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PREFACE

Electricity and Controls for HVAC/R is written with
the assumption that the student has no prior knowl-
edge of electricity or control systems. Basic electrical
theory is presented in a practical, straightforward
manner. Mathematical explanations are used only
when necessary to explain certain concepts of elec-
tricity. Each unit starts with the objectives of the
unit and ends with a summary of important facts.

The text begins with the study of basic electri-
cal theory and progresses to series circuits, par-
allel circuits, alternating current, inductive
circuits, and capacitive circuits. The text also
includes information on different types of three-
phase services found in industrial and commercial
locations as well as single-phase residential services.
Individual devices and components common to the
air conditioning, heating, and refrigeration field
are presented in a practical manner. Devices are
explained from a standpoint of how they operate
and how they are used. The text contains testing
procedures for many of the devices covered. The
practical presentation of these devices makes this
text a must-have reference book for the service tech-
nician working in the field.

Electricity and Controls for HVAC/R, sixth edition,
includes information on isolation transformers,
autotransformers, and current transformers. The
three major types of three-phase motors—squirrel
cage induction, wound rotor, and synchronous—
are also covered. Coverage of single-phase motors
includes: split-phase motors, resistance-start
induction-run motors, capacitor-start induction-
run motors, and permanent-split capacitor motors.
Shaded-pole induction motors and multispeed
motors are also covered. The sixth edition also pro-
vides information on variable-frequency drives.

Control circuits are developed using the compo-
nents in the text. The text assumes that the student

has no prior knowledge of control systems. Opera-
tion of the manufacturer’s control schematics
is explained to aid the student in understand-
ing how a control system operates and how to
troubleshoot the system.

Electricity and Controls for HVAC/R, sixth edition,
includes information on household and commer-
cial icemaker controls. These circuits are explained
in a step-by-step procedure to ensure that students
have a thorough working knowledge of these units.

Solid-state devices common to the HVAC/R field
are covered in a straightforward manner. The devices
covered are: diode, transistor, SCR, diac, triac, and
operational amplifier. The last section of the text
covers programmable logic controllers, which are
becoming more and more common in the field.

NEW FOR THE SIXTH EDITION

The unit on atomic structure has been rewritten to
reflect the most accepted theories concerning the
structure of atoms. Many of the illustrations have
been updated to help students gain a better under-
standing of the principles involved concerning the
subject matter. The unit devoted to troubleshooting
has been expanded to include an example of a step-
by-step procedure for determining the problems
with a central air conditioning system.

FEATURES OF THIS BOOK

Electricity and Controls for HVAC/R, sixth edition,
contains many features to help enhance learning
for the student:

« A special section covering Safety rules at the
front of the book reminds students to follow cor-
rect procedures and take the necessary precau-
tions when working around electricity.
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+ Step-by-Step Procedures are integrated
throughout the text where applicable, and provide
students with a thorough working knowledge of
the HVAC systems.

* Troubleshooting Questions present situations
in which students must develop critical-thinking
and problem-solving skills to prepare them for
the field.

* Review Questions and Practice Problems are
included at the end of each unit to allow students
to evaluate their comprehension of the material
and apply what they have learned from the infor-
mation presented in the unit.

* An extensive art program includes schematics,
line drawings, and up-to-date photos that help to
reinforce the information presented in the text.

SUPPLEMENT TO THIS BOOK

Also available to the instructor is the Instructor
Resource to Accompany Electricity & Controls for
HVAC/R, sixth edition. Thoroughly updated to
reflect changes to the sixth-edition book, the Instruc-
tor’s Resource contains:

 Instructors Guide with answers to the text’s
Review Questions

* PowerPoint presentations

 Test bank

(Order #: 1435484266) 978-1-4354-8426-9

Visit us now at our newly designed Web site, www.
delmarelectric.cengage.com, featuring other titles
available from Delmar Cengage Learning, industry
links, career profiles, job opportunities, and more!

ACKNOWLEDGMENTS

The author and Delmar, Cengage Learning grate-
fully acknowledge the time and effort put forth by the
review panel of this revision. Our special thanks to:

Dan Burris
Eastfield College
Mesquite, TX

John A. Chemsak
Technical College of the Low Country
Beaufort, SC

Phil Coulter
Durham College
Whitby, Ontario, Canada

Mark Davis
New Castle School of Trades
Sharon, PA

Eugene C. Dickson
Indian River Community College
Fort Pierce, FL

Malcolm Evett
San Jose City College
San Jose, CA

James Hutchinson
Roanoke-Chowan CC
Ahoskie NC

Robert S. Kish
Belmont Technical College
Wheeling, WV

Doug Lacey
Grayson County College
Denison, TX

Reed Lovell
Lanier Technical Institute
Oakwood, GA

William Matthews
Linn State Technical College
Linn, MO

Marvin Maziarz

Niagara County Community College

Niagara Falls, NY

Peter McCann
New Britain, CT

Joseph Moravek
Lee College
Houston, TX

Tom Nieson
Gateway Technical College
Kenosha, WI

Randy Paul Smith
Altamaha Technical Institute
Jesup, GA

Richard Wirtz

Columbus State Community College

Columbus, OH

www.EngineeringBooksPDF.com


www.delmarelectric.cengage.com
www.delmarelectric.cengage.com

SECTION |

Basic

Electricity

www.EngineeringBooksPDF.com



A SPECIAL NOTE ON SAFETY

The purpose of this textbook is to provide the
air conditioning and refrigeration technician
with knowledge of electricity. Electricity is an
extremely powerful force and should never be
treated in a careless manner. The air condition-
ing and refrigeration technician commonly
works with voltages ranging from 24 volts
to 480 volts. One mistake can lead to serious
injury or death.

Never work on an energized circuit if it
is possible to disconnect the power. When
possible, use a three-step check to make certain
that the power is turned off. The three-step
check is as follows:

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

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

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

Install a warning tag at the point of discon-
nection to warn people not to restore power to
the circuit, as shown in Figure SF-1.

GENERAL SAFETY RULES
Think

Of all the rules concerning safety, this one is proba-
bly the most important: No amount of safeguarding
or “idiot-proofing” a piece of equipment can protect
a person as well as the person’s 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 work-
ing on high-voltage equipment, use insulated gloves
and meter probes designed to be used on the voltage
being tested. Your life is your own, so think before
you touch something that can take it away.

2

Figure SF-1
Woarning tags warn people that the circuit should not be
turned bClCl( OnN. (Source: Delmar/Cengage Learning)

Certain pieces of equipment can be especially
hazardous if you are not aware of them. Some cen-
tral air conditioning units use a main contactor that
has only one set of contacts to disconnect a 240-volt
circuit, as shown in Figure SF-2. The contactor
operates on the principle that a complete circuit
must exist for current to flow. If one line is broken
or open, no current can flow to the compressor.
The hazard lies in the fact that one of the 240-volt
lines is still supplying power to the unit. If a techni-
cian should touch the unbroken line and ground, a
120-volt circuit is completed through his body.
Other contactors employ two load contacts to
break the circuit to the compressor, as shown in
Figure SF—3. This type of contactor is much safer
and can prevent a serious injury.
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240-VOLT
INPUT

TO
COMPRESSOR

Figure SF-2

Some main contactors use one set of load contacts to break a 240-volt connection to the compressor.

(Source: Delmar/Cengage Learning)

240-VOLT
INPUT

TO
COMPRESSOR

Figure SF-3
Contactors that employ two load contacts to break both sides of the 240-volt line are much safer and can
prevent a serious injury. (Source: Delmar/Cengage Learning)
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Avoid Horseplay

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

Do Not Work Alone

Work with someone else, especially when working
in a hazardous location or on a live circuit. Have
someone with you to turn off the power or give arti-
ficial respiration or cardiopulmonary resuscitation
(CPR). One of the effects of electrical shock is that it
causes breathing difficulties and can cause the heart
to go into fibrillation.

Work with One Hand
When Possible

The worst case for electrical shock is when the
current path is from one hand to the other. This
path causes the current to pass directly through
the heart. A person can survive a severe shock
between the hand and one foot that would other-
wise cause death if the current path were from one
hand to the other.

Learn First Aid

Anyone working on electrical equipment should
make an effort to learn first aid. Knowing first
aid is especially important for anyone who must
work with voltages above 50 volts. A knowledge
of first aid and especially CPR may save your life
or someone else’s.

Effects of Electric Current
on the Body

Most people have heard that it is not the voltage that
kills but the current. Although this is a true state-
ment, do not be misled into thinking voltage cannot
harm you. Voltage is the force that pushes the cur-
rent though the circuit. Voltage can be compared to
the pressure that pushes water through a pipe. The
more pressure available, the greater the volume of

4

water flowing through a pipe. Students often ask
how much current will flow through the body at a
particular 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 current path. Different people have different
resistances. A body will have less resistance on a hot
day when sweating because salt water is a very good
conductor. What you ate and drank for lunch can
have an effect on your body resistance. The length
of the current path can affect the resistance. Is the
current path between two hands or from one hand to
one foot? All of these factors affect body resistance.

The chart in Figure SF—4 illustrates the effects of
different amounts of current on the body. This chart
is general and shows the effects on most people.
Some people may have less tolerance to electricity,
and others may have greater tolerance.

A current of 2 to 3 milliamperes will gener-
ally cause a slight tingling sensation. The tingling
sensation will increase as current increases and
becomes very noticeable at about 10 milliamperes.
The tingling sensation is very painful at about
20 milliamperes. Currents between 20 and 30 mil-
liamperes generally cause a person to seize the line
and become unable to let go of the circuit. Currents
between 30 and 40 milliamperes cause muscular
paralysis, and currents between 40 and 60 mil-
liamperes cause breathing difficulty. By the time
the current increases to about 100 milliamperes,
breathing is extremely difficult. Currents from 100 to
200 milliamperes generally cause death because the
heart usually goes into fibrillation. Fibrillation is a
condition in which the heart begins to “quiver” and
the pumping action stops. Currents above 200 mil-
liamperes generally cause the heart to squeeze shut.
When the current is removed the heart will typi-
cally return to a normal pumping action. This is the
principle of operation of a defibrillator. It is often said
that 120 volts is the most dangerous voltage to work
with. The reason is that 120 volts generally cause
a current flow between 100 and 200 milliamperes
through the bodies of most people. Large amounts
of current can cause severe electrical burns. Electri-
cal burns are usually very serious because the burn
occurs on the inside of the body. The exterior of the
body may not look seriously burned, but the inside
may be severely burned.
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Figure SF-4

0.100-0.200 AMPERES

0.060-0.100 AMPERES

0.040-0.060 AMPERES

0.030-0.040 AMPERES

0.020-0.030 AMPERES

0.010-0.020 AMPERES

0.009-0.010 AMPERES

0.002-0.003 AMPERES

(DEATH) THIS RANGE GENERALLY CAUSES
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.

(EXTREME DIFFICULTY IN BREATHING)

(BREATHING DIFFICULTY)

(MUSCULAR PARALYSIS)
(UNABLE TO LET GO OF THE CIRCUIT)

(VERY PAINFUL)
(MODERATE SENSATION)

(SLIGHT TINGLING SENSATION)

The effects of electric current on the boc|y. (Source: Delmar/Cengage Learning)
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Atomic
Structure

OBJECTIVES

After studying this unit the student should
be able to:

Discuss basic atomic theory

Name the principal parts of an atom
Discuss the law of charges

Define electricity

Discuss the differences between
conductors and insulators

To understand electricity, one should start with the
study of atoms. The atom is the basic building block
of the universe. All matter is composed of atoms. An
atom is the smallest part of any element. Atoms are
composed of three principal parts, the electron, the
proton, and the neutron. Electrons exhibit a nega-
tive charge, protons exhibit a positive charge, and
neutrons have no charge. Some theories suggest
that neutrons are composed of both a proton and an
electron. The positive charge of the proton and the
negative charge of the electron cancel each other.

Protons and neutrons are extremely massive
particles as compared to the electron. It is believed
that the electron is approximately three times larger
than a proton, but the proton weighs approximately
1840 times more than an electron, as shown in
Figure 1-1. It is like comparing a piece of lead shot
to a soap bubble.



J

Proton

Electron

Figure 1-1
The electron is three times |c1rger than the proton, but
the proton weighs 1840 times more than the electron.

(Source: Delmar/Cengage Learning)

THE LAW OF CHARGES

One of the basic laws of physics concerning atoms
is the law of charges. This law states that oppo-
site charges attract each other and like charges
repel each other. If charged particles were sus-
pended from a string, a positively charged particle
and negatively charged particle would attract each
other, but two positively charged particles or two
negatively charged particles would repel each other,
as shown in Figure 1-2. Since electrons are nega-
tively charged particles and protons are positively
charged particles, they are attracted to each other.

STRUCTURE OF THE ATOM

The nucleus or center of the atom is composed of
protons and meutrons. Electrons orbit the exterior
of the atom in specific orbits or shells. The smallest
of all atoms is hydrogen. Hydrogen does not con-
tain a neutron in its nucleus. The hydrogen atom
contains one proton and one electron, as shown in
Figure 1-3. The smallest atom that contains both
protons and neutrons in the nucleus is helium,
shown in Figure 1-4. Helium contains two protons,
two neutrons, and two electrons.

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. Thenin 1897
J. J. Thompson discovered the electron. Thompson
determined that electrons have a negative charge
and that they have very little mass compared to
the atom. He proposed that atoms have a large,

UNIT 1

Atomic Structure
—_—

—

—

Figure 1-2
The law of chorges states that opposite chorges attract
and like charges repel. (source: Delmar/Cengage Learning)

Electron

Proton

Figure 1-3
An atom of hydrogen contains one proton
Ond one e|ec|‘ron. (Source: Delmar/Cengage Learning)
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8 SECTION 1 Basic Electricity

/— Neutron

" + —— Proton

L

Figure 1-4
A helium atom contains both protons and neutrons in
the nuc|eus. (Source: Delmar/Cengage Learning)

positively charged, massive body with negatively
charged electrons scattered throughout it. Thomp-
son 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 random manner within the
atom, much like firing BBs from a BB gun into a slab
of cheese. This was referred to as the plum pudding
model of the atom.

In 1913 a Danish scientist named Niels Bohr
presented the most accepted theory concerning the
structure of an atom. In the Bohr model, electrons
exist in specific or “allowed” orbits around the
nucleus, similar to the way that planets orbit the
sun, as shown in Figure 1-5. The orbit in which
the electron exists is determined by the electron’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 number
of allowed orbits.

When an electron receives enough energy from
some other source it “quantum jumps” into a higher
allowed orbit. Electrons, however, tend to return

Figure 1-5
Electrons exist in allowed orbits or shells. (source: Delmar/

Cengage Learning)

to a lower allowed orbit. When this occurs, the
electron emits the excess energy as a single photon
of electromagnetic energy.

Atoms have a set number of electrons that can
be contained in one orbit or shell, as shown in
Figure 1-6. The number of electrons that can be
contained in any one shell is determined by the
formula (2N?). The letter N represents the number
of the orbit or shell. For example, the first orbit can
hold no more than two electrons.

2 % (1)
2x1=2

The second orbit can hold no more than eight
electrons.

2 X (2)?
2x4=28

The third orbit can contain no more than
18 electrons.

2 X (3)?
2xXx9=18
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Figure 1-6
There is a maximum number of electrons that can be
contained in one orbit or shell. (source: Delmar/Cengage Learning)

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 X (4)2
2x16 =32

Although atoms are often drawn flat, as illustrated
in Figure 1-6, the electrons orbit around the nucleus
in a circular fashion, as shown in Figure 1-7. The
electrons travel at such a high rate of speed that they
form a shell around the nucleus. It would be similar
to a golf ball being surrounded by a tennis ball that is
surrounded by a basketball. For this reason, electron
orbits are often referred to as shells.

VALENCE ELECTRONS

The outermost shell of an atom is known as the
valence shell. Any electrons located in the outer
shell of an atom are known as valence elec-
troms, as shown in Figure 1-8. The valence shell
of an atom cannot hold more than eight electrons.
It is the valence electrons that are of primary con-
cern in the study of electricity, because it is these

UNIT T Afomic Structure 9

Figure 1-7
Electrons orbit the nucleus in a circular manner. (source:
Delmar/Cengage Learning)

electrons that explain much of electrical theory.
A conductor, for instance, is made from a material
that contains one or two valence electrons. Atoms
with one or two valence electrons are unstable and
will give up these electrons easily. Conductors are
materials that permit electrons to flow through
them easily. Silver, copper, and gold all contain
one valence electron and are excellent conductors
of electricity. Silver is the best natural conductor of
electricity, followed by copper, gold, and aluminum.
An atom of copper is shown in Figure 1-9. Although
it is known that atoms containing few valence elec-
trons are the best conductors, it is not known why
some of these materials are better conductors than
others. Copper, gold, platinum, and silver all contain
only one valence electron. Silver, however will con-
duct electricity more readily than any of the others.
Aluminum, which contains three valence electrons,
is a better conductor of electricity than platinum,
which contains only one valence electron.
Electricity is composed of electrons. If it were
possible to connect a spigot to a wall outlet and
catch electricity in a glass, the glass would be full
of electrons, as shown in Figure 1-10. Electric
current is the flow of electrons, which means that

www.EngineeringBooksPDF.com



10 SECTION 1 Basic Electricity

Valence Electron
Valence Shell _\1

Figure 1-8
Valence electrons are located in the outermost orbit of
an atom. (Source: Delmar/Cengage Learning)

Figure 1-9

Copper atom. (source: Delmar/Cengage Learning)
gag g

Wall outlet

Electricity

Figure 1-10
Electricity is composed of electrons. (source: Delmar/

Cengage Learning)

the electrons must be moving to produce current.
It is the movement of the electrons that produces
electrical energy. There are several theories con-
cerning how electrons are made to flow through
a conductor. One theory is generally referred to
as the bump theory. It states that current flow is
produced when an electron from one atom knocks
electrons of another atom out of orbit, as shown
in Figure 1-11. The striking electron gives its
energy to the electron being struck. The striking
electron settles into orbit around the nucleus, and
the electron that was struck moves off to strike
another electron. This action can often be seen
in the game of pool. The moving cue ball gives
it energy to the ball being struck, as shown in
Figure 1-12. The stationary ball then moves off
with most of the energy of the cue ball, and the cue
ball stops moving. Although most of the energy
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was transferred to the stationary ball, some energy
was dissipated as heat caused by the impact of the
cue ball striking the stationary ball.

Other theories deal with the fact that all electric
power sources produce a positive and negative

Figure 1-11
One electron knocks another electron out of orbit. (source:
Delmar/Cengage Learning)

Figure 1-12

The cue ball gives its energy to
fhe b(]” it sfrikes. (Source: Delmar/
Cengage Learning)

UNIT T Atomic Structure 11

terminal. The negative terminal is created by
causing an excess of electrons to form at that
terminal, and the positive terminal is created
by removing a large number of electrons from
that terminal, as shown in Figure 1-13. Differ-
ent methods can be employed to produce the
excess of electrons at one terminal and deficiency
of electrons at the other, but when a circuit is
completed between the two terminals, negative
electrons are repelled away from the negative ter-
minal and attracted to the positive terminal, as
shown in Figure 1-14. The greater the difference
in the number of electrons between the negative
and positive terminals, the greater the force of
repulsion and attraction.

Most of the world’s electric power is produced
by rotating machines called alternators. Alterna-
tors work on the principle of cutting magnetic
lines of flux with a conductor. One of the basic
principles of electricity is that anytime a con-
ductors cuts magnetic lines of flux, a voltage is
inducted into the conductor. Another common
source of electricity is batteries. Batteries produce
electricity by chemical action. Other methods
include solar cells, thermocouples, and piezoelec-
tric devices. Solar cells produce electricity when
they receive photons of light that cause elec-
trons to move. Thermocouples produce electric-
ity by heating the junction of two different types
of metal, and the piezoelectric effect produces
current flow from pressure.

Ball Being Struck
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12 SECTION 1 Basic Electricity

Negative Positive
Terminal Terminal

Figure 1-13

The negative terminal of a power source has an
excess of electrons, and the positive terminal has
a lack of electrons. (Source: Delmar/Cengage Learning)

Figure 1-14
Electrons flow from the negative terminal, through the
load, to the positive terminal of the power source. (source:

Delmar/Cengage Learning)

INSULATORS their bond egsily. Spme examples of insulators a.re

wood, ceramic, mica, rubber, and thermoplastic.
Insulators are materials that do not permit Insulator materials are generally rated by voltage.
electrons to flow through them easily. The atoms The voltage rating indicates the amount of volt-
of an insulator generally contain seven or eight age they can withstand without breaking down.
valence electrons. When an atom contains seven A very common electric cable used in residential
or eight valence electrons, they are tightly held wiring is the nonmetallic two-conductor cable
by the atom and not easily given up. Insulator with ground, shown in Figure 1-15. This cable is
materials are generally made from compounds generally referred to as NM or Romex. The insula-
instead of a pure element. The molecules of the tion around the conductors has a voltage rating of
compounds are extremely stable and do not break 600 volts.

www.EngineeringBooksPDF.com



UNIT 1T Atomic Structure 13

Figure 1-15
Two conductor cables with ground are commonly used in residential wiring. (source: Delmar/Cengage Learning)

) summpR

® The three major parts of an atom are the electron, proton, and neutron.

® Electrons have a negative charge, protons have a positive charge, and neutrons have no
charge.

® The nucleus of the atom contains protons and neutrons.

® An electron is about three times larger than a proton, but the proton weighs about
1840 times more than an electron.

® The law of charges states that opposite charges attract and like charges repel.

® Electrons exist in allowed orbits around the nucleus of the atom.

® Neutral atoms contain the same number of electrons and protons.

® Valence electrons are the electrons located in the outermost orbit of an atom.

® The best conductors of electricity generally contain one or two valence electrons.
® Insulators are materials that do not conduct electricity easily.

® Insulator materials are rated by voltage.
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14 SECTION 1 Basic Electricity

____ P KeyieRms

atom insulator proton
conductor law of charges valence electrons
electricity neutron valence shell
electron nucleus

“) meviewquestons |

1. What are the three subatomic parts of an atom, and what charge does each carry?
2. How many times larger is an electron than a proton?

3. The weight of a proton is how many times heavier than that of an electron?

4. State the law of charges.

5. What scientist presented the most accepted theory concerning the behavior of
atoms?

6. Materials that make the best conductors generally contain how many valence
electrons?

7. What are valence electrons?
8. What is the maximum number of electrons that can exist in the valence orbit?
9. How is most of the electric power in the world produced?

10. Insulator materials are generally rated by the amount of they can withstand
without breaking down.
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Electrical

Quantities and
Ohm'’s Law

OBJECTIVES

After studying this unit the student should
be able to:

Define a coulomb
Define an ampere
Define voltage
Discuss resistance
Define a watt

Use Ohm's law to solve electrical
problems

Electricity has a standard set of values. Before you can
work with electricity, you must have a knowledge of
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 system for mea-
suring length, such as the inch or foot. Imagine what
a house would look like that 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 electricity. A volt, ampere, or ohm is the
same for everyone who uses them.

COULOMB

A coulomb is a quantity measurement of elec-
trons. One coulomb contains 6.25 X 10'8 electrons.
The number shown in Figure 2—1 is the number of

15



16 SECTION 1 Basic Electricity

6,250,000,000,000,000,000

Figure 2-1

The number of electrons in a coulomb. (source: Delmar/Cengage
Learning)

electrons in one coulomb. Because the coulomb is a
unit of measurement, it is similar to a quart, gallon,
or liter. It takes a certain amount of liquid to equal a
quart, just as it takes a certain amount of electrons
to equal a coulomb.

AMPERE

The ampere, or amp, is defined as one coulomb per
second. Notice that the definition of an amp involves
a quantity measurement (the coulomb) combined
with a time measurement (the second). One amp of
current flows through a conductor when one cou-
lomb flows past a point on one second, Figure 2—2.
Amperage is a measurement of the actual amount
of electricity that is flowing through a circuit. In a
water system, it would be comparable to gallons
per minute or gallons per second, Figure 2-3. If
one coulomb were to flow past a point in a half

second, there would be 2 amperes of current flow.
If one coulomb were to flow past a point in two sec-
onds there would be a half amp of flow. Current is
normally measured in amperes, milliamperes, and
microamperes. A milliamp is one-thousandth of an
amp (0.001). A microamp is one-millionth of an
amp (0.000,001).

VOLT

Voltage is actually defined as electromotive
force, or EMF. It is the force that pushes the elec-
trons through a wire and is often referred to as
electrical pressure. One should remember that
voltage cannot flow. To say that voltage flows 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 cor-
rect to say that pressure flows through a pipe. The
same is true for voltage. The voltage pushes current
through a wire, but voltage cannot flow through a
wire. In a water system, the voltage could be com-
pared to the pressure of the system, Figure 2—4.

|

Figure 2-2
One coulomb flowing past a

point in one second. (source: Delmar/
Cengage Learning)
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BATTERY
Figure 2-3
Water flow is similar to current

mills

HOW. (Source: Delmar/Cengage Learning)
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UNIT 2 Electrical Quantities and Ohm's law 17

PSI

Figure 2-4
The pressure in a water system is
comporcb|e to the vo|toge in an

BATTERY

VOLTS

electric circuit. (Source: Delmar/Cengage
Learning)

aaldlliag

OHM

The ohm is the measure of the resistance to the
flow of current. The voltage of the circuit must over-
come the resistance before it can cause electrons to flow
through it. Without resistance, every electrical circuit
would be a short circuit. All electrical loads, such as
heating elements, lamps, motors, transformers, and
so forth, are measured in ohms. In a water system, a
reducer would be used to control the flow of water. In
an electrical circuit, a resistor can be used to control the
flow of electrons. Figure 2-5 illustrates this concept.
There are electrical quantities other than resis-
tance that are also measured in ohms. Inductive reac-
tance and capacitive reactance are current-limiting
forces that exist in alternating current circuits and

will be discussed later in the text. Another term used
to describe a current-limiting force is impedance.
Impedance is a combination of all current limiting
forces in a circuit and can include resistance, induc-
tive reactance, and capacitive reactance. Because
resistance is only one of the current-limiting forces
found in alternating current circuits, impedance is
the quantity generally used to describe the current-
limiting force in an alternating current circuit. Imped-
ance will be discussed in more detail later in the text.

WATT

Wattage is a measure of the amount of power that
is being used in the circuit. It is proportional to the
amount of voltage and the amount of current flow.

REDUCER

Figure 2-5

A reducer reduces the flow of
water through a water system
just as a resistor reduces the flow
of electrons in an electric circuit.

(Source: Delmar/Cengage Learning)

BATTERY

mills

RESISTOR
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18 SECTION 1 Basic Electricity

To understand watts, return to the example of the
water system. Assume that a water pump has a
pressure of 120 psi (pounds per square inch) and
causes a flow rate of one gallon per second. Now
assume that this water is used to drive a waterwheel
as shown in Figure 2—6. Notice that the waterwheel
has a radius of 1 ft from the center shaft to the rim
of the wheel. Since water weighs 8.34 pounds per
gallon, and is being forced against the wheel at
a pressure of 120 psi, the wheel could develop a
torque of 1000.8 foot pounds (120 X 8.34 X 1 =
1000.8). If the pressure is increased to 240 psi, but
the water flow remains constant, the force against
the wheel will double (240 X 8.34 X 1 = 2001.6).
If the pressure remains at 120 psi, but the water
flow is increased to two gallons per second, the
force against the wheel will again double (120 X
16.68 X 1 = 2001.6). Notice that the amount of
power developed by the waterwheel is determined
by both the amount of pressure driving the water
and the amount of flow.

120 PSI

Figure 2-6
Pump used to drive a waterwheel. (source: Delmar/Cengage

Learning)

The power of an electrical circuit is very similar.
Figure 2—-7 shows a resistor connected to a circuit
with a voltage of 120 volts and a current flow of
1 amp. The resistor shown represents an electric
heating element. When 120 volts forces a current of
1 amp through it, the heating element will produce
120 watts of heat (120 X 1 = 120 watts). If the volt-
age is increased to 240 volts, but the current remains
constant, the element will produce 240 watts of heat
(240 X 1 = 240 watts). If the voltage remains at
120 volts, but the current is increased to 2 amps,
the heating element will again produce 240 watts
(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.

A good rule to remember concerning watts, or
true power, is that before watts can exist in an
electric circuit, electrical energy must be converted or
changed into some other form. When current flows
through a resistor, the resistor becomes hot and dis-
sipates heat. Heat is a form of energy. The wattmeter
connected in the circuit shown in Figure 2—-7 mea-
sures the amount of electrical energy that is being
converted into heat energy. If the resistor shown in
Figure 2—7 were replaced with an electric motor the
wattmeter would measure the amount of electrical
energy that was converted into mechanical energy.

OHM'’S LAW

Ohm'’s law is named for the German scientist
George S. Ohm. Ohm discovered that all electrical
quantities are proportional to each other and can
therefore be expressed as mathematical formulas. In
its simplest form, Ohm’s law states that it takes 1 volt
to push 1 amp through 1 ohm.

WATTMETER

Figure 2-7
The amount of voltage and

current defermine the power.
(Source: Delmar/Cengage Learning)

mAMMETER
2N, B

VOLTMETER
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Figure 2—8 shows three basic Ohm’s law formulas.
In these formulas, E stands for electromotive force and
is used to represent the voltage. The I stands for the
intensity of the current and is used to represent the
amount of current flow or amps. The letter R stands
for resistance and is used to represent the ohms.

The first formula states that the voltage can be
found if the current and resistance are known. Volt-
age is equal to amps multiplied by ohms. For example,
assume a circuit has a resistance of 50 ohms and a
current flow through it of 2 amps. The voltage con-
nectedtothiscircuitis 100 volts(2 amps X 50 ohms =
100 volts). The second formula indicates that if the
voltage and resistance of the circuit are known,
the amount of current flow can be found. Assume
a 120-volt circuit is connected to a resistance of
30 ohms. The amount of current that will flow in
the circuit is 4 amps (120 volts/30 ohms = 4 amps).
The third formula states that if the voltage and cur-
rent flow in a circuit are known, the resistance can
be found. Assume a circuit has a voltage of 240 volts
and a current flow of 10 amps. The resistance in the
circuit is 24 ohms (240 volts/10 amps = 24 ohms).

Figure 2-9 shows a simple chart that can be a great
help when trying to remember the Ohm’s law formula.
To use the chart, cover the quantity 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. Therefore, E = I X R. If the current is to be
found, cover the I on the chart. The chart now shows
E/R. Therefore, I = E/R. If the resistance of a circuit is
to be found, cover the R on the chart. The chart now
shows E/I. Therefore, R = E/L

A larger chart that shows the formulas needed
to find watts as well as the voltage, amperage, and
resistance is shown in Figure 2—10. Because watt
is the unit of electric power, the letter P is used
to represent watts. The chart is divided into four
quadrants. Each quadrant contains three formulas
that can be used to find the electrical quantity rep-
resented in that quadrant.

EXAMPLE I: An electric heating element is connected
to 120 volts and has a resistance of 18 ohms. What
is the power consumption of this element?

SOLUTION: The electrical quantity to be determined
is power, or watts. The known electrical values are
voltage and resistance. Using the formula chart in

UNIT 2 Electrical Quantities and Ohm's Llaw 19
_ _E -k
E=IXR I=% R = i

Figure 2-8

Three Ohm's |OW Formu|01$. (Source: Delmar/Cengage Learning)

Figure 2-9

Ohm's law formula chart. (source: Delmar/Cengage Learning)

Figure 2-10

Ohm's |C]W chart. (Source: Delmar/Cengage Learning)

Figure 2—10, choose the formula for finding power
that includes the two known electrical quantities.
The formulas for determining power are located in
the first quadrant of the chart. The formula that
contains the known values of voltage and resistance
is P = E?/R, as shown in Figure 2-11.

_ E?
P=%

_ 120 x 120
P_T
P = 800 watts
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20 SECTION 1 Basic Electricity

Figure 2-11
Power can be defermined when the voltage and
resistance are known. (source: Delmar/Cengage Learning)

EXAMPLE 2: A 240-volt electric furnace has a power
rating of 15,000 watts, or 15 kW. How much cur-
rent will this furnace draw when in operation?

SOLUTION: The quantity you are looking for is cur-
rent or amps, represented by the letter I.

Formulas for determining current are located in
the second quadrant of the formula chart shown in
Figure 2—10. The two known quantities are power
(watts) and voltage. The correct formula is I = P/E,
as shown in Figure 2—-12.

|

| — 15,000
240
I = 62.5 amperes

L
E

METRIC PREFIXES

Metric prefixes are used in the electrical field just as
they are in most other scientific fields. In the English
system of measure, different divisions are used for
different measurements. A yard, for example, can
be divided into 3 feet. A foot is generally divided
into 12 inches, and an inch is often divided into
sixteenths. In the metric system, ten or a multiple of
ten is always the dividing factor. A kilometer can be

Figure 2-12
Current can be determined when the power and
voltage are known. (source: Delmar/Cengage Learning)

kilo 1000

hecto 100

deka 10

Base unit 1

deci S or 0.1

centi 7% or 0.01
milli 7% or 0.001
Figure 2-13

Standard metric prefixes. (source: Delmar/Cengage Learning)

divided into 10 hectometers. A hectometer can be
divided into 10 dekameters, and a dekameter can
be divided into 10 meters. A chart listing standard
metric prefixes is shown in Figure 2—13.

In the electrical field, a different type of metric
notation called engineering notation is used instead of
the standard metric prefixes. Engineering notation
is in steps of one thousand instead of ten. A chart
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listing common engineering notation prefixes and
their symbols is shown in Figure 2-14. Starting
with the base unit or one, the first engineering unit
greater than one is kilo, or one thousand. The next
engineering unit greater than kilo is Mega, or one
million. A million is one thousand times larger than
a thousand. The first engineering unit less than the
base unit is milli, or one one thousandth. The next

engineering unit less than milli is micro, or one one-
millionth. A millionth is one thousand times smaller
than a thousandth.

These prefixes are used to simplify standard elec-
trical measurements. Five billion watts can be writ-
ten as 5,000,000,000 W or as 5 GW. Twenty-five
microamperes can be written as 0.000,025 A or
as 25 pA.

ENGINEERING SYMBOL MULTIPLY BY:
UNIT

Tera T 1,000,000,000,000 X10"
Giga G 1,000,000,000 X10°
Meg M 1,000,000 X10°
kilo k 1,000 X10°
Base unit 1

Milli m 001 X10°
Micro M .000,001 X10°
Nano n .000,000,001 X107
Pico p .000,000,000,001 X10™"

Figure 2-14

Standard prefixes used in engineering notation. (seurce: Delmar/Cengage Learning)
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22 SECTION 1 Basic Electricity

_p summpRy

® A coulomb is a quantity measurement of electrons that is equal to 6.25 X 108 electrons.
® An ampere is the amount of current that flows through a circuit.

® An ampere is defined as one coulomb per second.

® Voltage is the force that pushes the electrons through a circuit.

® Voltage is defined as electromotive force (EMF).

® Voltage is sometimes referred to as electrical pressure.

® Resistance to the flow of electricity is measured in ohms.

® Wattage is a measurement of electric power.

® Before an electric circuit can have true power, or watts, electrical energy must be
converted into some other form of energy.

® Ohm’s law can be used to mathematically find electrical values when at least two of these
values are known.

_)> WevyeRms

ampere impedance true power
coulomb ohm voltage
electrical pressure Ohm’s law wattage
electromotive force resistance

_)> REVIEW Questions

1. What is a coulomb?

2. What is the definition of an amp?
3. Define the term voltage.

4. Define the term ohm.

5. Define the term watt.

6. An electric heating element has a resistance of 16 ohms and is connected to a voltage
of 120 volts. How much current (amps) will flow in the circuit?

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

8. A 240-volt circuit has a current flow of 20 amps. How much resistance (ohms) is con-
nected in the circuit?

9. An electric motor has an apparent resistance of 15 ohms. If a current of 8 amps is
flowing through the motor, what is the connected voltage?

10. A 240-volt air conditioning compressor has an apparent resistance of 8 ohms. How
much current (amps) will flow in the circuit?

11. How much power (watts) is being used by the compressor in question 10?
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12. A 5,000-watt electric heating unit is connected to a 240-volt line. What is the current
flow (amps) in the circuit?

13. Ifthe voltage in question 12 is reduced to 120 volts, how much current (amps) would
be needed to produce the same amount of power?

14. Is it less expensive to operate the electric heating unit in question 12 on 240 volts or
on 120 volts? Explain your answer.
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UNIT 3 Measuring

Instruments

OBJECTIVES
After studying this unit the student should
be able to:

Discuss the operation and connection
of a voltmeter

Measure vo|toge Using a mu|’rironge
voltmeter

Discuss the operation of an ammeter
Describe different types of ammeters
Measure current with an ammeter

Anyone who wants to work in the air conditioning
and refrigeration field must become proficient with the
common instruments used to measure electrical quan-
tities. These instruments are the voltmeter, am-
meter, and ohmmeter. In the air-conditioning
and refrigeration field, the technician works almost
exclusively with alternating current. For this reason,
the meters covered in this unit are intended to be used
in an alternating current system.

VOLTMETER

The voltmeter is designed to be connected directly
across the source of power. Figure 3—-1 shows a
voltmeter being used to test the voltage of a panel
box. Notice that the leads of the meter are connected
directly across the source of voltage. The reason a
voltmeter can be connected directly across the power

24



Figure 3-1
Voltmeter being used to test the voltage of a panel.

(Source: Delmar/Cengage Learning)

line is because it has a very high resistance connected
in series with the meter movement, Figure 3-2.
A common resistance for a voltmeter is about
20,000 ohms per volt for DC and 5,000 ohms per volt
AC. Assume the voltmeter shown in Figure 3-2 is an
AC meter and has a full-scale range of 300 volts. The
resistor connected in series with the meter would,
therefore, have a resistance of 1,500,000 ohms
(300 volts X 5,000 ohms per volt = 1,500,000 ohms).

Most voltmeters are multiranged, 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 volts full-scale, 12 volts full-scale,
30 volts full-scale, 60 volts full-scale, 120 volts full-
scale, 300 volts full-scale, and 600 volts full-scale.

UNIT 3 Measuring Instruments 25

Figure 3-2
A voltmeter has high resistance connected in series with
the meter movement. (source: Delmar/Cengage Learning)

The reason for making a meter with this number of
scales is to make the meter as versatile as possible. If
it is necessary to check for a voltage of 480 volts, the
meter can be set on the 600-volt range. If it becomes
necessary to check a control voltage of 24 volts,
however, it would be very difficult to do on the
600-volt range. If the meter is set on the 30-volt
range, however, it becomes a simple matter to
test for a voltage of 24 volts. The meter shown in
Figure 3—3 has multirange selection for voltage.

When the selector switch of this meter is turned,
steps of resistance are inserted in the circuit to in-
crease the range, or removed from the circuit to
decrease the range, Figure 3—4. Notice that when
the higher voltage settings are selected, more resis-
tance is inserted in the circuit.

Another type of voltmeter that is gaining popu-
larity is the digital meter. A digital meter dis-
plays the voltage in digits instead of using a meter
movement, Figure 3-5. Digital meters have several
advantages over voltmeters that use a meter move-
ment (commonly called analog meters). The
greatest advantage is that the input impedance,
or resistance, is higher. Analog meters commonly
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26 SECTION 1 Basic Electricity

have a resistance of about 5,000 ohms per volt. This
means that on a 3-volt full-scale range, the meter
movement has a resistance of 15,000 ohms con-
nected in series with it (3 X 5,000 = 15,000). On
the 600-volt full-scale range, the meter movement
has a resistance of 3,000,000 ohms connected in
series with it (600 X 5,000 = 3,000,000). Digital
meters commonly have an input impedance of

Figure 3-3

Multimeter with an analog scale. (courtesy of Triplett Corp.)

Figure 3-4
A multirange voltmeter.

(Source: Delmar/Cengage Learning)

10,000,000 ohms (10 megohms), regardless of the
range they are set on. The advantage of this high
input impedance is that it does not interfere with a
low-power circuit. The advantage of this may not
be too clear at first, because most technicians are
used to working with circuits that have more than
enough power to operate the meter. However, many
of the newer controls are electronic; these circuits
may be greatly altered if tested with a low imped-
ance meter.

For example, assume an electronic control is
operated on 5 volts, and has a total current capacity
of 100 microamps (.000100 amps). Now assume
that a 5,000-ohm-per-volt meter is set on the
12-volt scale and is to be used to check the control
circuit. The voltmeter has a resistance of 5,000 X
12 = 60,000 ohms. If this meter is used to test
the circuit, the meter will have a current draw
of 83.3 microamps (5 volts/60,000 ohms =
.0000833 amps). Because the control circuit only
has a total current capacity of 100 microamps, the
meter is using most of the current to operate. The
circuit has been changed to such a degree that it can
no longer operate.

If the digital meter is used to test this same
circuit, it will have a current draw of 0.5 microamp
(5 volts/10,000,000 = .00000005 amp). The cir-
cuit will be able to furnish the 0.5 microamp needed
to operate the meter without a problem or altering
the circuit.

Another advantage of the digital meter is that it
is generally easier for an inexperienced person to
learn to read. Analog meters can be used for about
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Figure 3-5

Digital multimeter. (Courtesy of Triplett Corp.)

99% of the measurements that must be taken, but it
generally takes some time and practice to read them
properly.

Learning to read the scale of a multimeter takes
time and practice. Most people use meters every-
day without thinking about it. A very common
type of meter used daily by most people is shown in
Figure 3-6. The meter illustrated is a speedometer
similar to those seen in an automobile. This meter is
designed to measure speed. It is calibrated in miles per
hour (mph). The speedometer shown has a full-scale
value of 80 mph. If the pointer is positioned as shown
in Figure 3-6, most people would know instantly
that the speed of the automobile is 55 mph.

Figure 3-7 illustrates another common meter
used by most people. This meter is used to measure
the amount of fuel in the tank of an automobile.
Most people can glance at the pointer of the meter
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 now indicating that there are a total of
5 gallons of fuel remaining in the tank.

Learning to read the scale of a multimeter is
similar to learning to read a speedometer or fuel
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Figure 3-6

Speedometer. (Source: Delmar/Cengage Learning)

Figure 3-7

Fue| gauge. (Source: Delmar/Cengage Learning)

GHMS PER VOLT
bC ac

ON 600
OHM LINE 20,000
20 43- 8930

Figure 3-8

Multimeter face. (source: Delmar/Cengage Learning)

gauge. The meter scale shown in Figure 3-8 has
several scales used to measure different values
and quantities. The very top of the scale is used to
measure resistance or ohms. Notice that the scale
begins at the left-hand side with infinity, and zero
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28 SECTION 1 Basic Electricity

can be found at the far right-hand side. Ohmme-
ters will be covered later in this unit. The second
scale is labeled AC-DC and is used to measure volt-
age. Notice this scale has three different full-scale
values. The top scale is O to 300, the second scale is
0 to 60, and the third scale is O to 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 attach-
ment that can be used with some meters. The last
scale is labeled dbm and is seldom if ever used by the
technician in the field.

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. Because these numbers are
in multiples of 10, it is an easy matter to multiply
or divide the readings in your head by moving a
decimal point. 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 is set
to permit the meter to indicate a voltage of 3 volts
full-scale, the 300-volt scale would be used, and the
reading divided by 100. The reading can be divided
by 100 by moving the decimal point 2 places to the
left. In Figure 3-9, the meter is indicating a voltage
of 2.5 volts if the selector switch is set for 3 volts
full-scale. The pointer is indicating a value of 250.
Moving the decimal point 2 places to the left will
give areading of 2.5 volts. If the selector switch is set
for a full-scale value of 30 volts, the meter shown in
Figure 3—-9 would be indicating a value of 25 volts.
This 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 volts. The meter shown in
Figure 3—-10 is indicating a voltage of 440 volts.
Since the full-scale value of the meter is set for
600 volts, use the 60-volt range and multiply the
reading on the meter by 10. This can be done by
moving the decimal point one place to the right. The
pointer in Figure 3—10 is indicating a value of 44.
If this value is multiplied by 10, the correct voltage
reading becomes 440 volts.
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Figure 3-9

ReQding an cn0|og mu|ﬁmeter. (Source: Delmar/Cengage Learning)
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Figure 3-10

Reading an analog multimeter. (source: Delmar/Cengage Learning)

There are three distinct steps that should be fol-
lowed when reading a meter. Following the steps is
especially important for someone who has not had a
great deal of experience reading a multimeter. These
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, ohms?
It is impossible to read a meter if you do not
know what the meter is measuring.

2. Determine the full-scale value of the
meter. The advantage of a multimeter is that
it has the ability to measure a wide range
of values and quantities. After it has been
determined what quantity the meter is set to
measure, it must then be determined what
the range of the meter is. There is a great deal
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of difference in readings when the meter is set
to indicate a value of 600 volts full-scale and
when it is set for 30 volts full-scale.

If you are not sure of the voltage value being
tested, always set the meter on its highest
range and then reduce the range until the
indicator moves up scale to a value that can
be easily read. A meter can never be damaged
by placing it on a high range setting and then
reducing it, but it can be damaged by placing
it on a low range setting and then connecting
it to a high voltage.

Another consideration is the position of the
indicator. Analog meters are more accurate
at the upper end of the scale than at the lower
end. If possible, adjust the range setting so
that the indicator is more than halfway up
the scale.

3. Read the meter. The last step is to deter-
mine what the meter is indicating. It may
be necessary to determine the value of the
hatch marks on the meter face for the range
the selector switch is set for. If the meter in
Figure 3-8 is set for a value of 300 volts full-
scale, each hatch mark has a value of 5 volts.
If the full-scale value of the meter is 60 volts,
however, each hatch mark has a value of
1 volt.

When reading a meter, always look straight at
the indicator. Viewing the indicator from the side
causes a parallax view and the reading will not be
accurate. It is the same effect as produced when
trying to determine the speed of an automobile by
looking at the speedometer from the passenger seat.
The only way to accurately determine the speed is to
view the speedometer straight on, not from the side.
Some meters have a mirror section on the meter
face. This permits the person using the meter to line
up the indication with the reflection behind it to
ensure an accurate reading.

AMMETER

There are several different types of ammeters used to
measure electric current. Clamp-on types are gener-
ally used in the field for troubleshooting, and inline

ammeters are panel mounted. The inline ammeter,
unlike the voltmeter, is a very-low-impedance
device. Inline ammeters must be connected in
series with the load to permit the load to limit the
current flow, Figure 3-11.

An ammeter has a typical impedance of less than
.1 ohm. 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 an
impedance of .1 ohm is connected across a 240-volt
AC line. The current flow in this circuit would be
2,400 amps (240/.1 = 2,400).The blinding flash
of light would be followed by the destruction of the
ammeter. Ammeters that are connected directly
into the circuit as shown in Figure 3—11 are referred
to as imlime ammeters. Figure 3—12 shows an
inline ammeter.

|
- @
AMMETER
AC LINE LOAD

Figure 3-11
An ammeter must be connected in series with the load.

(Source: Delmar/Cengage Learning)

Figure 3-12

AC inline ammeter. (source: Delmar/Cengage Learning)
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30 SECTION 1 Basic Electricity

Notice that the meter in Figure 3—12 has sev-
eral ranges. AC ammeters use a current trans-
former to provide multiscale capability. The
primary of the transformer is connected in series
with the load, and the ammeter is connected to the
secondary of the transformer. Figure 3-13 illus-
trates this type of connection. 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 transformer provide different
turns ratios between the primary and secondary of
the transformer.

When a large amount of AC current must be
measured, a current transformer is connected in
to the power line. The ammeter is then connected
to the secondary of the transformer. The AC amme-
ters are designed to indicate a current of 5 amps,
and the current transformer determines the value
of line current that must flow to produce a current
of 5 amps on the secondary of the transformer. The
incoming line may be looped around the opening in
the transformer several times to produce the proper
turns ratio between the primary and the secondary
windings. Figure 3—14 shows a transformer of this
type. This type of connection is often used for panel
meters mounted on large commercial units.

The type of ammeter used in the field by most air
conditioning service technicians is the clamp-on
type of ammeter similar to the one shown in Fig-
ure 3—15. To use this meter, the jaw of the meter
is clamped around one of the conductors supplying
power to the load. Figure 3—16 shows this connec-
tion. Notice that the meter is clamped around only
one of the power lines. If the meter is clamped around

© U

AC LINE LOAD

(e}

Figure 3-13

A current transformer provides different scales.

(Source: Delmar/Cengage Learning)

more than one line, the magnetic fields of the wires
cancel each other and the meter indicates zero.

This type of meter also uses a current transformer
to operate the meter. 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
transformer. The strength of the magnetic field
and its frequency determine the amount of voltage
induced in the current transformer. Since 60 Hz is
a standard frequency throughout the country, the
amount of induced voltage is proportional to the
strength of the magnetic field.

The clamp-on type of ammeter can have differ-
ent range settings by changing the turmns ratio of
the secondary of the transformer just as the inline
ammeter does in Figure 3—13. The primary of the
current transformer is the conductor the ammeter
is connected around. If the ammeter is connected
around one wire as shown in Figure 3-16, the

TRANSFORMER

CATALOG
1 I NumMBeR 71468 3
ECTRIC CO., SPRINGFIELD, ILL. USK

Figure 3-14
Current transformer used to meter large AC currents.

(Source: Delmar/Cengage Learning)
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Figure 3-15
Multirange and clamp-on ammeter combination.
(Courtesy of Triplett Corp.).

primary has one turn of wire as compared to the
number of turns of wire in the secondary. If two
turns of wire are wrapped around the jaw of the
ammeter, the primary winding now contains two
turns instead of one, and the turns ratio of the trans-
former is changed, Figure 3—17. 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 two to get the correct reading.
For example, assume two turns of wire have been
wrapped around the ammeter jaw, and the meter
indicates a current of 3 amps. The actual current in
this circuit is 1.5 amps (3 + 2 = 1.5). The ability to
change the turns ratio of a clamp-on ammeter can
be very useful for measuring low currents such as
those found in a control circuit. Changing the turns
ratio of the transformer is not limited to wrapping
two turns of wire around the jaw of the amme-
ter. Any number of turns of wire can be wrapped
around the jaw of the ammeter and the reading will
be divided by that number. If three turns of wire are
wrapped around the jaw of the meter, the reading
will be divided by three.

UNIT 3 Measuring Instruments 31

Figure 3-16
Clamp-on ammeter used to measure the running current
of a compressor. (source: Delmar/Cengage Learning)

(e,

Figure 3-17
Two turns of wire change the turns ratio of the
transformer. (source: Delmar/Cengage Learning)
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32 SECTION 1 Basic Electricity

Figure 3-18

Scale divider used with clamp-on ammeter. The ammeter
indicates a value of 3.25 amperes. If the scale divider
has a ratio of 10:1, the actual current is 0.325 amps.

(Source: Delmar/Cengage Learning)

A very handy device can be made by wrapping
10 turns of wire around some core of nonmagnetic
material, such as a thin piece of plastic pipe. Because
the device is intended to be used for low current
readings, the wire size does not have to be large. A
#20 or #18 American Wire Gauge (AWG) wire is
large enough. Plastic tape is used to secure the turns
of wire to the core material, and two alligator clips
are connected to the ends of the wire. This device
is shown in Figure 3—18. To use this device, break
connection in the circuit to be tested, and insert the
10 turns of wire using the alligator clips. The jaw of
the ammeter is placed around the plastic core. The
primary of the transformer now contains 10 turns
of wire, and the scale factor can now be divided by a
factor of 10. The correct ammeter reading is found
by moving the decimal point one place to the left. If
the ammeter has a low scale of 6 amps full-scale, it
can now be used to measure .6 amps full-scale. This
can be areal advantage when it is necessary to mea-
sure control currents that may not be greater than
.2 amps under normal operating conditions.

Some clamp-on ammeters use a digital read-out
instead of a meter movement. A digital type meter
is shown in Figure 3—19. The digital ammeters are

Figure 3-19

Digital clamp-on ammeter. (Courtesy of Simpson Electric Co).

generally better for measuring low current values, but
the 10 turn scale divider can be used with these amme-
ters also. Just remember to divide the reading shown
by a factor of 10. The clamp-on ammeters discussed
in this unit are intended to be used for measuring AC
currents only, and will not operate if connected to a
DC line. There are clamp-on type ammeters, however,
that can be used to measure DC current.

Many clamp-on ammeters are designed to mea-
sure AC volts and ohms as well as AC current. This
makes the meter a more versatile instrument. When
voltage or resistance is to be measured, a set of leads
is attached to the meter.

OHMMETER

The ohmmeter is used to measure resistance. The
common volt-ohm-milliammeter (VOM)
contains an ohmmeter. The ohmmeter must provide
its own power supply to measure resistance. This is
done with batteries located inside the instrument.
When resistance is to be measured, the meter must
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Figure 3-20
The ohmmeter must be set at zero. (source: Delmar/Cengage

Learning)

first be zeroed. Zeroing is done with the ohms adjust
control located on the front of the meter. To zero
the meter, connect the leads together and adjust
the ohms adjust knob until the meter indicates
O at the far right end of the scale, Figure 3-20.
When the leads are separated, the meter will again
indicate infinity resistance at the far left side of the
meter scale. When the leads are connected across
a resistance, the meter will again indicate up scale.
Figure 3—21 shows a meter indicating a resistance
of 25 ohms, assuming the range setting is R X 10.
Ohmmeters can have different range settings
suchasR X 1,R X 100,R X 1,000, or R X 10,000.
On the R X 1 setting, the resistance is measured
straight off the resistance scale located at the top of
the meter. If the range is set for R X 1,000, however,
the reading must be multiplied by 1,000. The ohm-
meter reading shown in Figure 3—21 would be indi-
cating a resistance of 2,500 ohms if the range had
been set for R X 1,000. Notice that the ohmmeter
scale is read backward from the other scales. Zero

_)> summegy
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Figure 3-21
Read the ohmmeter from right to left. (source: Delmar/Cengage

Learning)

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.

Digital ohmmeters display the resistance in fig-
ures instead of using a meter movement. When
using a digital ohmmeter, care must be taken to
notice the scale indication on the meter. For exam-
ple, most digital meters will display a K on the scale
to indicate kilohms or an M to indicate megohms.
(Kilo means 1,000, and mega means 1,000,000.)
If the meter is showing a resistance of (.200 K),
it means .2 X 1,000, or 200 ohms. If the meter
indicates (1.65 M), it means 1.65 X 1,000,000, or
1,650,000 ohms.

The ohmmeter must never be connected to a cir-
cuit with power on. Because the ohmmeter uses its
own internal power supply, it has a very low operat-
ing voltage. If a meter is connected to power when it
is set in the ohms position, it will probably damage
or destroy the meter.

® A voltmeter is a high resistance device and is designed to be connected directly to the

power line.

® The resistance of an analog voltmeter, a voltmeter with a scale and moving pointer,

changes with the setting of the meter.

® An analog voltmeter typically has a resistance of 5,000 ohms per volt on the AC setting

and 20,000 ohms per volt on the DC setting.

® Digital voltmeters generally have a resistance of 10 million ohms on all range settings.
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34 SECTION 1 Basic Electricity

® The three basic steps to reading an analog meter are:

A. Determine what the meter indicates.

B. Determine the full-scale value of the meter.

C. Read the meter.
® Ammeters are low resistance devices and must be connected in series with the load.
® AC ammeters generally use a current transformer to change scale values.

® Current transformers designed to measure large amounts of current have a standard out-
put current of 5 amps.

® Most clamp-on ammeters can measure values of AC current only because they depend on
magnetic induction to operate.

® The range setting of clamp-on ammeters can be changed by wrapping more turns of wire
around the meter jaw.

® Ohmmeters are used to measure the resistance of a circuit.
® Ohmmeters should never be connected to a circuit that has power applied to it.

® Ohmmeters must have their own source of power to operate.

____ P Heyvemms

ammeter digital meter ohmmeter

analog meter inline turns ratio

clamp-on input impedance voltmeter

current transformer multiranged volt-ohm-milliammeter (VOM)

P> REVIEW Questions ||

1. What type of meter has a high resistance connected in series with the meter movement?
2. How is a voltmeter connected into the circuit?

3. If a voltmeter has a resistance of 5,000 ohms per volt, what is the resistance of the
meter when it is set on the 300-volt range?

4. What is the advantage of using a voltmeter that has a high impedance as opposed to
a low-impedance meter?

5. What is an analog meter?

6. Why must an ammeter be connected in series with the load?

7. What device is used to change the scale values of an AC ammeter?
8. What is meant by the term inline ammeter?

9. A clamp-on ammeter has three turns of wire wrapped around the movable jaw. If the meter
is indicating a current of 15 amps, how much current is actually flowing in the circuit?

10. List the three steps for reading a meter.
11. What type of meter contains its own internal power supply?

12. What precaution must be taken when using an ohmmeter?
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Electrical
Circuits

OBJECTIVES

After studying this unit the student should
be able to:

Define a series circuit

Find Ohm’s law values for series
circuits

Define a parallel circuit

Find Ohm'’s law values for parallel
circuits

Discuss combination circuits

Find Ohm’s law values for

o AR Electrical circuits can be divided into three basic
combination circuits

types. These are series, parallel, and combi-
nation. The simplest of these circuits is the series
circuit shown in Figure 4-1. A series circuit is
characterized by the fact that it has only one path
for current flow. If it is assumed that current must
flow from point A to point B in the circuit shown in
Figure 41, it will flow through each of the resistors.
Therefore, the current flow in a series circuit must be
the same at any point in the circuit. Another rule of
series circuits states that the sum of the voltage drops
around the circuit must equal the applied voltage. A
third rule of series circuits states that the total resis-
tance is equal to the sum of the individual resistors.
The circuit shown in Figure 4-2 shows the val-
ues of current flow, voltage drop, and resis-
tance for each of the resistors. Notice that the total
resistance of the circuit can be found by adding the
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Figure 4-1

Series circuit. (Source: Delmar/
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Cengage Learning)

A

Et = 120 VOLTS
2 AMPS
60 OHMS

It
Rt

AA'AY
E1= 40 VOLTS
11 = 2 AMPS
R1= 20 OHMS
E2= 20 VOLTS
” 12 = 2 AMPS

R2= 10 OHMS

Figure 4-2
Series circuit. (Source: Delmar/
Cengage Learning)

values of each of the individual resistors (20 + 10 +
30 = 60 ohms). The amount of current flow in the
circuit can be found by using Ohm’s law.

_E

I_R

_120
60

I = 2 amps

There is a current flow in the circuit of 2 amps.
Notice that the same current flows through each of
the resistors. The voltage drop across each resistor can
be found using Ohm’s law (E = I X R). The voltage
dropped across resistor R1 is 2 X 20 = 40 volts.
This means that it takes a voltage of 40 volts to
push 2 amps of current through 20 ohms of resis-
tance. If a voltmeter is connected across resistor
R1, it would indicate a voltage drop of 40 volts.
The voltage drop of resistor R2 can be found the
same way (E = I X R), (2 X 10 = 20). The voltage
dropped across resistor R2 is 20 volts. The third
resistor has a voltage drop of 2 X 30 = 60 volts.
Notice that if the voltage drops are added together,

'A'AY

E3 = 60 VOLTS
I3 = 2 AMPS
R3= 30 OHMS

they will equal the voltage applied to the circuit
(40 + 20 + 60 = 120).

Because a series circuit has only one path for cur-
rent flow, if any point in the circuit should become
open, current flow throughout the entire circuit
will stop. Some strings of Christmas tree lights are
wired in series. If any bulb in the string burns out,
all of the lights will go out. When the defective bulb
is replaced, all of the lights will operate. Because
of this characteristic of series circuits, fuses and
circuit breakers are connected in series with what
they are intended to protect. Figure 4-3 shows a
fuse used to protect an air conditioning unit. If the
fuse should open, current flow to the entire circuit
will stop.

PARALLEL CIRCUITS

Parallel circuits are characterized by the fact that
they have more than one path for current flow.
The circuit shown in Figure 4—4 illustrates mul-
tiple paths of a parallel circuit. If the current in this
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Figure 4-3

Fuses are connected in series. (Source: Delmar/Cengage Learning)

circuit is assumed to flow from point A to point B,
there are three separate paths through which it
can flow. Current can flow from point A, through
resistor R1 to point B, or it can flow from point A
through resistor R2 to point B, or from point A
through resistor R3 to point B. Because current can
flow through each of these resistors, the total cur-
rent flow in the circuit is the sum of these individual
currents. A rule for parallel circuits states that the
total current in a parallel circuit is the sum of the cur-
rents through the individual paths (It = 11 + 12 +
I3). Notice in Figure 4—4 that each of the resistors is
connected directly across the incoming power line.
Therefore, all the components in a parallel circuit have
the same voltage drop.

Each time a new component is added to a paral-
lel circuit, a new path for current flow is created.
Because there is less opposition to current flow each
time a component is added, the total resistance of
the circuit is decreased. The total resistance of a
parallel circuit can be found using either of three
formulas. The first of these formulas is:

_ RT X R2

Ri= R R2

The second formula is:

rT_ 1.1 .1
R RT "R2R3

1

RN
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or
11 .1 1.1
RRRT TR2ZTR3TRN
The third formula is:
Ri=R

N
The third formula can be used only when all resistors
connected in parallel are the same value. Assume
that four resistors with a value of 100 ohms each
are connected in parallel. The total resistance would
be 25 ohms. To use this formula, divide the resistance
of one resistor by the total number of resistors.

- R
RE=

- 100
Rt =~
Rt =250

Figure 4—5 shows a parallel circuit containing three
resistors with the values of 15, 10, and 30 ohms.
The total resistance of the circuit can be found by
using either of the two formulas.

Notice that in this formula only two of the resistors
can be found at a time. It is now necessary to use the
total resistance of the first two resistors and use that
value for R1 in the formula. Resistor R3 is used in
the R2 position in the formula.

_6x30
Rt= 8730
_ 180
Rt = 36
Rt = 5 ohms

The total resistance of this parallel circuit is 5 ohms.
The second formula can be used to find the total

AO

Figure 4-4
Parallel circuits have more than
one path for current flow. B O

(Source: Delmar/Cengage Learning)
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e,
Et = 120 VOLTS E1= 120 VOLTS E2= 120 VOLTS E3 = 120 VOLTS
It = 24 AMPS 11 = 8 AMPS 12 = 12 AMPS 13 = 4 AMPS
Rt = 5 OHMS § R1= 15 OHMS § R2= 10 OHMS R3= 30 OHMS
O
Figure 4-5

Three poro||e| resistors. (Source: Delmar/Cengage Learning)

resistance by plugging the values of resistance into
the formula. With these values, it becomes a matter
of adding fractions. When fractions are to be added,
the first thing that must be done is to find some
number all the denominators will divide into. This
is called finding a common denominator. For
this problem, 30 will be the common denominator.

1 1 1 1

Rt 1570 " 30
12 .3 .1
R~ 30 130 30
1_6

RF 30

Rt _ 30

1° %

Rt = 5 ohms

Notice that the two formulas give the same answer.

Another method of finding the total resistance in
a parallel circuit is to find the reciprocal of each
individual resistor. A third rule for parallel circuits
states that total resistance is the reciprocal of the sum
of the reciprocals of the individual resistors. The prob-
lem can, therefore, be solved by finding the recipro-
cal of each individual resistor, adding them together,
and finding the reciprocal of the sum. (The reciprocal
of any number can be found by dividing that number
into 1.) The problem can be solved as follows:

1 1 1 1

R RI R2'R3
RIS N N

Rt~ 15 10 ' 30

%r — 0667 + .1 + .0333
l =

=02

Rt = 5 ohms

If 120 volts is applied to the circuit, the values
of voltage and current for the entire circuit can be
found. Because each of the resistors is connected
directly across the power line, each resistor will have
the same voltage drop of 120 volts. The current flow
through resistor R1 can be found using Ohm'’s law.

_E

I_R

- 120
15

| = 8 amps

The current flow through resistor R2 is (120/10 =
12 amps). The current flow through resistor R3 is
(120/30 = 4 amps). The total current flow in the
circuit can be found by using the formula

-kt
It= Rt
It =120/5
It = 24 amps

Notice that the total current can also be found by
adding the currents flowing through the individual
resistors (8 + 12 + 4 = 24 amps).

Most circuits are connected in parallel. The lights
and outlets in a house are connected in parallel.
Because all of the lights and outlets are connected in
parallel, each light has an applied voltage of 120 volts,
and each outlet can supply 120 volts to whatever is
connected to it. If the lights in a house were wired in
series, all of the lights would have to be turned on
before any of them would burn.

COMBINATION CIRCUITS

A combination circuit contains both series and
parallel connections within the same circuit. In
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Combination circuit. (source: Delmar/
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Cengage Learning)

Figure 4-6, resistor R1 is connected in series with
resistors R2 and R3. Resistors R2 and R3 are con-
nected in parallel with each other. If it is assumed
that current flows from point A to point B, all of the
current will have to flow through resistor R1. At
the junction of resistors R2 and R3, however, the
current divides and flows through separate paths.
The amount of current that flows through each
resistor is determined by its resistance. Notice that
all of the circuit current must flow through R1.
Because there is only one current path through
R1, it is connected in series with the rest of the
circuit. When the current reaches the junction of
resistors R2 and R3, there is more than one path
for current flow. These resistors are, therefore,
connected in parallel.

Values will now be added to the example circuit
shown in Figure 4—6. It will be assumed that resistor
R1 has a value of 75 ohms; resistor R2 has a value of
100 ohms; and resistor R3 has a value of 125 ohms.
It will also be assumed that a voltage of 24 volts
is connected to the circuit, Figure 4-7. To find the
missing values in this circuit, it is first necessary
to determine the total resistance. The first step in

+— 44— <<«

determining the total resistance is to calculate the
resistance of the parallel block formed by resistors
R2 and R3. This value will become RC (resistance of
the combination).

Rc = S
11
RZ ' R3
Rec = 1
11
100 ' 125
]
Re = 557 X 0.008
1
Re= 0018
Rec = 55.556 O

Now that the combined resistance of resistors R2
and R3 is known, this value can be treated as one
single resistor. The circuit will now be redrawn as
shown in Figure 4—8. The circuit is now a simple
series circuit containing resistors R1 and RC.

The total circuit resistance of the circuit can
be determined by adding the values of resistors R1
and RC.

Vv

@ :ETT 24V

Rt

Figure 4-7
Addlng circuit VOerS. (Source: Delmar/

Cengage Learning)

E2
I2
/\N\/ R2 100 Q
E1
I
R175Q /\N\/
Es
13
R3 125 Q
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@ IETT 24V

RT

Figure 4-8
Resistors R2 and R3 become RC.

(Source: Delmar/Cengage Learning)

Vv

VWV

E1 Ec
I Ic
R175Q Rc 55.556 Q

Rt =R1 + RC
Rt =75 + 55.556
Rt = 130.556 O

Because the applied or total circuit voltage is known
and the total resistance is known, the total circuit
current can be determined using Ohm’s law.

_ Et

It = Rt
It = L
130.556

It = 0.184 amps

In a series circuit the current is the same at any
point in the circuit. The voltage drop across resistors
R1 and RC can now be determined.

El =11 X R1

E1 =0.184 x 75

E1 = 13.8 volts

EC =1C X RC

EC =0.184 x 55.556
EC = 10.2 volts

The computed circuit values are shown in
Figure 4-9.

Resistor RC in reality is the combined values of
resistors R2 and R3. The values that apply to resis-
tor RC, therefore, apply to the parallel block formed
by resistors R2 and R3. In a parallel circuit, the volt-
age is the same across each branch. Therefore, the
voltage dropped across resistor RC is dropped across
both R2 and R3. Now that the voltage drop across
each is known, the current flow through each can
be determined using Ohm’s law.

2=52
2=192

12 = 0.102 amps
2-=5
2=192

12 = 0.0816 amps

The circuit with all calculated values is shown in
Figure 4-10.

Another example of a combination circuit is
shown in Figure 4-11. In this circuit, resistors R1
and R2 are connected in series with each other and
resistors R3 and R4 are connected in series with
each other. Resistors R1 and R2 are connected in

@ ET 24V
Figure 4-9

Circuit values for the series circuit
are determined. (source: Delmar/

Cengage Learning)

IT0.184
RT 130.556

AM—AMN

E113.8 Ec 10.2
110.184 Ic 0.184
R175Q Rc 55.556 Q
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Vv

Figure 4-10
Circuit with all computed values.

(Source: Delmar/Cengage Learning)

E210.2
120.102
W\I R2 100 Q
E113.8
11 0.184
R175Q
@ ET 24V m
F'; (1'184 I3 0.0816
T130.556 Q R 195 O

ET 120V
@ IT
RT

Figure 4-11
Example combination
circuit 2. (Source: Delmar/

Cengage Learning)

E1 E3

§ I § 13
R1200 Q R3 300 Q
E2 E4

§ I2 § 14
R2 150 Q R4 250 Q

parallel with resistors R3 and R4. It is assumed that
resistor R1 has a value of 200 ohms, resistor R2
has a value of 150 ohms, resistor R3 has a value
of 300 ohms, and resistor R4 has a value of
250 ohms. It is also assumed that 120 volts is applied
to the circuit.

The first step in solving this circuit is to compute
the total circuit resistance. This can be done by com-
puting the total resistance of the branch containing
resistors R1 and R2 and the branch containing
resistors R3 and R4. Resistors R1 and R2 are con-
nected in series. The total resistance of this branch
can be computed by adding the values of resistors
R1 and R2. This value will be RC1 (resistance of
combination 1).

RC1 = R1 + R2
RCT =200 + 150
RCT = 350 O

The resistance of the second branch can be computed
by adding the values of R3 and R4. This resistance
value will be RC2 (resistance of combination 2).

RC2=R3 + R4
RC2 = 300 + 250
RC2 = 550 O

The circuit can now be reduced to a simple paral-
lel circuit containing a 300-ohm and a 550-ohm
resistor, Figure 4—12. The total resistance can now
be computed using one of the parallel resistance
formulas.

R = Rel X Rc2
Rcl + Rc2
R = 350 < 550
350 + 550
R = 192.500
900
Rt =213.889 O
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@E‘QO

Figure 4-12
Reducing the circuit to a
simple parallel circuit.

(Source: Delmar/Cengage Learning)

Eci1 Ec2
§ Ic1 § Ic2
Rc1 350 Q Rc2 550 Q

ET 120

@ IT 0.561
Figure 4-13 Rt 213.889 Q
The values for the

parallel circuit have been
determined. (source: Delmar/

Ec1120 Ec2 120
§ Ic1 0.343 § Ic20.218
Rc1 350 Q Rc2 550 Q

Cengage Learning)

The total current can now be computed using
Ohm’s law.

— Et
=L
o 120
213.889

It =0.561 amps

Because resistors RC1 and RC2 are connected in
parallel, the voltage across each is the same as the
applied voltage of the circuit. The current through
each branch can now be determined.

— 120

ICT = 350

IC1 = 0.343 amps
_ 120

IC2 = 350

IC2 = 0.218 amps

The complete values for the parallel circuit are
shown in Figure 4—13.

The values of RC1 and RC2 can now be sub-
stituted in the original circuit. Resistor RC1 is a
combination of resistors R1 and R2. The values
of RC1 apply to the branch composed of R1 and
R2. Resistors R1 and R2 are connected in series.
In a series circuit, the current flow is the same

through any part of the circuit. Therefore, the
current flowing through RC1 is the same cur-
rent flowing through R1 and R2. Likewise,
the current flowing through RC2 is the same
current that flows through resistors R3 and R4,
Figure 4—14. Now that the value of resistance and
current are known for each of the resistors, the
voltage drop across each can be computed.

ET =11 X R1

E7 = 0.343 x 200
El =68.6V

E2 =12 X R2

E2 = 0.343 x 150
E2=51.45V

E3 =13 X R3

E3 =0.218 x 300
E3 =654V

E4 =14 X R4

E4 = 0.218 x 250
E4 =545V

All values for the circuit are shown in
Figure 4-15.
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E1 Es
§ 11 0.343 § 130.218
R1200 Q R3 300 Q

ET 120V
@ IT0.561
RT213.889
E2 E4
Figure 4-14 § 2 0.343 § 140.218
Determining the current R2 150 Q R4 250 Q

flow through each
ernCh. (Source: Delmar/

Cengage Learning)

E168.6V E3 65.4V
§ 11 0.343 § 130.218
R1 200 Q R3 300 Q
ET 120V
@ IT 0.561
Rt 213.889
E2 51.45 E4 54.5V
R § 12 0.343 § 140.218
F|gu.re. 4-15 R2 150 Q R4 250 Q
All missing values have
been determined.
(Source: Delmar/Cengage Learning)

I

® Three basic types of electric circuits are the series, parallel, and combination.
® Series circuits contain only one path for current flow.
® Three rules concerning the electrical values in a series circuit are:
A. The current flow is the same in all parts of a series circuit.
B. The sum of the voltage drops across each element is equal to the applied voltage.

C. The total resistance can be determined by adding the resistance of each element in the
circuit.

® Parallel circuits contain more than one path for current flow.
® Three rules concerning the electrical values in a parallel circuit are:
A. The voltage is the same across all branches in a parallel circuit.

B. The total current can be found by adding the current flow through each branch of the
circuit.
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C. The total resistance can be found by adding the reciprocal of the resistance of each
branch and then taking the reciprocal of that sum.

® Combination circuits contain both series and parallel branches.

Y T

combination
common denominator
current flow

P> REVIEW Questions ||

1. List the three basic types of electrical circuits.

series
voltage drop

parallel
reciprocal

2. What is the major characteristic of a series circuit?

3. List the three basic rules for series circuits.

4. What is the major characteristic of a parallel circuit?

5. List the three basic rules for the parallel circuit.

6. What type of circuit is used most often in industry and the home?
7. What type of circuit is used the least in industry and the home?

8. Three resistors valued at 300 ohms, 200 ohms, and 600 ohms are connected in
series. What is their total resistance?

9. If the three resistors in question 8 are connected in parallel, what is their total
resistance?

10. How are fuses and circuit breakers connected in a circuit and why are they connected
this way?

> PRACTICE PROBLEMSSET1 | |

1. Refer to the circuit shown in Figure 4—2. Find the missing values.

ET = 240 El E2 E3
IT I 12 I3
RT R1 =1,200Q | R2 = 2,000 & | R3 = 1,800 Q
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ET =48 E1 E2 E3 = 22.795
IT I 12 13

RT =990 Q R1 =220 Q R2 =300 O R3

ET =120 E1 =24.75 E2 E3 = 594
IT I 12 13

RT R1 R2 =22 kO R3

Refer to the circuit shown in Figure 4—5. Find the missing values.

ET El E2 E3

IT=26 I 12 13

RT R1 =240 R2 =18 Q R3 =36 Q
ET El E2 E3

IT I 12 I3 =1.5

RT =8 0Q R1 =240 R2 =48 Q R3

ET El E2 E3

IT = 0.289 1 =0.139 2 =0.1 13

RT R1 = 860 Q R2 =1,200 O | R3 = 2,400 O

Refer to the circuit shown in Figure 4—7. Find all missing values.

ET =120 E1 E2 E3
IT I 12 13
RT R1 =3600Q | R2=1,2000 | R3 = 1,600 Q
ET E1 E2 E3
T 11 = 0.080 12 13
RT =2,600 Q | R1 R2 = 2,400 Q | R3 = 4,800 O
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9.

10.

12.

ET E1 E2 E3 =114.18
IT = 0.466 1 12 13
RT R1 =270 Q R2 =510 Q R3 =470 O
Refer to the circuit shown in Figure 4—11. Find all missing values.
ET = 277 El E2 E3 E4
IT 1 12 I3 14
RT R1 =3,300Q0 | R2=4,3000Q | R3=2,700Q [R4 = 5,100 O
ET E1 E2 E3 E4
IT 11 =0.06 12 13 14
RT =960 Q R1 R2 =1,000 Q | R3 = 650 O R4 = 950 O
ET El E2 E3 E4
IT 11 = 0.0444 12 I3 = 0.0369 14
RT R1 = 3,000 | R2=2,400Q | R3=1,8000Q | R4 =4,700 Q

") PRacic pRopiemsserz |

Ohm'’s Law
1.E =
I =10A
R=120
5.

2.1 =
E =220V
R=10Q

10 Q

10 Q

3.R=
E =120V
I =3A
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6.
30 Q
30Q V=
30 Q
") eRACnice PROBIEMSSETT
Ohm’s Law
1.
120V 10 Q 10 Q |-|-=
2.
10Q
120V 10Q Iy =
10Q
3.
240V 100 100Q 50Q Iy =
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4,
240V 100 10Q  Ip=
(o)
~___)>PRACTICEPROBLEMSSET4 | |
Ohm'’s Law
1.E = 2.1 = 3.R= 4. E =
I =1A E =220V E =120V I =5A
R=120 R=50Q I =5A R=2400Q
50 Q
5.Vy=
50 Q
6.R; =
ZN
@
40 Q
7‘VT=
30Q
8.Rr=
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_)> PRACTICE PROBLEMS SETs

1.
120V 20 Q 20 Q It =
2.
10 Q
120V 20 Q It =
10Q
3.
240V 10Q 10Q 15 Q It =
4. |T=
240V 10 Q 10 Q
5. RT=
/—\ m
48A 24A
N/ \_/
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OBJECTIVES
After studying this unit the student should

be able to:

50

Discuss alternating current
Discuss three-phase power

Find voltage and current values for
a wye-connected three-phase service

Find voltage and current values for a
delta-connected three-phase service

Discuss a high-leg three-phase
connection

Discuss an open-delta three-phase
service

Discuss a 120/240 volt single-phase

service

Describe different kinds of circuit-
breakers

Discuss fuses

Be able to find standard fuse rating
in accord with the National Electrical
Code®

Install a single-phase panel box

Electrical
Services

Air conditioning equipment must be connected to
an electrical service. The type of air conditioning
equipment used is generally determined by the type
of electrical service available to operate it. The air
conditioning technician must have knowledge of
different types of electrical services.

POWER GENERATION

In the United States and Canada, power is generated
as a three-phase 60-hertz voltage. The term hertz
means 60 cycles per second. This means that the
voltage increases from zero to its maximum positive
value, returns to zero, increases to its maximum
negative value and returns to zero 60 times each
second. Figure 5-1 shows one complete cycle of
AC voltage.



&l— SINE WAVE

TIME + VOLTS

- VOLTS

G |

Figure 5-1

AC sine wave. (Source: Delmar/Cengage Learning)

The term three phase means that there are
three separate voltage waveforms produced by the
alternator. An alternator is a generator that
produces AC voltage. For the alternator to produce
the three phases, the internal windings of the
alternator—called the stator—are wound 120°
apart. Figure 5-2 illustrates the windings of an alter-
nator. The moving part of the alternator, called the
rotor, is actually a large electromagnet. When the
magnet is turned, the magnetic field cuts through
the windings of the stator and induces a voltage into
them. The amount of voltage induced is controlled by
the strength of the magnetic field, and the frequency
or hertz is controlled by the speed of the rotation of
the magnet. Because the windings of the stator are

oL,

——O L,

Figure 5-3

Wye or star connection. (Source: Delmar/Cengage Learning)
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Figure 5-2
The windings of an alternator are 120° apart.

(Source: Delmar/Cengage Learning)

physically wound 120° apart, the three voltages are
120° out of phase with each other. The windings of
the stator are connected to form one of the two basic
three-phase connections. These connections are the
delta and wye.

WYE CONNECTION

The wye connection is also referred to as the star
connection. This connection is made by joining one
end of each of the windings together as shown in
Figure 5-3. The connection shown in Figure 5—4
is a wye connection that has been drawn schemati-
cally to make it easier to see and understand. Notice
how one end of each of the windings is joined at
the centerpoint. The wye connection can be used
to provide an increase in the output or line voltage.
The phase voltage is the voltage produced across
one of the windings. The line voltage is the voltage
produced across the output points of the connec-
tion. Figure 5-5 shows a wye connection connected
to a three-phase load bank. Ammeters and voltme-
ters are used to illustrate the differences between
phase values and line values. Notice that the phase
value of voltage is measured from the output of
the winding, at point C, to the centerpoint of the wye

O L1

O L2

O L3
Figure 5-4

Schematic of a wye connection. (source: Delmar/Cengage Learning)
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Bo

PHASE
CURRENT
10 AMPS

PHASE
VOLTAGE
120

(a)
N\

LINE CURRENT

10 AMPS

LINE
VOLTAGE

208 §

Figure 5-5

Phase and line values of a wye connection. (Source: Delmar/Cengage Learning)

connection at the point labeled O. The line value is
measured across two of the output points of the con-
nection (B&C). The phase current meter is inserted
in the winding of the alternator, and the line current
meter is inserted in the output line. Notice also that
the two ammeters are indicating the same value of
current. In a wye connection, phase current and line
current are equal. The voltages, however, are not.
The line voltage in a wye connection is 1.732 times
greater than the phase voltage (1.732 is the square
root of 3). The reason for this voltage increase is
that the voltages are 120° out of phase with each
other. Figure 5—6 shows a diagram to illustrate this.
Because the three voltages are out of phase with
each other, they will be added. Vector addition must
be used, however, because of the 120° phase shift.
If three voltages are shown in a length that corre-
sponds to 120 volts, and a resultant is drawn to the
point of intersection, it will be found that the length
of the resultant corresponds to 208 volts. The 120°
phase shift between voltages is the reason the two
120-volt phases add to produce 208 volts instead
of 240 volts.

Wye-connected systems often use a fourth con-
ductor connected to the center of the connection.
This conductor becomes the neutral, Figure 5-7.
Notice in this connection that the voltage between
any line and neutral is the phase voltage or 120 volts,

/

20 20 ~

208

120°

oct

\

Figure 5-6
Vector diagram of the phase and line values in a three-
phase system. (source: Delmar/Cengage Learning)

and the voltage between any two of the lines is
208 volts. The 208/120-volt three-phase connec-
tion is very common in industry and commer-
cial buildings. Another very common three-phase
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° o oL,
120 ‘ 208
® O L,
120 @/)208
@ O N
120 208
Figure 5-7
Fourth wire connected for a neutral.
(Source: Delmar/Cengage Learning) e @ O L3
O Ll -0 L 1
OL2
-Q L,
O N
OLs Ols

Figure 5-8
A 480/277‘VO|1’ connection. (Source: Delmar/Cengage Learning)

four-wire connection is shown in Figure 5-8. This is
a 480/277-volt connection. Two hundred seventy-
seven volts is often used in large stores and office
buildings to operate the fluorescent lights while the
480-volt is used to operate large air conditioning
systems. The 120-volt connections are provided
by transformers that step down the 480 volts to
120volts.

DELTA CONNECTION

The next connection to be covered is the delta. A
schematic diagram of a delta connection is shown
in Figure 5-9. This connection gets its name from
the fact that it looks like the Greek letter delta (A).

Figure 5-9

The delta connection. (source: Delmar/Cengage Learning)

Figure 5-10 shows a delta system connected to a
three-phase load bank. Ammeters and voltmeters
are used to illustrate the differences in phase and
line values of voltage and current. Notice that
the values of phase voltage and line voltage are
equal for the delta connection. One of the rules
for three-phase systems states that line voltage and
phase voltage are equal in a delta connection. The
ammeters, however, are not equal. In a delta con-
nection, the line current is 1.732 times greater than
the phase current. This is the reason that the delta
connection is so popular in industry. The current
flow through the windings of a transformer are
less than the line amps if the transformer bank is
connected in delta.
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PHASE
CURRENT
10 AMPS

Figure 5-10
Voltage and current relation-
ships in a delta connection.

|NE CURRENT

PHASE VOLTAGE
440

LOAD

LINE
VOLTAGE
440

17.32 AMPS

(Source: Delmar/Cengage Learning)

HIGH-LEG SYSTEM

Figure 5-11 illustrates another common type of
transformer connection. This is a 240/120-volt
system with a high-leg. Three transformers are
connected to form a delta connection. One of the
transformers is larger than the other two, however,
and is center tapped. The large transformer must
be able to supply power for both three-phase and
single-phase loads. The other two transformers sup-
ply power for the three-phase loads only. If the phase
voltage of the transformers is 240 volts, the voltage
between any of the three lines is 240 volts. If the
center-tap connection is used as a neutral conduc-
tor, however, the voltages between L2 and neutral,
and L3 and neutral will be 120 volts. Therefore, 1.2,

20 kVA

Figure 5-11
High-leg system. (source: Delmar/Cengage

L3, and neutral are used to supply 240/120 volts for
single-phase loads. Care must be taken not to con-
nect a 120-volt device across L1 and neutral. Line
L1 is known as a high leg and a voltage of about
208 volts exists between these two points.

OPEN-DELTA SYSTEM

Another type of three-phase service is known as
the open delta. The open-delta system has
the advantage of needing only two transformers
to provide three-phase voltage. This connection is
often used when the amount of three-phase power
needed is low, or if the power needs are expected to
increase in the future. The open-delta connection,
however, does have some disadvantages. The total

HIGH LEG

20 kVA
208 240

® oL,

240

Learning)

5
120
. o N
@120 240
oL,
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25 KVA 42 KVA TOTAL
oLz
25 kVA
OLs
Figure 5-12

Open-deho sysfem. (Source: Delmar/Cengage Learning)

output power is only 84% of the combined rating
of the transformers. If the two transformers shown
in Figure 5-12 each have a power rating of 25 kVA
(kilovolt amps), the total delivered power of this
connection is only 42 kVA (25 + 25 = 50) (50 X
84% = 42).If at a later date the power requirements
increase, a third transformer can be added to close
the delta. The total output power of this connection
is the combined rating of all three transformers. In
this case it will be 75 kVA (25 + 25 + 25 = 75).

SINGLE-PHASE SERVICE

A single-phase 240/120-volt system can be
obtained by connecting a single transformer to two
lines of a three-phase system. The primary of the
transformer shown in Figure 5-13 is connected to
two of the three-phase lines of the power company.

UNIT 5 Electrical Services 55

3-PHASE LINE

PRIMARY
TRANSFORMER
SECONDARY

L J

120 120
NEUTRAL

—0

o 240 o

L, L,

Figure 5-13

Single-phase transformer. (source: Delmar/Cengage Learning)

The secondary voltage of the transformer is
240 volts. The secondary winding of the trans-
former is center tapped. The center tap is grounded
and becomes the meutral conductor. If the volt-
age across the entire secondary is measured, it will
be 240 volts. If the voltage between either of the
secondary leads is measured to the center tap, it
will be 120 volts. The reason this is true for single-
phase and not three-phase is that the voltages of the
single-phase system are in phase with each other,
Figure 5-14. Because the transformer center tap

PRIMARY

Figure 5-14
The voltages across the winding of the second-
ary of the single-phase transformer are in -

120 - 120 —— ]
- +] - +
NEUTRAL
< 240 =

phqse with each other. (source: Delmar/Cengage Learning)
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is the neutral conductor, it will be 120 volts more
positive than one side of the secondary winding and
120 volts more negative than the other side of the
secondary winding at a particular point in time.
Because these two vectors are in phase or are in
the same direction, they will produce a total voltage
of 240 volts.

PANEL BOX

Regardless of the type of service used, connec-
tion will be made at a fuse or circuit-breaker
box. Figure 5-15 shows a 150-amp single-phase
circuit-breaker panel. Circuit breakers are made in
different sizes and types. Figure 5-16 shows three
different types of circuit breakers. The single-pole
brealker is used for connecting a 120-volt circuit,
the two-pole brealker is used for connecting a
240-volt single-phase circuit, and the three-pole
brealker is used for connecting a three-phase
circuit. The three-pole breaker must be used with
a three-phase circuit-breaker panel and cannot be
used in a single-phase panel.

Figure 5-15
1 50*0mp sing|e*phase pone|. (Source: Delmar/Cengage Learning)

Figure 5-16
Single-pole, double-pole, and three-pole
circuit breakers. (source: Delmar/Cengage Learning)

When a 120-volt connection is to be made,
cable is brought into the panel. A two-conductor
romex cable contains three wires—a black,
white, and bare copper. The bare copper wire is the
grounding wire or safety wire and is not considered
a circuit conductor. Only the black and white wires
are considered to be circuit conductors. The black
wire is used as the “hot” conductor and the white
wire is used as the neutral. Figure 5-17 shows a
120-volt single-phase circuit connected into the
panel box. Notice that the black wire is connected
to the circuit breaker, and the white wire is con-
nected to the neutral bus. Notice also that the bare
copper wire is connected to the neutral bus with
the white wire.

When a 240-volt connection must be made, a
two-pole circuit breaker is used. If the connection
is to use only two-circuit conductors as shown in
Figure 5-18, the black wire connects to one pole of
the two-pole breaker. The National Electrical Code®
does not permit a white wire to be used as a hot
circuit conductor. For this reason the wire must
be identified by wrapping a piece of colored tape
around it. The tape can be any color except white,
gray, or green. Black or red tape is generally used.
The identified conductor is then connected to the
other pole of the two-pole breaker. The bare copper
wire is connected to the neutral bus.

If a 240-volt three-wire circuit is to be connected
to the panel, a three-conductor cable is used. The
three-conductor cable contains four wires—a black,
red, white, and green. The green is the grounding or
safety wire and is not considered a circuit conductor.
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Figure 5-17
120-volt single-phase
connection. (Source: Delmar/
Cengage Learning)

Figure 5-18
240-volt single-phase two-wire
connection. (Source: Delmar/Cengage

Learning)

Figure 5-19 shows a 240-volt three-wire connec-
tion. The black and red wires are connected to the
two poles of the circuit breaker. The white and green
wires are connected to the neutral bus.

When a three-phase panel connection is made, a
three-pole circuit breaker is used. There may or may
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not be a neutral depending on the type of circuit.
For example, a 208/120-volt connection would
use a fourth wire connected to the neutral bus. A
440-volt straight, three-phase connection would
use only three conductors connected to a three-pole
breaker.
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Figure 5-19

240-volt single-phase three-
wire connection. (Source: Delmar/
Cengage Learning)

FUSES

Circuit breakers are not the only means used to
provide circuit protection. Fuses are still used to
a great extent. Fuses are rated in two ways—Dby
voltage and current. The voltage rating of a fuse
indicates the amount of voltage the fuse is designed
to interrupt without arcing across. Although fuses
can be obtained that have ratings of several thou-
sand volts, the most common fuses used in the air
conditioning field are 250 volt and 600 volt. The
600-volt fuse is longer to provide a greater distance
between the two contact ends if the fuse link should
blow. The extra length is needed at higher voltages
to prevent arc-over.

Figure 5-20 shows a type of fuse that uses a
replaceable link. When this fuse blows, the fuse car-
tridge can be taken apart and the fuse link replaced.
This type of fuse is more expensive to purchase, but
it could be a savings if the fuse has to be replaced
frequently.

Fuses used for circuit protection are made in
standard ampere ratings. Figure 5-21 shows these
ratings as taken from the National Electrical Code®.
Fuses for air conditioning and refrigeration equip-
ment are normally sized at 175% of the rated full-
load current of the motor. If this does not permit the
motor to start, however, compressors can be fused

Figure 5-20

Rep|oce0b|e-|ink type OF fuse. (Source: Delmar/Cengage Learning)

as much as 225% of their full-load running current.
If the fuse size needed does not correspond with one
of the standard fuse sizes, the next smaller size fuse
will have to be used. For example, assume it has
been determined that a fuse rating of 130 amps is
needed. The standard ratings chart for fuses shown
in Figure 5-21 does not list a 130 amp fuse. There-
fore, the closest standard rating less than 130 amps
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(A) Fuses and Fixed-Trip Circuit Breakers. The standard ampere ratings for fuses
and inverse time circuit breakers shall be considered 15, 20, 25, 30, 35, 40, 45, 50, 60,
70, 80, 90, 100, 110, 125, 150, 175, 200, 225, 250, 300, 350, 400, 450, 500, 600, 700,
800, 1000, 1200, 1600, 2000, 2500, 3000, 4000, 5000, and 6000 amperes. Additional
standard ampere ratings for fuses shall be 1, 3, 6, 10, and 601. The use of fuses and
inverse time circuit breakers with nonstandard ampere ratings shall be permitted.

Figure 5-21

Standard fuse ratings. (Reprinted with permission from NFPA 70™, National Electrical Code®. Copyright 2008, National
Fire Protection Association, Quincy, MA 02269. This reprinted material is not the official position of the

National Fire Protection Association, which is represented by the standard in its entirety. National Electrical Code® and
NEC® are registered trademarks of the National Fire Protection Association, Inc., Quincy MA 02269).

is 125 amps. A 125-amp fuse will be used. Notice
that fuses can be sized as much as 225% of the full-
load current of the compressor. Fuses are sized this
much above the running current of the motor to
permit the fuse the ability to withstand the starting
current of the motor. Fuses are designed to protect
the circuit against short circuits; they are not used
to protect the motor from overloads.

Overload protection for the motor is provided by
the overload relay, which will be covered later, or by
dual-element time delay fuses. Dual-element time
delay fuses are designed to provide both types of pro-
tection. Figure 5-22 illustrates a dual-element time
delay fuse. The fuse link is designed to open quickly
in the event of a short circuit. Short circuit cur-
rents are generally several hundred times the rating

Solder

Fuse element

of the fuse. The fuse link is also designed to allow
some amount of overload for a short period of time.
This time delay permits the motor to start without
opening the fuse link. The overload protection is pro-
vided by a solder link. The solder is intended to melt
at a specific temperature and a spring is used to pull
the link apart. Although the motor starting current
is greater than the overload protection would per-
mit, it takes time for the solder to melt, permitting
the motor to start.

FUSED DISCONNECTS

Fused disconnects provide both a disconnect switch
and fuse holders. Figure 5-23 shows a fused discon-
nect used for three-phase circuits. Fused disconnects,

Spring

Figure 5-22

Dua|-e|emenf ﬁme'dela)’ FUSe. (Source: Delmar/Cengage Learning)
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60 SECTION 1 Basic Electricity

Figure 5-23
Three-phose Fusec| disconnect. (Source: Delmar/Cengage Learning)

like fuses, have standard ratings. The standard sizes
for fused disconnects are shown in Figure 5-24.
The rating of the disconnect indicates the maximum
size of fuse that can be used in that enclosure. For
example, assume the 125-fuse discussed earlier in
this unit is to be mounted in a disconnect. Because
the fuse size is greater than 100 amps, it cannot be
mounted in a 100-amp enclosure. The next stan-
dard size enclosure is 200 amps. The 125-amp fuses
will have to be mounted in a 200-amp disconnect.
When servicing equipment, it is often necessary
to turn off the power to the equipment. When this is

STANDARD DISCONNECT SIZES

30 amp
60 amp
100 amp
200 amp
400 amp
600 amp
1,000 amp
1,200 amp
1,600 amp
2,000 amp
3,000 amp
4,000 amp
5,000 amp
6,000 amp

Figure 5-24

Standard disconnect sizes. (Source: Delmar/Cengage Learning)

necessary, certain precautions should be taken by
the service technician. Remember that your life is
your own and do not trust someone else not to turn
the circuit back on while it is being serviced. Most
industries provide a tag that is hung on the discon-
nect while it is being serviced. A paper tag, however,
cannot stop someone from turning the power back
on. For this reason, a small padlock should be used
to lock the disconnect in the off position. If a lock
is not available, the fuses should be removed with
fuse pullers. There is no such thing as being too safe
when working with high-voltage electricity.

____ psummary

® The electric power in the United States and Canada is generated as three phase with a

frequency of 60 Hz.

® The voltages of a three-phase system are 120° out of phase with each other.

® The two basic types of three-phase connections are the wye and delta.

® In a wye-connected system, the line voltage is greater than the phase voltage by a factor

of the V3 (1.732).
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® In a wye-connected system, the line current and phase current are equal.
® In a delta-connected system, the line voltage and phase voltage are equal.

® In a delta-connected system, the line current is greater than the phase current by a factor

of V3.

® Some delta-connected systems can produce a high-leg that has one phase with a voltage
that is 1.732 times greater than the other two-phase voltages.

® Open-delta systems use only two transformers.

® In an open-delta system, the total kKVA capacity is only about 84% of the combined kVA
capacity of the two transformers.

® Single-phase services produce voltages that are 180° out of phase with each other.

® Single-phase services generally provide a 120/240-volt connection by grounding the cen-
ter tap of a transformer secondary and using it as a neutral conductor.

® A single-pole circuit breaker is used to provide power to a 230-volt circuit.
® A two-pole circuit breaker is used to provide power to a 240-volt circuit.

® A three-pole circuit breaker is used to provide power to a three-phase circuit.
® Fuses are sometimes used instead of circuit breakers.

® Section 240.6 of the National Electrical Code® lists standard sizes of fuses and circuit

breakers.
_)> REYTERMS
alternator neutral three phase
arc-over open-delta system three-pole breaker
circuit breaker rotor two-conductor
delta single-phase romex
fuse single-pole breaker two-pole breaker
hertz star wye
high-leg stator

_)> REVIEW questions

1. What is an alternator?
2. What controls the output voltage of an alternator?
3. What controls the frequency of the alternator?

4. How many degrees out of phase with each other are the voltages of a three-phase
system?

5. What are the two major types of three-phase connections?

6. List the rules concerning line and phase values of current and voltage in a wye
connection.
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7. List the rules concerning line and phase values of current and voltage in a
delta connection.

8. In a high-leg delta-connected system, what is the voltage between the high leg
and neutral?

9. What type of three-phase transformer connection uses only two transformers?
10. How many degrees out of phase are the voltages of a single-phase system?

11. A two-conductor romex cable contains three wires. Which wire is not counted
and why.

12. What type of circuit breaker is used to make a 240-volt connection?
13. Where does the grounding conductor connect in a panel?
14. In what two electrical units are fuses rated?

15. It has been calculated that a 290-amp fuse is needed to protect the circuit supplying
an air conditioning compressor. What standard rating of fuse should be used?

16. What size fuse disconnect will be used for the fuse in question 15?
17. What is a dual-element fuse?
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Wire Size
and Voltage

Drop

OBJELTIVES
After studying this unit the student should
be able to:
List factors that determine wire
resistance
Determine the resistance of a piece
of wire
Use the National Electrical Code® to
determine wire size

Test an installation of excessive voltage
drop on the conductors

When installing air conditioning equipment it is
important to use the proper size wire. If wire is used
that is larger than needed, it is an unnecessary
expense. If wire is used that is too small, it will cause
excessive voltage drop and damage the equipment.

WIRE RESISTANCE

Most people think of wire as having zero resistance.
In fact, many electrical calculations are made that
assume the resistance of the wire is so little that it is
negligible. In actual practice, however, all wire has
resistance. There are four factors that determine the
resistance of a piece of wire. The factors are:

1. The diameter of the wire.

2. The material the wire is made of.

3. The length of the wire.

4. The temperature of the wire.
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Less Current

Figure 6-1
Larger wire
can carry more
current. (Source:
Delmar/Cengage
Learning) More Current

AREA

The cross-sectional area of wire is measured in
circular mils. The circular mil area of a wire
can be found by finding the diameter_ of the wire in
thousandths of an inch (1 mil = ==+~ inch) and
squaring that number. (Squaring a number means
to multiply that number by itself.) For example,
assume a piece of wire is measured with a microme-
ter and is found to have a diameter of 8 thousandths
of an inch (.008). The circular mil area of the wire
is 64 (8 X 8 = 64). Notice that 64 is written as a
whole number, not a decimal number. A wire that
has a diameter of .064 inch has a circular mil area
0f 4096 (64 X 64 = 4,096).

The circular mil area of stranded wire is deter-
mined by finding the area of one of the strands and
then multiplying by the number of strands. For
example, assume that a wire has 24 strands of wire
that are .012 inches in diameter. The area of one
wire is 144 CM (circular mils). The entire conductor
has a circular mil area of 3,456 CM (144 X 24 =
3,456). Large wire is generally stranded to make it
easier to bend.

The larger the diameter of a wire, the less resis-
tance it will have and the more current it can carry,
Figure 6-1. Current flowing through a wire is very
similar to water flowing through a pipe. A large wire
can carry more current at a specific voltage than a
small wire. A large pipe can carry more water at a
specific pressure than a small pipe.

MATERIAL

A standard measurement used for finding the resis-
tance of wire is the mil-foot. A mil-foot of wire

> ©®

te

More Water

is a piece of wire one circular mil in diameter and
one foot long. If the resistance of a mil-foot of differ-
ent types of wire is found, a mathematical formula
can be used to determine the resistance of different
types, sizes, and lengths of wire. This formula is:

R=KxL/CM

Where: K = the ohms per mil-foot of the wire.
L = the length of the wire in feet.
CM = the circular mil area of the wire.

The table in Figure 6-2 gives the resistance of dif-
ferent types of wire in ohms per mil-foot. Using the
table shown in Figure 6-3, the diameter and circu-
lar mil area for different sizes of wire can be found.

K = OHMS RESISTANCE PER MIL-FOOT
(AT 70°F)

Aluminum 17
Brass 42
Cadmium Bronze 12
Copper 10.4
Copperclad Aluminum (20% Cu) 15.2
Copperweld 26-34
Iron 60
Nichrome 600
Silver 9.6
Steel 75
Tungsten 88
Figure 6-2

Larger wire can carry more current. (Source: Delmar/
Cengage Learning)
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Ohms per 1000 Ft. Pounds per 1000 Ft.
(ohms per 100 meters) (kg per 100 meters)
B&S Diam. Areain Copper * Copper ~ Aluminum
Gauge in Circular o o o o o o Copper Aluminum
No. Mils Mils 68°F (20°C) 167°F (75°C) 68°F (20°C)
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 (14.4)
1 289 83,690 0.1239 (0.0406) 0.151 (0.049) 0.203 (0.066) 253 (37.6) 769 (11.4)
2 258 66,370 0.1563 (0.0512) 0.191 (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 41,740 0.2485 (0.0815) 0.302 (0.099) 0.408 (0.134) 126 (18.7) 384 (5.71)
5 182 33,100 03133 (0.1027) 0.381 (0.125) 0.514 (0.168) 100 (14.9) 304 (4.52)
6 162 26,250 0.395 (0.129) 0.481 (0.158) 0.648 (0.212) 79.5 (11.8) 241 (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 16,510 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) 396 (5.89) 120 (1.78)
10 102 10,380 0.999 (0.327) 1.215 (0.398) 1.64 (0.538) 314 (4.67) 9.55 (1.42)
1 91 8,234 1.260 (0.413) 1.532 (0.502) 207 (0.678) 249 (3.70) 7.57 (1.13)
12 81 6,530 1.588 (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) 3.29 (1.08) 15.7 (2.33) 4.80 (0.71)
14 64 4,107 2.525 (0.828) 3.07 (1.01) 4.14 (1.36) 124 (1.84) 3.80 (0.56)
15 57 3,257 3.184 (1.044) 3.98 (1.27) 5.22 (1.71) 9.86 (1.47) 3.00 (0.45)
16 51 2,583 4016 (1.317) 4.88 (1.60) 6.59 (2.16) 7.82 (1.16) 240 (0.36)
17 453 2,048 5.06 (1.66) 6.16 (2.02) 831 (2.72) 6.20 (0.922) 1.90 (0.28)
18 40.3 1,624 6.39 (2.09) 77 (2.55) 10.5 (3.44) 4.92 (0.713) 1.50 (0.22)
19 359 1,288 8.05 (2.64) 9.79 (3.21) 13.2 (433) 3.90 (0.580) 1.20 (0.18)
20 32 1,022 10.15 (3.33) 1235 (4.05) 16.7 (5.47) 3.09 (0.459) 0.94 (0.14)
21 285 810 12.8 (4.2) 15.6 (5.11) 21.0 (6.88) 245 (0.364) 0.745 (0.11)
22 254 642 16.1 (5.3) 19.6 (6.42) 26.5 (8.69) 1.95 (0.290) 0.591 (0.09)
23 226 510 204 (6.7) 248 (8.13) 334 (10.9) 1.54 (0.229) 0.468 (0.07)
24 20.1 404 257 (8.4) 31.2 (10.2) 421 (13.8) 1.22 (0.181) 0.371 (0.05)
25 17.9 320 324 (10.6) 394 (12.9) 53.1 (17.4) 0.97 (0.14) 0.295 (0.04)
26 15.9 254 40.8 (13.4) 49.6 (16.3) 67.0 (22.0) 0.77 0.11) 0.234 (0.03)
27 14.2 202 515 (16.9) 62.6 (20.5) 84.4 (27.7) 0.61 (0.09) 0.185 (0.03)
28 126 160 64.9 (21.3) 789 (25.9) 106 (34.7) 0.48 (0.07) 0.147 (0.02)
29 1.3 126.7 81.8 (26.8) 99.5 (32.6) 134 (43.9) 0.384 (0.06) 0.117 (0.02)
30 10 100.5 103.2 (33.8) 125.5 (41.1) 169 (55.4) 0.304 (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) 199.5 (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 6.31 398 261 (86) 317 (104) 428 (140) 0.120 (0.02) 0.037 (0.01)
35 5.62 315 329 (108) 400 (131) 540 (177) 0.095 (0.01) 0.029
36 5 25 415 (136) 505 (165) 681 (223) 0.076 (0.01) 0.023
37 445 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 3.53 125 832 (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
4 -
42 25
43 o
44 1.97

* Resistance figures are given for standard annealed copper. For hard-drawn copper add 2%

Figure 6-3

American Wire Gouge f0b|e. (Source: Delmar/Cengage Learning)
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PROBLEM 1: What is the resistance of a piece of #18
AWG (American Wire Gauge) copper wire
400 feet long?

SOLUTION: First, state the formula to be used.

_KxL
M

Second, substitute known numeric values in the
formula. The value of K can be found in the table
shown in Figure 6-2. The K value for copper is
10.4. The CM area of #18 AWG wire can be found
from the chart in Figure 6—3. The circular mil area
of #18 AWG wire is 1624 CM. If these values are
substituted in the formula for letters, the formula
will be:

R= 10.4 x 400
1624
_ 4160
R= 1624
R = 2.56 ohms

PROBLEM 2: What is the resistance of a piece of #12
AWG aluminum wire 250 feet long?

soLuTion:
_Kxl
R= M
R = 17 < 250
6530
p _ 4250
6530
R = .6508 ohms
TEMPERATURE

The resistance of a piece of wire is also affected
by temperature. As the temperature increases,
the resistance of wire increases also. Notice that
the charts in Figures 6—2 and Figure 6-3 state the
resistance of wire at a specific temperature. Most
wire tables will provide some means for determin-
ing the resistance of wire as temperature increases.
Figure 6—4 shows Table 310.16 of the National Elec-
trical Code®. Notice that at the bottom of the table
ampacity correction factors are given.

INSULATION

The type of imsulation around the wire also
partly determines the amount of current the wire
is permitted to carry. Some types of insulation can
withstand more heat than others, and are, there-
fore, permitted to carry more current. For example,
in Table 310.16, the type of wire insulation is listed
at the top of each column. Notice the different tem-
perature ratings for the types of insulation listed.
Also notice the amount of current a wire is permit-
ted to carry for different types of insulation. Find a
#2 AWG conductor on the far left-hand side of the
wire table. Notice the different amounts of current
this conductor is permitted to carry with different
types of insulation.

VOLTAGE RATING

Wire also has a voltage rating. The voltage rating
of wire has nothing to do with the type of material
the wire is made of or its diameter. The voltage rat-
ing is determined by the type of insulation. Most wire
used in industry has a voltage rating of 600 volts.
The amount of voltage the insulation can effectively
hold off is determined by the material the insulation
is made of and its thickness.

SIZING CONDUCTORS
FOR HERMETICALLY
SEALED COMPRESSORS

Requirements for the installation of hermetically
sealed compressors are covered in Article 440 of
the National Electrical Code®. Note that this sec-
tion covers hermetically sealed units only and does
not apply to separate motor and compressor units.
NEC® Section 440.6(A) states that the rated-load
current marked on the nameplate of the equipment
is to be used in determining the rating or ampacity
of the disconnecting means, branch circuit conduc-
tors, controller, fuses or circuit breakers, ground
fault protection equipment, and overload protec-
tion. If the rated-load current is not shown on the
equipment nameplate, the rated load current shown
on the compressor is to be used. Note the difference
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Table 310.16 Allowable Ampacities of Insulated Conductors Rated 0 Through 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 310.13.)
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, MI, RHH, Types TBS, SA, SIS,
RHW-2, THHN, THHN, THHW,
Types RHW, THHW, THW-2, Types RHW, THW-2, THWN-2,
THHW, THW, THWN-2, USE-2, THHW, THW, | RHH, RHW-2, USE-2,
THWN, XHHW, XHH, XHHW, Types THWN, XHH, XHHW,
Types TW, UF USE, ZW XHHW-2, ZW-2 TW, UF_| XHHW, USE XHHW-2, ZW-2
Size AWG or Size AWG or
kemil COPPER ALUMINUM OR COPPER-CLAD ALUMINUM kemil
18 — — 14 — — — —
16 — — 18 — — — —
14* 20 20 25 — — — —
12* 25 25 30 20 20 25 12*
10* 30 35 40 25 30 35 10*
8 40 50 55 30 40 45 8
6 55 65 75 40 50 60 6
4 70 85 95 55 63 75 4
3 85 100 110 65 75 85 3
2 95 115 130 75 90 100 2
i 110 130 150 85 100 115 1
1/0 125 150 170 100 120 135 1/0
200 145 175 195 115 i35 150 210
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
300 240 285 320 190 230 255 300
350 260 310 350 210 250 280 350
400 280 335 380 225 270 305 400
500 320 380 430 260 310 350 500
600 355 420 475 285 340 385 600
700 385 460 520 310 375 420 700
750 400 475 535 320 385 435 750
800 410 490 555 330 395 450 800
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 520 625 705 435 520 585 1500
1750 545 650 735 455 545 615 1750
2000 560 665 750 470 560 630 2000
CORRECTION FACTORS
Ambient Temp. | For ambient temperatures other than 30°C (86°F), multiply the allowable ampacities shown above by the appropriate | Ambient Temp.
(°C) factor shown below. (°F)
21-25 1.08 1.05 1.04 1.08 1.05 1.04 70-77
26-30 1.00 1.00 1.00 1.00 1.00 100 78-86
31-35 0.91 0.94 0.96 0.91 0.94 0.96 87-95
3640 0.82 0.88 091 0.82 0.88 091 96-104
4145 0.71 0.82 0.87 0.71 0.82 0.87 105-113
46-50 0.58 0.75 0.82 0.58 0.75 0.82 114-122
51-55 0.41 0.67 0.76 041 0.67 0.76 123131
56-60 — 0.58 071 - 0.58 0.71 132-140
61-70 — 0.33 0.58 — 0.33 0.58 141-158
T1-80 —_ — 0.41 — — 0.41 159-176

* See 240.4(D).

Figure 6-4

(Reprinted with permission from NFPA 70™, National Electrical Code®, Copyright 2008, National Fire Protection Asso-
ciation, Quincy, MA 02269. This reprinted material is not the official position of the National Fire Protection Association,
which is represented by the standard in its entirety. National Electrical Code® and NEC® are registered trademarks of
the National Fire Protection Association, Inc., Quincy, MA 02269).

between the equipment nameplate and compressor NEC® Section 440.6(A) Ex. 1 states that where
nameplate. The equipment nameplate is generally so marked, the branch circuit selection current shall
shown on the unit itself, Figure 6—5. The compres- be used instead of the rated load current to deter-
sor nameplate is located on the compressor. mine the rating or ampacity of the disconnecting
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Figure 6-5
Equipment nomep|ate. (Source: Delmar/Cengage Learning)

means, branch circuit conductors, controller, short
circuit protective device, and ground fault protec-
tive device. NEC® Section 440.32 states that for a
single motor compressor, the branch circuit con-
ductors shall have an ampacity not less than 125%
of either the motor compressor rated load current
or the branch circuit selection current, whichever
is greater. As a general rule the branch circuit
selection current will be greater than the compres-
sor rated load amps because the selection current
includes any indoor and/or outdoor fans.

Termination Temperature

Another factor that must be taken into consider-
ation is the temperature rating of different termina-
tions. The termination is the point of attachment
for conductors such as circuit breakers, disconnects,
switches, and so forth. NEC® Section 110.14(C) basi-
cally states that the temperature rating of the termi-
nation cannot be exceeded. Although a wire with a
higher temperature rating may be used, the ampacity
of the wire must be selected on the basis of the lowest
temperature rating in the circuit. Type THHN insula-
tion has a temperature rating of 90°C, but assume

that it is connected to a device with a temperature
rating of 75°C. The ampacity of the wire would have
to be selected on the basis of 75°C, not 90°C.

Occasionally the temperature rating of a device
will be listed on the device or in the manufacturer’s
literature, but as a general rule it is not known. For
this reason, the National Electrical Code® states that
conductors for circuits rated at 100 amperes or less
will be selected from the 60°C column, and con-
ductors rated over 100 amperes are to be selected
from the 75°C column. An exception to this is if the
insulation type is rated less than 75°C as is the case
with type TW and UF. If either of these two types of
insulation are employed, the ampere rating of the
conductor must be determined from the 60°C col-
umn regardless of the circuit current.

EXAMPLE

Assume that an equipment nameplate lists the rated
load amps (RLA) of the compressor at 14.8 amps
and the circuit selection current at 22 amps. To
determine the correct conductor size for this unit,
multiply the larger of the two rating by 125%.

22 X 1.25 = 27.5 amps

The next step is to determine the conductor size from
NEC® Table 310.16. 1t will be assumed that cop-
per conductors with type THWN insulation will be
used for this installation. Although THWN insula-
tion is located in the 75°C column, the conductor
size will be selected from the 60°C column because
the total circuit current is less than 100 amperes.
Table 310.16 indicates a #10 AWG conductor is the
closest size without going under 27.5 amperes. A #10
AWG conductor will be used for this installation.

The National Electrical Code® also requires that a
disconnecting means be located within sight from
and readily accessible to the air conditioning or
refrigeration equipment, Figure 6—6. The NEC® does
permit the disconnect to be installed on or within
the equipment provided it is not installed on a panel
that is designed to allow access to the equipment.
The disconnect may be located away from the air
conditioning or refrigeration equipment provided
there is a working clearance of at least 30 inches
to allow service accessibility. This is to enable the
service technician to disconnect power from the unit
without having to enter the building to find the main
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Figure 6-6

A disconnecting means must

be located in sight of the
COMPIessor. (Source: Delmar/Cengage Learning)

power panel. A typical disconnect used for air condi-
tioning service is shown in Figure 6-7.

TESTING FOR EXCESSIVE
VOLTAGE DROP

Testing a unit for excessive voltage can be done
with a voltmeter. First, test the voltage at the panel
with the unit turned off. Assume this voltage to be
240 volts. Next, start the air conditioning unit and
again check the voltage at the panel. If the voltage
remains unchanged, it is an indication that there is
no voltage drop at the panel and that all connections
for the part of the circuit are good. If there is exces-
sive voltage drop at the panel, it is an indication of
bad connections, or the service entrance is too small
for the load. For this example, assume the voltage
remains at 240 volts when the unit is turned on.
Next, check the voltage at the unit, Figure 6-8.
If there is a significant voltage drop at the unit, it
indicates that the wire size is too small and that too
much voltage is being used to push current through
the wire. This problem can be corrected by connect-
ing larger wires from the panel to the unit.

UNIT &6 Wire Size and Voltage Drop 69

INCOMING LINE——>
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Figure 6-7
Disconnect switch used for air conditioning equipment.

(Source: Delmar/Cengage Learning)
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Figure 6-8
Testing for voltage drop.

(Source: Delmar/Cengage Learning)

____ PsummeRy

® The resistance of wire is determined by four factors:

A. The diameter of the wire.
B. The material the wire is made of.
C. The length of the wire.
D. The temperature of the wire.
® The cross-sectional area of wire is measured in circular mils.
® Circular mil area is found by squaring the diameter of the wire.
® The standard measurement for wire resistance in the English system is the mil-foot.
® Different types of materials have different resistances per mil-foot.

® The wire tables in the National Electrical Code® are often used to determine the size wire
needed for a particular installation.

® The voltage rating of wire is determined by the type of insulation.

® Excessive voltage drop can be determined by measuring the voltage at the source and at
the load when the unit is in operation.

____ D KeVIERmsS

AWG (American Wire insulation termination
Gauge) mil-foot temperature
circular mils temperature voltage rating
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C) meview questons

1. Name four factors that determine the resistance of wire.

2. A wire has a diameter of .057 inches. What is its circular mil area?

3. What is a mil-foot of wire?

4. When the temperature of wire increases, does its resistance increase or decrease?
5. What determines the voltage rating of wire?

6. What two factors determine the amount of voltage rating a certain type of insulation
will have?

7. How much resistance does 75 feet of #24 AWG wire have?

8. If a current of 4 amps flows through the wire in question 7, how much voltage will be
dropped by the wire?
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OBJECTIVES

UNIT 7

After studying this unit the student should
be able to:

72

Discuss the voltage and current
relationship in an AC circuit containing
pure resistance and pure inductance

Discuss the properties of an inductive
circuit
Calculate values of inductive reactance

Calculate values of impedance in
circuit containing resistance and
inductance

Discuss true power, apparent power,
and reactive power

Discuss the power factor of an
alternating-current circuit

Inductance

Alternating-current circuits contain three basic
types of loads. These are (1) resistive, (2) inductive,
and (3) capacitive.

RESISTIVE CIRCUITS

The simplest of the AC loads is a circuit that con-
tains only pure resistance, Figure 7-1. In a pure-
resistive circuit, the voltage and current are in
phase with each other, Figure 7-2. Voltage and
current are in phase when they cross the zero line
at the same point, and have their peak positive and
negative values at the same time. A pure-resistive
circuit is very similar to a direct-current circuit in
the respect that true power or watts is equal to the
voltage times the current. Examples of pure-resistive
circuits are the heating elements of an electric
range, an electric hot-water heater, and the resistive
elements of an electric furnace.



) g

Figure 7-1

Pure-resistive circuit. (Source: Delmar/Cengage Learning)

VOLTAGE
————————— CURRENT

Figure 7-2
Current and voltage are in phase. (source: Delmar/Cengage

Learning)

INDUCTIVE CIRCUITS

An inductive circuit contains an inductor or coil as
the load instead of a resistor, Figure 7—3. The two
most common types of inductive circuits are motors
and transformers. Inductors are measured in units
called the henry. The unit of inductance is named
in honor of Joseph Henry, a physicist who studied
electricity. The electrical symbol for inductance is L.

Inductors differ from resistors in several ways.
One way is that the current of an inductor is not
limited by the resistance of the coil. When an induc-
tor is connected into an AC circuit and the volt-
age begins to rise from zero toward its peak value,
a magnetic field is created around the coil,
Figure 7—4. As the expanding magnetic field cuts
through the wires of the coil, a voltage is induced in
the coil. The voltage induced in a coil is always opposed
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Figure 7-3

A pure inductive circuit. (Source: Delmar/Cengage Learning)

™ «(3)

Magnetic field expands. (Source: Delmar/Cengage Learning)

-

»( 3)e

Figure 7-5
Mdgneﬁc Fleld co||0pses. (Source: Delmar/Cengage Learning)

to the voltage that creates it. As the applied voltage
begins to drop from its peak value back toward zero,
the magnetic field around the inductor begins to
collapse, Figure 7—5. Notice that the induced volt-
age is opposite in polarity to the applied voltage.
An induced voltage is 180° out of phase with the
applied voltage, Figure 7—6.
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APPLIED VOLTAGE —\‘ '/—INDUCED VOLTAGE

)
Figure 7-6

The induced voltage is opposed to
the applied voltage. (source: Delmar/Cengage

Learning)

Because the induced voltage is opposed to the
applied voltage, it will limit current flow through
the circuit just as resistance will. Although the
induced voltage of a coil will limit the current flow
“like” resistance, it is not resistance and cannot be
treated as resistance. The unit of measure used to
describe the current-limiting effect of an induced
voltage is reactance and is given the electrical
symbol X. Because this reactance is caused by an
inductance, it is called inductive reactance and
is given the electrical symbol X, (pronounced X sub
L). Inductive reactance is measured in ohms just as
resistance is.

The inductive reactance of a coil is determined by
two factors. These are:

1. The inductance of the coil.
2. The frequency of the applied voltage.

If these factors are known, a formula can be used to find
the inductive reactance of the coil. This formula is:

<
|

=2XTXFXIL
X = inductive reactance

the Greek letter Pi, which has a value

of 3.1416

F = the frequency of the AC voltage
L = the inductance of the coil in henrys

=
Il

EXAMPLE

In the circuit shown in Figure 7-7, a coil has an
inductance of .7 henrys, and is connected to a
120-volt, 60-Hz line. Find the current flow in the
circuit.

P—<
f'\ L = .7 HENRY
D |
E = 120 VOLTS
F =60Hz
I = __ AMPS
XL = __ OHMS
Figure 7-7

Current flow is limited by inductive reactance.

(Source: Delmar/Cengage Learning)

To solve the problem, the first step is to find the
amount of inductive reactance in the circuit.

X =2XnXFXIL

X =2 x3.1416 X 60 X .7
X = 263.9 ohms

Now that the inductive reactance of the coil is
known, the current flow in the circuit can be calcu-
lated. If the value of inductive reactance is used like
resistance, the formula to find current in a pure-
inductive circuit is [ = E/X,.

| = 120

263.9
| = .455 amps

VOLTAGE AND CURRENT
RELATIONS

As stated previously, the voltage and current in a
pure-resistive circuit are in phase with each other.
In a pure-inductive circuit, however, the cur-
rent lags behind the voltage by 90°, Figure 7-8.
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Figure 7-8

Current lags voltage by 90° in a pure inductive circuit.

(Source: Delmar/Cengage Learning)

In this type of circuit there is no true power or watts.
In a resistive circuit, the resistor limits the cur-
rent flow by converting the energy of the moving
electrons into heat. This conversion of one form of
energy into another represents a true power loss. In
an inductive circuit, the energy of the moving elec-
trons is stored in the magnetic field created around
the inductor. When the magnetic field collapses, this
energy is given back into the circuit. Notice that the
resistor used the electrical energy by converting it
into heat, but the inductor stored the energy and
then returned it to the circuit.

IMPEDANCE

In an alternating-current circuit that contains only
resistance, the current is limited by the value of the
resistor only. In this type of circuit the current flow
can be calculated using the Ohm’s law formula
I=E/R.

In an AC circuit that contains only inductance,
the current is limited only by the value of inductive
reactance. In this type of circuit, the current flow
can be calculated using the formula I = E/X,.

In a circuit like the one shown in Figure 7-9,
there are elements of both resistance and inductive
reactance contained in the same circuit. In this
type of circuit, it cannot be said that the current is
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R = 40 OHMS

Z = 50 OHMS XL = 300HMS

Figure 7-9
A series circuit containing resistance and inductance.

(Source: Delmar/Cengage Learning)

RESISTANCE (R)

INDUCTIVE
REACTANCE
(X)

IMPEDANCE (2)

Figure 7-10
Impedance is the sum of resistance and inductive
reactance. (Source: Delmar/Cengage Learning)

limited by resistance, because there is also induc-
tive reactance. It can also not be said that the
current is limited by inductive reactance because
of the resistance. Alternating-current circuits use
a different value to represent the total amount of
opposition to current flow in the circuit regard-
less of what type of components are found in the
circuit. This value is known as impedance and
is given the symbol Z.

The resistor and inductor in Figure 7-9 are con-
nected in series. Because these two components are
connected in series, they will be added. They can-
not be added in the normal way, however, because
the inductance is not in phase with the resistance.
Because inductive reactance is 90° out of phase with
resistance, the total amount of opposition to current
flow will be the value of the hypotenuse of the right
triangle formed by the resistance and inductive reac-
tance, Figure 7—10. To find the total value of imped-
ance in this circuit, the formula Z = \[R? + X? can be
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used. If the resistor has a value of 40 ohms and the
inductor has an inductive reactance of 30 ohms, the
impedance will be:

Z= R X

Z =+40% + 30

Z=+1600 + 90

Z = 2500

Z = 50 ohms
APPARENT POWER

In a direct-current circuit, the true power or watts
is always equal to the voltage multiplied by the cur-
rent because the current and voltage are never out
of phase with each other. This also is true for an AC
circuit that contains only pure resistance because
the voltage and current are in phase.

In a circuit that contains pure inductance, how-
ever, there is no true power or watts. In this type
of circuit, the voltage multiplied by the current
equals a value known as VARs, which stands for
Volt-Amps Reactive. VARs is often referred to
as wattless power.

The apparent power or volt-amps of an
AC circuit is the applied voltage multiplied by the
current flow in the circuit. The amount of apparent
power as compared to the true power or VARs is
determined by the elements of the circuit itself. In
the circuit shown in Figure 7-11, the amount of true

TRUE POWER (WATTS) 400

REACTIVE
POWER
(VSAOF;S) APPARENT POWER
{(VOLT-AMPS)
500
\
Figure 7-11

Volt-amps is the vector sum of watts and VARs.

(Source: Delmar/Cengage Learning)

power is 400 watts. The amount of reactive power
is 300 VARSs. The apparent power is 500 volt-amps.
Notice that the apparent power is found by adding
the watts and VARs together in the same manner
that the resistance and inductive reactance were
added to find the total value of impedance. Volt-amps
can be calculated by the formula:

Volt-amps = VW2 + VARs?

POWER FACTOR

The power factor of an alternating-current circuit
is a ratio of the apparent power compared to the true
power. Power factor is important because utility
companies charge industries large penalties for a
poor power factor. The power factor of the circuit
shown in Figure 7—11 can be found by:

W
PF =%
_ 400
P =500
PF=8
PF = 80%

Notice in this circuit, the power factor is 80%. This
means 80% of the load is resistive and 20% is reac-
tive. If the load is pure resistive, the power factor will
be 100% or umnity.

Utility companies become very concerned about
power factor because they must furnish the amount
of current needed to produce the volt-amp value.
The company, however, is charged by the amount
of true power or watts used. In this instance, if
the applied voltage is 120 volts, the utility com-
pany must supply 4.16 amps to operate the load
(500 volt-amps/120 volts = 4.16 amps). The actual
amount of current being used to operate the load,
however, is 3.33 amps (400 watts/120 volts =
3.33 amps). Because the air conditioning load is
often the major part of the electrical power con-
sumed by an industry or office building, power fac-
tor can become an important consideration to the
service technician.
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) summpRv

® In 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°.
® Inductive reactance (X,) is the current-limiting property of inductance.

® Inductive reactance is actually a counter voltage, which opposes the applied or line
voltage.

® Inductive reactance is proportional to two factors:
A. The inductance of the coil.
B. The frequency of the applied voltage.
® Inductive reactance is measured in ohms like resistance.

® Impedance (Z) is a measurement of the total current limiting effect in an alternating-
current circuit.

® Impedance is a combination of all current limiting properties of an AC circuit and is mea-
sured in ohms.

® True power is measured in watts.

® Watts is a measurement of the amount of electrical energy converted to some other form
such as heat or mechanical.

® VARs is a measure of the amount of power in a pure inductive circuit sometimes referred
to as wattless power.

® Apparent power or volt amperes (VA) is a combination of true power or watts and VARs.

® In an AC circuit, apparent power is determined by multiplying the applied voltage by the
circuit current.

® Power factor (PF) is a comparison of the amount of true power with the apparent power
in an alternating-current circuit.

® Power factor is measured in a percent.

_)> WeyTeRmMs

apparent power magnetic field unity

henry power factor VARs (Volt-Amps Reactive)
impedance pure-inductive circuit volt-amps

inductive reactance pure-resistive circuit

in phase reactance

B Revewquesmons

1. Name the three basic types of alternating-current loads.
2. What type of load always has its voltage and current in phase with each other?
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3. In a pure-inductive circuit, how many degrees out of phase is the current with the
voltage?

4. Does the current lead or lag the voltage in question 3?
5. What electrical value is used to measure inductance?
6. What is inductive reactance?

7. What electrical value is used to measure the total opposition to current flow in an
AC circuit?

8. What is power factor?
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Capacitance

OBJECTIVES

After studying this unit the student should
be able to:

Discuss the operating theory of
a capacitor

List the factors that determine the
amount of capacitance a capacitor will
have

Discuss the voltage and current
relationship in an AC circuit containing
pure capacitance

Discuss the voltage and current
relationship in an AC circuit containing
resistance and capacitance

Compute values of capacitive
reactance

Compute values of impedance for
circuits that contain both resistance
and capacitive reactance

Discuss power factor correction

Compute the amount of capacitance
needed fo correct the power factor of
a motor

Discuss different types of capacitors
and methods for testing

The third type of alternating-current load to be dis-
cussed is capacitance. A capacitor can be made
by separating two metal plates with an insulating
material, Figure 8—1. The insulating material used to
isolate the plates from each other is called the
dielectric. There are three factors that determine
how much capacitance a capacitor will have. These are:

1. The surface area of the plates.
2. The distance between the plates.

3. The type of dielectric material used between
the plates.

CHARGING A CAPACITOR

In Figure 8-2, the terminals of a capacitor have
been connected to a battery. Electrons are nega-
tive particles. Therefore, the positive terminal of
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//|~——— DIELECTRIC

Figure 8-1

PLATES<|7

A capacitor is made with two metal
plates separated by a dielectric.

(Source: Delmar/Cengage Learning)

_
[ [ [ ]
+
Figure 8-2 000000OC 00OCGOOOO
An electrostatic charge is stored in
the atoms of the dielectric. (source
Delmar/Cengage Learning) —

the battery attracts electrons from one plate of the
capacitor. The negative terminal of the battery will
cause electrons to flow to the other capacitor plate.
This flow of current will continue until the voltage
across the capacitor plates is equal to the battery
voltage. If the battery is disconnected, the capacitor
will be left in a charged state. CAUTION: It is the
habit of some people to charge a capacitor to a high
voltage and then hand the capacitor to another per-
son. While some people think this is comical, it is
an extremely dangerous practice. Capacitors have
the ability to supply an almost infinite amount of
current. Under certain conditions, a capacitor can
have enough power to cause a person’s heart to go
into fibrillation.

ELECTROSTATIC CHARGE

Notice the illustration of the atoms in the dielectric
material in Figure 8—2. When a capacitor has been
charged, the negative electrons of the dielectric
material are repelled from the negative plate of the
capacitor and attracted to the positive plate. This

causes the electron orbit of the atoms in the dielec-
tric to extend. This places the atoms of the dielectric
material in tension. This is known as dielectric
stress. Placing the atoms of the dielectric under
stress has the same effect as drawing back a bow and
arrow and holding it, Figure 8-3.

Figure 8-3
Dielectric stress is similar to drawing back a bow and
arrow, and ho|c|ing it. (Source: Delmar/Cengage Learning)
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The amount of dielectric stress is determined by
the voltage between the plates. The greater the volt-
age, the greater the dielectric stress. If the voltage
becomes too great, the dielectric will break down
and destroy the capacitor. This is the reason capaci-
tors have a voltage rating that must be followed.

The energy of a capacitor is stored in the dielec-
tric and is known as an electrostatic charge. It
is this electrostatic charge that permits the capacitor
to produce extremely high currents under certain
conditions. If the leads of a charged capacitor are
shorted together, it has the same effect as releasing
the drawn bow in Figure 8-3. The arrow will be
propelled forward at great speed. The same is true
for the electrons of the capacitor. When the elec-
tron orbits of the dielectric snap back, the electrons
stored on the negative capacitor plate are propelled
toward the positive plate at great speed.

CAPACITOR RATINGS

Capacitors are rated in units called the farad. The
farad is actually such a large amount of capacitance
it is not practical to use. For this reason a unit called
the micro-farad is generally used. A micro-farad
is one millionth of a farad. The Greek lowercase
letter mu is used to symbolize micro, p. The term
micro-farad is indicated by combining mu and low-
ercase f, pf. Because the letter mu is not included on
a standard typewriter, the term micro-farad is some-
times shown as uf or mf. All of these terms mean the
same thing.

Another term used is the pico-farad. This
termis used for extremely small capacitors found
in electronics applications. A pico-farad is one mil-
lionth of a micro-farad and is generally shown as
puf or pf.

When AC voltage is applied to a capacitor,
Figure 8—4, the plates of the capacitor are alter-
nately charged and discharged each time the cur-
rent changes direction of flow. When a capacitor
is charged, the voltage across its plates becomes
the same as this applied voltage. As the voltage
across the plates of a capacitor increases, it offers
resistance to the flow of current. The applied volt-
age must continually overcome the voltage of the
capacitor to produce current flow. The current in
a pure-capacitive circuit is limited by the
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Figure 8-4
A pure capacitive circuit. (Source: Delmar/Cengage Learning)

voltage of the charged capacitor. Because current
is limited by a counter voltage and not resistance,
the counter voltage of the capacitor is referred to as
reactance. Recall that the symbol for reactance is X.
Because this reactance is caused by capacitance, it
is called capacitive reactance and is symbol-
ized by X (pronounced X sub c).

The amount of capacitive reactance in a circuit is
determined by two factors. These are:

1. Frequency of the AC voltage.
2. The size of the capacitor.

If the frequency of the line and the capacitance rat-
ing of the capacitor are known, the capacitive reac-
tance can be found using the following formula:

_ 1
C 2xmx FxC

The value of capacitive reactance is measured in
ohms. In the formula to find capacitive reactance:

X. = Capacitive Reactance

m = The Greek letter Pi, which has a value
of 3.1416

F = Frequency in Hz

C = The value of capacitance in farads.
Because most capacitors are rated in
micro-farads, be sure to write the capaci-
tance value in farads. This can be done
by dividing the micro-farad rating by
1,000,000, or moving the decimal point
six places fo the left. Example: to change
a 50-pf capacitor to a value expressed in
farads, move the decimal point after the
50 six places to the left. This capacitor has
a value of .000050 farads.

www.EngineeringBooksPDF.com



82 SECTION 1 Basic Electricity

ET = 120
60 Hz J C = 10uf

Y -~
i = Xe = ___

Figure 8-5
Capacitive reactance limits current flow. (source: Delmar/

Cengage Learning)

EXAMPLE

Find the current flow in the circuit shown in
Figure 8-5.

Solution: To find the current flowing in this circuit,
the amount of capacitive reactance of the capacitor
must first be found.

_ 1
C 2xmxFxC

_ 1

X = 2 X 3.1416 x 60 x .000010
_ 1

X = 0037699

X_ = 265.2 ohms

Now that the capacitive reactance of the circuit is
known, the value of current can be found using the
formula: I = E/X..

|=_120
265.2
| = .452 amps

CURRENT FLOW IN A CAPACITIVE
CIRCUIT

Notice that a capacitor is constructed of two metal
plates separated by an insulator. One of the metal
plates is connected to one side of the circuit, and the
other metal plate is connected to the other side of
the circuit. Because there is an insulator separating
the two plates, current cannot flow through a capac-
itor. When a capacitor is connected into a direct-
current circuit, current will flow until the capacitor
has been charged to the value of the applied voltage,

TANK

TANK

Figure 8-6

Water flows in this system in a manner similar to the
way current flows in a capacitive circuit. (source: Delmar/
Cengage Learning)

and then stop. When a capacitor is connected into
an alternating-current circuit, current will “appear”
to flow through the capacitor. This is because the
plates of the capacitor are alternately charged and
discharged each time the current reverses direction.
To understand this concept better, refer to the water
circuit shown in Figure 8—6. In this illustration, a
water pump is connected to two tanks. The pump is
used to pump water back and forth between the two
tanks. When one tank becomes full, the direction
of the pump is reversed and water is pumped from
the full tank back into the empty tank. Notice that
there is no complete loop in this hydraulic circuit
for water to flow from one side of the pump to the
other, but water does flow because it is continuously
pumped from one tank to the other.

CURRENT AND VOLTAGE
RELATIONSHIPS

In a pure-capacitive circuit, the voltage and cur-
rent are out of phase with each other. Figure 8-7
shows that the current in a pure-capacitive circuit
leads the voltage by 90°. Because the voltage and
current are 90° out of phase with each other, there
is no true power or watts consumed in a pure-
capacitive circuit. The capacitor stores the energy
in an electro-static field, and then returns it to the
circuit at the end of each half cycle.

In the circuit shown in Figure 8-8, a resistor
and capacitor are connected in series with each
other. Since this circuit contains elements of both
resistance and capacitive reactance, the current is
limited by impedance. The impedance for a circuit
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VOLTAGE

————————— CURRENT

Figure 8-7
Current leads voltage by 90° in a pure capacitive
circuit. (Source: Delmar/Cengage Learning)

A

R = 8 OHMS

MU ) Z = 100HMs X¢ = 6 OHMS 1<

Figure 8-8

Impedance must be used to determine the current flow
in a circuit that contains resistance and capacitive
reactance. (Source: Delmar/Cengage Learning)

of this type can be found by using the formula
Z = \/R2 + X?. Notice this is the same basic for-
mula as the one used to find the impedance of a
circuit that contains both resistance and inductive
reactance. The impedance of the circuit shown in
Figure 8—8 can be found by the following:

7= JRoT X
Vs

Figure 8—9 shows a vector diagram of the circuit in
Figure 8-8.

UNIT 8 Capacitance 83

CAPACITIVE IMPEDANCE (2)
REACTANCE
{X¢)
RESISTANCE (R)
Figure 8-9

Impedance is the vector sum of R and X_.

(Source: Delmar/Cengage Learning)

CAPACITIVE CURRENT

INDUCTIVE CURRENT

Figure 8-10
Capacitive and inductive current are 180° out of phase
with each other. (source: Delmar/Cengage Learning)

POWER FACTOR CORRECTION

Because the current flow in a capacitive circuit leads
the voltage by 90° and the current in an inductive
circuit lags the voltage by 90°, the current of a
capacitive circuit is in direct opposition to the cur-
rent of an inductive circuit. Figure 8—10 illustrates
the currents of capacitive and inductive circuits

www.EngineeringBooksPDF.com



84 SECTION 1 Basic Electricity

T = ___ I = 5 AMPS

Et = 120 VOLTS XL = 24 OHMS
IR = 10 AMPS ~lc = BAMPS
R = 120HMS X¢ = 24 OHMS

Figure 8-11
A parallel circuit has resistance,
inductance, and capacitance.

(Source: Delmar/Cengage Learning)

as compared with each other. These two currents
are 180° out of phase with each other. When the
capacitive current is at its peak positive value, the
inductive current is at its peak negative value. When
the capacitive current is at its peak negative value,
the inductive current is at its peak positive value.
Because these two currents are in direct opposition,
one can be used to cancel the other.

The circuit shown in Figure 8—11 shows a par-
allel circuit that contains a resistor, an inductor,
and a capacitor. The applied voltage of the circuit is
120 volts at 60 Hz. Because this is a parallel circuit,
the voltage applied to each component will be the
same—120 volts. The resistor has a resistance of
12 ohms. This permits a current flow of 10 amps
through the resistor (120/12 = 10). The induc-
tor has an inductive reactance of 24 ohms. This
permits a current flow through the inductor of
5 amps (120/24 = 5). The capacitor has a capaci-
tive reactance of 24 ohms. This permits a current
flow through the capacitor of 5 amps.

QUESTION

What is the total current flow in the circuit? In a
parallel circuit, current is added. Therefore, it would
appear that the current flow would be 20 amps
(10 + 5+ 5 = 20). The currents of this circuit, how-
ever, are out of phase with each other. Figure 8—12
shows a vector diagram of this circuit. Notice that
the 5 amps of capacitive current is 180° out of phase
with the 5 amps of inductive current. These two
currents will cancel each other. The AC alternator
sees only the resistance in this circuit. The current
is, therefore, the same as the current flow through
the resistor, or 10 amps.

|

CAPACITIVE CURRENT 5 AMPS

& RESISTIVE CURRENT
10 AMPS

INDUCTIVE CURRENT 5 AMPS

Figure 8-12
Capacitive current and inductive current are 180° out
of phose with each other. (source: Delmar/Cengage Learning)

POWER FACTOR CORRECTION
OF AMOTOR

In the circuit shown in Figure 8-13, an AC induc-
tion motor is connected to a 120-volt line. A watt-
meter is used to measure the amount of true power
in the circuit. For this example it will be assumed
that the wattmeter has a reading of 720 watts.
An ammeter has also been inserted in the circuit.
Assume the ammeter has a reading of 10 amps. The
apparent power or volt-amp value for this circuit is
1,200 VA (120 volts X 10 amps = 1,200 VA). The
power factor of this circuit can now be computed
using the formula (PF = W/VA).

- W
PF=va
720
PF= 1200

PF = .6 or 60%.
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Ammeter

.

Watt Meter

Figure 8-13

Finding the power factor of a motor. (source: Delmar/Cengage Learning)

If the power factor of this motor is to be corrected,
it must be determined how much of this circuit is
comprised of true power and how much is composed
of reactive power. Because the true power (watts)
and the apparent power (volt-amps) is known, the
reactive power (VARs) can be found using the fol-
lowing formula:

VARs = VVA?Z — W?
VARs = V12002 — 720?
VARs = /1,440,000 — 518,4002

VARs = /921,600
VARs = 960

Because a motor is an inductive device, the reactive
power in this circuit can be canceled by an equal
amount of capacitive VARs. If a capacitor of the cor-
rect value is connected in parallel with the motor,
the power factor will be corrected. To find the cor-
rect value of capacitance, determine the amount
of capacitance needed to produce a VAR reading
of 960. The amount of capacitive reactance can be
found using the formula:

_ E?
X = VARs

_ 1207
Xe= 960
X. = 15 ohms

The amount of capacitance needed to produce
15 ohms of capacitive reactance at 60 Hz can be
calculated using the following formula:

_ 1
S 2XTMXFXX,
C- 1
2 X 3.1416 x 60 x 15

— 1
€= 5654.88

C = .0001768 farads

The answer for the value of C is in farads. To con-
vert farads to micro-farads, multiply the answer by
1,000,000, or move the decimal point 6 places to
the right .0001768 farads becomes 176.8 pf. If a
capacitor of this value is connected in parallel with
the motor as shown in Figure 8—14, the power fac-
tor will be corrected.

CAPACITOR TYPES

The most common types of capacitors used in the
air conditioning field fall into two categories. One
kind is known as an oil-filled type. Figure 8-15
shows a photograph of this type of capacitor.
The oil-filled capacitor is made with two
metal foil plates separated by paper. The paper is
soaked in a special dielectric oil. These capacitors
are true AC capacitors and are generally used as
the run capacitors on many single-phase air con-
ditioning compressors. They are also used as the
starting capacitors on some units. The important
ratings on these capacitors are the micro-farad
rating and the voltage rating. The voltage rat-
ing of a capacitor should never be exceeded. It is
permissible to use a capacitor of higher voltage
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Circuit Breaker
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Ammeter

|
=

Watt Meter

Figure 8-14

Capacitor

A capccifor corrects the motor power factor. (source: Delmar/Cengage Learning)

&= i

e

£
Figure 8-15

Qil-filled copacitor. (Courtesy Westinghouse Electric Corp.)

rating, but never use a capacitor with less volt-
age rating.

The second type of capacitor frequently used in
air conditioning systems is the AC electrolytic
capacitor. The AC electrolytic capacitor is used as
the starting capacitor on many small single-phase
motors. This type of capacitor is designed to be used
for a short period of time only. If an AC electrolytic
capacitor were to be used in a continuous circuit
such as the running capacitor of a compressor, it
would fail in a short period of time. The advantage of
the AC electrolytic capacitor is that a large amount of

OHMMETER

&

)|
/1
—o
o

Figure 8-16
Testing a capacitor with an ochmmeter. (source: Delmar/
Cengage Learning)

capacitance can be housed in a small case size. This
makes the AC electrolytic capacitor a good choice for
starting circuits, because the capacitor is in the circuit
for only a few seconds when the motor is started.

TESTING A CAPACITOR

Capacitors can be tested for a short with an ohm-
meter. If an ohmmeter is connected across the
terminals of a capacitor as shown in Figure 8-16,
the meter should show a deflection up scale and
then return to infinity ohms. The deflection up scale
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indicates current flow to the capacitor when it is
being charged by the ohmmeter battery. If the leads
of the ohmmeter are reversed, the meter should
deflect twice as far up scale and then return to infin-
ity ohms.

The ohmmeter test basically indicates if the capac-
itor is shorted or not. A short indicates the dielectric
has been punctured. This test will not indicate a bro-
ken plate, which would result in a lower capacitance
value. Many digital meters contain a capacitance test-
ing function, as shown in Figure 8—17. These meters
actually measure the capacitance value, which can
be compared to the rating marked on the capacitor.

Neither of these tests, however, can measure
the dielectric strength. A capacitor may test OK
with an ohmmeter or digital meter but break down
when connected to line voltage. Ohmmeters and
common digital meters do not supply enough volt-
age to test the dielectric at rated voltage. To test
the dielectric strength, a dielectric test set should
be used, as shown in Figure 8—18. The dielectric
test set is sometimes referred to as a hipot because
it provides a high potential or high voltage. The
dielectric tester can provide rated voltage to the
capacitor, and a microamperes meter measures any
leakage current.

Figure 8-18
A dielectric test set. (Courtesy of
Megger®)
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Figure 8-17
Digital meter capable of measuring capacitance.

(Source: Delmar/Cengage Learning)
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____psummAry

® A capacitor can be constructed by separating two metal plates with an insulating material.
® The insulating material is called the dielectric.
® Three factors that determine the amount of capacitance a capacitor will have are
A. The surface area of the plates.
B. The distance between the plates.
C. The type of dielectric material used.
® Most of the energy of a capacitor is stored in an electrostatic charge.
® Capacitors can produce extremely high current for a short period of time.
® The basic unit of capacitance is the farad.

® Capacitance values are generally rated in micro-farads (uf), which are one-millionth
of a farad.

® In an AC circuit containing pure capacitance, the current is limited by capacitive
reactance.

® In a pure-capacitive circuit the current leads the voltage by 90 electrical degrees.

® Capacitors are often used to correct the power factor of a motor.

____ P Hevvemms

AC electrolytic capacitor dielectric stress oil-filled capacitor
capacitance electrostatic charge pico-farad

capacitive reactance farad pure-capacitive circuit
dielectric micro-farad

P> REVIEw uestions |

1. What three factors determine the capacitance of a capacitor?
2. What is the dielectric of a capacitor?
3. In what type of field is the energy of a capacitor stored?

4. In a pure-capacitive circuit, how many degrees are the current and voltage out of
phase with each other?

5. Does a capacitive current lead the voltage or lag the voltage?
6. What limits the current in a pure capacitive circuit?
7. Name two common types of capacitors used in the air conditioning field.

8. What type of capacitor is generally used as the running capacitor on many air
conditioning compressors?

9. What is the advantage of an AC electrolytic capacitor?
10. What is the disadvantage of an AC electrolytic capacitor?

www.EngineeringBooksPDF.com



SECTION 2

Control
Circuits

www.EngineeringBooksPDF.com



Schematics
and Wiring

Diagrams

OBJECTIVES

After studying this unit the student should
be able to:

Draw standard NEMA control symbols

Define the meaning of a dashed line
drawn between symbols

Define a wiring diagram
Define and read a schematic diagram

Schematics and wiring diagrams are the
written language of control circuits. It will be impos-
sible for a service technician to become proficient in
trouble shooting electrical faults if he or she cannot
read and interpret electrical diagrams. Learning to
read electrical diagrams is not as difficult as many
people first believe it to be. Once a few basic princi-
ples are understood, reading schematics and wiring
diagrams will become no more difficult than reading
a newspaper.

TWO-WIRE CIRCUITS

Control circuits are divided into two basic types, the
two-wire and the three-wire. Figure 9-1 shows a
simple two-wire control circuit. In this circuit,
a simple switch is used to control the power applied
to a small motor. If the switch is open, there is no

90



complete path for current flow, and the motor will
not operate. If the switch is closed, power is supplied
to the motor, and it then operates.

THREE-WIRE CIRCUITS

Three-wire control circuits are used because
they are more flexible than two-wire circuits. Three-
wire circuits are characterized by the fact that they

Figure 9-1

UNIT @ Schematics and Wiring Diagrams 91

are operated by a magnetic relay or motor starter.
These circuits are generally controlled by one or
more pilot devices. Three-wire control circuits
receive their name from the fact that three conduc-
tors or wires are required to make connection from
a start-stop pushbutton station to a motor starter,
Figure 9-2.

Two-wire control circuit.

(Source: Delmar/Cengage Learning)

I-1 L2 L3
fe) fo)
/N /M
— — ~ = CONTROL
TRANSFORMER
F—t-—-l--+1
FUSE v v v
m 4
T }r’ MOTOR
STARTER

Figure 9-2
Basic three-wire control circuit.

(Source: Delmar/Cengage Learning)
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ELECTRICAL SYMBOLS

When a person first learns to read, he or she learns
a set of symbols that are used to represent different
sounds. This set of symbols is generally referred to
as the alphabet. When learning to read electrical
diagrams, it is necessary to learn the symbols used
to represent different devices and components. The
symbols shown below are commonly used on con-
trol schematics and wiring diagrams. These are not
all the symbols used. Unfortunately, there is no set
standard for the use of electrical symbols.

To better understand electrical symbols, it is help-
ful to understand some of the common terms used
to describe these symbols. The terms movable
and statiomary contacts, for example, refer to
electrical contacts located on different components.
A simple switch contains both a movable and a
stationary contact, Figure 9-3. Stationary contacts
refer to contacts that cannot be moved or changed.
Movable contacts can be moved from one position to
another. The switch shown in Figure 9-3 can also
be described as a normally open switch because:

1. The movable contact is shown not touching
the stationary contact.

2. The movable contact is drawn below the sta-
tionary contact.

Control components are drawn in the position
they should be in when the circuit is deenergized
or turned off. Normally open means that there is
no electrical connection or complete circuit made
between the movable and stationary contacts of the
switch.

The switch in Figure 9-3 can be described as a
single-pole single-throw (SPST) switch. Single pole
indicates that the switch contains only one movable
contact. Single throw means that the movable con-
tact will complete a circuit when thrown or moved
in only one direction.

A normally closed single-pole single-throw switch
is shown in Figure 9-4. The switch is normally
closed because:

1. The movable contact is shown touching the
stationary contact.

2. The movable contact is drawn above the
stationary contact.

STATIONARY
CONTACT

o

MOVABLE
CONTACT

Figure 9-3
Normally open single-pole single-throw switch.

(Source: Delmar/Cengage Learning)

STATIONARY
/ CONTACT

MOVABLE /

CONTACT

Figure 9-4
Normally closed single-pole single-throw switch.

(Source: Delmar/Cengage Learning)

When a component is normally closed it indi-
cates that a complete circuit exists through the
component.

Although these basic rules apply to switches,
they do not necessarily apply to all control compo-
nents. When possible, components are generally
drawn to indicate how they function. Pushbuttons,
for example, are drawn differently than switches.
A normally closed pushbutton is drawn with the
movable contact below instead of above the sta-
tionary contacts, Figure 9-5. It is drawn in this
manner to illustrate that when pressure is applied
to the spring-loaded stationary contact it will cause
the movable contact to move downward, break-
ing the connection between the two stationary
contacts. A normally open pushbutton symbol is
drawn with the movable contact above instead
of below the stationary contacts. Pressure forces
the movable contact downward, bridging the gap
between the two stationary contacts and complet-
ing a circuit.
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Figure 9-5

Common pushbutton

PRESSURE
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/— MOVABLE CONTACT

symbo|s. (Source: Delmar/

Cengage Learning)

Most of the following symbols are approved by
the National Electrical Manufacturers
Association (NEMA):

o
(o]

°F
b

o

. Normally closed push button.

Generally used to represent a stop
button.

. Normally open push button.

Generally used to represent a start
button.

. Double-acting push button. Con-

tains both normally closed and
normally open contacts on one
push button.

. Double-acting push button drawn

differently but meaning the same
as number 3.

. Double-acting push button. The

dashed line indicates mechanical
connection. This means that when
one button is pushed, the other
moves at the same time.

. Single-pole single-throw switch

(SPST).

. Single-pole double-throw switch

(SPDT). Notice this switch has only
one pole, the switch arm, but it
has two stationary contacts. In the
diagram, the switch arm makes

\ZSTATIONARY CONTACTS

NORMALLY CLOSED PUSHBUTTON

PRESSURE

MOVABLE CONTACT

e

o O

\ZSTATIONARY CONTACTS

NORMALLY OPEN PUSHBUTTON

A\

10.

contact with the upper station-
ary contact. When the switch

is thrown, contact will be made
between the switch arm and the
lower stationary contact. The
switch arm or pole of the switch is
generally referred to as the com-
mon because it can make contact
to either of the two stationary
contacts.

. Double-pole single-throw switch

(DPST). Notice the dashed line,
which indicates mechanical connec-
tion between the two switch arms.

. Double-pole double-throw switch

(DPDT).

Off-Automatic-Manual control
switch. This switch is basically a
single-pole double-throw that has
a center off position.

. Normally open relay contact.
. Normally closed relay contact.

. Fuse

. Fuse
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94 SECTION 2 Control Circuits

3”5 15. Transformer
S

31. Normally closed pressure switch

16. Coil 32. Normally open pressure switch

17. Coil (Generally used to represent
the coil of a relay or motor starter
in a control schematic.) 33. Normally closed tempera-
ture switch. (Normally closed

18. Pilot light or lamp thermostat)

34. Normally open temperature
switch.

20. Thermal heater element
35. Normally closed flow switch.

This symbol is used to represent
both liquid- and air-sensing flow
switches.

21. Thermal heater element. (Generally
used to represent the overload heater
element in a motor control circuit.)

22. Solenoid coil 36. Normally open flow switch.

23. Fixed resistor

24. Variable resistor 37. Normally closed limit switch.

25. Variable resistor 38. Normally open limit switch.

_@_ 19. Lamp or light bulb

pigNp Ny

_/\,.._

AL
j

39. Normally closed ON-DELAY timer
contact. Often shown on schemat-
ics as DOE, which stands for Delay
On Energize.

40. Normally open ON-DELAY timer
contact.

( I 26. Single-pole circuit breaker

(_I - ( I 27.Double-pole circuit breaker

41. Normally closed OFF-DELAY timer
contact. Often shown on sche-
matics as DODE, which stands for
Delay on De-Energize.

42. Normally open OFF-DELAY timer
contact

28. Capacitor

29. Normally closed float switch

A B e BE AR Way Alew Wiy Ay Moy ey

C;l\o 30. Normally open float switch

. Battery

L
T
&
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44. Blectrical ground

45. Mechanical ground

46. Wires crossing without connection

47. Wires crossing without connection

48. Wires connecting. The dot in the
center of the cross is known as
anode. This is used to indicate
connection.

+ 3

o 49.Rotary switch

o
[o]
(o]
o]

The contact symbols shown are standard and rel-
atively simple to understand. There can be instances,
however, in which symbols can be used to show
something that is not apparent. For example, the
symbol for a normally closed pressure switch is
shown in Figure 9-6. Notice that this symbol not
only shows the movable arm making contact with
the stationary contact, but it also shows the mov-
able arm drawn above the stationary contact. In
Figure 9-7, the contact arm is shown not making
connection with the stationary contact. This sym-
bol, however, is not a normally open contact symbol
because the contact arm is drawn above the station-
ary contact. This symbol indicates a normally closed
held-open pressure switch. This symbol is indicating
that the switch is actually connected as a normally
closed switch, but pressure is used to keep the con-
tact open. If pressure decreases to a certain point,
the switch contact will close.

Figure 9-8 shows a normally open pressure
switch. Notice that the contact arm is drawn below
the stationary contact. Figure 9-9 shows the same
symbol except that the movable arm is making

UNIT @ Schematics and Wiring Diograms 95

—]

Figure 9-6

Normc:||y closed pressure switch. (Source: Delmar/Cengage Learning)

D—\

Figure 9-7
Normally closed held-open pressure switch. (source: Delmar/
Cengage Learning)

D/,

Figure 9-8
NOrmC]”)’ open pressure switch. (Source: Delmar/Cengage Learning)

o

Figure 9-9
Normally open held-closed pressure switch. (source: Delmar/

Cengage Learning)

connection with the stationary contact. This sym-
bol represents a normally open held-closed pressure
switch. This switch symbol indicates that the pres-
sure switch is wired normally open, but pressure
holds the contact closed. If the pressure decreases
to a certain level, the switch will open and break
connection to the rest of the circuit.

SCHEMATIC DIAGRAMS

Schematic diagrams show components in their electri-
cal sequence without regard for physical location. Sche-
matic diagrams are used to troubleshoot and install
control circuits. Schematics are generally easier to
read and understand than wiring diagrams.
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96 SECTION 2 Control Circuits

WIRING DIAGRAMS

Wiring diagrams show components mounted in their
general location with connecting wires. A wiring dia-
gram is used to represent how the circuit generally
appears. To help illustrate the differences between
wiring diagrams and schematics, a basic control cir-
cuit will first be explained as a schematic and then
shown as a wiring diagram.

READING SCHEMATIC DIAGRAMS

To read a schematic diagram, a few rules must first
be learned. Commit the following rules to memory:
1. Reading a schematic diagram is similar to
reading a book. It is read from left to right
and from top to bottom.
2. Electrical symbols are always shown in their
off or deenergized position.

3. Relay contact symbols are shown with the
same numbers or letters that are used to
designate the relay coil. All contact symbols
that have the same number or letter as a coil
are controlled by that coil regardless of where
in the circuit they are located.

4. When a relay is energized, or turned on, all
of its contacts change position. If a contact is
shown as normally open, it will close when
the coil is energized. If the contact is shown
normally closed, it will open when the coil is
turned on.

5. There must be a complete circuit before
current can flow through a component.

Figure 9-10

Components used to perform
the function of stop are normo”y
closed and connected in series.

6. Components used to provide a function of
stop are generally wired normally closed and
connected in series. Figure 9—10 illustrates
this concept. Both switches A and B are nor-
mally closed and connected in series. If either
switch is opened, connection to the lamp will
be broken and current will stop flowing in the
circuit.

7. Components used to provide the function of
start are generally wired normally open and
connected in parallel. In Figure 9-11,
switches A and B are normally open and
connected in parallel with each other. If
either switch is closed, a current path will be
provided for the lamp and it will turn on.

DASHED LINES

Often the service technician must be able to deter-
mine what dashed lines indicate. Schematic dia-
grams often contain dashed lines.

In the schematic diagram shown in Figure 9-12,

dashed lines indicate several different conditions.

1. Mechanical connection between two com-
ponents such as those shown in electrical
symbols 5, 8, and 9. Each of these symbols
show a dashed line connected between dif-
ferent components. The dashed line indicates
that when one component is changed the
other one is changed, at the same time. The
double-acting push buttons illustrated in
number 5 will both operate when one of
them is pushed.

(Source: Delmar/Cengage Learning)

Figure 9-11
Components used to perform

the function of start are norma”y
open and connected in parallel.

(Source: Delmar/Cengage Learning)
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Figure 9-12

Dashed lines can represent different conditions. (brawing courtesy of Carrier Corp.).
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2. Field wired or installed components.

3. Components used only in special
circumstances.

4. Factory wired or installed components.

At the top of the diagram, dashed lines indicate
that only one set of the primary terminals is to be
connected depending on the amount of input volt-
age. An input voltage of 480 volts, for example,
would have one line connected to the H1 terminal
and the other to the H4 terminal. An input volt-
age of 208 volts would have one line connected to
the H1 terminal and the other connected to the H2
terminal.

Another dashed line connected between two
switches indicates that these two switches are
mechanically connected. In reality, this would be a
double-pole single-throw switch, Figure 9-13. The
dashed line indicates that when one switch is opened
or closed, the other one is opened or closed also.

Several components, such as 1M, 2M, and 3M
are connected with dashed lines. The dashed lines
in this instance indicates that these devices are field
wired and not part of the assembled unit. Wiring
to these devices is connected during the installa-
tion of the equipment. It should be noted that some
diagrams will use dashed lines to indicate factory-
installed wiring, and solid lines illustrate field-
connected devices. There is no hard rule. It is generally
necessary for the service person to determine the
meaning of the lines on a particular schematic.

Another set of components shown in Figure 9-12 is
surrounded by dashed lines. These dashed lines mark
components that are used under special circumstances.
Contactor coil, C2, and contact CR are installed only if
the compressor motor utilizes part winding starting. If
the motor does not employ part winding starting, these
components will not be present.

EXAMPLE

The first circuit to be discussed is a basic control cir-
cuit used throughout industry. Figure 9-14 shows a
start-stop push button circuit. This schematic shows
both the control circuit and the motor circuit. Sche-
matic diagrams do not always show both control
and motor connections. Many schematic diagrams
show only the control circuit.

Figure 9-13

Double-pole single-throw switch. (source: Delmar/Cengage Learning)

H N
FUSE START
STOP
| /\ oL
29 I o M |
O (o u —11
I1
1
M

OL HEATER

Figure 9-14 I
Start-stop pushbutton control circuit. jMI

(Source: Delmar/Cengage Learning)
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Notice in this schematic that there is no complete
circuit to M motor starter coil because of the open
start push button and open M auxiliary contacts.
There is also no connection to the motor because
of the open-M load contacts. The open-M contacts
connected in parallel with the start button are small
contacts intended to be used as part of the control
circuit. This set of contacts is generally referred to as
the holding, sealing, or maintaining contacts. These
contacts are used to provide a continued circuit to
the M coil when the start button is released.

The second set of M contacts is connected in
series with the overload heater element and the
motor, and are known as load contacts. These
contacts are large and designed to carry the cur-
rent needed to operate the load. Notice that these
contacts are normally open and there is no current
path to the motor.

Figure 9-15
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When the start button is pushed, a path for current
flow is provided to the M-motor starter coil. When the
M coil energizes, both M contacts close, Figure 9-15.
The small auxiliary contact provides a continued cur-
rent path to the motor starter coil when the start but-
ton is released and returns to its open position. The
large M load contact closes and provides a complete
circuit to the motor and the motor begins to run. The
motor will continue to operate in this manner as long
as the M coil remains energized.

If the stop button is pushed, Figure 9-16, the
current path to the M coil is broken and the coil
de-energizes. This causes both M contacts to return
to their normally open position. When M holding
contacts open, there is no longer a complete circuit
provided to the coil when the stop button is returned
to its normal position. The circuit remains in the off
position until the start button is again pushed.

A

() ————
)

Current path through the circuit. M

_/

(Source: Delmar/Cengage Learning)

Figure 9-16

o /M\ L
-/

i
-

]
The stop button breaks the circuit. I

(Source: Delmar/Cengage Learning)
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100 SECTION 2 Control Circuits

Notice that the overload contact is connected
in series with the motor starter coil. If the overload
contact should open, it has the same effect as press-
ing the stop button. The fuse is connected in series
with both the control circuit and the motor. If the
fuse should open, it has the effect of disconnecting
power from the line.

A wiring diagram for the start-stop pushbut-
ton circuit is shown in Figure 9-17. Although this
diagram looks completely different, it is electrically
the same as the schematic diagram. Notice the push
button symbols indicate double-acting push buttons.
The stop button, however, uses only the normally
closed section and the start button uses only the

H N
[lo S—

[ —7
o | . I I :
o o T T |
] 4 * I
% :
| |
! |
! I
L= Py g |

Ly

AT

MOTOR
Figure 9-17

Wiring diagram of start-stop pushbutton control circuit.

(Source: Delmar/Cengage Learning)

normally open section. The motor starter shows
three load contacts and two auxiliary contacts. One
auxiliary contact is open and one is closed. Notice
that only the open contact has been used.

The overload unit shows two different sections.
One section contains the thermal heater element
connected in series with the motor, and the nor-
mally closed contact is connected in series with the
coil of the M-motor starter.

EXAMPLE

The circuit shown in Figure 9—18 controls the oper-
ation of an oil-fired boiler. A high pressure pump
motor is used to inject fuel oil into a combustion
chamber where it is burned. A blower motor is used
to supply combustion air to the chamber. The circuit
will not permit fuel oil to be injected into the cham-
ber unless the blower motor is operating. The circuit
also permits the blower motor to continue operation
for a period of one minute after the thermostat is
satisfied. This permits any residual smoke or fumes
to be removed from the combustion chamber.

The first step in understanding the operation
of the circuit is to examine the components and
determine what they control. The thermostat is a
normally closed held open switch. It is normally
closed because the movable contact is drawn above
the stationary contact. The movable contact is
not making connection to the stationary contact,
however. This indicates that the contact is being
held open. The thermal symbol indicates that the
contact is controlled by temperature. The thermal
symbol represents a bimetal helix. An increase in
temperature causes the helix to expand and push
upward on the contact. A decrease in temperature
causes the helix to contract. If the helix contracts
enough, the movable contact will make connection
with the stationary contact and close the switch.
This thermostat symbol indicates that an increase of
temperature will open the switch and a decrease of
temperature will close the switch. This is the normal
operation of a heating thermostat.

The high temperature switch is a thermally acti-
vated switch also. The switch is shown normally
closed. If the temperature should increase high
enough, the switch will open and break connection
to the high pressure pump motor relay and time
delay relay.
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Figure 9-18

Boi|er confro| circuit. (Source: Delmar/Cengage Learning)

The low water switch is a normally open held
closed switch. The switch is normally open because
the movable contact is drawn below the stationary
contact. Because the movable contact is touching
the station contact it is being held closed. This switch
is drawn to indicate that a drop in liquid level will
cause the switch contacts to open and break the cir-
cuit to the high pressure pump motor relay and time

BMR

C

delay relay. One of the most dangerous conditions for
a boiler is a low water level. If the water level should
drop below a preset point, the switch will open.

The flow switch is normally open. A flow of air
causes the switch contacts to close. The flow switch
is used to insure that there is a flow of combustion
air into the combustion chamber before fuel oil is
injected into the chamber.
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The time delay contact (TDR) is connected in
series with the blower motor relay coil. The symbol
indicates that the timer is an off delay timer. The
arrow always points in the direction the contacts
will move after the delay period. The arrow indicates
that the contacts will delay reopening after they
have changed position.

CIRCUIT OPERATION

When the thermostat contact closes, a circuit is
completed through the closed high temperature
switch, low water switch, and coil of the time delay
relay. Since the timer is an off delay timer, TDR
contacts close immediately and energize the blower
motor relay, Figure 9-19. This causes the BMR

L1 L2
HIGH PRESSURE PUMP HPM
|| *
HPM
|
¢ I
BLOWER MOTOR BMR
e
BMR
|
* +H
AN
TRANSFORMER 240/24
Y Y Y
HP
PUMP
THERMOSTAT HIGH LOW RELAY
TEMPERATURE WATER FLOW
o—ogc Og() T o\gc HPM
OFF DELAY

TIMER 1 MINUTE

TDR
BLOWER
MOTOR
RELAY
TDR
HTD BMR
Figure 9-19

The thermostat contacts ClOSe. (Source: Delmar/Cengage Learning)
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contacts to close and connect the blower motor to
the power line.

The air flow produced by the blower motor causes
the flow switch to close and energize the coil of the
high pressure pump motor relay, Figure 9-20. This
causes the HPM contacts to close and connect the

UNIT @ Schematics and Wiring Diagrams 103
high pressure pump to the line. The circuit is now in
full operation. The circuit will continue to operate in
this manner until the thermostat contacts reopen,
Figure 9—21. When the thermostat contacts reopen,
power is disconnected from the high pressure pump
motor relay and the time delay relay. Because the

L1 L2
HIGH PRESSURE PUMP HPM
|k
)
HPM /\ AN
P
¢ rd
BLOWER MOTOR BMR
P
o
BMR /_\ A1
Pa
¢ rd
NAAN
T TRANSFORMER 240/24
HP
PUMP
THERMOSTAT HIGH LOW RELAY
TEMPERATURE WATER FLOW

OFF DELAY
TIMER 1 MINUTE

TDR
BLOWER
MOTOR
RELAY
TDR
401\0 BMR
Figure 9-20

The circuit is in FU” OperGﬁOn. (Source: Delmar/Cengage Learning)

www.EngineeringBooksPDF.com



104 SECTION 2 Control Circuits

time delay relay is an off delay timer, it does not
start timing until the coil is deenergized. The TDR
contacts will remain closed for a period of 1 minute
before reopening. This permits the blower motor to
remove any smoke and fumes from the combustion

L1

HPM

chamber. When the TDR contacts open, the circuit
is back in its original state as shown in Figure 9—18.
If the high temperature switch or low water switch
should open, it would have the same effect as open-
ing the thermostat.

L2

HIGH PRESSURE PUMP HPM

N

BMR

BLOWER MOTOR BMR

P

AN
TRANSFORMER 240/24
Y Y Y
HP
PUMP
THERMOSTAT HIGH LOW RELAY
TEMPERATURE WATER FLOW
! O éc Ogc T O\E HPM
OFF DELAY

TIMER 1 MINUTE

TDR
BLOWER
MOTOR
RELAY
TDR
4Oj\o BMR
Figure 9-21

The fhermosfdf contacts open. (Source: Delmar/Cengage Learning)

www.EngineeringBooksPDF.com



UNIT @ Schematics and Wiring Diagrams 105

I

® Schematics and wiring diagrams are the written language of control systems.
® Motor control symbols are generally drawn to pictorially represent their function.
® The way a motor control symbol is drawn indicates how it is to be connected in a circuit.

® Schematic diagrams show components in their electrical sequence without regard for
physical location.

® Wiring diagrams show a pictorial representation of the circuit with connecting wires.

® Schematics and wiring diagrams always show the circuit in its deenergized or off position.

_)> EvTeRMS

load node three-wire control circuits
movable contact normally closed two-wire control circuit
National Electrical normally open wiring diagrams
Manufacturers schematics
Association (NEMA) stationary contact

_)> REVIEW uestioms

1. What are the two basic types of motor controls?
2. Define a schematic diagram.
3. Define a wiring diagram.

4. Components used for the function of stop are generally wired
and connected in

5. Components used for the function of start are generally wired
and connected in

6. When reading a schematic diagram, are the components shown in their energized or
deenergized position?

7. What does this symbol represent?

&

8. What does this symbol represent?

o

9. What does a dashed line drawn between components represent?
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10.
11.

12.

13.

14.

15.

What is an auxiliary contact?

Make a schematic drawing of a cooling thermostat that turns on the coil of a con-
tactor. Label the contactor CC, which stands for compressor contactor. Make sure
that the circuit is drawn so that an increase in temperature will cause the contact to
close.

Draw a schematic that controls the operation of a sump pump. A float switch is used
to turn the pump on when the water rises to a high enough level. It is assumed that
the float switch has contacts rated high enough to control the motor without the use
of a relay.

Draw a schematic diagram for a low water level alarm. A float switch is used to detect
the level of water in a tank. If it should fall below a predetermined level, a warning
light will come on and an alarm will sound.

Draw a circuit for a low pressure cutoff switch. If the pressure falls below a certain
level, it will cause a contactor coil to be disconnected. Label the contactor CC.

Add a thermal switch to the circuit in question 14. The switch is to be installed so that
a rise in temperature will disconnect the contactor coil.
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Developing
UNIT 10 » | Wiring

Diagrams

OBJECTIVES

After studying this unit the student should
be able to:

Discuss the operation of an electric
circuit by interpreting a schematic
diagram

Place wire numbers on a schematic
diagram and develop a wiring
diagram from the scﬁemo’ric

In this unit, two schematic diagrams are discussed,
including their operation and development into
wiring diagrams. Developing a wiring diagram from
a schematic is the same basic procedure that is
followed when installing a control system. Under-
standing this process is also a great advantage when
troubleshooting existing circuits.

DEVELOPING CIRCUIT 1

The first circuit discussed is shown in Figure 10-1.
In this circuit, a fan motor is controlled by relay
FR (fan relay). The circuit is so designed that a
switch can be used to turn the circuit completely
off, operate the fan manually, or permit the fan
to be operated by a thermostat. If the control
switch is moved to the “MAN" position as shown in
Figure 10-2, a complete circuit is provided to the
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L4 N
(BFUSE [o MAN
L—o— OFF
o ()
AUTO \_/
Figure 'IO—.'I . 11 VOTOR
Fan control circuit. (source: Delmar/ 11
Cengage Learning) FR
L4 N
(B FUSE — o
—_—
o ()
AUTO \_/
Figure 10-2 j
Fan relay coil is energized by [P’ MOTOR
control switch. (Source: Delmar/Cengage Al
Learning) FR
L4 N
FUSE [o
—_—
(e FR
j AUTO NG
Figure 10-3 j
Fan relay is controlled by the | v MOTOR
thermostat. (Source: Delmar/Cengage Al
FR

Learning)

fan relay coil. Then the relay energizes, FR contact
closes and connects the motor to the line. This set-
ting permits the fan to be operated at any time,
regardless of the condition of the thermostat.

If the control switch is moved to the “AUTO”
position as shown in Figure 10-3, the fan will be
controlled by the action of the thermostat. When
the temperature increases to a predetermined level,
the thermostat contact will close. This completes a

circuit to FR coil. When FR coil energizes, the FR
contact closes and connects the fan motor to the
line. When the temperature decreases sufficiently,
the thermostat contact opens and breaks the circuit
to FR coil. When FR coil deenergizes, FR contact
opens and disconnects the motor from the line.
This schematic will now be developed into a wir-
ing diagram. To aid in the connection of this circuit,
a simple numbering system will be used. To use
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Figure 10-4
Schematic is numbered to aid in

connection of the circuit. (source:
Delmar/Cengage Learning)

this numbering system, the following rules will be
followed:

1. All components connected to the same line
will receive the same number.

2. Any time a component is gone through, the
number will change.

3. A set of numbers can be used only once.

Figure 10—4 shows the numbers placed on the
schematic. Notice that a 1 is placed at the incom-
ing power line and a 1 is also placed at one side
of the fuse. Because the fuse is a component, the
number must change on the other side of it. There-
fore, the fuse has a 2 on the other side. There is
also a 2 placed beside the common terminal of the
OFF-MANUAL-AUTOMATIC switch, and a 2 placed
beside one side of FR contact. Notice that all of these
components have the same number because there is
no break between them.

The AUTO side of the switch has been numbered 3,
and one side of the thermostat has also been
numbered 3. The other side of the thermostat is num-
bered 4, the MAN side of the switch is number4, and

L, N
1 5
1§
FUSE o MAN
L2 2 oFf
3 4 4 5
‘o o (7r)
AUTO \L__"\ /
2,6 6 5
| | MOTOR
L, N
1 5
T
c Mo4
o
2 pAo3 )
4 2
THERMOSTAT T 6T
NC C NO 4 5
0 0 0 .@.
3 4
6 0 05
Figure 10-5

one side of FR coil is numbered 4. The other side of the
coil has been numbered 5, the neutral line is num-
bered 5, and one side of the motor is numbered 5. The
other side of the motor is numbered 6, and the other
side of FR contact is numbered 6.

Notice that all the points that are electrically con-
nected together have the same number. Notice also
that no set of numbers was used more than once.

The components of the system are shown in
Figure 10-5. Notice that numbers have been
placed beside certain components. These numbers

Circuit components are numbered with the same
numbers that appear on the schematic. (source: Delmar/

Cengage Learning)

correspond to the numbers in the schematic. For
example, the fuse in the schematic is shown with
a 1 on one side and a 2 on the other side. The fuse
in the wiring diagram is shown with a 1 on one
side and a 2 on the other side. Notice the OFF-
MANUAL-AUTOMATIC switch shown on the sche-
matic. The common terminal is numbered 2, the
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N
5
!
2 1
M o—
C 4
~ A
2 pos
1 2
T s
THERMOSTAT
NC NO 4 5
i o=

Figure 10-6
Like numbers are connected.

(Source: Delmar/Cengage Learning)

MAN terminal is numbered 4, and the AUTO ter-
minal is numbered 3. Now notice the same switch
on the wiring diagram. The common terminal is
numbered 2, the MAN terminal is numbered 4, and
the AUTO terminal is numbered 3. The thermostat
in the schematic has been numbered 3 on one ter-
minal and 4 on the other terminal. The thermostat
shown in the wiring diagram has three terminals.
One terminal is common, one terminal is marked
NC, and the other terminal is marked NO. This is
a common arrangement for many control com-
ponents. This shows that the thermostat is a single-
pole double-throw switch. Because the thermostat
shown in the schematic is normally open, the 3 will
be placed beside the common terminal, and the
4 will be placed beside the NO contact. Notice that
one of the contacts on FR relay is numbered 2 on
one side and 6 on the other side. FR coil is numbered

4 on one side and 5 on the other. One motor termi-
nal is numbered 5 and the other is numbered 6.

Now that the component parts have been num-
bered with the same numbers as those used on
the schematic, connection can be made easily and
quickly. To connect the circuit, connect all the
like numbers. For example, all the number 1s will
connect together, all the number 2s will connect
together, and so forth. The connected circuit is
shown in Figure 10-6.

DEVELOPMENT OF CIRCUIT 2

The schematic diagram for circuit 2 is shown in
Figure 10-7. Notice this schematic shows both
the control circuit and the motor connection. This
circuit is designed to turn off a compressor if the
pressure in the system reaches a predetermined
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M T1
11
R
1 —C—— \COMP.
M 3
él | —"2C
w CONTROL
mn TRANSFORMER
(BFUSE
PS
I O
RESET
PSCR
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o Y =
i )\?’(
Figure 10-7 THERMOSTAT PS'CR ?R oL
arlr’ 4'11’ M —J’r_

High pressure locks O
compressor OH: (Source: Delmar/
Cengage Learning)

level. If the pressure becomes high enough to cause
the pressure switch contacts to close, the compres-
sor motor will not only be disconnected from the
power line, but a warning light will also be turned
on. Once the warning light has been turned on,
the system must be manually reset by the service
technician before the compressor can be restarted
by the thermostat. The operation of the circuit is as
follows:

When the thermostat contact closes, a circuit
is completed to M motor starter coil. When M
coil energizes, M contacts close and connect the
compressor to the three-phase power line. When

the temperature decreases, the thermostat contacts
open and deenergize M coil. When M coil deener-
gizes, M contacts open and disconnect the compres-
sor from the power line. Notice that in the normal
action of this circuit, the compressor is controlled by
the thermostat.

Now assume that the thermostat contacts are
closed and that the compressor is connected to the
power line. Also assume that the pressure in the
system becomes too great and that the contacts
of the pressure switch close. When the pressure
switch contacts close, PSCR (pressure switch
control relay) coil energizes. This causes both
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Schematic is numbered to aid in ° Al M T

circuit connection. (Source: Delmar/Cengage

Learning)

PSCR contacts to change position. When the nor-
mally closed PSCR contact opens, the circuit to M
coil is broken. This causes the compressor to be
disconnected from the line. When the normally
open PSCR contact closes, a circuit is completed to
CR (control relay) coil. When CR coil energizes,
both CR contacts change position. The normally
open CR contact closes to maintain a circuit to
CR coil in the event that the pressure in the system
decreases and opens the pressure switch contacts.
This would cause PSCR relay to deenergize and
return both PSCR contacts to their normal posi-
tion. The normally closed CR contact will open.
This prevents M coil from being energized by the

U

thermostat if PSCR contact should reclose. Notice
that the warning light is connected in parallel
with the coil of CR relay. The warning light will be
turned on as long as CR relay coil is turned on. As
long as CR relay is energized, the compressor cannot
be restarted by the thermostat.

Now assume that the pressure in the system has
returned to normal and the problem that caused
the excessive pressure has been corrected. When
the pressure switch contact reopened, PSCR coil
deenergized and reset both PSCR contacts to their
normal position. When the service technician
presses the reset button, CR coil deenergizes and
both CR contacts return to their normal positions.
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Figure 10-9 I 1 6
Components are numbered the same in |

the schemcﬁc. (Source: Delmar/Cengage Learning) L___—

The circuit is now back in its original position and
ready for normal operation.

This schematic diagram is now being developed
into a wiring diagram. As before, the schematic is
numbered in the same manner as the first example.
The numbered schematic is shown in Figure 10-8.
Notice that all components that are electrically tied
together have the same number. Also notice that no
number set has been used more than once.

|

|

[ 17 16
I O o

The control components are shown in
Figure 10-9. Notice that the numbers on the
components correspond with like numbers on
the schematic diagram. For example, on the
schematic diagram the primary of the control
transformer is numbered 4 and 5. The secondary
leads are numbered 13 and 16. Notice the same
is true on the wiring diagram. Note the number
of each component on the schematic and then
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Figure 10-10
Connection is made by
connecting like numbers. (source:

Delmar/Cengage Learning)

find the corresponding number beside the proper
component used on the wiring diagram.

Once the components of the wiring diagram have
been numbered with the same numbers as those
on the schematic, the circuit can be connected by

connecting like numbers. The circuit connection
is shown in Figure 10-10. Again, notice that
the wiring diagram appears to be completely
different from the schematic, but both are the
same electrically.
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) summpRv

® Wiring diagrams are generally developed from a schematic diagram.
® All components in a schematic diagram are shown in their deenergized or off position.
® Wire numbers are often placed on schematic diagrams to aid in connecting a wiring diagram.
® Three basic rules for placing wire numbers on a schematic diagram are:

A. All components connected to the same line will receive the same number.

B. Any time a component is gone through, the number will change.

C. A set of numbers can be used only once.

_ ) HevyeRms

FR (fan relay)
PSCR (pressure switch control relay)

P Revewquestons

Refer to Figure 10-1 for the following questions.

1. Explain the action of the circuit if the thermostat should fail to operate.

2. Explain the action of the circuit if FR contacts should become shorted together.
Refer to Figure 10-7 for the following questions.

3. Explain the action of the circuit if the overload (OL) contact should open.

4. Explain the action of the circuit if the pressure switch contacts should
become shorted.

5. Explain the action of the circuit if the CR coil should open.

www.EngineeringBooksPDF.com



This page intentionally left blank

www.EngineeringBooksPDF.com



SECTION 3
Motors

www.EngineeringBooksPDF.com



UNIT 'I 'I Spl“’-PhCISG
Motors

OBJECTIVES
After studying this unit the student should
be able to:

List the basic types of split-phase
motors

Discuss two-phase power

Discuss the operation of a resistance-

start induction run motor

Discuss the operation of a capacitor-

start induction run motor

Discuss the operation of a permanent-
split capacitor motor

Reverse the direction of rotation of a
split-phase motor

Because three-phase power is not available to small
business and residential locations, the air condition-
ing equipment for these areas is powered by single-
phase electric motors. The single-phase motors used

Connect dual vo|fc|ge motors for in air conditioning systems are generally one of two
120- or 240-volt operation types. These are the split-phase and the shaded-pole
Identify the terminal markings of an induction motor.

oil-filled capacitor and discuss the

proper connection to a permanent SPLIT-PHASE MOTORS

split-capacitor motor
Split-phase motors fall into three general clas-

sifications. These are:

1. The resistance-start induction-run
motor,

2. The capacitor-start induction-run
motor,
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3. The permanent-split capacitor motor
(PSCQ). It should be noted that although all
permanent-split capacitor motors contain a
run capacitor, some are equipped with a sep-
arate starting capacitor to improve starting
torque. The motors with the separate starting
capacitor are often referred to as capacitor-
start capacitor-run motors.

Although all of these motors have different oper-
ating characteristics, they are similar in construc-
tion. Split-phase motors get their name from the
manner in which they operate. These motors oper-
ate on the principle of a rotating magnetic field.
A rotating magnetic field, however, cannot be pro-
duced with only one phase. Split-phase motors liter-
ally split single-phase power in order to imitate a
two-phase power system. A rotating magnetic field
can be produced with two separate phases.

THE TWO-PHASE SYSTEM

In some parts of the world, two-phase power
is produced. A two-phase system is produced by
having an alternator with two sets of coils wound
90° out of phase with each other, Figure 11-1.
The voltages of a two-phase system are, therefore,
90° out of phase with each other, Figure 11-2. The
two out-of-phase voltages can be used to produce
a rotating magnetic field. Because there have to

o C

oL,

Figure 11-1
Two-phose alternator. (source: Delmar/Cengage Learning)
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Figure 11-2
Two-phase voltages are 90° out of phase with each
ofher. (Source: Delmar/Cengage Learning)

be two voltages or currents out of phase with each
other to produce a rotating magnetic field, single-
phase motors use two separate windings and create
a phase difference between the currents in each of
these windings. These motors literally “split” one
phase and produce a second phase, hence the name
split-phase motor.

RESISTANCE-START INDUCTION-
RUN AND CAPACITOR-START
INDUCTION-RUN MOTORS

Resistance-start induction-run and capacitor-start
induction-run motors are very similar in construc-
tion. The stator winding of both motors contains
both a start winding and a yun winding. The
start winding is made of smaller wire and placed
higher in the metal core material than the run wind-
ing, as shown in Figure 11-3. Since the start winding
is made with smaller wire than the run winding, it
will exhibit a higher resistance than the run wind-
ing. Placing the run winding deeper in the metal
core material causes it to exhibit a greater amount
of inductance that the start winding. Electrically,
the winding appears similar to the circuit shown in
Figure 11-4. The stator is constructed in this
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Figure 11-3

Stator winding of
resistance-start induction-run
or capacitor-start induction-
run motor. (Source: Delmar/
Cengage Learning)

Run Start
Winding Winding

Figure 11-4

The run winding has more inductance and less
resistance than the start winding. The start winding
has more resistance and less inductance than the
run wmdlng (Source: Delmar/Cengage Learning)

manner to produce a phase shift between the cur-
rent flowing through the run winding and the
current flowing through the start winding. Both
the resistance-start and capacitor-start induction-
run motors start rotation by producing a rotating
magnetic field in the stator winding. Recall that a
rotating magnetic field cannot be produced with a
single phase.

Resistance-Start Induction-Run
Motor

The rotating magnetic field of the resistance-start
induction-run motor is produced by the out-of-phase
currents in the run and start windings. Since the
run winding appears more inductive and less resis-
tive than the start winding, the current flow in the
run winding will be close to 90 degrees out-of-phase
with the applied voltage. The start winding appears
more resistive and less inductive than the run wind-
ing, causing the start winding's current to be less
out-of-phase with the applied voltage, as shown in
Figure 11-5. The phase-angle difference between
current in the run winding and current in the start
winding of a resistance-start induction-run motor is
generally 35 to 40 degrees. This is enough phase-
angle difference to produce a weak rotating field,
and consequently a weak torque, to start the motor.
Once the motor reaches about 75% of its rated
speed, the start winding is disconnected from the
circuit and the motor continues to operate on the
run winding. In nonhermetically sealed motors,
the start winding is generally disconnected with a
centrifugal switch. A centrifugal switch is shown in
Figure 11-6. The contacts of the centrifugal switch
are connected in series with the start winding, as
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Current

I Run Winding
1 Current

Figure 11-5

The run winding current and start winding current of a
resistance-start induction-run motor will generally be
between 35 and 40 degrees out-of-phase with each other.

(Source: Delmar/Cengage Learning)

Counter Weight

Figure 11-6
A centrifugal switch is used to disconnect the start wind-
ings when the motor reaches about 75% of rated speed.

(Source: Delmar/Cengage Learning)

shown in Figure 11-7. When the motor is at rest or
not running, the contacts of the centrifugal switch
are closed and provide a circuit to the start winding.
When the motor is started and reaches about 75%
of its rated speed, a counterweight on the centrifugal
switch moves outward because of centrifugal force,
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Centrifugal
Switch

Start
Winding

Run
Winding

Figure 11-7
The centrifugal switch contacts are connected in series
Wlfh the start wmding (Source: Delmar/Cengage Learning)

Figure 11-8

Squirrel cage rofor. (Courtesy of Bodine Electric Co.).

causing the contacts to open and disconnect the
start winding from power. The motor continues to
operate on the run winding.

When the start winding is disconnected from the
circuit, a rotating magnetic field is no longer pro-
duced in the stator. This type of motor continues to
operate because of current inducted in the squirrel
cage windings in the rotor. Squirrel cage rotors are
so named because they contain bars inside the rotor
that would resemble a squirrel cage if the lamina-
tions were removed, as shown in Figure 11-8.
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A squirrel cage is a device that is often placed inside
the cage of small pets such as hamsters to permit
them to exercise by running inside the squirrel
cage. A squirrel cage rotor that has been cut in half
clearly shows the bars and motor shaft, as shown in
Figure 11-9. The bars of the turning squirrel cage
rotor winding cut through lines of magnetic flux,
causing an induced voltage in the rotor. Since the
rotor bars are shorted together at each end, current
flow through the rotor bars produces a magnetic
field in the rotor. Alternate magnetic fields are
produced in the rotor, causing the motor to con-
tinue operating, as shown in Figure 11-10. This
is the same principle that permits a three-phase
motor to continue operating if one phase is lost
and the motor is connected to single-phase power.
The main difference is that the split-phase motor is
designed to operate in this condition and the three-
phase motor is not. Resistance-start and capacitor-
start induction-run motors are rugged and will
provide years of service with little maintenance.
Their operating characteristics, however, are not
as desirable as those of other types of single-phase
motors. Due to the way they operate, they have a
low power factor. They will draw almost as much
current when the motor is running at no load as
they will when the motor is running at full load.
Typically, if the motor has a full-load current draw
of 8 amperes, the no-load current may be 6.5 to
7 amperes.

Rotor Bars

Figure 11-9
Bars and shaft of a squirrel cage rotor. (source: Delmar/
Cengage Learning)

Capacitor-Start Induction-Run
Motors

Capacitor-start induction-run motors are very simi-
lar to resistance-start induction-run motors. The
design of the stator winding is basically the same.
The main difference is that a capacitor is con-
nected in series with the start winding, as shown in
Figure 11-11. Inductive loads cause the current to
lag the applied voltage. Capacitors, however, cause
the current to lead the applied voltage. If the start-
ing capacitor is sized correctly, the start winding
current will lead the applied voltage by an amount
that will result in a 90-degree phase shift between
the run winding current and the start winding
current, producing an increase in the amount of
starting torque, as shown in Figure 11-12. If the
capacitance of the start capacitor is too great, it
will cause the start winding current to shift more
than 90 degrees out-of-phase with the run wind-
ing current and starting torque will be reduced.
When replacing the start capacitor for this type

Figure 11-10

The rofor continues to turn because of magnetic fields
produced by the current induced in the rotor of the
motor. (Source: Delmar/Cengage Learning)
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Start
Capacitor

Centrifugal Switch

Start
Winding

Run
Winding

Figure 11-13

A capacitor-start induction-run motor. (source: Delmar/
Cengage Learning)

Figure 11-11
A capacitor is connected in series with the start
wmdlng (Source: Delmar/Cengage Learning)

Gurrent Flgyre 1 'I.-'I4 )
| * Typical starting capacitor. (source: Delmar/Cengage Learning)
B \/oltage

of motor, the micro-farad rating recommended by
the manufacturer should be followed. It is permis-
sible to use a capacitor with a higher voltage rating,
/ but never install a capacitor with a lower voltage

rating. A capacitor-start induction-run motor is

|
|
|
| shown in Figure 11-13. A typical starting capacitor
|
|
|

90°

is shown in Figure 11-14.

AL Ninding TESTING THE STATOR WINDING
. The stator winding of a single-phase motor is gen-
Figure 11-12 .
The capacitor causes a 90-degree phase shift between erally tested with an ohmmeter. The ohmmeter
run winding current and start winding current. test can be used to determine if a winding is open
(Source: Delmar/Cengage Learning) or grounded. Many single-phase motors have one
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lead of the run and start windings connected as
shown in Figure 11-15. To test the windings for
an open, connect one ohmmeter lead to the com-
mon motor terminal, and the other meter lead to
the run winding. The ohmmeter should indicate
continuity through the winding. The resistance of
the run winding of a single-phase motor can vary
greatly from one motor to another. The winding
resistance of a single-speed motor may be only one
or two ohms, while the resistance of a multi-speed
fan motor may be 10 to 15 ohms.

To test the start winding for an open, connect the
ohmmeter leads to the common terminal and the
S terminal. The start winding should indicate conti-
nuity, and should have a higher resistance than the
run winding. This difference of resistance may not
be great, but the start winding should have a higher
resistance than the run winding.

To test the stator winding for a ground, connect
one of the ohmmeter leads to the case of the motor,
Figure 11-16. Alternately check each motor termi-
nal with the other ohmmeter lead. The ohmmeter
should indicate no continuity between either wind-
ing and the case of the motor.

A shorted start winding can sometimes be
detected by the fact that the motor will not start, but
will run if the shaft is turned by hand. The motor
will produce a humming sound but will not turn
when power is first applied to it. The shaft can be
turned in either direction by hand and the motor
will continue to run in that direction.

Figure 11-15
Testing the split-phase motor for an open winding.

(Source: Delmar/Cengage Learning)

Figure 11-16
Testing a split-phase motor for a grounded winding.

(Source: Delmar/Cengage Learning)

REVERSING DIRECTION
OF ROTATION

The direction of rotation of a split-phase motor can
be reversed by changing the start winding leads or
the run winding leads, but not both. The rotation is
generally reversed by changing the start winding
leads with respect to the run winding. Some motor
manufacturers bring both start winding leads to the
outside of the motor. This permits the service techni-
cian to decide the direction of rotation the motor is
to turn when it is installed on the unit.

DUAL-VOLTAGE MOTORS

Single-phase motors can also be constructed to
operate on two separate voltages. These motors
are designed to be connected to 120 or 240 volts.
A common connection for this type of motor con-
tains two run windings and one start winding,
Figure 11-17. The run windings are labeled T1-T2,
and T3-T4. The start winding is labeled T5 and T6.
In the circuit shown in Figure 11-17, the windings
have been connected for operation on a 240-volt
line. Each winding is rated at 120 volts. The two
run windings are connected in series, which causes
each to have a voltage drop of 120 volts when con-
nected to 240 volts. Notice that the start winding
has been connected in parallel with one of the run
windings. This causes the start winding to have an
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Figure 11-17

The run windings are connected in series for a high-
vo|fuge connection. (Source: Delmar/Cengage Learning)

" —

Ty Ts
RUN RUN START
N T, %
Figure 11-18

Because these windings are connected in parallel, each
will have 120 volts applied to it. (source: Delmar/Cengage Learning)

applied voltage of 120 volts also. Notice that each of
the windings has 120 volts connected to it, which is
the rating of the windings.

If the motor is to be operated on a 120 volt line,
the windings are connected in parallel as shown
in Figure 11-18. Because these windings are con-
nected in parallel, each will have 120 volts applied
to it.

Some dual-voltage motors will contain two start
windings as well as two run windings, as shown
in Figure 11-19. The run windings are labeled T,
through T,, the same as dual-voltage motors that
contain only one start winding. One of the start
windings is labeled T, and T,. The second start
winding is labeled T, and T,. If the motor is to be
connected for operation on 240 volts, the run wind-
ings are connected in series by connecting T, and
T, together, and the start windings are connected
in series by connecting T, and T, together. The
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T1 Ts

S
R T
U A
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T
T2 Te
T3 T7
S
R T
U A
N R
T
T4 Ts
Figure 11-19

Some dual-voltage single-phase motors contain two
start windings as well as two run windings. (seurce: Delmar/
Cengage Learning)

5
T1 Ts
S
R T
U A
N R
T
T2 Te
240 Volts
T3 T7
S
R T
U A
N R
T
Ta Ts
L

Figure 11-20
The motor is connected for operation on 240 volts.

(Source: Delmar/Cengage Learning)

start windings are then connected in parallel with
the run windings, as shown in Figure 11-20. The
direction of rotation can be changed by reversing
T.and T,.

If the motor is operated on 120 volts, the run and
start windings are connected in parallel as shown in
Figure 11-21. If the motor is to be reversed, leads
T, and T, are changed with leads T, and T,. Some
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T3 Ts T7
S S
R R T T
U U A A
N R R
T T

T4 Te Ts

120 Volts
Figure 11-21
The motor is connected for To
operation on 120 volts. (source: Delmar/ o
Cengage Learning) T

Figure 11-22

Connection leads of a dual-voltage single-phase motor.

(Source: Delmar/Cengage Learning)

manufacturers label the start winding leads T, and
T, even if they contain only one start winding. The
connection leads of a dual-voltage single-phase
motor are shown in Figure 11-22.

MOTOR POWER CONSUMPTION

It should be noted that the motor does not use less
energy when connected to 240 volts than it does
when connected to 120 volts. Power is measured
in watts, and the watts will be the same regardless
of the connection. When the motor is connected to
operate on 240 volts, it will have half the current
draw as it does on a 120-volt connection. Therefore,
the amount of power used is the same. For example,
assume the motor has a current draw of 5 amps when
connected to 240 volts and 10 amps when connected
to 120 volts. Watts can be computed from multiply-
ing volts by amps. When the motor is connected
to 240 volts, the amount of power used is 240 X
5 = 1,200 watts. When the motor is connected to
120 volts, the power used is 120 X 10 = 1,200 watts.

The 240-volt connection is generally preferred, how-
ever, because the lower current draw causes less volt-
age drop on the line supplying power to the motor. If
the motor is located a long distance from the panel,
voltage drop of the wire can become very important
to the operation of the unit.

PERMANENT-SPLIT
CAPACITOR MOTOR

The permanent-split capacitor motor has greatly
increased in popularity for use in the air condition-
ing field over the past years. This type of split-phase
motor does not disconnect the start windings from
the circuit when it is running. This eliminates
the need for a centrifugal switch or starting relay
to disconnect the start windings from the circuit
when the motor reaches about 75% of its full speed,
Figure 11-23. This motor has good starting torque

\
]

RUN
CAPACITOR

Figure 11-23
A schematic for a permanent-split capacitor motor.

(Source: Delmar/Cengage Learning)
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Figure 11-24

The run and start windings

of a permanent-split capacitor
motor. (Source: Delmar/Cengage Learning)

and good running torque. Because the capacitor
remains in the circuit during operation, it helps
correct power factor for the motor. The stator
winding of the permanent-split capacitor (PSC)
motor is different from the stator windings of the
resistance-start induction-run or capacitor-start
induction-run motors. The PSC motor stator wind-
ing still contains a run and start winding, but the
start winding will generally have the same size
wire and just as many turns as the run winding, as
shown in Figure 11-24. The run winding is placed
lower in the core material, which helps increase the
inductance.

The capacitor used in this type of motor is
generally the AC oil-filled type. A photograph of
a permanent-split capacitor motor is shown in
Figure 11-25. Because this capacitor remains con-
nected in the circuit, an AC electrolytic capacitor
cannot be used to replace the run capacitor for this
type of motor.

The permanent-split capacitor motor will some-
times use an extra capacitor to aid in starting.
When this is done, the start capacitor is connected
in parallel with the run capacitor. During the time
of starting, both of these capacitors are connected
in the circuit, Figure 11-26. When the motor has
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Run Winding

Figure 11-25
Permanent-split capacitor motor. (source: Delmar/Cengage Learning)

accelerated to about 75% of full speed, the start
capacitor is disconnected from the circuit. If the
motor is an open type, the start capacitor will be
disconnected by a centrifugal switch. If the motor
is sealed, such as a hermetically sealed compressor,
the start capacitor will be disconnected by a starting
relay.
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START
CAPACITOR

RUN
CAPACITOR

Figure 11-26
An extra starting capacitor used with a permanent-split
CGpGCifOI’ motor. (Source: Delmar/Cengage Learning)

IDENTIFYING CAPACITOR
TERMINALS

Most run capacitors and some starting capacitors
are of the oil-filled type, Figure 8—15. This is espe-
cially true for high current motors such as those
used to operate compressors. Many manufacturers

Figure 11-27
The markings indicate the terminal that connects to the
plate located closest to the case of the capacitor.

(Source: Delmar/Cengage Learning)

of oil-filled capacitors will identify one terminal with
an arrow, a painted dot, or by stamping a dash in
the capacitor can, Figure 11-27. 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,
it is most often the plate nearer to the outside case
that becomes grounded. For this reason, it is desir-
able to connect the identified capacitor terminal to
the line side instead of to the motor start winding.
In Figure 11-28, the run capacitor has been con-
nected in such a manner that the identified terminal
is connected to the start winding of a compressor

240 VOLTS

=p  mmp | ==

M CIRCUIT BREAKER
=]

RUN CAPACITOR

Figure 11-28

Identified capacitor termina connected to motor start winding. (Source: Delmar/Cengage Learning)
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240 VOLTS ‘

'9(,4/

\

RUN CAPACITOR/ - ‘

Figure 11-29

S

Identified capacitor terminal connected to the line. (source: Delmar/Cengage Learning)

motor. If the capacitor shorts to ground, a current
path would exist through 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 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.

T

In Figure 11-29, the run capacitor has been
connected in such a manner that the identified
terminal is connected to the line side. If the capaci-
tor shorts to ground, a current path would exist
directly to ground, bypassing the motor start wind-
ing. When the capacitor is connected in this man-
ner, the start winding does not limit current flow
and allows the fuse or circuit breaker to open
almost immediately.

® Split-phase motors fall into three general classifications:

A. The resistance-start induction run.

B. The capacitor-start induction run.

C. The permanent-split capacitor motor.

® The voltages of a two-phase system are 90° out of phase with each other.

® Split-phase motors receive their name from the fact that they split the current flow
through two windings to produce an out of phase condition that produces a rotating mag-

netic field.

® The resistance-start induction run and capacitor-start induction run motors disconnect
their start winding when they have accelerated to about 75% of their rated speed.

® Split-phase motors that are not hermetically sealed generally use a centrifugal switch to
disconnect the start winding when the motor has reached about 75% of its rated speed.

® The direction of rotation of a split-phase motor can be reversed by changing the connec-
tions of the run winding or the start winding, but not both.

® Dual voltage split-phase motors can be connected to operate on 120 or 240 volts.
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130 SECTION 3 Motors

® The capacitor-start induction run motor develops a higher starting torque than the
resistance-start induction run motor.

® The capacitor-start motor develops a higher starting torque by using the capacitor to pro-
duce a 90° phase shift between the current flow in the run winding and the current flow
in the start winding.

® Maximum starting torque for the split-phase motor is produced when the run winding
current and start winding current are 90° out of phase with each other.

® Permanent-split capacitor motors do not disconnect the start winding when the motor is
in operation.

® Some permanent-split capacitor motors use an extra capacitor during the starting

period.
® The identifying mark on an oil-filled capacitor should be connected to the line side of the
circuit.
capacitor-start permanent-split run winding
induction-run motor capacitor motor (PSC) split-phase motor
capacitor-start resistance-start start winding
capacitor-run motor induction-run motor torque
centrifugal switch rotating field speed two-phase power

_____ P REVIEW questions |

1. What is a split-phase motor?
2. What are the three basic types of split-phase motors?
3. Explain the difference in construction of run windings and start windings.

4. How many degrees out of phase should the current in the start winding be with the
current in the run winding to develop maximum starting torque?

5. What type of capacitor is generally used with a capacitor start induction-run motor?
6. Can the micro-farad value of this capacitor be increased to improve starting torque?
7. What type of capacitor is used with a permanent-split capacitor motor?

8. Does the capacitor of a capacitor start induction-run motor help correct power
factor?

9. If necessary, can an AC electrolytic capacitor of higher voltage rating be used as the
starting capacitor?

10. What is a centrifugal switch used for?
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The Shaded-

Pole Induction
Motor

OBJECTIVES

After studying this unit the student should
be able to:

Discuss the operation of a shaded-pole
induction motor

Define a shoding coil

List common uses for the shaded-pole
induction motor

The shaded-pole induction motor is another
type of AC single-phase motor used to a large extent
in the air conditioning field. This motor is popular
because of its simplicity and long life. The shaded-
pole motor contains no start winding or centrifugal
switch. The rotating magnetic field is created by a
shading coil wound around one side of each pole
piece.

THE SHADING COIL

The shading coil is wound around one end of the
pole piece, Figure 12—1. The shading coil is actu-
ally a large loop of copper wire or a copper band.
Both ends of the loop are connected together to
form a complete circuit. The shading coil acts in
the same manner as a transformer with a shorted
secondary winding. When the voltage of the AC
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SHADING COIL
Figure 12-1
A shoded po|e. (Source: Delmar/Cengage Learning)
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Figure 12-2

The shading coil opposes a change of magnetic flux as
vo|tcge increases. (Source: Delmar/Cengage Learning)

waveform 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. Because the coil
is a low-resistance short circuit, a large amount of
current flows in the loop. This current flow causes
an opposition to the change of magnetic flux,
Figure 12-2. As long as voltage is induced into

the shading coil, there will be an opposition to the
change of magnetic flux.

When the AC voltage reaches its peak value, it is no
longer changing and there is no voltage being induced
into the shaded coil. Since there is no current flow in
the shading coil, there is no opposition to the magnetic
flux. The magnetic flux of the pole piece is now uni-
form across the pole face, Figure 12—3.

When the AC voltage begins to decrease from its
peak value back toward zero, the magnetic field of
the pole piece begins to collapse. A current is again
induced into the shading coil. The induced current
opposes the change of magnetic flux, Figure 12—4.
This causes the magnetic flux to be concentrated in
the shaded section of the pole piece.

When the AC voltage passes through zero and
begins to increase in the negative direction, the same
set of events happen, except that the polarity of the
magnetic field is reversed. If these events were to be

I

RARERRRRREREL
NRNRERRENRRRRN
Figure 12-3

There is no opposition to magnetic flux when the volt-
age is not changing. (source: Delmar/Cengage Learning)
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Figure 12-4
The shading coil opposes a change of flux when the
vo|fcge decrecses. (Source: Delmar/Cengage Learning)

seen in rapid order, it could be seen that the magnetic
field rotates across the face of the pole piece.

SPEED

The speed of the shaded-pole induction motor is
determined by the same factors that determine
the synchronous speed of other induction motors:
frequency and number of stator poles. Shaded-pole
motors are commonly wound as four- or six-pole
motors. Figure 12-5 shows a drawing of a four-
pole motor.

REVERSING DIRECTION
OF ROTATION

The direction the magnetic field moves across the
face of the pole piece is determined by the side of the
pole piece that has the shaded coil. The rotor will
turn in the direction of the shaded pole as shown by
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Figure 12-5
A four-pole shaded-pole induction motor. (source: Delmar/

Cengage Learning)

the arrow in Figure 12-5. If the direction of rotation
must be changed, it can be done by removing the
stator 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.

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
current and stator current. The shaded-pole motor
has a low starting torque and running torque. This
motor is generally used in applications that do not
require a large amount of starting torque, such as
fans and blowers. Figure 12—6 shows a photograph
of a shaded-pole induction motor.
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Figure 12-6
Stator winding and rotor of a shaded-pole induction
motor. (Courtesy of Westinghouse Electric Corp.).

____ psummary

® The shaded-pole induction motor is popular because of its simplicity and long life.
® Shaded-pole induction motors do not contain a start winding or centrifugal switch.
® Shaded-pole induction motors operate on the principle of a rotating magnetic field.

® A shading coil or loop is used to produce an out of phase flux across the face of the pole
piece, thus producing a rotating magnetic field.

® The speed of a shaded-pole induction motor is determined by the number of stator poles
and the frequency of the applied voltage.

® Shaded-pole induction motors are generally considered to be nonreversible.

____ D KEVIERmS

magnetic flux shaded-pole induction motor shading coil
opposition

P> REVIEW Questions |

1. What is a shading coil?

2. What determines the synchronous speed of a shaded-pole motor?

3. In general, how is the direction of a shaded-pole induction motor reversed?
4. What type of rotor does the shaded-pole motor contain?

5. Name two advantages of the shaded-pole motor over the split-phase induction motor.
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UNIT 13 Multispeed
Motors

OBJECTIVES

After studying this unit the student should
be able to:

Discuss the operation of a consequent
pole motor

List the factors that determine the
synchronous field speed of an
AC motor

Discuss the operation of multispeed

fan motors

Connect a multispeed fan motor for

Qperqﬂon at different Speeds Multispeed AC motors have been used to a
great extent in the air conditioning field for many
years. There are two basic types of multispeed
motors used. One type is known as the conse-
quent pole motor. The other type is generally a
permanent-split capacitor motor.

THE CONSEQUENT POLE MOTOR

The speed of the rotating magnetic field of an AC
induction motor can be changed in either of two
ways. These are:

1. Change the frequency of the AC voltage.
2. Change the number of stator poles.

The consequent pole motor changes the motor
speed by changing the number of its stator poles.
The run winding in Figure 13-1 has been tapped
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Figure 13-1

Cenfer-fopped run Wlndlng (Source: Delmar/Cengage Learning)
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Figure 13-2

Two magnetic poles are produced. (source: Delmar/
Cengage Learning)

in the center. If the AC line is connected to each end
of the winding as shown, current flows through the
winding in only one direction. Therefore, only one
magnetic polarity is produced in the winding. If
the winding is connected as shown in Figure 13-2,
current flows in opposite directions in each half of
the winding. Because current flows through each
half of the winding in opposite directions, the polar-
ity of the magnetic field is different in each half of the
winding. The run winding now has two polarities
instead of one. There are now two magnetic poles
instead of one. If the windings of a two-pole motor
were to be tapped in this manner, the motor could
become a four-pole motor. The synchronous speed
of a two-pole motor is 3,600 RPM, and the synchro-
nous speed of a four-pole motor is 1,800 RPM.

The consequent pole motor has the disadvantage
of having a wide variation in speed. When the speed
is changed, it changes from a synchronous speed
of 3,600 RPM to 1,800 RPM. The speed cannot be

changed by a small amount. This wide variation in
speed makes the consequent pole motor unsuitable
for some loads, such as fans and blowers.

The consequent pole motor, however, does have
some advantages over the other type of multispeed
motor. When the speed of the consequent pole motor
is reduced, its torque increases. For this reason, the
consequent pole motor can be used to operate heavy
loads, such as two-speed compressors.

MULTISPEED FAN MOTORS

Multispeed fan motors have been used in the air
conditioning industry for many years. These motors
are generally wound for two to five steps of speed,
and are used to operate fans and squirrel-cage blow-
ers. A schematic drawing of a three-speed motor is
shown in Figure 13-3. Notice that the run winding
has been tapped to produce low, medium, and high
speed. The start winding is connected in parallel
with the run winding section. The other end of the
start lead is connected to an external oil-filled run
capacitor. This motor obtains a change in speed by
inserting inductance in series with the run winding.
The actual run winding for this motor is between
the terminals marked High and C. The windings
shown between High and Medium are 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 limits the amount

IL
1Y

Lo

Figure 13-3

Three-speed fan motor. (source: Delmar/Cengage Learning)
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of current flow through the run winding. When the
current of the run winding is reduced, the strength
of the magnetic field of the run winding is reduced
and the motor produces less torque. This causes the
motor speed to decrease.

If the rotary switch is changed to the low position,
more inductance is connected in series with the run
winding. This causes less current to flow through the
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 1,625, 1,500, and 1,350 RPM. Notice that
this motor does not have the wide range between
speeds as the consequent pole motor does. Most
induction motors would overheat and damage the
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motor windings if the speed were to be reduced to
this extent. This motor, however, has much higher
impedance in its windings than most motors. The
run windings of most split-phase motors has a wire
resistance of 1 to 4 ohms. This motor will generally
have a resistance of 10 to 15 ohms in its run wind-
ing. It is the high impedance of the windings that
permits the motor to be operated in this manner
without damage.

Because this motor is designed to slow down
when load is added, it is not used to operate high-
torque loads. This type of motor is generally used
to operate only low-torque loads, such as fans and
blowers. The schematic in Figure 13—4 shows a
multispeed fan motor and switch.

FAN MOTOR

©
RED 3
<L d-} BLU
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Lo “ mMED <'|_'>HI l BLK 3
SWITCH — e \
THERMISTOR
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r '\\
PLAIN YEL : By GRN ———@) (GROUND)
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1 o\
L_ _<_K_>_|(—<:B'_}J BLK @
CAPACITOR /
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THERMOSTAT \
O?O-—YEL——@ YEL ©
OVERLOAD COMPRESSOR
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\ I GRN
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SERVICE CORD

@ (GROUND)
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CONTACTS MADE

LO LtoC,LtoLO
MED Lto C, L to MED
HI Lto C, L toHl

OFF NONE

Figure 13-4

A multispeed fan motor and switch. (source: Delmar/Cengage Learning)
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VARIABLE FREQUENCY DRIVES

One of the factors that determines the speed of the
rotating magnetic field of an AC induction motor is
the frequency of the applied voltage. If the frequency
is changed, the speed of the rotating magnetic field
changes also. A four-pole stator will have a synchro-
nous speed (speed of the rotating magnetic field) of
1,800 RPM when connected to a 60-Hz line. If the
frequency is lowered to 30 Hz, the synchronous
speed decreases to 900 RPM.

When the frequency is lowered, care must be
taken not to damage the stator windings. The
current flow through the winding is limited to a
great extent by inductive reactance. When the fre-
quency is lowered, inductive reactance is lowered
also (X, = 2nFL). For this reason, variable fre-
quency drives must employ some method of lower-
ing the applied voltage to the stator as frequency is
reduced.

In the air conditioning field, variable frequency
drive is often used to control the speed of blower
motors. This method of controlling air flow can be
more efficient than inserting dampers into the duct
system. Variable frequency drives are very popular
in zone controlled systems.

Most variable frequency drives operate by first
changing the AC voltage into DC and then changing
it back to AC at the desired frequency. A variable fre-
quency drive is shown in Figure 13-5. There are sev-
eral methods used to change the DC voltage back into
AC. The method employed is generally determined
by the manufacturer, age of the equipment, and the
size motor the drive must control. Variable frequency
drives intended to control the speed of motors up
to 500 horsepower generally use transistors. In
the circuit shown in Figure 13-6, a three-phase
bridge changes the three-phase alternating-current
into direct current. The bridge rectifier uses SCRs
(silicon controlled rectifiers) instead of
diodes. The SCRs permit the output voltage of the
rectifier to be controlled. As the frequency decreases,
the SCRs fire later in the cycle and lower the output
voltage to the transistors. A choke coil and capaci-
tor bank are used to filter the output voltage before
transistors Q1 through Q6 change the DC voltage
back into AC. An electronic control unit is connected
to the bases of transistor Q1 through Q6. The control

Figure 13-5

Variable frequency drive. (courtesy of Toshiba Corp..

unit converts the DC voltage back into three-phase
alternating current by turning transistors on or off at
the proper time and in the proper sequence. Assume,
for example, that transistors Q1 and Q4 are switched
on at the same time. This permits stator winding T,
to be connected to a positive voltage and T, to be
connected to a negative voltage. Current can flow
through Q4 to T,, through the motor stator winding
and through T, to Q1.

Now assume that transistors Q1 and Q4 are
switched off and transistors Q3 and Q6 are switched
on. Current will now flow through Q6 to stator
winding T,, through the motor to T,, and through
Q3 to the positive of the power supply.

Because the transistors are turned completely
on or completely off, the waveform produced is a
square wave instead of a sine wave, Figure 13-7.
Induction motors will operate on a square wave
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Figure 13-6

Variable frequency drive using bipolar transistor to change the direct current back into alternating current.

(Source: Delmar/Cengage Learning)

Figure 13-7
Squore WAQaVe. (Source: Delmar/Cengage Learning)

Figure 13-8

Stepped wave. (source: Delmar/Cengage Learning)

without much of a problem. Some manufacturers
design units that will produce a stepped waveform
as shown in Figure 13-8. The stepped waveform is
used because it closely approximates a sine wave.

Some Related Problems

The circuit illustrated in Figure 13—6 employs the
use of SCRs in the power supply and junction
transistors in the output stage. SCR power supplies
control the output voltage by chopping the incom-
ing waveform. This can cause harmonics on the
line that cause overheating of transformers and
motors, and can cause fuses to blow and circuit
breakers to trip. When bipolar junction transistors
are employed as switches, they are generally driven
into saturation by supplying them with an exces-
sive amount of base-emitter current. Saturating
the transistor causes the collector-emitter voltage
to drop to between 0.04 and 0.03 volts. This small
voltage drop allows the transistor to control large
amounts of current without being destroyed. When
a transistor is driven into saturation, however, it
cannot recover or turn off as quickly as normal.
This greatly limits the frequency response of the
transistor.

IGBTs

Many transistor-controlled variable drives now
employ a special type of transistor called an insu-
lated gate bipolar transistor (IGBT). IGBTs
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have an insulated gate very similar to some types
of field effect transistors (FETs). Because the gate
is insulated, it has a very high impedance. The
IGBT is a voltage controlled device, not a current
controlled device. This gives it the ability to turn off
very quickly. IGBTs can be driven into saturation
to provide a very low voltage drop between emitter
and collector, but they do not suffer from the slow
recovery time of common junction transistors.
Drives using IGBTs generally use diodes to rectify
the AC voltage into DC, not SCR, Figure 13-9. The
three-phase rectifier supplies a constant DC volt-
age to the transistors. The output voltage to the
motor is controlled by pulse width modulation
(PWM). PWM is accomplished by turning the tran-
sistor on and off several times during each half cycle,
Figure 13-10. The output voltage is an average of
the peak or maximum voltage and the amount of
time the transistor is turned on or off. Assume that
480 volts 3 phase AC is rectified to DC and filtered.
The DC voltage applied to the IGBTs is approxi-
mately 630 volts. The output voltage to the motor
is controlled by the switching of the transistors.
Assume that the transistor is on for 10 microsec-
onds and off for 20 microseconds. In this example

CHOKE
DIODES
@ o— VYV —9o

the transistor is on for one-third of the time and off
for two-thirds of the time. The voltage applied to the
motor would be 210 volts (630/3).

Advantages and Disadvantages
of IGBT Drives

A great advantage of drives using IGBTs is the
fact that SCRs are generally not used in the power
supply and this greatly reduces problems with line
harmonics. The greatest disadvantage is that the
fast switching rate of the transistors can cause volt-
age spikes in the range of 1,600 volts to be applied
to the motor. These voltage spikes can destroy some
motors. Line length from the drive to the motor is of
great concern with drives using IGBTs. The shorter
the line length the better.

Inverter Rated Motors

Because of the problem of excessive voltage spikes
caused by IGBT drives, some manufacturers pro-
duce a motor that is “inverter rated.” These motors
are specifically designed to be operated by variable

IGBTs

LNE O—F+—o py I/I%TOR
O ®
@ @ @

Figure 13-9

Variable frequency drives using IGBTs generally use diodes in the rectifier instead of SCRs. (source: Delmar/Cengage Learning)
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Figure 13-10

Pulse width modulation is
accomplished by turning the
voltage on and off several
times during each half cycle.

(Source: Delmar/Cengage Learning)

frequency drives. They differ from standard motors INSULATING PAPER

in several ways:

. . TATOR RE
1. Many inverter rated motors contain a STATOR CO N

separate blow to provide continuous cooling
for the motor regardless of the speed. Many
motors use a fan connected to the motor shaft
to help draw air though the motor. When

the motor speed is reduced, the fan cannot
maintain sufficient air flow to cool the motor.

2. Inverter rated motors generally have insu-
lating paper between the windings and the
stator core, Figure 13—11. The high voltage Figure 13-11 o

. . Insulating paper is between the windings

spikes produce high currents that produce a ,

i . L. . anl fhe stator frome. (Source: Delmar/Cengage Learning)
high magnetic field. This increased magnetic
field causes the motor windings to move.
This movement can eventually cause the
insulation to wear off the wire and produce
a grounded motor winding.

5. The case size is larger than most three phase
motors. The case size is larger because of the
added insulating paper between the windings

3. Inverter rated motors generally have phase and the stator core. Also, a larger case size
paper .a(%ded to .the terminal leads. Phase _ helps cool the motor by providing a larger
paper is insulating paper added to the terminal surface area for the dissipation of heat.

leads that exit the motor. The high voltage

spikes affect the beginning lead of a coil Variable F Dri
much more than the wire inside the coil. The ariable rrequency vrives

coil is an inductor that naturally opposes a Using SCRs and GTOs

change of current. Most of the insulation Variable frequency drives intended to control

stress caused by high voltage spikes occurs motors over 500 horsepower generally use SCRs
at the beginning of a winding. or GTOs (gate turn off device). GTOs are similar to
4. The magnet wire used in the construction SCRs except that conduction through the GTO can
of the motor windings has a higher rated be stopped by applying a negative voltage, negative
insulation than other motors. with respect to the cathode, to the gate. SCRs and
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GTOs are thyristors and have the ability to handle
a greater amount of current than transistors. An
example of a single-phase circuit used to convert
DC voltage to AC voltage with SCRs is shown in
Figure 13-12. In this circuit, the SCRs are con-
nected to a control unit which controls the sequence
and rate at which the SCRs are gated on. The circuit
is constructed so that SCRs A and A' are gated on
at the same time and SCRs B and B' are gated on
at the same time. Inductors L, and L, are used for
filtering and wave shaping. Diodes D1 through D4
are clamping diodes and are used to prevent the
output voltage from becoming excessive. Capacitor
C, is used to turn one set of SCRs off when the other
set is gated on. This capacitor must be a true AC
capacitor because it will be charged to the alternate
polarity each half cycle. In a converter intended to
handle large amounts of power, capacitor C, will be

a bank of capacitors. To understand the operation
of the circuit, assume that SCRs A and A' are gated
on at the same time. Current will flow through the
circuit as shown in Figure 13-13. Notice the direc-
tion of current flow through the load, and also that
capacitor C, has been charged to the polarity shown.
When an SCR is gated on, it can only be turned off
by permitting the current flow through the anode-
cathode section to drop below a certain level called
the holding current level. As long as the current
continues to flow through the anode-cathode the
SCR will not turn off.

Now assume that SCRs B and B' are turned on.
Because SCRs A and A' are still turned on, two
current paths now exist through the circuit. The
positive charge on capacitor C,, however, causes the
negative electrons to see an easier path. The current
will rush to charge the capacitor to the opposite

+

— _DC POWER
— SUPPLY

L1
Vs A D
N\ N
c,
[ ?

MAASE

Figure 13-12

Changing DC to AC using SCRs. (Source: Delmar/Cengage Learning)
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Figure 13-13

Current flows through SCRs A and A'. (source: Delmar/Cengage Learning)

polarity, stopping the current flowing through SCRs
A and A' permitting them to turn off. The current
now flows through SCRs B and B' and charges the
capacitor to the opposite polarity, Figure 13-14.
Notice that the current now flows through the load
in the opposite direction, which produces alternat-
ing current across the load.

To produce the next half cycle of AC current,
SCRs A and A' are gated on again. The positively
charged side of the capacitor will now cause the
current to stop flowing through SCRs B and B' per-
mitting them to turn off. The current again flows
through the load in the direction indicated in
Figure 13-14. The frequency of the circuit is deter-
mined by the rate at which the SCRs are gated on.

FEATURES OF UARIABLE FREQUENCY CONTROL. Although
the primary purpose of a variable frequency drive

is to provide speed control for an AC motor, most
drives provide functions that other types of controls
do not. Many variable frequency drives can provide
the low speed torque characteristic that is so desir-
able in DC motors. It is this feature that permits AC
squirrel-cage motors to replace DC motors for many
applications.

Many variable frequency drives also provide cur-
rent limit and automatic speed regulation for the
motor. Current limit is generally accomplished by
connecting current transformers to the input of the
drive and sensing the increase in current as load is
added. Speed regulation is accomplished by sensing
the speed of the motor and feeding this information
back to the drive.

Another feature of variable frequency drives is
acceleration and deceleration control, sometimes
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Current flows through SCRs B and B'. (seurce: Delmar/Cengage Learning)

called “ramping.” Ramping is used to accelerate Some other adjustments that can usually be set
or decelerate a motor over some period of time. by changing potentiometers or programming the
Ramping permits the motor to bring the load up to unit are as follows:
speed slowly as opposed to simply connecting the Current Limit: These controls set the maxi-
motor directly to the line. Even if the speed control mum amount of current the drive is permitted
is set in the maximum position when the start to deliver to the motor.

button is pressed, ramping permits the motor to
accelerate the load from zero to its maximum RPM
over several seconds. This feature can be a real
advantage for some types of loads, especially gear

Volts per Hertz: This sets the ratio by which
the voltage increases as frequency increases or
decreases as frequency decreases.

drive loads. In some units the amount of accel- Maximum Hertz: These controls set the
eration and deceleration time can be adjusted by maximum speed of the motor.

setting potentiometers on the main control board. Minimum Hertz: This sets the minimum
Other units are completely digitally controlled and speed the motor is permitted to run.

the acceleration and deceleration times are pro-
grammed into the computer memory.
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® Consequent pole motors change speed by changing the number of stator poles.

® The disadvantage of consequent pole motors is that they have a wide range between
speeds.

® The advantage of the consequent pole motor is that it maintains a high torque.

® Consequent pole motors are generally used to operate two-speed compressors because of
their ability to maintain high torque.

® Multispeed fan motors insert inductance in series with the main run winding to produce a
change of speed.

® The run windings of multispeed fan motors have a high resistance so they will not
overheat when the motor slows down.

® Multispeed fan motors cannot be used to operate high torque loads.

® Variable frequency drives change the speed of the motor by changing the frequency of the
applied voltage.

® The synchronous speed of an induction motor is the speed of the rotating magnetic field.

® Synchronous speed is determined by two factors: number of stator poles per phase, and
frequency of the applied voltage.

® When the frequency to the motor is reduced, the voltage must be reduced also.

® Variable frequency drives up to 500 horsepower generally use transistors to change the
DC voltage back into AC voltage.

® Variable frequency drives above 500 horsepower generally use SCRs or GTOs to change
the DC voltage back into AC voltage.

® Insulated gate bipolar transistors are used in many variable frequency drives because they
can be switched on or off at a faster rate.

® Units employing IGBTs can produce voltage spikes on the motor as high as 1,600 volts.
® Inverter rated motors are designed to operate with variable frequency drives.

® Some variable frequency drives use potentiometers to change settings, and others are
digital and must have the setting programmed into the drive.

_)> WevreRms

consequent pole motor multispeed AC motors silicon controlled
harmonics polarity rectifiers (SCRs)
insulated gate bipolar pulse width tapped

transistors (IGBTs) modulation (PWM) two-speed compressors

variable frequency
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P REVIEw questons

1. Name two ways of changing the speed of a rotating magnetic field.
2. How does the consequent pole motor change speed?

3. Name a disadvantage of the consequent pole motor.

4. Name an advantage of a consequent pole motor.

5. How many steps of speed are common to a multispeed fan motor?

6. Refer to Figure 13-3. Explain what would happen to motor operation if the winding
between low and medium should become open.

7. What is an advantage of the multispeed fan motor over the consequent pole motor?

8. What is a disadvantage of the multispeed fan motor when compared with the
consequent pole motor?

9. How much wire resistance is common for the run winding of most split-phase
motors?

10. How much wire resistance is common for the multispeed fan motor?
11. What is synchronous speed?

12. What is the disadvantage of a variable frequency drive unit that uses SCRs to convert
the AC voltage into DC voltage?

13. What is the disadvantage of driving a common bipolar junction transistor into
saturation?

14. Whatis the main advantage of the insulated grate bipolar transistor over the common
bipolar junction transistor?

15. What is an inverter rated motor?

“) Thoustesuooring questions |

Refer to the schematic shown in Figure 13—4 to answer the following questions.

1. If the switch is set in the HI position, the thermostat will control the operation of:
A. The compressor only.
B. The fan motor only.
C. The speed of the fan motor.
D. Both the compressor and the speed of the fan motor.

2. When the switch is set in the HI position, both the fan motor and compressor operate. If
the switch is changed to the MED or LOW position, the compressor continues to operate,
but the fan motor stops. Which of the following could cause this problem?

A. The fan motor start winding is open.
B. The section of run winding between the red and blue wires is open in the fan motor.
C. The section of run winding between the blue and black wires is open in the fan motor.

D. The section of run winding between the black and white wires is open in the fan motor.
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3. The fan motor will operate in any of its three speeds, but the compressor motor will not
start. Which of the following could cause this problem?

A. The switch is not making connection between L and C.

B. The switch is not making connection between L and LO.
C. The switch is not making connection between L and MED.
D. The switch is not making connection between L and HI.

4. If it is assumed that this unit operates on 120 volts AC, how is the neutral conductor
identified on the schematic shown in Figure 13—4?

A. The wire color is green.
B. The wire color is white.
C. The conductor is ribbed.
D. The conductor is plain.
5. If the unit is in operation and the overload protector should open:
A. Both the fan motor and compressor will stop operating.
B. Only the compressor will stop operating.
C. Only the fan motor will stop operating.
D. Both the fan motor and compressor will continue to operate.
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Principles

OBJECTIVES
After studying this unit the student should
be able to:
List the three major types of three-
phase motors
Discuss the operating principle of a
three-phase motor
List the factors that determine
synchronous speed
Discuss the operation of dual-voltage
motors

Connect dual-voltage three-phase
motors for operation on low voltage
or high voltage 1. The squirrel-cage induction motor.

2. The wound rotor induction motor.

There are three basic types of three-phase
motors. These are:

3. The synchronous motor.

The type of three-phase motor is determined by
the rotor or rotating member. The stator windings
for any of these motors is the same. In this unit, the
basic principles of operation for three-phase motors
will be discussed.

The principle of operation for all three-phase
motors is the rotating magnetic field. There
are three factors that cause the magnetic field to
rotate. These are:

1. The voltages of a three-phase system are
120° out of phase with each other.
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2. The three voltages change polarity at regular
intervals.

3. The arrangement of the stator windings
around the inside of the motor.

Figure 14-1A shows three AC voltages 120° out
of phase with each other, and the stator winding of
a three-phase motor. The stator illustrates a two-
pole, three-phase motor. Two-pole means that there
are two poles per phase. AC motors do not generally
have actual pole pieces as shown in Figure 14—1A,
but they will be used here to aid in understanding
how the rotating magnetic field is created in a three-
phase motor. Notice that pole pieces 1A and 1B are
located opposite each other. The same is true for
poles 2A and 2B, and 3A and 3B. The pole pieces
1A and 1B are wound with wire that is connected to
phase one of the three-phase system. Notice also that
the pole pieces are wound in such a manner that
they will always have opposite magnetic polarities.
If pole piece 1A has a north magnetic polarity, pole
piece 1B will have a south magnetic polarity at the
same time.

The windings of pole pieces 2A and 2B are con-
nected to line 2 of the three-phase system. The
windings of pole pieces 3A and 3B are connected to
line 3 of the three-phase system. These pole pieces
are also wound in such a manner as to have the
opposite polarity of magnetism.

To understand how the magnetic field rotates
around the inside of the motor, refer to Figure 14—1B.
Notice a line, labeled “A,” has been drawn through
the three voltages of the system. This line is used
to illustrate the condition of the three voltages
at this point in time. The arrow drawn inside
the motor indicates the greatest strength of the
magnetic field at the same point in time. It is to be
assumed that the arrow is pointing in the direction
of the north magnetic field. Notice in Figure 14—1B,
that phase 1 is at its maximum positive peak, and
that phases 2 and 3 are less than maximum. The
magnetic field is, therefore, strongest between pole
pieces 1A and 1B.

In Figure 14-1C, line B indicates that the voltage
ofline 3 is zero. The voltage of line 1 is less than maxi-
mum positive; and line 2 is less than maximum nega-
tive. The magnetic field at this point is concentrated
between the pole pieces of phase 1 and phase 2.

UNIT 14 Three-Phase Motor Principles
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Figure 14-1A

Basic stator winding. (seurce: Delmar/Cengage Learning)
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Figure 14-1B
The magnetic field is concentrated between the poles
of phase 1. (source: Delmar/Cengage Learning)
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The magnetic field is concentrated between The magnetic field is concentrated between the poles
phases 1 and 2. (source: Delmar/Cengage Learning) of phase 1. (Source: Delmar/Cengage Learning)

In Figure 14-1D, line C indicates that line 2 is at
its maximum negative peak and that lines 1 and 3
are less than maximum positive. The magnetic field
at this point is concentrated between pole pieces 2A
and 2B.

In Figure 14-1E, line D indicates that line 1 is
zero. Lines 2 and 3 are less than maximum and in

opposite directions. At this point, the magnetic field |<_>2 o é‘”’
is concentrated between the pole pieces of phase 2 I |
and phase 3. P A e -7 4
In Figure 14-1F, line E indicates that phase 3 is 2A',: § € g
at its maximum positive peak and lines 1 and 2 are : o N v I
less than maximum and in the opposite direction. A -—_ . :
The magnetic field at this point is concentrated e a8 2B' :
between pole pieces 3A and 3B. : ¢ — N |
In Figure 14-1G, line F indicates that phase 2 T B q8 y ; :
is 0. Line 3 is less than maximum positive; and line 1 : : ) :
is less than maximum negative. The magnetic field T - |
! b e e e e e e

at this time is concentrated between the pole pieces
of phase 1 and phase 3.

Figure 14-1E
The magnetic field is concentrated between phases 2 and 3.

(Source: Delmar/Cengage Learning)
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The magnetic field is concentrated between the poles
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Figure 14-1G

The magnetic field is concentrated between phases 1 and 3.

(Source: Delmar/Cengage Learning)
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In Figure 14-1H, line G indicates that phase 1
is at its maximum negative peak; and phase 2
and 3 are less than maximum and in the opposite
direction. Notice that the magnetic field is again
concentrated between pole pieces 1A and 1B. This
time, however, the magnetic polarity is reversed
because the current has reversed in the stator
winding.

In Figure 14-11, line H indicates phase 2 is at its
maximum positive peak and phases 1 and 3 are less
than maximum and in the negative direction. The
magnetic field is concentrated between pole pieces
2A and 2B.

In Figure 14-1J, line 1 indicates that phase 3
is maximum negative; and phases 1 and 2 are less
than maximum in the positive direction. The mag-
netic field at this point is concentrated between pole
pieces 3A and 3B.

In Figure 14-1K, line ] indicates that phase 1
is at its positive peak; and phases 2 and 3 are less
than maximum and in the opposite direction. The
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Figure 14-1H
The magnetic field is concentrated between the poles of
thSe 1. (Source: Delmar/Cengage Learning)
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Figure 14-11
The magnetic field is concentrated between the poles
O{ phdse 2. (Source: Delmar/Cengage Learning)

Figure 14-1K
The magnetic field has rotated 360°.

(Source: Delmar/Cengage Learning)

magnetic field is again concentrated between pole
pieces 1A and 1B. Notice that in one complete cycle
of three-phase voltage, the magnetic field hasrotated
360° around the inside of the stator winding.

If any two of the stator leads is connected to a
different line, the relationship of the voltages will
change and the magnetic field will rotate in the
opposite direction. The direction of rotation of a
three-phase motor can be reversed by changing any

two stator leads.
i .~ 1A //l
I AL -1
P AT T e T SYNCHRONOUS SPEED
: TS I
; - 7 I The speed at which the magnetic field rotates is
: -\ . |
' P 2 S I known as the synchronous speed. The synchro-
: : b NG : nous speed of a three-phase motor is determined by
oo U [EP A : | two factors. These are:
T . i
A S RN SS— - : 1. The number of stator poles.
S — : 2. The frequency of the AC line.

Figure 14-1J

The magnetic field is concentrated between the poles

O{ phdse 3. (Source: Delmar/Cengage Learning)

Because 60 Hz is a standard frequency throughout
the United States and Canada, the following gives
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the synchronous speeds for motors with different
numbers of poles.

2 Poles 3,600 RPM
4 Poles 1,800 RPM
6 Poles 1,200 RPM
8 Poles 900 RPM
STATOR WINDINGS

The stator windings of three-phase motors are con-
nected in either a wye or delta. Some stators are
designed in such a manner as to be connected in
either wye or delta, depending on the operation of
the motor. Some motors, for example, are started as a
wye-connected stator to help reduce starting current,
and then changed to a delta connection for running.

Many three-phase motors have dual-voltage sta-
tors. These stators are designed to be connected to
240 volts or 480 volts. The leads of a dual-voltage
stator use a standard numbering system. Figure 14—2
shows a dual-voltage wye-connected stator. Notice
the stator leads have been numbered in a spiral. This
diagram shows that numbers 1 and 4 are opposite
ends of the same coil. Lead number 7 begins another
coil, and this coil is to be connected to the same
phase as 1 and 4. Leads 2 and 5 are opposite ends
of the same coil. Coil number 8 must be connected
with the same phase as leads 2 and 5. Leads 3 and
6 are opposite ends of a coil and must be connected
with lead number 9. Keep in mind that Figure 14-2
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is a schematic diagram, and that when connecting
a three-phase motor for operation at the proper
voltage, the leads will look more like Figure 14-3.
This figure illustrates the leads coming out of the
terminal connection box on the motor. Some leads
are numbered with metal or plastic bands on the
wires, and some leads have numbers printed on the
insulation of the wire.

Figure 14-4 shows the stator connection for
operation on a 480-volt line. Figure 14-5 shows

Figure 14-2
Numbering a dual-voltage stator. (source: Delmar/Cengage

Learning)

©mEa

Figure 14-3
Leads of a dual-voltage motor.

(Source: Delmar/Cengage Learning)
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11

High-vohoge connection. (Source: Delmar/Cengage Learning)

Figure 14-5
Windings connected in series. (Source: Delmar/Cengage Learning)

the schematic equivalent of this connection. Notice
that the windings have been connected in series.
Figure 14—6 shows the stator connection for opera-
tion on a 240-volt line. Figure 14-7 shows the
schematic equivalent of this connection. When
the motor is to be operated on 240 volts, the stator
windings are connected in parallel. Notice that leads
4, 5, and 6 are connected together to form another
center point. This centerpoint is electrically the same
as the point where leads 7, 8, and 9 join together.
Figure 14-8 shows the equivalent circuit.

® ® ®
Figure 14-6

Low-voltage connection. (source: Delmar/Cengage Learning)

Lo

Figure 14-7

Windings connected in parallel. (source: Delmar/Cengage Learning)

When a motor is operated on a 240-volt line,
the current draw of the motor is double the current
draw of a 480-volt connection. For example, if a
motor draws 10 amps of current when connected
to 240 volts, it will draw 5 amps when connected
to 480 volts. The reason for this is the difference of
impedance in the windings between a 240-volt con-
nection and a 480-volt connection. For instance,
assume the stator windings of a motor have an
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Figure 14-8
Equiva|ent pora||e| circuit. (Source: Delmar/Cengage Learning)

&

qu

a2
?qQ
48Q § 480 g 240
Figure 14-9

Total impedance of a parallel connection. (source: Delmar/

Cengage Learning)

impedance of 48 ohms. If the stator windings are
connected in parallel as shown in Figure 14-9, the
total impedance of the windings is 24 ohms.

ORI X R2
Rt= R+ R2
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_ 48 x 48
Rt= %8+ 48
_ 2304

Rt = 56
Rt = 24 ohms

If 240 volts is applied to this connection, 10 amps of
current will flow.

-k

I_R

— 240
24

I =10 amps

If the windings are connected in series for operation
on a 480-volt line as shown in Figure 14-10, the
total impedance of the winding is 96 ohms.

Rt =R1 + R2
Rt = 48 + 48
Rt = 96 ohms

If 480 volts is applied to this winding, 5 amps of
current will flow.

Figure 14-10

|mpedonce C‘IddS in series. (Source: Delmar/Cengage Learning)
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DELTA CONNECTIONS

Three-phase motors are also connected in delta. The
same standard numbering system is used for delta-
connected motors. If a dual-voltage motor is to be
connected in delta, there must be 12 leads instead of
9 leads brought out at the terminal box.

Figure 14-11 shows the schematic diagram of
a motor connected for operation as a high-voltage
delta. Notice that the stator windings for each phase
have been connected in series for operation on high
voltage. If the motor is to be connected for operation
on a low voltage, the windings will be connected in
parallel as shown in Figure 14-12. Figure 14-13
shows an equivalent parallel connection.

SPECIAL CONNECTIONS

Some three-phase motors designed for operation on
voltages higher than 600 volts may have more than
9 or 12 leads brought out at the terminal box. A motor
with 15 or 18 leads can be found in high-voltage
installations. A 15-lead motor has 3 coils per phase
instead of 2. Figure 14—14 shows the proper number
sequence for a 15-lead motor. Notice the leads are
numbered in the same spiral as a 9-lead motor.

Figure 14-11
High-vohoge delta connection. (Source: Delmar/Cengage Learning)

Figure 14-12

Low-voltage delta connection. (source: Delmar/Cengage Learning)

Figure 14-13
Equivalent parallel delta connection. (source: Delmar/Cengage

Learning)
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Figure 14-14
Fifteen-lead motor.

(Source: Delmar/Cengage Learning)

_p summpR

® The three basic types of three-phase motors are:
A. Squirrel-cage induction.
B. Wound rotor induction.
C. Synchronous.
® All three-phase motors operate on the principle of a rotating magnetic field.
® Three factors that cause a magnetic field to rotate are:
A. The voltages of a three-phase system are 120° out of phase with each other.
B. The three voltages change polarity at regular intervals.
C. The arrangement of the stator winding around the inside of the motor.
® The speed of the rotating magnetic field is determined by two factors:
A. The number of stator poles.
B. The frequency of the applied voltage.
® The ends of the stator windings are numbered in a standard manner.

® The stator windings of some three-phase motors are connected in a wye configuration and
some are connected in a delta configuration.
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® When a dual-voltage motor is to be connected for operation at low voltage, the stator
windings will be connected in parallel.

® When a dual-voltage motor is to be connected for operation on high voltage, the stator
windings will be connected in series.

____ P HevieRMs |

rotating magnetic field
synchronous speed
three-phase motors

P> REVIEW Questions |

1. What are the three basic types of three-phase motors?

2. Name three factors that produce a rotating magnetic field.

3. What is synchronous speed?

4. What two factors determine the synchronous speed of a three-phase motor?
5. How is the direction of rotation of a three-phase motor changed?

6. What is the synchronous speed of a four-pole motor when connected to a
60-Hz line?

7. A dual-voltage three-phase motor has a current draw of 50 amps when connected to
a 240-volt line. How much current will flow if the motor is connected for operation
on 480 volts?

8. If the stator windings of a three-phase motor are connected for operation on high
voltage, will the windings be connected in series or parallel?

9. If a dual-voltage motor is connected for operation on low voltage, and the motor is
then connected to high voltage, will the motor operate at a faster speed?

10. Why does a dual-voltage motor draw more current when connected to low voltage
than it does when connected to high voltage?
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The

Squirrel-Cage

Induction
UNIT 15 Moror

OBJECTIVES

After studying this unit the student should
be able to:

Discuss the Iorincip|e of operation
of a squirrel-cage three-phase motor

List the factors that determine the
amount of torque developed by
a squirrel-cage motor

Discuss code letters and their meaning

Perform an ohmmeter test on a three-

phase squirre|-coge motor
The squirrel-cage induction motor receives

its name from the fact that the rotor contains a set
of bars that resemble a squirrel cage. If the soft-iron
laminations were to be removed from the rotor,
it would be seen that the rotor contains a set of
metal bars joined together at each end by a metal
ring, Figure 15-1. Figure 15-2 shows a complete
squirrel-cage rotor and stator winding.

PRINCIPLE OF OPERATION

The squirrel-cage motor is an induction motor. This
means that the current flow in the rotor is produced
by induced voltage from the rotating magnetic field
of the stator. In Figure 15-3, a squirrel-cage rotor
is shown inside the stator winding of a three-phase
motor. It will be assumed that the motor shown in
Figure 15-3 contains four poles per phase, which
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(1,800 RPM — 600 RPM = 1,200 RPM). Because
the rotor is being cut at a slower rate, less voltage
is induced into the rotor. This produces less current
flow through the rotor. When the current flow in
the rotor is reduced, the current flow in the stator is
reduced also.

As the rotor continues to accelerate, the rotating
magnetic field cuts the rotor bars at a slower rate.
This causes less voltage to be induced into the rotor,
and therefore, less current flow in the rotor. Notice
that the maximum amount of induced voltage and
current occurs when the rotor is not turning at the
instant of start. This is the reason that AC induction
motors require more current to start than to run.

TORQUE

Torque is the amount of turning or twisting force
developed by a motor. It is generally measured in
pound-inches or pound-feet depending on the appli-
cation. Imagine a bar one foot in length attached
to the shaft of a motor. A torque of one pound-foot
would be the force exerted by applying a pressure of
one pound on the end of the bar.

The amount of torque produced by an AC induc-
tion motor is determined by three factors. These are:

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 stator
and rotor flux.

Notice that one of the factors that determines the
amount of torque produced by an induction motor is
the strength of the magnetic field of the rotor. An induc-
tion motor cannot run at synchronous speed. If the rotor
was to accelerate to the speed of the rotating magnetic
field, there would be no cutting action of the squirrel-
cage bars and, therefore, no current flow in the rotor.
If there was no current flow in the rotor, there could be
no rotor magnetic field and, therefore, no torque.
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When an induction motor is operating with no
load connected to it, it will run close to the synchro-
nous speed. For example, a four-pole motor that has
a synchronous speed of 1,800 RPM could run at
1,795 RPM at no load. The speed of an AC induc-
tion motor is determined by the amount of torque
needed. When the motor is operating at no load, it
will produce only the amount of torque needed to
overcome its own friction and windage losses. This
low torque requirement permits the motor to oper-
ate at a speed close to that of the rotating magnetic
field.

If a load is connected to the motor, it must fur-
nish more torque to operate the load. This causes
the motor to slow down. When the motor speed
decreases, the rotating magnetic field cuts the
rotor bars at a faster rate. This causes more volt-
age to be induced in the rotor and, therefore, more
current. The increased current flow produces a
stronger magnetic field in the rotor, which causes
more torque to be produced by the motor. As the
current flow increases in the rotor, it causes more
current flow to be produced in the stator. This is
why motor current will increase as load is added
to the motor.

Another factor that determines the amount
of torque produced by an induction motor is the
phase angle difference between rotor and stator
flux. Motor torque is basically the attracting force
of two magnetic fields. Imagine two bar magnets
representing the magnetic fields of the stator and
rotor, Figure 15—4. If the north end of one magnetic
is placed close to the south end of the other, they
will be attracted to each other, Figure 15-5. Torque
can be compared to the amount of force necessary
to separate the two magnets. When the magnets are
in line with each other, as shown in Figure 15-5,
the attraction is strongest and the amount of force
necessary to separate them is the greatest. This com-
pares to the stator flux and rotor flux being in phase
with each other.

Figure 15-4

S.fofor and rotor magnetic STATOR FIELD
fields are compared fo two

ROTOR FIELD

bar magnets. (Source: Delmar/

Cengage Learning)
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SEPARATING FORCE
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Figure 15-5
Torque is the force attract-
ing the two magnets.

STATOR FIELD

ROTOR FIELD

(Source: Delmar/Cengage Learning)
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Figure 15-6
Magnets are sepqrofed
by an angle of 10°.

(Source: Delmar/Cengage Learning)

z

10
Figure 15-7 sTh

Magnets are seporoted
by an angle of 30°.

(Source: Delmar/Cengage Learning)

Now assume that the two magnets are placed
at an angle of 10° to each other, Figure 15-6.
The 10-degree angle produces a greater amount
of separation between the two magnetic fields. The
magnets can now be separated with less force. Now
assume that the magnets are placed at a 30° angle
to each other, Figure 15-7. The amount of force
necessary to separate the two magnets is less than it
was at a 10° angle. The greater the angle between
the two magnets, the less force required to separate
them. This corresponds to the phase angle difference
between rotor and stator flux. The greater the phase
angle between rotor and stator flux, the less torque
that is developed by the motor.

STATOR FIELD

o FIEWD

———V\ 100/’»
S N
ROTOR FIELD

SEPARATING FORCE

/v\ 30°
S N

CODE LETTERS

Squirrel-cage rotors are not all the same. Rotors are
made with different types of bars. The type of rotor
bars used in the construction of the rotor deter-
mines the operating characteristics of the motor.
AC motors are given a code letter on their name-
plate. The code letter indicates the type of bars used
in the rotor. Figure 15—8 shows a rotor with type
“A” bars. A type “A” rotor has the highest resistance
of any squirrel-cage rotor. This means that the start-
ing torque is high since the rotor current is closer to
being 90° out of phase with the stator current than
the other types of rotors. The high resistance of the
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Figure 15-8
Type “A” rotor. (source: Delmar/Cengage Learning)

rotor bars limits the amount of current flow in the
rotor when starting. This produces a low starting
current for the motor. A rotor with type “A” bars
has very poor running characteristics, however.
Because the bars are resistive, a large amount of
voltage will have to be induced into the rotor to pro-
duce an increase in rotor current and, therefore, an
increase in the rotor magnetic field. This means that
when load is added to the motor, the rotor must slow
down a great amount to produce enough current in
the rotor to increase the torque.

Figure 15-9 shows a rotor with bars similar to
those found in rotors with code letters B through E.
These rotor bars have lower resistance than the type
“A” rotor. This rotor has fair starting torque, low
starting current, and fair speed regulation.

Figure 15-10 shows a rotor with bars similar to
those found in rotors with code letters F through
V. This rotor has low starting torque, high starting
current, and good running torque. This type of rotor
also has good speed regulation.

The code letter found on the nameplate is also used
to determine the amount of locked rotor current
for the motor. Locked rotor current is the amount of
current the motor will draw at the moment of starting.
Figure 15-11 shows Table 430.7(B) of the National

Figure 15-9
Type “B-E” rotor. (source: Delmar/Cengage Learning)

Figure 15-10

Type “F-V” rotor. (Source: Delmar/Cengage Learning)

Electrical Code.® This table is used to determine the
locked rotor current for a squirrel-cage rotor. To use
the table, the horsepower, code letter, and voltage of
the motor must be known. For this example, assume
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Table 430.7(B) Locked-Rotor Indicating Code Letters

Kilovolt-Amperes per Horsepower

Code Letter with Locked Rotor

A 0-3.14
B 3.15-3.54
C 3.55-3.99
D 4.0-4.49
E 4.5-4.99
F 5.0-5.59
G 5.6-6.29
H 6.3-7.09
J 7.1-7.99
K 8.0-8.99
L 9.0-9.99
M 10.0-11.19
N 11.2-12.49
r 12.5-13.99
R 14.0-15.99
S 16.0-17.99
T 18.0-19.99
U 20.0-22.39
v 22.4 and up

Figure 15-11

(Reprinted with permission from NFPA 70-2008,
National Electrical Code®, Copyright © 2008,

National Fire Protection Association, Quincy, MA
02169. This reprinted material is not the complete and
official position of the National Fire Protection Associa-
tion on the referenced subject, which is represented only
by the standard in its entirety.)

the motor is 10 horsepower, has a code letter J, and is
operated on a 480-volt line. The table lists the locked
rotor currents in kilovolt-amperes per horsepower.
The table shows that code letter J is 7.1 to 7.99.
For this calculation, a midvalue of 7.5 will be used.
Because the values are listed in kilovolt-amperes, 7.5
is actually 7,500 volt-amperes. To find the locked
rotor current, multiply the kVA rating by the horse-
power, and then divide by the voltage.

I = 7500 VA x 10 hp

| _ 75000
480

| =156.25 amps

THE NAMEPLATE

Electric motors have nameplates that give a great
deal of information about the motor. Figure 15-12
illustrates the nameplate of a three-phase induc-
tion motor. The nameplate shows that the motor is
10 horsepower, it is a three-phase motor and oper-
ates on 240 or 480 volts. The full-load running
current of the motor is 28 amps when operated on
240 volts, or 14 amps when operated on 480 volts.

MOTOR NAMEPLATE

HP Phase

10 3

Volts Amps
240/480 28/14

Hz FL Speed
60 1,745 RPM
Code SF

J 1.25
Frame Model No.
XXXX XXXX

Figure 15-12

Motor ncmep|o|‘e. (Source: Delmar/Cengage Learning)

Ty

T2

T3

Figure 15-13
Schematic symbol of a three-phase squirrel-cage
inducﬁon motor. (Source: Delmar/Cengage Learning)

The motor is designed to be operated on a 60-Hz AC
voltage, and has a full-load speed of 1,745 RPM.
The speed indicates that this motor has four poles
per phase. Since the full-load speed is 1,745 RPM,
the synchronous speed would be 1,800 RPM. The
motor contains a type J squirrel-cage rotor, and has
a service factor of 1.25. The service factor is used to
determine the amperage rating of the overload pro-
tection for the motor. The frame indicates the type
of mounting the motor has. Figure 15-13 shows the
schematic symbol for a three-phase squirrel-cage
induction motor.

TESTING THE MOTOR

Most service technicians test a three-phase motor
with an ohmmeter. The ohmmeter can be used to
check the stator winding for an open condition or
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©
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Figure 15-14
Testing the stator winding for opens. (source: Delmar/

Cengage Learning)

OHMMETER

&

b {

Figure 15-15
Testing the stator winding for grounds. (source: Delmar/
Cengage Learning)

a grounded condition. To test the stator winding
for an open condition, check the continuity of each
winding by measuring the resistance between each
of the three windings as shown in Figure 15-14.
The resistance of each pair of windings should be
the same. To test for a grounded motor, connect
one ohmmeter lead to the case of the motor, and the
other lead to one of the motor leads. There should be
no continuity between any of the leads and the case
of the motor, Figure 15-15. The ohmmeter, how-
ever, will not generally detect a shorted winding.
The resistance of the stator windings of most large
horsepower motors is so low that they appear under
normal conditions to be a short circuit to the ohm-
meter. To test for a shorted winding, some method
must be used to measure the reactance of the wind-
ings instead of their resistance. If the motor will run,
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an ammeter can be used to measure the current
draw of the motor. The current of each line should
be equal and within the full-load current rating of
the motor. If one line has a higher current reading
than the others, it is an indication of a shorted stator
winding. If it is not possible to operate the motor, an
instrument that measures the actual inductance of
the winding can be used. If one winding has a lower
inductance than the others, it is shorted.

STARTING METHODS FOR
SQUIRREL-CAGE MOTORS

There are several methods that can be employed to
start three-phase squirrel-cage motors. These meth-
ods include:

1. Across-the-line starting.
2. Resistor/reactor starting.
3. Autotransformer starting.
4. Wye-delta starting.

5. Part winding starting.

Across-the-Line Starting

The simplest of these methods is across-the-line
starting. Across-the-line starting is accomplished
by connecting the motor directly to the power line,
Figure 15-16. This method of starting is used when
the inrush current, called locked rotor current, is
not so great as to adversely affect the power line.
Across-the-line starting is employed for all small
horsepower motors, and depending on the local
power base, may be used for motors of several hun-
dred horsepower.

Resistor/Reactor Starting

Often it is necessary to reduce the inrush current
during the starting period of large motors. One
method of reducing the starting current is to con-
nect resistors or reactors (choke coils or inductors)
in series with the motor during the starting period,
Figure 15-17. This permits the resistance of the
resistors or the inductive reactance of the reactors
to limit the inrush current when the motor is first
started. After the motor has accelerated to near full
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MOTOR
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Figure 15-16

Across-the-line starting is accomplished by connecting the motor directly to the power line. (source: Delmar/Cengage Learning)

load speed, the resistors or reactors are shunted out
of the circuit. Several methods may be employed
for shunting the resistors or reactors out of the line.
The circuit shown in Figure 15-17 uses a time delay
relay to energize R contactor after some period of
time. The circuit operates as follows:

* When the thermostat contact closes, the coils of
the compressor contactor (C) and the on-delay
timer (TR) energize.

* When the compressor contactor energizes, C con-
tacts close and connect the motor and reactors to
the power line.

+ After some period of time, timed contact TR closes
and energizes the R contactor causing the R con-
tacts connected in parallel with the current limiting
inductors to close and shunt the inductors out of the
line. The motor is now connected to full voltage.

Autotransformer Starting

Autotransformer starting differs from resistor or
reactor starting by decreasing the voltage applied
to the motor during the starting period instead
of inserting resistance or inductive reactance in
series with the motor. It should be noted that when
the voltage to the motor is reduced, the torque is
reduced also. A 50% reduction of voltage will pro-
duce a 50% reduction of current also, but the torque
is reduced to 25% of the value produced by full volt-
age starting.

Several methods can be employed when using
autotransformer starting. Some starters used three
transformers, but most use two transformers con-
nected in an open delta, Figure 15-18. In this
circuit, notice the addition of the normally closed
R contact connected in series with S coil and the
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Figure 15-17
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Reactor starter for a three-phase squirrel-cage motor. (source: Delmar/Cengage Learning)

normally closed S contact connected in series with
the R coil. This is referred to as interlocking.
Interlocking is used to prevent one contactor being
energized while some other contactor is energized.
In this circuit, coils R and S can never be energized
at the same time. The circuit operates as follows: (It
will be assumed that timer TR is set for a delay of
3 seconds).

* When the thermostat contact closes, coils S and
TR energize.

« All S contacts change position. The normally
open S contacts close and connect the autotrans-
former to the line. The motor is now connected to

reduced voltage. The normally closed S contact
connected in series with the coil of the R contac-
tor opens and prevents the possibility of the R coil
being energized.

After a delay of 3 seconds, the TR timed contacts
change position.

The normally closed TR contact connected in
series with the S coil opens and disconnects it from
the line.

When the S coil deenergizes, all S contacts return
to their normal position. The autotransformer is
now disconnected from the line and the contact
connected is series with R coil is now closed.
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Figure 15-18

Autotransformer starter using an open delta connection. (source: Delmar/Cengage Learning)

* When the normally open TR contact closes, the R Wye-Delta Starting

coil energizes and all R contacts change position.
Wye-delta starting is also known as star-delta start-

ing. Wye-delta starting is used to reduce the inrush
current during the starting period by connecting the
stator windings of the motor in a wye configuration

* The normally open R contacts close and connect
the motor directly to the power line. The normally
closed R contact opens and prevents the possibil-
ity of S coil being energized at the same time.
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during the starting period and then reconnecting
them in delta during the run period. If the stator
windings are connected in wye, the inrush cur-
rent will be one-third the value it would be if they
were connected in delta. Assume that the motor
stator windings have an impedance of 2.5 ohms
each. Now assume that the windings are connected
in delta, Figure 15-19. It will also be assumed
that the motor is connected to a line voltage of
480 volts. In a delta connection, the phase voltage
is the same as the line voltage. Therefore, when the
C contacts close, 480 volts will be applied across
2.50hms. Thiswill produce a currentin each phase of
192 amperes.

| _ 480

PHASE — ﬁ

In a delta connection, the line current is greater
than the phase current by a factor of the square root
of 3 (1.732). Therefore, the line current supplied to
the motor is 332.5 amperes (192 X 1.732).

Now assume that the same stator windings are
connected in wye, Figure 15-20. In a wye connec-
tion, the phase voltage is less than the line voltage

—_—O0
L

Figure 15-19
The stator windings are connected in delta. (source: Delmar/
Cengage Learning)

C
L —|

c [
L —|
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L —i|
Figure 15-20

The stator windings are connected in wye. (source: Delmar/

Cengage Learning)
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by a factor of the square root of 3 (1.732). There-
fore, 277 volts is applied across each stator winding
instead of 480 volts (480/1.732). This produces a
phase current of 110.8 amperes. Because the stator
windings are now connected in wye instead of delta,
the line current is the same as the phase current.
The motor inrush current has been reduced from
332.5 amperes to 110.8 amperes by reconnecting
the stator windings from delta to wye.

There are two conditions that must be met when
wye-delta starting is to be used.

1. The motor must be designed to operate with
its stator windings connected in delta during
the normal run period.

2. All stator winding leads must be accessible
at the terminal connection box. This would
be leads T1 through T6 for a single voltage
motor and T1 through T12 for a dual voltage
motor.

Another consideration when using wye-delta start-
ing is that the overload heaters should be sized for
the phase current value and not the line current
value. The basic stator connection for wye-delta
starting is shown in Figure 15-21. Notice that the
overload heaters are connected in the phase wind-
ings not in the line leads.

Ts

2C

AW

T3 OL 1c

2c Te

Figure 15-21
Stator connection for a single voltage wye-delta starter.

(Source: Delmar/Cengage Learning)
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A basic control schematic for a wye-delta starter
is shown in Figure 15—-22. To understand the opera-
tion of this circuit assume that timer TR has been set
for a delay of 3 seconds.

* When the thermostat contact closes, a current path
exists through coils 1C, TR, and S, Figure 15-23.

* The 1C load contacts close to supply power to the
motor T leads.

* The S contacts change position also. The two S
load contacts close and connect the stator wind-
ing in a wye configuration by shorting T4, T5,
and T6 together. The normally open S contact
connected in series with coil 2C opens to provide
interlocking protection.

« After a delay of 3 seconds, both TR contacts
change position, Figure 15-24.

* The normally closed TR contact connected in
series with S coil opens and deenergizes S contactor

AN
CONTROL TRANSFORMER

causing all S contacts to return to their normal
position. The normally closed S contact connected
in series with coil 2C recloses to provide a current
path to coil 2C.

* When the normally open TR contact connected
in series with coil 2C closes, coil 2C energizes
causing all 2C contacts to change position. The
2C load contacts close and reconnect the motor
stator windings in a delta configuration. The nor-
mally closed 2C contact connected in series with
S coil opens to provide interlocking protection.

Part Winding Starters

Another method for reducing the starting current
of large three-phase squirrel-cage motors is part
winding starting. Motors intended for use with
part winding starting contains two separate stator
windings, Figure 15-25. Each winding is rated for

THERMOSTAT oL
AT ). o
\&J 4
TR
Figure 15-22

Basic control schematic for wye-delta starting. (source: Delmar/Cengage Learning)
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Figure 15-23
The stator windings are connected in wye during starting. (source: Delmar/Cengage Learning)
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Figure 15-24

The stator windings are connected in delta during the run period. (source: Delmar/Cengage Learning)
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Figure 15-25

A motor intended for part windings starting contains two stator windings. (source: Delmar/Cengage Learning)

the intended line voltage. The impedance of a sin-
gle stator winding is double that of the two wind-
ings connected in parallel. Dual voltage motors
can also be used for part winding starting provided
the line voltage corresponds to the low voltage
rating of the motor. A 480/240-volt motor could
employ part winding starting provided the motor
is connected to 240 volts and not 480 volts. In
this situation T4, T5, and T6 are connected and
power is connected to T1, T2, and T3 during the
starting period. After some period of time, power
is also connected to T7, T8, and T9. This has the
same effect as connecting the stator windings in
parallel.

A basic circuit for part winding starting is shown
in Figure 15-26. To understand the operation of
the circuit, assume that timer TR has been set for a
delay of 3 seconds.

* When the thermostat contact closes power is provided
to coils C1 and TR, Figure 15-27. All 1C contacts
close and connect T1, T2, and T3 to the power line.

« After a delay of 3 seconds, the normally open TR
contact connected in series with 2C closes and
energizes coil 2C, Figure 15-28.

* When the 2C load contacts close, power is con-
nected to T7, T8, and T9. This has the same effect
as connecting the two windings in parallel.
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Figure 15-26
Basic part winding starting circuit. (source: Delmar/Cengage Learning)
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Figure 15-27

During the starting period only one stator winding is energized. (source: Delmar/Cengage Learning)
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Figure 15-28

During the run period bofh stator windings are connecfed. (Source: Delmar/Cengage Learning)
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® The squirrel-cage motor receives its name from the fact that the rotor contains a set of bars
connected together at each end, and the entire assembly resembles a squirrel cage.

® Three factors that determine the amount of voltage induced into the rotor are:
A. The strength of the magnetic field of the stator.
B. The number of stator bars contained in the rotor.

C. The difference in speed between the speed of the rotating magnetic field and the speed
of the rotor.

® The greatest amount of current draw for a squirrel-cage motor is during the starting
period.

® Three factors that determine the amount of torque produced by a squirrel-cage motor
are:

A. The strength of the magnetic field of the stator.
B. The strength of the magnetic field of the rotor.
C. The phase angle difference between stator current and rotor current.

® The direction of rotation of a squirrel-cage motor can be changed by reversing any two
stator leads.

® The code letter found on the motor nameplate indicates the type of bars used in the con-
struction of the rotor.

® The simplest method of starting a squirrel-cage motor is across-the-line starting.

® Resistor/reactor starting is accomplished by connecting resistors or inductors in series
with the motor during the starting period.

® Autotransformer starting reduces starting current by lowering the applied voltage to the
motor during the starting period.

® If the applied voltage is reduced by 50% of normal during the starting period, the starting
torque is reduced to 25% of normal.

® Wye-delta starting is accomplished by connecting the stator windings in wye during the
starting period and changing them to a delta connection during the normal run time.

® A motor will draw one-third as much current during the starting period with its windings
connected in wye as it will if they are connected in delta.

® Two requirements for motors intended for wye-delta starting are:
A. All stator winding leads must be brought out at the terminal connection box.
B. The motor must be designed to run with its stator windings connected in delta.
® Motors intended to be used for part winding starting have two separate stator windings.

® Dual voltage motors can be used for part winding starting provided the motor is connected
for low voltage operation.
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code letter locked rotor current rotor bars

interlocking nameplates squirrel-cage induction motor

P REVIEw questons

2,

11.
12.
13.
14.

15.

What three factors determine the amount of torque produced by an AC induction
motor?

When does an AC induction motor draw more current when starting than it does
when running?

Why does the current flow to the motor increase when load is added to the motor?
What does the code letter found on the nameplate of the motor indicate?

At what degree angle between the stator current and the rotor current is the maxi-
mum torque developed?

What type of squirrel-cage rotor has the highest starting torque?
What type of squirrel-cage rotor has the best speed regulation?
Why can an induction motor never operate at synchronous speed?
What does the locked rotor current of a motor indicate?

The nameplate of a squirrel-cage motor indicates that the motor has a full-load speed
of 875 RPM. How many poles per phase does the motor have?

What is the simplest of all starting methods for a squirrel-cage motor?
Explain interlocking.
How does autotransformer starting differ from resistor/reactor starting?

A three-phase squirrel-cage induction motor has its stator windings connected in
a delta connection. During the starting period, the motor has a current draw of
360 amperes. If the stator windings were reconnected to form a wye connection dur-
ing the starting period how much starting current would the motor draw?

What two conditions must be met before a motor can be used with a wye-delta
starter?
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UNIT 16 Rotor Induction
Motor

OBJECTIVES
After studying this unit the student should be
able fo:
Describe the construction of a wound
rotor induction motor

Discuss the difference in operation
between wound rotor and squirrel-cage
induction motors

Discuss the starting and running
characteristics of a wound rotor induction

motor
Connect a wound rotor induction motor Another type of three-phase induction motor used
for operofion for operating large air conditioning units is the

wound rotor induction motor. The stator
winding of this motor is the same as the stator of
a squirrel-cage induction motor. The rotor of the
wound rotor motor, however, does not contain
squirrel-cage bars. The rotor of this motor contains
wound coils of wire as illustrated in Figure 16—1.
The rotor will contain as many poles as there are
stator poles. The motor shown in Figure 16-1
would be for a two-pole stator. Notice that there are
three separate windings on the rotor. The finish end
of each winding is connected together. This forms
a wye connection for the rotor winding. The start
end of each winding is connected to a separate slip
ring on the rotor shaft.

The slip rings permit the connection of external
resistance to the rotor windings. Figure 16—2 shows

Draw the standard schematic symbol for
a wound rotor induction motor

Perform an ohmmeter test on a wound
rotor induction motor
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POLE PIECE

Figure 16-1
A wound rotor. (Source: Delmar/Cengage Learning)

a schematic diagram of the stator connection and
rotor connection of a wound rotor motor. Notice
that the wye-connected stator winding is connected
directly to the incoming power. The wye-connected
rotor is connected to three variable resistors. The
dashed line drawn between the resistors indicates
that they are mechanically connected together. If
the resistance of one is changed, the resistance of
the other two changes also.

Resistance is connected to the slip rings by means
of carbon brushes as shown in Figure 16-3.
Because the resistance connection to the rotor is
external, the amount of resistance used in the cir-
cuit can be controlled. This permits the amount
of current flow in the rotor to be controlled. If the
current flow in the rotor is limited by the amount
of resistance connected in the circuit, the stator
current is limited also. A great advantage of the

wound rotor motor is that it limits the amount of
inrush current when the motor is first started. This
eliminates the need for reduced voltage starters or
wye-delta starting.

Another advantage of the wound rotor motor is
its high starting torque. Because resistors are used
to limit current flow in the rotor, the phase angle
between the stator current and the rotor current
is close to 90°. The schematic symbol for a wound
rotor motor is shown in Figure 16—4.

MOTOR OPERATION

When power is applied to the stator winding, a rotat-
ing magnetic field is created in the motor. This mag-
netic field cuts through the windings of the rotor and
induces a voltage into them. The amount of voltage
induced in the rotor windings is determined by the
same three factors that determined the amount
of voltage induced in the squirrel-cage rotor. The
amount of current flow in the rotor is determined by
the amount of induced voltage and the amount of
resistance connected to the rotor (I = E/R). When
current flows through the rotor, a magnetic field
is produced. This magnetic field is attracted to the
rotating magnetic field of the stator.

As the rotor speed increases, the induced voltage
decreases because of less cutting action between
the rotor windings and rotating magnetic field.
This produces less current flow in the rotor and,
therefore, less torque. If resistance is reduced, more
current can flow, which will increase motor torque,
and the rotor will increase in speed. This action
continues until the rotor is operating at maximum
speed and all resistance has been shorted out of the
rotor circuit. When all of the resistance has been

L4
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Figure 16-2 |

A wye-connected stator and I

wye-connected rotfor. Ls I
(Source: Delmar/Cengage Learning) P
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www.EngineeringBooksPDF.com



Figure 16-3

External resistance is con-
nected fo the rotor circuit Wound Rotor
with brushes and slip rings.

(Source: Delmar/Cengage Learning)
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Figure 16-4

Schematic symbol of a wound rotor induction motor.

(Source: Delmar/Cengage Learning)

shorted out, the motor operates like a squirrel-cage
induction motor.

STARTING

Most large wound rotor motors use a method of
step starting as opposed to actual variable resis-
tors. Step starting is similar to shifting the gears
in the transmission of an automobile. The trans-
mission is placed in first gear when the car is first
started. As the car gains speed, the transmission is
shifted to second gear, then third gear, and so on
until the car is operating in its highest gear. When
a wound rotor motor is step started, it begins with
maximum resistance connected in the rotor circuit.
As the motor speed increases, resistance is shorted
out of the circuit until the windings of the rotor are
shorted together. The number of steps can vary from
one motor to another, depending on the size of the
motor and how smooth a starting action is desired.
There are different control methods used to short
out the steps of resistance when starting a wound
rotor motor. Some controllers sense the amount of

ZS]p Rings

current flow to the stator. This method is known
as current limit control. Another method detects
the speed of the rotor. This method is known as
slip frequency control. One of the most common
methods uses time relays to control when resistance
is shorted out of the circuit. This method is known
as definite time control. Figure 16-5 shows a
schematic diagram of a time-controlled starter for
a wound rotor motor. In this schematic, the motor
circuit is shown at the top of the diagram. A control
transformer is used to step the line voltage down to
the value of voltage used in the control circuit. The
operation of the circuit is as follows:

1. When the start button is pressed, a circuit
is completed through M motor starter coil,
TR1 coil, and the overload contact. When M
coil energizes, all M contacts close. The three
large load contacts located at the top of the
diagram close and connect the stator winding
to the line. The M contact located beneath
the start button is known as the holding,
sealing, or maintaining contact. Its
job is to provide a continued circuit to the M
coil when the start button is released. The
motor now begins to run in its lowest speed.
Maximum resistance is connected in the
rotor circuit.

2. TR1 relay is a timer. For this example, it shall
be assumed that all timers are set for a delay
of 3 seconds. When TR1 coil energizes, it
begins a time operation. After 3 seconds, TR1
contact closes. This completes a circuit to S1
coil and TR2 coil.
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Definite time starting for a wound rotor motor. (Source: Delmar/Cengage Learning)

3. When S1 coil energizes, both S1 contacts
close and short out the last three resistors in
the rotor circuit. This causes the motor to
accelerate to the next higher speed. When
TR2 coil energizes, it begins timing.

4. At the end of a 3-second time period, TR2
contact closes and completes a circuit to coil
S2 and TR3.

5. When S2 coil energizes, both S2 contacts
close and short out the next set of resistors.
This permits the motor to accelerate to a
higher speed. When TR 3 coil energizes, it
begins its timing sequence.

6. After a 3-second time period, contact TR3

closes and provides a complete circuit for coil
S3. This causes both S3 contacts to close and
short out the last set of resistors. The motor
now accelerates to its highest speed.

. When the stop button is pressed, the circuit

to coil M and coil TR1 is broken. When coil M
deenergizes, all M contacts open. This discon-
nects the stator winding from the line. When
TR1 coil deenergizes, contact TR1 opens
immediately. This deenergizes coil S1 and
coil TR2. When coil S1 deenergizes, both S1
contacts return to their open position.
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When coil TR1 deenergizes, contact TR2
opens immediately. When contact TR2
opens, it breaks the circuit to coil S2 and coil
TR3. When coil S2 deenergizes, both S2 con-
tacts reopen. Contact TR3 opens immediately
when coil TR 3 deenergizes. This causes coil
S3 to deenergize and open both S3 contacts.

8. If the fuse should blow, or the overload con-
tact open, it has the same effect as pressing
the stop button.

TESTING A WOUND ROTOR
MOTOR

Because the stator winding of the wound rotor
motor is the same as the squirrel-cage motor, the

1

OHMMETER

@

??

Figure 16-6
Testing a rotor for an open winding. (source: Delmar/Cengage

Learning)

_psummegy
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same test procedure can be followed. Testing the
rotor of a wound rotor motor is very similar to test-
ing the stator. The rotor can be tested for an open
winding with an ohmmeter by checking the conti-
nuity between each of the slip rings, Figure 16—6.
The resistance readings should be the same between
each pair of slip rings. To test the rotor for a ground,
connect one ohmmeter lead to the shaft, and con-
nect the other lead to each one of the slip rings,
Figure 16-7. The ohmmeter should show no conti-
nuity between the rotor windings and ground. Like
the stator winding, the rotor is difficult to test for
a shorted winding. To test the rotor for a shorted
winding it is generally necessary to use equipment
that will measure the inductance of the winding
instead of its resistance.

OHMMETER

&

??

Figure 16-7
Testing a rotor for a grounded winding. (source: Delmar/
Cengage Learning)

® The stator winding of a wound rotor induction motor is the same as the stator winding of

a squirrel-cage induction motor.

® The rotor of a wound rotor induction motor contains windings instead of squirrel-cage

bars.

® The rotor of a wound rotor induction motor will contain as many poles per phase as the

stator winding.
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® The finish ends of each winding of a wound rotor are connected together to form a wye
connection and the other ends of each winding are connected to a slip ring on the shaft.

® Wound rotor induction motors are sometimes called slip ring motors because they contain
three slip rings on their shaft.

® Wound rotor induction motors have a higher starting torque per amp of starting current
than any other type of three-phase motor.

® The speed of a wound rotor induction motor can be controlled by permitting resistance to
remain in the rotor circuit during operation.

® The brushes of a wound rotor induction motor are used to provide connection of the rotor
windings to external resistors.

® The stator winding leads of a wound rotor induction motor are labeled T, T, andT,.
® The rotor leads of a wound rotor induction motor are labeled M, M,, and M..

____ D KEVIERms

carbon brushes slip ring wound rotor induction
definite time control step starting motor
holding, sealing, or

maintaining contact

P REVIEw questons

1. How many slip rings are located on the shaft of the rotor of a wound rotor induction
motor?

2. What is the purpose of the slip rings?
3. Name two advantages of the wound rotor motor over the squirrel-cage motor.

4. What two factors determine the amount of current flow in the rotor of a wound rotor
motor?

5. What does the dashed line drawn between the three resistors shown in Figure 16-2
indicate?

6. Why is the starting torque of a wound rotor induction motor higher than the starting
torque of a squirrel-cage induction motor?

N

The stator of a wound rotor motor has a synchronous speed of 1,200 RPM when
connected to a 60-Hz line. How many poles per phase are there in the rotor?

8. Refer to Figure 16-5. Describe what would happen in this circuit if coil S1 should be
open when the motor started.

9. Refer to Figure 16-5. Describe what would happen in this circuit if coil TR2 should be
open when the motor is started.

10. Refer to Figure 16-5. Describe what would happen in this circuit if holding contact M

should become stuck together when the motor is started and not open.

)

www.EngineeringBooksPDF.com



UNIT 16 The Wound Rotor Induction Motor 185

) ousieswooninG questions |

Refer to the schematic shown in Figure 16-5 to answer the following questions. It is to be assumed
that all timers are set for a delay of 3 seconds.

1. When the start button is pressed, the motor starts in its lowest speed. After a delay of
6 seconds, the motor accelerates to third speed and 3 seconds later accelerates to the
fourth or highest speed. Which of the following could cause this problem?

A. Coil TR, is open.

B. Timed contact TR did not close.
C. Coil S| is open.

D. Coil TR, is open.

2. When the start button is pressed, the motor starts and accelerates through all speeds
normally. When the stop button is pressed, the motor continues to operate normally.
Which of the following could cause this condition?

A. The start button is shorted. (Shorted means contacts welded together.)
B. The stop button is shorted.

C. M auxiliary contact is shorted.

D. Any of the above.

3. When the start button is pressed, the motor accelerates through the first three steps of
speed normally. When the motor tries to accelerate to the fourth speed, however, the
motor stops. It is found that the control circuit fuse has blown. Which of the following
conditions could cause this problem?

A. The overload (OL) contact has shorted.
B. Coil S, is shorted.

C. Coil TR, is shorted.

D. Coil 8, is shorted.

4. When the start button is pressed, the motor immediately starts operating in third speed.
Three seconds later, the motor accelerates to fourth speed. Which of the following could
cause this condition?

A. TR, timed contact is shorted.
B. TR, timed contact is shorted.
C. S, load contacts are shorted.
D. None of the above.

5. When the start button is pressed, the motor will not start. Which of the following could
cause this condition?

A. The control transformer is defective.
B. The control circuit fuse is blown.

C. The overload contact is open.

D. All of the above.
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UNIT 17 Synchronous

otor

OBJECTIVES

After studying this unit the student should
be able to:

Describe the construction of a
synchronous motor

Compare the operating characteristics
of a synchronous motor with those of a
squirrel-cage induction motor and

a wound rotor induction motor

Discuss the starting and running

characteristics of a synchronous motor

Describe the function of the field The third type of three-phase motor to be discussed is
discharge resistor the synchronous motor. This motor has several
characteristics that no other type of motor has. Some

Discuss power factor correction using o
of the characteristics of a synchronous motor are:

the synchronous motor

Perform an ohmmeter test of
a synchronous motor

1. The synchronous motor is not an induction
motor. This means that it does not depend on
induced voltage from the stator to produce a
magnetic field in the rotor.

2. The synchronous motor will run at a con-
stant speed from no load to full load.

3. The synchronous motor has the ability to not
only correct its own power factor, but can
also correct the power factor of other motors
connected to the same line.

The synchronous motor has the same type
of stator windings as the other two three-phase
motors. The rotor of a synchronous motor has
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Figure 17-1

Rotor. (source: Delmar/Cengage Learning)

windings similar to the wound rotor induction
motor, Figure 17-1. Notice that the winding in the
rotor of a synchronous motor is different, however.
The winding of a synchronous motor is one con-
tinuous set of coils instead of three different sets as
is the case with the wound rotor motor. Notice also
that the synchronous motor has only two slip rings
on its shaft as opposed to three on the shaft of a
wound rotor motor.

STARTING A SYNCHRONOUS
MOTOR

The rotor of a synchronous motor also contains
a set of type “A” squirrel-cage bars. This set of
squirrel-cage bars is used to start the motor and is
known as the amortisseur winding, Figure 17-2.
When power is first connected to the stator, the
rotating magnetic field cuts through the type “A”
squirrel-cage bars. The cutting action of the field
induces a current into the squirrel-cage bars.
The current flow through the amortisseur winding
produces a rotor magnetic field that is attracted to
the rotating magnetic field of the stator. This causes
the rotor to begin turning in the direction of rotation
of the stator field. When the rotor has accelerated
to a speed that is close to the synchronous speed of
the field, DC is connected to the rotor through the

UNIT 17 The Synchronous Motor 187

Figure 17-2

Amortisseur Wlndlng (Source: Delmar/Cengage Learning)

slip rings on the rotor shaft, Figure 17-3. When
DC is applied to the rotor, the windings on the rotor
become electromagnets. The electromagnetic
field of the rotor locks in step with the rotating
magnetic field of the stator. The rotor will now turn
at the same speed as the rotating magnetic field.
When the rotor begins to turn at the synchronous
speed of the field, there is no more cutting action
between the field and the amortisseur winding. This
causes the current flow in the amortisseur winding
to cease.

Notice that the synchronous motor starts as a
squirrel-cage induction motor. Because the rotor
bars used are type “A,” they have a relatively high
resistance, which gives the motor good starting
torque and low starting current. A synchronous
motor must never be started with DC connected to
the rotor. If DC is applied to the rotor, the field poles
of the rotor become electromagnets. When the sta-
tor is energized, the rotating magnetic field begins
turning at synchronous speed. The electromagnets
of the rotor are attracted to the rotating magnetic
field of the stator and are alternately attracted and
repelled 60 times a second. As a result, the rotor
does not turn.

www.EngineeringBooksPDF.com



188 SECTION 3 Motors

Figure 17-3
Direct current is applied to the
rotor through the slip rings.

+
1]

(Source: Delmar/Cengage Learning)

FIELD DISCHARGE RESISTOR

Figure 17-4
A field discharge resistor protects
the rofor circuit. (Source: Delmar/Cengage

| +

Learning)

THE FIELD DISCHARGE RESISTOR

When the stator winding is first energized, the rotat-
ing magnetic field cuts through the rotor winding at
a fast rate of speed. This causes a large amount of
voltage to be induced into the winding of the rotor.
To prevent this voltage from becoming excessive, a
resistor is connected across the winding. This resis-
tor is known as the field discharge resistor,
Figure 17-4. It also helps to reduce the voltage
induced into the rotor by the collapsing magnetic
field when the DC is disconnected from the rotor.

CONSTANT SPEED OPERATION

Although the synchronous motor starts as an
induction motor, it does not operate as one. After
the amortisseur winding has been used to accelerate
the rotor to about 95% of the speed of the rotating
magnetic field, direct current is connected to the
rotor and the electromagnets lock in step with the
rotating field. Notice that the synchronous motor

does not depend on induced voltage from the stator
field to produce a magnetic field in the rotor. The
magnetic field of the rotor is produced by external
DC applied to the rotor. This is the reason that the
synchronous motor has the ability to operate at the
speed of the rotating magnetic field. As load is added
to the motor, the magnetic field of the rotor remains
locked with the rotating magnetic field and the rotor
continues to turn at the same speed.

POWER FACTOR CORRECTION

The power factor of the synchronous motor can be
changed by adjusting the DC excitation cur-
rent to the rotor. When the DC is adjusted to the
point that the motor current is in phase with the
voltage, the motor has a power factor of 100%. This
is considered to be normal excitation for the motor.
For this example, assume this current to be 10 amps.
If the DC power supply is adjusted to a point that the
excitation current is less than 10 amps, the rotor
is under excited. This causes the motor to have a
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lagging power factor like an induction motor. If the
excitation current is adjusted above 10 amps, the
rotor is overexcited. This causes the motor to have
a leading power factor like a capacitor. When a syn-
chronous motor is operated at no load and used for
power factor correction, it is generally referred to as
a synchronous condenser. Utility companies
generally charge industries extra for poor power
factor in the plant. For this reason, synchronous
motors are often used when a large horsepower
motor must be used. Commercial and industrial air
conditioning systems are often the largest single
load in a plant or building. It is not uncommon to
find synchronous motors being used to operate the
compressors of large air-conditioning systems.

THE POWER SUPPLY

DC power supply of a synchronous motor can be pro-
vided by several methods. The most common of these
methods is either a small DC generator mounted to
the shaft of the motor, or an electronic power supply
that converts the AC line voltage to DC voltage.

TESTING THE SYNCHRONOUS
MOTOR

The procedure for testing the stator winding of a
synchronous motor is the same as that described
for testing the stator of a squirrel-cage induction
motor. The rotor can be tested with an ohmmeter
for an open winding or a grounded winding. To
test the rotor for an open winding, connect one of
the ohmmeter leads to each of the slip rings on the
rotor shaft, Figure 17-5. Since the rotor winding of
a synchronous motor is intended for DC current, the
resistance of the wire will be high as compared with
the wire resistance of a wound rotor motor. Owing
to the fact that alternating current flows in the rotor
of a wound rotor motor, the current is limited by the
inductance of the coil and not its resistance.

To test the rotor for a grounded winding, connect
one ohmmeter lead to the shaft of the motor, and the
other lead to one of the slip rings. There should be
no continuity between the winding and the motor
shaft, Figure 17-6.

Because the resistance of the rotor is relatively
high, a shorted winding can often be found with
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[ 1

@

Figure 17-5
Testing the rotor for an open winding. (source: Delmar/Cengage

Learning)

&

Figure 17-6
Testing the rotor for a grounded winding. (source: Delmar/

Cengage Learning)

the ohmmeter. In coils designed for DC current,
the resistance of the wire is used to limit the flow
of current. For example, assume the specifica-
tions of a synchronous motor indicate that the DC
excitation voltage should be 125 volts, and that
maximum rotor current should be 10 amps. The
resistance of the rotor can now be calculated by
using Ohm'’s law:

_E

R_I

_ 125

R= 10

R = 12.5 ohms

If the ohmmeter measures a rotor resistance close
to 12.5 ohms, the rotor is good. If the ohmmeter
measures a much lower resistance, however, the
rotor is shorted.
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THE BRUSHLESS EXCITER

Many large synchronous motors use a brush-
less exciter instead of slip rings and brushes. The
brushless exciter is constructed by incorporat-
ing a small three-phase alternator winding on the
shaft of the motor, Figure 17-7. The three-phase
winding is placed inside the field of electromagnets,
Figure 17-8. A variable source of direct current is
used to control the strength of the electromagnets.
The amount of voltage induced into the armature
winding is determined by three factors:

1. The number of turns of wire in the armature
winding.

MAIN ROTOR

SMALL ARMATURE

WINDING
N\

Figure 17-7
A brushless exciter contains a small three-phase
winding on the motor shaft. (Source: Delmar/Cengage Learning)

2. The speed of the armature.
3. The strength of the electromagnets.

Because the amount of DC current that flows
through the windings of the electromagnets deter-
mines their strength, the output voltage of the
three-phase armature can be controlled by the DC
excitation current.

The output voltage of the alternator winding is
then rectified to direct current with a three-phase
bridge rectifier, Figure 17-9. The bridge rectifier
and all protective devices such as fuses are mounted
on the motor shaft with the armature winding. The
output of the bridge rectifier is connected to the

ELECTROMAGNET
ARMATURE WINDING

<]‘(2>

Figure 17-8
The armature winding is between two electromagnets.

(Source: Delmar/Cengage Learning)

+

O

OUTPUT

ARMATURE —/

ROTOR

BRIDGE RECTIFIER/ O

Figure 17-9

The output of the armature winding is connected to a three-phase bridge rectifier. (source: Delmar/Cengage Learning)
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Amortisseur Winding Brushless Exciter Winding

Figure 17-10

Rotor of a large synchro-
nous motor. (Courtesy of Electric
Machinery Corp.)

winding of the main rotor. The amount of DC exci- The rotor of a large synchronous motor is shown
tation in the rotor of the synchronous motor is now in Figure 17-10. The amortisseur winding and the
controlled by the amount of DC excitation current brushless exciter winding can be seen in the photo-
supplied to the windings of the electromagnets. graph.

____ psummegy

® The synchronous motor is not an induction motor.

® The synchronous motor must have an external source of direct current supplied to the
rotor during normal operation.

® The DC current supplied to the rotor is known as the excitation current.
® Synchronous motors operate at a constant speed from no load to full load.
® Synchronous motors run at the speed of the rotating magnetic field.
® The two factors that determine the speed of a synchronous motor are:

A. Number of stator poles per phase.

B. Frequency of the applied voltage.

® Synchronous motors use a special squirrel-cage winding called the amortisseur winding
for starting.

® A synchronous motor can be made to have a leading power factor by over excitation of the
rotor current.
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I

amortisseur electromagnetic field synchronous motor
brushless exciter field discharge resistor
DC excitation current synchronous condenser

_p questons

1. Name three characteristics of a synchronous motor that the squirrel-cage induction
motor and the wound rotor motor do not have.

2. What is an amortisseur winding?

3. How many slip rings are located on the shaft of a synchronous motor?

4. How many slip rings are located on the shaft of a wound rotor induction motor?
5. Is a synchronous motor started with DC excitation voltage applied to the rotor?
6. What is the field discharge resistor used for?

7. A synchronous motor has an eight-pole stator. What will be the speed of the rotor
when it is under full load?

8. How is it possible to know when a synchronous motor has normal excitation applied
to its rotor?

9. How can a synchronous motor be made to have a leading power factor?

10. What is a synchronous condenser?
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UNIT 18 Brushless DC
Motors

OBJECTIVES

After studying this unit the student should
be able to:

Describe the operation of a brushless
DC motor

Discuss applications for brushless
DC motors

List differences in construction between

brushless DC motors and other types

of motors

Discuss the operation and advantages

of variable speecl air handlers Brushless direct current motors have become
very popular for operating variable speed air han-
dlers found in many residential central heating and
cooling systems. The typical air handler is powered
by a multispeed motor that can generally operate at
three speeds. When the fan motor is started, how-
ever, it operates at its set speed until it is turned off.
Basically, the blower motor is either full on or com-
pletely off. Variable speed air handlers permit the
motor to operate at different speeds in accord with
the demands of the system. Many variable speed air
handlers are operated at a low speed continuously
to maintain air circulation throughout the dwelling
at all times. When the heating or cooling system
turns on, the fan speed can be increased gradually
and in steps instead of all at once.
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194 SECTION 3 Motors

Variable speed air handlers exhibit several advan-
tages over air handlers that operate at a single speed.
Some of these advantages are:

Dust collection. Single speed air handlers
pull dust through the filter at a high rate of
speed. This lessens the filter’s ability to trap
dust particles. Variable speed air handlers
operate at a very low speed most of the time,
causing more dust particles to be collected by
the filter.

Less temperature variation. Typically, the
inside temperature will vary from three to five
degrees before the heating or cooling system
turns on. The variable speed air handler can
be operated at different speeds between the
cycling of the heating or cooling system to
provide more or less air flow as needed. This
can greatly reduce the temperature variation
and permits the temperature to remain closer
to the comfort zone setting.

Better humidity control during cooling.
When the air-conditioning compressor starts,
the speed of the air handler is increased gradu-
ally instead of all at once. This permits the
warm air to flow across the evaporator coil
at a slower rate, permitting the coil to rapidly
cool down. This rapid cooldown results in
increased moisture removal.

THE BRUSHLESS DC MOTOR

The brushless DC motor operates by converting
direct current into three-phase alternating cur-
rent at different frequencies. The motor contains a
permanent magnet rotor, a stator, and the
electronics necessary to change direct current into
three-phase alternating current, Figure 18—1. The
speed of the motor is determined by the frequency of
the three-phase current. The motor operates on the
principle of a rotating magnetic field very similar to
that of a three-phase induction motor. The brush-
less DC motor, however, is not an induction motor.
It does not depend on current being induced into the
rotor to produce a rotor magnetic field. Because per-
manent magnets supply the rotor magnetic field, the
brushless DC motor does not exhibit the high inrush
current during starting that is a characteristic of

Figure 18-1
Brushless DC motor. (Courtesy of GE ECM™ Technologies).

induction type motors. The starting current and the
running current of the motor are basically the same.
This feature greatly reduces the current-handling
requirement of the electronic components needed to
change direct current into three-phase alternating
current.

The factors that determine the amount of torque
produced by the brushless DC motor are the same as
those for any other electric motor:

1. Strength of the magnetic field of the stator.
2. Strength of the magnetic field of the rotor.

3. Phase angle difference between rotor and sta-
tor flux.

Because the rotor magnetic field is supplied by per-
manent magnets, the flux of the rotor and stator are
always in phase with each other. This produces a
strong torque for this type of motor.

The electronic components necessary to change
single-phase alternating current into direct cur-
rent and then into three-phase alternating current
are located inside the motor housing, Figure 18-2.
Most variable frequency type controls first change
alternating current into direct current because it is
a simpler process to produce multiphase alternat-
ing current from direct current than to change the
frequency and number of phases of an existing alter-
nating current source.

Brushless DC motors are operated in one of two
modes, the thermostat mode or the variable speed
mode. When used in the thermostat mode, the
motor is controlled by a 24-VAC signal from the
thermostat. When used in the variable speed mode,
the motor is controlled by a pulse width modulating
signal.
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The motor is provided with two terminal connec-
tions. One is a 16-pin connector and is called the
control connector. This connector receives the
information necessary to control the operation of
the motor. The other connection is a 5-pin connec-
tor and is called the power connector. This con-
nector provides the power to operate the motor. A
pin connection diagram is shown in Figure 18-3.

Brushless DC motors can generally be obtained
in 1/3,1/2, 3/4, or 1 horsepower ratings. They can
exhibit efficiency as high as 8 2% and can operate on
120/240 and 277 VAC at 50 or 60 Hz. The speed
range is from 300 to 1,200 RPM. Although the
motor can be operated at 1,200 RPM, it is gener-
ally recommended not to operate the motor above
1,050 RPM when used for continuous operation.

Figure 18-2

Electronic control unit for a brushless ——
DC motor. (Courtesy of GE ECM™ Technologies). (9 10 |1 1) 1211301141151 16 e e o
1

n

L=l

CONTROL CONNECTOR POWER CONNECTOR
PIN DESCRIPTION PIN DESCRIPTION
1 c1 1 JUMPER PIN 1
TOPIN 2 FOR
2 W 120 VAC INPUT
3 ce 2 ONLY
4 DELAY 3 | cHASSIS GRD.
5 cooL 4 | ACLINE
6 Y1 5 | ACLINE
7 ADJUST
WARNING—APPLYING 240
8 ouT - VAC LINE INPUT WITH PINS
5 o) 1 AND 2 JUMPERED WILL
PERMANENTLY DAMAGE
10 BK/PWM THE UNIT.
11 HEAT
12 R
13 EM/W2
14 YIY2
Figure 18-3 15 G
Pin connection dlqgrqm FOF a br"UShlGSS 16 OUT +
DC motor. (Source: Delmar/Cengage Learning)
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Electronic Control switches that permit the air handler to be set for

) o different operating conditions. Typical DIP switch
The brushless DC motor is controlled by a circuit configurations for some systems are:

board located in the air handler. The board supplies Switches 1 and 2. Set for system tonnage.

both direct current to the motor and the signals that Switches 3 and 4. Set for 300. 400. or 450 cfin/ton.
determine motor speed. Some boards are preset at Switches 5 and 6. Set for time delay or mode.

the factory for the specific type of air handler unit. Switches 7 and 8. Set for desired heating flow.
Other boards contain DIP (Dual Inline Package)

____ psummeRy

® Brushless DC motors are generally used to power the blower in variable speed air
handlers.

® The circuitry necessary to change single-phase alternating current into three-phase
alternating current is located inside the motor housing.

® Brushless DC motors operate on the principle of a rotating magnetic field.

® Brushless DC motors are not induction motors. They do not depend on an inducted
current to produce a magnetic field in the rotor.

® Brushless DC motors are operated in one of two modes.
® Brushless DC motors can have efficiencies as high as 82%.

® Because brushless DC motors are not induction motors, they do not exhibit the high
starting current associated with induction-type motors.

brushless permanent magnet rotor rotating magnetic field
control connector power connector variable speed
frequency rapid cooldown

P REVIEw guestons

1. What is the operating voltage of a brushless DC motor?

2. What is the recommended maximum operating speed for a brushless DC motor when
used for continuous operation?

3. If the motor is to be operated on 120 VAC, what must be done to permit the motor to
operate on this voltage?

4. Referring to the power connector, which pins are used to connect AC line voltage to
the motor?

5. When the brushless DC motor is used in the thermostat mode, what controls the
operation of the motor?
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. Name three factors that determine the amount of torque produced by a brushless
DC motor.

. Referring to the control connector, to which pin would Y/Y2 be connected?

. Name three advantages of a variable speed air handler over a single speed air
handler.
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UNIT 19 Rellelilels

Transformers

OBJECTIVES

After studying this unit the student should
be able to:

Discuss the different types of
transformers

Calculate values of vo|tage, current,
and turns for single-phose transformers
using formulas

Calculate values of vo|foge, current,
and turns for a sin |e-phose
transformer using fie turns ratio
Connect a transformer and test the Transformers are one of the most common devices
voltage output of different windings found in the HVAC field. They range in size from
occupying a space of less than 1 cubic inch to
requiring rail cars to move them after they have
been broken into sections. Their ratings can range
from mVA (millivolt amps) to GVA (gigavolt amps).
Atransformeris a magnetically operated machine
that can change values of voltage, current, and
impedance without a change of frequency.
Transformers are the most efficient machines
known. Their efficiencies commonly range from
90% to 99% at full load. Transformers can be
divided into several classifications such as:

A. Isolation.
B. Auto.
C. Current.
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A basic law concerning transformers is that 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 cur-
rent 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
1,000 turns of wire and the other, the secondary,
has 250 turns of wire, Figure 19—1. The turns ratio
of this transformer is 4 to 1 or 4:1 (1,000/250 = 4).
This indicates there are four turns of wire on the pri-
mary for every one turn of wire on the secondary.

TRANSFORMER FORMULAS

There are different formulas that can be used to find
the values of voltage and current for a transformer.
The following is a list of standard formulas:

Where:
N, = Number of turns in the primary

SECONDARY
250 TURNS

f\J PRIMARY
1,000 TURNS

Figure 19-1
All values of a transformer are proportiono| to its turns
ratio. (Source: Delmar/Cengage Learning)
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N, = Number of turns in the secondary
E, = Voltage of the primary

E, = Voltage of the secondary

I, = Current in the primary

I, = Current in the secondary

E, N, E I, N, I
E. N E LN
or

E, X Ny = E; X N,
E, X I, = Eg X I
N, X I, = Ng X I

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, Figure 19-2. Any winding of a
transformer can be used as a primary or secondary
winding provided its voltage or current rating is not
exceeded. Transformers can also be operated at a
lower voltage than their rating indicates, but they
cannot be connected to a higher voltage. Assume
the transformer shown in Figure 19-2, for example,
has a primary voltage rating of 480 volts and the
secondary has a voltage rating of 240 volts. Now
assume that the primary winding is connected to
a 120-volt source. No damage would occur to the
transformer, but the secondary winding would pro-
duce only 60 volts.

ISOLATION TRANSFORMERS

The transformers shown in Figures 19-1 and 19-2
are isolation transformers. This means that
the secondary winding is physically and electri-
cally isolated from the primary winding. There is

Q)

Figure 19-2
Isolation transformer.

PRIMARY SECONDARY

§ LOAD

(Source: Delmar/Cengage Learning)
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202 SECTION 4 Transformers

no electrical connection between the primary and
secondary winding. This transformer is magneti-
cally coupled, not electrically coupled. This “line
isolation” is often a very desirable characteristic.
Because there is no electrical 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 the purpose of isolation only.

The reason that the transformer can greatly
reduce any voltage spikes before they reach the
secondary is because of the rise time of current
through an inductor. The current in an inductor
rises at an exponential rate, Figure 19-3. As the
current increases in value, the expanding magnetic
field cuts through the conductors of the coil and
induces a voltage that is opposed to the applied volt-
age. The amount of induced voltage is proportional
to the rate of change of current. This simply means

CURRENT

Figure 19-3

The current through
an inductor rises at
an exponential rate.

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, Figure 19—4. Thisrapid change of value
causes the opposition to the change to increase just
asrapidly. By the time the spike has been transferred
to the secondary winding of the transformer, it has
been eliminated or greatly reduced, Figure 19-5.
Another purpose of isolation transformers is to
remove some piece of electrical equipment from
ground. It is sometimes desirable that a piece of
electrical equipment not be connected directly to
ground. This is often done as a safety precaution
to eliminate the hazard of an accidental contact
between a person at ground potential and the
ungrounded conductor. If the case of the equipment
should come in contact with the ungrounded con-
ductor, the isolation transformer would prevent a
circuit being completed to ground through someone
touching the case of the equipment. Many alter-
nating current circuits have one side connected to
ground. A familiar example of this is the common

\ EXPONENTIAL CURVE

(Source: Delmar/Cengage

Learning)

TIME
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120-volt circuit with a grounded neutral conduc-
tor, Figure 19—6. An isolation transformer can be
used to remove a piece of equipment from circuit
ground.

-+—— SPIKE VOLTAGE

SINE WAVE
VOLTAGE

DURATION OF
VOLTAGE SPIKE

Figure 19-4
Voltage spikes are generally of short duration.

(Source: Delmar/Cengage Learning)
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TRANSFORMER CONSTRUCTION

The basic construction of an isolation transformer is
shown in Figure 19-7. 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 due to eddy current induction. Figure 19-7
shows the basic design of electrically separated
winding.

TRANSFORMER CORE TYPES

There are several different types of cores used in the
construction of transformers. Most cores are made
from thin steel punchings laminated together to
form a solid metal core. Laminated cores are pre-
ferred because a thin layer of oxide forms on the sur-
face of each lamination, which 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. The amount of core
material must be sufficient to prevent saturation
at full load. The type and shape of the core gener-
ally determines the amount of magnetic coupling
between the windings and to some extent the effi-
ciency of the transformer.

Q)

Figure 19-5
The isolation transformer greatly reduces
the vo|tage spike. (Source: Delmar/Cengage Learning)

PRIMARY SECONDARY

é LOAD

www.EngineeringBooksPDF.com



204 SECTION 4 Transformers

UNGROUNDED LINE

e

120 VAC

Figure 19-6
Isolation transformer

| | EQUIPMENT

used to remove a
piece of electrical
equipment from

ground. (Source: Delmar/ —_—

Cengage Learning) —

WINDING —\

EQUIPMENT HAS
NO CONNECTION
TO GROUND

GROUNDED LINE

IRON CORE—\

I

/—WINDING

ANNN

@

Figure 19-7
Basic construction of an isolation
frcmsFormer. (Source: Delmar/Cengage

Learning)

COIL\

Y CORE

/COIL

Figure 19-8

Core-type transformer. (source: Delmar/Cengage
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Learning)

The transformer illustrated in Figure 19-8 is known
as a core transformer. The windings are placed
around each end of the core material. The metal core pro-
vides a good magnetic path between the two windings.

The shell transformer is constructed in a
similar manner as the core type, except that the

shell type has a metal core piece through the middle
of the window, Figure 19-9. 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, which provides
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Figure 19-9
She”-type transformer. (source: Delmar/Cengage Learning)

| LAMINATION

E LAMINATION

N

Figure 19-10

Shell-type cores are made of E and | laminations.

(Source: Delmar/Cengage Learning)
excellent magnetic coupling. When the trans-
former is in operation, all the magnetic flux must
pass through the center core piece. It then divides
through the two outer core pieces. Shell type cores
are sometimes referred to as E-I cores because the
steel punchings used to construct the core are in the
shape of an E and an I, Figure 19-10.

The H-type core shown in Figure 19-11 is simi-
lar to the shell type core in that it has an iron core
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Figure 19-11
Transformer with H-type core. (Source: Delmar/Cengage Learning)

Figure 19-12

Toroid frcmsFormer. (Source: Delmar/Cengage Learning)

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 dis-
tribution transformers.

The tape wound or toroid core, Figure 19-12,
is constructed by tightly winding one long continu-
ous silicon steel tape into a spiral. The tape may or
may not be housed in a plastic container depend-
ing on the application. This type core does not
require steel punchings that are then laminated
together. Because the core is one continuous length
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of metal, flux leakage is kept to a minimum. The tape
wound core is one of the most efficient core designs
available.

BASIC OPERATING PRINCIPLES

In Figure 19-13, one winding of the transformer
has been connected to an alternating current sup-
ply, and the other winding has been connected to
a load. As current increases from zero to its peak
positive point, a magnetic field expands outward
around the coil. When the current 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 of that previously. The
field again collapses when the current decreases
from its negative peak toward zero. This continually
expanding and collapsing magnetic 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. It is this induced voltage, induc-
tive reactance, that limits the flow of current in the
primary winding. If the resistance of the primary
winding is measured with an ohmmeter, it will indi-
cate only the resistance of the wire used to construct
the winding and will not give an indication of the
actual current limiting effect of the winding. Most

MAGNETIC
FIELD

g
-

Figure 19-13

transformers with a large kVA rating will appear to
be almost a short circuit when measured with an
ohmmeter. When connected to power, however, the
actual no load current is generally relatively small.

EXCITATION CURRENT

There will always be some amount of current flow in
the primary of a transformer even if there is no load
connected to the secondary. This is called the exci-
tation current of the transformer. The excitation
current is the amount of current required to magne-
tize the core of the transformer. The excitation cur-
rent 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, it is often omitted when
making calculations.

MUTUAL INDUCTION

Because the secondary windings are wound on the
same core as the primary, the magnetic field pro-
duced by the primary winding cuts the windings
of the secondary also, Figure 19—-14. This continu-
ally 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 number of
turns of wire in the secondary as compared with
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Magnetic field produced
by alternating current.

(Source: Delmar/Cengage Learning)
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Figure 19-14

The magnetic field of the primary
induces a voltage into the
secondary. (source: Delmar/Cengage Learning)

the primary. For example, assume the primary has
240 turns of wire and is connected to 120 volts
AC. This gives the transformer a volts-per-turn
ratio of 0.5 (120 volts per 240 turns = 0.5 volt per
turn). Now assume the secondary winding contains
100 turns of wire. Because the transformer has a
volts-per-turn ratio of 0.5, the secondary voltage
will be 50 volts (100 X 0.5 X 50).

TRANSFORMER CALCULATIONS

In the following examples, values of voltage, cur-
rent, and turns for different transformers will be
computed.

EXAMPLE

Assume the isolation transformer shown in
Figure 19-2 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 volts is
connected to the primary winding. What is the volt-
age of the secondary winding?

E, N,
Es N,
120 _ 240
E. 60
E, = 30 volts

The transformer in this example is known as a
step-down transformer because it has a lower
secondary voltage than primary voltage.

Now assume that the load connected to the
secondary winding has an impedance of 5 ). The

next problem is to calculate the current flow in the
secondary and primary windings. The current flow
of the secondary can be computed using Ohm'’s law
since the voltage and impedance are known.

| =

|

Q~,|8 NIm

| = 6 amps

Now that the amount of current flow in the second-
ary is known, the primary current can be computed
using the formula:

E _ s

E; |,

120 _ 6

30 |,
120 1, =180
I, =1.5 amps

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
transformers is that power in must equal power out.
If the primary voltage and current are multiplied
together, it should equal the product of the voltage
and current of the secondary:

Primary

120 x 1.5 = 180 volt amps
Secondary

30 x 6 = 180 volt amps
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EXAMPLE

In the next example, assume that the primary wind-
ing contains 240 turns of wire and the secondary
contains 1,200 turns of wire. This is a turns ratio of
1:5 (1,200/240 = 5). Now assume that 120 volts
is connected to the primary winding. Compute the
voltage output of the secondary winding.

240 E, = 144,000
E, = 600 volts

Notice that the secondary voltage of this trans-
former is higher than the primary voltage. This type of
transformer is known as a step-up transformer.

Now assume that the load connected to the
secondary has an impedance of 2,400 (. 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

Z
_ 600
2400
I =0.25 amp

Now that the amount of current flow in the second-
ary is known, the primary current can be computed
using the formula:

120 1,= 150
I, = 1.25 amps

Notice that the amount of power input equals the
amount of power output.

Primary

120 x 1.25 = 150 volt amps
Secondary

600 x 0.25 = 150 volt amps

CALCULATING TRANSFORMER
VALUES USING THE TURNS RATIO

Asiillustrated in the previous examples, transformer
values of voltage, current, and turns can be com-
puted using formulas. It is also possible to compute
these same values using the turns ratio. There are
several ways in which turns ratios can be expressed.
One method is to use a whole number value such as
13:5or 6:21. The first ratio indicates that one wind-
ing has 13 turns of wire for every 5 turns of wire in
the other winding. The second ratio indicates that
there are 6 turns of wire in one winding for every
21 turns in the other.

A second method is to use the number 1 as a
base. When using this method, the number 1 is
always assigned to the winding with the lowest volt-
age rating. The ratio is found by dividing the higher
voltage by the lower voltage. The number on the
left side of the ratio represents the primary winding,
and the number on the right of the ratio represents

E, I the secondary winding. For example, assume a
FS - TP transformer has a primary rated at 240 volts and

a secondary rated at 96 volts, Figure 19-15. The
120 _ 0.25
600 I,

RATIO: 2.5:1
240 VAC 96 VAC LOAD

Figure 19-15 @ ?24 OHMS
Computing transformer values using
the turns ratio. (Source: Delmar/Cengage
Learning)
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turns ratio can be computed by dividing the higher
voltage by the lower voltage.

. — 240
Ratio = 9%
Ratio = 2.5:1

Notice in this example that the primary winding has
the higher voltage rating and the secondary has the
lower. Therefore, the 2.5 is placed on the left and the
base unit, 1, is placed on the right. This ratio indicates
that there are 2.5 turns of wire in the primary winding
for every 1 turn of wire in the secondary.

Now assume that there is a resistance of 24 ()
connected to the secondary winding. The amount of
secondary current can be found using Ohm’s law.

_ 2
S 24
Iy = 4 amps

The primary current can be found using the turns
ratio. Recall that the volt amps of the primary must
equal the volt amps of the secondary. Because the pri-
mary voltage is greater, the primary current will have
to be less than the secondary current. Therefore, the
secondary current will be divided by the turns ratio.

I

= s
P~ Turns Ratio

| =4

P25
I, = 1.6 amps

To check the answer, find the volt amps of the
primary and secondary.

Primary

240 x 1.6 = 384
Secondary

96 x 4 = 384
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Now assume that the secondary winding contains
150 turns of wire. The primary turns can also
be found by using the turns ratio. Because the
primary voltage is higher than the secondary volt-
age, the primary must have more turns of wire.
Because the primary must contain more turns of
wire, the secondary turns will be multiplied by the
turns ratio.

N, = N X Turns Ratio
N, =150 X 2.5
N, = 375 turns

In the next example, assume a transformer has
a primary voltage of 120 volts and a secondary
voltage of 500 volts. The secondary has a load
impedance of 1,200 ). The secondary contains
800 turns of wire, Figure 19—16. The turns ratio
can be found by dividing the higher voltage by the
lower voltage.

. 500
RGhO = m
Ratio = 1:4.17

The secondary current can be found using
Ohm'’s law.

| = 500
s 1200
Iy =0.417 amp

In this example, the primary voltage is lower
than the secondary voltage. Therefore, the primary
current must be higher. To find the primary current,
multiply the secondary current by the turns ratio.

I, = I X Turns Ratio
l,=0.417 X 417
I, = 1.74 amps

RATIO:

Ep 120

QL

Figure 19-16 Ne

Calculating transformer values.

(Source: Delmar/Cengage Learning)

Eg 120

Is ? Z = 1200Q
Ng 800
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RATIO: 1:4.17

Ep 120

") w174

Figure 19-17 Np 192

Transformer with completed
values. (source: Delmar/Cengage Learning)

Es 500
ls 0.417
Ng 800

§ Z = 1-200Q

To check this answer, compute the volt amps of
both windings.

Primary

120 X 1.74 = 208.8
Secondary

500 x 0.417 = 208.8

The slight difference in answers is caused by round-
ing off the values.

Because the primary voltage is less than the
secondary voltage, the turns of wire in the primary
will be less also. The primary turns will be found by
dividing the turns of wire in the secondary by the
turns ratio.

_ Ny
P Turns Ratio
_ 800
N, = 4.17

N, = 192 turns

Figure 19-17 shows the transformer with all
completed values.

MULTIPLE TAPPED WINDINGS

It is not uncommon for transformers to be designed
with windings that have more than one set of lead
wires connected to the primary or secondary. The
transformer shown in Figure 19-18 contains a
secondary winding rated at 24 volts. 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, respectively. This transformer is

designed in such a manner 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; 1,040 turns between C and
208; and 1,200 turns between C and 240.

The transformer shown in Figure 19-19 contains
a single primary winding. The secondary winding,
however, has been tapped at several points. One of
the secondary lead wires is labeled C and is com-
mon to the other lead wires. When rated voltage
is applied to the primary, voltages of 12, 24, and
48 volts can be obtained at the secondary. It should
also be noted that this arrangement of taps permits
the transformer to be used as a center tapped trans-
former 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 the primary wind-
ing has 300 turns of wire. In order to produce the
proper turns ratio, it 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 transformer shown in Figure 19-20 is similar
to the transformer in Figure 19-19. The transformer
in Figure 19-20, however, has multiple secondary
windings instead of a single secondary winding with
multiple taps. The advantage of the transformer in
Figure 19-20 is that the secondary windings are
electrically isolated from each other. These secondary
windings can be either step-up or step-down depend-
ing on the application of the transformer.
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PRIMARY WINDING
240V

r ?
® = é ® T

T

1040 TURNS 24V 120 TURNS

SECONDARY WINDING

120V

|

Figure 19-18 600 TURNS
Transformer with multiple

tap primary winding. (source: Yy v C
Delmar/Cengage Learning) .

48V

® T 7

60 TURNS

o 24Vol
T T

300 TURNS 120V 30 TURNS 120 TURNS
l 12V l
O o T 60 TURNS
30 TURNS
®
Figure 19-19

Transformer secondary with multiple taps. (source: Delmar/Cengage Learning)
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®
\ SECONDARY
WINDINGS

PRIMARY
WINDING \
@
@
Figure 19-20
Transformer with
multiple secondary
windings. (source: Delmar/
Cengage Learning)
COMPUTING VALUES FOR
TRANSFORMERS WITH
MULTIPLE SECONDARIES

When computing the values of a transformer with
multiple secondary windings, each secondary must
be treated as a different transformer. For example, the
transformer in Figure 19-21 contains one primary
winding and three secondary windings. The primary
is connected to 120 volts AC and contains 300 turns
of wire. One secondary has an output voltage of
560 volts and a load impedance of 1,000 ). The sec-
ond secondary has an output voltage of 208 volts and a
load impedance of 400 (), and the third secondary has
an output voltage of 24 volts and a load impedance of
6 Q). The current, turns of wire, and ratio for each sec-
ondary and the current of the primary will be found.

SOLUTION: The first step will be to compute the turns
ratio of the first secondary. The turns ratio can be
found by dividing the smaller voltage into the larger.

E
Ratio = 3!
EP
. _ 560
Ratio = 120
Ratio = 1:4.67

The current flow in the first secondary can be com-
puted using Ohm's law.

| _ 560
s~ 7000

I

S

0.56 amps

The number of turns of wire in the first second-
ary winding will be found using the turns ratio.
Because this secondary has a higher voltage than
the primary, it must have more turns of wire. The
number of primary turns will be multiplied by the
turns ratio.

Ny, = N, X Turns Ratio
N 300 x 4.67

S1

N, = 1,401 turns

S1

The amount of primary current needed to supply
this secondary winding can be found using the turns
ratio also. Because the primary has less voltage, it
will require more current. The primary current can
be determined by multiplying the secondary current
by the turns ratio.

| Is1 X Turns Ratio

PIFIRST SECONDARY)
loerst seconpary = 0-56 % 4.67
leterst seconpary = 2.61 amps
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= 1,000 Q
®
Es2 = 208
Ep = 120 o
@ I S Z, =400Q
Ng2
Np = 300T RATIO
®
Figure 19-21 =6Q
Computing values for a trans-
former with multiple secondary

Windings. (Source: Delmar/Cengage Learning)

The turns ratio of the second secondary winding
will be found by dividing the higher voltage by the
lower voltage.

. — 208
Ratio = 120
Ratio = 1:1.73

The amount of current flow in this secondary can be
determined using Ohm's law.

L 208
2. 400
Iy, = 0.52 amp

Because 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 by multiplying the turns of the primary by
the turns ratio.

Ny, = N, X Turns Ratio
N,, = 300 x 1.73

N,, = 519 turns

The voltage of the primary is less than this
secondary. The primary will, therefore, require a
greater amount of current. The amount of primary
current required to operate this secondary will be

computed by multiplying the secondary current by
the turns ratio.

|

P(SECOND SECONDARY) = ISZ

| =0.52 x 1.732

PISECOND SECONDARY)
0.9 amp

I —

PSECOND SECONDARY)

X Turns Ratio

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.

Ratio = %
Ratio = 5:1

The primary current will be found using Ohm’s
law.

|- 24
B06
Iy, = 4 amps

Because the output voltage of the third secondary is
less than that of the primary, the number of turns
of wire for this secondary will be fewer than the pri-
mary turns. To find the number of secondary turns,
divide the primary turns by the turns ratio.

N

-k
53 Turns Ratio
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_ 300
Ny =<5

N, = 60 turns

The primary has a higher voltage than this second-
ary. The primary current will, therefore, be less than
the secondary current by the amount of the turns
ratio.

I — ISB
P(THIRD SECONDARY) TUrnS Roﬁo

| _4

P(THIRD SECONDARY) — 3

| = 0.8 amp

P(THIRD SECONDARY)

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.

IP(TOTAL) = by + 1y + g
IP(TOTAL) =261 +09+0.38
lororay = 4-31 amps

The transformer with all computed values is shown
in Figure 19-22.

DISTRIBUTION TRANSFORMERS

A very common type of isolation transformer is the
distribution transformer, Figure 19-23. This trans-
former is used to supply power to most homes and
many businesses. In this example, it is assumed that
the primary is connected to a 7,200 volt line. The
secondary is 240 volts with a center tap. The center
tap is grounded and becomes the neutral conduc-
tor. If voltage is measured across the entire second-
ary, a voltage of 240 volts will be seen. If voltage is
measured from either line to the center tap, half of
the secondary voltage, or 120 volts, will be seen,
Figure 19-24. Loads that are intended to operate on
240 volts, such as water heaters, electric resistance
heating units, and central air conditioners are con-
nected directly across the lines of the secondary.
Loads intended to operate on 120 volts connect from
the center tap or neutral to one of the secondary
lines. The function of the neutral is to carry the dif-
ference in current between the two secondary lines
and maintain a balanced voltage. In the example
shown in Figure 19-25, it is assumed that one of
the secondary lines has a current flow of 30 amperes
and the other has current flow of 24 amperes. The
neutral will conduct the sum of the unbalanced load.

Figure 19-22
The transformer with all compufed
VCIerS. (Source: Delmar/Cengage Learning)

= 1,000 Q
120
4.31 = 400 Q
300T

=6Q
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Figure 19-23

Disfribuﬁon frcmsFormer. (Source: Delmar/Cengage Learning)

[ 4 4
120 VOLTS 120 VOLTS

T 240 VOLTS

Figure 19-24

The voltage from either line to neutral is 120 volts.
The voltage across the entire secondary winding is
240 volts. (Source: Delmar/Cengage Learning)
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24A

120 VAC 120 VAC

Figure 19-25
The neutral carries the sum of the unbalanced current.

(Source: Delmar/Cengage Learning)

In this example, the neutral current will be 6 amperes
(30-24 =6).

TESTING THE TRANSFORMER

There are several tests that can be made to deter-
mine the condition of the transformer. A simple
test for grounds, shorts, or opens can be made with
an ohmmeter, Figure 19-26. Ohmmeter A is con-
nected 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
ohmmeter is connected to the case of the trans-
former 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. Each winding
should be tested for continuity. If the transformer
appears to be in good condition after the ohmmeter
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Figure 19-26 ? 9
Testing a transformer with
an ohmmeter. (Source: Delmar/

Cengage Learning)

test, it should then be tested for shorts and grounds
with a megohmmeter or “megger.” A megger will
reveal problems of insulation breakdown that an
ohmmeter will not.

TRANSFORMER RATINGS

Most transformers contain a nameplate that lists
information concerning the transformer. The infor-
mation listed is generally determined by the size,
type, and manufacturer. Almost all nameplates will
list the primary voltage, secondary voltage, and kVA
rating. Transformers are rated in kilovolt 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, tempera-
ture rise in °C, % impedance (%Z), type of insulating
oil, gallon of insulating oil, serial number, type num-
ber, model number, and whether the transformer is
single phase or three phase.

DETERMINING MAXIMUM
CURRENT

Notice that the nameplate does not list the current
rating of the windings. Because power input must
equal power output, the current rating for a wind-
ing can be determined 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 480 volts, and a secondary voltage of
120 volts. To determine the maximum current that
can be supplied by the secondary, divide the kVA
rating by the secondary voltage.

_ kVA
S ES
— 500
S 120
Iy = 4.16 amps
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The primary current can be computed in the

same way.
_ kVA
P E,
— 500
P 480
I, = 1.04 amps

Transformers with multiple secondary windings
will generally have the current rating listed with the
voltage rating.

TRANSFORMER LOSSES

Although transformers are probably the most effi-
cient machines known, they are not perfect. A
transformer operating at 90% efficiency has a power
loss of 10%. Some of these losses are I°R losses, eddy
current losses, hysteresis losses, and magnetic flux
leakage. Most of these losses result in heat produc-
tion. Recall that I°R is one of the formulas for find-
ing power or watts. In the case of a transformer, it
describes the power loss associated with heat due
to the resistance of the wire in both primary and
secondary windings.

Eddy currents are currents that are induced into
the metal core material by the changing magnetic
field as alternating current produces a changing
flux. Eddy currents are so named because they cir-
culate around inside the metal in a similar manner
as the swirling eddies in a river, Figure 19-27. These
swirling currents produce heat, which is a power
loss. Transformers are constructed with laminated
cores to help reduce eddy currents. The surface of
each lamination forms a layer of iron oxide, which
acts as an insulator to help prevent the formation of
eddy currents.

Hysteresis losses are losses due to molecular fric-
tion. As discussed previously, the reversal of the
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direction of current flow causes the molecules of
iron in the core to realign themselves each time the
current changes direction. The molecules of iron
are continually rubbing against each other as they
realign magnetically. The friction of the molecules
rubbing together causes heat, which is a power
loss. Hysteresis loss is proportional to frequency.
The higher the frequency, the greater the loss. A
special steel called silicon steel is often used in
transformer cores to help reduce hysteresis loss. The
power loss due to hysteresis and eddy currents is
often called core loss.

Magnetic flux leakage does not produce heat, but
does constitute a power loss. Flux leakage is caused
by magnetic lines of flux radiating away from the
transformer and not cutting the secondary wind-
ings. Flux leakage can be reduced by better core
designs.

C0
C
C

@,

@Q
O
O

Eddy currents circulate inside the core material. (source:

@,
@

C
alalale’e

NATOTa

Delmar/Cengage Learning)
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I

® All values of voltage, current, and impedance in a transformer are proportional to the
turns ratio.

® Transformers can change values of voltage, current, and impedance, but cannot change
the frequency.

® The primary winding of a transformer is connected 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.

® 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
mechanically 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.

® Either winding of a transformer can be used as the primary or secondary as long as its
voltage or current ratings are not exceeded.

® Isolation transformers help filter voltage and current spikes between the primary and sec-
ondary side.

____ D HevieRMs |

core transformer mutual induction step-down transformer
E-I core self-induction step-up transformer
excitation current shell transformer tape wound or toroid
isolation transformer silicon steel core

P> REVIEW Questions |

1. What is a transformer?

2. What are common efficiencies for transformers?
3. What is an isolation transformer?

4. All values of a transformer are proportional to its

5. A transformer has a primary voltage of 480 volts and a secondary voltage of 20 volts.
What is the turns ratio of the transformer?

6. If the secondary of the transformer in question 5 supplies a current of 9.6 amperes to
a load, what is the primary current? (Disregard excitation current.)

7. Explain the difference between a step-up and a step-down transformer.
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8. A transformer has a primary voltage of 240 volts and a secondary voltage of 48 volts.
What is the turns ratio of this transformer?

9. A transformer has an output of 750 volt amps. The primary voltage is 120 volts.
What is the primary current?

10. A transformer has a turns ratio of 1:6. The primary current is 18 amperes. What is
the secondary current?

") pancrice pRogLEms

Refer to Figure 19-28 to answer the following questions. Find all missing values.

RATIO:
Ep Es
O ]| — "
Np Ns
Figure 19-28
Practice problems 1 through 6.
(Source: Delmar/Cengage Learning)
1. 2.
E. =120 E, = 24 E, = 240 E, = 320
l, = g = l, = I =
N, = 300 N, = N, = NS = 280
Ratio: =3Q Ratio: Z =500 Q
3. .
E,.= —— E, = 160 4 E, = 48 E, = 240
= —— = b= -
N, = —— NSZSO NP:220 sti
Ratio: 1:2.5 Z=12Q Ratio: Z = 360Q
5. 6.
E.=— E,=—— E, = 480 E, = ——
l, =165 Iy = 3.25 l, = —— g =—
N, = —— N, = 450 N, = 275 N, = 525
Ratio: Z=56Q Ratio: Z=12ka
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Refer to Figure 19-29 to answer the following questions. Find all missing values.

@
Ep
O
Np
@
Figure 19-29
Practice problems 7 and 8. (source:
Delmar/Cengage Learning)
7.
E. = 208 E,, = 320 E,, =120 E,=24
lb=___ sy = ls, = lsy =
N, = 800 Ng, = Ng, =___ Ng; =__
Ratio, Ratio, Ratio,
R]:12kQ R,=6Q R,=8Q
8.
E, =277 E;, = 480 E,, = 208 E, =120
lb=__ gy = ls, = ls; =
N, = 350 Ny =___ Ny, =___ Ny =
Ratio, Ratio, Ratio,
R, = 200 Q R, =60Q R,=24Q
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UNIT 20

Autotransformers

OBJECTIVES

After reading this unit the student should
be able to:

Discuss the operation of an
autotransformer

List differences between isolation
transformers and autotransformers

Compute values of voltage, current,
and turns ratios for autotransformers

Connect an autotransformer for

operation
The word auto means self. An autotransformer is

literally a self-transformer. It uses the same
winding as both the primary and secondary. Recall
that the definition of a primary winding is a
winding that is connected to the source of power,
and the definition of a secondary winding is a
winding that is connected to a load. Autotransform-
ers have very high efficiencies, most in the range of
95% to 98%.

In Figure 20-1, the entire winding is connected
to the power source, and part of the winding is con-
nected to the load. In this illustration, all the turns
of wire form the primary and part of the turns form
the secondary. Because the secondary part of the
winding contains fewer turns than the primary sec-
tion, the secondary will produce less voltage. This
autotransformer is a step-down transformer.
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Q)

Figure 20-1
Autotransformer used as a
step-down transformer.

(Source: Delmar/Cengage Learning)

PRIMARY
WINDING
SECONDARY
WINDING

Q)

Figure 20-2
Autotransformer used as a
step-up transformer.

(Source: Delmar/Cengage Learning)

SECONDARY
WINDING

PRIMARY
WINDING

In Figure 20-2, the primary section is connected
across part of a winding and the secondary is con-
nected across the entire winding. In this illustration
the secondary section contains more windings than
the primary. This autotransformer is a step-up
transformer. Notice that autotransformers, like iso-
lation transformers, can be used as step-up or step-
down transformers.

DETERMINING VOLTAGE VALUES

Autotransformers are not limited to a single second-
ary winding. Many autotransformers have mul-
tiple taps to provide different voltages as shown in
Figure 20-3. In this example, there are 40 turns of
wire between taps A and B, 80 turns of wire between
taps B and C, 100 turns of wire between taps C and D,
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Q)

Figure 20-3

Autotransformer with multiple taps.

(Source: Delmar/Cengage Learning)

and 60 turns of wire between taps D and E. The pri-
mary section of the windings is connected between
taps B and E. It will be assumed that the primary
is connected to a source of 120 volts. The voltage
across each set of taps will be determined.

There is generally more than one method that can
be employed to determine values of a transformer.
Because the number of turns between each tap is
known, the volts-per-turn method will be used in
this example. The volts-per-turn for any transformer is
determined by the primary winding. In this illustration,
the primary winding is connected across taps B and E.
The primary turns are, therefore, the sum of the turns
between taps B and E (80 + 100 + 60 = 240 turns).
Because 120 volts is connected across 240 turns,
this transformer will have a volts-per-turn ratio of
0.5 (240 turns/120 volts = 0.5 volts-per-turn). To
determine the amount of voltage between each set
of taps, it becomes a simple matter of multiplying the
number of turns by the volts-per-turn.

A-B (40 turns X 0.5 = 20 volts)
A-C (120 turns X 0.5 = 60 volts)
A-D (220 turns X 0.5 = 110 volts)
A-E (280 turns x 0.5 = 140 volts)
B—C (80 turns X 0.5 = 40 volts)
B-D (180 turns x 0.5 = 90 volts)
B—E (240 turns x 0.5 = 120 volts)

oA
§ 40 TURNS
0B
é 80 TURNS
oc
o ? 100 TURNS
oD
% 60 TURNS
oE

C-D (100 turns X 0.5 = 50 volts)
C-E (160 turns X 0.5 = 80 volts)
D-E (60 turns x 0.5 = 30 volts)

USING TRANSFORMER FORMULAS

The values of voltage and current for autotrans-
formers can also be determined by using standard
transformer formulas. The primary winding of the
transformer shown in Figure 20—4 is between points
B and N, and has a voltage of 120 volts applied to it.
If the turns of wire are counted between points B
and N, it can be seen that there are 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 computed, the following formula
can be used.

N
o
N

E 40
120 E; = 4800
E, = 40 volts
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40 TURNS

120 VAC

©

Figure 20-4
Determining voltage
and current values.

(Source: Delmar/Cengage Learning)

40 TURNS

40 TURNS

40 TURNS

Assume that the load connected to the secondary
has an impedance of 10 Q. The amount of current
flow in the secondary circuit can be computed using
the formula:

- E
I_Z
| =40
10
I =4 amps

The primary current can be computed by using the
same formula that was used to compute primary
current for an isolation type of transformer.

E

E_L
E 1,
120 I, = 160
120 _ 4
0 1

I, = 1.333 amps

The amount of power input and output for the auto-
transformer must also be the same.

Primary

120 x 1.333 = 160 volt-amps

Secondary
40 x 4 = 160 volt-amps

Now assume that the rotary switch is connected to
point A. The load is now connected to 160 turns
of wire. The voltage applied to the load can be
computed by:

E, = 160 volts

The amount of secondary current can be computed
using the formula:

- E

I_Z

| =160
10

I=16 amps
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The primary current can be computed using the
formula:

Il
<—lu—

o

20 _16

6 I,

120 [, = 2,560

I, = 21.333 amps

The answers can be checked by determining if
the power in and power out are the same.

o

Primary

120 x 21.333 = 2,560 volt-amps

Secondary
160 x 16 = 2,560 volt-amps

CURRENT RELATIONSHIPS

An autotransformer with a 2:1 turns ratio is shown
in Figure 20-5. It is assumed that a voltage of
480 volts is connected across the entire winding.
Because the transformer has a turns ratio of 2:1,
a voltage of 240 volts will be supplied to the load.
Ammeters connected in series with each winding
indicate the current flow in the circuit. It is assumed
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that the load produces a current flow of 4 amperes
on the secondary. Note that a current flow of
2 amperes is supplied to the primary.

|

| — _SECONDARY
PRIMARY Raﬁo

I =

P
I, = 2 amperes

NN

If the rotary switch shown in Figure 20-4 were to
be removed and replaced with a sliding tap that
made contact directly to the transformer winding,
the turns ratio could be adjusted continuously.
This type of transformer is commonly referred to
as a Variac or Powerstat depending on the man-
ufacturer. The windings are wrapped around a
tape-wound toroid core inside a plastic case. The
tops of the windings have been milled flat, similar
to a commutator. A carbon brush makes con-
tact with the windings. When the brush is moved
across the windings, the turns ratio changes, which
changes the output voltage. This type of autotrans-
former provides a very efficient means of controlling
AC voltage.

Autotransformers are often used by power com-
panies to provide a small increase or decrease to the
line voltage. They help provide voltage regulation to
large power lines.

Figure 20-5

ZFA'\QS
o,

4 AMPS
480 VAC
PRIMARY @
WINDING U
SECONDARY
WINDING
240 VAC
2 AMPS

Current divides between primary and
seconddry. (Source: Delmar/Cengage Learning)
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226 SECTION 4 Transformers

The autotransformer does have one disadvan- the incoming power and the load. This can cause
tage. Because the load is connected to one side of problems with certain types of equipment and must
the power line, there is no line isolation between be a consideration when designing a power system.

I

® The autotransformer has only one winding that is used as both the primary and secondary.
® Autotransformers have efficiencies that range from about 95% to 98%.

® Values of voltage, current, and turns can be computed in the same manner as an isolation
transformer.

® Autotransformers can be step-up or step-down transformers.

® Autotransformers can be made to provide a variable output voltage by connecting a
sliding tap to the windings.

® Autotransformers have the disadvantage of no line isolation between primary and secondary.

® One of the simplest ways of computing values of voltage for an autotransformer when the
turns are known is to use the volts-per-turn method.

____ P HevIeRmMs |

line isolation secondary winding step-up
multiple taps self-transformer volts-per-turn
primary winding step-down

P REVIEw questions

1. An AC power source is connected across 325 turns of an autotransformer and the
load is connected across 260 turns. What is the turns ratio of this transformer?

2. Is the transformer in question 1 a step-up or a step-down transformer?

3. An autotransformer has a turns ratio of 3.2:1. A voltage of 208 volts is connected
across the primary. What is the voltage of the secondary?

4. Aload impedance of 52 Q is connected to the secondary winding of the transformer
in question 3. How much current will flow in the secondary?

5. How much current will flow in the primary of the transformer in question 4?

6. The autotransformer shown in Figure 20-3 has the following number of turns
between windings: A-B (120 turns), B-C (180 turns), C-D (250 turns), and D-E
(300 turns). A voltage of 240 volts is connected across B and E. Find the voltages
between each of the following pairs of points:

A-B A-C A-D A-E
B-C B-D B-E cD
C-E D-E
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Current
Transformers

OBJECTIVES
After studying this unit the student should
be able to:

Discuss the operation of a current
transformer

Describe how current transformers
differ from vo|toge transformers

Discuss safety precautions that should

be observed when using current

transformers

Connect a current transformer in

a circuit Current transformers differ from voltage transform-
ers in that the primary winding is generally part of
the power line. The primary winding of a current
transformer must be connected in series with the
load, Figure 21-1. Current transformers are used
to change the full scale range of AC ammeters.
Most in-line ammeters (ammeters that must be
connected directly into the line) that have multiple
range values used a current transformer to provide
the different ranges, Figure 21-2. The full scale value
of the ammeter is changed by changing the turns
ratio. Assume that the ammeter illustrated in Fig-
ure 21-2 is to provide range values of 5 amperes,
2.5 amperes, 1 ampere, and 0.5 ampere. Also
assume that the meter movement requires a current
flow of 100 mA (0.100) to deflect the meter full scale
and that the primary of the current transformer
contains 5 turns of wire. Transformer formulas can
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228 SECTION 4 Transformers

CURRENT TRANSFORMER

Figure 21-1 @
The primary winding of a current

transformer is connected in series
with a load. (source: Delmar/Cengage

Learning)

A

Y Y Y

? LOAD

CURRENT TRANSFORMER

Figure 21-2

A current transformer is used
to change the range of an

AC ammeter. (Source: Delmar/Cengage

Learning)

@ ALTERNATOR

)

AC AMMETER

§ LOAD

be used to determine the number of secondary turns
needed to produce the desired ranges. Turns needed
for a full scale range of 5 amperes.

N, I
Ns

S _ 0.1
N, 5
0.1N, = 25

N, = 250 turns
Turns needed for a full scale range of 2.5 amperes.

5 _ 0.1

T2
0.1N; =125
Ny = 125 turns

Turns needed for a full scale range of 1 ampere.

(]

S5 _01

N, 1
0.IN; =5
N. = 50 turns

Turns needed for a full scale range of
0.5 ampere.

S5 _01
N, .5
0.1N,= 2.5
N, = 25 turns

When a large amount of AC current must be
measured, a different type of current transformer
is connected in the power line. These transform-
ers have ratios that start at 100:5 and can have
ratios of several thousand to five. These current
transformers, generally referred to in industry
as CTs, have a standard secondary current rating
of 5 amps AC. They are designed to be operated
with a 5 amp AC ammeter connected directly to
their secondary winding, which produces a short
circuit. CTs are designed to operate with the sec-
ondary 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 which
could be high enough to kill anyone who comes in
contact with it.
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5 AMPS AC

CURRENT

TRANSFORMER\

AN |9

@ ALTERNATOR
Figure 21-3

Current transformer used to
change the scale factor of an
AC ammeter. (Source: Delmar/Cengage

\— POWER LINE

)

ACTS AS A
PRIMARY WINDING
OF ONE TURN

LOAD

Learning)

5 AMPS AC

Figure 21-4

The primary conductor loops through
the CT to produce a second turn,
changing the turns ratio. (source: Delmar/

o]

@ ALTERNATOR LOAD

Cengage Learning)

A current transformer of this type is basically
a toroid transformer. A toroid transformer is con-
structed with a hollow core similar to a donut in that
it has a hole in the middle. When current transform-
ers are used, the main power line is inserted through
the opening in the transformer, Figure 21-3. The
power line acts as the primary of the transformer
and is considered to be one turn.

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 one turn. For example, assume a current

transformer has a ratio of 600:5. If the primary
power wire is inserted through the opening, it will
require a current of 600 amps to deflect the meter
full scale. If the primary power conductor is looped
around and inserted through the window a sec-
ond time, the primary now contains two turns of
wire instead of one, Figure 21-4. It now requires
300 amps 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 amps of current flow to deflect the
meter full scale.
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230 SECTION 4 Transformers

CLAMP-ON AMMETERS

Many service technicians use the clamp-on type
of AC ammeter. To use this type of meter, the jaw
of the meter is clamped around one of the conduc-
tors supplying power to the load, Figure 21-5. The
meter is clamped around only one of the lines. If
the meter is clamped around more than one line, the
magnetic fields of the wires cancel each other and
the meter indicates zero.

This type of meter uses a current transformer to
operate the meter. 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 cur-
rent induces a voltage into the current transformer.
The strength of the magnetic field and its frequency
determines the amount of voltage induced in the
current transformer. Because 60 Hz is a standard
frequency throughout the United States and Can-
ada, the amount of induced voltage is proportional
to the strength of the magnetic field.

The clamp-on type ammeter can have dif-
ferent range settings by changing the turns ratio of
the secondary of the transformer just as the in-line
ammeter does. The primary of the transformer is the
conductor the movable jaw is connected around. If
the ammeter is connected around one wire, the pri-
mary has one turn of wire as compared to the turns
of the secondary. The turn’s ratio can be changed in

the same manner as changing the ratio of the CT. If
two turns of wire are wrapped around the jaw of the
ammeter, Figure 21-6, the primary winding now
contains two turns instead of one, 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 two to get the correct
reading. The ability to change the turns ratio of a
clamp-on ammeter can be very useful for measuring
low currents.

(]|

T

Figure 21-5
The clamp-on ammeter connects around one conductor.

(Source: Delmar/Cengage Learning)

Figure 21-6
Looping the conductor around
the jaw of the ammeter changes

@ ALTERNATOR

the ratio. (source: Delmar/Cengage Learning)
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) summpRv

® Current transformers have their primary winding connected in series with a load.

® Current transformers are often used to provide multiple scale values for in-line AC ammeters.
® Current transformers are often referred to as CTs.

® CTs are used to measure large amounts of AC current.

® CTs have a standard secondary current value of 5 amperes.

® CTs are designed to be operated with their secondary winding shorted.

® The short circuit connected across the secondary of the CT should never be removed when
power is connected to the circuit because the secondary voltage can become very high.

® Many clamp-on AC ammeters operate on the principle of a current transformer.
® The movable jaw of the clamp-on ammeter is the core of the transformer.

® The secondary current value of a current transformer can be changed by changing the
turns of wire of the primary.

5 amperes Ts in-line ammeters
clamp-on ammeter current transformers

O Revewquestons|

1. Explain the difference in connection between the primary winding of a voltage trans-
former and the primary winding of a current transformer.

2. What is the standard current rating for the secondary winding of a CT?

3. Why should the secondary winding of a CT never be disconnected from its load when
there is current flow in the primary?

4. A current transformer has a ratio of 600:5. If three loops of wire are wound through
the transformer core, how much primary current is required to produce 5 amperes of
current in the secondary winding?

5. Assume that a primary current of 75 amperes flows through the windings of the
transformer in question 4. How much current will flow in the secondary winding?

6. What type of core is generally used in the construction of a CT?

7. A current transformer has 4 turns of wire in its primary winding. How many turns of
wire are needed in the secondary winding to produce a current of 2 amperes when a
current of 60 amperes flows in the primary winding?
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232 SECTION 4 Transformers

8. A 1500:5 CT develops a voltage of 3 volts across the primary winding. If the secondary
should be disconnected from its load, how much voltage would be developed across the
secondary terminals?

9. A CT has a current flow of 80 amperes in its primary winding and a current of
2 amperes in its secondary winding. What is the ratio of the CT?

10. What is the most common use for a CT?
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UNIT 22

Overloads

OBJECTIVES

After studying this unit the student should
be able to:

Explain why motors should be
protected from an overload condition

List the different types of overload
protectors

Describe the operation of a solder-
melting and bimetal type overload

Connect an overload relay into a

motor circuit
Overload relays are designed to protect the motor

circuit from damage due to overloads. Most over-
load relays are operated by heat. Since the overload
unit must be sensitive to motor current, the heater
of the overload relay is connected in series with the
motor. In this manner, the amount of current that
flows through the motor winding also flows through
the overload heater. There are two basic types of
overload units used in the air conditioning field, the
solder-melting type and the bimetal type.

Perform an ohmmeter test on an
overload re|oy

SOLDER-MELTING TYPE
OVERLOAD RELAY

The solder-melting type of overload unit is used to a
large extent on commercial and industrial air con-
ditioning units. This type of overload unit contains
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RACHET WH EEL—\

Figure 22-1
Shaft is held stationary by solder.

(Source: Delmar/Cengage Learning)

HEATING
ELEMENT —»

Figure 22-2
An electric heating element is wound around the tube.

(Source: Delmar/Cengage Learning)

a ratchet wheel that is held stationary by solder.
Figure 22-1 illustrates the principle of operation.
A serrated wheel is attached to a shaft. The shatft is
inserted in a hollow tube. The shaft would be free
to rotate inside the tube except for the solder that
bonds the two units together.

An electric heating element is wound around
the tube as shown in Figure 22-2. The heating
element is connected in series with the motor,
Figure 22-3. The current that flows through the
motor windings also flows through the heating ele-
ment. The heating element is calibrated to produce
a certain amount of heat when a predetermined
amount of current flows through it. As long as the
current flowing through it does not exceed a certain
amount, there is not enough heat produced to melt
the solder. If the motor should become overloaded,
an excessive amount of current will flow through
the heater and the solder will melt. When the solder
melts, the shatft is free to turn.

UNIT 22 Overloads 235

L4 N
oL
HEATER
.
Figure 22-3
The overload heater is MOTOR
connected in series with the
motor. (Source: Delmar/Cengage
Learning)
RACHET
— WHEEL
SPRING
OVERLOAD
CONTACTS
Figure 22-4

The ratchet wheel holds the contacts closed. (source: Delmar/

Cengage Learning)

The ratchet wheel is used to mechanically hold
a set of spring-loaded contacts closed as shown in
Figure 22—4. When the solder melts, the ratchet
wheel is free to turn and the spring causes the
contacts to open. The normally closed contacts are
connected in series with the coil of the motor starter
used to control the motor the overload relay is pro-
tecting, Figure 22—5. When the overload contacts
open, the motor starter coil deenergizes and discon-
nects the motor from the line.

Notice that this overload relay has two separate
sections, the heater section that is connected in
series with the motor, and the contact section,
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L N
MOTOR
STARTER COIL OVERLOAD
THERMOSTAT /\ CONTACT
o M )4
C\i/ghur(teh22—5l : ot M OVERLOAD HEATER
en the overload contact opens, 11
the motor is disconnected from the 11 IXI MOTOR

Iine. (Source: Delmar/Cengage Learning)

Contacts

Serrated Wheel

Figure 22-6

Solder-melting type of overload relay. (source:

Delmar/Cengage Learning)

which is connected in series with the coil of the T
motor starter. Notice also that the overload contacts
are not used to disconnect the motor from the line.
They are used to disconnect the motor starter coil
from the line. This type of overload relay has a set of
small auxiliary contacts that are intended to inter-
rupt the current flow in the control circuit only.

X

I

I

I

OVERLOAD I
CONTACTS |
I

I

I

I

it can be reset. This is generally true of any type of
thermal overload. Figure 22—6 shows a photograph
of this type of overload.

SPRING

BIMETAL TYPE OF OVERLOAD

The bimetal type of overload operates very similarly L
to the solder-melting type except a bimetal strip

is used to cause the contacts to open, Figure 22-7. Figure 22-7

In this unit, the bimetal strip is used to mechanically Bimetal type of overload. (source: Delmar/Cengage Learning)

OVERLOAD
HEATER

I

I

I

I

I
After the overload has tripped, it must be allowed to I me;Iﬂ
cool down enough for the solder to re-harden before | Z

I

I

I

I

I

I
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Figure 22-8

Bimetal-type overload relay. (source: Delmar/Cengage Learning)

hold the spring-loaded contacts closed. If the cur-
rent flow through the heater becomes excessive,
the bimetal strip will warp and permit the spring
to open the contacts. After the overload unit has
tripped, the bimetal strip must be allowed some time
to cool before it can be reset. This type of unit has
an advantage over the solder-melting type in that it
can be adjusted for manual reset or automatic reset,
Figure 22-8. The solder-melting type of overload
unit must be manually reset.

PROTECTING THREE-PHASE
MOTORS

Each phase of a three-phase motor should be pro-
tected by an overload relay. There are two methods
employed to provide this protection. One method
is to connect a single overload relay like those
shown in Figures 22—6 and 22-8 into each phase;
see Figure 22-9. When this is done, the three sets
of overload contacts are connected in series with
each other, as shown in Figure 22-10. Because the
overload contacts are connected in series, if any one
set of contacts should open, the starter coil will be
disconnected, causing the load contacts to open and
disconnect the motor from the line.

The second method used to protect three-phase
motors is with a three-phase overload relay. This
overload relay contains three separate heaters but
only one set of overload contacts, Figure 22—11. If
any one of the heaters should trip, it will open the
set of contacts and disconnect the starter coil from
the line, Figure 22—-12.
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Adjustment Knob —»-

Bimetal Strip

Push Rod ————

Contacts —,

u =

Figure 22-9
Three single overload relays are used to protect a
fhree-phose motor. (Source: Delmar/Cengage Learning)

PROTECTING SINGLE-PHASE
MOTORS

Single-phase motors are generally protected with a
small automatic reset overload, Figure 22—13.
These units are constructed in one of two ways. One
unit has a small heater connected in series with
the motor current, Figure 22—-14. In this unit the
bimetal strip is constructed of a spring metal that
provides a snap action when it warps. Notice that the
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L1 L2 L3
o] oL
| |
| | 0,
¢] oL
| |
COMPRESSOR
| | 0,
o] oL
A | |
| | 0,
\ANAN
———— CONTROL TRANSFORMER
= LOW PRESSURE oL oL oL

THERMOSTAT CUT OFF

B X

Figure 22-10

When three single overload relays are employed to protect a three-phase motor, all normally closed overload contacts

are connected in series. (Source: Delmar/Cengage Learning)

Figure 22-11

Three-phose over|oc1d re|c1y. (Source: Delmar/Cengage Learning)

contacts are connected directly to the bimetal strip.
This means that the motor current not only flows
through the heating element, but also through the
bimetal strip. If the motor current becomes exces-
sive, the heater causes the bimetal strip to snap the

contacts open and disconnect the motor from the
line. Notice that the contacts of this unit are used to
interrupt the motor current. When the bimetal strip
has cooled enough, it snaps back to its original posi-
tion and recloses the contacts.

The second type of small overload unit does not
contain a heating element, Figure 22-15. In this
type of unit, the bimetal strip is used as the heating
element. As current flows through the bimetal strip,
it begins to heat. If motor current does not become
excessive, the bimetal strip does not become heated
enough to cause the contacts to open. If the current
does become excessive, however, the contacts snap
open and disconnect the motor from the line.

These overload units can be tested with an ohm-
meter for a complete circuit. If the ohmmeter indi-
cates no continuity through them when they are
cool, they are defective and must be replaced. Care
must be taken to replace these units with the correct
size. Overload units are designed to open their
contacts when the motor current reaches 115%
to 125% of full-load current. The exact rating is
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L1 L2 L3
o] oL
| |
| 0,
¢] oL
| |
COMPRESSOR
| 0,
o] oL
A | |
| 0,
\ANAN
———— CONTROL TRANSFORMER
= LOW PRESSURE oL

THERMOSTAT CUT OFF

B X

Figure 22-12

(O—H

A three-phase overload relay contains three heaters and one set of contacts. (source: Delmar/Cengage Learning)

Figure 22-13
Bimetal overload often used on fractional horsepower
sing|e-phcxse motors. (Source: Delmar/Cengage Learning)

determined by the national electrical code. If an
overload unit of too small a rating is installed, it will
trip when there is no overload on the motor. If an
overload unit of too high a value is used, the motor
may be destroyed before the overload contacts open
and disconnect the motor.

v BIMETAL STRIP

- HEATER L

Figure 22-14

Small overload unit with heater. (source: Delmar/Cengage Learning)

Eat

Figure 22-15
Smo” overlood unit WithUf heater. (Source: Delmar/
Cengage Learning)
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240 SECTION 5 Control Components

Notice that all of the overload units discussed are
operated by sensing heat. For this reason, a heavy
motor overload will cause more heat production
and the unit will trip faster than it will under a
light overload. Another factor that can affect these
units is ambient air temperature. Overload
relays will trip faster in hot weather than they will
in cool weather. In certain parts of the country, it
is often necessary to replace the heater elements of
industrial-type overload units to match the season.
In winter it may be desirable to use a slightly smaller
heater element than normal, and in summer it may
be necessary to use a slightly larger heater.

PROTECTING LARGE MOTORS

Large horsepower motors often have current
draws that are much greater than the rating of any
standard overload heating element. When this is
the case, current transformers are used to supply

LOAD CONTACTS =

current to the overload heaters, Figure 22-16.
Assume that the motor operating a large compres-
sor has a nameplate current of 234 amperes. Now
assume that three current transformers with a ratio
of 300:5 are to be used to reduce the current to the
overload heaters. The current rating of the overload
heater can be calculated using the ratio of the cur-
rent transformer.

300 _ 234
5 X

300 X=1170
X = 3.9 amps

If the overload heaters are sized for a motor with a
running current of 3.9 amperes the motor will be
protected. Two NEMA size 5 starters are shown in
Figure 22—-17. These starters contain current trans-
formers used to reduce the current to the overload
heaters.

L4

OVERLOAD
RELAY

_<> CURRENT
>TRANSFORMERS

Figure 22-16

MOTOR

Current transformers reduce the motor current. (source: Delmar/Cengage Learning)
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Figure 22-17
NEMA size 5
starters with current
transformers. (source:

Delmar/Cengage Learning)

) summppy

® Overload relays are designed to protect the motor against an overload condition.

® Most overload relays sense motor current by connecting an electric heater in series with
the motor.

® Two basic types of overload relays are:
A. Solder-melting type.
B. Bimetal strip type.

® Solder-melting type overload relays permit the electric heater to melt solder at a predeter-
mined temperature and open a set of contacts.

® The bimetal strip type of overload relays open a set of contacts when the electric heating
element causes a bimetal strip to warp a certain amount.

® Overload relays contain two separate sections, the heater section and the contact section.
® The contacts of an overload relay are connected in series with a motor starter coil.

® Because overload relays operate by sensing heat, they are affected by ambient temperature.
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____ P KeVIERmsS

ambient air bimetal strip heating element
temperature bimetal type overloads

automatic reset contact section solder-melting type
overload heater section

P> REVIEW Questions |

1. What are the two basic types of industrial overload units?

2. What is the advantage of the bimetal type of industrial overload unit?

3. Industrial overload units are divided into two sections. What are they?

4. At what percentage of full-load motor current are overload units generally set to
trip?

5. When using an industrial type of overload unit, what are the contacts connected in
series with?

6. What is the difference between the two types of small overload units?

7. In the small overload unit that does not contain a heater, what is used to sense the
current flow through the motor?
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Contactors,

UNIT 23 and Motor

Starters

OBJECTIVES

After studying this unit the student should
be able to:

Describe the construction of a relay

Discuss the principle of operation of
relays and contactors

Discuss different types of relays and
contactors

Describe the difference between a
contactor and a motor starter

The relay is a magnetically operated switch. This
switch, however, can have multiple sets of contacts,
and the contacts can be open or closed. The advan-
tage of the relay is control. A single pilot device can
be used to control the input or coil of the relay, and
the output or contacts can control several different
devices. An example of this is shown in the circuit
of Figure 23-1. A flow switch is used to control
the coil of a magnetic relay. When the flow switch
closes, the coil of relay FSCR (flow switch con-
trol relay) is connected to the line. When current
flows through the coil, the relay is energized, and
all FSCR contacts change position. Notice that one
FSCR contact is connected in series with the com-
pressor motor. This contact does not actually start
the motor, but it permits the thermostat to control
the motor. This particular type of control is known
as interlocking. Interlocking is used to prevent
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Ly Ly
FLOW SWITCH
THERMOSTAT FSI?R f\
! o coMP,
FSCR
11 7S
H )Y(
Figure 23-1 FSCR \ ,L(
One re|0y confro|s severc1| dE' /Jrr R
vices. (Source: Delmar/Cengage Learning) M
MOVABLE
CONTACT
STATIONARY <: éi /—ARMATURE
CONTACTS
m——
SHADING COIL ——
0000 0000 SPRING
COlL — 0000 0000
3685 3600
RETTe%%e T (9933
'S:fg"l’e 2|3'2 0000 0000
Imple relay. (Source: Delmar/Cengage
Learning)

some function from happening until some other
function has occurred. In this case, the thermostat
cannot start the compressor until there is airflow in
the system.

The second FSCR contact is normally open.
When the FSCR coil energizes, this contact closes
and turns on a green pilot light to indicate there
is airflow in the system. The third FSCR contact is
normally closed. It is used to turn off a red pilot light,
which indicates there is no airflow in the system.

PRINCIPLE OF OPERATION

The relay operates on the solemoid principle. A
solenoid is an electrical device that converts elec-
trical energy to linear motion. This principle is

illustrated in Figure 23—2. A coil of wire is wound
around an iron core. When current flows through
the coil, a magnetic field is developed in the iron
core. The magnetic field of the iron core attracts
the movable arm, known as the armature, and
overcomes the strength of the spring holding the
arm away from the iron core. Notice that a movable
contact is connected to the armature. In its present
position, the movable contact makes connection
with a stationary contact. This contact set is nor-
mally closed. When the armature is attracted to the
iron core, the movable contact breaks connection
with one stationary contact and makes connec-
tion with another. This relay has both a normally
open and normally closed set of contacts. Notice
that the movable contact is common to both of the
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Figure 23-3
Schematic of a simple O Q
re|0y. (Source: Delmar/

Cengage Learning)

stationary contacts. The movable contact would be
the common and the stationary contacts would be
labeled normally open and normally closed. A sche-
matic of this type of relay is shown in Figure 23-3.
This illustration shows a relay with only one set of
contacts. In practice, it is common to find this type
of relay with several sets of contacts.

Notice in Figure 23-2 that a shading coil has
been added to the iron core. The shading coil is used
with AC relays to prevent contact chatter and hum.
The shading coil operates in the same way it does
in the shaded-pole motor. It opposes a change of
magnetic flux. The shading coil is used to provide
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a continuous magnetic flow to the armature when
the voltage of the AC waveform is zero. DC-operated
relays do not contain a shading coil since the mag-
netic flux is constant.

Another type of relay is shown in Figure 23—4.
This relay uses a plunger-type of solenoid. Notice
that the coil is surrounded by the iron core. There is
an opening in the iron core through which the shaft
of the armature can pass. When the coil is ener-
gized, the armature is attracted to both ends of the
core. This creates a stronger magnetic field than the
relay discussed in Figure 23-2. Notice the shading
coils around both ends of the core. Notice also that
the core and armature are constructed of laminated
sheets. The core and armature are laminated to help
prevent the induction of eddy currents into the
core. Eddy currents are currents induced in the core
material by the magnetic field of the coil. Eddy cur-
rents are generally unwanted because they heat the
core and cause a power loss.

The plunger-type of solenoid is generally used
with relays that use double-break contacts. A
double-break contact is one that breaks con-
nection at two points as shown in Figure 23-5.
Notice there are two stationary contacts and one
movable contact. The movable contact is used to
bridge the gap between the two stationary contacts.
This type of contact arrangement is preferred for
relays that must control high voltage and current.

~+——— MOVABLE
CONTACTS

~— LAMINATED
CORE
SHADING
colL—
ARMATURE
Figure 23-4 = ~

Plunger type of solenoid. (source:

Delmar/Cengage Learning)
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STATIONARY CONTACTS

- N
1 -
LLJ MmovasLE conTacT
Figure 23-5

A set OF doub|e*beok contacts. (Source: Delmar/Cengage Learning)

O = ,;7 |

illlhl

Figure 23-6

Contactor. (source: Delmar/Cengage Learning)

Notice that the surface of the contact is curved.
This curved surface provides a wiping action when
the contacts make connection. The wiping action
helps to keep contact surfaces clean. Contact sur-
faces should never be filed flat. This would permit oil
and dirt to collect on the surface of the contact and
cause poor connection.

CONTACTORS AND MOTOR
STARTERS

The term relay is often used to describe any type of
magnetically operated switch. A relay is actually a
control device that contains small auxiliary contacts
designed to operate only low-current loads.

Figure 23-7

Motor starter with overload relays. (source: Delmar/Cengage

Learning)

A contactorisvery similar to arelay except that
a contactor contains large-load contacts designed to
control large amounts of current. In the heating
and airconditioning field, contactors are often used
to connect power to resistance heater banks. A
photograph of a contactor is shown in Figure 23-6.
Contactors may contain auxiliary contacts as well
as load contacts.

Motor starters are basically contactors with
the addition of overload relays. Motor starters gen-
erally contain auxiliary contacts as well as load
contacts. The auxiliary contacts are used as part of
the control circuit, and the load contacts are used
to connect the motor to the line. A photograph of a
motor starter is shown in Figure 23-7.
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> summegy

® A relay is a magnetically operated switch.
® A relay is a single-input multi-output device.
® Relays can have contacts that are normally open or normally closed.

® On a schematic diagram, the contacts of a relay are always shown in the deenergized
condition.

® Interlocking is used to prevent some function from happening until some other function
has occurred.

® Most relays are basically electric solenoids with a set of contacts attached.
® A solenoid is a device that converts electrical energy into linear motion.
® AC relays used shading coils on the iron core to prevent contact chatter.
® Contact surfaces are generally curved to provide a wiping action.

® A relay is actually a control device that has only small auxiliary contacts that are used as
part of the control circuit or to operate low current devices.

® Contactors contain large load contacts intended to connect the load to the line.

® Motor starters are contactors with the addition of overload relays.

_ ) ReyreRms

armature FSCR (flow switch plunger-type
contactor control relay) relay
double-break contact interlocking solenoid
eddy currents motor starters

) Review questions

1. What is a solenoid?

2. What type of relays contains a shading coil?

3. What purpose does the shading coil serve?

4. What is the movable part of a relay called?

5. Why is the core material of a relay laminated?

6. What are eddy currents?

7. What effect do eddy currents have on a relay?

8. Why are contact surfaces curved?

9. What is the difference between a relay and a contactor?

10. What is the difference between a contactor and a motor starter?
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UNIT 24 The Solid-
State Relay

OBJELTIVES

After studying this unit the student should
be able to:

Describe the construction of a solid-
state relay

Discuss the principle of opto-isolation

Describe the internal devices used for
a relay intended to control a DC and

an AC load
Describe zero switching

Connect a solid-state relay in a circuit
Y The solid-state relay is a device that has

become increasingly popular for switching applica-
tions. The solid-state relay has no moving parts,
it is resistant to shock and vibration, and is sealed
against dirt and moisture. The greatest advantage
of the solid-state relay, however, is the fact that
the control input voltage is isolated from the line
device the relay is intended to control. Refer to
Figure 24-1.

Solid-state relays can be used to control either a
DCload or an AC load. If the relay is designed to con-
trol aDC load, a power transistor is used to con-
nect the load to the line as shown in Figure 24-2.
The relay shown in Figure 24-2 has a light-
emitting diode (LED) connected to the input or
control voltage. When the input voltage turns the
LED on, a photo detector connected to the base of
the transistor turns the transistor on and connects

248
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LOAD

I A

O
INPUT
Figure 24-1
Solid-state relay. (source: Delmar/ o
Cengage Learning)
o—
Figure 24-2 INPUT
Power transistor used to
conl‘ro| DC |OC1d. (Source: Delmar/ o—
Cengage Learning)
o—
INPUT
Figure 24-3
Triac used to control an AC load. o—-—
(Source: Delmar/Cengage Learning)
o——
INPUT

Figure 24-4
Reed relay controls the output.

(Source: Delmar/Cengage Learning)

the load to the line. This optical coupling is a very
common method used with solid-state relays. The
relays that use this method of coupling are referred
to as being opto-isolated, which means the load
side of the relay is optically isolated from the control
side of the relay. Because a light beam is used as the
control medium, no voltage spikes or electrical noise
produced on the load side of the relay can be trans-
mitted to the control side of the relay.

Solid-state relays intended for use as AC control-
lers have a triac connected to the load circuit in
place of a power transistor. Refer to Figure 24-3. In

I 120 VOLTS AC

\q:

LOAD

M\

120 VOLTS AC

RAL;

LOAD

M\

120 VOLTS AC

ot

this example, an LED is used as the control device
just as it was in the previous example. When the
photo detector “sees” the LED, it triggers the gate of
the triac and connects the load to the line.
Although opto-isolation is probably the most
common method used for the control of a solid-state
relay, it is not the only method used. Some relays
use a small reed relay to control the output. Refer
to Figure 24—4. A small set of reed contacts are con-
nected to the gate of the triac. The control circuit
is connected to the coil of the reed relay. When the
control voltage causes a current to flow through the
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250 SECTION 5 Control Components

coil, a magnetic field is produced around the coil of
the relay. This magnetic field closes the reed con-
tacts, which causes the triac to turn on. In this type
of solid-state relay, a magnetic field is used to isolate
the control circuit from the load circuit instead of a
light beam.

The control voltage for most solid-state relays
ranges from about 3 to 32 volts and can be DC
or AC. If a triac is used as the control device, load
voltage ratings of 120 to 240 VAC are common
and current ratings can range from 5 to 25 amps.
Many solid-state relays have a feature known as
zero switching. Zero switching means that if
the relay is told to turn off when the AC voltage is
in the middle of a cycle, it will continue to conduct
until the AC voltage drops to a zero level and then
turn off. For example, assume the AC voltage is at
its positive peak value when the gate tells the triac
to turn off. The triac will continue to conduct until
the AC voltage drops to a zero level before actually
turning off. Zero switching can be a great advantage
when used with some inductive loads such as trans-
formers. The core material of a transformer can be
left saturated on one end of the flux swing if power
is removed from the primary winding when the AC

® Solid-state relays have no moving parts.

voltage is at its positive or negative peak. This can
cause inrush currents of up to 600% of the normal
operating current when power is restored to the
primary.

Solid-state relays are available in different case
styles and power ratings. Figure 24-5 shows a
typical solid-state relay. Some solid-state relays are
designed to be used as time-delay relays. One of the
most common uses for the solid-state relay is the I/0
(eye-oh) track of a programmable controller, which
is to be covered in a later unit.

Figure 24-5

50|id-s|‘0’re re|c1ys. (Courtesy of International Rectifier).

____ ppsummary

® Solid-state relays are sealed against dirt and moisture and are resistant to mechanical

shock and vibration.

® The control side of a solid-state relay is totally isolated from the load side.

® Solid-state relays used to control AC loads use a triac connected in series with the load.

® Solid-state relays used to control DC loads use a power transistor connected in series with

the load.

® Many solid-state relays use a light-emitting diode (LED) as the control device.

® Opto-isolation is used to separate the load side of the circuit from the control side. This
prevents any electrical noise from being transferred from the load side to the control side

of the circuit.

® Solid-state relays are generally used in the I/0 track of programmable controllers.
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I

light-emitting power transistor triac
diode (LED) reed relay zero switching
opto-isolated solid-state relay

_)> REVIEW questions

1. What electronic component is used to control the output of a solid-state relay used to
control a DC voltage?

2. What electronic component is used to control the output of a solid-state relay used to
control an AC voltage?

3. Explain opto-isolation.
4. Explain magnetic isolation.
5. What is meant by zero switching?

www.EngineeringBooksPDF.com



OBJECTIVES

After studying this unit the student should
be able to:

252

Discuss the principle of operation
of a transformer

Define mutual induction
Discuss the voltage and current
relationships in a transformer

Find values of voltage, current,
and turns of wire using transformer
formulas and Ohm's law

Connect an industrial control
transformer for operation on low and
high voltage

Perform an ohmmeter test on a control
transformer

The Control

Transformer

The transformer is a device that has the ability to
change the value of AC voltage and current without
a change of frequency. Most of the transformers
used in the air conditioning and refrigeration field
are known as isolation transformers. This
means that the primary and secondary windings
are magnetically coupled but electrically isolated
from each other. Figure 25-1 illustrates the basic
principle of operation of a transformer. This trans-
former contains two separate windings, the primary
and the secondary. The primary is the winding that
is connected to the power source and brings power
to the transformer. The secondary winding is used
to supply power to the load. Notice that there is no
electrical connection between the two windings. If
one lead of an ohmmeter is connected to one of the
primary leads and the other ohmmeter lead is con-
nected to one of the secondary leads, the ohmmeter
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Figure 25-1
A basic transformer.

(Source: Delmar/Cengage Learning)

should indicate no continuity between the two
windings.

PRINCIPLE OF OPERATION

The transformer operates by magnetic induction.
When current flows through the primary winding,
a magnetic field is created in the winding. Because
the secondary winding is wound on the same core
as the primary, the magnetic field of the primary
induces a voltage into the secondary. This action
is known as mutual induction. The amount of
voltage induced into the secondary is determined
by the ratio of the number of turns of wire in the
primary as compared with the number of turns of
wire in the secondary. For example, assume that the
primary winding shown in Figure 25-1 contains
120 turns of wire and is connected to 120 volts AC.
This means that each turn of the primary has a volt-
age drop of 1 volt. If the secondary winding also has
120 turns of wire, and 1 volt is induced into each
turn, then the output voltage of the secondary is
120 volts also. This transformer has a turns ratio of
1:1, which is to say that the primary contains 1 turn
of wire for each turn of wire in the secondary.

Now assume that the number of turns of wire in
the secondary has been changed to 60. If the number
of turns in the primary has not been changed, there

P
o

LAMINATED CORE

is still 1 volt for each turn of wire. This will produce a
secondary voltage of 60 volts (60 X 1 = 60).

If the number of turns of wire on the secondary
is changed to 240, the output voltage of the sec-
ondary will be 240 volts (240 X 1 = 240). Notice
that the transformer has the ability to increase or
decrease the amount of the secondary voltage. If
the voltage of the secondary is less than the primary
voltage, the transformer is known as a step-down
transformer. If the secondary voltage is greater
than the primary voltage, it is known as a step-up
transformer.

VOLTAGE AND CURRENT
RELATIONSHIPS

It would first appear that the transformer has the
ability to give more than it receives. This is not the
case, however. Transformers are extremely efficient
devices; they generally operate at 95% to 98% effi-
ciency. For this reason, when working with trans-
formers it is generally assumed that the power out
of the transformer is equal to the power being put
into the transformer.

Figure 25-2 shows the schematic symbol for a
transformer. The primary has been connected to
120 volts. The secondary has a voltage of 480 volts
and is connected to a load resistor of 960 ohms.

Ep 120 Egs 480
P Is ___
Np 500 Ng __ 96052
Figure 25-2
Schematic for transformer.
RATIO: 1:4

(Source: Delmar/Cengage Learning)
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254 SECTION 5 Control Components

This transformer has a turns ratio of 1:4, which is
to say that there is 1 turn of wire in the primary for
every 4 turns of wire in the secondary. The amount
of current in the secondary (1) can be computed by
using Ohm'’s law.

_E

I_R

|- 480
960

I=.5amp

Question: If the secondary of this transformer has a
current flow of .5 amp, how much current is required
in the primary? There are actually several methods
that can be used to solve this problem. The most
accepted method is to use the formulas shown in
Figure 25-3. Because both the primary and second-
ary voltages are known, the formula that contains
voltage and current will be used to solve the problem.

E
_P_ 35

E, Ip
120 _ .5
48 Ip
120Ip=240
=2

Notice that the transformer must have a current
draw of 2 amps on the primary to supply a current
of .5 amps at the secondary. If the power (volts X
amps) is computed for both the primary and the sec-
ondary, it will be seen that they are equal.

— Voltage of the primary

- Vo|tage of the secondary

o

— Number of turns of wire in the primary

Z

— Number of turns of wire in the secondary

f—

— Current flow in the primary

—

. — Current flow in the secondary

Figure 25-3
Transformer formulas. (Source: Delmar/Cengage Learning)

Primary

120 x 2 = 240
Secondary

480 x .5 = 240

The number of turns of wire can now be computed.

120 N, = 240,000
N, = 2000

Notice that the secondary has 2000 turns of wire
compared to 500 turns in the primary. This is
consistent with the turns ratio, which states there
is 1 turn of wire in the primary for every 4 turns in
the secondary.

The transformer shown in Figure 25—4 is a step-
down transformer that has a primary voltage of
120 volts and a secondary voltage of 24 volts. The
secondary is connected to a load resistance of 6 ohms.
The current flow in the secondary winding is:

|

0|§ xlm

I
I = 4 amps

Now that the secondary current is known, the
amount of primary current can be computed.

120 1, = 96
I, =.8 amp

If the amount of power for the primary and that for
the secondary are computed, it will be seen that they
are the same.
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Figure 25-4
RATIO: 5:1

Step-down transformer. (source Delmar/Cengage Learning)

Primary

120 X .8 = 96
Secondary

24 X 4 = 96

The number of turns of wire in the secondary can
now be computed.

120 N, = 12000
N, = 100

Notice that the number of turns of wire in the sec-
ondary, 100, as compared with the turns of wire in
the primary, 500, is consistent with the turns ratio
of 5:1.

RESIDENTIAL CONTROL
TRANSFORMERS

Control transformers are used to change the
value of line voltage to the value needed for the
control circuit. Most residential air conditioning
systems operate on a control voltage of 24 volts
AC. The amount of current needed will vary from
one system to another, but it is generally less than
1 amp. The primary voltage for residential control
transformers is 120 or 240 volts. A photograph of a
control transformer used in residential applications
is shown in Figure 25-5. The primary lead wires
for most of these transformers will be black in color.
The color of the secondary leads will vary from one
manufacturer to another.

Figure 25-5

A 24-volt transformer. (Courtesy of Honeywell Inc.).

INDUSTRIAL CONTROL
TRANSFORMERS

Most industrial and commercial air conditioning
systems operate on 240 or 480 volts. The control
voltage for most of these unitsis 120 or 24 volts AC.
Most industrial control transformers contain two
primary windings and one or two secondary wind-
ings. In the following explanation, it will be assumed
that the transformer has two primary windings and
one secondary winding. In this type of transformer,
each primary winding has a voltage rating of
240 volts, and the secondary winding has a volt-
age rating of 120 volts. There is a turns ratio of
2:1 between each of the primary windings and the
secondary winding.

There is a standard for marking the terminals of
control transformers. One of the primary windings
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240 VOLTS AC

Figure 25-6
Primaries connected in parallel for 240-volt operation.

(Source: Delmar/Cengage Learning)

H1 H3 Xi
l I 120 VOLTS AC
H2 H4 X2

H2 X1

120 VOLTS AC

H3 X2

H1
480 VOLTS AC
Figure 25-7
Primaries connected in series
for 480-volt operation. H4
(Source: Delmar/Cengage Learning) O

will be identified with terminal markings of H1 and
H2. The other primary winding will be identified
with terminal markings of H3 and H4. The second-
ary winding will be identified with terminal mark-
ings of X1 and X2.

If the transformer is to be used to change a pri-
mary voltage of 240 volts into 120 volts, the two
primary windings will be connected in parallel as
shown in Figure 25-6. Because the two primary
windings are connected in parallel, each will receive
the same voltage. This will produce a turns ratio
of 2:1 between the primary windings and the sec-
ondary windings. If 240 volts is connected to the
primary of a 2:1 ratio transformer, the secondary
voltage will be 120 volts.

If the transformer is to be used to change 480 volts
to 120 volts, the primary windings will be connected
in series as shown in Figure 25-7. In this connection,
H2 of one primary winding is connected to H3 of the
other primary winding. This series connection of the
two windings produces a turns ratio of 4:1. When
480 volts is connected to the primary, 120 volts will
be produced in the secondary.

The primary windings of most control trans-
formers have leads H2 and H3 crossed as shown
in Figure 25-8. This is done to aid in the connec-
tion of the primary. For example, if it is desired to
operate the transformer with the primary wind-
ings connected in parallel, a metal link is used to
connect leads H1 and H3 together. Another metal
link is used to connect leads H2 and H4 together,

H4 H2 H3 H1

X1 X2

Figure 25-8
Pl'imClr)’ |eCld$ are crossed. (Source: Delmar/Cengage Learning)
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X1 X2
Figure 25-9

Metal links used to make a 240-volt connection.

(Source: Delmar/Cengage Learning)

H2 H3

X1 X2

Figure 25-10
Metal link used to make a 480-volt connection.

(Source: Delmar/Cengage Learning)

Figure 25-9. Compare this lead connection with the
schematic shown in Figure 25-6.

If it is desired to connect the primary windings
for operation on 480 volts, terminals H2 and H3
are joined together with a metal link, Figure 25-10.
Compare this connection with the schematic shown
in Figure 25-7. A photograph of an industrial con-
trol transformer is shown in Figure 25-11.

TESTING THE TRANSFORMER

An ohmmeter is generally used to test the windings
of the transformer. To test the transformer, check
for continuity through each set of windings. For
example, there should be continuity between leads
H1 and H2; H3 and H4; and X1 and X2. There
should be no continuity between any of the wind-
ings such as H1 and H3, or H1 and X1. Also check

UNIT 25 The Control Transformer 257

Figure 25-11

Industrial control transformer. (source Delmar/Cengage Learning)

for a grounded winding by testing to be sure there is
no continuity between any of the windings and the
case of the transformer.

The output voltage of the transformer should be
tested with an AC voltmeter. If the output voltage
is not close to the rated voltage, the transformer
is probably defective. If the transformer is tested
without a load connected to the secondarys, it is nor-
mal for the secondary voltage to be slightly higher
than the rated voltage. For example, a 24-volt
transformer may have an output voltage as high
as 28 volts without load connected to it. The volt-
age rating of the transformer assumes it is supply-
ing full-rated current to the load. If the voltage is
tested when the transformer is under full load, the
rated voltage should be seen. Notice the use of the
control transformer in the schematic shown in
Figure 25-12.
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LEGEND
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CCH CRANKCASE HEATER w0
CFM CONDENSER FAN MOTOR W
COMP COMPRESSOR wh
EFC EVAPORATOR FAN CONTACTOR o0 CE= 6
F FUSE - 68 BRN 24V BRN 30, 90
RO [30A[ {000
RR RESET RELAY BLK ——— TRANSFORMER 208-230-24V Rgp
T TRANSFORMER zgs VOLTAGE * BLU (208V TAP) SEE NOTE 7
9 TEAT 29 30 T5AT 10
B TERMINAL BLOCK Y Y
TOP TERMINAL OVERLOAD PROTECTOR
TS TERMINAL STRIP P
EFM EVAPORATOR FAN MOTOR
LPC LOW PRESSURE CONTROL 4 fipo2semgor)
HPC HIGH PRESSURE CONTROL 1 ORARRO"" WHITE_ —CFM-2
BLK 36
oL OVERLOAD PROTECTOR ot Q2 g ”A !
41
WARINIG 1.9.4 :quc” oL L3 oL 13 :f”C_c 3,10,6
DISCONNECT ELECTRICAL POWER t
SOURCE TO PREVENT INJURY OR ol s cc s
1COMP__ __=omxro— aasS
DEATH FROM ELECTRICAL SHOCK
16 EFC 6,RED
CAUTION apik FC " ko=
USE COPPER CONDUCTORS ONLY o, D o A
TO PREVENT EQUIPMENT DAMAGE 88 l l 8

Figure 25-12

Control transformer used to provide low vo|tcge for the control circuit. (schemaic courtesy of Trane Corp.).

I T

® A transformer is a device that can change values of AC voltage and current without a
change of frequency.

® Isolation transformers have their primary and secondary sides physically and electrically
separated from each other.

® TIsolation transformers operate on the principle of mutual induction.

® The primary is the winding of the transformer that is connected to the incoming
power line.

® The secondary is the winding that is connected to the load.

® All values of voltage and current in a transformer are proportional to the turns ratio.
® A step-up transformer will have a higher secondary voltage than primary voltage.
® A step-down transformer will have a lower secondary voltage than primary voltage.
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I

control transformers
isolation transformers
mutual induction
transformer

Cp meview questions

1. What is an isolation transformer?
2. Define a step-up transformer.
3. Define a step-down transformer.

4. The primary of a transformer is connected to 120 volts AC. The secondary has a volt-
age of 30 volts and is connected to a resistance of 5 ohms. How much current will flow
in the primary of the transformer?

5. What is the amount of control voltage used in most residential air conditioning
systems?

6. What is the amount of control voltage used in most industrial air conditioning
systems?

7. What is the color of the primary leads of most control transformers used for residential
service?

8. How many primary windings are generally contained in an industrial control
transformer?

9. What is the turns ratio of each of these primary windings as compared with the
secondary winding?

10. When an industrial control transformer is to be operated on 480 volts, are the
primary windings connected in parallel or in series?
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OBJECTIVES

UNIT 26

After studying this unit the student should
be able to:

260

List the common types of starting relays

Describe the operation of a hot-wire
relay

Connect a hot-wire relay in a circuit

Describe the operation of a current
relay

Connect a current relay in a circuit

Describe the operation of a potential
relay

Connect a potential relay in a circuit
Describe the operation of a solid-state
starting relay

Connect a solid-state starting relay in
a circuit

Describe the operation, construction,
and connection of a solid-state hard
starting kit

Nielsilale
Relays

When a split-phase motor is started, it is often nec-
essary to disconnect the start windings when the
motor reaches about 75% of full speed. In an open
case motor, this job is generally done by the cen-
trifugal switch. Some single-phase motors are her-
metically sealed, however, and a centrifugal switch
cannot be used. When this is the case, a starting
relay must be used. A starting relay is located
away from the motor and is used to disconnect the
start windings when the motor has reached about
75% of its full speed. There are four basic types of
starting relays in general use:

1. The hot-wire relay.
2. The current relay.

3. The potential relay.
4. The solid-state relay.
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START-WINDING
[ CONTACT

SPRING ~\

OVERLOAD
CONTACT

L
A RESISTIVE WIRE T

Figure 26-1

Hot-wire relay connection.

START CAPACITOR

(Source: Delmar/Cengage Learning)

THE HOT-WIRE RELAY

The hot-wire relay is so named because it uses a
length of resistive wire connected in series with the
motor to sense motor current. A diagram of this type
of relay is shown in Figure 26—1. When the thermo-
stat contact closes, current can flow from line 1 to
terminal L of the relay. Current then flows through
the resistive wire, the movable arm, and the normally
closed contacts to the run and start windings. When
current flows through the resistive wire, its tempera-
ture increases. This increase of temperature causes
the wire to expand in length. When the length of the
resistive wire increases, the movable arm is forced
to move down. As the arm moves down, tension is
applied to the springs of both contacts. The relay
is so designed that the start contact will snap open
first. When the start winding is disconnected, the
current flow to the motor will decrease. If the motor
current is not excessive, the resistive wire will not
expand enough to cause the run contact to open. If
the current flow is excessive, however, the wire will
continue to expand and the contact connected in
series with the run winding will open.

Figure 26-2

Hot-wire type of starting relay. (source: Delmar/Cengage Learning)

Notice that this type of relay is used as both a
starting relay and an overload relay. One disadvan-
tage of the hot-wire relay is that it must be permitted
to cool after each operation. A motor using this type
of starting relay cannot be started in rapid succes-
sion. Figure 26—2 shows a photograph of the hot-
wire type of starting relay.
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262 SECTION 5 Control Components

Testing this relay is difficult. An ohmmeter can
be used to check for continuity between the L ter-
minal and the start and main winding terminals.
To properly test this relay, an ammeter should be
used to make certain the start contact opens and
disconnects the start winding. If the relay is open-
ing on overload, the ammeter can be used to check
the current draw of the motor. This will determine
if the motor is actually overloaded, or if the relay is
opening when it should not. A good rule to follow
concerning starting relays is to always test them if
the motor has been damaged. It makes poor busi-
ness sense to damage a new motor because of not
checking the starting relay.

When replacing this relay, it is necessary to use
the correct replacement. Because the relay is oper-
ated by motor current, it has been designed to open
its contacts when a specific amount of current flows
through the circuit. The relay must, therefore, be
matched to the characteristics of the motor it is
intended to control.

THE CURRENT 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 of a few turns of large wire, and a set of
normally open contacts, Figure 26-3. The coil of the
relay is connected in series with the run winding of
the motor as shown in Figure 26—4. The contacts
are connected in series with the start winding.
When the thermostat contact closes and connects

THERMOgTAT

.'-'- \ "
maa27006 GO 9306‘3},

Figure 26-3
Current type of starting re|c1y. (Source: Delmar/Cengage Learning)

power to the motor, the starting contacts of the
relay are open. Because no power is applied to the
start winding, the motor cannot start. This causes
a current of about three times the normal full-load
current to flow in the run winding. The high current
flow through the coil of the start relay produces a
strong magnetic field. The magnetic field is strong
enough to cause the solenoid to close the starting
contacts. When the starting contacts close, power
is applied to the start winding and the motor begins
to turn. As the motor accelerates, the current flow
through the run winding decreases rapidly. When
the current flow through the relay coil decreases,

Lo

Figure 26-4

Current relay connection. (source: Delmar/Cengage Learning)
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the strength of the magnetic field becomes weaker.
When the motor has reached about 75% of full
speed, the magnetic field is weak enough to permit
the solenoid to reopen the starting contacts. This
disconnects the start winding from the circuit and
the motor continues to operate normally.

Notice that the current relay is used to disconnect
the start windings only and does not provide over-
load protection. A motor using this type of start-
ing relay must be provided with separate overload
protection.

Ifitis necessary toreplace this type of relay, the cor-
rect size must be used. The current relay is matched
to the characteristics of the motor it is designed to be
used with. This type of relay is also sensitive to the
position it is mounted in. The current relay generally
uses the force of gravity to open the starting contacts.
When installing a new relay, it must be mounted in
the correct position. If it is installed upside down, the
starting contacts will be closed instead of open.

When testing this type of relay, an ohmmeter
can be used to check the continuity of the contacts.
When the relay is held in the correct position, the
ohmmeter should show an open circuit across the
contacts. If it does not, the contacts are shorted. If
the relay is held upside down, the contacts should
indicate continuity. The coil of the relay is generally
exposed and a visual inspection will reveal shorted
windings. The best method of testing the relay is
with an ammeter. If the ammeter is used to measure
the current flow to the start winding, it can be seen
if the motor starts and the relay contacts disconnect
the start winding.

UNIT 26 Starting Relays 263

THE POTENTIAL RELAY

The potential (voltage) relay operates by sens-
ing an increase in the voltage developed in the start
winding when the motor is operating. A potential
relay is shown in Figure 26-5. A schematic diagram
for a potential starting relay circuit is shown in
Figure 26-6. 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. SR (starting relay) coil is connected in

Figure 26-5

Pofenfi0| sfcsrﬁng re|cty. (Source: Delmar/Cengage Learning)

L1 L2
THERMOSTAT R
T
C
RUN
CAP;?(I.')ITOR s
¢ Ay

Figure 26-6 START SR
Potential relay connection. CAPPI«ICITOR T
(Source: Delmar/Cengage Learning) I\ Al
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264 SECTION 5 Control Components

parallel with the start winding of the motor. A nor-
mally closed SR contact is connected in series with
the starting capacitor. When the thermostat contact
closes, power is applied to both the run and start
windings of the motor. Notice that both the run
capacitor and the start capacitor are in the circuit
at this time.

The rotating magnetic field of the stator cuts
through the bars of the squirrel-cage rotor and
induces a current into them. The current flow in the
rotor produces a magnetic field around the rotor.
As the rotor begins to turn, its magnetic field cuts
through the start winding and induces a voltage
into it. The induced voltage causes the total voltage
across the start winding to be higher than the volt-
age applied by the line. When the motor has acceler-
ated to about 75% of full speed, the induced voltage
in the start winding is high enough to energize SR
coil. When SR coil energizes, SR contact opens and
disconnects the start capacitor from the circuit,
Figure 26-7.

Notice that this type of relay depends on the
induced voltage created in the start winding by the
magnetic field of the rotor and the run winding.
The start winding acts like the secondary winding
of a transformer and produces a step-up in voltage.
For this reason, the amount of voltage necessary to
energize the coil of a potential relay is greater than
line voltage. Once the relay has been energized it
can be held in by less voltage than that required to
energize it. The potential relay is primarily used to
disconnect the starting capacitor of a permanent-
split capacitor motor, as shown in Figure 26-6.
Although the potential relay is still in use, it is being
replaced by the solid-state relay.

The potential type of starting relay is often used
with compressors that use the permanent-split
capacitor start motor. The coil of the relay can be
tested for an open circuit with an ohmmeter. When
the ohmmeter is connected across the coil, it should
indicate continuity. The actual amount of resis-
tance can vary from one type of relay to another.
The best method for testing the starting relay is with
an ammeter. If an ammeter is connected to the start
capacitor, it can be seen if the capacitor is energized
when the motor is started, and if the relay discon-
nects it from the circuit.

AUTHOR’S NOTE: A couple of things need
to be pointed out concerning the schematic in
Figure 26-7. One is that there is a mistake in the
terminal numbers of the potential relay. Termi-
nal numbers 1 and 2 should be switched. The
terminal shown as 2 is actually terminal 1, and
the terminal shown as 1 is actually terminal 2.
The second is not a mistake, but due to how the
schematic was drawn it could cause confusion.
Notice that the low-pressure switch has been
drawn upside down. The switch appears to be
a normally closed switch. In reality, it is a nor-
mally open held-closed switch. If the switch were
drawn properly, it would be apparent that the
switch is actually a normally open held-closed
switch. Although this schematic does contain a
mistake and a component not drawn properly,
I chose to retain it in the text. This is an excellent
example of problems that occur in the field. The
service technician must be aware that mistakes
like this do happen.

SOLID-STATE STARTING RELAYS

Another type of starting relay is known as the
solid-state starting relay, Figure 26-8. This
relay is intended to replace the current-type start-
ing relay and has several advantages over the
current relay. Some of these advantages are:

1. The solid-state relay contains no moving
parts and no contacts, which can become
burned or pitted.

2. The solid-state relay can be used to replace al-
most any current relay. This interchangeabil-
ity makes it possible for the service technician
to stock only a few solid-state relays instead
of a large number of current relays.

The solid-state starting relay is actually an elec-
tronic 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 resis-
tance, which means that the resistance of the device
will increase with an increase of temperature.
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266 SECTION 5 Control Components

The schematic diagram in Figure 26-9 illustrates
the connection for a solid-state starting relay. Notice
that this is the same basic connection used for the
connection of a current starting relay, Figure 26—4.
The solid-state relay, however, does not contain a coil
or contacts. When the solid-state relay is used, a cur-
rent path exists between the line connection terminal
and the terminal marked M for MAIN winding. The
thermistor is connected between the line connection
and the terminal marked S for START winding.
When power is first applied to the circuit, the
thermistor has a relatively low resistance. This
permits current to flow through both the start and
run windings of the motor. The temperature of the
thermistor increases because of the current flowing
through it. The increase of temperature causes the

Figure 26-8

Solid-state starting re|<:1y. (Source: Delmar/Cengage Learning)
Ly
THERMOSTAT

resistance to change from a very low value of 3 or
4 ohms to several thousand ohms. This increase
of resistance is very sudden and has the effect of
opening a set of contacts connected in series with
the start winding. Although the start winding is
never completely disconnected from the power line,
the amount of current flow through it is very small,
typically 0.03 to 0.05 amps, and does not affect the
operation of the motor. This small amount of leals-
age current maintains the temperature of the
thermistor and prevents it from returning to a low
resistance. After power has been disconnected from
the motor, a cool-down period of about 2 minutes
should be allowed before restarting. This cool-down
period is needed for the thermistor to return to a low
value of resistance.

TESTING THE SOLID-STATE
STARTING RELAY

A continuity test can be made with an ohmmeter.
If the probes of an ohmmeter are connected to the
M and S terminals of the relay, a low value of resis-
tance, typically 2 to 5 ohms, should be seen. The
most accurate test is made by connecting the relay
in the motor circuit. A clamp-on ammeter set to its
lowest scale can be used to measure the current in
the start winding. After the motor has been started,
the ammeter should give an indication very close to
Zero amps.

SOLID-STATE HARD
STARTING KIT

Another device that uses a solid-state relay, the
solid-state hard starting kit, is shown in
Figure 26-10. This device is intended to increase

o
Figure 26-9

Solid-state starting relay connection.

(Source: Delmar/Cengage Learning)
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S
)
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Figure 26-10

Hard starting kit increases starting
torque of permanent-split capacitor
motors. (Courfesy of Motors & Armatures, Inc.)

Ly 120 VAC N

THERMOSTAT RUN CAPACITOR

Figure 26-11

Hard starting kit.

(Source: Delmar/Cengage Learning)

the starting torque of a permanent-split capacitor
motor. The kit contains a solid-state relay and an
AC electrolytic capacitor similar to those used as
the starting capacitor for a capacitor-start induc-
tion run motor. The kit connects directly across the
terminals of the existing run capacitor as shown in
Figure 26—11. When the thermostat contact closes
and connects power to the motor circuit, the resis-
tance of the solid-state relay is very low. A current
path exists through the run winding, run capacitor,
solid-state relay, electrolytic capacitor, and start
winding. Because the run capacitor and electrolytic
capacitor are connected in parallel, their values of
capacitance add, providing extra capacitance to

the motor during the starting period. The current
flowing through the solid-state relay and electro-
lytic capacitor causes the temperature of the relay
to increase, resulting in an increase in resistance.
The increased resistance reduces the current flow
through the electrolytic capacitor to a very low
value. This has the effect of disconnecting the
electrolytic capacitor from the circuit. The leakage
current through the relay and electrolytic capacitor
prevents the relay from returning to a low value of
resistance. After power has been disconnected from
the motor circuit, a cool down period of 2 to 3 min-
utes should be given to permit the solid-state relay
to return to a low value of resistance.
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268 SECTION 5 Control Components

I

® Starting relays are used to disconnect the start winding of a hermetically sealed split-phase
motor.

® The four basic types of starting relays are:
A. The hot-wire relay.
B. The current relay.
C. The potential relay.
D. The solid-state relay.

® The hot-wire relay senses motor current by connecting a piece of resistive wire in series
with the motor. The motor current heats the wire, causing it to expand and open a set
of contacts.

® Hot-wire relays can also provide overload protection for the motor.

® Current relays use a coil connected in series with the motor run winding. The
magnetic field of the coil is used to close a set of contacts connected in series with the
start winding.

® The potential relay is used primarily with permanent-split capacitor motors.

® The coil of the potential relay is connected in parallel with the motor start winding.
® The contact of the potential relay is connected in series with the starting capacitor.
® Solid-state starting relays are generally used to replace current starting relays.

® Solid-state starting relays use a thermistor, which rapidly changes its resistance
when heated.

® Solid-state hard starting kits generally consist of an AC electrolytic capacitor and a solid-
state starting relay that connect in parallel with the existing run capacitor.

____ D KEVIERms

current relay potential relay starting relay
hot-wire relay solid-state hard starting kit thermistor
leakage current solid-state starting relay

P> REVIEW Questions |

1. What are the four types of starting relays?

2. On what type of motor is it necessary to use a starting relay?

3. What principle is used to operate the hot-wire relay?

4. What principle is used to operate the current relay?

5. What type of starting relay does not sense motor current to operate?

6. What type of starting relay can be used for overload protection for the motor?
7. What type of motor can the potential relay be used with?

www.EngineeringBooksPDF.com



UNIT 26 Starting Relays 269

8. Isthe start contact of a hot-wire relay open or closed when power is first applied to the

motor?

9. Is the start contact of a current relay open or closed when power is first applied to the

motor?

10. Refer to the circuit shown in Figure 26—4. What would happen if the coil of the cur-

rent relay were open when the thermostat connected power to the motor circuit?

") thoustesuooring questons

Refer to the schematic shown in Figure 26-7 to answer the following questions.

NOTE: The “TIMED OFF CONTROL” shown in the schematic is a short-cycle timer, which will be
discussed in Unit 36.

i

What voltage is used to operate the coil of the compressor contactor?
A. 208 VAC

B. 230 VAC

C. 60 VAC

D. 24 VAC

This schematic does not show the thermostat connection, which is relatively common
with air conditioning schematics. In which wire would the thermostat contact normally
be connected?

A.L1

B. L2

C. The blue wire
D. The yellow wire

. Which of the following components is not controlled by the operation of the compressor

contactor?

A. Self-regulating crankcase heater

B. The fan motor

C. The compressor

D. All circuit components are controlled by the compressor contactor.
To which line is the common of the compressor connected?

A. The blue wire of the 24-volt circuit.

B. The yellow wire of the 24-volt circuit.

C. Line 1 of the main power.

D. Line 2 of the main power.

. Assume that this unit is a model 651V-3P. How many capacitors are connected to the

compressor start winding during the initial starting period?
Al

B. 2

C.3

D. None
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OBJECTIVES
After studying this unit the student should

be able to:

270

Describe different types of variable-
speed motors

Discuss autotransformer control

Connect an autotransformer speed
controller in a circuit

Discuss the use of a triac to control
motor speed

Connect a triac speed controller in
a circuit

Discuss the operation of a series
impedance speed control

Connect a series impedance speed
controller in a circuit

Variable-
Speed Motor
Control

The use of small variable-speed motors has
increased greatly in the last few years. These motors
are commonly used to operate light loads such as
ceiling fans and blower motors. There are two types
of motors used for these applications, the shaded-
pole and the permanent-split capacitor motor.
These motors are used because they operate with-
out having to disconnect a set of start windings
with a centrifugal switch or starting relay. Motors
intended to be used in this manner are wound with
high-impedance stator windings. The high imped-
ance of the stator limits the current flow through
the motor when the speed of the rotor is decreased.
Speed control for these motors is accomplished by
controlling the amount of voltage applied to the
motor, or by inserting impedance in series with the
stator winding.



VARIABLE-VOLTAGE CONTROL

The amount of voltage applied to the motor can
be controlled by several methods. One method is
to use an autotransformer with several taps,
Figure 27-1. This type of controller has several steps
of speed control. Notice that the applied voltage,
120 volts in this illustration, is connected across
the entire transformer winding. When the rotary
switch is moved to the first tap, 30 volts is applied
to the motor. This produces the lowest motor speed
for this controller. When the rotary switch is moved
to the second tap, 60 volts is applied to the motor.
This provides an increase in motor speed. When the
switch has been moved to the last position, the full
120 volts is applied to the motor operating it at the
highest speed.

Another type of variable-voltage control uses
a triac to control the amount of voltage applied to
the motor, Figure 27-2. This type of speed control
provides a more linear control since the voltage can
be adjusted from O to the full applied voltage. At
first appearance, many people assume this control-
ler to be a variable resistor connected in series
with the motor. A variable resistor large enough to
control even a small motor would produce several
hundred watts of heat and could never be mounted
in a switch box. The variable resistor in this circuit

O OFF

120 VOLTS

90 VOLTS
60 VOLTS
@

30 VOLTS

Figure 27-1
Autotransformer controls motor vo|tqge. (Source: Delmar/

Cengage Learning)
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is used to control the amount of phase shift for
the triac. The triac controls the amount of voltage
applied to the motor by turning on at different times
during the AC cycle.

A triac speed control is very similar to a triac light
dimmer used in many homes. A light dimmer, how-
ever, should never be used as a motor speed control-
ler. Triac light dimmers are intended to be used with
resistive loads such as incandescent lamps. Light
dimmer circuits will sometimes permit one half of
the triac to start conducting before the other half.
The wave form shown in Figure 27-3 illustrates
this condition. Notice that only part of the positive
half of the waveform is being conducted to the load.
Since only positive voltage is being applied to the
load, it is DC. Operating a resistive load, such as
an incandescent lamp with DC, will do no damage.
Operating an inductive load such as the winding of
a motor can do a great deal of damage, however.
When direct current is applied to a motor winding,
there is no inductive reactance to limit the current.
The actual wire resistance of the stator is the only
current limiting factor. The motor winding or the

MOTOR

@)

Figure 27-2

Triac used to control motor speed.

(Source: Delmar/Cengage Learning)

A

Figure 27-3

Triac conducts only the positive half of the waveform.

A

(Source: Delmar/Cengage Learning)
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272 SECTION 5 Control Components

controller can easily be destroyed if direct current is
applied to the motor. For this reason only triac con-
trollers designed for use with inductive loads should
be used for motor control. A photograph of a triac
speed controller is shown in Figure 27—4.

SERIES IMPEDANCE CONTROL

Another common method of controlling the speed
of small AC motors is to connect impedance in series
with the stator winding. This is the same basic
method of control used with multi-speed fan motors.

Figure 27-4
Triac speed control. (source: Delmar/Cengage Learning)

The circuit in Figure 27-5 shows a tapped inductor
connected in series with the motor. When the motor
is first started, it is connected directly to the full
voltage of the circuit. As the rotary switch is moved
from one position to another, steps of inductance
are connected in series with the motor. As more
inductance is connected in series with the stator,
the amount of current flow decreases. This produces
a weaker magnetic field in the stator. Rotor slip
increases because of the weaker magnetic field and
causes the motor speed to decrease. A photograph of
this type of controller is shown in Figure 27-6.

Figure 27-6
Fan speed control using a tapped inductor connected in
series with the motor. (source: Delmar/Cengage Learning)

Figure 27-5
Series inductor changes impedance of

circuit. (Source: Delmar/Cengage Learning)

OFF 1ST 2ND  [3RD  |4TH

o
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) summpRv

® The two main types of single-phase AC motors used for variable-speed control are the
permanent-split capacitor motor and the shaded-pole motor.

® Permanent-split capacitor motors and shaded-pole motors are generally used for variable-
speed control because they do not have to disconnect the start windings when the motor
reaches a certain speed.

® Variable-speed control for small motors is accomplished by controlling the amount of
voltage applied to the motor or by inserting impedance in series with the motor.

® Two common methods used to control the voltage applied to the motor are autotrans-
former control and triac control.

® Only triac controllers designed for use as motor speed controllers should be used for motor
speed control.

® Series impedance control is accomplished by connecting a tapped inductor in series with

the motor.
autotransformer variable resistor
rotor slip variable-speed motors

_ ) REVIEW questons

1. What two types of small AC motors are used with variable-voltage speed control?
2. Why are these two types of motors used?

3. Name two methods of variable-voltage control for small AC motors.

4. What solid-state device is used to control the voltage applied to the motor?

5. Why is it necessary to use only controllers designed for use with inductive loads?

6. Name a method other than variable voltage used to control the speed of small
AC motors.
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UNIT 28 The Defrost

Timer

OBJECTIVES

After studying this unit the student should
be able to:

® Describe the construction of a
defrost timer

® Discuss the operation of a continuous
run and cumulative compressor
run timer

® Connect a defrost timer for
continuous run
® Connect a defrost timer for cumulative
compressor run Many of the refrigeration appliances used in the
home are “frost-free.” The frost-free appliance could
more accurately be termed “automatic defrost.”
The brain of the frost-free appliance is the defrost
timer. The job of this timer is to disconnect the
compressor circuit and connect a resistive heat-
ing element located near the evaporator at
regular time intervals. The defrost heater is ther-
mostatically controlled and is used to melt any frost
formation on the evaporator. The defrost heater is
permitted to operate for some length of time before
the timer disconnects it from the circuit and permits
the compressor to operate again.

® Discuss the operation of commercial
defrost timers

® Perform an ohmmeter test on a
defrost timer

TIMER CONSTRUCTION

The defrost timer is operated by a single-phase syn-

chronous motor like those used to operate electric

wall clocks, Figure 28—1. The contacts are operated
274



Figure 28-1

Defrosf timer. (Source: Delmar/Cengage Learning)

[]

@ ®

© —

Figure 28-2
Schematic of a defrost timer. (source: Delmar/Cengage Learning)

by a cam that is gear driven by the clock motor.
A schematic drawing of the timer is shown in
Figure 28-2. Notice that terminal 1 is connected to
the common of a single-pole double-throw switch.
Terminals 2 and 4 are connected to stationary con-
tacts of the switch. In the normal operating mode,
the switch makes connection between contacts
1 and 4. When the defrost cycle is activated, the
contact will change position and make connection
between terminals 1 and 2. Terminal 3 is connected
to one lead of the motor. The other motor lead is
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brought outside the case. This permits the timer to
be connected in one of two ways, which are:

1. The continuous run timer.
2. The camulative compressor run timer.

It should be noted that the schematic draw-
ing can be a little misleading. In the schematic
shown, the timer contact can only make connection
between terminals 1 and 4, or terminals 1 and 2. In
actual practice, a common problem with this timer
is that the movable contact becomes stuck between
terminals 4 and 2. This causes the compressor and
defrost heater to operate at the same time.

THE CONTINUOUS RUN TIMER

The schematic for the continuous run timer is
shown in Figure 28-3. Notice in this circuit that the
pigtail lead of the motor has been connected to ter-
minal 1, and that terminal 1 is connected directly to
the power source. Terminal 3 is connected directly
to the neutral. This places the timer motor directly
across the power source, which permits the motor to
operate on a continuous basis.

Figure 28—4 shows the operation of the timer in
the compressor run cycle. Notice there is a current
path through the timer motor and a path through
the timer contact to the thermostat. This permits
power to be applied to the compressor and evapora-
tor motor when the thermostat closes.

Figure 28-5 shows the operation of the circuit
when the timer changes the contact and activates the
defrost cycle. Notice there is still a complete circuit
through the timer motor. When the timer contact
changes position, the circuit to the thermostat is open
and the circuit to the defrost heater is closed. The
heater can now melt any frost accumulation on the
evaporator. At the end of the defrost cycle, the timer
contact returns to its normal position and permits the
compressor to be operated by the thermostat.

THE CUMULATIVE COMPRESSOR
RUN TIMER

The cumulative compressor run timer circuit gets its
name from the fact that the timer motor is permitted
to operate only when the compressor is in operation
and the thermostat is closed. The schematic for this
circuit is shown in Figure 28—-6. Notice that the
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Figure 28-3

Schematic of a defrost timer used in a

continuous run circuit.

(Source: Delmar/Cengage Learning)

Figure 28-4

Current path during cooling operation.

(Source: Delmar/Cengage Learning)
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Figure 28-5
Current poth during defrost
operaﬁon. (Source: Delmar/Cengage Learning)

Figure 28-6
Defrost timer connected in
a cumulative compressor run circuit.

(Source: Delmar/Cengage Learning)
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TIMER DEFROST

HEATER

—_—

Figure 28-7
Current path during the cooling cycle.

(Source: Delmar/Cengage Learning)

pigtail lead of the clock motor has been connected to
terminal 2 instead of terminal 1. Figure 28-7 shows
the current path during compressor operation. The
timer contact is making connection between ter-
minals 1 and 4. This permits power to be applied
to the thermostat. When the thermostat contact
closes, current is permitted to flow through the
compressor motor, the evaporator fan motor, and
the defrost timer motor. In this circuit, the timer
motor is connected in series with the defrost heater.
The operation of the timer motor is not affected,
however, because the impedance of the timer motor
is much greater than the resistance of the heater.
For this reason almost all the voltage of this circuit
is dropped across the timer motor. The impedance of
the timer motor also limits the current flow through
the defrost heater to such an extent that it does not
become warm.

Figure 28—-8 shows the current path through the
circuit when the defrost cycle has been activated.
Notice in this circuit that the defrost heater is con-
nected directly to the power line. This permits the

@ o H@ 3 \ THERMOSTAT

_—

THERMOSTAT

DEFROST

START

_—
OVERLOAD RELAY
1

— COMPRESSOR

EVAPORATOR FAN

mm

heater to operate at full power and melt any frost
accumulation on the evaporator. There is also a
current path through the timer motor and run wind-
ing of the compressor motor. In this circuit, the timer
motor is connected in series with the run winding
of the compressor. As before, the impedance of the
timer motor is much greater than the impedance
of the run winding of the compressor. This permits
almost all the voltage in this circuit to be applied
across the timer motor. At the end of the defrost
cycle, the timer contact returns to its normal posi-
tion and the compressor is permitted to operate.

TESTING THE TIMER

An ohmmeter can be used to check the continuity
of the contacts and the motor winding. However,
to really test the timer for operation takes time. The
cam can be manually turned to the position so that
the defrost cycle is turned on. This can be checked
with a voltmeter to determine when full circuit volt-
age is applied to terminal 2. It is then necessary to
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Figure 28-8
Current path during the defrost cycle.

(Source: Delmar/Cengage Learning)

wait long enough for the timer to open the contact
to the defrost heater and reconnect the compressor
circuit. If the thermostat is closed, the compressor
will start when the timer contact changes position.
This test shows that the timer motor is operating
and that the contact does change position.

COMMERCIAL DEFROST TIMERS

Many large commercial refrigeration units often
use a separate timer cloclk to control the defrost
cycle. This has several advantages over the previ-
ously discussed defrost timer. When this method is
used, the timer clock is connected directly across
the power line as shown in Figure 28-9. This sepa-
rates the operation of the timer from the operation
of the compressor. In this way, the defrost cycle
can be started during periods when the unit is in
minimum use.

N
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START
l COMPRESSOR
RELAY
L THERMOSTAT | 1 OVERLOAD RELA
R
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Timers of this type, Figure 28-10, generally
have two timed settings. One determines the time
of day or night the timer turns on. The second set-
ting determines how long the timer is permitted
to remain on. The timer shown in this example
can be started on even numbered hours of the
day or night. The center knob sets how long the
contacts are energized before they return to their
normal position. Once turned on, the contacts
can be set to remain in their energized position
for a minimum of two minutes to a maximum of
120 minutes.

This timer has a separate timer release solenoid
incorporated into its design. When the timer release
solenoid is energized, it causes the contacts to return
to their normal reenergized position immediately.
This permits the action of some type of external limit
switch, such as a temperature or pressure switch, to
terminate the defrost cycle.
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MODEL 8141-00 A-345-00
PRINTED 6.1.73
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INSTALLING AND OPERATING DIRECTIONS:

Place start pins in outer (24 Hour) dial at the time of day that
switch contacts are to be reverse from shown above when dial
pins are opposite time pointer. CAUTION: (Leave at least 1
hole between each adjacent pin).

TO SET BACK-UP DEFROST TERMINATION: Push down
and rotate pointer on inside (2 Hour) dial until it is opposite
desired time.

TOQ SET TIME QF DAY; Grasp knob in the center of the inner
(2 Hour) dial and rotate it in a counter-clockwise direction. This
will revolve the outer dial. Line up the correct time of day on
the outer dial with the time pointer. Do not try to set the time
control by grasping the outer dial. Rotate the inner dial only.
FOR REPLACEMENT of this control contact refrigerator
manufacturer,

FOR_REPAIR contact nearest Paragon service station.

[ MAXIMUM CONTACT RATING Figure 28-10
40A Non Inductive 120Vac Commercial defrosf timer. (Courtesy of Paragon Electric Company, Inc.)
2hp 120Vac
690VA Pilot Duty 120Vac

Timing Motor: 120V 60Hz
Made in the US.A.

606 Parkway Bivd., P.C. Box 28, Two Rivers, Wl 54241 U.S.A,

EXPORT SALES OFFICE: Two Rivers, Wisconsin 54241 USA
Cable: PECO Telex 26-3450 PARAGON TWOR

IN CANADA: PARAGON ELECTRIC P.O. Box 1030 Guelph, Ontario
Division of AMF CANADA LIMITED

Paragon Printed in U.S.A.
Figure 28-9

Schematic diagram of a commercial defrost timer.

(Courtesy of Paragon Electric Company, Inc.)
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) summpRv

® Frost-free appliances use a defrost timer to control the operation of the defrost cycle.

® The function of the defrost timer is to disconnect the compressor from the circuit and
connect a resistive heater located near the evaporator at regular intervals.

® The defrost timer is a cam-operated timer powered by a small single-phase synchronous
motor similar to an electric clock motor.

® Two basic connections for a defrost timer are:
A. The continuous run timer.
B. The cumulative compressor run timer.

® The motor of the continuous run timer is connected directly to the power line and runs at
all times.

® The motor of the cumulative compressor run timer is connected in such a manner that it
runs only during the time the compressor motor is in operation.

® Commercial defrost timers often use a separate time clock to control the defrost cycle.

defrost timer

contmuous run timer evaporator
cumulative compressor resistive heating element
run timer timer clock

) quesnons

1. What type of motor is used to operate the timer?

2. Why is one of the motor leads brought outside the timer?
3. Name two ways of connecting the defrost timer.

4. What function does the defrost heater perform?

5. To which terminal is the pigtail lead of the timer motor connected if the timer is to
operate continuously?
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Thermostat

OBJELTIVES
After studying this unit the student should
be able to:

Define a thermostat

Describe the operation of bimetal
thermostats

Discuss the operation of a contact-type
and mercury-contact thermostat
Discuss the operation of heating and
cooling thermostats

Describe the operation of the fan
switch

Discuss the operation of the heat
anticipator and cooling anticipator

Thermostats are temperature-sensitive switches.
They use a variety of methods to sense temperature,
and can be found with different contact arrange-
ments. Some thermostats are designed to be used

Discuss the operation of line voltage, with low-voltage systems, generally 24 volts; and
progromm0b|e, staging, and others are designed to be connected directly to line
differential thermostats voltage and operate motors and heating units. The
Connect a thermostat in a circuit advantage of low-voltage thermostats is that they
are more economical and safer to use inside the
home.
BIMETAL THERMOSTATS

One of the most common methods of sensing tem-
perature is with a bimetal strip. When used as
the temperature sensing element of a thermostat,
the bimetal strip is generally bent in a spiral that
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resembles a clock spring. If a contact is attached
to the end of the strip and another contact is held
stationary, a thermostat is formed, Figure 29-1. A
small permanent magnet is used to provide a snap
action for the contacts.

This type of thermostat is inexpensive and has
the advantage of not having to be mounted in
a level position. The greatest enemy of an open-
contact thermostat is dirt. This is especially true for
thermostats designed for low-voltage operation. If
poor thermostat contact is suspected, the contacts
should be cleaned. This can be done with a strip
of hard paper, such as typing paper, and alcohol.
Soak a strip of hard paper in alcohol and place the
strip between the contacts. Close the contacts and
draw the strip through the closed contacts. This
will generally remove any accumulation of dirt and
oil. After cleaning, the contacts should be buffed to
remove any alcohol residue. This can be done by
drawing a piece of dry hard paper through the con-
tacts several times. This type of thermostat is shown
in Figure 29-2.

To avoid the problem of dirty contacts, the con-
tacts of some thermostats are enclosed inside a
glass tube, Figure 29-3. Because the contacts are
enclosed in glass, they are stationary. The bimetal
strip is attached to a permanent magnet instead of
a contact. In the case of a double acting thermostat,
there are two magnets attached to the bimetal strip.
When the magnet is close enough to the glass tube,
it is attracted to the metal contacts and causes the
contacts to close with a snap action.

MAGNET

Figure 29-1
Contacts operated by a bimetal strip. (source: Delmar/Cengage

Learning)
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Figure 29-2
Open-contcxct thermostat. (source: Delmar/Cengage Learning)

Figure 29-3
Contacts are enclosed inside a glass tube.

(Source: Delmar/Cengage Learning)

MERCURY CONTACT
THERMOSTAT

Another type of contact used with the bimetal type
of thermostat is the mercury contact. In this type of
thermostat, a small pool of mercury is sealed inside
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Figure 29-4

Mercury contacts. (Source: Delmar/Cengage Learning)

— -~— MERCURY CONTACTS

BIMETAL STRIP

Figure 29-5

Mercury-fype fhermosfdf. (Source: Delmar/Cengage Learning)

a glass container. A set of contacts is also sealed in
the glass. Most mercury-type contacts are made to be
single-pole double-throw, which means there are a
common terminal, a normally open terminal, and
a normally closed terminal. Figure 29—4 illustrates
this type of contact. Notice in this example that the
pool of mercury makes connection with the com-
mon terminal, located in the center, and the nor-
mally closed terminal. If the glass bulb is tilted in the
other direction, the mercury will flow to the opposite
end and make connection between the common ter-
minal and the normally open contact.

The mercury contact has the advantage of
being sealed in glass and not subjected to dirt
and oil. When this type of contact is used with a
bimetal strip, it is generally mounted as shown in
Figure 29-5. This type of thermostat uses the weight
of the mercury to provide a snap action for the con-
tact instead of a magnet. When the bimetal strip
has turned far enough to permit the mercury to
flow from one end of the glass bulb to the other, the
weight of the mercury prevents any spring action of
the bimetal strip from snapping the contact open.
A mercury thermostat, however, must be mounted
in a level position if it is to operate properly. This

Figure 29-6

Mercury thermostat. (source: Delmar/Cengage Learning)

can sometimes be a problem in homes that do not
remain level. A mercury type thermostat is shown
in Figure 29-6.

Mercury type thermostats are particularly sen-
sitive to the way they are mounted. If they are to
operate correctly, they must be mounted level. The
manufacturer’s instructions will generally show
how the thermostat should be checked with a level-
ing device.

HEATING AND COOLING
THERMOSTATS

Many thermostats are designed to be used for both
heating and cooling applications. This can be done
with thermostats that contain both a normally
open and normally closed contact. A simple sche-
matic diagram of this type of thermostat is shown
in Figure 29-7. Notice the thermostat contact is a
single-pole double-throw type. The selector switch
is a double-pole type. The dashed line indicates
mechanical intertie. With the selector switch in
the position shown, the thermostat is being used
for heating. If the selector switch is changed, the
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Figure 29-7
Dual operation of a thermostat.

(Source: Delmar/Cengage Learning)

THERMOSTAT
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Figure 29-8
Fan switch. (source: Delmar/

Cengage Learning)

bottom movable contact will break connection with
its stationary contact, and the top movable contact
will make connection with its stationary contact.
Notice that changing this switch will also change
the sense of the thermostat. In the heating position,
the thermostat activates the heating unit when the
contact closes because of a decrease in temperature.
In the cooling position, the thermostat activates the
air conditioning unit when the contact makes con-
nection because of an increase in temperature.

THE FAN SWITCH

Many thermostats are designed to permit manual
control of the blower fan. This is done to permit the
blower fan to be operated separately. Some people
find it desirable to operate the blower fan con-
tinuously to provide circulation of air throughout
the building. This is especially true for buildings
equipped with electronic air cleaners (precipitators)
or for buildings that must remove undesirable ele-
ments such as smoke in an office building or night
club. A schematic diagram of this type of circuit
is shown in Figure 29-8. The fan switch is a
single-pole double-throw switch. When the switch
is in one position, it permits the fan relay to be

FAN SWITCH

(o)

v— N

TO THERMOSTAT AUTO

FAN RELAY COIL

controlled by the thermostat. If the switch is thrown
in the opposite direction, the fan relay is connected
directly to the control voltage.

THE HEAT ANTICIPATOR

The heat anticipator is a small resistance heater
located near the bimetal strip. The function of
this heater is to slightly preheat the bimetal strip
and prevent overrun of the heating system. For
example, many heating systems, such as fuel oil or
gas, operate by heating a metal container called a
heat exchanger. When the temperature of the heat
exchanger reaches a high enough level, a thermo-
statically controlled switch causes the blower to
turn on and blow air across the heat exchanger. The
moving air causes heat to be removed from the heat
exchanger to the living area. When the thermostat
is satisfied, the heating unit is turned off. The blower
will continue to operate, however, until the excess
heat has been removed from the heat exchanger.
Now assume that the thermostat has been set
for a temperature of 75 degrees. If the heating
unit is permitted to operate until the temperature
reaches 75 degrees, the final temperature of the
living area may be from 3 to 5 degrees higher than
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the thermostat setting by the time enough heat has
been removed from the heat exchanger to cause the
blower to turn off.

If the heat anticipator has been properly set,
however, it will cause the thermostat to turn off
several degrees before the room temperature has
reached the thermostat setting. This permits the
excess heat of the heat exchanger to raise the tem-
perature to the desired level without overrunning
the thermostat setting.

The setting of the heat anticipator is controlled
by a sliding contact. There are markings such as .2,
.25, .3, .35, and .4. The sliding contact is generally
set at the number that corresponds to the current
rating of the control system. The current rating can
generally be located in the service information or on
the control unit itself. The heat anticipator does not
have to be set at that position, however. The service
technician should set it to operate the unit for longer
or shorter periods depending on the desires of the
customer.

THE COOLING ANTICIPATOR

A device that operates in a similar manner to the
heat anticipator is the cooling anticipator.
The cooling anticipator is a resistive heating ele-
ment that operates in an opposite sense to the heat
anticipator. The cooling anticipator operates while
the thermostat contacts are open and the air con-
ditioning unit is not running. The cooling anticipa-
tor heats the thermostat slightly and causes it to
close its contacts before the ambient temperature
increases enough to close them.

The circuit shown in Figure 29-9 displays the
current path of the heat anticipator for a heating
and cooling thermostat during the heating cycle.
In this mode of operation, current flows through
the heat anticipator while the thermostat contact is
closed and the heating unit is in operation.

In Figure 29-10, the thermostat has been
switched to the cooling mode. Notice that a current
path exists through the cooling anticipator when
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the thermostat contact is open and the air condi-
tioning unit is not in operation. When the ther-
mostat contact closes, a low resistance path exists
around the cooling anticipator. This stops the flow
of current through it while the air conditioning unit
is in operation.

LINE VOLTAGE THERMOSTATS

Line voltage thermostats are generally used
to control loads such as blower fans and heating
elements. This means that the thermostat must
contain contacts that are capable of handling the
current needed to operate these loads without
an intervening relay. This type of thermostat is
shown in Figure 29-11. Many of these thermo-
stats use the pressure of refrigerant in a sealed
system to sense temperature, Figure 29-12. When
the temperature increases, the pressure in the
system increases also. The increase in pressure
causes the bellows to expand. When the bellows
expands far enough, it activates a set of spring-
loaded contacts.

Although line voltage thermostats can be used
for many applications, they do not contain a heat
anticipator and are not as accurate as low voltage
thermostats.

Figure 29-11

Line voltage thermostat. (source: Delmar/Cengage Learning)
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SPRING-LOADED
CONTACTS

Figure 29-12
Thermostat contacts are opercutecl by
pressure. (Source: Delmar/Cengage Learning)

PROGRAMMABLE THERMOSTATS

The term programmable is a catch word that has
taken on many meanings. In the case of ther-
mostats, the term programmable generally means
that a thermostat can be set to operate at different
temperature settings at different times. Program-
mable thermostats range in complexity from
units that use a simple time clock to units that are
operated by integrated circuits (ICS) and permit the
temperature to be set to any desired level at any
desired time. A programmable thermostat is shown
in Figure 29-13. This thermostat uses a quartz-
operated time clock and two separate thermostat
units. The time clock is used to operate a switch. The
setting of the clock determines the position of the
switch at any particular time. A schematic for this
type of circuit is shown in Figure 29—-14. Notice that

Figure 29-14
Schematic for a programmable
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Figure 29-13

Prog rammable thermostat. (source: Delmar/Cengage Learning)
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thermostat. (source Delmar/Cengage Learning) I
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the position of the clock-operated switch determines
which thermostat is used to control the system.
To understand the operation of this system, assume
that thermostat A has been set for a temperature of
95 degrees, and thermostat B is set for 75 degrees.
The time clock has been set to permit thermostat A
to control the air conditioning system when there is
no one in the residence. One hour before people are
to return home, the time clock changes the contact
and thermostat B is used to control the system.
Because thermostat B has been set for 75 degrees,
the residence will have been cooled to that tempera-
ture when the people arrive.

The programmable thermostat can reduce energy
consumption by maintaining a desired temperature
only during the hours the dwelling is occupied. The
temperature can be maintained at an uncomfort-
able level the rest of the time, which permits the air
conditioning unit to operate much less.

Electronic Programmable
Thermostats

Many programmable thermostats are solid state and
do not contain mechanical contacts. These units
generally employ electronic devices such as thermis-
tors to sense temperature. They can be programmed
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for several different conditions or events. Many per-
mit the thermostat to be programmed differently for
each day. The temperature can be set differently for
different times of the day. Most electronic thermo-
stats provide a variety of functions and options that
are set by the homeowner. An electronic thermostat
is shown in Figure 29-15.

STAGING THERMOSTATS

Staging thermostats are similar to program-
mable thermostats in that they contain two separate
sets of contacts. Unlike the programmable ther-
mostat, however, the staging thermostat contains
only one bimetal strip, which is used to control the
action of both sets of contacts. One set of contacts
is designed to operate slightly behind the other set.
A good example of how a staging thermostat is used
can be found in a heat-pump system. Assume that
the first contact is used to operate the compressor
relay, and the second contact is used to operate the
contactor, which controls the electric resistance
heating strips. When the temperature decreases,
the first thermostat contact closes and connects the
compressor to the line. If the compressor is able to
provide enough heat to the dwelling, the second
contact will never make connection. If, however,

Figure 29-15
Electronic thermostat.

(Source: Delmar/Cengage Learning)
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the outside temperature is low enough that the
heat pump cannot provide enough heat, the second
thermostat contact will close and permit the electric
heat strip to operate.

THE DIFFERENTIAL THERMOSTAT

The differential thermostat is used primar-
ily with solar-powered heating systems. A differ-
ential thermostat is shown in Figure 29-16. This
thermostat uses two separate temperature sensors
and is activated by the difference of temperature
between them. A solar hot-water system is shown in
Figure 29-17. A solar collector is used to heat the
water. A storage tank stores the heated water and
acts as a heat exchanger for the domestic hot water
for the home. The system is controlled by the differ-
ential thermostat. When the temperature of the col-
lector becomes greater than the temperature of the
water in the storage tank by so many degrees, the
thermostat activates the pump motor. The pump
motor circulates water from the storage tank to the
collector, and from the collector back to the tank.
When the temperature of the collector is within a
certain amount of the water temperature, the ther-
mostat turns the pump off. In this way, water is cir-
culated through the collector only when the collector
is at a higher temperature than the stored water.

A common setting for the differential thermostat
is 20 and 5. This means that the thermostat will
turn the pump on when the collector is 20 degrees
hotter than the stored water, and turn the pump off
when the collector is only 5 degrees hotter than the
stored water.

Figure 29-16

Differential thermostat. (Courtesy of Independent Energy Corp.)
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Figure 29-17
Solar hot-water system controlled by a differential thermostat. (source: Delmar/Cengage Learning)
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