohm's law

(Fig. 5-15).

E1 =1l X Ry

E1 = 0.020 x 1000
E1 =20V

E2=1, X R;

E» = 0.020 X 1800
E,=36V

Es =13 X Rs

Es = 0.020 x 2000
E3 =40V

Es=ls X Ry

E4 = 0.020 x 1200
Es =24V

The third rule of series circuits can be
used to check the answers.

Et=E/+E,+E3;+E;4
Er =20+ 36 +40 + 24
Er=120V

The amount of power dissipation for each
resistor in the circuit can be computed using
the same method used to solve the circuit in
Example 1. The power dissipated by resistor
R; will be computed using the formula

Pi=Eq{ X4
P, =20x0.02
Py =0.4W

CHAPTER 5
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Ey= Ep=
l; =0.020 A I, =0.020 A
R, =1000 Q R, = 1800 Q
Er=120v P1= P2 =
T Iy =0.020A
Ry = 6000 Q
— Pr-
L/\/\/\/_/\/\/\/_
E,= Es=
I, =0.020 A I3 =0.020 A
R, = 1200 Q Ry = 2000 Q
P, = Py=

FIGURE 5-14 The current is the same through
each circuit element.

E,=20V E, =86V
I; =0.020 A I, =0.020 A
R =1000 Q Ro = 1800 Q
Er=120v  P1= =
~— Iy =0.020A
Ry = 6000 Q
— Pr=
L/\/\/\/_/\/\/\/_
E,=24V Ey;=40V
I, =0.020 A I, =0.020 A
R,=1200 Q Rg = 2000 Q
Py= Ps =

FIGURE 5-15 The voltage drops across each
resistor.

The amount of power dissipation for resistor
R, will be found using the formula

E3
P, = —2
2 R,
b _ 1296
2™ 1800
P,=0.72W

The power dissipation of resistor Rs will be
found using the formula

P3 =1,> X R3
P; = 0.0004 x 2000
P3 =08W
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EXAMPLE 2 CONTINUED

The power dissipation of resistor R4 will

be computed using the formula

Pi=Es X4
P; =24 x0.02
P,=048 W
The total power will be computed using
the formula
Pr=Erxk
Pr =120 x 0.02
Pr=24W

EXAMPLE 3

In the circuit shown in Figure 5-17, resistor

Ri

has a power dissipation of 0.102 W, resistor

has a voltage drop of 6.4V, resistor R,

Rs has a power dissipation of 0.154 W,

resistor R4 has a power dissipation of 0.307

W, and the total power consumed by the
circuit is 0.768 W.

The only value that can be found with the

given quantities is the amount of power dis-

sipated by resistor Ry. Since the total power is
known and the power dissipated by the three
other resistors is known, the power dissipated
by resistor Ry can be found by subtracting the

power dissipated by resistors R,, Rz, and Ry
from the total power used in the circuit.

or

P1=PT—(P2+P3+P4)

P1=PT—P2—P3—P4
P, =0.768 —0.102 — 0.154 — 0.307
P, =0.205W

The circuit, with all computed values, is
shown in Figure 5-16.

E,=20V E,=36V
I, =0.020 A I, =0.020 A
R;=1000 Q R, = 1800 Q
ET=120V P1=O.4W P2=0.72W
Iy =0.020A
Ry = 6000 Q
— Pr=24W
L/\/\/\/_/\/\/\/_
E,=24V Es=40V
I, =0.020 A I3 =0.020 A
Ry=1200 Q Ry= 2000 Q
P,=0.48 W P;=08W

FIGURE 5-16 The remaining unknown values
for the circuit in Example 2.

E;=6.4V E, =
Iy = I, =
Ry = Ry =
Py= P,=0.102 W

Er =

— IT =
Ry =
P =0.768 W
- NVN—ANVNN—

E, = Es =
I, = I3 =
R, = Rs =

P,=0307W  P;=0.154 W
FIGURE 5-17 Series circuit, Example 3.

Now that the amount of power dissipated by
resistor Ry and the voltage drop across R; are
known, the current flow through resistor Ry can
be found using the formula

| P

3

= 0205
6.4

1=0.032A

Since the current in a series circuit must be
the same at any point in the circuit, it must be
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EXAMPLE 3 CONTINUED

the same through all circuit components
(Fig. 5-18).

Now that the power dissipation of each
resistor and the amount of current flowing
through each resistor are known, the volt-

age drop of each resistor can be computed

(Fig. 5-19).
Ez == E
I2
e, - 0102
0.032
Ez =32V
E3 = b
I3
_ 0.154
>~ 0.032
E; =48V
E4 = E
4
e, = 0307
0.032
E;=96V

Ohm'’s law can now be used to find the
Ohmic value of each resistor in the circuit
(Fig. 5-20).

Eq
R1 = —
I
6.4
1= —==
0.032
R:1=200Q
E>
Rz = —
P)
E, =64V E, =
I, =0.032A I, =0.032A
Ry = Rp=
E = P, =0.205 W P, =0.102 W
—— Iy =0032A
Ry =
— Pr=0768W
B i
E, = Ey =
l, =0.032A ls = 0.032 A
R, = Ry =
P, =0.307 W P3;=0.154 W

FIGURE 5-18 The current flow in the circuit
in Example 3.

CHAPTER 5

E, =64V
l; =0.032A
R, =
Er = P, = 0.205 W
T Iy =0032A
Rr=
— Pr=0768W

A

E, =96V

I, =0.032A
R, =

P, =0.307 W

Series Circuits

E, =32V
I, =0.032A
R, =

P, =0.102W

Ey; =438V
I, =0.032A
Ry =

P, =0.154 W

FIGURE 5-19 The voltage drops across each

resistor.

E =64V
I, =0.032A
Ry =200 Q
Er= P; = 0.205 W
T Iy =0.032A
Ry =
— Pr=0768W

D VY vV v

E, =96V

I, =0.032A
R, =300 Q
P, = 0.307 W

E, =32V
I, =0.032A
R, =100 Q

P, =0.102 W

E;=48V

l; =0.032A
Rs = 150 Q
Py =0.154 W

FIGURE 5-20 The Ohmic value of each

resistor.

3.2
R2= 0032
R, =1000Q
.-

I3

48
Rs = 0032
Rs =1500Q
Ry = o4

I

9.6
Re = 0032
R; =3000Q
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78 SECTION 1 Basic Electricity

EXAMPLE 3 CONTINUED

The voltage applied to the circuit
can be found by adding the voltage
drops across the resistor (Fig. 5-21).

Etr=E1+E,+E3+E4
Er=64+32+48+96

Er=24V
E; =64V E, =32V
I, =0.032A I, =0.032 A
R, =200 Q Rp=100 Q
P, =0.2056 W P,=0.102 W
_— Er=24V ! 2
— I; =0.032A
Ry =750 Q
—— Pr=0768W
: NN\

E,=96V E;=48V
I, =0.032A I =0.032A
R, =300 Q Rg = 150 Q
P, = 0.307 W Py = 0.154 W

FIGURE 5-21 The applied voltage and
the total resistance.

The total resistance of the circuit
can be found in a similar manner
(Fig. 5-21). The total resistance is
equal to the sum of all the resistive
elements in the circuit.

Rr=R1+R;+R3+ Ry
Rt =200 + 100 + 150 + 300
Rr=750 Q

VOLTAGE DIVIDERS

One common use for series circuits is constructing
voltage dividers. A voltage divider works on the
principle that the sum of the voltage drops across
a series circuit must equal the applied voltage. Volt-
age dividers are used to provide different voltages
between certain points (Fig. 5-22). If a voltmeter is
connected between points A and B, a voltage of
20 V will be seen. If the voltmeter is connected
between points B and D, a voltage of 80 V will
be seen.

200V -

+
VA
g
<

FIGURE 5-22 Series circuit used as a voltage
divider.

Voltage dividers can be constructed to pro-
duce any voltage desired. For example, assume
that a voltage divider is connected to a source of
120 V and is to provide voltage drops of 36 V,
18 V, and 66 V. Notice that the sum of the volt-
age drops equals the applied voltage. The next
step is to decide how much current is to flow
through the circuit. Because there is only one
path for current flow, the current will be the
same through all the resistors. In this circuit, a
current flow of 15 mA (0.015 A) will be used.
The resistance value of each resistor can now be
determined.

E
R=1
36
Ri=5013
R; = 2.4k (2400 Q)
18
270015
R, = 1.2kQ (1200 Q)
66
370.015

R; = 4.4kQ (4400 Q)
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THE GENERAL
VOLTAGE DIVIDER
ForMULA

Another method of determining the voltage drop
across series elements is the general voltage divider
formula. Since the current flow through a series
circuit is the same at all points in the circuit, the
voltage drop across any particular resistance is
equal to the total circuit current times the value
of that resistor.

EX:ITXRX

The total circuit current is proportional to the
source voltage (Et) and the total resistance of
the circuit.

_Er
-

If the value of Iy is substituted for Ei/Ry in
the previous formula, the expression now becomes

Er
Ex=(=— )R
= ()R

If the formula is rearranged, it becomes what is
known as the general voltage divider formula.

Rx
o ()

The voltage drop across any series component
(Ex) can be computed by substituting the value of
Ry for the resistance value of that component
when the source voltage and total resistance
are known.

It

VOLTAGE POLARITY _

It is often necessary to know the polarity of the
voltage developed across a resistor. A specific
point is not negative or positive itself, it is negative
or positive with respect to some other point. This
principle holds true with voltage as well. A specific
point has no voltage itself, however, the difference
of potential between that point and another point, is
in fact a voltage. Voltage polarity can be determined
by observing the direction of current flow through the
circuit. In the circuit shown in Figure 5-22, it will be
assumed that the current flows from the negative
terminal of the battery to the positive terminal.
Point A is connected to the negative battery

CHAPTER 5 Series Circuits 79

EXAMPLE 4

Three resistors are connected in series
to a 24 volt source. Resistor Ry has
a resistance of 200 Q, resistor R,
has a value of 300 Q, and resistor
Rs has a value of 160 Q. What is the
voltage drop across each resistor?

Solution

Find the total resistance of the
circuit.

Rr=R1+Ry+R3
Rr =200 + 300 + 160
Rr=660Q

Now use the voltage divider for-
mula to compute the voltage drop
across each resistor.

£y = <§_> Er
E,= (%) 24
E; =7.273 volts
e (%)
E;= (%) 24

E; =10.91 volts

E; =5.818 volts

terminal, and point E is connected to the positive
terminal. If a voltmeter is connected across term-
inals A and B, terminal B will be positive with
respect to A. If a voltmeter is connected across
terminals B and C, however, terminal B will be
negative with respect to terminal C. Notice that
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80 SECTION 1 Basic Electricity

terminal B is closer to the negative terminal of the
battery than terminal C is. Consequently, electrons
flow through the resistor in a direction that makes
terminal B more negative than C. Terminal C
would be negative with respect to terminal D for
the same reason.

UsiING GROUND

Two symbols are used to represent ground
(Fig. 5-23). The symbol shown in Figure 5-23 (A)
is an earth ground symbol. It symbolizes a ground
point that is made by physically driving an object

e

(A) (B)
EARTH GROUND CHASSIS GROUND

FIGURE 5-23 Ground symbols.

such as a rod or a pipe into the ground. The sym-
bol shown in Figure 5-23 (B) symbolizes a chassis
ground. This point is used as a common connection
for other parts of a circuit, but it is not actually
driven into the ground. Although the symbol shown
in Figure 5-23 (B) is the accepted symbol for a chas-
sis ground, the symbol shown in Figure 5-23 (A) is
often used to represent a chassis ground also.

An excellent example of using a chassis ground
as a common connection can be found in the elec-
trical system of an automobile. The negative termi-
nal of the battery is grounded to the frame or
chassis of the vehicle. The frame of the automobile
is not connected directly to earth ground; it is insu-
lated from the ground by rubber tires. In the case
of an automobile electrical system, the chassis of
the vehicle is the negative side of the circuit. An
electrical circuit using ground as a common con-
nection point is shown in Figure 5-24. This circuit
is an electronic burglar alarm. Notice the numerous
ground points in the schematic. In practice, when the
circuit is connected, all the ground points will be con-
nected together.

In voltage divider circuits, ground is often used to
provide a common reference point to produce vol-
tages that are above and below ground (Fig. 5-25).
An above ground voltage is positive with respect to
ground. A below ground voltage is negative with
respect to ground. In Figure 5-25, one terminal of a
zero-center voltmeter is connected to ground. If the

ARM SWITCH IN4004
2N1598 D
: o0 — 00— —
KEY LOCK Co REE e
D, & IN4004 SWITCH 22k | T U
1uF
Cr vl 1oy R
N = DC< 1.2k 3 S, S
= Ry >1.2k DOOR AND
1 I WINDOW SWITCHES
- D,y LED p, y LED 12Vpe
4| (POWER)’/| (ARM) ALARM

FIGURE 5-24 Burglar alarm with battery back-up.
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o, SUMMARY
e Series circuits have only one path for current
12V flow.

¢ The individual voltage drops in a series circuit
24V can be added to equal the applied voltage.

e The current is the same at any point in a series

circuit.
* 12V

e The individual resistors can be added to equal
OB the total resistance of the circuit.

e Fuses and circuit breakers are connected in series

with the devices they are intended to protect.
FIGURE 5-25 A common ground used to produce

e The total power in any circuit is equal to the sum
above and below ground voltage. P y q

of the power dissipated by all parts of the circuit.
e When the source voltage and total resistance are
known, the voltage drop across each element

probe is connected to point A, the pointer of the can be computed using the general voltage
voltmeter will give a negative indication for volt- divider formula.

age. If the probe is connected to point B, the

pointer will indicate a positive voltage.
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82 SECTION 1 Basic Electricity

REVIEW QUESTIONS

1. A series circuit has individual 7. State the three rules for series

resistor values of 200 Q, 86 Q, 91 Q, circuits.
180 Q, and 150 Q. What is the total
resistance of the circuit? 8. A series circuit has resistance values

. A series circuit contains four

resistors. The total resistance of the
circuit is 360 Q. Three of the resistors
have values of 56 Q, 110 Q, and

75 Q. What is the value of the
fourth resistor?

. A series circuit contains five

resistors. The total voltage applied
to the circuit is 120 V. Four resistors
have voltage drops of 35V, 28 V,

connected in series. Resistor R, has a
resistance of 220 Q and a voltage
drop of 44 V. What is the current
flow through resistor R3?

. A circuit has four resistors

connected in series. If each resistor
has a voltage drop of 60 V, what is
the voltage applied to the circuit?

. Define series circuit.

10.

11.

of 160 Q, 100 Q, 82 Q, and 120 Q.
What is the total resistance of this
circuit?

If a voltage of 24 V is applied to the
circuit in question 8, what will be
the total amount of current flow in
the circuit?

What will be the voltage drop across
each of the resistors?

. 160 Q, _V

22 V, and 15 V. What is the voltage 100 Q. __V
drop of the fifth resistor? S
820, _V

. A circuit has three resistors 1200, __V

A series circuit contains the following
values of resistors: R{ =510 Q;

R, =6800Q;R; =390Q;and R, =750 Q.
Assume a source voltage of 48 V. Use
the general voltage divider formula
to compute the voltage drop across
each of the resistors.

Ei= V E,= V
Fy= V Ey= V
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CHAPTER 5 Series Circuits

PRACTICE PROBLEMS

SERIES CIRCUITS

1. Using the three rules for series circuits and Ohm’s law, solve for the missing values.

Er 120 E Es Es E, Es
I I I I3 Iy ls

Rr R; 430 O Ro 360 0 Rs 750 O R, 1000 Q Rs 620 O
Py P, P, Ps Py Ps

Er E Es Es 11 E, Es

I I I I Iy Is

Rr R Ro Rs R4 Rs

Pr 0.25 P, 0.03 P, 0.0825 Ps P, 0.045 Ps 0.0375
Er 340 E, 44 E, 94 Es 60 E4 40 Es

I I I I3 Iy ls

Rr R Ro Rs R4 Rs

Py P, P, Ps Py Ps 0.204

2. Use the general voltage divider formula to compute the values of voltage drop for
the following series connected resistors. Assume a source voltage of 120 V.

Ri=1K Q; R, =2.2K (; Rs=1.8K (; Rs=1.5K Q

Ei=—_V Eo=___V Es=—__V Ej=—_V
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SECTION 1 Basic Electricity

PRACTICAL APPLICATIONS |

A 12-VDC automobile head lamp is
to be used on a fishing boat with a
24-\/ system. The head lamp is rated
at 50 watts. A resistor is to be
connected in series with the lamp
to permit it to operate on the 24-V
system. What value of resistance
should be used, and what is

the minimum power rating of

the resistor?

Three wire wound resistors have the
following value: 30 Q, 80 Q, and
100 Q. Each resistor has a voltage
rating of 100 V. If these resistors are
connected in series, can they be

connected to a 240-V circuit without
damage to the resistors? Explain
your answer.

You are an electrician working in an
industrial plant. A circuit contains
eight incandescent lamps connected
in series across 480 V. One lamp has
burned out, and you must determine
which lamp is defective. You have
available a voltmeter, an ammeter,
and an ohmmeter. Which meter
would you use to determine the
defective lamp in the shortest
possible time? Explain how you
would use this meter and why.
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OBJECTIVES After studying this unit, you should be able to:

e discuss the characteristics of parallel circuits. e discuss the operation of a current divider circuit.
e state three rules for solving electrical values of e calculate current values using the current divider
parallel circuits. formula.

® solve the missing values in a parallel circuit using
the three rules and Ohm’s law.
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86 SECTION 1

circuit branch (a) in the case of
parallel circuits, a circuit derived
from a main set of circuit
conductors that supply power to
multiple other circuits; (b)
normally the circuit that supplies
power to electrical equipment
from the last protective device,
such as a fuse or circuit breaker

current adds one of the three
rules used to solve values of
voltage, current, resistance, and
power in a parallel circuit

Basic Electricity

GLOSSARY OF PARALLEL CIRCUIT TERMS .

current divider formula a
formula used to calculate the
amount of current flow in any
branch when the total circuit
current and resistance are known

load the amount of power a
circuit is supplying to a device

parallel circuits circuits with
more than one path for
current flow
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product over sum formula
. R1 X Rg

- Ry + R,

one of three formulas used to

determine the total resistance of
resistors connected in parallel

Rr

reciprocal formula

one of three formulas used to
determine the total resistance of
resistors connected in parallel



arallel circuits are probably the type

of circuit with which most people are

familiar. Most devices such as lights
and receptacles in homes and office build-
ings are connected in parallel. Imagine if the
lights in your home were wired in series. All
the lights in the home would have to be
turned on in order for any light to operate,
and if one were to burn out, all the lights
would go out. The same is true for recepta-
cles. If receptacles were connected in series,
some device would have to be connected
into each receptacle before power could be
supplied to any other device.

PARALLEL CIRCUIT
VALUES

TOTAL CURRENT

Parallel circuits are circuits that have more than
one path for current flow (Fig. 6-1). If it is assumed
that current leaves terminal A and returns to termi-
nal B, it can be seen that the electrons can take
three separate paths. In Figure 6-1, 3 A of current
leave terminal A. One amp flows through resistor
R; and 2 A flow to resistors R, and Rj. At the
junction of resistors R, and R3, 1 A flows through
resistor R,, and 1 A flows to resistor R3. Notice
that the power supply, terminals A and B, must

+|B
E Ry Rs R
— 3A 1A§‘ on A ‘ 1a 1A

FIGURE 6-1 Parallel circuits provide more than one
path for current flow.

CHAPTER 6 Parallel Circuits 87

furnish all the current that flows through each indi-
vidual resistor, or circuit branch. One of the rules
for parallel circuits states that the total current flow
in the circuit is equal to the sum of the currents
through all of the branches; this is known as cur-
rent adds. (Irorar =11 + b +...1,) Notice that
the amount of current leaving the source must
return to the source.

VOLTAGE DROP

Figure 6-2 shows another parallel circuit and gives
the values of voltage, current, and resistance for
each individual resistor or branch. Notice that the
voltage drop across all three resistors is the same. If
the circuit is traced, it can be seen that each resistor
is connected directly to the power source. A second
rule for parallel circuits states that the voltage drop
across any branch of a parallel circuit is the same
as the applied voltage.

For this reason, most electrical circuits in
homes are connected in parallel. Each lamp and
receptacle is supplied with 120 V (Fig. 6-3).

"— E; 120V < E; 120V E, 120V E; 120 V
— I 24A I, 8A l, 12A Iy 4A

R, 15Q R, 10Q

FIGURE 6-2 Parallel circuit values.

PANEL ® ) ®
BOX ® ® ®

FIGURE 6-3 Lights and receptacles are connected
in parallel.
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TOTAL RESISTANCE

In the circuit shown in Figure 6-4, three separate
resistors have values of 15 Q, 10 Q, and 30 Q. The
total resistance of the circuit, however, is 5 Q.
The total resistance of a parallel circuit is always
less than the resistance of the lowest-value resistor,
or branch, in the circuit. Each time another element
is connected in parallel, there is less opposition to
the flow of current through the entire circuit. Imag-
ine a water system consisting of a holding tank, a
pump, and return lines to the tank (Fig. 6-5).
Although large return pipes have less resistance to
the flow of water than small pipes, the small pipes
do provide a return path to the holding tank. Each
time another return path is added, regardless of
size, there is less overall resistance to flow, and
the rate of flow increases.

4

— R; 5Q R, 15Q R, 10Q Ry 30 Q

-

FIGURE 6-4 Total resistance is always less than the
resistance of any single branch.

FIGURE 6-5 Each new path reduces the total
resistance to the flow of water.

That concept often causes confusion concerning
the definition of load among students of electricity.
Students often think that an increase of resistance
constitutes an increase of load. An increase of cur-
rent, not resistance, results in an increase of load. In
laboratory exercises, students often see the circuit
current increase each time a resistive element is con-
nected to the circuit, and they conclude that an
increase of resistance must, therefore, cause an
increase of current. That conclusion is, of course,
completely contrary to Ohm’s law, which states
that an increase of resistance must cause a propor-
tional decrease of current. The false concept that an
increase of resistance causes an increase of current
can be overcome once the student understands that
if the resistive elements are being connected in paral-
lel, the circuit resistance is actually being decreased
and not increased.

PARALLEL RESISTANCE
ForMuLAS

RESISTORS OF EQUAL VALUE

Three formulas can be used to determine the total
resistance of a parallel circuit. The first formula
shown can be used only when all the resistors in
the circuit are of equal value. This formula states
that when all resistors are of equal value the total
resistance is equal to the value of one individual
resistor, or branch, divided by the number (N)
of resistors or branches.

R

RT — N

For example, assume that three resistors, each
having a value of 24 Q, are connected in parallel
(Fig. 6-6). The total resistance of this circuit can be

+

— R; 8Q §R1 24 Q §R2 24 Q §R3 24 Q

FIGURE 6-6 Finding the total resistance when all
resistors have the same value.



found by dividing the resistance of one single resis-
tor by the total number of resistors.

R
Ry =—
TN
24
RT:?
Rt =80Q

PRODUCT OVER SUM

The second formula used to determine the total
resistance in a parallel circuit divides the product
of pairs of resistors by their sum sequentially until
only one pair is left. This is commonly referred
to as the product over sum formula for finding
total resistance.

_R1><R2
R +R,

In the circuit shown in Figure 6-7, three
branches having resistors with values of 20 Q,
30 Q, and 60 Q are connected in parallel. To find
the total resistance of the circuit using the product
over sum method, find the total resistance of any
two branches in the circuit (Fig. 6-8).

Rt

RzXRg

Ry =—=22"%

T Ry +R3

30 x 60

730460
1800
Rp=——
T~ 790
Ry =200

The total resistance of the last two resistors in
the circuit is 20 Q. This 20 Q, however, is

4

— Ry 10Q §R1 20 Q §R2 300 §R3 60 Q

FIGURE 6-7 Finding the total resistance of a
parallel circuit by dividing the product of two resistors
by their sum.
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—+
il

Rr 10Q §R1 20 Q §R2 30 Q §R360Q

T—RTon—T

FIGURE 6-8 The total resistance of the last two
branches.

TOTAL RESISTANCE
OF THE LAST TWO
Ri 209 RegISTORS §R2 200

i)
3
>
e}

AAA

FIGURE 6-9 The total value of the first two resistors
is used as resistor 2.

connected in parallel with a 20 Q resistor. The
total resistance of the last two resistors is now
substituted for the value of Ry in the formula,
and the value of the first resistor is substituted for
the value of R, (Fig. 6-9).

Ry xRy
"TRi+Ry
20%20
7 20+20
400
Ry =
Rr=100Q

RECIPROCAL FORMULA

The third formula used to find the total resistance
of a parallel circuit is
1 1 1 1 1

Rr R R, R; Ry
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Notice that this formula actually finds the
reciprocal of the total resistance, instead of the
total resistance. To make the formula equal to
the total resistance it can be rewritten as follows:

The value Ry stands for the number of resistors
in the circuit. If the circuit has 25 resistors con-
nected in parallel, for example, the last resistor in
the formula would be R,s.

This is known as the reciprocal formula.
The reciprocal of any number is that number
divided into 1. The reciprocal of 4, for example,
is 0.25 because 1/4 = 0.25. Another rule of paral-
lel circuits is the total resistance of a parallel
circuit is the reciprocal of the sum of the recipro-
cals of the individual branches. A modified
version of this formula is used in several
different applications to find values other than
resistance. Some of those other formulas will be
covered later.

Before the invention of hand-held calculators,
the slide rule was often employed to help with
the mathematical calculations in electrical
work. At that time, the product over sum method
of finding total resistance was the most popular.
Since the invention of calculators, however,
the reciprocal formula has become the most
popular, because scientific calculators have a
reciprocal key (1/X), which makes computing
total resistance using the reciprocal method
very easy.

In Figure 6-10, three resistors having values of
150 Q, 300 Q, and 100 Q are connected in parallel.
The total resistance can be found using the recipro-
cal formula.

1
Rr =+ N 1 N 1

R; Ry R;

1

Ry = L

150 ' 300 ' 100

1

Ry =

0.006667 + 0.003333 + 0.01

1

Rt =502
Ry =500

B

Ry 100Q

AAAY

— R; 500 R, 150Q §R2 300 Q

FIGURE 6-10 Finding the total resistance using the
reciprocal method.

EXAMPLE 1
J—ET E, E, Es

— I 06A " Ip
Ry R, 300Q R, 200Q

‘|‘ Pr P, P, Ps

FIGURE 6-11 Parallel circuit, Example 1.

Inthe circuit shown in Figure 6-11,
three resistors having values of 300 Q,
200 O, and 600 Q are connected in
parallel. The total current flow
through the circuitis 0.6 A. Find all the
missing values in the circuit.

Solution

The first step is to find the total
resistance of the circuit. The recip-
rocal formula will be used.

1
S O I §

Ri R Rs

1

Rr=— 1 1

300 200 600
R = 1

T~ 0.0033 +0.0050 + 0.0017
1

Rt = 0.01
Rr=1000Q
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EXAMPLE 1 CONTINUED

Now that the total resistance of the cir-
cuit is known, the voltage applied to the
circuit can be found using the total current
value and Ohm’s law.

Er= I+ X Ry
Er= 0.6 x 100
ET= 60V

One of the rules for parallel circuits states
that the voltage drops across all the parts of
a parallel circuit are the same as the total
voltage. Therefore, the voltage drop across
each resistor is 60 V (Fig. 6-12).

ET= E1= E2= E3

E; 60V
l; 0.6A
Ry 100 Q
Pr

E, 60V E, 60V E3 60V
Iy
§R1 300 Q §R2 200 Q F{3 600 Q
Ps

FIGURE 6-12 The voltage is the same
across all branches of a parallel circuit.

_— Ry 100Q

+
——Er 60V

I, 0.6A
Pr

E, 60V E, 60V E, 60V

l; 0.2A I, 0.3A I3 0.1A
R, 3000 SR, 2000 SR, 6000
Py P2 P3

FIGURE 6-13 Ohm’slaw is used to compute
the amount of current through each branch.

Since the voltage drop and resistance of
each resistor are known, Ohm’s law can be
used to determine the amount of current
flow through each resistor (Fig. 6-13).

CHAPTER 6  Parallel Circuits
b=03A
R3
|3 = ﬂ
600
I3=01A

The amount of power (watts) used by each
resistor can be found using Ohm'’s law. A dif-
ferent formula will be used to find the amount
of electrical energy converted into heat by each
of the resistors.

2
=B
p, _ 6060

300
Pi=12W
P, =12 xR,
P, =0.3x0.3x200
P, =18W
Ps =E; X3
P; =60 x 0.1
P;=6W

In Chapter 5, it was stated that the total
amount of power in a circuit is equal to the sum
of the power used by all the parts. This is true
for any type of circuit. Therefore, the total
amount of power used by this circuit can be
found by taking the sum of the power used by
all the resistors (Fig. 6-14).

Pr=Pi+ P+ P3
Pr=12 + 18 + 6
PT= 36 W

5
— Er 60V
I; 0.6A
_——_R; 100Q
T Pr 36W

E; 60V E, 60V Es 60V
I, 0.2A I, 0.3A I, 0.1A
R1 300 Q R, 200 Q Rq 600 Q

Py 12W P, 18 W Py 6W

FIGURE 6-14 The amount of power used by

the circuit.
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92 SECTION 1 Basic Electricity

EXAMPLE 2

— & E; E, Es
— I I l, 0.2A I
— Ry 300Q SR, 9000 Ro R; 18000

Pr P, P, Ps

FIGURE 6-15 Parallel circuit, Example 2.

In the circuit shown in Figure 6-15, three
resistors are connected in parallel. Two of
the resistors have a value of 900 Q and
1800 Q. The value of resistor R, is
unknown. The total resistance of the circuit
is 300 Q. Resistor R, has a current flow of
0.2 A. Find the missing circuit values.

Solution

The first step in solving this problem is to find
the missing resistor value. This can be done by
changing the reciprocal formula as shown:

or
1
A T T |
Rr Ri Rs

One of the rules for parallel circuits states
that the total resistance is equal to the recip-
rocal of the sum of the reciprocals of the
individual resistors. Therefore, the reciprocal
of any individual resistor is equal to the recip-
rocal of the difference between the reciprocal
of the total resistance and the sum of the
reciprocals of the other resistors in the circuit.

1
A
Rr Ri Rs
1
Ry = — 11
300 900 1800
. 1
2™ 0.003333 — 0.001111 — 0.0005556
1
R2 = 5.001666
R, =600 0Q

-
——E; 120V >E, 120V E, 120V SE; 120V
— I Iy I, 0.2A k

Rr 300Q >R, 900 Q R, 600Q >R; 1800 Q

Py P, P, Py

FIGURE 6-16 The missing resistor and voltage values.

Now that the resistance of resistor R, has
been found, the voltage drop across resistor R,
can be determined using the current flow
through the resistor and Ohm'’s law (Fig. 6-16).

E; = 1) xR,
E; = 02 x 600
E; = 120V

If 120 V is dropped across resistor R,, the
same voltage is dropped across each compo-
nent of the circuit.

E;= Er=E1= E3
Now that the voltage drop across each part
of the circuit is known and the resistance is

known, the current flow through each branch
can be determined using Ohm'’s law (Fig. 6-17).

I3 =0.0666 A

The amount of power used by each resistor
can be found using Ohm'’s law (Fig. 6-18).

—_ E12
|>1_R—1

120 x 120
1= 7900
Pi=16W
P2=|22 X Ry
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EXAMPLE 2 CONTINUED

CHAPTER 6

P,=0.2 x 0.2 x 600

L_—ET 120 V E; 120V E, 120V E; 120V P,=24W

—1I; 04A I; 0.133A >1, 02A I; 0.066 A

—Ry 300Q >R; 900 Q R, 600 Q R,y 1800 Q P;=E3X I3
Pr P, Py Py

P; =120 x 0.066

Parallel Circuits 93

FIGURE 6-17 Determining the current using P;=7.92W
Ohm'’s law.
PT = ET X |'|'
Pr=120 x 04
. Pr =48 W
—E; 120V E, 120V E, 120V E; 120V
— It 04A >l 0133A §'2 02A  >l3 0.066A If the wattage values of the three resistors
Ry 300Q >R; 900 Q R, 600 Q R; 1800 Q .
T prasw Py t6W P, 24W ) Py 7.92W are added to compute total power for the cir-
cuit, it will be seen that their total is 47.92 W

instead of the computed 48 W. The small dif-
ference in answers is caused by the rounding
off of other values. In this instance, the current
of resistor R3 was rounded from 0.066666666

FIGURE 6-18 The values of power for the
circuit in Example 2.

to 0.066.
EXAMPLE 3
In the circuit shown in Figure 6-19, three
resistors are connected in parallel. Resistor
R, is producing 0.075 W of heat, R, is L, E, E, E,
producing 0.45 W of heat, and Rs is = po%a §g1 i ol
producing 0.225 W of heat. The circuit T Pr Py 0.075W ] P, 045W ] P; 0225 W
has a total current of 0.05 A.

. FIGURE 6-1 ircui :
Solution GU 6-19 Parallel circuit, Example 3
Since the amount of power dissipated

by each resistor is known, the total power
for the circuit can be determined by finding

Now that the amount of total current and
total power for the circuit are known, the
applied voltage can be found using Ohm'’s law

the sum of the power used by the (Fig. 6-20).
components. Py
Er=oT
Pr=Py+ P+ P; It
Pr= 0.07 0.4 0.22 E _ 075
+= 0.075 + 045 + 0.225 T= 005
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EXAMPLE 3 CONTINUED

All resistance values for the circuit can now

be found using Ohm'’s law (Fig. 6-22).
.
—L—E 15V E, 15V E, 15V Es 15V E
— It 0.05A >l 2 Is R = =1
— Ry R Ry Rs Iy
Pr 0.75W | Py 0.075W | P, 045W | Py 0.225W
R 15
1= ~Fhrg
0.005
FIGURE 6-20 The applied voltage for R 0
the circuit. 1=3000
E>
Rz = —
Bl "
+
L E; 15V E, 15V E, 15V Es 15V
—I; 005A S 1, 0005A S, 003A Si; 0015A
—R; R Ry Rs
'|' Pr 0.75W | P, 0.075W | P, 0.45W | P, 0.225 W
.
—|—E; 15V E, 15V E, 15V E; 15V
—I; 005A SI; 0005A S, 003A Si; 0015A
Rr 300Q >R, 30002 >R, 500Q Rg 1000 Q
T Pr075W ) P, 0.075W | P, 0.45W | P, 0.225W
FIGURE 6-21 The current through each T ! 2 8
branch.

The amount of current flow through
each resistor can now be found using

FIGURE 6-22 The remaining values for
the circuit.

Ohm’s law (Fig. 6-21).

CURRENT DIVIDERS

All parallel circuits are current dividers (Fig. 6-23).
As previously discussed in this chapter, the sum of
the currents in a parallel circuit must equal the
total current. Assume that a current of 1 ampere

_ P R, = 15
h=E 2~ 0.03
0.075 R, = 5000
= —22
I, =0.005A 3T
P, 15
Ib=-= R:= ———
27 E, 37 0.015
| _ 045 Rs = 1000 Q
27 15 E
Rr= —
I, =0.03A =
Ps 15
|3= —— = ——
Es Rr=0.05
Iy = 0222 Rr=3000
15
Is=0.015A

enters the circuit at point A. This 1 ampere of current
will divide between resistors Ry and R,, and then
recombine at point B. The amount of current that
flows through each resistor is proportional to the
resistance value. A greater amount of current will
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FIGURE 6-23 Parallel circuits are current dividers.

24V 24V 24V 24V

—_— ET R1 R2 R3

FIGURE 6-24 The voltage is the same across all
branches of a parallel circuit.

flow through a low value resistor and less current
will flow through a high value resistor. In other
words, the amount of current flowing through each
resistor is inversely proportional to its resistance.

In a parallel circuit, the voltage across each
branch must be equal (Fig. 6-24). Therefore, the
current flow through any branch can be computed
by dividing the source voltage (Et) by the resis-
tance of that branch. The current flow through
branch #1 can be computed using the formula

=&

It is also true that the total circuit voltage is
equal to the product of the total circuit current
and the total circuit resistance.

ET = IT X RT

If the value of Et is substituted for (It x R) in
the previous formula, it becomes

I

_ITXRT

I
1 R,

CHAPTER 6 Parallel Circuits 95

B

// Ry = 1200 Q \\
— D — —_— —
NN
\\ R,=300Q /)
—_—

=Ilr=2A Ry=120 Q

——RT=80 Q

FIGURE 6-25 The current divides through each
branch of a parallel circuit.

If the formula is rearranged, and the values of I;
and R are substituted for Ix and Ry, it becomes what
is generally known as the current divider formula.

Rt
Ix = (L)1
< (RX)T

This formula can be used to compute the cur-
rent flow through any branch by substituting the
values of Ix and Rx for the branch values when the
total circuit current and resistance are known. In
the circuit shown in Figure 6-25, resistor Ry has a
value of 1200 Q, resistor R, has a value of 300 Q,
and resistor R3 has a value of 120 Q, producing a
total of resistance of 80 Q for the circuit. It is
assumed that a total current of 2 amps flows in
the circuit. The amount of current flow through
resistor Ry can be found using the formula.

Rt
L= (=11
= ()
80
h= (1200)2

I =0.133 amp

The current flow through each of the other resis-
tors can be found by substituting in the same formula.

Rt
L= (=T)1
) (&>T

80

I, =0.533 amp

Rt
h‘(ﬁﬂ“

80
h:<ﬁﬁz

I3 =1.333amp
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SUMMARY

e A parallel circuit is characterized by the fact that
it has more than one path for current flow.

e Three rules for solving parallel circuits are

A.The total current is the sum of the currents
through all of the branches of the circuit.

B. The voltage across any part of the circuit is
the same as the total voltage.

C.The total resistance is the reciprocal of the
sum of the reciprocals of each individual
branch.

Circuits in homes are connected in parallel.

The total power in a parallel circuit is equal to
the sum of the power dissipation of all the
components.

Parallel circuits are current dividers.

The current flowing through each branch of a
parallel circuit can be computed when the total
resistance and total current are known.

The amount of current flow through each
branch of a parallel circuit is inversely propor-
tional to its resistance.
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REVIEW QUESTIONS

. What characterizes a parallel circuit?

Why are circuits in homes connected
in parallel?

State three rules concerning parallel
circuits.

A parallel circuit contains four
branches. One branch has a current
flow of 0.8 A, another has a current
flow of 1.2 A, the third has a
current flow of 0.25 A, and the
fourth has a current flow of 1.5 A.
What is the total current flow in
the circuit?

Four resistors having a value of 100 Q
each are connected in parallel. What
is the total resistance of the circuit?

A parallel circuit has three branches.
An ammeter is connected in series
with the output of the power supply
and indicates a total current flow

PRACTICE PROBLEMS

PARALLEL CIRCUITS

Using the rules for parallel circuits and Ohm's law, solve for the missing values.

CHAPTER 6 Parallel Circuits

of 2.8 A. If branch 1 has a current
flow of 0.9 A and branch 2 has a
current flow of 1.05 A, what is the
current flow through branch 3?

. Four resistors having values of

270 Q, 330 Q, 510 Q, and 430 Q are
connected in parallel. What is the
total resistance in the circuit?

. A parallel circuit contains four

resistors. The total resistance of the
circuit is 120 Q. Three of the resistors
have values of 820 Q, 750 Q, and
470 Q. What is the value of the
fourth resistor?

. A circuit contains a 1,200 Q, a

2,200 Q, and a 3,300 Q resistor
connected in parallel. The circuit has
a total current flow of 0.25 A. How
much current flows through each of
the resistors?

1.
Er E Es Es Es
It 0.942 I I e Iy
Rr R; 680 Q R 820 0 Rs 470 O R4 330 O
Pr P, P, Ps Py
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Find the following missing values:

Rr= Q h=—_1A lo=

|3: A |4: — A
A parallel circuit contains the following resistor values:
R, =270 KQ

R, =360 KQ R; =430 KQ

R4 =100 KQ Il+=0.06 amp

Find the following missing values:

Rr= Q = A = A

Is= A Iy=

www.EngineeringEBooksPdf.com
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2.
Er E; = Es E4
I+ 0.00639 4 I 0.00139 I3 0.00154 I, 0.00115
Rt R4 Ro Rs R4
Pr P, 0.640 P, Ps P,
3.
Er E, = Es E,4
- I I 3 3.2 Iy
Rt 3.582 QO R; 16 Q R, 10 Q Rs R4 20 Q
Pr P4 P> Ps P4
4.
Er E, = Es E,4
I+ l4 I I3 l4
Rr R; 82 kQ R, 75 kQ Rs 56 kQ R, 62 kQ
Pr 3.436 P, P> P3 P4
5. A parallel circuit contains the following resistor values:
R,;=360 Q R, =470 Q Rs; =300 Q
R4=270 Q l+=0.05 amp




You have been hired by a
homeowner to install a ceiling fan
and light kit in his living room. The
lighting fixture being used at the
present time contains two 60-W
lamps. After locating the circuit in the
panel box, you find that the circuit is
connected to a 15-amp circuit
breaker and is run with #14 AWG
copper wire. After turning on all
loads connected to the circuit, you
measure a current draw of 8.6 A and
a voltage of 120 V. The ceiling fan
light kit contains four 60-W lamps,
and the fan motor has a maximum
current draw of 1.6 A. Recall that a
continuous load should not be more
than 80% of the circuit rating. Can
the fan and light kit be connected
without overloading the circuit?

You are an electrician in a large
industrial plant. A 480-V 5-kW
electric heater is used to melt lead in

CHAPTER 6 Parallel Circuits

PRACTICAL APPLICATIONS |

a tank. It is decided that the 5-kW
heater cannot heat the lead to the
desired temperature. A second 5-kW
heater is to be installed on the same
circuit. What will be the circuit
current after the installation of the
second heater, and what is the
minimum size circuit breaker that
can be used if this is a continuous-
duty load?

A car lot uses incandescent lamps to
supply outside lighting at night.
There are three strings of lamps
connected to a single 20-A circuit
breaker. Each string contains eight
lamps. What is the largest standard
lamp size that can be used without
overloading the circuit? The standard
lamp sizes are 25 W, 40 W, 60 W,
75 W, and 100 W. Since the lamps
are intended to operate during the
entire night, the circuit is continuous.
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Combination Circuits

OBJECTIVES After studying this unit, you should be able to:

® define a combination circuit. ® solve combination circuits using the rules for
parallel circuits, the rules for series circuits,
e [ist the rules for parallel circuits. and Ohm’s law.

e [ist the rules for series circuits.

www.EngineeringEBooksPdf.com



CHAPTER 7 Combination Circuits 101

GLOSSARY OF COMBINATION CIRCUIT TERMS

combination circuit a circuit reduce a method employed to trace the current path a

that contains both series and simplify parallel or series method used to determine if

parallel circuits connected components into a components are connected in
single resistor series or parallel

node a point of connection

parallel block a section of a
combination circuit composed of
parallel resistors
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102 SECTION 1 Basic Electricity

both
series and parallel elements. To deter-

ombination circuits contain

mine which components are in parallel
and which are in series, trace the flow of cur-
rent through the circuit. Remember that a
series circuit is one that has only one path for
current flow, and a parallel circuit has more

than one path for current flow.

COMBINATION

CIRCUITS

A simple combination circuit is shown in Figure 7-1.
It will be assumed that the current in Figure 7-1
will flow from point A to point B. To identify the
series and parallel elements, trace the current path.
All of the current in the circuit must flow through re-
sistor R;. Resistor Ry is, therefore, in series with the rest
of the circuit. When the current reaches the junction
point of resistors R, and R3, however, it splits. A junc-
tion pointsuch as this is often referred to as a node. Part
of the current flows through resistor R, and part
flows through resistor Rs. These two resistors are
in parallel. Because this circuit contains both series
and parallel elements, it is a combination circuit.

SOLVING
COMBINATION

CIRrcCUITS

The circuit shown in Figure 7-2 contains four resis-
tors with values of 325 0,275 Q, 150 Q, and 250 Q.
The circuit has a total current flow of 1 A. To deter-
mine which resistors are in series and which are in
parallel, trace the path for current flow through the
circuit. When the path of current flow is traced, it can
be seen that current can flow by two separate paths
from the negative terminal to the positive terminal.
One path is through resistors Ry and R,, and the
other path is through resistors R3 and R4. These
two paths are, therefore, in parallel. However, the
same current must flow through resistors R; and
R,. So these two resistors are in series. The same is
true for resistors R3 and Ry.

To solve the unknown values in a combination
circuit, use series circuit rules for those sections of

AA%AY
Ri
A I_»«/v»
= Rs
B
FIGURE 7-1 A simple combination circuit.

FIGURE 7-2 Tracing the current paths through a
combination circuit.

the circuit that are connected in series, and parallel
circuit rules for sections connected in parallel.
The circuit rules are as follows:

SERIES CIRCUITS

1 The current is the same at any point in the circuit.

2 The total resistance is the sum of the individual
resistances.

3 The sum of the voltage drops of the individual resis-
tors must equal the applied voltage.

PARALLEL CIRCUITS

1 The voltage across any circuit branch is the same
as the total voltage.

2 The total current is the sum of the current through
all of the circuit paths.

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



SIMPLIFYING THE
CIRCUIT

The circuit shown in Figure 7-2 can be reduced or
simplified to a simple parallel circuit (Fig. 7-3).
Since resistors R; and R, are connected in series,
their values can be added to form one equivalent resis-
tor, R¢(1&2), which stands for a combination of re-
sistors 1 and 2. The same is true for resistors R3 and
R4. Their values are added to form resistor R 3g.4).
Now that the circuit has been reduced to a simple
parallel circuit, the total resistance can be found.

1
Ry =-—3 N 1
Resr)  Repaa
1
T T
600 ' 400
R 1
T 70.0016667 + 0.0025
1
Rt = 50041667
Ry = 240

Now that the total resistance has been found,
the other circuit values can be computed. The
applied voltage can be found using Ohm’s law.

ET = IT X RT
ET = IT x 240
Er =240V

One of the rules for parallel circuits states that the
voltage is the same across each branch of the circuit.
For this reason, the voltage drops across resistors
Re(1&2) and Rezg4) are the same. Since the voltage
drop and the resistance are known, Ohm’s law can be
used to find the current flow through each branch.

lc(1ae) =0.4 A lcaga) = 0.6 A

— Er=240V Ec(182)= 240V Ec(3ga)= 240V
% Rc(1&2)= 600 Q %RC(3&4)= 400 Q

FIGURE 7-3 Simplifying the combination circuit.

CHAPTER 7 Combination Circuits 103
I E (12
c(1&2) =
( R 12
240

Ls) = 200
L&) = 0.4 A—

E.3&4)

l(secn) = R
240
L) = 200

Ic(3&4) =0.6A

These values can now be used to solve the miss-
ing values in the original circuit. Resistor R¢(1&2) is
actually a combination of resistors Ry and R,. The
values of voltage and current that apply to Re(1&2)
therefore apply to resistors Ry and R,. Resistors Ry
and R, are connected in series. One of the rules for
a series circuit states that the current is the same
at any point in the circuit. Since 0.4 A of current
flows through resistor R(1&:2), the same amount of
current flows through resistors R; and R,. Now
that the current flow through these two resistors
is known, the voltage drop across each can be com-
puted using Ohm’s law.

Ei =1 xRy
Ei =04 x325
Ei =130V

E, =L xR,
E, =04 x275
E, =110V

These values of voltage and current can now be
added to the circuit in Figure 7-3 to produce the
circuit shown in Figure 7-4.

E1=130V E3=90V
l1 =0.4A I3 =0.6 A
R1=325 Q Rz =150 Q

— Er=240V

— I =1A

=1~ Rt=240 Q
Ex =110V Es =150V
lo =0.4A la =0.6 A
R2=275Q R4 =250 Q

FIGURE 7-4 All the missing values for the
combination circuit.
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EXAMPLE 1

Solve the combination circuit shown

S 1
in Figure 7-5. Ra3) = 00033333
Ri2. 3y =300
e = @3
»II: » The equivalent resistance of the second parallel
Fs L_F‘jii‘m_(ﬁ ol block can be computed in the same way.
R4=14OQ:56= R7=250(2‘ 1
= Er=120V Ry=750Q Re = 900 Q Rs.e)= 5 1
— It = — + —
T = Rs * Re
== ) ) _ 1
Ris.6)= 7 1
FIGURE 7-5 Tracing the flow of current —— + —
through the combination circuit. 600 900 1
R =
_ -6~ 0.0016667 +0.0011111
Solution 1
Rs6 = =~
The first step in finding the missing values is 56~ 0.0027778
to trace the current path through the circuit R(s,6) =360

to determine which resistors are in series
and which are in parallel. All the current
must flow through resistor Ry. Resistor R is,
therefore, in series with the rest of the cir-
cuit. When the current reaches the junction
of resistors R, and Rs, it divides and part
flows through each resistor. Resistors R,
and Rz are in parallel. All the current must
then flow through resistor R4, which is
connected in series, to the junction of
resistors Rs and Re. The current path is
divided between these two resistors. Resis-
tors Rs and Rg are connected in parallel. All
the circuit current must then flow through

Now that the total resistance of the second par-
allel block is known, you can redraw the circuit as
a simple series circuit as shown in Figure 7-6. The
first parallel block has been replaced with a
single resistor of 300 Q labeled R¢s3), and the
second parallel block has been replaced with

a single 360-Q) resistor labeled Ressg). Ohm's
law can be used to find the missing values in
this series circuit.

Ecras) = Eq= Ec(sa6) = Ez
lo2ga) = lg = les86) = Iz =
Ri=150 Q Repas =300 Q Ry= 140 Q Rysge =360 Q Ry =250 Q

resistor Ry.
. . . . . — Er=120V
The next step in solving this circuit is to — | =
reduce it to a simpler circuit. If the total B

resistance of the first parallel block formed
by resistors R, and Rz is found, this block

can be replaced by a single resistor. FIGURE 7-6  Simplifying the combination Gircuit.

1
Ri23) = 1T 1 One of the rules for series circuits states that
R, + Rs the total resistance of a series circuit is equal to
the sum of the individual resistances. Therefore,
Ra3) = % Ry can be computed by adding the resistances
LT of all the resistors.
500 750

Rr =R1 + Re(283) + Ra + R(s86) + Ry
Ry =150+ 300 + 140 + 360 + 250
Rr=1200Q

1
R23) = 5002+ 0.0013333
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EXAMPLE 1 CONTINUED

Since the total voltage and total
resistance are known, the total current
flow through the circuit can be computed.

|'|'= E
Ry

Lo 120
1200

Ir=01A

The first rule of series circuits states that
the current is the same at any point in the
circuit. The current flow through each
resistor is, therefore, 0.1 A. The voltage
drop across each resistor can now be
computed using Ohm'’s law.

CHAPTER 7 Combination Circuits 105

EC(S&G) =36V

E;=1; XRy
E;=0.1x 250
E; =25V

The series circuit with all solved values is shown in
Figure 7-7. These values can now be used to
solve missing parts in the original circuit.
Resistor Re2s3) is actually the parallel block
containing resistors R, and Rs. The values for
Re2&3), therefore, apply to this parallel block.
One of the rules for a parallel circuit states
that the voltage drop of a parallel circuit is the
same at any point in the circuit. Since 30 V is
dropped across resistor Re2g3), the same 30 V

E1=11 XR . . .
= ! is dropped across resistors R, and Rs (Fig. 7-8).
E;1=0.1x 150 The current flow through these resistors can
E;=15V now be computed using Ohm's law.
E;
Ec23) = l(283) X Re(283) 2 = R,
Ec(2&3) =0.1x300 | 300
Ec(2&3) =30V 2= 500
Es
E4=0.1x 140 ly= -2
R3
E;=14V 30
|3 = —-==
Ec(s86) = lc(586) X Re(586) 750
EC(S&G) =0.1x 360 I3 =0.04A
AA% VWA A% A% AA%
E1 = 15 V EC(Z&S) = 30 V E4 = 14 V EC(S&G) = 36 V E7 = 25 V
ly =01 A  lgpgy =01A Iy =01A lysge) =01A |, =0.1A

Er=120V
IT =01 A
Ry=1200 Q

+

R1 =150 Q RC(2&3) =300 Q R4 =140 Q RC(S&G) = 360 Q R7 =250 Q

FIGURE 7-7 The simplified circuit with all values solved.
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SECTION 1

EXAMPLE 1 CONTINUED

Basic Electricity

A% AA%
E,=30V Es=36V
[ 1, =0.06 A ls =0.06 A
R, =500 Q VW Rs =600 Q A
E1=15V E,=14V E,=25V
l; =0.1A I, =0.1A l; =0.1A
R, =150 Q VWA Rs=140 Q VW R, =250 Q
Ez=30V Eg=36V
I3 =0.04 A le =0.04 A
Ra=750 Q Re =900 Q
Er=120V
— It =0.1A
Rr= 1200 Q

T

FIGURE 7-8 All values solved for the combination circuit.

The values of resistor Rysge) can be
applied to the parallel block composed of
resistors Rs and Re. Ecsse) is 36 V. This is the
voltage drop across resistors Rs and Re.
The current flow through these two resis-
tors can be computed using Ohm's law.

ls=0.04A
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CHAPTER 7 Combination Circuits 107
EXAMPLE 2
Both of the preceding circuits were solved Solution

by first determining which parts of the cir-
cuit were in series and which were in par-
allel. The circuits were then reduced to a
simple series or parallel circuit. This same
procedure can be used for any combination
circuit. The circuit shown in Figure 7-9 will
be reduced to a simpler circuit first. Once

The first step will be to reduce the top part

of the circuit to a single resistor. This part consists
of resistors R3 and R,. Since these two resistors
are connected in series with each other, their
values can be added to form one single resistor.
This combination will form R (Fig. 7-10).

the values of the simple circuit are found, Ra=R3+Rg
they can be placed back in the original Ry = 270 + 330
circuit to find other values.
R =600 Q
E; = E, =
ly = l, =
Ry =270 Q R,=330 Q ——VYW—]
E, = Ps = Py = Es =
l, = ls =
R, =300 Q VW Rs =430 Q
—VW—9 P, = Ee = Ps = VW
E1 = Ie - Eq =
Lo Rg =450 Q | ?
i = = o =
R, =360 Q Pe = Rg =240 Q
Py = AN AN Py =
E, = Eg =
l, = lg =
R, =510 Q Rg =750 Q
P; = Pg =
Er =60V
IT =
Ry =
PT =
FIGURE 7-9 A complex combination circuit.
NN
Ec1 =
A A% le1 = MV
Eo= Re1=600 Q |[Ej5 =
I = 4'A'A% =
— AM—4Ro=300Q Ee= Rs =430 Q4 an
Ei= P2= 6 = Ps = Eo=
Iy = Rg =450 Q lg =
R1= 360 Q VS s Ro=240 Q
Pi= E,;= Eg= Pg=
ly = lg =
R;=510 Q Rg= 750 Q
Py= Pg=
Er=60V
It =
Rr=
Pr=

FIGURE 7-10 Resistors Rz and R4 are combined to form R;.
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108 SECTION 1 Basic Electricity

EXAMPLE 2 CONTINUED

The top part of the circuit is now formed by The top of the circuit now consists of resis-
resistors Rc.q and Re. These two resistors are tors Ry, Re, and Rs. These three resistors are
in parallel with each other. If their total connected in series with each other. They can
resistance is computed, they can be chan- be combined to form resistor Res by adding
ged into one single resistor with a value of their resistances together (Fig. 7-12).

257.143 Q. This combination will become

Rzs=R;+Rp +R
resistor R, (Fig. 7-11). 3 2 1) 5

Rei =300 + 257.143 + 430

1
RT = @@
1 + 1 R =987.143Q
600 450
Rr =257.143
— VWV ANV NV
E, = Ep = Es =
lp = lo = Is =
R, =300 Q R, =257.143Q R =430 Q
—VW—¢ P, = Ps = — A \AN—
E = Eg =
Iy = lg =
R; =360 Q Rg =240 Q
Py = MV NV Pg =
E;= Eg =
l; = lg =
R,=510 Q Rg =750 Q
P, = Pg =
Er=60V
I =
Rt =
Py =
FIGURE 7-11 Resistors Rg4 and Rg are combined to form Reo.
A%
Ecs =
les =
Res = 987.143 Q
——VW—e ——— " \N\—
Ei = Eg =
Iy = lg =
Ry =360 Q Rg =240 Q
Py = AAAY NV Py =
E7 = E8 =
l; = lg =
R, =510 Q Rg =750 Q
P7 = P8 =
Er=60V
It =
Ry=
Pr=

FIGURE 7-12 Resistors Ry, Reo, and Rs are combined to form Res.
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CHAPTER 7 Combination Circuits 109

EXAMPLE 2 CONTINUED

NV
Ees =
leg =
Reg = 987.143 Q
—VW\—9 *—"\W\N—
E, = Eg =
I = Iy =
R; =360 Q Rg =240 Q
Py = AN Py =
Ecq =
lea =
Rea = 1260 Q
ET = 60 V
Ip =
RT=
PT =
FIGURE 7-13 Resistors R; and Rg are combined to form Regg.

Resistors R; and Rg are connected in The circuit has now been reduced to a simple
series with each other also. These two series circuit containing three resistors. The total
resistors will be added to form resistor Res resistance of the circuit can be computed by
(Fig. 7-13). adding resistors Ry, Res, and Rg.

Rc4=R7+R8 RT=R1+RC5+R9
R =510+ 750 Rr =360 + 553.503 + 240
Ra =12600Q Rr=1153.503Q

Resistors Resz and Res are connected in Now that the total resistance and total volt-
parallel with each other. Their total resis- age are known, the total circuit current and
tance can be computed to form resistor Res total circuit power can be computed using
(Fig. 7-14). Ohm’s law.

1 Er
RC5 - 1 N 1 IT - R_T
987.143 1260 60
Res = 553.503 "= 1153503
It =0.052 A
AN A AN Pr=Erx It

E1 = Ex: = E9 =

Iy = |c:,5 _ lg = PT =60 x 0.052

R; =360 Q Rus = 553.503 Q Rg =240 Q

P1= Po = Pr=3.12W

Ohm'’s law can now be used to find the missing
FTT:SOV values for resistors Ry, Res, and Rg (Fig. 7-15).
gl: E1=1; +Rq

E; =0.052 x 360
FIGURE 7-14 Resistors Rss and Rq4 are
combined to form Res. E,=18.72V
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110 SECTION 1 Basic Electricity

EXAMPLE 2 CONTINUED

AA'A% NV AYAAY
E, =18.72V Eg =12.48V
E.s =28.763V 9
Iy =0.052A | &7 08052‘1 lg =0.052 A
[
Ry =360Q S emn R = 240 Q
P, =0.973W e ' Pg = 0.649 W
ET = 60 V
It =0.052 A
Ry =1153.503 Q
Pr=312W
FIGURE 7-15 Missing values are found for the first part of the circuit.
— Eey =28.763V
P, =18.72 x 0.052 Ic; 0.0291 A
Res = 987.143 Q
P1=0.973W —AMAV—9 ’ +— AMA—
E, =1872V Eg=1248V
Ecs =lcs X Res I, 0,052 A Iy =0.052 A
R, =360 Q Rg = 240 Q
E;s =0.052 x 553.503 Py = 0.973 W AN Pq = 0.649 W
Eos =28.763V
Ess =28.763V lea =0.0228 A
Res = 1260 Q
Eg =1lg X Rg
Eg =0.052 x 240 Er=60V
It =0.052 A
Eo =12.48V Ry =1153.503 Q
Pr=312W
Po =Eq X g
Py = 1.48 x 0.052 FIGURE 7-16 The values for resistors R.z and Reu.
Py =0.649W

Resistor Res is actually the combination of
resistors Rez and Re4. The values of Rgs,
therefore, apply to resistors Rz and Reg.
Since these two resistors are connected in
parallel with each other, the voltage drop
across them will be the same. Each will have
the same voltage drop as resistor Res
(Fig. 7-16). Ohm'’s law can now be used to
find the remaining values of Rz and Res.

lea = E
Rc4

| _ 28763

“~ 71260

lg = 0.0228 A
Iz = E

Rc3
.. 28763
S~ 987.143
I3 =0.0291 A

Resistor Re4 is the combination of resistors R
and Rg. The values of resistor R4 apply to
resistors R; and Rg. Since resistors R; and Rg are
connected in series with each other, the current
flow will be the same through both (Fig. 7-17).
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EXAMPLE 2 CONTINUED

NV
Ees =28.763V
leg =0.0291 A
Reg = 987.143 Q
—NVW—e — \\WN\—
E, =1872V Eg=12.48V
l; =0.052 A ly =0.052 A
Ry =360 Q Rg =240 Q
P, =0.973W AAN AN Py = 0.649 W
E, =11.628V Eg=171V
I; =0.0228 A lg =0.0228 A
R, =510 Q Rg =750 Q
P, =0.265 W Pg = 0.390 W
Er=60V
I} =0.052 A
Ry =1153.503 Q
Pr=312W

FIGURE 7-17 The values for resistors R; and Rs.

Ohm’s law can now be used to compute
the remaining values for these two

resistors. E.; =0.0291 x 257.143

E;=1; xRy E, =7.483V
E; =0.0228 x 510 E, =1, XR,
E; =11.628V E; =0.0291 x 300
P;=E; X1y E, =873V
P; =11.628 x 0.0228 P,=E; X1l
P; =0.265W P, =8.73 x 0.0291
Es=lg X Rg P, =0.254 W
Eg =0.0228 x 750 Es =I5 X Rs
Es =171V Es =0.0291 x 430
Pg=Eg X Ig Es=12.513V
Ps =17.1 x 0.0228 Ps =Es X Is
Ps=0.390 W Ps =12.513 x 0.0291

Resistor Res is the combination of resis- Ps = 0.364 W

tors Ry, Rez, and Rs. Since these resistors are
connected in series with each other, the

current flow through each will be the same
as the current flow through Rcs. The
remaining values can now be computed
using Ohm’s law (Fig. 7-18).

Ez =l X R

Resistor Ry, is the combination of resistors R¢;
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and Re. Resistors R¢; and Rg are connected in
parallel and will, therefore, have the same volt-
age drop as resistor R.;. Ohm'’s law can be used
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EXAMPLE 2 CONTINUED

AAA% A4 AYAYAY
E, =8.73 Eeo =7.483 Es =12.513
I, =0.0291 lp =0.0291 Is =0.0291
R, = 300 Rep = 257.143 Rs = 430
—A\—¢ P, =0.254 P.=0.364 &—AAAN—
E, =18.72 Eg=12.48
I; =0.052 lg =0.052
R, = 360 AN AN Re = 240
Py S E,=11.628 Eg = 17.1 Pg =0.649
l; =0.0228 lg =0.0228
R, =510 Rg = 750
P, =0.265 Pg = 0.390
Er =60V
It =0.052
Ry = 1153.503
Pr=3.12
FIGURE 7-18 Determining values for Rs, R, and Rs.
AAAY
Eq =7.483
—AA—9 ley =0.0125 ——AANAN—
Ry = 600
E, =873 Es =12.513
I, =0.0291 ANA Is =0.0291
R, = 300 Rs = 430
—MA—¢ P, =0.254 Eg = 7.483 Ps=0.364 $—AAM\—
lg =0.0166
E, =18.72 Rg = 450 Eg =12.48
Iy =0.052 Pg=0.124 lg =0.052
Ry = 360 Rg = 240
P, =0.973 AN AN Pg = 0.649
E, =11.628 Eg=17.1
I, =0.0228 lg =0.0228
R, =510 Rg = 750
P, = 0.265 Pg =0.390
ET = 60 V
I+ =0.052
Ry = 1153.503
Pr =312
FIGURE 7-19 The values of R;y and Re.
to compute the remaining values for R, It =0.0125A
and Rg (Fig. 7-19). , Es
6= 5=
| Ecq Re
A= 5
Re1 | 7.483
6= —cn
. _ 7483 450
7 7600 ls =0.0166 A
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EXAMPLE 2 CONTINUED

CHAPTER 7 Combination Circuits

P5=E5X|5 P3=E3X|3
P¢ =7.483 X 0.0166 P; =3.375 % 0.0125
Ps¢ =0.0124 A P; =0.0423 W
Resistor Rqq is the combination of resis- Es=1I4 XRs
tors Rz and R,4. Since these two resistors are _
connected in series, the amount of current E4=0.0125x 330
flow through resistor R¢q will be the same as E4s=4.125V
the flow through Rs and R4. The remaining Py = Ex x|
values of the circuit can now be found using a=EaXls
Ohm’s law (Fig. 7-20). P, =4.125x 0.0125
Es =I5 X Rs P4 =0.0516 W
E; =0.0125 x 270
E3=3.375V
AN AN
E;=3375 E,=4.125
l; =0.0125 1, =0.0125
— VWV R, =270 R, =330 —VWW\—
E2 = 876 PS = 00423 P4 = 00516 E5 = 12556
l, =0.0292 ls =0.0292
R, = 300 2A% Rs = 430
—AM—9 P, = 0.256 Eg =7.509 P5=0.367 —NVWW—
lg =0.0167
:51 =18.72 F§6 _ 450 Eo =12.48
; =0.052 S lg =0.052
R, = 360 Chahs Rg = 240
P, =0.973 AN AN Py = 0.649
E,=11.628 Eg=17.1
I, =0.0228 lg =0.0228
R, =510 Rg = 750
P, =0.265 Pg =0.390
ET = 60 V
I1 =0.052
Ry = 1153.503
Pr=3.12

FIGURE 7-20 The values for Rg and Rj.
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114 SECTION 1 Basic Electricity

The values of voltage and current for resistor
R.;3&4) apply to resistors R3 and R4. The same
amount of current that flows through resistor
R.;&4) flows through resistors R3 and Ry4. The
voltage across these two resistors can now be com-
puted using Ohm’s law.

E3 = 13 X R3
E; =0.6 x 150
E; =90V

E4 = I4 X R4
E4 =0.6 x 250
E4 =150V

SUMMARY

e Combination circuits contain both series and
parallel branches.

e The three rules for series circuits are

A.The current is the same at any point in the
circuit.

B. The total resistance is the sum of the individ-
ual resistances.

C.The applied voltage is equal to the sum of the
voltage drops across the individual
components.

e The three rules for parallel circuits are
A.The total voltage is the same as the voltage
across any branch of a parallel circuit.
B. The total current is the sum of the individual
currents through each path in the circuit.

C.The total resistance is the reciprocal of the
sum of the reciprocals of the branch
resistances.

e When solving combination circuits, it is gener-
ally easier if the circuit is reduced to simpler
circuits.
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CHAPTER 7 Combination Circuits

REVIEW QUESTIONS

1. Refer to Figure 7-2. Replace the 2. Refer to Figure 7-5. Replace the
values shown with the following. values shown with the following.
Solve for all the unknown values. Solve for all the unknown values.
lt = 0.6 A Er = 63V
Ry = 470 Q R; = 1000 Q
R. = 360 Q R, = 2200 Q
Rs = 510 Q Rz = 1800 Q
Ry, = 430 Q R, =910 Q

Rs = 3300 Q
Re = 4300 Q
R; = 860 Q

PRACTICE PROBLEMS

SERIES-PARALLEL CIRCUITS

Refer to the circuit shown in Figure 7-21 to solve the following problems.

1.

Find the unknown values in the circuit if the applied voltage is 75 V and the
resistors have the following values:

Ry = 1.5 KQ; R, = 910 O; Rs = 2 KQ; and R, = 3.6 KQ.
Ik E E, Es__ E,

R I I ls 1,

Find the unknown values in the circuit if the applied voltage is 350 V and the
resistors have the following values:

Ri =22 KOQ; Ry, = 18 KQ; Rz = 12 KQ; and R4 = 30 KQ.

Find the unknown values in the circuit if the applied voltage is 18 V and the
resistors have the following values:

R1 =82 OQ; R, =160 Q; R3 = 220 O; and R, = 470 Q.
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Rz Rs3

|+

NV
R \
A%

Ra

FIGURE 7-21 Series-parallel circuit.

PARALLEL-SERIES CIRCUITS

Refer to the circuit shown in Figure 7-22 to solve the following problems.

4,

Find the unknown values in the circuit if the total current is 0.8 A and the resistors
have the following values:

R1 =1.5KQ; R, =910 O; Rz = 2 KQ; and R4 = 3.6 KQ.

Find the unknown values in the circuit if the total currentis 0.65 A and the resistors
have the following values:

Ry = 22 KQ; Ry = 15 KQ; Rs = 22 KQ; and Ry = 33 KQ.
Er_ E E, Es E,

Rr__ I I, ls I,

Find the unknown values in the circuit if the total current is 1.2 A and the resistors
have the following values:

Ry =75 Q; Ry = 47 Q; Rs = 220 Q; and R, = 160 Q.
Er E, E, = E,

Rr 4 o I3 l4

| aF

R

R4

FIGURE 7-22 A parallel-series circuit.
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CHAPTER 7 Combination Circuits

COMBINATION CIRCUITS

Refer to the circuit shown in Figure 7-23 to solve the following problems.
7.

E+ 250 E4 Es Es E,4
I+ I4 I I3 Iy
Rt Rs 220 Q R, 500 O Rz 470 Q R4 280 O
E5 Ee E7 E8 E9
l5 le 7 lg lo
Rs 400 O Rs 500 Q R; 350 O Rs 450 Q Roe 300 O
Ps Pe Pz Pg Pg
Es  Eq
- Is Iy -
:52 Ez E: :55
2 5
VWA i Ee Rs VWA
E1 P2 |6 PS Eg
|1 RG |g
R1 PG VA Rg
P, —'VI\; N Po
17 Ig
R, Rs
Pz Pg
Et
I
Rt
Pt

FIGURE 7-23 A combination circuit.
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8.

= E; Eo Es E; 1.248
I+ l4 > I3 l4

Rt R4 Ro Rs R4

P+ 0.576 P4 0.0806 P, 0.0461 P; 0.00184 P4

Es Ee Es Es Eo

ls le 7 ls lo

R5 R6 R7 RS I:‘9

Ps 0.0203 Ps 0.00995 P; 0.0518 Pg 0.0726 Py 0.288

PRACTICAL APPLICATIONS |

A circuit contains a 1000 Q and

300 Q connected in series. The total
circuit resistance must be reduced to
1150 Q. Using the standard
resistance values for 5% resistors
discussed in Chapter 4, explain how
to change the present resistance to
the desired value.

A single-phase motor is connected to a
240-V, 30-A circuit. The motor
nameplate indicates that the full load
current for the motoris 21 A. The
motor is connected to an inertia load
(large flywheel) that requires several
seconds for the motor to start. Due to
the delayed starting time, the circuit
breaker trips before the motor can
reach full speed. Your job is to connect

a resistor in series with the motor
during the starting period that will limit
the starting current to 90% of the
circuit-breaker rating. An ammeter
reveals that the motor has a current
draw of 64 A when power is first
applied to the motor. Determine the
resistance value and minimum wattage
rating of the resistor.

Two resistors are connected in series.
One has a value of 1000 Q, and the
value of the other is not known. The
circuit is connected to a 50-V power
source, and there is a current flow of
25 mA. If a 1500 Q resistor is
connected in parallel with the
unknown resistor, how much current
will flow in this circuit?
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OBJECTIVES After studying this unit, you should be able to:

e discuss the operation of a d’Arsonval meter e connect an ammeter.
movement.
® measure resistance using an ohmmeter.
e connect a voltmeter to a circuit.

e connect and read an analog multimeter.
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ammeter a device for measuring
current flow

ammeter shunt a device that
allows an ammeter to measure
large amounts of current; the
shunt is connected in series with
the load and the ammeter is
connected in parallel with

the shunt

analog meters meters that
employ a moving pointer to
indicate a value

Basic Electricity

GLOSSARY OF MEASURING INSTRUMENT TERMS .

clamp-on ammeter an
ammeter with a movable jaw that
can be clamped around a
conductor to measure current flow

current transformer a
transformer used to measure large
values of AC current

d’Arsonval movement a
galvanometer that employs a
moving coil suspended inside a
permanent magnet to move

a pointer
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galvanometers very sensitive
meters that require only a few
microamperes of current

to operate

multirange voltmeters volt-
meters that employ more than one
full range value

ohmmeter a meter used to
measure values of resistance

voltmeter a meter used to
measure voltage



nyone desiring to work in the electri-

cal and electronics field must

become proficient with the common
instruments used to measure electrical quan-
tities. These instruments are the voltmeter,
ammeter, and ohmmeter. Without meters it
would be impossible to make meaningful
interpretations of what is happening in a cir-
cuit. Meters can be divided into two general

types: analog and digital.

Analog meters are characterized by the fact that
they use a pointer and scale to indicate their value
(Fig. 8-1). There are different types of analog meter
movements. One of the most common is the
d’Arsonval movement shown in Figure 8-2. This
type of movement is often referred to as a moving
coil meter. A coil of wire is suspended between the
poles of a permanent magnet, either by jeweled
movements similar to those used in watches or by
taut bands. The taut band type offers less turning
friction than the jeweled movement. These meters
can be made to operate on very small amounts of
current and often are referred to as galvanometers.

FIGURE 8-1 An analog meter. Courtesy of
Simpson Electric.

CHAPTER 8 Measuring Instruments 121

TPERMANENT MAGNET

MOVING COIL

FIGURE 8-2 Basic d’Arsonval meter movement.

PRINCIPLE OF OPERATION

Analog meters operate on the principle that like mag-
netic poles repel each other. As current passes
through the coil, a magnetic field is created around
the coil. The direction of current flow through the
meter is such that the same polarity of magnetic
pole is created around the coil as that of the perma-
nent magnet. This like polarity causes the coil to be
deflected away from the pole of the magnet. A spring
is used to retard the turning of the coil. The distance
the coil turns against the spring is proportional to the
strength of the magnetic field developed in the coil. If
a pointer is added to the coil and a scale is placed
behind the pointer, a meter movement is created.

Since the turning force of this meter depends on
the repulsion of magnetic fields, it will operate on
DC current only. If an AC current is connected to
the moving coil, the magnetic polarity will change
60 times per second and the net turning force will
be zero. For this reason, a DC voltmeter will indi-
cate zero if connected to an AC line. When this
type of movement is to be used to measure AC
values, the current must be rectified, or changed
into DC, before it is applied to the meter (Fig. 8-3).

THE VOLTMETER

The voltmeter is designed to be connected directly
across the source of power. Figure 8-4 shows a volt-
meter being used to test the voltage of a battery.
Notice that the leads of the meter are connected
directly across the source of voltage. A voltmeter
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AC VOLTS ~—— RECTIFIER

FIGURE 8-3 Rectifier changes AC voltage into
DC voltage.

VOLTMETER \

FIGURE 8-4 A voltmeter connects directly across
the power source.

can be connected directly across the power source
because it has a very high resistance connected in
series with the meter movement (Fig. 8-5). The

AR

x RESISTOR

FIGURE 8-5 A resistor connects in series with
the meter.

industrial standard for a voltmeter is 20,000 Q
per volt for DC and 5000 Q per volt for AC.
Assume the voltmeter shown in Figure 8-5 is an
AC meter and has a full scale range of 300 V.
The meter circuit (meter plus resistor) would have
a resistance of 1,500,000 Q (300 Vx5000 Q per
volt = 1,500,000 Q).

CALCULATING THE
RESISTOR VALUE

Before the resistor value can be computed, the
operating characteristics of the meter must be
known. It will be assumed that the meter requires
a current of 50 pA and a voltage of 1 V to deflect
the pointer full scale. These are known as the full
scale values of the meter.

When the meter and resistor are connected to a
source of voltage, their combined voltage drop must
be 300 V. Since the meter has a voltage drop of 1V,
the resistor must have a drop of 299 V. The resistor
and meter are connected in series with each other.
In a series circuit, the current flow must be the same
in all parts of the circuit. If 50 pA of current flow is
required to deflect the meter full scale, then the resis-
tor must have a current of 50 pA flowing through it
when it has a voltage drop of 299 V. The value of
resistance can now be computed using Ohm’s law.

E
R==<
I
299
R =5.000050

R =5.98 MQ (5,980,000 Q)

MULTIRANGE
VY OLTMETERS

Most voltmeters are multirange voltmeters, which
means that they are designed to use one meter
movement to measure several ranges of voltage.
For example, one meter may have a selector switch
that permits full scale ranges to be selected.
These ranges may be 3 V full scale, 12 V full scale,
30 V full scale, 60 V full scale, 120 V full scale, 300
V full scale, and 600 V full scale. Meters are made
with that many scales so that they will be as versatile
as possible. If it is necessary to check for a voltage of
480 V, the meter can be set on the 600-V range. It
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FIGURE 8-6 \Volt-ohm-milliammeter with multi-range
selection. Courtesy of Triplett Corp.

would be very difficult, however, to check a 24-V
system on the 600-V range. If the meter is set on the
30-V range, it is simple to test for a voltage of 24 V.
The meter shown in Figure 8-6 has multirange
selection for voltage.

When the selector switch of this meter is
turned, steps of resistance are inserted in the circuit
to increase the range or removed from the circuit to
decrease the range. The meter shown in Figure 8-7

VOLTMETER j«

N=ry
!

SELECTOR _/
SWITCH +

FIGURE 8-7 A rotary selector switch is used to
change the full range setting.

CHAPTER 8 Measuring Instruments 123

has four range settings for full scale voltage: 30 V,
60 V, 300 V, and 600 V. Notice that when the
higher voltage settings are selected, more resistance
is inserted in the circuit.

CALCULATING THE RESISTOR
VALUES

The values of the four resistors shown in Figure 8-7
can be determined using Ohm’s law. Assume that
the full scale values of the meter are 50 pA and 1 V.
The first step is to determine the value for resistor
Ry, which provides a full scale value of 30 V. Resis-
tor Ry, therefore, must have a voltage drop of 29 V
when a current of 50 pA is flowing through it.

E
R=1
29
~0.000050

R = 580 kQ (580,000 Q)

When the selector switch is moved to the sec-
ond position, the meter circuit should have a total
voltage drop of 60 V. The meter movement and
resistor Ry have a total voltage drop of 30 V, so
resistor R, must have a voltage drop of 30 V when
50 pA of current flow through it. This will provide
a total voltage drop of 60 V for the entire circuit.

E

R=—
I

30
50pA (0.000050 A)

R = 600 kQ (600,000 Q)

When the selector switch is moved to the third
position, the circuit must have a total voltage drop
of 300 V. Resistors Ry and R, plus the meter move-
ment have a combined voltage drop of 60 V at
rated current. Resistor R, therefore, must have a
voltage drop of 240 V at 50 pA.

E

R=—
I

240
SOpA
R = 4.8 MQ (4,800,000 Q)
When the selector switch is moved to the fourth
position, the circuit must have a total voltage drop

of 600 V at rated current. Since resistors Ry, R,
and Rj3 plus the meter movement produce a voltage

R:
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124 SECTION 1 Basic Electricity

drop of 300 V at rated current, resistor R4 must

have a voltage drop of 300 V when 50 pA of cur-
rent flow through it.

E

R==

I

~ 300
- S0pA
R = 6 MQ (6,000,000 Q)

READING A METER

Learning to read the scale of a multimeter takes time
and practice. Most people use meters every day with-
out thinking about it. A common type of meter used
daily by most people is shown in Figure 8-8. It is a
speedometer similar to those seen in automobiles.
This meter is designed to measure speed. It is cali-
brated in miles per hour. The speedometer shown
has a full scale value of 80 mph. If the pointer is
positioned as shown in Figure 8-8, most people
would know instantly that the speed of the auto-
mobile is 55 mph.

Figure 8-9 illustrates another common meter
used by most people. This meter measures the

FIGURE 8-8 A speedometer.

FIGURE 8-9 A fuel gauge.

ER foOLT
ON 600

oc ac
OHM LINE 20,000 ‘ 5,000
20 439934

FIGURE 8-10 A typical multimeter. From Herman
and Sparkman, Electricity and Controls for HVAC, 2nd
ed., copyright 1991 by Delmar Publishers Inc.

amount of fuel in the tank of the automobile.
Most people can glance at the pointer and know
that the meter is indicating that there is one-
quarter of a tank of fuel remaining. Now assume
that the tank has a capacity of 20 gallons. The
meter is indicating that 5 gallons of fuel remain in
the tank.

Learning to read the scale of a multimeter is
similar to learning to read a speedometer or fuel
gauge. The meter scale shown in Figure 8-10 has
several scales used to measure different quantities
and values. The top of the scale measures resis-
tance, or ohms. Notice that the scale begins on
the left at infinity and ends at zero on the right.
Ohmmeters will be covered later in this chapter.
The second scale is labeled AC-DC and is used to
measure voltage. Notice that this scale has three
different full scale values. The top scale is 0-300,
the second scale is 0-60, and the third scale is
0-12. The scale used is determined by the setting
of the range control switch. The third set of scales
is labeled AC amps. This scale is used with a
clamp-on ammeter attachment that can be used
with some meters. The last scale is labeled dBm,
which is used to measure decibels.

READING A VOLTMETER

Notice that the three voltmeter scales use the pri-
mary numbers 3, 6, and 12, and are in multiples of
10 of these numbers. Since the numbers are in mul-
tiples of 10, it is easy to multiply or divide the read-
ings in your head by moving a decimal point.
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FIGURE 8-11 Reading the meter. From Herman and
Sparkman, Electricity and Controls for HVAC, 2nd ed.,
copyright 1991 by Delmar Publishers Inc.

Remember that any number can be multiplied by
10 by moving the decimal point one place to the
right, and any number can be divided by 10 by
moving the decimal point one place to the left.
For example, if the selector switch were set to per-
mit the meter to indicate a voltage of 3 V full scale,
the 300-V scale would be used, and the reading
would be divided by 100. The reading can be
divided by 100 by moving the decimal point two
places to the left. In Figure 8-11, the pointer is indi-
cating a value of 250. If the selector switch is set
for 3 V full scale, moving the decimal point two
places to the left will give a reading of 2.5 V. If
the selector switch were set for a full scale value
of 30 V, the meter shown in Figure 8-11 would
be indicating a value of 25 V. That reading is
obtained by dividing the scale by 10 and moving
the decimal point one place to the left.

Now assume that the meter has been set to
have a full scale value of 600 V. The pointer in
Figure 8-12 is indicating a value of 44. Since the
full scale value of the meter is set for 600 V, use the
60-V range and multiply the reading on the meter
by 10. By moving the decimal point one place to
the right, the correct reading becomes 440 V.

Three distinct steps should be followed when
reading a meter. These steps are especially helpful
for someone who has not had a great deal of expe-
rience reading a multimeter. The steps are

1 Determine what the meter indicates. Is the meter
set to read a value of DC voltage, DC current, AC
voltage, AC current, or ohms? It is impossible to
read a meter if you don’t know what the meter is
used to measure.
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OHME PER fOLT
ON 600 c

oc ac
OMM LINE 20000 .00
0 es-e93

FIGURE 8-12 Reading the meter. From Herman and
Sparkman, Electricity and Controls for HVAC, 2nd ed.,
copyright 1991 by Delmar Publishers Inc.

2 Determine the full scale value of the meter. The
advantage of a multimeter is that it can measure a
wide range of values and quantities. After determin-
ing what quantity the meter is set to measure, it
must be determined what the range of the meter
is. There is a great deal of difference in reading
when the meter is set to indicate a value of 600 V
full scale and when it is set for 30 V full scale.

3 Read the meter. The last step is to determine what
the meter is indicating. It may be necessary to
determine the value of the hash marks on the
meter face for the range for which the selector
switch is set. If the meter in Figure 8-10 is set for
300 V full scale, each hash mark has a value of 5 V.
If the full scale value of the meter is 60 volts, how-
ever, each hash mark has a value of 1 V.

THE AMMETER

The ammeter, unlike the voltmeter, is a very low-
impedance device. The ammeter is used to measure
current and must be connected in series with the
load to permit the load to limit the current flow
(Fig. 8-13). An ammeter has a typical impedance of
less than 0.1 Q. If this meter is connected in parallel
with the power supply, the impedance of the ammeter
is the only thing to limit the amount of current flow in
the circuit. Assume that an ammeter with a resistance
of 0.1 Q is connected across a 240-V AC line. The
current flow in this circuit would be 2400 A
(240/0.1 =2400). A blinding flash of light would be
followed by the destruction of the ammeter.
Ammeters connected directly into the circuit as
shown in Figure 8-13 are referred to as in-line
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AMMETER

|| —

BATTERY LOAD

o

FIGURE 8-13 An ammeter connects in series with
the load.

60 90

D-C
AMPERES

FIGURE 8-14

In-line ammeter.

ammeters. Figure 8-14 shows an ammeter of
this type.

AMMETER SHUNTS

DC ammeters are constructed by connecting a
common moving coil type of meter across a
shunt. An ammeter shunt is a low-resistance device
used to conduct most of the circuit current away
from the meter movement. Since the meter move-
ment is connected in parallel with the shunt, the
voltage drop across the shunt is the voltage applied
to the meter. Most ammeter shunts are manufac-
tured to have a voltage drop of 50 mV (millivolts).
If a 50-mV meter movement is connected across the
shunt as shown in Figure 8-15, the pointer will
move to the full scale value when the rated current
of the shunt is flowing. In the example shown, the

DC AMMETER

M

SHUNT

|| —

BATTERY LOAD

o

FIGURE 8-15 A shuntis used to set the value of the
ammeter.

FIGURE 8-16 Ammeter shunt.

ammeter shunt is rated to have a 50-mV drop
when a 10-A current is flowing in the circuit.
Since the meter movement has a full scale voltage
of 50 mV, it will indicate the full scale value when
10 A of current are flowing through the shunt. An
ammeter shunt is shown in Figure 8-16.

Ammeter shunts can be purchased to indicate
different values. If the same 50-mV movement is
connected across a shunt designed to drop 50 mV
when 100 A of current flow through it, the meter
will now have a full scale value of 100 A.

The resistance of an ammeter shunt can be
computed using Ohm’s law. The resistance of a
shunt designed to have a voltage drop of 50 mV
when 100 A of current flow through it is

E
R=7
~0.050
100

R =0.0005Q, or 0.5 mQ
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DC AMMETER

FIGURE 8-17 The total current is divided between
the meter and the shunt.

In this problem, no consideration is given to
the electrical values of the meter movement. The
reason is that the amount of current needed to
operate the meter movement is so small compared
with the 100-A circuit current that it could have no
meaningful effect on the resistance value of the
shunt. When computing the value for a low-
current shunt, however, the meter values must be
taken into consideration. For example, assume the
meter has a voltage drop of 50 mV (0.050 V) and
requires a current of 1 mA (0.001 A) to deflect the
meter full scale. Using Ohm’s law, it can be found
that the meter has an internal resistance of 50 Q
(0.050/0.001 = 50). Now assume that a shunt is
to be constructed that will permit the meter to
have a full scale value of 10 mA. If a total of
10 mA is to flow through the circuit and 1 mA
must flow through the meter, then 9 mA must
flow through the shunt (Fig. 8-17). Since the
shunt must have a voltage drop of 50 mV when
9 mA of current are flowing through it, its resis-
tance must be 5.555 Q (0.050/0.009 = 5.555).

AC AMMETERS

Shunts can be used with AC ammeters to increase
their range, but cannot be used to decrease their
range. Most AC ammeters use a current transformer
instead of shunts to change scale values. This type of
ammeter is shown in Figure 8-18. The primary of
the transformer is connected in series with the load,
and the ammeter is connected to the secondary of the
transformer. Notice that the range of the meter is
changed by selecting different taps on the secondary
of the current transformer. The different taps on the
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CURRENT TRANSFORMER
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FIGURE 8-18 A current transformer is used to
change the range of an AC ammeter.

transformer provide different turns ratios between
the primary and secondary of the transformer. The
turns ratio is the ratio of the number of turns of
wire in the primary as compared with the number of
turns of wire in the secondary.

COMPUTING THE
TURNS RATIO

In this example, it will be assumed that an AC
meter movement requires a current flow of
100 mA to deflect the meter full scale. It is also
assumed that the primary of the current trans-
former contains 5 turns of wire. A transformer
will be designed to provide full scale current read-
ings of 1 A, 5 A, and 10 A. To find the number of
turns required in the secondary winding, the fol-
lowing formula can be used.

N,

N, 1,

where

N, = number of turns of wire in the primary
N; = number of turns of wire in the secondary
I, = current of the primary
I = current of the secondary

The number of turns of wire in the secondary
to produce a full scale current reading of 1 A can
be computed as follows:

5 01

N;

Cross-multiplication is used to solve the
problem. Cross-multiplication is accomplished by
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multiplying the bottom half of the equation on one
side of the equals sign by the top half of the equa-
tion on the other side of the equals sign.

0.1N; =S5
N; =50

The transformer secondary must contain 50
turns of wire if the ammeter is to indicate a full
scale reading when 1 A of current flows through
the primary winding.

The number of secondary turns can be found for
the other values of primary current in the same way.

5 01

N, 5
0.1N; =25

N, = 250 turns

5 0.1

Ny 10
0.1Ns; =50

N = 500 turns

CURRENT
TRANSFORMERS (CTs)

When a large amount of AC current must be mea-
sured, a different type of current transformer is
connected in the power line. These transformers
have ratios that start at 200:5 and can have ratios
of several thousand to five. These current transfor-
mers, generally referred to in industry as CTs, have
a standard secondary current rating of 5§ A AC.
They are designed to be operated with a 5-A AC
ammeter connected directly to their secondary
winding, which produces a short circuit. CTs are
designed to operate with the secondary winding
shorted. The secondary winding of a CT should
never be opened when there is power applied to
the primary. This will cause the transformer to
produce a step-up in voltage that could be high
enough to kill anyone who comes in contact
with it.

A current transformer is basically a toroid trans-
former. A toroid transformer is constructed with a
hollow core similar to a doughnut (Fig. 8-19).
When current transformers are used, the main
power line is inserted through the opening in the
transformer (Fig. 8-20). The power line acts as the
primary of the transformer and is considered to
be 1 turn.

FIGURE 8-19 A toroid current transformer.
Courtesy of SQUARE D COMPANY.

5AAC
CURRENT
TRANSFORMER \

\ POWER LINE ACTS AS A PRIMARY

WINDING OF 1 TURN.
@ALTERNATOR

§ LOAD

FIGURE 8-20 Toroid transformer used to change
the scale factor of an AC ammeter.

The turns ratio of the transformer can be
changed by looping the power wire through the
opening in the transformer to produce a primary
winding of more than 1 turn. For example, assume
a current transformer has a ratio of 600:5. If the
primary power wire is inserted through the open-
ing, it will require a current of 600 A to deflect the
meter full scale. If the primary power conductor is
looped around and inserted through the window a
second time, the primary now contains 2 turns of
wire instead of 1 (Fig. 8-21). It now requires 300 A
of current flow in the primary to deflect the meter
full scale. If the primary conductor is looped
through the opening a third time, it would require
only 200 A of current flow to deflect the meter
full scale.
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FIGURE 8-21 The primary conductor loops through
the CT to produce a second turn, which changes the
ratio.

Many electricians use the clamp-on type of AC
ammeter (Fig. 8-22). The jaw of the meter is
clamped around one of the conductors supplying
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power to the load (Fig. 8-23). The meter is clamped
around only one of the lines. If it is clamped
around more than one line, the magnetic fields
of the wires cancel each other and the meter
indicates zero.

The clamp-on meter also uses a current trans-
former to operate. The jaw of the meter is part of
the core material of the transformer. When the
meter is connected around the current-carrying
wire, the changing magnetic field produced by the
AC current induces a voltage into the current trans-
former. The strength and frequency of the magnetic
field determine the amount of voltage induced in
the current transformer. Because 60 Hz is a stan-
dard frequency throughout the country, the
amount of induced voltage is proportional to the
strength of the magnetic field.

The clamp-on ammeter can be given different
range settings by changing the turns ratio of the sec-
ondary of the transformer just as is done on the in-
line ammeter. The primary of the transformer is the
conductor around which the movable jaw is con-
nected. If the ammeter is connected around one
wire, the primary has one turn of wire compared
with the turns of the secondary. The turns ratio can
be changed in the same manner that the ratio of the

[
?§ ~
i
1
§

FIGURE 8-22 (A) Analog type clamp-on ammeter with vertical scale. (B) Analog type clamp-on ammeter with flat
scale. (C) Clamp-on ammeter with digital scale. Courtesy of Amprobe Instrument.
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FIGURE 8-23 The clamp-on ammeter connects
around only one conductor.

FIGURE 8-24 | ooping the conductor around the
jaw of the ammeter changes the ratio.

CT is changed. If 2 turns of wire are wrapped around
the jaw of the ammeter (Fig. 8-24), the primary
winding now contains 2 turns instead of 1, and
the turns ratio of the transformer is changed. The
ammeter will now indicate double the amount of
current in the circuit. The reading on the scale of
the meter would have to be divided by 2 to get the
correct reading. The ability to change the turns
ratio of a clamp-on ammeter can be useful for mea-
suring low currents. Changing the turns ratio is not
limited to wrapping 2 turns of wire around the jaw
of the ammeter. Any number of turns can be

wrapped around the jaw of the ammeter, and the
reading will be divided by that number.

DC-AC CLaMP-ON
AMMETERS

Most clamp-on ammeters with the ability to mea-
sure both direct and alternating current do not
operate on the principle of the current transformer.
Current transformers depend on induction, which
means that the current in the line must change
direction periodically to provide a change of mag-
netic field polarity. It is the continuous change of
field strength and direction that permits the current
transformer to operate. The current in a DC circuit
is unidirectional and does not change polarity,
which would not permit the current transformer
to operate.

DC-AC clamp-on ammeters (Fig. 8-25) use the
Hall effect as the basic principle of operation.
The Hall effect was discovered by Edward H.
Hall at Johns Hopkins University in 1879. Hall
originally used a piece of pure gold to produce
the Hall effect, but today a semiconductor material

FIGURE 8-25 DC-AC clamp-on ammeter. Courtesy
of Amprobe Instrument.
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FIGURE 8-26 Basic Hall generator.

is used because it has better operating characteristics
and is less expensive. The device is often referred to
as a Hall generator. Figure 8-26 illustrates the oper-
ating principle of the Hall generator. A constant-
current generator supplies a continuous current to
the semiconductor chip. The leads of a zero-center
voltmeter are connected across the opposite sides
of the chip. As long as the current flows through
the center of the semiconductor chip, no potential
difference or voltage develops across the chip.

If a magnetic field comes near the chip (Fig. 8-27),
the electron path is distorted and the current no
longer flows through the center of the chip. A volt-
age across the sides of the chip is produced. The

A VOLTAGE IS
PRODUCED IN
THE GENERATOR.

N MAGNET

THE CURRENT PATH
IS CHANGED.

FIGURE 8-27 The presence of a magnetic field
causes the Hall generator to produce a voltage.
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POLARITY OF
VOLTAGE
CHANGES.

XMAGNET

DIRECTION OF CURRENT
CHANGES BECAUSE OF
CHANGE OF MAGNETIC
POLARITY.

FIGURE 8-28 |[f the magnetic field polarity changes,
the polarity of the voltage changes.

voltage is proportional to the amount of current
flow and the amount of current distortion. Since
the current remains constant and the amount of
distortion is proportional to the strength of the
magnetic field, the voltage produced across
the chip is proportional to the strength of the
magnetic field.

If the polarity of the magnetic field were
reversed (Fig. 8-28), the current path would be dis-
torted in the opposite direction, producing a volt-
age of the opposite polarity. Notice that the Hall
generator produces a voltage in the presence of a
magnetic field. It makes no difference whether the
field is moving or stationary. The Hall effect can,
therefore, be used to measure direct or alternating
current.

THE OHMMETER

The ohmmeter is used to measure resistance. The
common VOM (volt-ohm-milliammeter) contains
an ohmmeter. The ohmmeter has the only scale
on a VOM that is nonlinear. The scale numbers
increase in value as they progress from right to
left. There are two basic types of analog ohm-
meters, the series and the shunt. The series ohmme-
ter is used to measure high values of resistance, and
the shunt type is used to measure low values of
resistance. Regardless of the type used, the meter
must provide its own power source to measure
resistance. The power is provided by batteries
located inside the instrument.
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METER MOVEMENT————>

Ro R1

10 kQ 54 kQ

FIGURE 8-29 Basic series ohnmmeter.

THE SERIES OHMMETER

A schematic for a basic series ohmmeter is shown
in Figure 8-29. It is assumed that the meter move-
ment has a resistance of 1000 Q and requires a
current of 50 pA to deflect the meter full scale.
The power source will be a 3-V battery. Ry, a
fixed resistor with a value of 54 k(), is connected
in series with the meter movement, and R,, a vari-
able resistor with a value of 10 k), is connected in
series with the meter and R;. These resistance
values were chosen to ensure there would be
enough resistance in the circuit to limit the current
flow through the meter movement to 50 pA. If
Ohm’s law is used to compute the resistance
needed (3 V/0.000050 A =60,000 Q), it will be
seen that a value of 60 kQ is needed. This circuit
contains a total of 65,000 Q (1000 [meter|-+
54,000 +10,000). The circuit resistance can be
changed by adjusting the variable resistor to a
value as low as 55,000 (), however, to compensate
for the battery as it ages and becomes weaker.

When resistance is to be measured, the meter
must first be zeroed. This is done with the ohms-
adjust control, the variable resistor located on the
front of the meter. To zero the meter, connect the
leads (Fig. 8-29) and turn the ohms-adjust knob
until the meter indicates zero at the far right end
of the scale (Fig. 8-30). When the leads are sepa-
rated, the meter will again indicate infinity resis-
tance at the left side of the scale. When the leads
are connected across a resistance, the meter
will again go up the scale. Since resistance has
been added to the circuit, less than 50 pA of

ON 500
MM LINE

FIGURE 8-30 Adjusting the ohmmeter to zero. From
Herman and Sparkman, Electricity and Controls for HVAC,
2nd ed., copyright 1991 by Delmar Publishers Inc.
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FIGURE 8-31 Reading the ohmmeter. From Herman
and Sparkman, Electricity and Controls for HVAC, 2nd ed.
copyright 1997 by Delmar Publishers Inc.

current will flow, and the meter will indicate
some value other than zero. Figure 8-31 shows a
meter indicating a resistance of 2.5 (), assuming the
range setting is Rx 1.

Ohmmeters can have different range settings such
as Rx1, Rx100, Rx1000, or Rx10,000. These dif-
ferent scales can be obtained by adding different
values of resistance in the meter circuit and resetting
the meter to zero. An ohmmeter should always be
readjusted to zero when the scale is changed. On the
Rx1 setting, the resistance is measured straight off
the resistance scale located at the top of the meter. If
the range is set for Rx 1000, however, the reading
must be multiplied by 1000. The ohmmeter reading



shown in Figure 8-31 would be indicating a resis-
tance of 2500 Q if the range had been set for
Rx1000. Notice that the ohmmeter scale is read
backward from the other scales. Zero ohms is located
on the far right side of the scale, and maximum ohms
is located at the far left side. It generally takes a little
time and practice to read the ohmmeter properly.

DiciTAL METERS

DIGITAL OHMMETERS

Digital ohmmeters display the resistance in figures
instead of using a meter movement. When using a
digital ohmmeter, care must be taken to notice the
scale indication on the meter. For example, most
digital meters will display a K on the scale to indi-
cate kilohms or an M to indicate megohms (kilo
means 1000 and mega means 1,000,000). If the
meter is showing a resistance of 0.200 K, it means
0.200x1000, or 200 Q. If the meter indicates
1.65 M, it means 1.65x 1,000,000, or 1,650,000 Q.

Appearance is not the only difference between
analog and digital ohmmeters. Their operating
principle is different also. Analog meters operate
by measuring the amount of current change in
the circuit when an unknown value of resistance
is added. Digital ohmmeters measure resistance
by measuring the amount of voltage drop across
an unknown resistance. In the circuit shown in
Figure 8-32, a constant-current generator supplies
a known amount of current to a resistor, R,. It will
be assumed that the amount of current supplied is

+ | | DIGITAL VOLTMETER
oy — CURRENT '838
T GENERATOR |
KNOWN AMOUNT
OF CURRENT
Rx

FIGURE 8-32 Digital ohmmeters operate by mea-
suring the voltage drop across a resistor when a known
amount of current flows through it.
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1 mA. The voltage dropped across the resistor is
proportional to the resistance of the resistor and
the amount of current flow. For example, assume
the value of the unknown resistor is 4700 Q. The
voltmeter would indicate a drop of 4.7 V when 1
mA of current flowed through the resistor. The
scale factor of the ohmmeter can be changed by
changing the amount of current flow through the
resistor. Digital ohmmeters generally exhibit an
accuracy of about 1%.

The ohmmeter, whether digital or analog, must
never be connected to a circuit when the power is
turned on. Since the ohmmeter uses its own inter-
nal power supply, it has a very low operating volt-
age. Connecting a meter to power when it is set in
the ohms position will probably damage or destroy
the meter.

DIGITAL MULTIMETERS

Digital multimeters have become increasingly pop-
ular in the past few years. The most apparent dif-
ference between digital meters and analog meters is
that digital meters display their reading in discrete
digits instead of with a pointer and scale. A digital
multimeter is shown in Fig. 8-33. Some digital
meters have a range switch similar to the range
switch used with analog meters. This switch sets
the full range value of the meter. Many digital

FIGURE 8-33 Digital multimeter. Courtesy of
Amprobe Instrument.
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meters have voltage range settings from 200 mV to
2000 V. The lower ranges are used for accuracy.
For example, assume it is necessary to measure a
voltage of 16 V. The meter will be able to make a
more accurate measurement when set on the 20-V
range than when set on the 2000-V range.

Some digital meters do not contain a range set-
ting control. These meters are known as autoran-
ging meters. They have a function control switch
that permits selection of the electrical quantity to
be measured, such as AC volts, DC volts, ohms,
and so on. When the meter probes are connected
to the object to be tested, the meter automatically
selects the proper range and displays the value.

Analog meters change scale value by inserting or
removing resistance from the meter circuit
(Fig. 8-7). The typical resistance of an analog meter
is 20,000 Q per volt for DC and 5000 Q per volt for
AC. If the meter is set for a full scale value of 60 V,
there will be 1.2 MQ of resistance connected in
series with the meter if it is being used to measure
DC (60x20,000=1,200,000) and 300 kQ if it is
measuring AC (60x5000=300,000). The imped-
ance of the meter is of little concern if it is used to
measure circuits that are connected to a high-
current source. For example, assume the voltage of a
480-V panel is to be measured with a multimeter
that has a resistance of 5000 Q per volt. If the
meter is set on the 600-V range, the resistance
connected in series with the meter is 3 MQ
(600x 5000 =3,000,000). This resistance will
permit a current of 160 pA to flow in the meter
circuit (480/3,000,000 =0.000160). This 160 pA
of current is not enough to affect the circuit
being tested.

Now assume that this meter is to be used to test
a 24-V circuit that has a current flow of 100 pA. If
the 60-V range is used, the meter circuit contains a
resistance of 300 kQ (60x5000 = 300,000). There-
fore a current of 80 pA will flow when the meter is
connected to the circuit (24/300,000 =0.000080).
The connection of the meter to the circuit has chan-
ged the entire circuit operation. This phenomenon
is known as the loading effect.

Digital meters do not have a loading effect.
Most digital meters have an input impedance of
about 10 MQ on all ranges. The input impedance
is the ohmic value used to limit the flow of current
through the meter. This impedance is accomplished
by using field effect transistors (FETs) and a volt-
age divider circuit. A simple schematic for such a
circuit is shown in Figure 8-34. Notice that the
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FIGURE 8-34 Digital voltmeter.

meter input is connected across 10 MQ of resis-
tance regardless of the range setting of the meter.
If this meter is used to measure the voltage of the
24-V circuit, a current of 2.4 pA will flow through
the meter. This is not enough current to upset the
rest of the circuit, and voltage measurements can
be made accurately.

READING A DIGITAL METER

It would seem that reading a digital meter would be
a simple matter of looking at the numbers on the
display. This may not be the case, however. The
reading on the display of autoranging digital
meters, for example, may represent anything from
ohms to megohms, or volts to millivolts. These
meters usually display a notation beside the numer-
ical digits to indicate the meter scale. Figure 8-35
illustrates the display of a typical digital meter.
It shows the numbers 1.347 with a notation beside
the numbers of mV, or millivolts. The actual meter
reading is 1.347 millivolts or 0.001347 volts.

JH

FIGURE 8-35 Display indicates a voltage of 1.347
millivolts.
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FIGURE 8-36 Display indicates a current of 26.41
microamperes.

The display in Figure 8-36 indicates a current
of 26.41 pA. The p symbol means micro or one
millionth and the A means amps. The meter is indi-
cating a current of 26.41 microamperes or
0.00002641 amps. It is very important to pay
attention to the notation symbols following the
digits on the display of a digital meter.

THE Low-IMPEDANCE
VOLTAGE TESTER

Another device used to test voltage is often referred
to as a voltage tester. This device does measure
voltage, but it does not contain a meter movement
or digital display. It contains a coil and a plunger.
The coil produces a magnetic field that is propor-
tional to the amount of voltage to which the coil of
the tester is connected. The higher the voltage, the
stronger the magnetic field becomes. The plunger
must overcome the force of a spring as it is drawn
into the coil (Fig. 8-37). The plunger acts as a
pointer to indicate the amount of voltage to
which the tester is connected. The tester has an
impedance of approximately 5000 Q and can
generally be used to measure voltages as high as
600 V. The low-impedance voltage tester has a
very large current draw compared with other
types of voltmeters and should never be used to test
low-power circuits.

The relatively high current draw of the voltage
tester can be an advantage when testing certain
types of circuits, however, because it is not sus-
ceptible to giving the misleading voltage readings
caused by high-impedance ground paths or feedback
voltages that affect other types of voltmeters. An
example of this advantage is shown in Figure 8-38.
A transformer is used to supply power to a load.
Notice that neither the output side of the trans-
former nor the load is connected to ground. If a
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FIGURE 8-37 Low-impedance voltage tester.

VOLTMETER
TRANSFORMER @ LOAD §
GROUNDED OBJECT

FIGURE 8-38 High-impedance ground paths can
produce misleading voltage reading.

high-impedance voltmeter measures between one
side of the transformer and a grounded point, it
will most likely indicate some amount of voltage.
That is because ground can act as a large capacitor
and can permit a small amount of current to flow
through the circuit created by the meter. This high-
impedance ground path can support only a few
microamps of current flow, but it is enough to
operate the meter movement. If a voltage tester
makes the same measurement, it will not show a
voltage because there cannot be enough current
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i
f’."!i’!’/l'l!"?j‘ii

—

FIGURE 8-39 Wiggins voltage tester (Photo
courtesy of Square D).

flow to attract the plunger. A voltage tester is
shown in Figure 8-39.

SUMMARY

e The d’Arsonval type of meter movement is based
on the principle that like magnetic fields repel.

e The d’Arsonval movement operates only on DC
current.

e Voltmeters have a high resistance and are
designed to be connected directly across the
power line.

e The steps to reading a meter are

A.Determine what quantity the meter is set to
measure.

B. Determine the full range value of the meter.
C.Read the meter.

e Ammeters have a low resistance and must be
connected in series with a load to limit the flow
of current.

e Shunts are used to change the value of DC
ammeters.

e AC ammeters use a current transformer to
change the range setting.

e Clamp-on ammeters measure the flow of current
by measuring the strength of the magnetic field
around a conductor.

e Ohmmeters are used to measure the resistance in
a circuit.

e Ohmmeters contain an internal power source,
generally batteries.

e Ohmmeters must never be connected to a circuit
that has power applied to it.

e Digital multimeters display their value in digits
instead of a meter movement.

e Digital multimeters generally have an input
impedance of 10 MQ on all ranges.

e Digital ohmmeters measure resistance by mea-
suring the voltage drop across an unknown
resistor when a known amount of current flows
through it.

* Low-impedance voltage testers are not suscepti-
ble to indicating a voltage caused by a high-
impedance ground or a feedback.



REVIEW QUESTIONS

1. To what is the turning force of a

d’Arsonval meter movement
proportional?

. What type of voltage must be

connected to a d’Arsonval meter
movement?

. A DC voltmeter has a resistance of

20,000 Q per volt. What is the
resistance of the meter if the range
selection switch is set on the 250-V
range?

4. What is the purpose of an

ammeter shunt?

PRACTICE PROBLEMS

MEASURING INSTRUMENTS
1.

A d’Arsonval meter movement has a
full scale current value of 100 pA
(0.000100 A) and a resistance of 5 kQ
(5000 Q). What size resistor must be
placed in series with this meter to
permit it to indicate 10 V full scale?

VOLTMETER

CHAPTER 8

Measuring Instruments

. How is an ammeter connected into

a circuit?

. How is a voltmeter connected into

a circuit?

. An ammeter shunt has a voltage

drop of 50 mV when 50 A of current
flow through it. What is the
resistance of the shunt?

. What type of meter contains its own

separate power source?

The meter movement described in

question 1 is to be used to construct
a multirange voltmeter. The meter is
to have voltage ranges of 15V, 60V,
150 V, and 300 V (Fig. 8-40). Find the
values of resistors R4, Ry, R3, and R,.

SELECTOR
SWITCH +

FS=05V
0.000100 A
5000 Q
Nv
150 V
300 V

FIGURE 8-40 The multirange voltmeter operates by connecting different values of resistance in series with the
meter movement.
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3. A meter movement has a full scale 4. A digital voltmeter indicates a
value of 500 pA (0.000500 A) and 50 voltage of 2.5 V when 10 pA of
mV (0.050 V). A shunt is to be current flows through a resistor.
connected to the meter that permits What is the resistance of
it to have a full scale current value the resistor?
of 2 A. What is the resistance of
the shunt?

1. You are working in an industrial voltage of 277 V. How much
plant. You have a multimeter with resistance should be added in series
the following voltage ranges: 30, 60, with the meter to permit the 30-V
and 150. The meter states that it has range to have a full scale value
a resistance of 5000 Q/V. You need of 300 V?

to measure a circuit that has a

www.EngineeringEBooksPdf.com



CHAPTER

Using Wire Tables
and Determining

Conductor Sizes

OBJECTIVES After studying this unit, you should be able to:

select a conductor from the proper wire table.
discuss the different types of wire insulation.
determine insulation characteristics.

use correction factors to determine the proper
ampacity rating of conductors.

determine the resistance of long lengths of
conductors.

determine the proper wire size for loads located
long distances from the power source.

list the requirements for using parallel conductors.

discuss the use of a MEGGER” for testing
insulation.
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GLOSSARY OF USING WIRE TABLES AND

DETERMINING CONDUCTOR SIZE TERMS

ambient air temperature the
temperature of the surrounding air

American Wire Gauge
(AWG) an English standard for
measuring the diameter of wire

ampacity the amount of current
that a wire can carry

circular mil an English measure
for determining the cross-
sectional area of round wire;
circular mils is the diameter in mils
(1 mil=0.001 in.) squared

correction factor a decimal
fraction employed to determine
the amount of current a conductor
is permitted to carry over a range
of ambient temperature

damp location a location that
is covered and not likely to be
saturated by water

dry location a location that is
not normally subject to dampness
or wetness

insulation the plastic or rubber
coating around the conductor

maximum operating
temperature the maximum
temperature in an area where
the wire is to be used

MEGGER® a device used to
measure the insulation resistance;
MEGGERs measure resistance in
millions of ohms

mil foot an English standard of
measure for wire; a mil foot is a

piece of wire one thousandth of an
inch in diameter and one foot long

National Electrical Code a
national standard for installation
of electrical apparatus and
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equipment published by the
National Fire Protection
Association

parallel conductors
conductors connected in parallel
with each other for the purpose of
carrying more electric current

voltage drop the amount of
voltage employed to push current
through the resistance of the wire

wet location areas that are
subject to saturation by water;
some of these areas include direct
burial in the earth, underground
conduit installations, or
installation in masonry or
concrete slabs



CHAPTER 9

he size of the conductor needed for a
particular application can be deter-
methods. The
National Electrical Code is used throughout

mined by several

the industry to determine the conductor size for
most applications. It is imperative that an elec-
trician be familiar with code tables and correc-
tion factors. In some circumstances, however,
wire tables cannot be used, as in the case of
extremely long wire runs or for windings of a
transformer or motor. In these instances the
electrician should know how to determine the
conductor size needed by computing maximum

voltage drop and resistance of the conductor.

THE AMERICAN WIRE
GAUGE

The American Wire Gauge (AWG) was standardized
in 1857 and is used mainly in the United States for the
diameters of round, solid, nonferrous electrical wire.
Gauge size is important for determining the current-
carrying capacity of a conductor. Gauge sizes are
determined by the number of draws necessary to pro-
duce a given diameter of wire. Electrical wire is made
by drawing it through a succession of dies (Fig. 9-1).
Each time a wire passes through a die it is wrapped
around a draw block several times. The draw block
provides the pulling force necessary to draw the
wire through the die. A 24 AWG wire would be
drawn through 24 dies, each having a smaller
diameter. In the field, wire size can be determined
with a wire gauge (Fig. 9-2). One side of the wire
gauge lists the AWG size of the wire (Fig. 9-3). The
opposite side of the wire gauge indicates the diam-
eter of the wire in thousandths of an inch (Fig. 9-4).
When determining wire size, first remove the insu-
lation from around the conductor. The slots in the
wire gauge, not the holes behind the slots, are used
to determine the size (Fig. 9-3).

The largest AWG size is 4/0, which has an area
of 211,600 circular mils (CM). Conductors with a
larger area are measured in thousand circular mils.
The next largest conductor past 4/0 is 250 thou-
sand circular mils (250 kcmil). Conductors can be
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FIGURE 9-1 Wire is drawn through a succession
of dies to produce the desired diameter.

FIGURE 9-2 Wire gauge.
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FIGURE 9-3 One side of the wire gauge is marked
with the AWG size.

FIGURE 9-4 The other side of the wire gauge lists
the diameter of the wire in thousandths of an inch.

FIGURE 9-5 The slot, not the hole, determines the
wire size.

obtained up to 2000 kemil. In practice, large con-
ductors are difficult to pull through conduit. It is
sometimes desirable to use parallel conductors
instead of extremely large conductors.

UsING THE NATIONAL
ELecTRICAL CODE

CHARTS

Section 310 of the National Electrical Code deals with
conductors for general wiring. Tables 310.15(B)(16)
through 310.15(B)(19) are generally used to select a
wire size according to the requirements of the circuit.
Each of these tables lists different conditions. The table
used is determined by the wiring conditions. Table
310.15(B)(16) (Fig. 9-6) lists ampacities (current-
carrying ability) of not more than three single insulated
conductors in raceway or cable, or buried in the earth
based on an ambient (surrounding) air temperature of
30°C (86°F). Table 310.15(B)(17) (Fig. 9-7) lists
ampacities of single insulated conductors in free
air based on an ambient temperature of 30°C.
Table 310.15(B)(18) (Fig. 9-8) lists the ampacities
of three single insulated conductors in raceway or
cable based on an ambient temperature of 40°C
(104°F). The conductors listed in Tables 310.15
(B)(18) and 310.15(B)(19) are generally used for
high-temperature locations. The heading at the
top of each table lists a different set of conditions.

FAcTORS THAT
DETERMINE

AMPACITY

CONDUCTOR MATERIAL

One factor that determines the resistivity of wire is the
material from which the wire is made. The wire tables
list the current-carrying capacity of both copper and
aluminum or copper-clad aluminum conductors. The
currents listed in the left half of Table 310.15(B)(16),
for example, are for copper wire. The currents listed
in the right half of the table are for aluminum or
copper-clad aluminum. The table indicates that a
copper conductor is permitted to carry more current
than an aluminum conductor of the same size and
insulation type. A #8 AWG (American Wire Gauge)
copper conductor with type TW insulation is rated to
carry a maximum of 40 A. A #8 AWG aluminum
conductor with type TW insulation is rated to carry
only 35 A. One of the columns of Tables 310.15(B)
(18) and 310.15(B)(19) gives the ampacity rating of
nickel or nickel-coated copper conductors.
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Table 310.15(B)(16) (formerly Table 310.16) Allowable Ampacities of Insulated Conductors Rated Up to and Including 2000
Volts, 60°C Through 90°C (140°F Through 194°F), Not More Than Three Current-Carrying Conductors in Raceway, Cable, or
Earth (Directly Buried), Based on Ambient Temperature of 30°C (86°F)*
Temperature Rating of Conductor [See Table 310.104(A).]
60°C
60°C (140°F) | 75°C (167°F) | 90°C (194°F) | (140°F) | 75°C (167°F) | 90°C (194°F)
Types TBS, SA,
SIS, FEP,
FEPB, M,
RHH, RHW-2, Types TBS, SA,
THHN, THHW, SIS, THHN,
THW-2, THHW, THW-2,
Types RHW, THWN-2, Types RHW, | THWN-2, RHH,
THHW, THW, | USE-2, XHH, THHW, THW, | RHW-2, USE-2,
Size AWG or THWN, XHHW, XHHW, Types TW,| THWN, XHHW, | XHH, XHHW,
kemil Types TW, UF USE, ZW XHHW-2, ZW-2 UF USE XHHW-2, ZW-2
ALUMINUM OR COPPER-CLAD
COPPER ALUMINUM Size AWG or kcmil
18 — — 14 — — — —
16 — — 18 — — — —
14** 15 20 25 = = = =
12 20 25 30 15 20 25 12+
10* 30 35 40 25 30 35 10*
8 40 50 59 35 40 45 8
6 55 65 75 40 50 55 6
4 70 85 95 55 65 75 4
3 85 100 115 65 75 85 3
2 95 115 130 75 90 100 2
1 110 130 145 85 100 115 1
1/0 125 150 170 100 120 135 1/0
2/0 145 175 195 115 135 150 2/0
3/0 165 200 225 130 155 175 3/0
4/0 195 230 260 150 180 205 4/0
250 215 255 290 170 205 230 250
300 240 285 320 195 230 260 300
350 260 310 350 210 250 280 350
400 280 335 380 225 270 305 400
500 320 380 430 260 310 350 500
600 350 420 475 285 340 385 600
700 385 460 520 315 375 425 700
750 400 475 585 320 385 435 750
800 410 490 555 330 395 445 800
900 435 520 585 355 425 480 900
1000 455 545 615 375 445 500 1000
1250 495 590 665 405 485 545 1250
1500 525 625 705 435 520 585 1500
1750 545 650 735 455 545 615 1750
2000 555 665 750 470 560 630 2000

*Refer to 310.15(B)(2) for the ampacity correction factors where the ambient temperature is other than 30°C (86°F).
**Refer to 240.4(D) for conductor overcurrent protection limitations.

FIGURE 9-6 NEC Table 310.15(B)(16). Reprinted with permission from NFPA 70®, National Electric Code®,
Copyright © 2011, National Fire Protection Association, Quincy, MA. This reprinted material is not the complete and
official position of the NFPA on the referenced subject, which is represented only by the standard in its entirety.
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Table 310.15(B)(17) (formerly Table 310.17) Allowable Ampacities of Single-Insulated Conductors Rated Up to and Including
2000 Volts In Free Air, Based on Ambient Temperature of 30°C (86°F)*

Temperature Rating of Conductor [See Table 310.104(A).]

60°C (140°F) | 75°C (167°F) 90°C (194°F) 60°C (140°F) | 75°C (167°F) 90°C (194°F)
Types TBS, SA, SIS, Types TBS, SA, SIS,
FEP, FEPB, MI, RHH, THHN, THHW,
Types RHW, | RHW-2, THHN, THHW, Types RHW, THW-2, THWN-2,
THHW, THW, THW-2, THWN-2, THHW, THW, | RHH, RHW-2, USE-2,
THWN, USE-2, XHH, XHHW, THWN, XHH, XHHW,
Types TW, UF| XHHW, ZW XHHW-2, ZW-2 Types TW, UF XHHW XHHW-2, ZW-2
Size AWG or Size AWG or
kemil COPPER ALUMINUM OR COPPER-CLAD ALUMINUM kemil
18 — — 18 _ _ _ _
16 — — 24 — — _ —
14** 25 30 35 — — — =
12* 30 B85 40 25 30 35 12**
10** 40 50 55 B5) 40 45 10**
8 60 70 80 45 55 60 8
6 80 95 105 60 75 85 6
4 105 125 140 80 100 115 4
3 120 145 165 95 115 130 3
2 140 170 190 110 135 150 2
1 165 195 220 130 155 175 1
1/0 195 230 260 150 180 205 1/0
2/0 225 265 300 175 210 235 2/0
3/0 260 310 350 200 240 270 3/0
4/0 300 360 405 235 280 315 4/0
250 340 405 455 265 8)i5 355 250
300 375 445 500 290 350 395 300
350 420 505 570 330 395 445 350
400 455 545 615 355 425 480 400
500 515 620 700 405 485 545 500
600 575 690 780 455 545 615 600
700 630 755 850 500 595 670 700
750 655 785 885 515 620 700 750
800 680 815 920 535 645 725 800
900 730 870 980 580 700 790 900
1000 780 935 1055 625 750 845 1000
1250 890 1065 1200 710 855 965 1250
1500 980 1175 1325 795 950 1070 1500
1750 1070 1280 1445 875 1050 1185 1750
2000 1155 1385 1560 960 1150 1295 2000

*Refer to 310.15(B)(2) for the ampacity correction factors where the ambient temperature is other than 30°C (86°F).
**Refer to 240.4(D) for conductor overcurrent protection limitations.

FIGURE 9-7 NEC Table 310.15(B)(17). Reprinted with permission from NFPA 70®, National Electric Code®,
Copyright © 2011, National Fire Protection Association, Quincy, MA. This reprinted material is not the complete and
official position of the NFPA on the referenced subject, which is represented only by the standard in its entirety.
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Table 310.15(B)(18) (formerly Table 310.18) Allowable Ampacities of Insulated Conductors Rated Up to and Including 2000
Volts, 150°C Through 250°C (302°F Through 482°F). Not More Than Three Current-Carrying Conductors in Raceway or
Cable, Based on Ambient Air Temperature of 40°C (104°F)*
Temperature Rating of Conductor [See Table 310.104(A).]
150°C (302°F) 200°C (392°F) 250°C (482°F) 150°C (302°F)
Types FEP, FEPB,
Type Z PFA, SA Types PFAH, TFE Type Z
NICKEL OR ALUMINUM OR
NICKEL-COATED COPPER-CLAD
Size AWG or kemil COPPER COPPER ALUMINUM Size AWG or kcmil
14 34 36 39 — 14
12 43 45 54 30 12
10 55 60 73 44 10
8 76 83 93 57 8
6 96 110 117 75 6
4 120 125 148 94 4
3 143 152 166 109 3
2 160 171 191 124 2
1 186 197 215 145 1
1/0 215 229 244 169 1/0
2/0 251 260 273 198 2/0
3/0 288 297 308 227 3/0
4/0 332 346 361 260 4/0

*Refer to 310.15(B)(2) for the ampacity correction factors where the ambient temperature is other than 40°C (104°F).

FIGURE 9-8 NEC Table 310.15(B)(18). Reprinted with permission from NFPA 70®, National Electric Code®,
Copyright © 2011, National Fire Protection Association, Quincy, MA. This reprinted material is not the complete and
official position of the NFPA on the referenced subject, which is represented only by the standard in its entirety.
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146 SECTION 1 Basic Electricity

INSULATION TYPE

Another factor that determines the amount of cur-
rent a conductor is permitted to carry is the type of
insulation used. This is because some types of insu-
lation can withstand more heat than others. The
insulation is the nonconductive covering around
the wire, as shown in Figure 9-9. The voltage rat-
ing of the conductor is also determined by the type
of insulation. The amount of voltage a particular
type of insulation can withstand without breaking
down is determined by the type of material it is
made of and its thickness. Table 310.104(A)
lists different types of insulation and certain speci-
fications about each one. The table is divided into
seven columns. The first column lists the trade
name of the insulation; the second, its identifica-
tion code letter; the third, its maximum operating

EXAMPLE 1

Find the maximum operating temper-
ature of type RHW insulation. (Note:
Refer to the National Electrical Code.)

Solution

Find type RHW in the second column
of Table 310.104(A). The third
column lists a maximum operating
temperature of 75°C or 167°F.

EXAMPLE 2

Can type THHN insulation be used
in wet locations?

Solution

Locate type THHN insulation in the
second column. The fourth column
indicates that this insulation can be
used in dry and damp locations. It
cannot be used in wet locations.
For an explanation of the difference
between damp and wet locations,
consult “locations” in article 100 of
the National Electrical Code.

INSULATION
/_

( Cam

CONDUCTOR

FIGURE 9-9 Insulation around conductor.

temperature; the fourth, its applications and where
it is permitted to be used; the fifth, the material
from which the insulation is made; the sixth, the
thickness of the insulation; and the last, the type
of outer covering over the insulation.

CORRECTION FACTORS

One of the main factors that determines the amount
of current a conductor is permitted to carry is the
ambient, or surrounding, air temperature. Table
310.15(B)(16), for example, lists the ampacity of
not more than three conductors in raceway in free
air. These ampacities are based on an ambient air
temperature of 30°C or 86°F. If these conductors
are to be used in a location that has a higher ambient
temperature, the ampacity of the conductor must be
reduced, because the resistance of copper or alumi-
num increases with an increase of temperature. Tem-
perature correction factors can be found in Table
310.15(B)(2)(a) and 310.15(B)(2)(b). Table 310.15
(B)(2)(a) is for conductors rated at 30°C or 86°F. The
ampacity of conductors in Table 310.15(B)16 and
Table 310.15(B)17 are based on an ambient air tem-
perature of 30°C. The correction factors for conduc-
tors rated at 40°C are found in Table 310.15(B)(2)(b).
The ampacity of conductors in Table 310.15(B)18
and Table 310.15(B)19 are base on an ambient tem-
perature of 40°C. The correction factors found in
Table 310.15(B)(2)(a) are shown in Figure 9-10.

MORE THAN THREE
CONDUCTORS IN A RACEWAY

Tables 310.15(B)(16) and 310.15(B)(18) list three
conductors in a raceway. If a raceway is to contain
more than three conductors, the ampacity of the
conductors must be derated because the heat from
each conductor combines with the heat dissipated
by the other conductors to produce a higher tem-
perature inside the raceway. NEC Table 310.15(B)
(3)(a) (Fig. 9-11) lists these correction factors. If the
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Table 310.15(B)(2)(a) Adjustment Factors for More Than
Three Current-Carrying Conductors in a Raceway or Cable
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Table 310.15(B)(3)(a) Adjustment Factors for More Than
Three Current-Carrying Conductors in a Raceway or Cable

Percent of Values in

Percent of Values in

Table 310.16 through Table 310.15(B)(16) through
Number of 310.19 as Adjusted for Table 310.15(B)(19) as
Current-Carrying Ambient Temperature Number of Adjusted for Ambient
Conductors if Necessary Conductors! Temperature if Necessary
46 80 4-6 80
7-9 70 7-9 70
10-20 50 10-20 50
21-30 45 21-30 45
31-40 40 31-40 40
41 and above 35 41 and above 35

FIGURE 9-10 NEC Table 310.15 (B)(2)(a). Reprinted
with permission from NFPA 70®, National Electric Code®,
Copyright © 2011, National Fire Protection Association,
Quincy, MA. This reprinted material is not the complete
and official position of the NFPA on the referenced subject,
which is represented only by the standard in its entirety.

raceway is used in an area with a greater ambient
temperature than that listed in the appropriate wire
table, the temperature correction factor must be
applied also.

EXAMPLE 3

What is the maximum ampacity of a
#4 AWG copper conductor with type
THWN insulation used in an area with
an ambient temperature of 43°C?

Solution

Determine the ampacity of a #4 AWG
copper conductor with type THWN
insulation from the wire table. Type
THWN insulation is located in the
second column of Table 310.15(B)(16).
The table lists an ampacity of 85

A for this conductor. Locate 43°C in
the far left column of the correction
factor chart shown in 9-10; 43°C falls
between 41° and 45°. Follow across
to the 75°C column. The chart lists a
correction factor of 0.82. The ampa-
city of the conductor in the wire table
is multiplied by the correction factor.

85x0.82=69.7A

"Number of conductors is the total number of conductors in the race-
way or cable adjusted in accordance with 310.15(B)(5) and (6).

FIGURE 9-11 NEC Table 310.15 (B)(3)(a). Reprinted
with permission from NFPA 70®, National Electric Code®,
Copyright © 2011, National Fire Protection Association,
Quincy, MA. This reprinted material is not the complete
and official position of the NFPA on the referenced subject,
which is represented only by the standard in its entirety.

EXAMPLE 4

What is the maximum ampacity of a
#1/0 AWG copper-clad aluminum
conductor with type RHH insulation
if the conductor is to be used in an
area with an ambient air tempera-
ture of 100°F?

Solution

Locate the column that contains
type RHH insulation in the copper-
clad aluminum section of Table
310.15(B)(16). The table indicates a
maximum ampacity of 135 A for
this conductor. Use Table 310.15(B)
(2)(@) shown in Figure 9-10 to
determine the correction factor.
Fahrenheit degrees are in the far right
column of the chart. One hundred
degrees falls between 97° and 104°F.
The correction factor for this temper-
atureis 0.91. Multiply the ampacity of
the conductor by this factor.

135x091=12285A
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DETERMINING
CONDUCTOR SI1ZE

UsinGg THE NEC®

Using the NEC to determine the current-carrying
capacity of a conductor and determining the proper
size conductor to use for a particular application are
not the same thing. Several factors must be consid-
ered when selecting a conductor for a specific appli-
cation that are of no consequence when determining
the current-carrying capacity of a conductor. One of
these factors is whether the load is continuous or
noncontinuous. The NEC® defines a continuous
load as one where the maximum current is expected
to continue for three hours or more. Most industrial
motors and lighting loads for commercial buildings
would be considered continuous loads. NEC®

EXAMPLE 5

Twelve #14 AWG copper conductors
with type RHW insulation are to be
run in a conduit. The conduit is used
in an area that has an ambient tem-
perature of 110°F. What is the max-
imum ampacity of these conductors?

Solution

Find the ampacity of a #14 AWG
copper conductor with type RHW
insulation. Type RHW insulation is
located in the second column of
Table 310.15(B)(16). A #14 AWG
copper conductor has an ampacity of
20 A. Next, use the correction factor
for an ambient temperature of 110°F
shown Figure 9-10. A correction fac-
tor of 0.82 will be used.

20x0.82=164A

The correction factor located in Table
310.15(B)(3)(@) must now be used.
The table indicates a correction factor
of 50% when 10 through 20 con-
ductors are run in a raceway.

16.4x050=82A

Each #14 AWG conductor has a
maximum current rating of 8.2 A.

210.19(A)(1) states that conductors must have an
ampacity not less than the noncontinuous load,
plus 125% of the continuous load. Basically, the
ampacity of a conductor must be 125% greater
than the current rating of a continuous load.

Another factor that affects the selection of a con-
ductor is termination temperature limitations. NEC®
110.14(C) states that the temperature rating of a con-
ductor must be selected so as not to exceed the lowest
temperature rating of any connected conductor, ter-
mination, or device. Since the temperature termina-
tion rating of most devices is not known, NEC®
110.14(C)(1)(a) basically states that conductors
rated at 100 amperes or less, or marked 14 AWG
through 1 AWG conductors are to be selected from
the 60°C column of Table 310.15(B)(16). This does
not mean that conductors with a higher temperature
rating cannot be used, but their sizes must be selected
from the 60°C column. The only exception to this rule
is motors that are marked with NEMA® (National

EXAMPLE 6

Assume that a motor with a full-load
current rating of 28 A is to be con-
nected using copper conductors with
type THW insulation. The motor is
located in an area with an ambient
temperature of 30°C. The motor is
not marked with a NEMA® code let-
ter, and the termination temperature
is not known. What size conductors
should be used?

Solution

Since the motor is a continuous
load, multiply the full-load current
by 125%.

28Ax1.25=35A

Refer to Table 310.15(B)(16). Type
THW insulation is located in the 75°C
column. Although the conductor is
located in the 75°C column, the wire
size must be chosen from the 60°C
column because the termination
temperature is not known and the
motor does not contain a NEMA®
code letter. The nearest wire size
without going under 35A is 8 AWG.
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EXAMPLE 7

A commercial office building has a
sub-feeder that supplies a lighting
load of 28 kW and is connected to
277 V. The lights operate for more
than three hours at a time. The
conductors are located in an area with
an ambient temperature of 86°F.
Aluminum conductors with type
THWN-2 insulation are to be used to
connect the sub-panel. What size
conductors should be used?

Solution

Determine the amperage of the
load using Ohm'’s Law.

P

I=F

| = 28,000
277

I=101 A

Since the load is continuous, the
conductors must have an ampacity
that is 125% greater than the load
current.

1=101x%x1.25

1=126.25 A

Refer to NEC® Table 310.15(B)(16).
Type THWN-2 insulation is located
in the 90°C column. The conductor
size, however, must be chosen from
the 75°C column. The nearest
aluminum conductor without going
less than 126.25A is 2/0 AWG.

Electrical Manufacturers Association) code letters B,
C, or D. NEC® 110.14(C)(1)(a)(4) permits conduc-
tors for motors with these code letters to be selected
from the 75°C column. For circuits with a current
greater than 100 A, NEC® 110.14(C)(1)(b) permits
conductors to be selected from the 75°C column.

The requirements of NEC® 110.14(C) also
states that, as a general rule, conductors are to be
selected from Table 310.15(B)(16). Table 310.15
(B)(17), for example, lists the ampacity of conduc-
tors in free air. Since conductors are generally
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terminated inside an enclosure, they must be
selected from a table that lists the ampacity of con-
ductors inside an enclosure.

Another factor that must be considered when
selecting conductors for a particular application is
the ambient temperature. Table 310.15(B)(2)(a)
states: For ambient temperatures other than 30°C
(86°F), multiply the allowable ampacities shown
above by the appropriate factor shown below. The
wire tables are used to determine the maximum
current-carrying capacity of conductors based on the
type of material from which they are made, the type of
insulation, and the surrounding air temperature (ambi-
ent temperature). The correction factors have a value
less than 1 for any temperature that exceeds 30°C or
86°F because conductors become more resistive as
temperature increases. The increased resistance
reduces the amount of current they can safely carry.

When determining the conductor size for a par-
ticular application, you are not determining the
maximum current a conductor can carry. You are
determining the conductor size that is needed for a
particular application. Therefore, when determin-
ing conductor size for an area where ambient tem-
perature is a concern, you must divide the needed
current by the correction factor instead of multiply-
ing by it. Dividing by the correction factor will
increase the amperage used in selecting the conduc-
tor size. This increase is needed to offset the effects
of higher temperature on the conductor.

Duct BANKS

Duct banks are often used when it becomes neces-
sary to bury cables in the ground. An electrical
duct can be a single metallic or nonmetallic
conduit. An electrical duct bank is a group of electri-
cal ducts buried together, as shown in Figure 9-12.
When a duct bank is used, the center points of
individual ducts should be separated by a distance
of not less than 7.5 inches.

COMPUTING

CONDUCTOR SIZES
AND RESISTANCE

Although the wire tables in the National Electrical
Code are used to determine the proper size wire
for most installations, there are instances in which
these tables are not used. The formula in 310.15(c)
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EXAMPLE 8

An electric annealing oven is located
in an area with an ambient tem-
perature of 125°F. The oven con-
tains a 50-kW electric heating
element and is connected to 480 V.
The conductors are known to be
copper with type THHN insulation.
The termination temperature is not
known. The oven is expected to
operate more than three hours at a
time. What size conductors should
be used to make this connection?

Solution

Determine the amount of current
necessary to power the furnace
using Ohm's Law.

P

I= E

| = 50,000
480

1=104.167 A

Because the load is continuous, it
must be increased by 125%.

104.167 x 1.25=130.2 A

The next step is to apply the cor-
rection factor for temperature. Type
THHN insulation is located in the
90°C column. The correction factor
for a temperature of 125°F is 0.76 as
shown in Figure 9-10. To determine
the current rating of the conductor
at 125°F, divide the calculated
current by the correction factor.

[ 130.2
~ 076
I1=1713 A

Because the termination tempera-
ture is not known and the current is
over 100 A, the conductor size will
be selected from the 75°C column
on Table 310.15(B)(16). A 2/0 AWG
conductor will be used.

A A
T“ ® ® o
7f Q v v
T_ ® ® ®
75 > v
- | @ ® ®
| v | | >

‘(7 7.5" %‘47 7.5" 4}‘

FIGURE 9-12 Electrical duct banks.

of the NEC is used for ampacities not listed in the
wire tables. The formula is

[— \/Tc —(Ta + A1)

Rpc(1 + Yc)Rea
where

T¢ = conductor temperature in °C
T = ambient temperature in °C
Atp = dielectric loss temperature rise
Rpc = DC resistance of conductor
at temperature Tc
Yc = component AC resistance resulting
from skin effect and proximity effect
Rca = effective thermal resistance between

conductor and surrounding ambient

Although this formula is seldom used by electri-
cians, the National Electrical Code does permit its use
under the supervision of an electrical engineer.

LONG WIRE LENGTHS

Another situation in which it becomes necessary to
compute wire sizes instead of using the tables in the
code is when the conductor becomes excessively
long. The listed ampacities in the code tables
assume that the length of the conductor will not
increase the resistance of the circuit by a significant
amount. When the wire becomes extremely long,
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FIGURE 9-13 Long wire runs have the effect of
adding resistance in series with the load.

however, it is necessary to compute the size of wire
needed.

All wire contains resistance. As wire is added to
a circuit, it adds resistance in series with the load
(Fig. 9-13). Four factors determine the resistance of
a length of wire.

1 The type of material from which the wire is made. Dif-
ferent types of material have different wire resis-
tances. A copper conductor will have less resistance
than an aluminum conductor of the same size and
length. An aluminum conductor will have less resis-
tance than a piece of iron wire the same size
and length.

2 The diameter of the conductor. The larger the dia-
meter, the less resistance it will have. A large-
diameter pipe, for example, will have less resistance
to the flow of water than will a small-diameter pipe
(Fig. 9-14). The diameter of round wire is measured
in circular mils (CM). One mil equals 0.001 inch. A
circular mil is the diameter of the wire in mils
squared. For example, assume a wire has a diameter
of 0.064 inch. Sixty-four thousandths should be writ-
ten as a whole number, not as a decimal or a fraction
(642 [64 x 64] = 4096 CM).

3 The length of the conductor. The longer the con-
ductor, the more resistance it will have. Adding

4

( D

FIGURE 9-14 A large pipe has less resistance to the
flow of water than a small pipe.
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| «<— 1 FOOT ———— > |

() MIL FOOT )
!

0.001"

FIGURE 9-15 A mil foot is equal to a piece of wire
one foot long and one thousandth of an inch in diameter.

length to a conductor has the same effect as con-
necting resistors in series.

4 The temperature of the conductor. As a general
rule, most conductive materials will increase their
resistance with an increase of temperature. Some
exceptions to this rule are carbon, silicon, and ger-
manium. If the coefficient of temperature for a par-
ticular material is known, its resistance at different
temperatures can be computed. Materials that
increase their resistance with an increase of tem-
perature have a positive coefficient of temperature.
Materials that decrease their resistance with an
increase of temperature have a negative coefficient
of temperature.

In the English system of measure, a standard value
of resistance, called the mil foot, is used to deter-
mine the resistance of different lengths and sizes of
wire. A mil foot is a piece of wire 1 foot long and 1
mil in diameter (Fig. 9-15). A chart showing the
resistance of a mil foot of wire at 20°C is shown
in Figure 9-16. Notice the wide range of resistances
for different materials. The temperature coefficient
of the different types of conductors is listed also.

COMPUTING RESISTANCE

Now that a standard measure of resistance for dif-
ferent types of materials is known, the resistance of
different lengths and sizes of these materials can be
computed. The formula for computing resistance
of a certain length, size, and type of wire is

KxL
CM

R:

where

R = resistance of the wire
K = ohms per mil foot
L = length of wire in feet
CM = circular mil area of the wire
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RESISTIVITY (K) OF MATERIALS This formula can be converted to compute

other values in the formula, such as:
Q PER MIL TEMP. COEFF. ; ]
MATERIAL FOOT AT 20°C (QPER °C) to find the SIZE of wire to use:
KxL
ALUMINUM 17 0.004 CM = R
CARBON 22,000 APRX. ~0.0004 ) .
to find the LENGTH of wire to use:

CONSTANTAN 295 0.000002
COPPER 10.4 0.0039 L R x CM
GOLD 14 0.004 K
IRON 60 0.0055 to find the TYPE of wire to use:
LEAD 12 .004

6 0.0043 R x CM
MANGANIN 265 0.000000 K= —1
MERCURY 590 0.00088
NICHROME 675 0.0002
NICKEL 52 0.005
PLATINUM 66 0.0036
SILVER 9.6 0.0038
TUNGSTEN 33.8 0.005

EXAMPLE 10

FIGURE 9-16 Resistivity of materials. An aluminum wire 2250 ft long

cannot have a resistance greater
than 0.2 Q. What size aluminum
wire must be used?

EXAMPLE 9

Find the resistance of a piece of #6
AWG copper wire 550 ft long.

Solution

To find the size of wire, use

Assume a temperature of 20°C. KxL
The formula to be used is M = R
KxL 17 x 2250
R= —
cMm M=—02—
. M = 38,250
Solution 0.2

CM = 191,250

The nearest standard size conductor
for this installation can be found in
the American Wire Gauge table.
Since the resistance cannot be
greater than 0.2 ), the conductor
cannot be smaller than 191,250
CM. The nearest standard conduc-
tor size is 0000 AWG.

The value for K can be found in the
table in Figure 9-11. The table
indicates a value of 10.4 Q per mil
foot for a copper conductor. The
length, L, was given as 550 ft, and
the circular mil area of #6 AWG
wire is listed as 26,250 in the table
shown in Figure 9-17.

R= m Good examples of when it
26,250 becomes necessary to compute the
R= 5720 wire size for a particular installation
26,250 can be seen in the following
R=0218 O problems.
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CHAPTER 9 Using Wire Tables and Determining Conductor Sizes
AMERICAN WIRE GAUGE TABLE
Ohms per 1000 Ft. Pounds per 1000 Ft.
(ohms per 100 m) (kg per 100 m)
B&S Diam. Area in
Gauge in Circular Copper* Copper* Aluminum "
No. Mils Mils 68°F (20°C) 167°F (75°C) 68°F (20°C) Copper AT
0000 460 211 600 0.049 (0.016) 0.0596 (0.0195) 0.0804 (0.0263) 640 (95.2) 195 (29.0)
000 410 167 800 0.0618 (0.020) 0.0752 (0.0246) 0.101 (0.033) 508 (75.5) 154 (22.9)
00 365 133 100 0.078 (0.026) 0.0948 (0.031) 0.128 (0.042) 403 (59.9) 122 (18.1)
0 325 105 500 0.0983 (0.032) 0.1195 (0.0392) 0.161 (0.053) 320 (47.6) 97 (144)
1 289 83 690 0.1239 (0.0406 ) 0.151 (0.049) 0.203 (0.066) 253 (37.6) 76.9 (11.4)
2 258 66 370 0.1563 (0.0512) 0.190 (0.062) 0.256 (0.084) 201 (29.9) 61.0  (9.07)
3 229 52 640 0.1970 (0.0646 ) 0.240 (0.079) 0.323 (0.106) 159 (23.6) 48.4 (7.20)
4 204 41740 0.2485 (0.0815) 0.302 (0.099) 0.408 (0.134) 126 (18.7) 384  (571)
5 182 33100 0.3133 (0.1027) 0.381 (0.125) 0.514 (0.168) 100 (14.9) 30.4 (4.52)
6 162 26 250 0.395 (1.29) 0.481 (0.158) 0.648 (0.212) 795  (11.8) 24.1 (3.58)
7 144 20 820 0.498 (0.163) 0.606 (0.199) 0.817 (0.268) 63.0 (9.37) 19.1 (2.84)
8 128 16510 0.628 (0.206) 0.764 (0.250) 1.03 (0.338) 50.0 (7.43) 15.2 (2.26)
9 114 13 090 0.792 (0.260) 0.963 (0.316) 1.30 (0.426) 39.6 (5.89) 12.0 (1.78)
10 102 10 380 0.999 (0.327) 1.215 (0.398) 164 (0.538) 31.4 (4.67) 9.55 (1.42)
11 91 8234 1.260 (0.413) 1.532 (0.502) 2.07 (0.678) 24.9 (3.70) 7.57 (1.13)
12 81 6530 1588 (0.520) 1.931 (0.633) 261 (0.856) 19.8 (2.94) 6.00  (0.89)
13 72 5178 2.003 (0.657) 244 (0.80) 329 (1.08) 15.7 (2.33) 4.8 (0.71)
14 64 4107 2,525 (0.828) 3.07 (1.01) 414 (1.36) 12.4 (1.84) 3.8 (0.56)
15 57 3257 3.184 (0.043) 398 (1.27) 522 (1.71) 9.86 (1.47) 3.0 (0.45)
16 51 2583 4.016 (0.316) 4.88 (1.60) 6.59 (2.16) 7.82 (1.16) 2.4 (0.36)
17 45.3 2048 5.06 (1.66) 6.16 (2.02) 831 (2.72) 6.20 (0.922) 1.9 (0.28)
18 40.3 1624 6.39 (2.09) 7.77 (2.55) 10.5 (3.44) 4.92 (0.731) 1.5 (0.22)
19 35.9 1288 8.05 (2.64) 979 (321) 132  (4.33) 3.90 (0.580) 1.2 (0.18)
20 32.0 1022 10.15 (3.33) 12.35 (4.05) 167  (5.47) 3.09 (0.459) 0.94  (0.14)
21 285 810 128 (4.2) 15.6 (5.11) 21.0 (6.88) 2.45 (0.364) 0.745 (0.110)
22 25.4 642 161 (5.3) 196 (6.42) 265 (8.69) 1.95 (0.290) 0.591  (0.09)
23 22.6 510 204 (6.7) 248 (8.13) 334 (109) 1.54 (0.229) 0.468 (0.07)
24 20.1 404 257 (84) 312  (10.2) 421 (13.8) 1.22 (0.181) 0.371  (0.05)
25 17.9 320 324 (10.6) 394 (129) 53.1 (17.4) 0.97 (0.14) 0.295 (0.04)
26 15.9 254 40.8 (13.4) 496 (16.3) 67.0 (22.0) 0.77 (0.11) 0.234 (0.03)
27 14.2 202 515 (16.9) 62.6 (205) 844 (27.7) 0.61 (0.09) 0.185 (0.03)
28 12.6 160 64.9 (21.3) 789  (25.9) 106 (34.7) 0.48 (0.07) 0.147  (0.02)
29 11.3 126.7 81.8 (26.8) 995 (326) 134 (43.9) 0.384 (0.06) 0.117  (0.02)
30 10.0 100.5 103.2 (33.8) 1255  (41.1) 169 (55.4) 0304  (0.04) 0.092 (0.01)
31 8.93 79.7 130.1 (42.6) 158.2 (51.9) 213 (69.8) 0.241 (0.04) 0.073 (0.01)
32 7.95 63.2 164.1 (53.8) 1995 (65.4) 269 (88.2) 0.191 (0.03) 0.058 (0.01)
33 7.08 50.1 207 (68) 252 (82.6) 339 (111) 0.152 (0.02) 0.046 (0.01)
34 6.31 39.8 261 (86) 317 (104) 428 (140) 0.120 (0.02) 0.037 (0.01)
35 5.62 31.5 329 (108) 400 (131) 540 (177) 0.095 (0.01) 0.029
36 5.00 25.0 415 (136) 505 (165) 681 (223) 0.076 (0.01) 0.023
37 4.45 19.8 523  (171) 636 (208) 858  (281) 0.0600 (0.01) 0.0182
38 3.96 15.7 660 (216) 802 (263) 1080  (354) 0.0476  (0.01) 0.0145
39 353 12.5 832 (273) 1012 (332) 1360  (446) 0.0377 (0.01) 0.0115
40 3.15 9.9 1049  (344) 1276 (418) 1720  (564) 0.0299 (0.01) 0.0091
41
42 2.50 6.3
43
44 1.97 3.9

*Resistance figures are given for standard annealed copper. For hard-drawn copper add 2%.

FIGURE 9-17 American Wire Gauge table.
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154 SECTION 1 Basic Electricity

EXAMPLE 11

A manufacturing plant has a cooling pond
located 4000 feet from the plant. Six pumps
are used to circulate water between the pond
and the plant. In cold weather, however, the
pumps can freeze and fail to supply water. The
plant owner decides to connect electric-
resistance heaters to each pump to prevent this
problem. The six heaters are connected to a
two-conductor cable from the plant at a junc-
tion box, Figure 9-18. The heaters operate
on 480 volts and have a total current draw of
50 amperes. What size copper conductors
should be used to supply power to the heaters
if the voltage drop at the junction box is to be
kept to 3% of the applied voltage? Assume
an average ambient temperature of 20°C.

Solution

The first step in the solution of this problem
will be to determine the maximum amount of
resistance the conductors can have without
producing a voltage drop greater than 3% of
the applied voltage. The maximum amount of
voltage drop can be computed by multiplying
the applied voltage by 3%.

480 x0.03=144V

The maximum amount of resistance can
now be computed using Ohm’s law.

E
R= -~

|

14.4
R= —

50
R=0.288 0

CoMPUTING VOLTAGE
DRropr

Sometimes it is necessary to compute the voltage
drop of an installation when the length, size of
wire, and current are known. The following for-
mula can be used to find the voltage drop of con-
ductors used on a single-phase system.

O

JUNCTION BOX — _ ﬂij 00
oS

Z COOLING POND
TWO-CONDUCTOR
CABLE

x PLANT

FIGURE 9-18 Computing long wire lengths.

The distance to the pond is 4000 feet.
Since two conductors are used, the resistance
of both conductors must be considered. Two
conductors 4000 ft long will have the same
resistance as one conductor 8000 ft long. For
this reason, a length of 8000 ft will be used in
the formula.

KxL
CM = 2
10.4 x 8000
M= 0.288
83,200
~ 0.288

CM = 288,888.9

300-kcmil (thousand circular mils) cable will be
used for this installation.

where

Ep = voltage drop
K = ohms per mil foot
I = current
L = length of conductor in feet
CM = circular mil area of the conductor
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EXAMPLE 12

A single-phase motor is located
250 ft from its power source. The
conductors supplying power to
the motor are #10 AWG copper.
The motor has a full load current
draw of 24 A. What is the voltage
drop across the conductors when
the motor is in operation?

Solution
_ 2x10.4 %24 x 250
b~ 10,380
Ep =12.02V

COEFFICIENT OF
TEMPERATURE

The temperature of a conductor can greatly affect its
resistance. Figure 9-16 lists the ohms-per-mil foot
(K) at 20°C for various materials. The resistance of
a material is generally given at 20°C because it is the
standard used in the American Engineers Handbook
and is considered a standard throughout the United
States. The temperature coefficient can be used to
determine the resistance of a material at different
temperatures. Most conductors will increase their
resistance with an increase in temperature. Semicon-
ductor materials such as silicon, germanium, and
carbon will exhibit a decrease in resistance with an
increase in temperature. These materials have a neg-
ative coefficient of temperature.

PARALLEL
CONDUCTORS

Under certain conditions it may become necessary
or advantageous to connect conductors in parallel.
One such condition for parallel conductors is when
the conductor is very large. For example, con-
ductors supplying a motor 2500 feet from its
source would have to be 500 kemil. A 500-kcmil
conductor is very large and difficult to handle.

Using Wire Tables and Determining Conductor Sizes 155

EXAMPLE 13

Determine the ohms-per-mil foot at
75°C for a copper conductor.

Solution
Use the formula:

R=Rief[1+ (T — Teef)]
Where

R = Conductor resistance
at temperature “T”

R/es = Conductor resistance at
reference temperature
(20°C in this example)
«a = Coefficient of resistance for
the conductor material
T = Conductor temperature
in °C
T, = Reference temperature at
which « is specified for
the conductor material.

R =10.4[1+ 0.0039(75 — 20)]
R =10.4[1 + 0.0039(55)]
R=10.4[1+ 0.2145]

R =10.4[1.2145]

R=12.63

At a temperature of 75°C, copper
would have a resistance of 12.63
ohms-per-mil foot.

Therefore, it may be preferable to use parallel con-
ductors for this installation. The National Electri-
cal Code lists five conditions that must be met
when conductors are connected in parallel (Section
310.10(H)). These conditions are

1 The conductors must be the same length.

2 The conductors must be made of the same mate-
rial. For example, all parallel conductors must be
either copper or aluminum. It is not permissible to
use copper for one of the conductors and alumi-
num for the other.

3 The conductors must have the same circular mil area.
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156 SECTION 1 Basic Electricity

4 The conductors must use the same type of insulation.

5 The conductors must be terminated or connected
in the same manner.

6 Conductors must be size 1/0 AWG or larger.

In the example, the actual conductor size needed
was computed to be 443,433.7 CM. This circular mil
area could be obtained by connecting two 250-kcmil
conductors in parallel for each phase, or three 000
(3/0) conductors in parallel for each phase. (Note:
Each 000 [3/0] conductor has an area of 167,800
CM. This is a total of 503,400 CM.)

It might also be necessary to connect wires in
parallel when conductors of a large size must be
run in a conduit. Conductors of a single phase
are not permitted to be run in metallic conduits,
as shown in Figure 9-19 (NEC Sections 300.5(I)
and 300.20(A) to (B)), because when current
flows through a conductor, a magnetic field is pro-
duced around the conductor. In an alternating cur-
rent circuit, the current continuously changes
direction and magnitude, which causes the mag-
netic field to cut through the wall of the metal con-
duit (Fig. 9-20). This cutting action of the magnetic
field induces a current, called an eddy current, into
the metal of the conduit. Eddy currents are currents
that are induced into metals. They tend to move in
a circular fashion similar to the eddies of a river,
hence the name eddy currents (Fig. 9-21). Eddy
currents can produce enough heat in high-current
circuits to melt the insulation surrounding the con-
ductors. All metal conduits can have eddy current

induction, but conduits made of magnetic materials
such as steel have an added problem with hysteresis
loss. Hysteresis loss is caused by molecular friction
(Fig. 9-22). As the direction of the magnetic field

/— CONDUIT

CONDUCTOR

< MAGNETIC FIELD

ﬁ
e

FIGURE 9-20 The magnetic field expands and
contracts.

FIGURE 9-21
metals.

Eddy currents are currents induced in

FIGURE 9-19 A single-phase conductor causes
heat to be produced in the conduit.

FIGURE 9-22 The molecules reverse direction each
time the magnetic field changes direction.
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FIGURE 9-23 FEach conduit contains a conductor
from each phase. This permits the magnetic fields to
cancel each other.

reverses, the molecules of the metal are magnetized
with the opposite polarity and swing to realign
themselves. This continuous aligning and realign-
ing of the molecules produces heat caused by fric-
tion. Hysteresis losses become greater with an
increase in frequency.

To correct this problem, a conductor of each
phase must be run in each conduit (Fig. 9-23).
When all three phases are contained in a single
conduit, the magnetic fields of the separate conduc-
tors cancel each other resulting in no current being
induced in the walls of the conduit.

TESsTING WIRE
INSTALLATIONS

After the conductors have been installed in con-
duits or raceways, it is accepted practice to test
the installation for grounds and shorts. This test
requires an ohmmeter, which cannot only measure
resistance in millions of ohms, but can also provide
a high enough voltage to ensure that the insulation
will not break down when rated line voltage is
applied to the conductors. Most ohmmeters
operate with a maximum voltage ranging from
1.5 V to about 9 V depending on the type of ohm-
meter and the setting of the range scale. To test
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wire insulation, a special type of ohmmeter, called
a MEGGER®, is used. The term MEGGER® is a
registered trademark of Biddle Instruments. The
MEGGER® is a megohmmeter that can produce
voltages ranging from about 250 to 5000 V
depending on the model of the meter and the
range setting. One model of a MEGGER® is
shown in Figure 9-24. This instrument contains a
hand crank that is connected to the rotor of a
brushless AC generator. The advantage of this
instrument is that it does not require batteries.
A range selector switch permits the meter to be
used as a standard ohmmeter or as a megohmmeter.
When it is used as a megohmmeter, the selector
switch permits the test voltage to be selected. Test
voltages of 100 V, 250 V, 500 V, and 1000 V can
be obtained.

MEGGER®s can also be obtained in battery-
operated models as shown in Figure 9-25. These
models are small, lightweight, and particularly

FIGURE 9-24 A hand-crank MEGGER®. Courtesy
of Biddle Instruments.

FIGURE 9-25 Battery-operated MEGGER®.
Courtesy of Biddle Instruments.

www.EngineeringEBooksPdf.com



158 SECTION 1

Basic Electricity

FIGURE 9-26 Testing for shorts with a MEGGER®.

useful when it becomes necessary to test the dielec-
tric of a capacitor.

Wire installations are generally tested for two
conditions, shorts and grounds. Shorts are current
paths that exist between conductors. To test an
installation for shorts, the MEGGER® is connected
across two conductors at a time as shown in Figure
9-26. The circuit is tested at rated voltage or
slightly higher. The MEGGER® indicates the resis-
tance between the two conductors. Since both con-
ductors are insulated, the resistance between
them should be extremely high. Each conductor
should be tested against every other conductor in
the installation.

To test the installation for grounds, one lead of
the MEGGER® is connected to the conduit or race-
way as shown in Figure 9-27. The other meter lead
is connected to one of the conductors. The conduc-
tor should be tested at rated voltage or slightly
higher. Each conductor should be tested.

FIGURE 9-27 Testing for grounds with
a MEGGER®.

SUMMARY

e The National Electrical Code is used to deter-
mine the wire size for most installations.

e The resistance of a wire is determined by four
factors:

A. the type of material from which the conduc-
tor is made

B. the length of the conductor

C. the area of the conductor

D. the temperature of the conductor

e When conductors are used in high-temperature
locations, their current capacity must

be reduced.

e When there are more than three conductors in
a raceway, their current-carrying capacity must

be reduced.

e The amount of current a conductor can carry is
affected by the type of insulation around the wire.

¢ In the English system, the mil foot is used as a
standard for determining the resistance of dif-
ferent types of wire.

o After wires have been installed, they should be
checked for shorts or grounds with a
MEGGER®.
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Use of the National Electrical Code will be
required to answer some of the following
questions.

1. What is the maximum temperature
rating of type XHHW insulation
when used in a wet location?

2. Name two types of conductor
insulation designed to be
used underground.

3. A #10 AWG copper conductor with
type THW insulation is to be run in
free air. What is the maximum
ampacity of this conductor if the
ambient air temperature is 40°C?

4. Six #1/0 aluminum conductors are to
be run in a conduit. Each conductor
has type THWN insulation, and the
ambient air temperature is 30°C.
What is the ampacity of each
conductor?

5. Name five conditions that must
be met for running conductors
in parallel.

6. What is the largest solid
(nonstranded) conductor listed in
the wire tables?

7. Can type TW cable be used in an
area that has an ambient
temperature of 65°C?

8. How is the grounded conductor in a
flat multiconductor cable #4 or
larger identified?

10.

11.

12.

13.
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REVIEW QUESTIONS

What three colors are ungrounded
conductors not permitted to be?

Twenty-five #12 AWG copper
conductors are run in conduit. Each
conductor has type THHN insulation.
The conduit is located in an area
that has an ambient temperature
of 95°F. What is the ampacity of
each conductor?

A single-phase load is located 2800 ft
from its source. The load draws a
current of 86 A and operates on

480 V. The maximum voltage drop at
the load cannot be greater than 3%.
What size aluminum conductors
should be installed to operate

this load?

It is decided to use parallel 0000
conductors to supply the load in
question 11. How many 0000
conductors will be needed?

You have been hired by a company
to connect an outside lighting
system to a panel box located 55 feet
from the point of attachment. The
conductors are to have THWN-2
insulation, and the wire is copper.
The termination temperature is not
known. The lighting system is rated
at 20kW. The voltage is 240 V. The
lights are expected to operate more
than three hours at a time. Using the
NEC®, determine the wire size
needed to make this connection.

www.EngineeringEBooksPdf.com



160

PRACTICE PROBLEMS

SECTION 1

Basic Electricity

USING WIRE TABLES
AND DETERMINING
CONDUCTOR SIZES

1.

A #2 AWG copper conductor is 450 ft
long. What is the resistance of this
wire? Assume the ambient
temperature to be 20°C.

A #8 AWG conductor is 500 ft long
and has a resistance of 1.817. The
ambient temperature is 20°C. Of
what material is the wire made?

Three 500-kCM copper conductors
with type RHH insulation are to be
used in an area with an ambient
temperature of 58°C. What is the
maximum current-carrying capacity
of these conductors?

Eight #10 AWG aluminum conductors
with type THWN insulation are
installed in a single conduit. What is
the maximum current-carrying
capacity of these conductors? Assume
an ambient temperature of 30°C.

An electric furnace has a rating of
50 kW and operates on 240 V single-
phase. The conductors connecting
this furnace are copper with type
TW insulation. The termination
temperature is not known. The
ambient temperature is 30°C. The
furnace may operate more than
three hours at a time. What size
conductors should be used to
connect this furnace? (NOTE: Round
off answers to the nearest amp.)

A 200-A single-phase sub-panel is to
be installed 60 feet from the original
service-entrance panel. The
conductors are to be copper with
type THWN-2 insulation. The
termination temperature is not
known. The sub-panel is located in
an area with an ambient
temperature of 90°F. What size
conductors should be used for this
installation? (NOTE: Round off
answers to the nearest amp.)

PRACTICAL APPLICATIONS |

You are a journeyman electrician
working in an industrial plant. You
have been given the job of connecting
a 25 kW electric heater to a 240-V
single-phase panel. The heater is
located in an area with an ambient
temperature of 90°F. The conductors
are to be copper with type TW
insulation. The termination
temperature is not known. The
installation is to be in accord with NEC
requirements. What size conductors
should be used for this installation?

You are a journeyman electrician
working on a commercial installation.
You are to install a feeder to a sub-
panel that supplies the lighting for
the building. The sub-panel will have
a total of 80 lighting fixtures rated at
250 W each. The circuit voltage is
277 V. The load is continuous. The
termination temperature is not
known. The wire is copper with type
THWN insulation. In accordance with
the NEC, what size wire can be used
for this installation?
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OBJECTIVES After studying this unit, you should be able to:

e discuss magnetic induction. e discuss an exponential curve.
e [ist factors that determine the amount and polarity e [ist devices used to help prevent inductive
of an induced voltage. voltage spikes.

e discuss Lenz's law.
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eddy current electric currents
induced in metal; generally
core material of motors

and transformers

exponential curve a rate at
which current increases or
decreases in an inductor

henry (H) the standard measure
of inductance

hysteresis loss the amount of
power loss in the form of heat
caused by molecular friction

Lenz’s law an electrical law
stated by a scientist named Lenz

Basic Electricity

GLOSSARY OF MAGNETIC INDUCTION TERMS .

that says, basically, that an
induced voltage will always
oppose the force that induces it

magnetic induction using
magnetic field to induce a voltage
into a conductive material,
generally wire

metal oxide varistor (MOV)
an electronic device that exhibits
a rapid change of resistance with a
change of temperature

R-L time constant the amount

of time required for current to
increase or decrease in value

www.EngineeringeBooksPdf.com

strength of magnetic

field the number of magnetic
flux lines per square inch or flux
density of a magnetic field

turns of wire the number of
turns of wire on a coil

voltage spike a large amount of
voltage that exists for a very short
period of time

weber (Wb) a measure of
magnetism equal to 100,000,000
lines of magnetic flux



agnetic induction is one of the
most important concepts in the
electrical field. It is the basic oper-
ating principle underlying alternators, trans-
formers, and most alternating current
motors. It is imperative that anyone desiring
to work in the electrical field have an under-

standing of the principles involved.

MAGNETIC
INDUCTION

One of the basic laws of electricity is that whenever
current flows through a conductor, a magnetic field
is created around the conductor (Fig. 10-1). The
direction of the current flow determines the polar-
ity of the magnetic field, and the amount of current
determines the strength of the magnetic field.

That basic law in reverse is the principle of
magnetic induction, which states that whenever a
conductor cuts through magnetic lines of flux, a
voltage is induced into the conductor. The conduc-
tor in Figure 10-2 is connected to a zero-center
microammeter, creating a complete circuit. When
the conductor is moved downward through the
magnetic lines of flux, the induced voltage will
cause electrons to flow in the direction indicated

CURRENT FLOWING OUT
& & ¥ S & L & L

FIGURE 10-1 Current flowing through a conductor
produces a magnetic field around the conductor.

CURRENT FLOWING IN
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ZERO-CENTER METER

FIGURE 10-2 A voltage is induced when a con-
ductor cuts magnetic lines of flux.

by the arrows. This flow of electrons causes the
pointer of the meter to be deflected from the
center-zero position.

If the conductor is moved upward, the polarity
of induced voltage will be reversed and the current
will flow in the opposite direction (Fig. 10-3). The
pointer will be deflected in the opposite direction.

The polarity of the induced voltage can also be
changed by reversing the polarity of the magnetic

ZERO-CENTER METER

FIGURE 10-3 Reversing the direction of movement
reverses the polarity of the voltage.
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ZERO-CENTER METER

FIGURE 10-4 Reversing the polarity of the magnetic
field reverses the polarity of the voltage.

field (Fig. 10-4). In this example, the conductor is
again moved downward through the lines of flux,
but the polarity of the magnetic field has been
reversed. Therefore the polarity of the induced volt-
age will be the opposite of that in Figure 10-2, and
the pointer of the meter will be deflected in the
opposite direction. It can be concluded that the
polarity of the induced voltage is determined by
the polarity of the magnetic field in relation to
the direction of movement.

FLEMING’S LEFT-

HAND GENERATOR
RuLE

Fleming’s left-hand generator rule can be used to
determine the relationship of the motion of the
conductor in a magnetic field to the direction of
the induced current. To use the left-hand rule,
place the thumb, forefinger, and center finger at
right angles to each other as shown in Figure 10-5.
The forefinger points in the direction of the field
flux, assuming that magnetic lines of force are in
a direction of north to south. The thumb points in
the direction of thrust, or movement of the conduc-
tor, and the center finger shows the direction of the
current induced into the armature. An easy method
of remembering which finger represents which
quantity is.

MOTION /~ T FIELD

CURRENT

FIGURE 10-5 Left-hand generator rule.

THumb = THrust
Forefinger = Flux
Center finger = Current

The left-hand rule clearly illustrates that if the
polarity of the magnetic field is changed or if
the direction of armature rotation is changed, the
direction of induced current will also change.

MoviING MAGNETIC
FIELDS

The important factors concerning magnetic induc-
tion are a conductor, a magnetic field, and relative
motion. In practice, it is often desirable to move the
magnet instead of the conductor. Most alternating
current generators or alternators operate on this
principle. In Figure 10-6, a coil of wire is held sta-
tionary while a magnet is moved through the coil.
As the magnet is moved, the lines of flux cut
through the windings of the coil and induce a volt-
age into them.

DETERMINING THE
AMOUNT OF INDUCED

VOLTAGE

Three factors determine the amount of voltage that
will be induced in a conductor:

1 The number of turns of wire.
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FIGURE 10-6 \Voltage is induced by a moving
magnetic field.

2 The strength of the magnetic field (flux density).
3 The speed of the cutting action.

In order to induce 1 V in a conductor, the con-
ductor must cut 100,000,000 lines of magnetic flux
in 1 s. In magnetic measurement, 100,000,000 lines
of flux are equal to one weber (Wb). Therefore, if a
conductor cuts magnetic lines of flux at a rate of 1
Wb/s, a voltage of 1 V will be induced. A simple
one-loop generator is shown in Figure 10-7. The
loop is attached to a rod that is free to rotate.
This assembly is suspended between the poles of
two stationary magnets. If the loop is turned, the
conductor cuts through magnetic lines of flux and
a voltage is induced into the conductor.

If the speed of rotation is increased, the conductor
cuts more lines of flux per second, and the amount of
induced voltage increases. If the speed of rotation

MAGNET
N\

BRUSHES

FIGURE 10-7 A single-loop generator.
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MAGNET
N\

BRUSHES

FIGURE 10-8 Increasing the number of turns
increases the induced voltage.

remains constant and the strength of the magnetic
field is increased, there will be more lines of flux
per square inch. When there are more lines of flux,
the number of lines cut per second increases and the
induced voltage increases. If more turns of wire are
added to the loop (Fig. 10-8), more flux lines are cut
per second and the amount of induced voltage
increases again. Adding more turns has the effect
of connecting single conductors in series, and the
amount of induced voltage in each conductor adds.

LENZ’s LAw
When a voltage is induced in a coil and there is a
complete circuit, current will flow through the coil
(Fig. 10-9). When current flows through the coil, a
magnetic field is created around the coil. This mag-
netic field develops a polarity opposite that of the
moving magnet. The magnetic field developed by
the induced current acts to attract the moving mag-
net and pull it back inside the coil.

If the direction of motion is reversed, the polar-
ity of the induced current is reversed, and the mag-
netic field created by the induced current again
opposes the motion of the magnet. This principle
was first noticed by Heinrich Lenz many years ago
and is summarized in Lenz’s law, which states that
an induced voltage or current opposes the motion
that causes it, which is why the induced voltage is
known as the counteremf (cemf), or back-emf.
From this basic principle, other laws concerning
inductors have been developed. One is that induc-
tors always oppose a change of current. The coil in
Figure 10-10, for example, has no induced voltage
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MAGNE'I7

N

FIGURE 10-9 An Induced current produces a
magnetic field around the coail.

FIGURE 10-10 No current flows through the coil.

and therefore no induced current. If the magnet is
moved toward the coil, however, magnetic lines of
flux will begin to cut the conductors of the coil,
and a current will be induced in the coil. The
induced current causes magnetic lines of flux to
expand outward around the coil (Fig. 10-11). As

FIGURE 10-11 Induced current produces a mag-
netic field around the coil.

FIGURE 10-12 The induced voltage forces current
to flow in the same direction.

this expanding magnetic field cuts through the con-
ductors of the coil, a voltage is induced in the coil.
The polarity of the voltage is such that it opposes
the induced current caused by the moving magnet.

If the magnet is moved away, the magnetic field
around the coil will collapse and induce a voltage
in the coil (Fig. 10-12). Since the direction of move-
ment of the collapsing field has been reversed, the
induced voltage will be opposite in polarity, forcing
the current to flow in the same direction.

Risg TIME OF
CURRENT IN AN

INDUCTOR

When a resistive load is suddenly connected to a
source of direct current (Fig. 10-13), the current
will instantly rise to its maximum value. The resis-
tor shown in Figure 10-13 has a value of 10 Q) and
is connected to a 20-V source. When the switch is
closed the current will instantly rise to a value of

2AQ0V/10Q = 2 A).

If the resistor is replaced with an inductor that
has a wire resistance of 10 Q and the switch is
closed, the current cannot instantly rise to its max-
imum value of 2 A (Fig. 10-14). As current begins
to flow through an inductor, the expanding mag-
netic field cuts through the conductors, inducing a
voltage into them. In accordance with Lenz’s law,
the induced voltage is opposite in polarity to the
applied voltage. The induced voltage, therefore,
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FIGURE 10-13 The current rises instantly in a
resistive circuit.

SWITCH
(@)
& INDUCTOR WITH
A WIRE
RESISTANCE
e OF 10 Q

CURRENT
2Af - T
<~—— EXPONENTIAL CURVE

0A

FIGURE 10-14 Current rises through an indicator at
an exponential rate.

acts like a resistance to hinder the flow of current
through the inductor (Fig. 10-15).

The induced voltage is proportional to the rate
of change of current (speed of the cutting action).
When the switch is first closed, current flow
through the coil tries to rise instantly. This
extremely fast rate of current change induces max-
imum voltage in the coil. As the current flow
approaches its maximum Ohm’s law value, in this
example 2 A, the rate of change becomes less and
the amount of induced voltage decreases.
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APPLIED VOLTAGE —— —— INDUCED
o)y <@ VOLTAGE
O—0O
EXPANDING

| FIELD \
20V
T c—

+ =

FIGURE 10-15 The applied voltage is opposite in
polarity to the induced voltage.

THE EXPONENTIAL
CURVE

The exponential curve describes a rate of certain
occurrences. The curve is divided into five time
constants. Each time constant is equal to 63.2%
of some value. An exponential curve is shown in
Figure 10-16. In this example, current must rise
from zero to a value of 1.5 A at an exponential
rate. In this example, 100 ms are required for the
current to rise to its full value. Since the current
requires a total of 100 ms to rise to its full value,
each time constant is 20 ms (100 ms/5 time

1.5 N ya )\
FanY v YV
A AT
cqillZP S
o | [ 4-1.472 | 4-1.489
&0 L ~1.297
<§,: 1 f,,/
= y
E —0.948
Z
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°
[
0 20 40 60 80 100

TIME IN MILLISECONDS

FIGURE 10-16 An exponential curve.
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BUCKET
-
Cm

WATER

~— STOPPER

FIGURE 10-17 Exponential curves can be found in
nature.

constants = 20 ms per time constant). During the
first time constant, the current will rise from 0 to
63.2% of its total value, or 0.948 A (1.5 x
0.632 = 0.948). During the second time constant,
the current will rise to a value of 1.297 A, and
during the third time constant the current will
reach a total value of 1.425 A.

Because the current increases at a rate of
63.2% during each time constant, it is theoretically
impossible to reach the total value of 1.5 A. After
five time constants, however, the current has
reached approximately 99.3% of the maximum
value and for all practical purposes is considered
to be complete.

The exponential curve can often be found in
nature. If clothes are hung on a line to dry, they will
dry at an exponential rate. Another example of the
exponential curve can be seen in Figure 10-17. In
this example, a bucket has been filled to a certain
mark with water. A hole has been cut at the bot-
tom of the bucket and a stopper placed in the hole.
When the stopper is removed from the bucket,
water will flow out at an exponential rate. Assume,
for example, it takes 5 min for the water to flow
out of the bucket. Exponential curves are always
divided into five time constants, so in this case
each time constant has a value of 1 min. If the
stopper is removed and water is permitted to
drain from the bucket for a period of 1 min before
the stopper is replaced, during that first time con-
stant 63.2% of the water in the bucket will drain
out (see Fig. 10-18). If the stopper is again

< e

FIRST TIME
CONSTANT

SECOND TIME
CONSTANT

REMAINING THREE
&TIME CONSTANTS

FIGURE 10-18 Water flows from a bucket at an
exponential rate.

removed for a period of 1 min, 63.2% of the
water remaining in the bucket will drain out.
Each time the stopper is removed for a period of
one time constant, the bucket will lose 63.2% of its
remaining water.

INDUCTANCE

Inductance is measured in a unit called the henry (H)
and is represented by the letter L. A coil has an induc-
tance of one henry when a current change of one
ampere per second results in an induced voltage of
one volt.

The amount of inductance a coil will have is
determined by its physical properties and con-
struction. A coil wound on a nonmagnetic core
material such as wood or plastic is referred to as
an air core inductor. If the coil is wound on a
core made of magnetic material such as silicon
steel or soft iron, it is called an iron core inductor.
Iron core inductors produce more inductance
with fewer turns than air core inductors because
of the good magnetic path provided by
the core material. Iron core inductors cannot be
used for high-frequency applications, however,
because of eddy current loss and hysteresis loss in
the core material.

Another factor that determines inductance is
how far the windings are separated from each
other. If the turns of wire are far apart they will
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however, the permeability value becomes approxi-
mately 1 and an increase in turns of wire has only a
small effect on the value of inductance.

LESS INDUCTANCE MORE INDUCTANCE

R-L TiME CONSTANTS

The time necessary for current in an inductor to
reach its full Ohm’s law value, called the R-L
time constant, can be computed using the formula

L
T=—=
R

e

where

UL

T = time in seconds
L = inductance in henrys

R = resistance in ohms
FIGURE 10-19 Inductance is determined by the

physical construction of the coil.
constant.

have less inductance than turns wound closer

This formula computes the time of one time

together (Fig. 10-19). EXAMPLE 1

The inductance of a coil can be determined

using the formula A coil has an inductance of 1.5 H

o.4ﬂN2pA and a wire resistance of 6 Q. If the
-1 coil is connected to a battery of 3V,
where how long will it take the current to
reach its full Ohm's law value of
L = inductance in henrys 05A(BV/6Q=05A)?
n = 3.1416
N = number of turns of wire )
p = permeability of the core material Solution
A = cross-sectional area of the core To find the time of one time con-
I = length of the core stant, use the formula
The formula indicates that the inductance is L
proportional to the number of turns of wire, the T= R
type of core material used, and the cross-sectional
area of the core, but inversely proportional to core T= 15
length. An inductor is basically an electromagnet 6
that changes its polarity at regular intervals. T=0.25s

Because the inductor is an electromagnet, the
same factors that affect magnets affect inductors.
The permeability of the core material is just as
important to an inductor as it is to any other elec-
tromagnet. Flux lines pass through a core material
with a high permeability (such as silicon, steel, or
soft iron) better than through a material with a low 0.25x5=1.25s
permeability (such as brass, copper, or aluminum).

Once the core material has become saturated,

The time for one time constant is
0.25 s. Since five time constants are
required for the current to reach its
full value of 0.5 A, 0.25 s will be
multiplied by 5.
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INDUCED VOLTAGE
SPIKES

A voltage spike occurs when the current flow
through an inductor stops, and the current
decreases at an exponential rate also (Fig. 10-20).
As long as a complete circuit exists when the power
is interrupted, there is little or no problem. In the
circuit shown in Figure 10-21, a resistor and induc-
tor are connected in parallel. When the switch is
closed, the battery will supply current to both.
When the switch is opened, the magnetic field sur-
rounding the inductor will collapse and induce a
voltage into the inductor. The induced voltage
will attempt to keep current flowing in the same
direction. Recall that inductors oppose a change
of current. The amount of current flow and
the time necessary for the flow to stop will be

—

FIGURE 10-20 Current flow through an inductor
decreases at an exponential rate.

SWITCH

o~ 0O

BATTERY

pllils

FIGURE 10-21 The resistor helps prevent voltage
spikes caused by the inductor.

determined by the resistor and the properties of
the inductor. The amount of voltage produced by
the collapsing magnetic field is determined by the
maximum current in the circuit and the total resis-
tance in the circuit. In the circuit shown in Figure
10-21, assume that the inductor has a wire resis-
tance of 6 (), and the resistor has a resistance of
100 Q. Also assume that when the switch is closed,
a current of 2 A will flow through the inductor.
These spikes can be on the order of hundreds or
even thousands of volts and can damage circuit
components, especially in circuits containing solid
state devices such as diodes, transistors, integrated
circuits, etc. The amount of induced voltage can be
determined if the inductance of the coil, the
amount of current change, and the amount of
time change are known, by using the formula

Al
EMF = —-L <Kt>

where

L = inductance in henrys (A negative sign is
placed in front of the L because the induced
voltage is always opposite in polarity to the
voltage that produces it.)

Al = change of current
At = change of time

Assume a 1.5-henry inductor has a current
flow of 2.5 amperes. When a switch is opened,
the current changes from 2.5 amperes to 0.5
amperes in 0.005 second. How much voltage is
induced into the inductor?

Al
EMF = —L<E>
2

EMF = —1.5 x 400
EMF = —600volts

When the switch is opened, a series circuit exists
composed of the resistor and inductor (Fig. 10-22).
The maximum voltage developed in this circuit
would be 212 V (2 A x 106 Q = 212 V). If
the circuit resistance were increased, the induced volt-
age would become greater. If the circuit resistance were
decreased, the induced voltage would become less.

Another device often used to prevent induced
voltage spikes when the current flow through an
inductor is stopped is the diode (Fig. 10-23). The
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FIGURE 10-22 \When the switch is opened, a series
path is formed by the resistor and inductor.

POLARITY OF APPLIED
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FIGURE 10-23 A diode is used to prevent induced
voltage spikes.

diode is an electronic component that operates like
an electrical check valve. The diode will permit cur-
rent to flow through it in only one direction. The
diode is connected in parallel with the inductor in
such a manner that when voltage is applied to the
circuit, the diode is reverse-biased and acts like an
open switch. When the diode is reverse-biased no
current will flow through it.

When the switch is opened, the induced voltage
produced by the collapsing magnetic field will
be opposite in polarity to the applied voltage. The
diode then becomes forward-biased and acts like a
closed switch. Current can now flow through the
diode and complete a circuit back to the inductor.
A silicon diode has a forward voltage drop of
approximately 0.7 V regardless of the current flow-
ing through it. Since the diode is connected in par-
allel with the inductor, and voltage drops of
devices connected in parallel must be the same,
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FIGURE 10-24 Metal oxide varistor used to sup-
press a voltage spike.

the induced voltage is limited to approximately
0.7 V. The diode can be used to eliminate inductive
voltage spikes in direct current circuits only; it can-
not be used for this purpose in alternating current
circuits.

A device that can be used for spike suppression
in either direct or alternating current circuits is the
metal oxide varistor (MOV). The MOV is a bidi-
rectional device, which means that it will conduct
current in either direction and therefore, can be
used in alternating current circuits. The metal
oxide varistor is an extremely fast-acting solid
state component that will exhibit a change of resis-
tance when the voltage reaches a certain point.
Assume that the MOV shown in Figure 10-24 has
a voltage rating of 140 V, and that the voltage
applied to the circuit is 120 V. When the switch
is closed and current flows through the circuit, a
magnetic field will be established around the induc-
tor (Fig. 10-25). As long as the voltage applied to
the MOV is less than 140 V, it will exhibit an

SWITCH

ogll®

1

BATTERY MOV
_——  (a2ov) (140 V)
—

FIGURE 10-25 When the switch is closed, a mag-
netic field is established around the inductor.
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FIGURE 10-26 The MOV prevents the spike from
becoming too high.

extremely high resistance, in the range of several
hundred thousand ohms.

When the switch is opened, current flow
through the coil suddenly stops, and the magnetic
field collapses. This sudden collapse of the mag-
netic field will cause an extremely high voltage to
be induced in the coil. When this induced voltage
reaches 140 V, however, the MOV will suddenly
change from a high resistance to a low resistance,
preventing the voltage from becoming greater than
140 V (Fig. 10-26).

Metal oxide varistors are extremely fast-acting.
They can typically change resistance values in less
than 20 ns (nanoseconds). They are often found
connected across the coils of relays and motor star-
ters in control systems to prevent voltage spikes
from being induced back into the line. They are
also found in the surge protectors used to protect
many home appliances such as televisions, stereos,
and computers.

If nothing is connected in the circuit with the
inductor when the switch opens, the induced volt-
age can become extremely high. In this instance,
the resistance of the circuit is the air gap of the
switch contacts, which is practically infinite. The
inductor will attempt to produce any voltage nec-
essary to prevent a change of current. Inductive
voltage spikes can reach thousands of volts.
This is the principle of operation of many high-
voltage devices such as the ignition systems of
many automobiles.

Another device that uses the collapsing mag-
netic field of an inductor to produce a high voltage
is the electric fence charger, shown in Figure 10-27.
The switch is constructed in such a manner that it

PULSING SWITCH

-
T

BATTERY INDUCTOR

FIGURE 10-27 An inductor is used to produce a
high voltage for an electric fence.

will pulse on and off. When the switch closes, cur-
rent flows through the inductor, and a magnetic
field is produced around the inductor. When the
switch opens, the magnetic field collapses and
induces a high voltage across the inductor. If any-
thing or anyone standing on the ground touches
the fence, a circuit is completed through the object
or person and the ground. The coil is generally
constructed of many turns of very small
wire. This construction provides the coil with a
high resistance and limits current flow when the
field collapses.

SUMMARY

e When current flows through a conductor, a
magnetic field is created around the conductor.

e When a conductor is cut by a magnetic field, a
voltage is induced in the conductor.

e The polarity of the induced voltage is deter-
mined by the polarity of the magnetic field in
relation to the direction of motion.

e Three factors that determine the amount of
induced voltage are

A.the number of turns of wire
B. the strength of the magnetic field
C.the speed of the cutting action

® One volt is induced in a conductor when mag-
netic lines of flux are cut at a rate of one weber
per second.



Induced voltage is always opposite in polarity to
the applied voltage.

Inductors oppose a change of current.

Current rises in an inductor at an exponential
rate.

An exponential curve is divided into five time
constants.

Each time constant is equal to 63.2% of some
value.

Inductance is measured in units called henrys
(H).

A coil has an inductance of 1 H when a current
change of 1 A per second results in an induced
voltage of 1 V.
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Air core are wound on cores of nonmagnetic
material.

Iron core inductors are wound on cores of
magnetic material.

The amount of inductance an inductor will have
is determined by the number of turns of wire and
the physical construction of the coil.

Inductors can produce extremely high voltages
when the current flowing through them is
stopped.

Two devices used to help prevent large spike
voltages are the resistor and the diode.
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REVIEW QUESTIONS

. What determines the polarity of

magnetism when current flows
through a conductor?

. What determines the strength of

the magnetic field when current
flows through a conductor?

. Name three factors that determine

the amount of induced voltage in a
coil.

. How many lines of magnetic flux

must be cut in 1 s to induce a
voltage of 1 V?

. What is the effect on induced

voltage of adding more turns of
wire to a coil?

. Into how many time constants is an

exponential curve divided?

. Each time constant of an

exponential curve is equal to what
percentage of the whole?

10.

An inductor has an inductance of
0.025 H and a wire resistance of 3 Q.
How long wiill it take the current to
reach its full Ohm’s law value?

Refer to the circuit shown in Figure
10-21. Assume that the inductor has
a wire resistance of 0.2 O and the
resistor has a value of 250 Q. If a
current of 3 A is flowing through
the inductor, what will be the max-
imum induced voltage when the
switch is opened?

What electronic component is often
used to prevent large voltage spikes
from being produced when the
current flow through an inductor is
suddenly terminated?
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OBJECTIVES After studying this unit, you should be able to:

e discuss differences between direct and ® be able to compute peak, RMS, and average values
alternating current. of voltage and current.

® be able to compute instantaneous values of e discuss the phase relationship of voltage and cur-
voltage and current for a sine wave. rent in a pure resistive circuit.
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amplitude the maximum height
reached by a waveform

average the value of voltage
when an AC sine wave voltage is
changed to DC

cycle one cycle is completed
when an AC voltage completes
360 degrees

frequency the number of
complete cycles that occur in
one second

hertz (Hz) a measure of
frequency

in phase a condition that occurs
when the voltage and current
reach peak values and zero
crossing at the same time

linear wave a waveform that
increases in the same proportion
as the angle of rotation

Alternating Current

GLOSSARY OF ALTERNATING CURRENT TERMS .

oscillators devices used to
convert direct current into
alternating current

peak the maximum value
obtained by a waveform

resistive loads loads that
employ resistance to limit
circuit current

ripple the turning on and off
effect that occurs when
alternating current is converted
into direct current

root mean square (RMS) the
amount of AC voltage that will
produce the same heating effect as
a like amount of DC voltage

sine wave a waveform produced
by any rotating machine. The
voltage at any point on the
waveform can be determined by
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multiplying the peak value by the
sine of the angle of rotation

skin effect the effect that
causes electrons to move toward
the outside of a conductor in an
alternating current circuit

triangle wave a linear
waveform in which the voltage is
proportional to the peak value and
percent of angle of rotation

watts a measure of electric power



ost of the electrical power pro-
duced in the world is alternating
current. It is used to operate
everything from home appliances such as
television sets, computers, microwave
ovens, and electric toasters, to the largest
motors found in industry. Alternating cur-
rent has several advantages over direct cur-
rent that make it a better choice for the

large-scale production of electrical power.

ADVANTAGES OF
ALTERNATING

CURRENT

Probably the single greatest advantage of alternat-
ing current is that AC current can be transformed
and DC current cannot. A transformer permits
voltage to be stepped up or down. Voltage can be
stepped up for transmission and then stepped back
down when it is to be used by some device. Trans-
mission voltages of 69 kV, 138 kV, and 345 kV are
common. The advantage of high-voltage transmis-
sion is that less current is required to produce the
same amount of power. The reduction of current
permits smaller wires to be used, which results in a
savings of material.

In the very early days of electric power genera-
tion, Thomas Edison, an American inventor, pro-
posed powering the country with low-voltage
direct current. He reasoned that low-voltage direct
current was safer for people to use than higher-
voltage alternating current. A Serbian immigrant
named Nikola Tesla, however, argued that direct
current was impractical for large-scale applica-
tions. The disagreement was finally settled at the
1904 World’s Fair held in St. Louis, Missouri.
The 1904 World’s Fair not only introduced the
first ice cream cone and the first iced tea, it was
also the first World’s Fair to be lighted with “elec-
tric candles.” At that time, the only two companies
capable of providing electric lighting for the
World’s Fair were the Edison Company, headed
by Thomas Edison, and the Westinghouse Com-
pany, headed by George Westinghouse, a close
friend of Nikola Tesla. The Edison Company
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submitted a bid of over one dollar per lamp to
light the fair with low-voltage direct current. The
Westinghouse Company submitted a bid of less
than 25 cents per lamp to light the fair using
higher-voltage alternating current. This set the pre-
cedent for how electric power would be supplied
throughout the world.

AC WAVE ForMSs

SQUARE WAVES

Alternating current differs from direct current in
that AC current reverses its direction of flow
at periodic intervals (Fig. 11-1). Alternating current
wave forms can vary depending on how the current
is produced. One wave form frequently encoun-
tered is the square wave (Fig. 11-2). It is assumed
that the oscilloscope in Figure 11-2 has been
adjusted so that 0 V is represented by the center
horizontal line. The wave form shows that the volt-
age is in the positive direction for some length of
time and then changes polarity. The voltage

MOTOR
ALTERNATOR

-

FIGURE 11-1 Alternating current flows first in one
direction and then in the other.

ﬁ
_

VOLTS
o

TIME

FIGURE 11-2 Square wave alternating current.
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FIGURE 11-3 Square wave alternating current
produced with a switch and two batteries.

' BATTERY
i

FIGURE 11-4 Square wave oscillator.

0

OUTPUT

remains negative for some length of time and then
changes back to positive again. Each time the volt-
age reverses polarity, the current flow through the
circuit changes direction. A square wave could be
produced by a simple single-pole double-throw
switch connected to two batteries as shown in
Figure 11-3. Each time the switch position is chan-
ged, current flows through the resistor in a differ-
ent direction. Although this circuit will produce a
square wave alternating current, it is not practical.
Square waves are generally produced by electronic
devices called oscillators. The schematic diagram
of a simple square wave oscillator is shown in
Figure 11-4. In this circuit, two bipolar transistors
are used as switches to reverse the direction of cur-
rent flow through the windings of the transformer.

TRIANGLE WAVES

Another common AC wave form is the triangle
wave shown in Figure 11-5. The triangle wave is
a linear wave. A linear wave is one in which the

1ms|2 ms
|
+100 V
| /
+50 V i N\ 2ms /
+25V 4
|
Omsj N =
0.5 ms M ms \ | /
-100 V

FIGURE 11-5 Triangle wave.

voltage rises at a constant rate with respect to
time. Linear waves form straight lines when plotted
on a graph. For example, assume the wave form
shown in Figure 11-5 reaches a maximum positive
value of 100 V after 2 ms. The voltage will be 25 V
after 0.5 ms, 50 V after 1 ms, and 75 V after
1.5 ms.

SINE WAVES

The most common of all AC wave forms are sine
waves (Fig. 11-6). They are produced by all rotat-
ing machines. The sine wave contains a total of
360 electrical degrees. It reaches its peak positive
voltage at 90°, returns to a value of 0 V at 180°,
increases to its maximum negative voltage at 270°,
and returns to 0 V at 360°. Each complete wave
form of 360° is called a cycle. The number of

FIGURE 11-6 Sine wave.
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FLUX LINES CUT DURING
FIRST 30° OF ROTATION

N\ FLUX LINES CUT
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FIGURE 11-7 As the loop approaches 90° of
rotation, the flux lines are cut at a faster rate.

complete cycles that occur in one second is called
the frequency. Frequency is measured in hertz (Hz).
The most common frequency in the United States
and Canada is 60 Hz. This means that the voltage
increases from zero to its maximum value in the
positive direction, returns to zero, increases to its
maximum value in the negative direction, and
returns to zero 60 times each second.

Sine waves are so named because the voltage at
any point along the wave form is equal to the max-
imum, or peak, value times the sine of the angle of
rotation. Figure 11-7 illustrates one-half of a loop
of wire cutting through lines of magnetic flux. The
flux lines are shown with equal spacing between
each line, and the arrow denotes the arc of the
loop as it cuts through the lines of flux. Notice
the number of flux lines that are cut by the loop
during the first 30° of rotation. Now notice the
number of flux lines that are cut during the second
and third 30° of rotation. Because the loop is cut-
ting the flux lines at an angle, it must travel a
greater distance between flux lines during the first
degrees of rotation. Consequently, fewer flux lines
are cut per second, which results in a lower induced
voltage. Recall that 1 V is induced in a conductor
when it cuts lines of magnetic flux at a rate of
1 Wb/s. One weber is equal to 100,000,000 lines
of flux.

When the loop has rotated 90°, it is perpendic-
ular to the flux lines and is cutting them at the
maximum rate, which results in the highest,
or peak, voltage being induced in the loop. The
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90° 100 V —
60°86.6 V —|—>

«~——105°96.6 V

~—135°70.7V
30°50 V ——

~——165°25.9V

00
195° 259V — |

~—330°-50 V
225°-70.7V —>

270°-100 V

~—300°-86.6 V

FIGURE 11-8 Instantaneous values of voltage along
a sine wave.

voltage at any point during the rotation is equal
to the maximum induced voltage times the sine of
the angle of rotation. For example, if the induced
voltage after 90° of rotation is 100 V, the voltage
after 30° of rotation will be 50 V because the sine
of a 30° angle is 0.5 (100 x 0.5 = 50 V).
The induced voltage after 45° of rotation is
70.7 V because the sine of a 45° angle is 0.707
(100 x 0.707 = 70.7 V). A sine wave showing
the instantaneous voltage values after different
degrees of rotation is shown in Figure 11-8. The
instantaneous voltage value is the value of voltage
at any instant on the wave form.

The following formula can be used to deter-
mine the instantaneous value at any point along
the sine wave.

E(INST) = E(MAX) x SIN/
where

Einst) = the voltage at any point on the wave form
E(Mmax) = the maximum, or peak, voltage
SIN/ = the sine of the angle of rotation

SINE WAVE VALUES

Several measurements of voltage and current are
associated with sine waves. These measurements
are peak-to-peak, peak, RMS, and average. A sine
wave showing peak-to-peak, peak, and RMS mea-
surements is shown in Figure 11-9.
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EXAMPLE 1

A sine wave has a maximum voltage
of 138 V. What is the voltage after
78° of rotation?

Solution

E(nst) = Eqmax) X SIN /
E(INST) =138 x 0.978 (SIN of 780)
E(INST) =134.96V

The formula can be changed to find
the maximum value if the instanta-
neous value and the angle of rota-
tion are known or to find the angle
if the maximum and instantaneous
values are known.

£ _ Eqns

(MAX) ™~ "IN/
E

SIN/ = EONST
Emax)

EXAMPLE 2

A sine wave has an instantaneous
voltage of 246 V after 53° of rota-
tion. What is the maximum value
the wave form will reach?

Solution
E _ Eqnst)
(MAX) = "IN/
£ 246
(MAX) = 0.799

E(MAX) =307.88V

EXAMPLE 3

A sine wave has a maximum voltage
of 350 V. At what angle of rotation
will the voltage reach 53 V?

Solution
E
SINZ — (INST)
Emax)
53
IN/= —
S 350
SIN/=0.51

Note: 0.151 is the sine of the angle,
not the angle. To find the angle that
corresponds to a sine of 0.151, use
the trigonometric tables located in
Appendices A and B or a scientific
calculator.

/=8.71°

PEAK-TO-PEAK AND PEAK
VALUES

The peak-to-peak value is measured from the
maximum value in the positive direction to
the maximum value in the negative direction. The
peak-to-peak value is often the simplest measure-
ment to make when using an oscilloscope.

The peak value or amplitude is measured from
zero to the highest value obtained in either the pos-
itive or negative direction. The peak value is one-
half of the peak-to-peak value.

-—f/====3--<—— RMS
PEAK

PEAK-TO-PEAK

PEAK

FIGURE 11-9 Sine wave values.
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100-V PEAK 50 W

FIGURE 11-10 Direct current compared with a sine
wave AC current.

RMS VALUES

In Figure 11-10, a 100-V battery is connected to a
100-Q resistor. This connection will produce 1 A of
current flow, and the resistor will dissipate 100 W
of power in the form of heat. An AC alternator
that produces a peak voltage of 100 V is also
shown connected to a 100-Q resistor. A peak cur-
rent of 1 A will flow in the circuit, but the resistor
will dissipate only 50 W in the form of heat. The
reason is that the voltage produced by a pure
source of direct current, such as a battery, is
one continuous value (Fig. 11-11). The AC sine
wave, however, begins at zero, increases to the
maximum value, and decreases back to zero during
an equal period of time. Since the sine wave has a
value of 100 V for only a short period of time and

i\DC VOLTAGE

100 V

~—+——AC VOLTAGE

FIGURE 11-11 The DC voltage remains at
a constant value during a half cycle of AC voltage.
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is less than 100 V during the rest of the half cycle, it
cannot produce as much power as 100 V of DC.

The solution to this problem is to use a value of
AC voltage that will produce the same amount of
power as a like value of DC voltage. This AC value
is called the RMS, or effective, value. It is the value
indicated by almost all AC voltmeters and ammeters.
RMS stands for root-mean-square, which is an abbre-
viation for the square root of the mean of the square
of the instantaneous currents. The RMS value can be
found by dividing the peak value by the square root of
2 (1.414) or by multiplying the peak value by 0.707
(the reciprocal of 1.414). The formulas for determin-
ing the RMS and peak values are

RMS = peak x 0.707
peak = RMS x 1.414

AVERAGE VALUES

Average values of voltage and current are actually
direct current values. The average value must be
found when a sine wave AC voltage is changed
into DC with a rectifier (Fig. 11-12). The rectifier
shown is a bridge type rectifier that produces full
wave rectification. This means that both the posi-
tive and negative half of the AC wave form are
changed into DC. The average value is the amount
of voltage that would be indicated by a DC voltme-
ter if it were connected across the load resistor. The
average voltage is proportional to the peak, or
maximum, value of the wave form, and to the
length of time it is on as compared with the length
of time it is off (Fig. 11-13). Notice in Figure 11-13
that the voltage wave form turns on and off, but it
never changes polarity. The current, therefore,
never reverses direction. This is called pulsating

EXAMPLE 4

A sine wave has a peak value of
354 V. What is the RMS value?

Solution

RMS = peak x 0.707
RMS =354 x 0.707
RMS =250.3V
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EXAMPLE 5

An AC voltage has a value of 120 V
RMS. What is the peak value of
voltage?

Solution

peak =RMS x 1.414
peak =120 x 1.414

peak =169.7V

When the RMS value of voltage and
current is used, it will produce the
same amount of power as a like
value of DC voltage or current. If
100 V RMS is applied to a 100-Q
resistor, the resistor will produce
100 W of heat. AC voltmeters and
ammeters indicate the RMS value,
not the peak value. Oscilloscopes,
however, display the peak-to-peak
value of voltage. All values of AC
voltage and current used from now
on in this text will be RMS values
unless otherwise stated.

direct current. The pulses are often referred to as
ripple. The average value of voltage will produce
the same amount of power as a nonpulsating
source of voltage such as a battery (Fig. 11-14).
For a sine wave, the average value of voltage is

AC WAVE FORM

AN N
vV V V

RECTIFIED DC

BRIDGE
RECTIFIER

FIGURE 11-12 The bridge rectifier changes
AC voltage into DC voltage.

\1TO-V PEAK VALUE 63.7-V AVERAGE VALUE

FIGURE 11-13 A DC voltmeter indicates the aver-
age value.

SAME VALUE OF VOLTAGE

PULSATING DC AS THAT PRODUCED BY
A BATTERY ;

FIGURE 11-14 The average value produces the
same amount of power as a nonpulsating source
of voltage.

found by multiplying the peak value by 0.637 or
by multiplying the RMS value by 0.9.

RESISTIVE LoADS

In direct current circuits, there is only one basic
type of load, which is resistive. Even motor loads
appear to be resistive because there is a conversion
of electrical energy into mechanical energy. In this
type of load, the true power, or watts, is the prod-
uct of the volts times the amps. In alternating cur-
rent circuits, the type of load can vary depending
on several factors. Alternating current loads are
generally described as being resistive, inductive, or
capacitive depending on the phase-angle relation-
ship of voltage and current and the amount of
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EXAMPLE 6

An AC sine wave with an RMS value of
120 V is connected to a full wave rectifier.
What is the average DC voltage?

Solution

The problem can be solved in one of two
ways. The RMS value can be changed into
peak and then the peak value can be
changed to the average value.

peak =RMS x 1.414
peak =120x 1.414
peak =169.7V
average = peak x 0.637
average = 169.7 x 0.637

average =108V

The second method of determining the
average value is to multiply the RMS value
by 0.9.

average = RMS x 0.9
average =120 x 0.9

average =108V

The conversion factors given are for full
wave rectification. If a half-wave rectifier is
used (Fig. 11-15), only one-half of the AC
wave form is converted into DC. To deter-
mine the average voltage for a half-wave
rectifier, multiply the peak value by 0.637 or

true power produced by the circuit. Inductive and
capacitive loads will be discussed in later chapters.
Resistive loads contain pure resistance, such as
electric heating equipment and incandescent light-
ing. Resistive loads are characterized by the
following:

1 They produce heat.

2 The current and voltage are in phase with
each other.
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the RMS value by 0.9 and then divide the
product by 2. Since only half of the AC wave
form has been converted into direct current, the
average voltage will be only half that of a
fullwave rectifier (Fig. 11-16).

AC WAVE FORM

ANA
VARV

HALF-WAVE RECTIFIED DC

e

LOAD

FIGURE 11-15 A half-wave rectifier converts only
one-half of the AC wave form into DC.

AVERAGE VALUE FOR
HALF-WAVE

PEAK VOLTAGE RECTIFICATION

VALUE 1S 0.3185 OF PEAK7

HALF-WAVE RECTIFIED DC

LOAD

FIGURE 11-16 The average value for a half-wave
rectifier is only half that of a full wave.

Any time a circuit contains resistance, electrical
energy will be changed into heat.

When an AC voltage is applied to a resistor,
the current flow through the resistor will be a
copy of the voltage (Fig. 11-17). The current will
rise and fall at the same rate as the voltage and
will reverse the direction of flow when the voltage
reverses polarity. In this condition, the current is
said to be in phase with the voltage.
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EXAMPLE 7

A half-wave rectifier is connected to
277 V AC. What is the average DC
voltage?

Solution

average = RMS x ?

average =277 X ?

average =124.6V

VOLTAGE
CURRENT

FIGURE 11-17 In a pure resistive circuit, the voltage
and current are in phase with each other.

PowER IN AN AC

CIRCUIT

True power, or watts, can be produced only when
both current and voltage are either positive or nega-
tive. When like signs are multiplied, the product is
positive (+ X + = 4, or — x — = +), and when
unlike signs are multiplied the product is negative
(+ x — = —). Since the current and voltage are
either positive or negative at the same time, the
product, watts, will always be positive (Fig. 11-18).

POSITIVE VOLTS
TIMES POSITIVE —,
AMPS EQUALS

NEGATIVE VOLTS
~— TIMES NEGATIVE
AMPS EQUALS

POSITIVE WATTS. POSITIVE WATTS.

POSITIVE —

VOLTS

POSITIVE —

AMPS
NEGATIVE
AMPS
NEGATIVE
VOLTS

FIGURE 11-18 Power in a pure resistive AC circuit.

SKIN EFrecTt IN AC
CIRCUITS

When current flows through a conductor con-
nected to a source of direct current, the electrons
flow through the entire conductor (Fig. 11-19). The
conductor offers some amount of ohmic resistance
to the flow of electrons depending on the type of
material from which the conductor is made, its
length, and its diameter. If that same conductor
were connected to a source of alternating current,

FIGURE 11-19 In a DC circuit, the electrons travel
through the entire conductor.
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FIGURE 11-20 In an AC circuit the electrons are
forced to the outside of the conductor. This is called
skin effect.

the resistance of the conductor to the flow of cur-
rent would be slightly higher because of the skin
effect. The alternating current induces eddy cur-
rents into the conductor. These eddy currents
cause the electrons to be repelled toward the
outer surface of the conductor (Fig. 11-20). This
phenomenon is called the skin effect. Forcing the elec-
trons toward the outer surface of the conductor has
the same effect as decreasing the diameter of the con-
ductor, which increases conductor resistance. The
skin effect is proportional to the frequency. As the
frequency increases, the skin effect increases. At low
frequencies, such as 60 Hz, the skin effect has very
little effect on the resistance of a conductor and gen-
erally is not taken into consideration when comput-
ing the size wire needed for a particular circuit. At
high frequencies, however, the skin effect can have a
great effect on the operation of the circuit.

To help overcome the problem of skin effect in
high-frequency circuits, conductors with a large
amount of surface area must be used. Grounding a
piece of equipment operating at 60 Hz, for example,
may be as simple as using a grounding rod and a piece
of #6 AWG copper conductor. Grounding a piece of
equipment operating at 20 MHz, however, may
require the use of wide copper tape or a wide, flat,
braided cable. Braided cable is less affected by skin
effect because it contains many small conductors,
which provides a large amount of surface area.
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SUMMARY

® Most of the electrical power generated in the
world is alternating current.

e Alternating current can be transformed and
direct current cannot.

e Alternating current reverses its direction of flow
at periodic intervals.

e The most common AC wave form is the
sine wave.

e There are 360° in one complete sine wave.
® One complete wave form is called a cycle.

e The number of complete cycles that occur in one
second is called the frequency.

e Sine waves are produced by rotating machines.
e Frequency is measured in hertz (Hz).

e The instantaneous voltage at any point on a sine
wave is equal to the peak, or maximum, voltage
times the sine of the angle of rotation.

e The peak-to-peak voltage is the amount of volt-
age measured from the positive-most peak to the
negative-most peak.

e The peak value is the maximum amount of
voltage attained by the wave form.

e The RMS value of voltage will produce as much
power as a like amount of DC voltage.

e The average value of voltage is used when an AC
sine wave is changed into DC.

e The current and voltage in a pure resistive circuit
are in phase with each other.

e True power, or watts, can be produced only
when current and voltage are both positive or
both negative.

e Resistance in AC circuits is characterized by the
fact that the resistive part will produce heat.

e There are three basic types of AC loads: resis-
tive, inductive, and capacitive.

e The electrons in an alternating current circuit are
forced toward the outside of the conductor by
eddy current induction in the conductor itself.

e Skin effect is proportional to frequency.

e Skin effect can be reduced by using conductors
with a large surface area.
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REVIEW QUESTIONS

1. What is the most common type of

Alternating Current

AC wave form?

2. How many degrees are there in one

complete sine wave?

3. At what angle does the voltage
reach its maximum negative value
on a sine wave?

4. What is frequency?

5. A sine wave has a maximum value
of 230 V. What is the voltage after

38° of rotation?

6. A sine wave has a voltage of 63 V
after 22° of rotation. What is the

PRACTICE PROBLEMS

maximum voltage reached by this
wave form?

. A sine wave has a maximum value of

560 V. At what angle of rotation will
the voltage reach a value of 123 V?

. A sine wave has a peak value of

433 V. What is the RMS value?

. A sine wave has a peak-to-peak

value of 88 V. What is the
average value?

. A DC voltage has an average value

of 68 V. What is the RMS value?

Refer to the alternating current formulas in the appendix to answer the following questions.

SINE WAVE VALUES

Fill in all the missing values.

Peak Volts
347
780

224
48.7

87.2
156.9

1256
15,720

Inst. Volts

208

24.3
5.65

240
23.7

62.7
400

72.4

Degrees

43.5
17.6

64.6
45

82.3
34.6

34.8
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Eanst) = Equax) x SIN/

£ ~ Egnsy
(MA) = SIN/
E
SlNZ _ (INST)
Emax)

PEAK, RMS, AND AVERAGE VALUES

Fill in all the missing values.

Peak RMS Average
12.7
53.8
164.2
1235
240
16.6
339.7
12.6
9
123.7
74.8
108
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Alternating Current

You are an electrician working on an
overhead crane. The crane uses a
large electromagnet to pick up large
metal pipe. The magnet must have a
minimum of 200 VDC to operate
properly. The crane has an AC source
of 240 V. You are given four diodes
that have a peak voltage rating of
400 V each. These diodes are to be
used to form a bridge rectifier to
convert the AC voltage into DC
voltage. Is the voltage rating of the
diodes sufficient? To the nearest volt,
what will be the DC output voltage of
the bridge rectifier?

PRACTICAL APPLICATIONS |

2.

You are a journeyman electrician
working on a large office building.
The fluorescent lighting system is
operated at 277 VAC. You have been
instructed to replace the existing
lighting ballast with a new electronic
type that is more efficient. The ballast
manufacturer states that the
maximum peak operating voltage for
the ballast is 350 V. Will the new
electronic ballast safely operate on
the building’s lighting system?
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INnAductance In Alternating
Current Circuits

OBJECTIVES After studying this unit, you should be able to:

e discuss the properties of inductance in an e discuss the relationship of voltage and current in a
alternating current circuit. pure inductive circuit.
e discuss inductive reactance. e be able to compute values for inductors connected

in series or parallel.
e compute values of inductive reactance
and inductance. e discuss reactive power (VARs).

e determine the Q of a coil.
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Alternating Current

GLOSSARY OF INDUCTANCE IN ALTERNATING

CURRENT CIRCUITS TERMS

current lags voltage the
relationship of current and voltage
in a pure inductive circuit

impedance (Z) the total
current-limiting effect in an
AC circuit

induced voltage voltage that is
supplied to a conductor by cutting
lines of magnetic flux

inductance (L) the property of
an electric circuit whereby voltage
is produced by cutting magnetic
flux lines

inductive reactance (X;) the
current-limiting effect of a pure
inductor

quality (Q) the ratio of
inductive reactance as compared
with resistance

www.EngineeringeBooksPdf.com

reactance the property of a
circuit that limits current by
means other than resistance

reactive power (VARs) Volt-
Amps Reactive; often referred to
as wattless power



CHAPTER 12

his unit discusses the effects of

inductance on alternating current

circuits. The unit explains how cur-
rent is limited in an inductive circuit as well
as the effect inductance has on the relation-
ship of voltage and current.

Inductance (L) is one of the primary types of loads
in alternating current circuits. Some amount of
inductance is present in all alternating current cir-
cuits because of the continually changing magnetic
field (Fig. 12-1). The amount of inductance of a
single conductor is extremely small, and in most
instances it is not considered in circuit calculations.
Circuits are generally considered to contain induc-
tance when any type of load that contains a coil
is used. For circuits that contain a coil, inductance
is considered in circuit calculations. Loads such as
motors, transformers, lighting ballast, and chokes
all contain coils of wire.

In Chapter 10, it was discussed that whenever
current flows through a coil of wire a magnetic
field is created around the wire (Fig. 12-2). If the
amount of current decreases, the magnetic field will
collapse (Fig. 12-3). Recall from Chapter 10 several
facts concerning inductance:

1 When magnetic lines of flux cut through a coil, a
voltage is induced in the coil.

2 Aninduced voltage is always opposite in polarity to
the applied voltage. This is often referred to as
counter EMF (CEMF).

EXPANSION OF MAGNETIC FIELD

COLLAPSE OF
MAGNETIC FIELD

FIGURE 12-1 A continually changing magnetic field
induces a voltage into any conductor.
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I

FIGURE 12-2 As current flows through a coil, a
magnetic field is created around the coil.

o

FIGURE 12-3 As current flow decreases, the mag-
netic field collapses.

3 The amount of induced voltage is proportional to
the rate of change of current.

4 An inductor opposes a change of current.

The inductors in Figures 12-2 and 12-3 are
connected to an alternating voltage. Therefore the
magnetic field continually increases, decreases, and
reverses polarity. Since the magnetic field continu-
ally changes magnitude and direction, a voltage
is continually being induced in the coil. This
induced voltage is 180° out of phase with the
applied voltage and is always in opposition to
the applied voltage (Fig. 12-4). Since the induced
voltage is always in opposition to the applied volt-
age, the applied voltage must overcome the
induced voltage before current can flow through
the circuit. For example, assume an inductor is
connected to a 120-V AC line. Now assume that
the inductor has an induced voltage of 116 V. Since
an equal amount of applied voltage must be used
to overcome the induced voltage, there will be only
4 V to push current through the wire resistance of
the coil (120 — 116 = 4).
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APPLIED VOLTAGE INDUCED VOLTAGE
- S

==——"00000—

Ve APPLIED VOLTAGE
Ve INDUCED VOLTAGE

FIGURE 12-4 The applied voltage and induced
voltage are 180° out of phase with each other.

COMPUTING THE INDUCED
VOLTAGE

The amount of induced voltage in an inductor can be
computed if the resistance of the wire in the coil and
the amount of circuit current are known. For exam-
ple, assume that an ohmmeter is used to measure the
actual amount of resistance in a coil, and the coil is
found to contain 6 () of wire resistance (Fig. 12-5).
Now assume that the coil is connected to a 120-V
AC circuit and an ammeter measures a current
flow of 0.8 A (Fig. 12-6). Ohm’s law can now be
used to determine the amount of voltage necessary
to push 0.8 A of current through 6 Q of resistance.

E=IxR
E=08x6
E=48V

OHMMETER

FIGURE 12-5 Measuring the resistance of a coil.

AMMETER

120 Vag

FIGURE 12-6 Measuring circuit current with an
ammeter.

Since only 4.8 V is needed to push the
current through the wire resistance of the
inductor, the remainder of the 120 V is used to
overcome the coil’s induced voltage of 119.9 V

(V120> — 4.8 = 119.9V). Refer to vectors in
Chapter 13.

INDUCTIVE
REACTANCE

Notice that the induced voltage is able to limit the
flow of current through the circuit in a manner
similar to resistance. This induced voltage is not
resistance, but it can limit the flow of current
just as resistance does. This current-limiting prop-
erty of the inductor is called reactance and is sym-
bolized by the letter X. This reactance is caused by
inductance, so it is called inductive reactance and
is symbolized by X, pronounced “X sub L.”
Inductive reactance is measured in ohms just as
resistance is and can be computed when the values
of inductance and frequency are known. The
following formula can be used to find inductive
reactance.

XL = 2nFL
where

X1 = inductive reactance
2 = a constant
n=3.1416
F = frequency in hertz (Hz)

L = inductance in henrys (H)
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Inductive reactance is an induced voltage and
is, therefore, proportional to the three factors that
determine induced voltage:

1 The number of turns of wire
2 The strength of the magnetic field

3 The speed of the cutting action (relative motion
between the inductor and the magnetic lines of flux)

The number of turns of wire and strength of
the magnetic field are determined by the physical
construction of the inductor. Factors such as
the size of wire used, the number of turns, how
close the turns are to each other, and the type of
core material determine the amount of inductance
(in henrys, H) of the coil (Fig. 12-7). The speed of
the cutting action is proportional to the frequency
(Hz). An increase of frequency will cause the mag-
netic lines of flux to cut the conductors at a faster

EXAMPLE 1

The inductor shown in Figure 12-8 has an
inductance of 0.8 H and is connected to a
120-V, 60-Hz line. How much current wiill
flow in this circuit if the wire resistance of
the inductor is negligible?

Solution

The first step is to determine the amount of
inductive reactance of the inductor.

X, =2nFL
XL=2x%x3.1416 x60x 0.8
XL.=3016 Q

Since inductive reactance is the current-
limiting property of this circuit, it can be
substituted for the value of R in an Ohm's
law formula.

E
=%
120

301.6
1=0.398A
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I COIL WITH MORE
INDUCTANCE

COIL WITH LESS INDUCTANCE

FIGURE 12-7 Coils with turns closer together
produce more inductance than coils with turns far
apart.

If the amount of inductive reactance is known,
the inductance of the coil can be determined
using the formula

XL

L= —
2nF

120 Vg

60 Hz 0.8H

"\

FIGURE 12-8 Circuit current is limited by
inductive reactance.
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EXAMPLE 2

Assume an inductor with a negligi-
ble resistance is connected to a
36-V, 400-Hz line. If the circuit has a
current flow of 0.2 A, what is the
inductance of the inductor?

Solution

The first step is to determine the
inductive reactance of the circuit.

E
XL:T

36
XL_E
X|_= 180Q

Now that the inductive reactance of
the inductor is known, the induc-
tance can be determined.

_ X
~ 2nF
L= 180
2 x3.1416 x 400
L=0.0716H

rate, and thus will produce a higher induced volt-
age or more inductive reactance.

SCHEMATIC SYMBOLS

The schematic symbol used to represent an induc-
tor depicts a coil of wire. Several symbols for
inductors are shown in Figure 12-9. The symbols
shown with the two parallel lines represent iron

700000 Y Y'Y

AIR CORE INDUCTORS

KM\KWY\

IRON CORE INDUCTORS

core inductors, and the symbols without the paral-
lel lines represent air core inductors.

INDUCTORS
CONNECTED IN SERIES

When inductors are connected in series (Fig. 12-10),
the total inductance of the circuit (L) equals the
sum of the inductances of all the inductors.

Lr=Li+Ly+ L3

The total inductive reactance (Xit) of induc-
tors connected in series equals the sum of the
inductive reactances for all the inductors.

Xt = Xp1 + Xi2 + Xi3

INDUCTORS
CONNECTED IN

PARALLEL

When inductors are connected in parallel (Fig. 12-11),
the total inductance can be found in a similar man-
ner to finding the total resistance of a parallel cir-
cuit. The reciprocal of the total inductance is equal
to the sum of the reciprocals of all the inductors.

11 11
It L, L, L;

or

LT:1

1
L
L L L;

)

FIGURE 12-9 Schematic symbols for inductors.

FIGURE 12-10 Inductors connected in series.
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EXAMPLE 3

An inductor with negligible resistance is
connected to a 480-V, 60-Hz line. An
ammeter indicates a current flow of 24 A.
How much current will flow in this circuit if
the frequency is increased to 400 Hz?

Solution

The first step in solving this problem is to
determine the amount of inductance of the
coil. Since the resistance of the wire used to
make the inductor is negligible, the current is
limited by inductive reactance. The inductive
reactance can be found by substituting X, for
Rin an Ohm's law formula.

E
XL:T

480
X=2
XL=20Q

Now that the inductive reactance is known,
the inductance of the coil can be found
using the formula

~2nF
NOTE: When using a frequency of 60 Hz,
2 x 1 x 60 = 377. Since 60 Hz is the major
frequency used throughout the United

EXAMPLE 4

Three inductors are connected in
series. Inductor 1 has an inductance
of 0.6 H, inductor 2 has an induc-
tance of 0.4 H, and inductor 3 has
an inductance of 0.5 H. What is the
total inductance of the circuit?

Solution

Lr=06+04+0.5
Lr=15H
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States and Canada, 377 should be memorized
for use when necessary.

20
~ 377
L=0.053H

Since the inductance of the coil is determined
by its physical construction, it will not change
when connected to a different frequency. Now
that the inductance of the coil is known, the
inductive reactance at 400 Hz can be com-
puted.

X, = 2nFL
XL =2x%3.1416 x 400 x 0.053
XL=13320Q

The amount of current flow can now be found
by substituting the value of inductive reactance
for resistance in an Ohm'’s law formula.

EXAMPLE 5

Three inductors are connected in
series. Inductor 1 has an inductive
reactance of 180 Q, inductor 2 has an
inductive reactance of 240 Q, and
inductor 3 has an inductive reactance
of 320 Q. What is the total inductive
reactance of the circuit?

Solution
Xr=1800+240 Q+320 Q
X|_T=740 Q
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FIGURE 12-11 Inductors connected in parallel.

The product over sum formula can be used also
to find the total inductance of parallel inductors.
Ly xLy
L+ L
If the values of all the inductors are the same, total

inductance can be found by dividing the inductance
of one inductor by the total number of inductors.

T

LT:ﬁ

Similar formulas can be used to find the total
inductive reactance of inductors connected in parallel.

a1 11
Xir X X X3

EXAMPLE 6

Three inductors are connected in
parallel. Inductor 1 has an induc-
tance of 2.5 H, inductor 2 has an
inductance of 1.8 H, and inductor 3
has an inductance of 1.2 H. What is
the total inductance of this circuit?

Solution
1
lr=+ N 1 N 1
25 18 12
1
Lr= 7789
Lt =0.559 H

or
1
Xir = 1 1
X X2 X3
or
= Xr1 x Xi2
X1 + X2
or
X
Xir = FL

VOLTAGE AND CURRENT
RELATIONSHIPS IN AN

InnpucTive CIRCUIT

In Chapter 11, it was discussed that when current
flows through a pure resistive circuit, the current
and voltage are in phase with each other. In a
pure inductive circuit, the current lags the voltage
by 90°. At first this may seem to be an impossible
condition until the relationship of applied
voltage and induced voltage is considered. How
the current and applied voltage can become 90°
out of phase with each other can best be explained
by comparing the relationship of the current and
induced voltage (Fig. 12-12). Recall that the
induced voltage is proportional to the rate of
change of the current (speed of cutting action). At
the beginning of the waveform, the current is
shown at its maximum value in the negative direc-
tion. At this time, the current is not changing, so
induced voltage is zero. As the current begins to
decrease in value, the magnetic field produced by
the flow of current decreases or collapses and

KC(IRCUIT CURRENT

x INDUCED VOLTAGE

FIGURE 12-12 Induced voltage is proportional to
the rate of change of current.
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POINT OF NO CURRENT CHANGE

|
|
:
: ~— INDUCED VOLTAGE
|
|
|
|

~— CIRCUIT CURRENT

L~ coococooss

AN

GREATEST RATE OF
CURRENT CHANGE

FIGURE 12-13 No voltage is induced when the
current does not change.

begins to induce a voltage into the coil as it cuts
through the conductors (Fig. 12-13).

The greatest rate of current change occurs
when the current passes from negative, through
zero, and begins to increase in the positive direc-
tion (Fig. 12-13). Since the current is changing at
the greatest rate, the induced voltage is maximum.
As current approaches its peak value in the positive
direction, the rate of change decreases, causing a
decrease in the induced voltage. The induced volt-
age will again be zero when the current reaches its
peak value and the magnetic field stops expanding.

It can be seen that the current flowing through
the inductor is leading the induced voltage by 90°.
Since the induced voltage is 180° out of phase with
the applied voltage, the current will lag the applied
voltage by 90° (Fig. 12-14).

<— APPLIED VOLTAGE
~<— CURRENT FLOW

FIGURE 12-14 The current lags the applied voltage
by 90°.
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POWER IN AN
InpucTtivE CIRCUIT

In a pure resistive circuit, the true power, or watts,
is equal to the product of the voltage and current.
In a pure inductive circuit, however, no true power,
or watts, is produced. Recall that voltage and cur-
rent must both be either positive or negative before
true power can be produced. Since the voltage and
current are 90° out of phase with each other in a
pure inductive circuit, the current and voltage will
be at different polarities 50% of the time and at the
same polarity 50% of the time. During the period
of time that the current and voltage have the same
polarity, power is being given to the circuit in the
form of creating a magnetic field. When the current
and voltage are opposite in polarity, power is being
given back to the circuit as the magnetic field col-
lapses and induces a voltage back into the circuit.
Since power is stored in the form of a magnetic
field and then given back, no power is used by
the inductor. Any power used in an inductor is
caused by losses such as the resistance of the wire
used to construct the inductor, generally referred to
as I’R losses, eddy current losses, and hysteresis
losses.

The current and voltage waveform in

Figure 12-15 has been divided into four sections:
A, B, C, and D. During the first time period, indi-
cated by A, the current is negative and the voltage
is positive. During this period, energy is being given
to the circuit as the magnetic field collapses. During
the second time period, section B, both the voltage

¢A>:¢B>i¢c>:¢[)>:

.
|
|
|
|
|
|
|
|
|
|

FIGURE 12-15 Voltage and current relationships
during different parts of a cycle.
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and current are positive. Power is being used to
produce the magnetic field. In the third time
period, C, the current is positive and the voltage
is negative. Power is again being given back to
the circuit as the field collapses. During the fourth
time period, D, both the voltage and current are
negative. Power is again being used to produce
the magnetic field. If the amount of power used
to produce the magnetic field is subtracted from
the power given back, the result will be zero.

REACTIVE POWER

Although essentially no true power is being used,
except by previously mentioned losses, an electrical
measurement called VARs is used to measure the
reactive power in a pure inductive circuit. VARs is
an abbreviation for volt-amps-reactive. VARs can
be computed like watts except that inductive values
are substituted for resistive values in the formulas.
VARs is equal to the amount of current flowing
through an inductive circuit times the voltage
applied to the inductive part of the circuit. Several
formulas for computing VARs are

VARs = Ep x I
EZ

ARs = L

VARs X,

VARs =I}> x X
where
E; = voltage applied to an inductor
I = current flow through an inductor

X1 = inductive reactance

Q or AN INDUCTOR

So far in this chapter, it has been generally assumed
that an inductor has no resistance and that induc-
tive reactance is the only current-limiting factor. In
reality, that is not true. Since inductors are actually
coils of wire, they all contain some amount of
internal resistance. Inductors actually appear to
be a coil connected in series with some amount of
resistance (Fig. 12-16). The amount of resistance
compared with the inductive reactance determines
the Q of the coil. The letter Q stands for quality.
Inductors that have a higher ratio of inductive reac-
tance to resistance are considered to be inductors

/ PURE INDUCTANCE

IR A ! INTERNAL
|

/—.L

| e " RESISTANCE

FIGURE 12-16 Inductors contain internal
resistance.

I LARGE WIRE PRODUCES AN
INDUCTOR WITH A HIGH Q.

SMALL WIRE PRODUCES AN
INDUCTOR WITH A LOW Q.

FIGURE 12-17 The Q of an inductor is a ratio of
inductive reactance as compared with resistance. The
letter Q stands for quality.

of higher quality. An inductor constructed with a
large wire will have a low wire resistance and,
therefore, a higher Q (Fig. 12-17). Inductors con-
structed with many turns of small wire have a
much higher resistance, and, therefore, a lower Q.
To determine the Q of an inductor, divide the
inductive reactance by the resistance.

Xy
Q=%

Although inductors have some amount of resis-
tance, inductors that have a Q of 10 or greater are
generally considered to be pure inductors. Once the
ratio of inductive reactance becomes 10 times as
great as resistance, the amount of resistance is
considered negligible. For example, assume an
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TOTAL COIL IMPEDANCE || INDUCTIVE REACTANCE
@ X0

RESISTANCE
(R)

FIGURE 12-18 Coil impedance is a combination of
wire resistance and inductive reactance.

inductor has an inductive reactance of 100 Q and a
wire resistance of 10 Q. The inductive reactive
component in the circuit is 90° out of phase with
the resistive component. This relationship produces
a right triangle (Fig. 12-18). The total current-
limiting effect of the inductor is a combination of
the inductive reactance and resistance. This total
current-limiting effect is called impedance and is
symbolized by the letter Z. The impedance of the
circuit is represented by the hypotenuse of the right
triangle formed by the inductive reactance and the
resistance. To compute the value of impedance for
the coil, the inductive reactance and resistance
must be added. Since these two components form
the legs of a right triangle and the impedance forms
the hypotenuse, vector addition must be employed.

Z = /R* + X}
Z = /10% +100?
Z = /10,000

Z =100.5Q
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Notice that the value of total impedance for the
inductor is only 0.5 Q greater than the value of
inductive reactance.

SUMMARY

¢ Induced voltage is proportional to the rate of
change of current.

¢ Induced voltage is always opposite in polarity to
the applied voltage.

¢ Inductive reactance is a counter voltage that
limits the flow of current, as does resistance.

e Inductive reactance is measured in ohms.

¢ Inductive reactance is proportional to the
inductance of the coil and the frequency of
the line.

¢ Inductive reactance is symbolized by X.

¢ Inductance is measured in henrys (H) and is
symbolized by the letter L.

e When inductors are connected in series, the total
inductance is equal to the sum of all the
inductors.

e When inductors are connected in parallel, the
reciprocal of the total inductance is equal to the
sum of the reciprocals of all the inductors.

e The current lags the applied voltage by 90° in a
pure inductive circuit.

e All inductors contain some amount of resistance.

e The Q of an inductor is the ratio of the inductive
reactance to the resistance.

¢ Inductors with a Q of 10 are generally consid-
ered to be “pure” inductors.

e Pure inductive circuits contain no true power, or
watts.

e Reactive power is measured in VARs.

® VARs is an abbreviation for volt-amps-reactive.
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REVIEW QUESTIONS

. How many degrees are the current

and voltage out of phase with each
other in a pure resistive circuit?

. How many degrees are the current

and voltage out of phase with each
other in a pure inductive circuit?

. To what is inductive

reactance proportional?

. Four inductors, each having

an inductance of 0.6 H, are
connected in series. What is the
total inductance of the circuit?

. Three inductors are connected in

parallel. Inductor 1 has an inductance
of 0.06 H; inductor 2 has an
inductance of 0.05 H; and inductor 3
has aninductance of 0.1 H. What is the
total inductance of this circuit?

. If the three inductors in question 5

were connected in series, what

10.

would be the inductive reactance of
the circuit? Assume the inductors
are connected to a 60-Hz line.

An inductor is connected to a 240-V,
1000-Hz line. The circuit current is
0.6 A. What is the inductance of
the inductor?

An inductor with an inductance of
3.6 H is connected to a 480-V, 60-Hz
line. How much current will flow in
this circuit?

If the frequency in question 8 is
reduced to 50 Hz, how much current
will flow in the circuit?

An inductor has an inductive
reactance of 250 Q when connected
to a 60-Hz line. What will be the
inductive reactance if the inductor is
connected to a 400-Hz line?

PRACTICE PROBLEMS

INDUCTIVE CIRCUITS

Fill in all the missing values. Refer to the following formulas:

XL = 2nFL
XL
L=—
2nF
XL
F=—
2nL

Inductance (H)
1.2
0.085

Frequency (Hz)
60

1000

Induct. Rct. (Q)

213.628
4712.389
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Inductance (H) Frequency (Hz) Induct. Rct. (Q)
0.65 600
3.6 678.584
25 411.459
0.5 60
0.85 6408.849
20 201.062
0.45 400
4.8 2412.743
1000 40.841
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PRACTICAL APPLICATIONS

You are working as an electrician
installing fluorescent lights. You notice
that the lights were made in Europe
and that the ballasts are rated for
operation on a 50-Hz system. Will these
ballasts be harmed by over current if
they are connected to 60 Hz? If there is
a problem with these lights, what will
be the most likely cause of the trouble?

You have the task of ordering a
replacement inductor for one that
has become defective. The
information on the nameplate has
been painted over and cannot be
read. The machine that contains the
inductor operates on 480 V at a
frequency of 60 Hz. Another machine
has an identical inductor in it, but its

nameplate has been painted over
also. A clamp-on ammeter indicates a
current of 18 A, and a voltmeter
indicates a voltage drop of 324 V
across the inductor in the machine
that is still in operation. After turning
off the power and locking out the
panel, you disconnect the inductor in
the operating machine and measure
a wire resistance of 1.2 Q with an
ohmmeter. Using the identical
inductor in the operating machine as
an example, what inductance value
should you order, and what would be
the minimum VAR rating of the
inductor? Should you be concerned
with the amount of wire resistance in
the inductor when ordering? Explain
your answer.
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Resistive-Inductive

Series Circuits

OBJECTIVES

discuss the relationship of resistance and induc-
tance in an alternating current series circuit.

define power factor.

calculate values of voltage, current, apparent
power, true power, reactive power, impedance,
resistance, inductive reactance, and power factor
in an R-L series circuit.

After studying this unit, you should be able to:

compute the phase angle for current and voltage
in an R-L series circuit.

connect an R-L series circuit and make measure-
ments using test instruments.

discuss vectors and be able to plot electrical
quantities using vectors.
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GLOSSARY OF RESISTIVE-INDUCTIVE SERIES

CIRCUIT TERMS

angle theta (/60) the phase
angle difference between voltage
and current in a circuit containing
a reactive component such as an
inductor or capacitor

apparent power volt
amps (VA) the product of
the total applied voltage and
the total current flow in an
AC circuit

parallelogram method a
method of obtaining values of
voltage, current, impedance, and
power with vectors

power factor (PF) the ratio of
true power to apparent power

quadrature power often
referred to as VARs, reactive
power, or wattless power

total current (Ir) the total
current flow in an electric circuit

total impedance (Z) the total
current-limiting effect in an
AC circuit

true power the amount of
electrical energy that is converted
into some other form of energy
such as thermal or kinetic; also
known as watts

www.EngineeringeBooksPdf.com

vector a line that indicates both
magnitude and direction

vector addition the process of
using vectors to add like
electrical values

wattless power VARs;
computed by using values that
pertain only to reactive
components such as inductors
or capacitors
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his unit will cover the relationship of
resistance and inductance used in
the same circuit. The resistors and
inductors will be connected in series. Con-
cepts such as circuit impedance, power fac-
tor, and vector addition will be introduced.
Although it is true that some circuits are
basically purely resistive or purely inductive,
many circuits contain a combination of both

resistive and inductive elements.

When a pure resistive load is connected to an alter-
nating current circuit, the voltage and current are
in phase with each other. When a pure inductive
load is connected to an alternating current circuit,
the voltage and current are 90° out of phase with
each other (Fig. 13-1). When a circuit containing
both resistance, R, and inductance, L, is connected
to an alternating current circuit, the voltage and
current will be out of phase with each other by
an amount between 0° and 90°. The exact amount
of phase angle difference is determined by the ratio

ﬁ CIRCUIT CURRENT

VOLTAGE DROP ACROSS
RESISTOR IS IN PHASE
WITH CIRCUIT CURRENT.

— VOLTAGE DROP ACROSS
THE INDUCTOR LEADS THE
CIRCUIT CURRENT BY 90°.

FIGURE 13-1 Relationship of resistive and inductive
current with voltage.

FIGURE 13-2 R-L series circuit.

of resistance as compared to inductance. In the
following example, a series circuit containing
30 Q of resistance (R) and 40 Q of inductive
reactance (Xp) is connected to a 240-V, 60-Hz
line (Fig. 13-2). It is assumed that the inductor
has negligible resistance. The following unknown
values will be computed:

7. — total circuit impedance

I — current flow

Er — voltage drop across the resistor
P — watts (true power)

L — inductance of the inductor

Ep — voltage drop across the inductor

VARs — reactive power
VA — apparent power
PF — power factor
/6 — the angle the voltage and current are

out of phase with each other

IMPEDANCE

In Chapter 12, impedance was defined as a mea-
sure of the part of the circuit that impedes, or hin-
ders, the flow of current. It is measured in ohms
and symbolized by the letter Z. In this circuit,
impedance will be a combination of resistance
and inductive reactance.

In a series circuit, the total resistance is equal to
the sum of the individual resistors. In this instance,
however, the total impedance (Z) will be the sum
of the resistance and the inductive reactance. It
would first appear that the sum of these two quan-
tities should be 70 Q (30 Q + 40 Q = 70 Q). In
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X =40 Q Z=50Q
R=30 Q
FIGURE 13-3 Impedance is the combination of

resistance and inductive reactance.

practice, however, the resistive part of the circuit
and the reactive part of the circuit are out of
phase with each other by 90°. To find the sum of
these two quantities, vector addition must be used.
Because the quantities are 90° out of phase with
each other, the resistive and inductive reactance
form the two legs of a right triangle, and the
impedance is the hypotenuse (Fig. 13-3).

The total impedance (Z) can be computed
using the formula

Z=/R*+X}
Z = \/30% + 407
Z =+/900 + 1600

Z =+/2500
Z=50Q

VYECTORS

Using the right triangle is just one method of
graphically showing how out-of-phase quantities
can be added. Another way is to use vectors. A
vector is a line that indicates both magnitude and
direction. The magnitude is indicated by its length,
and the direction is indicated by its angle of rota-
tion from 0°. Vectors should not be confused with
scalars, which are used to represent magnitude
only and do not take direction into consideration.
Imagine, for example, that you are in a strange city
and you ask someone for directions to a certain
building. If the person said to walk three blocks,

Resistive-Inductive Series Circuits 207
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|« MAGNITUDE OF 5»|

FIGURE 13-4 A vector with a magnitude of 5 and an
angle of 0°.

/\
MAGNITUDE OFii/\
A

I MAGNITUDE OF 5

FIGURE 13-5 A second vector with a magnitude of
3 and a direction of 45°.

that would be a scalar, because it contains only
the magnitude, three blocks. If the person said to
walk three blocks south, it would be a vector
because it contains both the magnitude, three
blocks, and the direction, south.

Zero degrees is indicated by a horizontal line. An
arrow is placed at one end of the line to indicate direc-
tion. The magnitude can represent any quantity such
as inches, meters, miles, volts, amps, ohms, or power.
A vector with a magnitude of 5 at an angle of 0° is
shown in Figure 13-4. Vectors rotate in a counter-
clockwise direction. Assume that a vector with a
magnitude of 3 is to be drawn at a 45° angle
from the first vector (Fig. 13-5). Now assume that
a third vector with a magnitude of 4 is to be drawn
in a direction of 120° (Fig. 13-6). Notice that the
direction of the third vector is referenced from the
horizontal 0° line and not from the second vector
line, which was drawn at an angle of 45°.

ADDING VECTORS

Because vectors are used to represent quantities
such as volts, amps, ohms, and power, they can
be added, subtracted, multiplied, and divided. In
electrical work, however, addition is the only func-
tion needed, so it will be the only one discussed.
Several methods can be used to add vectors.
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MAGNITUDE OF 4

— >

MAGNITUDE OF 5———

FIGURE 13-6 A third vector with a magnitude of
4 and a direction of 120° is added.

Regardless of which is used, because vectors
contain both magnitude and direction, they must
be added with a combination of geometric and
algebraic addition. This is often referred to as vec-
tor addition.

One method is to connect the starting point of
one vector to the end point of another. This works
especially well when all vectors are in the same direc-
tion. Consider the circuit shown in Figure 13-7 in
which two batteries, one rated at 6 V and the
other at 4 V, are connected so that their voltages
add. If vector addition is used, the starting point of
one vector will be placed at the end point of the
other. Notice that the sum of the two vector quan-
tities is equal to the sum of the two voltages, 10 V.
Another example of this type of vector addition is
shown in Figure 13-8. In this example, three resis-
tors are connected in series. The first resistor has a
resistance of 80 (), the second a resistance of 50 (),
and the third a resistance of 30 (). Because there is
no phase angle shift of voltage or current, the

T

. | 11
T
:

\

4V

[l

N

FIGURE 13-7 Adding vectors in the same direction.

AAAY AAAY NNVN—
80 Q 50 Q 30 Q
| 80 Q |[<—50 Q—~|<30 Q|

A

| 160 Q |

FIGURE 13-8 Addition of series resistors.

impedance will be 160 Q, which is the sum of the
resistances of the three resistors.

ADDING VECTORS WITH
OPPOSITE DIRECTIONS

To add vectors that are exactly opposite in direc-
tion (180° apart), subtract the magnitude of the
larger vector from the magnitude of the smaller.
The resultant is a vector with the same direction
as the vector with the larger magnitude. If one of
the batteries in Figure 13-7 were reversed, the two
voltages would oppose each other (Fig. 13-9). This
means that 4 V of the 6-V battery A would have to

+
> O
<
|
.
I
|
|
N
<

[

<

111
NV
e —
|
||
I

w >

F

FIGURE 13-9 Adding vectors with opposite
directions.
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RESULTANT
X MAGNITUDE
6.4832
AT 34°

6.4832

MAGNITUDE
3 AT 60°

p

MAGNITUDE 4 AT 15°

FIGURE 13-10 Adding two vectors with different
directions.

be used to overcome the voltage of battery B. The
resultant would be a vector with a magnitude of
2 V in the same direction as the 6-V battery. In
algebra, this is the same operation as adding a pos-
itive number and a negative number (+6 + [—4] =
+ 2). When the —4 is brought out of brackets, the
equation becomes 6 — 4 = 2.

ADDING VECTORS OF
DIFFERENT DIRECTIONS

Vectors that have directions other than 180° from
each other can also be added. Figure 13-10 illus-
trates the addition of a vector with a magnitude of
4 and a direction of 15° to a vector with a magni-
tude of 3 and a direction of 60°. The addition is
made by connecting the starting point of the sec-
ond vector to the ending point of the first vector.
The resultant is drawn from the starting point of
the first vector to the ending point of the second. It
is possible to add several different vectors using
this method. Figure 13-11 illustrates the addition
of several different vectors and the resultant.

To find the impedance of the circuit in
Figure 13-3 using this method of vector addition,
connect the starting point of one vector to the end-
ing point of the other. Since resistance and induc-
tive reactance are 90° out of phase with each other,
the two vectors must be placed at a 90° angle. If the
resistive vector has a magnitude of 30 Q and
the inductive vector has a magnitude of 40 Q, the
resultant (impedance) will have a magnitude of
50 Q (Fig. 13-12). Notice that the result is the
same as that found using the right triangle.
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iRESULTANT

¢ — MAGNITUDE 2.5 AT 112°

~€—— MAGNITUDE 4 AT 56°

& MAGNITUDE 3.5 AT 135°

< MAGNITUDE 6 AT 22°
Y

FIGURE 13-11 Adding vectors with different
magnitude and direction.

FIGURE 13-12 Determining impedance using
vector addition.

THE PARALLELOGRAM METHOD
OF VECTOR ADDITION

The parallelogram method can be used to find
the resultant of two vectors that originate at the
same point. A parallelogram is a four-sided figure
whose opposite sides form parallel lines. A rectan-
gle, for example, is a parallelogram with 90°
angles. Assume that a vector with a magnitude of
24 and a direction of 26° is to be added to a vector
with a magnitude of 18 and a direction of 58°. Also
assume that the two vectors originate from the
same point (Fig. 13-13). To find the resultant of
these two vectors, form a parallelogram using the
vectors as two of the sides. The resultant is drawn
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MAGNITUDE
\_ OF 18 AT 58°
MAGNITUD:X

OF 24 AT 26°

Y

FIGURE 13-13 Vectors that originate from the
same point.

FIGURE 13-14 The parallelogram method of vector
addition.

from the corner of the parallelogram where the two
vectors intersect to the opposite corner (Fig. 13-14).

Another example of the parallelogram method
of vector addition is shown in Figure 13-15. In this
example, one vector has a magnitude of 50 and a
direction of 32°. The second vector has a magni-
tude of 60 and a direction of 120°. The resultant is
found by using the two vectors as two sides of
a parallelogram.

The parallelogram method of vector addition
can also be used to find the total impedance of
the circuit shown in Figure 13-2. The resistance
forms a vector with a magnitude of 30 Q) and a direc-
tion of 0°. The inductive reactance forms a vector
with a magnitude of 40 Q) and a direction of 90°.
When lines are extended to form a parallelogram

FIGURE 13-15 The parallelogram method of vector
addition, Example 2.

P — .

XL=4OQ
Z=50 Q

R=30 Q

FIGURE 13-16 Finding the impedance of the circuit
using the parallelogram method of vector addition.

and a resultant is drawn, the resultant will have a
magnitude of 50 Q, which is the impedance of the
circuit (Fig. 13-16). Some students of electricity
find the right triangle concept easier to understand,
and others find vectors more helpful. For this rea-
son, this text will use both methods to help explain
the relationship of voltage, current, and power in
alternating current circuits.

TorAL CURRENT

One of the primary laws for series circuits is that
the current must be the same in any part of the
circuit. This law holds true of R-L series circuits
also. Since the impedance is the total current-
limiting component of the circuit, it can replace R
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Er240V
It 48A
Z 50 Q

PF
LO

FIGURE 13-17 Total voltage divided by impedance
equals total current.

in an Ohm’s law formula. The total current (I) flow
through the circuit can be computed by dividing the
total applied voltage by the total current-limiting fac-
tor. Total current can be found with the formula

E
b=
The total current for the circuit in Figure 13-2,
then, is

L 240
7750
It —4.8A

In a series circuit, the current is the same at any
point in the circuit. Therefore, 4.8 A of current
flow through both the resistor and the inductor.
These values can be added to the circuit as shown
in Figure 13-17.

VOLTAGE DRoOP
ACROSS THE RESISTOR

Now that the amount of current flow through the
resistor is known, the voltage drop across the resis-
tor (Eg) can be computed using the formula

Er =Ir xR
. Thg voltage drop across the resistor in our
circuit is
Er =4.8 x 30
Er = 144 V

Notice that the amount of voltage dropped
across the resistor was found using quantities that
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pertained only to the resistive part of the circuit.
The amount of voltage dropped across the resistor
could not be found using a formula such as

ER:IRXXL
or
ER:IRXZ

Inductive reactance (Xp) is an inductive quan-
tity and impedance (Z) is a circuit total quantity.
These quantities cannot be used with Ohm’s
law to find resistive quantities. They can,
however, be used with vector addition to find like
resistive quantities. For example, both inductive
reactance and impedance are measured in ohms.
The resistive quantity measured in ohms is resis-
tance (R). If the impedance and inductive reactance
of a circuit were known, they could be used with
the following formula to find the circuit resistance.

R=,/Z% - X}

(Note: Refer to the Resistive-Inductive Series
Circuits section of the alternating current formulas
listed in the appendix.)

WATTS

True power (P) for the circuit can be computed
by using any of the watts formulas with pure
resistive parts of the circuit. Watts (W) can
be computed, for example, by multiplying the volt-
age dropped across the resistor (Er) by the current
flow through the resistor (Iz); by squaring the
voltage dropped across the resistor and dividing
by the resistance of the resistor; or by squaring
the current flow through the resistor and multiply-
ing by the resistance of the resistor. Watts cannot
be computed by multiplying the total voltage (Et)
by the current flow through the resistor or by mul-
tiplying the square of the current by the inductive
reactance. Recall that true power, or watts,
can be produced only during periods of time
when the voltage and current are both positive or
both negative.

In an R-L series circuit, the current is the same
through both the resistor and the inductor. The
voltage dropped across the resistor, however, is in
phase with the current, and the voltage dropped
across the inductor is 90° out of phase with the
current (Fig. 13-18). Since true power, or watts,
can be produced only when the current and voltage
are both positive or both negative, only resistive
parts of the circuit can produce watts.
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\/

VOLTAGE DROPPED ACROSS THE RESISTOR IS
IN PHASE WITH THE CURRENT.

/

VOLTAGE DROPPED ACROSS THE INDUCTOR IS
90° OUT OF PHASE WITH THE CURRENT.

FIGURE 13-18 Relationship of current and voltage
in an R-L series circuit.

The formula used in this example will be

P:ERXIR
P=144 x 4.8
P=6912 W

COMPUTING THE
INDUCTANCE

The amount of inductance can be computed using
the formula

XL

" 2nF

_ 40

377
L=0.106H

VoOLTAGE DRoOP
ACROSS THE

INDUCTOR

The voltage drop across the inductor (E;) can be
computed using the formula

EL:ILXXL
EL =4.8 x40
EL =192V

Notice that only inductive quantities were used
to find the voltage drop across the inductor.

TorAL VOLTAGE

Although the total applied voltage in this circuit is
known (240 V), the total voltage is also equal to
the sum of the voltage drops, just as it is in any
other series circuit. Since the voltage dropped
across the resistor is in phase with the current
and the voltage dropped across the inductor is
90° out of phase with the current, vector addition
must be used. The total voltage will be the hypote-
nuse of a right triangle, and the resistive and induc-
tive voltage drops will form the legs of the triangle
(Fig. 13-19). This relationship of voltage drops can
also be represented using the parallelogram method
of vector addition as shown in Figure 13-20. The
following formulas can be used to find total volt-
age or the voltage drops across the resistor or
inductor if the other two voltage values are known.

Er = /Ex + Ef
Er = /E} + Ef
EL = /Ef + E3

E =192V
Er=240V
’ > il ¥

Eg=144V

FIGURE 13-19 Relationship of resistive and
inductive voltage drops in an R-L series circuit.
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Eh Er=240V

Egr =144V

FIGURE 13-20 Graphic representation of voltage
drops using the parallelogram method of vector addition.

Note: Refer to the Resistive-Inductive Series
Circuits section of the alternating current formulas
listed in the appendix.

COMPUTING THE
REACTIVE POWER

VARs is an abbreviation for volt-amps-reactive
and is the amount of reactive power (VARs) in
the circuit. VARs should not be confused with
watts, which is true power. VARs represents
the product of the volts and amps that are 90°
out of phase with each other, such as the voltage
dropped across the inductor and the current flow-
ing through the inductor. Recall that true power
can be produced only during periods of time that
the voltage and current are both positive or both
negative (Fig. 13-21). During these periods, the
power is being stored in the form of a magnetic
field. During the periods that voltage and current
have opposite signs, the power is returned to the
circuit. For this reason, VARs is often referred to
as quadrature power, or wattless power. It can be
computed in a similar manner as watts except that
reactive values of voltage and current are used
instead of resistive values. In this example, the
formula used is

VARs = I;? x X
VARs = 4.8% x 40
VARs = 921.6
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POWER IS BEING RETURNED TO
THE CIRCUIT.

VOLTAGE

CURRENT

POWER IS BEING
STORED.

FIGURE 13-21
to the circuit.

Power is stored and then returned

COMPUTING THE
APPARENT POWER

Volt-amperes (VA) is the apparent power of the
circuit. It can be computed in a similar manner as
watts or VARs, except that total values of voltage
and current are used. It is called apparent power
(VA) because it is the value found if a voltmeter
and ammeter are used to measure the circuit volt-
age and current and these measured values are mul-
tiplied together (Fig. 13-22). In this example, the
formula used is

VA = ET X IT
VA =240 x 4.8
VA = 1152

The apparent power can also be found using
vector addition in a similar manner as impedance
or total voltage. Since true power, or watts, is a
pure resistive component and VARs is a pure reac-
tive component, they form the legs of a right trian-
gle. The apparent power is the hypotenuse of
the triangle (Fig. 13-23). This relationship of the
three power components can also be plotted using
the parallelogram method (Fig. 13-24). The follow-
ing formulas can be used to compute the values of
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240V

FIGURE 13-22 Apparent power is the product of
measured values (240 V x 4.8 A = 1152 VA).

(APPARENT POWER)
VA =1152

(REACTIVE
POWER)
VARSs = 921.6

T

P=6912W
(TRUE POWER)

FIGURE 13-23 Relationship of true power (watts),
reactive power (VARSs), and apparent power (volt-amps)
in an R-L series circuit.

apparent power, true power, and reactive power
when the other two values are known.

VA = /P> + VARs®
P = VVA? — VARs?
VARs = vV VA? — P?

VARs = 921.6

VA = 1152

P=6912W

FIGURE 13-24 Using the parallelogram method to
plot the relationship of volt-amps, watts, and VARs.

PowER FACTOR

Power factor (PF) is a ratio of the true power to the
apparent power. It can be computed by dividing
any resistive value by its like total value. For exam-
ple, power factor can be computed by dividing the
voltage drop across the resistor by the total circuit
voltage; by resistance divided by impedance; or by
watts divided by volt-amperes.

Er
PF — %
Er
R
PF =—
Z
P
PF = —
VA

Power factor is generally expressed as a per-
centage. The decimal fraction computed from the
division will, therefore, be changed to a percent by

multiplying it by 100. In this circuit the formula
will be

W
T VA
691.2
T 1152
PF = 0.6 x 100, or 60%

PF
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Note that in a series circuit, the power factor
cannot be computed using current because current
is the same in all parts of the circuit.

Power factor can become very important in an
industrial application. Most power companies
charge a substantial surcharge when the power fac-
tor drops below a certain percent. The reason for
this is that electric power is sold on the basis of true
power, or watts, consumed. The power company,
however, must supply the apparent power. Assume
that an industrial plant has a power factor of 60%
and is consuming 5§ MW (megawatts) of power per
hour. At a power factor of 60%, the power com-
pany must actually supply 8.33 MVA (megavolt-
amps) (5 MW/0.6 = 8.33 MVA) per hour. If the
power factor were to be corrected to 95%, the
power company would have to supply only 5.26
MVA per hour to furnish the same amount of
power to the plant.

ANGLE THETA

The angular displacement by which the voltage
and current are out of phase with each other is
called angle theta (/6). Since the power factor is
the ratio of true power to apparent power, the
phase angle of voltage and current is formed
between the resistive leg of the right triangle and
the hypotenuse (Fig. 13-25). The resistive leg of
the triangle is adjacent to the angle, and the total
leg is the hypotenuse. The trigonometric function
that corresponds to the adjacent side and the
hypotenuse is the cosine. Angle theta will be the
cosine of watts divided by volt-amps. Watts
divided by volt-amps is also the power factor.
Therefore, the cosine of angle theta (/0) is the
power factor (PF).

COS /6 = PF
COS /6 =0.6
/6 =53.13°

The vectors formed using the parallelogram
method of vector addition can also be used to
find angle theta as shown in Figure 13-26. Notice
that the total quantity, volt-amps, and the resistive
quantity, watts, again determine angle theta.

Since this circuit contains both resistance and
inductance, the current is lagging the voltage by
53.13° (Fig. 13-27). Angle theta can also be
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(APPARENT POWER)
VA = 1152

(REACTIVE
POWER)
VARs = 921.6

T

P=6912W
(TRUE POWER)

FIGURE 13-25 The angle theta is the relationship of
true power to apparent power.

VARs = 921.6
VA =1152

ANGLE
THETA
53.13°

P=6912W

FIGURE 13-26 The angle theta can be found using
vectors provided by the parallelogram method.

determined by using any of the other trigonometric
functions.

VARS
TAN/6 = @
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|<— 53.13°

< VOLTAGE

€ CURRENT

FIGURE 13-27 Current and voltage are 53.13° out
of phase with each other.

NN\
ET240V  Eg 144V
It 48A g 48A L 0.106 H
n,)Z % R 30 E 192
VA1152 P 691.2W IL 4.8
PF 60% XL 40
- VARsL 921.6

FIGURE 13-28 Filling in all unknown values.

Now that all the unknown values have
been computed, they can be filled in as shown in
Figure 13-28.

APPARENT POWER

Now that the total amount of true power and the
total amount of reactive power are known, the
apparent power (VA) can be computed using vec-

tor addition.
VA = /P% + VARs;
VA = V/100* + 240°

VA =260

The parallelogram method of vector addition is
shown in Figure 13-32 for this calculation.

TOTAL CIRCUIT CURRENT

Now that the apparent power is known, the total
circuit current can be found using the applied volt-
age and Ohm’s law.

.
Er

.
130

Ir=2A

Since this is a series circuit, the current must
be the same at all points in the circuit. The

known values added to the circuit are shown in
Figure 13-33.

OTHER CIRCUIT VALUES

Now that the total circuit current has been found,
other values can be computed using Ohm’s law.

IMPEDANCE
‘=L
130
2=
Z =650

POWER FACTOR

Wt

PF = —
VA
100

PF— —
260

PF = 38.46%

ANGLE THETA

Angle theta is the cosine of the power factor. A
vector diagram showing this relationship is shown
in Figure 13-34.
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EXAMPLE 1

Two resistors and two inductors are con-
Y Y Y

nected in series (Fig. 13-29). The circuit is AN\
connected to a 130-V, 60-Hz line. The first :ET130V :Em Iéz
resistor has a power dissipation of 56 W, ! Ry -
and the second resistor has a power dissi- "\ \;*F\ Pl e éfRs .
pation of 44 W. One inductor has a reactive s -
power of 152 VARs and ’Fhe second a reac- AAA o — ]
tive power of 88 VARs. Find the unknown - »
values in this circuit. Ira Evs

Ra IL3

P4 44 W XL3

VARsL3 88

Solution

FIGURE 13-29 An R-L series circuit containing

The first step is to find the total amount of
two resistors and two inductors.

true power and the total amount of reactive
power. The total amount of true power can
be computed by adding the values of the
resistors together. A vector diagram of
these two values would reveal that they
both have a direction of 0° (Fig. 13-30).

Pr=P1+P,4
Pr =56 + 44
Pr=100 W

|<7564><*44*>

FIGURE 13-30 The two true power (watts) vec-
tors are in the same direction.

t

88
The total reactive power in the circuit can be —¢
found in the same manner. Like watts, the I
VARs are both inductive and are, therefore, in
the same direction (Fig. 13-31). The total 152
reactive power will be the sum of the two l
reactive power ratings. —

VARst = VARs; + VARS,3
VARst = 152 + 88
VARst =240

FIGURE 13-31 The two reactive power (VARSs)
vectors are in the same direction.
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1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
A | A i
i i
240 VARs ! 240 VARs !
260 VA i 260 VA i
i i
1 1
1 1
! ANGLE !
1 THETA 1
| 67.38° i
1 1
1 1
: :
> > > >
100 W 100 W
FIGURE 13-32 Power vector for the circuit. FIGURE 13-34 Angle theta for the circuit.
~— 67.38°
—— VOLTAGE
NV A ——— l
Er 130V Eri Lo ! <« CURRENT
It 2A Ir1 2A ELo !
z R+ I 2A
/) Vaze0 P1 56W XL2
PF VARsL2 152 W
10
vV AN
ERr4 Ls FIGURE 13-35 Voltage and current are 67.38° out
Ira 2 A Eis of phase with each other.
R4 ILs 2A
P4 44 W XL3
VARsL3 88 W
FIGURE 13-33 Adding circuit values.
E R1
COS/6 = PF En: — Py
R1 =1
COS/6 = 0.3846 i
/0 = 67.38° Epp — 52_6
The relationship of voltage and current for this
circuit is shown in Figure 13-35. Er1 =28V
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R, = Er1
Ir1
28
R] = 7
R, =14 QO
AR
E, — VARs,
I
152
="
Ei, =76V
E
Xi5 = L2
I
76
X2 =~
X2 =380
X2
L, =22
2 2nF
38
L=
27377
L, =1.101 H
AR
Er3 = v I °L3
%
88
Eis = 5
Eis =44V
E
Xi3 = L3
I3
44
X3 = 5
X3 =220

CHAPTER 13

Ls

The complete circuit with all values is shown in

Figure 13-36.

Resistive-Inductive Series Circuits

X3
[, =28
37T 2nF
22
Ly ==
37377
L; =0.058 H
P
Ep4 = —
Ir4
44
Er4 =5
Ey =22V
E
R, = 4
Ir4
22
R4 :7
Ry =11 Q

Y Y Y

AVAVAY;
ET130V ERr128V L> 0.101 H
It 2A Ir1 2A El2 76 V
Z 65Q Ri 14 Q o 2A
’\/ VA260 P1 56W XLz 38 Q
PF 38.46% VARs|2 152
LO 67.38°
VAVAVA AAANAS
Ers 22V Ls 0.0583 H
lra 2A Ewz 44V
R4 11 Q s 2A
P4 44 W Xz 22 Q
VARs|3 88

FIGURE 13-36 All values for the circuit.
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SUMMARY

In a pure resistive circuit, the voltage and current
are in phase with each other.

In a pure inductive circuit, the voltage and cur-
rent are 90° out of phase with each other.

In an R-L series circuit, the voltage and current
will be out of phase with each other by some
value between 0° and 90°.

The amount the voltage and current are out of
phase with each other is determined by the ratio
of resistance to inductance.

Total circuit values include total voltage, Et; total
current, I; volt-amps, VA; and impedance, Z.

Pure resistive values include voltage drop across
the resistor, Eg; current flow through the resis-
tor, Ir; resistance, R; and watts, P.

Pure inductive values include inductance of the
inductor, L; voltage drop across the inductor,
Epr; current through the inductor, Iy ; inductive
reactance, Xp; and inductive VARs, VARs;.

Angle theta measures the phase angle difference
between the applied voltage and total
circuit current.

The cosine of angle theta is equal to the
power factor.

Power factor is a ratio of true power to
apparent power.

Vectors are lines that indicate both magnitude
and direction.
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REVIEW QUESTIONS

1. What is the relationship of voltage
and current (concerning phase
angle) in a pure resistive circuit?

2. What is the relationship of voltage
and current (concerning phase
angle) in a pure inductive circuit?

3. What is power factor?

4. A circuit contains a 20-Q resistor and
an inductor with an inductance of
0.093 H. If the circuit has a frequency
of 60 Hz, what is the total
impedance of the circuit?

5. An R-L series circuit has a power
factor of 86%. How many degrees
are the voltage and current out of
phase with each other?

6. An R-L series circuit has an apparent
power of 230 VA and a true power of
180 W. What is the reactive power?

PRACTICE PROBLEMS

Refer to the circuit shown in Figure 13-2 and

the Resistive-Inductive Series Circuits section

of the alternating current formulas listed in

the appendix.

1. Assume that the circuit shown in
Figure 13-2 is connected to a 480-V,
60-Hz line. The inductor has an

inductance of 0.053 H, and the
resistor has a resistance of 12 Q.

Er 480 Er EL

It Ir I
Z____ RI12 X,

VA P VARs

PF /0 L0.053 H __

13

10.
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The resistor in an R-L series circuit
has a voltage drop of 53 V, and the
inductor has a voltage drop of 28 V.
What is the applied voltage of

the circuit?

An R-L series circuit has a reactive
power of 1234 VARs and an
apparent power of 4329 VA. How
many degrees are voltage and
current out of phase with

each other?

An R-L series circuit contains a
resistor and an inductor. The resistor
has a value of 6.5 Q. The circuit is
connected to 120 V and has a
current flow of 12 A. What is the
inductive reactance of this circuit?

What is the voltage drop across the
resistor in the circuit in question 9?

Assume that the voltage drop across
the resistor, Eg, is 78 V; that the
voltage drop across the inductor, E,,
is 104 V; and the circuit has a total
impedance, Z, of 20 Q. The frequency
of the AC voltage is 60 Hz.

Er Er 78 E 104V _____
It Ir I

Z 20 R XL

VA P VARs_

PF /0 L
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Assume the above circuit has an
apparent power of 144 VA and a
true power of 115.2 W. The inductor
has an inductance of 0.15915 H, and
the frequency is 60 Hz.

Er Er E_
It Ir I
V4 R XL

VA 144 P1152W  VARs_
PF /6 L 0.15915 H

An AC single-phase motor is
connected to a 240-V, 60-Hz circuit.
A clamp-on ammeter with a peak
hold function reveals that the motor
has an inrush current of 34 A when
the motor is first started. Your job is
to reduce the inrush current to a
value of 20 A by connecting a resistor
in series with the motor. The resistor
will be shunted out of the circuit after
the motor has started. Using an
ohmmeter, you find that the motor
has a wire resistance of 3 Q. How
much resistance should be connected
in series with the motor to reduce the
starting current to 20 A?

Assume the above circuit has a
power factor of 78%, an apparent
power of 374.817 VA, and a
frequency of 400 Hz. The inductor
has an inductance of 0.0382 H.

Er Er E_

It Ir I

4 R XL
VA374817 P____ VARs_

PF 78% /0 L 0. 0382 H

PRACTICAL APPLICATIONS

You are a journeyman electrician
working in an industrial plant. Your
task is to connect an inductor to a
480-V, 60-Hz line. To determine the
proper conductor and fuse size for
this installation, you need to know
the amount of current the inductor
will draw from the line. The
nameplate on the inductor indicates
that the inductor has an inductance
of 0.1 H. An ohmmeter reveals that it
has a wire resistance of 10 Q. How
much current should the inductor
draw when power is applied?
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Resistive-Inductive
Parallel Circuits

OBJECTIVES After studying this unit, you should be able to:

e discuss the operation of a parallel circuit contain- e connect an R-L parallel circuit and measure circuit
ing resistance and inductance. values with test instruments.

e compute circuit values of an R-L parallel circuit.
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Alternating Current

GLOSSARY OF RESISTIVE-INDUCTIVE PARALLEL

CIRCUIT TERMS

angle theta (/60) the phase
angle difference between voltage
and current in a circuit containing
a reactive component such as an
inductor or capacitor

apparent power (VA) the
value found by multiplying the
applied voltage by the total current
of an AC circuit. Apparent power is
measured in volt-amps (VA) and
should not be confused with true
power, measured in watts

current flow through the
inductor (I.) the amount of
current flowing through

the inductor

current flow through the
resistor (Ig) the amount of
current flowing through

the resistor

power factor (PF) the ratio of
true power to apparent power

reactive power VARs

total current (Iy) the total
current flow in an electric circuit;
in an R-L parallel circuit it is
determined by vector addition of
the resistive current and
inductive current
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total impedance (Z) the total
current-limiting effect in an
AC circuit

true power (P) the amount of
electrical energy that is converted
into some other form of energy
such as thermal or kinetic; also
known as watts

watts the true power in a circuit;
indicates the amount of electrical
energy converted to some

other form



CHAPTER 14

his unit discusses circuits that con-

tain resistance and inductance con-

nected in parallel with each other.
Mathematical calculations will be used to
show the relationship of current and voltage
on the entire circuit, and the relationship
of current through different branches of
the circuit.

RESISTIVE-INDUCTIVE

A circuit containing a resistor and an inductor
connected in parallel is shown in Figure 14-1.
Since the voltage applied to any device in parallel
must be the same, the voltage applied to
the resistor and inductor must be in phase and
have the same value. The current flow through
the inductor will be 90° out of phase with the volt-
age, and the current flow through the resistor will
be in phase with the voltage (Fig. 14-2). This
configuration produces a phase angle difference
of 90° between the current flow through a pure
inductive load and a pure resistive load
(Fig. 14-3).

The amount of phase angle shift between the
total circuit current and voltage is determined by
the ratio of the amount of resistance to the amount
of inductance. The circuit power factor is still
determined by the ratio of apparent power to true
power.

ET EL

IT ::;R I

z R XL

VA P VARsL
PF L

LO

FIGURE 14-1 A resistive-inductive parallel circuit.
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" VOLTAGE ACROSS THE RESISTOR

CURRENT FLOW THROUGH THE
RESISTOR

THE CURRENT FLOW THROUGH THE RESISTOR
IS IN PHASE WITH THE VOLTAGE.

N VOLTAGE ACROSS THE INDUCTOR

"~ CURRENT FLOW THROUGH
THE INDUCTOR

/

THE CURRENT FLOW THROUGH THE INDUCTOR
LAGS THE VOLTAGE BY 90°.

FIGURE 14-2 Relationship of voltage and current in
an R-L parallel circuit.

Ir (RESISTIVE CURRENT)

»ET

IL (INDUCTIVE
CURRENT)

FIGURE 14-3 Resistive and inductive currents
are 90° out of phase with each other in an R-L
parallel circuit.
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Et 240 Vac Er :EL

IT L

Z ::?15 0 XL20 Q
VA p VARsL
PF L

L0

FIGURE 14-4 Typical R-L parallel circuit.

ComMmpPuTING CIRCUIT
VY ALUES

In the circuit shown in Figure 14-4, a resistance of
15 Q is connected in parallel with an inductive
reactance of 20 Q. The circuit is connected to a
voltage of 240 V AC and a frequency of 60 Hz.
In this example problem, the following circuit
values will be computed:

Ir — current flow through the resistor

P — watts (true power)

I — current flow through the inductor
VARs — reactive power

It — total circuit current

zZ — total circuit impedance

VA — apparent power

PF — power factor

/60 — the angle the voltage and current are

out of phase with each other.

RESISTIVE CURRENT

In any parallel circuit, the voltage is the same across
each component in the circuit. Therefore, 240 V are
applied across both the resistor and the inductor.
Because the amount of voltage applied to the resistor
is known, the amount of current flow through the
resistor (Ir) can be computed by using the formula

ook

L
15

[R=16 A

WATTS

True power (P), or watts, can be computed using
any of the watts formulas and pure resistive values.
The amount of true power in this circuit will be
computed using the formula

P:ERXIR
P =240 x 16
P=3840 W

INDUCTIVE CURRENT

Because the voltage applied to the inductor is
known, the current flow can be found by dividing
the voltage by the inductive reactance. The amount
of current flow through the inductor (I) will be
computed using the formula

E
I =—
L X,
240
L7700
I =12 A

VARS

The amount of reactive power, VARs, will be com-
puted using the formula

VARs = EL X IL
VARs =240 x 12

VARs = 2880

INDUCTANCE

The frequency and the inductive reactance are
known, so the inductance of the coil can be found
using the formula

- 2nF

)
377

L=0.053H
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RESISTIVE CURRENT

P»—P Er

INDUCTIVE
CURRENT

TOTAL CURRENT

FIGURE 14-5 Relationship of resistive, inductive,
and total current in an R-L parallel circuit.

TOTAL CURRENT

The total current (Iy) flow through the circuit
can be computed by adding the current flow
through the resistor and the inductor. Since these
two currents are 90° out of phase with each other,
vector addition will be used. If these current
values were plotted, they would form a right trian-
gle similar to the one shown in Figure 14-5. Notice
that the current flow through the resistor and
inductor form the legs of a right triangle, and the
total current is the hypotenuse. Therefore, the
Pythagorean theorem can be used to add these cur-

rents together.
Ir=/Ig + 1
Ir = V16% + 127
Iy = V256 + 144

It = v400
Ir=20A

The parallelogram method for plotting the
total current is shown in Figure 14-6.

IMPEDANCE

Now that the total current and total voltage are
known, the total impedance (Z) can be computed
by substituting Z for R in an Ohm’s law formula.
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RESISTIVE CURRENT

>

INDUCTIVE
CURRENT

TOTAL CURRENT

FIGURE 14-6 Plotting total current using the
parallelogram method.

The total impedance of the circuit can be computed
using the formula

E
z-=
It
240
7z -
20
Z =12 QO

The value of impedance can also be found if total
current and voltage are not known. In a parallel cir-
cuit, the reciprocal of the total resistance is equal to
the sum of the reciprocals of each resistor. This same
rule can be amended to permit a similar formula to be
used in an R-L parallel circuit. Since resistance and
inductive reactance are 90° out of phase with each
other, vector addition must be used when the recipro-
cals are added. The initial formula is

() -+ (=)

This formula states that the square of the reciprocal
of the impedance is equal to the sum of the
squares of the reciprocals of resistance and induc-
tive reactance. To remove the square from the
reciprocal of the impedance, take the square root
of both sides of the equation.

@) ()

Notice that the formula can now be used to find
the reciprocal of the impedance, not the
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impedance. To change the formula so that it is
equal to the impedance, take the reciprocal of
both sides of the equation.

1

V@) ()

Numeric values can now be substituted in the for-
mula to find the impedance of the circuit.

1

&)+ (%)

1
7 =
v/0.004444 + 0.0025

7 =

7 =

1
- /0.006944
1
2 =0.08333
Z=120Q

Another formula that can be used to determine the
impedance of resistance and inductive reactance
connected in parallel is

RXXL

/R + X2

Substituting the same values for resistance and
inductive reactance in this formula will result in the
same answer.

7 =

15 x 20
V15% + 207

300

V625

_300
25

Z=12Q

zZ

APPARENT POWER

The apparent power (VA) can be computed by
multiplying the circuit voltage by the total current
flow. The relationship of volt-amps, watts, and
VARs is the same for an R-L parallel circuit as it
is for an R-L series circuit, because power adds in

WATTS

VARs
VOLT-AMPS

FIGURE 14-7 Relationship of apparent power (volt-
amps), true power (watts), and reactive power (VARS) in
an R-L parallel circuit.

any type of circuit. Since the true power and reac-
tive power are 90° out of phase with each other,
they form a right triangle with apparent power as
the hypotenuse (Fig. 14-7).

VA = ET X IT
VA =240 x 20
VA = 4800

POWER FACTOR

Power factor (PF) in an R-L parallel circuit is
the relationship of apparent power to the true
power just as it was in the R-L series circuit.
There are some differences in the formulas used
to compute power factor in a parallel circuit, how-
ever. In an R-L series circuit, power factor could be
computed by dividing the voltage dropped across
the resistor by the total, or applied, voltage. In a
parallel circuit, the voltage is the same, but the
currents are different. Therefore, power factor can
be computed by dividing the current flow through
the resistive parts of the circuit by the total circuit
current.

PF = I—R

It
Another formula that changes involves resis-
tance and impedance. In a parallel circuit, the
total circuit impedance will be less than the resis-
tance. Therefore, if power factor is to be computed
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using impedance and resistance, the impedance
must be divided by the resistance.
zZ

PF =—
R

The circuit power factor in this example will be
computed using the formula

P
3840

PF = 0.80, or 80%

ANGLE THETA

The cosine of angle theta (/0) is equal to the power
factor.

COS/6 = 0.80
/0 = 36.87

A vector diagram using apparent power, true
power, and reactive power is shown in Figure 14-8.

|
|
(APPARENT POWER) !
VOLT-AMPS |
|
|
VARs |
(REACTIVE ANGLE l
POWER) THETA i
36.87° l
|
|
|
|
>
WATTS

(TRUE POWER)

FIGURE 14-8 Angle theta.
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Notice that angle theta is the angle produced by the
apparent power and the true power. The relation-
ship of current and voltage for this circuit is shown
in Figure 14-9. The circuit with all values is
shown in Figure 14-10.

~—36.87°

l
|
! ~<—— VOLTAGE
|
|
|

~<—— CURRENT

FIGURE 14-9 The current is 36.87° out of phase
with the voltage.

Er 240V o EL240V

It 20 A oA IL 12A
)z e o, X420 Q

VA 4800 P 3840 W VARs( 2880

PF 80% L 0.053 H

10 36.87°

FIGURE 14-10 All values have been found.
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EXAMPLE 1

In this circuit, one resistor is connected in
parallel with two inductors (Fig. 14-11). The
frequency is 60 Hz. The circuit has an appar-
ent power of 6120 VA, the resistor has a
resistance of 45 Q, the first inductor has an
inductive reactance of 40 ), and the second
inductor has an inductive reactance of 60 Q. It
is assumed that both inductors have a Q
greater than 10 and their resistance is negli-
gible. Find the following missing values.

Z — total circuit impedance

It — total circuit current

Er — applied voltage

Er — voltage drop across the resistor

Ir — current flow through the resistor

P — watts (true power)

EL — voltage drop across the first inductor

I1 — current flow through the first inductor
VARs 1 — reactive power of the first inductor

L — inductance of the first inductor

El» — voltage drop across the second inductor
I2 — current flow through the second inductor
VARs, — reactive power of the second inductor
L, — inductance of the second inductor

/0 — the angle, voltage, and current are out

of phase with each other

Solution
Impedance

Before it is possible to compute the imped-
ance of the circuit, the total amount of
inductive reactance for the circuit must be
found. Since these two inductors are con-
nected in parallel, the reciprocal of their
inductive reactances must be added. This
will give the reciprocal of the total inductive
reactance:

To find the total inductive reactance, take
the reciprocal of both sides of the equation

1
1 + 1
X1 X2

Xir =

Et £ EL EL2
/\/ IT IRR IL1 I2
z XL140 Q XL2 60 Q
VA 6120 S 45 Q VARsL1 VARSsL2
PF L4 Lo
L0
FIGURE 14-11 Example circuit 2.

Refer to the formulas for pure inductive circuits
shown in the Alternating Current Formulas
section of the appendix. Numeric values can
now be substituted in the formula to find the
total inductive reactance.

1
Xir = 1
40 " 60
X = !
0.025 + 0.01667
X|_T =24 Q

Now that the total amount of inductive
reactance for the circuit is known, the imped-
ance can be computed using the formula

@
ST @

A diagram showing the relationship of resis-
tance, inductive reactance, and impedance is
shown in Figure 14-12.

Er

Now that the circuit impedance and the appar-
ent power are known, the applied voltage can
be computed using the formula

Er=VvVAXZ
Er=v6120 X 21.176
Er=360V
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EXAMPLE 1 CONTINUED

1 1 P
_ : Z =0.063889 _
XL=24 Q) | 221175, 0) P=Eg X I
1 ! —
XL = 0.041667 : P=360x8
| THE RECIPROCALS ADD
| IN AN R-L PARALLEL P=2880 W
: CIRCUIT.
a1
R = 0.022222 I L1
(R=45 Q) E
g = -u
FIGURE 14-12 Relationship of resistance, Xi1
inductive reactance, and impedance for circuit 2. 360
Iy = ——
U7 a0
||_1 =9A
Er, EL1, and E»
In a parallel circuit, the voltage must be the
same across any leg or branch. Therefore, VARSs;
360 V is dropped across the resistor, the VARS: | =
L . ! si1=Epq X1
first inductor, and the second inductor. H L
Er =360 V VARs; 1 =360 X9
EL1 =360 V VARSL1 = 3240
E., =360V
L
IT L= &
The total current of the circuit can now be = onF
computed using the formula 360
Li=_——
o Er 17377
z Ly =0.106 H
I = 360
T~ 21176
k=17 A L2
The remaining values of the circuit can be = Er2
: , =g
found using Ohm'’s law. Refer to the X2
Resistive-Inductive Parallel Circuits listed in 360
the alternating current formula section in o=
) 377
the appendix.
||_2 = 6 A
IR
Er VARS| 5
IR = F
VARs ; = E» X |
o 360 12 =E2 X2
R = 4—5 VARs;; =360 X 6
Ir= 8 A VARSLZ =2160
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EXAMPLE ] CONTINUED
| Y’ |
(]
]
(]
(]
(]
VARSsL2 = 2160 !
(]
VA = 6120 ]
(]
(]
A :
(]
(]
(]
]
(]
(]
(]
i
VARs| 1 = 3240 ANGLE :
THETA !
61.93° [
]
(]
(]
(]
]
-1

P = 2880 W
FIGURE 14-13 Angle theta determined by

power vectors.

i<— 61.93°

"< VOLTAGE

< CURRENT

FIGURE 14-14 Voltage and current are
61.93° out of phase with each other.

ET 360V ER 360 V EL1360V EL2360V
IT17A IR 8 A It 9A Il2 6A

Z 21176 Q R 45 Q XL140 Q XL2 60 Q
VA 6120 P 2880 VARsL1 3240 VARsL2 2160
PF 47.06 % L10.106 H L2 0.159 H
L0 61.93°

FIGURE 14-15 Completed values for
circuit 2.

Lo
Xi2
L= 2
2 2nF
60
2= 377
L, =0.159 H
PF
w
PF=Va
2880
PF= 6120
PF =47.06%
/0
COS/0 =PF
COS/0 =0.4706
/0 =61.93

A vector diagram showing angle theta is shown
in Figure 14-13. The vectors used are those for
apparent power, true power, and reactive
power. The phase relationship of voltage

and current for this circuit are shown in

Figure 14-14, and the circuit with all com-
pleted values is shown in Figure 14-15.
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SUMMARY

The voltage applied across components in a
parallel circuit must be the same.

The current flowing through resistive parts of
the circuit will be in phase with the voltage.

The current flowing through inductive parts of
the circuit will lag the voltage by 90°.

The total current in a parallel circuit is equal to
the sum of the individual currents. Vector addi-
tion must be used because the current through
the resistive parts of the circuit is 90°out of

Resistive-Inductive Parallel Circuits 233

phase with the current flowing through the
inductive parts.

The impedance of an R-L parallel circuit can be
computed using vector addition to add the
reciprocals of the resistance and inductive
reactance.

Apparent power, true power, and reactive power
add in any kind of circuit. Vector addition must
be used, however, because true power and
reactive power are 90° out of phase with

each other.
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REVIEW QUESTIONS

1. When an inductor and resistor are
connected in parallel, how many
degrees out of phase are the current
flow through the resistor and the
current flow through the inductor?

2. An inductor and resistor are
connected in parallel to a 120-V, 60-Hz
line. The resistor has a resistance of
50 O, and the inductor has an
inductance of 0.2 H. What is the total
current flow through the circuit?

3. What is the impedance of the circuit
in question 2?

4. What is the power factor of the
circuit in question 2?

5. How many degrees out of phase are
the current and voltage in question 2?

6. In the circuit shown in Figure 14-1,
the resistor has a current flow of
6.5 A, and the inductor has a current

PRACTICE PROBLEMS

Refer to the circuit shown in Figure 14-1.
Use the alternating current formulas in the
Resistive-Inductive Parallel Circuits section of
the appendix.

1. Assume that the circuit shown in
Figure 14-1 is connected to a 60-Hz
line and has a total current flow of
34.553 A. The inductor has an

inductance of 0.02122 H, and the
resistor has a resistance of 14 Q.

Er Er EL
I+ 34.553 Ig I
Z___ R14 XL
VA P VARs __
PF /6 L 0.02122

10.

flow of 8 A. What is the total cur-
rent in this circuit?

A resistor and inductor are
connected in parallel. The resistor
has a resistance of 24 (), and the
inductor has an inductive reactance
of 20 Q. What is the impedance of
this circuit?

The R-L parallel circuit shown in
Figure 14-1 has an apparent power
of 325 VA. The circuit power factor
is 66%. What is the true power in
this circuit?

The R-L parallel circuit shown in
Figure 14-1 has an apparent power
of 465 VA and a true power of
320 W. What is the reactive power?

How many degrees out of phase are
the total current and voltage in
question 9?

Assume that the current flow
through the resistor, Ig, is 15 A;
the current flow through the
inductor, |, is 36 A; and the circuit
has an apparent power of

10,803 VA. The frequency of the
AC voltage is 60 Hz.

Er Er EL

It g 15 IL 36
V4 R XL

VA 10,803 P VARs_
PF /0 L
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Assume that the circuit in Figure 14-1 4.

has an apparent power of 144 VA and
atrue power of 115.2 W. The inductor
has an inductance of 0.15915 H, and
the frequency is 60 Hz.

Er Er E_

It Ir I

V4 R XL

VA 144 P 115.2 VARs_

PF /0 L 0.15915

Incandescent lighting of 500 W is
connected in parallel with an
inductive load. A clamp-on ammeter
reveals a total circuit current of 7 A.
What is the inductance of the load
connected in parallel with the
incandescent lights? Assume a
voltage of 120 V at 60 Hz.

You are working on a residential heat
pump. The heat pump is connected
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Assume that the circuit in Figure 14-1
has a power factor of 78%, an
apparent power of 374.817 VA, and
a frequency of 400 Hz. The inductor
has an inductance of 0.0382 H.

Er Er E_

It Ir I

4 R XL

VA 374817 P VARs_
PF 78% /0 L 0.0382

PRACTICAL APPLICATIONS

to a 240-V, 60-Hz line. The
compressor has a current draw of
34 A when operating. The
compressor has a power factor of
70%. The back-up strip heat is rated
at 10 kW. You need to know the
amount of total current draw that will
occur if the strip heat comes on while
the compressor is operating.
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OBJECTIVES

list the three factors that determine the
capacitance of a capacitor.

discuss the electrostatic charge.

discuss the differences between nonpolarized and
polarized capacitors.

compute values for series and parallel connections
of capacitors.

compute an RC time constant.

After studying this unit, you should be able to:

explain why current appears to flow through a
capacitor when it is connected to an alternating
current circuit.

discuss capacitive reactance.

compute the value of capacitive reactance in an
AC circuit.

compute the value of capacitance in an AC circuit.

discuss the relationship of voltage and current in a
pure capacitive circuit.
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appear to flow the charging
and discharging of a capacitor will
cause current to appear to flow
through a capacitor when it is
connected to an AC circuit

capacitive reactance (X.) the
current-limiting effect of
a capacitor

dielectric the insulation
between the plates of a capacitor

dielectric stress the stretching
of the molecular structure of
the dielectric

electrolytic a type of capacitor
that is polarity sensitive

electrostatic charge the
charge of a capacitor produced by
the stressing of the molecules in
the dielectric

exponential the rate at which a
capacitor charges and discharges

farad the unit measure
of capacitance

frequency the number of times
per second that the current
changes direction in an
alternating current circuit

HIPOT an instrument that
develops a high potential or high
voltage for testing the dielectric of
a capacitor

leakage current the amount of
current that flows through the
dielectric of a capacitor

nonpolarized capacitors
capacitors that are not sensitive
to voltage polarity

out of phase a condition that
occurs between the voltage and
current in a capacitive circuit

plates thin, flat metal used in
the construction of a capacitor
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GLOSSARY OF CAPACITOR TERMS
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polarized capacitors
capacitors that are sensitive to
voltage polarity

reactive power (VARs) volt
amps reactive; often called
wattless power, VARs is the
product of the current and voltage
in a pure reactive load

RC time constant the time
required for a capacitor to charge
or discharge when it is connected
in series with a resistance

surface area one of the factors
that determines the amount of
capacitance a capacitor will have

variable capacitors capacitors
that can be adjusted for different
values of capacitance

voltage rating the amount of
voltage that can be safely applied
to a capacitor without damaging
the dielectric
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apacitors perform a variety of jobs

such as power factor correction, stor-

ing an electrical charge to produce a
large current pulse, timing circuits, and elec-
tronic filters. Capacitors can be nonpolarized
or polarized depending on the application.
Nonpolarized capacitors can be used in both
AC and DC circuits, while polarized capacitors
can be used in DC circuits only. Both types will
be discussed in this unit.

CAPACITORS

CAUTION: It is the habit of some people to charge a
capacitor to high voltage and then hand it to another
person. While some people think this is comical, itis an
extremely dangerous practice. Capacitors have the
ability to supply an almost infinite amount of current.
Under some conditions, a capacitor can have enough
energy to cause a person’s heart to go into fibrillation.

This statement is not intended to strike fear in
the heart of anyone working in the electrical field.
It is intended to make you realize the danger that
capacitors can pose under certain conditions.

Capacitors are devices that oppose a change of
voltage. The simplest type of capacitor is con-
structed by separating two metal plates by some
type of insulating material called the dielectric
(Fig. 15-1). Three factors determine the capacitance
of a capacitor:

1 The area of the plates.
2 The distance between the plates.
3 The type of dielectric used.

The greater the surface area of the plates, the
more capacitance a capacitor will have. If a capac-
itor is charged by connecting it to a source of direct
current (Fig. 15-2), electrons are removed from the
plate connected to the positive battery terminal and
are deposited on the plate connected to the nega-
tive terminal. This flow of current will continue
until a voltage equal to the battery voltage is estab-
lished across the plates of the capacitor (Fig. 15-3).
When these two voltages become equal, the flow of

FIGURE 15-1 A capacitor is made by separating
two metal plates by a dielectric.

ﬁ
=
BATTERY ~_—
® . T
ELECTRONS/
h

FIGURE 15-2 A capacitor can be charged by
removing electrons from one plate and depositing them
on the other plate.

BATTERY

FIGURE 15-3 Current flows until the voltage across
the capacitor is equal to the voltage of the battery.

electrons stops. The capacitor is now charged. If
the battery is disconnected from the capacitor, the
capacitor will remain charged as long as there is no
path by which the electrons can move from one
plate to the other (Fig. 15-4). A good rule to
remember concerning a capacitor and current
flow is that current can flow only during the period
of time that a capacitor is either charging
or discharging.



FIGURE 15-4 The capacitor remains charged after
the battery is removed from the circuit.

In theory, it should be possible for a capacitor
to remain in a charged condition forever. In
actual practice, however, it cannot. No dielectric
is a perfect insulator, and electrons eventually
move through the dielectric from the negative
plate to the positive, causing the capacitor to dis-
charge (Fig. 15-5). This current flow through the
dielectric is called leakage current and is propor-
tional to the resistance of the dielectric and the
charge across the plates. If the dielectric of a
capacitor becomes weak, it will permit an
excessive amount of leakage current to flow. A
capacitor in this condition is often referred to as
a leaky capacitor.

|‘/ POSITIVE PLATE +‘

DIELECTRIC —

o

NEGATIVE PLATE ™

FIGURE 15-5 Electrons eventually leak through the
dielectric. This flow of electrons is known as leakage
current.
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ELECTROSTATIC
CHARGE

Two other factors that determine capacitance
are the type of dielectric used and the distance
between the plates. To understand these concepts,
it is necessary to understand how a capacitor
stores energy. Previous chapters stated that an
inductor stores energy in the form of an electro-
magnetic field. A capacitor stores energy in an elec-
trostatic field.

The term electrostatic refers to electrical
charges that are stationary, or not moving. They
are very similar to the static electric charges that
form on objects that are good insulators. The
electrostatic field is formed when electrons are
removed from one plate and deposited on
the other.

DIELECTRIC STRESS

When a capacitor is not charged, the atoms of the
dielectric are uniform, as shown in Figure 15-6.
The valence electrons orbit the nucleus in a circular
pattern. When the capacitor becomes charged,
however, a potential exists between the plates
of the capacitor. The plate with the lack of elec-
trons has a positive charge, and the plate with the
excess of electrons has a negative charge. Since

FIGURE 15-6 Atoms of the dielectric in an
uncharged capacitor.

v.EngineeringEBooksPdf.com



240 SECTION 2

Alternating Current

Y4 Y4 Y4 N/ Y4 Y4 Y4 Y4 W Y4 Y4 Y4 Y4 Y4 Y4 Y4 Y4
000000000000000000
SEASAASASAARARESS

FIGURE 15-7 Atoms of the dielectric in a charged
capacitor.

electrons are negative particles, they are repelled
away from the negative plate and attracted to the
positive plate. This attraction causes the electron
orbit to become stretched, as shown in Figure 15-
7. This stretching of the atoms of the dielectric is
called dielectric stress. Placing the atoms of the
dielectric under stress has the same effect as draw-
ing back a bowstring with an arrow and holding it
(Fig. 15-8); that is, it stores energy.

The amount of dielectric stress is proportional
to the voltage difference between the plates. The
greater the voltage, the greater the dielectric stress.
If the voltage becomes too great, the dielectric
will break down and permit current to flow
between the plates. At this point the capacitor
becomes shorted. Capacitors have a voltage rating
that should not be exceeded. The voltage
rating indicates the maximum amount of voltage
the dielectric is intended to withstand without
breaking down. The amount of voltage applied to
a capacitor is critical to its life span. Capacitors
operated above their voltage rating will fail rela-
tively quickly. Many years ago, the U.S. military
made a study of the voltage rating of a capacitor
relative to its life span. The results showed that a
capacitor operated at one-half its rated voltage has
a life span approximately eight times longer than a
capacitor operated at the rated voltage.

The energy of the capacitor is stored in the
dielectric in the form of an electrostatic charge. It

FIGURE 15-8 Dielectric stress is similar to drawing
back a bowstring with an arrow and holding it.

is this electrostatic charge that permits the capaci-
tor to produce extremely high currents under cer-
tain conditions. If the leads of a capacitor are
shorted together, it has the effect of releasing the
drawn-back bowstring (Fig. 15-8). When the bow-
string is released, the arrow is propelled forward at
a high rate of speed. The same is true for the capac-
itor. When the leads are shorted, the atoms of the
dielectric snap back to their normal position.
Shorting causes the electrons on the negative plate
to be blown off and attracted to the positive plate.
Capacitors can produce currents of thousands of
amperes for short periods of time.

This principle is used to operate the electronic
flash of many cameras. Electronic flash attachments
contain a small glass tube filled with a gas called
xenon. Xenon produces a very bright white light
similar to sunlight when the gas is ionized. A large
amount of power is required, however, to produce a
bright flash. A battery capable of directly ionizing
the xenon would be very large and expensive, and
would have a potential of about 500 V. The simple
circuit shown in Figure 15-9 can be used to
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FIGURE 15-9 Energy is stored in a capacitor.

overcome the problem. In this circuit, two small
1.5-V batteries are connected to an oscillator. The
oscillator changes the direct current of the batteries
into square wave alternating current. The alter-
nating current is then connected to a transformer,
and the voltage is increased to about 500 V peak.
A diode changes the AC voltage back into DC and
charges a capacitor. The capacitor charges to the
peak value of the voltage waveform. When the
switch is closed, the capacitor suddenly discharges
through the xenon tube and supplies the power
needed to ionize the gas. It may take several
seconds to store enough energy in the capacitor to
ionize the gas in the tube, but the capacitor can
release the stored energy in a fraction of a second.

To understand how the capacitor can supply
the energy needed, consider the amount of gun-
powder contained in a 0.357 cartridge. If the pow-
der were to be removed from the cartridge and
burned in the open air, the actual amount of energy
contained in the powder would be very small. This
amount of energy would not even raise the temper-
ature by a noticeable amount in a small enclosed
room. If the same amount of energy is converted
into heat in a fraction of a second, however,
enough force is developed to propel a heavy pro-
jectile with great force. This same principle is at
work when a capacitor is charged over some
period of time and then discharged in a fraction
of a second.

DIELECTRIC

CONSTANTS

Since much of the capacitor’s energy is stored in
the dielectric, the type of dielectric used is
extremely important in determining the amount

of capacitance a capacitor will have. Different
materials are assigned a number, called the dielec-
tric constant. Air is assigned the number 1 and is
used as a reference for comparison. For example,
assume a capacitor uses air as the dielectric and its
capacitance value is found to be 1 microfarad (pF).
Now assume that some dielectric material is placed
between the plates without changing the spacing,
and the capacitance value becomes 5 pF. This
material has a dielectric constant of 5. A chart
showing the dielectric constant of different materi-
als is shown in Figure 15-10.

DIELECTRIC

MATERIAL CONSTANT
AIR 1
BAKELITE 4.0-10.0
CASTOR OIL 43-4.7
CELLULOSE ACETATE 7.0
CERAMIC 1200
DRY PAPER 3.5
HARD RUBBER 2.8
INSULATING OILS 22-46
LUCITE 2.4-3.0
MICA 6.4-7.0
MYCALEX 8.0
PARAFFIN 1.9-22
PORCELAIN 5.5
PURE WATER 81
PYREX GLASS 41-49
RUBBER COMPOUNDS 3.0-7.0
TEFLON 2
TITANIUM DIOXIDE COMPOUNDS 90-170

FIGURE 15-10 Dielectric constant of different
materials.
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CAPACITOR RATINGS

The basic unit of capacitance is the farad, which is
symbolized by the letter F. It receives its name from
a famous scientist named Michael Faraday. A
capacitor has a capacitance of one farad when
a change of one volt across its plates results in a
movement of one coulomb.

Q=CxV

EXAMPLE 1

What would be the plate area of a
1-F (farad) capacitor if air is used as
the dielectric and the plates are
separated by a distance of 1 inch?

Solution

The first step is to convert the above
formula to solve for area.

Cx4.45xD
A= —x
A= 1,000,000,000,000 x4.45 x 1

1
A=4,450,000,000,000squareinches

A=1108.5square miles

Since the basic unit of capacitance is
so large, other units such as the
microfarad (uF), nanofarad (nF), and
picofarad (pF) are generally used.

uF (1x107°)

1
"~ 1,000,000
of a farad
1

~ 1,000,000,000

of a farad
1

~ 1,000,000,000,000
of a farad

nF (1x107%

pF (1x1071?)

The picofarad is sometimes referred
to as a micro-microfarad and is
symbolized by puF.

where

Q = charge in coulombs
C = capacitance in farads
V = charging voltage

Although the farad is the basic unit of capacitance,
it is seldom used because it is an extremely large
amount of capacitance. The following formula
can be used to determine the capacitance of a
capacitor when the area of the plates, the dielectric
constant, and the distance between the plates are
known.

where

C = capacitance in pF (picofarads)

K = dielectric constant

A = area of one plate in square inches

D = distance between the plates in inches

CAPACITORS
CONNECTED IN

PARALLEL

Connecting capacitors in parallel (Fig. 15-11) has
the same effect as increasing the plate area of one
capacitor. In the example shown, three capacitors
having a capacitance of 20 pF, 30 pF, and 60 pF
are connected in parallel. The total capacitance of
this connection is

Cr=Ci+C+GCs
Cr=20+30+60
Cr = 110 pF

CAPACITORS
CONNECTED

IN SERIES

Connecting capacitors in series (Fig. 15-12) has the
effect of increasing the distance between the plates,
thus reducing the total capacitance of the circuit.
The total capacitance can be computed in a manner
similar to computing parallel resistance. The fol-
lowing formulas can be used to find the total
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O

Cr=110 pF —— C1=20pF —

— C2=30 upF —1— C3 =60 uF

O

FIGURE 15-11 Capacitors connected in parallel.

[ [
O—% k

C1=20pF

1T

C2=30uF Ca =60 pF

Cr=10uF

O

FIGURE 15-12 Capacitors connected in series.

capacitance when capacitors are connected in
series.

1
Cr=a—7 71
[RNOREoN
or
. Cl X Cz X C3
= C+C+GCs
or
-G
where

C = capacitance of one capacitor
N = number of capacitors connected in series

(Note: The last formula can be used only when
all the capacitors connected in series are of the
same value.)

EXAMPLE 2

What is the total capacitance of
three capacitors connected in series
if C; has a capacitance of 20 pF,
C, has a capacitance of 30 pF, and
Cs has a capacitance of 60 pF?

Solution

1

D O I |

C (@) (@)
1

DA TS N |

20 30 60
CT=10|.IF

CAPACITIVE CHARGE
AND DISCHARGE

RATES

Capacitors charge and discharge at an exponential
rate. A charge curve for a capacitor is shown in
Figure 15-13. The curve is divided into five time
constants, and each time constant is equal to
63.2% of the whole value. In Figure 15-13, it is
assumed that a capacitor is to be charged to a
total of 100 V. At the end of the first time constant,
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FIGURE 15-13 Capacitors charge at an exponential
rate.

the voltage has reached 63.2% of 100, or 63.2 V.
At the end of the second time constant, the voltage
reaches 63.2% of the remaining voltage, or 86.4 V.

This pattern continues until the capacitor has been
charged to 100 V.

The capacitor discharges in the same manner
(Fig. 15-14). At the end of the first time constant,
the voltage will decrease by 63.2% of its charged
value. In this example, the voltage will decrease
from 100 V to 36.8 V in the first time constant.
At the end of the second time constant the voltage

100 V
/ 36.8V
: 13.6 V
|
| / 5V
|
|
: : / 1.8V
| | /
0 V l l l
1 2 3 4 5
TIME CONSTANTS

FIGURE 15-14 Capacitor discharge curve.

will drop to 13.6 V, and by the end of the third
time constant the voltage will drop to 5 V. The
voltage will continue to drop at this rate until it
reaches approximately 0 after five time constants.

RC TiME CONSTANTS

When a capacitor is connected in a circuit with a
resistor, the amount of time needed to charge the
capacitor (that is, the RC time constant) can be
determined very accurately (Fig. 15-15). The for-
mula for determining charge time is

T=RxC
where

7 = the time for one time constant in seconds
R = resistance in ohms
C = capacitance in farads

The Greek letter 7 (tau) is used to represent
the time for one time constant. It is not
unusual, however, for the letter T to be used to
represent time.

APPLICATIONS FOR
CAPACITORS

Capacitors are among the most used of electrical
components. They are used for power factor correc-
tion in industrial applications, in the start windings
of many single-phase AC motors, to produce phase
shifts for SCR and Triac circuits, to filter pulsating
DC, and in RC timing circuits. (SCRs and Triacs
are solid state electronic devices used throughout
industry to control high-current circuits.) Capacitors
are used extensively in electronic circuits for control
of frequency and pulse generation. The type of capac-
itor is dictated by the circuit application.

:

| +

\|
/1

FIGURE 15-15 The charge time of the capacitor
can be determined very accurately.



EXAMPLE 3

How long will it take the capacitor
shown in Figure 15-15 to charge if
it has a value of 50 pF and the
resistor has a value of 100 kQ?

Solution
7=RXC
7=0.000050 F x 100,000 O
7T=5s

The formula is used to find the time
for one time constant. Five time
constants are required to charge the
capacitor.

Total =5 s x 5 time constants
Total T=25s

EXAMPLE 4

How much resistance should be
connected in series with a 100-pF
capacitor to give it a total charge
time of 0.2 s?

Solution

Change the above formula to solve
for resistance.

T

C
The total charge time is to be 0.2 s.
The value of 7 is therefore 0.2/5 =
0.04 s. Substitute these values in

the formula.
004
"~ 100 x 10 ™2
R =400 MQ
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EXAMPLE 5

A 500-kQ resistor is connected in
series with a capacitor. The total
charge time of the capacitor is 15 s.
What is the capacitance of the
capacitor?

Solution

Change the base formula to solve
for the value of capacitance.

:
=R

Since the total charge time is 15 s,
the time of one time constant will
be 3 5 (15/5 = 3).

ce_ 3
500,000
C=0.000006 F
or
C=6 pF
NONPOLARIZED

CAPACITORS

Capacitors can be divided into two basic groups, non-
polarized and polarized. Nonpolarized capacitors are
often referred to as AC capacitors, because they are
not sensitive to polarity connection. Nonpolarized
capacitors can be connected to either DC or
AC circuits without harm to the capacitor. Nonpolar-
ized capacitors are constructed by separating metal
plates with some type of dielectric (Fig. 15-1).
These capacitors come in many different styles
and case types (Fig. 15-16).

A common type of AC capacitor called the paper
capacitor or oil-filled capacitor is often used in motor
circuits and for power factor correction (Fig. 15-17).
It derives its name from the type of dielectric used.
This capacitor is constructed by separating plates
made of metal foil with thin sheets of paper soaked
in a dielectric oil (Fig. 15-18). These capacitors
are often used as the run or starting capacitor
for single-phase motors. Many manufacturers of
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FIGURE 15-16 Nonpolarized capacitors. Courtesy
of Mallory Capacitor Co.

Tl A

e E OO _- ,
CAT 23&?:1: - W‘
400 :
330 vAC s0CIC = b
f’ m.-

FIGURE 15-17 OQil-filled paper capacitor.

-

METAL FOIL

FIGURE 15-18 OQil-filled paper capacitor.

FIGURE 15-19 Marks indicate plate nearest
capacitor case.

oil-filled capacitors will identify one terminal with
an arrow or a painted dot, or by stamping a dash
in the capacitor can (Fig. 15-19). This identified
terminal marks the connection to the plate that is
located nearer to the metal container or can. It has
long been known that when a capacitor’s dielectric
breaks down and permits a short circuit to ground,
the plate nearer to the outside case most often
becomes grounded. For this reason, it is generally
desirable to connect the identified capacitor terminal
to the line side instead of to the motor start winding.

In Figure 15-20, the run capacitor has been
connected in such a manner that the identified ter-
minal is connected to the start winding of a single-
phase motor. If the capacitor should become
shorted to ground, a current path exists through

ﬁ CIRCUIT BREAKER
6T>

240 v !

—_— — =] =3 — — —_— —

(L

|
RUN CAPACITOR /(\_ﬁ

FIGURE 15-20 Identified capacitor terminal con-
nected to motor start winding (incorrect connection).



ﬂ* CIRCUIT BREAKER
_6% —p

240V / ¥

—3
\

-
RUN CAPACITOR _/* =

FIGURE 15-21 |Identified terminal connected to the
line (correct connections).

the motor start winding. The start winding is an
inductive type load, and inductive reactance will
limit the value of current flow to ground. Since
the flow of current is limited, it will take the circuit
breaker or fuse some time to open the circuit and
disconnect the motor from the power line. This
time delay can permit the start winding to overheat
and become damaged.

In Figure 15-21, the run capacitor has been
connected in the circuit so that the identified termi-
nal is connected to the line side. If the capacitor
should become shorted to ground, a current path
exists directly to ground, bypassing the motor start
winding. When the capacitor is connected in this
manner, the start winding does not limit current
flow and permits the fuse or circuit breaker to
open the circuit almost immediately.

POLARIZED
CAPACITORS

Polarized capacitors are generally referred to as elec-
trolytic capacitors. These capacitors are sensitive to
the polarity they are connected to and have one ter-
minal identified as positive or negative (Fig. 15-22).
Polarized capacitors can be used in DC circuits
only. If their polarity connection is reversed, the
capacitor can be damaged and will sometimes
explode. The advantage of electrolytic capacitors
is that they can have very high capacitance in a
small case.

There are two basic types of electrolytic capa-
citors, the wet type and the dry type. The wet type
electrolytic (Fig. 15-23) has a positive plate made
of aluminum foil. The negative plate is actually an
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FIGURE 15-22 Polarized capacitors. Courtesy
of Mallory Capacitor Co.

/—INSULATION

~—NEGATIVE TERMINAL
ELECTROLYTE
POSITIVE PLATE

POSITIVE LEAD

L NEGATIVE LEAD

FIGURE 15-23 Wet type electrolytic capacitor.

electrolyte made from a borax solution. A second
piece of aluminum foil is placed in contact with the
electrolyte and becomes the negative terminal.
When a source of direct current is connected to
the capacitor, the borax solution forms an insulat-
ing oxide film on the positive plate. This film is
only a few molecules thick and acts as the insulator
to separate the plates. The capacitance is very high
because the distance between the plates is so small.

If the polarity of the wet type electrolytic
capacitor becomes reversed, the oxide insulating
film dissolves and the capacitor becomes shorted.
If the polarity connection is corrected, the film
reforms and restores the capacitor.

AC ELECTROLYTIC
CAPACITORS

The ability of the wet type electrolytic capacitor
to be shorted and then reformed is the basis for a
special type of nonpolarized AC electrolytic capac-
itor. It is used as the starting capacitor for many
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FIGURE 15-24 Two wet type electrolytic capacitors
connect to form an AC electrolytic capacitor.

small single-phase motors, as the run capacitor in
many ceiling fan motors, and for low-power
electronic circuits when a nonpolarized capacitor
with a high capacitance is required. The AC elec-
trolytic capacitor is made by connecting two wet
type electrolytic capacitors inside the same case
(Fig. 15-24). In the example shown their negative
terminals are connected. When alternating current
is applied to the leads, one capacitor will be con-
nected to reverse polarity and become shorted. The
other capacitor will be connected to the correct
polarity and will form. During the next half cycle,
the polarity changes and forms the capacitor that
was shorted and shorts the other capacitor. An AC
electrolytic capacitor is shown in Figure 15-25.

DRY TYPE ELECTROLYTIC
CAPACITORS

The dry type electrolytic capacitor is very similar to
the wet type except that gauze is used to hold the
borax solution. This prevents the capacitor from
leaking. Although the dry type electrolytic has the
advantage of being relatively leak proof, it does
have one disadvantage. If the polarity connection is
reversed and the oxide film is broken down, it will not
reform when connected to the proper polarity.
Reversing the polarity of a dry type electrolytic capac-
itor will permanently damage the capacitor.

VARIABLE
CAPACITORS

Variable capacitors are constructed so their capac-
itance value can be changed over a certain range.
They generally contain a set of movable plates,

FIGURE 15-25 An AC electrolytic capacitor.

FIGURE 15-26 A variable capacitor.

which are connected to a shaft, and a set of station-
ary plates (Fig. 15-26). The movable plates can be
interleaved with the stationary plates to increase or
decrease the capacitance value.

Because air is used as the dielectric and the
plate area is relatively small, variable capacitors
are generally rated in picofarads. Another type of



FIGURE 15-27 A trimmer capacitor.

T~ T

FIGURE 15-28 Variable capacitor symbols.

small variable capacitor is called the trimmer
capacitor (Fig. 15-27). It has one movable plate
and one stationary plate. The capacitance value is
changed by turning an adjustment screw that moves
the movable plate closer to or farther away from the
stationary plate. Figure 15-28 shows schematic
symbols used to represent variable capacitors.

TESTING CAPACITORS

Testing capacitors is difficult at best. Small electro-
lytic capacitors are generally tested for shorts with
an ohmmeter. If the capacitor is not shorted, it should
be tested for leakage using a variable DC power sup-
ply and a microammeter (Fig. 15-29). When rated
voltage is applied to the capacitor, the microam-
meter should indicate zero current flow.

Large AC oil-filled capacitors can be tested in a
similar manner. To test the capacitor accurately,
two measurements must be made. One is to mea-
sure the capacitance value of the capacitor to deter-
mine if it is the same or approximately the same as
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DC POWER SUPPLY —

MICROAMMETER—

CAPACITOR —/

FIGURE 15-29 Testing a capacitor for leakage.

the rate value. The other is to test the strength of
the dielectric.

The first test should be made with an ohmmeter.
With the power disconnected, connect the terminals
of an ohmmeter directly across the capacitor term-
inals (Fig. 15-30). This test determines if the dielectric
is shorted. When the ohmmeter is connected, the nee-
dle should swing up scale and return to infinity. The
amount of needle swing is determined by the capaci-
tance of the capacitor. Then reverse the ohmmeter
connection, and the needle should move twice as far
up scale and return to the infinity setting.

OHMMETER

—~—~
CAPACITOR

|

FIGURE 15-30 Testing the capacitor with an
ohmmeter.
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FIGURE 15-31 A dielectric test set. Courtesy of
Biddle Instruments.

If the ohmmeter test is successful, the dielectric
must be tested at its rated voltage with a dielectric
strength test. To make this test, a dielectric test set
must be used (Fig. 15-31). This device is often
referred to as a HIPOT because of its ability to
produce a high voltage or high potential. The
dielectric test set contains a variable voltage con-
trol, a voltmeter, and a microammeter. To use the
HIPOT, connect its terminal leads to the capacitor
terminals. Increase the output voltage until rated
voltage is applied to the capacitor. The micro-
ammeter indicates any current flow between
the plates of the dielectric. If the capacitor is
good, the microammeter should indicate zero cur-
rent flow.

The capacitance value must be measured to
determine if there are any open plates in the capac-
itor. To measure the capacitance value of the
capacitor, connect some value of AC voltage across
the plates of the capacitor (Fig. 15-32). This volt-
age must not be greater than the rated capacitor
voltage. Then measure the amount of current
flow in the circuit. Now that the voltage and cur-
rent flow are known, the capacitive reactance of
the capacitor can be computed using the formula

E
X = I
After the capacitive reactance has been deter-
mined, the capacitance can be computed using
the formula

1
C=
2nFX,
(Note: Capacitive reactance is measured in ohms
and limits current flow in a manner similar to

inductive reactance. Capacitive reactance is cov-
ered fully in this chapter.)

AMMETER

A

—
CAPACITOR

)|

AC POWER

FIGURE 15-32 Determining the capacitance value.

CONNECTING THE
CAPACITOR INTO

AN AC CircuiT

When a capacitor (Fig. 15-33) is connected to an
alternating current circuit, current will appear to
flow through the capacitor. The reason is that in an
AC circuit, the current continually changes direction
and polarity. To understand this concept, consider
the hydraulic circuit shown in Figure 15-34.
Two tanks are connected to a common pump.
Assume tank A to be full and tank B to be empty.
Now assume that the pump pumps water from tank
A to tank B. When tank B becomes full, the pump
reverses and pumps the water from tank B back into
tank A. Each time a tank is filled, the pump reverses
and pumps water back into the other tank. Notice
that water is continually flowing in this circuit, but
there is no direct connection between the two tanks.

A similar action takes place when a capacitor
is connected to an alternating current circuit

PLATES <~— DIELECTRIC

FIGURE 15-33 A basic capacitor.
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FIGURE 15-34 \Water can flow continuously, but
not between the two tanks.
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FIGURE 15-35 A capacitor connected to an
AC circuit.

(Fig. 15-35). In this circuit, the AC generator or alter-
nator charges one plate of the capacitor positive and
the other plate negative. During the next half cycle,
the voltage will change polarity and the capacitor will
discharge and recharge to the opposite polarity. As
long as the voltage continues to increase, decrease,
and change polarity, current will flow from one
plate of the capacitor to the other. If an ammeter
were placed in the circuit, it would indicate a contin-
uous flow of current, giving the appearance that cur-
rent is flowing through the capacitor.

CAPACITIVE
REACTANCE

As the capacitor is charged, an impressed voltage is
developed across its plates as an electrostatic
charge is built up (Fig. 15-36). The impressed
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APPLIED VOLTAGE COUNTER-VOLTAGE

||
)

FIGURE 15-36 Counter-voltage limits the flow
of current.

EXAMPLE 6

A 35-pF capacitor is connected to a
120-V, 60-Hz line. How much
current will flow in this circuit?

Solution

The first step is to compute the
capacitive reactance. Recall that the
value of C in the formula is given in
farads. This must be changed to the
capacitive units being used—in this
case, microfarads.
_ 1

2 x 3.1416 x 60 x (35 x 107°)
Xc=7579 Q

Now that the value of capacitive
reactance is known, it can be used
like resistance in an Ohm’s law for-
mula. Since capacitive reactance is
the current-limiting factor, it will
replace the value of R.

_E

X

120

~ 75.79

1=158 A

Xc
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voltage is the voltage provided by the electrostatic
charge. It opposes the applied voltage and limits
the flow of current in the circuit. This counter-
voltage is similar to the counter-voltage produced
by an inductor. The counter-voltage developed by
the capacitor is called reactance also. Because it is
caused by capacitance, it is called capacitive reac-
tance (X.) and is measured in ohms. The formula
for finding capacitive reactance is

1
~ 2nFC

Xc

where

X = capacitive reactance
n=3.1416
F = frequency in hertz
C = capacitance in farads

COMPUTING
CAPACITANCE

If the value of capacitive reactance is known, the
capacitance of the capacitor can be found using the
formula

1
- ZJTFXC

VOLTAGE AND
CURRENT
RELATIONSHIPS IN

A PURE CAPACITIVE
CIRCUIT

Earlier in this text it was shown that the current in
a pure resistive circuit is in phase with the applied
voltage and that current in a pure inductive circuit
lags the applied voltage by 90°. In this unit it will
be shown that in a pure capacitive circuit the cur-
rent will lead the applied voltage by 90°.

When a capacitor is connected to an alternating
current, the capacitor will charge and discharge at
the same rate and time as the applied voltage. The
charge in coulombs is equal to the capacitance of the
capacitor times the applied voltage (Q = C x V).

EXAMPLE 7

A capacitor is connected into a
480-V, 60-Hz circuit. An ammeter
indicates a current flow of 2.6 A.
What is the capacitance value of the
capacitor?

Solution

The first step is to compute the
value of capacitive reactance.

Since capacitive reactance, like
resistance, limits current flow, it can
be substituted for R in an Ohm’s law

formula.
Xc = E
|
480
Xe=3%
Xc=184.61 Q

Now that the capacitive reac-
tance of the circuit is known, the
value of capacitance can be found.

1
~ 2nFXc
o 1
T 2%3.1416 x 60 X 184.61
1
€= 69,596.49

C=0.00001437 F=14.37 pF

When the applied voltage is zero, the charge in
coulombs and impressed voltage will be zero also.
When the applied voltage reaches its maximum
value—positive or negative—the charge in coulombs
and impressed voltage will reach maximum also
(Fig. 15-37). The impressed voltage will follow
the same curve as the applied voltage.

In the waveform shown, voltage and charge are
both zero at 0°. Since there is no charge on the
capacitor, there is no opposition to current flow,
which is shown to be maximum. As the applied
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[180° [270°
OO J 900 / \ 3600

FIGURE 15-37 Capacitive current leads the applied
voltage by 90°.

voltage increases from zero toward its positive
peak at 90°, the capacitor begins to charge at the
same time. The charge produces an impressed voltage
across the plates of the capacitor that opposes the
flow of current. The impressed voltage is 180° out
of phase with the applied voltage (Fig. 15-38).
When the applied voltage reaches 90° in the posi-
tive direction, the charge reaches maximum, the
impressed voltage reaches peak in the negative
direction, and the current flow is zero.

IMPRESSED
VOLTAGE

i
o/
0 a0

\ APPLIED

VOLTAGE

FIGURE 15-38 The impressed voltage is 180° out
of phase with the applied voltage.
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<~ CURRENT
<~ IMPRESSED VOLTAGE
\ [ 2700
0°—"| 907 " 360°

/180"

CHARGE IN COULOMBS
APPLIED VOLTAGE

FIGURE 15-39 Voltage, current, and charge rela-
tionships for a capacitive circuit.

As the applied voltage begins to decrease, the
capacitor begins to discharge, causing the current to
flow in the opposite or negative direction. When the
applied voltage and charge reach zero at 180°, the
impressed voltage is zero also and the current flow
is maximum in the negative direction. As the applied
voltage and charge increase in the negative direction,
the increase of the impressed voltage across the capac-
itor again causes the current to decrease. The applied
voltage and charge reach maximum negative after
270° of rotation. The impressed voltage reaches max-
imum positive and the current has decreased to zero
(Fig. 15-39). As the applied voltage decreases from
its maximum negative value, the capacitor again
begins to discharge. This causes the current to flow
in the positive direction. The current again reaches its
maximum positive value when the applied voltage
and charge reach zero after 360° of rotation.

POwWER IN A PURE
CAPACITIVE CIRCUIT

Since the current flow in a pure capacitive circuit
leads the applied voltage by 90°, the voltage and
current have the same polarity for half of the time
during one cycle and have opposite polarities the
other half of the time (Fig. 15-40). During
the period of time that the voltage and current
have the same polarity, energy is being stored in
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I TO CHARGE THE

l - POWER IS BEING USED
CAPACITOR.

POWER IS BEING
RETURNED
TO THE CIRCUIT.

FIGURE 15-40 A pure capacitive circuit has no true
power (watts). The power required to charge the capacitor
is returned to the circuit when the capacitor discharges.

the capacitor in the form of an electrostatic field.
When the voltage and current have opposite polar-
ities, the capacitor is discharging, and the energy is
returned to the circuit. When the values of current
and voltage for one full cycle are added, the sum
will equal zero just as it does with pure inductive
circuits. Therefore, there is no true power, or watts,
produced in a pure capacitive circuit.

The power value for a capacitor is reactive
power and is measured in VARs, just as it is for
an inductor. Inductive VARs and capacitive VARs
are 180° out of phase with each other, however
(Fig. 15-41). To distinguish between inductive

INDUCTIVE
VARs

CAPACITIVE
VARs

FIGURE 15-41 Inductive VARs and capacitive VARs
are 180° out of phase with each other.

and capacitive VARs, inductive VARs will be
shown as VARs; and capacitive VARs as VARsc.

CAPACITOR VOLTAGE
RATING

The voltage rating of a capacitor is actually the
voltage rating of the dielectric. Voltage rating is
extremely important concerning the life of the
capacitor and should never be exceeded. Unfortu-
nately, there are no set standards concerning how
voltage ratings are marked. It is not unusual to see
capacitors marked VOLTS AC, VOLTS DC, PEAK
VOLTS, and WVDC (WORKING VOLTS DC).
The voltage rating of electrolytic or polarized capa-
citors will always be given in DC volts. The voltage
rating of nonpolarized capacitors, however, can be
given as AC or DC volts.

If a nonpolarized capacitor’s voltage rating is
given in AC volts, the voltage indicated is the
RMS value. If the voltage rating is given as PEAK
or as DC volts, it indicates the peak value of AC
volts. If a capacitor is to be connected to an AC
circuit, it is necessary to compute the peak value
if the voltage rating is given as DC volts.

EXAMPLE 8

An AC oil-filled capacitor has a
voltage rating of 300 WVDC. Will
the voltage rating of the capacitor
be exceeded if the capacitor is
connected to a 240-V, 60-Hz line?

Solution

The DC voltage rating of the capacitor
indicates the peak value of voltage. To
determine if the voltage rating will be
exceeded, find the peak value of
240 V by multiplying by 1.414.

Peak =240 x 1.414
Peak =339.36 V

The answer is that the capacitor
voltage rating will be exceeded.



EFFECTS OF
FREQUENCY IN A

CArPACITIVE CIRCUIT

One of the factors that determine the capacitive
reactance of a capacitor is the frequency. Capaci-
tive reactance is inversely proportional to fre-
quency. As the frequency increases, the capacitive
reactance decreases. The chart in Figure 15-42
shows the capacitive reactance for different
values of capacitance at different frequencies. Fre-
quency has an effect on capacitive reactance
because the capacitor charges and discharges faster
at a higher frequency. Recall that current is a rate
of electron flow. A current of 1 A is one coulomb
per second.

=<
t

CAPACITIVE REACTANCE

CAPACITANCE
30 Hz 60 Hz 400 Hz 1000 Hz
10 pF 530.5MQ | 265.26 MQ [39.79 M Q | 15.91 M Q
350 pF 15.16 MQ 758MQ | 1.14MQ (454.73 k Q
470 nF 11288k Q| 56.44k Q| 8.47kQ 3.39k Q
750 nF 2222kQ| 11.11kQ | 1.67kQ | 666.67 Q
1uF 5.31kQ 265kQ | 397.89Q | 159.15Q
25 uF 212.21Q 106.1Q | 15.915Q 6.37 Q

FIGURE 15-42 Capacitive reactance is inversely
proportional to frequency.
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where

I = current
C = charge in coulombs
t = time in seconds

Assume that a capacitor is connected to a 30-Hz
line, and 1 coulomb of charge flows each second.
If the frequency is doubled to 60 Hz, 1 coulomb
of charge will flow in 0.5 s because the capacitor
is being charged and discharged twice as fast
(Fig. 15-43). This means that in a period of 1 s,
2 coulombs of charge will flow. Since the capacitor
is being charged and discharged at a faster rate, the
opposition to current flow is decreased.

]

Wz ==

[®

N

CAPACITOR CHARGES AT A RATE OF
1 COULOMB IN 1 SECOND.

]

60Hz ==

|—[®

CAPACITOR CHARGES AT A RATE OF
2 COULOMBS IN 1 SECOND.

FIGURE 15-43 The rate of charge increases with
frequency.
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SECTION 2 Alternating Current

EXAMPLE 9

Series Capacitors

Three capacitors with values of 10 pF,

30 pF, and 15 pF are connected in series to
a 480-V, 60-Hz line (Fig. 15-44). Find the
following circuit values.

Xei — capacitive reactance of the first capacitor
Xc2 — capacitive reactance of the second capacitor
Xc3 — capacitive reactance of the third capacitor
Xt — total capacitive reactance for the circuit
Cr — total capacitance for the circuit

It — total circuit current

Eci — voltage drop across the first capacitor
VARsc1 — reactive power of the first capacitor

Eco — voltage drop across the second capacitor
VARsc; — reactive power of the second capacitor
Ecs — voltage drop across the third capacitor
VARsc3 — reactive power of the third capacitor
VARsct — total reactive power for the circuit
Solution

Since the frequency and the capacitance of
each capacitor are known, the capacitive
reactance for each capacitor can be found
using the formula

1
2nFC

Recall that the value for C in the formula is
in farads, and the capacitors in this problem
are rated in microfarads.

Xc=

1
A= 5rc
Xcr1 = !
377 x 0.000010
Xc1=265.25 Q
1
X2 = ImFC
X2 = !
377 x 0.000030
X2 =88.417 Q
1
Xc = ImFC

I I I
I I I\

Ecr 480 Ec1 Ecz Ecs

lot Ict lc2 Ics
@ Xet Xc1 Xc2 Xc3

VARscT VARsc1 VARsc2 VARsc3

Cr Ci10puF  C230puF  Czi5pF

FIGURE 15-44 Capacitors connected in series.

Xc1 =265.25 Q

|
.

Xct = 530.497 Q
Xco =88.417

=176.83

FIGURE 15-45 Vector sum for capacitive
reactance.

o = 1
G~ 377 x 0.000015
Xcg =176.83 Q

Since there is no phase angle shift between any
of the three capacitive reactances, the total
capacitive reactance will be the sum of the
three reactances (Fig. 15-45).

Xer = Xc1 + Xez2 + X3
Xcr = 265.25 4+ 88.417 + 176.83
Xcr=530.497 Q
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EXAMPLE 9 CONTINUED

The total capacitance of a series circuit can be Ecx =lc2 X X2

computgd ina manner5|mllarto that used for Ec, = 0.905 X 88.417
computing parallel resistance. Refer to the
Pure Capacitive Circuits Formula section of Ec; =80.017 V
the appendix. Total capacitance in this circuit

will be computed using the formula Ecs = ls X Xe3

1 Ec3 =0.905 x 176.83
G=""7F—"—+
1 + 1 + 1 Ec3 =160.031V
G G G .
1 2 3 Now that the voltage drops of the capacitors
Ce= 1 are known, the reactive power of each capaci-
A
1 1 1 tor can be found.
10 30 15 VARsc; = Ecq X Icq
C = 01_2 VARsc; = 240.051 X 0.905
Cr=5 pF VARsc; = 217.246
The total current can be found by substi- VARscz =Eq X lcz
tuting the total capacitive reactance for R in VARsc; =80.017 x 0.905
an Ohm’s law formula. VARsc, = 72.415
Iy = Ea VARsc3 = Ec3 X Ic3
Xer VARsc; = 160.031 x 0.905
= 80 VARsc; = 144.828
530.497 . .
I = 0.905 A Power, whether true, apparent, or reactive, will
T=5 add in any type of circuit. The total reactive power
Because the current is the same at any point in this circuit can be found by taking the sum of all
in a series circuit, the voltage drop across the VARs for the capacitors or by using total values
each capacitor can now be computed using of voltage and current and Ohm’s law.

the capacitive reactance of each capacitor

. . VARscr = VARsc1 + VARsc; + VAR
and the current flowing through it. ST S SQ °G

VARscr = 217.246 + 72.415 + 144.828
VARsc =434.489
The circuit with all computed values is shown

Ec1 =lc1 X Xca

Ecq1 =0.905 x 265.25

Eci =240.051 V in Figure 15-46.
|( |( |(
I\ I\ I\
Ecr 480 V Ec1240.051V  Ec280.017V Ecs 160.031 V

VARscT 434.489  VARscq 217.246 VARsc2 72.415 VARsc3 144.828

lct 0.905 A lc1 0.905 A lco 0.905 A lca 0.905 A
XcT530.497 Q Xc1265.25 Q Xc2 88.417 Q Xc3176.83 Q
Ct5uF C110puF C2 30 uF C3 15 uF

FIGURE 15-46 Series circuit 1 with all values.
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EXAMPLE 10

Parallel Capacitors

SECTION 2

Alternating Current

Three capacitors having values of 50 pF,
75 pF, and 20 pF are connected in
parallel to a 60-Hz line. The circuit has a
total reactive power of 787.08 VARs
(Fig. 15-47). Find the following unknown

values.

Xc
Xc2
Xcs
Xet

Er

lcy
VARSsc,
lc2

VARSc

Ic3

VARSc3

capacitive reactance of the first capacitor

capacitive reactance of the second capacitor

capacitive reactance of the third capacitor

total capacitive reactance for the circuit

total applied voltage

current flow through the first capacitor

reactive power of the first capacitor

current flow through the second capacitor

reactive power of the second capacitor

current flow through the third capacitor

reactive power of the third capacitor

Since the frequency of the circuit and the
capacitance of each capacitor are known,
the capacitive reactance of each capacitor
can be computed using the formula

1
Xc

~ 2nFC

(Note: Refer to the Pure Capacitive Circuits

Formula section of the appendix.)

Xc1 = !

377 x 0.000050
Xc1=53.050Q
X2 = !

377 x 0.000075
Xc2 =35.367 Q
Xc = !

377 x 0.000020
Xcs = 132.63 O

The total capacitive reactance can be found in a
manner similar to finding the resistance of par-
allel resistors.

1
Xa=q 1 1

Xaa X X

1

Xa=— N 1 N 1

53.05 ' 35367 132.63

1

Xer = 505466
Xcr = 18.295 O

Now that the total capacitive reactance of the

circuit is known and the total reactive power is
known, the voltage applied to the circuit can be
found using the formula

o

Ecr
let
Xet

VARscT 787.08

Cr

Ec1

It

—= Xct
VARsc1
C150 uF

Ecz
lc2

== Xc2

VARsc2
Co 75 uF

Ecs
Ics

== Xcs

VARsc3
C320 uF

FIGURE 15-47 Capacitors connected in parallel.

Er = V/VARScT X Xcr
Er =/787.08 x 18.295
Er=120V
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EXAMPLE 10 CONTINUED

In a parallel circuit the voltage must be
the same across each branch of the circuit.
Therefore, 120 V is applied across each
capacitor.

Now that the circuit voltage is known,
the total current for the circuit and the
current in each branch can be found using

CHAPTER 15 Capacitors 259

The amount of reactive power for each
capacitor can now be computed using
Ohm'’s law.

VARSc1 = Ecq X Icq

VARSsc; = 120 X 2.262

Ohm’s law. VARsc1 = 271.442
o = Ecr
T = % VARsc; = Eca X Iz
I = 120 VARsc; = 120 x 3.393
T~ 18295
lcr =6.559 A VARSc; = 407.159
I = Ear VARsc3 = Ecz X Ic3

Xc
1= 53 nc
53.05 VARsc; = 108.573
lc1 =2.262 A To make a quick check of the circuit values,
Iy = Ec add the VARs for all the capacitors and see if
2™ Xa they equal the total circuit VARSs.
_ 120 VARscr = VARscq1 + VARSc; + VARS3
“ 35367 VAR 271.442 + 407.159 + 108.573
Scr =271. : .
lo=3.393 A “r
on = Ecs VARscr =787.174
" Xa The slight difference in answers is caused by
120 rounding off values. The circuit with all values is
Iz = 13262 shown in Figure 15-48.
|c3 =0.905 A
Ect 120 V Eci1 120V Ec2 120 V Ec3 120V
lcT 6.559 A Ic1 2.262 A lco 3.393 A Ica 0.905 A

)

Xcr 18.295 Q —— Xc153.05 Q

VARscT 787.08
Ct 145 uF

C150 uF

VARsc1 217.442

—— Xc235.367 Q =

VARsc2 407.159
C2 75 pF

— Xc3132.63 Q
VARscs 108.573
Cs 20 uF

FIGURE 15-48 Parallel circuit with completed values.
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Alternating Current

SUMMARY

Capacitors are devices that oppose a change of
voltage.

Three factors that determine the capacitance of a
capacitor are

A.The surface area of the plates.
B. The distance between the plates.
C.The type of dielectric.

A capacitor stores energy in an electrostatic

field.

Current can flow only during the time a capaci-
tor is charging or discharging.

Capacitors charge and discharge at an expo-
nential rate.

The basic unit of capacitance is the farad.
Capacitors are generally rated in microfarads,
nanofarads, or picofarads.

When capacitors are connected in parallel, their
capacitance values add.

When capacitors are connected in series, the
reciprocal of the total capacitance is equal to the
sum of the reciprocals of all the capacitors.

The charge and discharge times of a capacitor
are proportional to the amount of capacitance
and resistance in the circuit.

Five time constants are required to charge or
discharge a capacitor.

Nonpolarized capacitors are often called AC
capacitors.

Nonpolarized capacitors can be connected to
direct or alternating current circuits.

Polarized capacitors are often referred to as
electrolytic capacitors.

Polarized capacitors can be connected to direct
current circuits only.

There are two basic types of electrolytic capaci-
tors, the wet type and the dry type.

Wet type electrolytic capacitors can be reformed
by reconnecting to the correct polarity.

Dry type electrolytic capacitors will be perma-
nently damaged if connected to the incorrect
polarity.

To test a capacitor for leakage, a microammeter
should be connected in series with the capacitor
and rated voltage applied to the circuit.

When a capacitor is connected to an alternating
current circuit, current will appear to flow
through the capacitor.

Current appears to flow through a capacitor
because of the continuous increase and decrease
of voltage and because of the continuous change
of polarity in an AC circuit.

The current flow in a pure capacitive circuit is
limited by capacitive reactance.

Capacitive reactance is proportional to the
capacitance of the capacitor and the frequency
of the AC line.

Capacitive reactance is measured in ohms.

In a pure capacitive circuit, the current leads the
applied voltage by 90°.

There is no true power, or watts, in a pure
capacitive circuit.

Capacitive power is reactive and is measured in
VARs, as is inductance.

Capacitive and inductive VARs are 180° out of
phase with each other.

Capacitor voltage ratings are given as volts AC,
peak volts, and volts DC.

A DC voltage rating for an AC capacitor
indicates the peak value of voltage.



REVIEW QUESTIONS

10.

11.

12.

. What is the dielectric?

List three factors that determine the
capacitance of a capacitor.

A capacitor uses air as a dielectric
and has a capacitance of 3 pF. A
dielectric material is inserted
between the plates without
changing the spacing, and the
capacitance becomes 15 pyF. What is
the dielectric constant of this
material?

In what form is the energy of a
capacitor stored?

Four capacitors having values of
20 pF, 50 pF, 40 pyF, and 60 pF are
connected in parallel. What is the
total capacitance of this circuit?

If the four capacitors in question 5
were to be connected in series, what
would be the total capacitance of
the circuit?

A 22-pF capacitor is connected in
series with a 90-kQ resistor. How long
will it take this capacitor to charge?

A 450-pF capacitor has a total charge
time of 0.5 s. How much resistance is
connected in series with the
capacitor?

Can a nonpolarized capacitor be
connected to a direct current circuit?

Explain how an AC electrolytic
capacitor is constructed.

What type of electrolytic capacitor
will be permanently damaged if
connected to the incorrect polarity?

A 500-nF capacitor is connected to a
300-kQ resistor. What is the total
charge time of this capacitor?

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,
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Can current flow through a
capacitor?

What two factors determine the
capacitive reactance of a capacitor?

How many degrees are the current
and voltage out of phase in a pure
capacitive circuit?

Does the current in a pure capacitive
circuit lead or lag the applied
voltage?

A 30-pF capacitor is connected into a
240-V, 60-Hz circuit. What is the
current flow in this circuit?

A capacitor is connected into a
1250-V, 1000-Hz circuit. The current
flow is 80 A. What is the capacitance
of the capacitor?

A capacitor is to be connected into a
480-V, 60-Hz line. If the capacitor
has a voltage rating of 600 VDC, will
the voltage rating of the capacitor
be exceeded?

On the average, by what factor is
the life expectancy of a capacitor
increased if the capacitor is
operated at half its voltage rating?

A capacitor is connected into a
277-V, 400-Hz circuit. The circuit
current is 12 A. What is the
capacitance of the capacitor?

A capacitor has a voltage rating of
350 VAC. Can this capacitor be
connected into a 450-VDC circuit
without exceeding the voltage
rating of the capacitor?
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Alternating Current

PRACTICE PROBLEMS |

RC TIME CONSTANTS

Fill in all the missing values. Refer to the
formulas given below.

Resistance Capacitance Time Total
Constant Time
150 kQ 100 pF
350 kQ 35s
350 pF 0.05s
0.05 pF 10s
1.2 MQ 0.47 pF
12 uF 0.05s
86 kQ 15s
120 kQ 470 pF
250 nF 100 ms
8 uF 150 us
100 kQ 150 ms
33 kQ 4 uF
T=RC
T
"=c
T
=R

Total time =1 x 5

CAPACITIVE CIRCUITS

Fill in all the missing values. Refer to the

formulas given.

Xc

1

~2nFC
1
21FXc
F= 2né><C
Capacitance Xc Frequency
38 pF 60 Hz
78.8 Q 400 Hz
250 pF 4.5 kQ
234 pF 10 kHz
240 Q 50 Hz
10 pF 36.8 O
560 nF 2 MHz
15 kQ 60 Hz
75 pF 560 Q
470 pF 200 kHz
6.8 kQ 400 Hz
34 puF 450 Q
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You are an electrician working in an
industrial plant. You are given an AC
oil-filled capacitor to install on a
480-V, 60-Hz line. The capacitor has
the following marking: (15 pF,

600 VDC). Will this capacitor be
damaged if it is installed? Explain
your answer.

You are working in an industrial
plant. You have been instructed to
connect a capacitor in parallel with a
capacitor that is already connected to

CHAPTER 15 Capacitors

PRACTICAL APPLICATIONS |

a machine. The ratings of the existing
capacitor are not visible. The
capacitor is connected to 560 VAC,
and an ammeter indicates a current
of 6 A flowing to the capacitor. What
size capacitor should be connected to
the existing capacitor? What is the
minimum AC voltage rating for the
new capacitor? What is the minimum
DC voltage rating of the new
capacitor? Finally, what is the
minimum kVAR rating of the

new capacitor?
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Resistive-Capacitive

Circuits

OBJECTIVES After studying this unit, you should be able to:

e discuss the relationship of voltage and current in
circuits that contain both resistance and
capacitance.

e compute circuit values for R-C series circuits.

e compute circuit values for R-C parallel circuits.

connect an R-C series circuit and measure circuit
values with electrical instruments.

connect an R-C parallel circuit and measure circuit
values with electrical instruments.
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GLOSSARY OF RESISTIVE-CAPACITIVE

CIRCUIT TERMS

voltage drop across the voltage drop across the
capacitor (Ec) the amount of resistor (Eg) the amount of
voltage drop across the capacitor voltage drop across the resistor

www.EngineeringeBooksPdf.com



266 SECTION 2 Alternating Current

his chapter discusses circuits that
contain both resistance and capaci-

tance. Mathematical calculations

will be used to illustrate the relationship of
voltage and current in both series and par-
allel circuits.

Circuits that contain both resistance and capaci-
tance are very similar to the circuits that contain
resistance and inductance that were discussed
in previous chapters. The primary difference
between them is the relationship of voltage and
current in the circuit. A pure inductive circuit
causes current to lag the applied voltage by 90°.
A pure capacitive circuit causes the current to lead
the applied voltage by 90°. In a circuit that con-
tains both resistance and inductance, the current
will lag the voltage by some amount between 0°
and 90°, depending on the ratio of resistance and
inductance. Resistive-inductive circuits produce a
lagging power factor. Circuits that contain both
resistance and capacitance will cause the current
to lead the voltage by some amount between 0°
and 90°, depending on the ratio of resistance
and capacitance. Resistive-capacitive circuits pro-
duce a leading power factor. The mathematical
formulas used to determine values in a resistive-
capacitive circuit are very similar to those used in
a resistive-inductive circuit.

R-C SErIES CIRCUITS

The circuit shown in Figure 16-1 contains a resistor
and a capacitor connected in series with each other.
The resistor has a resistance of 12 ohms and the

AVAYAY,

Er
ET 240 V In ©
I R12Q Ec

/\/ Z P — lc

VA Xc16 Q
PF VARsG
L0

FIGURE 16-1 An R-C series circuit.

capacitor has a capacitive reactance of 16 ohms.
A voltage of 240 V at 60 Hz is connected to the
circuit. The following unknown values will be
determined:

Z — Total circuit impedance
I — Circuit current
Er — Voltage drop across the resistor
P — Watts (true power)
C - Capacitance of the capacitor
Ec — Voltage drop across the capacitor
VARsc — Reactive power
VA - Apparent power
PF — Power factor

/8 — Angle theta (phase angle difference
between the voltage and current)

IMPEDANCE

Impedance is the total current-limiting effect in the
circuit. It is a combination of resistance and capac-
itive reactance. Since these two elements are con-
nected in series, their ohmic values must be added.
However, these two current-limiting elements are
90° out of phase with each other, which means
that vector addition must be used. Impedance can
be determined using the formula:

Z=/R* + X}
Z =122 116
Z = /400
Z=200

TOTAL CURRENT

Now that the circuit impedance has been deter-
mined, the circuit current can be calculated using
the formula:

Er
[= L
Z
[ 240
20

[ =12 Amps



VOLTAGE DROP ACROSS
THE RESISTOR

In any series circuit, the current is the same in all
parts of the circuit. In this circuit, 12 amperes of
current flows through both the resistor and capaci-
tor. The voltage drop across the resistor (Er) can
be computed using the formula:

Er =IxR
Er =12 x 12
Er = 144 Volts

TRUE POWER

The true power (P) can be determined using any of
the formulas for determining watts, provided that
values that apply to only resistive parts of the
circuit are used. The only time that true power,
or watts, is produced is when both voltage and
current are in phase with each other. This occurs
only in the resistive elements of the circuit. The
true power in this circuit will be determined using
the formula:

P=IxR
P=12Ax12A%x120Q
P=1728 Watts

CAPACITANCE

The value of the capacitor can be determined using
the formula:

1
€= 2nFXc
1
€= 377 x 16

C =0.0001658 F or 165.8 pF

VOLTAGE DROP ACROSS THE
CAPACITOR

The voltage drop across the capacitor (Ec) can be
determined using values that apply to the capaci-
tor. The formula used to determine voltage drop
across the capacitor will be:
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EC =1Ix XC
Ec=12x 16

Ec =192 Volts

TOTAL VOLTAGE

Although the total voltage applied to this circuit
is given as 240 volts, it is possible to compute
the total voltage by adding the voltage drops
across the different elements in the circuit. One of
the rules concerning series circuits is that the
applied voltage is equal to the sum of the voltage
drops in the circuit. In a circuit of this type, how-
ever, the vector addition must be employed
because the voltage across the resistive element is
in phase with the current and the voltage across
the capacitive element lags the current by 90°
(Figure 16-2). The total voltage can be determined
using the formula:

Er = /E} + E&
Er = V/144% + 1922

Et = 240 Volts

Er = 144 VOLTS

Ec =192 VOLTS
Et =240 VOLTS

FIGURE 16-2 The total voltage is the vector sum of
the voltage across the resistor and the voltage across
the capacitor.
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REACTIVE POWER

The reactive power (VARs) can be determined
using the values that apply to the reactive circuit
components. The formulas for determining VARs
are very similar to those used to determine watts,
except that reactive values of voltage, current, and
reactance are used. In this example, the formula for
determining the reactive power will be:

VARSC = EC x 1
VARsc =192 x 12
VARsc = 2304

APPARENT POWER

The apparent power is generally referred to as the
volt-amps. It can be computed using formulas sim-
ilar to those for determining watts and VARs,
except that total circuit values are used. In this cir-
cuit, the apparent power will be determined using
the formula:

E7
VA = -

240?
VA = 20
VA = 2880

POWER FACTOR

The power factor is the ratio of the true power, or
watts, as compared to the apparent power, or volt-
amps. In this circuit, the current leads the applied
voltage, producing a leading power factor. The
power factor can be computed by dividing any
resistive value by its like total value. In this exam-
ple, the formula will be:

Er
PF = R}

Er

144
PF = 240

PF = 0.6 or 60%

ANGLE THETA

Angle theta indicates how many degrees out
of phase the current is with the applied voltage.

The decimal equivalent of the power factor is the
cosine of angle theta.

COS /6 = PF
COS /6 =0.6
/6 =53.13°

In this circuit, the voltage and current are 53.13°
out of phase with each other.

R-C PARALLEL
CIRrRcCUITS

In any parallel circuit, the voltage is the same
across all branches of the circuit. The voltage
across the resistor and the voltage across the
capacitor are, therefore, in phase with each
other. In the branch containing resistance, the
voltage and current are in phase with each other.
In the branch containing capacitance, the voltage
and current are 90° out of phase with each other.
A circuit containing a resistor and capacitor con-
nected in parallel is shown in Figure 16-3. The
circuit has an applied voltage of 240 volts at a
frequency of 60 Hz. The resistor has a resistance
of 30 Q, and the capacitor has a capacitive reac-
tance of 20 Q. The following values will be deter-
mined for this circuit:

Ir — Current flow through the resistor
P — Watts (true power)
IC - Current flow through the capacitor
VARsc — Reactive power
C - Capacitance of the capacitor

Er240V
I ER240 V FCC 240V
z Ir e
AV, ~ Xc20Q
<> \F{'l‘_} § E Sk VARsG
LO C

FIGURE 16-3 An R-C parallel circuit.



It — Total circuit current
Z — Impedance

VA - Apparent power

PF — Power factor

/8 — Angle theta (phase angle difference
between voltage and current)

RESISTIVE CURRENT

The amount of current flow through the resistor
can be determined using the values that apply to
the resistor. The formula for determining the resis-
tive current will be:

Er
IR == F
L 240
30
Ir = 8 Amps

TRUE POWER

The true power, or watts, for this circuit can be
determined using the values that pertain to the
resistive part of the circuit. The true power will
be calculated using the formula:

P=ExIx
P=240x 8
P = 1920 Watts

CAPACITIVE CURRENT

The amount of current flow through the capacitor
(Ic) can be computed using values that apply to the
capacitive part of the circuit. The formula used

will be:

o = Le
C=Xe
L _240
“7 20
Ic =12 Amps

CHAPTER 16
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REACTIVE POWER (VARSs)

The reactive power can be found using any of the
capacitive values. In this example, the formula used

will be:

EZ
VARSC = Xic
2407
VARSC = W
VARsc = 2880
CAPACITANCE

The capacitance of the capacitor can be determined
using the formula:

1
CZZZnFXC

1
C=377x20

C =0.0001326 F or 132.6 pF

TOTAL CURRENT

As stated previously, the current in the resistive part
of the circuit is in phase with the voltage, and the
current in the capacitive part of the circuit leads
the voltage by 90°. In a parallel circuit, the sum of
the currents through each branch will equal the total
current. Because these two currents are out of phase
with each other, vector addition must be used. The
formula for determining the total circuit current is:

Ir = /I + 12
It = /8% + 122

It = 14.4 Amps

IMPEDANCE

The impedance can be determined in several ways.
One is to use the total circuit value, as shown in
this formula:

Er
7 =—

It

240
Z= 14.4
Z=16.7Q

EnqgineeringEBooksPdf.com



270 SECTION 2 Alternating Current

The impedance can also be found by adding the
reciprocals of the resistance and capacitive reac-
tance. Because these two values are 90° out
of phase with each other, vector addition must

be used.

N ORe)
G

APPARENT POWER

The apparent power (VA) can be computed by
multiplying the circuit voltage and the total current
together.

VA =E x Iy
VA =240 x 14.4
VA = 3456

POWER FACTOR

The power factor is the ratio of the true power to
the apparent power. The circuit power factor can
be computed using any pure resistive value and
total value. The power factor in this example will
be determined using the formula:

P

VA

1920

~ 3456

PF = 0.555 or 55.5%

PF

ANGLE THETA

The cosine of angle theta is equal to the decimal
equivalent of the power factor.

COS /8 =0.555
/0 =56.3°

The voltage and current are 56.3° out of phase
with each other in this circuit.

SUMMARY

R-C SERIES CIRCUITS

e In a pure resistive circuit, the voltage and current
are in phase with each other.

e In a pure capacitive circuit, the current leads the
voltage by 90°.

e In a circuit that contains both resistance and
capacitance, the voltage and current will be out
of phase with each other by some amount
between 0° and 90°.

e The amount of phase angle shift between voltage
and current in an R-C series is determined by the
ratio of resistance and capacitance.

¢ In any series circuit, the current is the same
through all components. Therefore, the voltage
drops across the components are out of phase
with each other.

e True power can be produced by the resistive
parts of the circuit only.

e Power factor is the ratio of true power to
apparent power.

R-C PARALLEL CIRCUITS

e The current flow through the resistive part of the
circuit is in phase with the voltage.

e The current flow through the capacitive part of
the circuit leads the voltage by 90°.

e Vector addition must be used to calculate the
total circuit current when the resistive and
capacitive currents are known.

e The voltage is the same across all branches of a
parallel circuit.

e The power factor of any circuit containing
resistance and capacitance will be a leading
power factor.

v.EngineeringEBooksPdf.com



CHAPTER 16

REVIEW QUESTIONS

1. In a pure capacitive circuit, does the
current lead or lag the voltage?

2. A series circuit contains a 20-Q
resistor and a capacitor with a
capacitance of 110.5 pF. If the circuit
has a frequency of 60 Hz, what is
the total impedance of the circuit?

3. An R-C series circuit has a power
factor of 76%. By how many
degrees are the voltage and current
out of phase with each other?

4. An R-C series circuit has a total
impedance of 84 Q. The resistor
has a value of 32 Q. What is the
capacitive reactance of
the capacitor?

Xc = V7> —R?

5. A capacitor has a capacitive
reactance of 50 Q when connected

PRACTICE PROBLEMS

R-C SERIES CIRCUITS

Refer to the Resistive-Capacitive Series Circuit
formula section in Appendix C and to Figure 16-1
to answer the following questions.

1. Assume that the circuit shown in
Figure 16-1 is connected to a 480-V,
60-Hz line. The capacitor has a
capacitance of 165.782 pF, and the
resistor has a resistance of 12 Q.
Find all the missing values.

Er480V  Eg Ec
It I Il

y4 R120Q X

VA P VARSsc

PF /0 C 165.782 pF

10.

Resistive-Capacitive Circuits 271

to 60 Hz. What will be the capacitive
reactance if the capacitor is
connected to 1000 Hz?

A capacitor and resistor are connected
in parallel to a 120-V, 60-Hz line. The
resistor has a resistance of 40 Q, and
the capacitor has a capacitance of
132.6 pF. What is the total current
flow in the circuit?

What is the impedance of the circuit
in question 6?

What is the power factor of the
circuit in question 6?

How many degrees out of phase are
the voltage and currentin question 62

An R-C parallel circuit has a current
flow of 3.2 A when connected to
120 V at 60 Hz. What is the
impedance of this circuit?

Assume that the circuit shown in
Figure 16-1 has a voltage drop
across the resistor (Eg) of 78 volts,
the voltage drop across the capaci-
tor (E¢) is 104 volts. The circuit has a
total impedance of 20 Q. The fre-
quency of the AC voltage is 60 Hz.
Find all the missing values.

Er Er=78V  Ec=104V
It Is o

Z=20Q R X

VA P VARsg ____
PF /0 C
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272 SECTION 2 Alternating Current

3. Assume that the circuit shown in
Figure 16-1 has an apparent power of
432 VA and a true power of 345.6 W.
The capacitor has a capacitance of
15.8919 pF, and the frequency is
60 Hz. Find all the missing values.

Er Er Ec
It I I

z R X

VA=432 P=3456W VARsc

PF /0 C = 15.8919 F

R-C PARALLEL CIRCUITS

Refer to the formulas in the Resistive-Capacitive
Parallel Circuits section of Appendix C. Also
refer to the circuit shown in Figure 16-3.

4. Assume that the circuit shown in
Figure 16-3 is connected to a 60-Hz
line and has a total current flow of
10.463 A. The capacitor has a
capacitance of 132.626 pF, and the
resistor has a resistance of 14 Q.
Find all the missing values.

Er = Ec

lr = 10463 A g o
Z__ R=14Q Xc

VA = VARSsG

PF /0 C = 132.626 pF

Assume that the circuit shown in
Figure 16-3 is connected to 400 Hz
and has a total impedance of 21.6 Q.
The resistor has a resistance of 36 Q,
and the capacitor has a current of
2 A flowing through it. Find all the
missing values.

Er Er Ec
It I lc=2A
Z=216Q0 R=36Q0 X

VA P VARsc
PF /6 C

Assume that the circuit shown in
Figure 16-3 is connected to a 600 Hz
line and has a current flow through
the resistor of 65.6 A and a current
flow through the capacitor of

124.8 A. The total impedance of the
circuit is 2.17888 Q. Find all the
missing values.

Er Er Ec
b 1gr=566AIc=1248A
Z=217888 Q R Xo

VA P VARSsc

PF /6 C

PRACTICAL APPLICATIONS |

1. A 120-V incandescent pilot lamp
must be connected to 480 V. A
capacitor is to be connected in series
to limit the current to prevent
damage to the lamp. The lamp is

rated at 3 W. What size capacitor
should be connected in series with
the lamp, and what is the minimum
voltage rating of the capacitor?
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A single-phase, 240-V, 60-Hz AC
motor has a current draw of 14 A
when operating. A wattmeter
indicates a true power of 1500 W.
Now assume that a 50 pF capacitor is
connected in parallel with the motor.
Determine the following:

www.EngineeringEBooksPdf.com
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The power factor of the circuit before
the capacitor is connected.

The circuit current after the capacitor
has been connected.

The power factor circuit after the
capacitor has been connected.
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Resistive-Inductive-
Capacitive Circuits

OBJECTIVES After studying this unit, you should be able to:

e discuss the relationship of voltage and current in e connect an RLC series circuit and measure circuit
circuits that contain resistance, inductance, and values with electrical instruments.
capacitance.

e connect an RLC parallel circuit and measure circuit
e compute circuit values for RLC series circuits. values with electrical instruments.

e compute circuit values for RLC parallel circuits.
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GLOSSARY OF RESISTIVE-INDUCTIVE-CAPACITIVE

CIRCUIT TERMS

current flow through the current flow through the
capacitor (I¢) the amount of resistor (Ig) the amount of
current flowing through the current flowing through the
capacitor resistor
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276 SECTION 2 Alternating Current

his chapter discusses circuits that

contain resistance, inductance, and

capacitance. Mathematical calcula-
tions will be used to illustrate the relation-
ship of voltage and current in both series
and parallel circuits. It will be seen that
values of voltage in an RLC series circuit
can be higher across a particular component
than the voltage applied to the circuit. In
parallel circuits, the current through a single
branch can be greater than the total current
applied to the circuit. This is because induc-
tive and capacitive values cancel each other,
but both are still very real values.

RLC SERIES
CIircuITs

When an alternating-current circuit contains
elements of resistance, inductance, and capacitance
connected in series, the current will be the same
through all components, but the voltages that
are dropped across each element will be out
of phase with each other. The voltage dropped
across the resistance will be in phase with the
current, the voltage dropped across the inductor
will lead the current by 90°, and the voltage
dropped across the capacitor will lag the current
by 90° (Fig. 17-1). An RLC series circuit is shown
in Figure 17-2. The ratio of resistance, inductance,
and capacitance will determine how much the
applied voltage will lead or lag the circuit current.
If the circuit contains more inductance VARs than
capacitive VARs, the current will lag the applied
voltage and the power factor will be a lagging
power factor. If there are more capacitive VARs
than inductive VARs, the current will lead the
voltage and the power factor will be a leading
power factor.

Since inductive reactance and capacitive
reactance are 180° out of phase with each other,
they cancel each other in an AC circuit. This can
permit the impedance of the circuit to become less
than either or both of the reactances, producing a
high amount of current flow through the circuit.

<« VOLTAGE

VOLTAGE DROP ACROSS
A RESISTOR IS IN PHASE
WITH THE CURRENT.

~— VOLTAGE

@ VOLTAGE DROP ACROSS
AN INDUCTOR LEADS THE
CURRENT BY 90°

~— VOLTAGE

VOLTAGE DROP ACROSS
A CAPACITOR LAGS THE
CURRENT BY 90°

)|
/1

FIGURE 17-1 The current and voltage relationships
in an RLC series circuit.

AVAYAY,
Er
Et In E,
It R I
) : i3

e VARs,
PF N
LO

| (

[\

Ec

Ic

Xc

VARsg

C

FIGURE 17-2 An RLC series circuit.

When Ohm’s law is applied to the circuit values,
it will be seen that the voltage drops developed
across these components can be higher than the
applied voltage.

ExaMpPLE CircuiT 1

It is assumed that the circuit shown in Figure 17-2
has an applied voltage of 240 volts at 60 Hz and
the resistor has a value of 12 ), the inductor has an
inductive reactance of 24 (), and the capacitor has
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a capacitive reactance of 8 (. The following
unknown values will be found:

Z — Impedance of the circuit
I — Circuit current
Er — Voltage drop across the resistor
P — True power (watts)
L - Inductance of the inductor
EL — Voltage drop across the inductor
VARsy, — Reactive power of the inductor
C — Capacitance of the capacitor
Ec — Voltage drop across the capacitor
VARsc — Reactive power of the capacitor
VA - Volt-amps (apparent power)
PF — Power factor
/6 — Angle theta

COMPUTING IMPEDANCE

The impedance of the circuit is the sum of resis-
tance, inductive reactance, and capacitive reac-
tance. Since inductive reactance and capacitive
reactance are 180° out of phase with each other,
vector addition must be used to find their sum.
This results in the smaller of the two reactive values
being subtracted from the larger (Fig. 17-3). When
this is done, the smaller value is eliminated and
the larger value is reduced by the amount of

~—— REACTANCE SUBTRACTED

A AMOUNT OF CAPACITIVE
l FROM INDUCTIVE REACTANCE

______________ Z =20 OHMS

X =24 OHMS ——

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

R =12 OHMS 1
>

X = 8 OHMS ——
Y

FIGURE 17-3 Inductive and capacitive values
subtract from each other.
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the smaller value. The total impedance will be
the hypotenuse formed by the resulting right
triangle. The impedance will be computed by
using the formula:

Z= \/R2 + (X - Xc)?

Z =122 + (24— 87

7 =\/12% + 16>

Z =+/400
Z =20 Q

In the above formula, the capacitive reactance is
subtracted from the inductive reactance, and then
the difference is squared. If the capacitive reactance
should be a larger value than inductive reactance,
the difference will be a negative number. This will
have no effect on the answer, however, because the
square of a negative or positive number will always
be positive.

TOTAL CIRCUIT CURRENT

The total current flow through the circuit can now
be computed using the formula:

Er
=7
(20

20
=12 Amps

In a series circuit, the current flow is the same at
any point in the circuit. Therefore, 12 amps will
flow through each of the circuit components.

RESISTIVE VOLTAGE DROP (ERg)

The voltage drop across the resistor can be com-
puted using the formula:

Er =1IxR
ErR =12 x 12
Er = 144 volts

TRUE POWER (WATTS)

The true power of the circuit can be computed
using any of the pure resistive values. In this
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example, true power will be found using the
formula:

P=Er x1I
P=144 x 12
P = 1728 watts

INDUCTANCE (L)

The amount of inductance in the circuit can be
computed using the formula:

Xt

" 2nF

24

" 377
L =0.0637 Henry

VOLTAGE DROP ACROSS
THE INDUCTOR (E,)

The amount of voltage drop across the inductor
can be computed using the formula:

EL =1Ix XL
Er =12 x 24
Er = 288 volts

Notice that the voltage drop across the inductor is
greater than the applied voltage.

INDUCTIVE VARs (VARs,)

The amount of reactive power of the inductor can
be computed by using inductive values.

VARSL = EL x 1
VARs; =288 x 12
VARs; = 3456

CAPACITANCE (C)

The amount of capacitance in the circuit can be
computed by using the formula:

1
= InFXc
1
€= 377 x 8
C =0.00033156 F or 331.56 pF

VOLTAGE DROP ACROSS
THE CAPACITOR (E¢)

The voltage dropped across the capacitor can be
computed using the formula:

EC:IXXC
Ec=12 x8
Ec = 96 volts

CAPACITIVE VARs (VARs()

The amount of capacitive VARs can be computed
using the formula:

VARSC = EC x 1
VARsc = 96 x 12
VARsc = 1152

APPARENT POWER (VA)

The volt-amps (apparent power) can be computed
by multiplying the applied voltage and the circuit
current.

VA:ET x 1
VA =240 x 12
VA = 2880

The apparent power can also be found by vector
addition of true power, inductive VARs, and
capacitive VARs. As with the addition of resis-
tance, inductive reactance, and capacitive reac-
tance, inductive VARs, VARs;, and capacitive
VARs, VARsc, are 180° out of phase with
each other. This will result in the elimination of
the smaller and a reduction of the larger. The
following formula can be used to determine
apparent power:

VA = /P2 + (VARs, — VARsc)®

VA = /17287 + (3456 — 1152)°
VA = 2880

POWER FACTOR (PF)

The power factor can be computed by dividing the
true power of the circuit by the apparent power.
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The answer is then multiplied by 100 to change the
decimal into a percent.

P
PF = VA x 100
1728

PF = 0.6 x 100 or 60%

ANGLE THETA (/6)

The power factor is the cosine of angle theta.
COS PF = /6
COS 0.6 =53.13°

The circuit, with all computed values, is shown
in Figure 17-4.

AAAY
ER 144V
Et240V IR12 A E_288 V
IT12 A R12Q IL12 A
<> z20Q P % X240
VA 2880 VARSs, 3456
e L 0.0637 H
| (
I\
Ec96 V
o 12 A
Xo8W
VARsg 1152
C 13356 uF

FIGURE 17-4 RLC series circuit with all computed
values.
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RLC PARALLEL
CIRrcCUITS

When an alternating-current circuit contains ele-
ments of resistance, inductance, and capacitance
connected in parallel, the voltage dropped across
each element will be the same. The current flowing
through each branch, however, will be out of phase
with each other (Fig. 17-5). The current flowing
through a pure resistive element will be in phase
with the applied voltage. The current flowing
through a pure inductive element lags the applied
voltage by 90 electrical degrees, and the current
flowing through a pure capacitive element will
lead the voltage by 90 electrical degrees. The
phase angle difference between the applied voltage
and the total current is determined by the ratio of
resistance, inductance, and capacitance connected
in parallel. As with RLC series circuits, if the ind-
uctive VARs are greater than the capacitive VARs,
the current will lag the voltage and the power
factor will be lagging. If the capacitive VARs are
greater, the current will lead the voltage and the
power factor will be leading.

ExaMpPLE CIRcuIT 2

An RLC parallel circuit is shown in Figure 17-6.
It is assumed that the circuit is connected to a
240-volt 60-Hz line. The resistor has a resistance
of 12 Q, the inductor has an inductive reactance
of 8 O, and the capacitor has a capacitive

=~ VOLTAGE

-~ VOLTAGE =~ VOLTAGE

/

/1

/ :
CURRENT FLOW CURRENT FLOW CURRENT FLOW
THROUGH A THROUGH AN THROUGH A CAPACITOR
RESISTOR IS IN PHASE INDUCTOR LAGS LEADS THE VOLTAGE
WITH THE VOLTAGE THE VOLTAGE BY 90° BY 90°

FIGURE 17-5 The voltage is the same across any branch of a parallel circuit.
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Er
E E
IT ER ILL ICC
\Z/A ::F; XL T XC
VARs, VARs
PF P N e

FIGURE 17-6 An RLC parallel circuit.

reactance of 16 (). The following unknown values
will be computed:

Z — Impedance of the circuit
It — Total circuit current
Ig — Current flow through the resistor
P — True power (watts)
L - Inductance of the inductor
I. — Current flow through the inductor
VARs, — Reactive power of the inductor
C — Capacitance
Ic — Current flow through the capacitor
VARsc — Reactive power of the capacitor
VA - Volt-amps (apparent power)
PF — Power factor
/8 — Angle theta

COMPUTING THE IMPEDANCE

The impedance of the circuit is the reciprocal of the
sum of the reciprocals of each leg. Since these
values are out of phase with each other, vector
addition must be used.

S _ 1
1 {%_L_i_z
R X, Xc
S 1
N 1oy
12 8 16
B 1
~ /(0.0069444) + (0.003906)
1
- /0.01085
Z=960Q

RESISTIVE CURRENT (IR)

The first unknown value to be found will be the
current flow through the resistor (Ig). This can be
computed by using the formula:

E
I = R
o 20
12
Ix =20 Amps

TRUE POWER (WATTS)

The true power, or watts, can be computed using
the formula:

P=ExIx
P =240 x 20
P = 4800 watts

INDUCTIVE CURRENT (I,)

The amount of current flow through the inductor
can be computed using the formula:

E
=
L=x,

240
=%
I;, =30 Amps

INDUCTIVE VARs (VARs,)

The amount of reactive power or VARs produced by
the inductor can be computed using the formula:

VARSL =E x IL
VARsy, = 240 x 30
VARs, = 7200

INDUCTANCE (L)

The amount of inductance in the circuit can be
computed using the formula:
_ XL
" 2nF
8
L=377
L =0.021 Henry
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CAPACITIVE CURRENT (l¢)

The current flow through the capacitor (Ic) can be
computed using the formula:

E
Ic = Xc
=20

16
Ic =15 Amps

CAPACITANCE (C)

The amount of circuit capacitance can be com-
puted using the formula:

1
C= 2nFXc

1
C=377x16

C=0.00016578 F or 165.78 pF

CAPACITIVE VARs (VARs()

The capacitive VARs can be computed using the
formula:

VARSC =E x IC
VARsc =240 x 15
VARsc = 2400

TOTAL CURRENT (Iy)

The amount of total current flow in the circuit can be
computed by vector addition of the currents flowing
through each leg of the circuit (Fig. 17-7). The induc-
tive current is 180° out of phase with the capacitive
current. These two currents will tend to cancel each
other, resulting in the elimination of the smaller
and the reduction of the larger. The total circuit
is the hypotenuse of the resulting right triangle
(Fig. 17-8). The formula shown below can be
used to find total circuit current.

It = /I3 + (I — Ic)*

Ir = /202 + (30 — 15)?

It = v20% + 152
It = V625
It =25

Resistive-Inductive-Capacitive Circuits 281

lc=15 AMPS ——

Iy = 20 AMPS

I, = 30 AMPS ——>

IL_ IC HT

FIGURE 17-7 Relationship of currents in an RLC
parallel circuit.

It =25 AMPS

Ic = 15 AMPS
Ir = 20 AMPS
Iy =25 AMP
=30 AMPS T=25 S
CAPACITIVE CURRENT
REDUCES INDUCTIVE
CURRENT

FIGURE 17-8 The total current is the hypotenuse of
a right triangle formed by the resistive current, capacitive
current, and inductive current.

The total current could also be computed by using
the value of impedance found earlier in the
problem.
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Er240V

I+25 A Eg240 V
296 Q 120 A
VA 6000 R12Q
PF 80% P 4800 W
16 36.87°

FIGURE 17-9 RLC parallel circuit with all values.

-
240

9.6
It =25 Amps

APPARENT POWER (VA)

Now that the total circuit current has been com-
puted, the apparent power or volt-amps can be
found using the formula:

VA =E x IT
VA =240 x 25
VA = 6000

The apparent power can also be found by vector
addition of the true power and reactive power:

VA = /P> + (VARs, — VARsc)®

VA = /48002 + (7200 — 3600)?

VA = \/4800% + 36002

VA = /36,000,000
VA = 6000

POWER FACTOR (PF)

The power factor can now be computed using the
formula:

E 240V Ec 240V
IL30A | Ic15A
X 8Q _—— Xc16Q
VARSs, 7200 VARsc 3600
L0.021 H C 165.78 uF
P
PF=—x 100
VA
4800
PF=——x100
6000

PF = 0.80 x 100 or 80%

ANGLE THETA (/6)

The power factor is the cosine of angle theta.
Therefore, angle theta is:

COS/8 = PF
COS/6 = 0.80
/6 = 36.87

The circuit, with all completed values, is shown
in Figure 17-9.

SUMMARY

RLC SERIES CIRCUITS

e The voltage drop across the resistive part of
an RLC series circuit will be in phase with
the current.

e The voltage drop across the inductive part of an
RLC series circuit will lead the current by 90°.

e The voltage drop across the capacitive part of an
RLC series circuit will lag the current by 90°.

® Vector addition can be used in an RLC series
circuit to find values of total voltage, impedance,
and apparent power.
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In an RLC circuit, inductive and capacitive
values are 180° out of phase with each other.
Adding them results in the elimination of the
smaller value and reduction of the larger value.

Resistive-Inductive-Capacitive Circuits 283

The current flow in the resistive branch of
an RLC parallel circuit will be in phase with
the voltage.

The current flow in the inductive branch of an
RLC parallel circuit will lag the voltage by 90°.

The current flow in the capacitive branch of an

RLC PARALLEL CIRCUITS

e The voltage is the same across all branches of a e Angle theta is determined by the ratio of resis-
parallel circuit. tance, inductance, and capacitance.

RLC parallel circuit will lead the voltage by 90°.
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REVIEW QUESTIONS

. What is the phase angle relationship

10.

SECTION 2

Alternating Current

of current and the voltage dropped
across a pure resistance?

What is the phase angle relationship
of current and the voltage dropped
across an inductor?

What is the phase angle relationship
of current and the voltage dropped
across a capacitor?

An alternating-current circuit has a
frequency of 400 Hz. A 16-Q resistor,
a 0.0119-H inductor, and a 16.6 uF
capacitor are connected in series.
What is the total impedance of the
circuit? (Note: Round off answers to
the nearest whole number.)

If 440 V is connected to the circuit in
question 4, how much current will
flow?

How much voltage would be
dropped across the resistor,
inductor, and capacitor in the circuit
described in question 4?

Er = volts
E = volts
Ec = volts

What is the true power of the circuit
described in question 4?

What is the apparent power of the
circuit described in question 4?

What is the power factor of the
circuit described in question 4?

How many degrees are the voltage
and current out of phase with each
other in the circuit described in
question 4?

11.

12.

13.

An AC circuit contains a 24-Q
resistor, a 15.9-mH inductor and a
13.3-pF capacitor connected in
parallel. The circuit is connected to a
240-V, 400-Hz power supply. Find all
the following values. (Note: Round
off values to the nearest whole
number.)

X, = ohms
Xc = ohms
g = amps
I = amps
lc = amps
P= watts
VARs, =
VARsc =
I = amps
VA =
PF = %
/0 = °

An RLC parallel circuit contains a
resistor with a resistance of 16 Q, an
inductor with an inductive reactance
of 8 O, and a capacitor with a
capacitive reactance of 20 Q. What is
the total impedance of this circuit?
(Note: Round off the answer to the
nearest whole number.)

The circuit shown in Figure 17-6
has a current of 38 A flowing
through the resistor, 22 A flowing
through the inductor, and 7 A
flowing through the capacitor.
What is the total circuit current?
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PRACTICE PROBLEMS

RLC SERIES CIRCUITS
Refer to the RLC Series Circuit formulas in Appendix C and to Figure 17-2 to fill in all the

missing values.

Resistive-Inductive-Capacitive Circuits 285

1. The circuit shown in Figure 17-2 is connected to a 120-V, 60-Hz line. The resistor
has a resistance of 36 Q, the inductor has an inductive reactance of 100 Q, and
the capacitor has a capacitive reactance of 52 Q.

Er=120V
Ir

z

VA

PF

ER— E_
R I
R=360Q XL =100 Q
P VARs_
Mo L

2. The circuit shown in Figure 17-2 is connected to a 400-Hz line with an applied
voltage of 35.678 V. The circuit has a true power of 14.4 W, and there are 12.96
inductive VARs and 28.8 capacitive VARs.

Er = 35.678 V
Ir

z

VA

PF

Eg — EL
R I

R XL

P 14.4 W VARs_ 12.96
o L

Ec

Ic

Xc

VARs¢ 28.8
C

3. The circuit shown in Figure 17-2 is connected to a 60-Hz line. The apparent power
in the circuit is 29.985, and the power factor is 62.5%. The resistor has a voltage
drop of 14.993 V, the inductor has an inductive reactance of 60 Q, and the capac-
itor has a capacitive reactance of 45 Q.

Er

I

z

VA = 29.985
PF = 62.5%

Er =14.993 V E_
g I
R— XL=600Q
P VARs_
o L
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RLC PARALLEL CIRCUITS

Refer to the RLC Parallel Circuit formulas in appendix C and to Figure 17-6 to fill in all the
following missing values.
4. The circuit shown in Figure 17-6 is connected to a 120-V, 60-Hz line. The resistor

has a resistance of 36 Q, the inductor has an inductive reactance of 40 Q, and the
capacitor has a capacitive reactance of 50 Q.

Er=120V Ep E, Ec

I+ In - Ic
zZ___ R=36Q X, =400Q Xc=500Q
VA P____ VARs_ VARsc
PF M L C

5. The circuit shown in Figure 17-6 is connected to a 400-Hz line with a total current
flow of 22.267 A. There is a true power of 3840 W, and the inductor has a reac-
tive power of 1920 VARs. The capacitor has a reactive power of 5760 VARs.

Er Bp— EL Ec

It =22.267 A R I Ic

z R— Xo Xc
VA P =3840 W VARs_ = 1920 VARs¢ = 5760
] Mo L C

The circuit shown in Figure 17-6 is connected to a 60-Hz line. The apparent power
is 48.106 VA. The resistor has a resistance of 12 Q. The inductor has an inductive

reactance of 60 Q, and the capacitor has a capacitive reactance of 45 Q.

Er

Iy

z

VA = 48.106
PF

Ep— E_

g I
R=120Q XL=600Q
P VARs_
o000 L

Ec

Ic

Xc = 45 Q
VARsc
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Circuit resonance is accomplished
when the values of inductive
reactance and capacitive reactance
are the same. You are an electrician
working in a plant. A 208-V, 60-Hz
circuit contains a resistor and
inductor connected in series. An

ammeter indicates a current of 1.2 A.

A voltmeter indicates a voltage drop
of 96 V across the inductor. How
much capacitance should be
connected in series with the resistor
and inductor to produce a resonant
circuit?

Resistive-Inductive-Capacitive Circuits

PRACTICAL APPLICATIONS |

2.

A single-phase AC motor is
connected to a 240-V, 60-Hz line.
A clamp-on ammeter indicates a
current of 15 A when the motor is
operating at full load. A wattmeter
indicates a true power of 2.2 kW.
What is the power factor of the
motor, and how much capacitance
should be connected in parallel with
the motor to produce a power factor
of 90%?
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Single-Phase
Transtormers

OBJECTIVES After studying this unit, you should be able to:

e discuss the different types of transformers. °

e calculate values of voltage, current, and turns for
single-phase transformers using formulas. °

e calculate values of voltage, current, and turns for °
single-phase transformers using the turns ratio.

connect a transformer and test the voltage output
of different windings.

discuss polarity markings on a schematic diagram.

test a transformer to determine the proper
polarity marks.
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CHAPTER 18

GLOSSARY OF SINGLE-PHASE

TRANSFORMER TERMS

autotransformer a transformer
that uses only one winding

for both the primary

and secondary

control transformer a
common type of transformer used
in motor control circuits to reduce
the rated line voltage to the
amount needed to operate the
control components

distribution transformer a
transformer that is generally
used to lower the power
company line voltage to the
value needed for houses or
industrial plants

excitation current the
amount of current that flows in
the primary winding of a
transformer when no load is
connected to the secondary

flux leakage the amount of
magnetic flux lines that radiate
into the air

inrush current the amount of
current flow that occurs when

power is first applied to
a transformer

isolation transformers trans-
formers that have their primary
and secondary windings
electrically separated from each
other

laminated the process of
stacking thin sheets of metal
together to form the core material
for a transformer

neutral conductor a conductor
is generally grounded and is a
common connection to other parts
of a circuit

primary winding the winding
of a transformer to which power
is connected

secondary winding the
winding of a transformer to which
the load is connected

step-down transformer a
transformer that produces a
lower secondary voltage than
primary voltage
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step-up transformer a
transformer that produces a
higher secondary voltage than
primary voltage

tape wound core a type of
transformer core made by winding a
long continuous metal sheetin a
circular or rounded-rectangle shape

toroid core a transformer core
that is in a toroid shape, which is
generally round with a hole in the
center similar to a donut

transformer an electrical
machine used to change values of
voltage, current, and impedance

turns ratio the ratio of the
number of turns of wire in the
primary winding compared with
the number of turns in the
secondary winding

volts-per-turn ratio a method
of determining voltage values in a
transformer by dividing the
number of turns of wire in the
primary winding by the voltage
applied voltage
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ransformers are among the most

common devices found in the electri-

cal field. They range in size from less
than one cubicinch to the size of rail cars. Their
ratings can range from mVA (millivolt-amps)
to GVA (giga-volt-amps). It is imperative that
anyone working in the electrical field have an
understanding of transformer types and con-
nections. This chapter will present transfor-
mers intended for use in single-phase
installations. The two main types of voltage
transformers, isolation transformers and

autotransformers, will be discussed.

SINGLE-PHASE
TRANSFORMERS

A transformer is a magnetically operated machine
that can change values of voltage, current, and
impedance without a change of frequency. Trans-
formers are the most efficient machines known.
Their efficiencies commonly range from 90% to

99% at full load. Transformers can be divided
into three classifications:

1 Isolation transformer.
2 Autotransformer.
3 Current transformer (discussed in Chapter 8).

All values of a transformer are proportional to its
turns ratio. This does not mean that the exact number
of turns of wire on each winding must be known to
determine different values of voltage and current for a
transformer. What must be known is the ratio of
turns. For example, assume a transformer has two
windings. One winding, the primary, has 1000
turns of wire, and the other, the secondary, has
250 turns of wire (Fig. 18-1). The turns ratio of
this transformer is 4 to 1, or 4:1 (1000/250 = 4),
because there are four turns of wire on the primary
for every one turn of wire on the secondary.

TRANSFORMER FORMULAS

Different formulas can be used to find the values of
voltage and current for a transformer. Following is
a list of standard formulas, where

SECONDARY
250 TURNS

/\/ PRIMARY
1000 TURNS

FIGURE 18-1 All values of a transformer are
proportional to its turns ratio.

Np = number of turns in the primary
Ng = number of turns in the secondary
Ep = voltage of the primary

Eg = voltage of the secondary

Ip = current in the primary

Is = current in the secondary

Ep Np
Es Ng
Ep Is
Es Ip
Np Is
Ns Ip

or
Ep X NS = ES X Np
Ep X Ip = Es X IS
Np X Ip = NS X Is
The primary winding of a transformer is the
power input winding. It is the winding that is con-
nected to the incoming power supply. The second-
ary winding is the load winding, or output

winding. It is the side of the transformer that is
connected to the driven load (Fig. 18-2).

PRIMARY ‘ ‘ SECONDARY LOAD

FIGURE 18-2 An isolation transformer has its
primary and secondary winding electrically separated
from each other.



ISOLATION
TRANSFORMERS

The transformers shown in Figures 18-1 and 18-2
are isolation transformers. This means that the sec-
ondary winding is physically and electrically isolated
from the primary winding, so there is no electrical
connection between the primary and secondary
winding. The transformer is magnetically coupled,
not electrically coupled. This line isolation is often a
very desirable characteristic. Since there is no electri-
cal connection between the load and power supply,
the transformer becomes a filter between the two.
The isolation transformer will greatly reduce any
voltage spikes that originate on the supply side before
they are transferred to the load side. Some isolation
transformers are built with a turns ratio of 1:1. A
transformer of this type will have the same input
and output voltage and is used for isolation only.

The isolation transformer can greatly reduce any
voltage spikes before they reach the secondary
because of the rise time of current through an induc-
tor. Recall from Chapter 10 that the current in an
inductor rises at an exponential rate (Fig. 18-3). As
the current increases in value, the expanding mag-
netic field cuts through the conductors of the coil
and induces a voltage that is opposed to the
applied voltage. The amount of induced voltage is
proportional to the rate of change of current.
This simply means that the faster the current
attempts to increase, the greater the opposition to
that increase will be. Spike voltages and currents
are generally of very short duration, which means
that they increase in value very rapidly (Fig. 18-4).

~— SPIKE

VOLTAGE
'_

=

Ll '

[an T

o x_ "

3 EXPONENTIAL ; ~— SINE WAVE

CURVE " VOLTAGE

TIME f
DURATION OF

VOLTAGE SPIKE

FIGURE 18-3 The current through an inductor rises
at an exponential rate.

FIGURE 18-4 \Voltage spikes are generally of very
short duration.
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PRIMARY SECONDARY LOAD

FIGURE 18-5 The isolation transformer greatly
reduces the voltage spike.

IRON CORE
/

WINDING WINDING

FIGURE 18-6 Basic construction of an isolation
transformer.

This rapid change of value causes the opposition to
the change to increase just as rapidly. By the time
the spike has been transferred to the secondary
winding of the transformer, it has been eliminated
or greatly reduced (Fig. 18-5).

The basic construction of an isolation trans-
former is shown in Figure 18-6. A metal core is
used to provide good magnetic coupling between
the two windings. The core is generally made
of laminations stacked together. Laminating the
core helps reduce power losses caused by eddy cur-
rent induction.

BASIC OPERATING
PRINCIPLES

In Figure 18-7, one winding of an isolation trans-
former has been connected to an alternating cur-
rent supply, and the other winding has been
connected to a load. As current increases from



292 SECTION 2 Alternating Current

MAGNETIC
FIELD

FIGURE 18-7 Magnetic field produced by
alternating current.

zero to its peak positive point, a magnetic field
expands outward around the coil. When the cur-
rent decreases from its peak positive point toward
zero, the magnetic field collapses. When the current
increases toward its negative peak, the magnetic
field again expands, but with an opposite polarity.
The field again collapses when the current
decreases from its negative peak toward zero.
This continually expanding and collapsing mag-
netic field cuts the windings of the primary and
induces a voltage into it. This induced voltage
opposes the applied voltage and limits the current
flow of the primary. When a coil induces a voltage
into itself, it is known as self-induction.

EXCITATION CURRENT

There will always be some amount of current flow
in the primary of any voltage transformer, regard-
less of type or size, even if there is no load con-
nected to the secondary. This current flow is
called the excitation current of the transformer.
The excitation current is the amount of current
required to magnetize the core of the transformer.
The excitation current remains constant from no
load to full load. As a general rule, the excitation
current is such a small part of the full load current
that it is often omitted when making calculations.

MUTUAL INDUCTION

Since the secondary windings of an isolation trans-
former are wound on the same core as the primary,
the magnetic field produced by the primary

FIGURE 18-8 The magnetic field of the primary
induces a voltage into the secondary.

winding cuts the windings of the secondary also
(Fig. 18-8). This continually changing magnetic
field induces a voltage into the secondary winding.
The ability of one coil to induce a voltage into
another coil is called mutual induction. The
amount of voltage induced in the secondary is
determined by the ratio of the number of turns of
wire in the secondary to those in the primary.
For example, assume the primary has 240 turns
of wire and is connected to 120 VAC. This gives
the transformer a volts-per-turn ratio of 0.5 (120
V/240 turns = 0.5 volt per turn). Now assume the
secondary winding contains 100 turns of wire.
Since the transformer has a volts-per-turn ratio of
0.5, the secondary voltage will be 50 V (100 x
0.5 = 50).

TRANSFORMER
CALCULATIONS

In the following examples, values of voltage, cur-
rent, and turns for different transformers will be
computed.

Assume that the isolation transformer shown in
Figure 18-2 has 240 turns of wire on the primary
and 60 turns of wire on the secondary. This is a
ratio of 4:1 (240/60 = 4). Now assume that
120 V is connected to the primary winding. What
is the voltage of the secondary winding?

Ep  Np
Es N
120 240
Es 60
240 Es = 7200
Es =30V
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The transformer in this example is known as a
step-down transformer because it has a lower sec-
ondary voltage than primary voltage.

Now assume that the load connected to the sec-
ondary winding has an impedance of 5 ). The next
problem is to calculate the current flow in the second-
ary and primary windings. The current flow of the
secondary can be computed using Ohm’s law since
the voltage and impedance are known.

E
[=—
Z
30
=2
5
I=6A

Now that the amount of current flow in the
secondary is known, the primary current can be
computed using the formula

Ep s
Es Ip
12060
30 Ip
120 Ip = 180
h=15A

Notice that the primary voltage is higher than
the secondary voltage, but the primary current is
much less than the secondary current. A good
rule for any type of transformer is that power in
must equal power out. If the primary voltage and
current are multiplied together, the product should
equal the product of the voltage and current of
the secondary.

Primary Secondary

120 x 1.5 =180 VA 30 x 6 =180 VA

In this example, assume that the primary wind-
ing contains 240 turns of wire and the secondary
contains 1200 turns of wire. This is a turns ratio of
1:5 (1200/240 = 5). Now assume that 120 V is
connected to the primary winding. Compute the
voltage output of the secondary winding.

Ep  Np
Es Ng
120 240
Es 1200
240 Eg = 144,000
Es = 600 V
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Notice that the secondary voltage of this trans-
former is higher than the primary voltage. This is
known as a step-up transformer.

Now assume that the load connected to the
secondary has an impedance of 2400 Q. Find the
amount of current flow in the primary and second-
ary windings. The current flow in the secondary
winding can be computed using Ohm’s law.

E
=7
600
=400
I=025A

Now that the amount of current flow in the
secondary is known, the primary current can be
computed using the formula

Er_Is
Es Ip
120 025
600 Ip
120 Ip = 150
b =125A

Notice that the amount of power input equals
the amount of power output.

Secondary

600 x 0.25 =150 VA

Primary

120 x 1.25 = 150 VA

CALCULATING ISOLATION
TRANSFORMER VALUES
USING THE TURNS RATIO

As illustrated in the previous examples, trans-
former values of voltage, current, and turns can
be computed using formulas. It is also possible to
compute these values using the turns ratio. To
make calculations using the turns ratio, a ratio is
established that compares some number to 1, or 1
to some number. For example, assume a trans-
former has a primary rated at 240 V and a second-
ary rated at 96 V (Fig. 18-9). The turns ratio can be
computed by dividing the higher voltage by the
lower voltage.

240
96
Ratio=2.5:1

Ratio =
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RATIO 2.5:1

LOAD

96 Vac 24 Q

NV

() 2one

FIGURE 18-9 Computing transformer values using
the turns ratio.

This ratio indicates that there are 2.5 turns of
wire in the primary winding for every 1 turn
of wire in the secondary. The side of the trans-
former with the lowest voltage will always have
the lowest number (1) of the ratio.

Now assume that a resistance of 24 () is con-
nected to the secondary winding. The amount of
secondary current can be found using Ohm’s law.

20
ST 04
Ii=4A

The primary current can be found using the
turns ratio. Recall that the volt-amps of the pri-
mary must equal the volt-amps of the secondary.
Since the primary voltage 1is greater, the
primary current will have to be less than the
secondary current.

Is
p=— >
turns ratio
4
Ip = —
P=35
Ib=16A

To check the answer, find the volt-amps of the
primary and secondary.

Primary Secondary

240 x 1.6 =384 VA 96 x4 =384 VA

Now assume that the secondary winding con-
tains 150 turns of wire. The primary turns can be
found by using the turns ratio also. Since the pri-
mary voltage is higher than the secondary voltage,
the primary must have more turns of wire.

Np = Ng X turns ratio
Np=150x2.5
Np = 375 turns

RATIO
Ep 120V Es 500V
|p Is Z = 1200 Q
Np Ns 800 TURNS

FIGURE 18-10 Calculating transformer values.

In the next example, assume an isolation trans-
former has a primary voltage of 120 V and a sec-
ondary voltage of 500 V. The secondary has a load
impedance of 1200 Q. The secondary contains 800
turns of wire (Fig. 18-10).

The turns ratio can be found by dividing the
higher voltage by the lower voltage.

. 500
Ratio = 120
Ratio=1:4.17

The secondary current can be found using
Ohm’s law.

[ _ 500
S 71200
Ig=0417 A

In this example, the primary voltage is lower
than the secondary voltage. Therefore, the primary
current must be higher.

Ip = I x turns ratio
Ip =0.417 x4.17
=174 A

To check this answer, compute the volt-amps
of both windings.

Primary Secondary
120 x 1.74 =208.8 VA 500 x 0.417 =208.5 VA

The slight difference in answers is caused by
rounding off values.

Since the primary voltage is less than the sec-
ondary voltage, the turns of wire in the primary
will be less also.

b= turns ratio
800
Ne =277

Np = 192 turns

Figure 18-11 shows the transformer with all
completed values.



RATIO 1:4.17
Ep 120V Es 500V
lp 1.74A ls 0.417 A Z=1200Q

Np 192 TURNS Ns 800 TURNS

FIGURE 18-11 Transformer with completed values.

MULTIPLE-TAPPED WINDINGS

It is not uncommon for isolation transformers to be
designed with windings that have more than one set
of lead wires connected to the primary or secondary.
These are called multiple-tapped windings. The trans-
former shown in Figure 18-12 contains a secondary
winding rated at 24 V. The primary winding contains
several taps, however. One of the primary lead wires
is labeled C and is the common for the other leads.
The other leads are labeled 120, 208, and 240. This
transformer is designed so that it can be connected to
different primary voltages without changing the value
of the secondary voltage. In this example, it is
assumed that the secondary winding has a total of
120 turns of wire. To maintain the proper turns
ratio, the primary would have 600 turns of wire
between C and 120, 1040 turns between C and 208,
and 1200 turns between C and 240.

The isolation transformer shown in Figure 18-13
contains a single primary winding. The secondary
winding, however, has been tapped at several

PRIMARY WINDING
240V /
1200 TURNS
208 V/ ~
1040 TURNS 24V 120 TURNS
120V _
600 TURNS \ SECONDARY

WINDING
C

FIGURE 18-12 Transformer with multiple-tapped
primary winding.
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48V

t
60 TURNS
24V
120 TURNS

g 30 TURNS
2y 60 TURNS

g 30 TURNS l
c '

i
300 IURNS 120V

FIGURE 18-13 Transformer secondary with
multiple taps.

points. One of the secondary lead wires is labeled
C and is common to the other lead wires. When
rated voltage is applied to the primary, voltages
of 12, 24, and 48 V can be obtained at the second-
ary. It should be noted also that this arrangement
of taps permits the transformer to be used as a
center-tapped transformer for two of the voltages.
If a load is placed across the lead wires labeled C
and 24, the lead wire labeled 12 becomes a center
tap. If a load is placed across the C and 48 lead
wires, the 24 lead wire becomes a center tap.

In this example, it is assumed that the primary
winding has 300 turns of wire. To produce the
proper turns ratio would require 30 turns of wire
between C and 12, 60 turns of wire between C and
24, and 120 turns of wire between C and 48.

The isolation transformer shown in Figure 18-14
is similar to the transformer in Figure 18-13. The

AN

PRIMARY
WINDING

¢

| SECONDARY
WINDINGS

:
M\

FIGURE 18-14 Transformer with multiple
secondary windings.
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one in Figure 18-14, however, has multiple second-
ary windings instead of a single secondary winding
with multiple taps. The advantage is that the sec-
ondary windings are electrically isolated from each
other. These secondary windings can be either step-
up or step-down depending on the application of
the transformer.

COMPUTING VALUES FOR
ISOLATION TRANSFORMERS
WITH MULTIPLE
SECONDARIES

When computing the values of an isolation trans-
former with multiple secondary windings, each sec-
ondary must be treated as a different transformer.
For example, the transformer in Figure 18-15 con-
tains one primary winding and three secondary
windings. The primary is connected to 120 VAC
and has 300 turns of wire. One secondary has an
output voltage of 560 V and a load impedance of
1000 Q. The second secondary has an output volt-
age of 208 V and a load impedance of 400 ), and
the third secondary has an output voltage of 24 V
and a load impedance of 6 Q). The current, turns of
wire, and ratio for each secondary, and the current
of the primary will be found.

The first step will be to compute the turns ratio
of the first secondary. This can be done by dividing
the smaller voltage into the larger.

Es1 =560V

Z1=1000 Q

Ep=120V F;2=2°8V
lp Nea Z2=400 Q
Ny =300 TURNS e

Z3=6Q

FIGURE 18-15 Computing values for a transformer
with multiple secondary windings.

E
Ratio = E_spl
. 560
Ratio = 120
Ratio=1:4.67

The current flow in the first secondary can be
computed using Ohm’s law.

[ _ 560
177000
Is; = 0.56 A

The number of turns of wire in the first second-
ary winding will be found using the turns ratio.
Since this secondary has a higher voltage than the
primary, it must have more turns of wire.

Ng; = Np X turns ratio
N51 =300 x 4.67
Ns; = 1401 turns

The amount of primary current needed to sup-
ply this secondary winding can be found using the
turns ratio also. Since the primary has less voltage,
it will require more current.

Ip(rIRsT sECONDARY) = Is1 X turns ratio
IpFirsT sECONDARY) = 0.56 X 4.67

Ip(FIRST SECONDARY) = 2.61 A

The turns ratio of the second secondary wind-
ing will be found by dividing the higher voltage by
the lower.

208

Ratio = —

atio 120
Ratio=1:1.73

The amount of current flow in this secondary
can be determined using Ohm’s law.

L, — 208
27400
I, = 0.52 A

Since the voltage of this secondary is greater
than the primary, it will have more turns of wire
than the primary. The turns of this secondary will
be found using the turns ratio.

Ns; = Np x turns ratio
Ng, =300 x 1.73
Ngp = 519 turns



The voltage of the primary is less than this sec-
ondary. The primary will, therefore, require a
greater amount of current. The amount of current
required to operate this secondary will be com-
puted using the turns ratio.

Ip(sEcoND sEconpary) = Is2 X turns ratio
IpsEconD sEconpary) = 0.52 % 1.732

Ipseconn seconpary) = 0.9 A

The turns ratio of the third secondary winding
will be computed in the same way as the other two.
The larger voltage will be divided by the smaller.

120

Ratio = ——
atio 24

Ratio=35:1

The primary current will be found using
Ohm’s law.

24
IS3:Z
Is3=4 A

The output voltage of the third secondary is
less than the primary. The number of turns of
wire will, therefore, be less than the primary turns.

Np
turns ratio
300
Ny

Ns3 = 60 turns

Ng3 =

The primary has a higher voltage than this sec-
ondary. The primary current will, therefore, be less
by the amount of the turns ratio.

Is3
turns ratio

4
Ip(THIRD SECONDARY) = 3

Ip(THIRD SECONDARY) =

Ip¢rHIRD SECONDARY) = 0.8 A

The primary must supply current to each of the
three secondary windings. Therefore, the total
amount of primary current will be the sum of the
currents required to supply each secondary.

Ipcrotar) = Ip1 + Ip2 + Ip3
IP(TOTAL) =2.61+09+0.38
Iprorar) = 4.31 A

The transformer with all computed values is
shown in Figure 18-16.
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Est =560 V
Ist = 0.56 A

Ns1 = 1401 TURNS << Z1 = 1000 Q
RATIO 1:4.67

\

Es2 =208 V
Iso=0.52 A

_ Nso = 519 TURNS
No =300 TURNS Q) > RATIO 1:1.73

lpb =431A Zo=400Q

Es3 =24V

|53 =4 A

Ns3 = 60 TURNS
RATIO 5:1

Z23=6Q

FIGURE 18-16 The transformer with all computed
values.

DISTRIBUTION
TRANSFORMERS

A common type of isolation transformer is the
distribution transformer, Figure 18-17. This trans-
former changes the high voltage of power company
distribution lines to the common 240/120 V that
supplies power to most homes and many

<« 7200Vpac ———— >

-« 120V > | 120V >

FIGURE 18-17 Distribution transformer.
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|1 |1
120V 120V

240V

FIGURE 18-18 The voltage from either line to neu-
tral is 120 V. The voltage across the entire secondary
winding is 240 V.

businesses. In this example, it is assumed that
the primary is connected to a 7200-V line. The
secondary is 240 V with a center tap. The center
tap is grounded and becomes the neutral conductor
or common conductor. If voltage is measured
across the entire secondary, a voltage of 240 V
will be seen. If voltage is measured from either
line to the center tap, half of the secondary voltage,
or 120 V, will be seen (Fig. 18-18). This occurs
because the grounded neutral conductor becomes
the center point of two in-phase voltages. A vector
diagram drawn to illustrate this condition, shows
that the grounded neutral conductor is connected
to the center point of the two in-phase voltages
(Fig. 18-19). Loads that are intended to operate
on 240 V, such as water heaters, electric-
resistance heating units, and central air condi-
tioners are connected directly across the lines of
the secondary (Fig. 18-20).

Loads that are intended to operate on 120 V
connect from the center tap, or neutral, to one of
the secondary lines. The function of the neutral is
to carry the difference in current between the two
secondary lines and maintain a balanced voltage.
In Figure 18-21, one of the secondary lines has a
current flow of 30 A and the other has a current
flow of 24 A. The neutral conducts the sum of the

FIGURE 18-19 The voltages across the secondary
are in phase with each other.

_

—AN—t
WATER HEATER

—WA—t
ELECTRIC HEAT

A%
CENTRAL AIR CONDITIONER

FIGURE 18-20 240-V loads connect directly across
the secondary winding.

unbalanced load. In this example, the neutral cur-

rent will be 6 A (30 — 24 = 6).

CONTROL TRANSFORMERS

Another common type of isolation transformer
found throughout industry is the control trans-
former (Fig. 18-22). The control transformer
reduces line voltage to the value needed to operate
control circuits. The most common type of control
transformer contains two primary windings and
one secondary. The primary windings are generally
rated at 240 V each, and the secondary at 120 V.
This arrangement provides a 2:1 turns ratio
between each of the primary windings and the



24 A 30A

120 Vac —— 120 Vac

FIGURE 18-21 The neutral carries the sum of the
unbalanced load.

FIGURE 18-22 Control transformer with fuse pro-
tection added to the secondary winding. Courtesy of
Hevi-Duty Electric.

secondary. For example, assume that each of the
primary windings contains 200 turns of wire. The
secondary will contain 100 turns of wire.

One of the primary windings in Figure 18-23 is
labeled H; and H,. The other is labeled H; and Hy.
The secondary winding is labeled X; and X,. If the
primary of the transformer is to be connected to
240 V, the two primary windings will be connected
in parallel by connecting H; and Hj; together, and
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o]
H1 Hs X1
240 VAC
Hz Ha X2
7 7 °

FIGURE 18-23 Control transformer connected for
240-V operation.

Hq

H2 X1
480 Vac

Hs X2

Ha

FIGURE 18-24 Control transformer connected for
480-V operation.

H, and H4 together. When the primary windings
are connected in parallel, the same voltage is
applied across both windings. This has the same
effect as using one primary winding with a total
of 200 turns of wire. A turns ratio of 2:1 is main-
tained, and the secondary voltage is 120 V.

If the transformer is to be connected to 480 V, the
two primary windings will be connected in series by
connecting H, and Hj together (Fig. 18-24). The
incoming power is connected to H; and Hy.
Series-connecting the primary windings increases
the number of turns in the primary to 400. This
produces a turns ratio of 4:1. When 480 V is con-
nected to the primary, the secondary voltage
remains at 120.

The primary leads of a control transformer are
generally cross-connected, as shown in Figure 18-25,
so metal links can be used to connect the primary
for 240- or 480-V operation. If the primary is to be
connected for 240-V operation, the metal links are
connected under screws as shown in Figure 18-26.
Notice that leads H; and Hj; are connected
together and leads H, and Hy are connected together.
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Hi4
H3z X1
H2

X2
Ha

FIGURE 18-25 The primary windings of a control
transformer are crossed.

H1

Hs @ X1
METAL LINKS
Hz 0] &

i

Hslg

FIGURE 18-26 Metal links connect transformer for
240-V operation.

Compare this connection with the connection shown
in Figure 18-23.

If the transformer is to be connected for 480-V
operation, terminals H, and Hj are connected as
shown in Figure 18-27. Compare this connection
with the connection shown in Figure 18-24.

H1
Ha X,
Hz 2
Ha

FIGURE 18-27 Control transformer connected for
480-V operation.

TRANSFORMER CORE TYPES

Several types of cores are used in the construction
of transformers. Most cores are made from thin
steel punchings laminated together to form a
solid metal core. The core for a 600-MVA
(mega-volt-amp) three-phase transformer is shown
in Figure 18-28. Laminated cores are preferred
because a thin layer of oxide forms on the surface
of each lamination and acts as an insulator to
reduce the formation of eddy currents inside the
core material. The amount of core material needed
for a particular transformer is determined by the
power rating of the transformer, but it must
be sufficient to prevent saturation at full load.
The type and shape of the core generally determine
the amount of magnetic coupling between the
windings and to some extent the efficiency of
the transformer.

The transformer illustrated in Figure 18-29 is
known as a core type transformer. The windings
are placed around each end of the core material.

The shell type transformer is constructed in a
similar manner to the core type, except that the
shell type has a metal core piece through the middle
of the window (Fig. 18-30). The primary and sec-
ondary windings are wound around the center core
piece with the low-voltage winding being closest to
the metal core. This arrangement permits the trans-
former to be surrounded by the core and provides
excellent magnetic coupling. When the transformer
is in operation, all the magnetic flux must pass
through the center core piece. It then divides
through the two outer core pieces.

FIGURE 18-28 Core of a 600-MVA three-phase
transformer. Courtesy of Houston Lighting and Power.
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FIGURE 18-29 A core type transformer.

FIGURE 18-30 A shell type transformer.

The H type core shown in Figure 18-31 is sim-
ilar to the shell type core in that it has an iron core
through its center around which the primary and
secondary windings are wound. The H core, how-
ever, surrounds the windings on four sides instead
of two. This extra metal helps reduce stray leakage
flux and improve the efficiency of the transformer.
The H type core is often found on high-voltage
distribution transformers.

The tape wound core or toroid core (Fig. 18-32)
is constructed by tightly winding one long continuous
silicon steel tape into a spiral. The tape may or may
not be housed in a plastic container, depending on the
application. This type of core does not require steel

FIGURE 18-31 A transformer with an H type core.

FIGURE 18-32 A toroid transformer.

punchings laminated together. Since the core is one
continuous length of metal, flux leakage is kept to a
minimum. Flux leakage is the magnetic flux lines that
do not follow the metal core and are lost to the sur-
rounding air. The tape wound core is one of the most
efficient core designs available.

TRANSFORMER INRUSH
CURRENT

A reactor is an inductor used to add inductance to
the circuit. Although transformers and reactors are
both inductive devices, there is a great difference in
their operating characteristics. Reactors are often
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OO Y Y AAA—
SWITCH REACTOR  LOW-IMPEDANCE
LOAD

FIGURE 18-33 Reactors help prevent inrush current
from becoming excessive when power is first turned on.

connected in series with a low-impedance load to
prevent inrush current (the amount of current that
flows when power is initially applied to the circuit)
from becoming excessive (Fig. 18-33). Transfor-
mers, however, can produce extremely high inrush
currents when power is first applied to the primary
winding. The type of core used when constructing
inductors and transformers is primarily responsible
for this difference in characteristics.

AUTOTRANSFORMERS _

Autotransformers are one-winding transformers.
They use the same winding for both the primary and
secondary. The primary winding in Figure 18-34 is
between points B and N and has a voltage of 120 V
applied to it. Between points B and N, there are

40 TURNS B

/o

FIGURE 18-34 An autotransformer has only one
winding, which is used for both the primary and
secondary.

120 turns of wire. Now assume that the selector
switch is set to point D. The load is now connected
between points D and N. The secondary of this
transformer contains 40 turns of wire. If the
amount of voltage applied to the load is to be com-
puted, the following formula can be used.

Er Np

Es N

120 120

Es 40
120 Es = 4800
Es=40V

Assume that the load connected to the second-
ary has an impedance of 10 Q. The amount of cur-
rent flow in the secondary circuit can be computed
using the formula

E
I=7

40
T
I=4A

The primary current can be computed using the
same formula that was used to compute primary
current for an isolation type of transformer.

Ep Is
Es Ip
120 4
40 Ip
120 Ip = 160
Ip=1333 A

The amount of power input and output for the
autotransformer must be the same, just as they are
in an isolation transformer.

Primary Secondary
120 x 1.333 =160 VA 40 x4 =160 VA

Now assume that the rotary switch is con-
nected to point A. The load is now connected to
160 turns of wire. The voltage applied to the load
can be computed by

Ep Np
Es Ns
120 120
Es 160

120 Es = 19,200
Es = 160 V
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RADIATOR

GOLD PLATED
COMMUTATOR

TERMINAL
BOARD

FIGURE 18-35 Cutaway view of a powerstat.

Notice that the autotransformer, like the isola-
tion transformer, can be either a step-up or step-
down transformer.

If the rotary switch shown in Figure 18-34
were removed and replaced with a sliding tap
that made contact directly to the transformer wind-
ing, the turns ratio could be adjusted continuously.
This type of transformer is commonly referred to
as a Variac or Powerstat, depending on the manu-
facturer. A cutaway view of a variable autotrans-
former is shown in Figure 18-35. The windings are
wrapped around a tape-wound toroid core inside a
plastic case. The tops of the windings have been
milled flat to provide a commutator. A carbon
brush makes contact with the windings.

Autotransformers are often used by power
companies to provide a small increase or decrease
to line voltage. They help provide voltage regula-
tion to large power lines. A three-phase autotrans-
former is shown in Figure 18-36. This transformer
is contained in a housing filled with transformer

FIGURE 18-36 Three-phase autotransformer.

oil, which acts as a coolant and prevents moisture
from forming in the windings.

The autotransformer does have one disadvan-
tage. Since the load is connected to one side of the
power line, there is no line isolation between the
incoming power and the load. This can cause pro-
blems with certain types of equipment and must be
a consideration when designing a power system.

TRANSFORMER
POLARITIES

To understand transformer polarity, the voltage pro-
duced across a winding must be considered during
some point in time. In a 60-Hz AC circuit, the voltage
changes polarity 60 times per second. When discuss-
ing transformer polarity, it is necessary to consider
the relationship between the different windings
at the same point in time. It will, therefore, be
assumed that this point in time is when the peak posi-
tive voltage is being produced across the winding.

POLARITY MARKINGS
ON SCHEMATICS

When a transformer is shown on a schematic dia-
gram it is common practice to indicate the polarity
of the transformer windings by placing a dot beside
one end of each winding, as shown in Figure 18-37.
These dots signify that the polarity is the same at
that point in time for each winding. For example,
assume the voltage applied to the primary winding
is at its peak positive value at the terminal
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304 SECTION 2 Alternating Current

FIGURE 18-37 Transformer polarity dots.

indicated by the dot. The voltage at the dotted lead
of the secondary will be at its peak positive value at
the same time.

This same type of polarity notation is used for
transformers that have more than one primary or
secondary winding. An example of a transformer
with a multisecondary is shown in Figure 18-38.

ADDITIVE AND SUBTRACTIVE
POLARITIES

The polarity of transformer windings can be deter-
mined by connecting them as an autotransformer
and testing for additive or subtractive polarity,
often referred to as a boost or buck connection.
This is done by connecting one lead of the second-
ary to one lead of the primary and measuring the
voltage across both windings (Fig. 18-39). The
transformer shown in the example has a primary

FIGURE 18-38 Polarity marks for multiple
secondaries.

|
H1 X1

120 V 24V (V)
Ho : Xo A

FIGURE 18-39 Connecting the secondary and pri-
mary windings forms an autotransformer.

voltage rating of 120 V and a secondary voltage
rating of 24 V. This same circuit has been redrawn
in Figure 18-40 to show the connection more
clearly. Notice that the secondary winding has
been connected in series with the primary winding.
The transformer now contains only one winding
and is, therefore, an autotransformer. When
120 V is applied to the primary winding, the volt-
meter connected across the secondary will indicate
either the sum of the two voltages or the difference
between the two voltages. If this voltmeter indi-
cates 144 V (120 + 24 = 144) the windings are
connected additive (boost), and polarity dots can
be placed as shown in Figure 18-41. Notice in
this connection that the secondary voltage is
added to the primary voltage.

If the voltmeter connected to the secondary
winding indicates a voltage of 96 V (120 — 24 = 96)

X1
24V

X2

H1

120V

Ha

FIGURE 18-40 Redrawing the connection.



V)
= ° 144 V

Ho

FIGURE 18-41
additive polarity.

Placing polarity dots to indicate

the windings are connected subtractive (buck), and
polarity dots are placed as shown in Figure 18-42.

USING ARROWS TO
PLACE DOTS

To help in the understanding of additive and
subtractive polarity, arrows can be used to indicate
a direction of greater than or less than values. In
Figure 18-43, arrows have been added to indicate
the direction in which the dot is to be placed.

24V

96 V (V)

H1 L

Hz

FIGURE 18-42 Polarity dots indicate
subtractive polarity.
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V)
- s 144 v

Hz

FIGURE 18-43 Arrows help indicate the placement
of the polarity dots.

24V

144V

120V

FIGURE 18-44 The values of the arrows add to
indicate additive polarity (boost connection).

In this example, the transformer is connected addi-
tive, or boost, and both of the arrows point in the
same direction. Notice that the arrow points to the
dot. In Figure 18-44, it is seen that values of the
two arrows add to produce 144 V.

In Figure 18-45, arrows have been added to a
subtractive, or buck, connection. In this instance,
the arrows point in opposite directions, and the
voltage of one tries to cancel the voltage of the
other. The result is that the smaller value is elimi-
nated, and the larger value is reduced as shown in
Figure 18-46.



306 SECTION 2 Alternating Current

—«—— APPLIED VOLTAGE

X1
* 24V <«— PRIMARY CURRENT
° Xo

96 V <V>

Hz

FIGURE 18-45 The values of the arrows FIGURE 18-47 At no load, the primary current lags
subtract (buck connection). the voltage by 90°.

secondary, current is limited by the inductive reac-

tance of the primary. At this time, the transformer is

essentially an inductor, and the excitation current is

24V lagging the applied voltage by 90° (Fig. 18-47). The
primary current induces a voltage in the secondary.

This induced voltage is proportional to the rate of

change of current. The secondary voltage will be

maximum during the periods when the primary

current is changing the most (0°, 180°, and 360°),

and it will be zero when the primary current is not

changing (90° and 270°). A plot of the primary

current and secondary voltage shows that the sec-

ondary voltage lags the primary current by 90°

120V 9% V (Fig. 18-48). Because the secondary voltage lags the

-<— SECONDARY VOLTAGE

FIGURE 18-46 The arrows help indicate
subtractive polarity.

<— PRIMARY
CURRENT
VOLTAGE AND CURRENT / W

RELATIONSHIPS IN
A TRANSFORMER
FIGURE 18-48 The secondary voltage lags the

When the primary of a transformer is connected to primary current by 90°.
power but there is no load connected to the
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primary current by 90° and the applied voltage leads
the primary current by 90°, the secondary voltage is
180° out of phase with the applied voltage and in
phase with the induced voltage in the primary.

ADDING LOAD TO
THE SECONDARY

When a load is connected to the secondary, current
begins to flow. Because the transformer is an
inductive device, the secondary current lags the
secondary voltage by 90°. Since the secondary volt-
age lags the primary current by 90°, the secondary
current is 180° out of phase with the primary
current (Fig. 18-49).

The current of the secondary induces a counter-
voltage in the secondary windings that is in opposi-
tion to the counter-voltage induced in the primary.
The counter-voltage of the secondary weakens that
of the primary and permits more primary current to
flow. As secondary current increases, primary current
increases proportionally.

Since the secondary current causes a decrease in
the counter-voltage produced in the primary, the cur-
rent of the primary is limited less by inductive reac-
tance and more by the resistance of the windings as
load is added to the secondary. A wattmeter con-
nected to the primary would show that the true
power increases as load is added to the secondary.

~<~—— APPLIED
VOLTAGE

~<——— SECONDARY
CURRENT

<— PRIMARY
CURRENT

<~ SECONDARY
VOLTAGE

FIGURE 18-49 Voltage and current relationships of
the primary and secondary windings.
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TESTING THE
TRANSFORMER

Several tests can be made to determine the condi-
tion of the transformer. A simple test for grounds,
shorts, or opens can be made with an ohmmeter
(Fig. 18-50). Ohmmeter A is connected to one
lead of the primary and one lead of the secondary.
This test checks for shorted windings between the
primary and secondary. The ohmmeter should
indicate infinity. If there is more than one primary
or secondary winding, all isolated windings should
be tested for shorts. Ohmmeter B illustrates testing
the windings for grounds. One lead of the ohmme-
ter is connected to the case of the transformer,
and the other is connected to the winding. All
windings should be tested for grounds, and the
ohmmeter should indicate infinity for each wind-
ing. Ohmmeter C illustrates testing the windings
for continuity. The wire resistance of the winding
should be indicated by the ohmmeter.

If the transformer appears to be in good condition
after the ohmmeter test, it should then be tested
for shorts and grounds with a megohmmeter. A
MEGGER® will reveal problems of insulation break-
down that an ohmmeter will not. The condition of the
dielectric oil in large oil-filled transformers should be
tested at periodic intervals. This involves taking a

® ©

o
® =
@@L/

FIGURE 18-50 Testing a transformer with
an ohmmeter.
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sample of the oil and performing tests for dielectric
strength and contamination.

TRANSFORMER
RATINGS

Most transformers have a nameplate with informa-
tion concerning the transformer. The information
listed is generally determined by the size, type,
and manufacturer. Almost all nameplates list the
primary voltage, secondary voltage, and KVA
(kilo-volt-amps) rating. Transformers are rated in
kilo-volt-amps and not kilowatts because the true
power is determined by the power factor of the
load. Other information that may or may not be listed
is frequency, temperature rise in C°, impedance, type
of insulating oil, gallons of insulating oil, serial num-
ber, type number, model number, and whether the
transformer is single-phase or three-phase.

DETERMINING
MaxiMuM CURRENT

The nameplate does not list the current rating of the
windings. Since power input must equal power out-
put, the current rating for a winding can be deter-
mined by dividing the kVA rating by the winding
voltage. For example, assume a transformer has a
kVA rating of 0.5 kVA, a primary voltage of 480V,
and a secondary voltage of 120 V. To determine the
maximum current that can be supplied by the second-
ary, divide the KVA rating by the secondary voltage.

kVA
[ = ——
Es
=200
7120
Ig =4.16 A

The primary current can be computed in the
same way.

I — kVA
Ep
-
480
Ip=1.04 A

Transformers with multiple secondary wind-
ings generally have the current rating listed with
the voltage rating.

TRANSFORMER
IMPEDANCE

Transformer impedance is determined by the phys-
ical construction of the transformer. Factors such
as the amount and type of core material, wire size
used to construct the windings, number of turns,
and degree of magnetic coupling between the wind-
ings greatly affect the transformer’s impedance.
Impedance is expressed as a percent (%Z or
%]IZ) and is measured by connecting a short circuit
across the low-voltage winding of the transformer
and then connecting a variable voltage source to
the high-voltage winding, Figure 18-51. The

X\/ATIABLE VOLTAGE SOURCE

VOLTMETER

w/ HIGH-VOLTAGE WINDING
/m\ LOW-VOLTAGE WINDING

(»)
Y

¥ AMMETER

SHORT CIRCUIT

FIGURE 18-51
impedance.

Determining transformer
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EXAMPLE 1

Assume that the transformer shown in The impedance of this transformer is
Figure 18-51 is a 2400/480 volt 15 kVA 5.75%.
transformer. To determine the impedance Transformer impedance is a major factor
of the transformer, first compute the in determining the amount of voltage drop
full-load current rating of the secondary a transformer will exhibit between no load
winding. and full load and in determining the
VA amount of current flow in a short-circuit
1= E condition. Short-circuit current can be
computed using the formula
|= 15,000 VA
480 (Single phase) lsc= ———
EX %Z
I=31.25 A » .
, The formula for determining current in a
Next, increase the source voltage con- single-phase circuit is
nected to the high-voltage winding until a
current of 31.25 amperes flows in the low- = VA
voltage winding. Assume that the voltage E
value is 138 volts. Finally, determine the The preceding formula for determining
percentage of applied voltage compared short-circuit current can be modified to
with the rated voltage. show that the short-circuit current can be
source voltage computed by dividing the rated secondary
%Z = x 100 current by the %Z.
rated voltage :
.o 138 lsc = ot
A:Z—2400x100 % Z
%Z=0.0575 x 100
%Z=5.75
A single-phase transformer is rated at 50 2083
kVA and has a secondary voltage of 240 Ishortcircuit = 0.025

volts. The nameplate reveals that the trans-

| ircuit = 8,333.3 amperes
former has an internal impedance (%12) of Shortcircuit P

2.5%. What is the short-circuit current for It is sometimes necessary to compute the
this transformer? amount of short-circuit current when
50.000 determining the correct fuse rating for a

circuit. The fuse must have a high enough

ISecondary = a0
240 “interrupt” rating to clear the fault in the

Isecondary = 208.3 amperes event of a short circuit.
208.3
Ishortcircuit = %—Z
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variable voltage is then increased until rated cur-
rent flows in the low-voltage winding. The trans-
former impedance is determined by calculating the
percentage of variable voltage compared with the
rated voltage of the high-voltage winding.

SuMmMARY

e All values of voltage, current, and impedance in
a transformer are proportional to the turns ratio.

e Transformers can change values of voltage,
current, and impedance, but cannot change
the frequency.

e The primary winding of a transformer is con-
nected to the power line.

® The secondary winding is connected to the load.

¢ A transformer that has a lower secondary voltage
than primary voltage is a step-down transformer.

e A transformer that has a higher secondary
voltage than primary voltage is a
step-up transformer.

* An isolation transformer has its primary and
secondary windings electrically and mechani-
cally separated from each other.

When a coil induces a voltage into itself, it is
known as self-induction.

When a coil induces a voltage into another coil,
it is known as mutual induction.

Transformers can have very high inrush
current when first connected to the power
line because of the magnetic domains in the
core material.

Inductors provide an air gap in their core mate-
rial that causes the magnetic domains to reset to
a neutral position.

Autotransformers have only one winding, which
is used as both the primary and secondary.

Autotransformers have a disadvantage in that
they have no line isolation between the primary
and secondary winding.

Isolation transformers help filter voltage and
current spikes between the primary and
secondary side.

Polarity dots are often added to schematic
diagrams to indicate transformer polarity.

Transformers can be connected as additive or
subtractive polarity.



REVIEW QUESTIONS

10.

. What is a transformer?

What are common efficiencies
for transformers?

What is an isolation transformer?

All values of a transformer are
proportional to its

What is an autotransformer?

What is a disadvantage of an
autotransformer?

Explain the difference between a
step-up and a step-down
transformer.

A transformer has a primary voltage
of 240 V and a secondary voltage of
48 V. What is the turns ratio of

this transformer?

A transformer has an output of
750 VA. The primary voltage is
120 V. What is the primary current?

A transformer has a turns ratio of
1:6. The primary current is 18 A.
What is the secondary current?

PRACTICE PROBLEMS

Refer to Figure 18-52 to answer the follow-
ing questions. Find all the missing values.

1.

Ep 120 Es 24
p— Is

Np 300 Ns

Ratio Z =30
Ep 240 Es 320
p_— Is

CHAPTER 18

11.

12.

13.

14.

Single-Phase Transformers

What do the dots shown beside the
terminal leads of a transformer
represent on a schematic?

A transformer has a primary voltage
rating of 240 V and a secondary
voltage rating of 80 V. If the
windings were connected
subtractive, what voltage would
appear across the entire
connection?

If the windings of the transformer in
question 12 were to be connected
additive, what voltage would
appear across the entire winding?

The primary leads of a transformer
are labeled 1 and 2. The secondary
leads are labeled 3 and 4. If polarity
dots are placed beside leads 1 and 4,
which secondary lead would be
connected to terminal 2 to make the
connection additive?

Np Ns 280
Ratio Z =500 Q
Ep__ Es 160

Ip ls

Np Ns 80
Ratio 1:2.5 Z=120Q
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4.
Ep 48 Es 240
Ip Is
Np 220 Ns
Ratio Z = 360 Q
5.
Ep Es
lp 165 325
Np Ns 450
Ratio Z =560
6.
Ep 480 Es —
Ip Is
Np 275 Ns 525
Ratio Z =1.2kQ
RATIO
ES Es
Ip Is z
Np Ns

FIGURE 18-52
problems.

Isolation transformer practice
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Refer to Figure 18-53 to answer the
following questions. Find all the missing

Es» 120
Is2
Ns2
Ratio 2:
R, 6 Q

Eso 208

Is2
Nso

Ratio 2:
R, 60 Q

Es1

Is1

Ns1
RATIO 1

values.
7.
Er 208 Egq 320
Ip Is1
Np 800  Ngj4
Ratio 1:
Ry 12 kQ
8.
Ep 277 Eg1 480
Ip s
Np 350  Ng;q
Ratio 1:
R 200 Q
Ep
Ip
Np

Es2

Is2

Ns2
RATIO 2

FIGURE 18-53
multisecondaries.

Single-phase transformer with

Ess

Is3

Ns3
RATIO 3

R2

Ess 24
Is3
Ns3
Ratio 3:
R; 8 Q

Esz 120
lss
Ns3
Ratio 3:
Rs 24 Q




You are working in an industrial
plant. You must install a single-phase
transformer. The transformer has the
following information on the
nameplate:

Primary voltage — 13,800
Secondary voltage — 240
Impedance — 5%

kVA - 150

The secondary fuse has a blow
rating of 800 A and an interrupt
rating of 10,000 A. Is the
interrupt rating sufficient for
this installation?

CHAPTER 18

PRACTICAL APPLICATIONS |

2.

Single-Phase Transformers

You are working in an industrial plant.
An overhead crane is powered by
480 VAC. An electric brake on the hoist
operates on 240 V. The brake has a
current rating of 3.5 A. You have to
install a transformer to reduce the
480V to 240 V. The kVA rating of the
transformer must be at least 115%
greater than the expected load. The
parts room has transformers of the
following sizes: 0.025 kVA, 0.05 kVA,
0.1 kVA, 0.5 kVA, 1 kVA, 1.25 kVA,
1.5 kVA, and 2 kVA. Which of the
available transformers should be used
for this installation?
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OBJECTIVES After studying this unit, you should be able to:

e [ist the different types of split-phase motors. e discuss the operation of shaded-pole type motors.
e discuss the operation of split-phase motors. e discuss the operation of repulsion type motors.
e reverse the direction of rotation of a e discuss the operation of stepping motors.

split-phase motor.
e discuss the operation of universal motors.

e discuss the operation of multispeed
split-phase motors.
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centrifugal switch a switch
used to disconnect the start
windings in a split-phase motor
after the motor has accelerated to
approximately 75% of rated speed

compensating winding a
winding used in universal
motors to counteract the
inductive reactance in the
armature windings

conductive compensation
accomplished by connecting the
compensating winding of a
universal motor in series with the
field winding

Holtz motor a type of single-
phase synchronous motor that
operates at a speed of 1200 RPM

inductive compensation
accomplished by shorting the
compensating winding leads
together and permitting induced
voltage to supply current to

the winding

CHAPTER 19

multispeed single-phase

motors motors designed to

operate at more than one full
load speed

neutral plane the point at
which no voltage is induced in the
armature winding

run winding one of the
windings in a split-phase motor

shaded-pole induction

motor a single-phase motor that
produces a rotating magnetic field
by shading one side of each pole
piece; shading is accomplished by
placing a loop of large copper wire
around one side of the pole piece

shading coil the loop of large
wire used to form a shaded pole

split-phase motor a type of
single-phase motor that splits the
current flow through two separate
windings to produce a rotating
magnetic field
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GLOSSARY OF SINGLE-PHASE MOTOR TERMS

start winding one of
the windings used in a
split-phase motor

synchronous motors motors
that operate at a constant speed
from no load to full load

synchronous speed the speed
of the rotating magnetic field of
an AC induction motor

two phase a power system that
produces two separate phase
voltages 90° apart

universal motor a type of
single-phase motor that can
operate on either direct or
alternating current

Warren motor a type of single-
phase synchronous motor that
operates at a speed of 3600 RPM
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Ithough most of the large motors

used in industry are three-phase, at

times single-phase motors must be
used. Single-phase motors are used almost
exclusively to operate home appliances such
as air conditioners, refrigerators, well pumps,
and fans. They are generally designed to oper-
ate on 120 V or 240 V. They range in size from
fractional horsepower to several horsepower,
depending on the application.

SPLIT-PHASE
MOTORS

Split-phase motors fall into three
classifications:

general

1 The resistance-start induction-run motor.
2 The capacitor-start induction-run motor.

3 The capacitor-start capacitor-run motor.

Although these motors have different operating
characteristics, they are similar in construction and
use the same operating principle. Split-phase motors
receive their name from the way they operate on the
principle of a rotating magnetic field. A rotating mag-
netic field, however, cannot be produced with only
one phase. Split-phase motors, therefore, split the cur-
rent flow through two separate windings to simulate
a two-phase power system. A rotating magnetic field
can be produced with a two-phase system.

THE TWO-PHASE SYSTEM

In some parts of the world, two-phase power is
produced. A two-phase system is produced by hav-
ing an alternator with two sets of coils wound 90°
apart (Fig. 19-1). The voltages of a two-phase sys-
tem are, therefore, 90° out of phase with each
other. These two out-of-phase voltages can pro-
duce a rotating magnetic field. Because there have
to be two voltages or currents out of phase with
each other to produce a rotating magnetic field,
split-phase motors use two separate windings to
create a phase difference between the currents in
the two windings. These motors literally split one
phase and produce a second phase, hence the name
split-phase motor.

L1

AB

FIGURE 19-1 A two-phase alternator produces
voltages that are 90° out of phase with each other.

STATOR WINDINGS

The stator of a split-phase motor contains two sepa-
rate windings, the start winding and the run winding.
The start winding is made of small wire and is placed
near the top of the stator core. The run winding is
made of relatively large wire and is placed in the bot-
tom of the stator core. Figures 19-2A and 2B show
photographs of two split-phase stators. The stator
in A is used for a resistance-start induction-run
motor, or a capacitor-start, induction-run motor.
The stator in B is used for a capacitor-start,
capacitor-run motor. Both stators contain four
poles, and the start winding is placed at a 90°
angle from the run winding.

FIGURE 19-2A Stator winding used with resistant-
start induction-run motors.
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FIGURE 19-2B Stator winding used with capacitor-
start capacitor-run motors.

Notice the difference in size and position of the
two windings of the stator shown in Figure 19-2A.
The start winding is made from small wire and
placed near the top of the stator core. This causes
it to have a higher resistance than the run winding.
The start winding is located between the poles of
the run winding. The run winding is made with
larger wire and placed near the bottom of the
core. This gives it higher inductive reactance and
less resistance than the start winding. These two
windings are connected in parallel with each
other (Fig. 19-3).

START
WINDING

/\/ RUN
WINDING

APPLIED VOLTAGE

STARTING CURRENT —

RUNNING CURRENT

FIGURE 19-3 The start and run windings are con-
nected in parallel with each other.
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When power is applied to the stator, current
flows through both windings. Because the start
winding is more resistive, the current flow through
it will be more in phase with the applied voltage
than will the current flow through the run winding.
The current flow through the run winding will lag
the applied voltage due to inductive reactance.
These two out-of-phase currents create a rotating
magnetic field in the stator. The speed of this rotat-
ing magnetic field is called synchronous speed and
is determined by two factors:

1 number of stator poles
2 frequency of the applied voltage.

The speed of the rotating magnetic field can be
determined using the formula

120 F
§=——

Where
S = RPM

F = Frequency in hertz

P = Number of stator poles

EXAMPLE

A single-phase motor contains six stator poles and
is connected to a 60-Hz line. What is the speed of
the rotating magnetic field?

120 x 60
S= — <
S =1200 RPM

The power line frequency throughout the
United States is 60 Hertz. Table 19-1 lists the revo-
lutions per minute (RPM) for motors with different
numbers of stator poles.

TABLE 19-1 RPM at 60 Hz

Stator Poles RPM
2 3600
4 1800
6 1200
8 900
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RESISTANCE-START
INDUcCTION-RUN

MOTORS

The resistance-start induction-run motor is so
named because the out-of-phase condition between
start and run winding current is caused by the start
winding being more resistive than the run winding.
The amount of starting torque produced by a split-
phase motor is determined by three factors:

1 The strength of the magnetic field of the stator.
2 The strength of the magnetic field of the rotor.

3 The phase angle difference between current in the
start winding and current in the run winding. (Maxi-
mum torque is produced when these two currents
are 90° out of phase with each other.)

Although these two currents are out of phase
with each other, they are not 90° out of phase. The
run winding is more inductive than the start wind-
ing, but it does have some resistance, which pre-
vents the current from being 90° out of phase
with the voltage. The start winding is more resistive
than the run winding, but it does have some induc-
tive reactance, preventing the current from being in
phase with the applied voltage. Therefore, a phase
angle difference of 35° to 40° is produced between
these two currents, resulting in a rather poor start-
ing torque (Fig. 19-4).

APPLIED VOLTAGE

>

STARTING
CURRENT

RUNNING
CURRENT

FIGURE 19-4 Running current and starting current
are 35° to 40° out of phase with each other.

DISCONNECTING THE START
WINDING

A stator rotating magnetic field is necessary only to
start the rotor turning. Once the rotor has acceler-
ated to approximately 75% of rated speed, the
start winding can be disconnected from the circuit
and the motor will continue to operate with only
the run winding energized. Motors that are not
hermetically sealed (most refrigeration and air-
conditioning compressors are hermetically sealed)
use a centrifugal switch to disconnect the start
windings from the circuit. The contacts of the cen-
trifugal switch are connected in series with the start
winding (Fig. 19-5). The centrifugal switch con-
tains a set of spring-loaded weights. When the
shaft is not turning, the springs hold a fiber washer
in contact with the movable contact of the switch
(Fig. 19-6). The fiber washer causes the movable

CENTRIFUGAL SWITCH

START
WINDING

FIGURE 19-5 A centrifugal switch is used to dis-
connect the start winding from the circuit.

COUNTER WEIGHT

\
o T
l l !
SWITCH CONTACTS

FIGURE 19-6 The centrifugal switch is closed when
the rotor is not turning.
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FIGURE 19-7 The contact opens when the rotor
reaches about 75% of rated speed.

contact to complete a circuit with a stationary
contact.

When the rotor accelerates to about 75% of
rated speed, centrifugal force causes the weights
to overcome the force of the springs. The fiber
washer retracts and permits the contacts to open
and disconnect the start winding from the circuit
(Fig. 19-7). The start winding of this type motor
is intended to be energized only during the period
of time that the motor is actually starting. If the
start winding is not disconnected, it will be dam-
aged by excessive current flow.

STARTING RELAYS

Resistance-start induction-run and capacitor-start
induction-run motors are sometimes hermetically
sealed, such as with air conditioning and refrigera-
tion compressors. When they are hermetically
sealed, a centrifugal switch cannot be used to dis-
connect the start winding. A device that can be
mounted externally is needed to disconnect the
start windings from the circuit. Starting relays per-
form this function.

There are three basic types of starting relays
used with the resistance-start and capacitor-start
motors:

1 Hot-wire relay.
2 Current relay.
3 Solid state starting relay.

The hot-wire relay functions as both a starting
relay and an overload relay. In the circuit shown in
Figure 19-8, it is assumed that a thermostat con-
trols the operation of the motor. When the
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START-WINDING
L1 L2 CONTACT

SPRING ~ A

\SPRING METAL
OVERLOAD
= L CONTACT
Z RESISTIVE WIRET
T
=< START CAPACITOR
M S
MOTOR

FIGURE 19-8 Hot-wire relay connection.

thermostat closes, current flows through a resistive
wire and through two normally closed contacts
connected to the start and run windings of the
motor. The high starting current of the motor
rapidly heats the resistive wire, causing it to
expand. The expansion of the wire causes the
spring-loaded start winding contact to open and
disconnect the start winding from the circuit,
reducing motor current. If the motor is not over-
loaded, the resistive wire never becomes hot
enough to cause the overload contact to open,
and the motor continues to run. If the motor
becomes overloaded, however, the resistive wire
expands enough to open the overload contact and
disconnect the motor from the line. A photograph
of a hot-wire starting relay is shown in Figure 19-9.

FIGURE 19-9 Hot-wire type of starting relay.
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320 SECTION 2 Alternating Current

FIGURE 19-10

Current type of starting relay.

The current relay also operates by sensing the
amount of current flow in the circuit. This type of
relay operates on the principle of a magnetic field
instead of expanding metal. The current relay con-
tains a coil with a few turns of large wire and a set
of normally open contacts, Figure 19-10. The coil
of the relay is connected in series with the run
winding of the motor, and the contacts are con-
nected in series with the start winding, as shown
in Figure 19-11. When the thermostat contact
closes, power is applied to the run winding of the
motor. Because the start winding is open, the
motor cannot start, causing a high current to flow
in the run winding circuit. This high current flow
produces a strong magnetic field in the coil of the
relay, causing the normally open contacts to
close and connect the start winding to the circuit.
When the motor starts, the run-winding current is
greatly reduced, permitting the start contacts to
reopen and disconnect the start winding from
the circuit.

L1 Lo

THERMOSTAT START CONTACTS,, S
o 0 o C

STARTING
CAPACITOR C

AN
CURRENT RELAY
COIL

FIGURE 19-12 Solid state starting relay.

The solid state starting relay, Figure 19-12, per-
forms the same basic function as the current relay
and in many cases is replacing both the current
relay and the centrifugal switch. The solid state
starting relay is generally more reliable and less
expensive than the current relay or the centrifugal
switch. The solid state starting relay is actually an
electronic component known as a thermistor. A
thermistor is a device that exhibits a change of
resistance with a change of temperature. This par-
ticular thermistor has a positive coefficient of tem-
perature, which means that when its temperature
increases, its resistance increases also. The sche-
matic diagram in Figure 19-13 illustrates the con-
nection of the solid state starting relay. The
thermistor is connected in series with the start
winding of the motor. When the motor is not in
operation, the thermistor is at a low temperature
and its resistance is low, typically 3 or 4 ohms.
When the thermostat contact closes, current flows
to both the run and start windings of the
motor. The current flowing through the thermistor
causes an increase in temperature. This increased

Lt 120 VAC

THERMOSTAT

FIGURE 19-11 Current relay connection.

FIGURE 19-13 Solid state starting relay connection.
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temperature causes the resistance of the thermistor
to suddenly change to a high value of several thou-
sand ohms. The change of temperature is so sudden
that it has the effect of opening a set of contacts.
Although the start winding is never completely dis-
connected from the power line, the amount of cur-
rent flow through it is very small, typically 0.03 to
0.05 amperes, and does not affect the operation of
the motor. This small amount of leakage current
maintains the temperature of the thermistor and pre-
vents it from returning to a low value of resistance.
After the motor is disconnected from the power
line, a cooldown time of 2 to 3 minutes should
be allowed to permit the thermistor to return to
a low resistance before the motor is restarted.

RELATIONSHIP OF STATOR
AND ROTOR FIELDS

The split-phase motor contains a squirrel-cage
rotor, (Fig. 19-14). When power is connected to
the stator windings, the rotating magnetic field
induces a voltage into the bars of the squirrel-
cage rotor. The induced voltage causes current to
flow in the rotor, and a magnetic field is produced
around the rotor bars. The magnetic field of the
rotor is attracted to the stator field, and the rotor
begins to turn in the direction of the rotating mag-
netic field. After the centrifugal switch opens, only
the run winding induces voltage into the rotor. This
induced voltage is in phase with the stator current.
The inductive reactance of the rotor is high, causing
the rotor current to be almost 90° out of phase with
the induced voltage. This causes the pulsating mag-
netic field of the rotor to lag the pulsating magnetic

FIGURE 19-14 Squirrel-cage rotor used in a split-
phase motor. Courtesy of Bodine Electric Co.
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FIGURE 19-15 A rotating magnetic field is pro-
duced by the stator and rotor flux.

field of the stator by 90°. Magnetic poles, located
midway between the stator poles, are created in the
rotor (Fig. 19-15). These two pulsating magnetic
fields produce a rotating magnetic field of their
own, and the rotor continues to rotate.

DIRECTION OF ROTATION

The direction of rotation for the motor is determined
by the direction of rotation of the rotating magnetic
field created by the run and start windings when the
motor is first started. The direction of motor rotation
can be changed by reversing the connection of
either the start winding or the run winding, but not
both. If the start winding is disconnected, the motor
can be operated in either direction by manually turn-
ing the rotor shaft in the desired direction of rotation.

CAPACITOR-START
INDuUcTION-RUN

MOTORS

The capacitor-start induction-run motor is very
similar in construction and operation to the
resistance-start induction-run motor. The capacitor-
start induction-run motor, however, has an AC
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AC ELECTROLYTIC CAPACITOR

|
'\

CENTRIFUGAL
SWITCH

START
WINDING

FIGURE 19-16 An AC electrolytic capacitor is
connected in series with the start winding.

electrolytic capacitor connected in series with the
centrifugal switch and start winding (Fig. 19-16).
Although the running characteristics of the
capacitor-start induction-run motor and the
resistance-start induction-run motor are identical,
the starting characteristics are not. The capacitor-
start induction-run motor produces a starting tor-
que that is substantially higher than that of the
resistance-start induction-run motor. Recall that
one of the factors that determines the starting tor-
que for a split-phase motor is the phase angle dif-
ference between start winding current and run
winding current. The starting torque of a
resistance-start induction-run motor is low because
the phase angle difference between these two cur-
rents is only about 40° (Fig. 19-16).

When a capacitor of the proper size is con-
nected in series with the start winding, it causes
the start winding current to lead the applied volt-
age. This leading current produces a 90° phase shift
between run winding current and start winding
current (Fig. 19-17). Maximum starting torque is
developed at this point.

Although the capacitor-start induction-run
motor has a high starting torque, the motor should
not be started more than about eight times per hour.
Frequent starting can damage the start capacitor due
to overheating. If the capacitor must be replaced, care
should be taken to use a capacitor of the correct
microfarad rating. If a capacitor with too little capac-
itance is used, the starting current will be less than 90°
out of phase with the running current, and the start-
ing torque will be reduced. If the capacitance value is
too great, the starting current will be more than 90°
out of phase with the running current, and the start-
ing torque will again be reduced. A capacitor-start
induction-run motor is shown in Figure 19-18.

STARTING
CURRENT

APPLIED VOLTAGE

90°

P

RUNNING
CURRENT

FIGURE 19-17 Run winding current and start
winding current are 90° out of phase with each other.

FIGURE 19-18 Capacitor-start induction-run motor.
From Duff and Herman, Alternating Current Fundamen-
tals, 4th ed., copyright 1991 by Delmar Publishers Inc.

DUuUAL-VOLTAGE
SrLIT-PHASE MOTORS

Many split-phase motors are designed for opera-
tion on 120 or 240 V. Figure 19-19 shows the sche-
matic diagram of a split-phase motor designed for
dual-voltage operation. This particular motor
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FIGURE 19-19 Dual-voltage windings for a spilit-
phase motor.

contains two run windings and two start windings.
The lead numbers for single-phase motors are
numbered in a standard manner. One of the run
windings has lead numbers of T; and T,. The
other run winding has its leads numbered T3 and
T4. This motor uses two different sets of start
winding leads. One set is labeled Ts and T, and
the other set is labeled T~ and Ts.

If the motor is to be connected for high-voltage
operation, the run windings and start windings will
be connected in series as shown in Figure 19-20.
The start windings are then connected in parallel
with the run windings. If the opposite direction of
rotation is desired, Ts and Tg will be changed.

For low-voltage operation, the windings must
be connected in parallel as shown in Figure 19-21.
This connection is made by first connecting the run
windings in parallel by hooking T and T3 together
and T, and T, together. The start windings are
paralleled by connecting Ts and T together and
Ts and Ty together. The start windings are then
connected in parallel with the run windings. If the
opposite direction of rotation is desired, Ts and T
should be reversed along with T- and Ts.

Not all dual-voltage single-phase motors contain
two sets of start windings. Figure 19-22 shows the
schematic diagram of a motor that contains two
sets of run windings and only one start winding.
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FIGURE 19-20 High-voltage connection for a split-
phase motor with two run and two start windings.

120 Vac

FIGURE 19-21 Low-voltage connection for a split-
phase motor with two run and two start windings.
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FIGURE 19-22 Dual-voltage motor with one start
winding labeled Ts and T.
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START WINDING

RUN WINDINGS

FIGURE 19-23 Dual-voltage motor with one start
winding labeled Ts and Tsg.

In this illustration, the start winding is labeled Ts and
Te. Some motors, however, identify the start winding
by labeling it Ts and Tg as shown in Figure 19-23.

Regardless of which method is used to label the
terminal leads of the start winding, the connection
will be the same. If the motor is to be connected
for high-voltage operation, the run windings will
be connected in series and the start winding
will be connected in parallel with one of the run
windings, as shown in Figure 19-24. In this type

| Ts
T4
T2
Ts
240 Vac
T3
Ty

FIGURE 19-24 High-voltage connection with one
start winding.

Ty T3 Ts

120 Vac

To T4 Ts

FIGURE 19-25 [ow-voltage connection for a split-
phase motor with one start winding.

of motor, each winding is rated at 120 V. If the run
windings are connected in series across 240 V, each
winding will have a voltage drop of 120 V. By con-
necting the start winding in parallel across only one
run winding, it will receive only 120 V when power
is applied to the motor. If the opposite direction of
rotation is desired, Ts and Tg should be changed.

If the motor is to be operated on low voltage,
the windings are connected in parallel as shown in
Figure 19-25. Since all windings are connected in
parallel, each will receive 120 V when power is
applied to the motor.

DETERMINING THE
DIRECTION OF
ROTATION FOR SPLIT-

PHASE MOTORS

The direction of rotation of a single-phase motor can
generally be determined when the motor is connected.
The direction of rotation is determined by facing the
back or rear of the motor. Figure 19-26 shows a
connection diagram for rotation. If clockwise rota-
tion is desired, Ts should be connected to T;. If
counterclockwise rotation is desired, Tg (or Tg)
should be connected to Ty. This connection dia-
gram assumes that the motor contains two sets of
run and two sets of start windings. The type of
motor used will determine the actual connection.
For example, Figure 19-24 shows the connection
of a motor with two run windings and only one
start winding. If this motor were to be connected
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FIGURE 19-26 Determining direction of rotation for
a split-phase motor.

for clockwise rotation, terminal Ts would have to
be connected to T4, and terminal Tg would have to
be connected to T, and T;. If counterclockwise
rotation is desired, terminal Tg would have to be
connected to Ty, and terminal Ts would have to be
connected to T, and Tj.

CAPACITOR-START
CAPACITOR-RUN

MOTORS

Although the capacitor-start capacitor-run motor is
a split-phase motor, it operates on a different prin-
ciple than the resistance-start induction-run motor
or the capacitor-start induction-run motor. The
capacitor-start capacitor-run motor is designed in
such a manner that its start winding remains ener-
gized at all times. A capacitor is connected in series
with the winding to provide a continuous leading
current in the start winding (Fig. 19-27). Since the
start winding remains energized at all times, no
centrifugal switch is needed to disconnect the
start winding as the motor approaches full speed.
The capacitor used in this type of motor will gen-
erally be of the oil-filled type since it is intended for
continuous use. An exception to this general rule
are small fractional-horsepower motors used in
reversible ceiling fans. These fans have a low cur-
rent draw and use an AC electrolytic capacitor to
help save space.

The capacitor-start capacitor-run motor actu-
ally operates on the principle of a rotating mag-
netic field in the stator. Since both run and start
windings remain energized at all times, the stator

CHAPTER 19 Single-Phase Motors 325

L1
l—
=z o
- x
%)
N

FIGURE 19-27 A capacitor-start capacitor-run
motor.

magnetic field continues to rotate and the motor
operates as a two-phase motor. This motor has
excellent starting and running torque. It is quiet
in operation and has a high efficiency. Since the
capacitor remains connected in the circuit at all
times, the motor power factor is close to unity.

Although the capacitor-start capacitor-run
motor does not require a centrifugal switch to dis-
connect the capacitor from the start winding, some
motors use a second capacitor during the starting
period to help improve starting torque (Fig. 19-28).
A good example of this can be found on the com-
pressor of a central air conditioning unit designed
for operation on single-phase power. If the motor
is not hermetically sealed, a centrifugal switch is
used to disconnect the start capacitor from the

DISCONNECTING SWITCH \‘ / START CAPACITOR

RUN CAPACITOR

L1 -
=2 i
2 3
]
N

FIGURE 19-28 Capacitor-start capacitor-run motor
with additional starting capacitor.
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FIGURE 19-29 Potential starting relays.

circuit when the motor reaches approximately
75% of rated speed. Hermetically sealed motors,
however, must use some type of external switch
to disconnect the start capacitor from the circuit.

The capacitor-start capacitor-run motor, or
permanent split capacitor motor as it is generally
referred to in the air conditioning and refrigeration
industry, generally employs a potential starting
relay to disconnect the starting capacitor when a
centrifugal switch cannot be used. The potential
starting relay, Figure 19-29A and B, operates by
sensing an increase in the voltage developed in
the start winding when the motor is operating. A
schematic diagram of a potential starting relay cir-
cuit is shown in Figure 19-30. In this circuit, the
potential relay is used to disconnect the starting
capacitor from the circuit when the motor reaches
about 75% of its full speed. The starting relay coil,
SR, is connected in parallel with the start winding of
the motor. A normally closed SR contact is connected
in series with the starting capacitor. When the ther-
mostat contact closes, power is applied to both the
run and start windings. At this point, both the start
and run capacitors are connected in the circuit.

L1 L2
THERMOSTAT R
o
C
RUN

CAPACITOR S
14
I\

START

CAPACITOR sR SR
14 L
LAY A

FIGURE 19-30 Potential relay connection.

As the rotor begins to turn, its magnetic
field induces a voltage into the start winding, pro-
ducing a higher voltage across the start winding
than the applied voltage. When the motor has
accelerated to about 75% of its full speed, the voltage
across the start winding is high enough to energize the
coil of the potential relay. This causes the normally
closed SR contact to open and disconnect the start
capacitor from the circuit. Because the start winding
of this motor is never disconnected from the power
line, the coil of the potential starting relay remains
energized as long as the motor is in operation.

SHADED-POLE
INDUCTION MOTORS

The shaded-pole induction motor is popular
because of its simplicity and long life. This motor
contains no start windings or centrifugal switch. It
contains a squirrel-cage rotor and operates on the
principle of a rotating magnetic field created by a
shading coil wound on one side of each pole piece.
Shaded-pole motors are generally fractional-
horsepower motors used for low-torque applica-
tions such as operating fans and blowers.

THE SHADING COIL

The shading coil is wound around one end of the
pole piece (Fig. 19-31). It is actually a large loop of
copper wire or a copper band. The two ends are
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FIGURE 19-31 A shaded pole.

FIGURE 19-32 The shading coil opposes a change
of flux as current increases.

connected to form a complete circuit. The shading
coil acts like a transformer with a shorted second-
ary winding. When the current of the AC wave
form increases from zero toward its positive peak,
a magnetic field is created in the pole piece. As
magnetic lines of flux cut through the shading coil, a
voltage is induced in the coil. Since the coil is a low-
resistance short circuit, a large amount of current
flows in the loop. This current causes an opposition
to the change of magnetic flux (Fig. 19-32). As
long as voltage is induced into the shading coil,
there will be an opposition to the change of mag-
netic flux.

When the AC current reaches its peak value, it is
no longer changing, and no voltage is being induced
into the shading coil. Since there is no current flow in
the shading coil, there is no opposition to the mag-
netic flux. The magnetic flux of the pole piece is now
uniform across the pole face (Fig. 19-33).

When the AC current begins to decrease from
its peak value back toward zero, the magnetic field
of the pole piece begins to collapse. A voltage is
again induced into the shading coil. This induced
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FIGURE 19-33 There is opposition to magnetic flux
when the current is not changing.
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FIGURE 19-34 The shading coil opposes a change
of flux when the current decreases.

voltage creates a current that opposes the change of
magnetic flux (Fig. 19-34). This causes the mag-
netic flux to be concentrated in the shaded section
of the pole piece.

When the AC current passes through zero and
begins to increase in the negative direction, the
same set of events happens, except that the polarity
of the magnetic field is reversed. If these events
were to be viewed in rapid order, the magnetic
field would be seen to rotate across the face of
the pole piece.

SPEED

The speed of the shaded-pole induction motor
is determined by the same factors that deter-
mine the synchronous speed of other induction
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FIGURE 19-35 Four-pole shaded-pole induction
motor.

motors: frequency and number of stator poles.
Shaded-pole motors are commonly wound as four-
or six-pole motors. Figure 19-35 shows a drawing
of a four-pole shaded-pole induction motor.

GENERAL OPERATING
CHARACTERISTICS

The shaded-pole motor contains a standard squirrel-
cage rotor. The amount of torque produced is
determined by the strength of the magnetic field
of the stator, the strength of the magnetic
field of the rotor, and the phase angle difference
between rotor and stator flux. The shaded-
pole induction motor has low starting and run-
ning torque.

The direction of rotation is determined by
the direction in which the rotating magnetic field
moves across the pole face. The rotor turns in
the direction shown by the arrow in Figure 19-35.
The direction can be changed by removing the sta-
tor winding and turning it around. This is not a
common practice, however. As a general rule the
shaded-pole induction motor is considered to be
nonreversible. Figure 19-36 shows a stator winding
and rotor of a shaded-pole induction motor.

FIGURE 19-36 Stator winding and rotor of a
shaded-pole induction motor. Courtesy of A. O. Smith.

MULTISPEED MOTORS

There are two basic types of multispeed single-
phase motors. One is the consequent pole type
and the other is a specially wound capacitor-start
capacitor-run  motor or shaded-pole induction
motor. The consequent pole single-phase motor
operates by reversing the current flow through
alternate poles and increasing or decreasing the total
number of stator poles. The consequent pole motor is
used where high running torque must be maintained
at different speeds; for example, in two-speed com-
pressors for central air conditioning units.

MULTISPEED FAN MOTORS

Multispeed fan motors have been used for many
years. They are generally wound for two to five
steps of speed and operate fans and squirrel-cage
blowers. A schematic drawing of a three-speed
motor is shown in Figure 19-37. Notice that the

L1

MED

RUN WINDING

HIGH

START WINDING

L2 (COMMON)

FIGURE 19-37 A three-speed motor.
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run winding has been tapped to produce low,
medium, and high speed. The start winding is con-
nected in parallel with the run winding section. The
other end of the start winding lead is connected to an
external oil-filled capacitor. This motor changes
speed by inserting inductance in series with the
run winding. The actual run winding for this
motor is between the terminals marked high and com-
mon. The winding shown between high and medium
is connected in series with the main run winding.
When the rotary switch is connected to the medium
speed position, the inductive reactance of this coil lim-
its the amount of current flow through the run wind-
ing. When the current of the run winding is reduced,
the strength of its magnetic field is reduced and the
motor produces less torque. This causes a greater
amount of slip, and the motor speed decreases.

If the rotary switch is changed to the low posi-
tion, more inductance is inserted in series with the
run winding. This causes less current to flow
through the run winding and another reduction in
torque. When the torque is reduced, the motor
speed decreases again.

Common speeds for a four-pole motor of this
type are 1625, 1500, and 1350 RPM. Notice that
this motor does not have wide ranges between
speeds as would be the case with a consequent
pole motor. Most induction motors would over-
heat and damage the motor winding if the speed
were reduced to this extent. This type of motor,
however, has much higher impedance windings
than most motors. The run windings of most
split-phase motors have a wire resistance of 1 to
4 Q. This motor will generally have a resistance
of 10 to 15 Q in its run winding. It is the high
impedance of the windings that permits the motor
to be operated in this manner without damage.

Since this motor is designed to slow down
when load is added, it is not used to operate
high-torque loads—only low-torque loads such as
fans and blowers.

SINGLE-PHASE
SYNCHRONOUS

MOTORS

Single-phase synchronous motors are small and
develop only fractional horsepower. They operate
on the principle of a rotating magnetic field devel-
oped by a shaded-pole stator. Although they will
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operate at synchronous speed, they do not require
DC excitation current. They are used where con-
stant speed is required, such as in clock motors,
timers, and recording instruments, and as the driv-
ing force for small fans, because they are small and
inexpensive to manufacture. There are two basic
types of synchronous motor: the Warren, or Gen-
eral Electric motor, and the Holtz motor. These
motors are also referred to as hysteresis motors.

WARREN MOTORS

The Warren motor is constructed with a laminated
stator core and a single coil. The coil is generally
wound for 120-V AC operation. The core contains
two poles, which are divided into two sections each.
One-half of each pole piece contains a shading coil to
produce a rotating magnetic field (Fig. 19-38). Since
the stator is divided into two poles, the synchro-
nous field speed is 3600 RPM when connected to
60 Hz.

The difference between the Warren and Holtz
motor is the type of rotor used. The rotor of the
Warren motor is constructed by stacking hardened
steel laminations onto the rotor shaft. These disks
have high hysteresis loss. The laminations form
two crossbars for the rotor. When power is con-
nected to the motor, the rotating magnetic field
induces a voltage into the rotor, and a strong start-
ing torque is developed, causing the rotor to accel-
erate to near-synchronous speed. Once the motor
has accelerated to near-synchronous speed, the flux

FIGURE 19-38 A Warren motor.
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FIGURE 19-39 A Holtz motor.

of the rotating magnetic field follows the path of
minimum reluctance (magnetic resistance) through
the two crossbars. This causes the rotor to lock in
step with the rotating magnetic field, and the motor
operates at 3600 RPM. These motors are often
used with small gear trains to reduce the speed to
the desired level.

HOLTZ MOTORS

The Holtz motor uses a different type of rotor
(Fig. 19-39). This rotor is cut in such a manner
that six slots are formed. These slots form six
salient (projecting or jutting) poles for the rotor. A
squirrel-cage winding is constructed by inserting a
metal bar at the bottom of each slot. When power
is connected to the motor, the squirrel-cage wind-
ing provides the torque necessary to start the rotor
turning. When the rotor approaches synchronous
speed, the salient poles will lock in step with the
field poles each half cycle. This produces a rotor
speed of 1200 RPM (one-third of synchronous
speed) for the motor.

UNIVERSAL MOTORS _

The universal motor is often referred to as an AC
series motor. It is very similar to a DC series motor
in its construction in that it contains a wound
armature and brushes (Fig. 19-40). The universal

FIGURE 19-40 Armature and brushes of a universal
motor.

motor, however, has the addition of a compensat-
ing winding. If a DC series motor were connected
to alternating current, the motor would operate
poorly for several reasons. The armature windings
would have a large amount of inductive reactance
when connected to alternating current. In addition,
the field poles of most DC machines contain solid
metal pole pieces. If the field were connected to AC, a
large amount of power would be lost to eddy current
induction in the pole pieces. Universal motors contain
a laminated core to help prevent this problem. The
compensating winding is wound around the stator
and functions to counteract the inductive reactance
in the armature winding.

The universal motor is so named because it can be
operated on AC or DC voltage. When it is operated on
direct current, the compensating winding is connected
in series with the series field winding (Fig. 19-41).

ARMATURE COMPENSATING

SERIES FIELD ~ WINDING

+||||
[ I

FIGURE 19-41 The compensating winding is con-
nected in series with the series field winding.
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FIGURE 19-42 Conductive compensation.

CONNECTING THE
COMPENSATING WINDING
FOR AC CURRENT

When the universal motor is operated with AC
power, the compensating winding can be con-
nected in two ways. If it is connected in series
with the armature, as shown in Figure 19-42, it is
known as conductive compensation.

The compensating winding can also be
connected by shorting its leads together as shown
in Figure 19-43. When connected in this manner,

ARMATURE
SERIES FIELD

COMPENSATING
WINDING

]

FIGURE 19-43 Inductive compensation.
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the winding acts like a shorted secondary winding
of a transformer. Induced current permits
the winding to operate when connected in
this manner. This connection is known as
inductive compensation. Inductive compensation
cannot be used when the motor is connected to
direct current.

THE NEUTRAL PLANE

Since the universal motor contains a wound arma-
ture, commutator, and brushes, the brushes should
be set at the neutral plane position. This can be
done in the universal motor in a manner similar
to that of setting the neutral plane of a DC
machine. When setting the brushes to the neutral
plane position in a universal motor, either the
series or compensating winding can be used. To
set the brushes to the neutral plane position using
the series winding (Fig. 19-44), alternating current
is connected to the armature leads. A voltmeter is
connected to the series winding. Voltage is then
applied to the armature. The brush position is
then moved until the voltmeter connected to the
series field reaches a null position. (The null posi-
tion is reached when the voltmeter reaches its
lowest point.)

If the compensating winding is used to set the
neutral plane, alternating current is again connected
to the armature and a voltmeter is connected to the

ARMATURE

SERIES FIELD

VOLTMETER

FIGURE 19-44 Using the series field to set the
brushes at the neutral plane position.
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ARMATURE

COMPENSATING
WINDING

VOLTMETER

FIGURE 19-45 Using the compensating winding to
set the brushes to the neutral plane position.

compensating winding (Fig. 19-45). Alternating cur-
rent is then applied to the armature, and the
brushes are moved until the voltmeter indicates its
highest or peak voltage.

SPEED REGULATION

The speed regulation of the universal motor is very
poor. Since it is a series motor, it has the same poor
speed regulation as a DC series motor. If the uni-
versal motor is connected to a light load or no
load, its speed is almost unlimited. It is not unusual
for this motor to be operated at several thousand
revolutions per minute. Universal motors are used
in a number of portable appliances where high
horsepower and light weight are needed, such as
drill motors, skill saws, and vacuum cleaners. The
universal motor is able to produce a high horse-
power for its size and weight because of its high
operating speed.

CHANGING THE DIRECTION OF
ROTATION

The direction of rotation of the universal motor
can be changed in the same manner as changing
the direction of rotation of a DC series motor. To
change the direction of rotation, change the arma-
ture leads with respect to the field leads.

SUMMARY

¢ Not all single-phase motors operate on the
principle of a rotating magnetic field.

¢ Split-phase motors start as two-phase motors by
producing an out-of-phase condition for the
current in the run winding and the current in the
start winding.

e The resistance of the wire in the start winding of
a resistance-start induction-run motor is used to
produce a phase angle difference between the
current in the start winding and the current in
the run winding.

e The capacitor-start induction-run motor uses an
AC electrolytic capacitor to increase the phase
angle difference between starting and running
current. This causes an increase in starting torque.

e Maximum starting torque for a split-phase
motor is developed when the start winding
current and run winding current are 90° out
of phase with each other.

e Most resistance-start induction-run motors and
capacitor-start induction-run motors use a cen-
trifugal switch to disconnect the start windings
when the motor reaches approximately 75% of
full-load speed.

* The capacitor-start capacitor-run motor oper-
ates like a two-phase motor because both the
start and run windings remain energized during
motor operation.

e Most capacitor-start capacitor-run motors use
an AC oil-filled capacitor connected in series
with the start winding.

e The capacitor of the capacitor-start capacitor-
run motor helps correct the power factor.

e Shaded-pole induction motors operate on the
principle of a rotating magnetic field.

e The rotating magnetic field of a shaded-pole
induction motor is produced by placing shading
loops or coils on one side of the pole piece.

e The synchronous field speed of a single-phase
motor is determined by the number of stator
poles and the frequency of the applied voltage.

e Consequent pole motors are used when a change
of motor speed is desired and high torque must
be maintained.

e Multispeed fan motors are constructed by
connecting windings in series with the main
run winding.



Multispeed fan motors have high-impedance
stator windings to prevent them from overheat-
ing when their speed is reduced.

The direction of rotation for split-phase motors
is changed by reversing the start winding in
relation to the run winding.

Shaded-pole motors are generally considered to
be nonreversible.

There are two types of single-phase synchronous
motor: the Warren and the Holtz.

Single-phase synchronous motors are sometimes
called hysteresis motors.

The Warren motor operates at a speed of
3600 RPM.
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The Holtz motor operates at a speed of
1200 RPM.

Universal motors operate on direct or alternat-
ing current.

Universal motors contain a wound armature and
brushes.

Universal motors are also called AC series
motors.

Universal motors have a compensating winding
that helps overcome inductive reactance.

The direction of rotation for a universal motor
can be changed by reversing the armature leads
with respect to the field leads.
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REVIEW QUESTIONS

. What are the three basic types of

10.

11.
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split-phase motors?

The voltages of a two-phase system
are how many degrees out of phase
with each other?

How are the start and run windings
of a split-phase motor connected in
relation to each other?

In order to produce maximum starting
torque in a split-phase motor, how
many degrees out of phase should the
start and run winding currents be
with each other?

What is the advantage of the
capacitor-start induction-run motor
over the resistance-start induction-
run motor?

On the average, how many degrees
out of phase with each other are
the start and run winding currents
in a resistance-start induction-

run motor?

What device is used to disconnect
the start windings for the circuit
in most nonhermetically sealed
capacitor-start induction-

run motors?

Why does a split-phase motor
continue to operate after the start
windings have been disconnected
from the circuit?

How can the direction of rotation of
a split-phase motor be reversed?

If a dual-voltage split-phase motor is
to be operated on high voltage,
how are the run windings
connected in relation to each other?

When determining the direction of
rotation for a split-phase motor,
should you face the motor from the
front or from the rear?

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

What type of split-phase motor
does not generally contain a
centrifugal switch?

What is the principle of operation
of a capacitor-start capacitor-
run motor?

What causes the magnetic field
to rotate in a shaded-pole
induction motor?

How can the direction of rotation
of a shaded-pole induction motor
be changed?

How is the speed of a consequent
pole motor changed?

Why can a multispeed fan motor be
operated at lower speed than most
induction motors without harm to
the motor windings?

What is the speed of operation of
the Warren motor?

What is the speed of operation of
the Holtz motor?

Why is the AC series motor often
referred to as a universal motor?

What is the function of the
compensating winding?

How is the direction of rotation of
the universal motor reversed?

When the motor is connected to DC
voltage, how must the compensating
winding be connected?

Explain how to set the neutral plane
position of the brushes using the
series field.

Explain how to set the neutral
plane position using the
compensating winding.
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You are an electrical contractor, and
you have been called to a home to
install a well pump. The home owner
has purchased the pump but does
not know how to connect it. You
open the connection terminal cover
and discover that the motor contains
8 terminal leads marked T, through
Ts. The motor is to be connected to
240 V. At present, the T leads are

CHAPTER 19 Single-Phase Motors

PRACTICAL APPLICATIONS |

connected as follows: T4, T3, Ts, and
T, are connected together; and T,,
T4, T, and Tg are connected
together. Line L, is connected to the
group of terminals with T4, and line
L, is connected to the group of
terminals with T,. Is it necessary to
change the leads for operation on
240 V? If so, how should they

be connected?
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NOTE: For cosines, use right-hand column of degrees and lower line of tenths.

0° 0.0000 0.0017 0.0035 0.0052 0.0070 0.0087 0.0105 0.0122 0.0140 0.0157 0.0175 89
1 0.0175 0.0192 0.0209 0.0227 0.0244 0.0262 0.0279 0.0297 0.0314 0.0332 0.0349 88
2 0.0349 0.0366 0.0384 0.0401 0.0419 0.0436 0.0454 0.0471 0.0488 0.0506 0.0523 87
3 0.0523 0.0541 0.0558 0.0576 0.0593 0.0610 0.0628 0.0645 0.0663 0.0680 0.0698 86
4 0.0698 0.0715 0.0732 0.0750 0.0767 0.0785 0.0802 0.0819 0.0837 0.0854 0.0872 85
5 0.0872 0.0889 0.0906 0.0924 0.0941 0.0958 0.0976 0.0993 0.1011 0.1028 0.1045 84
6 0.1045 0.1063 0.1080 0.1097 0.1115 0.1132 0.1149 0.1167 0.1184 0.1201 0.1219 83
7 0.1219 0.1236 0.1253 0.1271 0.1288 0.1305 0.1323 0.1340 0.1357 0.1374 0.1392 82
8 0.1392 0.1409 0.1426 0.1444 0.1461 0.1478 0.1495 0.1513 0.1530 0.1547 0.1564 81
9 0.1564 0.1582 0.1599 0.1616 0.1633 0.1650 0.1668 0.1685 0.1702 0.1719 0.1736 80°
10° 0.1736 0.1754 0.1771 0.1788 0.1805 0.1822 0.1840 0.1857 0.1874 0.1891 0.1908 79
11 0.1908 0.1925 0.1942 0.1959 0.1977 0.1994 0.2011 0.2028 0.2045 0.2062 0.2079 78
12 0.2079 0.2096 0.2113 0.2130 0.2147 0.2164 0.2181 0.2198 0.2215 0.2232 0.2250 77
13 0.2250 0.2267 0.2284 0.2300 0.2317 0.2334 0.2351 0.2368 0.2385 0.2402 0.2419 76
14 0.2419 0.2436 0.2453 0.2470 0.2487 0.2504 0.2521 0.2538 0.2554 0.2571 0.2588 75
15 0.2588 0.2605 0.2622 0.2639 0.2656 0.2672 0.2689 0.2706 0.2723 0.2740 0.2756 74
16 0.2756 0.2773 0.2790 0.2807 0.2823 0.2840 0.2857 0.2874 0.2890 0.2907 0.2924 73
17 0.2924 0.2940 0.2957 0.2974 0.2990 0.3007 0.3024 0.3040 0.3057 0.3074 0.3090 72
18 0.3090 0.3107 0.3123 0.3140 0.3156 0.3173 0.3190 0.3206 0.3223 0.3239 0.3256 71
19 0.3256 0.3272 0.3289 0.3305 0.3322 0.3338 0.3355 0.3371 0.3387 0.3404 0.3420 70°
°1.0 °0.9 °0.8 °0.7 °0.6 °0.5 °0.4 °0.3 °0.2 °0.1 °0.0 Deg.
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NOTE: For cosines, use right-hand column of degrees and lower line of tenths.

20° 0.3420 0.3437 0.3453 0.3469 0.3486 0.3502 0.3518 0.3535 0.3551 0.3567 0.3584 69
21 0.3584 0.3600 0.3616 0.3633 0.3649 0.3665 0.3681 0.3697 0.3714 0.3730 0.3746 68
22 0.3746 0.3762 0.3778 0.3795 0.3811 0.3827 0.3843 0.3859 0.3875 0.3891 0.3907 67
23 0.3907 0.3923 0.3939 0.3955 0.3971 0.3987 0.4003 0.4019 0.4035 0.4051 0.4067 66
24 0.4067 0.4083 0.4099 0.4115 0.4131 0.4147 0.4163 0.4179 0.4195 0.4210 0.4226 65
25 0.4226 0.4242 0.4258 0.4274 0.4289 0.4305 0.4321 0.4337 0.4352 0.4368 0.4384 64
26 0.4384 0.4399 0.4415 0.4431 0.4446 0.4462 0.4478 0.4493 0.4509 0.4524 0.4540 63
27 0.4540 0.4555 0.4571 0.4586 0.4602 0.4617 0.4633 0.4648 0.4664 0.4679 0.4695 62
28 0.4695 0.4710 0.4726 0.4741 0.4756 0.4772 0.4787 0.4802 0.4818 0.4833 0.4848 61
29 0.4848 0.4863 0.4879 0.4894 0.4909 0.4924 0.4939 0.4955 0.4970 0.4985 0.5000 60°
30° 0.5000 0.5015 0.5030 0.5045 0.5060 0.5075 0.5090 0.5105 0.5120 0.5135 0.5150 59
31 0.5150 0.5165 0.5180 0.5195 0.5210 0.5225 0.5240 0.5255 0.5270 0.5284 0.5299 58
32 0.5299 0.5314 0.5329 0.5344 0.5358 0.5373 0.5388 0.5402 0.5417 0.5432 0.5446 57
33 0.5446 0.5461 0.5476 0.5490 0.5505 0.5519 0.5534 0.5548 0.5563 0.5577 0.5592 56
34 0.5592 0.5606 0.5621 0.5635 0.5650 0.5664 0.5678 0.5693 0.5707 0.5721 0.5736 55
35 0.5736 0.5750 0.5764 0.5779 0.5793 0.5807 0.5821 0.5835 0.5850 0.5864 0.5878 54
36 0.5878 0.5892 0.5906 0.5920 0.5934 0.5948 0.5962 0.5976 0.5990 0.6004 0.6018 53
37 0.6018 0.6032 0.6046 0.6060 0.6074 0.6088 0.6101 0.6115 0.6129 0.6143 0.6157 52
38 0.6157 0.6170 0.6184 0.6198 0.6211 0.6225 0.6239 0.6252 0.6266 0.6280 0.6293 51
39 0.6293 0.6307 0.6320 0.6334 0.6347 0.6361 0.6374 0.6388 0.6401 0.6414 0.6428 50°
40° 0.6428 0.6441 0.6455 0.6468 0.6481 0.6494 0.6508 0.6521 0.6534 0.6547 0.6561 49
41 0.6561 0.6574 0.6587 0.6600 0.6613 0.6626 0.6639 0.6652 0.6665 0.6678 0.6691 48
42 0.6691 0.6704 0.6717 0.6730 0.6743 0.6756 0.6769 0.6782 0.6794 0.6807 0.6820 47
43 0.6820 0.6833 0.6845 0.6858 0.6871 0.6884 0.6896 0.6909 0.6921 0.6934 0.6947 46
44 0.6947 0.6959 0.6972 0.6984 0.6997 0.7009 0.7022 0.7034 0.7046 0.7059 0.7071 45
45 0.7071 0.7083 0.7096 0.7108 0.7120 0.7133 0.7145 0.7157 0.7169 0.7181 0.7193 44
46 0.7193 0.7206 0.7218 0.7230 0.7242 0.7254 0.7266 0.7278 0.7290 0.7302 0.7314 43
47 0.7314 0.7325 0.7337 0.7349 0.7361 0.7373 0.7385 0.7396 0.7408 0.7420 0.7431 42
48 0.7431 0.7443 0.7445 0.7466 0.7478 0.7490 0.7501 0.7513 0.7524 0.7536 0.7547 41
49 0.7547 0.7559 0.7570 0.7581 0.7593 0.7604 0.7615 0.7627 0.7638 0.7649 0.7660 40°
50° 0.7660 0.7672 0.7683 0.7694 0.7705 0.7716 9.7727 0.7738 0.7749 0.7760 0.7771 39
51 0.7771 0.7782 0.7793 0.7804 0.7815 0.7826 0.7837 0.7848 0.7859 0.7869 0.7880 38
52 0.7880 0.7891 0.7902 0.7912 0.7923 0.7934 0.7944 0.7955 0.7965 0.7976 0.7986 37
53 0.7986 0.7997 0.8007 0.8018 0.8028 0.8039 0.8049 0.8059 0.8070 0.8080 0.8090 36
54 0.8090 0.8100 0.8111 0.8121 0.8131 0.8141 0.8151 0.8161 0.8171 0.8181 0.8192 35
55 0.8192 0.8202 0.8211 0.8221 0.8231 0.8241 0.8251 0.8261 0.8271 0.8281 0.8290 34
56 0.8290 0.8300 0.8310 0.8320 0.8329 0.8339 0.8348 0.8358 0.8368 0.8377 0.8387 33
57 0.8387 0.8396 0.8406 0.8415 0.8425 0.8434 0.8443 0.8453 0.8462 0.8471 0.8480 32
58 0.8480 0.8490 0.8499 0.8508 0.8517 0.8526 0.8536 0.8545 0.8554 0.8563 0.8572 31
59 0.8572 0.8581 0.8590 0.8599 0.8607 0.8616 0.8625 0.8634 0.8643 0.8652 0.8660 30°
60° 0.8660 0.8669 0.8678 0.8686 0.8695 0.8704 0.8712 0.8721 0.8729 0.8738 0.8746 29
61 0.8746 0.8755 0.8763 0.8771 0.8780 0.8788 0.8796 0.8805 0.8813 0.8821 0.8829 28
62 0.8829 0.8838 0.8846 0.8854 0.8862 0.8870 0.8878 0.8886 0.8894 0.8902 0.8910 27
63 0.8910 0.8918 0.8926 0.8934 0.8942 0.8949 0.8957 0.8965 0.8973 0.8980 0.8988 26
64 0.8988 0.8996 0.9003 0.9011 0.9018 0.9026 0.9033 0.9041 0.9048 0.9056 0.9063 25
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338 Appendix A Trigonometric Functions—Natural Sines and Cosines

NOTE: For cosines, use right-hand column of degrees and lower line of tenths.

65 0.9063 0.9070 0.9078 0.9085 0.9092 0.9100 0.9107 0.9114 0.9121 0.9128 0.9135 24
66 0.9135 0.9143 0.9150 0.9157 0.9164 0.9171 0.9178 0.9184 0.9191 0.9198 0.9205 23
67 0.9205 0.9212 0.9219 0.9225 0.9232 0.9239 0.9245 0.9252 0.9259 0.9265 0.9272 22
68 0.9272 0.9278 0.9285 0.9291 0.9298 0.9304 0.9311 0.9317 0.9323 0.9330 0.9336 21
69 0.9336 0.9342 0.9348 0.9354 0.9361 0.9367 0.9373 0.9379 0.9385 0.9391 0.9397 20°

70°  0.9397 0.9403 0.9409 0.9415 0.9421 0.9426 0.9432 0.9438 0.9444 0.9449 0.9455 19
71 0.9455 0.9461 0.9466 0.9472 0.9478 0.9483 0.9489 0.9494 0.9500 0.9505 0.9511 18
72 0.9511 0.9516 0.9521 0.9527 0.9532 0.9537 0.9542 0.9548 0.9553 0.9558 0.9563 17
73 0.9563 0.9568 0.9573 0.9578 0.9583 0.9588 0.9593 0.9598 0.9603 0.9608 0.9613 16
74 0.9613 0.9617 0.9622 0.9627 0.9632 0.9636 0.9641 0.9646 0.9650 0.9655 0.9659 15

75 0.9659 0.9664 0.9668 0.9673 0.9677 0.9681 0.9686 0.9690 0.9694 0.9699 0.9703 14
76 0.9703 0.9707 0.9711 0.9715 0.9720 0.9724 0.9728 0.9732 0.9736 0.9740 0.9744 13
77 0.9744 0.9748 0.9751 0.9755 0.9759 0.9763 0.9767 0.9770 0.9774 09778 0.9781 12
78 0.9781 0.9785 0.9789 0.9792 0.9796 0.9799 0.9803 0.9806 0.9810 0.9813 0.9816 11
79 0.9816 0.9820 0.9823 0.9826 0.9829 0.9833 0.9836 0.9839 0.9842 0.9845 0.9848 10°

80°  0.9848 0.9851 0.9854 0.9857 0.9860 0.9863 0.9866 0.9869 0.9871 0.9874 0.9877
81 0.9877 0.9880 0.9882 0.9885 0.9888 0.9890 0.9893 0.9895 0.9898 0.9900 0.9903
82 0.9903 0.9905 0.9907 0.9910 0.9912 0.9914 0.9917 0.9919 0.9921 0.9923 0.9925
83 0.9925 0.9928 0.9930 0.9932 0.9934 0.9936 0.9938 0.9940 0.9942 0.9943 0.9945
84 0.9945 0.9947 0.9949 0.9951 0.9952 0.9954 0.9956 0.9957 0.9959 0.9960 0.9962

85 0.9962 0.9963 0.9965 0.9966 0.9968 0.9969 0.9971 0.9972 0.9973 0.9974 0.9976
86 0.9976 0.9977 0.9978 0.9979 0.9980 0.9981 0.9982 0.9983 0.9984 0.9985 0.9986
87 0.9986 0.9987 0.9988 0.9989 0.9990 0.9990 0.9991 0.9992 0.9993 0.9993 0.9994
88 0.9994 0.9995 0.9995 0.9996 0.9996 0.9997 0.9997 0.9997 0.9998 0.9998 0.9998
89 0.9998 0.9999 0.9999 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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Appendix B

Irigonometric
—unctions—Natural
Tangents and
Cotangents

NOTE: For cotangents, use right-hand column of degrees and lower line of tenths.

o

0.0000 0.0017 0.0035 0.0052 0.0070 0.0087 0.0105 0.0122 0.0140 0.0157 0.0175 89
0.0175 0.0192 0.0209 0.0227 0.0244 0.0262 0.0279 0.0297 0.0314 0.0332 0.0349 88
0.0349 0.0367 0.0384 0.0402 0.0419 0.0437 0.0454 0.0472 0.0489 0.0507 0.0524 87
0.0524 0.0542 0.0559 0.0577 0.0594 0.0612 0.0629 0.0647 0.0664 0.0682 0.0699 86
0.0699 0.0717 0.0734 0.0752 0.0769 0.0787 0.0805 0.0822 0.0840 0.0857 0.0875 85

0.0875 0.0892 0.0910 0.0928 0.0945 0.0963 0.0981 0.0998 0.1016 0.1033 0.1051 84
0.1051 0.1069 0.1086 0.1104 0.1122 0.1139 0.1157 0.1175 0.1192 0.1210 0.1228 83
0.1228 0.1246 0.1263 0.1281 0.1299 0.1317 0.1334 0.1352 0.1370 0.1388 0.1405 82
0.1405 0.1423 0.1441 0.1459 0.1477 0.1495 0.1512 0.1530 0.1548 0.1566 0.1584 81
0.1584 0.1602 0.1620 0.1638 0.1655 0.1673 0.1691 0.1709 0.1727 0.1745 0.1763 80°

10° 0.1763 0.1781 0.1799 0.1817 0.1835 0.1853 0.1871 0.1890 0.1908 0.1926 0.1944 79
11 0.1944 0.1962 0.1980 0.1998 0.2016 0.2035 0.2053 0.2071 0.2089 0.2107 0.2126 78
12 0.2126 0.2144 0.2162 0.2180 0.2199 0.2217 0.2235 0.2254 0.2272 0.2290 0.2309 77
13 0.2309 0.2327 0.2345 0.2364 0.2382 0.2401 0.2419 0.2438 0.2456 0.2475 0.2493 76
14 0.2493 0.2512 0.2530 0.2549 0.2568 0.2586 0.2605 0.2623 0.2642 0.2661 0.2679 75

15 0.2679 0.2698 0.2717 0.2736 0.2754 0.2773 0.2792 0.2811 0.2830 0.2849 0.2867 74
16 0.2867 0.2886 0.2905 0.2924 0.2943 0.2962 0.2981 0.3000 0.3019 0.3038 0.3057 73
17 0.3057 0.3076 0.3096 0.3115 0.3134 0.3153 0.3172 0.3191 0.3211 0.3230 0.3249 72
18 0.3249 0.3269 0.3288 0.3307 0.3327 0.3346 0.3365 0.3385 0.3404 0.3424 0.3443 71
19 0.3443 0.3463 0.3482 0.3502 0.3522 0.3541 0.3561 0.3581 0.3600 0.3620 0.3640 70°

°1.0 °0.9 °0.8 °0.7 °0.6 °0.5 °0.4 °0.3 °0.2 °0.1 °0.0 Deg.
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340 Appendix B

NOTE: For cotangents, use right-hand column of degrees and lower line of tenths.

Trigonometric Functions—Natural Tangents and Cotangents

20° 0.3640 0.3659 0.3679 0.3699 0.3719 0.3739 0.3759 0.3779 0.3799 0.3819 0.3839 69
21 0.3839 0.3859 0.3879 0.3899 0.3919 0.3939 0.3959 0.3979 0.4000 0.4020 0.4040 68
22 0.4040 0.4061 0.4081 0.4101 0.4122 0.4142 0.4163 0.4183 0.4204 0.4224 0.4245 67
23 0.4245 0.4265 0.4286 0.4307 0.4327 0.4348 0.4369 0.4390 0.4411 0.4431 0.4452 66
24 0.4452 0.4473 0.4494 0.4515 0.4536 0.4557 0.4578 0.4599 0.4621 0.4642 0.4663 65
25 0.4663 0.4684 0.4706 0.4727 0.4748 0.4770 0.4791 0.4813 0.4834 0.4856 0.4877 64
26 0.4877 0.4899 0.4921 0.4942 0.4964 0.4986 0.5008 0.5029 0.5051 0.5073 0.5095 63
27 0.5095 0.5117 0.5139 0.5161 0.5184 0.5206 0.5228 0.5250 0.5272 0.5295 0.5317 62
28 0.5317 0.5340 0.5362 0.5384 0.5407 0.5430 0.5452 0.5475 0.5498 0.5520 0.5543 61
29 0.5543 0.5566 0.5589 0.5612 0.5635 0.5658 0.5681 0.5704 0.5727 0.5750 0.5774 60°
30° 0.5774 0.5797 0.5820 0.5844 0.5867 0.5890 0.5914 0.5938 0.5961 0.5985 0.6009 59
31 0.6009 0.6032 0.6056 0.6080 0.6104 0.6128 0.6152 0.6176 0.6200 0.6224 0.6249 58
32 0.6249 0.6273 0.6297 0.6322 0.6346 0.6371 0.6395 0.6420 0.6445 0.6469 0.6494 57
33 0.6494 0.6519 0.6544 0.6569 0.6594 0.6619 0.6644 0.6669 0.6694 0.6720 0.6745 56
34 0.6745 0.6771 0.6796 0.6822 0.6847 0.6873 0.6899 0.6924 0.6950 0.6976 0.7002 55
35 0.7002 0.7028 0.7054 0.7080 0.7107 0.7133 0.7159 0.7186 0.7212 0.7239 0.7265 54
36 0.7265 0.7292 0.7319 0.7346 0.7373 0.7400 0.7427 0.7454 0.7481 0.7508 0.7536 53
37 0.7536 0.7563 0.7590 0.7618 0.7646 0.7673 0.7701 0.7729 0.7757 0.7785 0.7813 52
38 0.7813 0.7841 0.7869 0.7898 0.7926 0.7954 0.7983 0.8012 0.8040 0.8069 0.8098 51
39 0.8098 0.8127 0.8156 0.8185 0.8214 0.8243 0.8273 0.8302 0.8332 0.8361 0.8391 50°
40° 0.8391 0.8421 0.8451 0.8481 0.8511 0.8541 0.8571 0.8601 0.8632 0.8662 0.8693 49
41 0.8693 0.8724 0.8754 0.8785 0.8816 0.8847 0.8878 0.8910 0.8941 0.8972 0.9004 48
42 0.9004 0.9036 0.9067 0.9099 0.9131 0.9163 0.9195 0.9228 0.9260 0.9293 0.9325 47
43 0.9325 0.9358 0.9391 0.9424 0.9457 0.9490 0.9523 0.9556 0.9590 0.9623 0.9657 46
44 0.9657 0.9691 0.9725 0.9759 0.9793 0.9827 0.9861 0.9896 0.9930 0.9965 1.0000 45
45 1.0000 1.0035 1.0070 1.0105 1.0141 1.0176 1.0212 1.0247 1.0283 1.0319 1.0355 44
46 1.0855 1.0392 1.0428 1.0464 1.0501 1.0538 1.0575 1.0612 1.0649 1.0686 1.0724 43
47 1.0724 1.0761 1.0799 1.0837 1.0875 1.0913 1.0951 1.0990 1.1028 1.1067 1.1106 42
48 1.1106 1.1145 1.1184 1.1224 1.1263 1.1303 1.1343 1.1383 1.1423 1.1463 1.1504 41
49 1.1504 1.1544 1.1685 1.1626 1.1667 1.1708 1.1750 1.1792 1.1833 1.1875 1.1918 40°
50° 1.1918 1.1960 1.2002 1.2045 1.2088 1.2131 1.2174 1.2218 1.2261 1.2305 1.2349 39
51 1.2349 1.2393 1.2437 1.2482 1.2527 1.2572 1.2617 1.2662 1.2708 1.2753 1.2799 38
52 1.2799 1.2846 1.2892 1.2938 1.2985 1.3032 1.3079 1.3127 1.3175 1.3222 1.3270 37
53 1.3270 1.3319 1.3367 1.3416 1.3465 1.3514 1.3564 1.3613 1.3663 1.3713 1.3764 36
54 1.3764 1.3814 1.3865 1.3916 1.3968 1.4019 1.4071 1.4124 1.4176 1.4229 1.4281 35
55 1.4281 1.4335 1.4388 1.4442 1.4496 1.4550 1.4605 1.4659 1.4715 1.4770 1.4826 34
56 1.4826 1.4882 1.4938 1.4994 1.5051 1.5108 1.5166 1.5224 1.5282 1.5340 1.5399 33
57 1.5399 1.5458 1.5517 1.6577 1.5637 1.5697 1.5757 1.5818 1.5880 1.5941 1.6003 32
58 1.6003 1.6066 1.6128 1.6191 1.6255 1.6319 1.6383 1.6447 1.6512 1.6577 1.6643 31
59 1.6643 1.6709 1.6775 1.6842 1.6909 1.6977 1.7045 1.7113 1.7182 1.7251 1.7321 30°
60° 1.7321 1.7391 1.7461 1.7532 1.7603 1.7675 1.7747 1.7820 1.7893 1.7966 1.8040 29
61 1.8040 1.8115 1.8190 1.8265 1.8341 1.8418 1.8495 1.8572 1.8650 1.8728 1.8807 28
62 1.8807 1.8887 1.8967 1.9047 1.9128 1.9210 1.9292 1.9375 1.9458 1.9542 1.9626 27
63 1.9626 1.9711 1.9797 1.9883 1.9970 2.0057 2.0145 2.0233 2.0323 2.0413 2.0503 26
64 2.0503 2.0594 2.0686 2.0778 2.0872 2.0965 2.1060 2.1155 2.1251 2.1348 2.1445 25
65 2.1445 21543 21642 21742 2.1842 2.1943 2.2045 2.2148 2.2251 2.2355 2.2460 24
66 2.2460 2.2566 2.2673 2.2781 2.2889 2.2998 2.3109 2.3220 2.3332 2.3445 2.3559 23
67 2.3559 2.3673 2.3789 2.3906 2.4023 2.4142 2.4262 2.4383 2.4504 2.4627 2.4751 22
68 24751 2.4876 2.5002 2.5129 2.5257 2.5386 2.5517 2.5649 2.5782 25916 2.6051 21
69 2.6051 2.6187 2.6325 2.6464 2.6605 2.6746 2.6889 2.7034 2.7179 2.7326 2.7475 20°
°1.0 °0.9 °0.8 °0.7 °0.6 °0.5 °0.4 °0.3 °0.2 °0.1 °0.0 Deg.



Appendix B Trigonometric Functions—Natural Tangents and Cotangents 341
NOTE: For cotangents, use right-hand column of degrees and lower line of tenths.
70° 2.7475 2.7625 2.7776 2.7929 2.8083 2.8239 2.8397 2.8556 2.8716 2.8878 2.9042 19
71 2.9042 2.9208 2.9375 2.9544 2.9714 29887 3.0061 3.0237 3.0415 3.0595 3.0777 18
72 3.0777 3.0961 3.1146 3.1334 3.1524 3.1716 3.1910 3.2106 3.2305 3.2506 3.2709 17
73 3.2709 3.2914 3.3122 3.3332 3.3544 3.3759 3.3977 3.4197 3.4420 3.4646 3.4874 16
74 3.4874 3.5105 3.5339 3.5576 3.5816 3.6059 3.6305 3.6554 3.6806 3.7062 3.7321 15
75 3.7321 3.7583 3.7848 3.8118 3.8391 3.8667 3.8947 3.9232 3.9520 3.9812 4.0108 14
76 4.0108 4.0408 4.0713 4.1022 4.1335 4.1653 4.1976 4.2303 4.2635 4.2972 4.3315 13
77 43315 4.3662 4.4015 4.4374 4.4737 45107 4.5483 4.5864 4.6252 4.6646 4.7046 12
78 47046 4.7453 4.7867 4.8288 4.8716 4.9152 4.9594 5.0045 5.0504 5.0970 5.1446 11
79 51446 5.1929 5.2422 5.2924 5.3435 5.3955 5.4486 5.5026 5.5578 5.6140 5.6713 10°
80° 5.6713 5.7297 5.7894 5.8502 5.9124 59758 6.0405 6.1066 6.1742 6.2432 6.3138 9
81 6.3138 6.3859 6.4596 6.5350 6.6122 6.6912 6.7720 6.8548 6.9395 7.0264 7.1154 8
82 71154 7.2066 7.3002 7.3962 7.4947 7.5958 7.6996 7.8062 7.9158 8.0285 8.1443 7
83 8.1443 8.2636 8.3863 8.5126 8.6427 8.7769 8.9152 9.0579 9.2052 9.3572 9.5144 6
84 9.5144 9.677 9.845 10.02 1020 10.39 10.58 10.78 10.99 11.20 11.43 5
85 1143 1166 11.91 12.16 1243 12.71 13.00 13.30 13.62 1395 14.30 4
86 1430 1467 15.06 1546 1589 16.35 16.83 17.34 1789 1846 19.08 3
87 19.08 19.74 20.45 2120 22.02 2290 2386 2490 26.03 27.27 28.64 2
88 28.64 30.14 3182 33.69 3580 38.19 40.92 44.07 47.74 52.08 57.29 1
89 5729 63.66 7162 8185 9549 1146 1432 191.0 286.5 573.0 i 0°
°1.0 °0.9 °0.8 °0.7 °0.6 °0.5 °0.4 °0.3 °0.2 °0.1 °0.0 Deg.



Appendix C

Alternating Current
—ormulas
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The instantaneous value of voltage and current for a sine wave is equal to the peak, or maximum, value

of the wave form times the sine of the angle. For example, a wave form has a peak value of 300 V.
What is the voltage at an angle of 22°?

Eanst) = Eqmax) x SIN/ Expax — Emnst
Enst) = 300 x 0.3746 (SIN of 22°) ]SZINZ
Ems) = 112.328 V SIN/ — EINST

MAX
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CHANGING PEAK,

VALUES

Appendix C

Alternating Current Formulas

RMS, AND AVERAGE

343

To change To Multiply by
Peak RMS 0.707
Peak Average 0.637
Peak Peak-to-Peak 2
RMS Peak 1.414
Average Peak 1.567
RMS Average 0.9
Average RMS 1.111
E=IxR E E P=ExI
== R=-
R I
P P E? P=T1 xR
E=- == .
I R R=3
- P E?
E P xR [ R=— P
I R

SERIES RESISTIVE CIRCUITS

Rr=R;i+Ry+R3
Ir=hL=L=13

Er=E, +E, +FE;
Pr =Py +P, +P;3

PARALLEL RESISTIVE CIRCUITS

1
A N N
Ri R, Rj
_R1 XRZ
T_R1+R2

Ir=hL+L+1;s
Er=E; =E; =E;3

Pr=P1+Pr+P3
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344 Appendix C

Alternating Current Formulas

Pure InNDucTIVE CIRCUITS

In a pure inductive circuit, the current lags the voltage by 90°. Therefore, there is no true power, or watts,
and the power factor is 0. VARs is the inductive equivalent of watts.

VARSL = E]_ X IL

VARsp = I;? x X

E’

ARsy =
V SL XL

X Xy, = 2nFL
- 2nF
EL = IL X XL EL EL
I = — Xy = —
L=, L=,
EL = /VARs, x X[ [ — VARs E,’
L — XL =
Er VARs
E, — VARs, . VARSs, X, = VA?S
SERIES INDUCTIVE CIRCUITS
Err = Ep1 + Ero + Eis
Xit = X1 + X + Xi3
Lhr=Inu=Ih=1I3
VARSLT = VARs; 1 + VARs, + VARSL3
Lr=Li+L+Ls
PARALLEL INDUCTIVE CIRCUITS
Eir = Eu1 = Ep = Ep3
Lt =1Iu + 1 + 13
X1 = Xr1 x Xi2
Xr1 + X1z ¢
1 1
XLT_1+1+1 LT:1+1+1 Lr
Xpr X X3 Ly L, L3

VARSLT = VARSLl + VARSLZ + VARSL3

Purg CAPACITIVE CIRCUITS

In a pure capacitive circuit, the current leads the voltage by 90°. For this reason there is no true power, or
watts, and no power factor. VARs is the equivalent of watts in a pure capacitive circuit.
The value of C in the formula for finding capacitance is in farads and must be changed into the capac-

itive units being used.

1 1
- 2nFX. ¢ 2nFC
E.=1. xX E E
C C C IC — _C XC — _C
Xe L
E. = v/VARs. x X, L= VARSs, B2
E. " VARs,
E — VARs, VARS, X, — VARs,
Ec IC = X ICZ

VARs. = E. x I;

VARs, =12 x X,

2

E
VARs, = <
T X
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Appendix C

SERIES CAPACITIVE CIRCUITS

Ecr = Ec1 + Ec + Ecs

ler =1 =12 = lcs

Xer = Xt + Xez + X3

VARscr = VARsct + VARse + VARsc3

. 1 _C1XC2
S “TanG
Ci G G

PARALLEL CAPACITIVE CIRCUITS

Ecr = Ec1 = Eco = Ec3

Xer = Xcr

1 n 1 . 1
Xct X2 Xc3

Cr=C+C+GCs

RESISTIVE-INDUCTIVE SERIES CIRCUITS

AVAYAY
Er Er L
It lr E
Z R |
PF VARs,
/0
o 2 2
ET: ER2+EL2 R = V4 _XL
ET:ITXZ R:E_R
Ir
VA
ET—— EZ
IT R:i
P
Er
Fr = —
® T PF R= 1
IR
R
PF=— R =Z x PF
PE— L VARs, = V'VA? — P2
VA
E Z=/R*+X;*
PF = 2 -
Et
Er
Z=-r
PF = COS /0 Iy

1 . Xc1 X X2
Xc1 + X2

Alternating Current Formulas
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T~

Y|
/1

-

Y|

/1

)|
71
Y|
Al

VARsct = VARsc; + VARse + VARsc3

Ier =Ic1 + lea + Ics

To find values for the resistor, use the formulas in the
Pure Resistive section.
To find values for the inductor, use the formulas in the
Pure Inductive section.

VA
Z:—2

IT

R
Z=—

PF
P:ERXIR

P =/VA* - VARs,*

P=1I2 xR
P = VA x PF
Ep =T x Xt
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Er = /E> — E?
EL = \/VARSL X XL

. VARSL

E
L I

VARSL = EL X IL

VA:ETXIT

VA=17?xZ
E/

VA=7

VA = {/P? + VARs,?
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Alternating Current Formulas

RESISTIVE-INDUCTIVE SERIES CIRCUITS
(CONTINUED)
2 VARs, VA E,
z VA . EpL : Et - I
Er =Ir xR VARs, VA= Xy = E,’
I = X PF L™ VARs,
Er = VP xR
IR =Ir=1Ip VARs,
P VARs — B )
ER—K L XL IR_E_R L
R X, = 27FL
R = T — Lo - _
2k =g VARs = 1,2 x X,
ER:ETXPF IT:IR—IL
P
[ =Ig =1 E Ir=4/5%
L R T IT—% R
E
IL_g% X, = V7* — R?
L

40

'U:U;u_:gn

Z =R x PF
P E/
PF ==
R
VARs; = I}* x X, p
PF=—
E, VA
XL:I— I
- PF— R
2 It
X, = L
L7 VARs, PF = COS/0
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VARs; = VVA? — P?

1
X; =
1V 1y
Z R
X; = 2nFL
Er
R=—
Ir
E.2
R =R
P
p_ B
R
Er=Er =EL
ET:ITXZ
_ X
2nF
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Alternating Current Formulas

RESISTIVE-INDUCTIVE PARALLEL CIRCUITS
(CONTINUED)

347

Ir = /I +1;°

E
b=

EL:ILXXL
EL =Er =Er

EL =\ VARSL X XL

. VARSL
= IL

Er

VARSL = EL X IL

ER:IRXR
Er = VP xR

P
Er = —
R Ix
Er =Er =Ep
P
R=75
IR
z
R=—
PF
P=I2 xR
g, VA
I
ET:\/VAXZ
VA VA
T—ET T 7

NV
oo
T In
n))! R .
A
/0 VARs
E? 2
Al E;
A=—"L
VA Vv -
Z=\/R* +X¢ VA = /P? + VARs 2
Er P
=_ A=
z o VA = o
VA:ETXIT IR_IT_IC
I — R
VA=17xZ RTR

IR ER
It = — IR = —
T~ PF R=R
P
I, = /I - 1.2 IR = —
L T R R ER
E
h:f' I = /2
L R — R
h;:VAR“ I = Iy x PF
Er
_ 2 2
VARs P =4/VA* - VARs,
I = <
L P = VA x PF
E 2
VARs; = —L-
SL XL
I = /I —1;?

Er=IrxZ
R T =11
PF ==
z VA
Er = —
PF— fr
T VA
E, — LR
PF — ER OPF
Er P = Egr x Iy
PF = COS/6
P =/VA® — VARs/
R=,/Z>-XZ
C ERZ
P=2
E
R:% R
: P=12 xR
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Alternating Current Formulas

RESISTIVE-CAPACITIVE SERIES CIRCUITS

(CONTINUED)
P — VA x PF i xo Ee F. - VARsc
Ir Ic Ic
EC = IC X XC
Eg = \/E2 — EZ2 VARsc = VVA* - P* X, = N
Ec = \/Ef* — B 2nfC
P
Er = Er x PF R=— VARsc = Ec x I¢
Ir=Igr =1Ic I
Ic=Ir =Ir VARs
L _Er R = Z x PF lo=—5—
T= 7 o= E C
T Xc EZ
X =
Ip = YA €~ VARsc Io = | VARsc
Et I P Xc
1 Xc = 2
C=— L2 VARSC:IC x X¢
ZthXC P C
IR ﬁ E 2
Er =1k xR Ec = v/ VARsc x X VARSC:X_C
C
/72 2
ER:\/m Xc=VZ -R

RESISTIVE-CAPACITIVE PARALLEL CIRCUITS

2
E VA:E%
)] Er ¢
n,)2 Iy L E > >
VA R Tk VA = /P + VAR
PF P Xe
LO VARS¢ VA—P
PF
Er = Eg = Ec
7/ = 1 I IR ET:ITXZ
2 2 T — i
N (L PE VA
R XC ET—T
VA T
lr=y\=7
Ir = /I + 12 1
VA 2nfX ¢
yA—p—
Er IZ 5
g Z=1 Z=yx
VA=Er x1I T
L _VA T
=8
Er VA=1?xZ PF:%
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P
PF =t

Ir
PF =~

It
PF = COS/0
ET:\/VAXZ
Z =R xPF
P:ERXIR
P =/VA? - VARs?
p_Ex

R
P=I2 xR
P = VA x PF
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Alternating Current Formulas

RESISTIVE-CAPACITIVE PARALLEL CIRCUITS

(CONTINUED)
Fr =Ig xR Er Er Ec =Er=Egr
IR = R = I_
R
ER:\/PXR P 5 EC:\/VARSCXXC
p k=g R - VAR
Ir Ic
k= /2 R =1
Er =Er =Ec R=VR I VARsc =2 x Xc
1 7 2
\/ 1\ (1Y’ PF VARse =5
£ (z) - (&)
Ic=—= z R B2 VARsc = Ec x I¢
Xc C
EC VARSC
~ VARsc Xe=1- VARsc = VVA* — P’
Ic = C VARsc
EC XC = 2
1 I¢
VARsc R= P >
IC = X l _ i XC — —1
C Z XC 2nfC
IR _ IT2 o ICZ EC — IC X XC

RESISTIVE-INDUCTIVE-CAPACITIVE

CIRCUITS

SERIES

AN
Ih Er L Er = \/ER2 + (Ep — Ec)?
T Ir EL
z
T=1T X
@vn R h %n Er=1IrxZ
P 1
PF
N, A VA
1€ Er — —
¢ It
Ec
le Er
X Er=—-
VARSc PF
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PF = COS/6

rR=I=Ict=1

E
R =—

P
IR =
R Fx
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Alternating Current Formulas

RESISTIVE-INDUCTIVE-CAPACITIVE SERIES

CIRCUITS (CONTINUED)

P
el

[c=Ir=Ir=1I

e
¢ Xe
VARSC
Ic =
Ec

I~ — VARSC
(O XC

P:ERXIR

Ec

X = &
C Ic

VARsc = 17 x X¢

E
b=
VA:ETXIT

P = \/VAZ - (VARs; — VARsc)®

VA=I?xZ

- 2nf
EL
X = &
L IL
EZ
X, = L
L VARSL
L _VA
T—ET
L [vA
=\Vz
P
EZ
A =T
v Z
ER:IRXR

VA = \/ P? + (VARs — VARsc)*

P = VA x PF

Er = VP xR
R =7 xPF

Er = Er x PF

EC:ICxXC

EC =V VARSC X XC
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EC _ VARSC
Ic
1
C p—
27‘[fXC
XL = 2T[fL
VAR
X =t
IL
EL = IL X XL
EL =V VARSL X XL
EL _ VARSL

VARSL = EL X IL
E,?

VARs| = =
LTX

VARsp = 1,2 x X
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RESISTIVE-INDUCTIVE-CAPACITIVE PARALLEL

CIRrcCuUITS

Er L
i Ep E
VA R :(l
L
IZFQ P X VARS,
7= ! X, — E
1\? /1 2 AT
R) "\X X
L ¢ VARSL
2 L= E
7 — E - EL g
I VA
! L [VARs
VA = Er x It VX
VA — E7T2 Fr=1IrxZ

VA = \/ P2 + (VARsy — VARs¢)?

PF =

PF = COS/6

_va
v

ET:VVAXZ

Er

VARSL P
X e I - —
b I 2 "7 Eg
VA VA P
Ir=— I=/— Lk=4/>
TTE T z VR
" P = VA x PF
T PF
Ec
BL=Er=Fp=FEc lc=x_
EL = VARSL X XL I — VARSC
CcC — EC
X
b=
| VARsc
E,? €~ Xc
ARs| = =
V SL XL
I =Iy x PF
VARs = I} x X
R = R
VARs; = E; x I, o K
Er =Igr xR P 7/
Er = VP xR R
P= ER X IR
Ep — 2
IR E 2
pP=_R
Er = Er = EL = E¢ R
P = /VAZ — (VARs; — VARsc)®
VARSC EC
— X - 7
EC IC C IC
Ec =Ic x Xc _ E’
© 7 VARsc
Ec = Er =Egr = E_
X _ VARsc
Ec = /VARsc xXc 77 T2
_Jr2_ 12 1
R=4If—(IL-Ic)” R=
1\* /1 1
IR:% zZ XL Xc

R
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RESISTIVE-INDUCTIVE-CAPACITIVE PARALLEL
CIRCUITS (CONTINUED)

Eg oo 1 VARsc = I x X¢ EZ
R=% C = gafc VARsc =&
P:IRZXR VARsc = Ec x I¢

TRANSFORMERS

Er Np Er Is Np Is Zp Np \ 2 Np \ 2 Zp
_—= _— = — e _ _ Z =
Es  Ng Es  Ip Ns I Z ( ) Zp = ZS( ) :

Ep—Voltage of the primary
Es—Voltage of the secondary
[p—Current of the primary
[s—Current of the secondary
Np—Number of turns of the primary
Ns—Number of turns of the secondary
Zp—Impedance of the primary
Zs—Impedance of the secondary

www.EngineeringEBooksPdf.com



Appendix D

Greek Alphabet

Name of letter Upper case Lower case Designates

Alpha A a Angles

Beta B B Angles; flux density

Gamma r v Conductivity

Delta A ) Change of a quantity

Epsilon E € Base of natural logarithms

Zeta Z L Impedance; coefficients, coordinates
Eta H M Hysteresis coefficient; efficiency

Theta (C) 0 Phase angle

lota I L

Kappa K K Dielectric constant; coefficient of coupling; susceptibility
Lambda A N Wavelength

Mu M v Permeability; the prefix micro-, amplification factor
Nu N v Change of quantity

Xi =1 1S

Omicron 0] o

Pi IT T 3.1416

Rho P p Resistivity

Sigma p3 o

Tau T T Time constant; time phase displacement
Upsilon Y v

Phi D ) Angles; magnetic flow

Chi X X

Psi v ] Dielectric flux; phase difference

Omega Q ® Resistivity
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Appendix &
Scientific Notation

Scientific notation is used in almost all scientific
calculations. It was first used for making calculations
with a slide rule. A slide rule is a tool that can perform
mathematical operations such as multiplying, dividing,
finding square roots, finding logarithms of numbers,
and finding sines, cosines, and tangents of angles. On a
slide rule, only the actual digits in the number are used;
decimal points are not used, and zeros are used only
when they come between two other digits, as in 102.
To a slide rule, the numbers 0.000012, 0.0012, 0.12,
1.2, 12, 120, 12,000, and 12,000,000 are all the same

number: 12.

Once you realize that the slide rule recognizes
only the basic digits of any number, you can imagine
the problem of determining where to place a decimal
point in an answer. As long as only simple calcula-
tions are done, there is no problem. For example
when you multiply 12 by 20 it is obvious where the
decimal point should be placed.

240.00

Now assume that the following numbers are to
be multiplied:

0.000041 x 380,000 x 0.19 x 720 x 0.0032

In this problem, it is not obvious where the decimal
point should be placed. Scientific notation can simplify
the numbers so that an estimated answer can be
obtained. Scientific notation is simply dividing or multi-
plying numbers by a power of 10. Any number can be
multiplied by 10 by moving the decimal point one place
to the right. Any number can be divided by 10 by mov-
ing the decimal point one place to the left. For example,
the number 0.000041 can be changed to 4.1 by multi-
plying it by 10 five times. Therefore, if the number 4.1 is
divided by 10 five times, it will be the same as the origi-
nal number, 0.000041. The number 0.000041 can be

354

changed to 4.1 by multiplying it by 10 five times using
scientific notation. The new number is 4.1 times 10 to
the negative fifth.

41%x107°

It is a common practice to use the letter E to indi-
cate the exponent in scientific notation. The previous
notation can also be written:

4.1 E-05

The number 380,000 can be reduced to 3.8 by
dividing it by 10 five times. The number 3.8 must,
therefore, be notated to indicate that the original
number is actually 3.8 multiplied by 10 five times.

3.8 x 10°, or 3.8 E0S

The other numbers in the problem can also be chan-
ged to simpler numbers using scientific notation:
0.19 becomes 1.9 E-01
720 becomes 7.2 E02
0.00032 becomes 3.2 E-03
Once the numbers have been simplified using scien-
tific notation, we can estimate the answer by rounding
off the numbers, multiplying them together, and adding
the exponents: 4.1 is about 4; 3.8 is about 4; 1.9 is about

2; 7.2 is about 7; and 3.2 is about 3. The rounded-off
numbers can be multiplied easily.

4x4x2x7%x3=672
Then add the exponents:
(E-05) + (EOS) + (E-01) + (E02) + (E-03) = E-02

The estimated answer becomes 672 E-02. When
the calculation is completed, the actual answer
becomes

682.03 E-02, or 6.8203




USING SCIENTIFIC
NOTATION WITH

CALCULATORS

In the early 1970s, scientific calculators, often
referred to as slide rule calculators, became common-
place. Most of these calculators can display from 8 to
10 digits, depending on the manufacturer. Scientific
calculations, however, often involve numbers that
contain more than 8 or 10 digits. To overcome the
limitation of an 8- or 10-digit display, slide rule cal-
culators depend on scientific notation. When a num-
ber becomes too large for the calculator to display,
scientific notation is used automatically. Imagine,
for example, that it became necessary to display the
distance (in kilometers) that light travels in one year
(approximately 9,460,800,000,000 km). This num-
ber contains 13 digits. The calculator would display
this number as:

9.4608 12

The number 12 shown to the right of 9.4608
is the scientific notation exponent. This number
could be written 9.4608 E12, indicating that the
decimal point should be moved to the right 12
places. A minus sign ahead of the scientific notation
exponent indicates that the decimal point should
be moved to the left. The number on the following
display contains a negative scientific notation
exponent.

7.5698-06

This number could be rewritten as

0.0000075698, or 7.5698 E-06

ENTERING NUMBERS
IN SCIENTIFIC
NOTATION

Slide rule calculators can also enter numbers in scien-
tific notation. To do this, the exponent key must be
used. There are two ways in which manufacturers
mark the exponent key. Some are marked EXP and
others are marked EE.

EXP EE

Appendix E Scientific Notation 355

Assume that the number 549 E08 was to be
entered. The following keystrokes would be used:

5 4 9 EXP 8

The calculator would display the following;:

549 08

If a number with a negative exponent is to be
entered, the change sign (+/—) key should be used.
Assume that the number 1.276 E-04 is to be entered.
The following keystrokes would be used:

[ L] [2] 7] [s] [exe ] [4] [+-

The display would show the following:

1.276-04

SETTING THE DISPLAY

Some calculators permit the answer to be displayed in
any of three different ways. One of these ways is with
floating decimals (FD). When the calculator is set for
this mode of operation, the answers will be displayed
with the decimal point appearing in the normal posi-
tion. The only exception is if the number to be displayed
is too large. In that case, the calculator will automati-
cally display the number in scientific notation.

In the scientific mode (Sci), the calculator will dis-
play all entries and answers in scientific notation.

When set in the engineering mode (Eng), the cal-
culator will display all entries and answers in scien-
tific notation, but only in steps of three. When
displayed in steps of three, the notation corresponds
to standard engineering notation units such as kilo,
mega, giga, milli, micro, and so on. For example,
assume that a calculator is set in the scientific mode
and displays the number

569836 05

Now assume that the calculator is reset to the
engineering mode. The number would now be dis-
played as

569.836 03

The number could now be read as “569.836
kilo,” because kilo means one thousand, or 1 E03.
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Appendix =
ANswers 10

CHAPTER 3 OHM'’S LAW

ctice

Volts (E)  Amps (1) Ohms (R) Watts (P)
153 0.056 2732.14 Q 8.568
305.5 0.65 470 Q 198.57
24 5.167 4.645 O 124
3.59 0.00975 368.179 O 0.035

76.472 0.0112 6.8 KQ 0.86
460 6.389 72 Q 2938.889
48 1.2 40 O 57.6

123.2 154 0.8 Q 18,972.8
277 2.744 100.959 O 760

14.535 0.0043 3380.205 Q 0.0625

54.083 0.000416 130 KQ 0.0225
96 0.0436 2.2 KQ 4.189

CHAPTER 4 RESISTORS

ist band 2nd band 3rd band 4th band Value %Tol
Red Yellow Brown  Silver 2400 10
Blue Gray Red Gold 6800 5
Orange Orange Orange Gold 33 KQ 5
Brown Red Black Red 12 Q 2
Brown  Green Silver Silver 0150 10
Brown  Gray Green Silver 1.8 MQ 10
Brown Black Yellow None 100 KQ 20
Brown  Black Orange Gold 10KQ 5
Violet Green Black Red 75 Q 2
Yellow Violet Red None 4.7 KQ 20
Gray Red Green Red 82MQ 2
Green Blue Gold Red 560 2

356

Sroplems

CHAPTER 5 SERIES CIRCUITS

1

Er 120V E,16.34 E,13.68 E;285 E,38 Es 23.56
Iy 0.038  1,0038 1,0038 130038 1,0.038 Is0.038

Rr31600 R;430Q R,3600Q Rs750Q R,1000Q Rs620Q
Pr456  P,0621 P,052 P;1.083 P,1.444 Ps0.894

Er 50 E:6 E, 165  Ez 11 E,9 Es 7.5
lr0.005 ;0005 I,0.005 I;0.005 I,0.005 I50.005
Rr10kQ R;1.2kQR;3.3kQ Rz22kQ R, 1.8kQ Rs1.5kQ
Pr025  P,003 P,00825 P;0.055 P,0.045 Ps0.0375

Er340V  E, 44V E, 94V EZ60V E, 40V  Es102V
It 0.002  1;0.002 1,0.002 I;0.002 1,0.002 Is0.002

Rr170kQ R;22KkQ R, 47kQ Rs30kQ R,20kQ Rs51kQ
Pr 068  P,0088 P,0.188 P;0.12 P,0.08  Ps0.204

2
E; =18.46V E, =4062V E;=3323V E,;=27.69V

CHAPTER 6 PARALLEL

CIRCUITS

1

Er12008  E, 12003 E,12003 E;120.03 E, 120.03
b 0.942 0176 1,0.146 150255  1,0.364

Rr127.412 Q0 R, 680 Q R, 820 O R3 470 O R, 330 O
P+ 113.068 Py 21187 P, 17.57 P; 30.653 P4 43.658

2

Er 277.153 Eq 277153 E, 277.153 E3277.153 E,277.153
I+ 0.00639 l1 0.00231 1, 0.00139 I3 0.00154 1, 0.00115
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Rr43.373kQ R, 120kQ R, 200 kQ Rs 180kQ R4 240 kQ 8
P 1.771 P,0.640 P,0384 P;0427 P,032 £ 24 £ 3,36 £, 45 . 048 £, 1248
3 It 0.024 l,0.024  1,0.0096 I50.00384 I, 0.00384

Ry 1000 Ry 140 R, 500 Rs 125 R, 325
Er 48 E; 48 E, 48 Es 48 E, 48 P; 0.576 P, 0.0806 P,0.0461 P,0.00184 P, 0.00479
lr 13.4 3 l> 4.8 I3 3.2 ly 2.4 Eg 2.112 E;1.728 E, 3.6 Es 5.04 Eo 12
Rr3582Q  R16Q R, 100  Rg150 R, 200 5 0.0096 ls 0.00576 I, 0.0144 1 0.0144 Iy 0.024
P; 643.2 P, 144 P,2304 P;1536 P, 1152 Re 220 Re 300 R, 250 Re 350 Re 500
4 Ps0.0203  Pg0.00995 P;0.0518 Pg0.0726 Pg 0.288
Er 240267  E,240.267 E,240.267 E;240.267 E,240.267
Iy 0.0143 l, 0.00293 1, 0.0032 |5 0.00429 I, 0.00387
Rr16.802kQ R;82kQ R,75kQ Rs56kQ Ry 62 kO CHAPTER 8 MEASURING
P; 3.436 P, 0704 P,0768 Pz1.031 P, 0.931 INSTRUMENTS
5 . )
1 First find the voltage necessary to deflect the meter

R = 83.735 0 ly = 0.0116 A l, = 0.00891 A movement full scale.
s = 0.0140 A l, = 0.0155 A
5 E = 0.000100 x 5000
Rr = 53,171.514 Q Iy = 1.18 mA I, = 0.886 mA E=0.05V
ls = 0.742 mA ls =319 mA The series resistor must have a full scale voltage

CHAPTER 7 COMBINATION

1

It 0.0241 E,36.183 E,12.103 E;26.6 E, 38.651
Rr3109.216 1, 0.0241  1,0.0133  10.0133 1, 0.0107
2

I+ 0.00946 E,208.108 E,85.135 E;56.757 E, 141.892
Ry 37 kQ l; 0.00946 I, 0.00473 |5 0.00473 I, 0.00473
3

It 0.0616 E, 5053 E,5451  E;7.496  E,12.947
Ry 292.118 l; 0.0616 1, 0.0341  1;0.0341 I, 0.0275
4

Er 712.949 E, 712.949 E, 295.471 E, 417.472 E, 417.472
Rr 891.187 l; 0.475 I, 0.325 I3 0.209 I, 0.116

5

Er 8033.068 E, 8033.068 E, 4272.908 E; 3760.159 E, 3760.159
Rr 12,358.56 I, 0.365 I, 0.285 3 0.171 I, 0.144

6

Er 58.551 E,58.551 E,19.708 E,38.843 E, 38.843
Ry 48.792 l; 0.781 l, 0.419 I3 0.176 I, 0.243

7

Er 250 E, 55 E, 50 E; 18.8 E, 11.2

It 0.25 l; 0.25 I 0.1 I3 0.04 I, 0.04

Rr 1000 R, 220 R» 500 Rs 470 R, 280

Pr 62.6 P, 1375  Py5 P;0.752 P, 0.448
Es 40 Es 30 E, 52.5 Eg 67.5 Eo 75

ls 0.1 ls 0.06 l, 0.5 lg 0.15 lg 0.25

Rs 400 Rs 500 R, 350 Rs 450 Ry 300

Ps 4 Ps 1.8 P,7.875 Pg10.125 Pg18.75

value of 9.5 V with a current flow of 100 pA.

95
~0.000100
R = 950 kQ
2
14.5
Ri=%000100 — 4 ¢
45
R2 =5000100 ~ ¥0 ¢
90
Rs =5000100 ~ 200 ¢
150
Rs =5000100 ~ 1 ©

3 First find the amount of current that must flow
through the shunt.

Rg =2 —-0.000500
Rg=1.9995 A

Next find the amount of resistance necessary to
produce a voltage drop of 50 mV when that amount
of current flows through it.

~0.050

©1.9995

R =0.025 Q

Rs

2.5

Rs = 5000010

=2500
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CHAPTER 9 USING WIRE
TABLES AND DETERMINING
CONDUCTOR SIZES
1

10.4 x 450 = 4680

4680
66.370 .0705 Q

1.817 x 16,510 = 29,998.67
29,998.67

500 60 (Iron)

430 (from Table 310.15(B)(16))
x 0.71 (correction factor)
=3053 A

30 x 0.70 = 21 A (310.15(B)(3)(a)) (Note 8A)

5 The conductors will be 350 kcmil. (50,000/240 =
208 amps) 208 x 1.25 = 260 amps. Although the
current is over 100 amperes, the wire size must be
chosen from the 60°C column because type TW
insulation is located in that column.

6 4/0 AWG conductors will be used. Since the sub-
panel is located in an area with a 90°F ambient
temperature, the temperature correction factor at the
bottom of Table 310.16 must apply (200/0.88 = 227).
(Although THWN-2 insulation is located in the 90°C
column, the conductor must be chosen from the
75°C column because the termination temperature is
not known and the current is over 100 amps).

CHAPTER 11 ALTERNATING
CURRENT SINE WAVE VALUES
Peak volts Inst. volts Degrees
347 208 36.8
780 536.9 43.5
80.36 24.3 17.6
224 5.65 1.44
48.7 43.99 64.6
339.4 240 45
87.2 23.7 15.77
156.9 155.48 82.3
110.4 62.7 34.6
1256 400 18.57
15,720 3268.37 12
126.86 72.4 34.8

Answers to Practice Problems

PEAKS, RMS, AND AVERAGE

VALUES
Peak volts RMS Average
12.7 8.979 8.09
76.073 53.8 48.42
257.3 182.262 164.2
1235 873.145 786.695
339.36 240 216
26.012 18.443 16.6
339.7 240.168 216.389
17.816 12.6 11.34
14.103 9.99 9
123.7 87.456 78.797
105.767 74.8 67.32
169.236 119.88 108
CHAPTER 12 INDUCTANCE

IN ALTERNATING CURRENT
CIRCUITS INDUCTIVE

CIRCUITS
Inductance (H) Frequency (Hz) Induct. Ret. (Q)
1.2 60 452.4
0.085 400 213.628
0.75 1000 4712.389
0.65 600 2450.442
3.6 30 678.584
2.65 25 411.459
0.5 60 188.5
0.85 1200 6408.849
1.6 20 201.062
0.45 400 1130.973
4.8 80 2412.743
0.0065 1000 40.841

CHAPTER 13 RESISTIVE-
INDUCTIVE SERIES CIRCUITS
1

Er 480 Er 247.136 E_ 411.509
I+ 20.595 Ir 20.595 I 20.595
Z 23.307 R 12 XL 19.981
VA 9885.442 P 5089.686 VARs, 8474.751
PF 51.5% /6 59° L 0.053

2

Er 130 Er 78 E_104

I+ 6.5 Ir 6.5 I 6.5
Z100 R 12 XL 16

VA 845 P 507 VARs_ 676
PF 60% /6 53.13° L 0.0424
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Appendix F Answers to Practice Problems 359
3 86 kQ) 3.488 pF 0.3s 15s
Er 120 Er 96 EL 72 120 kQ 4TOpF  56.4ps 282 s
nz o Lz 80 kQ 250 nF 20ms 100 ms
L
VA 144 P 1152 VARs, 86.4 3.75Q 8 uF 30 ps 150 ps
PF 80% /0 36.87° L 0.15915 100 kQ 1.5 uF 150ms 750 ms
33 kQ 4 uF 132 ms 660 ms
4
Er 240 Eg 187.408 E_ 149.927 Capacitance Xe Frequency
I 1.562 I 1.562 I 1.562
Z 153.675 R 120 X, 96 38 pF 69.8 0 60 Hz
VA 374.817 P 292.683 VARs, 234.146 5.049 pF 78.8 O 400 Hz
PF 78% /8 38.66° L 0.0382 250 pF 4.5 kQ 141.47 kHz
234 uF 0.068 O 10 kHz
13.263 pF 240 O 50 Hz
CHAPTER 14 RESISTIVE- 51600LJFF 03?482% 432-:’/?3 Hz
n . z
INDUCTIVE PARALLEL 176.84 nF 15 kKQ 60 Hz
CIRCUITS 75 uF 560 0 3.789 Hz
470 pF 1.693 kHz 200 kHz
1 58.513 nF 6.8 kQ 400 Hz
Er 240 Er 240 E_ 240 34 pF 450 Q 10.402 Hz
I 34.553 In 17.143 I 30
7 6.946 R 14 X, 8
Wi Towe  Wem o GHAPTER 16 RC CIRCUITS
2 1
£ 277 £ 277 £ 277 E; — 480 V En— 288V Ec — 384V
30 s 36 I — 24 A ln — 24 A o — 24 A
77103 R 18.467 X, 7.694 £=200 R=120 X =160
VA 10.803 b 4105 VARs, 9972 VA = 11,520 P— 6912 W VARsc — 9216
PF 38.46% 0 67 38° ! 00504 PF = 60% /0 = 53.1 C — 165.782 pF
3 2
£ 7 E. 72 £ 72 Er—130V En—78V Eq — 104V
o 6 1o I — 6.5 A I — 6.5 A lc — 6.5 A
7 36 g %, 60 z-200 R—120 Xe = 16 Q
VA 144 P 115.2 VARs, 86.4 VA = 845 P =s07w VARsc = 676
PE 80% 0 36.87° L 015015 PF = 60% /0 = 53.1 C — 165.782 pF
4 3
. 150 E. 150 £, 150 E; — 345.6 V Er 276.48 V Ec — 208 V
25 1,949 1562 I — 1.25 A ln = 1.25 A I — 1.25 A
7 60,009 B e 056 X, 9 Z - 276480 R—22120 X — 166.9 O
VA 374.817 P 292.373 VARs, 234553 VA =432 P=345.6W VARsc = 259.2
PE 78% 0 38,740 | 0.0882 PF — 80% /0 = 36.9 C = 15.8919 pF
4
Er—120V En — 120V Eq — 120V
CHAPTER 15 CAPACITORS I — 10.463 A ln — 857 A o — 6 A
Z-11470 R—140 Xo = 20 Q
RC TIME CONSTANTS VA — 125556 P — 10284 W VARsc = 720
Resistance  Capacitance Time Constant Total Time PF = 81.9% % = 35° C = 132.626 pF
150 kQ 100 pF 15's 75s S
350 kQ 20 pF 7s 35 s Er— 54V En—54V Ec = 54V
142,857,142.9 350 pF 0.05s 0.25s lr=25A lr=15A lc=2A
40 MQ 0.05 pF 2s 10s z=2160 R=360 X =270
1.2 MQ 047 pyF  0564s  2.82s e P Pfso — 198
4166.67 Q 12 UF 0.05 s 0.25 s =00 =93 =147
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6

Er = 298.6 V Eg = 298.6 V

It = 137 A I = 56.6 A
Z=12.17888 Q R=5280

VA = 40,908.2 P = 16,900.76 W
PF=413% /6 = 65.6°

Ec = 298.6 V
lc = 124.8 A
Xc = 2.39 O

VARs = 37,265.28
C =111

CHAPTER 17 RLC CIRCUITS

1

Er =120V
k=2A
Z=600

VA = 240

PF = 60%

2

Er — 35.678 V
l=06A
Z=59.46 0
VA =214

PF = 67.3%
3

Er—24V
lr=1.25A
Z=1920
VA = 29.985
PF = 62.5%
4

Er — 120V
lr=3.4A
Z-35340
VA = 408

PF = 98%

5

Er — 243.88 V
I = 22.267 A
Z-10950
VA = 5430.58
PF = 70.7%
6

Er =24V
k=2A
zZ-11970
VA = 48.106
PF = 99.8%

Er=72V
R=2A
R=360Q

P =144 W
/6 = 53.13°
Er =24V
Ik =0.6A
R=400Q
P=144W
/0 = 47.7°
Er = 14.993 V
Ik =1.25A
R=120Q
P=18.74 W
/6 = 51.3°
Er =120V
Ir = 3.33 A
R=360

P =400W
/0 =11.4°
Eg = 243.88 V
Ir = 15.75 A
R =15.48 Q
P =3840 W
/6 = 45°

Er =24V
k=2A
R=120Q
P=48W

/0 = 3.6°

E_ = 200V
IL=2A

X, =100 Q
VARs, = 400
L =0.265H

E =216V
IL=06A

X, =360
VARs, = 12.96
L =0.0143 H

E =75V
IL=125A

X, =60Q
VARs, = 93.75
L = 0.159 H

E. =120V
IL=3A

XL =400
VARs_ = 360
L=0.106 H

E, = 243.88 V
IL=7.87A

X, = 30.99 Q
VARs, = 1920
L=0.0123H

EL=24V
IL=04A
XL =600
VARs_ = 9.6
L=0.159 H

Ec = 104 V
Ic=2A

Xc =52 Q
VARsc = 208
C =51 pF

Ec =48V
lc =0.6A

Xc =800
VARsc = 28.8
C =4.97 pF

Ec = 56.25 V
lc=125A

Xo = 45 Q
VARsg = 70.31
C =589°

Ec =120V
lc=2.4A
Xc =50 Q
VARsG = 288
C =53 F

Ec = 243.88 V
lc = 23.62 A
Xc = 10.33 Q
VARs¢ = 5760
C =385 pF

Ec =24V
lc =053 A

Xc =45 Q
VARsg = 12.72
C =589 F

Answers to Practice Problems

CHAPTER 18 SINGLE-PHASE

1

Ep 120 Es 24

I 1.6 Is 8

Np 300 Ns 60

Ratio 5:1 Z=30

2

Ep 240 Es 320

Ip 0.853 Is 0.643

Np 210 Ns 280

Ratio 1:1.333 Z =500 0

3

Ep 64 Es 160

Ip 33.333 Is 13.333

Np 32 Ns 80

Ratio 1:2.5 Z=12Q

4

Ep 48 Es 240

Ip 3.333 Is 0.667

Np 220 Ns 1100

Ratio 1:5 Z =360 Q

5

Ep 35.848 Es 182

I 16.5 Is 3.25

Np 87 Ns 450

Ratio 1:5.077 Z=560

6

Ep 480 Es 916.346

Ip 1.458 Is 0.764

Np 275 Ns 525

Ratio 1:1.909 Z=12KQ

7

Ep 208 Es 1 320 Es> 120

Ip 11.93 ls1 0.0267 ls> 20

Np 800 Ngq1 1231 Ng» 462
Ratio 1 1:1.54 Ratio 2 1.73:1
Ry 12 kQ R, 6 Q

8

Ep 277 Esq 480 Es, 208

I» 8.93 ls1 2.4 lgp 3.47

Np 350 Ng1 606 Ng» 263
Ratio 1 1:1.73 Ratio 2 1.33:1
R; 200 Q R, 60 Q
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Ess 24

lsz 3

Ng3z 92

Ratio 3 1:8.67
R 8 Q

Ess 120

|s3 5

Ng3z 152
Ratio 3 2.31:1
Rz 24 Q



alternating current current
that reverses its direction of flow
at periodic intervals

ambient air temperature the
temperature of the surrounding air

amplitude the maximum height
reached by a waveform

American Wire Gauge (AWG)
an English standard for measuring
the diameter of wire

ammeter a device for measuring
current flow

ammeter shunt a device that
allows an ammeter to measure
large amounts of current; the
shunt is connected in series with
the load and the ammeter is con-
nected in parallel with the shunt

amp a measure of electric current
defined as one coulomb per second

ampacity the amount of current
that a wire can carry

analog meters meters that
employ a moving pointer to indi-
cate a value

angle theta (/6) the phase
angle difference between voltage

Glossary

and current in a circuit containing
a reactive component such as an
inductor or capacitor

apparent power (VA) the
value found by multiplying the
applied voltage by the total cur-
rent of an AC circuit. Apparent
power is measured in volt-amps
(VA) and should not be confused
with true power, measured

in watts.

appear to flow the charging and
discharging of a capacitor will
cause current to appear to flow
through a capacitor when it is
connected to an AC circuit

artificial respiration a method
of providing oxygen to a person
unable to breath on his or her own

atom the smallest part of an
element, atoms are composed of
three primary sub-atomic parti-
cles; the proton, the neutron, and
the electron

atomic number the number of
protons located in the nucleus of
an atom

attraction generally the force
that exists between objects that
contain opposite charges

.EngineeringeEBooksPdf.com

autotransformer a transformer
that uses only one winding for
both the primary and secondary

average the value of voltage
when an AC sine wave voltage is
changed to DC

bidirectional a device that can
conduct current in either direc-
tion, or current that flows in two
directions

British thermal unit (BTU)
the amount of heat necessary to
change the temperature of one
pound of water one degree
Fahrenheit

capacitive reactance (X.) the
current-limiting effect of a
capacitor

carbon film resistor a resistor
made by coating a nonconducting
material with a film of carbon

centrifugal switch a switch
used to disconnect the start
windings in a split-phase motor
after the motor has accelerated to
approximately 75% of rated speed

chassis ground a conductor
connected to the metal case of a
piece of equipment for the

361



362 Glossary

purpose of placing the case at
ground potential

circuit branch (a) in the case
of parallel circuits, a circuit
derived from a main set of circuit
conductors that supply power

to multiple other circuits;

(b) normally the circuit that
supplies power to electrical
equipment from the last protective
device, such as a fuse or

circuit breaker

circuit breakers devices that
disconnect power to a circuit in
the event of an excessive amount
of current

circular mil an English measure
for determining the cross-
sectional area of round wire; cir-
cular mils is the diameter in mils
(1 mil = 0.001 in.) squared

clamp-on ammeter an ammeter
with a movable jaw that can be
clamped around a conductor to
measure current flow

color code a method of marking
the resistance and tolerance of a
resistor with bands of color

combination circuit a circuit
that contains both series and
parallel circuits

compensating winding a
winding used in universal motors
to counteract the inductive reac-
tance in the armature windings

complete path an electric cir-
cuit that exists from the

more negative to the more
positive voltage

composition carbon resistor
a resistor that is made by com-
bining carbon with a resin material

conductive compensation ac-
complished by connecting the
compensating winding of a uni-
versal motor in series with the
field winding

conductors materials that con-
duct electricity easily

confined space a space that has
limited entrances or exits

control transformer a common
type of transformer used in motor
control circuits to reduce the rated
line voltage to the amount needed
to operate the control components

conventional current flow

theory an older theory stating
that electric current flows from the
more positive source to the more
negative source

correction factor a decimal
fraction employed to determine
the amount of current a conductor
is permitted to carry over a range
of ambient temperature

coulomb a quantity measure
of electrons that equals
6.25 x 108 electrons

CPR an acronym for cardiopul-
monary resuscitation

current adds one of the three
rules used to solve values of volt-
age, current, resistance, and
power in a parallel circuit

current divider formula a
formula used to calculate the
amount of current flow in any
branch when the total circuit cur-
rent and resistance are known

current flow through the
capacitor (I¢) the amount of

current flowing through the
capacitor

current flow through the

inductor (Ip) the amount of
current flowing through the
inductor

current flow through the

resistor (Ig) the amount of
current flowing through the
resistor

current lags voltage the rela-
tionship of current and voltage in
a pure inductive circuit

current transformer a trans-
former used to measure large
values of AC current

cycle one cycle is completed when
an AC voltage completes
360 degrees

d'Arsonval movement a gal-
vanometer that employs a moving
coil suspended inside a permanent
magnet to move a pointer

damp location a location that is
covered and not likely to be satu-
rated by water

de-energized circuit a circuit
that has been disconnected from
the power supply

dielectric the insulation between
the plates of a capacitor

dielectric stress the stretching
of the molecular structure of
the dielectric

direct current (DC) current
that flows in only one direction

disconnect to turn off or remove
power from a circuit



distribution transformer a
transformer that is generally used
to lower the power company line
voltage to the value needed for
houses or industrial plants

dry location a location that is
not normally subject to dampness
or wetness

earth ground point at which a
metal rod is driven into the ground
to provide a low-resistance path to
the earth

eddy current electric currents
induced in metal; generally core
material of motors and transformers

egress an entrance or exit into
a structure

electrolytic a type of capacitor
that is polarity sensitive

electromotive force (EMF)
the force known as voltage that
pushes the electrons through an
electric circuit

electron a sub-atomic particle
that orbits the nucleus of an atom
and contains a negative charge

electron orbit the space in
which an electron circles the
nucleus of an atom

electron theory the theory
stating that electricity flows from
the more negative power source to
the more positive power source

electrostatic charge the charge
of a capacitor produced by the
stressing of the molecules in the
dielectric

element a material, the smallest
part of which would be an atom

energized circuit a circuit
connected to the power supply;
a voltage or potential exists
between conductors

excitation current the amount
of current that flows in the primary
winding of a transformer when no
load is connected to the secondary

exponential the rate at which a
capacitor charges and discharges

exponential curve a rate at
which current increases or
decreases in an inductor

farad the unit measure of
capacitance

fibrillation a condition in which
the heart starts to quiver and stops
its pumping action

fire retardant clothing cloth-
ing made from a specially treated
material that resists ignition;
many industries require electri-
cians to wear this type of clothing

flux leakage the amount of
magnetic flux lines that radiate
into the air

frequency the number of times
per second that the current
changes direction in an
alternating current circuit

fuses devices that disconnect
power to a circuit in the event of
an excessive amount of current

galvanometers very sensitive
meters that require only a few mi-
croamperes of current to operate

general voltage divider

formula a formula employed to
determine the value of resistance
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needed to produce a certain volt-
age drop

ground point the point at which
a circuit or device is grounded

grounding conductor generally
the bare or green wire used to
establish a low resistance path

to ground

henry (H) the standard measure
of inductance

hertz (Hz) a measure of
frequency

HIPOT an instrument that
develops a high potential or high
voltage for testing the dielectric of
a capacitor

Holtz motor a type of single-
phase synchronous motor that
operates at a speed of 1200 RPM

horseplay playing practical jokes
or exhibiting adolescent behavior
in an inappropriate place

horsepower a common measure
of power in which the base is es-
tablished at 550 pound feet per
second; in electrical quantities,
746 watts equals one horsepower

hysteresis loss the amount of
power loss in the form of heat
caused by molecular friction

idiot proofing designing a piece
of equipment so it cannot be
misused by an experienced person

impedance (Z) the total current
limiting effect in an electric circuit;
impedance is measured in ohms.

in phase a condition that occurs
when the voltage and current
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reach peak values and zero
crossing at the same time

induced voltage voltage that is
supplied to a conductor by cutting
lines of magnetic flux

inductance (L) the property of
an electric circuit whereby voltage
is produced by cutting magnetic
flux lines

inductive compensation
accomplished by shorting the
compensating winding leads
together and permitting induced
voltage to supply current to

the winding

inductive reactance (X.) the
current-limiting effect of a pure
inductor

inrush current the amount of
current flow that occurs when
power is first applied to a
transformer

insulation the plastic or rubber
coating around the conductor

insulators materials that hinder
the flow of electricity

isolation transformers trans-
formers that have their primary
and secondary windings electri-
cally separated from each other

joule a metric measure of
power similar to the English
measure watt

laminated the process of stack-
ing thin sheets of metal together
to form the core material for a
transformer

Lenz’s law an electrical law
stated by a scientist named Lenz

that says, basically, that an in-
duced voltage will always oppose
the force that induces it

linear wave a waveform that
increases in the same proportion
as the angle of rotation

leakage current the amount
of current that flows through the
dielectric of a capacitor

load the amount of power a
circuit is supplying to a device

lock out and tag out a
procedure to prevent a circuit from
being energized accidentally

magnetic induction using
magnetic field to induce a voltage
into a conductive material, gen-
erally wire

matter any material composed
of atoms

maximum operating

temperature the maximum
temperature in an area where the
wire is to be used

MEGGER® a device used to
measure the insulation resistance;
meggers measure resistance in
millions of ohms

metal film resistor a resistor
made by coating a nonconducting
material with a film of metal

metal glaze resistor a resistor
made by combining glass
and metal

metal oxide varistor (MOV)
an electronic device that exhibits
a rapid change of resistance with a
change of temperature

meter an instrument used to
test for some electrical quantity
such as voltage, current, or
resistance

mil foot an English standard

of measure for wire; a mil foot is
a piece of wire one thousandth
of an inch in diameter and one
foot long

milliamperes one milliampere
equals 1/1000 of an amp (0.001)

molecules a combination of
atoms that form the smallest part
of a compound

MSDS an acronym for material
safety data sheets

multirange voltmeters volt-
meters that employ more than one
full range value

multispeed single-phase

motors motors designed to
operate at more than one full
load speed

multiturn variable resistors
resistors constructed so that their
ohmic value can be adjusted by
turning a shaft from three to

ten turns

National Electrical Code a
national standard for installation
of electrical apparatus and equip-
ment published by the National
Fire Protection Association

negative a charge formed by an
excess of electrons

neutral conductor a conductor
is generally grounded and is a
common connection to other parts
of a circuit



neutral plane the point at
which no voltage is induced in the
armature winding

neutron one of the principal
parts of an atom. The neutron has
no charge and is part of the nucleus

node a point of connection

nonpolarized capacitors ca-
pacitors that are not sensitive
to voltage polarity

nucleus the center or core of
an object

ohm(Q) the unit of measure used
to describe the resistance to the
flow of electric current

Ohm's law a set of mathematical
formulas developed by the German
scientist Georg S. Ohm

ohmmeter a meter used to
measure values of resistance

oscillators devices used to
convert direct current into
alternating current

OSHA an acronym for Occupa-
tional Safety and Health
Administration

out of phase a condition that
occurs between the voltage and
current in a capacitive circuit

parallel block a section of a
combination circuit composed of
parallel resistors

parallel circuits circuits with
more than one path for
current flow

parallel conductors conductors
connected in parallel with each

other for the purpose of carrying
more electric current

parallelogram method a
method of obtaining values of
voltage, current, impedance, and
power with vectors

peak the maximum value
obtained by a waverform

plates thin, flat metal used in the
construction of a capacitor

polarized capacitors capacitors
that are sensitive to voltage
polarity

positive a charge formed by a
lack of electrons

pot slang for potentiometer

potentiometer a variable resis-
tor employed in such a manner
that it can provide a variable
voltage

power the ability to do work; in
an electric circuit, it is generally
measured in watts

power factor (PF) the ratio of
true power to apparent power

primary winding the winding
of a transformer to which power is
connected

product over sum formula
Rl X Rz
Rt = ———= one of three
""Ri+Rs
formulas used to determine the
total resistance of resistors

connected in parallel

proton a sub-atomic particle
located in the nucleus of an
atom; the proton has a
positive charge
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quadrature power often re-
ferred to as VARs, reactive power,
or wattless power

quality (Q) the ratio of inductive
reactance as compared
with resistance

R-L time constant the amount
of time required for current to
increase or decrease in value

RC time constant the time
required for a capacitor to charge
or discharge when it is connected
in series with a resistance

reactance the property of a
circuit that limits current by
means other than resistance

reactive power (VARs) volt
amps reactive; often called watt-
less power, VARs is the product of
the current and voltage in a pure
reactive load

reduce a method employed to
simplify parallel or series connected
components into a single resistor

repulsion generally, the force
that exists between two objects
that contain like electrical charges

reciprocal formula

one of three formulas used to
determine the total resistance of
resistors connected in parallel

resistance the element of an
electric circuit that can limit the
flow of current by producing heat

resistance adds one of
the major rules concerning
series circuits



366 Glossary

resistive loads loads that
employ resistance to limit
circuit current

rheostat a variable resistor that
contains only two terminals

ripple the turning on and off ef-
fect that occurs when alternating
current is converted into direct
current

root mean square (RMS) the
amount of AC voltage that will
produce the same heating effect
as a like amount of DC voltage

run winding one of the wind-
ings in a split-phase motor

scaffold a platform for working in
high places, generally designed so
it can be taken apart and trans-

ported to a different job site or area

secondary winding the wind-
ing of a transformer to which the
load is connected

series circuit a circuit that
contains only one path for
current flow

series resistance resistance
connected in series with other
circuit components

shaded-pole induction motor
a single-phase motor that pro-

duces a rotating magnetic field by
shading one side of each pole

piece; shading is accomplished by
placing a loop of large copper wire
around one side of the pole piece

shading coil the loop of large
wire used to form a shaded pole

short circuit a circuit that con-
tains almost no resistance to limit
the flow of current

sine wave a waveform produced
by any rotating machine. The
voltage at any point on the
waveform can be determined by
multiplying the peak value by the
sine of the angle of rotation

skin effect the effect that
causes electrons to move toward
the outside of a conductor in an
alternating current circuit

split-phase motor a type of
single-phase motor that splits the
current flow through two separate
windings to produce a rotating
magnetic field

start winding one of the wind-
ings used in a split-phase motor

step-down transformer a
transformer that produces a lower
secondary voltage than

primary voltage

step-up transformer a trans-
former that produces a higher
secondary voltage than

primary voltage

strength of magnetic field
the number of magnetic flux lines
per square inch or flux density of a
magnetic field

surface area one of the factors
that determines the amount of
capacitance a capacitor will have

synchronous motors motors
that operate at a constant speed
from no load to full load

synchronous speed the speed
of the rotating magnetic field of
an AC induction motor

tape wound core a type of

transformer core made by winding
a long continuous metal sheet in a
circular or rounded-rectangle shape

tolerance the range over which a
resistor is considered to be within
its marked value

toroid core a transformer core
that is in a toroid shape, which is
generally round with a hole in the
center similar to a donut

total current (Iy) the total
current flow in an electric circuit;
in an RL parallel circuit it is
determined by vector addition

of the resistive current and
inductive current

total impedance (Z) the total
current-limiting effect in an AC
circuit

transformer an electrical ma-
chine used to change values of
voltage, current, and impedance

trace the current path a
method used to determine if
components are connected in
series or parallel

triangle wave a linear waveform
in which the voltage is propor-
tional to the peak value and per-
cent of angle of rotation

true power the amount of elec-
trical energy that is converted into
some other form of energy such
as thermal or kinetic; also known
as watts



turns ratio the ratio of the
number of turns of wire in the
primary winding compared with
the number of turns in the sec-
ondary winding

turns of wire the number of
turns of wire on a coil

two phase a power system that
produces two separate phase vol-
tages 90° apart

unidirectional something that
moves in only one direction

universal motor a type of
single-phase motor that can op-
erate on either direct or alternat-
ing current

valence electrons electrons
located in the outermost orbit
or shell of an atom

variable capacitors capacitors
that can be adjusted for different
values of capacitance

variable resistor a resistor
whose resistance value can
be changed

vector a line that indicates both
magnitude and direction

vector addition the process
of using vectors to add like
electrical values

volt a measure of EMF often de-
scribed as electrical pressure

volts-per-turn ratio a method
of determining voltage values in
a transformer by dividing the
number of turns of wire in

the primary winding by the
voltage applied

voltage divider a circuit gen-
erally constructed of series con-
nected resistors to provide
different amounts of voltage

voltage drop the amount of
voltage existing across any com-
ponent that limits the flow of
current; voltage drop indicates the
amount of voltage necessary

to push current through a
limiting element

voltage drop across the

capacitor (Ec) the amount of
voltage drop across the capacitor

voltage drop across the

resistor (Eg) the amount of
voltage drop across the resistor

voltage polarity the polarity,
positive or negative, of the volt-
age at a certain point in a circuit

voltage rating the amount of
voltage that can be safely applied
to a capacitor without damaging
the dielectric
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voltage spike a large amount of
voltage that exists for a very short
period of time

voltmeter a meter used to
measure voltage

Warren motor a type of
single-phase synchronous motor
that operates at a speed of
3600 RPM

watt a power measurement that
describes the amount of electrical
energy converted to some other
form

wattless power VARs; computed
by using values that pertain only
to reactive components such as
inductors or capacitors

weber (Wb) a measure of mag-
netism equal to 100,000,000 lines
of magnetic flux

wet location areas that are
subject to saturation by water;
some of these areas include
direct burial in the earth, under-
ground conduit installations,

or installation in masonry or
concrete slabs

wire wound resistor a resistor
made with a high-resistance metal
wire such as Nichrome



A

AC ammeters, 127-129
current transformers, 128
turns ratio, computing, 127-128

AC electrolytic capacitors,
247-248

AFCI. See Arc-fault circuit
interrupters

Air core inductor, 168

Alternating current (AC), 27, 28
advantages, 179
amplitude, 182
average values, 183
cycle, 180
effective value, 183
formulas, 343-353 Appendix C
frequency, 181
hertz (H,), 181
linear wave, 180
oscillators, 180
peak-to-peak values, 182
peak values, 182
power in AC circuits, 186
resistive loads, 184-186
ripple, 184
RMS values, 183
sine waves, 180-184
skin effect in AC circuits, 186-187
square waves, 179-180
triangle waves, 180
true power, 184
watts, 184

Ambient air temperature,
140, 142

American Wire Gauge (AWG),
140, 141-142, 153
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INndex

Ammeter, 120
AC ammeters, 127-129
clamp-on ammeters, 129-130
DC-AC clamp-on ammeters, 130-131
defined, 125
in-line ammeters, 125, 126
shunt, 126-127

Ammeter shunt, 120, 126-127
Amp, 38, 39-40
Ampacity, 140, 142

factors determining, 142-146
Amplitude, 178, 182

Analog meters, 120
ammeter, 125-131
d'Arsonval meter movement, 121
ohmmeter, 131-133
principle of operation, 121, 122
voltmeter, 121-125
Angle-theta (£0), 205, 215,
216, 218, 224, 229
Apparent power, 213-214, 216,
224, 228
Apparent power volt amps, 205
Appear to flow, 237
Arc-fault circuit interrupters
(AFCT), 14-15
arc-fault detection, 16-17
connection, 17-18
parallel arc-faults, 15
series arc-faults, 15-16
Artificial respiration, 4, 5
Atomic number, 27, 29
Atoms, 27, 29
lines of force come inward, 29, 31

lines of force extend outward,
29, 31

.EngineeringeEBooksPdf.com

natural and artificial elements,
29, 30
nucleus, 29, 31
parts of, 29, 31
plum pudding model, 31
structure of, 30-32
water states, 29
Attraction, 27, 28
Autotransformer, 289, 302-303
Average, 178
Average values, 183-184, 344
Appendix C

AWG. See American Wire Gauge

Bidirectional, 27, 28

British thermal unit (BTU),
38, 45

BTU. See British thermal unit

C

Capacitive reactance, 237,
251-252

Capacitors
AC circuit connection, 250-251
AC electrolytic capacitors, 247
applications, 244
capacitive reactance, 251-252
charge and discharge rates,

243-244

computation of capacitance, 252
defined, 238



dielectric constants, 241

dry type electrolytic, 248

electrolytic, 247-248

electrostatic charge, 239-241

frequency, effects of, 255

HIPOT, 250

leakage current, 239

nonpolarized, 245-247

out of phase, 253

parallel connection, 242

plates, 238

polarized, 247-248

power in pure capacitive circuit,
253-254

ratings, 242

RC time constants, 244

reactive power, 254

series connection, 242-243

surface area, 238

testing, 249-250

variable, 248-249

voltage and current relationships, in
pure capacitive circuit, 252-253

voltage rating, 254

Capacitor-start capacitor-run
motors, 325-326

Capacitor-start induction-run
motors, 321-322

Carbon film resistors, 54, 56

Carbon resistors, 56

Centrifugal switch, 315, 318

Chassis ground, 69, 80

Chassis point, 80

Circuit branch, 86, 87

Circuit breakers, 69, 70

Circular mil, 140, 151

Clamp-on ammeters, 120,
129-130

Color code, 54, 57

Color code, resistors
color code chart, 57-59
gold and silver as multipliers, 61
numeric values, 57, 60
tolerance band, 60-61

Combination circuits, 101, 102
application, 102
current flow, 103
node, 102
Ohm'’s law, 103, 114
parallel block, 104
parallel circuits, 102
reduce, 104

series circuits, 102
simplifying circuit, 103
solving circuits, 102

total resistance, 103

trace the current path, 102
voltage drop, 103

Compensating winding,
315, 330

Complete path, 38, 41

Composition carbon resistor,
54, 55-56

Conductive compensation,
315, 331

Conductors, 27, 33

Conductor size, determination
by using NEC®, 147-149

Conductor sizes and resistance,
computing

formula, 150

long wire lengths, 150-151
resistance, computing, 151-152

Confined spaces, 4, 7-8

Control transformer, 289,
298-300

Conventional current flow
theory, 38, 40

Correction factor, 140, 146

Coulomb, 38, 39

CPR (cardiopulmonary
resuscitation), 4, 5

CTs. See Current transformer

Current adds, 86

Current divider formula, 86, 95

Current dividers, 94-95

Current flow through the
capacitor, 275, 281

Current flow through the
inductor, 224, 226

Current flow through the
resistor, 224, 226, 275, 280

Current lags voltage, 192, 198

Current-limiting effect, 201

Current relay, 320

Current speed, 40-41

Current transformer, 120,
127-129

Cycle, 178, 180

Index 369

D

Damp location, 140, 146

D'Arsonval meter movement,
121

D'Arsonval movement, 120

DC-AC clamp-on ammeters,
130-131

De-energized circuit, 4, 5

Degree Celsius, 45

Dielectric, 237

Dielectric constants, 241

Dielectric material, 238

Dielectric stress, 237, 239-240

Digital meters
multimeters, 133-134
ohmmeters, 133
reading procedures, 124-125,
134-135

Direct current (DC), 27, 28

Disconnect, 4

Distribution transformer, 289,
297-298

Dry location, 140, 146

Dry type electrolytic
capacitors, 248

Dual-voltage split-phase
motors, 322-324

Duct banks, 149

E

Earth ground, 69, 80
Eddy current, 162, 168
Effective values, 183
Egress, 4, 7, 8
Electrical circuits, 41-43
Electricity, production
methods, 35
Electrolytic, 237
Electrolytic capacitors,
247-248
Electromotive force (EMF),
38, 43
Electron, 27
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Electron flow, 33-34

Electron orbits, 27, 31-33

Electrons, 29, 31

Electron theory, 38, 40

Electrostatic charge, 237,
239-241

Element, 27, 29

Energized circuit, 4

Engineering notation, 47-48

Excitation current, 289, 292

Exponential, 237

Exponential curve, 162,
167-168

Exponential rate, 243

Eye protection, 9

F

Farad, 237, 242

Fibrillation, 4, 6

Fire retardant clothing, 4, 10
Fires, 13

Fixed resistors, 55
carbon film resistors, 56
composition carbon resistor, 55
metal film resistors, 56
metal glaze resistor, 56-57
power rating, 61-62
standard resistance values for, 61
wire wound resistors, 57

Fleming's left-hand generator
rule, 164

Floating decimals (FD), 356
Appendix E

Flux leakage, 289

Frequency, 178, 181, 237, 255

Full scale values, 122
Fuses, 69, 70

G

Galvanometers, 120, 121

General voltage divider formula,

69, 79
GFCI. See Ground fault circuit
interrupters

Gloves, 10
Gold and silver, as
multipliers, 61
Greek alphabet, 354
Appendix D
Ground fault circuit interrupters
(GFCI), 13-14
Grounding, 18
Grounding conductor, 38, 42
Ground point, 69, 80

H

Hall generator, 131
Hanging scaffolds, 11
Hazardous materials, 6-7
Head protection, 9
Hearing protection, 9
Henry (H), 162, 168
Hertz (Hz), 178, 181
HIPOT, 237, 250

Holtz motor, 315, 330
Horseplay, 4, 5
Horsepower, 38, 45
Hot-wire relay, 319
Hysteresis loss, 156, 162, 168

I

Idiot proofing, 4, 5

Impedance, 38, 43, 44, 192,
201, 206-207, 216,
227-228

Induced voltage, 192, 193-194

Inductance, 168-169, 192, 226
application, 193
computation of induced
voltage, 194
impedance, 201
induced voltage, 193-194
inductive reactance, 194-195
inductors connected in parallel,
196, 198
inductors connected in series, 196
magnetic field, 193
power in inductive circuit, 199-200
quality of an inductor, 200-201

reactance, 194
reactive power, 200
schematic symbols, 196
voltage and current relationships,
198-199
Inductive compensation,
315, 331
Inductive current, 226
Inductive reactance, 192,
194-195
Inductor, current rise time in,
166-167
Inductors
connected in parallel, 196, 198
connected in series, 196
quality, 200-201
In-line ammeters, 125, 126
In phase, 178
In phase current, 185, 186
Inrush current, 289, 302
Instantaneous values, 181, 343
Appendix C
Insulation, 140, 146
Insulators, 27, 34
Iron core inductor, 168
Isolation transformers, 289, 291
application, 290-291
calculation, using turns ratio,
293-294
control transformers, 298-300
core types, transformer, 300-301
distribution transformers, 297-298
excitation current, 292
flux leakage, 301
inrush current, transformer,
301-302
multiple secondaries, computing
values with, 296-297
multiple-tapped windings, 295-296
mutual induction, 292
neutral conductor, 298
operating principles, 291-292
step-up transformer, 293
tape wound core, 301
toroid core, 301
transformer calculations, 292-293
volts-per-turn ratio, 292

J

Joule, 38, 45



L

Ladders, 11-13

Laminated, 289, 300

Law of charges, 29-30, 32

Leakage current, 237, 239, 321

LenZ's law, 162, 165-166

Like charges, 29

Linear wave, 178, 180

Load, 86, 88

Lock-out-tag-out, 4, 8-9

Low-impedance voltage tester,
135-136

M

Magnetic fields, moving, 164

Magnetic field, strength of,
162, 165

Magnetic induction, 162

Material safety data sheets
(MSDS), 4, 7

Matter, 27, 29

Maximum operating
temperature, 140, 146

Maximum values, 343
Appendix C

MEGGER®, 140, 157-158

Metal film resistors, 54, 56

Metal glaze resistors,
54, 56-57

Metal oxide varistor (MOV),
162, 171

Meter, 4, 5

Meter reading, 124
reading voltmeter, 124-125

Metric units, 47-49

Mil foot, 140, 151

Milliamperes, 4, 6

Molecules, 27

Motor, 328

Moving coil meter, 121

MSDS. See Material safety data
sheets

Multimeter, 124-125

Multiple-tapped windings,
295-296

Multirange voltmeters, 120,
122-124

Multispeed fan motors,
328-329

Multispeed motors, 315,
328-329

Multiturn variable resistors,
54, 64

Mutual induction, 292

N

National Electrical Code, 140,

141
charts, use, 142

Negative, 27

Negative materials, 29

Neutral conductor, 38, 42,
289, 298

Neutral plane, 315, 331

Neutron, 27, 29

Node, 101, 102

Nonpolarized capacitors, 237,
245-247

Nucleus, 27, 29

0

Occupational Safety and Health
Administration (OSHA),
4,6,7

Ohmmeter, 120
defined, 131
digital ohmmeters, 133
series ohmmeter, 132-133
types, 131

Ohm'’s law, 38, 46-47, 88, 103,
114

Ohm (Q), 38, 43-44

Oil-filled capacitor, 245, 246,
249

Opposite charges, 29

Oscillators, 178, 180

Index 371

OSHA. See Occupational Safety
and Health Administration
Out of phase, 237

P

Paper capacitor, 245

Parallel block, 101

Parallel capacitive circuit, 346
Appendix C

Parallel circuits, 86
current dividers, 94-95
load, 88
parallel resistance formulas, 88-102
total current, 87
total resistance, 88
voltage drop, 87

Parallel conductors, 140,
155-157

Parallel inductive circuit, 345
Appendix C

Parallelogram method, 205,
209-210, 216

Parallel resistance formulas
current dividers, 94-95
product over sum formula, 89
reciprocal formula, 89-90
resistors of equal value, 88-89

Parallel resistive circuit, 344
Appendix C

Peak, 178

Peak values, 182, 344
Appendix C

Photons, 35

Photovoltaic devices, 35

Piezo electric effect, 35

Plates, 237, 238

Plum pudding model, 31

Polarized capacitors, 237
AC electrolytic capacitors, 247-248
dry type electrolytic capacitor, 248

Positive, 27

Positive materials, 29
Pot, 54

Potentiometer, 54, 64, 69
Pot resistors, 69

Power, 38
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Power factor, 205, 214-216,
224, 228-229

Power, measures of, 45

Power rating, resistors, 61

Primary winding, 289, 290

Product over sum formula,
86, 89

Proton, 27, 29

Pure capacitive circuit,
345-346 Appendix C

Pure inductive circuits, 345
Appendix C

Pure resistive circuit, 344
Appendix C

Q

Quadrature power, 205, 213
Quality (Q), 192

R

RC time constants, 237, 244
Reactance, 192, 194

Reactive power, 192, 200, 213,

224, 226, 237, 254

Reciprocal formula, 86, 89-90

Reduce, 101

Repel, 29

Repulsion, 27, 28
Resistance, 38, 43
Resistance adds, 69, 71

Resistance-start induction-run

motors, 318-321
centrifugal switch, 318
direction of rotation, 321
starting relays, 319-321
start winding, disconnection,

318-319
stator and rotor fields,

relationship, 321

Resistive-capacitive parallel

circuits, 268-269
angle theta, 270
apparent power, 270
capacitance, 269

capacitive current, 269
formulas, 349-350 Appendix C
impedance, 269-270

power factor, 270

reactive power, 269

resistive current, 269

total current, 269

true power, 269

Resistive-capacitive series

circuits, 266

angle theta, 268

apparent power, 268

capacitance, 267

formulas, 348-349 Appendix C

impedance, 266

power factor, 268

reactive power, 268

total current, 266

total voltage, 267

true power, 267

voltage drop across the capacitor
(E¢), 267

voltage drop across the resistor
(ER), 267

Resistive current, 226
Resistive-inductive-capacitive
(RLC) parallel circuits,

279-280
angle theta, 282
apparent power, 282
capacitance, 281
capacitive current, 281
capacitive VARs, 281
formulas, 352-353 Appendix C
impedance, computing, 280
inductance, 280
inductive current, 280
inductive VARs, 280
power factor, 282
resistive current, 280
total current, 281-282
true power, 280

Resistive-inductive-capacitive
(RLC) series circuits,

276-277
angle theta, 279
apparent power, 278
capacitance, 278
capacitive VARs, 278
formulas, 350-351 Appendix C
impedance, computing, 277
inductance, 278
inductive VARs, 278
power factor, 278-279

resistive voltage drop, 277

total current, 277

true power, 277-278

voltage drop across capacitor, 278
voltage drop across inductor, 278

Resistive-inductive (R-L)

parallel circuits
angle theta, 229
apparent power, 228
application, 225
computing circuit values, 226-229
current flow through the
inductor, 226
current flow through the
resistor, 226
formulas, 347-348 Appendix C
impedance, 227-228
inductance, 226
inductive current, 226
phase angle shift, 225
power factor, 228-229
reactive power, 226
resistive current, 226
total current, 227
total impedance, 227
true power, 226
VARs, 226
voltage and current
relationship, 225
watts, 226

Resistive-inductive (R-L) series

circuits, 206
adding vectors, 207-209
angle theta, 215-216, 218
apparent power computation,
213-214, 216
circuit values, 216
computation of inductance, 212
formulas, 346-347 Appendix C
impedance, 206-207, 216
parallelogram method, vector
addition, 209-210
phase angle, 206
power factor, 214-215
reactive power computation, 213
total current, 210-211, 216, 218
total voltage, 212-213
true power, 211
vectors, 207-210
voltage drop across inductor, 212
voltage drop across resistor, 211
watts, 211-212

Resistive loads, 178, 184-186
Resistors

color code, 57-61



fixed, 55-57

power rating, 61

standard resistance values, 61, 62
symbols, 64

uses, 55

variable resistors, 62-64

variable, terminology used, 64

Resistors of equal value,
formula, 88-89

Rheostat, 54, 69

Ripple, 178, 184

R-L time constant, 162, 169

RMS values, 183, 344
Appendix C

Rolling scaffolds, 11

Root mean square (RMS), 178

Run winding, 315, 316

S

Safety
AFCI devices, 14-18
alcohol and drug use, 7
confined spaces, 7-8
effects of current on body, 5-9
employer responsibilities, 7
fires, 13
general rules, 5
GFCI devices, 13-15
grounding, 18
hazardous materials, 6-7
ladders and scaffolds, 10-13
lock out and tag out procedures,
8-9
MSDS, 7
OSHA, 6, 7
protective clothing, 9-11
trenches, 7, 8
Safety harnesses, 10, 11
Scaffolds, 4, 10-11
Scalars, 207
Scientific notation, 355-356
Appendix E
Secondary winding, 289, 290
Seebeck effect, 35
Self-induction, 292
Series capacitive circuit, 346
Appendix C

Series circuit, 69

calculation of values, 71-72
defined, 70
general voltage divider formula, 79
ground as reference, 80-81
resistance, 71
solving circuits, 72-78
voltage dividers, 78
voltage drop, 70-71
voltage polarity, 79-80
Series inductive circuit, 345
Appendix C
Series ohmmeter, 132-133
Series resistance, 69, 71
Series resistive circuit, 344
Appendix C
Shaded-pole induction motor,
315, 326-328
operating characteristics, 328
shading coil, 326-327
speed of, 327-328
Shading coil, 315, 326-327
Short circuit, 54
Simple parallel circuit, 103
Sines and cosines, natural,
337-339 Appendix A

Sine waves, 178, 180
average values, 183-184

cycle, 180
frequency, 181
hertz (Hz), 181
instantaneous value, 181
peak-to-peak values, 182
peak values, 182
RMS values, 183
Single-phase synchronous
motors, 329
Skin effect, in AC circuit, 178,
186-187
Slide rule calculators, 356
Appendix E
Solar cells, 35
Solid state starting relay, 320
Split-phase motors, 315,
316-317
rotation direction, determination,
324-325
stator windings, 316-317

synchronous speed, 317
two-phase system, 316

Square waves, 179-180

Index 373

Start winding, 315, 316
Static charges, 35
Step-down transformer,

289, 293
Step ladders, 12-13
Step-up transformer, 289, 293
Surface area, 237, 238
Suspended scaffolds, 11
Synchronous motors, 315, 329
Synchronous speed, 315, 317

T

Tangents and cotangents,
natural, 340-342 Appendix B

Tape wound core, 289, 301

Temperature coefficient, 155

Thermistor, 320

Tolerance, 54, 56

Toroid core, 289, 301

Total current, 205, 210-211,
216, 218, 224, 227

Total impedance, 205, 206,
224, 227

Total voltage, 212-213

Trace the current path, 101,
102

Transformers, 289, 290. See

also Isolation transformers

core types, 300-301

impedance, 308

maximum current, determination,
308

polarities, 303-306

ratings, 308

testing, 307

voltage and current relationships
in, 306-307

Transformers, 353 Appendix C
Triangle waves, 178, 180

Trigonometric functions
sines and cosines, natural, 337-339
Appendix A
tangents and cotangents, natural,
340-342 Appendix B

True power, 205, 211, 224, 226
Turns of wire, 162, 164
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Turns ratio, 289, 290
Two phase, 315
Two-phase system, 316

U

Unidirectional, 27, 28
Universal motors, 315, 330

compensating winding, 330
conductive compensation, 331
inductive compensation, 331
neutral plane, 331

rotation direction, change, 332
speed regulation of, 332

vV

Valence electrons, 27, 33, 34

Valence shell, 33

Variable capacitors, 237,
248-249

Variable resistors, 54, 62-64

VARs. See Volt-amps-reactive

Vector addition, 205
defined, 207-208
of different directions, 209
with opposite directions, 208-209
parallelogram method of, 209-210
same direction, 208
Vectors, 205, 207
Volt, 38, 43
Voltage, 43
Voltage dividers, 54, 69, 78
Voltage drop, 69, 70
across capacitor, 265, 267
across inductor, 212
across resistor, 211, 265, 267
combination circuits, 103
computing, 140, 154
parallel circuits, 87
series circuit, 70-71
Voltage polarity, 69, 79-80
Voltage rating, 237, 254
Voltage spike, 162, 170-172
Volt-amperes, 213-214
Volt-amps-reactive,
200, 213, 214

Voltmeter, 120

connected across power source,
121-122

multirange voltmeters, 122-124

reading, 124-125

resistor value calculation, 122

Volt-ohm-milliammeter (VOM),
131

Volts-per-turn ratio, 289, 292

VOM. See Volt-ohm-
milliammeter

w

Warren motor, 315, 329-330

Wattless power, 205, 213

Watts, 38, 44-45, 178, 184,
186, 199, 211-212, 224,
226

Weber, 162, 165

Wet location, 140, 146

Wire installations, testing,
157-158

Wire wound resistors, 54, 57
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