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Preface

This book has been written for a course of study that will
introduce the reader to a broad range of motor types and
control systems. It provides an overview of electric motor
operation, selection, installation, control, and mainte-
nance. Every effort has been made in this first edition text
to present the most up-to-date information, reflecting the
current needs of the industry.

The broad-based approach taken makes this text via-
ble for a variety of motor and control system courses.
Content is suitable for colleges, technical institutions,
and vocational/technical schools as well as apprentice-
ship and journeymen training. Electrical apprentices
and journeymen will find this book to be invaluable
because of National Electrical Code references as well
as information on maintenance and troubleshooting
techniques. Personnel involved in motor maintenance
and repair will find the book to be a useful reference
text.

The text is comprehensive! It includes coverage of how
motors operate in conjunction with their associated con-
trol circuitry. Both older and newer motor technologies
are examined. Topics covered range from motor types and
controls to installing and maintaining conventional con-
trollers, electronic motor drives, and programmable logic
controllers.

Features you will find unique to this motors and con-
trols text include:

Self-Contained Chapters. Each chapter constitutes
a complete and independent unit of study. All chapters
are divided into parts designed to serve as individual
lessons. Instructors can easily pick and choose chap-
ters or parts of chapters that meet their particular
curriculum needs.

How Circuits Operate. When understanding the
operation of a circuit is called for, a bulleted list is
used to summarize its operation. The lists are used
in place of paragraphs and are especially helpful for
explaining the sequenced steps of a motor control
operation.

Integration of Diagrams and Photos. When the
operation of a piece of equipment is illustrated by

means of a diagram, a photo of the device is included.
This feature is designed to increase the level of rec-
ognition of devices associated with motor and control
systems.

Troubleshooting Scenarios. Troubleshooting is
an important element of any motors and controls
course. The chapter troubleshooting scenarios

are designed to help students with the aid of the
instructor to develop a systematic approach to
troubleshooting.

Discussion and Critical Thinking Questions.

These open-ended questions are designed to give stu-
dents an opportunity to reflect on the material covered
in the chapter. In most cases, they allow for a wide
range of responses and provide an opportunity for the
student to share more than just facts.

Ancillaries

* Activities Manual for Electric Motors and Control
Systems. This manual contains quizzes, practical
assignments, and computer-generated simulated
circuit analysis assignments.

Quizzes made up of multiple choice, true/false,
and completion-type questions are provided
for each part of each chapter. These serve as an
excellent review of the material presented.

Practical assignments are designed to give the
student an opportunity to apply the informa-
tion covered in the text in a hands-on motor
installation.

The Constructor motor control simulation soft-
ware CD is included as part of the manual. This
special edition of the program contains some

45 preconstructed simulated motor control circuits.
The Constructor analysis assignments provide stu-
dents with the opportunity to test and troubleshoot
the motor control circuits discussed in the text. The
Constructor simulation engine visually displays
power flow to each component and using anima-
tion and sound effects, each component will react
accordingly once power is supplied.
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* Instructor’s Resource Center is available to
instructors who adopt Electric Motors and Control
Systems. It includes:

Answers to the textbook review questions and the
Activities Manual quizzes and assignments.

PowerPoint presentations that feature enhanced Find the Instructor’s Resource Center at
graphics along with explanatory text and objective- www.mhhe.com/EMCSle
type questions.

EZ Test testing software with text-coordinated
question banks.
ExamView text coordinated question banks.

Preface iX
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lectric Motors and Control Systems contains
the most up-to-date information on electric
motor operation, selection, installation, control
and maintenance. The text provides a halance he-
tween concepts and applications to offer students

an accessible framework to introduce a broad range Electric Motors

of motor types and control systems.

................................................................ a n d c o ntl' ol
CHAPTER OBJECTIVES provide an outline of
Systems

the concepts that will be presented in the chapter. These ob-
jectives provide a roadmap to students and instructors on what
new material will be presented. -d
b proviaes...
: ® © © 6 ¢ 6 0 6 o o o o o o o o O o O° o o o

100 A
g;ng Transmizsion at 100-Y |eval Customer
plant

CIRCUIT LISTS When anew operation of a circuit is
presented, a bulleted list is used to summarize the operation.
The lists are used in place of paragraphs to provide a more
access;ble summary of the necessary steps of a motor control Stepup 1A Stepdown

operation. trarsformer  iransformer
Transrmission st 40 0000 leval

..........................................................

= c

Figure 2-28  Parmanent-split capecitor motor
Pheti © Biakdar Eleciris Compery. Peprintedt with therr permissicn,
Photo Beidor, v baldor.com.

Figure 3-2  High voleage reduces the required amount of
transmission currant raquired.

T T2 T2 < ooooooooooooooooooooooooooooooooooooooooooooooooooooooooo .
DIAGRAMS AND PHOTOS Wwhen the opera-

tion of a piece of equipment is illustrated, a photo of the device
is included. The integration of diagrams and photos increases
the students’ recognition of devices associated with motor and
control systems.

capacitor-start motars that incorporate capacitor switch-
ing systems. Installations include compressors. pumps.
machine toals. air conditioners, convevors. blowers, fans.
and other hard-to-start applications,

THREE-PHASE MOTOR CONNECTIONS

The three-phase AC induction motor is the mest camman
motor used in commercial and industial applications.
Single-phase larger horsepower motors are not normall

u;edl%]bepchause méy are inelijfic[em compared o Lh.ree-phasse, ey et Pl orf g et
‘matars. In addition, single-phase moters are not self starting
on their running windings. as are three-phase motors.

Figure 229 Thraaphasa wya and dalts mobcr connactions.

Photo uo.rtesy Leeson, winleson.cam.
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- - ) an engaging
framework in
every chapter
to help students

master concepts
and realize
success heyond
the classroom.

TROUBLESHOOTING SCENARIOS These

scenarios are designed to help students develop a systematic

approach to troubleshooting which is vital in this course.

L[ D

1. Heat is the greatest enemy of a motor. Discuss in 6. Assume you have to purchase a motor to replace
what way nonadherence to each of the following the one with the specifications shown below. Visit
motor nameplate parameters could cause a motor the website of a motor manufacturer and report
o overheat: (a) voltage rating: () current rating; on the specifications and price of a replacement

() ambient temperature; (o) duty cyvele. motor.
2. Two identical control relay coils are incorrectly
connected in series instead of parallel ncross a _
230-V source. Discuss how this might affect the
B : 2 Horsepower 10
aperation of the circuit. ita i
3. Atwo-wire magnetic matar cantral circuit control- " £
§ . artz 60
ling & furnace fan uses a thermostat to automatically
operate the motor an and off. A single-pole switch Hhe o
is to be installed next 1o the remote thermostat and Fulkload ampares £
wired so that, when closed. it will override the anta- RPM 1725
‘matic contral and allow the fan to operate at all times Frame siza 2157
regardless of the thermostat setting. Draw a ladder Sarvioa factor 1.45
control diagram of a circuit that will accomplish this. Rating 40C AMB-CONT
4. A three-wire magnetic motor control circuit uses Lecked rotor code J
a remote start/stop pushbutton station to operate NEMA design code B
the motor on and off. Assume the start button is Insulation class B
pressed but the starter coil does not energize. List Full-load sfficiency 855
. the possible causes of the problem. Power factor 78
5. How is the control voltage ohtained in most motor Eclosara: OPEN

contral circuits?

Instructor’s Resource Center

PR R I I I I R )

REVIEW QUESTIONS Each chapter is divid-

ed into parts designed to represent individual lessons. These
parts provide professors and students the flexibility to pick and
choose topics that best represent their needs. Review questions
follow each part to reinforce the new concepts that have been
introduced.

o=

w

LA

-

. An electrical cirenit contains three pilot lights. What 8

. Describe the basic structure of an electrical ladder

. Lines are used to represent electrical wires on

. The contacts of a pushbutton switch open when the

? 'PART 1 Review Guestions 5 [T ORI

. Define what the term motar contral circuit means. 7
. Why are symbols used to represent components on

A relay coil labeled TR contains three contacts,
What acceptable coding could be used to identify
elecirical diagrams? each of the contacts?
A rung on a ladder diagram requires that two loads,
each rated for the full line voltage. be energized
when a switch is closed. What connection of loads
must be used? Why?
. One requirement for a particular motor application
is that six pressure switches be closed before the

acceptable symbol could be vsed to designate each
ligh?

)

diagram schematic.

diagrams. motor is allowed to operate. What connzctions of
2. How are wires that carry high current differenti- switches s.hou]d.be used? _
ated from those that carry low cucrent? 10. The wire identification labels on several wires of an

electrical panel are examined and found to have the
same number. What does this mean?

A broken line representing a mechanical function
on an electrical diagram is mistaken for a condue-
tor and wired as such. What two types of problems
could this result in?

b. How are wires that cross but do not electrically
connect differentiated from those that connect
electrically? 1

button is pressed. What type of push button would
this be classified as? Why?

DISCUSSION TOPICS AND
CRITICAL THINKING QUESTIONS These

open-ended questions are designed to give students an opportu-
nity to review the material covered in the chapter. These ques-
tions cover all the parts presented in each chapter and provide
an opportunity for the student to show comprehension of the
concepts covered.

cesssense

. Why are contacts from control devices placed only
in series with loads?

. Record all the nameplate data for a given motor and

. Search the Internet for electric motor connection 4

a. DC compound motor

b. AC single-phase dual-voliage induction
mator

write a short deseription of what each item specifies. . AC three-phase two-spead induction motor

. The AC squirrel-cage induction motor is the domi-

diagrams. Record all information given for the con- nant motor techooloey in use today, Why?

nection of the following types of motors:

The Instructor’s Resource Center, www.mhhe.com/

ERANK O.
PETAUZELLA

EMCSle, provides instructors with electronic resources
coordinating with the text and Activities Manual. The
Resource Center provides solutions for the Text Review
questions, solutions for the Activities Manual exercises,
EZ test questions, ExamView question banks, and
PowerPoint slides that feature enhanced graphics along
with explanatory text and objective type questions.

Electric Motors ond Control Systems
Frank Petruzella

TSBA: 0073531675
Capyright year: 3010

This book has Been writhen for 2 course of study that will ntraduce the reader to  broad range of motar

types and controd $ystems. It provides &n overview of elecic motar coeratian, selection, instalation,

eartrol and maintenance. Every effort has bean mg& 1 thes frst editian test Lo present the MOst up-Lo-
i the ‘the industry.

The broad based approach taken makns this tawt viabie for a varity of mators and cortrol syszems
caurses. Cancent is e for colleges, technical institutions, votationalftechnical schaols as wol as
apprerticeshio and journdymen tranma, Electrcal spprentices and ﬁml\ will find this book to be
inwalusble dug o Elsctrical Code references applicabie to the mnstal of raw contral systems and
mrators, a5 well a5 informatan on mas " inthe
frotor maintenance and repar will find this boak to be & useful reference text.

The ket is comprehensive! It includas coverage of how motars coseats in conunctian with thair

assooatad control crourtry, Bath alder and newer motor tachralogees are examinad, Topics covered range
from mator fypes and canirols & inskating I
drves and programmable legic centroliers,

www.EngineeringEBooksPdf.com


http://www.mhhe.com/

www.EngineeringEBooksPdf.com



Safety in the Workplace

Chapter Objectives

This chapter will help you to:

1.

Identify the electrical factors that deter-
mine the severity of an electric shock.

Be aware of general principles of electri-
cal safety including wearing approved
protective clothing and using protective
equipment.

Explain the safety aspect of grounding an
electrical motor installation.

Outline the basic steps in a lockout
procedure.

Be aware of the functions of the different
organizations responsible for electrical
codes and standards.

WwWwW

[H - wemren

Safety is the number one priority in any job.
Every year, electrical accidents cause serious
injury or death. Many of these casualties are
young people just entering the workplace. They
are involved in accidents that result from care-
lessness, from the pressures and distractions of
anew job, or from a lack of understanding about
electricity. This chapter is designed to develop
an awareness of the dangers associated with
electrical power and the potential dangers that
can exist on the job or at a training facility.

PART 1 Protecting against
Electrical Shock

Electrical Shock

The human body conducts electricity. Even
low currents may cause severe health effects.
Spasms, burns, muscle paralysis, or death can
result, depending on the amount of the current



flowing through the body, the route it takes, and the dura-
tion of exposure.

The main factor for determining the severity of an electric
shock is the amount of electric current that passes through
the body. This current is dependent upon the voltage and
the resistance of the path it follows through the body.

Electrical resistance (R) is the opposition to the flow
of current in a circuit and is measured in ohms ({2). The
lower the body resistance, the greater the current flow and
potential electric shock hazard. Body resistance can be
divided into external (skin resistance) and internal (body
tissues and blood stream resistance). Dry skin is a good
insulator; moisture lowers the resistance of skin, which
explains why shock intensity is greater when the hands
are wet. Internal resistance is low owing to the salt and
moisture content of the blood. There is a wide degree of
variation in body resistance. A shock that may be fatal to
one person may cause only brief discomfort to another.
Typical body resistance values are:

¢ Dry skin—100,000 to 600,000 ()

¢ Wet skin—1,000 ()

¢ Internal body (hand to foot)—400 to 600 ()
* Ear to ear—100

Thin or wet skin is much less resistant than thick or dry
skin. When skin resistance is low, the current may cause lit-
tle or no skin damage but severely burn internal organs and
tissues. Conversely, high skin resistance can produce severe
skin burns but prevent the current from entering the body.

Voltage (E) is the pressure that causes the flow of elec-
tric current in a circuit and is measured in units called
volts (V). The amount of voltage that is dangerous to life
varies with each individual because of differences in body
resistance and heart conditions. Generally, any voltage
above 30V is considered dangerous.

Electric current (/) is the rate of flow of electrons
in a circuit and is measured in amperes (A) or milli-
amperes (mA). One milliampere is one-thousandth of an
ampere. The amount of current flowing through a per-
son’s body depends on the voltage and resistance. Body
current can be calculated using the following Ohm’s
law formula:

Voltage

Current = ——————
Resistance

If you came into direct contact with 120 volts and your
body resistance was 100,000, then the current that would
flow would be:

I = 120V This is just about at the thresh-
100,000 QO old of perception, so it would
produce only a tingle.
= 0.0012 A

= 1.2 mA (0.0012 X 1,000)
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If you were sweaty and barefoot, then your resistance to
ground might be as low as 1,000 ohms. Then the current
would be:

This is a lethal shock,
capable of producing ven-
tricular fibrillation (rapid
irregular contractions of
the heart) and death!

_ 120V _ _
I=1G000 = 012A = 120mA

Voltage is not as reliable an indication of shock inten-
sity because the body’s resistance varies so widely that it
is impossible to predict how much current will result from
a given voltage. The amount of current that passes through
the body and the length of time of exposure are perhaps the
two most reliable criteria of shock intensity. Once current
enters the body it follows through the circulatory system
in preference to the external skin. Figure 1-1 illustrates the
relative magnitude and effect of electric current. It doesn’t
take much current to cause a painful or even fatal shock. A
current of 1 mA (1/1000 of an ampere) can be felt. A cur-
rent of 10 mA will produce a shock of sufficient intensity
to prevent voluntary control of muscles, which explains
why, in some cases, the victim of electric shock is unable to
release grip on the conductor while the current is flowing.
A current of 100 mA passing through the body for a second
or longer can be fatal. Generally, any current flow above
0.005 A, or 5 mA, is considered dangerous.

A 1.5-V flashlight cell can deliver more than enough
current to kill a human being, yet it is safe to handle. This
is because the resistance of human skin is high enough to
limit greatly the flow of electric current. In lower voltage
circuits, resistance restricts current flow to very low val-
ues. Therefore, there is little danger of an electric shock.
Higher voltages, on the other hand, can force enough cur-
rent though the skin to produce a shock. The danger of
harmful shock increases as the voltage increases.

The pathway through the body is another factor influ-
encing the effect of an electric shock. For example, a
current from hand to foot, which passes through the heart
and part of the central nervous system, is far more dan-
gerous than a shock between two points on the same arm
(Figure 1-2).

AC (alternating current) of the common 60-Hz fre-
quency is three to five times more dangerous than DC
(direct current) of the same voltage and current value. DC
tends to cause a convulsive contraction of the muscles,
often forcing the victim away from further current expo-
sure. The effects of AC on the body depend to a great extent
on the frequency: low-frequency currents (50-60 Hz) are
usually more dangerous than high-frequency currents. AC
causes muscle spasm, often “freezing” the hand (the most
common part of the body to make contact) to the circuit.
The fist clenches around the current source, resulting in
prolonged exposure with severe burns.



Less than one ampere
can cause death!

1 ampere
(2000 milliamperes)

Lights a 100-watt bulb

Severe burns—
breathing stops

Heart stops pumping

Operates an electric tooth
brush (10 watts)

Breathing difficult—
suffocation possible

Severe shock

Muscular contractions—
breathing difficulty begins

Cannot let go
Painful shock
Trip setting for Ground

Fault Circuit Interrupter
protection

Mild shock
Threshold of sensation

0- (1 milliampere = 1/1000
(mA) of an ampere)

Figure 1-1 Relative magnitude and effect of electric current on the body.

Head to foot Hand to Hand to hand . .
opposite foot * Arc burns, which are a result of an extremely high

temperature caused by an electric arc (as high as
35,000 °F) in close proximity to the body. Electric
arcs can occur as a result of poor electrical contact
or failed insulation.

¢ Thermal contact burns, which are a result of the
skin coming in contact with the hot surfaces of
overheated components. They can be caused by
contact with objects dispersed as a result of the blast

associated with an electric arc.

Figure 1-2 Typical electric current pathways that stop

normal pumping of the heart. L
If a person does suffer a severe shock, it is impor-

tant to free the victim from the current as quickly as can
be done safely. Do not touch the person until the elec-

The most common electric-related injury is a burn. The
major types of burns:

¢ Electrical burns, which are a result of electric tric power is turned off. You cannot help by becoming a
current flowing through the tissues or bones. The second victim. The victim should be attended to imme-
burn itself may be only on the skin surface or deeper  diately by a person trained in CPR (cardiopulmonary
layers of the skin may be affected. resuscitation).
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Figure 1-3 Typical safety signs.

Personal Protective Equipment

Construction and manufacturing worksites, by nature,
are potentially hazardous places. For this reason, safety
has become an increasingly large factor in the working
environment. The electrical industry, in particular, regards
safety to be unquestionably the most single important pri-
ority because of the hazardous nature of the business. A
safe operation depends largely upon all personnel being
informed and aware of potential hazards. Safety signs
and tags indicate areas or tasks that can pose a hazard
to personnel and/or equipment. Signs and tags may pro-
vide warnings specific to the hazard, or they may provide
safety instructions (Figure 1-3).

To perform a job safely, the proper protective clothing
must be used. Appropriate attire should be worn for each
particular job site and work activity (Figure 1-4). The fol-
lowing points should be observed:

1. Hard hats, safety shoes, and goggles must be worn
in areas where they are specified. In addition, hard
hats shall be approved for the purpose of the elec-
trical work being performed. Metal hats are not
acceptable!

2. Safety earmuffs or earplugs must be worn in noisy
areas.

3. Clothing should fit snugly to avoid the danger of
becoming entangled in moving machinery. Avoid
wearing synthetic-fiber clothing such as polyester
material as these types of materials may melt or
ignite when exposed to high temperatures and may

A

Goggles —

Cotton only,

no polyester

Hard hat

Tight sleeves ———>
and trouser
legs

fingers
Safety shoe —~

Figure 1-4 Appropriate attire should be worn for each
particular job site and work activity.
Photo courtesy Capital Safety, www.capitalsafety.com.
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increase the severity of a burn. Instead always wear
cotton clothing.

4. Remove all metal jewelry when working on ener-
gized circuits; gold and silver are excellent conduc-
tors of electricity.

5. Confine long hair or keep hair trimmed when work-
ing around machinery.

A wide variety of electrical safety equipment is avail-
able to prevent injury from exposure to live electric cir-
cuits (Figure 1-5). Electrical workers should be familiar
with safety standards such as NFP-70E that pertain to the
type of protective equipment required, as well as how such
equipment shall be cared for. To make sure electrical pro-
tective equipment actually performs as designed, it must
be inspected for damage before each day’s use and imme-
diately following any incident that can reasonably be sus-
pected of having caused damage. All electrical protection
equipment must be listed and may include the following:

Rubber Protective Equipment—Rubber gloves are
used to prevent the skin from coming into contact
with energized circuits. A separate outer leather cover
is used to protect the rubber glove from punctures and
other damage. Rubber blankets are used to prevent
contact with energized conductors or circuit parts
when working near exposed energized circuits. All
rubber protective equipment must be marked with the
appropriate voltage rating and the last inspection date.
It is important that the insulating value of both rubber
gloves and blankets have a voltage rating that matches
that of the circuit or equipment they are to be used
with. Insulating gloves must be given an air test, along

Low-voltage glove
and protector

Hot switch stick

Electric arc protection apparel

Figure 1-5 Electrical safety equipment.
Photos: © Lab Safety Supply, Inc. Janesville, WI.


http://www.capitalsafety.com

with inspection. Twirl the glove around quickly or roll
it down to trap air inside. Squeeze the palm, fingers,
and thumb to detect any escaping air. If the glove does
not pass this inspection it must be disposed of.
Protection Apparel—Special protective equipment
available for high-voltage applications include high-
voltage sleeves, high-voltage boots, nonconductive
protective helmets, nonconductive eyewear and face
protection, switchboard blankets, and flash suits.

Hot Sticks—Hot sticks are insulated tools designed
for the manual operation of high-voltage disconnect-
ing switches, high-voltage fuse removal and insertion,
as well as the connection and removal of temporary
grounds on high-voltage circuits. A hot stick is made
up of two parts, the head, or hood, and the insulating
rod. The head can be made of metal or hardened plas-
tic, while the insulating section may be wood, plastic,
or other effective insulating materials.

Shorting Probes—Shorting probes are used on deen-
ergized circuits to discharge any charged capacitors or
built-up static charges that may be present when power
to the circuit is disconnected. Also, when working on or
near any high-voltage circuits, shorting probes should
be connected and left attached as an extra safety pre-
caution in the event of any accidental application of
voltage to the circuit. When installing a shorting probe,
first connect the test clip to a good ground contact.
Next, hold the shorting probe by the handle and hook
the probe end over the part or terminal to be grounded.
Never touch any metal part of the shorting probe while
grounding circuits or components.

Face Shields—Listed face shields should be worn
during all switching operations where there is a possi-
bility of injury to the eyes or face from electrical arcs
or flashes, or from flying or falling objects that may
result from an electrical explosion.

With proper precautions, there is no reason for you to
ever receive a serious electrical shock. Receiving an elec-
trical shock is a clear warning that proper safety measures
have not been followed. To maintain a high level of elec-
trical safety while you work, there are a number of pre-
cautions you should follow. Your individual job will have
its own unique safety requirements. However, the follow-
ing are given as essential basics.

* Never take a shock on purpose.

» Keep material or equipment at least 10 feet away
from high-voltage overhead power lines.

* Do not close any switch unless you are familiar with
the circuit that it controls and know the reason for
its being open.

* When working on any circuit, take steps to ensure that
the controlling switch is not operated in your absence.
Switches should be padlocked open, and warning
notices should be displayed (lockout/tagout).

* Avoid working on “live” circuits as much as possible.

* When installing new machinery, ensure that the
framework is efficiently and permanently grounded.

* Always treat circuits as “live” until you have proven
them to be “dead.” Presumption at this point can
kill you. It is a good practice to take a meter reading
before starting work on a dead circuit.

* Avoid touching any grounded objects while working
on electrical equipment.

* Remember that even with a 120-V control system,
you may well have a higher voltage in the panel.
Always work so that you are clear of any of the
higher voltages. (Even though you are testing a
120-V system, you are most certainly in close prox-
imity to 240-V or 480-V power.)

* Don’t reach into energized equipment while it is
being operated. This is particularly important in
high-voltage circuits.

* Use good electrical practices even in temporary wir-
ing for testing. At times you may need to make alter-
nate connections, but make them secure enough so
that they are not in themselves an electrical hazard.

* When working on live equipment containing voltages
over approximately 30-V, work with only one hand.
Keeping one hand out of the way greatly reduces the
possibility of passing a current through the chest.

» Safely discharge capacitors before handling them.
Capacitors connected in live motor control circuits
can store a lethal charge for a considerable time
after the voltage to the circuits has been switched
off. Although Article 460 of the National Electric
Code (NEC) requires an automatic discharge within
1 minute, never assume that the discharge is work-
ing! Always verify that there is no voltage present.

Confined spaces can be found in almost any workplace.

Figure 1-6 illustrates examples of typical confined spaces.
In general, a “confined space” is an enclosed or partially
enclosed space that:

* Is not primarily designed or intended for human
occupancy.

» Has a restricted entrance or exit by way of location,
size, or means.

* Can represent a risk for the health and safety of any-
one who enters, because of its design, construction,
location, or atmosphere; the materials or substances
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Culverts

Figure 1-6 Confined spaces.
Photo courtesy Capital Safety, www.capitalsafety.com.

in it; work activities being carried out in it; or the
mechanical, process, and safety hazards present.

All hazards found in a regular workspace can also be
found in a confined space. However, they can be even
more hazardous in a confined space than in a regular
worksite. Hazards in confined spaces can include poor
air quality, fire hazard, noise, moving parts of equipment,

PART 1 Review Questions

1. Does the severity of an electric shock increase or
decrease with each of the following changes?
a. A decrease in the source voltage
b. An increase in body current flow

An increase in body resistance

. A decrease in the length of time of exposure

a o

N
o

. Calculate the theoretical body current flow (in
amperes and milliamperes) of an electric shock
victim who comes in contact with a 120-V
energy source. Assume a total resistance of
15,000 Q (skin, body, and ground contacts).

b. What effect, if any, would this amount of current

likely have on the body?

3. Normally a 6-volt lantern battery capable of deliver-
ing 2 A of current is considered safe to handle. Why?

temperature extremes, poor visibility, and barrier fail-
ure resulting in a flood or release of free-flowing solid.
A “permit-required confined space” is a confined space
that has specific health and safety hazards associated with
it. Permit-required confined spaces require assessment of
procedures in compliance with Occupational Safety and
Health Administration (OSHA) standards prior to entry.

4. Why is AC of a 60-Hz frequency considered to be
potentially more dangerous than DC of the same
voltage and current value?

5. State the piece of electrical safety equipment that
should be used to perform each of the following tasks:
a. A switching operation where there is a risk of
injury to the eyes or face from an electric arc.
b. Using a multimeter to verify the line voltage on a
3-phase 480 volt system.
c. Opening a manually operated high-voltage dis-
connect switch.
6. Outline the safety procedure to follow when you are
connecting shorting probes across deenergized circuits.

7. List three pieces of personal protection equipment
required to be worn on most job sites.

PART 2 Grounding—Lockout—Codes

Grounding and Bonding

Proper grounding practices protect people from the haz-
ards of electric shock and ensure the correct operation of

6 Chapter 1  Safety in the Workplace

overcurrent protection devices. Intentional grounding is
required for the safe operation of electrical systems and
equipment. Unintentional or accidental grounding is con-
sidered a fault in electrical wiring systems or circuits.
“Grounding” is the intentional connection of a current-
carrying conductor to the earth. For AC premises wiring
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systems in buildings and similar structures, this ground
connection is made on the line side of the service equip-
ment and the supply source, such as a utility transformer.
The prime reasons for grounding are:

* To limit the voltage surges caused by lightning,
utility system operations, or accidental contact with
higher-voltage lines.

* To provide a ground reference that stabilizes the
voltage under normal operating conditions.

* To facilitate the operation of overcurrent devices
such as circuit breakers, fuses, and relays under
ground-fault conditions.

“Bonding” is the permanent joining together of metal
parts that aren’t intended to carry current during normal
operation, which creates an electrically conductive path
that can safely carry current under ground-fault condi-
tions. The prime reasons for bonding are:

* To establish an effective path for fault current that
facilitates the operation of overcurrent protective
devices.

* To minimize shock hazard to people by providing
a low-impedance path to ground. Bonding lim-
its the touch voltage when non-current-carrying
metal parts are inadvertently energized by a
ground fault.

The Code requires all metal used in the construction
of a wiring system to be bonded to, or connected to, the
ground system. The intent is to provide a low-impedance
path back to the utility transformer in order to quickly
clear faults. Figure 1-7 illustrates the ground-fault current
path required to ensure that overcurrent devices operate
to open the circuit. The earth is not considered an effec-
tive ground-fault current path. The resistance of earth is
so high that very little fault current returns to the electri-
cal supply source through the earth. For this reason the
main bonding jumper is used to provide the connection
between the grounded service conductor and the equip-
ment grounding conductor at the service. Bonding jump-
ers may be located throughout the electrical system, but
a main bonding jumper is located only at the service.
Grounding is accomplished by connecting the circuit to a
metal underground water pipe, the metal frame of a build-
ing, a concrete-encased electrode, or a ground ring.

A grounding system has two distinct parts: system
grounding and equipment grounding. System grounding
is the electrical connection of one of the current carry-
ing conductors of the electrical system to the ground.
Equipment grounding is the electrical connection of all
the metal parts that do not carry current of all electrical

Utility transformer

b L2

{II Earth
I Ground

fault current T

Path through earth
not acceptable for

Y ground path because
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o
Service | g1 ) p2 ) __Main bonding T
equipment jumper
- {II Earth
? Gll'oundmg grounding
electrode electrode

conductor
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q to metal conduit

J<
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Figure 1-7 Ground-fault current path.

equipment to the ground. Conductors that form parts of
the grounding system include the following:

Equipment grounding conductor (EGC) is an
electrical conductor that provides a low-impedance
ground path between electrical equipment and enclo-
sures within the distribution system. Figure 1-8 shows
the connection for an EGC. Electrical motor windings
are normally insulated from all exposed non-current-
carrying metal parts of the motor. However, if the
insulation system should fail, then the motor frame
could become energized at line voltage. Any person
contacting a grounded surface and the energized
motor frame simultaneously could be severely injured
or killed. Effectively grounding the motor frame
forces it to take the same zero potential as the earth,
thus preventing this possibility.

Grounded conductor is a conductor that has been
intentionally grounded.

Grounding electrode conductor is a conductor used
to connect the equipment grounding conductor or

the grounded conductor (at the service or at the sepa-
rately derived system) to the grounding electrode(s).

PART 2 Grounding—Lockout—Codes 1
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Figure 1-8 Equipment grounding conductor (EGC).

A separately derived system is a system that supplies
electrical power derived (taken) from a source other
than a service, such as the secondary of a distribution
transformer.

A ground fault is defined as an unintentional, elec-
trically conducting connection between an ungrounded
conductor of an electric circuit and the normally non-
current-carrying conductors, metallic enclosures, metallic
raceways, metallic equipment, or earth. The ground-fault
circuit interrupter (GFCI) is a device that can sense small
ground-fault currents. The GFCI is fast acting; the unit
will shut off the current or interrupt the circuit within
1/40 second after its sensor detects a leakage as small as
5 milliamperes (mA). Most circuits are protected against
overcurrent by 15 ampere or larger fuses or circuit break-
ers. This protection is adequate against short circuits and
overloads. Leakage currents to ground may be much less
than 15 amperes and still be hazardous.

Figure 1-9 shows the simplified circuit of a GFCl recep-
tacle. The device compares the amount of current in the
ungrounded (hot) conductor with the amount of current in
the grounded (neutral) conductor. Under normal operat-
ing conditions, the two will be equal in value. If the cur-
rent in the neutral conductor becomes less than the current
in the hot conductor, a ground-fault condition exists. The
amount of current that is missing is returned to the source
by the ground-fault path. Whenever the ground-fault cur-
rent exceeds approximately 5 mA the device automati-
cally opens the circuit to the receptacle.

GFCIs can be used successfully to reduce electrical
hazards on construction sites. The ground-fault protec-
tion rules and regulations of OSHA have been determined
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Figure 1-9 GFCl receptacle.

Photo courtesy of The Leviton Manufacturing Company, www.leviton.com.

necessary and appropriate for employee safety and health.
According to OSHA, it is the employer’s responsibility
to provide either: (1) ground-fault circuit interrupters on
construction sites for receptacle outlets in use and not
part of the permanent wiring of the building or struc-
ture, or (2) a scheduled and recorded assured equipment-
grounding conductor program on construction sites,
covering all cord sets, receptacles that are not part of the
permanent wiring of the building or structure, and equip-
ment connected by cord and plug that are available for use
or used by employees.

Lockout and Tagout

Electrical “lockout” is the process of removing the source
of electrical power and installing a lock, which prevents
the power from being turned ON. Electrical “tagout” is
the process of placing a danger tag on the source of elec-
trical power, which indicates that the equipment may not
be operated until the danger tag is removed (Figure 1-10).
This procedure is necessary for the safety of personnel in

Figure 1-10 Lockout/tagout devices.
Photos courtesy Panduit Corporation, www.panduit.com.
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that it ensures that no one will inadvertently energize the
equipment while it is being worked on. Electrical lock-
out and tagout is used servicing electrical equipment that
does not require power to be on to perform the service as
in the case of motor alignment or replacement of a motor
or motor control component.

Lockout means achieving a zero state of energy while
equipment is being serviced. Just pressing a stop button
to shut down machinery won’t provide you with security.
Someone else working in the area can simply reset it.
Even a separate automated control could be activated to
override the manual controls. It’s essential that all inter-
locking or dependent systems also be deactivated. These
could feed into the system being isolated, either mechani-
cally or electrically. It’s important to test the start button
before resuming any work in order to verify that all pos-
sible energy sources have been isolated.

The “danger tag” has the same importance and purpose
as a lock and is used alone only when a lock does not
fit the disconnect means. Danger tags are required to be
securely attached at the disconnect device with space pro-
vided for the worker’s name, craft, and procedure that is
taking place.

The following are the basic steps in a lockout procedure:

* Prepare for machinery shutdown: Document
all lockout procedures in a plant safety manual.
This manual should be available to all employees
and outside contractors working on the premises.
Management should have policies and procedures
for safe lockout and should also educate and train
everyone involved in locking out electrical or
mechanical equipment. Identify the location of all
switches, power sources, controls, interlocks, and
other devices that need to be locked out in order to
isolate the system.

* Machinery or equipment shutdown: Stop all run-
ning equipment by using the controls at or near the
machine.

¢ Machinery or equipment isolation: Disconnect
the switch (do not operate if the switch is still under
load). Stand clear of the box and face away while
operating the switch with the left hand (if the switch
is on the right side of the box).

* Lockout and tagout application: Lock the discon-
nect switch in the OFF position. If the switch box
is the breaker type, make sure the locking bar goes
right through the switch itself and not just the box
cover. Some switch boxes contain fuses, and these
should be removed as part of the lockout process.
If this is the case, use a fuse puller to remove them.
Use a tamper-proof lock with one key, which is kept

by the individual who owns the lock. Combination
locks, locks with master keys, and locks with dupli-
cate keys are not recommended.

Tag the lock with the signature of the individual
performing the repair and the date and time of the
repair. There may be several locks and tags on the
disconnect switch if more than one person is work-
ing on the machinery. The machine operator’s (and/
or the maintenance operator’s) lock and tag will be
present as well as the supervisor’s.

Release of stored energy: All sources of energy
that have the potential to unexpectedly start up,
energize, or release must be identified and locked,
blocked, or released.

Verification of isolation: Use a voltage test to
determine that voltage is present at the line side of
the switch or breaker. When all phases of outlet are
dead with the line side live, you can verify the isola-
tion. Ensure that your voltmeter is working properly
by performing the “live-dead-live” check before
each use: First check your voltmeter on a known
live voltage source of the same voltage range as

the circuit you will be working on. Next check for
the presence of voltage on the equipment you have
locked out (Figure 1-11). Finally, to ensure that
your voltmeter did not malfunction, check it again
on the known live source.

Lockout/tagout removal: Remove tags and locks
when the work is completed. Each individual must
remove his or her own lock and tag. If there is more
than one lock present, the person in charge of the
work is the last to remove his or her lock. Before
reconnecting the power, check that all guards are in

Figure 1-11 Testing for the presence of voltage.
Phatos courtesy Fluke, www.fluke.com. Reproduced with Permission.
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place and that all tools, blocks, and braces used in
the repair are removed. Make sure that all employ-
ees stand clear of the machinery.

Electrical Codes and Standards

OCCUPATIONAL SAFETY AND HEALTH
ADMINISTRATION (OSHA)

In 1970, Congress created a regulatory agency known
as the Occupational Safety and Health Administration
(OSHA). The purpose of OSHA is to assure safe and
healthful working conditions for working men and women
by authorizing enforcement of standards developed under
the Act, by encouraging and assisting state governments
to improve and expand their own occupational safety and
health programs, and by providing for research, informa-
tion, education, and training in the field of occupational
health and safety.

OSHA inspectors check on companies to make sure
they are following prescribed safety regulations. OSHA
also inspects and approves safety products. OSHA’s elec-
trical standards are designed to protect employees exposed
to dangers such as electric shock, electrocution, fires, and
explosions.

NATIONAL ELECTRICAL CODE (NEC)

The National Electrical Code (NEC) comprises a set of
rules that, when properly applied, are intended to provide
a safe installation of electrical wiring and equipment. This
widely adopted minimum electrical safety standard has as
its primary purpose “the practical safeguarding of persons
and property from hazards arising from the use of elec-
tricity.” Standards contained in the NEC are enforced by
being incorporated into the different city and community
ordinances that deal with electrical installations in resi-
dences, industrial plants, and commercial buildings. The
NEC is the most widely adopted code in the world and
many jurisdictions adopt it in its entirety without excep-
tion or local amendments or supplements.

An “Article” of the Code covers a specific subject.
For example, Article 430 of the NEC covers motors and
all associated branch circuits, overcurrent protection,
overload, and so on. The installation of motor-control
centers is covered in Article 408, and air-conditioning
equipment is covered in Article 440. Each Code rule
is called a “Code Section.” A Code Section may be
broken down into subsections. For example, the rule
that requires a motor disconnecting means be mounted
within sight of the motor and driven machinery is con-
tained in Section 430.102 (B). “In sight” is defined by
the Code as visible and not more than 50 feet in distance
(Article 100—definitions).
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Figure 1-12 Motor terminology.

Article 430 on motors is the longest article in the
Code. One of the reasons for this is that the characteris-
tics of a motor load are quite different from heating or
incandescent lighting loads and so the method of pro-
tecting branch circuit conductors against excessive cur-
rent is slightly different. Non-motor branch circuits are
protected against overcurrent, whereas motor branch cir-
cuits are protected against overload conditions as well as
groundfaults and short circuits. The single-line diagram
of Figure 1-12 illustrates some of the motor terminology
used throughout the Code and by motor control equip-
ment manufacturers.

The use of electrical equipment in hazardous locations
increases the risk of fire or explosion. Hazardous locations
can contain gas, dust (e.g., grain, metal, wood, or coal),
or flying fibers (textiles or wood products). A substantial
part of the NEC is devoted to the discussion of hazard-
ous locations, because electrical equipment can become
a source of ignition in these volatile areas. Articles 500
through 504 and 510 through 517 provide classification
and installation standards for the use of electrical equip-
ment in these locations. Explosion-proof apparatus, dust-
ignition-proof equipment, and purged and pressurized
equipment are examples of protection techniques that
can be used in certain hazardous (classified) locations.
Figure 1-13 shows a motor start/stop station designed to
meet hazardous location requirements.



Figure 1-13 Push button station designed for hazardous
locations.
Phato courtesy Rockwell Automation, www.rockwellautomation.com.

NATIONAL FIRE PROTECTION
ASSOCIATION (NFPA)

The National Fire Protection Association (NFPA) devel-
ops codes governing construction practices in the build-
ing and electrical trades. It is the world’s largest and most
influential fire safety organization. NFPA has published
almost 300 codes and standards, including the National
Electrical Code, with the mission of preventing the loss of
life and property. Fire prevention is a very important part
of any safety program. Figure 1-14 illustrates some of the
common types of fire extinguishers and their applications.
Icons found on the fire extinguisher indicate the types of
fire the unit is intended to be used on.

It is important to know where your fire extinguishers
are located and how to use them. In case of an electrical
fire the following procedures should be followed:

1. Trigger the nearest fire alarm to alert all personnel
in the workplace as well as the fire department.

2. If possible, disconnect the electric power source.

3. Use a carbon dioxide or dry-powder fire extinguisher
to put out the fire. Under no circumstances use

Figure 1-14 Types of fire extinguishers and their applications.

water, as the stream of water may conduct electricity
through your body and give you a severe shock.

4. Ensure that all persons leave the danger area in an
orderly fashion.

5. Do not reenter the premises unless advised to
do so.

There are four classes of fires, categorized according to
the kind of material that is burning (see Figure 1-14):

* Class A fires are those fueled by materials that,
when they burn, leave a residue in the form of ash,
such as paper, wood, cloth, rubber, and certain
plastics.

* Class B fires involve flammable liquids and gases,
such as gasoline, paint thinner, kitchen grease,
propane, and acetylene.

* Class C fires involve energized electrical wiring or
equipment such as motors and panel boxes.

¢ Class D fires involve combustible metals such
as magnesium, titanium, zirconium, sodium, and
potassium.

NATIONALLY RECOGNIZED TESTING
LABORATORY (NRTL)

Article 100 of the NEC defines the terms “labeled” and
“listed,” which are both related with product evaluation.
Labeled or listed indicates the piece of electrical equip-
ment or material has been tested and evaluated for the
purpose for which it is intended to be used. Products that
are big enough to carry a label are usually labeled. The
smaller products are usually listed. Any modification of
a piece of electrical equipment in the field may void the
label or listing.

In accordance with OSHA Safety Standards, a Nation-
ally Recognized Testing Laboratory (NRTL) must test
electrical products for conformity to national codes and
standards before they can be listed or labeled. The big-
gest and best-known testing laboratory is the Under-
writers’ Laboratories, identified with the UL logo shown
in Figure 1-15. The purpose of the Underwriters’ Labo-
ratories is to establish, maintain, and operate laborato-
ries for the investigation of materials, devices, products,
equipment, construction, methods, and systems with
regard to hazards affecting life and property.

U

®

Figure 1-15 Underwriters’ Laboratories logo.
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NATIONAL ELECTRICAL MANUFACTURERS
ASSOCIATION (NEMA)

The National Electrical Manufacturers Association
(NEMA) is a group that defines and recommends safety
standards for electrical equipment. Standards established
by NEMA assist users in proper selection of industrial
control equipment. As an example, NEMA standards pro-
vide practical information concerning the rating, testing,
performance, and manufacture of motor control devices
such as enclosures, contactors, and starters.

INTERNATIONAL ELECTROTECHNICAL
COMMISSION (IEC)

The International Electrotechnical Commission (IEC) is a
Europe-based organization made up of national commit-
tees from over 60 countries. There are basically two major
mechanical and electrical standards for motors: NEMA in
North America and IEC in most of the rest of the world.
Dimensionally, IEC standards are expressed in metric
units. Though NEMA and IEC standards use different
units of measurements and terms, they are essentially

PART 2 Review Questions

1. Explain how grounding the frame of a motor can
prevent someone from receiving an electric shock.

2. Compare the terms grounding and bonding.

3. What is the minimum amount of leakage ground cur-
rent required to trip a ground-fault circuit interrupter?

4. List the seven steps involved in a lockout/tagout
procedure.

5. A disconnect switch is to be pulled open as part of a
lockout procedure. Explain the safe way to proceed.

6. What is the prime objective of the National Electri-
cal Code?

analogous in ratings and, for most common applications,
are largely interchangeable. NEMA standards tend to
be more conservative—allowing more room for “design
interpretation,” as has been U.S. practice. Conversely, IEC
standards tend to be more specific, more categorized—
some say more precise—and designed with less overload
capacity. As an example, a NEMA-rated motor starter will
typically be larger than its IEC counterpart.

INSTITUTE OF ELECTRICAL AND ELECTRONICS
ENGINEERS (IEEE)

The Institute of Electrical and Electronics Engineers (IEEE)
is a technical professional association whose primary
goal is to foster and establish technical developments and
advancements in electrical and electronic standards. IEEE
is a leading authority in technical areas. Through its tech-
nical publishing, conferences, and consensus-based stan-
dards activities, the IEEE produces more than 30 percent of
the world’s published literature in electrical and electronic
engineering. For example, IEEE Standard 142 provides all
the information you need for a good grounding design.

7. How are the standards contained in the NEC
enforced?

8. Explain the difference between a Code Article and a
Section.
9. What do the icons found on most fire extinguishers
indicate?
10. What does a UL-labeled or -listed electrical device
signify?
11. List three motor control devices that are rated by
NEMA.
12. Compare NEMA and IEC motor standards.

1. The voltage between the frame of a 3-phase 208-V
motor and a grounded metal pipe is measured
and found to be 120-V. What does this indicate?
Why?

2. A ground-fault circuit interrupter does not provide
overload protection. Why?

12 Chapter 1  Safety in the Workplace

3. Alisted piece of electrical equipment is not
installed according to the manufacturer’s instruc-
tions. Discuss why this will void the listing.

4. A hot stick is to be used to open a manually oper-
ated high-voltage disconnect switch. Why is it
important to make certain that no loads are con-
nected to the circuit when the switch is opened?
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Worker A makes contact with a live wire and
receives a mild shock. Worker B makes con-
tact with the same live wire and receives a fatal
shock. Discuss some of the reasons why this
might occur.

The victim of death by electrocution is found with
his fist still clenched firmly around the live con-
ductor he made contact with. What does this
indicate?

—— DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

Why can birds safely rest on high-voltage power
lines without getting shocked?

You have been assigned the task of explaining the
company lockout procedure to new employees.
Outline what you would consider the most effective
way of doing this.

Visit the website of one of the groups involved with
electrical codes and standards. Report on the ser-
vice it provides.

Discussion Topics 13




Understanding Electrical
Drawings

Different types of electrical drawings are used
in working with motors and their control cir-
cuits. In order to facilitate making and reading
electrical drawings, certain standard symbols
are used. To read electrical motor drawings,
it is necessary to know both the meaning of
the symbols and how the equipment operates.
This chapter will help you understand the use
of symbols in electrical drawings. The chapter
also explains motor terminology and illustrates
it with practical applications.

PART 1 Symbols—
Abbreviations—Ladder Diagrams

Motor Symbols

A motor control circuit can be defined as a
means of supplying power to and removing
power from a motor. The symbols used to repre-
sent the different components of a motor control

Chapter Objectives

This chapter will help you to:

1.

’df.com

Recognize symbols frequently used on
motor and control diagrams.

Read and construct ladder diagrams.
Read wiring, single-line, and block
diagrams.

Become familiar with the terminal con-
nections for different types of motors.

Interpret information found on motor
nameplates.

Become familiar with the terminology
used in motor circuits.

Understand the operation of manual and
magnetic motor starters.



system can be considered a type of technical shorthand.
The use of these symbols tends to make circuits diagrams
less complicated and easier to read and understand.

In motor control systems, symbols and related lines
show how the parts of a circuit are connected to one
another. Unfortunately, not all electrical and electronic
symbols are standardized. You will find slightly dif-
ferent symbols used by different manufacturers. Also,
symbols sometimes look nothing like the real thing, so
you have to learn what the symbols mean. Figure 2-1
shows some of the typical symbols used in motor cir-
cuit diagrams.

Abbreviations for Motor Terms

An abbreviation is the shortened form of a word or phase.
Uppercase letters are used for most abbreviations. The
following is a list of some of the abbreviations commonly
used in motor circuit diagrams.

AC alternating current
ARM armature

AUTO automatic

BKR breaker

COM common

CR control relay

CT current transformer
DC direct current

DB dynamic braking
FLD field

FWD forward

GRD ground

HP horsepower
L1,L2,L3 power line connections
LS limit switch
MAN manual

MTR motor

M motor starter
NEG negative

NC normally closed
NO normally open
OL overload relay
PH phase

PL pilot light

POS positive

PWR power

PRI primary

PB push button

REC rectifier

REV reverse

RH rheostat
SSW safety switch
SEC secondary
1PH single-phase
SOL solenoid

SW switch

T1, T2, T3 motor terminal connections
3PH three-phase
™D time delay
TRANS transformer

Motor Ladder Diagrams

Motor control drawings provide information on circuit
operation, device and equipment location, and wiring
instructions. Symbols used to represent switches consist
of node points (places where circuit devices attach to each
other), contact bars, and the specific symbol that identifies
that particular type of switch, as illustrated in Figure 2-2.
Although a control device may have more than one set of
contacts, only the contacts used in the circuit are repre-
sented on control drawings.

A variety of control diagrams and drawings are used
to install, maintain, and troubleshoot motor control sys-
tems. These include ladder diagrams, wiring diagrams,
line diagrams, and block diagrams. A “ladder diagram”
(considered by some as a form of a schematic diagram)
focuses on the electrical operation of a circuit, not the
physical location of a device. For example, two stop push
buttons may be physically at opposite ends of a long con-
veyor, but electrically side by side in the ladder diagram.
Ladder diagrams, such as the one shown in Figure 2-3,
are drawn with two vertical lines and any number of hori-
zontal lines. The vertical lines (called rails) connect to
the power source and are identified as line 1 (L1) and
line 2 (L2). The horizontal lines (called rungs) are con-
nected across L1 and L2 and contain the control circuitry.
Ladder diagrams are designed to be read like a book,
starting at the top left and reading from left to right and
top to bottom.

Because ladder diagrams are easier to read, they are often
used in tracing through the operation of a circuit. Most
programmable logic controllers (PLCs) use the ladder-
diagramming concept as the basis for their programming
language.

Most ladder diagrams illustrate only the single-phase
control circuit connected to L1 and L2, and not the
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Figure 2-1 Motor control symbals.
Photos a—d, g: This material and associated copyrights are proprietary to, and used with the permission of Schneider Electric; e—f: Courtesy of Cooper Bussmann,
www.bussmann.com; h—j, I: Photo courtesy Rockwell Automation, www.rockwellautomation.com; m: © Baldor Electric Company. Reprinted with their permission.

Photo Baldor, www.baldor.com.
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Figure 2-2 Switch symbol component parts.
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Stop
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Figure 2-3 Typical ladder diagram.
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switch oL
@
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Lle—T T a2
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M oL
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Power circuit

Figure 2-4 Motor power and control circuit wiring.

three-phase power circuit supplying the motor. Figure 2-4
shows both the power circuit and control circuit wiring.
On diagrams that include power and control circuit wir-
ing, you may see both heavy and light conductor lines. The
heavy lines are used for the higher-current power circuit
and the lighter lines for the lower-current control circuit.
Conductors that cross each other but make no electrical

PART 1

contact are represented by intersecting lines with no dot.
Conductors that make contact are represented by a dot
at the junction. In most instances the control voltage is
obtained directly from the power circuit or from a step-
down control transformer connected to the power circuit.
Using a transformer allows a lower voltage (120 V AC)
for the control circuit while supplying the three-phase
motor power circuit with a higher voltage (480 V AC) for
more efficient motor operation.

A ladder diagram gives the necessary information for
easily following the sequence of operation of the circuit.
It is a great aid in troubleshooting as it shows, in a simple
way, the effect that opening or closing various contacts
has on other devices in the circuit. All switches and relay
contacts are classified as normally open (NO) or nor-
mally closed (NC). The positions drawn on diagrams are
the electrical characteristics of each device as would be
found when it is purchased and not connected in any cir-
cuit. This is sometimes referred to as the “off-the-shelf”
or deenergized state. It is important to understand this
because it may also represent the deenergized position in
a circuit. The deenergized position refers to the compo-
nent position when the circuit is deenergized, or no power
is present on the circuit. This point of reference is often
used as the starting point in the analysis of the operation
of the circuit.

A common method used to identify the relay coil and
the contacts operated by it is to place a letter or letters
in the circle that represents the coil (Figure 2-5). Each
contact that is operated by this coil will have the coil let-
ter or letters written next to the symbol for the contact.
Sometimes, when there are several contacts operated by

L1 L2

CR—Control relay M2—Starter #2
M1—Starter #1 M3—Starter #3

Figure 2-5 Identification of coils and associated contacts.
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one coil, a number is added to the letter to indicate the
contact number. Although there are standard meanings
of these letters, most diagrams provide a key list to show
what the letters mean; generally they are taken from the
name of the device.

A load is a circuit component that has resistance and
consumes electric power supplied from L1 to L.2. Control
coils, solenoids, horns, and pilot lights are examples of
loads. At least one load device must be included in each
rung of the ladder diagram. Without a load device, the
control devices would be switching an open circuit to a
short circuit between L1 and L2. Contacts from control
devices such as switches, push buttons, and relays are
considered to have no resistance in the closed state. Con-
nection of contacts in parallel with a load also can result in
a short circuit when the contact closes. The circuit current
will take the path of least resistance through the closed
contact, shorting out the energized load.

Normally loads are placed on the right side of the lad-
der diagram next to L2 and contacts on the left side next
to L1. One exception to this rule is the placement of the
normally closed contacts controlled by the motor overload
protection device. These contacts are drawn on the right
side of the motor starter coil as shown in Figure 2-6. When
two or more loads are required to be energized simultane-
ously, they must be connected in parallel. This will ensure
that the full line voltage from L1 and L2 will appear across
each load. If the loads are connected in series, neither will
receive the entire line voltage necessary for proper opera-
tion. Recall that in a series connection of loads the applied
voltage is divided between each of the loads. In a paral-
lel connection of loads the voltage across each load is the
same and is equal in value to the applied voltage.

Control devices such as switches, push buttons, limit
switches, and pressure switches operate loads. Devices that
start a load are usually connected in parallel, while devices
that stop a load are connected in series. For example, mul-
tiple start push buttons controlling the same motor starter

L1 L2
120V AC
Start 120_‘V
Stop I coil oL
——olo+ 5o .
= = Loads in
M1 parallel
4
120-V
pilot light

Figure 2-6 Loads are placed on the right and contacts on
the left.
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Starts in parallel

Start
L1 I L2

_oo_

Stops in series
Stop Stop  Stop

Start
| oL
—O O—4¢

Start

D—OJ_O—G

M1

Figure 2-7 Stop devices connect in series and start
devices connect in parallel.

coil would be connected in parallel, while multiple stop
push buttons would be connected in series (Figure 2-7). All
control devices are identified with the appropriate nomen-
clature for the device (e.g., stop, start). Similarly, all loads
are required to have abbreviations to indicate the type of
load (e.g., M for starter coil). Often an additional numerical
suffix is used to differentiate multiple devices of the same
type. For example, a control circuit with two motor starters
might identify the coils as M1 (contacts 1-M1, 2-M1, etc.)
and M2 (contacts 1-M2, 2-M2, etc.).

As the complexity of a control circuit increases, its
ladder diagram increases in size, making it more diffi-
cult to read and locate which contacts are controlled by
which coil. “Rung numbering” is used to assist in reading
and understanding larger ladder diagrams. Each rung of
the ladder diagram is marked (rung 1, 2, 3, etc.), start-
ing with the top rung and reading down. A rung can be
defined as a complete path from L1 to L2 that contains a
load. Figure 2-8 illustrates the marking of each rung in a
line diagram with three separate rungs:

* The path for rung 1 is completed through the
reverse push button, cycle start push button, limit
switch 1LS, and coil 1CR.

* The path for rung 2 is completed through the reverse
push button, relay contact 1CR-1, limit switch
1LS, and coil 1CR. Note that rung 1 and rung 2 are

L1 Cycle L2
start
Reverse
I 1LS
1 0—QJQ—<>—0 0—1»
|1
nun’?buel:g 2 -
1CR-1
3 ,H’ 1,—0
1CR-2 SOL A

Figure 2-8 Ladder diagram with rung numbers detailed.



identified as two separate rungs even though they
control the same load. The reason for this is that
either the cycle start push button or the 1CR-1 relay
contact completes the path from L1 to L2.

* The path for rung 3 is completed through relay
contact 1CR-2 to and solenoid SOL A.

“Numerical cross-referencing” is used in conjunction
with the rung numbering to locate auxiliary contacts con-
trolled by coils in the control circuit. At times auxiliary
contacts are not in close proximity on the ladder diagram
to the coil controlling their operation. To locate these con-
tacts, rung numbers are listed to the right of L2 in paren-
theses on the rung of the coil controlling their operation.
In the example shown in Figure 2-9:

* The contacts of coil 1CR appear at two different
locations in the line diagram.

* The numbers in parentheses to the right of the line
diagram identify the line location and type of con-
tacts controlled by the coil.

* Numbers appearing in the parentheses for normally
open contacts have no special markings.

* Numbers used for normally closed contacts are
identified by underlining or overscoring the number
to distinguish them from normally open contacts.

* In this circuit, control relay coil 1CR controls two
sets of contacts: 1CR-1 and 1CR-2. This is shown
by the numerical code 2, 3.

L1 Cycle L2
start
Reverse I 1LS
14 —O O—dl 2, 3)
Numerical
5 = = cross
1CR-1 references
3 /H/ 1,—0
1CR-2 SOL A

Figure 2-9 Numerical cross-reference system.

L1 Cycle
Reverse start

1 2 2 I 9 @€ 4 4 5
Rungle—olo e o o—c» 2,3)

Some type of “wire identification” is required to cor-
rectly connect the control circuit conductors to their
components in the circuit. The method used for wire iden-
tification varies for each manufacturer. Figure 2-10 illus-
trates one method where each common point in the circuit
is assigned a reference number:

* Numbering starts with all wires that are connected
to the L1 side of the power supply identified with
the number 1.

» Continuing at the top left of the diagram with rung 1,
a new number is designated sequentially for each
wire that crosses a component.

* Wires that are electrically common are marked with
the same numbers.

* Once the first wire directly connected to L2 has
been designated (in this case 5), all other wires
directly connected to L2 will be marked with the
same number.

* The number of components in the first line of the
ladder diagram determines the wire number for
conductors directly connected to L2.

Figure 2-11 illustrates an alternative method of assign-
ing wire numbers. With this method all wires directly
connected to L1 are designated 1 while all those con-
nected to L2 are designated 2. After all the wires with 1
and 2 are marked, the remaining numbers are assigned in
a sequential order starting at the top left of the diagram.
This method has as its advantage the fact that all wires
directly connected to L2 are always designated as 2. Lad-
der diagrams may also contain a series of descriptions
located to the right of L2, which are used to document the
function of the circuit controlled by the output device.

A broken line normally indicates a mechanical connec-
tion. Do not make the mistake of reading a broken line as
a part of the electrical circuit. In Figure 2-12 the vertical
broken lines on the forward and reverse push buttons indi-
cate that their normally closed and normally open contacts

Wire
numbering

2 ' 3
Rung 2 L
1CR-1
1 6 6 5
Rung 3 W 1——o
1CR-2 SOL A

Figure 2-10 Wire numbering.

Phato courtesy Ideal Industries, www.idealindustries.com.
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Figure 2-11 Alternative wiring identification with documentation.

L1 L2
Stop FWD REV R oL
1 1

Figure 2-12 Representing mechanical functions.

are mechanically connected. Thus, pressing the button
will open the one set of contacts and close the other. The
broken line between the F and R coils indicates that the
two are mechanically interlocked. Therefore, coils F and
R cannot close contacts simultaneously because of the
mechanical interlocking action of the device.

When a control transformer is required to have one of
its secondary lines grounded, the ground connection must

Control
transformer

L1 Fuse

Start
Stop | oL
——olo—+o o—«»—@—,ﬁ’—

@)

be made so that an accidental ground in the control cir-
cuit will not start the motor or make the stop button or
control inoperative. Figure 2-13a illustrates the secondary
of a control transformer properly grounded to the L2 side
of the circuit. When the circuit is operational, the entire
circuit to the left of coil M is the ungrounded circuit (it is
the “hot” leg). A fault path to ground in the ungrounded
circuit will create a short-circuit condition causing the
control transformer fuse to open. Figure 2-13b shows the
same circuit improperly grounded at L1. In this case, a
short to ground fault to the left of coil M would energize
the coil, starting the motor unexpectedly. The fuse would
not operate to open the circuit and pressing the stop but-
ton would not deenergize the M coil. Equipment damage
and personnel injuries would be very likely. Clearly, out-
put devices must be directly connected to the grounded
side of the circuit.

Control
transformer

L2

Ground
Start = fault

Stop N oL
—d&—o—o O—t»—@—}f—

M1
(b)

Figure 2-13 Control transformer ground connection: (a) contral transformer properly grounded
to the L2 side of the circuit; (b) control transformer improperly grounded at the L1 side of the circuit.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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PART 1 Review Questions

1. Define what the term motor control circuit means.

2. Why are symbols used to represent components on
electrical diagrams?

3. An electrical circuit contains three pilot lights. What
acceptable symbol could be used to designate each
light?

4. Describe the basic structure of an electrical ladder
diagram schematic.

5. Lines are used to represent electrical wires on
diagrams.

a. How are wires that carry high current differenti-
ated from those that carry low current?

b. How are wires that cross but do not electrically
connect differentiated from those that connect
electrically?

6. The contacts of a pushbutton switch open when the

button is pressed. What type of push button would
this be classified as? Why?

7. A relay coil labeled TR contains three contacts.
What acceptable coding could be used to identify
each of the contacts?

8. A rung on a ladder diagram requires that two loads,
each rated for the full line voltage, be energized
when a switch is closed. What connection of loads
must be used? Why?

9. One requirement for a particular motor application
is that six pressure switches be closed before the
motor is allowed to operate. What connections of
switches should be used?

10. The wire identification labels on several wires of an
electrical panel are examined and found to have the
same number. What does this mean?

11. A broken line representing a mechanical function
on an electrical diagram is mistaken for a conduc-
tor and wired as such. What two types of problems
could this result in?

PART 2 Wiring—Single
Line—Block Diagrams

Wiring Diagrams

Wiring diagrams are used to show the point-to-point
wiring between components of an electric system and
sometimes their physical relation to each other. They
may include wire identification numbers assigned to con-
ductors in the ladder diagram and/or color coding. Coils,
contacts, motors, and the like are shown in the actual
position that would be found on an installation. These
diagrams are helpful in wiring up systems, because con-
nections can be made exactly as they are shown on the
diagram. A wiring diagram gives the necessary informa-
tion for actually wiring up a device or group of devices
or for physically tracing wires in troubleshooting. How-
ever, it is difficult to determine circuit operation from
this type of drawing.

Wiring diagrams are provided for most electrical
devices. Figure 2-14 illustrates a typical wiring diagram
provided for a motor starter. The diagram shows, as
closely as possible, the actual location of all of the com-
ponent parts of the device. The open terminals (marked

s

Alarm if \\

supplied Po) | | o
A A
oL

(o] (o] (o]

T1 T2 T3

1,2,0r30L
contacts T1 T2 T3

Figure 2-14 Typical motor starter wiring diagram.

This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.
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Figure 2-15 Routing of wires in cables and conduits.

Phato courtesy Ideal Industries, www.idealindustries.com.

by an open circle) and arrows represent connections
made by the user. Note that bold lines denote the power
circuit, and thinner lines are used to show the control
circuit.

The routing of wires in cables and conduits, as illus-
trated in Figure 2-15, is an important part of a wiring dia-
gram. A conduit layout diagram indicates the start and the
finish of the electrical conduits and shows the approxi-
mate path taken by any conduit in progressing from one
point to another. Integrated with a drawing of this nature
is the conduit and cable schedule, which tabulates each
conduit as to number, size, function, and service and also
includes the number and size of wires to be run in the
conduit.

Wiring diagrams show the details of actual connec-
tions. Rarely do they attempt to show complete details of
panel board or equipment wiring. The wiring diagram of
Figure 2-15, reduced to a simpler form, is shown in Fig-
ure 2-16 with the internal connections of the magnetic
starter omitted. Wires encased in conduit C1 are part of
the power circuit and sized for the current requirement
of the motor. Wires encased in conduit C2 are part of
the lower-voltage control circuit and sized to the current
requirements of the control transformer.
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~o—
o0—
o0—

Magnetic starter

Stop
Pushbutton station

Figure 2-16 Wiring with the internal connections of the
magnetic starter omitted.

Wiring diagrams are often used in conjunction with lad-
der diagrams to simplify understanding of the control pro-
cess. An example of this is illustrated in Figure 2-17. The
wiring diagram shows both the power and control circuits.
A separate ladder diagram of the control circuit is included
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Wiring diagram

Pilot light

Ladder control diagram

L1 Start

Stop _L oL

M

Pilot light

Figure 2-17 Combination wiring and ladder diagram.

to give a clearer understanding of its operation. By follow-
ing the ladder diagram it can be seen that the pilot light is
wired so that it will be on whenever the starter is energized.
The power circuit has been omitted for clarity, since it can
be traced readily on the wiring diagram (heavy lines).

Single-Line Diagrams

A single-line (also called a one-line) diagram uses sym-
bols along with a single line to show all major components
of an electric circuit. Some motor control equipment man-
ufacturers use a single-line drawing, like the one shown in
Figure 2-18, as a road map in the study of motor control
installations. The installation is reduced to the simplest
possible form, yet it still shows the essential requirements
and equipment in the circuit.

Power systems are extremely complicated electrical
networks that may be geographically spread over very
large areas. For the most part, they are also three-phase
networks—each power circuit consists of three con-
ductors and all devices such as generators, transform-
ers, breakers, and disconnects etc. installed in all three
phases. These systems can be so complex that a complete

Supply

Feeder disconnecting means
Feeder overcurrent protection
-<—  Splitter
% Motor branch circuit

disconnecting means

Motor branch circuit
overcurrent protection

Motor branch circuit conductors

{ Motor starter disconnecting means

Remote control

Motor overload protection
Under-voltage protection

Motor disconnecting means

-— Motor overheating protection

Figure 2-18 Single-line diagram of a motor installation.
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Line
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Figure 2-19 Single-line diagram of a power distribution
system.

conventional diagram showing all the connections is
impractical. When this is the case, use of a single-line
diagram is a concise way of communicating the basic
arrangement of the power system’s component. Fig-
ure 2-19 shows a single-line diagram of a small power
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distribution system. These types of diagrams are also
called “power riser” diagrams.

Block Diagrams

A block diagram represents the major functional parts of
complex electrical/electronic systems by blocks rather
than symbols. Individual components and wires are not
shown. Instead, each block represents electrical cir-
cuits that perform specific functions in the system. The
functions the circuits perform are written in each block.
Arrows connecting the blocks indicate the general direc-
tion of current paths.

Figure 2-20 shows a block diagram of a variable-
frequency AC motor drive. A variable-frequency drive
controls the speed of an AC motor by varying the fre-
quency supplied to the motor. The drive also regulates
the output voltage in proportion to the output fre-
quency to provide a relatively constant ratio (volts per
hertz;V/Hz) of voltage to frequency, as required by the
characteristics of the AC motor to produce adequate
torque. The function of each block is summarized as
follows:

* 60-Hz three-phase power is supplied to the rectifier
block.

PART 2 Review Questions

1. What is the main purpose of a wiring diagram?

2. In addition to numbers, what other method can be
used to identify wires on a wiring diagram?

3. What role can a wiring diagram play in the trouble-
shooting of a motor control circuit?

4. List the pieces of information most likely to be
found in the conduit and cable schedule for a motor
installation.

SO

———— > Rectifier Inverter
3-phase 3-phase
60-Hz variable
AC input voltage/frequency
AC output

Figure 2-20 Block diagram of a variable-frequency AC drive.

Photo courtesy Rockwell Automation, www.rockwellautomation.com.

* The rectifier block is a circuit that converts or
rectifies its three-phase AC voltage into a DC
voltage.

¢ The inverter block is a circuit that inverts, or con-
verts, its DC input voltage back into an AC voltage.
The inverter is made up of electronic switches,
which switch the DC voltage on and off to produce
a controllable AC power output at the desired fre-
quency and voltage.

5. Explain the purpose of using a motor wiring dia-
gram in conjunction with a ladder diagram of the
control circuit.

6. What is the main purpose of a single-line
diagram?

7. What is the main purpose of a block diagram?

Explain the function of the rectifier and inverter

blocks of a variable-frequency AC drive.

*

PART 3 Motor Terminal
Connections

Motor Classification

Electric motors have been an important element of our
industrial and commercial economy for over a century.
Most of the industrial machines in use today are driven by
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electric motors. Industries would cease to function with-
out properly designed, installed, and maintained motor
control systems. In general, motors are classified accord-
ing to the type of power used (AC or DC) and the motor’s
principle of operation. The “family tree” of motor types is
quite extensive, as depicted at top of the next page:
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. Capacitor start
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Wound Repuls!on
otor 1 Repulsion start
Repulsion induction
Hysteresis
— Synchronous Reluctance
AC Permanent magnet
motors | |
Wound
rotor
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Design C
Design D
Design F
— Synchronous
In the United States the Institute of Electrical and Elec- Shunt field

tronics Engineers (IEEE) establishes the standards for
motor testing and test methodologies, while the National
Electrical Manufacturers Association (NEMA) prepares
the standards for motor performance and classifications.
Additionally, motors shall be installed in accordance with
Article 430 of the National Electrical Code (NEC).

DC Motor Connections

Industrial applications use DC motors because the speed—
torque relationship can be easily varied. DC motors feature
a speed, which can be controlled smoothly down to zero,
immediately followed by acceleration in the opposite direc-
tion. In emergency situations, DC motors can supply over five
times rated torque without stalling. Dynamic braking (DC
motor-generated energy is fed to a resistor grid) or regenera-
tive braking (DC motor-generated energy is fed back into
the DC motor supply) can be obtained with DC motors on
applications requiring quick stops, thus eliminating the need
for, or reducing the size of, a mechanical brake.

Figure 2-21 shows the symbols used to identify the
basic parts of a direct current (DC) compound motor.

Series field
S1 — Y'Y Y\ S2

Armature

Al A2

Figure 2-21 Parts of a DC compound motor.
Photo © Baldor Electric Company. Reprinted with their permission.
Photo Baldor, www.baldor.com.

The rotating part of the motor is referred to as the arma-
ture; the stationary part of the motor is referred to as
the stator, which contains the series field winding and
the shunt field winding. In DC machines Al and A2
always indicate the armature leads, S1 and S2 indicate
the series field leads, and Fl and F2 indicate the shunt
field leads.

It is the kind of field excitation provided by the field
that distinguishes one type of DC motor from another; the
construction of the armature has nothing to do with the
motor classification. There are three general types of DC
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motors, classified according to the method of field excita-
tion as follows:

* A shunt DC motor (Figure 2-22) uses a compara-
tively high resistance shunt field winding, made up
of many turns of fine wire, connected in parallel
(shunt) with the armature.

* A series DC motor (Figure 2-23) uses a very low resis-
tance series field winding, made up of very few turns
of heavy wire, connected in series with the armature.

* A compound DC motor (Figure 2-24) uses a com-
bination of a shunt field (many turns of fine wire)
in parallel with the armature, and series field (few
turns of heavy wire) in series with the armature.

All connections shown in Figures 2-22, 2-23, and 2-24
are for counterclockwise and clockwise rotation facing the

)

L1

Lgel

L2 L1
Counterclockwise Clockwise
Line 1 Line 2 Line 1 Line 2
F1-A1l F2-A2 F1-A2 F2-A1
F1 F2 F1 F2

Figure 2-22 Standard DC shunt motor connections for
counterclockwise and clockwise rotation.

)

L2 L1
Counterclockwise Clockwise
Line 1 Tie Line 2 Line 1 Tie Line 2
Al A2-S1 S2 A2 Al1-S1 S2

A

L1 A1®A2 S1 A S2 L2

VR

L1 A2®A1 S1 A~ S2 L2

Figure 2-23 Standard DC series motor connections for counterclockwise and

clockwise rotation.

I

o

L2 L1
Counterclockwise Clockwise
Line 1 Tie Line 2 Line 1 Tie Line 2
F1-A1 A2-S1 F2-S2 F1-A2 Al-S1 S2-F2
F1 o~ F2 F1 o~ F2
LA VR
L1—1A1®A2 Sl.....SZ._L2 L1—<A2®A1 Sl,..,..SZ._L2

Figure 2-24 Standard DC compound (cumulative) motor connections for counterclock-
wise and clockwise rotation. For differential compound connection, reverse S1 and S2.
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end opposite the drive (commutator end). One purpose of
applying markings to the terminals of motors according to
a standard is to aid in making connections when a predict-
able rotation direction is required. This may be the case
when improper rotation could result in unsafe operation or
damage. Terminal markings are normally used to tag only
those terminals to which connections must be made from
outside circuits.

The direction of rotation of a DC motor depends on the
direction of the magnetic field and the direction of current
flow in the armature. If either the direction of the field
or the direction of current flow through the armature is
reversed, the rotation of the motor will reverse. However,
if both of these factors are reversed at the same time, the
motor will continue rotating in the same direction.

AC Motor Connections

The AC induction motor is the dominant motor technol-
ogy in use today, representing more than 90 percent of
installed motor capacity. Induction motors are available in
single-phase (1¢) and three-phase (3) configurations, in
sizes ranging from fractions of a horsepower to tens of
thousands of horsepower. They may run at fixed speeds—
most commonly 900, 1200, 1800, or 3600 rpm—or be
equipped with an adjustable-speed drive.

The most commonly used AC motors by far have
a squirrel-cage configuration (Figure 2-25), so named
because of the aluminum or copper squirrel cage imbedded
within the iron laminates of the rotor. There is no physical
electrical connection to the squirrel cage. Current in the

Split-phase
motor

Closed on start

T1
c o

Motor stator

winding
Starting
winding

Enclosure

\\\\

&

Figure 2-25 Three-phase squirrel-cage AC induction motor.
Drawing courtesy Siemens, www.siemens.com.

rotor is induced by the rotating magnetic field of the stator.
‘Wound-rotor models, in which coils of wire turn the rotor
windings, are also available. These are expensive but offer
greater control of the motor’s performance characteristics,
so they are most often used for special torque and accelera-
tion applications and for adjustable-speed applications.

SINGLE-PHASE MOTOR CONNECTIONS

The majority of single-phase AC induction motors are con-
structed in fractional horsepower sizes for 120- to 240-V,
60-Hz power sources. Although there are several types of
single-phase motors they are basically identical except
for the means of starting. The “split-phase motor” is most
widely used for medium starting applications (Figure 2-26).
The operation of the split-motor is summarized as follows:

* The motor has a start and main, or run, winding
which are both energized when the motor is started.

Squirrel-cage rotor

Main

Centrifugal —>
switch

winding

Starting —

Rotor T1 T2

] Symbol

N

Opens on run

2 4 Main
winding

Internal wiring diagram

Figure 2-26 AC split-phase induction mator.

Photo courtesy Grainger, www.grainger.com.
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Figure 2-27 Dual-voltage split-phase motor stator connections.

* The starting winding produces a phase difference to
start the motor and is switched out by a centrifugal
switch as running speed is approached. When the
motor reaches about 75 percent of its rated full load
speed, the starting winding is disconnected from the
circuit.

Split-phase motor sizes range up to about %2 horse-
power. Popular applications include fans, blowers,
home appliances such as washers and dryers, and
tools such as small saws or drill presses where the
load is applied after the motor has obtained its oper-
ating speed.

The motor can be reversed by reversing the leads

to the starting winding or main winding, but not to
both. Generally the industry standard is to reverse
the start winding leads

In a dual-voltage split-phase motor (Figure 2-27), the
running winding is split into two sections and can be con-
nected to operate from a 120-Volt or 240-V source. The
two run windings are connected in series when operated
from a 240-V source, and in parallel for 120-V operation.
The start winding is connected across the supply lines
for low voltage and at one line to the midpoint of the run
windings for high voltage. This ensures that all wind-
ings receive the 120 V they are designed to operate at. To
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reverse the direction of rotation of a dual-voltage split-
phase motor, interchange the two start winding leads.
Dual-voltage motors are connected for the desired voltage
by following the connection diagram on the nameplate.

The nominal dual-voltage split-phase motor rating is
120/240 V. With any type of dual-voltage motor, the higher
voltage is preferred when a choice between voltages is avail-
able. The motor uses the same amount of power and pro-
duces the same amount of horsepower when operating from
a 120-V or 240-V supply. However, as the voltage is doubled
from 120V to 240V, the current is cut in half. Operating the
motor at this reduced current level allows you to use smaller
circuit conductors and reduces line power losses.

Many single-phase motors use a capacitor in series with
one of the stator windings to optimize the phase difference
between the start and run windings for starting. The result
is a higher starting torque than a split-phase motor can pro-
duce. There are three types of capacitor motors: capacitor
start, in which the capacitor phase is in the circuit only
during starting; permanent-split capacitor, in which the
capacitor phases in the circuit for both starting and run-
ning; and two-value capacitor, in which there are dif-
ferent values of capacitance for starting and running. The
permanent-split capacitor motor, illustrated in Figure 2-28,
uses a capacitor permanently connected in series with one
of the stator windings. This design is lower in cost than the



Capacitor

Figure 2-28 Permanent-split capacitor motor.
Photo © Baldor Electric Company. Reprinted with their permission.
Photo Baldor, www.baldor.com.

capacitor-start motors that incorporate capacitor switch-
ing systems. Installations include compressors, pumps,
machine tools, air conditioners, conveyors, blowers, fans,
and other hard-to-start applications.

THREE-PHASE MOTOR CONNECTIONS

The three-phase AC induction motor is the most common
motor used in commercial and industrial applications.
Single-phase larger horsepower motors are not normally
used because they are inefficient compared to three-phase
motors. In addition, single-phase motors are not self-starting
on their running windings, as are three-phase motors.

Large horsepower AC motors are usually three-phase.
All three-phase motors are constructed internally with a
number of individually wound coils. Regardless of how
many individual coils there are, the individual coils will
always be wired together (series or parallel) to produce
three distinct windings, which are referred to as phase A,
phase B, and phase C. All three-phase motors are wired
so that the phases are connected in either wye (Y) or delta
(A) configuration, as illustrated in Figure 2-29.

DUAL-VOLTAGE MOTOR CONNECTIONS

It is common practice to manufacture three-phase motors
that can be connected to operate at different voltage levels.
The most common multiple-voltage rating for three-phase
motors is 208/230/460 V. Always check the motor specifica-
tions or nameplate for the proper voltage rating and wiring
diagram for method of connection to the voltage source.
Figure 2-30 illustrates the typical terminal identifica-
tion and connection table for a nine-lead dual-voltage
wye-connected three-phase motor. One end of each phase
is internally permanently connected to the other phases.
Each phase coil (A, B, C) is divided into two equal parts
and connected in either series for high-voltage opera-
tion or parallel for low-voltage operation. According to
NEMA nomenclature, these leads are marked T1 through
T9. High-voltage and low-voltage connections are given
in the accompanying connection table and motor termi-
nal board. The same principle of series (high-voltage) and

T1 T2 T3

Symbol

Wye (Y) configuration Delta (A) configuration

Figure 2-29 Three-phase wye and delta motor connections.
Photo courtesy Leeson, www.leeson.com.

parallel (low-voltage) coil connections is applied for dual-
voltage wye-delta connected three-phase motors. In all
cases refer to the wiring diagram supplied with the motor
to ensure proper connection for the desired voltage level.

MULTISPEED MOTOR CONNECTIONS

Some three-phase motors, referred to as multispeed motors,
are designed to provide two separate speed ranges. The speed
of an induction motor depends on the number of poles built
into the motor and the frequency of the electrical power sup-
ply. Changing the number of poles provides specific speeds
that correspond to the number of poles selected. The more
poles per phase, the slower the operating rpm of the motor.

Frequency

RPM = 120 x Number of poles

Two-speed motors with single windings can be recon-
nected, using a controller, to obtain different speeds. The
controller circuitry serves to change the connections of the
stator windings. These motors are wound for one speed but
when the winding is reconnected, the number of magnetic
poles within the stator is doubled and the motor speed is
reduced to one-half the original speed. This type of recon-
nection should not be confused with the reconnection of
dual-voltage three-phase motors. In the case of multispeed
motors, the reconnection results in a motor with a different
number of magnetic poles. Three types of single-winding
two-speed motors are available: constant horsepower,
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Voltage | L1 L2 L3 Tie together

Low 1-7 | 2-8 | 39 4-5-6

High 1 2 3 4-7, 5-8, 6-9

T6 I T5 I T4 I T6 T5 T4
T9 T8 T7 T9 T8 T7

T3 T T2 T TlT T3 T2 T1
L3 L2 L1
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Figure 2-30 Dual-voltage wye connections.

T4
T3 T1
L1
T5 T6 L2
T2
L3
Motor windings
Speed | Line wires | Tie together W|nd|ng
connection
Low T1-T2-T3 T4-T5-T6 | 2-parallel Y
High T4-T5-T6 Series A

Connection table

Low-voltage
Wye connection

Sto
1 p

Low

High ) | 5 H L

T1 T2 T3 T6 T4 T5
Typical controller wiring diagram

Figure 2-31 Constant-horsepower two-speed, three-phase mator and controller.

constant torque, and variable torque. Figure 2-31 shows the
connections for a constant-horsepower two-speed, three-
phase motor and controller.

To reverse the direction of rotation of any three-phase wye-
or delta-connected motor, simply reverse or interchange any
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two of the three main power leads to the motor. Standard
practice is to interchange L1 and L3 as illustrated in Fig-
ure 2-32. When you are connecting a motor, the direction of
rotation is usually not known until the motor is started. In this
case, the motor may be temporarily connected to determine



Reverse
L2 T2,
L1 T1,
L3 T3 -

Forward

Figure 2-32 Reversing the direction of rotation of a three-
phase motor.

the direction of rotation before making permanent connec-
tions. In certain applications unintentional reversal of motor
rotation can result in serious damage. When this is the case,
phase failure and phase reversal relays are used to protect
motors, machines, and personnel from the hazards of open-
phase or reversed-phase conditions.

The speed of an AC induction motor depends on two
factors: the number of motor poles and the frequency of
the applied power.

-

.-
-
-
-
-
-
-
-
-
-
-

Figure 2-33 Inverter duty motor.
Courtesy Adlee Powertronic, Ltd., www.adlee.com.

PART 3 Review Questions

1. In what two general ways are motors classified?

2. List three major organizations involved with motor
standards and installation requirements in the
United States.

3. What two DC motor operating features make them
useful for industrial applications?

4. What part of a DC motor is identified by each of the
following lead designations?

a. Al and A2
b. S1 and S2
c. Fl and F2

In variable-frequency motor drives, variable speed of
an induction motor is achieved by varying the frequency
of the voltage applied to the motor. The lower the fre-
quency, the slower the operating rpm of the motor. Stan-
dard induction motors can be detrimentally affected when
operated by variable-frequency drives. “Inverter duty” and
“vector duty” describe a class of motors that are capable
of operation from a variable-frequency drive. Low tem-
perature rise in this class of motor is accomplished with
better insulation systems, additional active material (iron
and copper), and/or external fans for better cooling at low-
speed operation. One type of inverter duty motor is shown
in Figure 2-33. Part of this particular design includes an
independent cooling fan to cool down the motor so that it
can operate within a wide speed range without any heat-
ing problem.

5. List the three general types of DC motors.

6. What two factors determine the direction of rotation
of a DC motor?

7. In what phase configurations are AC induction
motors available?

8. What terms are used to identify the rotating and
stationary parts of an AC induction motor?

9. Describe the construction of and external electrical
connection to the squirrel-cage rotor used in AC
induction motors.
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10. Outline the starting sequence of a split-phase motor.

11. Assume the direction of rotation of a split-phase
motor needs to be reversed. How is this done?

12. A dual-voltage split-phase motor is to be connected
for the lower voltage. What connection of the two
run windings would be used?

13. You have the option of operating a dual-voltage motor
at either the high or the low voltage level. What are the
advantages of operating it at the high voltage level?

14. What is the main advantage of the capacitor motor
over the standard split-phase type?

15. How are the three distinct windings of a three-phase
motor identified?

16. Large horsepower AC motors are usually three-
phase. Why?

17. What two basic configurations are used for the con-
nection of all three-phase motors?

18. According to NEMA nomenclature, how are the leads
of a nine-lead dual-voltage three-phase motor labeled?

19. State the relationship between the speed of a three-
phase induction motor and the number of poles per
phase.

20. Assume the direction of rotation of a three-phase
motor needs to be reversed. How is this done?

21. State the relationship between the speed of a three-
phase induction motor and the frequency of the
power source.

22. Why should inverter-duty AC induction motors be
used in conjunction with variable-frequency motor
drives?

PART 4 Motor Nameplate and
Terminology

The motor nameplate (Figure 2-34) contains important infor-
mation about the connection and use of the motor. An impor-
tant part of making motors interchangeable is ensuring that
nameplate information is common among manufacturers.

NEC Required Nameplate Information

MOTOR MIANUFACTURE

This will include the name and logo of the manufacturer
along with catalog numbers, parts numbers, and model
numbers used to identify a motor. Each manufacturer uses
a unique coding system.

VOLTAGE RATING

Voltage rating is abbreviated V on the nameplate of a motor.
It indicates the voltage at which the motor is designed to
operate. The voltage of a motor is usually determined by
the supply to which it is being attached. NEMA requires
that the motor be able to carry its rated horsepower at
nameplate voltage *=10 percent although not necessarily
at the rated temperature rise. Thus, a motor with a rated
nameplate voltage of 460 V should be expected to operate
successfully between 414 V and 506 V.

The voltage may be a single rating such as 115V or, for
dual-voltage motors, a dual rating such as 115 V/230 V.
Most 115/230-V motors are shipped from the factory con-
nected for 230 V. A motor connected for 115 V that has
230 V applied will burn up immediately. A motor con-
nected for 230 V that has 115 V applied will be a slow-
running motor that overheats and trips out.
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Figure 2-34 Typical motor nameplate.

NEMA standard motor voltages are:

Single-phase motors—115, 230, 115/230, 277, 460,
and 230/460 V

Three-phase motors up to 125 hp—208, 230, 460,
230/460, 575, 2,300, and 4,000 V

Three-phase motors above 125 Hp—460, 575, 2,300,
and 4,000 V

When dealing with motors, it is important to dis-
tinguish between nominal system and nameplate volt-
ages. Examples of the differences between the two are
as follows:



Nominal system voltage Nameplate voltage

120V 115V
208V 200V
240V 230V
480V 460 V
600 V 575V
2,400V 2,300V
4,160V 4,000 V
6,900 V 6,600 V

CURRENT RATING

The nameplate current rating of a motor is abbreviated A
or AMPS. The nameplate current rating is the full-load
current at rated load, rated voltage, and rated frequency.
Motors that are not fully loaded draw less than the rated
nameplate current. Similarly, motors that are overloaded
draw more than the rated nameplate current.

Motors that have dual voltage ratings also have dual cur-
rent ratings. A dual-voltage motor operated at the higher volt-
age rating will have the lower current rating. For example, a
Y2 hp motor rated 115/230 V and 7.4/3.7 A will have a rated
current of 3.7 A when operating from a 230 V supply.

LINE FREQUENCY

The line frequency rating of a motor is abbreviated on the
nameplate as CY or CYC (cycle), or Hz (hertz). A cycle is
one complete wave of alternating voltage or current. Hertz
is the unit of frequency and equals the number of cycles
per second. In the United States, 60 cycles/second (Hz)
is the standard, while in other countries 50 Hz (cycles) is
more common.

PHASE RATING

The phase rating of a motor is abbreviated on the name-
plate as PH. The phase rating is listed as direct current
(DC), single-phase alternating current (1b AC) or three-
phase alternating current (3¢ AC).

MOTOR SPEED

The rated speed of a motor is indicated on the nameplate
in revolutions per minute (rpm). This rated motor speed is
not the exact operating speed, but the approximate speed
at which a motor rotates when delivering rated horse-
power to a load.

The number of poles in the motor and the frequency of
the supply voltage determine the speed of an AC motor.

The speed of a DC motor is determined by the amount of
supply voltage and/or the amount of field current.

AMBIENT TEMPERATURE

The ambient temperature rating of a motor is abbrevi-
ated AMD or DEG on the nameplate of a motor. Ambi-
ent temperature is the temperature of the air surrounding
the motor. In general, maximum ambient temperature for
motors is 40° C or 104° F unless the motor is specifically
designed for a different temperature and indicates so on
its nameplate.

Motors operating at or near rated full load will have
reduced life if operated at ambient temperatures above
their ratings. If the ambient temperature is over 104° F, a
higher-horsepower motor or a special motor designed for
operation at higher ambient temperatures must be used.

TEMPERATURE RISE

A motor’s permissible temperature rise is abbreviated
Deg.C/Rise on the nameplate of the motor. This indicates the
amount the motor winding temperature will increase above
the ambient temperature because of the heat from the current
drawn by the motor at full load. It can also be thought of as
the amount by which a motor operating under rated condi-
tions is hotter than its surrounding temperature.

INSULATION CLASS

Motor insulation prevents windings from shorting to each
other or to the frame of the motor. The type of insulation
used in a motor depends on the operating temperature the
motor will experience. As the heat in a motor increases
beyond the temperature rating of the insulation, the life of
the insulation and of the motor is shortened.

Standard NEMA insulation classes are given by alpha-
betic classifications according to their maximum tem-
perature rating. A replacement motor must have the same
insulation class or a higher temperature rating than the
motor it is replacing. The four major NEMA classifica-
tions of motor insulation are as follows:

Maximum operating

NEMA classification temperatures
A 221° F (105° C)
B 226° F (130° C)
F 311° F (155° C)
H 356° F (180° C)
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DUTY CYCLE

The duty cycle is listed on the motor nameplate as DUTY,
DUTY CYCLE, or TIME RATING. Motors are classified
according to the length of time they are expected to oper-
ate under full load as either continuous duty or intermittent
duty. Continuous duty cycle-rated motors are identified
as CONT on the nameplate, while intermittent-duty cycle
motors are identified as INTER on the nameplate.

Continuous-duty motors are rated to operate contin-
uously without any damage or reduction in the life of
the motor. General-purpose motors will normally be
rated for continuous duty. Intermittent-duty motors are
rated to operate continuously only for short time peri-
ods and then must be allowed to stop and cool before
restarting.

HORSEPOWER RATING

The horsepower rating of the motor is abbreviated on
the nameplate as HP. Motors below 1 horsepower are
referred to as fractional-horsepower motors and motors
1 horsepower and above are called integral-horsepower
motors. The HP rating is a measure of the full load out-
put power the shaft of the motor can produce without
reducing the motor’s operating life. NEMA has estab-
lished standard motor horsepower ratings from 1 hp to
450 hp.

Some small fractional-horsepower motors are rated in
watts (1 hp = 746 W). Motors rated by the International
Electrotechnical Commission (IEC) are rated in kilowatts
(kW). When an application calls for a horsepower falling
between two sizes, the larger size is chosen to provide the
appropriate power to operate the load.

CODE LETTER

An alphabetic letter is used to indicate the National Electric
Code Design Code letter for the motor. When AC motors
are started with full voltage applied, they draw an “inrush”
or “locked-rotor” line current substantially greater than
their full-load running current rating. The value of this
high current is used to determine circuit breaker and fuse
sizes in accordance with NEC requirements. In addition,
the starting current can be important on some installations
where high starting currents can cause a voltage dip that
might affect other equipment.

Motors are furnished with a code letter on the name-
plate that designates the locked-rotor rating of the motor
in kilovolt-amperes (kVA) per nameplate horsepower.
Code letters from A to V are listed in Article 430 of the
National Electrical Code. As an example, an M rating
allows for 10.0 to 11.19 kVA per horsepower.
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Code kVA/hp Code kVA/hp

A 0-3.14 L 9.0-9.99
B 3.15-3.54 M 10.0-11.19
C 3.55-3.99 N 11.2-12.49
D 4.0-4.49 P 12.5-13.99
E 4.5-4.99 R 14.0-15.99
F 5.0-5.59 S 16.0-17.99
G 5.6-6.29 T 18.0-19.99
H 6.3-7.09 u 20.0-22.39
J 7.1-7.99 \% 22.4& Up
K 8.0-8.99

Code Letters

DESIGN LETTER

The design letter is an indication of the shape of the motor’s
torque—speed curve. The most common design letters are
A,B,C,D, and E.

Design B is the standard industrial-duty motor, which has
reasonable starting torque with moderate starting current and
good overall performance for most industrial applications.

Optional Nameplate Information

SERVICE FACTOR

Service factor (abbreviated SF on the nameplate) is a mul-
tiplier that is applied to the motor’s normal horsepower
rating to indicate an increase in power output (or overload
capacity) that the motor is capable of providing under cer-
tain conditions. For example, a 10-hp motor with a service
factor of 1.25 safely develops 125 percent of rated power,
or 12.5 hp. Generally, electric motor service factors indi-
cate that a motor can:

¢ Handle a known overload that is occasional.

* Provide a factor of safety where the environment or
service condition is not well defined, especially for
general-purpose electric motors.

* Operate at a cooler-than-normal temperature at
rated load, thus lengthening insulation life.

Common values of service factor are 1.0, 1.15, and
1.25. When the nameplate does not list a service factor, a
service factor of 1.00 is assumed. In some cases the run-
ning current at service factor loading is also indicated on
the nameplate as service factor amperes (SFA).

MOTOR ENCLOSURE

The selection of a motor enclosure depends on the ambi-
ent temperature and surrounding conditions. The two
general classifications of motor enclosures are open and
totally enclosed. An open motor has ventilating openings,
which permit passage of external air over and around the
motor windings. A totally enclosed motor is constructed



to prevent the free exchange of air between the inside and
outside of the frame, but not sufficiently enclosed to be
termed airtight.

FRAME SIZE

Refers to a set of physical dimensions of motors as estab-
lished by NEMA and IEC. Frame sizes include physical size,
construction, dimensions, and certain other physical charac-
teristics of a motor. When you are changing a motor, select-
ing the same frame size regardless of manufacturer ensures
the mounting mechanism and hole positions will match.

Dimensionally, NEMA standards are expressed in
English units and IEC standards are expressed in metric
units. NEMA and IEC standards both use letter codes to
indicate specific mechanical dimensions, plus number
codes for general frame size.

EFFICIENCY

Efficiency is included on the nameplate of many motors.
The efficiency of a motor is a measure of the effective-
ness with which the motor converts electrical energy
into mechanical energy. Motor efficiency varies from the
nameplate value depending on the percentage of the rated
load applied to the motor. Most motors operate near their
maximum efficiency at rated load.

Energy-efficient motors, also called premium or high-
efficiency motors, are 2 to 8 percent more efficient than
standard motors. Motors qualify as “energy efficient”
if they meet or exceed the efficiency levels listed in the
NEMA'’s MG1 publication. Energy-efficient motors owe
their higher performance to key design improvements and
more accurate manufacturing tolerances.

POWER FACTOR

The letters P.F. when marked on the nameplate of motors
stand for power factor. The power factor rating of a motor
represents the motor’s power factor at rated load and volt-
age. Motors are inductive loads and have power factors
less than 1.0, usually between 0.5 and 0.95, depending
on their rated size. A motor with a low power factor will
draw more current for the same horsepower than a motor
with a high power factor. The power factor of induction
motors varies with load and drops significantly when the
motor is operated at below 75 percent of full load.

THERMAL PROTECTION

Thermal protection, when marked on the motor nameplate,
indicates that the motor was designed and manufactured
with its own built-in thermal protection device. There are
several types of protective devices that can be built into
the motor and used to sense excessive (overload) tempera-
ture rise and/or current flow. These devices disconnect the

motor from its power source if they sense the overload to
prevent damage to the insulation of the motor windings.

The primary types of thermal overload protectors include
automatic and manual reset devices that sense either current
or temperature. With automatic-reset devices, after the motor
cools, this electrical circuit-interrupting device automati-
cally restores power to the motor. With manual reset devices,
the electrical circuit-interrupting device has an external but-
ton located on the motor enclosure that must be manually
pressed to restore power to the motor. Manual reset protection
should be provided where automatic restart of the motor after
it cools down could cause personal injury should the motor
start unexpectedly. Some low-cost motors have no internal
thermal protection and rely on external protection between
the motor and the electrical power supply for safety.

CONNECTION DIAGRAMS

Connection diagrams can be found on the nameplate of
some motors, or the diagram may be located inside the
motor conduit box or on a special connection plate. The
diagram will indicate the specific connections for dual-
voltage motors. Some motors can operate in either direc-
tion, depending on how the connections to the motor
are made, and this information may also be given on the
nameplate.

Guide to Motor Terminology

Terminology is of the utmost importance in understand-
ing electrical motor control. Common motor control terms
are listed below. Each of these terms will be discussed in
detail as they are encountered in the text.

Across-the-line A method of motor starting. Con-
nects the motor directly to the supply line on starting
or running. (Also called full voltage.)

Automatic starter A self-acting starter. Completely
controlled by the master or pilot switch or some other
sensing device.

Auxiliary contact The contact of a switching device
in addition to the main circuit contacts. Operated by
the contactor or starter.

Contactor A type of relay used for power switching.

Jog Momentary operation. Small movement of a
driven machine.

Locked-rotor current Measured current with the
rotor locked and with rated voltage and frequency
applied to the motor.

Low-voltage protection (LVP) Magnetic control
only; not automatic restarting. A three-wire control.
A power failure disconnects service; when power is
restored, manual restarting is required.
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Low-voltage release (LVR) Magnetic control only;
automatic restarting. A two-wire control. A power
failure disconnects service; when power is restored,
the controller automatically restarts.

Magnetic contactor A contactor that is operated
electromechanically.

Multispeed starter An electric controller with two
or more speeds (reversing or nonreversing) and full or
reduced voltage starting.

Overload relay Running overcurrent protection. Oper-
ates on excessive current. It does not necessarily provide
protection against a short circuit. It causes and maintains
interruption of the motor from a power supply.
Plugging Braking by reverse rotation. The motor
develops retarding force.

Push button A master switch that is a manually
operable plunger or button for actuating a device,
assembled into pushbutton stations.

Reduced voltage starter Applies a reduced supply
voltage to the motor during starting.

Relay Used in control circuits and operated by

a change in one electrical circuit to control a

PART 4 Review Questions

1. Interpret what each of the following pieces of name-
plate information specifies:

Voltage rating

. Current rating

Phase rating

. Motor speed

Ambient temperature

Temperature rise

. Insulation class

. Duty cycle

Horsepower rating

Code letter

. Design letter

2. List three applications where a motor service factor
greater than 1.0 may be desirable.

FTOE DG R0 A0 o

3. What factors enter into the selection of a proper
motor enclosure?

4. Why is it important to consider the frame size when
you are replacing a motor?

5. To what do energy-efficient motors owe their higher
efficiency levels?

device in the same circuit or another circuit.
Ampere rated.

Remote control Controls the function initiation or
change of electrical device from some remote point.

Selector switch A manually operated switch that has
the same construction as push buttons, except that rotat-
ing a handle actuates the contacts. The rotating cam
may be arranged with incremental indices so that multi-
ple positions can be used to select exclusive operations.

Slip The difference between the actual speed (motor
rpm) and synchronous speed (rotation of the magnetic
field).

Starter An electric controller used to start, stop, and
protect a connected motor.

Timer A pilot device, also considered a timing
relay, that provides an adjustable time period to per-
form its function. It can be motor driven, solenoid
actuated, or electronically operated.

Torque The twisting or turning force that causes an
object to rotate. There are two types of torque that are
considered for looking at motors: starting torque and
running torque.

6. In what way does the power factor rating of a given
horsepower motor affect its operating current?

7. A motor nameplate indicates that the motor has
thermal protection. What exactly does this mean?

8. State the correct motor terminology used to describe
each of the following:

a. The current drawn by a motor at standstill with
rated voltage and frequency applied.

b. The twisting or turning force of a motor.

c. The difference in speed between the rotation of
the magnetic field of a motor and the rotation of
the rotor shaft.

d. A device that provides an adjustable time period
to perform a function.

e. Used in control circuits and operated by a change
in one electrical circuit to control a device in the
same circuit or another circuit.

f. Running overcurrent motor protection.

g. Braking a motor by reversing its direction of
rotation.

h. Applies a reduced voltage to the motor during
starting.
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PART 5 Manual and Magnetic
Motor Starters

Manual Starter

Manual motor starters are a very basic way to supply
power to a motor. A manual control circuit is a circuit that
requires the operator to control the motor directly at the
location of the starter. Figure 2-35 shows an example of
a three-phase manual-start motor control circuit. The dot-
ted line across the contacts designates a manual starter (as
opposed to a magnetic starter). Incoming power supply
wires (L1, L2, and L.3) connect to the top of the contacts,
and the opposite sides of the contacts are connected to
the overload heater elements. The motor terminal connec-
tions (T1, T2, and T3) connect to the 3¢ motor.

Manual starters are operated by the manual start/stop
mechanism located on the front of the starter enclosure.
The start/stop mechanism moves all three contacts at once
to close (start) or open (stop) the circuit to the motor. The
National Electrical Code requires that a starter not only
turn a motor on and off but also protect it from overloads.
The three thermal overload protective devices are installed
to mechanically trip open the starter contacts when an
overload condition is sensed. Manual three-phase start-
ers are used in low horsepower applications such as drill
presses and table saws where remote pushbutton control
is not required.

Magnetic Starter

Magnetic motor starters allow a motor to be controlled
from any location. Figure 2-36 shows a typical three-
phase across-the-line (full-voltage) magnetic starter. The

Contacts

i

O Overload
heater
elements

T3

Figure 2-35 Manual motor starter.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

26

T1

Figure 2-36 Typical three-phase, across-the-line (full-
voltage) magnetic starter.
Phaoto courtesy Rockwell Automation, www.rockwellautomation.com.

line terminals, load terminals, motor starter coil, overload
relays, and auxiliary holding contact are shown. When the
starter coil is energized, the three main contacts as well
as the holding contact close. Should an overload condi-
tion occur, the normally closed OL relay contact would
open. In addition to the power circuit, the manufacturer
provides some control circuit wiring. In this case the
prewired control circuit wiring consists of two connec-
tions to the starter coil. One side of the starter coil is fac-
tory wired to the overload relay contact and the other side
to the holding contact.

Magnetic motor control circuits are divided into two
basic types: the two-wire control circuit, and the three-
wire control circuit. Two-wire control circuits are designed
to start or stop a motor when a remote control device such
as a thermostat or pressure switch is activated or deacti-
vated. Figure 2-37 shows a typical two-wire control cir-
cuit. Notice that the circuit has only two wires leading
from the control device to the magnetic starter. The starter
operates automatically in response to the state of the con-
trol device without the assistance of an operator. When
the contacts of the control device close, power is supplied
to the starter coil, causing it to energize. As a result, the
motor is connected to the line through the power contacts.
The starter coil is deenergized when the contacts of the
control device open, switching the motor off.

The two-wire control systems provide low-voltage
release but not low-voltage protection. They use a main-
tained rather than a momentary-contact type of control
device. If the motor is stopped by a power interruption,
the starter deenergizes (low-voltage release), but also
reenergizes if the control device remains closed when
the circuit has power restored. Low-voltage protection is
not provided, as there is no way for the operator to be
automatically protected from the circuit once power has
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Two wires

N
&

Wiring diagram

Remote pressure
control switch

Ladder control diagram

L1 L2
1 3 oL
Switch

Figure 2-37 Two-wire control circuit.
Phato courtesy Honeywell, www.honeywell.com.

been restored. Two-wire control circuits are used to auto-
matically operate machinery where the automatic restart-
ing characteristic is desirable and there is no danger of
persons being injured if the equipment should suddenly
restart after a power failure. Sump pumps and refrigera-
tor compressor controls are two common applications for
two-wire control systems.

Three-wire control provides low-voltage protection. The
starter will drop out when there is a voltage failure, but it
will not pick up automatically when voltage returns. Three-
wire control uses a momentary-contact control device and
a holding circuit to provide the power failure protection.
Figure 2-38 shows a typical three-wire control circuit. The
operation of the circuit can be summarized as follows:

* Three-wires are run from the start/stop pushbutton
station to the starter.

* The circuit uses a normally closed (NC) stop push
button wired in series with the parallel combination
consisting of normally open (NO) start push button
and normally open holding contact (M).

* When the momentary-contact start button is closed,
line voltage is applied to the starter coil to energize it.

* The three main M contacts close to apply voltage to
the motor.

* The auxiliary M contact closes to establish a circuit
around the start button.
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Wiring diagram
Three wires L1 L2 L3

Start _ 3
N M
._____: oL

Ladder control diagram

L1 Start L2
StOp oL
1 —O O—¢
2 .3
]
M

(holding contact)

Figure 2-38 Three-wire control circuit.

This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.

¢ When the start button is released, the starter coil
remains energized by the closed M auxiliary con-
tact (also known as the holding, seal-in, or memory
contact) and the motor will continue to operate.

* When the momentary-contact stop button is opened,
all voltage to the starter coil is lost. The main con-
tacts are opened along with the holding contact and
the motor stops.

* The starter drops out at low or no voltage and can-
not be reenergized unless line voltage returns and
the start button is closed.

Basically, three-wire control uses a maintaining circuit
consisting of a holding contact wired in parallel with a
start button. When the starter drops out, the holding con-
tact opens and breaks the circuit to the coil until the start
button is pressed to restart the motor. In the event of a
power failure, the maintaining circuit is designed to pro-
tect against automatic restarting when the power returns.
This type of protection must be used where accidents or
damage might result from unexpected starts. All devices
that start the circuit are connected while those that stop
the circuit are connected in series.
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1. How are the contacts of a manual motor starter 3. Power is lost and then returned to a two-wire motor
closed and opened? control circuit. What will happen? Why?

2. One advantage of the magnetic motor starter over 4. Trace the current path of the holding circuit found
manual types is that it allows a motor to be controlled in a three-wire motor control circuit.
from any location. What makes this possible?

TROUBLESHOOTING SCENARIOS

Heat is the greatest enemy of a motor. Discuss in
what way nonadherence to each of the following
motor nameplate parameters could cause a motor
to overheat: (a) voltage rating; (b) current rating;
(c) ambient temperature; (d) duty cycle.

Two identical control relay coils are incorrectly
connected in series instead of parallel across a
230-V source. Discuss how this might affect the
operation of the circuit.

A two-wire magnetic motor control circuit control-
ling a furnace fan uses a thermostat to automatically
operate the motor on and off. A single-pole switch

is to be installed next to the remote thermostat and
wired so that, when closed, it will override the auto-
matic control and allow the fan to operate at all times
regardless of the thermostat setting. Draw a ladder
control diagram of a circuit that will accomplish this.

A three-wire magnetic motor control circuit uses
a remote start/stop pushbutton station to operate
the motor on and off. Assume the start button is
pressed but the starter coil does not energize. List
the possible causes of the problem.

How is the control voltage obtained in most motor
control circuits?

L

— DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

—

Why are contacts from control devices placed only
in series with loads?

Record all the nameplate data for a given motor and
write a short description of what each item specifies.

Search the Internet for electric motor connection
diagrams. Record all information given for the con-
nection of the following types of motors:

Assume you have to purchase a motor to replace
the one with the specifications shown below. Visit
the website of a motor manufacturer and report
on the specifications and price of a replacement
motor.

Horsepower 10
Voltage 200
Hertz 60
Phase 3
Full-load amperes 33
RPM 1725
Frame size 215T
Service factor 115
Rating 40C AMB-CONT
Locked rotor code J
NEMA design code B
Insulation class B
Full-load efficiency 85.5
Power factor 76
Enclosure OPEN

a. DC compound motor

b. AC single-phase dual-voltage induction
motor

c. AC three-phase two-speed induction motor

The AC squirrel-cage induction motor is the domi-
nant motor technology in use today. Why?

Discussion Topics 39




Transformers transfer electric energy from one
electric circuit to another by means of elec-
tromagnetic mutual induction. In its broadest
sense, a distribution system refers to the man-
ner in which electrical energy is transmitted
from the generators to its many points of use.
In this chapter we will study the role that trans-
formers play in motor power distribution and
control systems.

PART 1 Power Distribution
Systems

Transmission Systems

The central-station system of power generation
and distribution enables power to be produced
at one location for immediate use at another
location many miles away. Transmitting large
amounts of electric energy over fairly long dis-
tances is accomplished most efficiently by using

Motor Transformers and
Distribution Systems

Chapter Objectives

This chapter will help you to:

1.  Understand the principles that are used to effi-
ciently transmit power from the power generat-
ing plant to the customer.

2. Recognize the different sections and functions
of a unit substation.

3. Differentiate between the service entrance,
feeders, and branch circuits of the electrical
distribution system within a building.

4. Be familiar with the function and types of race-
ways used in electrical distribution systems.

5. Explain the function of switchboards, panel-
boards, and motor control centers.

6. Understand the theory of operation of a
transformer.

7.  Properly connect single-phase and three-phase
transformers as part of a motor power and
control circuit.

’df.com



345,000-V
High-voltage
transmission grid
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Power Step-up Step-down Commercial/
generating  transformer transformer  industrial
station customer

Figure 3-1 Transformation stages of a power distribution
system.

high voltages. Figure 3-1 illustrates the typical transforma-
tion stages through which the distribution system must go
in delivering power to a commercial or industrial user.

Without transformers the widespread distribution of
electric power would be impractical. Transformers are
electrical devices that transfer energy from one electrical
circuit to another by magnetic coupling. Their purpose in
a power distribution system is to convert AC power at one
voltage level to AC power of the same frequency at another
voltage level. High voltages are used in transmission lines
to reduce the amount of current flow. The power transmit-
ted in a system is proportional to the voltage multiplied
by the current. If the voltage is raised, the current can be
reduced to a smaller value, while still transmitting the
same amount of power. Because of the reduction of current
flow at high voltage, the size and cost of wiring are greatly
reduced. Reducing the current also minimizes voltage drop
(IR) and amount of power lost (/ 2R) in the lines.

The circuits of Figure 3-2 illustrate how the use of
high voltage reduces the required amount of transmission

10,000 W 10,000 W
100 A
Power Transmission at 100-V level Customer
generating
plant
10,000 W 10,000 W

L

Step-up 1A Step-down
transformer transformer

Transmission at 10,000-V level

Figure 3-2 High voltage reduces the required amount of
transmission current required.

current required for a given load. Their operation is sum-
marized as follows:

* 10,000 W of power is to be transmitted.

* When transmitted at the 100-V level, the required
transmission current would be 100 A:

P=VXI=100V X 100 A = 10,000 W

* When the transmission voltage is stepped up to
10,000V, a current flow of only 1 A is needed to
transmit the same 10,000 W of power:

P=VXI=10,000V X 1A = 10,000 W

There are certain limitations to the use of high volt-
age in power transmission and distribution systems. The
higher the voltage, the more difficult and expensive it
becomes to safely insulate between line wires, as well
as from line wires to ground. The use of transformers in
power systems allows generation of electricity at the most
suitable voltage level for generation and at the same time
allows this voltage to be changed to a higher and more
economical voltage for transmission. At the load centers
transformers allow the voltage to be lowered to a safer
voltage and more suitable voltage for a particular load.

Power grid transformers, used to step up or step down
voltage, make possible the conversion between high and
low voltages and accordingly between low and high cur-
rents (Figure 3-3). By use of transformers, each stage
of the system can be operated at an appropriate voltage
level. Single-phase three-wire power is normally supplied
to residential customers, while three-phase power is sup-
plied to commercial and industrial customers.

Unit Substations

Electric power comes off the transmission lines and is
stepped down to the distribution lines. This may happen in
several phases. The place where the conversion from trans-
mission to distribution occurs is in a power substation. It
has transformers that step transmission voltage levels down
to distribution voltage levels. Basically a power substation
consists of equipment installed for switching, changing, or
regulating line voltages. Substations provide a safe point in
the electricity grid system for disconnecting the power in

High-voltage Low-voltage
power lines power lines
High-voltage, Low-voltage,
low-current high-current
winding winding

Figure 3-3 Power grid transformer.
Photo courtesy ABB, www.abb.com.
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Figure 3-4 Factory assembled unit substation.
This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.

the event of trouble, as well as a convenient place to take
measurements and check the operation of the system.

The power needs of some users are so great that they are
fed through individual substations dedicated to them. These
secondary unit substations form the heart of an industrial
plant’s or commercial building’s electrical distribution.
They receive the electric power from the electric utility and
step it down to the utilization voltage level of 600 V nom-
inal or less for distribution throughout the building. Unit
substations offer an integrated switchgear and transformer
package. A typical unit substation is shown in Figure 3-4.
Substations are factory assembled and tested and therefore
require a minimum amount of labor for installation at the
site. The unit substation is completely enclosed on all sides
with sheet metal (except for the required ventilating open-
ings and viewing windows) so that no live parts are exposed.
Access within the enclosure is provided only through inter-
locked doors or bolted-on removable panels.

The single-line diagram for a typical unit substation is
illustrated in Figure 3-5. It consists of the following sections:

High-voltage primary switchgear—This section
incorporates the terminations for the primary feeder
cables and primary switchgear, all housed in one
metal-clad enclosure.

Transformer section—This section houses the trans-
former for stepping down the primary voltage to the
low-voltage utilization level. Dry-type, air-cooled
transformers are universally used because they do not
require any special fireproof vault construction.
Low-voltage distribution section—This switchboard
section provides the protection and control for the
low-voltage feeder circuits. It may contain fusible
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Figure 3-5 Single-line diagram for a typical unit substation.

switches or molded-case circuit breakers in addition
to metering for the measurement of voltage, cur-

rent, power, power factor, and energy. The secondary
switchgear is intended to be tripped out in the event
of overload or faults in the secondary circuit fed from
the transformer; the primary gear should trip if a short
circuit or ground fault occurs in the transformer itself.

Before attempting to do any work on a unit substation,
first the loads should be disconnected from the trans-
former and locked open. Then the transformer primary
should be disconnected, locked out, and grounded tempo-
rarily if over 600 V.

Distribution Systems

Distribution systems used to distribute power throughout
large commercial and industrial facilities can be complex.
Power must be distributed through various switchboards,
transformers, and panelboards (Figure 3-6) without any
component overheating or unacceptable voltage drops.
This power is used for such applications as lighting, heat-
ing, cooling, and motor-driven machinery.

The single-line diagram for a typical electrical distribu-
tion system within a large premise is shown in Figure 3-7.
Typically the distribution system is divided into the fol-
lowing sections:

Service entrance—This section includes conductors
for delivering energy from the electricity supply sys-
tem to the premises being served.

Feeders—A feeder is a set of conductors that origi-
nates at a main distribution center and supplies one or
more secondary or branch circuit distribution centers.
This section includes conductors for delivering the
energy from the service equipment location to the final
branch circuit overcurrent device; this protects each
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turn needs its own properly coordinated overcurrent
protection in the form of a circuit breaker or fused
switch.

Correct selection of conductors for feeders and branch
circuits must take into account ampacity, short-circuit, and
voltage-drop requirements. Conductor ampacity refers to
the maximum amount of current the conductor can safely
carry without becoming overheated. The ampacity rat-
ing of conductors in a raceway depends on the conductor
material, gauge size, and temperature rating; the number
of current-carrying conductors in the raceway; and the
ambient temperature.

The National Electrical Code (NEC) contains tables
that list the ampacity for approved types of conductor size,
insulation, and operating conditions. NEC rules regarding
specific motor installations will be covered throughout the
text. Installers should always follow the NEC, applicable
state and local codes, manufacturers’ instructions, and
project specifications when installing motors and motor
controllers.

All conductors installed in a building must be properly
protected, usually by installing them in raceways. Race-
ways provide space, support, and mechanical protection
for conductors, and they minimize the hazards from elec-
tric shocks and electric fires. Commonly used types of
raceways found in motor installations are illustrated in
Figure 3-8 and include:

Conduits—Conduits are available in rigid and flex-
ible, metallic and nonmetallic types. They must be

~— Rigid conduit ==

<— Flexible conduit (I

Busway sections
bolted together

Rigid and flexible conduit

Plug-in type busway '

Cable trays

Figure 3-8 Common types of raceways.

Busway photos courtesy Siemens, www.siemens.com. Cable tray photo cour-
tesy of Hyperline Systems (www.hyperline.com). The copyrights are owned by
the Hyperline Systems or the original creator of the material.
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properly supported and have sufficient access points
to facilitate the installation of the conductors. Con-
duits must be large enough to accommodate the num-
ber of conductors, based generally, on a 40 percent
fill ratio.

Cable trays—Cable trays are used to support feeder
cables where a number of them are to be run from the
same location. They consist of heavy feeder conduc-
tors run in troughs or trays.

Low-impedance busways (bus duct)—The busways
are used in buildings for high-current feeders. They
consist of heavy bus bars enclosed in ventilated ducts.
Plug-in busways—These busways are used for over-
head distribution systems. They provide convenient
power tap-offs to the utilization equipment.

Switchboards and Panelboards

The Code defines a switchboard as a single panel or group
of assembled panels with buses, overcurrent devices, and
instruments. Figure 3-9 shows a typical combination
service entrance and switchboard installed in a com-
mercial building. The service entrance is the point where

- @ = - =
N = -

- LS

=l B

Figure 3-9 Combination service entrance switchboard.
Photos courtesy Siemens, www.siemens.com.
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Branch circuit
feeders
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Panelboard

_—Wall mounted

_— Main feeder
from switchboard

Figure 3-10 Typical panelboard installations.
This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.

electricity enters the building. The switchboard has the
space and mounting provisions required by the local util-
ity for metering its equipment and incoming power. The
switchboard also controls the power and protects the dis-
tribution system through the use of switches, fuses, circuit
breakers, and protective relays. Switchboards that have
more than six switches or circuit breakers must include a
main switch to protect or disconnect all circuits.

A panelboard contains a group of circuit breaker or
fuse protective devices for lighting, convenience recep-
tacles, and power distribution branch circuits (Fig-
ure 3-10). Panelboards (sometimes referred to as load
centers) are placed in a cabinet or cutout box, which is
accessible only from the front, and have dead fronts. A
dead front is defined in the Code as having no exposed
live parts on the operating side of the equipment. The
panelboard is usually supplied from the switchboard
and further divides the power distribution system into
smaller parts. Panelboards make up the part of the dis-
tribution system that provides the last centrally located
protection for the final power run to the load and its con-
trol circuitry. Panelboards suitable as service equipment
are so marked by the manufacturer.

480V
480V

o e

480V

Neutral bus
[GIOICIOIOIOICIO[O[OIO[OOI0]
— T

<0 O—e9e—O0 1 0—>
<0 O O ! 0—>
— —~
-0 O O O—>
™ —
~613 § o>
-0, 0 O O—>
— —
-0 O O O—>

Figure 3-11 Wiring for a 277/480-V, three-phase, four-
wire panelboard.

Figure 3-11 shows the typical internal wiring for a
277/480-V, three-phase, four-wire panelboard equipped
with circuit breakers. This popular system used in indus-
trial and commercial installations is capable of supplying
both three-phase and single-phase loads. From neutral (N)
to any hot line, 277 V single-phase for fluorescent light-
ing can be obtained. Across the three hot lines (A-B-C)
480V three-phase is present for supplying motors.

The proper grounding and bonding of electrical distri-
bution systems in general and panelboards in particular
are very important. Grounding is the connection to earth,
while bonding is the connection of metal parts to provide
a low impedance path for fault current to aid in clearing
the overcurrent protection device and to remove danger-
ous current from metal that is likely to become energized.
The main bonding jumper gives you system grounding. If
a transformer is immediately upstream of the panelboard,
you must bond the neutral bus or neutral conductor to the
panel enclosure and to a (bare) grounding-electrode con-
ductor as illustrated in Figure 3-12.

The Code requires the panelboard cabinets, frames,
and the like to be connected to an equipment grounding
conductor, not merely grounded. A separate equipment
grounding terminal bar must be installed and bonded to
the panelboard for the termination of feeder and branch
circuit equipment grounding conductors (Figure 3-13).
The equipment grounding bus is noninsulated and is
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Figure 3-12 Panelboard grounding and bonding.

Equipment grounding
bus connects directly
to metal enclosure

Figure 3-13 Equipment grounding bus.
This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.

mounted inside the panelboard and connects directly to
the metal enclosure.

A busbar can be defined as a common connection for
two or more circuits. The Code requires that busbars be
located so as to be protected from physical damage and
held firmly in place. Three-phase busbars are required to
have phases in sequence so that an installer can have the
same fixed phase arrangement in each termination point in
any panel or switchboard. As established by NEMA, the
phase arrangement on three-phase buses shall be A, B, C
front to back, top to bottom, or left to right as viewed from
the front of the switchboard or panelboard (Figure 3-14).

Panelboards are classified as main breaker or main lug
types. Main breaker—type panelboards have the incoming
supply cables connected to the line side of a circuit breaker,
which in turn feeds power to the panelboard. The main
breaker disconnects power from the panelboard and pro-
tects the system from short circuits and overloads. A main
lug panelboard does not have a main circuit breaker. The
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e
I c

Front to back Top to bottom Left to right

Figure 3-14 Phase arrangement on 3-phase buses.

incoming supply cables are connected directly to the busbars.
Primary overload protection is not provided as an integral
part of the panelboard. It must be externally provided. Nor-
mally panelboard circuit terminals are required to be labeled
or to have a wiring diagram. One scheme (sometimes called
NEMA numbering) uses odd numbers on one side and even
on the other, as illustrated in Figure 3-15.

L1L2L3

11— TN

3—" 1

5—" > ~—6

7—" ~—38

9—" ~—10
1 —" > T—12
13— 14
15— T —16
17 —" > ~~—18

Main lug only

Typical terminal numbering

Figure 3-15 Panelboard configurations.
Photos courtesy Siemens, www.siemens.com.
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Motor Control Centers (IVICCs)

At times a commercial or industrial installation will require
that many motors be controlled from a central location.
When this is the case, the incoming power, control circuitry,
required overload and overcurrent protection, and any trans-
formation of power are combined into one convenient cen-
ter. This center is called the motor control center.

A motor control center is a modular structure designed
specifically for plug-in type motor control units. Figure 3-16
illustrates a typical motor control center made up of a
compact floor-mounted assembly, composed principally of
combination motor starters that contain a safety switch and
magnetic starter placed in a common enclosure. The con-
trol center is typically constructed with one or more verti-
cal sections, with each section having a number of spaces
for motor starters. The sizes of the spaces are determined
by the horsepower ratings of the individual starters. Thus,
a starter that will control a 10-hp motor will take up less
room than a starter that will control a 100-hp motor.

A motor control center is an assembly primarily of
motor controllers having a common bus. The structure
supports and houses control units, a common bus for dis-
tributing power to the control units, and a network of wire

Figure 3-16 Typical motor control center.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

troughs for accommodating incoming and outgoing load
and control wires. Each unit is mounted in an individual,
isolated compartment having its own door. Motor control
centers are not limited to housing just motor starters but
can typically accommodate many unit types as illustrated
in Figure 3-17. These may include:

* Contactors
* Full-voltage nonreversing NEMA and IEC starters

Full-voltage
nonreversing starter

Soft starter

Programmable logic
controller (PLC)

Figure 3-17 Typical motor control center unit types.
Photos courtesy Rockwell Automation, www.rockwellautomation.com.

Full-voltage
reversing starter

Variable-
frequency drive
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 Full-voltage reversing NEMA and IEC starters
* Soft starters

* AC variable-frequency drives

* Programmable logic controllers (PLCs)

* Solid-state motor controllers

PART 1 Review Questions

1. a. Why are high voltages used for transmitting elec-
tric power over long distances?
b. What limitation is there to the use of high-voltage
transmission systems?

2. a. If 1 MW of electric power is to be transmitted
at a voltage of 100 V, calculate the amount of
current the conductors would be required to
carry.

b. Calculate the amount of conductor current flow
for the same amount of power and a transmission
voltage of 100,000 V.

3. Compare the type of AC power normally supplied to

residential customers with that supplied to commer-

cial and industrial customers.

e Transformers

* Analog or digital metering
¢ Feeder circuit breakers

¢ Feeder fusible disconnects

4. a. Outline the basic function of a unit substation.
b. What three separate sections are contained within
a typical unit substation?
5. List three factors taken into account in selecting
conductors for feeders and branch circuits.
6. When motors and motor controllers are installed,
what regulations must be followed?
7. a. What types of conduit raceways are commonly
used in motor installations?
b. List several installation requirements for conduit
runs.
8. Compare the function of a switchboard, panelboard,
and motor control center as part of the electrical
distribution system.

PART 2 Transformer Principles

Transformer Operation

A transformer is used to transfer AC energy from one cir-
cuit to another. The two circuits are coupled by a magnetic
field that is linked to both instead of a conductive electri-
cal path. This transfer of energy may involve an increase
or decrease in voltage, but the frequency will be the same
in both circuits. In addition, a transformer doesn’t change
power levels between circuits. If you put 100 VA into a
transformer, 100 VA (minus a small amount of losses)
comes out. The average efficiency of a transformer is well
over 90 percent, in part because a transformer has no mov-
ing parts. A transformer can be operated only with AC
voltage because no voltage is induced if there is no change
in the magnetic field. Operating a transformer from a con-
stant DC voltage source will cause a large amount of DC
current to flow, which can destroy the transformer.
Figure 3-18 illustrates a simplified version of a single-
phase (1¢) transformer. The transformer consists of two
electrical conductors, called the primary winding and the
secondary winding. The primary winding is fed from a
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varying alternating current, which creates a varying mag-
netic field around it. According to the principle of mutual
inductance, the secondary winding, which is in this vary-
ing magnetic field, will have a voltage induced into it. In
its most basic form a transformer is made up of the:

* Core, which provides a path for the magnetic lines
of force.

* Primary winding, which receives energy from the
source.

* Secondary winding, which receives energy from
the primary winding and delivers it to the load.

* Enclosure, which protects the components from
dirt, moisture, and mechanical damage.

The essentials that govern the operation of a trans-
former are summarized as follows:

* If the primary has more turns than the secondary,
you have a step-down transformer that reduces the
voltage.

 If the primary has fewer turns than the secondary,
you have a step-up transformer that increases the
voltage.

Motor Transformers and Distribution Systems
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Figure 3-18 Simplified version of a single-phase (1@) transformer.
Photo courtesy Acme Electric Corporation, www.acmepowerdist.com.

* If the primary has the same number of turns as the
secondary, the outgoing secondary voltage will be
the same as the incoming primary voltage. This is
the case for an isolation transformer.

In certain exceptional cases, one large coil of wire
can serve as both the primary and secondary. This is
the case with autotransformers.

The primary volt-amperes (VA) or kilovolt-amperes
(kVA) of a transformer will be equal to that of the
secondary less a small amount of losses.

Transformer Voltage, Current,
and Turns Ratio

The ratio of turns in a transformer’s primary winding
to those in its secondary winding is known as the turns
ratio and is the same as the transformer’s voltage ratio.
For example, if a transformer has a 10:1 turns ratio, then
for every 10 turns on the primary winding there will be
1 turn on the secondary winding. Inputting 10 V to the
primary winding steps down the voltage and will produce
a 1-V output at the secondary winding. The exact oppo-
site is true for a transformer with a 1:10 turns ratio. A
transformer with a 1:10 turns ratio would have 1 turn on
the primary winding for every 10 turns on the second-
ary winding. In this case, inputting 10 V to the primary
winding steps up the voltage and will produce 100 volts at

Figure 3-19 Transformer turns ratio test set.
Photo courtesy Megger, www.megger.com/us.

the secondary winding. The actual number of turns is not
important, just the turns ratio. A transformer turns ratio
test set, such as that shown in Figure 3-19, can directly
measure the turns ratio of single-phase transformers as
well as three-phase transformers. Any deviations from
rated values will indicate problems in transformer wind-
ings and in the magnetic core circuits.

The voltage ratio of an ideal transformer (one with no
losses) is directly related to the turns ratio, while the cur-
rent ratio is inversely related to the turns ratio:

Turns primary Voltage primary _ Current secondary

Turns secondary ~ Voltage secondary ~ Current primary
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The following table shows examples of some common
single-phase transformer turns ratios based on primary
and secondary voltage ratings.

Primary voltage Secondary voltage Turns ratio
480 V 240V 2:1
480V 120V 4:1
480 V 24V 20:1
600 V 120V 5:1
600 V 208 'V 2.88:1
208V 120V 1.73:1

Figure 3-20 shows the schematic diagram of a step-up
transformer wound with 900 turns on the primary winding
and 1800 turns on the secondary winding. As a step-up
unit, this transformer converts low-voltage, high-current
power into high-voltage, low-current power. The trans-
former equations that apply to this circuit are as follows:

Number of turns on the primary
Number of turns on the secondary

Turns ratio =

If the voltage of one winding and the turns ratio are known,
the voltage of the other winding can be determined.

Primary voltage = Secondary voltage X Turns ratio

=240V x%: 120V

Primary voltage
Turns ratio

=@=120><2=240V
2

If the current of one winding and the turns ratio are known,
the current of the other winding can be determined.

Secondary current
Turns ratio

STA=5><2=10A
2

Secondary voltage =

Primary current =

5A
10A

120 VAC
supply

240V AC
to load

Secondary,

1800 turns ceul

Primary,
’9 900 turns

Figure 3-20 Step-up transformer.
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> 60 A

240 VAC Primary, Secondary, 12 VAC
supply ’9 1,000 turns %H% 50 turns Cegd to load

Figure 3-21 Step-down transformer.

Secondary current = Primary current X Turns ratio

= 10AX1=5A
2

Figure 3-21 shows the schematic diagram of a step-down
transformer wound with 1,000 turns on the primary wind-
ing and 50 turns on the secondary winding. As a step-down
unit, this transformer converts high-voltage, low-current
power into low-voltage, high-current power. A larger-
diameter wire is used in the secondary winding to handle
the increase in current. The primary winding, which doesn’t
have to conduct as much current, may be made of a smaller-
diameter wire. The transformer equations that apply to this
circuit are the same as those for a step-up transformer:

Number of turns on the primary
Number of turns on the secondary

= 1000 _ 20 _ 20:1 turns ratio

Turns ratio =

If the voltage of one winding and the turns ratio are known,
the voltage of the other winding can be determined.

Primary voltage = Secondary voltage X Turns ratio

= 12V><$=240V

Primary voltage

Secondary voltage = -
y voltag Turns ratio

— 240 _ 1 -
=50 = 240X 55=12V

1

If the current of one winding and the turns ratio are known,
the current of the other winding can be determined.
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Secondary current

Primary current =

Turns ratio
_60A
20 = 60 X % =3A
1

Secondary current = Primary current X Turns ratio

=3ax2 =60

A transformer automatically adjusts its input current to
meet the requirements of its output or load current. If no
load is connected to the secondary winding, only a small
amount of current, known as the magnetizing current (also
known as exciting current), flows through the primary
winding. Typically, the transformer is designed in such a
way that the power consumed by the magnetizing current is
only enough to overcome the losses in the iron core and in
the resistance of the wire with which the primary is wound.
If the secondary circuit of the transformer becomes over-
loaded or shorted, primary current increases dramatically
also. It is for this reason that a fuse is placed in series with
the primary winding to protect both the primary and second-
ary circuits from excessive current. The most critical param-
eter of a transformer is its insulation qualities. Failure of a
transformer, in most instances, can be traced to a breakdown
of the insulation of one or more of the windings.

For a purely resistive load, according to Ohm’s law, the
amount of secondary winding current equals the second-
ary voltage divided by the value of the load resistance con-
nected to the secondary circuit (a negligible coil winding
resistance is assumed). Figure 3-22 shows the schematic
diagram of a step-down transformer with a 20:1 turns

Turns ratio 20:1

2A
40 A
,\} 060 24V AC
to load
Load

480 VAC
supply

ratio connected to a 0.6-() resistive load. The transformer
equations that apply to this circuit are as follows:

Secondary voltage
Load resistance

Secondary winding current =

Secondary winding current
Turns ratio

Primary winding current =

Transformer Power Rating

Just as horsepower ratings designate the power capacity
of an electric motor, a transformer’s kVA rating indicates
its maximum power output capacity. Transformers’ kVA
ratings are calculated as follows:

IXE
Single-phase loads: kVA = 1,000
. kVA = I X EXN3
Three-phase loads: kVA = 1.000

The maximum power rating of a transformer can be found
on the transformer’s nameplate. Transformers are rated in
volt-amperes (VA) or kilovolt-amperes (kVA). You may
recall that volt-amperes is the total power supplied to the
circuit from the source, and includes real (watts) and reac-
tive (VAR) power. The primary and secondary full-load cur-
rents usually are not given. If the volt-ampere rating is given
along with the primary voltage, then the primary full-load
current can be determined using the following equations:

VA ., kVA X 1,000
Voltage Voltage

kVA X 1,000
1.73 X Voltage

Figure 3-23 shows the diagram for a single-phase
25-kVA transformer, rated 480 V primary and 240 V sec-
ondary. The rated full-load primary and secondary cur-
rents are calculated as follows:

Single-phase: Full-load current =

Three-phase: Full-load current =

. _ kVA X 1,000
Primary full-load current = ————"—
Figure 3-22 Step-down transformer connected to a resis- Voltage
tive load. _ 25kVA X 1,000 _ oA
480V
Full-load current, 52 A —p —> Full-load current, 104 A
] } ]
480 VAC 1-4 Load | 240 VAC
supply 25 kVA 03¢ 45 load
480-V primary

240-V secondary
o o

]

-

Figure 3-23 Single-phase 25-kVA transformer, rated 480/240 V full-load current.
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Full-load current, 45 A —>~ —> Full-load current, 104 A
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480V AC W L2 37.5kVA, 3¢ |280VAC
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O AT
Figure 3-24 Three-phase 37.5-kVA transformer, rated 480/240 V full-load
current.
_ kVA X 1,000 . _ kVA X 1,000
Secondary full-load current = Voltage Primary full-load current = 173 X Voltage
_ 25kVA X 1,000 _ 37.5 kVA X 1,000
240V 1.73 X 480V
=104 A =45 A
Figure 3-24 shows the diagram for a three-phase kVA X 1,000

37.5-kVA transformer, rated 480 volts primary and Secondary full-load current =

208 V secondary. The rated full-load primary and second-
ary currents are calculated as follows:

1.73 X Voltage
_ 37.5kVA X 1,000

PART 2 Review Questions

. Define the terms primary and secondary as they
apply to a transformer winding.

On what basis is a transformer classified as being a
step-up or step-down type?

. Explain how the transfer of energy takes place in a
transformer.

In an ideal transformer, what is the relationship
between:

a. The turns ratio and the voltage ratio?

b. The voltage ratio and current ratio?

c. The primary power and secondary power?

. A step-down transformer with a turns ratio of 10:1
has 120 V AC applied to its primary coil winding. A
3-() load resistor is connected across the secondary
coil. Assuming ideal transformer conditions, calcu-
late the following:

a. Secondary coil winding voltage.
b. Secondary coil winding current.
c. Primary winding coil current.

. A step-up transformer has a primary current of 32 A
and an applied voltage of 240 V. The secondary coil

Chapter 3

10.

11.

12.
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1.73 X 208 V
=104 A

has a current of 2 A. Assuming ideal transformer
conditions, calculate the following:

a. Power input of the primary winding coil.

b. Power output of the secondary winding coil.

c. Secondary coil winding voltage.

d. Turns ratio

What is meant by the term transformer magnetizing,
or exciting, current?

Why will a fuse placed in series with the primary
coil winding protect both the primary and secondary
coil winding circuits from excessive current?

Is transformer power rated in watts or volt-amperes?
Why?

A transformer primary winding has 900 turns and the
secondary winding has 90 turns. Which winding of the
transformer has the larger-diameter conductor? Why?
The primary of a transformer is rated for 480 V and
the secondary for 240 V. Which winding of the trans-
former has the larger-diameter conductor? Why?

A single-phase transformer is rated for 0.5 kVA, a
primary voltage of 480V, and a secondary voltage
of 120 V. What is the maximum full load that can be
supplied by the secondary?



PART 3 Transformer Connections
and Systems

Transformer Polarity

Transformer polarity refers to the relative direction or
polarity of the induced voltage between the high-voltage
and low-voltage terminals of a transformer. An under-
standing of transformer polarity markings is essential in
making three-phase and single-phase transformer connec-
tions. Knowledge of polarity is also required to connect
potential and current transformers to power metering and
protective relays.

On power transformers, the high-voltage winding leads
are marked H1 and H2 and the low-voltage winding leads
are marked X1 and X2 (Figure 3-25). By convention, H1
and X1 have the same polarity, which means that when
H1 is instantaneously positive, X1 also is instantaneously
positive. These markings are used in establishing the
proper terminal connections when single-phase trans-
formers are connected in parallel, series, and three-phase
configurations.

In practice, the four terminals on a single-phase trans-
former are mounted in a standard way so the transformer
has either additive or subtractive polarity. Whether the
polarity is additive or subtractive depends on the loca-
tion of the H and X terminals. A transformer is said to
have additive polarity when terminal H1 is diagonally
opposite terminal X1. Similarly, a transformer has sub-
tractive polarity when terminal H1 is adjacent to termi-
nal X1. Figure 3-26 illustrates additive and subtractive
transformer terminal markings along with a test circuit
that can be used to verify markings. Also shown is a
battery-operated transformer polarity checker that can
perform the same test.

High-voltage
winding

O |

Low-voltage
winding

Figure 3-25 Transformer polarity markings.
Phato courtesy Rockwell Automation, www.rockwellautomation.com.

Additive polarity

(Y @
H1M H2 Voltmeter reading
N =120V + 12V
X2 Sx1 =132V
o @
X2 X1
Test circuit
Subtractive polarity
(Y @
H1 H2 Voltmeter reading
. =120V - 12V
(Y 7
X2 X1
Test circuit

y Battery operated
transformer polarity
checker

Figure 3-26 Additive and subtractive transformer
terminal markings.
Phato courtesy Tesco, www.tesco-advent.com.

Single-Phase Transformers

Motor control transformers are designed to reduce sup-
ply voltages to motor control circuits. Most AC commer-
cial and industrial motors are operated from three-phase
AC supply systems in the 208- to-600-V range. However,
the control systems for these motors generally operate at
120 V. The major disadvantage to higher-voltage control
schemes is that these higher voltages can be much more
lethal than 120 V. Additionally, on a higher-voltage con-
trol system tied directly to the supply lines, when a short
circuit occurs in the control circuit a line fuse will blow or
a circuit breaker will trip, but may not do so right away.
In some cases light-duty contacts, such as those in stop
buttons or relay contacts, can weld together before the
protective device trips or blows.

Step-down control transformers are installed when
the control circuit components are not rated for the line
voltage. Figure 3-27 shows the typical connection for a
step-down motor control transformer. The primary side
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Figure 3-27 Moator control transformer wiring.
Photo courtesy of Superior Panels, www.superiorpanels.com.

X1 X2
120V

Series connection for 480 V

(H1 and H2) of the control transformer will be the line
voltage, while the secondary voltage (X1 and X2) will be
the voltage required for the control components.

Single-, dual-, and multitap primary control transform-
ers are available. The versatile dual- and multitap primary
transformers allow reduced control power from a variety
of voltage sources to meet a wide array of applications.
Figure 3-28 shows the connections for a typical dual
primary transformer used to step 240 or 480 V down to
120 V. The primary connections on the transformer are
identified as H1, H2, H3, and H4. The transformer coil
between H1 and H2 and the one between H3 and H4 are
rated for 240 V each. The low-voltage secondary connec-
tions on the transformer, X1 and X2, can have 120 V from
either a 480- or 240-V line. If the transformer is to be used
to step 480 V down to 120 V, the primary windings are
connected in series by a jumper wire or metal link. When
the transformer is to be used to step 240 V down to 120V,
the two primary windings must be connected in parallel
with each other.

The control transformer secondary can be grounded or
ungrounded. Where grounding is provided, the X2 side of
the circuit common to the coils must be grounded at the
control transformer. This will ensure that an accidental
ground in the control circuit will not start the motor, or
make the stop button or control inoperative. An additional
requirement for all control transformers is that they be

X1 X2
120V

Parallel connection for 240 V

Figure 3-28 Typical dual-voltage 480-V and 240-V transformer connections.

Photo courtesy Siemens, www.siemens.com.
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Figure 3-29 Fuse protection for both the primary and
secondary of the transformer and the correct ground connec-
tion for a grounded control system.

Photo courtesy SolaHD, www.solahd.com.

protected by fuses or circuit breakers. Depending on the
installation, this protection can be placed on the primary,
secondary, or both sides of the transformer. Figure 3-29
shows fuse protection for both the primary and secondary
of the transformer and the correct ground connection for
a grounded control system. The fuses must be properly
sized for the control circuit. Section 430.72 of the Code
lists requirements for the protection of transformers used
in motor control circuits.

Three-Phase Transformers

Large amounts of power are generated and transmitted
using high-voltage three-phase systems. Transmission
voltages may be stepped down several times before they
reach the motor load. This transformation is accom-
plished using three-phase wye- or delta-connected
transformers or a combination of the two. Figure 3-30
illustrates some of the common three-phase wye and
delta transformer connections. The connections are
named after the way the windings are connected inside
the transformer. Polarity markings are fixed on any
transformer and the connections are made in accordance
with them.

The transformers supplying motor loads can be con-
nected on the load (secondary) side either in delta or in wye
configuration. Two types of secondary distribution systems
commonly used are the three-phase three-wire system and
three-phase four-wire system. In both, the secondary voltages
are the same for all three phases. The three-phase three-wire
delta system is used for balanced loads and consists of three
transformer windings connected end to end. Figure 3-31
shows a typical three-phase, three-wire delta transformer

| Wy

L
o}
a
Primary d
L3 I
Wye-wye three-phase transformer connection
L1
. L
Primary Secondary o
X2 a
L2 H2 H1 d
L3
Delta-delta three-phase transformer connection
L1
Primary L
o}
H2 H1 a
L2 d
L3

Delta-wye three-phase transformer connection

Figure 3-30 Common wye and delta transformer connections.
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f motor load
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¢
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Figure 3-31 Three-phase, three-wire delta transformer
connection supplying power to a three-phase motor load.

PART 3 Transformer Connections and Systems 55


http://www.solahd.com

> Line A
Line B
Iphase
Phase B
Phase A
/’Ground
Phase C
Neutral Line C
Neutral

Single phase ‘ | Three phase

120V-=-=-=-=--- 208 V
277V —===——- 480V

Available
voltages

Figure 3-32 Wye-connected, three-phase, four-wire distri-
bution system.

connection supplying power to a three-phase motor load. For
a delta-connected transformer:

¢ The phase voltage (Ephase) of the transformer sec-
ondary is always the same as the line voltage (Ejine)
of the load.

* The line current (fji,e) of the load is equal to the
phase current (Iphase) Of the transformer secondary
multiplied by 1.73.

Iline X E]ine X \/§

1,000

* The constant 1.73 is the square root of 3 and is used
because the transformer phase windings are 120
electrical degrees apart.

kVA (transformer) =

The other commonly used three-phase distribution is
the three-phase, four-wire system. Figure 3-32 shows a
typical wye-connected three-phase, four-wire distribu-
tion system. The three phases connect at a common point,
which is called the neutral. Because of this, none of the
windings are affected by the other windings. Therefore, the
wye three-phase, four-wire system is used for unbalanced
loads. The phases are 120 electrical degrees apart; how-
ever, they have a common point. For a Wye transformer
connected transformer:

* The phase-to-phase voltage is equal to the phase-to-
neutral voltage multiplied by 1.73.

* The line current is equal to the phase current.

Iline X Eline X \/§

kVA (transformer) = 1000

* Common arrangements are 480Y/277 V and
208Y/120 V.
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The delta-to-wye configuration is the most commonly
used three-phase transformer connection. A typical delta-
to-wye voltage transformation is illustrated in Figure 3-33.
The secondary provides a neutral point for supplying
line-to-neutral power to single-phase loads. The neutral
point is also grounded for safety reasons. Three-phase
loads are supplied at 208 V, while the voltage for single-
phase loads is 208 V or 120 V. When the transformer sec-
ondary supplies large amounts of unbalanced loads, the
delta primary winding provides a better current balance
for the primary source.

The autotransformer, shown in Figure 3-34, is a trans-
former consisting of a single winding with electrical
connection points called taps. Each tap corresponds to a
different voltage so that effectively a portion of the same
inductor acts as part of both the primary and secondary
winding. There is no electrical isolation between the input
and output circuits, unlike the traditional two-winding
transformer. The ratio of secondary to primary voltages
is equal to the ratio of the number of turns of the tap they
connect to. For example, connecting at the 50 percent tap
(middle) and bottom of the autotransformer output will
halve the input voltage. Because it requires both fewer
windings and a smaller core, an autotransformer for some
power applications is typically lighter and less costly than
a two-winding transformer. A variable autotransformer
is one in which the output connection is made through a
sliding brush. Variable autotransformers are widely used
where adjustable AC voltages are required.

An autotransformer motor starter, such as shown in
Figure 3-35, reduces inrush motor current by using a
three-coil autotransformer in the line just ahead of the
motor to step down the voltage applied to the motor ter-
minals. By reducing the voltage, the current drawn from
the line is reduced during start-up. During the starting
period, the motor is connected to the reduced-voltage taps
on the autotransformer. Once the motor has accelerated, it
is automatically connected to full-line voltage.

Instrument Transformers

Instrument transformers are small transformers used in
conjunction with instruments such as ammeters, voltme-
ters, power meters, and relays used for protective pur-
poses (Figure 3-36). These transformers step down the
voltage or current of a circuit to a low value that can be
effectively and safely used for the operation of instru-
ments. Instrument transformers also provide insulation
between the instrument and the high voltage of the power
circuit.

A potential (voltage) transformer operates on the
same principle as a standard power transformer. The
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Figure 3-33 Typical delta-to-wye, three-phase, four-wire transformer configuration.
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Primary

Secondary
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Figure 3-34 Autotransformer.
Phato courtesy Superior Electric, www.superiorelectric.com.

Variable autotransformer

main difference is that the capacity of a potential trans-
former is relatively small compared to power transform-
ers. Potential transformers have typical power ratings of
from 100 VA to 500 VA. The secondary low-voltage side

T1 T2 T3
%,—/
Motor

Figure 3-35 Autotransformer motor starter.
Photo courtesy Rockwell Automation. www.rockwellautomation.com.

is usually wound for 120 V, which makes it possible to use
standard instruments with potential coil ratings of 120 V.
The primary side is designed to be connected in parallel
with the circuit to be monitored.
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Figure 3-36 Instrument transformers.
Photos courtesy Hammond Manufacturing, www.hammandmfg.com.

A current transformer is a transformer that has its Current transformer
primary connected in series with the line conductor.  Primary |
The conductor passes through the center of the trans-
former, as illustrated in Figure 3-37, and constitutes
one primary turn. A current transformer supplies the
instrument and/or protective device with a small cur- ATTREET
rent that is proportional to the main current. The sec-
ondary winding consisting of many turns is designed
to produce a standard 5 A when its rated current is Secondary
flowing in the primary. The secondary circuit of a cur- 2

rent transformer should never be opened when there W&

is current in the primary winding. If the secondary is

Secondary

not loaded, this transformer acts to step up the voltage Motor
to a dangerous level, because of the high turns ratio.
Therefore, a current transformer should always have
its secondary shorted when not connected to an exter-
nal load.

Figure 3-37 Current transformer.
Photo courtesy ABB, www.abb.com.

PART 3 Review Questions T e e e e e e e e e e e e e e e e e e e e e e e e e

1. Explain the way in which the high-voltage and low- e
voltage leads of a single-phase power transformer
are identified.

2. A polarity test is being made on the transformer
shown in Figure 3-38. A~ IE
a. What type of polarity is indicated?

b. What is the value of the voltage across the
secondary winding? Figure 3-38 Circuit for review question 2.
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c. Redraw the diagram with the unmarked leads of
the transformer correctly labeled.

. The control circuit for a three-phase 480-V motor is
normally operated at what voltage? Why?

. A 240/480-V dual-primary control transformer is to
be operated from a 480-V three-phase system. How
would the two primary windings be connected rela-
tive to each other? Why?

. For the motor control circuit of Figure 3-39, assume
the circuit is incorrectly grounded at X1 instead of

5
o
nmit)

X1 X2

Start

J_ oL
s @

Stop

FU3

10.

11.

12.

13.

14.

correctly as shown at X2. With this incorrect con-
nection, explain how the control circuit would oper-
ate if point 2 of the stop or start push button were to
become accidentally grounded.

What are the two basic types of three-phase trans-
former configurations?

The phase-to-neutral voltage of a wye-connected,
three-phase, four-wire distribution system is rated
for 277 V. What would its phase-to-phase rating be?
Why is it necessary to apply the constant 1.73 (V3)
in three-phase circuit calculations?

Explain the basic difference between the primary
and secondary circuits of a standard voltage trans-
former and an autotransformer.

How are autotransformers used to reduce the start-
ing current for large three-phase motors?

Give two examples of the way in which instrument
transformers are used.

Compare the primary connection of a potential
transformer with that of a current transformer.

What important safety precaution should be followed
when operating current transformers in live circuits?
The current rating of the primary winding of a current
transformer is 100 A and its secondary rating is 5 A. An
ammeter connected across the secondary indicates 4 A.

M
Figure 3-39 Circuit for review question 5. What is the value of the current flow in the primary?

1 TROUBLESHOOTING SCENARIOS

1. The control transformer for an across-the-line 2.
three-phase motor starter is tested and found to
have an open in the secondary winding. Discuss
what would occur if an attempt where made to tem-
porarily operate the control system directly from
two of the three-phase supply lines.

The two primary windings of a dual-primary con-
trol transformer (240 V or 480 V) are to be con-
nected in parallel to step the line voltage of 240 V
down to a control voltage of 120 V. Assuming the
two primary windings are incorrectly connected
in series instead of parallel what effect would this
have on the control circuit?

DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

1. Discuss how electric power might be distributed
within a small commercial or industrial site.

single-phase and three-phase loads. Include in your
findings:

2. Research the specifications for a typical four-wire * All electrical specifications
electrical power panelboard capable of feeding * Internal bus layout
¢ Connections for single-phase and three-phase loads
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Motor Control Devices

Control devices are components that govern the
power delivered to an electrical load. Motor con-
trol systems make use of a wide variety of control
devices. The motor control devices introduced
in this chapter range from simple pushbutton
switches to more complex solid-state sensors.
The terms and practical applications presented
here illustrate how selection of a control device
depends on the specific application.

PART 1 Manually Operated
Switches

Primary and Pilot Control Devices

A control device is a component that governs
the power delivered to an electrical load. All
components used in motor control circuits may
be classed as either primary control devices or
pilot control devices. A primary control device,
such as a motor contactor, starter, or controller,

e S

H INVERTER

Chapter Objectives

This chapter will help you to:

1. Identify manually operated switches com-
monly found in motor control circuits and
explain their operation.

2. Identify mechanically operated switches
commonly found in motor control circuits
and explain their operation.

3. Identify different types of sensors and
explain how they detect and measure the
presence of something.

4. Describe the operating characteristics of
a relay, solenoid, solenoid valve, stepper
motor, and brushless DC motor.

’df.com
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Figure 4-1 Primary and pilot control devices.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

connects the load to the line. A pilot control device, such
as arelay or switch contact, is used to activate the primary
control device. Pilot-duty devices should not be used to
switch horsepower loads unless they are specifically rated
to do so. Contacts selected for both primary and pilot con-
trol devices must be capable of handling the voltage and
current to be switched. Figure 4-1 shows a typical motor
control circuit that includes both primary and pilot control
devices. In the application shown, the closing of the toggle
switch contact completes the circuit to energize contactor
coil M. This in turn closes the contacts of the contactor to
complete the main power circuit to the motor.

Toggle Switches

A manually operated switch is one that is controlled by
hand. The foggle switches illustrated in Figure 4-2 are
examples of manually operated switches. A toggle switch
uses a mechanical lever mechanism to implement a posi-
tive snap action for switching of electrical contacts. This
type of switching or contact arrangement is specified by
the appropriate abbreviation as follows:

SPST—Single pole, single throw
SPDT—Single pole, double throw

SPST SPDT DPDT
Single pole, Single pole, Double pole, Double pole,
single throw double throw single throw double throw

Figure 4-2 Toggle switches.

DPST—Double pole, single throw
DPDT—Double pole, double throw

Electrical ratings for switches are expressed in terms
of the maximum interrupting voltage and current they can
safely handle. AC and DC contact current ratings are not
the same for a given switch. The AC current rating will be
higher than its DC rating for an equivalent amount of volt-
age. The reason for this is that AC current is at zero level
twice during each cycle, which reduces the likelihood of
an electric arc forming across the contacts. Also, higher
decaying voltages are generated in DC circuits that con-
tain inductive type load devices. Switch voltage and cur-
rent ratings represent maximum values and may be used
in circuits with voltages and currents below these levels
but never above.

Pushbutton Switches

Pushbutton switches are commonly used in motor control
applications to start and stop motors, as well as to control
and override process functions. A push button operates by
pressing a button that opens or closes contacts. Figure 4-3
shows commonly used types of pushbutton symbols and
switching action. Abbreviations N.O. (normally open) and
N.C. (normally closed) represent the state of the switch
contacts when the switch is not activated. The N.O. push
button makes a circuit when it is pressed and returns to its
open position when the button is released. The N.C. push
button opens the circuit when it is pressed and returns to
the closed position when the button is released.

With a break-make push button, the top section con-
tacts are N.C. and the bottom section contacts are N.O.
When the button is pressed, the bottom contacts are closed

N R OE7 R
S\ oJ_o [F‘_E olo @f
IEC NEMA == g &= IEC NEMA %

symbol  symbol symbol  symbol

N.O. (normally open) N.C. (normally closed)

pushbutton pushbutton
L1 L2
Start
Stop oL
—O O—4
M Starter
|} coil
Holding
contact

Start/stop motor control circuit

Figure 4-3 Pushbutton symbols and switching action.
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Figure 4-4 Break-make push button and typical motor
control circuit.

after the top contacts open. Figure 4-4 shows a break-
make push button used in a jog-start-stop motor control
circuit. The operation of the circuit can be summarized as
follows:

* Pressing the start push button completes a circuit
for the M coil, causing the motor to start, and the
M contact holds in the M coil circuit.

* With the M coil deenergized and the jog push button
then pressed, a circuit is completed for the M coil
around the M contact. The M contact closes, but the
holding circuit is incomplete, as the N.C. contact of
the jog button is open.

Figure 4-5 Pushbutton station—NEMA Type1.

This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.

When you have one or more push buttons in a com-
mon enclosure, it is referred to as a pushbutton station
(Figure 4-5). Electrical enclosures are designed to protect
their contents from troublesome operating environmental
conditions such as dust, dirt, oil, water, corrosive materi-
als, and extreme variations in temperature. The types of
enclosures are standardized by the National Electrical
Manufacturers Association (NEMA). NEMA enclosure
types are selected according to the environment in which
the equipment is installed. A partial listing of specific
enclosure types is given below.

Nema Enclosure Types

Type Use Service Conditions
1 Indoor No unusual
3 Outdoor Windblown dust, rain, sleet, and ice on enclosure
3R Outdoor Falling rain and ice on enclosure
4 Indoor/outdoor Windblown dust and rain, splashing water, hose-directed water,

and ice on enclosure

4X Indoor/outdoor

Corrosion, windblown dust and rain, splashing water, hose-

directed water, and ice on enclosure

6 Indoor/outdoor
6P Indoor/outdoor

7 Indoor locations classified as Class |,
Groups A, B, C, or D, as defined in the NEC
9 Indoor locations classified as Class I,
Groups E or G, as defined in the NEC
12 Indoor
13 Indoor

Occasional temporary submersion at a limited depth
Prolonged submersion at a limited depth

Withstand and contain an internal explosion sufficiently so an
explosive gas-air mixture in the atmosphere is not ignited

Dust

Dust, falling dirt, and dripping noncorrosive liquids
Dust, spraying water, oil, and noncorrosive coolant
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Figure 4-6 Typical pushbutton assembly.

Photos courtesy Rockwell Automation, www.rockwellautomation.com.

Pushbutton assemblies are manufactured in both
30-mm NEMA and smaller 22-mm IEC types, as illus-
trated in Figure 4-6. The size is related to the diameter of
the circular hole the push button is mounted in—either
30 millimeters or 22 millimeters in diameter. Pushbutton
assemblies basically consist of an operator legend plate
and contact block.

Operator—The operator is the part of the pushbutton
assembly that is pressed, pulled, or rotated to activate
the push button’s contacts. Operators come in many
different colors, shapes, and sizes designed for spe-
cific control applications. Flush push buttons have the
actuator flush with the mounting ring and are often
used for start buttons that need to be protected from
accidental initiation. Extended push buttons have the
actuator protruding about % inch beyond the mounting
ring and allow easier activation because the machine
operator does not need to place a finger squarely on
the actuator to operate the push button. Mushroom-
head push buttons have an actuator that extends over
the edges of the mounting ring and have a diameter
larger than a standard push button. Because of their
size and shape, mushroom-head push buttons are more
easily seen and actuated and for these reasons are used
as emergency stop buttons. Half-shrouded push button
operators contain a guard ring, which extends over the
top half of the button. This helps prevent accidental
operation while allowing easy access, particularly with
the thumb. Machine operators wearing gloves find
half-shrouded push buttons easier to activate than flush
push buttons. Illuminated pushbutton operator units
often use integrated light-emitting diodes (LED) to
provide the desired illumination.

Legend plate—Legend plates are the labels that are
installed around a push button and identify its pur-
pose. They come in many sizes, colors, and languages.
Examples of label text include START, STOP, FWD,
REYV, JOG, UP, DOWN, ON, OFF, RESET, and RUN.

Contact block—The contact block is the part of the
pushbutton assembly that is activated when the but-
ton is pressed. The contact block may house many
sets of contacts that open and close when you operate
the push button. The normal contact configuration

allows for one normally open and one normally closed
set of contacts within a contact block. A push button
may contain stacked contacts that change state with a
single push of a single button.

The contacts of the contact block itself are spring loaded
and return to their normal on or off state when the operator
is released. However, when contact blocks are attached to a
pushbutton operator, their switching action is determined in
part by that of the operator. Pushbutton operators are avail-
able for momentary or maintained operation. Momentary-
type pushbutton operators return to their normal on or off
state as soon as the operator is released. Unlike momen-
tary pushbutton operators, maintained types require you to
press and release the operator to switch the contacts to their
on state and to press and release the operator a second time
to return the contacts to their off state.

Standard three-wire motor control circuits use a holding
circuit in conjunction with momentary start/stop pushbut-
ton operators for starting and stopping a motor. Emer-
gency stop switches are devices that users manipulate to
initiate the complete shutdown of a machine, system, or
process. Emergency stop push buttons installed in motor
control circuits are normally maintained-contact types
with mushroom-type heads. Using maintained contacts
in emergency stop push buttons prevents a motor control
process from restarting until the maintained push button
is physically reset. The Occupational Safety and Health
Administration (OSHA) regulations require that once the
emergency stop switch has activated, the control process
cannot be started again until the actuating stop switch has
been reset to the on position. Figure 4-7 shows a typical

Emergency Start
stop Stop | oL
oloe 5 o(M)H
0,0
S I

Figure 4-7 Emergency stop pushbutton.
Phatos courtesy Rockwell Automation, www.rockwellautomation.com.
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motor control circuit that includes an emergency stop
push button. The normally closed maintained contacts of
the emergency stop push button will open when the push
button is pressed and remain open until it is manually
reset. Since the emergency stop contacts are held open by
the pushbutton operator mechanism, the motor will not
operate if the start button is pressed. In order to restart the
motor after the emergency stop push button has been acti-
vated you must first reset the emergency stop push button
and then press the start button.

Pilot Lights

Pilot lights provide visual indication of the status for many
motor-controlled processes permitting personnel at remote
locations to observe the current state of the operation. They
are commonly used to indicate whether or not a motor is
operating. Figure 4-8 shows the circuit for a start/stop push-
button station with a pilot light connected to indicate when
the starter is energized. For this application the red pilot

L1 L2 L3

2o

Lm D—O_Lo—o—®4(|)~||_ro
e YR

Run PL

Start

Pilot light symbols

Insert color Insert color
%} code inside R code next
symbol to symbol

NEMA IEC

Figure 4-8 Remote start/stop station with run pilot light.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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Figure 4-9 Transformer pilot light.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

light is energized to show when the motor is operating, as
the motor and drive are located at some remote location not
within view of the pushbutton station.

Pilot lights are available in both full-voltage and low-
voltage types. A transformer pilot light, such as shown
in Figure 4-9, uses a step-down transformer to reduce
the operating voltage supplied to the lamp. The primary
voltage of the transformer is matched to the input voltage
of L1 and L2, while the secondary voltage is matched to
that of the lamp. The lower lamp voltage can provide a
margin of safety if the lamp requires replacement while
the control circuit is energized. Also available are illumi-
nated units utilizing integrated LEDs, which operate at
6 to 24 V, AC or DC.

Dual input “push-to-test” pilot lights are designed to
reduce the time required to troubleshoot a suspected faulty
lamp. Push-to-test pilot lights can be energized from two
separate input signals of the same voltage. This is done
by wiring the “test” terminal to the second input signal
as illustrated in the push-to-test circuits of Figure 4-10.
Pressing the push-to-test pilot light opens the normal sig-
nal input to the light while at the same time completing a

L1 Start L2
—O o—o—@+>
1
M Normal
Test

|
F---

by s

NEMA symbol

.“n

IEC symbol

Figure 4-10 Push-to-test pilot light.

Photo courtesy Rockwell Automation, www.rockwellautomation.com.


http://www.rockwellautomation.com
http://www.rockwellautomation.com
http://www.rockwellautomation.com

path directly to L1 and illuminating the lamp if the unit is
not at fault.

Selector Switch

The difference between a push button and selector switch
is the operator mechanism. A selector switch operator is
rotated (instead of pushed) to open and close contacts of
the attached contact block. Switch positions are estab-
lished by turning the operator knob right or left. These
switches may have two or more selector positions, with
either maintained contact position or spring return to give
momentary contact operation.

The circuit of Figure 4-11 is an example of a three-
position selector switch used to select three different
operating modes for control of a pump motor. The opera-
tion of the circuit can be summarized as follows:

* In the HAND position, the pump can be started by
closing the manual control switch. It can be stopped
by opening the manual control switch or selecting
the OFF position of the selector switch. The liquid-
level switch has no effect in either the HAND or
OFF position.

* When AUTO is selected, the liquid-level switch
controls the pump. At a predetermined level the
liquid level switch will close, starting the pump. At
another predetermined level, the liquid level switch
will open, stopping the pump.

* The selector switch contact position and resultant
state are identified by means of the table shown.
Contacts are marked as A and B, while positions are

Selector switch

L1 L2

4 Off

Han Auto

Manual
1. ° .3 control Contacts

: switch oL Position FRIRE
) A 1 X

L—o
B 3 X

Liquid-level
switch

Figure 4-11 Three-position selector switch.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

marked as 1, 2, and 3. An X in the table indicates
the contact is closed at that particular position.

Drum Switch

A drum switch consists of a set of moving contacts and
a set of stationary contacts that open and close as the
shaft is rotated. Reversing drum switches are designed
to start and reverse motors by connecting them directly
across the line. The drum switch may be used with
squirrel-cage motors; single-phase motors designed for
reversing service; and series, shunt, and compound DC
motors. Figure 4-12 shows how a drum switch is wired to
reverse the direction of rotation of a three-phase motor.
Reversal of the direction of rotation is accomplished by
interchanging two of the three main power lines to the
motor. The internal switching arrangements and result-
ing motor connections, for forward and reverse, are
shown in the tables. Note that the drum switch is used
only as a means for controlling the direction of rotation
of the motor and does not provide overcurrent or over-
load protection. A good rule for most motors is that they
should be allowed to come to a complete stop before
you reverse their direction.

Handle position
Forward Off Reverse
le———eo2 | 1e o2 |1 I I 2
3e—e4 | 3e o4 |3 4
5e—e6(5e e6 | 5e——06

Motor connections
Forward Reverse
L1-to-T1 L1-to-T3
L3-t0-T3 | L3-to-T1
L2-to-T2 L2-to-T2
Drum switch

S eRe

ls 4y @
- 7 ines.

&
(e
@ —e5 60——@

Figure 4-12 Drum switch used for reversing the direction
of rotation of a three-phase motor.

This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.
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PART 1 Review Questions

1. List three examples of primary motor control devices.
2. List three examples of pilot motor control devices.

3. What do the terms normally open and normally
closed refer to when used in defining the switching
action of a pushbutton switch?

4. The types of enclosures used to house motor control
devices have been standardized by NEMA. What
criteria are used to classify NEMA enclosure types?

5. Name the three basic parts of a standard pushbutton
assembly.

6. Compare the operation of momentary and main-
tained pushbutton operators.

7. What is the OSHA requirement for resetting emer-
gency stop switches?

8. A pilot light is to be connected to indicate when
a magnetic starter is energized. Across what com-
ponent of the circuit should the pilot light be
connected?

9. Explain how a push-to-test pilot light operates.

10. Compare the way in which pushbutton and selector
switch operators actuate contacts.

11. When a drum switch is used for starting and revers-
ing a three-phase squirrel-cage motor, how is the
reversing action accomplished?

PART 2 Mechanically Operated
Switches

Limit Switches

A mechanically operated switch is one that is controlled
automatically by factors such as pressure, position, and
temperature. The limit switch, illustrated in Figure 4-13,
is a very common type of mechanically operated motor
control device. Limit switches are designed to operate
only when a predetermined limit is reached, and they are
usually actuated by contact with an object such as a cam.
These devices take the place of human operators. They
are often used in the control circuits of machine processes
to govern the starting, stopping, or reversal of motors.
Limit switches are constructed of two main parts: the
body and the operator head (also called the actuator). The
body houses the contacts that are opened or closed in

ICam (on machine)

Operating
force

Lever type

Push roller type

Operator

Body
contains the
contacts

Figure 4-13 Limit switch.
Photo material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.
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response to the movement of the actuator. Contacts may
consist of the normally open, normally closed, momen-
tary (spring-returned), or maintained-contact types. The
terms normally open and normally closed refer to the state
of the contacts when the switch is in its normally deacti-
vated state. Figure 4-14 shows the standard symbols used
to represent limit switch contacts as follows:

* The N.O. held closed symbol indicates that the con-
tact is wired as an N.O. contact, but when the circuit

NEMA symbols IEC symbols
Normally open Normally closed |
limit switch limit switch
—%\0— —Oo<T0— ﬁ
N.O. held closed N.C. held open Normally  Normally
limit switch limit switch open closed
— O — — o=<So—
Normal off state
Line Load
side side
Load
N.O.
o o @
'I»\
' Load
1
e ()
N.C.
e

Figure 4-14 Limit switch symbols and configuration.
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Figure 4-15 Limit switch operators.
Phato courtesy Eaton Corporation, www.eaton.com.
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is in its normal off state, some part of the machine
holds the contact closed.

* The N.C. held open symbol indicates that the con-
tact is wired as an N.C. contact, and some part of
the machine in its normal off state holds the contact
open.

* A contact block with one N.O. and one N.C. set of
contacts is the most common configuration. When
you have two or more sets of contacts in a limit
switch that are electrically isolated, you must wire
the loads that these contacts are controlling on the
same side of the line.

Limit switches come with a wide variety of operators
(Figure 4-15) designed for a broad range of applications.
These include:

* Lever type, which consists of a single arm with
aroller attached at the end to help prevent wear.
The length of the lever may be fixed or adjustable.
Adjustable types are used in applications that
require adjustment of the actuator length or travel.

» Fork lever, which is designed for applications where
the actuating object travels in two directions. A typi-
cal application is a machine bed that automatically
alternates back and forth.

» Wobble stick, which is used in applications that
require detection of a moving object from any
direction rather in one or two directions along a
single plane. They may be constructed of steel,
plastic, Teflon, or nylon and are connected to the
limit switch by a flexible spring attachment.

* Push roller type, which operates by a direct forward
movement into the limit switch. This type has the
least amount of travel compared to other types
and is commonly used to prevent overtravel of a
machine part or object. The limit switch contacts
are connected so as to stop the forward movement

of the object when it makes contact with it.

A common application for limit switches is to limit the
travel of electrically operated doors, conveyors, hoists,

L1 L2

Forward Forward direction
Stop R limit switch oL
—O o—o—ojlflﬁo—o<'6—®—<
F
Reverse Reverse direction
| F limit switch
*—O 0—0—0%0—.‘ =] ‘—‘— e
R
11

Figure 4-16 Limit switches providing overtravel protection.

machine tool worktables, and similar devices. Figure 4-16
shows the control circuit for starting and stopping a motor
in the forward and reverse directions with two limit
switches providing overtravel protection. The operation
of the circuit can be summarized as follows:

* Pressing the momentary forward push button com-
pletes the circuit for the F coil, closing the normally
open maintaining contact and sealing in the circuit
for the forward starter coil.

* At the same instant, the normally closed interlock
contact F opens to prevent the reverse direction of
the motor.

* To reverse the motor direction the operator must
first press the stop button to deenergize the F coil
and then press the reverse push button.

 If overtravel position should be reached in either
the forward or reverse direction, the respective N.C.
limit switch will open to prevent any further travel
in that direction.

¢ The forward direction is also interlocked with a
normally closed R contact.

The micro limit switch, shown in Figure 4-17, is a snap-
action switch housed in a small enclosure. Snap action
switches are mechanical switches that produce a very
rapid transfer of contacts from one position to another.
They are useful in situations that require a fast opening
or closing of a circuit. In a snap-action switch, the actual
switching of the circuit takes place at a fixed speed no
matter how quickly or slowly the activating mechanism
moves.

One difference between traditional limit switches and
micro limit switches is the electrical configuration of
the switch contacts. Micro switches use a single-pole,
double-throw, contact arrangement that has one termi-
nal connected as a common between the normally open
and normally closed contacts instead of two electrically
isolated contacts. The micro switch body is normally
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Figure 4-17 Snap-action micro limit switch.
Photo courtesy Cherry, www.cherrycorp.com.

constructed of molded plastic, which offers a limited
amount of electrical isolation and physical protection for
contacts. Because of this, these switches are normally
mounted within enclosures where there is a lower risk
of physical damage. When used in conjunction with
equipment doors, micro limit switches function as safety
devices that are interlocked with control circuitry to
prevent the process from operating if the door is not in
place.

The rotating cam limit switch, shown in Figure 4-18, is
a control device that senses angular shaft rotation within
360 degrees and then activates contacts. They are typi-
cally used with machinery having a repetitive cycle of
operation, where motion is correlated to shaft rotation.
The switch assembly consists of one or more snap-action
switches that are operated by cams assembled on a shaft.
Cams are independently adjustable for operating at differ-
ent locations within a complete 360 degree rotation.

Temperature Control Devices

Temperature control devices (also called thermostats,
depending on the application) monitor the temperature or
changes in temperature for a particular process. Although

XIS

Symbol

Enclosure

) Switch assembly

Figure 4-18 Rotating cam limit switch.
Photos courtesy Rockwell Automation, www.rockwellautomation.com.
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NEMA symbols

ope T

Programmable thermostat N.O. contact

N.C. contact

IEC symbols

N.O. contact N.C. contact

Figure 4-19 Temperature switch symbols.
Photo courtesy Honeywell, www.honeywell.com.

there are many types available, they are all actuated by
some specific environmental temperature change. Tem-
perature switches open or close when a designated tem-
perature is reached. Temperature control devices are used
in heating or cooling applications where temperature
must be maintained within preset limits. Symbols used to
represent temperature switches are shown in Figure 4-19.

Temperature switches are designed to work with a num-
ber of different operating principles. These devices typi-
cally comprise sensing elements and switching contacts
housed in a single mechanical assembly. Switches may
open or close on temperature rise, depending on their inter-
nal construction. The capillary tube temperature switch,
illustrated in Figure 4-20, operates on the principle that a
temperature-sensitive liquid will expand and contract with
a change in temperature. Pressure in the system changes
in proportion to temperature and is transmitted to the bel-
lows through a bulb and capillary tube. As the temperature
rises, the pressure in the tube increases. Similarly, as the
temperature decreases, the pressure in the tube deceases.

Remote sensing

)
Contact block

Main spring

Bellow actuator

Capillary tube

Figure 4-20 Capillary tube temperature switch.
Photo courtesy Georgin, www.georgin.com.
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Figure 4-21 Temperature switch utilized as part of a
motor control circuit.

Bellows motion, in turn, is transmitted through a mechani-
cal linkage to actuate a precision switch at a predetermined
setting. Capillary tube—type temperature switches can be
connected to a remote fluid-containing bulb, allowing the
switch element to be remote from the sensing bulb and
environment or process under control.

Figure 4-21 shows the wiring diagram for the auto-
matic control of a 230-V fractional-horsepower fan motor
that utilizes a temperature switch. Temperature switches
rated to carry motor current may be used with fractional-
horsepower manual starters. Note that a double-pole man-
ual starter is used. This type of starter is required when
both line leads to the motor must be switched, such as for a
230-V, single-phase source. When the three-position selec-
tor switch is in the Auto position, the temperature switch
reacts to a preset rising temperature to automatically switch
the motor on. When the temperature drops below the preset
value, the contacts open to turn the motor off.

Pressure Switches

Pressure switches are used to monitor and control the
pressure of liquids and gases. They are commonly used to
monitor a system and, in the event that pressure reaches a
dangerous level, open relief valves or shut the system down.
The three categories of pressure switches used to activate
electrical contacts are positive pressure, vacuum (negative
pressure), and differential pressure. Symbols used to repre-
sent pressure switches are shown in Figure 4-22.

Pressure switches are used in many different types of
industries and applications. They can be used to control
pneumatic systems, maintaining preset pressures between
two values. The compressor circuit shown in Figure 4-23
consists of a compressor drive motor, a compressor unit,

NEMA symbols for
pressure switch contacts

o N.O.
contact

_°| >— NC.
contact

IEC symbols for
pressure switch contacts

E___ N.O.
contact

[F}---{ nc.
contact

Figure 4-22 Pressure switch symbals.
Photo courtesy Honeywell, www.honeywell.com.

System
L1 on/off Compressor L2

switch motor starter coil oL
e} T M

Pressure
switch

Figure 4-23 Pressure switch used as part of an air
compressor control system.

This material and associated copyrights are proprietary to, and used with the
permission of Schneider Electric.

and tank. The operation of the circuit can be summarized
as follows:

* The pressure switch is used to stop the motor when
tank pressure reaches a preset limit.

* When the preset system pressure is reached, the
N.C. contacts of the pressure switch open to deener-
gize the motor starter coil and automatically switch
the compressor motor off.

* To prevent the motor from starting and stopping
around the set point of the pressure switch, this type
of switch has a built-in differential that allows it
to close at one pressure and then open at a higher
pressure. This is referred to as the pressure span.
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Figure 4-24 Float switch symbols and circuit.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

Float and Flow Switches

A float switch is used to sense the height of a liquid. Float
switches provide automatic control for motors that pump
liquid from a sump or into a tank. The switch must be
installed above the tank or sump, and the float must be in
the liquid for the float switch to operate. For tank oper-
ation, a float operator assembly is attached to the float
switch by a rod, chain or cable. The float switch is actu-
ated according to the location of the float in the liquid.

There are several styles of float switches. One type uses
a rod that has a float mounted on one end, as illustrated
in Figure 4-24. In this application a float switch is used
to control the pump motor in an automatic tank-filling
operation. The operation of the circuit can be summarized
as follows:

* The float switch contacts are open when the float
forces the operating lever to the up position.

PART 2 Review Questions :

1. Define the term mechanically operated switch.
2. In what way are limit switches normally actuated?

3. A control application calls for an N.C. held open limit
switch. What type of connection does this imply?

4. List four common types of limit switch operator heads.
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NEMA symbols
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N.O. N.C.
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Control circuit
L1 L2

Figure 4-25 Flow switch symbals and circuit.
Photo courtesy Kobold Instruments, www.kobold.com.

N

Flow detection

* As the liquid level falls, the float and rod move
downward.

* When the float reaches a preset low level, the float
switch contacts close, activating the circuit and
starting the pump motor to refill the tank.

* Adjustable stops on the rod determine the amount
of movement that must take place before the switch
contacts open or close.

A flow switch is used to detect the movement of air or
liquid through a duct or pipe. In certain applications, it
is essential to be able to determine whether fluid is flow-
ing in a pipeline, duct, or other conduit and to respond
accordingly to such a determination. One of the simplest
types of flow switch is the paddle type illustrated in Fig-
ure 4-25. The paddle extends into the pipe and moves to
close the electrical contacts of the flow switch when the
fluid flow is sufficient to overcome the spring tension
on the paddle. When the flow stops, the contacts open.
On most paddle-type flow switches the spring tension is
adjustable, allowing for different flow rate adjustments.

5. What is an important operating feature of a snap-
action micro limit switch?

6. In what way is the contact configuration of a tra-
ditional limit switch different from that of a micro
limit switch?
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7. For what types of machine control applications are
rotating cam limit switches best suited?

8. How does a fluid capillary tube temperature switch
actuate its electrical contact block?

9. In what types of applications are pressure switches
used?
10. Compare the function of a float switch with that
of a flow switch.

PART 3 Sensors

Sensors are devices that are used to detect, and often to
measure, the magnitude of something. They basically
operate by converting mechanical, magnetic, thermal,
optical, and chemical variations into electric voltages and
currents. Sensors are usually categorized by what they
measure, and play an important role in modern manufac-
turing process control. Typical applications for sensors
are illustrated in Figure 4-26 and include light sensor,
pressure sensor, and bar code sensor.

Proximity Sensors

Proximity sensors detect the presence of an object (usu-
ally called the target) without physical contact. Detection
of the presence of solids such as metal, glass, and plastics,
as well as most liquids, is achieved by means of a sensing
magnetic or electrostatic field. These electronic sensors
are completely encapsulated to protect against excessive

Light sensor Pressure sensor

Bar code sensor

Figure 4-26 Typical sensor applications.
Photos courtesy Keyence Canada Inc., www.keyence.com.
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Figure 4-27 Proximity sensor and symboals.
Photo courtesy Turck, www.turck.com.

vibration, liquids, chemicals, and corrosive agents found
in the industrial environment.

Proximity sensors are available in various sizes and con-
figurations to meet different application requirements. One
of the most common configurations is the barrel type, which
houses the sensor in a metal or polymer barrel with threads
on the outside of the housing Figure 4-27 shows a barrel type
proximity switch along with the symbols used to represent it.
The threaded housing allows the sensor to be easily adjusted
on a mounting frame.

INDUCTIVE PROXIMITY SENSORS

Proximity sensors operate on different principles, depend-
ing on the type of matter being detected. When an appli-
cation calls for noncontact metallic target sensing, an
inductive-type proximity sensor is used. Inductive proxim-
ity sensors are used to detect both ferrous metals (contain-
ing iron) and nonferrous metals (such as copper, alumi-
num, and brass).

Inductive proximity sensors operate under the electri-
cal principle of inductance, where a fluctuating current
induces an electromotive force (emf) in a target object.
The block diagram for an inductive proximity sensor is
shown in Figure 4-28 and its operation can be summa-
rized as follows:

* The oscillator circuit generates a high-frequency
electromagnetic field that radiates from the end of
the sensor.

[\ VA \ W

Figure 4-28

Inductive proximity sensor.
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Figure 4-29 Proximity sensor sensing range.
Photo courtesy Eaton Corporation, www.eaton.com.

* When a metal object enters the field, eddy currents
are induced in the surface of the object.

* The eddy currents on the object absorb some of
radiated energy from the sensor, resulting in a loss
of energy and change of strength of the oscillator.

* The sensor’s detection circuit monitors the oscilla-
tor’s strength and triggers a solid-state output at a
specific level.

* Once the metal object leaves the sensing area, the
oscillator returns to its initial value.

The type of metal and size of the target are important
factors that determine the effective sensing range of the
sensor. Ferrous metals may be detected up to 2 inches
away, while most nonferrous metals require a shorter dis-
tance, usually within an inch of the device. The point at
which the proximity sensor recognizes an incoming target
is called the operating point (Figure 4-29). The point at
which an outgoing target causes the device to switch back
to its normal state is called the release point. Most prox-
imity sensors come equipped with an LED status indica-
tor to verify the output switching action. The area between
operating and release points is known as the hysteresis
zone. Hysteresis is specified as a percentage of the nomi-
nal sensing range and is needed to keep proximity sensors
from chattering when subjected to shock and vibration,
slow-moving targets, or minor disturbances such as elec-
trical noise and temperature drift.

Most sensor applications operate either at 24V DC or
at 120V AC. Figure 4-30 illustrates typical two-wire and
three-wire sensor connections. The three-wire DC prox-
imity sensor (Figure 4-30a) has the positive and nega-
tive line leads connected directly to it. When the sensor
is actuated, the circuit will connect the signal wire to the
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(a) Three-wire connection

(b) Two-wire connection

Figure 4-30 Typical two-wire and three-wire sensor
connections.

positive side of the line if operating normally open. If
operating normally closed, the circuit will disconnect the
signal wire from the positive side of the line.

Figure 4-30b illustrates a typical two-wire proximity
sensor connection intended to be connected in series with
the load. They are manufactured for either AC or DC sup-
ply voltages. In the off state, enough current must flow
through the circuit to keep the sensor active. This off state
current is called leakage current and typically may range
from 1 to 2 mA. When the switch is actuated, it will con-
duct the normal load circuit current. Keep in mind that
sensors are basically pilot devices for loads such as start-
ers, contactors, and solenoids, and should not be used to
directly operate a motor.

CAPACITIVE PROXIMITY SENSORS

Capacitive proximity sensors are similar to inductive prox-
imity sensors. The main differences between the two types
are that capacitive proximity sensors produce an elec-
trostatic field instead of an electromagnetic field and are
actuated by both conductive and nonconductive materi-
als. Capacitive sensors contain a high-frequency oscillator
along with a sensing surface formed by two metal electrodes
(Figure 4-31). When the target nears the sensing surface, it

Sensor
electrodes

Electros:?etlig E «

Oscillator waveform

TR0 a Target Target
Metallic or ¥ absent Target absent
nonmetallic present
target

Figure 4-31 Capacitive proximity sensor.
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Figure 4-32 Capacitive proximity sensor liquid detection.
Photo courtesy Omron Industrial Automation, www.ia.omron.com.

enters the electrostatic field of the electrodes and changes
the capacitance of the oscillator. As a result, the oscillator
circuit begins oscillating and changes the output state of
the sensor when it reaches certain amplitude. As the tar-
get moves away from the sensor, the oscillator’s amplitude
decreases, switching the sensor back to its original state.

Capacitive proximity sensors will sense metal objects as
well as nonmetallic materials such as paper, glass, liquids,
and cloth. They typically have a short sensing range of about
1 inch, regardless of the type of material being sensed. The
larger the dielectric constant of a target, the easier it is for the
capacitive sensor to detect. This makes possible the detec-
tion of materials inside nonmetallic containers as illustrated
in Figure 4-32. In this example, the liquid has a much higher
dielectric constant than the cardboard container, which gives
the sensor the ability to see through the container and detect
the liquid. In the process shown, detected empty containers
are automatically diverted via the push rod.

Photoelectric Sensors

A photoelectric sensor is an optical control device that
operates by detecting a visible or invisible beam of light,
and responding to a change in the received light inten-
sity. Photoelectric sensors are composed of two basic
components: a transmitter (light source) and a receiver
(sensor), as shown in Figure 4-33. These two compo-
nents may or may not be housed in separate units. The

Receiver
Modulated 4 @
light ' e
beam

,—IO =

- 0
Object to N N y‘\\
be sensed \ Q

Transmitter

Figure 4-33 Photoelectric sensor.
Photo courtesy SICK Inc., www.sick.com.

basic operation of a photoelectric sensor can be summa-
rized as follows:

* The transmitter contains a light source, usually an
LED along with an oscillator.

¢ The oscillator modulates or turns the LED on and
off at a high rate of speed.

* The transmitter sends this modulated light beam to
the receiver.

* The receiver decodes the light beam and switches
the output device, which interfaces with the load.

* The receiver is tuned to its emitter’s modulation
frequency, and will only amplify the light signal
that pulses at the specific frequency.

* Most sensors allow adjustment of how much light
will cause the output of the sensor to change state.

» Response time is related to the frequency of the light
pulses. Response times may become important when
an application calls for the detection of very small
objects, objects moving at a high rate of speed, or both.

The scan technique refers to the method used by pho-
toelectric sensors to detect an object. Common scan tech-
niques include through-beam, retroreflective, and diffuse
scan. Understanding the differences among the available
photoelectric sensing techniques is important in determin-
ing which sensor will work best in a specific application.

THROUGH-BEAM SCANNING

The through-beam scan technique (also called direct scan)
places the transmitter and receiver in direct line with each
other, as illustrated in Figure 4-34. The operation of the
system can be summarized as follows:

* The receiver is aligned with the transmitter beam to
capture the maximum amount of light emitted from
the transmitter.

* The object to be detected placed in the path of
the light beam blocks the light to the receiver and
causes the receiver’s output to change state.

Transmitter

>

Figure 4-34 Through-beam scan.

Photos courtesy SICK, Inc., www.sick.com.
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* Because the light beam travels in only one direction,
through-beam scanning provides long-range sens-
ing. The maximum sensing range is about 300 feet.

* This scan technique is a more reliable method in
areas of heavy dust, mist, and other types of air-
borne contaminants that may disperse the beam and
for monitoring large areas.

* Quite often, a garage door opener has a through-
beam photoelectric sensor mounted near the floor,
across the width of the door. For this application the
sensor senses that nothing is in the path of the door
when it is closing.

RETROREFLECTIVE SCANNING

In a retroreflective scan, the transmitter and receiver are
housed in the same enclosure. This arrangement requires
the use of a separate reflector or reflective tape mounted
across from the sensor to return light back to the receiver.
This sensor is designed to respond to objects that inter-
rupt the beam normally maintained between the transmit-
ter and receiver, as illustrated in Figure 4-35. In contrast
to a through-beam application, retroreflective sensors are
used for medium-range applications.

Retroreflective scan sensors may not be able to detect
shiny targets because they tend to reflect light back to
the sensor. In this case the sensor is unable to differ-
entiate between light reflected from the target and that
from the reflector. A variation of retroreflective scan,
the polarized retroreflective scan sensor is designed to
overcome this problem. Polarizing filters are placed in
front of the emitter and receiver lenses as illustrated in
Figure 4-36. The polarizing filter projects the emitter’s
beam in one plane only. As a result, this light is con-
sidered to be polarized. A corner-cube reflector must be
used to rotate the light reflected back to the receiver. The

Transmitter
_—

.

Receiver

Reflector

Figure 4-35 Retroreflective scan sensor.
Phato courtesy ifm efector, www.ifm.com/us.
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Figure 4-36 Polarized retroreflective scan sensor.
Photo courtesy Banner Engineering Corp., www.bannerengineering.com.

polarizing filter on the receiver allows rotated light to
pass through to the receiver.

DIFFUSE SCANNING

In a diffuse scan sensor (also called proximity scan), the
transmitter and receiver are housed in the same enclosure,
but unlike similar retroreflective devices, they do not rely
on any type of reflector to return the light signal to the
receiver. Instead, light from the transmitter strikes the tar-
get and the receiver picks up some of the diffused (scat-
tered) light. When the receiver receives enough reflected
light the output will switch states. Because only a small
amount of light will reach the receiver, its operating range
is limited to a maximum of about 40 inches. The sensitiv-
ity of the sensor may be set to simply detect an object or to
detect a certain point on an object that may be more reflec-
tive. Often this is accomplished using various colors with
different reflective properties. In the application shown in
Figure 4-37, a diffuse scan sensor is used to inspect for
the presence of the polarity mark on a capacitor.

Transmitted light

Light reflected
back to receiver

Detecting polarity
markings

Figure 4-37 Diffuse scan sensor.
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FIBER OPTICS

Fiber optics is not a scan technique, but another method
for transmitting light. Fiber optic sensors use a flexible
cable containing tiny fibers that channel light from emit-
ter to receiver. Fiber optics can be used with through-
beam, retroreflective scan, or diffuse scan sensors, as
illustrated in Figure 4-38. In through-beam scan, light is
emitted and received with individual cables. In retrore-
flective and diffuse scan, light is emitted and received
with the same cable.

Fiber optic sensors systems are completely immune to
all forms of electrical interference. The fact that an opti-
cal fiber does not contain any moving parts and carries
only light means that there is no possibility of a spark.
This means that it can be safely used even in the most
hazardous sensing environments such as a refinery for
producing gases, grain bins, mining, pharmaceutical
manufacturing, and chemical processing. Another advan-
tage of using optical fibers is the luxury it affords users
to route them through extremely tight areas to the sens-
ing location. Certain fiber optics materials, particularly
the glass fibers, have very high operating temperatures
(450°F and higher).
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Figure 4-38 Fiber optic sensors.
Photos courtesy Omron Industrial Automation, www.ia.omron.com.
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Figure 4-39 Hall effect sensor.
Photo courtesy Motion Sensors, Inc., www.motionsensors.com.

Hall Effect Sensors

Hall effect sensors are used to detect the proximity and
strength of a magnetic field. When a current-carrying
conductor is placed into a magnetic field, a voltage will be
generated perpendicular to both the current and the field.
This principle is known as the Hall effect. A Hall effect
sensor switch is constructed from a small integrated cir-
cuit (IC) chip like that shown in Figure 4-39. A permanent
magnet or electromagnet is used to trigger the sensor on
and off. The sensor is off with no magnetic field and trig-
gered on in the presence of a magnetic field. Hall effect
sensors are designed in a variety of body styles. Selection
of a sensor based on body style will vary by application.

Analog-type Hall effect sensors put out a continuous
signal proportional to the sensed magnetic field. An ana-
log linear Hall effect sensor may be used in conjunction
with a split ferrite core for current measurement, as illus-
trated in Figure 4-40. The magnetic field across the gap
in the ferrite core is proportional to the current through
the wire, and therefore the voltage reported by the Hall
effect sensor will be proportional to the current. Clamp-
on ammeters that can measure both AC and DC current
use a Hall effect sensor to detect the DC magnetic field
induced into the clamp. The signal from the Hall effect
device is then amplified and displayed.

Digital-type Hall effect devices are used in magneti-
cally operated proximity sensors. In industrial applica-
tions they may serve to determine shaft or gear speed or
direction by detecting fluctuations in the magnetic field.

Current-carrying
conductor

AC/DC clamp-on
ammeter

Hall effect
sensor

Figure 4-40 Hall effect sensor for current measurement.
Photo courtesy Fluke, www.fluke.com. Reproduced with Permission.

PART 3 Sensors 15


http://www.ia.omron.com
http://www.motionsensors.com
http://www.fluke.com

Geartooth sensing unit

Digital output

= . [

Hall effect
speed sensor

Figure 4-441 Monitoring speed using a Hall effect sensor.
Photo courtesy Hamlin, www.hamlin.com.

One such application, which involves the monitoring of
speed of a motor, is illustrated in Figure 4-41. The opera-
tion of the device can be summarized as follows:

* When the sensor is aligned with the rotating ferrous
gear tooth, the magnetic field will be at its maxi-
mum strength.

* When the sensor is aligned with the gap between
the teeth, the strength of the magnetic field is
weakened.

» Each time the tooth of the target passes the sensor,
the digital Hall switch activates, and a digital pulse
is generated.

* By measuring the frequency of the pulses, the shaft
speed can be determined.

* The Hall effect sensor is sensitive to the magnitude
of flux, not its rate of change, and as a result the
digital output pulse produced is of constant ampli-
tude regardless of speed variations.

» This feature of Hall effect technology allows you to
make speed sensors that can detect targets moving
at arbitrarily slow speeds, or even the presence or
absence of nonmoving targets.

Ultrasonic Sensors

An ultrasonic sensor operates by sending high-frequency
sound waves toward the target and measuring the time it takes
for the pulses to bounce back. The time taken for this echo to
return to the sensor is directly proportional to the distance or
height of the object because sound has a constant velocity.
Figure 4-42 illustrates a practical application in which
the returning echo signal is electronically converted to a 4-
to 20-mA output, which supplies a monitored flow rate to
external control devices. The 4-20 mA represents the sen-
sor’s measurement span. The 4-mA set point is typically
placed near the bottom of the empty tank, or the greatest
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Figure 4-42 Ultrasonic sensor.
Photo courtesy Keyence Canada Inc., www.keyence.com.

measurement distance from the sensor. The 20-mA set
point is typically placed near the top of the full tank, or
the shortest measurement distance from the sensor. The
sensor will proportionately generate a 4-mA signal when
the tank is empty and a 20-mA signal when the tank is
full. Ultrasonic sensors can detect solids, fluids, granular
objects, and textiles. In addition, they enable the detection
of different objects irrespective of color and transparency
and therefore are ideal for monitoring transparent objects.

Temperature Sensors

There are many types of temperature sensors that will use
various technologies and have different configurations.
The four basic types of temperature sensors commonly
used today are thermocouple, resistance temperature
detector, thermistor, and IC sensor.

THERMOCOUPLE

A thermocouple (TC) is a sensor that measures tempera-
ture. The thermocouple is by far the most widely used
temperature sensor for industrial control. Thermocouples
operate on the principle that when two dissimilar met-
als are joined, a predictable DC voltage will be gener-
ated that relates to the difference in temperature between
the hot junction and the cold junction (Figure 4-43). The
hot junction (measuring junction) is the joined end of a
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Figure 4-43 Thermocouple heat sensor.
Phato courtesy Omron Industrial Automation, www.ia.omron.com.

thermocouple that is exposed to the process where the
temperature measurement is desired. The cold junction
(reference junction) is the end of a thermocouple that
is kept at a constant temperature to provide a reference
point. For example, a K-type thermocouple, when heated
to a temperature of 300°C at the hot junction, will pro-
duce 12.2 mV at the cold junction.

The signal produced by a thermocouple is a func-
tion of the difference in temperature between the probe
tip (hot junction) and the other end of the thermocouple
wire (cold junction). For this reason it is important that
the cold (or reference) junction be maintained at a con-
stant known temperature to produce accurate temperature
measurements. In most applications the cold junction is
maintained at a known (reference) temperature, while the
other end is attached to a probe.

A thermocouple probe consists of thermocouple wire
housed inside a metallic tube. The wall of the tube is
referred to as the sheath of the probe. The tip of the thermo-
couple probe is available in three different styles: grounded,
ungrounded, and exposed, as illustrated in Figure 4-44.

The types of metals used in a thermocouple are based
on intended operating conditions, such as temperature
range and working atmosphere. Different thermocouple
types have very different voltage output curves. When a
replacement thermocouple is required it is important that
the thermocouple type used in the replacement matches
the original. It is also required that thermocouple or ther-
mocouple extension wire of the proper type be used all the
way from the sensing element to the measuring element.
Large errors can develop if this practice is not followed.

RESISTANCE TEMPERATURE DETECTORS

Resistance temperature detectors (RTDs) are wire-wound
temperature-sensing devices that operate on the principle

/
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I
74

Ungrounded

/%/

4

Exposed

Figure 4-44 Thermocouple tip styles.

of the positive temperature coefficient (PTC) of metals.
That means the electrical resistance of metals is directly
proportional to temperature. The hotter they become, the
larger or higher the value of their electrical resistance.
This proportional variation is precise and repeatable,
and therefore allows the consistent measurement of tem-
perature through electrical resistance detection. Platinum
is the material most often used in RTDs because of its
superiority regarding temperature limit, linearity, and
stability. RTDs are among the most precise temperature
sensors available and are normally found encapsulated in
probes for external temperature sensing and measurement
or enclosed inside devices where they measure tempera-
ture as a part of the device’s function. Figure 4-45 illus-
trates how an RTD is used as part of a temperature control
system. A controller uses the signal from the RTD sensor

Ceramic
Sheath support RTD RTD

J _l element
)

Encapsulated-type RTD
wound with platinum wire

CONTROLLER
Cooling line

Heating line
Temperature control system

Figure 4-45 Resistance temperature detector.
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to monitor the temperature of the liquid in the tank and
thereby control heating and cooling lines.

THERMISTORS

Thermistors are generally described as thermally sensitive
resistors that exhibit changes in resistance with changes in
temperature. This change of resistance with temperature
can result in a negative temperature coefficient (NTC) of
resistance, where the resistance decreases with an increase
in temperature (NTC thermistor). When the resistance
increases with an increase in temperature, the result is a pos-
itive temperature coefficient (PTC) thermistor. Thermistors
tend to be more accurate than RTDs and thermocouples, but
they have a much more limited temperature range. Their
sensing area is small, and their low mass allows a fairly
fast response time of measurement. Figure 4-46 shows the
circuit symbols used to represent thermistors, along with
common configurations. A thermistor placed inside a motor
housing is used to supplement the standard overload protec-
tion by monitoring the motor winding temperature.

INTEGRATED CIRCUIT

Integrated circuit (IC) temperature sensors (Figure 4-47)
use a silicon chip for the sensing element. Most are quite
small and their principle of operation is based on the fact
that semiconductor diodes have temperature-sensitive

Thermistor circuit symbols

NTC type

Figure 4-46 Thermistors.

Photo courtesy Measurement Specialties, www.meas-spec.com.

Input voltage

+4t0 +30V
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Analog voltage output type

Figure 4-47 Integrated circuit temperature sensor.
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voltage versus current characteristics. Although limited
in temperature range (below 200°C), IC temperature
sensors produce a very linear output over their operat-
ing range. There are two main types of IC temperature
sensors: analog and digital. Analog sensors can pro-
duce a voltage or current proportional to temperature.
Digital temperature sensors are similar to analog tem-
perature sensors, but instead of outputting the data in
current or voltage, they convert the data into a digital
format of 1s and Os. Digital-output temperature sensors
are therefore particularly useful when interfacing to a
microcontroller.

Velocity and Position Sensors

TACHOMETER

Tachometer generators provide a convenient means of
converting rotational speed into an analog voltage signal
that can be used for motor speed indication and control
applications. A tachometer generator is a small AC or
DC generator that develops an output voltage (propor-
tional to its rpm) whose phase or polarity depends on the
rotor’s direction of rotation. The DC tachometer genera-
tor usually has permanent magnetic field excitation. The
AC tachometer generator field is excited by a constant
AC supply. In either case, the rotor of the tachometer
is mechanically connected, directly or indirectly, to the
load. Figure 4-48 illustrates motor speed control applica-
tions in which a tachometer generator is used to provide
a feedback voltage to the motor controller that is propor-
tional to motor speed. The control motor and tachom-
eter generator may be contained in the same or separate
housings.

MAGNETIC PICKUP

A magnetic pickup is essentially a coil wound around a
permanently magnetized probe. When a ferromagnetic

CONTROLLER

Separate
tachometer
generator

Figure 4-48 Tachometer generator.
Phato courtesy ATC Digitec, www.atcdigitec.com.
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Figure 4-49 Magnetic pickup sensor.

Phatos courtesy Daytronic, www.daytronic.com.

object, such as gear teeth, is passed through the probe’s
magnetic field, the flux density is modulated. This
induces AC voltages in the coil. One complete cycle of
voltage is generated for each object passed. By measuring
the frequency of this signal voltage, the shaft speed can
be determined. Figure 4-49 shows a magnetic pickup used
in conjunction with a 60-tooth gear to measure the rpm of
a rotating shaft.

ENCODER

An encoder is used to convert linear or rotary motion
into a binary digital signal. Encoders are used in appli-
cations such as robotic control where positions have to
be precisely determined. The optical encoder illustrated
in Figure 4-50 uses a light source shining on an optical

Optical
sensor

Light
source

Optical
encoder

Optical
disk

Lines

Figure 4-50 Optical encoder.

Photo courtesy Avtron, www.avtron.com.
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Figure 4-51 Turbine flowmeter.

disk with lines or slots that interrupt the beam of light to
an optical sensor. An electronic circuit counts the inter-
ruptions of the beam and generates the encoder’s digital
output pulses.

Flow Measurement

Many processes depend on accurate measurement of fluid
flow. Although there are a variety of ways to measure fluid
flow, the usual approach is to convert the kinetic energy
that the fluid has into some other measurable form. This
can be as simple as connecting a paddle to a potentiom-
eter or as complex as connecting rotating vanes to a pulse-
sensing system or tachometer.

TURBINE FLOWMETERS

Turbine-type flowmeters are a popular means of mea-
surement and control of liquid products in industrial,
chemical, and petroleum operations. Turbine flowme-
ters, like windmills, utilize their angular velocity (rota-
tion speed) to indicate the flow velocity. The operation
of a turbine flowmeter is illustrated in Figure 4-51. Its
basic construction consists of a bladed turbine rotor
installed in a flow tube. The bladed rotor rotates on its
axis in proportion to the rate of the liquid flow through
the tube. A magnetic pickup sensor is positioned as close
to the rotor as practical. Fluid passing through the flow
tube causes the rotor to rotate, which generates pulses
in the pickup coil. The frequency of the pulses is then
transmitted to readout electronics and displayed as gal-
lons per minute.

TARGET FLOWMETERS

Target-type flowmeters insert a target, usually a flat
disk with an extension rod, oriented perpendicularly to
the direction of the flow. They then measure the drag
force on the inserted target and convert it to the flow
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Figure 4-52 Target type flowmeter.
Photo courtesy Kobold Instruments, www.kobold.com.

velocity. One advantage of the target flowmeter over
other types is its ability to measure fluids that are cor-
rosive or extremely dirty. Figure 4-52 shows a typical
target flowmeter. Fluid flow causes the target plate and
lever arm to deflect against a spring. A permanent mag-
net attached to the lever arm and a Hall effect sensor
mounted inside the display unit translate the angular
motion of the target to an electrical signal that operates
a flow rate display.

PART 3 Review Questions :

1. In general, how do sensor pilot devices operate?

2. What is the main feature of a proximity sensor?

3. List the main components of an inductive proximity
Sensor.

4. Explain the term hysteresis as it applies to a proxim-
ity sensor.

5. How is a two-wire sensor connected relative to the
load it controls?

6. In what way is the sensing field of a capacitive
proximity sensor different from that of the inductive
proximity sensor?

7. For what type of target would a capacitive proxim-
ity sensor be selected over an inductive type?

8. Outline the principle of operation of a photoelectric
Sensor.

9. Name the three most common scan techniques for
photoelectric sensors.

D)) DD)

Figure 4-53 Magnetic flowmeter.

Magnetic Flowmeters

Magnetic flowmeters, also known as electromagnetic
flowmeters or induction flowmeters, obtain the flow
velocity by measuring the changes of induced volt-
age of the conductive fluid passing across a controlled
magnetic field. Figure 4-53 shows a magnetic flowme-
ter that can be used with electrically conducting flu-
ids and offers no restriction to flow. A coil in the unit
sets up a magnetic field. If a conductive liquid flows
through this magnetic field, a voltage is induced that
is proportional to the average flow velocity—the faster
the flow rate the higher the voltage. This voltage is
picked up by sensing electrodes and used to calculate
the flow rate.

10. What are the advantages of fiber optic sensing
systems?

11. Outline the principle of operation of a Hall effect
Sensor.

12. Outline the principle of operation of an ultrasonic
Sensor.

13. List the four basic types of temperature sensors and
describe the principle of operation of each.

14. Compare the way in which a tachometer and mag-
netic pickup are used in speed measurement.

15. Outline the principle of operation of an optical
encoder.

16. What approach is usually taken to measurement of
fluid flow?

17. List three common types of flowmeters.
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PART 4 Actuators

Relays

An actuator, in the electrical sense, is any device that con-
verts an electrical signal into mechanical movement. An
electromechanical relay is a type of actuator that mechani-
cally switches electric circuits. Relays play an important
role in many motor control systems. In addition to provid-
ing control logic by switching multiple control circuits, they
are also used for controlling low-current pilot loads such as
contactor and starter coils, pilot lights, and audible alarms.

Figure 4-54 shows a typical electromechanical control
relay. This relay consists of a coil, wound on an iron core,
to form an electromagnet. When the coil is energized by
a control signal, the core becomes magnetized and sets
up a magnetic field that attracts the iron arm of the arma-
ture to it. As a result, the contacts on the armature close.
When the current to the coil is switched off, the armature
is spring-returned to its normal deenergized position and
the contacts on the armature open.

Figure 4-55 illustrates one simple application of a
control relay used in a motor control circuit. The relay

- Contacts
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Return spring
Symbol
! N.O.
el contact

Figure 4-54 Electromechanical relay.
Photo courtesy Tyco Electronics, www.tycoelectronics.com.

enables the energy in the motor high-power line circuit to
be switched by a low-power two-wire proximity switch.
In this example, the proximity switch operates a relay coil
whose contacts operate motor starter coil M. The opera-
tion of the control circuit can be summarized as follows:

* With the switch on, anytime the proximity
switch contacts close, relay coil CR will become
energized.

* This in turn will cause the normally open CR contacts
to close and complete the path of current to the M
motor starter. The M motor starter energizes and closes
the M contacts in the power circuit, starting the motor.

* When the proximity switch opens, the CR coil
deenergizes, opening CR contacts which in turn
deenergizes coil M and opens the M contacts in the
power circuit to stop the motor.

Solenoids

An electromechanical solenoid is a device that uses elec-
trical energy to magnetically cause mechanical control
action. A solenoid consists of a coil, frame, and plunger
(or armature, as it is sometimes called). Figure 4-56 shows
the basic construction and operation of a solenoid. The coil
and frame form the fixed part. When the coil is energized,
it produces a magnetic field that attracts the plunger, pull-
ing it into the frame and thus creating mechanical motion.

M oL
L1 —e—
L2 1 X Motor
L3 {|

460 V AC
24V AC
24V AC
o—ono>— @
On/off
switch Proximity

switch

Figure 4-55 Relay motor control circuit.
Phato courtesy IDEC Corporation, www.|DEC.com/usa, RJ Relay.
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Figure 4-56 Solenoid construction and operation.
Photos courtesy Guardian Electric, www.guardian-electric.com.

When the coil is deenergized the plunger returns to its
normal position through gravity or assistance from spring
assemblies within the solenoid. The frame and plunger of
an AC-operated solenoid are constructed with laminated
pieces instead of a solid piece of iron to limit eddy cur-
rents induced by the magnetic field.

The choice of using DC- or AC-operated solenoid
coils is usually predetermined by the type of supply
voltage available. Most solenoid applications use DC.
Differences between DC and AC operated solenoids
include:

* AC solenoids tend to be more powerful in the fully
open position than DC. This is due to inrush cur-
rent, which at maximum stroke can be more than
10 times the closed current.

* The coil current for DC solenoids is limited by coil
resistance only. The resistance of an AC solenoid
coil is very low, so current flow is primarily limited
by the inductive reactance of the coil.

* AC solenoids must close completely so that the
inrush current falls to its normal value. If an AC
solenoid plunger sticks in the open position, a burn-
out of the coil is likely. DC solenoids take the same
current throughout their stroke and cannot overheat
through incomplete closing.

* AC-operated solenoids are usually faster than DC, but
with a few milliseconds variation in response time,
depending on the point of the cycle when the solenoid
is energized. DC solenoids are slower but they repeat
their closing times accurately against a given load.

* A good AC solenoid, correctly used, should be quiet
when closed, but only because its fundamental ten-
dency to hum has been overcome by correct design
and accurate assembly. Dirt on the mating faces or
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Figure 4-57 Linear and rotary solenoid applications.
Photos and art courtesy Ledex, www.ledex.com.

mechanical overload may make it noisy. A DC sole-
noid is naturally quiet.

There are two main categories of solenoids: linear and
rotary. The direction of movement, either rotary or linear, is
based on the mechanical assembly within which the elec-
tromagnetic circuit is encased. Rotary solenoids incorporate
a mechanical design that converts linear motion to rotary
motion. Linear solenoids are usually classified as pull (the
electromagnetic path pulls a plunger into the solenoid body)
or push (the plunger shaft is pushed out of the frame case).

Figure 4-57 illustrates common applications for linear
and rotary solenoids. The linear solenoid application shown
is used in part rejection processes in which electronic inter-
facing with a sensor produces an actuation signal to the
solenoid. In the rotary solenoid application, the solenoid is
used in a sorting conveyor to control a diverter gate.

Solenoid Valves

Solenoid valves are electromechanical devices that work
by passing an electrical current through a solenoid,
thereby changing the state of the valve. Normally, there is
a mechanical element, which is often a spring, that holds
the valve in its default position. A solenoid valve is a com-
bination of a solenoid coil operator and valve, which con-
trols the flow of liquids, gases, steam, and other media.
When electrically energized, they either open, shut off, or
direct the flow of media.

Figure 4-58 illustrates the construction and principle
of operation of a typical fluid solenoid valve. The valve
body contains an orifice in which a disk or plug is posi-
tioned to restrict or allow flow. Flow through the orifice
is either restricted or allowed depending on whether the
solenoid coil is energized or deenergized. When the coil
is energized, the core is drawn into the solenoid coil to
open the valve. The spring returns the valve to its original
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Figure 4-58 Solenoid valve.
Photo courtesy ASCO Valve Inc., www.ascovalve.com.
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Figure 4-59 Solenoid-operated tank filling and emptying operation.
Photos courtesy ASCO Valve Inc., www.ascovalve.com.

closed position when the current coil is deenergized. A
valve must be installed with direction of flow in accor-

for a tank filling and emptying operation. The operation
of the control circuit can be summarized as follows:

dance with the arrow cast on the side of the valve body. * Assuming the liquid level of the tank is at or below
Solenoid valves are commonly used as part of tank fill- the empty level mark, momentarily pressing the
ing and emptying processes. Figure 4-59 shows the circuit FILL push button will energize control relay 1CR.
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¢ Contacts 1CR; and 1CR; will both close to seal in
the 1CR coil and energize normally closed solenoid
valve A to start filling the tank.

* As the tank fills, the normally open empty-level
sensor switch closes.

* When the liquid reaches the full level, the normally
closed full-level sensor switch opens to open the cir-
cuit to the 1CR relay coil and switch solenoid valve A
to its deenergized closed state.

* Any time the liquid level of the tank is above
the empty level mark, momentarily pressing the
EMPTY push button will energize control relay
2CR.

¢ Contacts 2CR; and 2CR, will both close to seal in
the 2CR coil and energize normally closed solenoid
valve B to start emptying the tank.

* When the liquid reaches the empty level, the nor-
mally open empty level sensor switch opens to open
the circuit to the 2CR relay coil and switch solenoid
valve B to its deenergized closed state.

* The stop button may be pressed at any time to halt
the process.

Stepper Motors

Stepper motors operate differently than standard types,
which rotate continuously when voltage is applied to their
terminals. The shaft of a stepper motor rotates in discrete
increments when electrical command pulses are applied
to it in the proper sequence. Every revolution is divided
into a number of steps, and the motor must be sent a volt-
age pulse for each step. The amount of rotation is directly
proportional to the number of pulses and the speed of
rotation is relative to the frequency of those pulses. A
1-degree-per-step motor will require 360 pulses to move
through one revolution; the degrees per step is known as
the resolution. When stopped, a stepper motor inherently
holds its position. Stepper systems are used most often
in “open-loop” control systems, where the controller tells
the motor only how many steps to move and how fast to
move, but does not have any way of knowing what posi-
tion the motor is at.

The movement created by each pulse is precise and
repeatable, which is why stepper motors are so effective
for load-positioning applications. Conversion of rotary
to linear motion inside a linear actuator is accomplished
through a threaded nut and lead screw. Generally, step-
per motors produce less than 1 hp and are therefore fre-
quently used in low-power position control applications.
Figure 4-60 shows a stepper motor/drive unit along with
typical rotary and linear applications.

84 Chapter 4 Motor Control Devices

Rotary application

Stepper motor

Linear application

Y

¢

w

\

ALUNNNNNNARARRRAANAA
ety
A\,

=

Figure 4-60 Stepper motor/drive unit.
Photos courtesy Oriental Motor, www.orientalmotor.com.

Servo Motors

All servo motors operate in closed-loop mode, whereas most
stepper motors operate in open-loop mode. Closed-loop and
open-loop control schemes are illustrated in Figure 4-61.
Open loop is control without feedback, for example, when
the controller tells the stepper motor how many steps to
move and how fast to move, but does not verify where the
motor is. Closed-loop control compares speed or position
feedback with the commanded speed or position and gen-
erates a modified command to make the error smaller. The
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Figure 4-61 Open- and closed-loop motor control systems.
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Figure 4-62 Closed-loop servo system.
Photo courtesy GSK CNC, www.gskenc.com.

error is the difference between the required speed or posi-
tion and the actual speed or position.

Figure 4-62 shows a typical closed-loop servo motor
system. The motor controller directs operation of the servo
motor by sending speed or position command signals to
the amplifier, which drives the servo motor. A feedback
device such as an encoder for position and a tachometer for
speed are either incorporated within the servo motor or are
remotely mounted, often on the load itself. These provide
the servo motor’s position and speed feedback information
that the controller compares to its programmed motion pro-
file and uses to alter its position or speed.

While stepper motors are DC operated, a servo motor
can be either DC or AC operated. Three basic types of
servo motors are used in modern servo systems: AC servo
motors, based on induction motor designs; DC servo
motors, based on DC motor designs; and DC or AC brush-
less servo motors.

' PART 4 Review Questions

1. Define the term actuator as it applies to an electric
circuit.

2. In what ways are electromagnetic relays employed
in motor control systems?

Reference
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Motor control circuit
BLDC motor

Brushless DC motor with
integrated electronic drive

Motor stator and
sensor connections

Figure 4-63 Brushless DC motor with integrated drive.
Photo courtesy ElectroCraft, www.electrocraft.com.

A DC brushless servo motor is shown in Figure 4-63.
As the name implies, brushless DC motors (BLDCs) have
no brush or commutation mechanism; instead, they are
electronically commutated. The stator is normally a three-
phase stator (A-B-C) like that of an induction motor and
the rotor has surface-mounted permanent magnets. Three
Hall sensors (H1-H2-H3) are used to detect the rotor posi-
tion, and commutation is performed electronically, based
on signals from the Hall sensor inputs. The signals from
the Hall effect sensors are decoded by the controller and
used to control the driver circuit, which energizes the sta-
tor coils in the proper rotational sequence. Therefore, the
motor requires electronic drive in order to operate.

3. What are the two main parts of an electromagnetic
relay?
4. Describe how an electric solenoid operates.
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. Which type of solenoid (AC or DC) is constructed
with laminated instead of solid pieces of steel? Why?

. Why are AC solenoid coils likely to overheat if the
plunger sticks in the open position when energized?
. In what way is the design of a rotary solenoid dif-
ferent from that of a linear solenoid?

. A solenoid valve is a combination of what

two elements?

10.

11.
12.

Explain how rotation is achieved in a stepper motor.

What is the basic difference between an open-loop
and closed-loop positioning or motor speed control
system?

What do all servo motors have in common?

What replaces brushes in a brushless DC motor?

A defective switch rated for 10 A DC at a given
voltage is replaced with one rated for 10 A AC at
the same voltage. What is most likely to happen?
Why?

The resistance of a suspected AC solenoid coil,
rated for 2 A at 120V, is measured with an ohmme-
ter and found to have a resistance of 1 €). Does this
mean the coil is shorted? Why?

The N.O. and N.C. contacts of a relay with a coil
operating voltage of 12 V DC are to be bench-
checked for faults by using an ohmmeter. Develop

a complete outline, including circuit schematics, of
the procedure you would follow.

A 12-V pilot light is incorrectly replaced with one
rated for 120 V. What would be the result?

What voltage values are typically produced by
thermocouples?

A through-beam photoelectric sensor appears to
be missing detection of small bottles on a high-
speed conveyor line. What could be creating this
problem?

DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

List typical electrical and mechanical problems that
may cause failed operation of a mechanically oper-
ated limit switch.

How might a flow switch be used in a building fire
protection system?

Chapter 4 Motor Control Devices

3.

Should a resistance check of a good thermocouple
yield a “low resistance” or “infinite” reading? Why?
What does the range adjustment on a float switch
accomplish?

A stepper motor cannot be bench-checked directly
from a power source. Why?
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Electric Motors

Chapter Objectives

This chapter will help you to:

1. Understand the basic electric motor
operating principle.

2. Have a working knowledge of the construc-
tion, connection, and operating characteris-
tics of different types of DC motors.

3. Have a working knowledge of the con-
struction, connection, and operating char-
acteristics of different types of AC motors.

4. Carry out testing procedures used to trou-
bleshoot motor problems.

WwWwW

An electric motor converts electric energy to
mechanical energy by using interacting mag-
netic fields. Electric motors are used for a wide
variety of residential, commercial, and indus-
trial operations. This chapter deals with the
operating principles of different types of DC,
universal, and AC electric motors.

PART 1 Motor Principle

Magnetism

Electric motors are used to convert electric
energy into mechanical energy. The motor rep-
resents one of the most useful and labor-sav-
ing inventions in the electrical industry. Over
50 percent of the electricity produced in the
United States is used to power motors.

An electric motor uses magnetism and elec-
tric currents to operate. There are two basic
categories of motors, AC and DC. Both use the
same fundamental parts but with variations to
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Figure 5-1 Magnetic field of a permanent bar magnet.

allow them to operate using two different kinds of electri-
cal power supply.

Magnetism is the force that creates rotation for a motor
to operate. Therefore, before we discuss basic motor opera-
tion, a short review of magnetism is in order. Recall that a
permanent magnet will attract and hold magnetic materi-
als such as iron and steel when such objects are near or
in contact with the magnet. The permanent magnet is able
to do this because of its inherent magnetic force, which is
referred to as a magnetic field. In Figure 5-1, the magnetic
field of a permanent bar magnet is represented by lines of
flux. These lines of flux help us to visualize the magnetic
field of any magnet even though they actually represent an
invisible phenomenon. The number of flux lines varies from
one magnetic field to another, and the stronger the magnetic
field, the greater the number of lines of flux. Lines of flux
are assumed to have a direction of movement from an N
pole to an S pole of a magnet as shown in the diagram.

Electromagnetism

A similar type of magnetic field is produced around a
current-carrying conductor. The strength of the magnetic
field is directly proportional to the amount of current flowing
through the conductor and takes the form of concentric cir-
cles around the wire. Figure 5-2 illustrates the magnetic field
around a straight current-carrying conductor. A relationship

Direction of Direction of
electron flow lines of flux

-

Figure 5-2 Magnetic field around a straight current-
carrying conductor.

88 Chapter 5  Electric Motors

N pole S pole
) v ARG 4 A
— o7 Y + N
5 Q)
A¥
1 VY ) ‘y
Y! 'y A Xk
i Y i5 b
vY 'y M Ad
L n ¥ N
i M h i
A\ g A Af
. ¥, . ? 3 \
ANCEE N Y S A
S pole Typical motor N pole
stator coils

Figure 5-3 Magnetic field produced by a current-carrying coil.
Phato courtesy Electrical Apparatus Service Association, www.easa.com.

exists between the direction of current flow through a con-
ductor and the direction of the magnetic field created. Known
as the left-hand conductor rule, it uses electron flow from
negative to positive as the basis for the current direction.
When you place your left hand so that your thumb points in
the direction of the electron flow, your curled fingers point in
the direction of the lines of flux that circle the conductor.
When a current-carrying conductor is shaped into a
coil, the individual flux lines produced by each of the
turns form one stronger magnetic field. The magnetic
field produced by a current-carrying coil resembles that of
a permanent magnet (Figure 5-3). As with the permanent
magnet, these flux lines leave the north of the coil and
reenter the coil at its south pole. The magnetic field of a
wire coil is much greater than the magnetic field around
the wire before it is formed into a coil and can be further
strengthened by placing a core of iron in the center of
the coil. The iron core presents less resistance to the lines
of flux than the air, thereby causing the field strength to
increase. This is exactly how a motor stator coil is con-
structed: using a coil of wire with an iron core. The polar-
ity of the poles of a coil reverses whenever the current
flow through the coil reverses. Without this phenomenon,
the operation of electric motors would not be possible.

Motor Rotation

An electric motor rotates as the result of the interaction
of two magnetic fields. One of the well-known laws of
magnetism is that “like” poles (N-N or S-S) repel while
“unlike” poles (N-S) attract. Figure 5-4 illustrates how
this attraction and repulsion of magnetic poles can be
used to produce a rotating force. The operation can be
summarized as follows.

* The electromagnet is the moving armature part and
the permanent magnet the fixed stator part.

» Like magnetic poles repel each other, causing the
armature to begin to turn.
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Figure 5-4 Motor principle.

* After it turns part way around, the force of attrac-
tion between the unlike poles becomes strong
enough to keep the permanent magnet rotating.

* The rotating electromagnet continues to turn until
the unlike poles are lined up. At this point the rotor
would normally stop because of the attraction
between the unlike poles.

* Commutation is the process of reversing armature
current at the moment when unlike poles of the
armature and field are facing each other, thereby
reversing the polarity of the armature field.

* Like poles of the armature and field then repel each
other, causing armature rotation to continue.

When a current-carrying conductor is placed in a mag-
netic field, there is an interaction between the magnetic
field produced by the current and the permanent field,
which leads to a force being experienced by the conduc-
tor. The magnitude of the force on the conductor will be
directly proportional to the current which it carries. A
current-carrying conductor, placed in a magnetic field and
at right angles to it tends to move at right angles to the
field, as illustrated in Figure 5-5.

A simple method used to determine the direction of
movement of a conductor carrying current in a magnetic
field is the right-hand motor rule. To apply this rule the
thumb and first two fingers of the right hand are arranged
to be at right angles to each other with the forefinger
pointing in the direction of the magnetic lines of force
of the field, the middle finger pointing in the direction

Conductor
moves up

Current-carrying Permanent-magnet
conductor field field

Figure 5-5
magnetic field.

A current-carrying conductor, placed in a

Direction of

conductor
o movement
Direction of
magnetic field T

-

Direction of

4 current flow

Figure 5-6 Right-hand motor rule.

of electron current flow (- to +) in the conductor. The
thumb will then be pointing in the direction of movement
of the conductor. Applying the right-hand motor rule to
Figure 5-6, the conductor will move upward through the
magnetic field. If the current through the conductor were
to be reversed, the conductor would move downward.
Note that the conductor current is at a right angle to the
magnetic field. This is required to bring about motion
because no force is felt by a conductor if the current and
the field direction are parallel.

Figure 5-7a illustrates how motor forque (rotational
force) is produced by a current-carrying coil or loop of
wire placed in a magnetic field. Rotation is the result of the

Armature

Armature conductor

(b) Torque produced by a multicoil armature.

Figure 5-7 Developing motor torque.
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Figure 5-8 Family tree of common motaors.

interaction of the magnetic fields generated by the perma-
nent magnets and current flow through the armature coil.
This interaction of the two magnetic fields causes a bend-
ing of the lines of force. When the lines tend to straighten
out, they cause the loop to undergo a rotating motion. The
left conductor is forced downward, and the right conduc-
tor is forced upward, causing a counterclockwise rotation
of the armature. A practical motor armature is made up
of many coils of conductors as illustrated in Figure 5-7b.
The magnetic fields of these conductors combine to form

a resultant armature field with north and south poles that
interact with those of the main stator field to exert a con-
tinuous torque on the armature.

In general, motors are classified according to the type
of power used (AC or DC) and the motor’s principle of
operation. There are several major classifications of the
motors in common use; each will specify characteristics
that suit it to particular applications. Figure 5-8 shows a

family tree of common types of motors.

PART 1 Review Questions T e e e e e e e e e e e e e e e e e e e e e e e e e e e

1. What is the basic purpose of an electric motor?
2. In general, in what two ways are motors classified?

3. In what direction are the lines of flux of a magnet
assumed to travel?

90 Chapter 3 Electric Motors

4. How does electricity produce magnetism?

b

Why is the motor stator coil constructed with an
iron core?

6. How is the polarity of the poles of a given coil
reversed?



7. In general, what causes an electric motor to rotate?

8. In what direction will a current-carrying conductor,
placed in and at right angles to a magnetic field, move?

9. Applying the right-hand motor rule to given
current-carrying conductor placed in a magnetic

field indicates movement in the downward direc-
tion. What could be done to reverse the direction in
which the conductor moves?

10. What two main criteria are used to classify
motors?

PART 2 Direct Current Motors

Direct-current motors are not used as much as alternating-
current types because all electric utility systems deliver
alternating current. For special applications, however, it is
advantageous to transform the alternating current into direct
current in order to use DC motors. Direct-current motors are
used where a wide range of precise torque and speed con-
trol is required to match the needs of the application. Such
applications include cranes, conveyors, and elevators.

The construction of a DC motor (Figure 5-9) is con-
siderably more complicated and expensive than that of an
AC motor, primarily because of the commutator, brushes,
and armature windings. Maintenance of the brush/com-
mutator assembly found on DC motors is significant
compared to that of AC motor designs. An AC induction
motor requires no commutator or brushes, and most use
cast squirrel-cage rotor bars instead of wound copper wire
windings. There are several types of DC motors, classi-
fied according to field type. These are permanent magnet,
series, shunt, and compound.

Motor speed, torque, and horsepower (hp) are impor-
tant parameters used to predict DC motor performance:

Speed: Refers to the rotational speed of the motor’s
shaft and is measured in revolutions per minute (rpm).

Torque: Refers to the turning force supplied by the
motor’s shaft. Torque consists of force acting on a

Stator

End bracket

Bearings Armature

Figure 5-9 Major components of a DC motor.

radius. The standard units of torque as used in the
motor control industry are pound-inches (Ib-in), or
pound-feet (Ib-ft).

Horsepower: Refers to the rate at which work is
done. As an example, 1 horsepower is equivalent to
lifting 33,000 pounds to a height of 1 foot in 1 minute.
One horsepower is also equivalent to 746 watts of
electrical power. Therefore, you can use watts to cal-
culate horsepower and vice versa.

Permanent-Magnet DC Motor

Permanent-magnet DC motors use permanent magnets
to supply the main field flux and electromagnets to pro-
vide the armature flux. Movement of the magnetic field
of the armature is achieved by switching current between
coils within the motor. This action is called commuta-
tion. Figure 5-10 illustrates the operation of a simple
permanent-magnet motor. The operation of the circuit can
be summarized as follows:

e Current flow through the armature coil from the
DC voltage supply causes the armature to act as an
electromagnet.

* The armature poles are attracted to field poles of
opposite polarity causing the armature to rotate in a
clockwise direction (Figure 5-10a).

* When the armature poles are in line with the field
poles, the brushes are at the gap in the commutator
and no current flows in the armature (Figure 5-10b).
At this point the forces of magnetic attraction and
repulsion stop and inertia carries the armature past
this neutral point.

* Once past the neutral point, current flows
through the armature coil in the reverse direction
because of the commutator’s reversing action (Fig-
ure 5-10c). This in turn reverses the polarity of the
armature poles, resulting in repulsion of the like
poles and further rotation in a clockwise direction.

* The cycle is repeated with the current flow through
the armature reversed by the commutator once each
cycle to produce a continuous rotation of the arma-
ture in a clockwise direction.
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Figure 5-11 Permanent-magnet DC motor.
Phato courtesy Leeson, www.leeson.com.

Figure 5-11 shows a permanent-magnet (PM) DC
motor. The motor is made up of two main parts: a housing
containing the field magnets and an armature consisting of
coils of wire wound in slots in an iron core and connected
to a commutator. Brushes, in contact with the commutator,
carry current to the coils. PM motors produce high torque
compared to wound-field motors. However permanent-
magnet motors are limited in load-handling ability and for
this reason used mainly for low-horsepower applications.

The force that rotates the motor armature is the result
of the interaction between two magnetic fields (the stator
field and the armature field). To produce a constant torque
from the motor, these two fields must remain constant in
magnitude and in relative orientation. This is achieved by
constructing the armature as a series of small sections con-
nected to the segments of a commutator, as illustrated in
Figure 5-12. Electrical connection is made to the commu-
tator by means of two brushes. It can be seen that if the
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Currents in coils 3 and 6
have changed direction

Figure 5-12 Armature commutation or switching effect.
Photo courtesy Microchip, www.microchip.com.

armature rotates through one-sixth of a revolution clock-
wise, the current in coils 3 and 6 will have changed direc-
tion. As successive commutator segments pass the brushes,
the current in the coils connected to those segments changes
direction. The commutator can be regarded as a switch that
maintains the proper direction of current in the armature
coils to produce constant unidirectional torque.

The direction of rotation of a permanent-magnet
DC motor is determined by the direction of the current
flow through the armature. Reversing the polarity of the
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Figure 5-13 Reversing the direction of rotation of a PM mator.

voltage applied to the armature will reverse the direction
of rotation, as illustrated in Figure 5-13. Variable-speed
control of a PM motor is accomplished by varying the
value of the voltage applied to the armature. The speed
of the motor varies directly with the amount of armature
voltage applied. The higher the value of the armature volt-

age, the faster the motor will run.

Series DC Motor

Wound-field DC motors are usually classified as series-
wound, shunt-wound, or compound-wound. The connec-
tion for a series-type DC motor is illustrated in Figure 5-14.
A series-wound DC motor consists of a series field wind-
ing (identified by the symbols Sl and S2) connected in
series with the armature (identified by the symbols A1 and
A?2). Since the series field winding is connected in series
with the armature, it will carry the same amount of cur-
rent that passes through the armature. For this reason the
windings of the series field are made from heavy-gauge
wire that is large enough to carry the full motor load cur-
rent. Because of the large diameter of the series winding,
the winding will have only a few turns of wire and a very
low resistance value.

A series-wound DC motor has a low resistance field
and low resistance armature circuit. Because of this, when
voltage is first applied to it, the current is high (I = E/R).
The advantage of high current is that the magnetic fields
inside the motor are strong, producing high torque (turn-
ing force), so it is ideal for starting very heavy mechanical
loads. Figure 5-15 shows the speed—torque characteristic
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Figure 5-14 Series-type DC motor.
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Figure 5-15 Speed-torque characteristic curves for a
series DC motor.

curves for a series DC motor. Note that the speed varies
widely between no load and rated load. Therefore, these
motors cannot be used where a constant speed is required
with variable loads. Also the motor runs fast with a light
load (low current) and runs substantially slower as the
motor load increases. Because of their ability to start very
heavy loads series motors are often used in cranes, hoists,
and elevators, which can draw thousands of amperes on
starting. Caution: The no-load speed of a series motor
can increase to the point of damaging the motor. For this
reason, it should never be operated without a load of some
type coupled to it.

Shunt DC Motor

The connection for a shunt-type DC motor is illustrated in
Figure 5-16. A shunt-wound DC motor consists of a shunt
field (identified by the symbols F1 and F2) connected in
parallel with the armature. This motor is called a shunt
motor because the field is in parallel to, or “shunts,” the
armature. The shunt field winding is made up of many turns
of small-gauge wire and has a much higher resistance and
lower current flow compared to a series field winding.
Figure 5-17 shows the speed-torque characteristic
curves for a shunt DC motor. Since the field winding is
connected directly across the power supply, the current
through the field is constant. The field current does not
vary with motor speed, as in the series motor and, there-
fore, the torque of the shunt motor will vary only with the
current through the armature. When the motor is starting
and speed is very low, the motor has very little torque.
After the motor reaches full rpm, its torque is at its fullest
potential. One of the main advantages of a shunt motor is
its constant speed. It runs almost as fast fully loaded as it
does with no load. Also, unlike the series motor, the shunt
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Figure 5-17 Speed-torque characteristic curves for a

shunt DC motor.
© Baldor Electric Company. Reprinted with their permission. Photo Baldor,
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motor will not accelerate to a high speed when no load is
coupled to it. Shunt motors are particularly suitable for
applications such as conveyors where constant speed is
desired and high starting torque is not needed.

The field winding of a shunt motor can be separately
excited or connected to the same voltage source as the
armature. Figure 5-18 shows the connection for a separately
excited shunt motor. An advantage to separately exciting
the shunt field is that a variable-speed DC drive can be used
to provide independent control of the field and armature.
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Figure 5-18 Separately excited shunt mator.
Photo courtesy Avtron, www.avtron.com.

Compound DC Motor

A compound-wound DC motor is a combination of the
shunt-wound and series-wound types. This type of DC
motor has two field windings, as shown in Figure 5-19.
One is a shunt field connected in parallel with the arma-
ture; the other is a series field that is connected in series
with the armature. The shunt field gives this type of motor
the constant-speed advantage of a regular shunt motor. The
series field gives it the advantage of being able to develop a
large torque when the motor is started under a heavy load.
This motor is normally connected cumulative-compound
so that under load the series field flux and shunt field act in
the same direction to strengthen the total field flux.
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Figure 5-19 Compound-type DC mator.

Photo courtesy ABB, www.abb.com.

Figure 5-20 shows a comparison of speed—torque char-
acteristic curves for a cumulative compound DC motor
versus series and shunt types. The speed of the compound
motor varies a little more than that of shunt motors, but
not as much as that of series motors. Also, compound-
type DC motors have a fairly large starting torque—much
more than shunt motors, but less than series motors. The
shunt winding can be wired as a cumulative long-shunt
or as a short-shunt compound motor. For short-shunt, the
shunt field is connected in parallel with only the armature,
whereas with long-shunt the shunt field is connected in
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parallel with both the series field and the armature. There
is very little difference in the operating characteristics
of long-shunt and short-shunt compound motors. These
motors are generally used where severe starting conditions
are met and constant speed is required at the same time.

Direction of Rotation

The direction of rotation of a wound DC motor depends
on the direction of the field and the direction of the cur-
rent flow through the armature. If either the direction
of the field current or the direction of the current flow
through the armature of a wound DC motor is reversed,
the rotation of the motor will reverse. If both of these two
factors are reversed at the same time, however, the motor
will continue rotating in the same direction.

For a series-wound DC motor, changing the polarity
of either the armature or series field winding changes the
direction of rotation. If you simply changed the polarity
of the applied voltage, you would be changing the polar-
ity of both series field and armature windings and the
motor’s rotation would remain the same.

Figure 5-21 shows the power and control circuit sche-
matics for a typical DC reversing motor starter used to
operate a series motor in the forward and reverse direc-
tions. In this application, reversing the polarity of the
armature voltage changes the direction of rotation. The
operation of the circuit can be summarized as follows:

* When the starter coil F is energized, the main F con-
tacts close, connecting A1 to the positive side of the
power supply and A2 to the negative side to operate
the motor in the forward direction.

F2 F1
o VY Y\ g
S2 S1 A2 Al

<———— Power supply ———— > —

Long-shunt cumulative connection

F2 F1
— e/ Y Y Y\ o

S2 S1 | A2 Al

<——— Power supply ——— | —

Short-shunt cumulative connection

Figure 5-20 DC cumulative compound motor connections

and speed-torque characteristics.
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Figure 5-21 DC series motor reversing motor starter.
This material and associated copyrights are proprietary to, and used with the
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permission of, Schneider Electric.

When the starter coil R is energized, the main R
contacts close, reversing the armature polarity so
A2 is now positive and A1 is negative and the motor

L2 (-)

F R
Al
@ S1 S2
||
A2
R F

L2 (-)

will now operate in the reverse direction.

Notice that for both the forward and reverse direc-

tions, the polarity of the series field remains

unchanged, with S1 being positive with respect to

S2: only the armature’s polarity is changed.

The circuit is electrically interlocked by way of the
normally closed (N.C.) R and F auxiliary control
contacts. This prevents starter coils F and R from
both being energized at the same time and in effect
shorting out the motor armature circuit.

If the reverse push button is pressed while the oper-
ating in the forward direction, R starter coil cannot
be energized as the circuit to the coil is opened by
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Figure 5-22 DC shunt and compound motor reversing.

the N.C. F contact. In order to change the direc-
tion of rotation, the stop push button must first be
pressed to deenergize the F starter coil and allow the
N.C. F contacts to return to their closed position.

As in a DC series motor, the direction of rotation of a
DC shunt and compound motor can be reversed by chang-
ing the polarity of either the armature winding or the field
winding. Figure 5-22 shows the power circuit schematics
for typical DC shunt and compound motor reversing start-
ers. The industry standard is to reverse the current through
the armature while maintaining the current through
the shunt and series field in the same direction. For the
compound-wound motor this ensures a cumulative con-
nection (both fields aiding) for either direction of rotation.

Motor Counter Electromotive
Force (CEMF)

As the armature rotates in a DC motor, the armature coils
cut the magnetic field of the stator and induce a voltage, or
electromotive force (EMF), in these coils. This occurs in a
motor as a by-product of motor rotation and is sometimes
referred to as the generator action of a motor. Because this
induced voltage opposes the applied terminal voltage, it
is called counter electromotive force, or CEMF. Counter
EMF (sometimes referred to as back EMF) is a form of



I
Applied motor
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Figure 5-23 Motor CEMF.

resistance that opposes and limits the flow of armature
current, as illustrated in Figure 5-23.

The overall effect of the CEMF is that this voltage will
be subtracted from the terminal voltage of the motor so
that the armature motor winding will see a smaller voltage
potential. Counter EMF is equal to the applied voltage
minus the armature circuit /4R, drop. The armature cur-
rent, according to Ohm’s law, is equal to:

Vmtr — CEMF
[=Y2 -
Ry
where /4 = armature current
VMTR = motor terminal voltage

CEMF = counter electromotive force
R4 = armature-circuit resistance

Problem: The armature of a 250-V DC motor draws
15 A when operating at full load and has a resistance
of 2 (). Determine the counter EMF produced by the
armature when operating at full load.

EXAMPLE 5-1

Solution:
_ VMR — CEMF
Ry

CEMF = Vprr — (4 X Ry)

I5

=250V — (I5A X 2 Q)
=250 — 30
=220V

Counter EMF is directly proportional to the speed of the
armature and the field strength. That is, the counter EMF
increases or decreases if the speed is increased or decreased,
respectively. The same is true if the field strength is increased

or decreased. At the moment a motor starts, the armature is
not rotating, so there is no CEMF generated in the arma-
ture. Full line voltage is applied across the armature, and it
draws a relatively large amount of current. At this point, the
only factor limiting current through the armature is the rela-
tively low resistance of the windings. As the motor picks
up speed, a counter electromotive force is generated in the
armature, which opposes the applied terminal voltage and
quickly reduces the amount of armature current.

When a motor reaches its full no-load speed, it is
designed to be generating a CEMF nearly equal to the
applied line voltage. Only enough current can flow to
maintain this speed. When a load is applied to the motor,
its speed will be decreased, which will reduce the CEMF,
and more current will be drawn by the armature to drive
the load. Thus, the load of a motor regulates the speed by
affecting the CEMF and current flow.

Armature Reaction

The magnetic field produced by current flow through the
armature conductors distorts and weakens the flux com-
ing from the main field poles. This distortion and field
weakening of the stator field of the motor are known as
armature reaction. Figure 5-24 shows the position of the
neutral plane under no-load and loaded motor operat-
ing conditions. As segment after segment of the rotating
commutator pass under a brush, the brush short-circuits
coil after coil in the armature. Note that armature coils
A and B are positioned relative to the brushes so that at

—
)

Armature coil

Direction of rotation Direction of rotation

Shiftin
neutral plane

Neutral plane

No-load neutral plane position Loaded neutral plane position

Figure 5-24 Position of the neutral plane under no-load
and loaded motor operating conditions.
Photo courtesy Rees Electric Company, www.ReesElectricCompany.com.
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the instant each is short-circuited, it is moving parallel to
the main field so that there is no voltage induced in them
at this point. When operating under loaded conditions,
due to armature reaction, the neutral plane is shifted
backward, opposing the direction of rotation. As a result
armature reaction affects the motor operation by:

» Shifting the neutral plane in a direction opposite to
the direction of rotation of the armature.

* Reducing motor torque as a result of the weakening
of the magnetic field.

* Arcing at the brushes due to short-circuiting of
the voltage being induced in the coils undergoing
commutation

When the load on the motor fluctuates, the neutral plane
shifts back and forth between no-load and full-load positions.
For small DC motors, the brushes are set in an intermediate
position to produce acceptable commutation at all loads.
In larger DC motors, interpoles (also called commutating
poles) are placed between the main field poles, as illustrated
in Figure 5-25, to minimize the effects of armature reac-
tion. These narrow poles have a few turns of larger-gauge
wire connected in series with the armature. The strength
of the interpole field varies with the armature current. The
magnetic field generated by the interpoles is designed to be
equal to and opposite that produced by the armature reaction
for all values of load current and improves commutation.

Speed Regulation

Motor speed regulation is a measure of a motor’s ability
to maintain its speed from no-load to full-load without a
change in the applied voltage to the armature or fields. A
motor has good speed regulation if the change between
the no-load speed and full-load speed is small, with other
conditions being constant. As an example, if the speed
regulation is 3 percent for a motor rated 1500 rpm with
no load applied, then this means that the speed will drop
by as much as 45 rpm (1500 X 3%) with the motor fully
loaded. The speed regulation of a direct current motor is

AlO———F——5
S——P><———— Interpole

coil

TmmP

Figure 5-25
field poles.
Photos courtesy ERIKS UK, www.eriks.co.uk.

Interpoles are placed between the main
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proportional to the armature resistance and is generally
expressed as a percentage of the motor base speed. DC
motors that have a very low armature resistance will have
a better speed regulation. Speed regulation is the ratio of
the loss in speed, between no load and full load, to the
full-load speed and is calculated as follows (the lower the
percentage, the better the speed regulation):

Percent speed regulation

_ No-load speed — Full-load speed
B Full-load speed

Problem: A DC shunt motor is running with a mea-
sured no-load speed of 1775 rpm. When full-load is
applied the speed drops slightly to 1725 rpm. Find the
percentage speed regulation.

X 100

EXAMPLE 5-2

Solution:
Percent speed regulation

_ No-load speed — Full-load speed
- Full-load speed X100

_ 1775 rpm — 1725 rpm
B 1725 rpm

X 100

—_350
1,725

2.9%

X 100

Varying DC Motor Speed

The base speed listed on a DC motor’s nameplate is an
indication of how fast the motor will run with rated arma-
ture voltage and rated load amperes at rated field current
(Figure 5-26). DC motors can be operated below base
speed by reducing the amount of voltage applied to the
armature and above base speed by reducing the field cur-
rent. Additionally, the maximum motor speed may also be
listed on the nameplate. Caution: Operating a motor above
its rated maximum speed can cause damage to equipment
and personnel. When only base speed is listed, check with
the vendor before operating it above the specified speed.
Perhaps the greatest advantage of DC motors is speed
control. In armature-controlled adjustable-speed applica-
tions, the field is connected across a constant-voltage sup-
ply and the armature is connected across an independent
adjustable-voltage source (Figure 5-27). By raising or
lowering the armature voltage, the motor speed will rise
or fall proportionally. For example, an unloaded motor
might run at 1200 rpm with 250 V applied to the armature
and 600 rpm with 125 V applied. Armature-controlled DC
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Figure 5-26 DC motor speed.
Phato courtesy Jenkins Electric Company, www.jenkins.com.
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Figure 5-27 Armature-controlled DC motor.

motors are capable of providing rated torque at any speed
between zero and the base (rated) speed of the motor.
Horsepower varies in direct proportion to speed, and 100
percent rated horsepower is developed only at 100 percent
rated motor speed with rated torque.

Shunt motors can be made to operate above base speed by
field weakening. The motor is normally started with maxi-
mum field current to provide maximum flux for maximum
starting torque. Decreasing the field current weakens the flux,
and causes the speed to rise. Also, a reduction in field current
will result in less generated counter EMF and a larger arma-
ture current flow for a given motor load. A simple method
for controlling field is to insert a resistor in series with the
field voltage source. This may be useful for trimming to an
ideal motor speed for the application. An optional, more
sophisticated method uses a variable-voltage field source.

Coordinated armature and field voltage control for
extended speed range is illustrated in Figure 5-28. First

Field
loss relay

Adjustable + |
armature
voltage —

+ Adjustable
@ field
~ voltage

Torque hp

100

Torque

50} hp

25

% rated hp and torque

1 1 )
0 50 100 150 200
% rated base speed

Constant torque—
variable horsepower
(rated field excitation)

Constant horsepower—
variable torque (weakened
field excitation)

Figure 5-28 Armature- and field-controlled DC motor.
Photo courtesy Jenkins Electric Company, www.jenkins.com.

the motor is armature voltage—controlled for constant-
torque, variable-horsepower operation up to base speed.
Once base speed is reached, field-weakening control is
applied for constant-horsepower, variable-torque opera-
tion to the motor’s maximum rated speed. Caution: If a
DC motor suffers a loss of field excitation current while
operating, the motor will immediately begin to accelerate
to the top speed that the loading will allow. This can result
in the motor virtually flying apart if it is lightly loaded.
For this reason some form of field loss protection must be
provided in the motor control circuit that will automati-
cally stop the motor in the event that current to the field
circuit is lost or drops below a safe value.

DC Motor Drives

In general DC magnetic motor starters are intended to
start and accelerate motors to normal speed and to provide
protection against overloads. Unlike motor starters, motor
drives are designed to provide, in addition to protection,
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Figure 5-29 The block diagram for a typical DC motor drive.

precise control of the speed, torque, acceleration, decel-
eration, and direction of rotation of motors. Additionally,
many motor drive units are capable of high-speed com-
munication with programmable logic controller (PLCs)
and other industrial controllers.

A motor drive is essentially an electronic device that
uses different types of solid-state control techniques. A
subsequent chapter on power electronics will examine how
these solid-state devices operate. Figure 5-29 shows the
block diagram for a typical DC electronic variable-speed
motor drive. This drive is made up of two basic sections:
the power section and the control section. The operation
of the drive system can be summarized as follows:

* Controlled power to the DC motor is supplied from
the power section, consisting of the circuit breaker,
converter, armature shunt, and DC contactor.

* The converter rectifies the three-phase AC power,
converting it to DC for the DC motor.

 Attaining precise control of the motor requires a
means of evaluating the motor’s performance and
automatically compensating for any variations from
the desired levels. This is the job of the control sec-
tion, which is made up of the speed command input
signal as well as various feedback and error signals
that are used to control the output of the power section.

DC motor drives use a separately excited shunt field
because of the need to vary the armature voltage or the field
current. When you vary the armature voltage, the motor pro-
duces full torque but the speed is varied. However, when the
field current is varied, both the motor speed and the torque
will vary. Figure 5-30 shows a typical DC motor drive unit
used to provide very precise control over the operation of a
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Motor and drive

Figure 5-30 Typical DC motor drive unit.

conveyor system. In addition to managing motor speed and
torque, it provides controlled acceleration and deceleration
as well as forward and reverse motor operation.
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" PART 2 Review Questions

1. Give two reasons why DC motors are seldom the
first motor of choice for most applications.

2. What special types of processes may warrant the
use of a DC motor?

3. Explain the function of the commutator in the oper-
ation of a DC motor.

4. a. How is the direction of rotation of a permanent-

magnet motor changed?
b. How is the speed of a permanent-magnet motor
controlled?

5. Summarize the torque and speed characteristics of a
DC series motor.

6. Why should a DC series motor not be operated
without some sort of a load coupled to it?

7. In what way is the shunt field winding of a shunt
motor different from that of the series field winding
of a series motor?

8. Compare the starting torque and load versus speed
characteristics of the series motor to those of shunt
wound motor.

9. How are the series and shunt field windings of the
compound wound DC motor connected relative to
the armature?

10. In what way is a cumulative-compound motor
connected?

11. Compare the torque and speed characteristics of a
compound motor with those of the series and shunt
motors.

12. How can the direction of rotation of a wound DC
motor be changed?

13. Explain how counter EMF is produced in a DC motor.

14. A 5-hp, 230-V DC motor has an armature resistance
of 0.1 ) and a full-load armature current of 20 A.
Determine
a. the value of the armature current on starting.

b. the value of the counter EMF with full-load applied.

15. a. What is motor armature reaction?

b. State three effects that armature reaction has on
the operation of a DC motor.

16. Explain how interpoles minimize the effects of
armature reaction.

17. a. A motor rated for 1750 rpm at no load has a

4 percent speed regulation. Calculate the speed
of the motor with full load applied.

b. In what way does a DC motor’s armature resis-
tance affect its speed regulation?

18. a. How is the base speed of a DC motor defined?

b. How is the speed of a DC motor controlled below
base speed?

c. How is the speed of a DC motor controlled above
base speed?

19. With armature voltage control of a DC shunt motor,
what is the effect on the rated torque and horse-
power when the armature voltage is increased?

20. With field current control of a shunt DC motor,
what is the effect on the rated torque and horse-
power when the armature voltage is increased?

21. Field loss protection must be provided for DC
motors. Why?

22. List several control functions found on a DC motor
drive that would not normally be provided by a
traditional DC magnetic motor starter.

PART 3 Three-Phase Alternating
Current Motors

Rotating Magnetic Field

The main difference between AC and DC motors is that the
magnetic field generated by the stator rotates in the case of
AC motors. A rotating magnetic field is key to the operation
of all AC motors. The principle is simple. A magnetic field
in the stator is made to rotate electrically around and around
in a circle. Another magnetic field in the rotor is made to
follow the rotation of this field pattern by being attracted

and repelled by the stator field. Because the rotor is free to
turn, it follows the rotating magnetic field in the stator.
Figure 5-31 illustrates the concept of a rotating mag-
netic field as it applies to the stator of a three-phase AC
motor. The operation can be summarized as follows:

» Three sets of windings are placed 120 electrical
degrees apart with each set connected to one phase
of the three-phase power supply.

* When three-phase current passes through the stator
windings, a rotating magnetic field effect is produced
that travels around the inside of the stator core.
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Figure 5-31 Rotating magnetic field.
* Polarity of the rotating magnetic field is shown at Synchronous

six selected positions marked off at 60 degree inter-
vals on the sine waves representing the current flow-
ing in the three phases, A, B, and C.

* In the example shown, the magnetic field will rotate
around the stator in a clockwise direction.

* Simply interchanging any two of the three-phase
power input leads to the stator windings reverses
direction of rotation of the magnetic field.

* The number of poles is determined by how many
times a phase winding appears. In this example, each
winding appears twice, so this is a two-pole stator.

There are two ways to define AC motor speed. First
is synchronous speed. The synchronous speed of an AC
motor is the speed of the stator’s magnetic field rota-
tion. This is the motor’s ideal theoretical, or mathemati-
cal, speed, since the rotor will always turn at a slightly
slower rate. The other way motor speed is measured
is called actual speed. This is the speed at which the
shaft rotates. The nameplate of most AC motors lists the
actual motor speed rather than the synchronous speed
(Figure 5-32).

The speed of the rotating magnetic field varies directly
with the frequency of the power supply and inversely with
the number of poles constructed on the stator winding.
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(1800-rpm)

Figure 5-32 Synchronous and actual speed.

This means the higher the frequency, the greater the speed
and the greater the number of poles the slower the speed.
Motors designed for 60 Hz use have synchronous speeds
of 3,600, 1,800, 1,200, 900, 720, 600, 514, and 450 rpm.
The synchronous speed of an AC motor can be calculated
by the formula:

_120f

S=7p

where
S = synchronous speed in rpm
f = frequency, Hz, of the power supply

P = number of poles wound in each of the
single-phase windings



Problem: Determine the synchronous speed of a four-
pole AC motor connected to a 60-Hz electrical supply.

Solution:

120 X 60

= 1,800 rpm

Induction Motor

The AC induction motor is by far the most commonly
used motor because it is relatively simple and can be built
at less cost than other types. Induction motors are made
in both three-phase and single-phase types. The induction
motor is so named because no external voltage is applied
to its rotor. There are no slip rings or any DC excitation
supplied to the rotor. Instead, the AC current in the sta-
tor induces a voltage across an air gap and into the rotor
winding to produce rotor current and associated magnetic
field (Figure 5-33). The stator and rotor magnetic fields
then interact and cause the rotor to turn.

A three-phase motor stator winding consists of three
separate groups of coils, called phases, and designated
A, B, and C. The phases are displaced from each other
by 120 electrical degrees and contain the same number
of coils, connected for the same number of poles. Poles
refer to a coil or group of coils wound to produce a unit of
magnetic polarity. The number of poles a stator is wound
for will always be an even number and refers to the total
number of north and south poles per phase. Figure 5-34
shows a typical connection of coils for a four-pole, three-
phase Y-connected induction motor.

Current

Magnetic fields

Figure 5-33 Induced rator current.

T1

Phase A

Phase C Phase B

T3

T2

Stator coil groupings

Stator poles

Figure 5-34 Stator coils for a Y-connected four-pole,
three-phase inductor motor.
Photo courtesy Swiger Coil LLC., www.swigercoil.com.

Squirrel Cage Induction Motor

An induction motor rotor can be either wound rotor or a
squirrel cage rotor. The majority of commercial and indus-
trial applications usually involve the use of a three-phase
squirrel-cage induction motor. A typical squirrel-cage induc-
tion motor is shown in Figure 5-35. The rotor is constructed
using a number of single bars short-circuited by end rings
and arranged in a hamster-wheel or squirrel-cage configura-
tion. When voltage is applied to the stator winding, a rotat-
ing magnetic field is established. This rotating magnetic field
causes a voltage to be induced in the rotor, which, because
the rotor bars are essentially single-turn coils, causes currents
to flow in the rotor bars. These rotor currents establish their
own magnetic field, which interacts with the stator magnetic
field to produce a torque. The resultant production of torque
spins the rotor in the same direction as the rotation of the
magnetic field produced by the stator. In modern induction
motors, the most common type of rotor has cast-aluminum
conductors and short-circuiting end rings.

The resistance of the squirrel-cage rotor has an impor-
tant effect on the operation of the motor. A high-resistance
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Figure 5-35 Squirrel-cage induction motor.
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Figure 5-36 Typical squirrel-cage mator speed-torque
characteristics.

rotor develops a high starting torque at low starting cur-
rent. A low-resistance rotor develops low slip and high
efficiency at full load. Figure 5-36 shows how motor
torque varies with rotor speed for three NEMA-type
squirrel-cage induction motors:

NEMA Design B—Considered a standard type with
normal starting torque, low starting current, and low
slip at full load. Suitable for a broad variety of appli-
cations, such as fans and blowers, that require normal
starting torque.

NEMA Design C—This type has higher than stan-
dard rotor resistance, which improves the rotor power
factor at start, providing more starting torque. When
loaded, however, this extra resistance causes a greater
amount of slip. Used for equipment, such as a pump,
that requires a high starting torque.

NEMA Design D—The even higher rotor resistance
of this type produces a maximum amount of starting
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torque. This type is suitable for equipment with very
high inertia starts such as cranes and hoists.

Operating characteristics of the squirrel-cage motor
include the following:

* The motor normally operates at essentially constant
speed, close to the synchronous speed.

» Large starting currents required by this motor can
result in line voltage fluctuations.

¢ Interchanging any two of the three main power
lines to the motor reverses the direction of rotation.
Figure 5-37 shows the power circuit for reversing
a three-phase motor. The forward contacts F, when
closed, connect LL1, L2, and L3 to motor terminals
T1, T2, and T3, respectively. The reverse contacts
R, when closed, connect L1, L2, and L3 to motor

Figure 5-37 Power circuit for reversing a three-phase

motor.
Photo courtesy Eaton Corporation, www.eaton.com.
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terminals T3, T2, and T1, respectively, and the
motor will now run in the opposite direction.

¢ Once started, the motor will continue to run, with
a phase loss, as a single-phase motor. The current
drawn from the remaining two lines will almost
double, and the motor will overheat. The motor will
not start from standstill if it has lost a phase.

The rotor does not revolve at synchronous speed, but
tends to slip behind. Slip is what allows a motor to turn.
If the rotor turned at the same speed at which the field
rotates, there would be no relative motion between the
rotor and the field and no voltage induced. Because the
rotor slips with respect to the rotating magnetic field of
the stator, voltage and current are induced in the rotor.
The difference between the speed of the rotating magnetic
field and the rotor in an induction motor is known as slip
and is expressed as a percentage of the synchronous speed
as follows:

Synchronous speed — Actual speed

Synchronous speed 100

Percent slip =

The slip increases with load and is necessary to produce
useful torque. The usual amount of slip in a 60-Hz,
three-phase motor is 2 or 3 percent.

Problem: Determine the percent slip of an induction
motor having a synchronous speed of 1,800 rpm and a
rated actual speed of 1,750 rpm.

EXAMPLE 5-4

Solution:
Percent slip

_ Synchronous speed — Actual speed
B Synchronous speed

_ 1,800 - 1,750
1,800

= 2.78%

X 100

X 100

Loading of an induction motor is similar to that of a
transformer in that the operation of both involves chang-
ing flux linkages with respect to a primary (stator) wind-
ing and secondary (rotor) winding. The no-load current is
low and similar to the exciting current in a transformer.
Thus, it is composed of a magnetizing component that cre-
ates the revolving flux and a small active component that
supplies the windage and friction losses in the rotor plus
the iron losses in the stator. When the induction motor is
under load, the rotor current develops a flux that opposes
and, therefore, weakens the stator flux. This allows more

current to flow in the stator windings, just as an increase
in the current in the secondary of a transformer results in
a corresponding increase in the primary current.

You may recall that power factor (PF) is defined as the
ratio of the actual (or true) power (watts) to the apparent
power (volt-amperes) and is a measure of how effectively
the current drawn by a motor is converted into useful
work. The motor exciting current and reactive power
under load remain about the same as at no load. For this
reason, whenever a motor is operating with no load, the
power factor is very low in comparison to when it is oper-
ating at full load. At full load the PF ranges from 70 per-
cent for small motors to 90 percent for larger motors.
Induction motors operate at their peak efficiency if they
are sized correctly for the load that they will drive. Over-
sized motors not only operate inefficiently, but they also
carry a higher first cost than right-sized units.

The moment a motor is started, during the acceleration
period, the motor draws a high inrush current. This inrush
current is also called the locked-rotor current. Common
induction motors, started at rated voltage, have locked-
rotor starting currents of up to 6 times their nameplate full-
load current. The locked-rotor current depends largely on
the type of rotor bar design and can be determined from
the NEMA design code letters listed on the nameplate.
High locked-rotor motor current can create voltage sags
or dips in the power lines, which may cause objectionable
light flicker and problems with other operating equip-
ment. Also, a motor that draws excessive current under
locked-rotor conditions is more likely to cause nuisance
tripping of protection devices during motor start-ups.

A single-speed motor has one rated speed at which
it runs when supplied with the nameplate voltage and
frequency. A multispeed motor will run at more than one
speed, depending on how the windings are connected
to form a different number of magnetic poles. Two-
speed, single-winding motors are called consequent pole
motors. The low speed on a single-winding consequent
pole motor is always one-half of the higher speed. If
requirements dictate speeds of any other ratio, a two-
winding motor must be used. With separate winding
motors a separate winding is installed in the motor for
each desired speed.

Consequent pole single-winding motors have their
stator windings arranged so that the number of poles
can be changed by reversing some of the coil currents.
Figure 5-38 shows a dual-speed three-phase squirrel-cage
single-winding motor with six stator leads brought out.
By making the designated connections to these leads, the
windings can be connected in series delta or parallel wye.
The series delta connection results in low speed and the
parallel wye in high speed. The torque rating would be
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Figure 5-38 Dual-speed, three-phase squirrel-cage single-winding motor.
© Baldor Electric Company. Reprinted with their permission. Photo Baldor, www.baldor.com.
T1
T1
T4
T7 T9 T4
T6 T7
T9 T8
T6 T5
/ \ . | | -
T3 T2 T8 T5
Low voltage High voltage Low voltage High voltage
(parallel) (series) (parallel) (series)

(6) (5) (0
gl

9-lead dual-voltage wye-
connected motor

o

G el 4

L3 L2 L1 L3 L2 L1

9-lead dual-voltage delta-
connected motor

—©@E
©E
e

Figure 5-39 Typical connections for dual-voltage wye and delta series and parallel

reconnections.

the same at both speeds. If the winding is such that the
series delta connection gives the high speed and the paral-
lel wye connection the low speed, the horsepower rating
is the same at both speeds.

Single-speed AC induction motors are frequently
supplied with multiple external leads for various voltage
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ratings in fixed-frequency applications. The multiple leads
may be designed to allow either series to parallel reconnec-
tions, wye to delta reconnections, or combinations of these.
Figure 5-39 shows typical connections for dual-voltage wye
and delta series and parallel reconnections. These types of
reconnections should not be confused with the reconnection
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of multispeed polyphase induction motors. In the case of
multispeed motors, the reconnection results in a motor with
a different number of magnetic poles and therefore a differ-

ent synchronous speed at a given frequency.

Wound-Rotor Induction Motor

The wound-rotor induction motor (sometimes called a
slip-ring motor) is a variation on the standard cage induc-
tion motors. Wound-rotor motors have a three-phase
winding wound on the rotor, which is terminated to slip
rings as illustrated in Figure 5-40. The operation of the
motor can be summarized as follows.

* The rotor slip rings connect to start-up resistors
in order to provide current and speed control on
start-up.

* When the motor is started, the frequency of current
flowing through the rotor windings is nearly 60 Hz.

* Once up to full speed, the rotor current frequency
drops down below 10 Hz to nearly a DC signal.

* The motor is normally started with full external
resistance in the rotor circuit that is gradually
reduced to zero, either manually or automatically.

* This results in a very high starting torque from zero
speed to full speed at a relatively low starting current.

¢ With zero external resistance, the wound-rotor
motor characteristics approach those of the squirrel
cage motor.

* Interchanging any two stator voltage supply leads
reverses the direction of rotation.

A wound-rotor motor is used for constant-speed appli-
cations requiring a heavier starting torque than is obtain-
able with the squirrel-cage type. With a high-inertia load a
standard cage induction motor may suffer rotor damage on
starting due to the power dissipated by the rotor. With the
wound rotor motor, the secondary resistors can be selected
to provide the optimum torque curves and they can be sized
to withstand the load energy without failure. Starting a

e

External variable

T1 T3 resistors

T2

Figure 5-40 Wound-rotor induction motor.

high-inertia load with a standard cage motor would require
between 400 and 550 percent start current for up to 60 sec-
onds. Starting the same machine with a wound-rotor motor
(slip-ring motor) would require around 200 percent current
for around 20 seconds. For this reason, wound rotor types
are frequently used instead of the squirrel-cage types in
larger sizes.

Wound-rotor motors are also used for variable-speed
service. To use a wound-rotor motor as an adjustable-speed
drive, the rotor control resistors must be rated for continuous
current. If the motor is used only for a slow acceleration or
high starting torque but then operates at its maximum speed
for the duration of the work cycle, then the resistors will be
removed from the circuit when the motor is at rated speed.
In that case they will have been duty cycle—rated for starting
duty only. Speed varies with this load, so that they should
not be used where constant speed at each control setting is
required, as for machine tools.

Three-Phase Synchronous Motor

The three-phase synchronous motor is a unique and spe-
cialized motor. As the name suggests, this motor runs at
a constant speed from no load to full load in synchronism
with line frequency. As in squirrel-cage induction motors,
the speed of a synchronous motor is determined by the
number of pairs of poles and the line frequency.

A typical three-phase synchronous motor is shown in
Figure 5-41.The operation of the motor can be summa-
rized as follows.

* Three-phase AC voltage is applied to the stator
windings and a rotating magnetic field is produced.

L1

F1

F2
Rotor field
winding

Stator field
windings

Figure 5-41 Three-phase synchronous motor.
Photo courtesy ABB, www.abb.com.
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Figure 5-42 Synchronous motor used to correct power factor.

* DC voltage is applied to the rotor winding and a
second magnetic field is produced.

* The rotor then acts like a magnet and is attracted by
the rotating stator field.

 This attraction exerts a torque on the rotor and
causes it to rotate at the synchronous speed of the
rotating stator field.

* The rotor does not require the magnetic induction
from the stator field for its excitation. As a result, the
motor has zero slip compared to the induction motor,
which requires slip in order to produce torque.

Synchronous motors are not self-starting and therefore
require a method of bringing the rotor up to near synchro-
nous speed before the rotor DC power is applied. Syn-
chronous motors typically start as a normal squirrel cage
induction motor through use of special rotor amortisseur
windings. Also, there are two basic methods of providing
excitation current to the rotor. One method is to use an
external DC source with current supplied to the windings

PART 3 Review Questions

1. A rotating magnetic field is the key to the operation
of AC motors. Give a brief explanation of its prin-
ciple of operation.
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through slip rings. The other method is to have the exciter
mounted on the common shaft of the motor. This arrange-
ment does not require the use of slip rings and brushes.

An electrical system’s lagging power factor can be cor-
rected by overexciting the rotor of a synchronous motor
operating within the same system. This will produce a
leading power factor, canceling out the lagging power
factor of the inductive loads (Figure 5-42). An underex-
cited DC field will produce a lagging power factor and
for this reason is seldom used. When the field is normally
excited, the synchronous motor will run at a unity power
factor. Three-phase synchronous motors can be used for
power factor correction while at the same time perform-
ing a major function, such as operating a compressor. If
mechanical power output is not needed, however, or can
be provided in other cost-effective ways, the synchronous
machine remains useful as a “nonmotor” means of con-
trolling power factor. It does the same job as a bank of
static capacitors. Such a machine is called a synchronous
condenser or capacitor.

2. Compare synchronous speed and actual speed of an
AC motor.



3. Calculate the synchronous speed of a six-pole AC
motor operated from a standard voltage source.

4. Why is the induction motor so named?

5. Outline the operating principle of a three-phase
squirrel-cage induction motor.

6. Explain what effect rotor resistance has on the oper-
ation of a squirrel-cage induction motor.

7. How is the direction of rotation of a squirrel-cage
motor reversed?

8. If, while a three-phase induction motor is operating,
power to one phase of its squirrel cage is lost, what
will happen?

9. Define the term slip as it applies to an induction motor.

10. Calculate the percent slip of an induction motor
having a synchronous speed of 3,600 rpm and a
rated actual speed of 3,435 rpm.

11. What effect does loading have on the power factor
of an AC motor?

12. What is the typical value of the locked-rotor motor
current?

13. How is the speed of an induction motor determined?

14. Explain the difference between multispeed
consequent pole and separate winding induction
motors.

15. A wound-rotor induction motor is normally started
with full external resistance in the rotor circuit that
is gradually reduced to zero. How does this affect
starting torque and current?

16. How is the direction of rotation of a wound-rotor
induction motor changed?

17. When a wound-rotor motor is used as an adjustable-
speed drive, rather than only for starting purposes,
what must the duty cycle of the rotor resistors be
rated for?

18. State two advantages of using three-phase synchro-
nous motor drives in an industrial plant.

PART 4 Single-Phase Alternating
Current Motors

Most home and business appliances operate on single-
phase AC power. For this reason, single-phase AC motors
are in widespread use. A single-phase induction motor is
larger in size, for the same horsepower, than a three-phase
motor. When running, the torque produced by a single-
phase motor is pulsating and irregular, contributing to a
much lower power factor and efficiency than that of a
polyphase motor. Single-phase AC motors are generally
available in the fractional to 10-hp range and all use a
solid squirrel-cage rotor.

The single-phase induction motor operates on the prin-
ciple of induction, just as does a three-phase motor. Unlike
three-phase motors, they are not self-starting. Whereas a
three-phase induction motor sets up a rotating field that
can start the motor, a single-phase motor needs an aux-
iliary means of starting. Once a single-phase induction
motor is running, it develops a rotating magnetic field.
However, before the rotor begins to turn, the stator pro-
duces only a pulsating, stationary field.

A single-phase motor could be started by mechanically
spinning the rotor, and then quickly applying power. How-
ever, normally these motors use some sort of automatic
starting. Single-phase induction motors are classified by
their start and run characteristics. The three basic types of
single-phase induction motors are the split-phase, split-
phase capacitor, and shaded-pole.

Split-Phase Motor

A single-phase split-phase induction motor uses a
squirrel-cage rotor that is identical to that in a three-
phase motor. Figure 5-43 shows the construction and
wiring of a split-phase motor. To produce a rotating
magnetic field, the single-phase current is split by two
windings, the main running winding and an auxil-
iary starting winding, which is displaced in the stator
90 electrical degrees from the running winding. The

Start winding

L1

Run
winding

Running
winding

Centrifugal
switch

Starting
winding

Motor circuit schematic

Squirrel-cage rotor

Figure 5-43 Split-phase induction maotor.
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Figure 5-44 Rotating magnetic field of a split-phase motor.

starting winding is connected in series with a switch,
centrifugally or electrically operated, to disconnect it
when the starting speed reaches about 75 percent of
full-load speed.

Phase displacement is accomplished by the difference
in inductive reactance of the start and run windings as
well as the physical displacement of the windings in the
stator. The starting winding is wound on the top of the
stator slots with fewer turns of smaller-diameter wire. The
running winding has many turns of large-diameter wire
wound in the bottom of the stator slots that give it a higher
inductive reactance than the starting winding.

The way in which the two windings of a split-phase
motor produce a rotating magnetic field is illustrated in
Figure 5-44 and can be summarized as follows.

* When AC line voltage is applied, the current in the
starting winding leads the current in the running
winding by approximately 45 electrical degrees.

» Since the magnetism produced by these currents
follows the same wave pattern, the two sine waves
can be thought of as the waveforms of the electro-
magnetism produced by the two windings.

* As the alternations in current (and magnetism)
continue, the position of the north and south poles
changes in what appears to be a clockwise rotation.

* At the same time the rotating field cuts the squirrel-
cage conductors of the rotor and induces a current
in them.

* This current creates magnetic poles in the rotor,
which interact with the poles of the stator rotating
magnetic field to produce motor torque.
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Once the motor is running, the starting winding must
be removed from the circuit. Since the starting winding
is of a smaller gauge size, continuous current through it
would cause the winding to burn out. Either a mechani-
cal centrifugal or electronic solid-state switch may be
used to automatically disconnect the starting wind-
ing from the circuit. The operation of a centrifugal-
type switch is illustrated in Figure 5-45. It consists of
a centrifugal mechanism, which rotates on the motor
shaft and interacts with a fixed stationary switch whose
contacts are connected in series with the start winding.
When the motor approaches its normal operating speed,
centrifugal force overcomes the spring force, allowing
the contacts to open and disconnect the starting winding
from the power source; the motor then continues operat-
ing solely on its running winding. Motors using such a
centrifugal switch make a distinct clicking noise when

Closed on start
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0%o

o o

o o )

o o
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l Starting — 2
winding _ ;f] | Run
L2 I winding
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Open on run

Figure 5-45 Centrifugal switch operation.



starting and stopping as the centrifugal switch opens and
closes.

The centrifugal switch can be a source of trouble if it
fails to operate properly. Should the switch fail to close
when the motor stops, the starting winding circuit will be
open. As a result, when the motor circuit is again ener-
gized, the motor will not turn but will simply produce a
low humming sound. Normally the starting winding is
designed for operation across line voltage for only a short
interval during starting. Failure of the centrifugal switch
to open within a few seconds of starting may cause the
starting winding to char or burn out.

The split-phase induction motor is the simplest and
most common type of single-phase motor. Its simple
design makes it typically less expensive than other single-
phase motor types. Split-phase motors are considered to
have low or moderate starting torque. Typical sizes range
up to about Y2 horsepower. Reversing the leads to either
the start or run windings, but not to both, changes the
direction of rotation of a split-phase motor. Popular appli-
cations of split-phase motors include fans, blowers, office
machines, and tools such as small saws or drill presses
where the load is applied after the motor has obtained its
operating speed.

Dual-voltage split-phase motors have leads that allow
external connection for different line voltages. Fig-
ure 5-46 shows a NEMA-standard single-phase motor
with dual-voltage run windings. When the motor is oper-
ated at low voltage, the two run windings and the start
winding are all connected in parallel. For high-voltage
operation, the two run windings connect in series and

Run windings

Start
winding

Centrifugal switch

TAT5T2T3 T8 T1 T4T572T3T8 T1

L1 L2 L1 L2
115-V CCW 230-V CCW

Figure 5-46 Dual-voltage split-phase motor connections.
Photo courtesy Leeson, www.leeson.com.

the start winding is connected in parallel with one of the
run windings.

Split-Phase Capacitor Motor

The capacitor-start motor, illustrated in Figure 5-47,
is a modified split-phase motor. A capacitor connected
in series with the starting winding creates a phase shift
of approximately 80 degrees between the starting and
running winding. This is substantially higher than the
45 degrees of a split-phase motor and results in a higher
starting torque. Capacitor-start motors provide more than
double the starting torque with one-third less starting cur-
rent than the split-phase motor. Like the split-phase motor,
the capacitor start motor also has a starting mechanism,
either a mechanical centrifugal switch or solid-state elec-
tronic switch. This disconnects not only the start wind-
ing, but also the capacitor when the motor reaches about
75 percent of rated speed.

The capacitor-start motor is more expensive than a
comparable split-phase design because of the additional
cost of the start capacitor. However, the application range
is much wider because of higher starting torque and lower
starting current. The job of the capacitor is to improve the
starting torque and not the power factor, as it is only in
the circuit for a few seconds at the instant of starting. The
capacitor can be a source of trouble if it becomes short-
circuited or open-circuited. A short-circuited capacitor

Capacitor

Start switch

Start
winding

Run
winding

Figure 5-47 Capacitor start motor.
Photo courtesy Leeson, www.leeson.com.
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Figure 5-48 Two-speed capacitor-start motor wound.

will cause an excessive amount of current to flow through
the staring winding, while an open capacitor will cause
the motor to not start.

Dual-speed capacitor-start motors have leads that
allow external connection for low and high speeds. Fig-
ure 5-48 shows the wiring diagram for a typical two-
speed capacitor-start motor wound with two sets of start
and run windings. For low-speed 900-rpm operation, the
six-pole set of start and run windings connects to the
source and for high-speed 1,200 rpm the eight-pole set
is used.

The permanent-capacitor motor has neither a centrif-
ugal switch nor a capacitor strictly for starting. Instead,
it has a run-type capacitor permanently connected in
series with the start winding. This makes the start wind-
ing an auxiliary winding once the motor reaches run-
ning speed. Because the run capacitor must be designed
for continuous use, it cannot provide the starting boost
of the capacitor-start motor. Typical starting torques for
permanent-capacitor motors are low, from 30 to 150 per-
cent of rated load, so these motors are not suited for hard-
to-start applications.

Permanent-capacitor motors are considered to be the
most reliable of the single-phase motors, mostly because
no starting switch is needed. The run and auxiliary wind-
ings are identical in this type of motor, allowing for the
motor to be reversed by switching the capacitor from
one winding to the other, as illustrated in Figure 5-49.
Single-phase motors run in the direction in which they
are started, so whichever winding has the capacitor
connected to it will control the direction. Permanent
split-capacitor motors have a wide variety of applica-
tions that include fans, blowers with low starting torque
needs, and intermittent cycling uses such as adjusting
mechanisms, gate operators, and garage door openers,
many of which also need instant reversing. Since the
capacitor is used at all times, it also provides improve-
ment of motor power factor.
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Figure 5-50 Capacitor-start/capacitor-run maotor.
Phato courtesy Leeson, www.leeson.com.

The capacitor-start/capacitor-run motor, shown in
Figure 5-50, uses both start and run capacitors located in
the housing connected to the top of the motor. When the
motor is started the two capacitors are connected in paral-
lel to produce a large amount of capacitance and starting
torque. Once the motor is up to speed, the start switch
disconnects the start capacitor from the circuit. The motor
start capacitor is typically an electrolytic type, while the
run capacitor is an oil-filled type. The electrolytic type
offers a large amount of capacitance when compared to
its oil-filled counterpart. It is important to note that these
two capacitors are not interchangeable, as an electrolytic
capacitor used in an AC circuit for more than a few sec-
onds will overheat.

Capacitor start/capacitor run motors operate at lower
full-load currents and higher efficiency. Among other
things, this means they run at lower temperature than
other single-phase motor types of comparable horse-
power. Their main disadvantage is a higher price, which
is mostly the result of more capacitors, plus a starting
switch. Capacitor start/capacitor run motors are used
over a wide range of single-phase applications, primarily
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starting hard loads that include woodworking machinery,
air compressors, high-pressure water pumps, vacuum
pumps and other high-torque applications. They are avail-
able in sizes from %2 to 25 horsepower.

Shaded-Pole Motor

Unlike other types of single-phase motors, shaded-pole
motors have only one main winding and no start wind-
ing or switch. As in other induction motors, the rotat-
ing part is a squirrel-cage rotor. Starting is by means of
a design that uses a continuous copper loop around a
small portion of each motor pole, as illustrated in Fig-
ure 5-51. Currents in this copper loop delay the phase
of magnetic flux in that part of the pole enough to pro-
vide a rotating field. This rotating field effect produces
a very low starting torque compared to other classes of
single-phase motors. Although direction of rotation is
not normally reversible, some shaded-pole motors are
wound with two main windings that reverse the direc-
tion of the field. Slip in the shaded-pole motor is not a
problem, as the current in the stator is not controlled
by a countervoltage determined by rotor speed, as in
other types of single-phase motors. Speed can therefore
be controlled merely by varying voltage, or through a
multitap winding.

Shaded-pole motors are best suited to low-power
household application, because the motors have low start-
ing torque and efficiency ratings. Because of the weak
starting torque, shaded-pole motors are built only in small
sizes ranging from 1/20 to 1/6 hp. Applications for this
type of motor include fans, can openers, blowers, and
electric razors.

Universal Motor

The universal motor, shown in Figure 5-52, is con-
structed like a series-type DC motor with a wound
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Figure 5-52 Universal motor.

series field (on the stator) and a wound armature (on
the rotor). As in the DC series motor, its armature and
field coils are connected in series. As the name implies,
universal motors can be operated with either direct cur-
rent or single-phase alternating current. The reason for
this is that a DC motor will continue to turn in the same
direction if the current through the armature and field
are reversed at the same time. This is exactly what hap-
pens when the motor is connected to an AC source. Uni-
versal motors are also known as AC series motors or AC
commutator motors.

Although universal motors are designed to run on AC
or DC, most are used for household appliances and por-
table hand tools that operate on single-phase AC power.
Unlike other types of single-phase motors, universal
motors can easily exceed one revolution per cycle of
the main current. This makes them useful for appli-
ances such as blenders, vacuum cleaners, and hair dry-
ers, where high-speed operation is desired. The speed of
the universal motor, like that of DC series motor, var-
ies considerably from no load to full load, as can be
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observed when you apply varying pressure on an uni-
versal drill motor.

Both the speed and direction of rotation of a univer-
sal motor can be controlled, as illustrated in Figure 5-53.
Reversing is accomplished just as in a DC series motor
by reversing the current flow through the armature with
respect to the series field. Varying the voltage that is
applied to the motor controls the speed.

PART 4 Review Questions

1. What is the major difference between the starting
requirements for a three-phase and a single-phase
induction motor?

2. a. Outline the starting sequence for a split-phase

induction motor.
b. How is its direction of rotation reversed?

3. Dual-voltage split-phase motors have leads that
allow external connection for different line voltages.

Variable-speed
trigger

Reversing
switch

Figure 5-53 Motor speed and direction contrals.

How are the start and run windings connected for
high and low line voltages?

4. What is the main advantage of capacitor motors
over split-phase types?

5. Name the three types of capacitor motor designs.

6. Explain how the shaded-pole motor is started.

™~

What type of DC motor is constructed like a
universal motor?

PART 5 Alternating Current
Motor Drives

AC drives, such as the one shown in Figure 5-54, connect
to standard AC induction motors, and have capabilities of
adjustable speed, torque, and horsepower control similar
to those of DC drives. Adjustable-speed drives have made
AC squirrel-cage induction motors as controllable and
efficient as their DC counterparts. AC induction motor
speed depends on the number of motor poles and the fre-
quency of the applied power. The number of poles on the
stator of the motor could be increased or decreased, but
this has limited usefulness. Although the AC frequency of
the power source in the United States is fixed at 60 Hz,
advances in power electronics make it practical to vary the
frequency and resulting speed of an induction motor.

Variable-Frequency Drive

A variable-frequency drive (VFD) system, also known
as a variable-speed drive system, generally consists of
an AC motor, a controller, and an operator interface.
Three-phase motors are usually preferred, but some
types of single-phase motors can be used. Motors that
are designed for fixed-speed main voltage operation are
often used, but certain enhancements to the standard
motor designs offer higher reliability and better VFD
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Figure 5-54 AC motor drive.

Photo courtesy Rockwell Automation, www.rockwellautomation.com.

performance. A simplified diagram of a VFD controller
is shown in Figure 5-55. The three major sections of the
controller are as follows:

Converter—Rectifies the incoming three-phase AC
power and converts it to DC.

ngineeringEBooksPdf.com
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Figure 5-55 Variable-frequency drive controller.
Photo courtesy Computer Controls Corporation, www.versadrives.com.
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DC filter (also known as the DC link or DC bus)—
Provides a smooth, rectified DC voltage.

Inverter—Switches the DC on and off so rapidly that
the motor receives a pulsating voltage that is similar

to AC. The switching rate is controlled to vary the fre-
quency of the simulated AC that is applied to the motor.

AC motor characteristics require the applied voltage
to be proportionally adjusted by the drive whenever the
frequency is changed. For example, if a motor is designed
to operate at 460 Volts at 60 Hz, the applied voltage must
be reduced to 230 Volts when the frequency is reduced to
30 Hz, as illustrated in Figure 5-56. Thus the ratio of volts
per hertz must be regulated to a constant value (460/60 =
7.67 in this case). The most common method used for

adjusting the motor voltage is called pulse width modu-
lation (PWM). With PWM voltage control, the inverter
switches are used to divide the simulated sine-wave out-
put waveform into a series of narrow voltage pulses and
modulate the width of the pulses.

With a standard AC across-the-line motor starter, line
voltage and frequency are applied to the motor and the
speed is solely dependent on the number of motor stator
poles (Figure 5-57). In comparison, an AC motor drive
delivers a varying voltage and frequency to the motor,
which determines its speed. The higher the frequency sup-
plied to the motor, the faster it will run. Power applied to
the motor through the drive can lower the speed of a motor
below the nameplate base speed, or increase the speed to
synchronous speed and higher. Motor manufacturers list
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the maximum speed at which their motors can safely be
operated.

Inverter Duty Motor

Inverter duty and vector duty describe a class of AC induc-
tion motors that are specifically designed for use with
variable-frequency drives (Figure 5-58). The high switch-
ing frequencies and fast voltage rise times of AC motor

Figure 5-58 Inverter-duty AC induction mator.
© Baldor Electric Company. Reprinted with their permission. Photo Baldor,
www.baldor.com.
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Motor drive

Motor
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drives can produce high voltage peaks in the windings of
standard AC motors that exceed their insulation break-
down voltage. Also, operating motors for an extended
time at low motor rpm reduces the flow of cooling air,
which results in an increase in temperature. NEMA -rated
inverter- or vector-duty motors use high-temperature insu-
lating materials that can withstand higher voltage spikes
and operating temperatures. This reduces the stress on the
insulation system.

AC motors frequently drive variable loads such as
pumps, hydraulic systems, and fans. In these applica-
tions, motor efficiency is often poor due to operation at
low loads and can be improved by using a VFD in place of
speed controllers such as belts and pulleys, throttle valves,
fan dampers, and magnetic clutches. For example, a pump
or fan, controlled by a variable speed drive, running at
half-speed consumes only one-eighth of the energy com-
pared to one running at full speed, resulting in consider-
able energy savings.
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PART 5 Review Questions

1. List the three basic sections of an AC variable-
frequency drive controller and state the function of
each section.

2. An induction motor rated for 230 Volts at 60 Hz is
to be operated by a VFD. When the frequency is
reduced to 20 Hz, to what value must the voltage be
reduced in order maintain the ratio of volts per hertz?

3. How does an AC drive vary the speed of an induc-
tion motor?

4. Inverter or vector duty AC induction motors are the
types most often specified for use with variable-
frequency drives. Why?

PART 6 Motor Selection

AC and DC motors come in many shapes and sizes. Some
are standardized electric motors for general-purpose
applications. Other electric motors are intended for spe-
cific tasks. In any case, electric motors should be selected
to satisfy the requirements of the machines on which they
are applied without exceeding rated electric motor tem-
perature. The following are some of the important motor
and load parameters that need to be considered as part of
the selection process.

Mechanical Power Rating

The mechanical power rating of motors is expressed in
either horsepower (hp) or watts (W): 1 hp = 746 W. Two
important factors that determine mechanical power out-
put are torque and speed. Torque and speed are related to
horsepower by a basic formula, which states that:
Torque X Speed

Constant

Horsepower =
where

Torque is expressed in 1b/ft.
Speed is expressed in rpm.

The value of the constant depends on the unit that is used
for torque. For this combination the constant is 5,252.

The slower the motor operates, the more torque it must
produce to deliver the same amount of horsepower. To
withstand the greater torque, slow motors need stronger
components than those of higher-speed motors of the
same power rating. For this reason, slower motors are
generally larger, heavier, and more expensive than faster
motors of equivalent horsepower rating.

Current

Full-load amperes is the amount of amperes the
motor can be expected to draw under full-load

(torque) conditions and is also known as the name-
plate amperes. The nameplate full-load current of the
motor is used in determining the size of overload-
sensing elements for the motor circuit.

Locked Rotor Current is the amount of current the
motor can be expected to draw under starting condi-
tions when full voltage is applied and is also known as
the starting inrush current.

Service Factor Amperes is the amount of current the
motor will draw when it is subjected to a percentage
of overload equal to the service factor on the name-
plate of the motor. For example, a service factor of
1.15 on the nameplate means the motor will handle
115 percent of normal running current indefinitely
without damage.

Code Letter

NEMA code letters are assigned to motors for calculat-
ing the locked rotor current in amperes based upon the
kilovolt-amperes per horsepower per nameplate horse-
power. Overcurrent protection devices must be set above
the locked-rotor current of the motor to prevent the over-
current protection device from opening when the rotor
of the motor is starting. The letters range in alphabeti-
cal order from A to V in increasing value of locked rotor
current.

Locked-Rotor Code, kVA/hp

A 0-3.15 G 5.6-6.3

B 3.15-3.55 H 6.3-71

C 3.55-4.0 J 7.1-8.0

D 4.0-45 K 8.0-9.0

E 4.5-5.0 L 9.0-10.0

F 5.0-5.6 M 10.0-11.2
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LR current (single-phase motors)
_ Code letter value X hp X 1,000
B Rated voltage

LR current (three-phase motors)
_ Code letter value X hp X 577
B Rated voltage

Design Letter

NEMA has defined four standard motor designs for AC
motors, using the letters A, B, C, and D to meet specific
requirements posed by different application loads. The
design letter denotes the motor’s performance characteris-
tics relating to torque, starting current, and slip. Design B
is the most common design. It has relatively high start-
ing torque with reasonable starting currents. The other
designs are used only on fairly specialized applications.

Efficiency

Motor efficiency is the ratio of mechanical power output
to the electrical power input, usually expressed as a per-
centage. The power input to the motor is either transferred
to the shaft as power output or is lost as heat through the
body of the motor. Power losses associated with the oper-
ation of a motor include:

Core loss, which represents the energy required to
magnetize the core material (known as hysteresis) and
losses owing to the creation of small electric currents
that flow in the core (known as eddy currents).

Stator and rotor resistance losses, which represent
the I°R heating loss due to current flow (/) through the

resistance (R) of the stator and rotor windings, and are
also known as copper losses.

Mechanical losses, which include friction in the
motor bearings and the fan for air cooling.

Stray losses, which are the losses that remain after
primary copper and secondary losses, core losses,
and mechanical losses. The largest contributor to the
stray losses is harmonic energy generated when the
motor operates under load. This energy is dissipated
as currents in the copper windings, harmonic flux
components in the iron parts, and leakage in the lami-
nate core.

Energy-Efficient Motors

The efficiency of electric motors ranges between 75
and 98 percent. Energy-efficient motors use less energy
because they are manufactured with higher-quality mate-
rials and techniques, as illustrated in Figure 5-59. To be
considered energy-efficient, a motor’s performance must
equal or exceed the nominal full-load efficiency values
provided by NEMA in publication MG-1.

Frame Size

Motors come in various frame sizes to match the require-
ments of the application. In general, the frame size gets
larger with increasing horsepower or with decreasing
speeds. In order to promote standardization in the motor
industry, NEMA prescribes standard frame sizes for cer-
tain dimensions of standard motors. As an example, a
motor with a frame size of 56 will always have a shaft
height above the base of 3%2 inches.

Thinner steel laminations
decrease eddy current losses

More copper wire /

Longer stator lowers magnetic

of larger diameter

in the stator saves
energy by reducing
the resistance of the
stator winding.

Large conductive —
bars and end rings
reduce rotor
resistance losses.

Modified stator slot design
helps to decrease magnetic
losses and makes room for
larger diameter wire.

Figure 5-59 Typical energy-efficient mator.
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density and increases cooling
capacity. As a result both
magnetic and load losses are
reduced.

Efficient cooling fan design
improves air flow and reduces
power required to drive fan.

Premium-grade steel core
reduces hysteresis power losses.



Frequency

This is the frequency of the line power supply for which an
AC motor is designed to operate. Electric motors in North
America are designed to operate on 60-Hz power, whereas
most of the rest of the world uses 50 Hz. It is important to
make sure equipment designed to operate on 50 Hz is prop-
erly designed or converted to provide good service life at 60
Hz. As an example, a three-phase change in frequency from
50 to 60 Hz can result in a 20 percent increase in rotor rpm.

Full-Load Speed

Full-load speed represents the approximate speed at which
the motor will run when it is supplying full rated torque or
horsepower. As an example, a typical four-pole motor run-
ning on 60 Hz might have a nameplate rating of 1,725 rpm
at full load, while its synchronous speed is 1,800 rpm.

Load Requirements

Load requirements must be considered in selecting the
correct motor for a given application. This is especially
true in applications that require speed control. Important
requirements a motor must meet in controlling a load are
torque and horsepower in relation to speed.

Constant-torque loads—With a constant torque,
the load is constant throughout the speed range, as

100%

Torque demanded
by the load

ofF—————

100%

Speed

Figure 5-60 Constant-torque load.

Photo courtesy Gilmare-Kramer, www.gilmorekramer.com.

100% [ ————=—=—————~

Torque demanded
by the load

oOF————— ==

100%

Speed
Figure 5-61 Variable-torque load.

Photo courtesy of ITT Goulds Pumps, www.gouldspumps.com.

illustrated in Figure 5-60. As speed increases, the

torque required remains constant while the horsepower
increases or decreases in proportion to the speed. Typi-
cal constant torque applications are conveyors, hoists,
and traction devices. With such applications, as speed
increases, the torque required remains constant while the
horsepower increases or decreases in proportion to the
speed. For example, a conveyor load requires about the
same torque at 5 ft/min as it does at 50 ft/min. However,
the horsepower requirement increases with speed.

Variable-torque loads—Variable torque is found in
loads having characteristics that require low torque

at low speed, and increasing values of torque as the
speed is increased (Figure 5-61). Examples of loads
that exhibit variable-torque characteristics are centrifu-
gal fans, pumps, and blowers. When sizing motors for
variable-torque loads it is important to provide ade-
quate torque and horsepower at the maximum speed.

Constant-horsepower loads—Constant-horsepower
loads require high torque at low speeds and low
torque at high speeds, which results in constant horse-
power at any speed (Figure 5-62). One example of
this type of load would be a lathe. At low speeds,

the machinist takes heavy cuts, using high levels of
torque. At high speeds, the operator makes finishing

100% f-————————————~

Horsepower demanded
by the load

100%

Horsepower demanded
by the load

oFb————— ==

1

0%
Speed °

PART 6 Motor Selection 119


http://www.gilmorekramer.com
http://www.gouldspumps.com

100%
Horsepower

Torque

hp/torque

)
0,
Speed 100%

Figure 5-62 Constant-horsepower load.
Photo courtesy Torchmate, www.torchmate.com.

passes that require much less torque. Other examples
are drilling and milling machines.

High-inertia loads—Inertia is the tendency of an
object that is at rest to stay at rest or an object that is
moving to keep moving. A high-inertia load is one
that is hard to start. A great deal of torque is needed to
get the load up and running, but less torque is required
to keep it operating. High-inertia loads are usually
associated with machines using flywheels to supply
most of the operating energy. Applications include
large fans, blowers, punch presses, and commercial
washing machines.

Motor Temperature Ratings

A motor’s insulation system separates electrical compo-
nents from each other, preventing short circuits, and thus
winding burnout and failure. Insulation’s major enemy
is heat, so it’s important to be familiar with the differ-
ent motor temperature ratings in order to keep the motor
operating within safe temperature limits.

Ambient temperature is the maximum safe room
temperature surrounding the motor if it is going to be
operated continuously at full load. When a motor is
started, its temperature will begin to rise above that of
the surrounding, or ambient, air. In most cases the stan-
dardized ambient temperature rating is 40° C (104° F).
While this standard rating represents a very warm
room, special applications may require motors with a
higher temperature capability such as 50° or 60° C.
Temperature rise is the amount of temperature
change that can be expected within the winding of the
motor from its nonoperating (cool) condition to its
temperature at full-load continuous operating condi-
tion. The heat causing the temperature rise is a result
of electrical and mechanical losses, and a characteris-
tic of a motor’s design.

Hot-spot allowance must be made for the difference
between the measured temperature of the winding and
the actual temperature of the hottest spot within the
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winding, usually 5° to 15° C, depending upon the type
of motor construction. The sum of the temperature
rise, the hot-spot allowance, and the ambient tem-
perature must not exceed the temperature rating of the
insulation.

Insulation class of a motor is designated by letter
according to the temperature it is capable of with-
standing without serious deterioration of its insulating
properties.

Duty Cycle

The duty cycle refers to the length of time a motor is
expected to operate under full load. Motor ratings accord-
ing to duty are continuous duty and intermittent duty.
Continuous duty-rated motors are rated to be run con-
tinuously without any damage or reduction in life of the
motor. General-purpose motors will normally be rated for
continuous duty. Intermittent-duty motors are rated for
short operating periods and then must be allowed to stop
and cool before restarting. For example, crane motors and
hoists are often rated for intermittent duty.

Torque

Motor torque is the twisting force exerted by the shaft of a
motor. The torque/speed curve of Figure 5-63 shows how
a motor’s torque production varies throughout the differ-
ent phases of its operation.

Locked-rotor torque (LRT), also called starting
torque, is produced by a motor when it is initially
energized at full voltage. It is the amount of torque
available to overcome the inertia of a motor at stand-
still. Many loads require a higher torque to start them
moving than to keep them moving.
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Figure 5-63 Motor torque/speed curve.
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Pull-up torque (PUT) is the minimum torque gen-
erated by a motor as it accelerates from standstill

to operating speed. If a motor is properly sized to

the load, pull-up torque is brief. If a motor’s pull-up
torque is less than that required by its application
load, the motor will overheat and stall. Some motors
do not have a value of pull-up torque because the low-
est point on the torque/speed curve may occur at the
locked rotor point. In this case pull-up torque is the
same as the locked rotor torque.

Breakdown torque (BDT), also called pull-out
torque, is the maximum amount of torque a motor can
attain without stalling. Typical induction motor break-
down torque varies from 200 to 300 percent of full
load torque. High breakdown torque is necessary for
applications that may undergo frequent overloading.
One such application is a conveyor belt. Often, con-
veyor belts have more product placed upon them than
their rating allows. High breakdown torque enables the
conveyor to continue operating under these conditions
without causing heat damage to the motor.

Full-load torque (FLT) is produced by a motor
functioning at a rated speed and horsepower. The
operating life is significantly diminished in motors
continually run at levels exceeding full-load torque.

Motor Enclosures

Motor enclosures are designed to provide adequate pro-
tection, depending on the environment in which the motor
has to operate. The selection of the proper enclosure is
vital to the successful safe operation of a motor. Using
a motor enclosure inappropriate for the application can
significantly affect motor performance and life. The two
general classifications of motor enclosures are open and
totally enclosed, examples of which are shown in Fig-
ure 5-64. An open motor has ventilating openings, which
permit passage of external air over and around the motor
windings. A totally enclosed motor is constructed to
prevent the free exchange of air between the inside and

Open enclosure

Totally enclosed enclosure

Figure 5-64 Mator enclosures.
© Baldor Electric Company. Reprinted with their permission. Photo Baldor,
www.baldor.com.

outside of the frame, but not sufficiently enclosed to be
termed airtight.

Open and totally enclosed categories are further broken
down by enclosure design, type of insulation, and/or cool-
ing method. The most common of these types are:

Open drip-proof (ODP) motors are open motors in
which all ventilating openings are so constructed that
drops of liquid or solid particles falling on the motor
at any angle from O to 15 degrees from vertical cannot
enter the machine. This is the most common type and
is designed for use in nonhazardous, relatively clean,
industrial areas.

Totally enclosed, fan-cooled (TEFC) motors are
enclosed motors equipped for external cooling by
means of a fan integral with the motor, but external
to the enclosed parts. They are designed for use in
extremely wet, dirty, or dusty areas.

Totally enclosed, nonventilated (TENYV) motors are
enclosed motors generally limited to small sizes (usu-
ally under 5 hp) where the motor surface area is large
enough to radiate and convey the heat to the outside
air without an external fan or airflow. They are par-
ticularly effective in textile applications where a fan
would regularly clog with lint.

Hazardous location motors are designed with enclo-
sures suitable for environments in which explosive

or ignitable vapors or dusts are present, or are likely
to become present. These special motors are required
to ensure that any internal fault in the motor will

not ignite the vapor or dust. Every motor approved
for hazardous locations carries a UL nameplate that
indicates the motor is approved for that duty. This
label identifies the motor as having been designed for
operation in Class I or Class II locations. The class
identifies the physical characteristics of the hazardous
materials present at the location where the motor will
be used. The two most common hazardous location
motors are Class I explosion-proof and Class II dust
ignition resistant.

Explosion-proof applies only to Class I environments,
which are those that involve potentially explosive liquids,
vapors, and gases. Dust ignition resistant motors are used
in environments that contain combustible dusts such as
coal, grain, or flour. Some motors may be approved for
both Class I and II locations.

Metric Motors

When you need a replacement for a metric (IEC) motor
installed on imported equipment, the most practical way
to proceed is to get an exact metric replacement motor.
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When direct replacements are not available the following

may need to be considered:

122

)

G;

. What two factors determine the mechanical horse-

Metric motors are rated in kilowatts (kW) rather
than horsepower (hp). To convert from kilowatts to
horsepower, multiply the kW rating of the motor
by 1.34. For example, a 2-kW metric motor would

be equal to approximately 2.7 hp and the closest
NEMA equivalent would be 3 hp.

Metric motors may be rated for 50- rather than
60-Hz speed. The following table shows a
comparison of 50- and 60-Hz induction motor
speeds.

Speed, rpm

Frequency 50 Hz

Frequency 60 Hz

Poles Synchronous Full load (Typical) Synchronous Full load (Typical)

2 3,000 2,850
4 1,500 1,425
6 1,000 950
8 750 700

3,600 3,450
1,800 1,725
1,200 1,150

900 850

NEMA and IEC standards both use letter codes to
indicate specific mechanical dimensions, plus num-
ber codes for general frame size. IEC motor frame
sizes are given in metric dimensions, making it
impossible to get complete interchangeability with
NEMA frame sizes.

Although there is some correlation between NEMA
and IEC motor enclosures, it is not always possible
to show a direct cross-reference from one standard
to the other. Like NEMA, IEC has designations
indicating the protection provided by a motor’s
enclosure. However, where the NEMA designa-
tion is in words, such as open drip proof or totally
enclosed fan-cooled, IEC uses a two-digit index of
protection (IP) designation. The first digit indicates
how well protected the motor is against the entry of
solid objects; the second digit refers to water entry.

power output of a motor?

Explain what each of the following motor current
ratings represents: (a) full-load amperes; (b) locked-
rotor current; (c) service factor amperes.

. What does the code letter on the nameplate of a

motor designate?

. What NEMA design—type motor would be selected

for driving a pump that requires a high starting
torque at low starting current?
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* IEC winding insulation classes parallel those of

5.

6.

NEMA, and in all but very rare cases use the same
letter designations.

NEMA and IEC duty cycle ratings are different.
Where NEMA commonly designates continu-

ous or intermittent duty, IEC uses eight duty cycle
designations.

CE is an acronym for the French phrase Conformité
Européene and is similar to the UL or CSA marks
of North America. However, unlike UL (Under-
writers Laboratories) or CSA (Canadian Standards
Association), which require independent labora-
tory testing, the motor manufacturer through “self-
certifying” can apply the CE mark that its products
are designed to the appropriate standards.
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List four types of motor losses that affect the effi-
ciency of a motor.

What motor specification defines the physical
dimensions of a motor?

. An imported machine motor rated for 50 Hz is oper-

ated at 60 Hz. What effect, if any, will this have on
the speed of the motor? Why?

. Would it be normally acceptable to replace a motor

rated for NEMA A insulation with one rated for
NEMA F insulation? Why?



9. Explain the basic load requirements for the fol-
lowing types of motor loads: (a) constant torque;
(b) constant horsepower; (c) variable torque.

10. Explain what each of the following motor temperature
ratings represents: (a) ambient temperature; (b) tem-
perature rise; (c) hot spot temperature allowance.

11. What does the duty cycle rating of a motor refer to?

12. List the four types of torque associated with the
operation of a motor.

13. What determines the type of motor enclosure
selected for a particular application?

14. What type of motor enclosure would be best suited
for extremely wet, dirty, or dusty areas?

15. Determine the equivalent NEMA horsepower rating
for an 11 kW-rated metric motor.

PART 7 Motor Installation

Knowledge of proper installation techniques is vital to the
effective operation of a motor. The following are some of
the important motor installation procedures that need to
be considered.

Foundation

A rigid foundation is essential for minimum vibration
and proper alignment between motor and load. Concrete
makes the best foundation, particularly for large motors
and driven loads.

Mounting

Unless specified otherwise, motors can be mounted in
any position or any angle. Mount motors securely to the
mounting base of equipment or to a rigid, flat surface,
preferably metallic. An adjustable motor base makes the
installation, tensioning, and replacements of belts easier.
Common types of motor mountings are shown in Fig-
ure 5-65 and include:

Rigid base, which is bolted, welded, or cast on

the mainframe and allows the motor to be rigidly
mounted on equipment.

Resilient base, which has isolation or resilient rings
between motor mounting hubs and base to absorb
vibration and noise. A conductor is imbedded in the
ring to complete the circuit for grounding purposes.
NEMA C face mount, which has a machined face
with a pilot on the shaft end that allows direct mount-
ing with a pump or other direct-coupled equipment.
Bolts pass through mounted part to threaded hole in
the motor face.

Motor and Load Alignment

Misalignment between the motor shaft and the load shaft
causes unnecessary vibration and failure due to mechani-
cal problems. Premature bearing failure in the motor and/

Rigid base

NEMA C face mount

Resilient base

Figure 5-65 Common types of motor mountings.
Photos courtesy Leeson, www.leeson.com.

or the load can result from misalignment. Different types
of alignment devices, such as the laser alignment kit
shown in Figure 5-66, are used for motor and load align-
ment. Positioning a motor or placing a shim (thin piece
of metal) under the feet of the motor is often part of the
alignment process.

Direct-drive motors, as the name implies, supply torque
and speed to the load directly. A motor coupling is used
to mechanically connect axially located motor shafts with
equipment shafts. Direct coupling of the motor shaft to the
driven load results in a 1:1 speed ratio. For direct-coupled
motors, the motor shaft must be centered with the load
shaft to optimize operating efficiency. A flexible coupling
permits the motor to operate the driven load while allow-
ing for slight misalignments.

Coupling by means of gears or pulleys/belts may be used
in cases where the application requires other than standard
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Shaft alignment

Sheave alignment

Figure 5-66 Laser alignment kit.
Phatos courtesy Damalini, www.damalini.com.

available speed. Variable speeds are possible by making
available several gear ratios or pulleys with variable diam-
eters. Matching a motor to a load involves transformation
of power between shafts, often from a high-speed/low-
torque drive shaft to a low-speed/high-torque load shaft.
Multiple belts are often used together in order to increase
carrying power. If the pulley wheels are different sizes, the
smaller one will spin faster than the larger one. Chang-
ing pulley ratios does not change horsepower, only torque
and speed. The following formula can be used to calculate
speed and pulley sizes for belt-drive systems.

Motor rpm
Equipment rpm

_ Equipment pulley diameter
Motor pulley diameter

Problem: You have a motor to drive a load (Fig-
ure 5-67). The motor operates at 1,725 rpm and has a
pulley with a 2-inch diameter; the load must operate at
1,150 rpm. What size of pulley is needed for the load?

EXAMPLE 5-5

Solution:
Motor rpm _ Equipment pulley diameter
Equipment rpm  Motor pulley diameter
1,725 _ Equipment pulley diameter
1,150 2
1,725 X 2

1.150 = 3-inch pulley
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Motor drive pulley
1,725 rpm
2-inch diameter

Load pulley
1,150 rpm
diameter = ?

Figure 5-67 Example 5-5.

Y-belts are common belts used for power transmission.
They have a flat bottom and tapered sides and transmit
motion between two sheaves. When servicing a belt-drive
system, the belts must be checked for proper tension and
alignment as illustrated in Figure 5-68. The belt should
be tight enough not to slip, but not so tight as to over-
load motor bearings. Belt deflection should be 1/64 inch
per inch of span. A belt tension gauge is used to ensure
proper specified belt tension. Misalignment is one of the
most common causes of premature belt failure. Angular
misalignment is misalignment caused by two shafts that
are not parallel. Parallel misalignment is caused by two
shafts that are parallel but not on the same axis.

Motor Bearings

The rotating shaft of a motor is suspended in the end bells
by bearings that provide a relatively rigid support for the
output shaft. Motors come equipped with different types
of bearings properly lubricated to prevent metal-to-metal
contact of the motor shaft (Figure 5-69). The lubricant
used is usually either grease or oil. Most motors built
today have sealed-bearing lubrication. This should be
checked periodically to ensure the sealing has not been
compromised and the bearing lubricant lost. For installa-
tions using older motors that require regular lubrication,
this should be done on a scheduled basis, in conformance
with the manufacturer’s recommendations.

Sleeve bearings used on smaller light-duty motors
consist of a bronze or brass cylinder, a wick, and a
reservoir. The shaft of the motor rotates in the bronze
or brass sleeve and is lubricated with oil from the res-
ervoir by the wick, which transfers oil from the reser-
voir to the sleeve. Large motors (200 hp and over) are
often equipped with large split-sleeve bearings that
mount on the top and bottom half of the motor end
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Angular Parallel Parallel Correct
misalignment misalignment misalignment alignment

Deflection

~<——— Span length ———— >

Belt deflection should be
1/64 inch per inch of span

Figure 5-68 Servicing a belt-drive system.

(a) Split-sleeve bearing (c) Roller bearing

(b) Ball bearing (d) Thrust bearing

Figure 5-69 Motor bearings.

(a) Photo courtesy Canadian Babbitt Bearings, www.cbb.ca. (b—d) Photos
courtesy The Timken Company.

shield. These bearings are usually poured with a mate- Ball bearings are the most common type of bearing.
rial called babbitt and then bored to size. Sleeve bear- They carry heavier loads and can withstand severe
ings are furnished with oil reservoirs, sight gauges, applications. In a ball bearing, the load is transmitted
level gauges, and drain provisions. from the outer race to the ball, and from the ball to the
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inner race. Ball bearings come in three different styles:
permanently lubricated, hand packed, and bearings that
require lubrication through fitting. Not lubricating the
bearings can damage a motor for obvious reasons; too
much grease can overpack bearings and cause them to
run hot, shortening their life. Excessive lubricant can
find its way inside the motor where it collects dirt and
causes insulation deterioration and overheating.

Roller bearings are used in large motors for belted
loads. In these bearings, the roller is a cylinder, so this
spreads the load out over a larger area, allowing the
bearing to handle much greater loads than a ball bearing.

Thrust bearings consist of two thrust races and a

set of rollers that are designed to handle higher than
normal axial forces exerted on the shaft of the motors,
as is the case with some fan and pump blade applica-
tions. Motors for vertically mounted motors typically
use thrust bearings.

Electrical Connections

NEMA standards and Article 430 of the NEC, as well
as state and local codes, provide specific electrical and
mechanical installation requirements and recommenda-
tions covering motors and motor controls. The motor must
be connected to a power source corresponding to the volt-
age and frequency rating shown on the motor nameplate.
After you’ve verified that the supply voltage requirements
are correct, you then can make the motor terminal con-
nections. Stator winding connections should be made as
shown on the nameplate connection diagram or in accor-
dance with the wiring diagram attached to the inside of
the conduit box cover.

Grounding

Both your motor and the equipment or apparatus to which
it is connected must be grounded as a precaution against
the hazards of electrical shock and electrostatic discharge.
This is done by using an equipment-grounding conductor
that establishes a path or circuit for ground-fault current
to facilitate overcurrent device operation. The equipment-
grounding conductor may be a conductor (insulated or bare)
run with the circuit conductors, or where metal raceways
are used, the raceway may be the equipment-grounding
conductor. The color green is reserved for an insulated
grounding conductor. In addition to helping prevent electri-
cal shock, grounding of an electronic motor drive also helps
to reduce unwanted electrical noise that can interfere with
the proper operation of the electronic motor drive circuits.
Electrical currents are induced onto the motor’s rotor
shaft and seek the least resistant path to ground—usually
the motor bearings. Shaft voltages accumulate on the rotor
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Figure 5-70 Motor shaft grounding ring.

Photo courtesy Electro Static Technology—an ITW Co., www.est-aegis.com.

until they exceed the dielectric capacity of the motor bear-
ing lubricant; then the voltage discharges in a short pulse
to ground through the bearing. The random and frequent
discharging has an electric discharge machining (EDM)
effect, causing pitting of the bearing’s rolling elements
and raceways that eventually can lead to bearing fail-
ure. This occurs more often in AC motors controlled by
variable-frequency drives. For this reason proper ground-
ing is especially critical on the motor frame, between the
motor and drive, and from the drive to earth. Grounding
the motor shaft by installing a grounding device, such as
shown in Figure 5-70, prevents bearing damage by dis-
sipating shaft currents to ground.

Conductor Size

The size of the motor branch circuit conductors is deter-
mined in accordance with Article 430 of the NEC, based
on the motor full-load current, and increased where
required to limit voltage drop. Undersized wire between
the motor and power source will limit stating abilities and
cause overheating of the motor.

Problem: What size THW CU conductors are re-
quired for a single 15-hp, three-phase, 230-V squirrel-
cage motor?

Solution:

Step 1 Determine the full-load current (FLC) rating of
the motor to be used in determining the conductor size.
NEC 430.6 requires that tables 430.247 through 430.250
be used to determine the FLC and not the nameplate rat-
ing. Table 430.250 deals with three-phase alternating cur-
rent motors, and using this table, we find that for a 10-hp,
208-V, three-phase motor the FLC is 42 amperes.
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Figure 5-72 Built-in thermal motor protection.

Photos courtesy Microtherm, www.microtherm.com.

Manual reset: This line-interrupting protector has an
external button that must be pushed to restore power
to the motor. Use where unexpected restarting would
be hazardous, as on saws, conveyors, compressors,
and other machinery.

PART 7 Review Questions

1. List three popular types of motor mountings.

2. A motor with a 3-inch drive pulley operating at a
speed of 3,600 rpm is belt-coupled to an equipment
pulley 8 inches in diameter. Calculate the speed of
the driven load.

3. List four basic types of bearing and give a typical
application for each.

4. How can a motor be damaged by overlubricating a
ball bearing?

5. Which NEC article deals specifically with require-
ments for electric motors?

Resistance temperature detectors: Precision-
calibrated resistors are mounted in the motor and are
used in conjunction with an instrument to detect high
temperatures.

6. Why is it desirable to ground the motor shaft in
addition to the frame?

7. In what ways can undersized wiring between the
motor and power source affect the operation of a
motor?

8. What negative effects can unbalanced three-
phase line voltages have on the operation of a
motor?

9. In what type of application is it advisable to use
manual-reset built-in thermal protectors?

PART 8 Motor Maintenance and
Troubleshooting

Motor Maintenance

In general, motors are very reliable machines that require
little maintenance. But while a typical electric motor might
be a low-maintenance item, it still requires regular mainte-
nance if it is to achieve the longest possible service life.
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SCHEDULE PERIODIC INSPECTIONS

The key to minimizing motor problems is scheduled rou-
tine inspection and service. Keep records of all mainte-
nance schedules and procedures performed. The frequency
and procedures of routine service vary widely between
applications. Motors should be inspected periodically for
things such as shaft alignment, motor base tightness, and
belt condition and tension.
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BRUSH AND COMMUTATOR CARE

For DC motors, remove the covers and perform checks
on brush wear, spring tension, and commutator wear or
scoring. Replace the brushes if there is any chance they
will not last until the next inspection date. The commuta-
tor should be clean, smooth, and have a polished brown
surface where the brushes ride. Observe the brushes while
the motor is running. The brushes must ride on the com-
mutator smoothly with little or no sparking and no brush
chatter.

TESTING WINDING INSULATION

Twice yearly, test winding and winding-to-ground resis-
tance to identify insulation problems. Motors that have been
flooded or have low megger readings should be thoroughly
cleaned and dried before being energized. The following
are typical minimum motor insulation resistance values:

Rated Motor Voltage Minimum
Insulation Resistance

600 V and below 1.5 MQ
2,300V 3.5 MQ
4000 V 5.0 MQ

KEEP YOUR MOTORS CLEAN

Wipe, brush, vacuum, or blow accumulated dirt from the
frame and air passages of the motor. Dirty motors run hot
when thick dirt insulates the frame and clogged passages
reduce cooling airflow. Heat reduces insulation life and
eventually causes motor failure.

KEEP YOUR MOTORS DRY

Motors that are used continuously are not prone to moisture
problems. It is the intermittent use or standby motor that
may have difficulties. Try to run the motor for at least a few
hours each week to drive off moisture. Be careful that steam
and water are not directed into open drip-proof motors.

CHECK LUBRICATION

Lubricate motors according to manufacturer specifica-
tions. Apply high-quality greases or oils carefully to pre-
vent contamination by dirt or water.

CHECK FOR EXCESSIVE HEAT, NOISE,
AND VIBRATION

Feel the motor frame and bearings for excessive heat or
vibration. Listen for abnormal noise. All indicate a pos-
sible system failure. Promptly identify and eliminate the
source of the heat, noise, or vibration.

EXCESSIVE STARTING IS A PRIME CAUSE
OF MIOTOR FAILURES

The high current flow during start-up contributes a great
amount of heat to the motor. For motors 200 hp and
below, the maximum acceleration time a motor connected
to a high-inertia load can tolerate is about 20 seconds.
The motor should not exceed more than about 150 “start-
seconds” per day.

Troubleshooting Motors

Electric motor failures can be due to mechanical compo-
nent failure or electrical circuit failure. Any type of elec-
trical testing involves risk, and complacency can lead to
injury! When working on any type of motor, to reduce the
risk of injury be certain to:

» Disconnect power to the motor and complete lock-
out and tag-out procedures before performing ser-
vice or maintenance.

» Discharge all capacitors before servicing the motor.

* Always keep hands and clothing away from moving
parts.

* Be sure required safety guards are in place before
starting equipment.

Electrical contact accounts for one-fifth of all construc-
tion deaths. Never work on energized equipment unless
this is absolutely necessary for examination, adjustment,
servicing, or maintenance. When you find you must work
on energized equipment, always wear the appropriate per-
sonal protective equipment and use appropriate tools and
equipment. Use the “buddy rule” and never work on ener-
gized equipment alone. Always have a partner working
with you, in case of emergency.

Typical instruments used for troubleshooting motor
operation problems include a multimeter, clamp-on amme-
ter, megohmmeter, and infrared thermometer. These instru-
ments, shown in Figure 5-73, are used to measure voltage,
current, resistance, insulation resistance, and temperature.

The basic motor system consists of the power supply,
controller, motor, and driven load. When a motor prob-
lem occurs, it is first necessary to find which of the parts
of the system is at fault. Power supplies and controllers
can fail as well as the motor itself. Mechanical loads can
increase because of an increased size of the load the motor
is driving, or failure of bearings or coupling mechanisms.
Mechanical overloading is a prime cause of motor failure.

TROUBLESHOOTING GUIDES

Once it has determined that the motor is at fault, you can pro-
ceed to locate the problem with the motor. A troubleshooting
guide outlines a comprehensive variety of motor problems.
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Multimeter Clamp-on ammeter

Megohmmeter Thermometer

Figure 5-73 Instruments used for motor troubleshooting.
Phatos courtesy Fluke, www.fluke.com. Reproduced with permission.

Generally the categories are arranged according to symp-
toms, offering brief suggestions concerning what to look for
when investigating motor failures and often providing advice
on how to correct the problem once it has been identified.
The following is an example of a troubleshooting guide that
outlines fault symptoms common to most types of motors.

1. Symptom: The motor fails to start. Possible causes:

Blown fuse or open circuit breaker. Check the volt-
age at the input and output of the overcurrent protection
device. If voltage is measured at the input but not at the
output, the fuse is blown or the circuit breaker is open.
Check the rating of the fuse or circuit breaker. It should
be at least 125 percent of the motor’s full-load current.

Motor overload relay on starter tripped. Allow
overload relay to cool and reset it. If the motor causes
the overload relay to open after a short period, check
for motor short circuits and grounds. Check the full-
load current of the motor and compare it to the setting
of the overload relay.

Low voltage or no voltage applied to the motor.
Check the voltage at the motor terminals. The volt-
age must be within 10 percent of the motor nameplate
voltage. Determine the cause of the low voltage.
Loose fuse clips and connections at the terminals of
the disconnect switch or circuit breaker can result in
low voltage at the motor.
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Mechanical overload. Rotate the motor shaft to see if a
binding load is the problem. Check for frozen bearings.
Check the air gap between the stator and rotor. Reduce
the load or try operating the motor with no load applied.

Defective motor windings. Make resistance checks of
the motor windings for opens and shorts in coil windings
and coils shorted to ground faults. An ohmmeter reading
of infinity across a set of coil windings means that there
is an open somewhere—sometimes it is at one end of
the coil and accessible for repair. A short circuit in only

a few turns of a coil, while difficult to detect, will still
result in a motor overheating. One way to test for a short-
circuited coil winding is to compare its resistance read-
ing with that of a known good identical coil.

Burnt-out motor. If one or more of the motor wind-
ings looks blackened and smells burnt, it is most
likely burnt out and needs to be replaced.

2. Symptom: The motor overheats. Possible causes:

Load. A basic rule is that your motor should not get
too hot to touch. Check ammeter reading against full-
load current rating of motor. For a higher-than-normal
current reading, reduce the load or replace motor with
a larger sized one.

Insufficient cooling. Remove any buildup of debris in
or around the motor.

Ambient temperature. Higher-than-normal ambient
temperatures. Take steps to improve the motor’s venti-
lation and/or lower the ambient temperature.

Bearings and alignment. Bad bearings or poor cou-
pling alignment can increase friction and heat.

Source voltage. If the operating voltage is too high
or too low, the motor will operate at a higher tem-
perature. Correct voltage to within 10 percent of the
motor’s rating.

3. Symptom: Excessive motor noise and vibration.
Possible causes:

Bearings. With the motor stopped, try gently mov-
ing the shaft up and down to detect bearing wear. Use
a stethoscope to check the bearings for noise. When
the handle of a screwdriver is placed to the ear and

the blade to the bearing housing, the screwdriver will
amplify the noise, like a stethoscope. Replace worn or
loose bearings. Replace dirty or worn-out oil or grease.
Coupling mechanism. Check for bent shaft on motor
or load. Straighten if necessary. Measure the align-
ment of the couplings. Realign if necessary.

Loose hardware. Tighten all loose components on
the motor and load. Check fasteners on the motor and
load mounts. Motors with centrifugal mechanisms,
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brushes, slip rings, and commutators can cause noise measure the no-load current. It notably should be less
due to wear and looseness of the mechanisms. than the full-load rating stamped on the nameplate.

4. Symptom: Motor produces an electric shock when

touched. Possible cause:

Grounding. Broken or disconnected equipment
grounding conductor. Motor winding short-circuited
to frame. Check motor junction box for poor connec-
tions, damaged insulation, or leads making electrical

connection with the frame.

Ambient temperature too high. Verify that the motor
is getting air for proper cooling.

Overload protector may be defective. Replace the
motor’s protector with one of the correct rating.
Winding short-circuited or grounded. Inspect wind-
ings for defects and loose or cut wires that may cause
a path to ground.

5. Symptom: Motor overload protector continually TROUBLESHOOTING CHARTS
trips. Possible cause: Troubleshooting charts may be used to quickly identify com-
Load. Load too high. Verify that the load is not mon problems and possible corrective courses of action. The
jammed. Remove the load from the motor and following are examples that pertain to specific motor types.

Single-Phase Motors

Problem

Probable Cause and Course of Action

Split-phase motor hums, and it will
run normally if started by hand.

Capacitor-start motor hums, and it
will run normally if started by hand.

Start capacitors continuously fail.

Run capacitor fail.

Universal motor sparks.

Centrifugal switch is not operating properly. Disassemble the mechanism. Clean the
contacts. Adjust spring tension. Replace switch.

Centrifugal switch (same as for split-phase motor). Defective capacitor. Test capacitor. If
defective replace.
The motor is not coming up to speed quickly enough as a result of not being sized properly.

The motor is being cycled too frequently. Capacitor manufacturers recommend no more
than twenty 3-second starts per hour.

Starting switch may be defective, preventing the motor from opening the start winding circuit.
Ambient temperature too high.

Possible power surge to motor caused by high transient voltage. If a common problem
install a surge protector.

New brushes not properly seated. Seat brushes with fine sandpaper to fit contour of
commutator.

Worn or sticky brushes. Replace brushes or clean brush holder.
Open- or short-circuited armature coils. Replace armature.

Three-Phase Motors

Problem

Probable Cause and Course of Action

Single-phasing—one phase of the three- A fuse is blown or one leg of a circuit breaker is open. Check each of the
phase system is lost. Motor will not start, but three-phase power lines for correct voltage.

if in operation may continue to operate at

increased current and diminished capacity.

Unique high-pitched sound from motor.

Unbalanced three-phase voltage —the Blown fuse on power factor correction capacitor bank—find and replace fuse.
voltages of all phases of a three-phase Uneven single-phase loading —distribute single-phase loads more evenly
power supply are not equal. A voltage on the three-phase circuit.

imbalance of 3.5% between phases will
cause a temperature rise of 25°C in the
motor. Motor operates at a higher-than-

Utility unbalanced voltages—if the incoming voltages are substantially
unbalanced, contact the utility and ask them to correct the problem.

normal temperature and reduced efficiency. Harmonic distortion—The presence of harmonic distortion in the applied

voltage to a motor will increase motor temperature, which could result in
insulation damage and possible failure.

Locate the sources of the harmonics and use harmonic filters to control or
reduce harmonics.
(continued)
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Three-Phase Motors [continued)

Problem

Probable Cause and Course of Action

Wound-rotor induction motor fails to start or External rotor resistors—Look for failed components in the resistor bank

starts and runs erratically.

when troubleshooting. Clean slip rings and check brushes for wear and
proper pressure.

Synchronous motor experiences increased Damaged or defective amortisseur windings—Historical inrush testing that
start-up times or erratic acceleration. records the stator’s current during start-up can greatly assist in determining if

these windings have degraded over the life of the motor.

Direct Current Motors

Problem

Probable Cause and Course of Action

Excessive arcing at brushes.

Rapid brush wear.

Worn or sticky brushes. Replace brushes or clean brush holder.

Incorrect brush position with respect to neutral plane. Rotate brush rigging to the correct
position to aid in commutation.

Overload. Measure current to the motor and compare to full-load current rating. If
necessary, reduce motor load.

Dirty commutator. The commutator surface should be clean and bright; slight scratches

and discoloring can be removed with emery paper. Deep scratches/ridges require the
commutator to be machined and mica-undercut.

Armature faults. Test for open- and short-circuited windings in the armature and correct
or replace motor.

Field-winding faults. Test for short circuits, open circuits, and ground faults and correct or
replace motor.

Wrong brush material, type, or grade. Replace with brushes recommended by
manufacturer.

Incorrect brush tension. Adjust brush tension so that the brush rides freely on the
commutator. Replace brush springs if tension measured by a scale is insufficient.

TROUBLESHOOTING LADDER

can often save time in arriving at the source of a motor

A troubleshooting ladder or tree may be used to guide you  problem. The following is a typical example of a trouble-
through the steps of the troubleshooting process. A trouble-  shooting ladder used to determine the cause of overheating
shooting ladder is sequential in nature, and its simplicity  of a three-phase squirrel-cage induction motor.

Problem—Motor Overheats

Step 1

Is ambient temperature too high?

mYESHp Reduce ambient, increase ventilation or install

| larger motor.
N'O
Step 2
Is motor too small for present operating conditions? mYESHp Install larger motor.
N’O
Step 3
Is motor started too frequently? mYESHp Reduce starting cycle or use larger motor.
[ |
N'O
Step 4
Check external frame. Is it covered with dirt, which acts as mYESHp Wipe, scrape, or vacuum accumulated dirt
insulation and prevents proper cooling? from frame.
|
N’O
(continued)
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Step 5
Feel output from air exhaust openings. Is flow light or
inconsistent, indicating poor ventilation?

|
NO

Step 6
Check input current while motor drives load. Is it
excessive, indicating an overload?

[ |
YES
Step 7
Is the driven equipment overloaded?
[ |
l\g
Step 8

Are misalignments, bad bearings, or damaged
components causing excessive friction in driven machine
or power transmission system?

]
l\‘)
Step 9
Are motor bearings dry?
]
NO

' —

Step 10
Are damaged end bells, rubbing fan, bent shaft, or
rubbing rotor causing excessive internal friction?

]
l\g
Step 11
Are bad bearings causing excessive friction?
]
l\ﬁ)
Step 12
Check phase voltage. Does it vary between phases?
]
N’O
Step 13
Is voltage more than 10% above or 10% below nameplate?
]
N'O
Step 14

Check stator. Are any coils grounded or short-circuited?

mYESH)

mNOEp

mYESHp

mYESHp

mYESH)

Remove obstructions or dirt preventing free
circulation of airflow. If needed, clean internal
air passages.

Go to Step 11

Reduce load or install larger motor.

Repair or replace bad components.

Lubricate. Does motor still draw excessive
current?

YESQ

HmYESHp

mYESHp

mYESHp

mYESHp

mYESHp

Repair or replace motor.

Determine cause of bad bearings.

Restore equal voltage on all phases.

Restore proper voltage or install motor built for

the voltage.

Repair coils or replace motor.

@

1. From a safety perspective, what is the first step
to be taken before performing any type of motor
maintenance?

)IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

2. Outline five common motor maintenance tasks that
should be performed as part of a motor preventive
maintenance program.
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3. Outline how to test for each of the following sus-
pected motor problems.
a. Blown fuse or open circuit breaker.
b. Low voltage applied to the motor.
c. Defective motor windings.
4. List five possible causes of motor overheating.

5. The centrifugal switch of a spilt-phase motor fails
and remains open at all times. How would this
affect the operation of the motor?

. The centrifugal switch of a capacitor start motor

fails and remains closed at all times. How would
this affect the operation of the motor?

. List four possible causes of unbalanced voltages

on the supply voltage of a three-phase motor
circuit.

. List five possible causes of excessive arcing at the

brushes of a DC motor.

j TROUBLESHOOTING SCENARIOS

1. Assume the tags used to identify the six motor leads
of a compound-wound DC motor are suspected of
being incorrectly marked or missing.

a. Outline how an ohmmeter would be used to iden-
tify the armature, shunt field, and series field leads.

b. What operating test could be made to ensure cumu-
lative connection of the shunt and series field?

2. One of the three-phase line fuses to a squirrel-cage
induction motor burns open while the motor is
operating.

a. Will the motor continue to rotate? Why?
b. In what way might this operating condition
damage the motor?

e

c¢. Should the motor be able to restart on its own?
Why?

A defective motor start capacitor rated for 130 wF

and 125 V AC is replaced with one rated for 64 wF

and 125 V AC. What would happen?

The speed of a motor is to be reduced by one-half
by using two different size pulleys. What must the
relative diameters of the motor drive and load pul-
ley be?

A motor feels hot to the touch. Does this always
indicate it is operating at too high a temperature?
Explain.

— -~ DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

——

1. Explain how a squirrel-cage rotor produces a
magnetic field.

2. List the different types of motor measurements that
are used for troubleshooting motors.

3. Why does a single-phase motor have no starting
torque if only a single winding is used?
4. How would you determine the running and start-

ing winding of a single-phase motor from a visual
inspection of the stator?

5. Arrange the following single-phase motors in the
order of decreasing torque, with the highest torque
first: split-phase, universal, shaded pole, capacitor.

6. How does slip affect motor speed?

7. Describe the major physical and electrical differences
between the three major three-phase motor types.
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Can a single-phase motor be operated from a three-
phase power supply? Explain.

Assume you have to purchase a motor and load
laser alignment kit. Search the Internet for
suppliers and prepare a report on the features
and operation of the one you would consider
purchasing.

An energy-efficient motor produces the same shaft
output power (hp), but uses less input power (kW)
than a standard-efficiency motor. Visit the website
of a motor manufacturer and compare the price and
features of a standard-efficiency motor with that of
an equivalent energy-efficient motor.

Explain why motors are more efficient at full
load.
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Contactors and Motor
Starters

Chapter Objectives

This chapter will help you to:
1. Familiarize yourself with the basic uses
for a contactor.

2. Explain how arc suppression is applied to
contacts.

3. Discuss the major factors in selecting the
size of a contactor and type of enclosure.

4. Explain the difference between a contactor
and a motor starter.

5. Explain the function and operation of
motor overload relays.

6. Compare NEMA and IEC types of contac-
tors and starters.

7. Understand the operation of a solid-state
contactor and starter.

WwWwW

H INVERTER

Motor starters and contactors are used for
switching electric power circuits. Both use a
small amount of control current to energize or
deenergize the loads connected to them. This
chapter examines how contactors and motor
starters are used in the control of nonmotor and
motor loads.

PART 1 Magnetic
Contactor

The National Electrical Manufacturers Associa-
tion (NEMA) defines a magnetic contactor as
a magnetically actuated device for repeatedly
establishing or interrupting an electric power
circuit. The magnetic contactor is similar in
operation to the electromechanical relay. Both
have one important feature in common: contacts
operate when the coil is energized. Generally,
unlike relays, contactors are designed to make
and break electric power circuit loads in excess
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Main power
contact

Figure 6-1 Typical magnetic contactor.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

of 15 A without being damaged. Figure 6-1 shows a typical
NEMA magnetic contactor used for switching AC motor
loads for which overload protection is not required or pro-
vided separately. In addition to the three power contacts,
one normally open auxiliary hold-in contact is provided to
accommodate three-wire pushbutton control.

There are two circuits involved with the operation of
a magnetic contactor: the control circuit and the power
circuit. The control circuit is connected to the coil, and
the power circuit is connected to the main power contacts.
The operating principle of a three-pole magnetic contactor

Line side

Stationary l l l
contacts T

Movable —

contacts

Movable iron — *

armature or
plunger

Line side

111
21711

Load side

@

Wiring symbol

is illustrated in Figure 6-2. When voltage is applied to the
terminals of the coil, the current flows through the coil,
creating a magnetic field. The coil, in turn, magnetizes
the stationary iron frame, turning it into an electromagnet.
The electromagnet draws the armature toward it, pulling
the movable and stationary contacts together. Power then
flows through the contactor from the line side to the load
side. Generally a contactor is available in two-, three-, or
four-pole contact configurations.

Switching Loads

Contactors are used in conjunction with pilot devices
to automatically control high-current loads. The pilot
device, with limited current handling capacity, is used to
control current to the contactor coil, the contacts of which
are used to switch heavier load currents. Figure 6-3 illus-
trates a contactor used with pilot devices to control the
temperature and liquid level of a tank. In this application
the contactor coil connects with the level and temperature
sensors to automatically open and close the power con-
tacts to the solenoid and heating element loads.
Contactors may be used for switching motor loads when
separate overload protection is provided. The most com-
mon use for a contactor is in conjunction with an overload
relay assembly in an AC motor starter. Figure 6-4 shows an
IEC contactor used in combination with an overload relay

Line side

Contacts

Figure 6-2 Three-pole magnetic contactor.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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Figure 6-3 Contactor used in conjunction with pilot devices.
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Figure 6-4
motor load.

IEC contactor

Overload relay

module to switch a motor load. Two-wire or three-wire
control may be used to switch the motor. The two-wire
control circuit is commonly used in applications where the
operation of a circuit is automatic. This may include such
applications as pumps, electric heating, and air compres-
sors where the pilot device starts the motor automatically
as needed. Three-wire control is similar to the two-wire
circuit except it has an extra set of contacts used to seal it
in the circuit. The most common application for three-wire
control is a motor controlled by momentary start/stop push
buttons. In this case the push buttons must be pressed to
energize or deenergize the contactor coil. Generally, start/
stop push buttons are used to initiate and terminate the sys-
tem processes.

High voltage may be handled by the contactor but kept
entirely away from the operator, thus increasing the safety
of an installation. When this is the case, a step-down con-
trol transformer is used to lower the AC voltage level
required for the control circuit. Typically the secondary
of the transformer is rated for 12, 24, or 120 V, while pri-
mary voltage may be 208, 230, 240, 460, 480, or 600 V. In
all cases, the contactor coil voltage most be matched with
that of the control circuit voltage.

Two-wire
control device oL

OL

M
L1 —]
L2————]

B3—|

Two-wire control

Start
Stop oL
M
M oL
L1 —]
L2 —0—'
13—

Three-wire control

IEC contactor used in combination with an overload relay module to switch a

Photos courtesy Rockwell Automation, www.rockwellautomation.com.
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Figure 6-5 Heater circuit controlled by a magnetic contactor.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

The auxiliary contacts of a contactor have a much lower
current rating than the main contacts and are used in con-
trol circuits for interlocking, holding, and status indication.
Figure 6-5 shows the schematic circuit for a three-phase
heater circuit controlled by a three-pole magnetic contac-
tor and operated by a three-wire control circuit. The opera-
tion of the circuit can be summarized as follows:

* A control transformer is used to lower the 480-V
line voltage to 120 V for control purposes.

* The three-wire control circuit is used to switch
power to the heating elements.

* With the on/off switch closed, the heat on push but-
ton is depressed to energize coil CR of the contactor.

* Main power contacts CR-1, CR-2, and CR-3 close,
energizing the heating elements at line voltage.

* Auxiliary contact CR-4 closes to hold in the contac-
tor coil by completing a circuit around the heat on
push button.

* At the same time, auxiliary contact CR-5 opens to
switch off the green (off) pilot light and contact
CR-6 closes to switch on the red (on) pilot light.

* Depressing the heat off push button or opening the
on/off switch will deenergize the coil, returning the
circuit to its off state.

Definite-purpose contactors are specifically designed
for applications such as air conditioning, refrigeration,
resistive heating, data processing, and lighting. Lighting
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contactors provide effective control in applications such
as office buildings, industrial plants, hospitals, stadiums,
and airports. They can be used to handle the switching of
tungsten (incandescent filament) or ballast (fluorescent
and mercury arc) lamp loads, as well as other general
nonmotor loads. Contactors may be electrically held or
mechanically held. With an electrically held contactor the
coil needs to be energized continuously all the time the
main contacts are closed. Mechanically held contactors
require only a pulse of coil current to change state. Once
changed, a mechanical latch holds the main contacts in
place so the control power can be removed, resulting in
the contactor operation that is quieter, cooler, and more
efficient. Figure 6-6 shows examples of mechanically
and electrically held lighting contactors mounted in
enclosures.

Electrically held Mechanically held
contactor contactor

Figure 6-6 Electrically and mechanically held lighting
contactors.
Photos courtesy Eaton Corporation, www.eaton.com.
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Figure 6-7 Mechanically held lighting contactor.
This material and associated copyrights are proprietary to, and used with the permission of, Schneider Electric.

Figure 6-7 shows a typical dual-coil mechanically held
lighting contactor and associated circuit. Lighting circuits
are single-phase and generally rated at 120 or 277 V. The
operation of the circuit can be summarized as follows:

* When the on button is momentarily depressed, the
latch coil is energized through the N.C. clearing
contact.

¢ As aresult, the contactor closes and latches
mechanically to close the main contacts (M), light-
ing the bank of lamps, provided that the circuit
breaker is closed.

* The coil clearing contacts change state (N.C. to
N.O. and vice versa) alternately with a change in
contactor latching position.

* To unlatch the contactor, thereby turning the lamps
off, the off button is momentarily depressed,
unlatching the contactor to open contacts M.

* Since the latch and unlatch coils are not designed for
continuous duty, they are automatically disconnected
by the coil clearing contacts to prevent accidental coil
burnout should the push button remain closed.

Figure 6-8 shows a typical wiring diagram for a mechan-
ically held lighting contactor with a single operating coil
that is momentarily energized to either close or open the
contactor. In this application the lighting contactor is being
controlled from two remotely located (three-position,

Line or
Line Neutral Line

*— iOnE — iOnE

> S

Figure 6-8 Single-operating-coil mechanically held lighting
contactor.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

momentary, center off) control stations. Each control sta-
tion is equipped with a signal lamp, which indicates the
open or closed status of the lighting contactors’ main con-
tacts. A wide variety of automatic control devices such as
programmable logic controllers (PLCs) and energy man-
agement systems can interface with the contactor as well.
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Figure 6-9 Typical operating mechanisms for magnetic
contactors.

Contactor Assemblies

Figure 6-9 illustrates three typical operating mechanisms
for magnetic contactors: bell-crank, horizontal-action,
and clapper. Contactor operating mechanisms should be
inspected periodically for proper functioning and free-
dom from sticking or binding. The magnetic circuit of
the operating mechanism consists of soft steel with high
permeability and low residual magnetism. The magnetic
pull developed by the coil must be sufficient to close
the armature against the forces of gravity and the contact
spring.

The contactor coil is molded into an epoxy resin to
increase moisture resistance and coil life. Its shape varies
as a function of the type of contactor (Figure 6-10). A per-
manent air gap between the magnetic circuit in the closed
state prevents the armature from being held in by residual
magnetism.

Coil —

— Air gap

Armature

Figure 6-10 Contactor coil.
Photos courtesy Rockwell Automation, www.rockwellautomation.com.
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If a coil exhibits evidence of overheating (cracked,
melted, or burned insulation), it must be replaced. To mea-
sure the coil resistance, disconnect one of the coil leads
and measure the resistance by setting the ohmmeter to its
lowest resistance scale. A defective coil will read zero or
infinity, indicating a short or opened coil, respectively.

Contactor coils have a number of insulated turns of
wire designed to give the necessary ampere-turns to oper-
ate on small currents. As contactors are used to control
different line voltages, the voltage used to control the
coil may vary. Therefore, when selecting coils you must
choose one that matches the available control voltage.
The operational limit of the contactor is between 85 and
110 percent of the rated coil voltage. A coil voltage varia-
tion of £5 percent will minimize the contact wear. The
reason for this is that higher voltages will increase the
speed of the electromagnet at closing. Lower voltages
will decrease the speed at closing. Both these factors can
lead to a higher level of contact bounce at closing, which
can be a major cause of wear and erosion.

Magnetic coil voltage specifications include rated volt-
age, pickup voltage, hold-in voltage, and dropout voltage.
Rated voltage refers to the coil supply voltage and must
match that of the control circuit power source. Pickup
voltage is the amount of voltage required to overcome the
mechanical forces, like gravity and spring tension, trying
to keep the contacts from closing. Hold-in voltage is the
amount of voltage needed to maintain the contacts in their
closed position after pickup voltage is reached (hold-in
voltage is normally less than pickup voltage). All contac-
tors that are electrically held in are sensitive to voltage
dips occurring in the electrical supply. The dropout volt-
age is the amount of voltage below which the magnetic
field becomes too weak to maintain the contacts in their
closed position.

AC and DC contactor coils with the same voltage rat-
ings are not normally interchangeable, the reason being
that with a DC coil only the wire ohmic resistance limits
the current flow, whereas with AC coils both resistance and
reactance (impedance) limit the current flow. Direct cur-
rent contactor coils have a large number of turns and a high
ohmic resistance compared to their AC counterparts.

For a DC-operated coil, since current is limited by
resistance only, the current flow through the coil upon
closing is the same as the normal energized current flow.
However, this is not the case when the coil is AC oper-
ated. With a deenergized AC coil, part of the magnetic
path has an air gap because the armature is not pulled in
(Figure 6-11). When the contactor closes, the armature
closes the magnetic path, causing the inductive reactance
of the coil to increase and the current to decrease. This
results in a high current to close the contactor and low
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Contactor open

Coil
deenergized

Air gap
Figure 6-11 Deenergized coil air gap.

current to hold it. The inrush current for an AC coil may
range from 5 to 20 times that of the sealed current.

When current in an inductive load, such as a contactor
coil, is turned off, a very high voltage spike is generated. If
not suppressed, these voltage spikes can reach several thou-
sand volts and produce surges of damaging currents. This

is especially true for applications requiring interface with
solid-state components such as PLC modules. Figure 6-12
shows an RC suppression module wired in parallel (directly
across) a contactor coil. The resistor and capacitor connected
in series slows the rate of rise of the transient voltage.

Contactor coils operated from an AC power source
experience changes in the magnetic field surrounding
them. The attraction of an electromagnet operating on
alternating current is pulsating and equals zero twice dur-
ing each cycle. As the current goes through zero, the mag-
netic force decreases and tends to drop the armature out.
When magnetism and force build up again, the armature
is pulled back in. This motion of the armature, in and out,
makes the contactor buzz or chatter, creating a humming
noise and wear on the contactor’s moving parts.

The noise and wear of AC contactor assemblies can be
prevented by the use of shading coils or rings, as illus-
trated in Figure 6-13. Unlike the contactor coil, shading
coils are not electrically connected to the power source,
but mounted to inductively couple with the contactor coil.
The shading coil consists of a single turn of conducting
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Figure 6-12 RC suppression module.
Photos courtesy Siemens, www.siemens.com.
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Figure 6-13 Shading cail.
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material (generally copper or aluminum) mounted on the
face of the magnetic assembly. It sets up an auxiliary mag-
netic attraction that is out of phase with the main field and
of sufficient strength to hold the armature tight to the core
even though the main magnetic field has reached zero on
the sine wave. With well-designed shading coils, AC con-
tactors can be made to operate very quietly. A broken or
open shading coil will make its presence known; the con-
tactor will immediately become extremely noisy.

The core and armature of an AC contactor assembly
are made of laminated steel, whereas DC assemblies are
solid. This is due to the fact that there are no eddy currents
generated with continuous direct current applied. Eddy
currents are small amounts of current flow induced in the
core and armature material by the varying magnetic field
produced by AC current flow through the contactor coil.
Using a solid iron core would result in greater circulating
currents and for this reason the core of AC coils is made
up of a stack of thin insulated laminations.

Misalignment or obstruction of the armature’s ability
to properly seat when energized causes increased current
flow in an AC coil (Figure 6-14). This could occur as a
result of pivot wear or binding, corrosion, or dirt buildup,
or pole face damage from impact over a long period of
time. Depending on the amount of increased current, the
coil may merely run hot, or it may burn out if the current
increase is large enough and remains for a sufficient length
of time. Improper alignment will create a slight hum com-
ing from the contactor in the closed position. A louder
hum will occur if the shading coil is broken because the
electromagnet will cause the contactor to chatter.

Today, most contactor contacts are made of a low-
resistance silver alloy (Figure 6-15). Silver contacts are
used because they ensure a lower contact resistance than
other less expensive materials. Depending on the size of
the contactor, the main power contacts can be rated to con-
trol several hundred amperes. Most often silver inserts are
brazed or welded on copper contacts (on the heel), so silver
carries the current and copper carries the arc on interrup-
tion. Most manufacturers recommend that silver contacts
never be filed. Silver contacts need not be cleaned because

Figure 6-14 Contactor assembly alignment.

This material and associated copyrights are proprietary to, and used with the
permission of, Schneider Electric.
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Figure 6-15 Typical contactor replacement kit.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

the black discoloration that appears is silver oxide, which
is a relatively good conductor of electricity.

Contacts are subject to both electrical and mechanical
wear as they establish and interrupt electric currents. In most
cases mechanical wear is minimal compared to electrical
wear. Arcing when the contacts are establishing and inter-
rupting currents causes electrical wear or erosion. Also, con-
tacts will overheat if they transmit too much current, if they
do not close quickly and firmly, or if they open too frequently.
Any of these situations will cause significant deterioration of
the contact surface and erratic operation of the contactor.

Arc Suppression

One of the main reasons contacts wear is the electric arc
that occurs when contacts are opened under load. As the
contacts open there will still be current flow between the
contact surfaces if the voltage across the two points is
high enough (Figure 6-16). The path for this continued
flow is through the ionized air that creates the arc. As
the distance between contacts increases, the resistance of
the arc increases, the current decreases, and the voltage
necessary to sustain the arc across the contacts increases.

My

Arc starts Current flows Arc is extinguished
as contacts through as distance between
open ionized air contacts increases

Arc chamber

Figure 6-16 Electric arc occurs when contacts are opened
under load.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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Figure 6-17 DC contactor.

Photo courtesy Hubbell Industrial Controls, www.hubbell-icd.com.

Finally, a distance is reached at which full line voltage
across the contacts is insufficient to maintain the arc. Arc
current can create a substantial temperature rise on the
surface of the contacts. This temperature rise may be high
enough to cause the contact surfaces to become molten
and emit vaporized metal into the gap between the con-
tacts. Therefore, the sooner the arc is extinguished, the
better; if allowed to continue, the hot arc will melt the
contact surface. Most contactors contain some type of arc
chamber to help extinguish the arc.

Factors that contribute significantly to contact arcing
include:

* The level of voltage and current being switched.
As circuit voltage and current increase, the gap
between the opening contacts ionizes more rapidly
into a conductive path.

¢ Whether the voltage being switched is AC or DC.
Direct current arcs are considerably more difficult
to extinguish than AC arcs. An AC arc is self-extin-
guishing; the arc will normally extinguish as the AC
cycle passes through zero. In the case of a DC supply

there is no current zero, as the current is always in one
direction, so no natural arc extinction properties exist.

* The type of load (resistive versus inductive). With
resistive loads the duration of the arc is primarily
determined by the speed at which the contacts sepa-
rate. With inductive loads the release of stored energy
built up in the magnetic field serves to maintain the
current and cause voltage spikes. Inductive loads in AC
circuits are less of a problem than in DC circuits.

* How quickly the contactor operates. The faster
the speed of contact separation, the quicker the arc
will be extinguished.

Arcing may also occur on contactors when they are
closing, for example, if the contacts come close enough
together that a voltage breakdown occurs and the arc
is able to bridge the open space between the contacts.
Another way this can occur is if a rough edge of one con-
tact touches the other first and melts, causing an ionized
path that allows current to flow. In either case, the arc
lasts until the contact surfaces are fully closed.

One major difference between AC and DC contactors is
the electrical and mechanical requirements necessary for
suppressing the arcs created in opening and closing con-
tacts under load. To combat prolonged arcing in DC cir-
cuits, the contactor switching mechanism is constructed
so that the contacts will separate rapidly and with enough
air gap to extinguish the arc as soon as possible on open-
ing. DC contactors are larger than equivalently rated AC
types to allow for the additional air gap (Figure 6-17). It
is also necessary in closing DC contacts to move the con-
tacts together as quickly as possible to avoid some of the
same problems encountered in opening them. For this rea-
son, the operating speeds of DC contactors are designed
to be faster than those of AC contactors.

An arc chute or shield is a device designed to help confine,
divide, and cool an arc, so that the arc is less likely to sus-
tain itself. There is one arc chute for each set of contacts that
is fitted above the moving and fixed contact (Figure 6-18).
Arc chutes split the arc established at contactor tips while

Arc extinction

Figure 6-18 Arc chute.

Arc chute assembly
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Figure 6-19 Magnetic blowout cail.

breaking the current to quench the arc. In addition, they also
provide barriers between line voltages.

The arc chutes used in AC contactors are similar in
construction to those used in DC contactors. However, in
addition to arc chutes, most DC contactors employ mag-
netic blowout coils to assist with arc suppression. Blow-
out coils consist of heavy copper coils mounted above the
contacts and connected in series with them (Figure 6-19).
Current flow through the blowout coil sets up a magnetic
field between the breaking contacts that “blows” out the
arc. When an arc is formed, the arc sets up a magnetic
field around itself. The magnetic field of the arc and the
blowout coil repel each other. The net result is an upward
push that makes the arc become longer and longer until it
breaks and is extinguished.

Blowout coils seldom wear out or give trouble when
operated within their voltage and current ratings. Arc
chutes are constantly subjected to the intense heat of arc-
ing and may eventually burn away, allowing the arc to
short-circuit to the metal blowout pole pieces. Therefore,
arc chutes should be inspected regularly and replaced
before they burn through.

As part of a preventive maintenance program, large con-
tactors should be checked periodically for contact wear,

PART 1 Review Questions

1. What is the NEMA definition for a magnetic contactor?

2. Two circuits are involved in the operation of a
magnetic contactor. Identify these circuits and the
part of the contactor each connects to.

3. Give a brief description of how a magnetic contac-
tor operates.

4. A micro switch, when activated, is used to switch
current to a solenoid valve coil by way of a mag-
netic contactor. To which circuits of the contactor
would each device be wired?
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Sealed vacuum
bottle

Figure 6-20 Vacuum contactor.
Photos courtesy Rockwell Automation, www.rockwellautomation.com.

contact wipe, shunt terminal connections, free movement
of the armature, blowout structure, blowout coil connec-
tions, coil structure, correct contact spring tension, and
correct air gap. Normally the slight rubbing action and
burning that occur during normal operation keep the
contact surfaces clean for proper operation. Copper con-
tacts, still used on some contactors, should be cleaned to
reduce contact resistance. Worn contacts should always
be replaced in pairs to ensure that complete and proper
surface contact is maintained. High contact resistance
produces overheating of contacts as well as a significant
voltage drop across the contacts, resulting in less voltage
being delivered to the load.

A vacuum contactor (Figure 6-20) switches power con-
tacts inside a sealed vacuum bottle. The vacuum provides
a better environment than free air for breaking the arc
because without air to ionize, the arc extinguishes more
quickly. Housed in vacuum bottles, the arc is isolated and
the contacts are protected from dust and corrosion. Com-
pared to conventional air contactors they offer a signifi-
cantly higher electrical endurance and are the preferred
switching devices in applications with a high switching
frequency, for heavy-duty starting, and for line voltages
above 600 V.

5. A magnetic contactor that has a coil rated for
24V AC is fed from a 240-V AC power supply.
What would most likely be used to lower the
voltage level for the coil?

6. Compare the operation of electrically and mechani-
cally held magnetic contactors.

7. List three types of operating mechanisms for mag-
netic contactors.

8. Why is the contactor coil molded into an epoxy resin?
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9. What is the negative effect of operating a contactor
coil above or below its rated voltage?

10. Which contactor coil rating refers to the amount of
voltage below which the magnetic field becomes too
weak to maintain the contacts in their closed position?

11. Explain why the inrush current to an AC contactor
coil is much higher than its normal operating current.

12. Explain how a shading coil prevents an AC contac-
tor from chattering.

13. Why are AC contactor assemblies made of lami-
nated steel?

14. In what way can misalignment of the armature and
core of an AC contactor cause a contactor coil to
run hot?

15. Why do manufacturers recommend that discolored
silver contacts not be filed?

16. Why do contactors require some form of arc
suppression?

17. Does the severity of contact arcing increase or
decrease with each of the following changes?
a. A decrease in the voltage level
b. Use of an AC rather than a DC power source
c. Change of load from resistive type to inductive type
d. An increase in the speed of contact separation
18. Why is it harder to extinguish an arc on contacts
passing direct current than on contacts passing
alternating current?
19. Compare the design features of AC and DC contactors.
20. What is the function of an arc chute?
21. Explain the operation of the blowout coil used in
DC contactors.
22. List six things to check as part of routine preventive
maintenance for large contactors.
23. a. Explain the main advantage of using a vacuum
contactor.
b. List three common switching applications for
vacuum contactors.

PART 2 Contactor Ratings,
Enclosures, and Solid-State Types

NEMA Ratings

The National Electric Manufacturers Association (NEMA)
and the International Electrotechnical Commission (IEC)
maintain guidelines for contactors. The NEMA standards
for contactors differ from those of the IEC and it is impor-
tant to understand these differences.

A philosophy of the NEMA standards is to provide
electrical interchangeability among manufacturers for a
given NEMA size. Because the customer often orders a
contactor by the current, motor horsepower, and voltage
ratings, and may not know the application or duty cycle
planned for the load, the NEMA contactor is designed by
convention with sufficient reserve capacity to assure per-
formance over a broad band of applications.

The continuous current rating and horsepower at the
rated voltages categorize NEMA size ratings. NEMA con-
tactor size guides for AC and DC contactors are shown in
Figure 6-21. Because copper contacts are used on some
contactors, the current rating for each size is an 8-hour open
rating—the contactor must be operated at least once every
8 hours to prevent copper oxide from forming on the tips
and causing excessive contact heating. For contactors with
silver to silver-alloy contacts, the 8-hour rating is equivalent
to a continuous rating. The NEMA current rating is for each
main contact individually and not the contactor as a whole.

NEMA size 0 60 Hz AC contactor DC contactor
NEMA ratings NEMA ratings
600 volts max 600 volts max

NEMA | Continuous NEMA | Continuous
size amps size amps
00 9 1 25
0 18 2 50
1 27 3 100
2 45 4 150
3 90 5 300
4 135 6 600
5 270 7 900

6 540 8 1350
7 810 9 2500
8 1215
9 2250

Figure 6-21 NEMA contactor size guide.

Phatos courtesy Siemens, www.siemens.com.

As an example, a Size 00 three-pole AC contactor rated
at 9 A can be used for switching three separate 9-A loads
simultaneously. Additional ratings for total horsepower are
also listed. When selecting always ensure that the contactor
ratings exceed the load to be controlled. NEMA contactor
sizes are normally available in a variety of coil voltages.

As the NEMA size number classification increases,
so does the current capacity and physical size of the
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contactor. Larger contacts are needed to carry and break
the higher currents, and heavier mechanisms are required
to open and close the contacts.

Problem: Use the table in Figure 6-21 to determine
the NEMA size of an AC contactor required for a
480-V heating element load with a continuous current
rating of 80 A.

EXAMPLE 6-1

Solution: According to the table, a size 2 contactor
1s rated for 45 A, while a size 3 is rated for 90 A. Since
the load falls between these two values, the larger-size
contactor must be used. The voltage requirement is sat-
isfied because the controller can be used for all volt-
ages up to 600 V.

Magnetic contactors are also rated for the type of
load to be utilized or for actual applications. Load uti-
lization categories include:

* Nonlinear loads such as tungsten lamps for light-
ing (large hot-to-cold resistance ratio, typically
10:1 or higher; current and voltage in phase).

* Resistive loads such as heating elements for
furnaces and ovens (constant resistance; current
and voltage in phase).

* Inductive loads such as industrial motors and
transformers (low initial resistance until the
transformer becomes magnetized or the motor
reaches full speed; current lags behind voltage).

» Capacitive loads such as industrial capacitors for
power factor correction (low initial resistance as
capacitor charges; current leads voltage).

IEC Ratings

IEC contactors, compared to NEMA devices, generally are
physically downsized to provide higher ratings in a smaller
package (Figure 6-22). On average, IEC devices are 30 to 70
percent smaller than their NEMA counterparts. IEC contac-
tors are not defined by standard sizes, unlike NEMA contac-
tors. Instead, the IEC rating indicates that a manufacturer or
laboratory has evaluated the contactor to meet the require-
ments of a number of defined “applications.” With knowledge
of the application you can choose the appropriate contactor
by defining the correct utilization category. This makes it pos-
sible to reduce contactor size, and therefore cost. The IEC
rating system is broken down into different “utilization cat-
egories” that define the value of the current that the contactor
must make, maintain, and break. The following category defi-
nitions are the most commonly used for IEC contactors:
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Figure 6-22 |EC type contactor.

Photo courtesy Automation Direct, www.automationdirect.com.

AC CATEGORIES

AC-1: This applies to all AC loads where the power
factor is at least 0.95. These are primarily noninduc-
tive or slightly inductive loads.

AC-3: This category applies to squirrel-cage motors
where the breaking of the power contacts would occur
while the motor is running. On closing, the contactor
experiences an inrush, which is 5 to 8 times the nominal
motor current, and at this instant, the voltage at the ter-
minals is approximately 20 percent of the line voltage.

AC-4: This applies to the starting and breaking of a
squirrel-cage motor during an inch or plug reverse. On
energization, the contactor closes on an inrush current
approximately 5 to 8 times the nominal current. On
deenergization, the contactor breaks the same magni-
tude of nominal current at a voltage that can be equal
to the supply voltage.

DC CATEGORIES

DC-1: This applies to all DC loads where the time con-
stant (L/R) is less than or equal to 1 millisecond. These
are primarily noninductive or slightly inductive loads.

DC-2: This applies to the breaking of shunt motors
while they are running. On closing, the contactor
makes the inrush current around 2.5 times the nominal
rated current.

DC-3: This applies to the starting and breaking of a
shunt motor during inching or plugging. The time con-
stant is less than or equal to 2 ms. On energization, the
contactor sees current similar to that in category DC-2.
On deenergization, the contactor will break around

2.5 times the starting current at a voltage that may be
higher than the line voltage. This would occur when the
speed of the motor is low because the back emf is low.

DC-5: This applies to the starting and breaking of a
series motor during inching or plugging. The time
constant is less than or equal to 7.5 ms. On energiza-
tion, the contactor sees about 2.5 times the nominal
full-load current. On deenergization, the contactor


http://www.automationdirect.com

breaks the same amount of current at a voltage that
can be equal to the line voltage.

Contactor Enclosures

Enclosed magnetic contactors must be housed in an approved
enclosure based on the environment in which they must oper-
ate to provide mechanical and electrical protection. Electri-
cal codes mandate the type of enclosure to use. More severe
environments require more substantial enclosures. Severe
environmental factors to be considered include:

* Exposure to damaging fumes.

* Operation in damp places.

» Exposure to excessive dust.

* Subject to vibration, shocks, and tilting.
* Subject to high ambient air temperature.

There are two general types of NEMA enclosures:
nonhazardous-location enclosures and hazardous-location
enclosures. Nonhazardous-location enclosures are further
subdivided into the following categories:

* General-purpose (least costly)
* Watertight

* Oiltight

* Dust-tight

Hazardous-location enclosures are extremely costly,
but they are necessary in some applications. Hazardous-
location, explosion-proof enclosures involve forged or
cast material and special seals with precision-fit toler-
ances. The explosion-proof enclosures are constructed so
that an explosion inside will not escape the enclosure. If
an internal explosion were to blow open the enclosure, a
general-area explosion and fire could ensue. Hazardous-
location enclosures are classified into two categories:

* Gaseous vapors (acetylene, hydrogen, gasoline, etc.).

* Combustible dusts (metal dust, coal dust, grain dust,
etc.).

All industrial electrical and electronic enclosures must
conform to standards published by NEMA to meet the
needs of location conditions. Figure 6-23 shows typical
NEMA enclosure types including:

NEMA Type 1—general-purpose type, which is the
least costly, and used in a location where unusual
service conditions do not exist.

NEMA Type 4 and 4X—Watertight and dust-tight.
NEMA Type 12—Provides a degree of protection from
noncorrosive dripping liquids, falling dirt, and dust.
NEMA Type 7 and 9—Designed for use in hazard-
ous locations.

NEMA type 1 NEMA type 4 and 4X

=

NEMA type 12 NEMA type 7 and 9

Figure 6-23 Typical contactor enclosure types.
This material and associated copyrights are proprietary to, and used with the
permission of, Schneider Electric.

Although the enclosures are designed to provide pro-
tection in a variety of situations, the internal wiring and
physical construction of the device remains the same.
Consult the National Electrical Code (NEC) and local
codes to determine the proper selection of an enclosure
for a particular application.

The IEC provides a system for specifying the enclosures
of electrical equipment on the basis of the degree of protec-
tion provided by the enclosure. Unlike NEMA, IEC does
not specify degrees of protection for environmental condi-
tions such as corrosion, rust, icing, oil, and coolants. For this
reason, IEC enclosure classification designations cannot be
exactly equated with NEMA. The table at top of page 148
provides a guide for converting from NEMA enclosure
type numbers to IEC enclosure classification designations.
The NEMA types meet or exceed the test requirements for
the associated IEC classifications; for this reason the table
should not be used to convert from IEC classifications to
NEMA types and the NEMA to IEC conversion should be
verified by test.

Solid-State Contactor

Solid-state switching refers to interruption of power by
nonmechanical electronic means. Figure 6-24 shows a
single-pole AC solid-state contactor that uses electronic
switching. In contrast to a magnetic contactor, an elec-
tronic contactor is absolutely silent, and its “contacts”
never wear out. Static contactors are recommended in
applications that require a high switching frequency, such
as heating circuits, dryers, single- and three-pole motors,
and other industrial applications.
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| NEMA enclosure type number || IEC enclosure designation |
| 1 || IP10 |
| 2 [ P11 |
| 3 [ P54 |
| 3R || P14 |
| 3s I IP54 |
| 4 and 4X || IP56 |
| 5 || 1P52 |
| 6 and 6P I IP67 |
| 12 and 12K || 1P52 |
| 13 || IP54 |

The most common high-power switching semiconduc-
tor used in solid-state contactors is the silicon controlled
rectifier (SCR). An SCR is a three-terminal semiconductor
device (anode, cathode, and gate) that acts like the power
contact of a magnetic contactor. A gate signal, instead of an
electromagnetic coil, is used to turn the device on, allowing
current to pass from cathode to anode. Figure 6-25 shows
three types of SCR construction styles designed for higher-

Anode stud
Disk, or puck, type

Module type installed in a heat sink

Figure 6-24 Single-pole solid-state contactor.

current applications: the disk (also known as puck type),
stud mount, and module. Flexible-lead stud-mounted SCRs
have a gate wire, a flexible cathode lead, and a smaller cath-
ode lead that is used only for control purposes. The heat
generated by the SCR must be dissipated; thus all contac-
tors have some means to cool the SCR. Typically an alumi-
num heat sink, with fins to increase the surface area, is used
to dissipate this energy to air.

ﬁ Cathode
control lead
Cathode
\ power lead
Gate
lead
Stud type
Anode | Cathode
Gate
SCR symbol

Figure 6-25 Silicon controlled rectifier (SCR) switching semiconductor.
Disk and stud type photos courtesy Vishay Intertechnology, www.vishay.com. Module type photo courtesy

Control Concepts, Inc., www.ccipower.com.
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Off
Anode
+ On
DC =— hE SCR
Gate
Cathode

Figure 6-26 SCR testing circuit.

The SCR, like a contact, is in either the on state (closed
contact) or the off state (open contact). SCRs are normally
off switches that can be triggered on by a small current
pulse into the gate electrode. Once turned on (or trig-
gered), the component then stays in the conducting state
even when the gate on signal is removed. It returns to the
off (blocking) state only if the anode-to-cathode current
falls below a certain minimum or if the direction of the
current is reversed. In this respect, the SCR is analogous
to a latched contactor circuit—once the SCR is triggered,
it will stay on until its current decreases to zero.

The SCR testing circuit shown in Figure 6-26 is practi-
cal both as a diagnostic tool for checking suspected SCRs
and as an aid to understanding how they operate. The
operation of the circuit can be summarized as follows:

* A DC voltage source is used for powering the cir-
cuit, and two pushbutton switches are used to latch
and unlatch the SCR, respectively.

* Momentarily closing the on push button connects
the gate to the anode, allowing current to flow from
the negative terminal of the battery, through the
cathode-gate junction, through the switch, through
the bulb, and back to the battery.

» This gate current should cause the SCR to latch
on, allowing current to go directly from cathode to
anode without further triggering through the gate.

* Momentarily opening the normally closed off push
button interrupts the current flow to the SCR and
bulb. The light turns off and remains off until the
SCR is triggered back into conduction.

o If the bulb lights at all times, this is an indication
that the SCR is shorted.

* If the bulb fails to light when the SCR is triggered
into operation, this is an indication that the SCR is
faulted open.

Since an SCR passes current in one direction only, two
SCRs are necessary to switch single-phase AC power. The
two SCRs are connected inverse-parallel (back-to-back),
as shown in Figure 6-27: one to pass current during the

L1 L2

Dual SCR module

o
MWW

Load

Figure 6-27 SCR connection for single-phase contactor.
Phato courtesy Digi-Key Corporation, www.digikey.com.

positive half-cycle and the other during the negative half-
cycle. Half the current is carried by each SCR, and sinu-
soidal AC current flows through the resistive load R when
gates G1 and G2 are fired at 0 degrees and 180 degrees of
the input, respectively.

Inductive loads and voltage transients are both seen as
problem areas in solid-state AC contactor control because
they could falsely trigger an SCR into conduction. For this
reason, for driving an inductive load, a snubber circuit is
used to improve the switching behavior of the SCR. Fig-
ure 6-28 shows an electronic contactor, with a simple RC
snubber circuit used to control an inductive transformer

|
|
|
230VAC | Inverse-parallel
: SCRs
|
—
Transformer
load

Figure 6-28 SCR snubber circuit.

Photo courtesy Enerpro, www.enerpro-inc.com.
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load. The snubber circuit consists of a resistor and capaci-
tor wired in series with each other and placed in parallel
with the SCRs. This arrangement suppresses any rapid rise
in voltage across the SCR to a value that will not trigger it.

The abrupt switching of an SCR, particularly at higher
current levels, can cause objectionable transients on the
power line and create electromagnetic interference (EMI).

PART 2 Review Questions :

1. Name the two major associations that maintain stan-
dard guidelines for contactors.

2. What three parameters are listed for each NEMA
contactor size rating?

3. Use the NEMA contactor size guide to determine
the NEMA size DC contactor required for a 240-V
load with a continuous current rating of 80 A.

4. List four types of contactor load utilization categories.

5. Compare NEMA- and IEC-rated contactors with
regard to
a. physical size.

b. the way in which they are rated.

6. Why are contactors mounted in an enclosure?

7. List the four categories of nonhazardous-location
contactor enclosures.

8. Describe how explosion-proof contactor enclosures
are constructed.

By electrically switching an SCR on at the AC sine wave
Zero crossing point, it remains on through the half cycle of
the sine wave and turns off at the next zero crossing. In this
scheme, known as zero-fired control, the SCR is turned on
at or nearly at the zero crossing point so that no current is
being switched under load. The result is virtually no power
line disturbances or EMI generation.

9. What does solid-state switching of contactors refer to?

10. For which type of switching operations are solid-
state static contactors best suited? Why?

11. Answer the following with reference to high-pow-
ered SCR switching semiconductors used in solid-
state contactors:

a. Which circuit of the SCR is connected in series
with the load, like the power contacts of a mag-
netic contactor?

b. To which circuit of the SCR is the control signal
that triggers the device into conduction applied?

c. In what way is the operation of an SCR analo-
gous to that of a latched contactor circuit?

d. What effect can inductive loads and voltage tran-
sients have on the normal operation of an SCR?

e. Describe the method commonly used to dissipate
the heat generated by an SCR.

PART 3 Motor Starters

Magnetic Motor Starters

The basic use for the magnetic contactor is for switching
power in resistance heating elements, lighting, magnetic
brakes, and heavy industrial solenoids. Contactors can also
be used to switch motors if separate overload protection is
supplied. In its most basic form, a magnetic motor starter
(Figure 6-29) is a contactor with an overload protective
device, known as an overload relay (OL), physically and
electrically attached. The overload protective device pro-
tects the motor from overheating and burning up. Normally
magnetic starters come equipped with some manufacturer-
installed control wiring, which may include:

* A wire connected from the overload relay contacts
to the starter coil

¢ A wire connected from the other side of the starter
coil to the holding contacts
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e A wire connected from L2 to the other side of the
overload relay contacts (note that this wire must be
removed when a control transformer is used)

In their simplest and most widely used form, magnetic
motor starters consist of a two-, three-, or four-pole mag-
netic contactor and an overload relay mounted in a suitable
enclosure. Enclosures are essentially boxes that “enclose”
motor control devices such as contactors, motor starters,
and push buttons. They may be of general-purpose sheet-
metal construction, dust-tight, water-tight, or explosion-
resisting, or whatever may be required by the installation to
protect motor control equipment and people. Start and stop
push buttons may be mounted in the cover of the enclosure.
A separately mounted start/stop pushbutton station may
also be used, in which case only the reset button would be
mounted in the cover, as illustrated in Figure 6-30. Start-
ers are also built in skeleton form, without enclosure, for
mounting in a motor control center or control panel on a
machine. The control circuit of a magnetic motor starter is



Line side

Auxiliary
contact

Coil

Overload
contact

Overload T1 T2 T3
reset button Load side

Overload
heaters

(a) Magnetic starter

Figure 6-29 Magnetic motor starter.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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(b) Manufacturer-installed wiring

L1 L2 L3
Start
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LSRR
T
| 220
oL
T10 T2 T3
Wiring diagram

Figure 6-30 Magnetic mator starter with separately mounted start-stop pushbutton station.

very simple. It involves only energizing the starter coil when
the start button is pressed and deenergizing it when the stop
button is pressed or when the overload relay trips.

Motor Overcurrent Protection

Motor branch circuits can be broken

down into several

major NEC requirements for motor installations, as illus-

trated in Figure 6-31. They include:
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* Motor circuit and controller disconnecting means

* Motor branch short-circuit and ground-fault protection

* Motor controller and overload protection

* Sometimes motor disconnecting means, often
referred to as the “at the motor” disconnecting means

When an AC motor is first energized, a high inrush of cur-
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rent occurs. During the initial half-cycle, this inrush current
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1 Motor circuit

]

1 and controller
1 disconnect

L]

Motor branch short-
circuit and ground
fault protection

Motor
controller

Motor
overload

1 Motor
' disconnect

Figure 6-31 Major functional blocks for motor operation.
This material and associated copyrights are proprietary to, and used with the
permission of, Schneider Electric.

is often 20 times the normal full-load current. After the first
half-cycle the motor begins to rotate and the starting current
subsides to 4 to 8 times the normal current for several sec-
onds. As a motor reaches running speed, the current subsides
to its normal running level. Because of the inrush current,
motors require special overload protective devices that can
withstand the temporary overloads associated with starting
currents and yet protect the motor from sustained overloads.

Motor starting characteristics make motor protection
requirements different from those for other types of loads.
When providing overcurrent protection for most circuits, we
use a fuse or circuit breaker that combines overcurrent pro-
tection with short-circuit and ground-fault protection. Motor
overcurrent protection is normally provided by separating
the overload protection devices from the short-circuit and
ground-fault protection devices, as illustrated in Figure 6-32.
In addition the NEC also requires a disconnect means.

Motor overcurrent protection can be summarized as
follows:

¢ Short-circuit and ground-fault motor protection.
Branch and feeder fuses and circuit breakers protect
motor circuits against the very high current of a short
circuit or a ground fault. Fuses and circuit breakers con-
nected to motor circuits must be capable of ignoring the
initial high inrush current and allow the motor to draw
excessive current during start-up and acceleration.

* QOverload protection. Overload devices are intended
to protect motors, motor control apparatus, and motor-

152 Chapter 6 Contactors and Motor Starters

° ° I ﬂ<— Disconnecting

means

~<— Short-circuit
and ground-fault
protective devices

-— Contactor

-<— Overload
protective
device

Figure 6-32 Motor avercurrent protection.
Photos courtesy Siemens, www.siemens.com.

branch circuit conductors against excessive heating
due to motor overloads and failure to start. Motor
overload may include conditions such as a motor oper-
ating with an excessive load or a motor operating with
low line voltages or, on a three-phase motor, a loss of
a phase. The motor overload devices are most often
integrated into the motor starter.

The basic difference between a contactor and motor
starter is the addition of overload relays as shown in Fig-
ure 6-33. Contactor use is restricted to fixed lighting loads,
electric furnaces, and other resistive loads that have set cur-
rent values. Motors are subject to high starting currents and
periods of load, no-load, short duration overload, and so
on. They must have protective devices with the flexibility
required of the motor and driven equipment. The purpose
of overload protection is to protect the motor windings
from excessive heat resulting from motor overloading. The
motor windings will not be damaged when overloaded
for a short period of time. If the overload should persist,
however, the sustained increase in current should cause the
overload relay to operate, shutting off the motor.

Motor Overload Relays
Overload relays are designed to meet the special protec-
tive needs of motor control circuits. Overload relays:

* Allow harmless temporary overloads (such as motor
starting) without disrupting the circuit
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Contactor

Starter

Overload relay

Figure 6-33 The basic difference between a contactor and
motor starter is the addition of overload relays.
Phatos courtesy Siemens, www.siemens.com.

* Will trip and open a circuit if current is high enough
to cause motor damage over a period of time

¢ Can be reset once the overload is removed

Overload relays are rated by a trip class, which defines
the length of time it will take for the relay to trip in an over-
load condition. The most common trip classes are Class
10, Class 20, and Class 30. A Class 10 overload relay, for
example, has to trip the motor off line in 10 seconds or
less at 600 percent of the full-load amperes (which is usu-
ally sufficient time for the motor to reach full speed). The
class designation is an important consideration in apply-
ing OL relays in motor-control circuits. For example, a
high-inertia industrial load may require a Class 30 over-
load relay that trips in 30 seconds rather than a Class 10
or 20.

Normally overload protection devices have a trip indi-
cator built into the unit to indicate to the operator that
an overload has taken place. Overload relays can have
either a manual or an automatic reset. A manual reset
requires operator intervention, such as pressing a but-
ton, to restart the motor. An automatic reset allows the
motor to restart automatically, usually after a cooling-off
period; this allows the motor time to cool. After an over-
load relay has tripped, the cause of the overload should
be investigated. Motor damage can occur if repeated
resets are attempted without correcting the cause of
the overload relay tripping. Figure 6-34 shows a three-
pole Class 10 overload relay that features a manual or

current or automatic
setting

Trip indicator

Stop test function
button

Figure 6-34 Qverload relay trip indicator.
Photo courtesy ABB Group, www.abb.com.

automatic resetting mode selection. The nominal current
setting allows the relay to be set to the full-load current
shown on the motor rating plate and can be adjusted to
the desired trip point.

External-overload protection devices, which are
mounted in the starter, attempt to monitor the heating
and cooling of a motor by sensing the current flowing
to it. The current drawn by the motor is a reasonably
accurate measure of the load on the motor and thus of
its heating. Overload relays can be classified as thermal,
magnetic, or electronic.

THERMAL OVERLOAD RELAYS

A thermal overload relay uses a heater connected in series
with the motor supply. Current flowing from the motor
contactor to the motor passes through the motor overload
heaters (one per phase), which are mounted in the overload
relay block. Each thermal overload relay (Figure 6-35)
consists of the main overload block, which houses the con-
tacts, a tripping mechanism with reset button, and inter-
changeable heaters sized for the motor being protected.
The amount of heat produced increases with supply cur-
rent. If an overload occurs, the heat produced causes a

NC contact  OL heater

Symbol

Figure 6-35 Thermal overload relay.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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Figure 6-36 Melting alloy—type thermal overload relay.

set of contacts to open, interrupting the circuit. Installing
a different heater for the required trip point changes the
tripping current. This type of protection is very effective
because the heater closely approximates the actual heat-
ing within the windings of the motor and has a thermal
“memory” to prevent immediate reset and restarting.

Thermal overload relays can be further subdivided into
two types: melting alloy and bimetallic. The melting alloy
type, illustrated in Figure 6-36, utilizes the principle of
heating solder to its melting point. It consists of a heater
coil, eutectic alloy, and mechanism to activate a tripping
device when an overload occurs. The term eutectic means
easily melted. The eutectic alloy in the heater element is
a material that goes from a solid to liquid state without
going through an intermediate putty stage. The operation
of the device can be summarized as follows:

¢ When the motor current exceeds the rated value,
the temperature will rise to a point where the alloy
melts; the ratchet wheel is then free to rotate, and
the contact pawl moves upward under spring pres-
sure, allowing the control circuit contacts to open.

* After the heater element cools, the ratchet wheel
will again be held stationary and the overload con-
tacts can be reset.

The bimetallic type of thermal overload relay illus-
trated in Figure 6-37 uses a bimetallic strip made up of
two pieces of dissimilar metal that are permanently joined
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Heater element
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contactor l To motor
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Figure 6-37 Bimetallic type of thermal overload relay.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

by lamination. The operation of the device can be sum-
marized as follows:

* Heating the bimetallic strip causes it to bend
because the dissimilar metals expand and contract at
different rates.
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* Overload heating elements connected in series with
the motor circuit heat the bimetal tripping elements
in accordance to the motor load current.

* The movement/deflection of the bimetallic strip is
used as a means of operating the trip mechanism
and opening the normally closed overload contacts.

With a thermal overload relay, the same current that
goes to the motor coils (causing the motor to heat) also
passes through the thermal elements of the overload
relays. The thermal element is connected mechanically
to an NC overload (OL) contact (Figure 6-38). When an
excessive current flows through the thermal element for a
long enough time period, the contact is tripped open. This
contact is connected in series with the control coil of the
starter. When the contact opens, the starter coil is deener-
gized. In turn, the starter’s main power contacts open to
disconnect the motor from the line.

TN
L11—3 ;o

L2—0 | O

—
L3—0 ©

Figure 6-38 Thermal overload relay circuit operation.

Damage due to overloads accounts for most motor
failures. Selecting the proper heater size for thermal OL
relays is critical for ensuring maximum motor protec-
tion. Overload heaters for continuous-duty motors are
selected from manufacturer’s tables or charts, similar
to that illustrated in Figure 6-39, and based on compli-
ance with Section 430.20 of the NEC. Selection tables
normally list OL heaters according to motor full-load
current (FLC). The lists show the range of motor cur-
rents with which they should be used. These may be in
increments of from 3 to 15 percent of FLC. The smaller
the increment, the closer the selection can be to match
the motor to its actual work.

When the overload heater element is rated according to
the motor FLC, the calculations required by the NEC to
determine the necessary level of protection have already
been completed. For example, an OL heater rated at 10 A
in the selection table is intended for use with a motor that
has a 10-A FLC. Typically, it is assumed that the motor has
a service factor of 1.15 or greater and a temperature rise not
over 40° C, which allows the motor to be protected up to
125 percent of the nameplate FLC rating. NEMA standards
permit classifying OL heater elements in this manner, but
require the manufacturer to provide conversion factors for
selecting devices to protect motors that have a service factor
less than 1.15 or a temperature rise over 40° C (104° F).

Thermal overload relays react to heat, regardless of the
origin of the heat. Ambient temperatures can greatly affect
the tripping time of a thermal overload relay. Cooler tem-
peratures increase tripping times, while warmer tempera-
tures decrease tripping times. Ambient compensated bimetal
overload relays are designed to overcome this problem. A
compensating bimetal strip is used along with the primary
bimetal. As the ambient temperature changes, both bimetals
will bend equally and the overload relay will not trip.

W15 0.31 0.31

4.52 4.52 4.52
w44 4.98 4.98 4.98
W45 5.51 5.51 5.51

Heater Full Load Amps.
Type
No. ([Size00 | Size0 | Size 1 |Size 1P| Size 2 | Size 3 | Size 4 | Size 5
w10 0.19 0.19 0.19
wil 0.21 0.21 0.21
w12 0.23 0.23 0.23
w13 0.25 0.25 0.25
w14 0.28 0.28 0.28 Iy

_,0_3_1——;//

[;;//m//ms/!;,f_————/

226
249
5.80 276

W46 6.07 6.07 6.07
war_| 668 |

| 668 | 662 — | 1 __——

Figure 6-39 Typical motor overload heater selection chart.
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Figure 6-40 Electronic overload relays use current trans-
formers to sense motor current.
Phatos courtesy Hammond Mfg. Co., www.hammondmfg.com.

ELECTRONIC OVERLOAD RELAYS

Unlike electromechanical overload relays that pass
motor current through heating elements to provide an
indirect simulation of motor heating, an electronic over-
load relay measures motor current directly through a
current transformer. It uses a signal from the current
transformer, as illustrated in Figure 6-40, along with
precision solid-state measurement components to pro-
vide a more accurate indication of the motor’s thermal
condition. Electronic circuitry calculates the average
temperature within the motor by monitoring its starting
and running currents. When a motor overload occurs the
control circuit operates to open the NC overload relay
contacts.

Figure 6-41 shows an electronic overload relay
designed to be mounted in a two-component (contactor
and OL relay) starter assembly. Heaters are not used;
full-load current is set with a dial. This particular elec-
tronic overload relay is adjustable for a full-load motor
current of from 1 to 5 A. This wide 5:1 adjustment range
results in the need for half as many catalog numbers
as the bimetallic alternative in order to cover the same
current range. A separate phase loss detection circuit
incorporated into the overload relay allows it to respond
quickly to phase loss conditions. The self-enclosed
latching trip relay contains a set of isolated NC and NO
contacts that provide trip and reset functions for con-
trol circuits. Whenever an overload motor condition is
sensed, these contacts change state and trigger a con-
trol circuit that interrupts current flow to the motor. The
low energy consumption of the electronic design mini-
mizes temperature rise issues inside control cabinets.
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Figure 6-41 Electronic solid-state averload relay.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

Dual-in-line package (DIP) switch settings allow the
selection of trip class (10, 15, 20, or 30) and the reset
mode (manual or automatic).

Advantages of solid-state electronic overload relays
over thermal-overload types include the following:

* No buying, stocking, installing, or replacing of
heater coils.

* Reduction in the heat generated by the starter.

* Energy savings (up to 24 W per starter) through the
elimination of heater coils

* Insensitivity to temperature changes in the sur-
rounding environment.

* High repeat trip accuracy (%2 percent).

 Easily adjustable to a wide range of full-load motor
currents.

Although both bimetal and eutectic trip mechanisms
are still used, solid-state overload relays are more pop-
ular for the majority of newer motor control installa-
tions. Despite the differences between NEMA and IEC
motor controls, the two types have a major similarity—
the solid-state overload relay. There is little difference
between solid-state overload relays used for either type.
In some applications, the same solid-state overload relay
can be used in NEMA and in IEC units, leaving the
contactor and enclosure the main differences between
the two.

Another form of the electronic overload relay is the
microprocessor-based type often found in adjustable-speed
drive controllers. In addition to motor overload protection,
other protective features may include overtemperature,
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Filler material

Figure 6-42 Dual-element fuse.
Courtesy of Cooper Bussmann, www.bussmann.com.

instantaneous overcurrent, ground fault, phase loss/phase
reversal/phase unbalance (both voltage and current),
overvoltage, and undervoltage protection. Some units can
tabulate the number of starts per programmed unit of time
and lock out the starting sequence, preventing inadvertent
excessive cycling.

DUAL-ELEMENT FUSES

Dual-element (time-delay) fuses, when properly sized,
provide both overload and fault protection. This type of
fuse contains dual fuse elements with both thermal and
instantaneous trip features that allow the high motor
starting current to flow for a short time without blowing

PART 3 Review Questions

1. Name the two basic components of a magnetic
motor starter.

2. What manufacturer-installed control wiring may
come with the starter?

3. List four common types of motor starter enclosures.

4. Identify four major NEC requirements for motor
installations.

5. Explain how motor overload protection devices
function to protect the motor.

6. In what manner is motor overcurrent protection
normally provided?

Short-circuit
element

Overload
operation

Short-circuit
operatio

5

Filler guenches
the arcs

the fuse. Figure 6-42 shows the construction of a dual-
element fuse. The operation of a dual-element fuse can be
summarized as follows:

* Under sustained overload conditions, the trigger
spring fractures the calibrated fusing alloy of the
overload element, releasing the connector. The
insets in Figure 6-42 represent a model of the over-
load element before and after.

* A short-circuit fault causes the restricted portions
of the short-circuit element to vaporize, and arcing
commences. The special granular, arc-quenching
filler material quenches the arcs, creating an insulat-
ing barrier that forces the current flow to zero.

7. Outline three important operating characteristics of
overload relays.

8. Assume an overload relay is rated for trip Class 20.
What exactly does this mean?

9. Compare the operation of the manual reset and
automatic reset overload relays.

10. List three ways in which motor overload relays are
classified.

11. How do thermal overload relays provide an indirect
monitoring of motor heating?
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12. Compare how the tripping device is activated in a 14. How is motor current sensed in an electronic over-
melting alloy— (eutectic) and a bimetal-type thermal load relay?
overload relay. 15. List five advantages of electronic overload relays
13. List four major factors to be considered when over thermal overload relay types.
selecting the proper heater size for a motor thermal 16. Explain the operating principle of a dual-element
overload relay. (time-delay) fuse.

Mj TROUBLESHOOTING SCENARIOS

1.

Identify possible causes or things to investigate
for each of the following reported problems with a
magnetic contactor or motor starter.

Noisy coil assembly.

Coil failure.

Excessive wear on electromagnet.
Overheating of the blowout coil.

Pitted, worn, or broken arc chutes.

Failure to pick up.

Short contact life.

Broken flexible shunt.

Failure to drop out.

Insulation failure.

Failure to break arc.

An overload that trips on low current.

m. Failure to trip (motor burnout).

n. Failure to reset.

mETrER e AR T

A

= DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

——

A magnetic contactor coil rated for 24 V AC is
incorrectly replaced with an identical physical size
coil rated for 24 V DC. How might this affect the
operation of the contactor or starter?

Solid-state SCR switching contactor modules may
become faulted as short circuits or open circuits.
Discuss symptoms that might be associated with
each type of failure.

One of three starter thermal overload heater ele-
ments has become open-circuited because of
overheating and is to be replaced. Why is it recom-
mended that the set of three rather than the single
heater element be replaced?

List the things to investigate in determining the

cause of excessive tripping of a motor overload
device.

1. The key to understanding conductor and motor Search the Internet for motor starter enclosures and
protection is to know the meaning of ground fault, identify the a NEMA type that would be suitable
short-circuit fault, and overload. Demonstrate your for each of the following environments:
understanding of these terms by citing motor cir- a. In a paint booth
cuit examples of each. b. In a boiler room

2. Explain how electronic overload relays protect c. Ata grain feed mill
against single phasing. d. Inside a plant for lathe controls

3. Why are IEC contactors and starters much smaller Inherent motor protection devices are located in the
in size than their NEMA counterparts? motor housing or mounted directly to the motor and

4. Identify the different types of contacts found on a accurately sense the heat being generated by the
magnetic motor starter and describe the function motor. Draw the schematic for a standard three-wire
each performs. control circuit showing this type of device integrated

into the control circuit.
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Chapter Objectives

This chapter will help you to:

1.

Compare electromagnetic, solid-state,
timing and latching relays in terms of
construction and operation.

Recognize relay symbols used on sche-
matic diagrams.

Identify different types of relay
applications.

Explain how relays are rated.

Describe the operation of on-delay and
off-delay timer relays.

Discuss the use of relays as control ele-
ments in motor circuits.

WwWwW

H INVERTER

Many motor applications in industry and in
process control require relays as critical control
elements. Relays are used primarily as switch-
ing devices in a circuit. This chapter explains
the operation of different types of relays and
the advantages and limitations of each type.
Relay specifications are also presented to show
how to determine the correct relay type for dif-
ferent applications.

PART 1 Electromechanical
Control Relays

Relay Operation

An electromechanical relay (EMR) is best
defined as a switch that is operated by an elec-
tromagnet. The relay turns a load circuit on
or off by energizing an electromagnet, which
opens or closes contacts connected in series
with a load. A relay is made up of two circuits:
the coil input or control circuit and the contact
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Figure 7-1 Electromechanical control relay.
Photo courtesy Tyco Electronics, www.tycoelectronics.com.
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Input circuit

output or load circuit, as illustrated in Figure 7-1. Relays
are used to control small loads of 15 A or less. In motor
circuits electromechanical relays are often used to con-
trol coils in motor contactors and starters. Other applica-
tions include switching of solenoids, pilot lights, audible
alarms and small motors (¥ hp or less).

Operation of a relay is very similar to that of a contac-
tor. The main difference between a control relay and a
contactor is the size and number of contacts. Control relay
contacts are relatively small because they need to handle
only the small currents used in control circuits. The small
size of control relay contacts allows control relays to con-
tain multiple isolated contacts.

A relay will usually have only one coil, but it may
have any number of different contacts. Electromechani-
cal relays contain both stationary and moving contacts, as
illustrated in Figure 7-2. The moving contacts are attached
to the armature. Contacts are referred to as normally open

Ly |1
Al [

Normally closed Normally open
(NC) contacts (NO) contacts

N/

Stationary
contact

Armature -

Movable contacts

Coll

Coil deenergized

(NO) and normally closed (NC). When the coil is ener-
gized, it produces an electromagnetic field. Action of this
field, in turn, causes the armature to move, closing the
NO contacts and opening the NC contacts. The distance
that the plunger moves is generally short—about % inch
or less. A letter is used in most diagrams to designate the
coil. The letter M frequently indicates a motor starter,
while CR is used for control relays. The associated con-
tacts will have the same identifying letters.

Normally open contacts are open when no current flows
through the coil but closed as soon as the coil conducts
a current or is energized. Normally closed contacts are
closed when the coil is deenergized and open when the coil
is energized. Each contact is normally drawn as it would
appear with the coil deenergized. Some control relays have
some provision for changing contacts from normally open
to normally closed types, or vice versa. The provisions range
from a simple flip-over contact to removing the contacts
and relocating with spring location changes.

Relays are used to control several switching operations
by a single, separate current. One relay coil/armature
assembly may be used to actuate more than one set of
contacts. Those contacts may be normally open, normally
closed, or any combination of the two. A simple example
of this type of application is the relay control with two
pilot lights illustrated in Figure 7-3. The operation of the
circuit can be summarized as follows:

* With the switch open, coil CR1 is deenergized.

* The circuit to the green pilot light is completed
through normally closed contact CR1-2, so this light
will be on.

NO

NC

/

{
N s

Coil

Armature —=

Coil energized

@ —
Coil Associated
contacts

@ — #or

Associated
contacts

Figure 7-2 Relay coil and contacts.
Photo courtesy Eaton Corporation, www.eaton.com.
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Figure 7-3 Relay switching operation.
Phaoto courtesy Digi-Key Corporation, www.digikey.com.

* At the same time, the circuit to the red pilot light is
opened through normally open contact CR1-1, so
this light will be off.

* With the switch closed, the coil is energized.

* The normally open contact CR1-1 closes to switch
the red pilot light on.

* At the same time, the normally closed CR1-2 opens
to switch the green pilot light off.

Relay Applications

Relays are extremely useful when we need to control a
large amount of current and/or voltage with a small elec-
trical signal. The relay coil, which produces the magnetic
field, may consume only a fraction of a watt of power,
while the contacts closed or opened by that magnetic field
may be able to conduct hundreds of times that amount of
power to a load.

You can use a relay to control a high-voltage load cir-
cuit with a low-voltage control circuit as illustrated in the
circuit of Figure 7-4. This is possible because the coil and
contacts of the relay are electrically insulated from each
other. The relay’s coil is energized by the low-voltage
(12-V) source, while the contact interrupts the high-
voltage (480-V) circuit. Closing and opening the switch
energizes and deenergizes the coil. This, in turn, closes
and opens the contacts to switch the load on and off.

You can also use a relay to control a high-current load
circuit with a low-current control circuit. This is possible

480 V@

Switch

Figure 7-4 Relay used to control a high-voltage circuit with
a low-voltage circuit.

because the current that can be handled by the contacts
can be much greater than what is required to operate the
relay coil. Relay coils are capable of being controlled by
low-current signals from integrated circuits and transis-
tors, as illustrated in Figure 7-5. The operation of the cir-
cuit can be summarized as follows.

* The electronic control signal switches the transistor
on or off, which in turn causes the relay coil to ener-
gize or deenergize.

* The current in the transistor control circuit and relay
coil is quite small in comparison to that of the sole-
noid load.

* Transistors and integrated circuits (ICs, or chips)
must be protected from the brief high-voltage spike
produced when the relay coil is switched off.

* In this circuit a diode is connected across the relay
coil to provide this protection.

* Note that the diode is connected backward so that it
will normally not conduct. Conduction occurs only
when the relay coil is switched off; at this moment
current tries to continue flowing through the coil
and it is harmlessly diverted through the diode.

Relay Styles and Specifications

Control relays are available in a variety of styles and
types. One popular type is the general-purpose “ice cube”
relay, so named because of its size and shape and the clear
plastic enclosure surrounding the contacts. Although the
contacts are nonreplaceable, this relay is designed to plug
into a socket, making replacement fast and simple in the
event of failure. An eight-pin plug-in-style ice cube relay
is shown in Figure 7-6. This relay contains two separate
single-pole double-throw contacts. Because the relay
plugs into a socket, the wiring is connected to the socket,
not the relay. The numbering on the socket base desig-
nates a terminal with the corresponding pin position. Care
must be taken not to confuse the base numbers with the
wire reference numbers used to label control wires.
Relay options that aid in troubleshooting are also avail-
able. An on/off indicator is installed to indicate the state
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Figure 7-5 Using a relay to control a high-current load circuit with a

low-current control circuit.

Top photo courtesy Eaton Corporation, www.eaton.com; bottom photo courtesy Fairchild

Semiconductor, www.fairchildsemi.com.

Figure 7-6 Plug-in style ice cube relay.
Phatos courtesy Rockwell Automation, www.rockwellautomation.com.

(energized or deenergized) of the relay coil. A manual
override button, mechanically connected to the contact
assembly, may be used to move the contacts into their
energized position for testing purposes. Use caution when
exercising this feature, as the circuit controlling the coil
is bypassed and loads may be energized or deenergized
without warning.

Like contactors, relay coils and contacts have separate
ratings. Relay coils are usually rated for type of operating
current (DC or AC), normal operating voltage or current,
permissible coil voltage variation (pickup and dropout),
resistance, and power. Coil voltages of 12V DC, 24 V DC,
24V AC, and 120 V AC are most common. Sensitive relay
coils that require as little as 4 mA at 5 V DC are used in relay
circuits operated by transistor or integrated circuit chips.
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Figure 7-7 Common relay contact switching arrangements.

Photo courtesy Alibaba, www.alibaba.com. Permission courtesy Yueging Qianji
Relay Co., Ltd.

Relays are available in a wide range of switching configu-
rations. Figure 7-7 illustrates common relay contact switch-
ing arrangements. Like switch contacts, relay contacts are
classified by their number of poles, throws, and breaks.

* The number of poles indicates the number of com-
pletely isolated circuits that a relay contact can
switch. The single-pole contact can conduct current
through only one circuit at a time while a double-
pole contact can conduct current through two cir-
cuits simultaneously.
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* A throw is the number of closed contact positions
per pole (single or double). The single-throw con-
tact can control current in only one circuit while the
double-throw contact can control two circuits.

* The term break designates the number of points in a
set of contacts where the current will be interrupted
during opening of the contacts. All relay contacts
are constructed as single break or double break.
Single-break contacts have lower current ratings
because they break the current at only one point.

In general, relay contact ratings are rated in terms of
the maximum amount of current the contacts are capable
of handling at a specified voltage level and type (AC or
DC). Current ratings specified may include:

¢ Inrush or make-contact capacity
* Normal or continuous carrying capacity
* Opening or break capacity

The load-carrying capacity of contacts is normally
given as a current value for a resistive load. Lamp

PART 1 Review Questions

1. What exactly is an electromechanical control
relay?

2. A relay involves two circuits. Name the two circuits
and explain how they interact with each other.

3. Compare control relays with contactors.

4. Describe the switching action of normally open and
normally closed relay contacts.

5. Outline three basic ways in which control relays are
put to use in electric and electronic circuits.

6. An eight-pin octal-base ice-cube-style relay is to
be wired into a control circuit that requires a set of
NO and NC contacts electrically isolated from one

filaments are resistive, but change in value by a large
factor from their cold state to their operating state resis-
tance. This effect is so great that the inrush current
can be expected to be 10 to 15 times greater than the
steady-state value. Normal practice is to derate contacts
to 20 percent of their resistive load capabilities for a
lamp load. Inductive loads, such as transformers, act as
energy storage devices and can cause excessive contact
arcing when the relay breaks the circuit. For inductive-
type loads contacts are normally derated to 50 percent of
their resistive load capacity.

Relay contacts often have two ratings: AC and DC.
These ratings indicate how much power can be switched
through the contacts. One way to determine the maximum
power capacity of relay contacts is to multiply the rated
volts times the rated amperes. This will give you the total
watts a relay can switch. For instance, a 5-A relay rated at
125 V AC can also switch 2.5 A at 250 V AC. Similarly, a
5-A relay rated at 24 V DC can switch 2.5 A at 48 V DC,
oreven 10 A at 12V DC.

another. State the number of the pin connections
you would use for each contact.

7. How many breaks can relay contacts have?

8. What does SPDT stand for?

9. List three types of current ratings that may be speci-
fied for relay contacts.

10. The load-carrying capacity of contacts is normally
given as a current value for a resistive load. Name
two types of load devices that require this value to
be derated.

11. How many amperes of current can a relay contact
rated for 10 A at 250 V AC safely switch at 125 V AC?

PART 2 Solid-State Relays

Operation

A solid-state relay (SSR) is an electronic switch that,
unlike an electromechanical relay, contains no moving
parts. Although EMRs and solid-state relays are designed
to perform similar functions, each accomplishes the final
results in different ways. Unlike electromechanical relays,
SSRs do not have actual coils and contacts. Instead, they

use semiconductor switching devices such as bipolar tran-
sistors, MOSFETs, silicon-controlled rectifiers (SCRs),
or triacs mounted on a printed circuit board. All SSRs are
constructed to operate as two separate sections: input and
output. The input side receives a voltage signal from the
control circuit and the output side switches the load.
SSRs are manufactured in a variety of configurations
that include both “hockey-puck” and “ice-cube” types
(Figure 7-8). Most often a square or rectangle will be
used on the schematic to represent the relay. The internal
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Figure 7-8 Typical solid-state relay (SSR).

Photos courtesy Rockwell Automation, www.rockwellautomation.com.

circuitry will not be shown, and only the input and output
connections to the box will be given.

Like electromechanical relays, solid-state relays provide
electrical isolation between the input control circuit and the
switched load circuit. A common method used to provide iso-
lation is to have the input section illuminate a light-emitting
diode (LED) that activates a photodetector device connected
to the output section. The photodetector device triggers the
output side, actuating the load. Relays that use this method
of coupling the two circuits are said to be optoisolated.

Solid-state relays are constructed with different main
switching devices depending on the type of load being
switched. If the relay is designed to control an AC load, a
triac is commonly used as the main switching semiconduc-
tor. A simplified diagram of an optically coupled solid-state
relay used to switch an AC load is shown in Figure 7-9. The
operation of the circuit can be summarized as follows.

* A current flow is established through the LED con-
nected to the input when conditions call for the
relay to be actuated.

* The LED conducts and shines light on the
phototransistor.

* The phototransistor conducts switching on the triac
and AC power to the load.

* The output is isolated from the input by the simple
LED and phototransistor arrangement.

» Since 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 transmitted to the con-
trol side of the relay.

Solid-state relays intended for use with DC loads have
a power transistor rather than a triac connected to the load
circuit as shown in Figure 7-10. The operation of the cir-
cuit can be summarized as follows.

* When the input voltage turns the LED on, the
photodetector connected to the base of the transis-
tor turns the transistor on, allowing current flow to
the load.

* The LED section of the relay acts like the coil of the
electromechanical relay and requires a DC voltage
for its operation.

* The transistor section of the optocoupler inside the
SSR is equivalent to the contacts in a relay.

* Because solid-state relays have no moving parts,
their switching response time is many times faster
than that of electromechanical relays. For this rea-
son, when loads are to be switched continually and
quickly, the SSR is the relay of choice.

Specifications

Applying the specified amount of pickup voltage acti-
vates the SSR input control circuit of an SSR. Most SSRs
have a variable input voltage range, such as 5 V DC to
24 V DC. This voltage range makes the SSR compatible
with a variety of electronic input devices. Output voltage
ratings range from 5 V DC up to 480 V AC. Although
most SSRs are designed for a rated output current of
under 10 A, relays mounted on heat sinks are capable of
controlling up to 40 A.

The majority of SSRs are single-pole devices, as mul-
tipole relays pose a greater power dissipation problem.
When multiple poles are required, a multipole solid-
state module can be used. Another solution is to wire
several SSR control circuits in parallel, as illustrated in
Figure 7-11, to provide the equivalent function as a mul-
tipole electromagnetic relay. In this application, three
single-pole solid-state relays are used to switch current to
a three-phase load. The input section may receive a signal
from a variety of sources such as device contacts or sensor

| 1
T :
l :
Control —— 'LED —v-\\t Phototransistor !
. — Input i
signal T ! |
| : |
(PN Trigger |
[ = | circuit :
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_____________________________ o Alternating

current

Figure 7-9 Optically coupled SSR used for AC loads.

Phato courtesy Custom Sensors & Technologies, www.cstsensors.com.
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Figure 7-10 Optically coupled SSR used for DC loads.

Photo courtesy Futurlec, www.futurlec.com.
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Figure 7-11 Multiple-pole solid-state relay connections.
Photo courtesy of Carlo Gavazzi, www.GavazziOnline.com.

signals. When the control circuit contact closes, all three
relays actuate to complete the current path to the load.

The standard single-pole SSR configuration works
fine with two-wire control; however, when it becomes
necessary for it to be used in a three-wire control scheme,
the problem of the holding circuit arises. An additional
relay can be wired in parallel to the SSR to act as the hold-
ing contact. Another solution is to use a DC control circuit
with a silicon-controlled rectifier (SCR) for latching the
load. Figure 7-12 shows a three-wire motor control circuit
utilizing a solid-state relay and an SCR. The operation of
the circuit can be summarized as follows.

¢ The SCR will not allow current flow from anode (A)
to cathode (K) until current is applied to the gate (G).

Motor
starter
---------------- coil

rOx—HzZz00
I
I

Figure 7-12 Three-wire control utilizing a solid-state relay
and an SCR.

Photo courtesy Omron Industrial Automation, www.ia.omron.com.

* When the start push button is pressed, current flows
through the gate, which triggers the anode-to-
cathode section of the SCR and relay control circuit
into conduction.

* The SCR remains latched on after the start push
button is released, and the circuit must be opened
to stop the anode-to-cathode current flow. This is
accomplished by pressing the stop push button.

Switching Methods

SSRs operate with several different switching methods.
The type of load is an important factor in the selection of
the switching method.

» Zero-switching relay. A zero-switching relay is
designed to turn on an AC load when the control
voltage is applied and the voltage at the load passes
through zero. The relay turns off the load when the
control voltage is removed and the current in the
load crosses zero. This allows resistive loads such
as lamp filaments to last longer because they are not
subjected to high-voltage transients from switching
AC voltage and current when the sine wave is at a
peak. Figure 7-13 shows a simplified diagram of a
zero-switching SSR.

* Peak-switching relay. A peak-switching relay is an
SSR that turns the load on when the control volt-
age is present and the voltage at the load is at its
peak. The relay turns off when the control voltage
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Figure 7-13 Zero-switching SSR.
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is removed and the current in the load crosses zero.
Peak switching is preferred when the output circuit
is mostly inductive or capacitive and the voltage and
current are approximately 90 degrees out of phase.
In this case, when the voltage is at or near its peak
value, the current will be at or near its zero value.

PART 2 Review Questions

1. What is the fundamental difference between an
electromechanical and a solid-state relay?

2. A common method employed in SSRs to provide
isolation between input and output circuits is opto-
isolation. Give a brief explanation of how this works.

3. State the type of SSR main switching semiconduc-
tor used to control
a. AC loads.
b. DC loads.

4. A given SSR has an input control voltage rating of
3 to 32 V DC. What does this imply as far as actua-
tion of the relay is concerned?

¢ Instant-on relay. Instant-on relays are typically speci-
fied when the controlled load is a combination of resis-
tance and reactance. In this case the voltage and current
phase angle vary, so there is no advantage to discon-
necting the load at any specific time on the sine wave.

Solid-state relays have several advantages over electro-
mechanical types:

* The SSR is more reliable and has a longer life
because it has no moving parts.

* Itis compatible with transistor and IC circuitry
and does not generate as much electromagnetic
interference.

¢ The SSR is more resistant to shock and vibration,
has a much faster response time, and does not
exhibit contact bounce.

Like every device, SSRs do have some disadvantages.
The SSR contains semiconductors that are susceptible
to damage from voltage and current spikes. In addition,
unlike the EMR contacts, the SSR switching semiconduc-
tor has a significant on-state resistance and off-state leak-
age current. As a result, compared to electromechanical
relays they produce more heat during normal operation,
and if they are not properly cooled, this prolonged heat
can reduce the life of the relay.

5. Why are the majority of solid-state relays con-
structed as single-pole devices?

6. List three common switching modes for SSRs.

7. Explain the advantage gained by using a zero-
switching relay to control a resistive load.

8. List three advantages SSRs have compared to elec-
tromechanical types.

9. Why do solid-state relays generate more heat
during normal operation than electromechanical
types?

PART 3 Timing Relays

Timing relays are a variation of the standard instanta-
neous control relay in which a fixed or adjustable time
delay occurs after a change in the control signal before the
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switching action occurs. Typical types of timing relays are
shown in Figure 7-14. Timers allow a multitude of opera-
tions in a control circuit to be automatically started and
stopped at different time intervals. The use of timers can



Solid-state timing relay = Pneumatic timing relay  Plug-in timing relay

Figure 7-14 Timing relays.

Photos courtesy Rockwell Automation, www.rockwellautomation.com.

eliminate the labor-intensive process of trying to manu-
ally control each step of a process.

Motor-Driven Timers

Timer functions include timing a cycle of operation,
delaying the starting or stopping of an operation, and con-
trolling time intervals within an operation. Motor-driven
timers are used to time a cycle of operations. Synchro-
nous clock types, such as shown in Figure 7-15, use a
small electric clock motor driven from the AC power line
to maintain sync with standard time. A mechanical con-
nection to the clock mechanism controls the contacts. The
operation of the device can be summarized as follows.

¢ The motor turns the mechanism and actuates nor-
mally open or normally closed contacts.

* Adjustable on/off tabs set along the clock’s timing
wheel trip the contact open or closed.

* The timer motor is supplied with continuous power.
If power is lost, the timing will be delayed by an
amount of time the power was off, and the correct

time must be manually reset.

Contact

Load

[ )
L (120 0r 277 V)
L1 (2080r240V) L2

Ze

Figure 7-15 Synchronous clock timer.
Phato courtesy Paragon Electrical Products, www.paragontimecontrols.com.

Contacts

Timing adjustment

Figure 7-16 Pneumatic timer.
Phato courtesy Rockwell Automation, www.rockwellautomation.com.

* These types of timers are best suited for applica-
tions such as lighting and water sprinkler control
where precise timing is not critical.

Dashpot Timers

Dashpot timers manage their timing function by control-
ling fluid flow or airflow through a small orifice. The
pneumatic (air) timing relay shown in Figure 7-16 uses an
air-bellows system to achieve its timing cycle. The opera-
tion of the device can be summarized as follows.

* The bellows design allows air to enter through an
orifice at a predetermined rate to provide time-delay
increments.

* As soon as the coil is energized or deenergized, the
timing process begins and the rate of airflow deter-
mines the length of the time delay.

* Smaller orifice openings restrict the flow rate,
resulting in longer time delays.

* Pneumatic timers have relatively small adjustable
range settings. The timing range for the timer shown
is adjustable from 0.05 to 180 seconds with an accu-
racy of approximately +10 percent.

Solid-State Timing Relays

Solid-state timing relays use electronic circuitry to provide
their timing functions. The two broad categories of solid-
state timers are analog and digital. Different methods are
used to control the time-delay period. Some use a resistor/
capacitor (RC) charge and discharge circuit to obtain the
time base, while others use quartz clocks as the time base.
These electronics-based timers are much more accurate
than their dashpot counterparts and can control timing
functions ranging from a fraction of a second to hundreds
of hours. In order to maintain their timing operations,
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Figure 7-17 Solid-state timing relay connections.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

solid-state timers are normally constantly powered. Some
are equipped with batteries or internal memory to retain
their settings during power failures.

The timing functions of dashpot timers are initiated
when the electromagnetic coil is energized or deenergized.
In comparison, solid-state timing functions are initiated
when the electronic circuit of the timer is energized or a
triggering signal is received or removed. Electronic timers
are available in a variety of rated input operating voltages.
Figure 7-17 shows a typical solid-state timing relay. The
operation of the device can be summarized as follows.

* Connections provided include timed contacts (C1,
C2), voltage input (L1, L2), and external trigger
switch (S1, S2).

On-delay timer module

o Normally open,
OT timed closed
(NOTC)

Normally closed,
timed open
(NCTO)

OTO

Figure 7-18 On-delay timer contacts.
Photo courtesy Tyco Electronics, www.tycoelectronics.com.

* A timing-delay period of from 0.1 to 2 seconds is
set by the adjustment of an internal potentiometer
located on the front panel of the timer.

* The timer is energized continuously, and timing is
initiated when the external trigger circuit is closed.

* The timed contact is convertible to on-delay or off-
delay.

Timing Functions

There are four basic timing functions: on-delay, off-delay,
one-shot, and recycle.

ON-DELAY TIMER

The on-delay timer is sometimes referred to as DOE,
which stands for delay on energize. The time delay of
the contacts begins once the timer is switched on; hence
the term on-delay timing. Figure 7-18 shows the NEMA
symbols for the on-delay timer normally open (NO) and
normally closed (NC) contacts. The operation of the timed
contacts can be summarized as follows.

* Once initiated, DOE timed contacts change state
after a set time period has passed.

* After that time has passed, all normally open timed
contacts close and all normally closed contacts open.

* Once the timed contacts change state, they will
remain in this position until the power is removed
from the coil or electronic circuit.

The circuit shown in Figure 7-19 illustrates the tim-
ing function of an on-delay timing relay. In this exam-
ple a simple dashpot timer with a time delay setting of
10 seconds can be assumed. The same operation applies
to electronic timers that perform a similar function. The
operation of the circuit can be summarized as follows.

* When the switch is closed, power is applied to the coil
but the contacts are delayed from changing position.

¢ With the switch still closed, after the 10-second tim-
ing period the normally open contacts (TR1-1) close

L1 L2
S Timing chart
$—o0—0 10s @ { Coil| Deenergized Energized | Deenergized |
10s
TR1-1 on delay
»—01\0—®—" TRL-L| Open Closed | Open |
Load 1
TR1-2
o—oTO—@—o TR1-2| Closed Open | Closed |
Load 2

Figure 7-19 On-delay relay timer circuit.
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to energize load 1 and the normally closed contacts

(TR1-2) open to deenergize load 2.
 If the switch is then opened, the coil deenergizes

immediately, returning both timed contacts to their

normal state, switching load 1 on and load 2 off.

OFF-DELAY TIMER

The off-delay timer is sometimes referred to as DODE,
which stands for delay on deenergize. The operation of the

Normally open, timed open

NOTO
T
L1 L2
S
00— 0 @ 3
10s

Load 1
TR1-2
<>—OTO—®—<|
Load 2

off-delay timer is the exact opposite of that of the on-delay
timer. When power is applied to the coil or electronic circuit,
the timed contacts will change state immediately. When
power is removed, however, there is a time delay before the
timed contacts change to their normal deenergized posi-
tions. Figure 7-20 shows the standard NEMA symbols and
illustrates the timing function of an off-delay timing relay.
Figure 7-21 shows the wiring diagram for the automatic

Normally closed, timed closed

NCTC

OTD

Timing chart
Coil | Deenergized | Energized Deenergized
10s 5
off delay
TR1-1 | Open | Closed Open
TR1-2 | Closed | Open Closed

Figure 7-20 Off-delay relay timer.

Phato courtesy Drillspot, www.DrillSpot.com.

Off-delay timer relay

Pump motor
starter

Figure 7-21 Off-delay timer automatic pumping circuit.

Photo courtesy ABB, www.abb.com.
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pumping down of a sump using a level sensor switch and
plug-in cube-type off-delay timer. A solid-state timing
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circuit drives an internal electromechanical relay within
the timer. The operation of the circuit can be summarized
as follows.

* When the level rises to point A, the level sensor
contact closes to energize the relay timer coil and
close the NO contacts to the pump motor starter.

* This immediately turns the pump on to initiate the
pumping action.

* When the height of the vessel level decreases the
sensor contacts open and timing begins.

* The pump continues to run and empty the tank for
the length of the time-delay period.

* At time-out the relay coil deenergizes and the normally
open relay contact reopens, turning the pump off.

* The timer has a built-in time adjustment potentiom-
eter that is adjusted to empty the tank to a desired
level before the pump shuts off.

ONE-SHOT TIMER

With a one-shot timer, momentary or continuous closure
of the initiate circuit results in a single timed pulse being
delivered to the output. The one-shot causes this action
to happen only once, and then must be reinitiated if it is
to continue to operate. The circuit of Figure 7-22 illus-
trates the wiring and timing function of a typical one-shot

Initiate

button B
1

One-shot
6 timer

NO contact

Reset
Input  Applied |_
voltage Off i
i Reset Reset
Initiate i '

button

]
I
|

o _WE U7
- |
Open I I i
| | |
| | |

' L]

Closed
NO |
contact Open . .
Time Time

delay delay

Figure 7-22 One-shot timer.
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timer. The operation of the circuit can be summarized as
follows.

* Input voltage must be applied before and during timing.

* Upon momentary or maintained closure of the initi-
ate button, the output load is energized.

* The load remains energized for the duration of the
time-delay period and then is return to its normal
deenergized state ready to be initiated for another
cycle of operation.

* Opening or reclosing the initiate button during
timing has no effect on the time delay. Reset occurs
when the time delay is complete and the initiate
button is open.

» If power is interrupted to a one-shot timer during
the time-delay operation, the time delay is canceled.
When power is restored to the timer, the time-delay
function will not begin again until the one-shot has
been reinitiated.

¢ One-shot timers do not have dedicated contact
symbols. Instead, the standard NO and NC contact
symbols are used and referenced to the timer that
controls them.

RECYCLE TIMER

The contacts of a recycle timer alternate between the
on and off states when the timer is initiated. Solid-state
circuits within the device drive an internal electromag-
netic relay. The operation of the recycle timers shown in
Figure 7-23 can be summarized as follows.

* Upon application of input voltage, the first delay
period (TD1) begins and the output remains deener-
gized, or off.

Symmetrical recycle timer

e Input OnJ |_
setting voltage Off |
| ] | ]
NOrelay On _! ] [ ] L

contacts  Off TD1 TD2 TD1 TD2

Asymmetrical recycle timer

Input On
voltage Off J L
NOrelay On | ' ' ' |
contacts Off D1 TD2 TD1

Figure 7-23 Recycle timers.



* At the end of the first delay, or off period, the relay
coil will energize and the second delay (TD2), or on
period, begins.

* When the second delay period ends, the relay
deenergizes.

» This recycling sequence will continue until input
voltage is removed.

* In some recycling timers the on time may be con-
figured for the first delay. Removing input voltage
resets the output and time delays, and returns the
sequence to the first delay.

* Recycle timers are available in two configurations:
symmetrical and asymmetrical.

* In symmetrical timing, the on and off periods are
equal. The length of the timing period is adjust-
able but the time between the on and off operations
remains constant. Flashers are an example of sym-
metrical timing.

* Asymmetrical timers allow independent adjust-
ments for the on and off periods. They come
equipped with individual on and off time adjust-
ment knobs and use standard NO and NC contact
symbols referenced to the timer that controls
them.

Multifunction and PLC Timers

MULTIFUNCTION TIMER

The term multifunction timer refers to timers that perform
more than one timing function. Multifunction timers are
more versatile in that they can perform many different
timing functions and therefore are more common. Fig-
ure 7-24 shows a multifunction digital timer that is capa-
ble of performing all of the basic timing functions.

PLC TIMERS

Programmable logic controllers (PLCs) can be pro-
grammed to operate like conventional timing relays.

Figure 7-24 Multifunction digital timer.

Photo courtesy Omron Industrial Automation, www.ia.omron.com.
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290099¢9

Pilot
light

Figure 7-25 PLC programmed on-delay timer.

Photo courtesy Rockwell Automation, www.rockwellautomation.com.

The PLC timer instruction can be used to activate or
deactivate a device after a preset interval of time. One
advantage of the PLC timer is that its timer accuracy
and repeatability are extremely high. The most common
types of PLC timer instructions are the on-delay timer
(TON), off-delay timer (TOF), and retentive timer on
(RTO).

Figure 7-25 illustrates how an Allen-Bradley Pico
programmable logic controller is wired and programmed
to implement an on-delay timer function. This applica-
tion calls for the pilot light to turn on any time the pres-
sure switch closes for a sustained period of 5 seconds
or more. The procedure followed can be summarized as
follows.

* The pressure switch is hard-wired to input I3 and the
pilot light output to Q1 according to the wiring diagram.

* Next the ladder logic program is entered, using the
front keypad and LCD display.

* When the pressure switch contacts close, the pro-
grammed timing coil T1 energizes, initiating the
time-delay period.

» After 5 seconds have passed, programmed timer
contact T1 closes to energize output relay coil Q1
and turn the pilot light on.

* Opening of the pressure switch contacts at any time
resets the timed value to zero.
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" PART 3 Review Questions

1. In what way is a timing relay different from a stan-
dard control relay?

2. Explain how contacts are closed and opened in a
synchronous clock timer.

3. What types of applications are synchronous clock
timers best suited for?

4. Assume power is lost and later returned to a syn-
chronous clock timer. In what way would this affect
its operation?

5. Explain how timing is achieved in a dashpot timer.

6. Compare the manner in which the instantaneous and
timed contacts of a dashpot timer operate.

7. Compare the accuracy and timing range of solid-
state and dashpot timers.

8. Dashpot timers rely on an electromagnetic coil to
initiate their timing functions. How is this accom-
plished with solid-state relays?

9. List four basic types of timing functions.

10. State what the timer abbreviations DOE and DODE
stand for.

11. Outline the switching operation of the NOTC and
NCTO contacts of an on-delay timer.

12. Outline the switching operation of the NOTC and
NCTO contacts of an off-delay timer.

13. The normally open contacts of a one-shot timer
are used to control a solenoid valve. Explain what
happens when the timing function is momentarily
initiated.

14. Assume power is lost and later returned to a
one-shot timer. In what way will this affect its
operation?

15. Explain the switching operation of the timed con-
tacts of a recycle timer.

16. Compare the manner in which the timed contacts of
a symmetrical and an asymmetrical recycle timer
can be set to operate.

17. To what general classification of timers do multi-
function timers belong?

18. List the three most common PLC timer instructions.

PART 4 Latching Relays

Latching relays typically use a mechanical latch or per-
manent magnet to hold the contacts in their last energized
position without the need for continued application of coil
power. They are especially useful in applications where
power must be conserved, such as a battery-operated
device, or where it is desirable to have a relay stay in one
position if power is interrupted.

Mechanical Latching Relays

Mechanical latching relays use a locking mechanism to
hold their contacts in their last set position until com-
manded to change state, usually by energizing a second
coil. Figure 7-26 shows a two-coil mechanical latching
relay. The latch coil requires only a single pulse of current
to set the latch and hold the relay in the latched position.
Similarly, the unlatch or release coil is momentarily ener-
gized to disengage the mechanical latch and return the
relay to the unlatched position.

Figure 7-27 illustrates the operation of a two-coil
mechanical latching relay circuit. There is no “normal”
position for the contacts of a latching relay. The contact

172 Chapter 7 Relays

Latch
mechanism

Figure 7-26 Two-coil mechanical latching relay.
Photo courtesy Relay Service Company, www.relayserviceco.com.

is shown with the relay in the unlatched condition—
that is, as if the unlatch coil were the last one ener-
gized. The operation of the circuit can be summarized
as follows.

* In the unlatched state, the circuit to the pilot light is
open, so the light is off.

* When the on button is momentarily actuated, the latch
coil is energized to set the relay to its latched position.


http://www.relayserviceco.com

%

1
I

Relay contact
(unlatched state)

Figure 7-27 Operation of a two-coil latching relay circuit.
Photo courtesy Omron Industrial Automation, www.ia.omron.com.

» The contacts close, completing the circuit to the
pilot light, so the light is switched on.

* Note that the relay coil does not have to be continu-
ously energized to hold the contacts closed and keep
the light on. The only way to switch the lamp off
is to actuate the off button, which will energize the
unlatch coil and return the contacts to their open,
unlatched state.

* In cases of power loss, the relay will remain in its
original latched or unlatched state when power is
restored. This arrangement is sometimes referred to
as a memory relay.

Magnetic Latching Relays

Magnetic latching relays are typically single-coil relays
designed to be polarity sensitive. When voltage is momen-
tarily applied to the coil with a predetermined polarity, the
relay will latch. A permanent magnet is used to hold the
contacts in the latch position without the need for continued
power to the coil. When the polarity is reversed, and cur-
rent momentarily applied to the coil, the armature will push
away from the coil, overcoming the holding effect of the
permanent magnet, causing the contacts to unlatch or reset.
Figure 7-28 shows a single coil magnetic latching relay used
with an 11-pin octagon-base plug-in socket. The direction of
current flow through the coil determines the position of the
relay contacts. Repeated pulses from the same input have no
effect. The DPDT relay contacts can handle control circuit
loads and are shown with in the relay reset position.

Latching Relay Applications

The latching relay has several advantages in electrical cir-
cuit design. For example, it is common in a control circuit
to have to remember when a particular event takes place
and not permit certain functions once this event occurs.

Reset

«——120 VAC ———>

Neutral Line

Figure 7-28 Single-coil magnetic latching relay.
Photo courtesy Automation Direct, www.automationdirect.com.

Running out of a part on an assembly line may signal the
shutdown of the process by momentarily energizing the
unlatch coil. The latch coil would then have to be momen-
tarily energized before further operations could occur.

Another application for a latching relay involves power
failure. Circuit continuity during power failures is often
important in automatic processing equipment, where
a sequence of operations must continue from the point
of interruption after power is resumed rather than return
to the beginning of the sequence. In applications similar
to this, it is important not to have the relay control any
devices that could create a safety hazard if they were to
restart after a power interruption.

Latching relays are useful in applications where power
must be conserved, such as a battery-operated device. Fig-
ure 7-29 shows a simplified diagram for a battery-operated
latching alarm circuit. The circuit uses a latching relay to
conserve power. Regardless of whether the circuit is reset
or latched there is no current drain on the battery. Momen-
tarily closing any normally open sensor switch will cause
the relay to latch, closing the contact to power the alarm

12-volt battery

Sensor switches Relay
contact
— —{ Alarm
Latch
coil
) i (~)
N
Manual ZMC
reset Reset
I coil
)
O O U
o/
Figure 7-29 Battery-operated latching alarm circuit.
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Figure 7-30 Alternating or impulse relay.
Photo courtesy Magnecraft, www.magnecraft.com.

circuit. The manual reset button must be depressed with all
sensors in their normally open state to reset the circuit.

Alternating Relays

Alternating relays (also known as impulse relays) are
a form of latching relay that transfers the contacts with
each pulse. They are used in special applications where
the optimization of load usage is required by equalizing
the run time of two loads. Figure 7-30 shows a plug-in
alternating relay made up of a magnetic latch relay that is
operated by a solid-state steering circuit. The operation of
the circuit can be summarized as follows.

* An external control switch such as a float switch,
manual switch, timing relay, pressure switch, or
other isolated contact initiates the alternating action.

u—AP Y
L2 —F—"XU @
13— P
u—AF2—Y,
L2 —F—" @
13— P2 X,

Alternating relay

Float
switch

o (6 ! :
L1 L. :>‘ Control l

circuit

* The input voltage must be applied at all times and
the S1 control switch voltage must be from the same
supply as the unit’s input voltage (no other external
voltage should be connected to it).

» Each time control switch S1 is opened, the output
contacts will change status. LEDs indicate the status of
the internal relay and which load is selected to operate.

* Loss of input voltage resets the unit; load A
becomes the lead load for the next operation.

* To terminate alternating operation and cause only
the selected load to operate, the toggle switch
located on the top of the relay is shifted to position A
to lock load A or to position B to lock load B. This
feature allows users to select one of the two loads or
alternate between the two.

In certain pumping applications, two identical pumps
are used for the same job. A standby unit is made avail-
able in case the first pump fails. However, a completely
idle pump might deteriorate and provide no safety mar-
gin. Alternating relays prevent this by assuring that both
pumps get equal run time. Figure 7-31 shows a typical
alternating relay circuit used with a duplex pumping sys-
tem where it is desirable to equalize pump run time. The
operation of the circuit can be summarized as follows.

¢ In the off state, the float switch is open, the alternat-
ing relay is in the load A position, and both loads
(M1 and M2) are off.

Motor start
(contacts closed) 4

Liquid level
change

Motor stop &

(contacts open)

Figure 7-31 Typical alternating relay circuit used with a duplex pumping system.
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Figure 7-32 DPDT cross-wired contact version of a dual pumping application.

Phato courtesy ABB, www.abb.com.

* When the float switch closes, it energizes the first
load (M1) and remote PL1 to indicate that pump
motor 1 is running. The circuit remains in this state
as long as the float switch remains closed.

* When the float switch opens, the first load (M1) is
turned off and the alternating relay toggles to the
load B position.

* When the float switch closes again, it energizes the
second load (M2) and remote PL2 to indicate that
pump motor 2 is running.

* When the float switch opens, the second load (M2)
is turned off, the alternating relay toggles back to
the load A position, and the process can be repeated
again.

DPDT crossed-wired alternating relays are used in
applications where additional capacity may be required
in addition to normal alternating operation. These relays
have the ability to alternate the loads of a dual system
during normal operation or operate both when demand

is high. Figure 7-32 shows the cross-wired contact ver-
sion of an alternating relay used in a dual pumping cir-
cuit. The operation of the circuit can be summarized as
follows:

The selector switch located on the relay allows
selection of the alternation mode or either load for
continuous operation.

LEDs indicate the status of the output relay.

¢ With the alternation mode selected, if the level in

the tank never reaches the high level only the lead
float switch cycles and normal alternating operation
will occur.

* When both the lead and lag float switches close

simultaneously, because of a heavy flow into the
tank, both pumps A and B will be energized.
This system saves on energy because only one
(smaller) pump is operating most of the time;
yet the system has the capacity to handle twice
the load.
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PART 4 Review Questions

1. What two methods are used to hold the contacts of
a latching relay in their last energized position?

2. Explain how a two-coil mechanical latching relay
is latched and unlatched.

3. In what state are the contacts of a latching relay
normally shown on diagrams?

4. Explain how a single-coil magnetic latching relay
is latched and unlatched.

5. Assume that power is lost to a circuit that contains
a latching relay. In what state will the contacts be
when power is restored?

6. In what type of applications are alternating relays
used?

7. What additional operating feature is available for
use with cross-wired alternating relays?

PART 5 Relay Control Logic

Digital signals are the language of modern day comput-
ers. Digital signals comprise only two states, which can be
expressed as on or off. A relay can be considered digital in
nature because it is basically an on/off, two-state device.
It is common practice to use relays to make logical control
decisions in motor control circuits. The primary program-
ming language for programmable logic controllers (PLCs)
is based on relay control logic and ladder diagrams.

Control Circuit Inputs and Outputs

Most electrical control circuits can be divided into two
separate sections consisting of an input and output. The
input section provides the signals and includes such
devices as manually operated switches and push buttons,
automatically operated pressure, temperature, float, limit,
and sensor switches, as well as relay contacts. In general,
input signals initiate or stop the flow of current by closing
or opening the control devices contacts.

The output section of the control circuit provides the
action and includes such devices as contactors, motor start-
ers, heater units, relay coils, indicator lights, and solenoids.
Outputs are load devices that directly or indirectly carry out
the actions of the input section. The action is considered
direct when devices such as solenoids and pilot lights are
energized as a direct result of the input logic. The action is
considered indirect when the coils in relays, contactors, and
starters are energized. This is because these coils operate
contacts, which actually control the load.

Motor control circuits may have one or more inputs
controlling one or more outputs. A combination of input
devices that either manually or automatically sense a
condition—and the corresponding change in condition
performed by the output device—make up the core of
motor control. Figure 7-33 illustrates typical inputs and

176 Chapter 7 Relays

L1 L2
~<———— Input section —————><——— Output section ———>
l
|
On/off } .
switch ! Relay coil
+—0— 0 l @—0
|
1
1
|

Relaylgolntact N . | Horn
c |- Limit switch \ L
1—| (o} L ]
I OV\ !
|
CR-2 1 Solenoid
w 1 A
Al i |4
|
|
Float switch |
Ry |
|
|
| Contactor
| .
Temperature switch | col
0—0?0 ; @—0
I
1
| Pilot light
:
1 —{: : :}—0
1
l
|
Contactor contact } Heater
C-1 | unit
I ‘ A

Figure 7-33 Typical inputs and outputs of a control diagram.

outputs of a control ladder diagram. The control logic for
the circuit can be summarized as follows.

* Relay coil CR is energized when the on/off switch
is closed and acts to close the CR-1 contact and
open the CR-2 contact.

* For the horn to energize and sound, both the CR-1
contact and the limit switch must be closed.



* The solenoid is energized and operates whenever
the CR-2 contact or float switch is closed.

* When the temperature switch closes, the contac-
tor coil energizes and acts to close the C1 contact.
At the same time the circuit is completed to the red
pilot light, switching it on.

* The heater unit is energized and operates whenever
contact Cl1 is closed.

AND Logic Function

Logic is the ability to make decisions when one or more
different factors must be taken into consideration. Con-
trol logic functions describe how inputs interact with each
other to control the outputs and include AND, OR, NOT,
NAND, and NOR functions. In electronic circuits these
functions are implemented using digital circuits known
as gates.

The AND logic function operates like a series circuit.
AND logic is used when two or more inputs are connected
in series and they all must be closed in order to energize the
output load. Figure 7-34 shows a simple application of the
AND logic function. Most AND logic circuits use normally
open input devices connected in series. In this application
both the temperature switch and the float switch inputs
must be closed to energize the solenoid output.

OR Logic Function

The OR logic function operates like a parallel circuit. OR
logic is used when two or more inputs are connected in
parallel and any one of the inputs can close to energize the
output load. Figure 7-35 shows a simple application of the
OR logic function. Most OR logic circuits use normally
open input devices connected in parallel. In this circuit,
any one of the two pushbutton inputs can close to energize
the motor starter coil load.

¥4
L
" -
L1 L2
Temperature Float
switch switch Solenoid

A
Figure 7-34 AND logic function.

Photo left and center courtesy Drillspot, www.DrillSpot.com; right photo
courtesy ASCO Valve Inc., www.ascovalve.com.

L1
Starter

I coil OLs

—e—— [

Figure 7-35 OR logic function.

This material and associated copyrights are proprietary to, and used with the
permission of, Schneider Electric.

Combination Logic Functions

Control circuits often require more than one type of logic
function when more complex decisions need to be made.
Figure 7-36 shows an example of an AND/OR combina-
tion logic circuit. In this control application, the output is
a contactor coil that is controlled by combined AND/OR
logic functions. Both the on/off switch and limit switch
in addition to the sensor contact or push button must be
closed to energize the contactor coil.

NOT Logic Function

Unlike the AND logic and OR logic, the NOT logic func-
tion uses a single normally closed rather than a normally
open input device. NOT logic energizes the load when
the control signal is off. Figure 7-37 shows an example
of the NOT logic function used to prevent accidental con-
tact with live electrical connections. The normally closed
safety switch operates by detecting the opening of guards
such as doors and gates. Contacts of the normally closed
safety switch are held open by the shut door. When the

L1 Sensor Contact L2
On/off contact ontactor
switch

coil
Limit switch

Push button

1

o o
Figure 7-36 AND/OR combination logic.

PART 5 Relay Control Logic 171


http://www.DrillSpot.com
http://www.ascovalve.com

L1 Door status switch L2
(door open position)

Circuit breaker
trip solenoid

oYo 7%

Figure 7-37 NOT logic function.

Photo courtesy Omron Industrial Automation, www.ia.omron.com.

door is opened, the safety switch returns to its normally
closed state and the trip solenoid of the circuit breaker is
energized to remove all power from the circuit.

NAND Logic Function

NAND logic is a combination of AND logic and NOT logic
in which two or more normally closed contacts are con-
nected in parallel to control the load. Figure 7-38 shows

L1 Pump L2
Start starter
FS-1 Stop col oLs

Figure 7-38 NAND logic function.

PART 5 Review Questions

1. Why can a relay be considered to be digital in
nature?

2. What type of controller is based on relay control logic?

3. Compare the functions of the input and output
sections of an electrical control circuit.

4. Define the term logic as it applies to electrical
control circuits.

5. What configuration of contacts is logically equiva-
lent to the AND function?

an example of the NAND logic function used in the con-
trol circuit of a dual-tank liquid filling operation. The two
tanks are interconnected and each is equipped with a float
switch installed at the full level of the each tank. A three-
wire control circuit is used in addition to the two parallel
connected float switches that provide the NAND logic of
the circuit. With either or both tanks below the full level,
momentarily depressing the start push button energizes
the motor starter coil, turning on the pump motor. Both
float switches must open for the motor to shut off auto-
matically. The stop push button will shut down the pro-
cess at any time.

NOR Logic Function

NOR logic is a combination of OR logic and NOT logic
in which two or more normally closed contacts are con-
nected in series to control the load. Figure 7-39 shows
an example of the NOR logic function used with three-
wire control to energize a motor starter. In this circuit
the motor can be started from one location, but can be
stopped from three locations. The three series-connected
normally closed stop push buttons provide the NOR func-
tion of the circuit. Once the circuit is energized, if any one
of the three stop push buttons is pressed, the starter coil
M will deenergize.

L1 Pump L2
Start starter

coil OLs

Stop-1 Stop-2 Stop-3

Figure 7-39 NOR logic function.

6. What configuration of contacts is logically equiva-
lent to the OR function?

What type of contact is logically associated with the
NOT function?

8. What configuration of contacts is logically equiva-
lent to the NAND function?

9. What configuration of contacts is logically equiva-
lent to the NOR function?

=~
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| TROUBLESHOOTING SCENARIOS

An electromechanical relay is suspected of being
bad. How would you go about checking the relay
coil in and out of the circuit? How would you go
about checking the relay contacts in and out of the
circuit?

A solid-state relay with a control circuit rated for
5 V DC has a positive sign marked on one of

the control terminal connections. What does

this mean as far as the operation of the relay is
concerned?

Assume the switching semiconductor within a
solid-state relay becomes faulted as a short-circuit.
How would this affect the operation of the output

A

— DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

—

Why is the pickup voltage of an electromechanical
relay normally higher than its dropout voltage?

During normal operation, solid-state relays gen-
erate more heat than equivalent electromagnetic
types. Explain why the on-state resistance and off-
state current leakage of the switching semiconduc-
tor contribute to this.

A latching relay is sometimes referred to as a
memory relay. Why?

circuit? How would the operation of the output
circuit be affected if it became faulted as an open
circuit?

The operation of an on-delay timer with a set of
NOTC contacts is to be tested in-circuit by means
of voltage measurements. Outline the procedures
you would follow to determine if the circuit is
operating properly.

Many alternating relays come equipped with a

built-in switch that is used to manually force one
motor of a dual motor system pump to run every
time the circuit is actuated. Discuss in what trou-
bleshooting instances this feature might be used.

Design and draw a combination logic circuit that

includes the following logic functions connected to

control a solenoid output load:

* Two push buttons connected to implement an
AND logic function

* Three limit switches connected to implement an
OR logic function

* A float switch connected to implement a NOT
logic function

Discussion Topics 179
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Motor Control Circuits

This chapter is intended to give students an insight
into properly designed, coordinated, and installed
motor control circuits. Topics covered include
installation requirements of the NEC and motor
starting, stopping, reversing, and speed control.

PART 1 NEC Motor
Installation Requirements

Understanding the rules detailed in the National
Electrical Code (NEC) is critical to the proper
installation of motor control circuits. NEC
Article 430 covers application and installation of
motor circuits including conductors, short-circuit
and ground fault protection, starters, disconnects,
and overload protection. Figure 8-1 illustrates the
basic elements of a motor branch circuit that
the NEC addresses. A motor branch circuit
includes the final overcurrent device (disconnect
switch and fuses or circuit breaker), the motor
starter and associated control circuits, circuit
conductors, and the motor.

e S

H INVERTER

Chapter Objectives

This chapter will help you to:

1. Understand the recommended procedure
for a basic motor installation based on
NEC Article 430.

2. List and describe the methods by which
a motor can be started.

3. Comprehend the operation of reversing
and jogging motor control circuits.

4. List and describe the methods of stopping
a motor.

5. Comprehend the operation of basic speed
control circuits.
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Selecting a motor ———>
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Protecting against ———>
overloads

Motor

Figure 8-1 Basic elements of a mator branch circuit that
the NEC addresses.

Sizing Motor Branch Circuit
Conductors

Installation requirements for motor branch circuit conduc-
tors are outlined in NEC Article 430, Part II. Generally,
motor branch circuit conductors that supply a single motor
used in a continuous-duty application must have an ampacity
of not less than 125 percent of the motor’s full-load current
(FLC) rating as determined by Article 430.6. This provision
is based on the need to provide for a sustained running cur-
rent that is greater than the rated full-load current and for
protection of the conductors by the motor overload protec-
tive device set above the full-load current rating.

The full-load current rating shown on the motor name-
plate is not permitted to be used to determine the ampac-
ity of the conductors, the ampacity of switches, or motor
branch-circuit short-circuit and ground fault protection.
The reasons for this are:

* The supply voltage normally varies from the voltage
rating of the motor, and the current varies with the
voltage applied.

* The actual full-load current rating for motors of the
same horsepower may vary, and requiring the use of
NEC tables ensures that if a motor must be replaced,
this can be safely done without having to make
changes to other component parts of the circuit.

Conductor ampacity must be determined by NEC
Tables 430.247 through 430.250 and is based on the motor
nameplate horsepower rating and voltage. Overload pro-
tection, however, is based on the marked motor nameplate
rating. Use of the term full-load current (FLC) rating

indicates the table rating while use of the term full-load
ampere (FLA) rating indicates the actual nameplate
rating. This makes it easier to clarify whether the table
ampacity or the nameplate ampacity is being used.

Using your edition of the NEC, determine the mini-
mum branch-circuit conductor ampacity required for
each of the following motors:

EXAMPLE 8-1

Problem:

a. 2-hp, 230-V, single-phase motor
b. 30-hp, 230-V, three-phase motor with a name-
plate FLA rating of 70 A

Solution:

a. NEC Table 430-248 shows the FLC as 12 A.
Therefore, the conductor ampacity required is
12 X 125% = 15 A.

b. NEC Table 430.250 shows the FLC as 80 A.

Therefore, the conductor ampacity required is
80 X 125% = 100 A.

Feeder conductors supplying two or more motors must
have an ampacity not less than 125 percent of the full-load
current rating of the highest-rated motor plus the sum of the
full-load current ratings of the other motors supplied. When
two or more motors of equal rating are on a feeder, one of
the motors will be considered the largest and calculated at
125 percent, and the others will be added at 100 percent.

Once the required ampacity of the conductor has been
determined, NEC Table 310.16 can be used to determine
the American Wire Gauge (AWG) or thousand circular mil
(kcmil) size of conductor required. NEC Table 310.16 applies
to situations where you have three or less current-carrying
conductors in a single wireway. You must select from the col-
umn that shows the cable (identified by the insulating mate-
rial letter designation) you intend to use, and choose between
copper and aluminum. Bear in mind that all calculated con-
ductor sizes based on ampacity are minimum, taking into
consideration temperature rise only. The calculations do not
take into account voltage dip during motor starting or volt-
age drop during motor running. Such considerations often
require increasing the size of the branch circuit conductors.

Branch Circuit Motor Protection

Overcurrent protection for motors and motor circuits is a lit-
tle different from that for nonmotor loads. The most common
method for providing overcurrent protection for nonmotor
loads is to use a circuit breaker that combines overcurrent

PART 1 NEC Motor Installation Requirements 181



EXAMPLE 8-2

Problem:

Three 460-V, three-phase motors rated at 50, 30, and
10 hp share the same feeder (Figure 8-2). Using your
edition of the NEC, determine the ampacity required to
size the feeder conductors.

Solution:

50-hp motor—NEC Table 430.250 shows the FLC
as 65 A.

30-hp motor—NEC Table 430.250 shows the FLC
as 40 A.

10-hp motor—NEC Table 430.250 shows the FLC
as 14 A.

Therefore, the required ampacity of the feeder conduc-
tors is (1.25)(65) + 40 +14 = 135.25 A.

400-V, three-phase
feeder conductors

Motor
starter panel PY

—~—TT1H

—~—T 1+

HCO——

~—~—T T

HCo—

Figure 8-2 Circuit for Example 8-2.

Motor branch circuit, short circuit
and ground fault protection device

Motor control circuit

Motor overload
protection device

Integral thermal
protector device

To motor
control
circuit
(if used)

overcurrent protection

Start
oy @
M

Figure 8-3 Motor branch circuit protection.

protection with short-circuit and ground fault protection.
However, this isn’t usually the best choice for motors because
they draw a large amount of current at initial start-up, usu-
ally around 6 times the normal full-load current of the motor.
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With rare exceptions, the best method for providing overcur-
rent protection for motors is to separate the overload protec-
tion devices from the short-circuit and ground fault protection
devices, asillustrated in Figure 8-3. Motor overload protection



devices like heaters and integral thermal devices protect the
motor, the motor control equipment, and the branch circuit
conductors from motor overload and the resultant excessive
heating. They don’t provide protection against short-circuit
or ground fault currents. That’s the job of the branch and
feeder breakers. This arrangement makes motor calculations
different from those used for other types of loads.

NEC Article 430, Part I'V explains the requirements for
branch circuit short-circuit and ground fault protection. The
NEC requires that branch circuit protection for motor cir-
cuits must protect the circuit conductors, the control appa-
ratus, as well as the motor itself against overcurrent due to
short circuits or ground faults. The protection device (circuit
breaker or fuse) for an individual branch circuit to a motor
must be capable of carrying the starting current of the motor
without opening the circuit. The Code places maximum val-
ues on the ratings or setting of these devices, as found in
Table 430.52. A protective device that has a rating or setting
not exceeding the value calculated according to the values
given in Table 430.52 must be used. In cases where the val-
ues do not correspond to the standard sizes of fuses, to the
ratings of nonadjustable circuit breakers, or to possible set-
tings of adjustable circuit breakers, and the next lower value
is not adequate to carry the motor load, the next higher size,
rating, or setting may be used. The standard sizes of fuses
and breakers are listed in NEC Article 240.6.

An instantaneous trip circuit breaker responds to a
predetermined value of overload without any purposely
delayed action. Most circuit breakers have an inverse
time-delay characteristic. With an inverse time circuit
breaker the higher the overcurrent, the shorter the time
required for the breaker to trip and open the circuit.

Non-time-delay fuses provide excellent short-circuit
protection. When an overcurrent occurs, heat builds up

Determine the size of inverse time circuit breaker per-
mitted to be used to provide motor branch circuit short-
circuit and ground fault protection for a 10-hp, 208-V,
three-phase squirrel-cage motor.

EXAMPLE 8-3

Problem:

Solution:

NEC Table 430.250 shows the motor FLC as 30.8 A.

NEC Table 430.52 shows the maximum rating for
an inverse time breaker as 250 percent of the FL.C.

30.8%x25=T77TA

Because this is not a standard size, 80 A may be used if
a 70-A inverse time circuit breaker is not adequate.

rapidly in the fuse. Non-time-delay fuses usually hold
about 5 times their rating for approximately % second,
after which the current-carrying element melts. Time-
delay fuses provide overload and short-circuit protection.
Time-delay fuses usually allow 5 times the rated current
for up to 10 seconds to allow motors to start.

NEC Article 430, Part III deals with motor and branch
circuit overload protection. A motor overload condition is
caused by excessive load applied to the motor shaft. For
example, when a saw is used, if the board is damp or the cut
is too deep, the motor may become overloaded and slow
down. The current flow in the windings will increase and
heat the motor beyond its design temperature. A jammed
pump or an extra-heavy load on a hoist will have the same
effect on a motor. The overload protection also guards
against failure of a motor to start from a locked rotor and
loss of a phase on a three-phase system. Overload pro-
tection is not designed to break or may not be capable of
breaking short-circuit current or ground fault current.

Motors are required to have overload protection, either
within the motor itself or somewhere in close proximity
to the line side of the motor. This overload protection is
actually protecting the motor, the conductors, and much
of the circuit ahead of the overloads. An overload in the
circuit will trip the circuit overload devices, thus protect-
ing the circuit from overload conditions. In the majority
of applications, overcurrent protection is provided by the
overload relays in the motor controller. All three-phase
motors, except those protected by other approved means,
such as integral-type detectors, must be provided with
three overload units, one in each phase.

The nameplate full-load ampere (FLA) rating of the motor,
rather than NEC tables, is used for sizing the overloads for
the motor. Using this data, tables supplied by the starter
manufacturer are consulted to find the correct overload relay
thermal heater unit for the particular overload relay in use.
A separate overload device that is responsive to motor cur-
rent is required by NEC Article 430.32. This device shall be
selected to trip or shall be rated at not more than 125 percent
of the motor nameplate full-load current rating. When the
thermal element selected in accordance with NEC 430.32 is
not sufficient to start the motor or to carry the load, a higher-
size thermal element can be used, provided the trip current of
the overload relay does not exceed 140 percent of the motor
nameplate full-load current rating.

Motor control circuits carry the current that controls
the operation of the controller, but do not carry the main
power current to the motor. These circuits are permitted
to be tapped from the motor branch circuit conductors or
supplied from a separate source. NEC 430.72 deals with
overcurrent protection of motor control circuits tapped
from the motor branch circuit and NEC 725.23 is used for
those from other sources of power. Where a lower voltage
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Manual snap switch Adjustable-speed drive

Magnetic starter

Figure 8-4 Examples of mator controllers.
Phato courtesy Rockwell Automation, www.rockwellautomation.com.

is desired, a control transformer may be installed in either
of the two supply methods used.

Selecting a Motor Controller

A motor controller is any device that is used to directly
start and stop an electric motor by closing and open-
ing the main power current to the motor. The controller
can be a switch, starter, or other similar type of control
device. Examples of motor controllers are illustrated in
Figure 8-4. A magnetic starter consisting of a contac-
tor and overload relay is considered to be a controller.
A properly rated snap switch that is permitted to turn a
single-phase motor on and off is also considered to be a
motor controller. Snap switches are permitted to serve as
the motor controller as well as the disconnecting means.
A solid-state starter or an AC or DC drive is also classi-
fied as a motor controller. With solid-state controllers, it
is the power-circuit element, such as a triac or SCR, that
meets the definition of controller.

The rating of the motor controller or starter is directly
related to its NEMA size, with the electrical ratings of
each being provided by the manufacturer’s data sheets.
A controller enclosure must be marked with the manufac-
turer’s identification, the voltage rating, the current rating,
or the horsepower rating. NEC Article 430, Part VII
details the requirements for motor controllers. The follow-
ing are some of the highlights of this section.

* The branch circuit and ground fault device can be
used as the controller for stationary motors of 1/8
hp or less that are not normally left running and
cannot be damaged by overload or failure to start.
A good example of this would be a clock motor.

* An attachment plug and receptacle can be used as a
controller for a portable motor of 1/3 hp or less.
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* A controller must be capable of starting and stop-
ping the motor it controls as well as able to interrupt
the locked-rotor current of the motor.

e Unless an inverse-time circuit breaker or molded
case switch is used, controllers must have horse-
power rating at the applied voltage not lower than
the horsepower rating of the motor.

* For stationary motors rated at 2 hp or less and 300 V
or less, the controller can be either of the following:
1. A general-use switch having an ampere rating
not less than twice the full-load current rating of
the motor.

2. On AC circuits, a general-use snap switch suit-
able only for use on AC (not general use AC/DC
snap switches) where the full-load current rating
is not more than 80 percent of the amperage rat-
ing of the switch.

* A controller that does not also serve as a disconnecting
means must open only as many motor circuit conduc-
tors as may be necessary to stop the motor, that is, one
conductor for DC or single-phase motor circuits and
two conductors for a three-phase motor circuit.

* Individual controllers must be provided for each
motor unless the motor is under 600 V, or there is
a single machine with several motors, or a single
overcurrent device, or a group of motors located in
a single room within sight of the controller.

Disconnecting Means for Motor
and Controller

The ability to safely work on a motor, a motor controller,
or any motor-driven machinery starts with being able to
turn the power off to the motor and its related equipment.
NEC Article 430, Part IX covers the requirements for the
motor disconnecting means. The Code requires that a means
(a motor circuit switch rated in horsepower or a circuit
breaker) must be provided in each motor circuit to discon-
nect both the motor and its controller from all ungrounded
supply conductors. All disconnecting switches must plainly
indicate whether they are open (off) or closed (on) and no
pole is allowed to operate independently. Separate discon-
nects and controllers may be mounted on the same panel
or contained in the same enclosure, such as a combination
fused-switch, magnetic starter unit (Figure 8-5).

The disconnecting means other than the branch circuit
short-circuit and ground fault protective device is used as a
safety switch to disconnect the motor circuit. It should be in
sight of the motor and can be unfused. If a person is work-
ing on the motor, the disconnect will be where he or she can
see it; that protects the person from a motor accidentally
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Motor starter

Figure 8-5 Combination fused-switch, magnetic starter unit.
Photo courtesy Siemens, www.siemens.com.

starting. If the branch circuit short-circuit and ground fault
protective device is used as a disconnecting means and is
not within sight of the motor, it must be capable of being
locked in the open position. The NEC defines “within sight”
as being visible and not more than 50 ft (15 m) distant from
the other as illustrated in Figure 8-6.

For motor circuits rated at 600 V or less, the discon-
necting means must be at least 115 percent of the full-load
rating (FLC) of the motor. The disconnecting means can
be branch circuit fuses or circuit breakers. Motor discon-
nect switches are rated in volts, amperes, and horsepower.
If rated in horsepower, the disconnect switch must have
a horsepower rating equal to, or greater than, the horse-
power rating of the motor at the applicable voltage. For
stationary motors rated more than 40 hp DC or 100 hp
AC, a general-use or isolating switch can be used but

50 feet
(15 meters)

‘

=] ®
Motor ONﬂ ® | Motor

controller

disconnect D

means

Figure 8-6 The disconnecting means must be located
within sight from the controller, motor, and the driven machinery
location.

must be plainly marked “DO NOT OPERATE UNDER
LOAD.” An isolating switch is intended to isolate an
electric circuit from its source of power; it has no inter-
rupting rating and is intended to be operated only after the
circuit has been opened by some other means.

Determine the current rating of the motor disconnect
switch required for a 460-V, three-phase, 125-hp motor.

EXAMPLE 8-4

Problem:

Solution:

NEC Table 430.250 shows the motor FLC as 156 A.

NEC 430.110 requires the motor disconnecting
means to have an ampere rating of at least 115 per-
cent of the FLC rating of the motor.

156 A X 1.15 =179A

Therefore a 200-A disconnect switch is required.

Providing a Control Circuit

A motor control circuit carries electrical signals direct-
ing the action of the controller but does not carry the main
power circuit. The control circuit commonly has as its load
device the operating coil of a magnetic motor starter, a
magnetic contactor, or a relay. NEC Article 430, Part VI
covers the requirements for motor control circuits. Control
circuits associated with motor controls can be extremely
complex and vary greatly with application. The elements of
a control circuit include all the equipment and devices con-
cerned with the function of the circuit: conductors, race-
way, contactor operating coil, source of energy supply to
the circuit, overcurrent protection devices, and all switch-
ing devices that govern energization of the operating coil.

Motor control circuits can be the same voltage as the
motor up to 600V, or can be reduced by means of a control
transformer. Often a control transformer is used, especially
when the control circuit extends beyond the controller. For
example, a 460-V motor with an external 120-V control
circuit is much easier and safer to deal with.

Where one side of the motor control circuit is grounded,
the design of the control circuit must prevent the motor
from being started by a ground fault in the control circuit
wiring. This rule must be observed for any control circuit
that has one leg grounded. If one side of the start button is
in the ground leg of the circuit, as shown in Figure 8-7a, a
ground fault on the coil side of the start button can short-
circuit the start circuit and start the motor. By switching
the hot leg, as shown in Figure 8-7b, the starting of the
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Figure 8-7 The design of the control circuit must prevent the motor from being started by a ground

fault in the control circuit wiring.

motor by an accidental ground fault can be effectively
eliminated. Another requirement for control circuits is that
a ground fault will not bypass manual shutdown devices
or automatic safety shutdown devices.

NEC Article 430.74 requires that motor control cir-
cuits be arranged so that they will be disconnected from
all sources of supply when the disconnecting means is in
the open position.

* Where the motor control circuit is supplied from the
motor branch circuit, the controller disconnecting
means may serve as the motor control circuit dis-
connecting means.

PART 1 Review Questions

1. List seven basic elements of a motor branch circuit
that Article 430 of the NEC addresses.

2. Give two reasons why motor branch circuit conduc-
tors are required to have an ampacity not less than
125 percent of the motor FLC.

3. Compare the terms of reference used in defining the
terms FLC and FLA.

4. Determine the FLC and the ampacity required to size a
15-hp, 575-V, three-phase motor squirrel-cage motor.

5. Two 25-hp, 460-V, three-phase motors share the
same feeder. What is the ampacity needed to size
the feeder conductors?
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* Where the motor control circuit is supplied from
a source other than the motor branch circuit, the
motor control circuit disconnecting means must be
located immediately adjacent to the controller dis-
connecting means.

¢ Where a transformer is used to obtain a reduced
voltage for the motor control circuit and the trans-
former is located within the motor controller enclo-
sure, the transformer must be connected to the load
side of the motor control circuit disconnecting
means. The control transformer must be protected in
accordance with NEC Article 430.72.

6. Two 30-hp motors and a 40-hp motor, all 460-V,
three-phase, continuous-duty squirrel-cage motors,
are on a single feeder.

a. What is the ampacity needed to size the feeder
conductors?

b. What size THWN copper conductors are
required?

7. In what way are motor load characteristics different
from those of general lighting and other loads?

8. Compare the type of branch overcurrent protection
used for nonmotor and motor loads.



9. A 460-V, three-phase, 30-hp motor is to be short-
circuit and ground fault—protected by non-time-
delay fuses.

a. What is the full-load current of this motor
according to Table 430.250?
b. What is the maximum fuse rating required
according to Table 430.52?
c. What standard fuse size, according to Article
240.6, would be selected?
10. Compare the operation of instant trip and inverse
time circuit breakers.
11. Compare the operation of non-time-delay and time-
delay fuses.
12. List three things motor overload protection guards
against.
13. How many overload units are required for a three-
phase motor?
14. Explain the procedure followed in selecting the size
of the thermal heating elements for a given motor
and starter.

15. List three common types of motor controllers.

16. How is a controller sized relative to the motor
horsepower rating?

17. An attachment plug and receptacle can be used as
a controller for what type of motor?

18. What is the basic rule with regard to location of the
motor disconnecting means?

19. What provisions must be made if the branch circuit
short-circuit and ground fault protective device is
used as the disconnecting means and is not within
sight of the motor?

20. Determine the current rating of the motor discon-
nect switch required for a 460-V, three-phase, 40-hp
motor.

21. List three devices that commonly serve as the load
for a motor control circuit.

22. What safety issues must be addressed in the design
of a motor control circuit when one side of the con-
trol circuit is grounded?

PART 2 Motor Starting

Every motor, when turning, acts somewhat like a genera-
tor. This generator action produces a voltage opposite, or
opposed to, the applied voltage that reduces the amount
of current supplied to the motor. The voltage generated in
a motor is called counter emf (cemf) and results from the
rotor cutting through magnetic lines of force.

When the motor is being started and before it has begun
to turn, however, there is no cemf to limit the current, so
initially there is a high starting, or locked-rotor, current.
The term locked-rotor current is derived from the fact that
its value is determined by locking the motor shaft so that
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it cannot turn, then applying rated voltage to the motor,
and measuring the current. Although the starting current
may be up to 6 times the normal running current, it nor-
mally lasts for only a fraction of a second (Figure 8-8).
The main factor in determining the amount of counter-
generated voltage and current in the motor is its speed.
Therefore, all motors tend to draw much more current
during the starting period (starting current) than when
rotating at operating speed (running current). If the load
placed on a motor reduces the speed, less generated cur-
rent will be developed and more applied current will flow.
That is, the greater the load on the motor, the slower the
motor will rotate and the more applied current will flow
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400
300
200

100 Full-load current @
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Figure 8-8 Starting current is reduced as the motor accelerates.
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through its windings. If the motor is jammed or prevented
from rotating in any way, a locked-rotor condition is cre-
ated, and the applied current becomes very high. This
high current will cause the motor to burn out quickly.

Full-Voltage Starting of
AC Induction Motors

A full-voltage, or across-the-line, starter is designed to
apply full line voltage to the motor upon starting. If the
high starting current does not affect the power supply sys-
tem and the machinery will stand the high starting torque,
then full-voltage starting may be acceptable. Full-voltage
starters may be either manual or magnetic. Manual motor
starters are hand-operated and consist of an on/off switch
with one set of contacts for each phase and motor overload
protection. Since no electrical closing coil is used, the start-
er’s contacts remain closed during a power interruption.
When power is restored, the motor immediately restarts.
Manual starters for fractional-horsepower, single-phase
motors are found in a variety of residential, commercial,
and industrial applications. Figure 8-9 shows a single-pole
fractional horsepower manual motor starter consisting of
a manually operated on/off snap-action switch with over-
load protection. When the switch is moved to the on or start
position, the motor is connected directly across the line and
in series with the starter contact and the thermal overload
(OL) protection device. As more current flows through the
circuit, the temperature of the thermal overload rises, and
at a predetermined temperature point, the device actuates
to open the contact. When an overload is sensed, the starter
handle automatically moves to the center position to signify
that the contacts have opened because of overload and the
motor is no longer operating. The starter contacts cannot

Circuit Neutral
breaker § NN

Figure 8-9 Single-pole fractional horsepower manual starter.
This material and associated copyrights are proprietary to, and used with the
permission of, Schneider Electric.
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Figure 8-10 Double-pole manual motor starter.

be reclosed until the overload relay is reset manually. The
starter is reset by moving the handle to the full off position
after allowing about two minutes for the heater to cool.

Manual motor starters are available in single-pole,
double-pole, and three-pole designs. Figure 8-10 shows a
double-pole manual motor starter with a single overload
heater to protect the motor windings. Line-rated control
devices such as thermostats, float switches, and relays are
used to connect and disconnect the motor when automatic
operation is desired.

The three-pole manual starter shown in Figure 8-11
provides three overload heaters to protect the motor wind-
ings. This starter is operated by pushing a button on the
starter enclosure cover that mechanically operates the
starter. When an overload relay trips, the starter mecha-
nism unlatches, opening the contacts to stop the motor.
The contacts cannot be reclosed until the starter mecha-
nism has been reset by pressing the stop button; first, how-
ever, the thermal unit needs time to cool. These starters
are designed for infrequent starting of small AC motors
(10 hp or less) at voltages ranging from 120 to 600 V.

L1 L2 L3
Manually

operated
contacts

Overload
heaters

Figure 8-11 Three-pole manual starter.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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The power circuit contacts of manual motor starters
are unaffected by the loss of voltage, so consequently will
remain in the closed position when the supply voltage
fails. When the motor is running and the supply voltage
fails, the motor will stop and restart automatically when
the supply voltage is restored. This places these starters
in the classification of no-voltage release. Also, manual
starters must be mounted near the motor that is being
controlled. Remote control operation is not possible as it
would be with a magnetic starter.

Unlike the manual starter in which the power contacts
are closed manually, the magnetic starter motor starter
contacts are closed by energizing a holding coil. This
enables the use of automatic and remote control of the
motor. With magnetic control, pushbutton stations are
mounted nearby, but automatic control pilot devices can
be mounted almost anywhere on the machine.

Figure 8-12 shows a typical three-phase magnetic
across-the-line AC starter diagram. The circuit’s opera-
tion can be summarized as follows:

* The control transformer is powered by two of the
three phases. This transformer lowers the voltage to
a more common value useful when adding lights,
timers or remote switches not rated for the higher
voltages.

* When the start button is pressed, coil M energizes to
close all M contacts. The M contacts in series with
the motor close to complete the current path to the
motor. These contacts are part of the power circuit and
must be designed to handle the full-load current of the
motor. Memory contact M (connected across the start
button) also closes to seal in the coil circuit when the
start button is released. This contact is part of the con-
trol circuit; as such, it is required to handle the small
amount of current needed to energize the coil.

 The starter has three overload heaters, one in each phase.
The normally closed (NC) relay contact OL opens auto-
matically when an overload current is sensed on any
phase to deenergize the M coil and stop the motor.

* The motor can be started or stopped from a number
of locations by connecting additional start buttons in
parallel and additional stop buttons in series.

¢ These starters are available in both IEC and NEMA
ratings.

The circuit of Figure 8-13 is used to start two motors
at full line voltage. In order to reduce the amount of start-
ing current, the circuit has been designed so that there
will be a short time delay period between the starting of
motor 1 and motor 2. Its operation can be summarized
as follows:

IEC type
Start
Stop Stop oL
—O O—4¢
Start
—O O—¢
11
11
M

Additional stop and start connections

Figure 8-12 Typical magnetic across-the-line starter.
Photos courtesy Rockwell Automation, www.rockwellautomation.com.

* The first motor is started by pressing the start button
connected in a three-wire control configuration to
motor starter M 1.

* Power is applied to both motor 1 and on-delay timer
coil TR.

* After the preset time, the normally open timer con-
tacts on TR close to energize starter coil M2 and the
second motor starts.

* Both motors can be stopped by pressing the stop
button.

The NEC requires all motors to have a disconnecting
means designed to disengage power to the motor or motor
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On-delay timer

L1 L2

Stop J_ Oo/L

Figure 8-13 Timed starting of two motors.

L1 L2

TR 3 O/L

This material and associated copyrights are proprietary to, and used with the permission of, Schneider Electric.

Short-circuit
protection

Motor starter

Figure 8-14 Combination starter.
Photo courtesy Siemens, www.siemens.com.

starter. A combination starter, such as shown in Figure 8-14,
consists of a safety switch and a magnetic motor starter
placed in a common enclosure. The cover of the enclosure
is interlocked with the external operating handle of the
disconnect means. The door cannot be opened while the
disconnect means is closed. When the disconnect means
is open, all parts of the starter are accessible; however,
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the hazard is reduced because the readily accessible parts
of the starter are not connected to the power line. Pilot
devices such as pushbutton and indicator lights may also
be mounted on the panel. Combination starters offer space
and cost savings over the use of separate components.

Reduced-Voltage Starting
of Induction Motors

There are two primary reasons for using a reduced voltage
in starting a motor:

¢ It limits line disturbances.

» It reduces excessive torque to the driven
equipment.

When a motor is started at full voltage, the current
drawn from the power line is typically 600 percent of
normal full-load current. The large starting inrush cur-
rent of a big motor could cause line voltage dips and
brownout. In addition to high starting currents, the motor
also produces starting torques that are higher than full-
load torque. In many applications this starting torque can
cause mechanical damage such as belt, chain, or coupling
breakage. When a reduced voltage is applied to a motor at
rest, both the current drawn by the motor and the torque
produced by the motor are reduced. Table 8-1 shows the
typical relationship of voltage, current, and torque for a
NEMA design B motor.
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Table 8-1 Typical Voltage, Current, and Torque Characteristics for

NEMA Design B Motors

Motor starting Line current Motor starting
current as a percent of: as a percent of: torque as a percent of:
% voltage at Locked- Full- Locked- Full- Locked- Full-
Starting motor rotor load rotor load rotor load
method terminals current current current current torque torque
Full voltage 100 100 600 100 600 100 180
Autotransformer
80% tap 80 80 480 64 307 64 115
65% tap 65 65 390 42 164 42 76
50% tap 50 50 300 25 75 25 45
Part-winding 100 65 390 65 390 50 90
Star delta 100 33 198 33 198 33 60
Solid-state 0-100 0-100 0-600 0-100 0-600 0-100 0-180
Electric utility current restrictions, as well as in-plant
bus capacity, may require motors above a certain horse-
power to be started with reduced voltage. High-inertia 3 H2
loads may require control of the acceleration of the Hi Ha
motor and load. If the driven load or the power distri-
bution system cannot accept a full-voltage start, some - LN i
type of reduced voltage or soft starting scheme must be Resistor X1 X2
d. Typical reduced-voltage starters include pri bank
used. Typical reduced-voltage starters include primary- Start

resistance starters, autotransformers, wye-delta start-
ers, part-winding starters, and solid-state starters. These
devices can be used only where low starting torque is
acceptable.

PRIMARY-RESISTANCE STARTING

Reduced voltage is obtained in the primary-resistance
starter by means of resistances that are connected in
series with each motor stator lead during the starting
period. The voltage drop in the resistors produces a
reduced voltage at the motor terminals. At a definite time
after the motor is connected to the line through the resis-
tors, timer contacts close; this short-circuits the starting
resistors and applies full voltage to the motor. Typical
applications include conveyors, belt-driven equipment,
and gear-driven equipment.

Figure 8-15 shows a typical primary-resistance
reduced-voltage starter. Its operation can be summarized
as follows:

* Pressing the start push button energizes motor
starter coil M and timer coil TR. The motor is
initially then started through a resistor in each of
the three incoming lines. Part of the line voltage
is dropped through the resistors with the motor

Stop

. ()14
o

o——(R)
(Timed closed)or ;aﬁ
TR contactor

Figure 8-15 Primary resistance starter.

receiving about 75 to 80 percent of the full line
voltage.

* As the motor picks up speed, the motor sees more
of the line voltage.

* At a preset time the timer on-delay contacts close
to energize contactor C coil. This causes contacts C
to close, shorting out the resistors and applying full
voltage to the motor. The resistors’ value is chosen
to provide adequate starting torque while minimiz-
ing starting current.

» Improved starting characteristics with some loads can
be achieved by the use of several stages of resistance
shorting. This type of reduced voltage starting is lim-
ited by the amount of heat the resistors can dissipate.
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AUTOTRANSFORMER STARTING

Instead of resistors, autotransformer starting uses a step-
down autotransformer (single-winding transformer) to
reduce the line voltage. Autotransformer starters offer the
greatest reduction of line current of any reduced-voltage
starting method. Multiple taps on the transformer permit
the voltage, current, and torque to be adjusted to satisfy
many different starting conditions. In closed transition
starting, the motor is never disconnected from the line
source during acceleration. Typical applications include
crushers, fans, conveyors, and mixers.

Figure 8-16 shows a typical closed transition autotrans-
former starting circuit. Its operation can be summarized
as follows:

* Closing the start button energizes on-delay timer
coil TR.

* Memory control contact TR1 closes to seal in and
maintain timer coil TR.

* Contact TR2 closes to energize contactor coil C2.

* Normally open C2 auxiliary contact closes to ener-
gize contactor coil C3.

* Main power contacts of C2 and C3 close and the
motor is connected through the transformer’s taps to
the power line.

* Normally closed C2 auxiliary contacts are opened at
this point, providing an electrical interlock that pre-
vents C1 and C2 from both being energized at the
same time. A mechanical interlock is also provided
between these two contactors as this circuit condi-
tion would overload the transformer. In addition,
normally open control contact C3 closes to seal-in
and maintain contactor coil C3.

» After a preset time, the on-delay timer times out.

* Normally closed timed TR4 contacts open to deen-
ergize contactor coil C2 and return all C2 contacts
to their deenergized state.

* Normally open timed TR3 contact closes to ener-
gize contactor coil C1.

* Normally closed C1 auxiliary contact opens to
deenergize contactor coil C3.

* The net result is the deenergizing of contactors C2
and C3 and the energizing of contactor C1, resulting
in the connection of the motor to full line voltage.

* During the transition from starting to full line
voltage, the motor is never disconnected from the
circuit, providing closed circuit transition.

WYE-DELTA STARTING

Wye-delta starting (also referred to as star-delta start-
ing) involves connecting the motor windings first in wye
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Figure 8-16 Autotransformer starter.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

during the starting period and then in delta after the motor
has begun to accelerate (Figure 8-17). Wye-delta start-
ers can be used with three-phase AC motors where all
six leads of the stator windings are available (on some
motors only three leads are accessible). Connected in a
wye configuration, the motor starts with a significantly
lower inrush current than if the motor windings had been
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T1

Delta run

Wye start TS5 | T4

T2

Figure 8-17 Wye and delta motor winding connections.

connected in a delta configuration. Typical applications
include central air conditioning equipment, compressors,
and conveyors.

Figure 8-18 shows a typical wye-delta starting circuit.
Transition from wye to delta is made using three contac-
tors and a timer. The two contactors that are closed during
run are often referred to as the main contactor (M1) and
the delta contactor (M2). The third contactor (S) is the
wye contactor and that carries wye current only while the
motor is connected in wye. Operation of the circuit can be
summarized as follows:

* When the start push button is pressed, contactor S
coil is energized.

* The S main power contacts close to connect the
motor windings in a wye (or star) configuration.

* The normally open S auxiliary contact closes to
energize timer coil TR and contactor coil M1

* The M1 main power contacts close to apply voltage
to the wye-connected motor windings.

* Normally open auxiliary contacts S and M1 close to
seal in and maintain timer coil S.

* After the time delay period has elapsed, the TR
contacts change state to deenergize contactor coil S
and energize contactor coil M2.

* S main power contacts, which hold the motor wind-
ings in a wye arrangement, open.

e The M2 contacts close and cause the motor wind-
ings to be connected in a delta configuration. The
motor then continues to run with the motor con-
nected in a delta arrangement.

* In most wye-delta starters, contactors S and M2 are
electrically and mechanically interlocked. If both
contactors were to be energized at the same time,
the result would be a line-to-line short.

* With this type of “open transition” starter there is a
very short period of time where no voltage is applied
to the motor during transition from wye to delta con-
nections. This condition can cause current surges
or disturbances to be fed back into the main power
source. The magnitude of the surges is proportional

Breaker

————

Figure 8-18 Wye-delta starter.

Photo courtesy Rockwell Automation, www.rockwellautomation.com.

to the phase difference between the voltage generated
by the running motor and the power source. These
transients can in some instances affect other equip-
ment that is sensitive to current surges.
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PART-WINDING STARTING

Part-winding reduced-voltage starters are used on squirrel-
cage motors wound for dual-voltage operation, such as a
230/460-V motor. Power is applied to part of the motor
windings on start-up and then is connected to the remaining
coils for normal speed. These motors have two sets of wind-
ings connected in parallel for low-voltage operation and
connected in series for high-voltage operation. When used
on the lower voltage, they can be started by first energizing
only one winding, limiting starting current and torque to
approximately one-half of the full-voltage values. The sec-
ond winding is then connected in parallel, once the motor
nears operating speed. Since one set of windings has higher
impedance (AC resistance) than the two connected in par-
allel, less inrush current flows to the motor on start-up. By
strict definition, part-winding starting is not true reduced-
voltage starting since full voltage is applied to the motor at
all times through acceleration and up to normal speed. The
motor must be operated at the lower voltage, as the higher
voltage would quickly damage the motor.

Part-winding starters are the least expensive type of
reduced-voltage starters and use a simplified control cir-
cuit. However, they require a special motor design, and
do not have adjustments for current or torque. This start-
ing method may not be suited for heavy-load applications
because of the reduction of starting torque. Typical appli-
cations include low-inertia fans and blowers, low-inertia
pumps, refrigeration, and compressors.

Figure 8-19 shows a typical part-winding starting circuit.
Operation of the circuit can be summarized as follows:

* In most cases the starter operates a 230/460-V dual-
voltage wye-connected motor operating at 230 V.

* When the start push button is pressed, motor starter
coil M1 and on-delay timer coil TR1 are energized.

* Auxiliary memory contact IM-1 closes to seal in
and maintain M1 and TR1 coils.

* The three M1 main contacts close, starting the
motor at reduced current and torque through one-
half the wye windings.

» After a preset time delay, timed contact 1-TR1
closes and energizes starter coil M2.

* The three M2 main contacts close, applying voltage
to the second set of wye windings.

* Both windings of the motor are now connected in
parallel to the supply voltage for full current and
torque.

* Once the motor is in normal operation, the motor
full-load current (FLC) is divided between the two
sets of windings and starters. The overload device
must be sized to the winding it serves.
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Figure 8-19 Typical part-winding starting circuit.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

* Itis of utmost importance to connect the motor
terminals (T1, T2, T3, T7, T8, and T9) to the proper
terminals on the motor starter. The motor winding,
T1-T2-T3, must be treated as a three-phase motor
that when connected will have a definite direction
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of rotation. When motor winding T7-T8-T9 is con-
nected, it must produce the same rotation. If by
chance an error has been made, and T8 and T9 were
interchanged, the second winding will attempt to
change the rotation of the motor. Extremely high
current will then flow, damaging the equipment.

OPEN AND CLOSED TRANSITION
FROM START TO RUN

Electromechanical reduced-voltage starters must make a
transition from reduced voltage to full voltage at some
point in the starting cycle. At this point there is normally
a line current surge. The amount of surge depends on the
type of transition used and the speed of the motor at the
transition point.

Figure 8-20 illustrates typical transition current curves for
reduced-voltage starters. There are two methods of transition
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from reduced voltage to full voltage, namely, open-circuit
transition and closed-circuit transition. Open transition
means that the motor is actually disconnected from the line
for a brief period of time when the transition takes place.
With closed transition, the motor remains connected to the
line during transition. Open transition will produce a higher
surge of current because the motor is momentarily discon-
nected from the line. Closed transition is preferred over open
transition because it causes less electrical disturbance. The
switching, however, is more expensive and complex.

SOFT STARTING

Electronic solid-state soft starters limit motor starting current
and torque by ramping (gradually increasing) the voltage
applied to the motor during the selected starting time. They
are commonly used in operations requiring smooth starting
and stopping of motors and driven machinery. Figure 8-21
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(b) Transition at low speed versus transition near full speed

Figure 8-20 Transition from reduced voltage to full voltage.
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Figure 8-21 Soft start ramped-up voltage and current limiting.
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Figure 8-22 Typical soft start starter.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

illustrates typical transition voltage and current curves for
soft starters. The time to full voltage can be adjustable, usu-
ally from 2 to 30 seconds. As a result there is no large current
surge when the controller is set up and correctly matched to
the load. Current limiting is used when it is necessary to
limit the maximum starting current and is usually adjustable
from 200 to 400 percent of full-load amperes.

Figure 8-22 shows the wiring for a typical soft start
starter. The different standard modes of operation for this
controller are:

Soft start This method covers the most general appli-
cations. The motor is given an initial torque setting,
which is user-adjustable. From the initial torque level,
the output voltage to the motor is steplessly increased
during the acceleration ramp time, which is user-
adjustable.

Selectable kick start The kick start feature pro-
vides a boost at start-up to break away loads that
may require a pulse of high torque to get started. It
is intended to provide a current pulse, for a selected
period of time.

Current limit start This method provides current
limit start and is used when it is necessary to limit
the maximum starting current. The starting current
is user-adjustable. The current limit starting time is
user-adjustable.

Dual-ramp start This starting method is useful on
applications with varying loads, starting torque, and
start time requirements. Dual-ramp start offers the
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user the ability to select between two separate start
profiles with separately adjustable ramp times and
initial torque settings.

Full-voltage start This method is used in applica-
tions requiring across-the-line starting. The controller
performs like a solid-state contactor. Full inrush cur-
rent and locked-rotor torque are realized. This control-
ler may be programmed to provide full-voltage start
in which the output voltage to the motor reaches full
voltage in % second.

Linear speed acceleration With this type of
acceleration mode, a closed-loop feedback system
maintains the motor acceleration at a constant rate.
The required feedback signal is provided by a DC
tachometer coupled to the motor.

Preset slow speed This method can be used on
applications that require a slow speed for positioning
material. The preset slow speed can be set for either
low, 7 percent of base speed, or high, 15 percent of
base speed.

Soft Stop The soft stop option can be used in
applications requiring an extended stop time. The
voltage ramp-down time is adjustable from O to

120 seconds. The load will stop when the voltage
drops to a point where the load torque is greater than
the motor torque.

DC Motor Starting

As was the case with AC motors, fractional horsepower
manual starters or magnetic contactors and starters
can be used for across-the-line starting of smaller DC
motors. One major difference between AC and DC start-
ers is the electrical and mechanical requirements nec-
essary for suppressing the arcs created in opening and
closing contacts under load. To combat prolonged arc-
ing in DC circuits, the contactor switching mechanism
is constructed so that the contacts will separate rapidly
and with enough air gap to extinguish the arc as soon as
possible on opening. Figure 8-23 shows the schematic

Mo M OL  p; Shuntfield gp M
+—o—— F——-
Start
Stop | oL
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M

Figure 8-23 Across-the-line DC motor starter.
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Figure 8-24 Definite-time reduced-voltage DC starter.

diagram for a typical DC across-the-line starter that
uses three-wire control. To help extinguish the arc, the
starter is equipped with three power contacts connected
in series.

At the moment a DC motor is started, the armature is
stationary and there is no counter emf being generated.
The only component to limit starting current is the arma-
ture resistance, which in most DC motors is a very low
value. Common types of reduced-voltage DC starters
include definite-time acceleration, current acceleration,
counter-emf acceleration, and variable-voltage accelera-
tion. Figure 8-24 illustrates a two-stage DC definite-time
resistance starter. When the power contact M closes, full
line voltage is applied to the shunt field while the resistor
is connected in series with the armature. After a preset
time period, the contactor R closes, bypassing the resistor,
allowing the motor to operate at base speed. This gives
the motor smooth torque without creating a large surge

reduced current and torque with the resistor con-
nected in series with the armature.

* After a preset time delay, timed contact TR closes
to energize contactor R coil.

* Contact R closes, bypassing the resistor and allow-
ing full line voltage to be applied to the armature.

* The starting method is closed transition.

» Starting resistance can be shorted out in one or more
steps, depending on motor size and the smoothness
of acceleration desired.

* The shunt field has full line voltage applied to it
any time the motor is on.

Figure 8-25 illustrates variable-voltage acceleration of a
DC shunt motor using a silicon controlled rectifier (SCR)
armature voltage controller. The SCR provides a useful
method of converting AC voltage to variable DC voltage.
An SCR is a semiconductor device that has three elements:
anode, cathode, and gate. By applying a signal to the gate
element at precisely the right time, you can control how
much current the SCR will either pass or block during
a cycle. This is known as phase control. The shorter the
on time, the lower the DC voltage applied to the armature.
The shunt field is fed from a separate DC source and has
full voltage applied any time the motor is on.

Three-phase, SCRs m
460-V AC
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Variable
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L3
¢
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conversion

Gate
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Figure 8-25 Variable-voltage acceleration of a DC shunt motor.
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PART 2 Review Questions

1. Why is there initially a high inrush of current while
a motor is being started?

2. How do the motor starting current value and the
normal full-load current compare?

3. What will create a locked-rotor condition in a
motor?

4. How is a full-voltage starter designed to start a
motor?

5. Compare the way main contacts of a manual and
magnetic starter are operated.

6. Explain the term no-voltage release as it applies
to manual starters.

7. A magnetic across-the-line starter is operated by
a single start/stop pushbutton station. If a second
start/stop pushbutton station is added, how would
the additional push buttons be connected relative
to the existing ones?

8. What exactly is a combination motor starter?

9. State two reasons for the use of reduced-voltage

starting.

10. Outline the operation of a primary-resistance induc-
tion motor starter.

11. Outline the operation of an autotransformer induc-
tion motor starter.

12. Outline the operation of a wye-delta induction
motor starter.

13. Outline the operation of a part-winding induction
motor starter.

14. Which type of reduced-voltage transition results
in the least amount of electrical disturbance?

15. Explain the term ramping as it applies to soft start-
ing of a motor.

16. Outline the operation of a definite-time reduced-
voltage DC starter.

17. Explain the term phase control as it applies to an
SCR armature voltage controller.

PART 3 Motor Reversing
and Jogging

Reversing of AC Induction Motors

REVERSING THREE-PHASE INDUCTION
MOTOR STARTER

Certain applications require a motor to operate in either
direction. Interchanging any two leads to a three-phase
induction motor will cause it to run in the reverse direction.
The industry standard is to interchange phase A (line 1)
and phase C (line 3), while phase B (line 2) remains the
same. Reversing starters are used to automatically accom-
plish this phase reversal.

The power circuit of a magnetic full-voltage three-
phase reversing motor starter is shown in Figure 8-26.
This starter is constructed using two 3-pole contactors
with a single overload relay assembly. The contactor on
the left is usually designated as the forward contactor and
the right contactor is usually designated as the reverse
contactor. The power circuit of the two contactors is inter-
connected using bus bars or jumper wires. Power contacts
(F) of the forward contactor, when closed, connect L1,
L2, and L3 to motor terminals T1, T2, and T3, respec-
tively. Power contacts (R) of the reverse contactor, when
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closed, connect LI to motor terminal T3 and connect L3 to
motor terminal T1, causing the motor to run in the oppo-
site direction. Whether operating through either the for-
ward or reverse contactor, the power connections are run
through the same set of overload relays. Only one over-
load relay assembly is required, since the motor windings
must be protected for the same current level regardless of
the direction of rotation.

When the motor is reversed, it is vital that both con-
tactors not be energized at the same time. Activating both
contactors would cause a short circuit, since two of the line
conductors are reversed on one contactor. Both mechanical
and electrical interlocks are used to prevent the forward and
reverse contactors from being activated at the same time.

Mechanical interlocking is normally factory-installed
and uses a system of levers to prevent both contactors from
being engaged at the same time. The broken line, as illus-
trated in Figure 8-27, indicates that the coils F and R cannot
close contacts simultaneously because of the mechanical
interlocking action of the device. For example, energizing
the coil of the forward contactor moves a lever in such a
way as to physically block the movement of the reverse
contactor. Even if the reverse contactor coil should become
energized, the contacts will not close because the mechani-
cal interlock is physically blocking the reverse contactor.
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Figure 8-26 Magnetic full-voltage three-phase reversing
motor starter.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.
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Figure 8-27 Mechanical interlocking of forward and
reverse contactors.

The forward contactor coil must be deenergized before the
reverse contactor can operate. The same scenario applies if
the reverse contactor is energized. Mechanical interlocks
have been known to fail and for this reason additional elec-
trical interlocking is used for added protection.
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120V
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i
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Figure 8-28 Magnetic reversing starter with electrical
interlock in the motor starter.
Photo courtesy Omron Industrial Automation, www.ia.omron.com.

Most reversing starters utilize auxiliary contacts operated
by the forward and reverse coils to provide electrical inter-
locking. When the coil is energized, the frame of the contac-
tor moves and activates the auxiliary contacts mounted on
the contactor. The auxiliary contacts are connected to the
motor control circuit and the state of the contacts (normally
open or closed) is associated with coil of the contactor.

The control circuit of Figure 8-28 illustrates how aux-
iliary contact interlocking works and can be summarized
as follows:

* The normally closed contact controlled by the
forward coil is connected in series with the
reverse coil.

* The normally closed contact controlled by the reverse
coil is connected in series with the forward coil.

* When the forward coil is energized, the normally
closed contact in series with the reverse coil is opened
to prevent the reverse coil from being energized.

* When the reverse coil is energized, the normally
closed contact in series with the forward coil opens
to prevent the forward coil from being energized.
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Figure 8-29 Pushbutton interlocking.

* To reverse the motor with this control circuit, the
operator must press the stop button to deenergize
the respective coil, reclosing the respective normally
closed contact.

* Reversing starters are usually factory-wired for
electrical interlocking.

» Starter mechanical and electrical interlocking offers
sufficient protection for most reversing motor con-
trol circuits.

Electrical pushbutton interlocking utilizes break-make,
normally closed and normally open switch contacts on the
forward and reverse buttons. The control circuit of Fig-
ure 8-29 illustrates how pushbutton interlocking works
and can be summarized as follows:

» Interlocking is achieved by connecting the normally
closed contact of the reverse button in series with the
normally open contact of the forward push button.

* The normally closed contact of the reverse push button
acts like another stop push button in the forward circuit.

* The normally open contact on the reverse push but-
ton is used as the start button for the reverse circuit.

* When the reverse button is pressed, its normally
closed contact opens the circuit to the forward coil
and at the same time its normally closed contact
completes the circuit to the reverse coil.

* When the forward button is pressed, its normally
closed contact opens the circuit to the reverse coil
and at the same time its normally closed contact
completes the circuit to the forward coil.

* The motor reverses direction immediately with-
out the stop button being pressed. Take care when
reversing large motors, as the sudden jar of reversal
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Figure 8-30 Limit switches incorporated into a reversing
starter circuit to limit travel.
Phato courtesy Omron Industrial Automation, www.ia.omron.com.

can damage the equipment the motor is driving.
High inrush currents can cause damage to both the
motor and the controller if the motor is reversed
without allowing enough time for the speed of the
motor to decrease.

* Pushbutton interlocking should be used in conjunc-
tion with both mechanical and auxiliary electrical
interlocking and is intended to supplement these
methods, not replace them.

Limit switches can be used to limit the travel of elec-
trically operated doors, conveyors, hoists, machine tool
worktables, and similar devices. The control circuit of
Figure 8-30 illustrates how limit switches can be incor-
porated into a reversing starter circuit to limit travel. The
operation of the circuit can be summarized as follows:

* Pressing the forward push button energizes coil F.

* Auxiliary memory contact F closes to seal in and
maintain F coil.

* Auxiliary interlock contact F opens to isolate the
reversing circuit.

* Power contacts F close and the motor runs in the
forward direction.

* If either the stop button or forward limit switch is
actuated, the holding circuit to coil F opens, deen-
ergizing the coil and returning all F contacts to their
normal deenergized state.

* Pressing the reverse push button energizes coil R.
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* Auxiliary memory contact R closes to seal in and
maintain R coil.

* Auxiliary interlock contact R opens to isolate the
forward circuit.

¢ Power contacts R close and the motor runs in the
reverse direction.

* If either the stop button or reverse limit switch is
actuated, the holding circuit to coil R opens, deen-
ergizing the coil and returning all R contacts to their
normal deenergized state.

* The location of the limit switches in the circuit allows
the one direction of travel to be stopped if the motor
is driving a device that has limits to its travel. The
opposite direction is not affected by one travel limit
being opened. As soon as the motor is reversed and
the actuator is no longer holding the limit switch
open, it will return to its normally closed position.

Figure 8-31 illustrates how a single-phase capacitor-start
motor is wired to operate in the forward and reverse direc-
tions using a reversing starter. The direction of rotation is

L1 N
120V

changed by interchanging the start winding leads, while those
of the run winding remain the same. Unlike the three-phase
motor, the single-phase capacitor-start motor must be allowed
to slow down before any attempt to reverse the direction of
rotation. The centrifugal switch in the start winding circuit
opens at approximately 75 percent of the motor speed and
must be allowed to reclose before the motor will reverse.
Certain machine tool operations require a repeated for-
ward and reverse action in their operation. Figure 8-32
illustrates a reciprocating machine process that uses two
limit switches to provide automatic control of the motor.
Each limit switch (LS1 and LS2) has two sets of contacts,
one normally open and the other normally closed. The
operation of the circuit can be summarized as follows:

* The start and stop push buttons are used to initiate
and terminate the automatic control of the motor
by limit switches.

Three-phase Workpiece
reversing motor T ,
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2R\ e — \
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Figure 8-31 Reversing a single-phase motaor.
This material and associated copyrights are proprietary to, and used with the
permission of, Schneider Electric.
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Figure 8-32 Reciprocating machine process.
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* Contact CR1 is used to maintain the circuit to the
control relay during the running operation of the
circuit.

¢ Contact CR2 is used to make and break the line
circuit to the forward and reverse control circuit.

» Using the control relay and its start and stop but-
tons also provides low-voltage protection—that is,
the motor will stop when there is a supply voltage
failure, and the motor will not restart automatically
when the supply voltage is restored.

* The normally closed contact of limit switch LS2
acts as the stop for the forward controller, and the
normally open contact of limit switch LS1 acts
as the start contact for the forward controller. The
auxiliary contact of the forward starter is connected
in parallel with the normally open contact of limit
switch LS1 to maintain the circuit during the run-
ning of the motor in the forward direction.

* The normally closed contact of limit switch LS1 is
wired as a stop contact for the reverse starter, and
the normally open contact of limit switch LS2 is
wired as a start contact for the reverse starter. The
auxiliary contact on the reverse starter is wired in
parallel with the normally open contacts of limit
switch LS2 to maintain the circuit while the motor
is running in reverse.

* Electrical interlocking is accomplished by the addi-
tion of a normally closed contact in series with each
starter and operated by the starter for the opposite
direction of rotation of the motor.

* Reversal of the direction of rotation of the motor is
provided by the action of the limit switches. When
limit switch LS1 is moved from its normal position,
the normally open contact closes energizing coil F
and the normally closed contact opens and drops
out coil R. The reverse action is performed by limit
switch LS2, and thus reversing in either direction is
provided.

* The forward and reverse pushbuttons provide a
means of starting the motor in either forward or
reverse in order that the limit switches can take over
automatic control.

Reversing of DC Motors
The reversal of a DC motor can be accomplished in
two ways:
* Reversing the direction of the armature current and
leaving the field current the same.

* Reversing the direction of the field current and
leaving the armature current the same.
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Figure 8-33 DC motor reversing power circuits.

Most DC motors are reversed by switching the direc-
tion of current flow through the armature. The switching
action generally takes place in the armature because the
armature has a much lower inductance than the field. The
lower inductance causes less arcing of the switching con-
tacts when the motor reverses its direction.

Figure 8-33 shows the power circuit for DC motor revers-
ing using electromechanical and electronic control. For
electromechanical operation, the forward contactor causes
current to flow through the armature in one direction, and
the reverse contactor causes current to flow through the
armature in the opposite direction. For solid-state electronic
control, two sets of SCRs are provided. One set is used for
current flow in one direction through the armature, and the
second set is used for current flow in the opposite direction.

Jogging
Jogging (sometimes called inching) is the momentary
operation of a motor for the purpose of accomplishing
small movements of the driven machine. It involves an
operation in which the motor runs when the push button
is pressed and will stop when the push button is released.
Jogging is used for frequent starting and stopping of a
motor for short periods of time.

The pushbutton jog circuit shown in Figure 8-34 uses
a standard start/stop control circuit with a double-contact
jog push button: one normally closed contact and one



A

Figure 8-34 Push button job circuit.

normally open contact. The operation of the circuit can be
summarized as follows:

Pressing the start push button energizes starter coil M,
causing the M main contacts to close to start the
motor and the M auxiliary contact to close to maintain
the M coil circuit.

With the M coil deenergized and the jog push button
then pressed, a circuit is completed for the M coil
around the M auxiliary maintaining contact.

The M main contacts close to start the motor, but
the maintaining circuit is incomplete as the nor-
mally closed jog contact is open.

As aresult, starter coil M will not seal in; instead, it
can stay energized only as long as the jog button is
fully depressed.

On quick release of the jog push button, should its
normally closed contacts reclose before the starter
maintaining contact M opens, the motor would
continue to run. In certain applications this could be
hazardous to workers and machinery.

The control relay jogging circuit shown in Figure 8-35
is much safer than the previous circuit. A single-contact
jog push button is used; in addition, the circuit incorpo-
rates a jog control relay (CR). The operation of the circuit
can be summarized as follows:

Pressing the start push button completes a circuit for
the CR coil, closing the CR1 and CR2 contacts.

The CR1 contact completes the circuit for the

M coil, starting the motor.

The M maintaining contact closes; this maintains
the circuit for the M coil.

Pressing the jog button energizes the M coil only,
starting the motor. Both CR contacts remain open, and

Jog CR1

—oO
CR2 M
—

Control relay

Figure 8-35 Jog circuit with control relay.
Photo courtesy IDEC Corporation, www.|DEC.com/usa, RR Relay.

H1 H3 H2 H4
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Figure 8-36 Start/stop/selector jog control circuit.
Photo courtesy Rockwell Automation. www.rockwellautomation.com.

the CR coil is deenergized. The M coil will not remain
energized when the jog push button is released.

Figure 8-36 shows the use of a selector switch in the
control circuit to obtain jogging. The start button doubles
as a jog button. The operation of the circuit can be sum-
marized as follows:

* When the selector switch is placed in the run posi-
tion, the maintaining circuit is not broken. If the
start button is pressed, the M coil circuit is com-
pleted and maintained.

* Turning the selector switch to the jog position
opens the maintaining circuit. Pressing the start
button completes the circuit for the M coil, but the
maintaining circuit is open. When the start button is
released, the M coil is deenergized.
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PART 3 Review Questions

1. How can the direction of rotation of a three-phase
induction motor be reversed?

2. An electromagnetic reversing motor starter is made
up of what components?

3. What would occur if both contactors in a reversing
motor starter were to become energized at the same
time?

4. Explain the operation of the mechanical interlock in
a reversing magnetic motor starter.

5. Explain how to provide electrical interlocking using
auxiliary contacts.

6. What types of forward and reverse push buttons are
utilized for pushbutton interlocking?

7. How is reversing a single-phase capacitor start
motor accomplished using a magnetic motor
starter?

8. Why are most DC motors reversed by switching the
direction of current flow through the armature rather
than the field?

9. What is a jog control used for?

PART 4 Motor Stopping

The most common method of stopping a motor is to
remove the supply voltage and allow the motor and load to
coast to a stop. In some applications, however, the motor
must be stopped more quickly or held in position by some
sort of braking device. Electric braking uses the windings
of the motor to produce a retarding torque. The kinetic
energy of the rotor and the load is dissipated as heat in the
rotor bars of the motor.

Plugging and Antiplugging

Plugging stops a polyphase motor quickly, by momen-
tarily connecting the motor for reverse rotation while the
motor is still running in the forward direction. This acts
as a retarding force for rapid stop and quick reversal of
motor rotation. Plugging produces more heat than most
normal-duty applications. NEMA specifications call for
starters used for such applications to be derated. That
is, the next size larger reversing starter must be selected
when it is used for plugging to stop or reverse at a rate of
more than five times per minute.

A zero-speed switch (also known as a plugging switch)
wired into the control circuit of a standard reversing starter
can be used for automatic plugging of a motor. A typical
plugging switch is shown in Figure 8-37. The switch is
coupled to a moving shaft on the machinery whose motor
is to be plugged. The zero-speed switch prevents the
motor from reversing after it has come to a stop. As the
zero-speed switch rotates, centrifugal force or a magnetic
clutch causes its contacts to open or close, depending
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Figure 8-37 Plugging switch.

Photo courtesy Rockwell Automation, www.rockwellautomation.com.

on the intended use. Each zero-speed switch has a rated
operating speed range within which the contacts will be
switched; for example, 50 to 200 rpm.

The control schematic of Figure 8-38 shows a typical
control circuit for forward-direction plugging. The opera-
tion of the circuit can be summarized as follows:

* Pressing the start button closes and seals in the for-
ward contactor. As a result, the motor rotates in the
forward direction.

* The normally closed auxiliary contact F opens the
circuit to the reverse contactor coil.

* The forward contact on the speed switch closes.

* Pressing the stop button deenergizes the forward
contactor.
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Figure 8-38 Plugging a motor to stop it.

* The reverse contactor is energized, and the motor is

plugged.

* The motor speed decreases to the setting of the
speed switch, at which point its forward contact
opens and deenergizes the reverse contactor.

» This contactor is used only to stop the motor by
using the plugging operation; it is not used to run
the motor in reverse.

The sudden reversing torque applied when a large motor is
reversed (without slowing the motor speed) could damage the
driven machinery, and the extremely high current could affect
the distribution system. Antiplugging protection is obtained
when a device prevents the application of a counter torque
until the motor speed is reduced to an acceptable value.

The antiplugging circuit of Figure 8-39 may be used to
prevent reversing the motor before the motor has slowed
to near zero speed. In this application the motor can be
reversed but not plugged. The operation of the circuit can
be summarized as follows:

* Pressing the forward button completes the circuit
for the F coil, closing the F power contacts and
causing the motor to run in the forward rotation.

* The F zero-speed switch contact opens because of
the forward rotation of the motor.

* Pressing the stop button deenergizes the F coil,
which opens the F power contacts, causing the
motor to slow down.

T
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Figure 8-39 Antiplugging protection circuit.

* Pressing the reverse button will not complete a
circuit for the R coil until the F zero-speed switch
contact recloses.

* As aresult, when the rotating equipment reaches
near zero speed, the reverse circuit may be ener-
gized, and the motor will run in the reverse rotation.

Dynamic Braking

Dynamic braking is achieved by reconnecting a running
motor to act as a generator immediately after it is turned off,
rapidly stopping the motor. The generator action converts the
mechanical energy of rotation to electrical energy that can
be dissipated as heat in a resistor. Dynamic braking of a DC
motor may be needed because DC motors are often used for
lifting and moving heavy loads that may be difficult to stop.

The circuit shown in Figure 8-40 illustrates how
dynamic braking is applied to a DC motor. The operation
of the circuit can be summarized as follows:

* Assume the motor is operating and the stop button
is pressed.

» Starter coil M deenergizes to open the normally
open M power contact to the motor armature.

* At the same time, the normally closed M power
contact closes to complete a braking circuit around
the armature through the braking resistor, which
acts like a load.

* The shunt field winding of the DC motor remains
connected to the power supply.

* The armature generates a counter-emf voltage. This
counter emf causes current to flow through the resistor

PART 4 Motor Stopping 205



L1 L2 L3 i------

+ p—
<«—————DC supply —————— >
M Armature
Al A2
o—| "_\.X-\_O Braking resistor
Braking
M resistor
Shunt field
F1 F2
———000000—
Start
Stop oL
M

Figure 8-40 Dynamic braking applied to a DC mator.

Photo courtesy Post Glover, www.postglover.com.

and armature. The smaller the ohmic value of the
braking resistor, the greater the rate at which energy is
dissipated and the faster the motor comes to rest.

DC Injection Braking

DC injection braking is a method of braking in which
direct current is applied to the stationary windings of an
AC motor after the applied AC voltage is removed. The
injected DC voltage creates a magnetic field in the motor
stator winding that does not change in polarity. In turn,
this constant magnetic field in the stator creates a mag-
netic field in the rotor. Because the magnetic field of the
stator is not changing in polarity, it will attempt to stop
the rotor when the magnetic fields are aligned (N to S and
S to N).

The circuit of Figure 8-41 is one example of how DC
injection braking can be applied to a three-phase AC
induction motor. The operation of the circuit can be sum-
marized as follows:

* The DC injection voltage is obtained from the full-
wave bridge rectifier circuit, which changes the line
voltage from AC to DC.

* Pressing the start button energizes starter coil M and
off-delay timer coil TR.

* Normally open M1 auxiliary contact closes to main-
tain current to the starter coil and normally closed
M2 auxiliary contact opens to open the current path
to braking coil B.

* Normally open off-delay timer contact TR remains
closed at all times while the motor is operating.

* When the stop button is pressed, starter coil M and
off-delay timer coil TR are deenergized.
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Figure 8-41 DC injection braking applied to an AC
induction maotor.
Photo courtesy Systems Directions, www.systems-directions.com.

* Braking coil B becomes energized through the
closed TR contact.

» All B contacts close to apply DC braking power to
two phases of the motor stator winding.

* Coil B is deenergized after the timer contact time
out. The timing contact is adjusted to remain closed
until the motor comes to a complete stop.

* A transformer with tapped windings is used in
this circuit to adjust the amount of braking torque
applied to the motor.

* The motor starter (M) and braking contactor (B) are
mechanically and electrically interlocked so that the
AC and DC supplies are not connected to the motor
at the same time.

Electromechanical Friction Brakes

Unlike plugging or dynamic braking, electromechanical
friction brakes can hold the motor shaft stationary after the
motor has stopped. Figure 8-42 shows an electromechanical
drum and shoe-type friction brake used on DC series motor
drives. The brake drum is attached to the motor shaft and the
brake shoes are used to hold the drum in place. The brake is
set with a spring and released by a solenoid. When the motor
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Figure 8-42 Electromechanical drum and shoe-type
friction brake used on DC series motor drives.

Photo courtesy EC8M, The Electric Controller and Manufacturing Company,
www.ecandm.net.

is running, the solenoid is energized to overcome the tension
of the spring, thus keeping the brake shoes clear of the drum.
‘When the motor is turned off, the solenoid is deenergized and
the brake shoes are applied to the drum through the spring
tension. The brake operating coil is connected in series with
the motor armature and release and sets in response to motor
current. This type of braking is fail-safe in that the brake is
applied in case of an electrical failure.

PART 4 Review Questions

1. How is plugging used to stop a motor?

2. Explain how a zero-speed switch functions in
antiplugging.

3. What type of starter is required for forward plug-
ging of a motor?

L1 L2 L3

Figure 8-43 AC electromagnetic brake.
Phato courtesy Warner Electric, www.warnerelectric.com.

AC motor brakes are commonly used as parking brakes
to hold a load in place or as stopping brakes to decelerate
a load. Applications include material handling, food pro-
cessing, and baggage handling equipment. These motors
are directly coupled to an AC electromagnetic brake, as
shown in Figure 8-43. When the power source is turned
off, the motor stops instantaneously and holds the load.
Most come equipped with an external manual release
device, which allows the driven load to be moved without
energizing the motor.

4. How is dynamic braking used to stop a motor?
How is DC injection braking used to stop a motor?

6. How is an electromechanical friction brake set and
released?

e

PART 5 Motor Speed

Multispeed Motors

The speed of an induction motor depends on the number
of poles built into the motor and the frequency of the elec-
trical power supply. A single-speed motor has one rated
speed at which it runs when supplied with the nameplate
voltage and frequency. A multispeed motor will run at
more than one speed, depending on how you connect it to
the supply. Multispeed motors typically have two speeds
to choose from, but may have more.

The different speeds of a multispeed motor are selected
by connecting the external motor winding stator leads

to a multispeed starter. One starter is required for each
speed of the motor and each starter must be interlocked to
prevent more than one starter from being on at the same
time. Multispeed motors are available in two basic ver-
sions: consequent pole and separate winding. A separate
winding motor has a winding for each speed while a con-
sequent pole motor has a winding for every two speeds.
The starter for a consequent-pole two-speed motor
requires a three-pole unit and a five-pole unit. Start-
ers for separate-winding two-speed motors consist of
two standard three-pole starter units that are electrically
and mechanically interlocked and mounted in a single
enclosure. Figure 8-44 shows a factory-wired two-speed
separate winding IEC starter. A variety of factory and
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Figure 8-44 Two-speed separate winding across-the-line motor starter.
Photos courtesy Rockwell Automation, www.rockwellautomation.com.

field-installed wiring configurations are used. The makeup
of the starter is as follows:

* A high-speed and a low-speed starter, mechanically
and electrically interlocked with each other.

* Two sets of overload relays, one for the high-speed
circuit and one for the low-speed circuit to ensure
adequate protection on each speed range.

* A hinged control panel containing high-speed push
button, low-speed push button, off/high/low selector
switch, high-speed OL reset, and low-speed OL reset.

In most instances, the three-phase, two-speed, six-lead
squirrel-cage induction motor is a common application of
a multispeed motor. A typical example would be a four-
pole machine (with synchronous speed of 1,800 rpm)
connected to operate at 1,800 rpm (high) and 900 rpm
(low). It is important to carefully connect the motor leads
to the starter as shown on the motor nameplate or on the
connection diagram. Be sure to test each speed connec-
tion separately for direction of rotation before connecting
the mechanical load.

The NEC requires that you protect each winding or
connection against overloads and shorts. To meet this
requirement you must:

» Use separate overloads for each winding.

* Size the branch-circuit conductors that supply each
winding for the full-load current (FLC) of the high-
est FLC winding.
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* Ensure the controller horsepower rating isn’t less
than that required for the winding with the highest
horsepower rating.

Wound-Rotor Motors

Construction of wound-rotor motors is different from
that of squirrel-cage motors, basically in the design
of the rotor. The wound rotor is constructed with
windings that are brought out of the motor through
slip rings on the motor shaft. These windings are con-
nected to a controller, which places variable resistors
in series with the windings. By changing the amount
of external resistance connected to the rotor circuit, the
motor speed can be varied (the lower the resistance, the
higher the speed). Wound-rotor motors are most com-
mon in the range of 300 hp and above in applications
where using a squirrel-cage motor may result in a start-
ing current that’s too high for the capacity of the power
system.

Figure 8-45 shows the power circuit for a wound-rotor
magnetic motor controller. It consists of a magnetic starter
(M), which connects the primary circuit to the line, and
two secondary accelerating contactors (S and H), which
control the speed. The operation of the circuit can be sum-
marized as follows:

* When operating at low speed, contactors S and H
are both open, and full resistance is inserted in the
rotor’s secondary circuit.
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* When contactor S closes, it shunts out part of the
total resistance in the rotor circuit; as a result, the
speed increases.

* When contactor H closes, all resistance in the sec-
ondary circuit of the motor is bypassed; thus, the
motor runs at maximum speed.

One disadvantage of using resistance to control the
speed of a wound-rotor induction motor is that a lot of
heat is dissipated in the resistors; the efficiency, there-
fore, is low. Also, speed regulation is poor; for a given
amount of resistance, the speed varies considerably if the
mechanical load varies. Modern wound-rotor controllers
use solid-state devices to obtain stepless control. These
may incorporate thyristors (semiconductors) that serve in
the place of magnetic contactors.

Figure 8-45 Wound-rotor magnetic motor controller.
Phato courtesy GE Energy, www.gemotors.com.
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1. How are the different speeds of a multispeed motor 4. In what way is the construction of wound-rotor
determined? motors different from that of squirrel-cage motors?
2. Compare the number of poles required for the start- 5. Explain the relationship between the speed and
ers of a consequent-pole and a separate-winding resistance of the external resistors of a wound-rotor
three-phase two-speed motor. induction motor.

3. According to the NEC, what current rating must be
used when calculating the size of the branch-circuit
conductors for a multispeed motor installation?

TROUBLESHOOTING SCENARIOS

1. What problems may be encountered when fuses or 3. In what way can excessive jogging have a negative
circuit breakers are sized too small for a specific effect on the operation of the starter and motor?
application? 4. Why is it important to test each multispeed motor

2. What might be the consequence if a DC starter is connection separately for direction of rotation
replaced by an AC starter with similar main contact before connecting the mechanical load?

voltage and current ratings?
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1. Determine each of the following for a 10-hp, three-
phase, 208-V motor with a service factor of 1.15.
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a.
b.

Motor full-load current (FLC).

Size of THWN CU branch-circuit conductors
required.

Fuse size (dual-element) to be used as motor
branch circuit short-circuit and ground fault
protection.

. Current rating required for the motor disconnect

switch.

Chapter 8 Motor Control Circuits

DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

e. Current rating for the overload relay located in
the motor controller.

Explain why fuses and circuit breakers cannot be

used to protect against overloads.

Why should stop push buttons be of the normally

closed type?

Why must the AC and DC supplies of a DC injec-

tion braking circuit not be connected to the motor
at the same time?



Motor Control Electronics

Chapter Objectives

This chapter will help you to:

1. Understand the operation and applications
of different types of diodes.

2. Understand the operation and applications
of different types of transistors.

3. Understand the operation and applications
of different types of thyristors.

4. Understand the operation and circuit
function of different types of integrated
circuits.

WwWwW
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Electronic systems and controls have gained
wide acceptance in the motor control indus-
try; consequently it has become essential to be
familiar with power electronic devices. This
chapter presents a broad overview of diodes,
transistors, thyristors, and integrated circuits
(ICs) along with their application in motor con-
trol circuits.

PART 1 Semiconductor
Diodes

Diode Operation

The PN-junction diode, shown in Figure 9-1,
is the most basic of semiconductor devices.
This diode is formed by a doping process,
which creates P-type and N-type semicon-
ductor materials on the same component. An
N-type semiconductor material has electrons
(represented as negative charges) as the current

21"
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Figure 9-1 PN-junction diode.

carriers while the P-type has holes (represented as posi-
tive charges) as the current carriers. N-type and P-type
materials exchange charges at the junction of the two
materials, creating a thin depletion region that acts as
an insulator. Diode leads are identified as the anode lead
(connected to the P-type material) and the cathode lead
(connected to the N-type material).

The most important operating characteristic of a diode
is that it allows current in one direction and blocks current
in the opposite direction. When placed in a DC circuit, the
diode will either allow or prevent current flow, depending on
the polarity of the applied voltage. Figure 9-2 illustrates two
basic operating modes of a diode: forward bias and reverse

Depletion Depletion
increases decreases
> - e
%0 o® ST HEA
@ © —HO ©
® © 0o -
s 69 o olle o,
© © o o~
ol | 2 +|1=

1 !
Reverse-bias voltage Forward-bias voltage
(Current flow blocked) (Current flows)

Figure 9-2 Diode forward and reverse hiasing.

AC input

@\m\umm

Diode

bias. A forward-bias voltage forces the positive and negative
current carriers to the junction and collapses the depletion
region to allow current flow. A reverse-bias voltage widens
the depletion region so the diode does not conduct. In other
words, the diode conducts current when the anode is positive
with respect to the cathode (a state called forward-biased)
and blocks current when the anode is negative with respect
to the cathode (a state called reverse-biased).

Rectifier Diode

Rectification is the process of changing AC to DC.
Because diodes allow current to flow in only one direc-
tion, they are used as rectifiers. There are several ways
of connecting diodes to make a rectifier to convert AC to
DC. Figure 9-3 shows the schematic for a single-phase,
half-wave rectifier circuit. The operation of the circuit can
be summarized as follows:

* The AC input is applied to the primary of the trans-
former; the secondary voltage supplies the rectifier
and load resistor.

* During the positive half-cycle of the AC input wave,
the anode side of the diode is positive.

* The diode is then forward-biased, allowing it to
conduct a current to the load. Because the diode
acts as a closed switch during this time, the positive
half-cycle is developed across the load.

* During the negative half-cycle of the AC input
wave, the anode side of the diode is negative.

¢ The diode is now reverse-biased; as a result, no cur-
rent can flow through it. The diode acts as an open
switch during this time, so no voltage is produced
across the load.

* Thus, applying an AC voltage to the circuit pro-
duces a pulsating DC voltage across the load.

Diodes can be tested for short-circuit or open-circuit
faults with an ohmmeter. It should show continuity when

DC output

Transformer

Figure 9-3 Single-phase, half-wave rectifier circuit.
Photo courtesy Fluke, www.fluke.com. Reproduced with permission.
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Figure 9-4 Diode connected to suppress inductive voltage.

the ohmmeter leads are connected to the diode in one
direction but not in the other. If it does not show continu-
ity in either direction, the diode is open. If it shows conti-
nuity in both directions the diode is short-circuited.

Inductive loads, such as the coils of relays and solenoids,
produce a high transient voltage at turnoff. This inductive
voltage can be particularly damaging to sensitive circuit
components such as transistors and integrated circuits. A
diode-clamping, or despiking, circuit connected in parallel
across the inductive load can be used to limit the amount of
transient voltage present in the circuit. The diode-clamping
circuit of Figure 9-4 illustrates how a diode can be used to
suppress the inductive voltage of a relay coil. The operation
of the circuit can be summarized as follows:

* The diode acts a one-way valve for current flow.

¢ When the limit switch is closed, the diode is
reverse-biased.

* Electric current can’t flow through the diode so it
flows through the relay coil.

* When the limit switch is opened, a voltage opposite
to the original applied voltage is generated by the
collapsing magnetic field of the coil.

* The diode is now forward-biased and current flows
through the diode rather than through the limit
switch contacts, bleeding off the high-voltage spike.

* The faster the current is switched off, the greater is
the induced voltage. Without the diode the induced
voltage could reach several hundreds or even thou-
sands of volts.

 Itis important to note that the diode must be con-
nected in reverse bias relative to the DC supply
voltage. Operating the circuit with the diode incor-
rectly connected in forward bias will create a short
circuit across the relay coil that could damage both
the diode and the switch.

The half-wave rectifier makes use of only half of the AC
input wave. A less-pulsating and greater average direct cur-
rent can be produced by rectifying both half-cycles of the AC
input wave. Such a rectifier circuit is known as a full-wave

<—|
A
D1 D4 §<_,

First half-cycle

<—|
AA
D1 . D4 §<_,

Second half-cycle

Figure 9-5 Single-phase, full-wave bridge rectifier circuit.
Phato courtesy Fairchild Semiconductor, www.fairchildsemi.com.

rectifier. A bridge rectifier makes use of four diodes in a
bridge arrangement to achieve full-wave rectification. This
is a widely used configuration, both with individual diodes
and with single-component bridges where the diode bridge
is wired internally. Bridge rectifiers are used on DC injec-
tion braking of AC motors to change the AC line voltage
to DC, which is then applied to the stator for braking pur-
poses. The schematic for a single-phase, full-wave bridge
rectifier circuit is shown in Figure 9-5. The operation of the
circuit can be summarized as follows:

* During the positive half-cycle, the anodes of DI
and D2 are positive (forward-biased), whereas the
anodes of D3 and D4 are negative (reverse-biased).
Electron flow is from the negative side of the line,
through D1, to the load, then through D2, and back
to the other side of the line.

* During the next half-cycle, the polarity of the

AC line voltage reverses. As a result, diodes D3 and
D4 become forward-biased. Electron flow is now
from the negative side of the line through D3, to the
load, then through D4, and back to the other side of
the line. Note that during this half-cycle the current
flows through the load in the same direction, pro-
ducing a full-wave pulsating direct current.

Some types of direct current loads such as motors, relays,
and solenoids will operate without problems on pulsating
DC, but other electronic loads will not. The pulsations, or
ripple, of the DC voltage can be removed by a filter cir-
cuit. Filter circuits may consist of capacitors, inductors,
and resistors connected in different configurations. The
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Figure 9-6 Capacitor filter.
Courtesy Vishay Intertechnology, www.vishay.com.

schematic for a simple half-wave capacitor filter circuit is
shown in Figure 9-6. Filtering is accomplished by alter-
nate charging and discharging of the capacitor. The opera-
tion of the circuit can be summarized as follows:

* The capacitor is connected in parallel with the
DC output of the rectifier.

* With no capacitor, the voltage output is normal
half-wave pulsating DC.

* With the capacitor installed, on every positive half-
cycle of the AC supply, the voltage across the filter
capacitor and load resistor rises to the peak value
of the AC voltage.

* On the negative half-cycle, the charged capacitor
provides the current for the load to provide a more
constant DC output voltage.

* The variation in the load voltage, or ripple, is
dependent upon the value of the capacitor and load.
A larger capacitor will have less voltage ripple.

For heavier load demands, such as those required for
industrial applications, the DC output is supplied from a
three-phase source. Using three-phase power, it is pos-
sible to obtain a low-ripple DC output with very little fil-
tering. Figure 9-7 shows a typical three-phase full-wave
bridge rectifier circuit. The operation of the circuit can be
summarized as follows:

* The six diodes are connected in a bridge configura-
tion, similar to the single-phase rectifier bridge to
produce DC.

* The cathodes of the upper diode bank connect to the
positive DC output bus.

¢ The anodes of the lower diode bank connect to the
negative DC bus.

¢ Each diode conducts in succession while the
remaining two are blocking.

* Each DC output pulse is 60° in duration.

* The output voltage never drops below a certain
voltage level.
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Figure 9-7 Three-phase, full-wave bridge rectifier.

Zener Diode

A zener diode is a type of diode that permits current to
flow in the forward direction like a standard diode, but
also in the reverse direction if the voltage is larger than
the breakdown voltage, known as the zener voltage. This
reverse-bias current would destroy a standard diode, but
the zener diode is designed to handle it. The specified
zener voltage rating of a zener diode indicates the volt-
age at which the diode begins to conduct when reverse-
biased.

Zener diodes are used to provide a fixed reference volt-
age from a supply voltage that varies. They are commonly
found in motor control feedback systems to provide a
fixed level of reference voltage in regulated power supply
circuits. Figure 9-8 shows a typical zener diode regulator
circuit. The operation of the circuit can be summarized as
follows:

* Input voltage must be higher than the specified
zener voltage.

* The zener diode is connected in series with the
resistor to allow enough reverse-biased current
to flow for the zener to operate.
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Figure 9-8 Typical zener diode regulator circuit.

Voltage drop across the zener diode will be equal to
the zener diode’s voltage rating.

Voltage drop across the series resistor is equal to the
difference between the zener voltage and the input
voltage.

The zener diode’s voltage remains constant as the
input voltage changes within a specified range.

The change in input voltage appears across the
series resistor.

Two back-to-back zener diodes can suppress damaging
voltage transients on an AC line. A metal oxide varistor
(MOV) surge suppressor functions in the same manner
as back-to-back zener diodes. The circuit of Figure 9-9 is

AC supply

@

Clipped

Varistor

/]

Figure 9-9 Suppressing AC voltage transients.
Phato courtesy Rockwell Automation, www.rockwellautomation.com.

Anode | I Cathode

used to suppress AC voltage transients. The varistor mod-
ule shown is made to be easily mounted directly across
the coil terminals of contactors and starters with 120 V or
240 V AC caoils. The operation of the circuit can be sum-
marized as follows:

» Each zener diode acts as an open circuit until the
reverse zener voltage across it exceeds its rated
value.

Any greater voltage peak instantly makes the zener
diode act like a short circuit that bypasses this volt-
age away from the rest of the circuit.

It is recommended that you locate the suppression
device as close as possible to the load device.

Light-Emitting Diode

The light-emitting diode (LED) is another important
diode device. An LED contains a PN junction that emits
light when conducting current. When forward-biased,
the energy of the electrons flowing through the resis-
tance of the junction is converted directly to light energy.
Because the LED is a diode, current will flow only when
the LED is connected in forward-bias. The LED must be
operated within its specified voltage and current ratings
to prevent irreversible damage. Figure 9-10 illustrates
a simple LED circuit. The LED is connected in series
with a resistor that limits the voltage and current to the
desired value.

The main advantages of using an LED as a light
source rather than an ordinary light bulb are a much
lower power consumption, a much higher life expec-
tancy, and high speed of operation. Conventional silicon
diodes convert energy to heat. Gallium arsenide diodes
convert energy to heat and infrared light. This type
of diode is called an infrared-emitting diode (IRED).
Infrared light is not visible to the human eye. By doping
gallium arsenide with various materials, LEDs with vis-
ible outputs of red, green, yellow, or blue light can be
manufactured. Light-emitting diodes are used for pilot

™
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Figure 9-10 Light-emitting diode (LED).

Photo courtesy Gilway International Light, www.gilway.com.
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Figure 9-11 LED light sources.

Photo courtesy Automation Systems Interconnect, www.asi-ez.com.

lights and digital displays. Figure 9-11 shows a typical
seven-segment LED numerical display. By energizing
the correct segments, the numbers O through 9 can be
displayed.

Photodiodes

Photodiodes are PN-junction diodes specifically designed
for light detection. They produce current flow when
they absorb light. Light energy passes through the lens
that exposes the junction. The photodiode is designed
to operate in the reverse-bias mode. In this device, the
reverse-bias leakage current increases with an increase
in the light level. Thus, a photodiode exhibits a very high
resistance with no light input and less resistance with
light input.

There are many situations where signals and data need
to be transferred from one piece of equipment to another,
without making a direct electrical connection. Often this
is because the source and destination are at very differ-
ent voltage levels, like a microprocessor that is operating
from 5 V DC but is being used to control a circuit that is
switching 240 V AC. In such situations the link between
the two must be an isolated one, to protect the micropro-
cessor from overvoltage damage.

PART 1 Review Questions

1. Compare the type of current carriers associated with
N-type and P-type semiconductor materials.

2. State the basic operating characteristic of a diode.
3. How is a diode tested using an ohmmeter?

4. What determines whether a diode is forward- or
reverse-biased?

5. Under what condition is a diode considered to be
connected in forward bias?
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Figure 9-12 An optocoupler circuit.

The circuit of Figure 9-12 uses a photodiode as part
of an optocoupler (also known as an optoisolator) pack-
age containing an LED and a photodiode. Optocou-
plers are used to electrically isolate one circuit from
another. The only thing connecting the two circuits is
light, so they are electrically isolated from each other.
Optocouplers typically come in a small integrated cir-
cuit package and are essentially a combination of an
optical transmitter LED and an optical receiver such as
a photodiode. The operation of the circuit can be sum-
marized as follows:

e The LED is forward-biased, while the photodiode is
reverse-biased.

* With the push button open, the LED is off. No light
enters the photodiode and no current flows in the
input circuit.

* The resistance of the photodiode is high, so little or
no current flows through the output circuit.

* When the input push button is closed, the LED is
forward-biased and turns on.

» Light enters the photodiode so its resistance drops
switching on current to the output load.

6. What is the function of a rectifier diode?

7. Explain the process by which a single-phase half-
wave rectifier changes AC to DC.

8. What is the purpose of a clamping, or despiking,
diode?

9. A single-phase half-wave rectifier is replaced with
a full-wave bridge type. In what ways will the DC
output change?
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10. How does a capacitor filter operate to smooth the
amount of pulsation (ripple) associated with recti-
fier circuits?

11. What advantages are gained by using three-phase
rectifiers over single-phase types?

12. In what way is the operation of a zener diode differ-
ent from that of a standard diode?

13. Zener diodes are commonly used in voltage regula-
tion circuits. What operating characteristic of the zener
diode makes it useful for this type of application?

14. State the basic operating principle of an LED.

15. How many LEDs are integrated into a single LED
numerical display?

16. Explain how a photodiode is designed to detect light.

PART 2 Transistors

The transistor is a three-terminal semiconductor device
commonly used to amplify a signal or switch a circuit
on and off. Amplification is the process of taking a
small signal and increasing the signal size. Transistors
are used as switches in electric motor drives to control
the voltage and current applied to motors. Transistors
are capable of extremely fast switching with no mov-
ing parts. There are two general types of transistors in
use today: the bipolar transistor (often referred to as a
bipolar junction transistor, or BJT) and the field-effect
transistor (FET). Another common use of transistors
is as part of integrated circuits (ICs). As an example, a
computer microprocessor chip may contain as many as
3.5 million transistors.

Bipolar Junction Transistor (BJT)

In their most basic form, bipolar transistors essentially
consist of a pair of PN junction diodes that are joined
back to back as illustrated in Figure 9-13. It consists
of three sections of semiconductors: an emitter (E), a
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Figure 9-13 Bipolar junction transistor (BJT).

base (B) and a collector (C). The base region is very thin,
so a small current in this region can be used to control
a larger current flowing between the base and collector
regions There are two types of standard BJT transistors,
NPN and PNP, with different circuit symbols. The let-
ters refer to the layers of semiconductor material used
to make the transistor. NPN and PNP transistors oper-
ate in a similar manner, their biggest difference being
the direction of current flow through the collector and
emitter. Bipolar transistors are so named because the
controlled current must go through two types of semi-
conductor material, P and N.

The BJT is a current amplifier in that a current flow
from the base to the emitter results in a larger flow from
the collector to the emitter. This, in effect, is current
amplification, with the current gain known as the beta of
the transistor. The circuit shown in Figure 9-14 illustrates
the way in which a BJT is used as a current amplifier
to amplify the small current signal from a photovoltaic
sensor. The operation of the circuit can be summarized
as follows:

* The transistor is connected to two different DC voltage
sources: the supply voltage and the voltage generated
by the photovoltaic sensor when exposed to light.

* These voltage supplies are connected so that the
base-emitter junction is forward-biased and the
collector-emitter junction is reverse-biased,

Icollector

100 mA

Photovoltaic

sensor base
2 mA

Collector
+

i —
\} Base 1Emitter T

Figure 9-14 BJT current amplification.
Photo courtesy All Electronics, www.allelectronics.com.
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e Current in the base lead is called the base current,
and current in the collector lead is called the collec-
tor current.

* Itis called the common-emitter transistor configura-
tion because both the base and collector circuits share
the emitter lead as a common connection point.

¢ The amount of base current determines the amount
of collector current.

* With no base current—that is, no light shining on
the photovoltaic sensor—there is no collector cur-
rent (normally off).

* A small increase in base current, generated by
the photovoltaic sensor, results in a much larger
increase in collector current; thus, the base current
acts to control the amount of collector current.

* The current amplification factor, or gain, is the ratio
of the collector current to the base current; in this
case 100 mA divided by 2 mA, or 50.

When a transistor is used as a switch, it has only two
operating states, on and off. Bipolar transistors cannot
directly switch AC loads and they are not usually a good
choice for switching higher voltages or currents. In these
cases a relay in conjunction with a low-power transistor
is often used. The transistor switches current to the relay
coil while the coil contacts switch current to the load. The
circuit shown in Figure 9-15 illustrates the way in which
a BJT is used to control an AC load. The operation of the
circuit can be summarized as follows:

* A low-power transistor is used to switch the current
for the relay’s coil.

* With the proximity switch open, no base or collector
current flows, so the transistor is switched off. The
relay coil will be deenergized and voltage to the

230 VAC
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)
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== E EBC
Proximity
sensor switch +,—
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Figure 9-15 BJT switching of an AC load.
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load will be switched off by the normally open relay
contacts.

¢ When the transistor is in the off state, the collector
current is zero, the voltage drop across the collector
and emitter is 12 V, and the voltage across the relay
coilis O V.

* The proximity sensor switch, on closing, establishes
a small base current that drives the collector fully
on to the point where it is said to be saturated, as it
cannot pass any more current.

* The relay coil is energized and its normally open
contacts close to switch on the load.

* When the transistor is in the on state, collector cur-
rent is at its maximum value and the voltage across
the collector and emitter drops to near zero while that
across the relay coil increases to approximately 12 V.

* The clamping diode prevents the induced voltage at
turnoff from becoming high enough to damage the
transistor.

The Darlington transistor (often called a Darlington pair)
is a semiconductor device that combines two bipolar tran-
sistors in a single device so that the current amplified by
the first transistor is amplified further by the second. The
overall current gain is equal to the two individual transistor
gains multiplied together. Figure 9-16 shows the Darling-
ton transistor as part of a resistance touch-switch circuit.
The operation of the circuit can be summarized as follows:

* The Darlington pairs are packaged with three legs,
like a single transistor.

¢ The base of transistor Q1 is connected to one of the
electrodes of the touch switch.

* Placing your finger on the touch plate allows a
small amount of current to pass through the skin

Touch

Darlington transistor

Figure 9-16 Darlington transistor as part of a touch-
switch circuit.
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Figure 9-17 Phototransistor employed as part of an optical isolator found in a programmable logic
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Photo courtesy Rockwell Automation, www.rockwellautomation.com.

and establish current flow through the base circuit
of Q1 and drive it into saturation.

* The current amplified by Q1 is amplified further by
Q2 to switch the LED on.

Like junction diodes, bipolar junction transistors are
light-sensitive. Phototransistors are designed specifically to
take advantage of this fact. The most common phototran-
sistor is an NPN bipolar transistor with a light-sensitive
collector-base PN junction. When this junction is exposed
to light it creates a control current flow that switches the
transistor on. Photodiodes also can provide a similar func-
tion, but at a much lower gain. Figure 9-17 shows a pho-
totransistor employed as part of an optical isolator found in
a programmable logic controller (PLC) AC input module
circuit. The operation of the circuit can be summarized as
follows:

* When the push button is closed, 120 V AC is applied
to the bridge rectifier through resistors R1 and R2.

* This produces a low-level DC voltage that is applied
across the LED of the optical isolator.

* The zener diode (Zp) voltage rating sets the mini-
mum level of voltage that can be detected.

* When light from the LED strikes the phototransis-
tor, it switches into conduction and the status of the
push button is communicated in logic, or low-level
DC voltage, to the processor.

* The optical isolator not only separates the higher
AC input voltage from the logic circuits but also
prevents damage to the processor by line voltage
transients.

Field-Effect Transistor

The bipolar junction transistor is a current-controlled
device, while the field-effect transistor (FET) is a voltage-
controlled device. The field-effect transistor uses basically
no input current. Instead, output current flow is controlled
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N\ g _ +
05 It
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Figure 9-18 Junction field-effect transistor (JFET).

by a varying electric field, which is created through the
application of a voltage. This is the origin of the term
field effect. The field-effect transistor was designed to get
around the two major disadvantages of the bipolar junc-
tion transistor: low switching speed and high drive power,
which are imposed by the base current.

The junction field-effect transistor (JFET) is shown in
Figure 9-18. It is constructed with a bar of N-type mate-
rial and a gate of P-type material. Because the material in
the channel is N type, the device is called an N-channel
JFET. JFETSs have three connections, or leads: source,
gate, and drain. These correspond to the emitter, base,
and collector of the bipolar transistor, respectively. The
names of the terminals refer to their functions. The gate
terminal may be thought of as controlling the opening
and closing of a physical gate. This gate permits elec-
trons to flow through or blocks their passage by cre-
ating or eliminating a channel between the source and
drain. Field-effect transistors are unipolar; their work-
ing current flows through only one type of semiconduc-
tor material. This is in contrast to bipolar transistors,
which have current flowing through both N-type and
P-type regions. There are also P-channel JFETs that
use P-type material for the channel and N-type material
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Figure 9-19 Gate voltage control of current.

for the gate. The main difference between the N- and
P-types is that the polarities of voltage they are con-
nected to are opposite.

The JFET operates in the depletion mode, which means
it is normally on. If a source of voltage is connected to the
source and drain, and no source of voltage is connected
to the gate, current is free to flow through the channel.
Figure 9-19 illustrates the gate voltage control of current
through an N-channel JFET. The operation of the circuit
can be summarized as follows:

* The normal polarities for biasing the N-channel
JFET are as indicated. Note that the JFET is nor-
mally operated with the control voltage connected
to the source and gate junction in reverse bias. The
result is very high input impedance.

» If a source voltage is connected to the source and
drain, and no control voltage is connected to the
gate, electrons are free to flow through the channel.

* A negative voltage connected to the gate increases
the channel resistance and reduces the amount of
current flow between the source and the drain.

* Thus, the gate voltage controls the amount of drain cur-
rent, and the control of this current is almost powerless.

» Continuing to increase the negative gate voltage to
the pinch-off point will reduce the drain current to a
very low value, effectively zero.

Metal Oxide Semiconductor
Field-Effect Transistor (IVIOSFET)

The metal oxide semiconductor field-effect transistor
(MOSFET) is by far the most common field-effect tran-
sistor. Field-effect transistors do not require any gate
current for operation so the gate structure can be com-
pletely insulated from the channel. The gate of a JFET
consists of a reverse-biased junction, whereas the gate
of a MOSFET consists of a metal electrode insulated
by metal oxide from the channel. The insulated gate of
a MOSFET has much higher input impedance than the
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JFET, so it is even less of a load on preceding circuits.
Because the oxide layer is extremely thin, the MOSFET
is susceptible to destruction by electrostatic charges.
Special precautions are necessary when handling or
transporting MOS devices.

The MOSFET can be made with a P channel or
an N channel. The action of each is the same, but the
polarities are reversed. In addition, there are two types
of MOSFETs: depletion-mode MOSFETs, or D type,
and enhancement-mode MOSFETs, or E type. Symbols
used for N- and P-channel depletion-mode MOSFETSs
are shown in Figure 9-20. The channel is represented as
a solid line to signify that the circuit between the drain
and source is normally complete and that the device is
normally on.

Gate voltage in a MOSFET circuit can be of either
polarity, since a diode junction is not used. This makes
the enhancement mode of operation possible. The
enhancement-mode MOSFET is normally off, which
means that if a voltage is connected to the drain and source
and no voltage is connected to the gate, there will be no
current flow through the device. The proper gate voltage
will attract carriers to the gate region and form a conduc-
tive channel.

Thus the channel is considered to be “enhanced,” or
aided by gate voltage. Figure 9-21 shows the schematic
symbols used for enhancement-mode MOSFETs. Note
that, unlike the depletion mode symbols, the line from the
source to drain is broken. This implies that the device is
normally off.

Drain Drain

Gate Gate

Source Source

N-channel P-channel

Figure 9-20 Depletion-mode MOSFETs.
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Figure 9-21 Enhancement-mode MOSFETs.
Photo courtesy Fairchild Semiconductor, www.fairchildsemi.com.
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Figure 9-22 MOSFET off-delay timer circuit.

Figure 9-22 shows an enhancement-mode MOSFET
used as part of an off-delay cube timer circuit. Because
the gate current flow is negligible, a broad range of
time-delay periods, from minutes to hours, is possible.
The operation of the circuit can be summarized as
follows:

* With the switch initially open, a voltage is applied
between the drain and source but no voltage is
applied between the gate and source. Therefore, no
current flows through the MOSFET and the relay
coil will be deenergized.

* Closing the switch results in a positive volt-
age being applied to the gate, which triggers the
MOSFET into conduction to energize the relay coil
and switch the state of its contacts.

* At the same time the capacitor is charged to 12’V DC.

* The circuit remains in this state with the relay coil
energized as long as the switch remains closed.

* When the switch is opened, the timing action begins.
» The positive gate circuit to the 12-V source is opened.

* The stored positive charge of the capacitor keeps the
MOSFET switched on.

* The capacitor begins to discharge its stored energy
through R1 and R2 while still maintaining a positive
voltage at the gate.

* The MOSFET and relay coil continue to conduct
a current for as long as it takes the capacitor to
discharge.

* The discharge rate, and thus the off-delay timing
period, is adjusted by varying the resistance of R2.
Increasing the resistance will slow the rate of dis-
charge and increase the timing period. Decreasing
the resistance will have the opposite effect.

Power MOSFETs that are designed to handle larger
amounts of current are used in some electronic DC
motor speed controllers. For this type of application,
the MOSFET is used to switch the applied DC voltage
on and off very rapidly. The speed of a DC motor is
directly proportional to the voltage applied to the arma-
ture. By switching the DC motor line voltage, it is pos-
sible to control the average voltage applied to the motor
armature.

Figure 9-23 shows an enhancement-mode power MOS-
FET used as part of a chopper circuit. In this circuit the
source voltage is chopped by the MOSFET to produce an
average voltage somewhere between 0 and 100 percent of
the DC supply voltage. The operation of the circuit can be
summarized as follows:

* The DC supply and motor field voltage is fixed and
the voltage applied to the motor armature is varied
by the MOSFET using a technique called pulse-
width modulation (PWM).

* Pulse-width modulation works by applying a series
of modulated square wave pulses to the gate.

* Motor speed is controlled by driving the motor
with short pulses. These pulses vary in duration
to change the speed of the motor. The longer the
pulses, the faster the motor runs and vice versa.

D S
F1 Power
MOSFET
G p Al
+ PWM
1 Field control signal D ARM
- % 50% duty cycle
20% duty cycle P A2
80% duty cycle
F2

Figure 9-23 Power MOSFET used as part of a chopper
circuit.
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* By adjusting the duty cycle of the gate signal (mod-
ulating the width of the pulse), the time fraction that
the MOSFET is on can be varied, along with the
average voltage to the motor armature and hence the
motor speed.

* The diode (sometimes called a freewheeling diode)
is connected in reverse bias to provide a discharge
path for the collapsing magnetic field when voltage
to the motor armature is switched off.

Insulated-Gate Bipolar
Transistor (IGBT)

The insulated-gate bipolar transistor (IGBT) is a cross
between a bipolar transistor and MOSFET in that it
combines the positive attributes of both. BJTs have
lower on resistance, but have longer switching times,
especially at turn-off. MOSFETSs can be turned on and
off much faster, but their on-state resistance is higher.
IGBTs have lower on-state power loss in addition to
faster switching speeds, allowing the electronic motor
drive to operate at much higher switching frequencies
and control more power.

The two different schematic symbols used to represent
an N-type IGBT and its equivalent circuit are shown in
Figure 9-24. Notice that the IGBT has a gate like a MOS-
FET yet it has an emitter and a collector like a BJT. The
equivalent circuit is depicted by a PNP transistor, where
the base current is controlled by a MOS transistor. In
essence, the IGFET controls the base current of a BJT,
which handles the main load current between collector
and emitter. This way, there is extremely high current gain
(since the insulated gate of the IGFET draws practically
no current from the control circuitry), but the collector-to-
emitter voltage drop during full conduction is as low as
that of an ordinary BJT.

As applications for IGBT components have continued
to expand rapidly, semiconductor manufacturers have

300V

Collector
Collector Collector

Gate 4@ Gate 4@ Gate Jziﬁ

Emitter Emitter Emitter

Symbols Equivalent circuit

Figure 9-24 Insulated-gate bipolar transistor (IGBT)—N type.

Phato courtesy Fairchild Semiconductor, www.fairchildsemi.com.
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Photo courtesy Fairchild Semiconductor, www.fairchildsemi.com.

Insulated-gate bipolar transistor (IGBT)

responded by providing IGBTs in both discrete (individ-
ual) and modular packages. Figure 9-25 shows a power
electronic module that houses two insulated-gate bipolar
power transistors and corresponding diodes. This package
provides an easy way to cool the devices and to connect
them to the outer circuit.

Figure 9-26 illustrates how IGBTs are used in an elec-
tronic variable-frequency AC motor drive. A variable-
frequency drive controls the speed of the AC motor by
varying the frequency supplied to the motor. In addition,
the drive also regulates the output voltage in proportion to
the output frequency to provide a relatively constant ratio
of voltage to frequency (V/Hz), as required by the charac-
teristics of the AC motor to produce adequate torque. The
six IGBTs are capable of very high switching speeds and
may be required to switch the voltage to the motor thou-
sands of times per second. The operation of the circuit can
be summarized as follows:

* The input section of the drive is the converter. It contains
six diodes, arranged in an electrical bridge. The diodes
convert the three-phase AC power to DC power.

* The next section—the DC bus—sees a fixed DC
voltage.

* The inductor (L) and the capacitor (C) work
together to filter out any AC component of the DC
waveform. The smoother the DC waveform, the
cleaner the output waveform from the drive.

* The DC bus feeds the inverter, the final section of
the drive. As the name implies, this section inverts
DC voltage back to AC. But it does so in a variable
voltage and frequency output.

* Fairly involved control circuitry coordinates the
switching of the IGBT devices, typically through a
logic control board that dictates the firing of power
components in proper sequence.
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Figure 9-26 IGBTs used in an electronic motor drive.

" PART 2 Review Questions

1. Explain the two main functions of a transistor.
2. What are the two general types of transistor?

3. Give a brief explanation of how current flow
through a bipolar junction transistor is controlled.

4. State the two types of bipolar transistors.

5. What names are used to identify the three leads of a
BIT?

6. Explain the term current gain as it applies to a BJT.

7. Describe the makeup of a Darlington transistor.

8. Give a brief explanation of how current flow
through a phototransistor is controlled.

9. How is current flow through a field-effect transistor
controlled?

10. State two advantages of field-effect transistors over
bipolar types.

11. What names are used to identify the three leads of a
junction field-effect transistor?

12. What is the main difference between the operation
of N-channel and P-channel JFETs?

13. Why are field-effect transistors said to be unipolar?

14. JFETs are characterized as being “normally on.”
What does this mean?

15. Compare the gate structure of a JFET and a
MOSFET.

16. In what way is the operation of a depletion-mode
MOSFET different from that of an enhancement-
mode MOSFET?

17. Give a brief explanation of how a power MOSFET
is operated as a chopper in a DC electronic motor
drive.

18. How is current flow through an insulated-gate bipo-
lar transistor controlled?

19. What names are used to identify the three leads of
an IGBT?

20. What features of the IGBT make it the transis-
tor of choice for power electronic motor control
applications?

21. What are the advantages of modular packaging of
power electronic devices?

22. Give a brief explanation of how a power IGBT is oper-
ated as an inverter in an AC electronic motor drive.

PART 3 Thyristors

Thyristor is a generic term for a broad range of semiconduc-
tor components used as an electronic switch. Like a mechan-
ical switch it has only two states: on (conducting) and off
(not conducting). Thyristors have no linear in-between state

as transistors have. In addition to switching, they can also be
used to adjust the amount of power applied to a load.
Thyristors are mainly used where high currents and
voltages are involved. They are often used to control alter-
nating currents, where the change of polarity of the current
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Figure 9-27 Silicon-controlled rectifier (SCR).

Photos courtesy Vishay Intertechnology, www.vishay.com.

causes the device to automatically switch off. The silicon-
controlled rectifier and triac are the most frequently used
thyristor devices.

Silicon Controlled Rectifiers (SCRs)

Silicon controlled rectifiers (SCRs) are similar to silicon
diodes except for a third terminal, or gate, which controls,
or turns on, the SCR. Basically the SCR is a four-layer
(PNPN) semiconductor device composed of an anode (A),
cathode (K) and gate (G), as shown in Figure 9-27. Com-
mon SCR case styles include stud-mounted, hockey puck,
and flexible lead. SCRs function as switches to turn on or
off small or large amounts of power. High-current SCRs
that can handle load currents in the thousands of amperes
have provisions for some type of heat sink to dissipate the
heat generated by the device.

In function, the SCR has much in common with a diode.
Like the diode, it conducts current in only one direction
when it is forward-biased from anode to cathode. It is
unlike the diode because of the presence of a gate (G)
lead, which is used to turn the device on. It requires a
momentary positive voltage (forward-biased) applied to
the gate to switch it on. When turned on it conducts like
a diode for one polarity of current. If not triggered on,
it will not conduct a current regardless of whether it is
forward-biased.

The schematic of an SCR switching circuit that is oper-
ated from a DC source is shown in Figure 9-28. The oper-
ation of the circuit can be summarized as follows:

* The anode is connected so that it is positive with
respect to the cathode (forward-biased).

* Momentarily closing push button PB1 applies a
positive current-limited voltage to the gate of the
SCR, which switches the anode-to-cathode circuit
into conduction, thus turning the lamp on.
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Figure 9-28 SCR operated from a DC source.

* Once the SCR is on, it stays on, even after the gate
voltage is removed. The only way to turn the SCR
off is to reduce the anode-cathode current to zero
by removing the source voltage from the anode-
cathode circuit.

* Momentarily pressing push button PB2 opens the
anode-to-cathode circuit to switch the lamp off.

It is important to note that the anode-to-cathode cir-
cuit will switch on in just one direction. This occurs
only when it is forward biased with the anode posi-
tive with respect to the cathode and a positive volt-
age is applied to the gate.

The problem of SCR turn-off does not occur in AC cir-
cuits. The SCR is automatically shut off during each cycle
when the AC voltage across the SCR nears zero. As zero
voltage is approached, anode current falls below the hold-
ing current value. The SCR stays off throughout the entire
negative AC cycle because it is reverse biased.

The schematic of an SCR switching circuit that is oper-
ated from an AC source is shown in Figure 9-29. Because
the SCR is a rectifier, it can conduct only one-half of the
AC input wave. The maximum output delivered to the
load, therefore, is 50 percent; its shape is that of a half-
wave pulsating DC waveform. The operation of the circuit
can be summarized as follows:

* The anode-cathode circuit can be switched on only
during the half-cycle when the anode is positive
(forward-biased).

* With the push button open, no gate current flows, so
the anode-cathode circuit remains off.

* Pressing the push button continuously closed causes
the gate-cathode and anode-cathode circuits to be
forward-biased at the same time. This produces a half-
wave pulsating direct current through the lamp load.

* When the push button is released, the anode-
cathode current is automatically shut off when the
AC voltage drops to zero on the sine wave.
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Figure 9-30 Single-phase, fully controlled SCR bridge rectifier circuit.

When the SCR is connected to an AC source, it can also
be used to vary the amount of power delivered to a load
by phase angle control. Figure 9-30 shows the circuit of a
single-phase fully controlled SCR bridge rectifier circuit.
The main purpose of this circuit is to supply a variable DC
output voltage to the load. The operation of the circuit can
be summarized as follows:

* A pulse trigger is applied to the gate at the instant
that the SCR is required to turn on. This pulse is
relatively short and would typically be applied to
the gate via a pulse transformer.

* The circuit has two pairs of SCRs with SCR-1 and
SCR-4 forming one pair and SCR-2 and SCR-3 the
other pair.

* During the positive half of the AC input waveform,
SCR-1 and SCR-4 can be triggered into
conduction.

* During the negative half of the AC input waveform,
SCR-2 and SCR-3 can be triggered into conduction.

* Power is regulated by advancing or delaying the
point at which each pair of SCRs is turned on within
each half-cycle.

* Even though the direction of current through the
source alternates from one half-cycle to the other
half-cycle, the current through the load remains in
the same direction.

SCRs are often employed in solid-state reduced-voltage
starters to reduce the amount of voltage delivered to an
AC motor on starting. Figure 9-31 shows a typical solid-
state reduced-voltage control circuit made up of two con-
tactors: a start contactor and a run contactor. The SCR is a
unidirectional device in that it can conduct current in one
direction only. In this application bidirectional operation
is obtained by connecting two SCRs in antiparallel (also
known as reverse parallel). Using the antiparallel connec-
tion, with a suitable triggering circuit for each gate, both
positive and negative halves of a sine wave may be con-
trolled in conduction. The operation of the circuit can be
summarized as follows:

¢ When the motor is first started, the start contacts
(C1) close and reduced voltage is applied to the
motor through the antiparallel-connected SCRs.

» Triggering of the SCRs is controlled by logic circuits
that chop the applied sine-wave system power so that
only a portion of the wave is applied to the motor.

* The logic circuits can be programmed to respond to
any of several sensors to control the voltage: inter-
nal time ramp, current sensor feedback, or tachom-
eter feedback.

* The voltage is increased until the SCR is being trig-
gered at the zero crossing point and the motor is
getting full line voltage.
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Figure 9-31 Solid-state reduced-voltage motor starter.
Photo courtesy General Electric Industrial, www.geindustrial.com.

* At this point the run contacts (C2) close and the
motor is connected directly across the line and runs
with full power applied to the motor terminals.

SCRs usually fail shorted rather than open. Shorted
SCRs can usually be detected with an ohmmeter check.
Measure the anode-to-cathode resistance in both the for-
ward and reverse directions; a good SCR should measure
near infinity in both directions.

Small and medium-size SCRs can also be gated on with
an ohmmeter. Forward bias the SCR with the ohmmeter
by connecting its positive lead to the anode and its nega-
tive lead to the cathode. Momentarily touch the gate lead
to the anode; this will provide a small positive turn-on
voltage to the gate and the cathode-to-anode resistance
reading will drop to a low value. Even after you remove
the gate voltage, the SCR will stay conducting. Discon-
necting the meter leads from the anode or cathode will
cause the SCR to revert to its nonconducting state. In this
test, the meter resistance acts as the SCR load. On larger
SCRs, the unit may not latch on because the test current
is not above the SCR holding current. Special testers are
required for larger SCRs in order to provide an adequate
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value of gate voltage and load the SCR sufficiently to
latch on. Hockey puck SCRs must be compressed in a
heat sink (to make up the internal connections to the
semiconductor) before they can be tested or operated.

Triac

The triac is a three-terminal device essentially equivalent to
two SCRs joined in reverse parallel (paralleled but with the
polarity reversed) and with their gates connected together.
The result is a bidirectional electronic switch that can be used
to provide load current during both halves of the AC supply
voltage. Triac connections, shown in Figure 9-32, are called
main terminal 1 (MT1), main terminal 2 (MT2), and gate (G).
The leads are designated this way since the triac acts like two
opposing diodes when it is turned on and neither lead always
acts like a cathode or an anode. Gate current is used to con-
trol current from MT1 to MT2. From terminal MT1 to MT2
the current must pass through an NPNP series of layers or a
PNPN series of layers. The gate is connected to the same end
as MT1, which is important to remember when you connect
the triac control circuit. Terminal MT1 is the reference point
for measurement of voltage and current at the gate terminal.
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Figure 9-32 Triac.

The triac may be triggered into conduction by either a
positive or a negative voltage applied to its gate electrode.
Once triggered, the device continues to conduct until the
current through it drops below a certain threshold value,
such as at the end of a half-cycle of the alternating current
(AC) mains power. This makes the triac very convenient for
switching AC loads. The triac is an almost ideal component
for controlling AC power loads with a high (on/off) duty
cycle. Using a triac eliminates completely the contact stick-
ing, bounce, and wear associated with conventional electro-
mechanical relays. The schematic of a triac switching circuit
is shown in Figure 9-33. Maximum output is obtained by
utilizing both half-waves of the AC input voltage. The oper-
ation of the circuit can be summarized as follows:

* The circuit provides random (anywhere in half-
cycle) fast turn-on of AC loads.

¢ When the switch is closed, a small control current will
trigger the triac to conduct. Resistor R1 is provided to
limit gate current to a small control current value.

* When the switch is then opened, the triac turns off
when the AC supply voltage and holding current
drop to zero, or reverse polarity.
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Figure 9-33 Triac switching circuit.
Photo courtesy Picker Components, www.pickercomponents.com.
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Figure 9-34 Triac switching of PLC output module.

* In this way large currents can be controlled even
with a small switch, because the switch will have to
handle only the small control current needed to turn
on the triac.

The output module of a programmable logic control-
ler (PLC) serves as the link between the PLC’s micropro-
cessor and field load devices. Figure 9-34 shows a triac
used to switch AC high voltage and current, controlling
the on/off state of the lamp. The optical isolator separates
the output signal from the PLC processor circuit from
the field load devices. The operation of the circuit can be
summarized as follows:

* As part of its normal operation, the processor sets
the outputs on or off according to the logic program.

* When the processor calls for the lamp to be on, a
small voltage is applied across the LED of the opti-
cal isolator.

* The LED emits light, which switches the phototran-
sistor into conduction.

* This in turn switches the triac into conduction to
turn on the lamp.

The schematic circuit of Figure 9-35 illustrates how a
triac can be used to control the amount of power applied
to an AC load. When used for this type of application, a
control logic triggering circuit is needed to ensure that
the triac conducts at the proper time. The operation of the
circuit can be summarized as follows:

* The trigger circuit controls the point on the AC
waveform at which the triac is switched on. It pro-
portionally turns on a percentage of each power line
half-cycle.

* The resulting waveform is still alternating current,
but the average current value is adjustable.
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* Since the trigger can cause it to trigger current in
either direction, it is an efficient power controller
from essentially zero to full power.

* In universal motor circuits, varying the current will
change the speed of the motor.

The diac is a two-terminal device that behaves like
two series diodes connected in opposite directions. Cur-
rent flows through the diac (in either direction) when the
voltage across it reaches its rated breakover voltage. The
current pulse produced when the diac changes from a
nonconducting to a conducting state is used for SCR and
triac gate triggering.

Typically, light dimmers are manufactured with a triac
as the power control device. A light dimmer works by
essentially chopping parts out of the AC voltage. This
allows only parts of the waveform to pass to the lamp.
The brightness of the lamp is determined by the power
transferred to it, so the more the waveform is chopped, the
more it dims. A simplified triac/diac incandescent lamp
dimmer circuit is shown in Figure 9-36. The operation of
the circuit can be summarized as follows:

¢ With the variable resistor at its lowest value (mini-
mum resistance), the capacitor will charge rapidly at
the beginning of each half-cycle of the AC voltage.

* When the voltage across the capacitor reaches the
breakover voltage of the diac, the capacitor voltage
discharges through the gate of the triac.

PART 3 Review Questions :

1. In what way does the operation of a thyristor differ
from that of a transistor?

2. What are the two most popular types of thyristor?

3. What are the similarities and differences between an
SCR and diode?
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Figure 9-36 Triac/diac lamp dimmer.

Photo courtesy of The Leviton Manufacturing Company,
www. leviton.com.

* Thus, the triac conducts early in each half-cycle and
remains on to the end of each half-cycle.

* As aresult, current will flow through the lamp for
most of each half-cycle and produce maximum
lamp brightness.

¢ If the resistance of the variable resistor is increased,
the time required to charge the capacitor to the
breakover voltage of the diac increases.

» This causes the triac to fire later in each half-cycle.
So, the length of time current flows through the
lamp is reduced, and less light is emitted.

* The diac prevents any gate current until the trigger-
ing voltage has reached a certain repeatable level in
either direction.

The average current and voltage rating for triacs is much
smaller than that for SCRs. Also, triacs are designed to
operate at much lower switching frequencies than SCRs
and have more difficulty switching power to highly induc-
tive loads.

Triacs, like SCRs, usually fail shorted rather than open.
Shorted triacs can usually be detected with an ohmmeter
check. Measure the MT1 to MT2 resistance in both direc-
tions; a good triac should measure near infinity in both
directions. Like SCRs, triacs can fail in other—possibly
peculiar—ways, so substitution or bypassing may be nec-
essary to rule out all possibilities.

4. Compare the way in which the control of an SCR
is different when operated from an AC than when
operated from a DC supply.

5. Name three common SCR case styles.
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6. How are two SCRs connected in antiparallel and
what purpose does this connection serve?

7. State the most common failed state (short or open)
for both SCRs and triacs. How can an ohmmeter be
used to test for this defective condition?

8. SCRs are unidirectional devices while triacs are
bidirectional. What does this mean?

9. In what way is the gate triggering of an SCR differ-
ent from that of a triac?

10. List some of the advantages of switching AC loads
with a solid-state triac relay over switching with
electromechanical types.

11. Give a brief explanation of how a triac is operated to
control the amount of power applied to an AC load.

12. When will a diac conduct current?

13. List some of the limitations of triacs have compared
to SCRs.

PART 4 Integrated Circuits (ICs)

Fabrication

An integrated circuit (IC), sometimes called a chip, is
a semiconductor wafer on which thousands or millions
of tiny resistors, capacitors, and transistors are fabricated.
IC chips provide a complete circuit function in one small
semiconductor package with input and output pin connec-
tions, as illustrated in Figure 9-37. Most integrated circuits
provide the same functionality as “discrete” semiconduc-
tor circuits at higher levels of reliability and at a fraction
of the cost. Usually, discrete-component circuit construc-
tion is favored only when voltage and power dissipation
levels are too high for integrated circuits to handle.
Integrated circuits may be categorized as either digital
or analog, depending on their intended application. Digi-
tal ICs operate with on/off switch-type signals that have
only two different states, called low (logic 0) and high
(logic 1). Analog ICs contain amplifying-type circuitry
and signals capable of an unlimited number of states.
The analog and digital processes can be seen in a simple
comparison between a light dimmer and light switch.
A light dimmer involves an analog process, which varies
the intensity of light from off to fully on. The operation
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Figure 9-37 Integrated circuit (IC).

Photo courtesy Dimension Engineering, www.dimensionengineering.com.

of a standard light switch, on the other hand, involves
a digital process; the switch can be operated only to turn
the light off or on.

Operational Amplifier ICs

Operational amplifier ICs (often called op-amps) take
the place of amplifiers that formerly required many dis-
crete components. These amplifiers are often used in con-
junction with signals from sensors connected in control
circuits. An op-amp is basically a high-gain amplifier that
can be used to amplify low level AC or DC signals. The
schematic symbol for an op-amp is a triangle, shown in
Figure 9-38. The triangle symbolizes direction and points
from input to output. The connections associated with an
op-amp can be summarized as follows:

* The op-amp has two inputs and a single output. The
inverting input (—) produces an output that is 180°
out of phase with the input. The second input, called
the noninverting input (+), produces an output that
is in phase with the input.

* The DC power supply terminals are identified
as +V and —V. All op-amps need some type of
power supply, but some diagrams will not show

V+ Standard power supply
L““;

> Output  gpjit-type supply
Noninverting

. b .
nput Negative supply 4|||| |I|I_

1 Common
M

(ground)

Positive supply

Inverting input

Figure 9-38 Operational amplifier (op-amp).

Photo courtesy Digi-Key Corporation, www.digikey.com.
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Figure 9-39 741 op-amp voltage amplifier circuit.

the power supply terminals, as it is assumed that
they are always there. The supply power will be
determined by the type of output the op-amp is
required to produce. For example, if the output
signal needs to produce both positive and negative
voltages, then the power supply will need to be a
split, or differential, type with both positive and
negative voltages and a common ground. If the
op-amp needs to produce only positive voltages,
then the power supply be the standard, or tradi-
tional, DC type.

The op-amp is connected in a number of ways to
perform different functions. Figure 9-39 shows the
schematic diagram of a 741 op-amp circuit configured
as an AC inverting amplifier. A split-type power sup-
ply, consisting of a positive supply and an equal and
opposite negative supply, is used to operate the cir-
cuit. The operation of the circuit can be summarized
as follows:

¢ Two resistors, R1 and R2, set the value of the volt-
age gain of the amplifier.

» Resistor R2 is called the input resistor and resistor
R1 is called the feedback resistor.

¢ The ratio of the resistance value of R2 to that of R1
sets the voltage gain of the amplifier.

* The op-amp amplifies the AC input voltage it
receives and inverts its polarity.

* The output signal is 180° out of phase with the input
signal.

230 Chapter 9  Motor Control Electronics

+12V DC

]

LDR

3
R1 Relay
coil
b

V. —
\ )

V1 +

%R3

—
.

2
%RZ
* _l_ *

Figure 9-40 Operational amplifier circuit configured as a
voltage comparator.

* The op-amp gain for the circuit is calculated as
follows:

- _ R1 _ 500kQ _
Op-amp gain = R2 - 50k0 10

Figure 9-40 shows the schematic diagram of an opera-
tional amplifier circuit configured as a differential ampli-
fier or voltage comparator with its output signal being
the difference between the two input signals or voltages,
V2 and V1. A light-dependent resistor (LDR) is used to
sense the light level. When LDR is not illuminated, its
resistance is very high, but once illuminated with light,
its resistance drops dramatically. The circuit is operated
with a standard DC power supply and without a feedback
circuit. The operation of the circuit can be summarized as
follows:

¢ The resistor combination R1 and R2 form a fixed
reference voltage input V2, set by the ratio of the
two resistors.

¢ The resistor combination LDR and R3 form the
variable voltage input V1.

* When the light level sensed by the LDR drops and
the variable output voltage V1 falls below the ref-
erence voltage at V2, the output from the op-amp
changes, activating the relay and switching the con-
nected load.

» Likewise, as the light level increases the output will
switch back, turning the relay off.

* The preset resistor R3 value can be adjusted up
or down to increase or decrease resistance; in
this way it can make the circuit more or less
sensitive.
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Figure 9-41 The 555 IC timer.

555 Timer IC

The 555 timer IC is used as a timer in circuits requiring
precision timing as well as an oscillator to provide pulses
needed to operate digital circuits. Figure 9-41 shows the
pinout functional block diagram of the 555 chip. The inter-
nal circuitry of the chip is made up of a complex maze of
transistors, diodes, and resistors.

The light switch interval timer shown in Figure 9-42a
is an ideal application for lights that are needlessly left
on or forgotten. The dial is set for the amount of time the
lights are to be left on, from 1 minute to 18 hours. Time
intervals are initiated on the closure of the switch. After
the preset time has elapsed the lights will go off automati-
cally regardless of the state (open or closed) of the switch.
Figure 9-42b shows a 555 timer version of an interval

VCC
o
4 8
R 7
e , o 3
- p 555 timer
6 Output
= Q
° + 1
= c 2z [1 =
®© ° o o
Switch
trigger
(a) Light switch (b) The 555 interval timer circuit
interval timer
Figure 9-42 A 555 C interval timer.

™)

Discharge

timer. The operation of the circuit can be summarized
as follows:

* The time period is determined by the value of the
two external timing components R and C.

* When the switch opens the external capacitor is
held discharged (short-circuited) by a transistor
inside the timer.

* When the switch is closed, it releases the short cir-
cuit across the capacitor and triggers the LED into
conduction. At this point the timing period starts.

* Capacitor C starts to charge through resistor R.

* When the charge on the capacitor reaches two-thirds
of the source voltage, the timing period ends and the
LED is automatically switched off.

* At the same time the capacitor discharges to ready
for the next triggering sequence.

A common method of DC motor speed control is
pulse-width modulation (PWM). Pulse-width modulation
is the process of switching the power to a device on and
off at a given frequency, with varying on and off times.
This relation between on and off times is referred to as
the duty cycle. Figure 9-43 shows the 555 timer used as
a pulse width modulator oscillator that controls the speed
of a small permanent-magnet DC motor. While most DC
motor drives use a microcontroller to generate the required
PWM signals, the 555 PWM circuit shown will help you
to understand how this type of motor control operates. The
operation of the circuit can be summarized as follows:

* The voltage applied across the armature is the aver-
age value determined by the length of time that
transistor Q2 is turned on compared to the length of
time it is turned off (duty cycle).
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Figure 9-43 The 555 CD mator speed controller.

* Potentiometer R1 controls the length of time the
output of the timer will be turned on, which in turn
controls the speed of the motor.

* If the wiper of R1 is adjusted to a higher positive
voltage, the output will be turned on for a longer
period of time than it will be turned off.

Microcontroller

An electronic motor controller can include means for
starting and stopping the motor, selecting forward or
reverse rotation, selecting and regulating the speed, regu-
lating or limiting the torque, and protecting against over-
loads and faults. As integrated circuitry evolved, all of the
components needed for a controller were built right onto
one microcontroller chip. A microcontroller (also called
a digital-signal controller or DSC) is an ultra-large-scale
integrated circuit that functions as a complete computer
on a chip, containing a processor, memory, and input/
output functions.

Figure 9-44 shows a typical microcontroller IC that can
be used in a variety control applications.

Microcontrollers are most often “embedded,” or physi-
cally built into, the devices they control, as shown in Fig-
ure 9-45. An embedded microcontroller is designed to do
some specific task, rather than to be a general-purpose
computer for multiple tasks. The software written for
embedded systems is often called firmware, and is stored
in read-only memory or flash memory chips rather than
a disk drive. Microcontrollers often run with limited
computer hardware resources: small or no keyboard and
screen, and little memory.
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Figure 9-44 Microcontroller used in motor control
applications.
Photo courtesy Embest Info & Tech Co., Ltd.
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Figure 9-45 Embedded microcontroller.
Photo courtesy Mosaic Industries, www.mosaic-industries.com.

The block diagram of Figure 9-46 shows a micro-
controller used to control the operation of the inverter
section of a variable-speed AC motor drive. The rotat-
ing speed of AC induction motors is determined by
the frequency of the AC applied to the stator, not the
applied voltage. However, stator voltage must also drop
to prevent excessive current flow through the stator at
low frequencies. The microcontroller controls the volt-
age and frequency and sets the proper stator voltage for
any given input frequency. Two phase currents are mea-
sured and returned to the microcontroller along with
rotor speed and angular-position information from the
encoder/tachometer.


http://www.mosaic-industries.com

Power inverter

Microcontroller +DC bus * * @
” Three-phase motor
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Current feedback signals

Mechanical feedback signals (speed and position)

Figure 9-46 Microcontroller used to control the operation of the inverter section of a

variable-speed AC motor drive.

Electrical Discharge (ESD)

Static charge is an unbalanced electrical charge at rest.
Typically, it is created by insulator surfaces rubbing
together or pulling apart. One surface gains electrons,
while the other surface loses electrons. This results in an
unbalanced electrical condition known as static charge.
When a static charge moves from one surface to another,
it becomes electrostatic discharge (ESD). Figure 9-47
shows a common example of ESD. When a person (nega-
tively charged) contacts a positively charged or a grounded
object, electrons will move from one to the other. ESD,
which is a bit annoying but certainly harmless to humans,
can be lethal to sensitive electronic devices.

All integrated circuits are sensitive to electrostatic dis-
charge to some degree. If static discharge occurs at a suf-
ficient magnitude, some damage or degradation (the IC
is weakened and will often fail later) will usually occur.

Damage is mainly due to the current flowing through ICs
during discharge. Basically what happens is that a rela-
tively large amount of heat is generated in a localized vol-
ume significantly faster than it can be removed, leading
to a temperature in excess of the material’s safe operating
limits.

Figure 9-48 shows an antistatic wrist strap band used
to prevent a static charge from building up on the body by
safely grounding a person working on sensitive electronic
equipment. The wrist strap is connected to ground through
a coiled retractable cable and resistor. An approved
grounding wrist band has a resistance built into it, so it
discharges static electricity but prevents a shock hazard
when the wearer is working with lower circuit voltages.

Figure 9-47 Electrostatic discharge (ESD).

Photo courtesy RTP Company, www.rtpcompany.com.

Figure 9-48 Antistatic wrist strap band.
Photo courtesy Electronix Express, www.elexp.com.
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Other precautions that should be taken when working on
integrated circuits include:

» Never handle sensitive ICs by their leads.

* Keep your work area clean, especially of common
plastics.

* Handle printed circuit boards by their outside
corners.

* Always transport and store sensitive ICs and control
boards in antistatic packaging.

Digital Logic
Logic circuits perform operations on digital signals. In
digital or binary logic circuits there are only two values,
0 and 1. Logically, we can use these two numbers or we
can specify that:

0 = false = no = off = open = low
1 = true = yes = on = closed = high

Using the binary two-value logic system, every condi-
tion must be either true or false; it cannot be partly true or
partly false. While this approach may seem limited, it can
be expanded to express very complex relationships and
interactions among any number of individual conditions.
One reason for the popularity of digital logic circuits is
that they provide stable electronic circuits that can switch
back and forth between two clearly defined states, with no
ambiguity attached. Integrated circuits are the least expen-
sive way to make logic gates in large volumes. They are
used in programmable controllers to solve complex logic.

Logic is the ability to make decisions when one or
more different factors must be taken into account before
an action is taken. Digital circuits are constructed from
small electronic circuits called logic gates. The AND gate
is a logic circuit that has two or more inputs and a single
output. Figure 9-49 shows the traditional and IEC sym-
bols used for a two-input AND gate. The operation of the
AND gate is summarized by the table. Such a table, called
a truth table, shows the output for each possible input. The
basic logic that applies is that if all inputs are 1, the output
will be 1. If any input is 0, the output will be 0.

A —]
o e

Input A Input B Output Q

Traditional 0 0 0
symbol

0 1 0

g: & -0 1 0 0

1 1 1
IEC

symbol Truth table

Figure 9-49 Two-input AND gate.
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Figure 9-50 Two-input OR gate.

An OR gate produces a 1 output if any of its inputs are
1s. The output is O if all the inputs are Os. An OR gate can
have two or more inputs; its output is true if at least one input
is true. Figure 9-50 shows the traditional and IEC symbols
used for a two-input OR gate along with its truth table.

The simplest logic circuit is the NOT circuit. It per-
forms the function called inversion, or complementation,
and is commonly referred to as an inverter. The purpose
of the inverter is to make the output state the opposite
of the input state. Figure 9-51 shows the traditional and
IEC symbols used for a NOT function along with its truth
table. Unlike the AND and OR gate functions, the NOT
function can have only one input. If a 1 is applied to the
input of an inverter, a 0 appears on its output. The input to
an inverter is labeled A and the output is labeled A (read
“NOT A”). The bar over the letter indicates the comple-
ment of A. Because the inverter has only one input, only
two input combinations are possible.

A NAND gate is a combination of an inverter and an
AND gate. It is called a NAND gate after the NOT-AND
function it performs. Figure 9-52 shows the traditional
and IEC symbols used for a two-input NAND gate along

A NOT A
A ~Dw A A-=1p-~Aa 0 1
. 1 0
Traditional IEC
symbol symbol Truth table

Figure 9-51 The NOT function.

A —]
B _} Q Input A Input B Output Q
Traditional 0 0 1
symbol 0 1 1
A —]
o 1 0 1
1 1 0
IEC
symbol Truth table

Figure 9-52 Two-input NAND gate.
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Figure 9-53 Two-input NOR gate.

with its truth table. The bubble on the output end of the
symbol means to invert the AND function. Notice that the
output of the NAND gate is the complement of the output
of an AND gate. A NAND gate can have two or more
inputs. Any 0 in the inputs yields a 1 output. The NAND
gate is the most commonly used logic function. This is
because it can be used to construct an AND gate, OR gate,
inverter, or any combination of these functions.

A NOR gate is a combination of an inverter and an
OR gate. Its name is derived from its NOT-OR function.
Figure 9-53 shows the traditional and IEC symbols used
to represent a two-input NOR gate along with its truth
table. The output of the NOR gate is the complement of
the output of the OR-function output. The output Q is 1
if NOR inputs A or B are 1. A NOR gate can have two or
more inputs and its output is 1 only if no inputs are 1.

The term hard-wired logic refers to logic control func-
tions that are determined by the way devices are intercon-
nected. Hard-wired logic is fixed in that it is changeable
only by changing the way the devices are connected. In
contrast, programmable logic, such as that used in pro-
grammable logic controllers (PLCs), is based on basic
logic functions, which are easily changed by modifying
the program. PLCs use logic functions either singly or in
combination to form instructions that will determine if a
device is to be switched on or off.

Figure 9-54 shows a hard-wired circuit and the equivalent
PLC logic program for an AND logic control function. Both
normally open input limit switches (LS1 and LS2) must be
closed to energize the output solenoid valve. This control
logic is implemented in the hard-wired circuit by connecting
the two limit switches and the solenoid valve all in series.
The PLC program uses the same inputs (LS1 and LS2) and

Hard-wired AND function Programmed AND function

I LS1 LS2 SOL W A B Q

Figure 9-54 Hard-wired circuit and the equivalent PLC
logic program for an AND logic control function.

Hard-wired OR function Programmed OR function

L1 L2
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|| (
—O O—¢ 3 \
B
PB2 T
]
—O O—

Figure 9-55 Hard-wired circuit and the equivalent PLC
logic program for an OR logic control function.

output (SOL) devices connected to the PLC, but implements
the logic via the program rather than the wiring.

Figure 9-55 shows a hard-wired circuit and the equiv-
alent PLC logic program for an OR logic control func-
tion. Either one of the two normally open push buttons
(PB1 or PB2) is closed to energize the contactor coil (C).
This control logic is implemented in the hard-wired cir-
cuit by connecting the two input push buttons in parallel
with each other to control the output coil. The PLC pro-
gram uses the same inputs (PB1 and PB2) and output (C)
devices connected to the PLC, but implements the logic
via the program rather than the wiring.

AND and OR logic use normally open input devices that
must be closed to supply the signal that energizes the loads.
NOT logic energizes the load when the control signal is off.
Figure 9-56 shows a hard-wired circuit and the equivalent
PLC logic program for a NOT logic control function. This
example is that of the NOT function used to control the
interior lamp of a refrigerator. When the door is opened,
the lamp automatically switches on. The switch controlling
the lamp is a normally closed type that is held open by the
shut door. When the door is opened, the switch returns to
its normal closed state and the load (lamp) is energized.
For the load to remain energized there must not be a signal
from the switch input. To keep the lamp on, the normally
closed contact must not change its normally closed state.

Hard-wired NOT function
L1 S L2

Programmed NOT function

')
4

A
[ 31
Normally closed
held open

Figure 9-56 Hard-wired circuit and the equivalent PLC
logic program for a NOT logic control function.
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1. Describe the makeup of an integrated circuit. 12. What does the term embedded microcontroller

2. What advantages does an IC have over discrete- refer to?
component circuit construction? 13. Explain the role of a microcontroller when used to

3. What type of circuit is not suited to integrate onto a control the inverter section of a variable-speed AC
chip? motor drive.

4. Compare the functioning of digital and analog 14. Fn what way can electrostatic discharge damage an
integrated circuits. integrated circuit?

5. What is an operational amplifier? 15. List some of the precautions that should be taken

6. An operational amplifier is connected as a voltage when handling sensmve': IC chips. '
amplifier. How is the gain of the circuit determined? 16. What can the terms logic 0 and logic 1 represent?

7. Explain the operation of an op-amp when config- 17. What makes digital circuitry so popular?
ured as a voltage comparator. 18. It is desired to have a lamp turn on when one of

8. What are the two major applications for the 555 three switches is closed. What control logic function
timer IC? would be used?

9. Give a brief explanation of how a 555 interval timer 19. What control logic function energizes the load when
circuit works. the control signal is off?

10. A 555 timer is configured as a pulse-width modula- 20. What control logic function is used to implement
tor to vary the speed of a DC motor. How exactly five inputs connected in series with the requirement
does it Operate to Change the Speed of the motor? that all five must be closed to energize the load?

11. List some of the control tasks that a microcontroller 21. Compare the way in Wh%Ch hard-wired logic differs
designed for control of an electric motor may be from programmable logic.

required to perform.

TROUBLESHOOTING SCENARIOS

1. One of the diodes of a single-phase full-wave 3. [If the triac in the internal circuit of a lamp dimmer
rectifier is mistakenly connected backward in the were to fail shorted, what effect would this most
bridge configuration. What effect will this have on likely have on the operation of the circuit?
the resultant DC output voltage and current flow 4. In what ways would the approach to trouble-
through the diodes? shooting for integrated circuits be different

2. The insulation resistance of a motor operated by from that for a circuit constructed with discrete
an electronic drive is to be tested using a megger. components?

What precaution should you take? Why?

e

—~ DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

——

1. What circuitry would have to be incorporated into 3. What are the advantages of using a triac rather than
an LED pilot light module rated to be operated a rheostat for lamp dimming applications?
directly by a 240-V AC source?

2. The best source to verify correct operation of mod-
ular electronic components is the operating manual.
Why?
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Adjustable-Speed Drives
and PLC Installations

Chapter Objectives

This chapter will help you to:

1. Understand the operation, installation,
and setup for an alternating current (AC)
motor drive.

2. Understand the operation, installation,
and setup for a direct current (DC) motor
drive.

3. Understand the operation, installation, and
setup for PLC motor control.

WwWwW

The two most important emerging technologies
associated with motor control are adjustable-
speed drives and programmable logic control-
lers. Adjustable-speed drives (also known as
variable-speed drives) allow motor driven loads
to operate within a wide range of speeds. Con-
trolling motor speeds to load requirements can
increase both the efficiency and performance of
amotor installation. A programmable logic con-
troller (PLC) is a type of computer commonly
used in motor control applications. The tradi-
tional motor control circuit is hard-wired while
PLC control is program-based. This chapter
deals with the unique installation requirements
of these electronic control systems.

PART 1 AC Motor Drive
Fundamentals
The primary function of any electronic

adjustable-speed drive is to control the speed,
torque, acceleration, deceleration, and direction
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of rotation of a machine. Unlike constant-speed systems,
the adjustable-speed drive permits the selection of an infi-
nite number of speeds within its operating range.

The use of adjustable-speed drives in pump and fan
systems can greatly increase their efficiency. Outdated
technology most often used throttles or dampers to inter-
rupt the flow as a means to control it. The fluid or air
was held back by the throttle or damper but the energy
used to move the fluid or air was then dissipated use-
lessly. That wasted energy was still accounted for and
paid for. Running a system this way is like driving a
car with the accelerator pressed to the floor while con-
trolling speed with the brake. An electronic adjustable-
speed drive, on the other hand, allows precise control of
motor output. In the case of centrifugal fans and pumps,
there is a significant savings in the power required to
handle the load.

Figure 10-1 shows a variable-speed AC motor drive
used for lower-power applications. Power wiring consists
of the conductors supplying power to the drive (L/L1 and
N/L2) and the conductors supplying power to the motor
(U/T1, V/T2, and W/T3). The North American designa-
tion for load conductors is T1, T2, and T3; the European
designation for load conductors is U, V, and W. While
single-phase supplies power to the drive, the output to the
motor is three-phase. Control wiring consists of inputs
and outputs connected to the control terminal strip. Vari-
ous control wiring configurations are used, depending on
the make of controller and specific application. Branch
circuit protection via circuit breaker or disconnect switch

Figure 10-1 Variable-speed AC motor drive used for
lower-power applications.
Photo Delta Products Corporation, www.delta-americas.com.

and fuses must be provided to comply with the National
Electric Code (NEC) and all local codes.

Variable-Frequency Drives (VFD)

Squirrel-cage induction motors are the most common
three-phase motors used in commercial and industrial
applications. The preferred method of speed control for
squirrel-cage induction motors is to alter the frequency of
the supply voltage. Since the basis of the drive’s operation
is to vary the frequency to the motor in order to vary the
speed, the best-suited name for the system is the variable-
frequency drive (VFD). However, other names used to
reference this type of drive include adjustable-speed drive
(ASD), adjustable-frequency drive (AFD), variable-speed
drive (VSD), and frequency converter (FC).

A VFD controls the speed, torque, and direction of an
AC induction motor. It takes fixed voltage and frequency
AC input and converts it to a variable voltage and fre-
quency AC output. Figure 10-2 shows the block diagram
of a typical three-phase variable-frequency drive control-
ler. The function of each block is as follows:

¢ Converter: A full-wave rectifier that converts the
applied AC to DC.

* DC bus: Also referred to as a DC link, connects
the rectifier output to the input of the inverter. The
DC bus functions as a filter to smooth the uneven,
rippled output to ensure that the rectified output
resembles as closely as possible pure DC.

* Inverter: The inverter takes the filtered DC from
the DC bus and converts it into a pulsating DC
waveform. By controlling the output of the inverter,
the pulsating DC waveform can simulate an AC
waveform at different frequencies.

* Control logic: The control logic system generates
the necessary pulses used to control the firing of
the power semiconductor devices such as SCRs
and transistors. Fairly involved control circuitry
coordinates the switching of power devices, typi-
cally through a control board that dictates the firing
of power components in the proper sequence. An
embedded microprocessor is used for all internal
logic and decision requirements.

Sometimes called the front end of the VFD, the con-
verter is commonly a three-phase, full-wave bridge recti-
fier. However, one of the advantages of variable-frequency
drives is being able to operate a three-phase AC motor
from a single-phase AC supply. The key to this is process
is the rectification of the AC input to a DC output. At this
rectification point, the DC voltage has no phase character-
istics; the VFD is simply producing a filtered pulsating DC
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Figure 10-2 Block diagram of a typical three-phase variable-frequency

drive.
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Figure 10-3 Three-phase and single-phase converter input connections.

waveform. The drive inverts the DC waveform into three
different pulse-width modulated waveform signatures that
duplicate an AC three-phase waveform. Figure 10-3 shows
three-phase and single-phase converter input connections.
AC input voltage levels that are different from that required
to operate the motor require the converter section to raise
or lower the voltage to the proper operating level of the
motor. As an example, an electric motor drive supplied with
115 V AC that must deliver 230 V AC to the motor requires
a transformer capable of stepping up the input voltage.
The VFD offers an alternative to other forms of power
conversion in areas where three-phase power is unavail-
able. Since it converts incoming AC power to DC, the
VED really doesn’t care if its source is single or three
phase. Regardless of the input power, its output will
always be three phase. Drive sizing, however, is a factor
since it must be capable of rectifying the higher-current,
single-phase source. As a rule of thumb, most manufactur-
ers recommend doubling the normal three-phase capacity
of a drive that will be operating on a single-phase input.

Single-phase operation is limited to smaller-horsepower
motors. Some manufacturers offer some models for single-
phase input only and others that are fully rated for both
single-phase and three-phase input.

After full-wave rectification of an AC supply into a
VED, the DC output passes through a DC bus. Figure 10-4

To inverter
Converter DC bus
L

L1—e

L2 C
Figure 10-4 Inductor and capacitor connections within the
DC bus.
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Figure 10-5 The three sections of a variable-speed drive.

shows the inductor (L) and capacitor (C) connections
within the DC bus. They work together to filter out any
AC component of the DC waveform. The principal energy
storage element is the bus capacitors. Any ripple that is
not smoothed out will show up as distortion in the motor
output waveform. Most VFD manufacturers provide a
special terminal block for DC bus voltage measurement.
With a 460-V AC input you should read an average DC
bus voltage of about 650 to 680 V DC. The DC value is
calculated by taking the root mean square (RMS) value of
the line voltage and multiplying it by 1.414. AC voltage
readings of more than 4 V AC on the bus may indicate a
possible capacitor filtering problem or a problem with the
diode bridge converter section.

The inverter is the final output section of a VFD. This is
the point where the DC bus voltage is switched on and off
at specific intervals. In doing so, the DC energy is changed
into three channels of AC energy that an AC motor uses
to operate. Today’s inverters use insulated-gate bipolar
transistors (IGBTs) to switch the DC bus on and off. Fig-
ure 10-5 shows a simplified diagram of the three sections
of a variable-speed drive. The control logic and inverter
section control the output voltage and frequency to the
motor. Six switching transistors are used in the inverter
section. The control logic uses a microcontroller to switch
the transistors on and off at the proper time. The main
objective of the VFD is to vary the speed of the motor
while providing the closest approximation to a sine wave
for current.

In the simplest circuit implementation, two IGBTs are
placed in series across the DC supply and are switched on
and off to generate one phase of the three phases for the
motor. Two other identical circuits generate the other two
phases. Figure 10-6 shows a simplified circuit of a pulse-
width modulation (PWM) inverter. Switches are used to
illustrate the way that the transistors are switched to pro-
duce one phase (A to B) of the three-phase output. The

DC bus

Phase A
Phase B

+
Phase A 0

+
Phase B 0

. +/\ /\
Ph " A 0 N A \

Phase B \\ // N

Figure 10-6 Simplified circuit of a PWM inverter.

output voltage is switched from positive to negative by
opening and closing the switches in a specific sequence
of steps. The operation can be summarized as follows:

* During steps 1 and 2, transistor switches Q1 and Q4
are closed.

* The voltage from phase A to B is positive.

* During step 3, transistor switches Q1 and Q3 are
closed.

» The difference in voltage between phase A and
phase B is zero, resulting in zero output voltage.

* During steps 4 and 5, transistor switches Q2 and Q3
are closed.
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Figure 10-7 Sine-wave line voltage superimposed on the
PWM inverter output.

* This results in a negative voltage between phases A
and B.

* The other steps continue in a similar manner.

* Output voltage is dependent on the state of the
switches (open or closed), and the frequency is
dependent on the speed of switching.

Figure 10-7 shows the sine-wave (AC) line voltage,
superimposed on the pulsed inverter output, or simulated
AC. Notice that the pulses are the same height for each
pulse. This is because the DC bus voltage the drive uses
to create these pulses is constant. Output voltage is varied
by changing the width and polarity of the switched pulses.
Output frequency is adjusted by changing the switching
cycle time. The resulting current in an inductive motor
simulates a sine wave of the desired output frequency.
Most true RMS-measuring multimeters are fast enough to
measure the RMS value of the PWM voltage and current.

There are two frequencies associated with a PWM vari-
able-frequency drive: the fundamental frequency and the
carrier frequency. The fundamental frequency is the vari-
able frequency a motor uses to vary speed. In a typical VFD,
the fundamental frequency will vary from a few hertz up
to a few hundred hertz. The inductive reactance of an AC
magnetic circuit is directly proportional to the frequency
(XL = 2fL). Therefore, when the frequency applied to an
induction motor is reduced, the applied voltage must also be
reduced to limit the current drawn by the motor at reduced
frequencies. The microprocessor control adjusts the output
voltage waveform to simultaneously change the voltage and
frequency to maintain the constant volts/hertz ratio.

The carrier frequency (also known as the switch fre-
quency) is the frequency at which the pulses in pulse-width
modulation switch at. The carrier frequency is a fixed fre-
quency substantially higher than the fundamental frequency.
This high switching speed produces the classic whine

Figure 10-8

Inverter motor and contraol.
© Baldor Electric Company. Reprinted with their permission. Photo Baldor,
www.baldor.com.

associated with variable-frequency drives. Higher carrier
frequency allows a better approximation to the sinusoidal
form of the output current. However, higher switch frequen-
cies decrease the efficiency of the drive because of increased
heat in the power transistors. The carrier frequency for
VFDs is in the 2- to 16-kHz range. Adjusting the carrier fre-
quency automatically in accordance with the changing load
and temperature will result in quieter operation.

The inverter-duty motor shown in Figure 10-8 is
designed for optimized performance to operate in con-
junction with a variable-frequency drive. An inverter duty
motor can withstand the higher voltage spikes produced
by all VFDs and can run at very slow speeds without
overheating.

SCR drives are most commonly used to control DC
motors, but the system is also used in some older AC
inverter drives. Earlier types of VFDs used silicon con-
trolled rectifiers (SCRs) to do the switching. As they have
become available in higher voltage and current ratings,
faster-switching transistors became the preferred switch-
ing components for use in inverter circuits.

Speed control can be open loop, where no feedback of
actual motor speed is used, or closed loop, where feedback
is used for more accurate speed regulation. How a motor
reacts is very dependent on the load conditions. An open-
loop VFD knows nothing about load conditions; it only
tells the motor what to do. If for example it provides 43 Hz
to the motor, and the motor spins at a speed equivalent to
40 Hz, the open loop doesn’t know. With closed-loop con-
trol the controller tells the motor what to do, then checks
to see if it did it, then changes its command to correct for
any error. Often a tachometer is used to provide the nec-
essary feedback in a closed-loop system. The tachometer
is coupled to the motor, as illustrated in Figure 10-9, and
produces a speed feedback signal that is used by the con-
troller. With closed-loop control, a change in load demand
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Figure 10-9 Closed-loop control system.

is compensated by a change in the power supplied to the
motor, which acts to maintain a constant speed.

In general, AC drives control motor speed by varying
the frequency of the current supplying the motor. Although
frequency can be varied in different ways, the two most
common speed control methods in use today are volts per
hertz (V/Hz) and flux vector.

Volts per Hertz Drive

Of the speed control methods, volts per hertz technology
is the most economical and easiest to apply. The V/Hz
drive controls shaft speed by varying the voltage and fre-
quency of the signal powering the motor. Volts per hertz
control in its simplest form takes a speed reference com-
mand from an external source and varies the voltage and
frequency applied to the motor. By maintaining a constant
V/Hz ratio, the drive can control the speed of the con-
nected motor. Volts per hertz drives work well on applica-
tions in which the load is predictable and does not change
quickly, such as fan and pump loads.

In order to prevent overheating, the voltage applied to
the motor must be decreased by the same amount as the
frequency. V/Hz control runs in open loop without a feed-
back device. The ratio between voltage and frequency is
called volts per hertz (V/Hz). To find the volts per hertz
ratio, simply divide the rated nameplate by the rated
nameplate frequency. For example the volt per hertz ratio
for a 460-Volt, 60-Hz motor is calculated as follows:

Voltage _ 460V _ 7.67 V/Hz

V/Hz = Frequency 60 Hz

Volts per hertz control provides a linear (straight-line)
voltage ratio to the frequency of a motor from O rpm to base
speed. This is illustrated in Figure 10-10 using a 460-V
AC, 60-Hz motor as an example. The volts per hertz ratio
of 7.67 is supplied to the motor at any frequency between
0 and 60 Hz. If applied frequency is reduced to 30 Hz, the
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Figure 10-10 V/Hz control of a 460-V AC, 60-Hz motor.

shaft will slow to half its original speed. In this situation,
a V/Hz drive also halves the voltage (here, to 230 V AC)
in order to maintain the 7.67 V/Hz ratio, which allows the
motor to continue producing its rated torque. Horsepower
increases and torque remains constant up to the base speed;
however, above base speed (i.e., above 60-Hz frequency),
the torque decreases while the horsepower remains con-
stant. This can easily be understood by the simple relation-
ship between horsepower, speed and torque: horsepower =
torque X speed X K, where K is a units constant.

Volts per hertz control of an AC induction motor is based
on the principle that to maintain constant magnetic flux in
the motor, the terminal voltage magnitude must increase
roughly proportionally to the applied frequency. This is
only an approximate relationship, and volts per hertz drives
designs may include the following refinements:

¢ Low-frequency voltage boost (also referred to
as IR compensation)—Below 15 Hz the voltage
applied to the motor is boosted to compensate for
the power losses AC motors experience at low
speeds and increase the starting torque capability.

¢ Steady-state slip compensation—Increases fre-
quency on the basis of a current measurement
to give better steady-state speed regulation.

¢ Stability compensation—To overcome midfre-
quency instabilities evident in high-efficiency
motors.

Flux Vector Drive

A flux vector drive uses feedback from what is happening
at the motor to make changes in the output of the drive.
However, it still relies on the basic volts per hertz core for
controlling the motor. These combined techniques control
not only the magnitude of motor flux but also its orienta-
tion, thus the flux vector name. The flux vector method
provides more precise motor speed and torque control.
Flux vector control improves on the basic V/Hz con-
trol technique by providing both a magnitude and angle
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Figure 10-11 Sensorless vector control drive block diagram.

between the voltage and current. Volts per hertz drives
control only the magnitude. Vector drives come in two
types, open loop and closed loop, based on the way they
get their feedback information. Open loop is actually
a misnomer because it is actually a closed loop sys-
tem, but the feedback loop comes from within the VFD
itself instead of an external encoder. For this reason
there is a trend to refer to open-loop drives as sensor-
less vector drives. Sensorless vector control removes
a major source of complexity and simplifies the drive
installation.

The block diagram of a sensorless flux vector control
drive is shown in Figure 10-11. Its operation can be sum-
marized as follows:

» Slip is the difference between the rotor speed and
the synchronous speed of the magnetic field and is
required to produce motor torque. The slip estima-
tor block keeps actual motor rotor speed close to the
desired set speed.

* The torque current estimator block determines the
percent of current that is in phase with the voltage,
providing an approximate torque current. This is
used to estimate the amount of slip, providing better
speed control under load.

* Vangle controls the amount of total motor current
that goes into motor flux enabled by the torque cur-
rent estimator. By controlling this angle, low-speed
operation and torque control are improved over
those of the standard V/Hz drive.

* The flux vector control retains the V/Hz core and
adds additional blocks around the core to improve
the performance of the drive.

* The current resolver attempts to identify the flux
and torque producing currents in the motor and
makes these values available to other blocks in the
drive.

* The current limit block monitors motor current
and alters the frequency command when the motor
current exceeds a predetermined value.

A true closed-loop vector drive uses a motor-mounted
encoder or similar sensor to give positive shaft position
indication back to the microprocessor. The motor’s rotor
position and speed are monitored in real time via a digi-
tal encoder to determine and control the motor’s actual
speed, torque, and power produced. Figure 10-12 shows
a typical flux vector drive and motor-mounted encoder
used in AC vector drive applications. The encoder oper-
ates by sending digital pulses back to the drive indicating
both speed and direction. The processor counts the pulses

Flux vector drive

Encoder

Figure 10-12 Flux vector drive and encoder.
Flux vector drive material and associated copyrights are proprietary to, and
used with the permission of, Schneider Electric.
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and uses this information along with information about
the motor itself in order to control the motor torque and
associated operating speed. The most common encod-
ers deliver 1,024 pulses per revolution. To guard against
electromagnetic interference (EMI), the cable assembly
between the encoder and drive should be one continuous
shielded cable.

" PART 1 Review Questions

1. List the common basic control function of an elec-
tronic adjustable-speed drive.

2. What is the preferred method for altering the speed
of a squirrel-cage induction motor?

3. State the prime function of each of the following
parts of a variable-frequency drive: (a) converter,
(b) DC bus, (c) inverter, (d) control logic.

4. Explain how it is possible for a VFD to operate a
three-phase motor from a single-phase power source.

5. Calculate the average DC bus voltage for a line volt-
age of 230 V AC.

6. Which component is the main energy storage ele-
ment of the DC bus?

7. What types of transistor are currently used in the
inverter section of a VFD?

A true closed-loop vector drive can also make an
AC motor develop continuous full torque at zero speed,
something that previously only DC drives were capable
of. That makes them suitable for crane and hoist appli-
cations where the motor must produce full torque before
the brake is released or else the load begins dropping and
can’t be stopped.

8. How is the output voltage of an inverter varied?
9. How is the output frequency of the inverter varied?
10. What is the difference between the fundamental
frequency and carrier frequency of a variable-
frequency drive?
11. In what ways is an inverter-duty motor different
from standard motor types?

12. Compare open- and closed-loop motor control.
13. Explain how the output voltage of a VFD is con-
trolled using the volts per hertz speed-control

method.

14. Calculate the V/Hz for a 230-Volt, 60-Hz motor.

15. How does a flux vector improve on the basic V/Hz
control technique?

PART 2 VFD Installation
and Programming Parameters

Careful planning of your VFD installation will help
avoid many problems. Follow the instructions from the
VFD manufacturer for required and optional installa-
tion requirements. Important considerations include tem-
perature and line power quality requirements, along with
electrical connections, grounding, fault protection, motor
protection, and environmental parameters.

Selecting the Drive

In selecting a drive, consideration must be given to the
load characteristics of the driven machinery. The three
basic load categories can be summarized as follows:

» Constant-torque loads require a constant motor
torque throughout the operational speed range.
Loads of these types are essentially friction loads
such as traction drives and conveyors.

* Variable-torque loads require much lower torque at
low speeds than at high speeds. Loads that exhibit
variable torque characteristics include centrifugal
fans, pumps, and blowers.

» Shock (impact) loads require a motor to operate at nor-
mal load conditions followed by a sudden, large
load applied to the motor. An example would be
the sudden shock load that results from engaging
a clutch that applies a large load to the motor (as it
would during a hard start). This current spike could
cause the VFD to trip as a result an excessive motor
current fault.

Line and Load Reactors

A VFD reactor, as shown in Figure 10-13, is basically
an inductor installed on the input or output of the drive.
Line reactors stabilize the current waveform on the input
side of a VFD, reducing harmonic distortion and the
burden on upstream electrical equipment. Harmonics are
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Figure 10-13 VFD reactor.

high-frequency voltage and current distortions within the
power system normally caused by nonlinear loads that do
not have a constant current draw, but rather draw current
in pulses. VFDs create harmonics when they convert AC
to DC and DC back to AC.

By absorbing line spikes and filling some voltage
sags, line and load reactors can prevent overvoltage and
undervoltage tripping problems. Load reactors, connected
between the VFD and motor, will dampen overshoot peak
voltage and reduce motor heating and audible noise. A load
reactor helps to extend the life of the motor and increase
the distance that the motor can be from the drive.

Location

Location is an important consideration in installing VFDs
as this can have a significant effect on the drive’s perfor-
mance and reliability. Location considerations are sum-
marized as follows:

* Mount the drive near the motor. Excessive cable
length between the VFD and the motor can result in
extremely high voltage spikes at the motor leads. It
is important to verify the maximum cable distance
stated in the drive specifications, when you are
installing drives onto AC induction motors. Exces-
sive voltages can reduce the expected life of the insu-
lation system, especially non-inverter-duty motors.

* The enclosure surrounding the drive should be well
ventilated or in a climate-controlled environment, as
the build up of excess heat may damage the VFD com-
ponents over time. Large fluctuations in ambient tem-
peratures can result in condensation forming inside the
drive enclosures and possibly damaging components.

* Locations in dusty, wet, and corrosive environ-
ments, constant vibration, and direct sunlight should
be avoided.

* The location should have adequate lighting and
sufficient working space to carry out maintenance
of the drive. NEC Article 110 lists requirements for
working space and illumination.

Enclosures

Once a suitable location is chosen, it is then important

to select the appropriate NEMA-type enclosure on the

Figure 10-14 VFD mounted within an enclosure.
Photo courtesy Nova Dynamics Limited, www.ndl.ns.ca.

basis of use and service. Factory enclosures of VFDs,
such as the one shown in Figure 10-14, should have a
NEMA rating appropriate to the level of protection for
the environment.

Mounting Techniques

Most small VFDs are mounted in rack slots or on a DIN
rail as illustrated in Figure 10-15. The clips for mounting
to the DIN rail are usually built into the fins of the heat
sink to which the VFD is mounted. This makes them easily
installable in control cabinets. Larger VFD units usually
have through-hole mounting to accommodate individual
fasteners. The fastening method should be adequate to
support the weight of the drive and allow the free flow
of air across the heat sink; airflow in some applications is
aided by a cooling fan.

DIN rail and mounting clip

Figure 10-15 VFD mounting technique.

Photo courtesy Winford Engineering, LLC., www.winford.com.

PART 2 VFD Installation and Programming Parameters 245


http://www.ndl.ns.ca
http://www.winford.com

Figure 10-16 Typical VFD operator interface.

Photo courtesy Toshiba International Corporation, Industrial Division.

Operator Interface

The typical VFD operator interface, shown in Fig-
ure 10-16, provides a means for an operator to start and
stop the motor and adjust the operating speed. Additional
operator control functions might include reversing and
switching between manual speed adjustment and auto-
matic control from an external process control signal. The
operator interface often includes an alphanumeric display
and/or indication lights and meters to provide information
about the operation of the drive. When mounted within
another enclosure, a remote operator keypad and display
may be cable-connected and mounted a short distance
from the controller.

A communications port is normally available to allow
the VFD to be configured, adjusted, monitored, and con-
trolled using a personal computer (PC). PC-based software
offers greater flexibility, as more detailed information on
the drive parameters can be viewed simultaneously on the
monitor. Modes of operation may include program, moni-
tor, and run. Typical data accessible in real time include:

* Frequency output
* Voltage output

e Current output

* Motor rpm

* Motor kilowatts
* DC bus volts

* Parameter settings
e Faults

Electromagnetic Interference

Electromagnetic interference (EMI), also called electri-
cal noise, is the unwanted signals generated by electrical

and electronic equipment. EMI drive problems range
from corrupted data transmission to electric motor drive
damage. Modern drives using IGBT switches for motor
frequency control are very efficient because of their high
switching speed. Unfortunately the high-speed switching
also results in much higher EMI being generated. All drive
manufacturers detail installation procedures that must be
followed in order to prevent excessive noise on both sides
of the drive. Some of these noise suppression procedures
include the following:

» Use a shielded power cable, such as the one shown
in Figure 10-17, to connect the VFD to the motor.

* Use a built-in or external EMI filter.

» Use twisted control wiring leads to provide a bal-
anced capacitive coupling.

» Use shielded cable to return the noise current flow-
ing in the shield back to the source, instead of
through the signal leads.

* Maintain at least 8-inch separation between control
and power wires in open air, conduit, or cable trays.

Power conductors (X3)

Ground
conductors (X3)

Soft annealed flexible
stranded tinned copper
per IEEE 1580 Table 11.

Soft annealed flexible
stranded tinned copper
per IEEE 1580 Table 11.
Gexol® insulation sized

Insulation (2 kV)
Gexol® cross-linked flame-

retardant polyolefin, per UL 1277.
- . Color: Green
meeting the requirements
for Type P of IEEE 1580 )
Shield

and Type X110 of
UL 1309/CSA 245.
Color: Gray with
printed phase I.D.
(black-white-red)

Overall tinned copper
braid plus aluminum/
polyester tape providing
100% coverage.

R

Jacket

A black, arctic grade, flame-
retardant, oil, abrasion,
chemical, and sunlight
resistant thermosetting
compound meeting UL
1309/CSA 245 and

IEEE 1580.

Armor (optional)

Basket weave wire
armor per IEEE 1580
and UL 1309/CSA 245.
Bronze standard.
Aluminum or tinned
copper available

by request.

Sheath (optional)

Ablack, arctic grade,
flame-retardant, oil,
abrasion, chemical, and
sunlight resistant
thermosetting compound
meeting UL 1309/CSA 245
and IEEE 1580.

Figure 10-17 VFD shielded power cable.
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Figure 10-18 General grounding requirements for a variable-frequency drive.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

* Use a common-mode choke wound with multiple
turns of both signal and shield.

» Use optical isolation modules for control signal
communications.

Inherent in all motor cables is line-to-line and line-to-
ground capacitance. The longer the cable, the greater is
this capacitance. Electrical spikes occur on the outputs of
PWM drives due to currents charging the cable capaci-
tances. Higher voltages, such as 460 V AC, along with
higher capacitances, result in larger current spikes. These
spikes can shorten the lives of inverters and motors. For
this reason cable length must be limited to that recom-
mended by the manufacturer.

Grounding

Figure 10-18 illustrates the general grounding requirements
for a VFD. Proper grounding plays a key role in the safe
and reliable operation of the VFD system. All electric motor
drives, motors, and related equipment must meet the ground-
ing and bonding requirements of NEC Article 250. The
drive’s safety ground must be connected to system ground.
Ground impedance must conform to the requirements of the
NEC in order to provide equal potential between all metal
surfaces and a low-impedance path to activate overcurrent
devices and reduce electromagnetic interference.

Bypass Contactor

A bypass contactor is intended for use in case of a drive fail-
ure for short-time emergency service. A typical diagram of

Bypass

contactor
|1
LAl

|
CB Drive
LL—¢ | e |FHeLl  Tle-
L2—¢ | e |HeL2 T2e-
13-4 o—o||reL3 T3e
Main Isolation
contactor contactor

Figure 10-19 Power circuit connection of a VFD bypass
contactor.

the power circuit connection of a VFD bypass contactor is
shown in Figure 10-19. The isolation contactor electrically
isolates the drive during bypass operation and is mechani-
cally and electrically interlocked with the bypass contactor
to ensure that both cannot be closed at the same time. Upon
a sensed malfunction of the VFD, the control circuit auto-
matically opens the drive isolation contactor and closes the
bypass contactor to keep the motor connected to the source.
When automatic transfer to bypass operation occurs, the
motor continues to operate at full speed. The drive isola-
tion contactor must be opened during closing of the bypass
contactor so that AC power is not fed into the output of
the VFD, causing damage. The automatic switch to bypass
ensures no downtime and no interruption of service to criti-
cal loads. For example, in HVAC applications, this allows
heating or cooling to be maintained at all times.

PART 2 VFD Installation and Programming Parameters 247


http://www.rockwellautomation.com

Disconnecting Means

Safety in operation and maintenance dictates that all
motor-operated equipment has a means of fully dis-
connecting the power supply. This is a requirement of
National Electrical Code (NEC) and Occupational Safety
and Health Administration (OSHA) regulations. As with
starters, to reduce cost and size, most VFD manufactur-
ers do not provide a disconnect switch as part of their
standard drive package. If the optional input disconnect
is not specified, a separate switch or circuit breaker must
be installed. Article 430.102 of the NEC includes require-
ments for disconnecting means for the motor itself and for
the motor controller; both sets of requirements must be
satisfied. The general rules that apply are as follows:

* Under 600 V, the controller disconnecting means
must be within sight (and less than 50 ft according
to definitions) of the motor controller as specified in
Article 430.102(A).

* The controller is not required to be in sight from the
motor.

* The controller disconnecting means shall also be
permitted as the motor disconnecting means accord-
ing to Article 430.102(B).

* The motor disconnecting means shall be in sight of
the motor. See exceptions under Article 430.102(B)
that would allow motor disconnecting means to be
out of sight of the motor. These exceptions, if appli-
cable, would allow one lockable disconnect to serve
as both controller and motor disconnect while not in
sight of the motor.

Motor Protection

VFDs can operate as motor protection devices along with
their role as motor speed controllers. Some VFDs have
short-circuit protection (usually in the form of fuses)
already installed by the manufacturer, as shown in the
VFD package of Figure 10-20. The selection and sizing
of these fuses is critical for semiconductor protection in
the event of a fault. The manufacturer’s recommendations
must be followed in installing or replacing fuses for the
VED to assure fast operation of fuses in case of a fault.
In most drive applications the drive itself provides
overload protection for the motor. However, the feeder
cable can’t be protected by VFD built-in protection. The
motor drive provides protection based on motor name-
plate information that is programmed into it. Controllers
incorporate many complex protective functions, such as:

 Stall prevention
* Current limitation and overcurrent protection
» Short-circuit protection

Figure 10-20 Typical VFD package.

Phato courtesy Joliet Technologies, www.joliettech.com.

» Undervoltage and overvoltage protection
* Ground fault protection
* Power supply phase failure protection

* Motor thermal protection through sensing of the
motor winding temperature

When a VFD is not approved for overload protection, or
if multiple motors are fed from the drive, one or more exter-
nal overload relays must be provided. The most common
practice is to use a motor overcurrent relay that will pro-
tect all three phases and protect against single phasing.

Braking

With AC motors, there is excessive energy generated when
the load drives the motor during deceleration, instead of
the motor driving the load. This energy goes back into the
drive and will result in an increasing DC bus voltage. If
the bus voltage goes too high, the drive will be damaged.
Depending on design, a VFD can redirect this excess
energy through resistors or back to the AC supply.

248 Chapter 10  Adjustable-Speed Drives and PLC Installations

www.EngineeringEBooksPdf.com


http://www.joliettech.com

DC bus

Braking

L1 ° resistor

L2
L3

V|
Al

|O—-LQO— —O"‘HDOO|

Inverter

Motor

PO

External resistance
bank used for
larger-horsepower motors

Figure 10-21 Dynamic braking applied to a variable-frequency drive.

Phato courtesy Post Glover, www.postglover.com.

When dynamic braking is used, the drive connects
a braking resistor across the DC bus, as shown in Fig-
ure 10-21, to absorb the excess energy. For smaller-
horsepower motors, the resistance is built into the drive.
External resistance banks are used for larger-horsepower
motors to dissipate the increased heat load.

Regenerative braking is similar to dynamic braking,
except the excess energy is redirected back to the AC
supply. VEDs designed to use regenerative braking are
required to have an active front end to control regenera-
tive current. With this option the diodes in the converter
bridge are replaced with IGBT modules. The IGBT mod-
ules are switched by the control logic, and operate in both
motoring and regenerative modes.

DC-injection braking is a standard feature on a number
of variable-frequency drives. As the term implies, DC-
injection braking generates electromagnetic forces in the
motor when the controller, in stop mode, injects direct cur-
rent into the stator windings—after it has cut off alternating
current supply to two of the stator phases—thus turning off
the normal rotating magnetic field. Most DC injection brak-
ing systems have the ability to adjust the length of time they
will operate and the maximum torque they will apply. They
generally begin braking when they detect that the motor is
no longer receiving its run command and come equipped
with hardware to prevent the motor from receiving another
run command until the braking is finished.

Ramping

Variable-frequency drives offer many of the same advan-
tages as reduced-voltage and soft start starters. The timed
speed ramp-up feature found in VFDs is similar to the soft
start function of starters. However, the VFD timed speed
ramp-up generally has a much smoother acceleration than
soft starting, which is usually done in steps. Soft start-
ing with a VFD reduces the frequency initially supplied to
the motor and steps up the frequency over a preset period
of time. VFDs with soft start capabilities have replaced
many of the older types of reduced-voltage starters. While
VFDs offer soft start capabilities, true soft start starters
are not considered variable-frequency drives.

Ramping is the ability of a VFD to increase or decrease the
voltage and frequency to an AC motor gradually. This accel-
erates and decelerates the motor smoothly, as shown in Fig-
ure 10-22, with less stress on both the motor and connected
load. Ramp-up is generally a smoother acceleration than the
stepped increases used in soft starters. The length of time pre-
set for the speed ramp-up can be varied from a few seconds to
120 seconds or more, depending on the drive capabilities.

Timed ramp-down is a function of VFDs that provides
smooth deceleration, bringing the motor to a full stop in a
preset time. Acceleration and deceleration are separately
programmable. Depending on drive parameters, ramp-
down times can vary from fractions of a second (when
used with dynamic braking) to more than 120 seconds.
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Figure 10-22 Variable-frequency drive ramping functions.

The ramp-down function is applied in processes that
require smooth stops, but also require the process to stop
within a given period of time.

Control Inputs and Outputs

Figure 10-23 illustrates typical power and control inputs
and output termination points found on VFDs. The three-
phase power source is connected at the line input termi-
nals L1, L2, and L3 and the motor feed conductors are

connected to the output motor terminals T1, T2, and T3.
The line and motor terminals pass through electronic cir-
cuitry so there is no direct connection between them, as
with an across-the-line starter.

Most VEDs contain control terminal strips for external
connection for both digital and analog inputs and outputs.
The number and types of inputs and outputs will vary
with the complexity of the drive and serve as a means
of comparison between manufacturers of VFDs. Variable
frequency drive inputs and outputs are either digital or
analog signals. Digital inputs and outputs have two states
(either on or off), while analog inputs and outputs have
many states that vary across a range of values.

DIGITAL INPUTS

Digital inputs are used to interface the drive with devices
such as push buttons, selector switches, relay contacts,
and PLC digital output modules. Each digital input may
have a preset function assigned to it, such as start/stop,
forward/reverse, external fault, and preset speed selec-
tions. For example, if a motor has to operate at three dif-
ferent speeds, a relay or switch contact could be made

External braking
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Line @'@
CB reactor
11—6 >— ™M —0lL1 T10
2—38 o— vV QL2 T20
13—&8 o— V13 T30
+V DC
External speed Analog output
control potentiometer speed indicator
& -V DC
Common
|1 N

1
Forward/stop
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q
Programmable
digital inputs .
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Motor
overtemperature
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Figure 10-23 Typical VFD contral inputs and outputs.
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Figure 10-24 Input digital connections for two-wire or

three-wire control with stop, forward, reverse, and jogging
functions.

to close and send signals to separate digital inputs points
that would change the motor speed to the preset value.
Figure 10-24 shows typical input digital connections
for two-wire or three-wire control with stop, forward,
reverse, and jogging functions. Because VFDs are elec-
tronic devices, they can have only one phase rotation
output at a time. Therefore, interlocking, as required on
electromechanical devices, is not required for VFD for-
ward/reverse operations. Inputs can also be programmed
for two- or three-wire control to accommodate either

maintained or momentary start methods. Note that the
control logic is determined and executed by the program
within the drive and not by the hard-wiring arrangement
of the input control devices.

Digital/relay outputs. Digital/relay outputs are two-
position signals (on/off) sent by the VFD to devices such
as pilot lights, alarms, auxiliary relays, solenoids, and
PLC digital input modules. Digital outputs have a volt-
age potential (e.g., 24 V DC) coming from them. Relay
outputs, which are known as “dry” contacts, switch some-
thing external, closing or opening another potential. Relay
outputs are normally rated for both AC and DC voltages.

Analog inputs. Analog inputs are used to interface
the drive with an external 0- to 10-V DC or 4- to
20-mA signal—for example, a speed setpoint from an
external speed control potentiometer.

Analog outputs. Analog outputs are modulating sig-
nals sent by the VFD to a device such as a meter that
could display speed or current.

Motor Nameplate Data

Motor specifications are programmed into the VFD to
ensure optimum drive performance as well as adequate
fault and overload protection. This may include the fol-
lowing items found on the nameplate, as illustrated in
Figure 10-25, or derived through measurements:

* Frequency (hertz)—Nameplate frequency required
by the motor to achieve base speed. The default
value is normally 60 Hz.

4 Induction motor h
adjustable speed duty

MODEL 5KAF SERIAL NO.

POWER 400HP TYPE KAF ENCLOSURE TEAO

RPM BASE 1200 FRAME 6811

AMPERES 368 SINE DRIVE END BRG SKF 6319

VOLTS 575 V (MAx.) 575 LUBRICATION GREASE

PHASE 3 HERTZ 40 LUBRICANT

EFF. 0.9567 PF. 0.85 OPP. DRIVE END BRG SKF 6319

SERVICE FACTOR 1.15 SINE 1.0 ASD|| LUBRICATION GREASE

INSULATION CLASS F LUBRICANT

MAX. TEMP.RISE 80 °C AT SFgyr OIL PRESSURE TO PSI

TIME RATING CONTINUOUS OlL FLOW TO GPM/BRG

INVERTER TYPE IGBT-PWM AMB. TEMP. (°C) 40 MAX MIN

ALTITUDE 1000 (M) MANUFACTURING DATE:

SUITABLE FOR OPERATION FROM 120 TO 1200 RPM AT CONSTANT TORQUE

SUITABLE FOR OPERATION FROM 1200 TO 1800 RPM AT CONSTANT POWER

SUITABLE FOR OPERATION FROM TO RPM AT VARIABLE TORQUE

CONSTANT VOLTS / HERTZ TO 1200 RPM

Figure 10-25 Entering motor nameplate data.
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15. List typical preset functions that digital inputs may
have assigned to them.

16. Why is forward/reverse interlocking not required on
VFDs?

17. Compare the manner in which the control logic is
executed in a hard-wired electromagnetic starter and
a VFD.

18. Explain the term dry contact as it relates to a drive’s
relay output.

19. List typical motor nameplate data that may be
required to be programmed into the VFD.

20. Explain the term derating as it applies to a VFD and
list factors that might require a drive to be derated.

21. Compare PWM, VVI, and CSI variable-frequency
drives.

22. Outline how setpoint speed is maintained in a PID
control loop.

23. Explain the term parameter as it applies to the VFD.

24. List several common adjustable parameters associ-
ated with AC drives.

25. What is the difference between program and display
parameters?

26. What potential safety hazard is associated with DC
bus capacitors?

27. When LEDs are used for problem indicators, what does
a steady glow indicate compared to a flashing one?

28. Compare the operation of autoreset, nonresettable,
and user-configurable fault parameters.

29. Explain the term fault queues as it applies to VFDs.

PART 3 DC Motor Drive
Fundamentals

Applications

DC drive technology is the oldest form of electrical speed
control. The speed of a DC motor is the simplest to con-
trol, and it can be varied over a very wide range. These
drives are designed to handle applications such as:

Winders/coilers—In motor winder operations, main-
taining tension is very important. DC motors are able
to operate at rated current over a wide speed range,
including low speeds.

Crane/hoist—DC drives offer several advantages
in applications that operate at low speeds, such as
cranes and hoists. Advantages include low-speed
accuracy, short-time overload capacity, size, and
torque providing control. Figure 10-31 shows a
typical DC hoist motor and drive used on hoisting
applications where an overhauling load is present.
Generated power from the DC motor is used for
braking and excess power is fed back into the AC
line. This power helps reduce energy requirements
and eliminates the need for heat-producing dynamic
braking resistors. Peak current of at least 250 percent
is available for short-term loads.

Mining/drilling—The DC motor drive is often pre-
ferred in the high-horsepower applications required
in the mining and drilling industry. For this type of
application, DC drives offer advantages in size and
cost. They are rugged, dependable, and industry-
proven.

Figure 10-31 Typical DC hoist motor and drive.
© Baldor Electric Company. Reprinted with their permission. Photo Baldor,
www.baldor.com.

DC Drives—Principles of Operation

DC electronic variable-speed drives vary the speed of
DC motors with greater efficiency and speed regulation
than resistor control circuits. Since the speed of a DC
motor is directly proportional to armature voltage and
inversely proportional to field current, either armature
voltage or field current can be used to control speed. To
change the direction of rotation of a DC motor, either the
armature polarity can be reversed (Figure 10-32), or the
field polarity can be reversed.
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* Speed (rpm)—Nameplate maximum speed at
which the motor should be rotated.

e Full-load current (amperes)—Nameplate maxi-
mum current that the motor may use. Full-load
amperes (FLA) and full-load current (FLC) are the
same as the motor nameplate current.

* Supply voltage (volts)—Nameplate voltage
required by the motor to achieve maximum
torque.

* Power rating (horsepower or kilowatts)—Name-
plate rating of motors manufactured in the United
States are generally rated in horsepower (hp).
Equipment manufactured in Europe is generally
rated in kilowatts (kW). Horsepower can be con-
verted as follows: 1 hp = 0.746 kW.

¢ Motor magnetizing current (amperes)—Current
that the motor draws when operating with no load at
nameplate rated voltage and frequency. If not speci-
fied, it can be measured using a true-RMS clamp-on
ammeter.

¢ Motor stator resistance (ohms)—DC resistance of
the stator between any two phases. If not specified,
it can be measured with an ohmmeter.

Derating

Derating a VFD means using a larger than normal drive in
the application. Derating is required when a drive is to be
operated outside the normal operating range specified by
the manufacturer. Most manufacturers provide derating
figures when the drive is to be operated outside the speci-
fied temperature, voltage, and altitude. As an example,
derating must be considered when the drive is installed
at high altitude, greater than 1000 meters (3300 ft.). The
cooling effect of the drive is deteriorated because of the
reduced density of the air at high altitudes.

Types of Variable-Frequency Drives

The evolution of AC drive technology has seen many
changes in a relatively small time frame. As a result,
newer drives with greater functionality are now avail-
able. Most variable-frequency drives manufactured today
are pulse-width modulation drives that convert the 60-Hz
line power to direct current, then pulse the output volt-
age for varying lengths of time to mimic an alternating
current at the frequency desired. Many older VFDs were
distinguished by the type of inverter circuitry used in the
drive. Two earlier types of drives were the voltage-source
inverter and the current-source inverter.

Figure 10-26 shows a simplified circuit of one type of
voltage source inverter (VSI), also called variable-voltage
inverter (VVI). This inverter uses a silicon controlled

DC bus

SCR-controlled
converter

Six-step
SCR inverter

Output waveforms

M _rm_
L o o

Current JAAWMW%&

Figure 10-26 Simplified circuit of a voltage-source
inverter (VSI).

Voltage

rectifier (SCR) converter bridge to convert the incoming
AC voltage into DC. The SCRs provide a means of con-
trolling the value of the rectified DC voltage. The energy
storage in the DC link between the converter and inverter
consists of capacitors. The inverter section utilizes six
SCR switches. The control logic (not shown) uses a
microprocessor to switch the SCRs on and off, providing
a variable voltage and frequency to the motor. This type of
switching is often referred to as six-step because it takes
six 60° steps to complete one 360° cycle. Although the
motor prefers a smooth sine wave, a six-step output can
be satisfactorily used. The main disadvantage is torque
pulsation, which occurs each time an SCR is switched.
The pulsations can be noticeable at low speeds as speed
variations in the motor. These speed variations are some-
times referred to as cogging. The nonsinusoidal current
waveform causes extra heating in the motor, requiring a
motor derating. Voltage-source inverter drives can operate
any number of motors up to the total rated horsepower of
the drive.

With a current-source inverter, the DC power supply is
configured as a current source rather than a voltage source.
These drives employ a closed-loop system that monitors
the actual speed of the motor and compares it with the pre-
set reference speed, creating an error signal that is used to
increase or decrease the current to the motor. Figure 10-27
shows the simplified circuit of a current-source inverter
(CSI). The converter is connected to the inverter through a
large series inductor. This inductor opposes any change in
current and is of a sufficiently high inductance value that
direct current is constrained to be almost constant. As a
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Series inductor

Figure 10-27 Simplified circuit of a current-source
inverter (CSI).

result, the output produced is almost a square wave of cur-
rent. Current-source inverters are used for large drives—
about 200 hp—because of their simplicity, regeneration
braking capabilities, reliability, and lower cost. Since
current-source inverters monitor the actual motor speed,
they can be used to control only a single corresponding
motor with characteristics that match the drive.

PID Control

Most VFD applications require the AC motor to run at
a specific speed as set by the keypad, speed potentiom-
eter, or analog input. Some drives provide an alterna-
tive option that allows precise process control through
a setpoint controller or PID mode of operation. Many
variable-frequency drives come equipped with a built-in
proportional-integral-derivative (PID) controller. The
PID loop is used to maintain a process variable, such as
speed, as illustrated in Figure 10-28. The desired speed,
or setpoint, and the actual speed values are input to a sum-
mation point. These two signals are opposite in polarity
and yield a zero error or deviation whenever the desired

Response

Desired new
speed

Original speed

PID controller

Proportional
_ Deviation eireult
Dg;'ef:g (error) Integral Controller
> > circuit output
(setpoint)
Derivative
circuit

Actual speed

Figure 10-28 PID loop.

speed equals the actual speed. If the two signals differ
in value, the error signal will have a positive or negative
value, depending on whether the actual speed is greater
or less than the desired speed. This error signal is input to
the PID controller. The terms proportional, integral, and
derivative describe three basic mathematical functions
then applied to the error signal. The PID output reacts
to the error and outputs a frequency to try to reduce the
error value to zero. The controller’s job is to make the
speed adjustments quickly, with a minimum of overshoot
or oscillations. Tuning the PID controller involves gain
and time adjustments designed to improve performance
and result in a fast response with a minimum overshoot,
allowing the motor to settle in quickly to the new speed.
Some drives have a PID autotune function designed to
ease the tuning process.

Parameter Programming

The main drive program is contained in the processor’s
firmware and not normally accessible to the VFD user. A
parameter is a variable associated with the operation of
the drive that can be programmed or adjusted. Parameters
provide a degree of adjustment so that the user can cus-
tomize the drive to suit specific motor and driven equip-
ment requirements. The number of parameters can range
from 50, for small basic drives, to over 200 for larger, more
complex drives. Some VFDs provide upload/download and
parameter copy capability. Common adjustable param-
eters include the following:

* Preset speeds

* Minimum and maximum speeds

* Acceleration and deceleration rates

* Two- and three-wire remote control modes
» Stop modes: ramp, coast, DC injection
* Automatic torque boost

e Current limit

* Configurable input jog

* V/Hz settings

» Carrier frequency

* Program password

VFDs come with factory default settings for most
parameters that are more conservative in nature. The
default value settings simplify the start-up procedure.
However, parameters for motor nameplate data are not
factory-set (unless a matched drive and motor has been
purchased) and must be entered in the field. In general
there are three types of parameters:

¢ Tunable on the fly—Parameters can be adjusted or
changed while the drive is running or stopped.
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Figure 10-29 Integral keypad with an LED display used
to program and operate a small drive locally.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

* Configurable—Parameters can be adjusted or
changed only while the drive is stopped.

* Read only—Parameters cannot be adjusted.

Figure 10-29 shows an integral keypad with an LED
display used to program and operate a small drive locally.
The display shows either a parameter number or a param-
eter value. The drive’s parameter menu outlines what the
parameter number represents, and what numerical selec-
tions or options for the parameter are available. Param-
eter menu formats vary between make and model. This
drive has two kinds of parameters: program parameters
(P-00 through P-64), which configure the drive opera-
tion, and display parameters (d-00 through d-64), which
display information. Examples of program parameters
include:

P-00 minimum speed—Use this parameter to set the
lowest frequency the drive will output. Default setting
is 0.

P-01 maximum speed—Use this parameter to set the
highest frequency the drive will output. Default set-
ting is 60 Hz.

P-02 motor overload current—Set this parameter to
the motor nameplate full-load ampere rating. Default
setting is 100 percent of the rated drive current.

P-30 acceleration time—Use this parameter to define
the time it will take the drive to ramp up from 0 Hz to
maximum speed. Default setting is 5.0 seconds.

Examples of display parameters include:

d-00 command frequency—This parameter represents
the frequency that the drive is commanded to output.
d-01 output frequency—This parameter represents
the output frequency at the motor terminals.

Figure 10-30 Taking measurements on a VFD.

Photo courtesy Fluke, www.fluke.com. Reproduced with permission.

d-02 output current—This parameter represents
the motor current.

d-03 bus voltage—This parameter represents the
DC bus voltage level.

Diagnostics and Troubleshooting

Most VFDs come equipped with self-diagnostic controls
to help trace the source of problems. Always observe the
following precautions when troubleshooting the drive:

» Stop the drive.

* Disconnect, tag, and lock out AC power before
working on the drive.

» Verify that there is no voltage present at the AC
input power terminals (Figure 10-30). It’s important
to remember that DC bus capacitors retain hazard-
ous voltages after input power has been discon-
nected. Therefore, wait 5 minutes for the DC bus
capacitors to discharge once power has been discon-
nected. Check the voltage with a voltmeter to ensure
that the capacitors have discharged before touching
any internal components.

Problem indicators may include the following:

LEDs provide a quick indication of problems.
Normally, a steady glowing light means everything

is running properly. Flashing yellow or red lights indi-
cate a problem with the drive that should be checked.
Consult the operator’s manual for the specific drive to
determine what a particular flashing light means.

Alarms indicate conditions that may affect drive
operation or application performance. They are
cleared automatically when the condition that caused
the alarm is no longer present. Configurable alarms
alert the operator to conditions that, if left untreated,
may lead to a drive fault. The drive continues to oper-
ate during the alarm condition, and the alarms can be
enabled or disabled by the programmer or operator.
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Nonconfigurable alarms alert the operator of condi-
tions caused by improper programming and prevent
the drive from starting until the problem is resolved.
These alarms can never be disabled.

Fault parameters settings indicate conditions within the
drive that require immediate attention. The drive responds
to a fault by coasting to a stop and turning off output
power to the motor. Autoreset faults reset automatically
if, after a preset time, the condition that caused the fault is
no longer present. The drive then restarts. Nonresettable
faults may require drive or motor repair; the fault must
be corrected before it can be cleared. User-configurable

faults can be enabled and disabled to enunciate or ignore
a fault condition.

Fault queues normally retain a history of faults. Typi-
cally, queues hold only a limited number of entries; there-
fore, when the queue is full, older faults are discarded
when new faults occur. The system typically assigns a
timestamp to the fault so that programmers or operators
can determine when a fault occurred relative to the last
drive power-up.

A complete listing of all the different types of faults and
the appropriate corrective actions can typically be found in
the operator’s manual for a specific drive. The following
are examples of typical fault codes and corrective action:

Display

Code Fault Description Fault Cause Corrective Action

CF Undervoltage Low input line. Temporary Check input line to verify voltage is within

loss of input line. operating specifications.

oL Motor overload Excessive driven load. Reduce the load.

J1,J2,0rJ2 Ground short Phase A, B, or C. Verify output wiring is correct.
Verify output phase is not grounded.
Verify motor is not damaged.

OH Overtemperature Operating environment Verify the ambient temperature is less

is too hot.

Fan is blocked or not

operating.

Excessive driven load.

than 50° C.

Verify clearance above and below drive.
Check for fan obstruction.

Reduce the carrier frequency.

Reduce the load.

1. Compare the torque characteristics of constant, vari-
able, and shock loads.

2. Explain the function of reactors that are connected
in series with the line and load side of a VFD.

3. List the factors that need to be taken into account in
selecting the location for an electric motor drive.

4. What is the purpose of a VFD enclosure?

5. What is the function of a drive’s operator interface?

6. How are the effects of electromagnetic interference
minimized in a VFD installation?

7. In addition to line losses, why must cable lengths
between a PWM drive and motor be kept to a
minimum?

8. Why is proper grounding required for the safe and
reliable operation of a VFD system?

)IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

9. A bypass contactor working in conjunction with an iso-
lation contactor is utilized in certain VFD installations.
What purpose is served by this combination of contac-
tors and how do they work together to achieve this?

10. Outline the basic code requirement for a drive’s
controller and motor disconnecting means.

11. Summarize the types of built-in protective functions
that can be programmed into a variable-speed drive.

12. Compare the operation of dynamic, regenerative,
and DC-injection VFD braking systems.

13. Ramped acceleration and deceleration are two key
features of VFDs. Give a brief explanation of how
each is achieved.

14. Compare digital and analog input and output drive
control signals.
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Figure 10-33 Block diagram of a DC drive system.

The block diagram of a DC drive system made up of a
DC motor and an electronic drive controller is shown in
Figure 10-33. The shunt motor is constructed with arma-
ture and field windings. A common classification of DC
motors is by the type of field excitation winding. Shunt-
wound DC motors are the most commonly used type for
adjustable-speed control. In most instances the shunt field
winding is excited, as shown, with a constant-level voltage
from the controller. The SCR (silicon controller rectifier),
also known as thyristor, of the power conversion section
converts the fixed-voltage alternating current (AC) of the
power source to an adjustable-voltage, controlled direct
current (DC) output which is applied to the armature of
a DC motor. Speed control is achieved by regulating the
armature voltage to the motor. Motor speed is directly
proportional to the voltage applied to the armature.

The main function of a DC drive is to convert the fixed
applied AC voltage into a variable rectified DC voltage.
SCR switching semiconductors provide a convenient
method of accomplishing this. They provide a controlla-
ble power output by phase angle control. The firing angle,
or point in time where the SCR is triggered into conduc-
tion, is synchronized with the phase rotation of the AC

Anode /\\//\+ Scﬁl\_ [\ [\ Cathode
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AC voltage

Gate
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current

Rectified
DC voltage

|
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High DC voltage Medium DC voltage Low DC voltage
Figure 10-34 SCR conversion from AC to variable DC.

power source, as illustrated in Figure 10-34. The amount
of rectified DC voltage is controlled by timing the input
pulse current to the gate. Applying gate current near the
beginning of the sine-wave cycle results in a higher aver-
age voltage applied to the motor armature. Gate current
applied later in the cycle results in a lower average DC
output voltage. The effect is similar to a very high speed
switch, capable of being turned on and off at an infinite
number of points within each half-cycle. This occurs at
a rate of 60 times a second on a 60-Hz line, to deliver a
precise amount of power to the motor.

Single-Phase Input—DC Drive

Armature voltage-controlled DC drives are constant-
torque drives, capable of rated motor torque at any speed
up to rated motor base speed. Fully controlled rectifier
circuits are built with SCRs. Figure 10-35 shows a fully
controlled SCR bridge rectifier powered by a single-phase

Sl% S2
) +
é} D @ Armature

Lz P —
S4 f S3

b Field

Figure 10-35 Fully controlled SCR bridge rectifier pow-
ered by a single-phase AC supply.
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Figure 10-36 Smaller—horsepower-rated DC drive.
Photo courtesy Emerson Industrial Automation, Control Techniques America LLC, www.emersonct.com.

AC supply. The SCRs rectify the supply voltage (chang-
ing the voltage from AC to DC) as well as controlling the
output DC voltage level. In this circuit, silicon controlled
rectifiers S1 and S3 are triggered into conduction on the
positive half of the input waveform and S2 and S4 on the
negative half. Freewheeling diode D (also called a sup-
pressor diode) is connected across the armature to provide
a path for release of energy stored in the armature when
the applied voltage drops to zero. A separate diode bridge
rectifier is used to convert the alternating current to a con-
stant direct current required for the field circuit.

Single-phase controlled bridge rectifiers are commonly
used in the smaller-horsepower DC drives such as the one
shown in Figure 10-36. The terminal diagram shows the
input and output power and control terminations available
for use with the drive. Features include:

* Speed or torque control
e Tachometer input
* Fused input

* Speed or current monitoring (0-10 V DC or 4-20
mA)

Three-Phase Input—DC Drive

Controlled bridge rectifiers are not limited to single-phase
designs. In most commercial and industrial control sys-
tems, AC power is available in three-phase form for maxi-
mum horsepower and efficiency. Typically six SCRs are
connected together, as shown in Figure 10-37, to make
a three-phase fully controlled rectifier. This three-phase
bridge rectifier circuit has three legs, each phase connected
to one of the three phase voltages. It can be seen that the
bridge circuit has two halves, the positive half consisting
of the SCRs S1, S3, and S5 and the negative half consist-
ing of the SCRs S2, S4, and S6. At any time when there is
current flow, one SCR from each half conducts.

The variable DC output voltage from the rectifier sup-
plies voltage to the motor armature in order to run it at the
desired speed. The gate firing angle of the SCRs in the
bridge rectifier, along with the maximum positive and nega-
tive values of the AC sine wave, determine the value of the
motor armature voltage. The motor draws current from the
three-phase AC power source in proportion to the amount
of mechanical load applied to the motor shaft. Unlike AC
drives, bypassing the drive to run the motor is not possible.
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Figure 10-37 Three-phase fully controlled rectifier.

Larger-horsepower three-phase drive panels often con-
sist of a power module mounted on a chassis with line
fuses and disconnect. This design simplifies mounting
and makes connecting power cables easier as well. Fig-
ure 10-38 shows a three-phase input DC drive with the
following drive power specifications:

* Nominal line voltage for three-phase—230/460 V AC

* Voltage variation—+15%, —10% of nominal

* Nominal line frequency—350 or 60 cycles per second

* DC voltage rating 230 V AC line: Armature voltage
240V DC; field voltage 150 V DC

* DC voltage rating 460 V AC line: Armature voltage
500 V DC; field voltage 300 V DC

AC line fuses

Fused blower
motor starter

| —<— Compact

chassis design

Operator —> -— Enhanced

interface field supply or
module field regulator kit
(OIM)

with surface-mount

e regulator board

scacTric T

Digital encoder

or AC tachometer;
AutoMax® network or
DeviceNet™ and other
circuit kits mount inside
drive chassis

Figure 10-38 Three-phase input DC drive.

Photo courtesy Rockwell Automation, www.rockwellautomation.com.

Terminal strip for
user control

Field Voltage Control

To control the speed of a DC motor below its base speed, the
voltage applied to the armature of the motor is varied while
the field voltage is held at its nominal value. To control the
speed above its base speed, the armature is supplied with
its rated voltage and the field is weakened. For this reason,
an additional variable-voltage field regulator, as illustrated
in Figure 10-39, is needed for DC drives with field voltage
control. Field weakening is the act of reducing the current
applied to a DC motor shunt field. This action weakens the
strength of the magnetic field and thereby increases the
motor speed. The weakened field reduces the counter emf
generated in the armature; therefore the armature current
and the speed increase. Field loss detection must be pro-
vided for all DC drives to protect against excessive motor
speed due to loss of motor field current.

DC drives with motor field control provide coordinated
automatic armature and field voltage control for extended
speed range and constant-horsepower applications. The
motor is armature-voltage-controlled for constant-torque,
variable-horsepower operation to base speed, where it
is transferred to field control for constant-horsepower,
variable-torque operation to motor maximum speed.

X %4

L2 Armature
L3
3 ’F

Shunt
field

Motor field regulator

Figure 10-39 DC drive maotor field regulator.
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Nonregenerative and Regenerative
DC Drives

Nonregenerative DC drives, also known as single-quadrant
drives, rotate in one direction only and they have no
inherent braking capabilities. Stopping the motor is done
by removing voltage and allowing the motor to coast to
a stop. Typically nonregenerative drives operate high-
friction loads such as mixers, where the load exerts a
strong natural brake. In applications where supplemental
quick braking and/or motor reversing is required, dynamic
braking and forward and reverse circuitry, such as shown
in Figure 10-40, may be provided by external means.
Dynamic braking (DB) requires the addition of a DB con-
tactor and DB resistors that dissipate the braking energy
as heat. The addition of an electromechanical (magnetic)
reversing contactor or manual switch permits the revers-
ing of the controller polarity and therefore the direction
of rotation of the motor armature. Field contactor reverse
kits can also be installed to provide bidirectional rotation
by reversing the polarity of the shunt field.

All DC motors are DC generators as well. The term
regenerative describes the ability of the drive under brak-
ing conditions to convert the generated energy of the motor
into electrical energy, which is returned (or regenerated)
to the AC power source. Regenerative DC drives operate
in all four quadrants purely electronically, without the use
of electromechanical switching contactors:

* Quadrant I—Drive delivers forward torque, motor
rotating forward (motoring mode of operation). This
is the normal condition, providing power to a load
similar to that of a motor starter.

* Quadrant II—Drive delivers reverse torque, motor
rotating forward (generating mode of operation).
This is a regenerative condition, where the drive
itself is absorbing power from a load, such as an
overhauling load or deceleration.

F
| °
I
R >
L1—e DB
Armature
L2 Shunt
R DB field
L3 resistors
.
A
>
11
*—o 11 =
F

Figure 10-40 Nonregenerative DC drive with external
dynamic braking and reversing contactors.

* Quadrant III—Drive delivers reverse torque,
motor rotating reverse (motoring mode of opera-
tion). Basically the same as in quadrant I and simi-
lar to a reversing starter.

* Quadrant IV—Dirive delivers forward torque
with motor rotating in reverse (generating mode of
operation). This is the other regenerative condition,
where again, the drive is absorbing power from the
load in order to bring the motor towards zero speed.

A single-quadrant nonregenerative DC drive has one
power bridge with six SCRs used to control the applied
voltage level to the motor armature. The nonregenerative
drive can run in only motoring mode, and would require
physically switching armature or field leads to reverse the
torque direction. A four-quadrant regenerative DC drive
will have two complete sets of power bridges, with 12 con-
trolled SCRs connected in inverse parallel as illustrated in
Figure 10-41. One bridge controls forward torque, and the
other controls reverse torque. During operation, only one
set of bridges is active at a time. For straight motoring
in the forward direction, the forward bridge would be in
control of the power to the motor. For straight motoring in
the reverse direction, the reverse bridge is in control.

Cranes and hoists use DC regenerative drives to hold
back “overhauling loads” such as a raised weight (Fig-
ure 10-42), or a machine’s flywheel. Whenever the inertia
of the motor load is greater than the motor rotor inertia,
the load will be driving the motor and is called an over-
hauling load. Overhauling load results in generator action
within the motor, which will cause the motor to send cur-
rent into the drive. Regenerative braking is summarized
as follows:

* During normal forward operation, the forward
bridge acts as a rectifier, supplying power to the
motor. During this period gate pulses are withheld
from reverse bridge so that it is inactive.

* When motor speed is reduced, the control circuit
withholds the pulses to the forward bridge and
simultaneously applies pulses to reverse bridge.

Forward bridge Reverse bridge

Armature

Figure 10-41 Four-quadrant regenerative DC drive.
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Figure 10-42 Motor overhauling load.

During this period, the motor acts as a generator,
and the reverse bridge conducts current through
the armature in the reverse direction back to the
AC line. This current reverses the torque, and the
motor speed decreases rapidly.

Both regeneration and dynamic braking slow down a
rotating DC motor and its load. However, there are sig-
nificant differences in stopping time and controllability
during stopping, and safety issues depending on how
one defines what should happen under emergency condi-
tions. Regenerative braking will stop the load smoothly
and faster than a dynamic brake for fast stop or emer-
gency stop requirements. In addition regenerative brak-
ing will regenerate power to the supply if the load is
overhauling.

Parameter Programming

Programming parameters associated with DC drives are
extensive and similar to those used in conjunction with
AC drives. An operator’s panel is used for programming
of control setup and operating parameters for a DC drive
(Figure 10-43).

SPEED SETPOINT

This signal is derived from a closely regulated fixed-
voltage source applied to a potentiometer. The potenti-
ometer has the capability of accepting the fixed voltage
and dividing it down to any value, for example, 10 to 0V,
depending on where it is set. A 10-V input to the drive
from the speed potentiometer corresponds to maximum
motor speed and 0 V corresponds to zero speed. Similarly
any speed between zero and maximum can be obtained by
adjusting the speed control to the appropriate setting.

SIEMENS

i

i

Ynnna-.

B 8K
Do B

Operator’s panel DC drive

Figure 10-43 Operator's panel used for programming of
control setup and operating parameters for a DC drive.
Photos courtesy Siemens, www.siemens.com.

SPEED FEEDBACK INFORMATION

In order to “close the loop” and control motor speed accu-
rately, it is necessary to provide the control with a feed-
back signal related to motor speed. The standard method
of doing this in a simple control is by monitoring the
armature voltage and feeding it back into the drive for
comparison with the input setpoint signal. The armature
voltage feedback system is generally known as a voltage-
regulated drive.

A second and more accurate method of obtaining
the motor speed feedback information is from a motor-
mounted tachometer. The output of this tachometer is
directly related to the speed of the motor. When tachom-
eter feedback is used, the drive is referred to as a speed-
regulated drive.

In some newer high-performance digital drives, the
feedback can come from a motor-mounted encoder that
feeds back voltage pulses at a rate related to motor speed.
These pulses are counted and processed digitally and
compared to the setpoint, and an error signal is produced
to regulate the armature voltage and speed.

CURRENT FEEDBACK INFORMATION

The second source of feedback information is obtained
bymonitoring the motor armature current. This is an
accurate indication of the torque required by the load.
The current feedback signal is used to eliminate the
speed droop that normally would occur with increased
torque load on the motor and to limit the current to a
value that will protect the power semiconductors from
damage. The current-limiting action of most controls is

PART 3 DC Moator Drive Fundamentals 261

www.EngineeringEBooksPdf.com


http://www.siemens.com

adjustable and is usually called current limit or torque
limit.

MINIMUM SPEED

In most cases, when the controller is initially installed
the speed potentiometer can be turned down to its low-
est point and the output voltage from the controller will
go to zero, causing the motor to stop. There are, how-
ever, situations where this is not desirable. For exam-
ple, there are some applications that may need to be
kept running at a minimum speed and accelerated up
to operating speed as necessary. The typical minimum
speed adjustment is from O to 30 percent of motor base
speed.

MAXIMUM SPEED

The maximum speed adjustment sets the maximum speed
attainable. In some cases it’s desirable to limit the motor
speed (and machine speed) to something less than would
be available at this maximum setting. The maximum
adjustment allows this to be done.

PART 3 Review Questions :

1. List three types of operations where DC drives are
commonly found.

2. How can the speed of a DC motor be varied?

3. What are the two main functions of the SCR semi-
conductors used in a DC drive power converter?

4. Explain how SCR phase angle control operates to
vary the DC output from an SCR.

5. Armature-voltage-controlled DC drives are clas-
sified as constant-torque drives. What does this
mean?

6. Why is three-phase AC power, rather than single-
phase, used to power most commercial and indus-
trial DC drives?

7. List what input line and output load voltage infor-
mation must be specified for a DC drive.

8. How can the speed of a DC motor be increased
above that of its base speed?

9. Why must field loss protection be provided for all
DC drives?

10. Compare the braking capabilities of nonregenerative
and regenerative DC drives.

IR COMPENSATION

Although a typical DC motor presents a mostly inductive
load, there is always a small amount of fixed resistance in
the armature circuit. /R compensation is a method used
to adjust for the drop in a motor’s speed due to armature
resistance. This helps stabilize the motor’s speed from a
no-load to full-load condition. /R compensation should be
applied only to voltage-regulated drives.

ACCELERATION TIME

As its name implies, the acceleration time adjustment will
extend or shorten the amount of time for the motor to go
from zero speed up to the set speed. It also regulates the
time it takes to change speeds from one setting (e.g., 40 per-
cent) to another setting (e.g., 80 percent).

DECELERATION TIME

The deceleration time adjustment allows loads to be slowed
down over an extended period of time. For example, if
power is removed from the motor and it stops in 3 seconds,
then the deceleration time adjustment would allow you to
adjust this time typically within a 0.5- to 30-second range.

11. A regenerative DC drive requires two sets of power
bridges. Why?

12. Explain what is meant by an overhauling load.

13. What are the advantages of regenerative braking
versus dynamic braking?

14. How is the desired speed of a drive normally set?

15. List three methods used by DC drives to send feed-
back information from the motor back to the drive
regulator.

16. What functions require monitoring of the motor
armature current?

17. Under what operating condition would the mini-
mum speed adjustment parameter be utilized?

18. Under what operating condition would the maxi-
mum speed adjustment parameter be utilized?

19. IR compensation is a parameter found in most DC
drives. What is its purpose?

20. What, in addition to the time it takes for the motor
to go from zero to set speed, does acceleration time
regulate?
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PART 4 Programmable Logic
Controllers (PLCs)

PLC Sections and Configurations

A programmable logic controller (PLC) is an industrial-
grade computer that is capable of being programmed to
perform control functions. The programmable controller
has eliminated much of the hard wiring associated with
conventional relay control circuits. Other benefits PLCs
provide include easy programming and installation, fast
control response, network compatibility, troubleshooting
and testing convenience, and high reliability. Programma-
ble logic controllers are now the most widely used indus-
trial process control technology.

Figure 10-44 shows the major sections of a program-
mable logic controller system. Their basic functions are
summarized as follows:

Power supply The power supply of a PLC system
converts either AC line voltage or, in some applica-
tions, a DC source voltage, into low-voltage DC
required by the processor and I/O modules. In addition
to voltages required for the internal operation of these
components, the power supply in certain applications
may provide low-voltage DC to external loads as well.
Power supplies are available for different input volt-
ages including 120 V AC, 240 V AC, 24 V AC, and

24 V DC. The required output current rating of the
power supply load on the power supply is based on the
type of processor, the number and types of input/output
(I/0) modules, and any external loads that may be
required to be connected to the power supply.

Processing unit The central processing unit (CPU),
also called processor, and associated memory form the

intelligence of a PLC system. Unlike other modules
that simply direct input and output signals, the CPU
evaluates the status of inputs, outputs, and other data
as it executes a stored program. The CPU then sends
signals to update the status of outputs. Processors are
rated as to their available memory and I/O capacity,
as well as the different types and number of available
programming instructions.

Input module Input and output modules enable
the PLC to sense and control the system it is operat-
ing. The prime function of an input module is to take
the input signals from the field devices switches or
sensors and convert them to logic signals that can
be used by the CPU. In addition, the input module
provides electrical isolation between the input field
devices and the PLC. The types of input modules
required depend on the types of input devices used.
Some input modules respond to digital inputs, also
called discrete inputs, which are either on or off.
Other input modules respond to analog signals that
represent conditions as a range of voltage or current.

Output module Output modules control the system
by operating motor starters, contactors, solenoids,
and the like. They convert control signals from the
CPU into digital or analog values that can be used to
control various output field devices (loads). They also
provide electrical isolation between the input field
devices and the PLC.

Programming device The programming device is
used to enter or change the PLC’s program or to mon-
itor or change stored values. Once entered, the pro-
gram is stored in the CPU. A personal computer (PC)
is the most commonly used programming device and
communicates with CPU via a communications port.

1
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Figure 10-44 The major sections of a PLC system.

PART 4 Programmable Logic Controllers (PLCs)

263



Figure 10-45 Fixed programmable controller.
Photos courtesy Siemens, www.siemens.com.

Small-size fixed PLCs, such as the Micro PLC shown
in Figure 10-45, are stand—alone, self-contained units.
A fixed controller consists of a power supply, processor
(CPU), and fixed number of input/outputs (I/Os) in a single
unit. They are constructed in one package with no separate,
removable units. The number of available I/O points varies
and usually can be increased by the addition of expansion
modules. Fixed controllers are small and less expensive
but limited to smaller, less complex applications.

A modular PLC, such as the one shown in Figure 10-46,
is made up of several different physical components. It
consists of a rack or chassis, power supply, processor
(CPU), and I/O modules. The chassis is divided by com-
partments into which the separate modules can be plugged.
The complete assembly provides all of the control func-
tions required for a particular application. This feature
greatly increases your options and the system’s flexibility.
You can choose from a variety of modules available from
the manufacturer and mix them any way you desire.

Figure 10-46 Modular programmable controller.
Photo courtesy Rockwell Automation, www.rockwellautomation.com.

Ladder Logic Programming

A program is a user-developed series of instructions that
directs the PLC to execute actions. A programming lan-
guage provides rules for combining the instructions so
that they produce the desired actions. Relay ladder logic
(RLL) is the standard programming language used with
PLC:s. Its origin is based on electromechanical relay con-
trol. The ladder logic program graphically represents
rungs of contacts, coils, and special instruction blocks.

Figure 10-47 shows the traditional electrical diagram for
a hard-wired motor start/stop circuit. The diagram consists
of two vertical supply lines with a single rung. Every rung
contains at least one load device that is controlled, as well
the conditions that control the device. The rung is said to
have electrical continuity whenever a current path is estab-
lished between L1 and L2. Pressing the start push button
results in electrical continuity to energize the starter coil
(M) and close the seal-in contact (M1). After the start but-
ton is released, electrical continuity is maintained by the
seal-in contact. When the stop push button is pressed, elec-
trical continuity is lost and the starter coil deenergizes.

On an electrical diagram, the symbols represent real-
world devices. In the electrical diagram, the electrical
states of the devices are described as being open/closed or
off/on. In the ladder logic program, instructions are either
false/true or binary 0/1. The three basic PLC instructions
(Figure 10-48) are:

XIC—Examine if closed instruction
XIO—Examine if open instruction
OTE—Output energize instruction

Each of the input and output connection points on a
PLC has an “address” associated with it. This address will
indicate what PLC input is connected to what input device
and what PL.C output will drive what output device. Types
of addressing formats include rack/slot-based and tag-
based formats. Addressing formats may vary between PLC
modules manufactured by the same company. Also no
two different PLC manufacturers have identical address-
ing formats. Understanding the addressing scheme used is

Electrical continuity

L1 L2
Start PB Starter

_L coil oL

Stop PB

Rung

Auxiliary
seal-in contact

Figure 10-47 Hard-wired start/stop circuit.
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Instruction Symbol State
If the input device is open
XIC the instruction is false.

1E

Examine if closed If the input device is closed

the instruction is true.

If the input device is open

XIO the instruction is true.

Examine if open

e

If the input device is closed
the instruction is false.

If the rung has logic continuity

OTE the output is energized.

Output energize

<>

If the rung does not have logic
continuity the output is deenergized.

Figure 10-48 Basic PLC instructions.

of prime importance when it comes to programming and
wiring. PLCs with fixed I/O typically have all their input
and output locations predefined.

Figure 10-49 illustrates how the basic PLC instructions
are applied in a programmed start/stop motor circuit,
which looks and acts much like the electric hard-wired
circuit. The operation of the program can be summarized
as follows:

* The normally closed stop push button is closed,
making the stop instruction (I1) true.

* Closing the start push button makes the start instruc-
tion (I2) true and establishes logical continuity of
the rung.

* Rung logic continuity energizes the motor starter coil.

* The starter auxiliary contact M1 closes, making its
instruction (I3) true.

¢ After the start button is released, electrical continu-
ity is maintained by the true I3 instruction.

Figure 10-50 illustrates typical PLC wiring, with input/
output notation, designed to implement the motor start/

stop control. A fixed controller with eight predefined
fixed inputs (I1 to I8) and four predefined fixed relay out-
puts (Q1 to Q4) is used to control and monitor the motor
start/stop operation. The job is completed as follows:

* The power supply is connected to terminals L1 and
L2 of the controller.

* QI normally open output relay contact, M starter
coil, and the OL relay contact are hard-wired in
series with L1 and L2.

* The stop push button, start push button, and M1
auxiliary seal-in contact inputs are connected to I1,
12, and I3 respectively, while the motor starter coil
is connected to output Q1.

* The ladder logic program is entered using the front
keypad and LCD display or a personal computer
connected via the communications port.

* Power is applied and the PLC is placed in the run
mode to operate the system.

Figure 10-51 illustrates the original motor start/stop pro-
gram modified to include remote standby and run pilot lights.
The operation of the pilot lights is summarized as follows:

* Both examine-if-open and examine-if-closed Q1
programmed contacts are referenced to the starter
output coil address Q1.

* When output Q1 is not energized, the examine-if-
open QI instruction will be true, establishing rung
continuity and energizing output Q2 to switch on
the standby pilot light.

* In addition, when output Q1 is not energized, the
examine-if-closed Q1 instruction will be false. No
rung continuity exists, so the run pilot light con-
nected to output Q2 will be deenergized.

* When output Q1 is energized the Q1 examine-
if-open Q1 instruction becomes false and the Q1
examine-if-closed instruction becomes true. This

Inputs Output
L1 Ladder logic program
Stop 11 12 Q1
1>—§d4}— Input 11 % [ ] [ ( >_
(closed) (true) (false)

Start

—0 O— Inputl2

K
P

open
(open) (false)
M1 Logical continuity
o——||—— Input13
(open)

Output Q1

Deenergized

(off)

Figure 10-49 Programmed start/stop circuit.
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Figure 10-50 PLC wiring designed to implement the
motor start/stop contraol.

results in the standby pilot light switching off and
the run pilot light switching on.

The term hard-wired refers to logic control functions that
are determined by the way the devices are interconnected.
Hard-wired logic is fixed; it is changeable only by altering
the way in which the devices are connected. In contrast,

programmable control is based on logic functions, which
are programmable and easily changed. Figure 10-52 shows
the wiring changes that would be required, in addition to
the program changes, in order to implement the motor con-
trol with standby and run pilot lights. All existing wiring
remains intact. The only new wiring required is connection
from the remote pilot lights to outputs Q2 and Q3.

Safety considerations need be developed as part of
the PLC program. One such consideration involves the
use of a motor starter seal-in contact in place of a pro-
grammed contact referenced to the output coil instruc-
tion. The use of the field-generated starter auxiliary
contact status in the program is safer because it provides
positive feedback to the processor about the exact status
of the motor. Assume, for example, that the OL contact
of the starter opens under overload condition. The motor,
of course, would stop operating because power would be
lost to the starter coil. If the program were implemented
using a normally open contact instruction referenced to
the output coil instruction as the seal-in for the circuit,
the processor would never know that power had been lost
to the motor. When the OL was reset, the motor would
restart instantly, creating a potentially unsafe operating
condition.

Another safety consideration concerns the wiring of stop
buttons. A stop push button is generally considered a safety
function as well as an operating function. As such, it should
be wired using a normally closed push button and pro-
grammed for an examine-if-closed condition. Using a nor-
mally open push button programmed for an examine-if-off
condition will produce the same logic but is not considered
as safe. Assume that the latter configuration is used. If, by
some chain of events, the circuit between the push button and
the input point were to be broken, the stop button could be
depressed forever, but the PLC logic could never react to the
stop command because the input would never be true. The
same would result if power were lost to the stop pushbutton

L2
Q1 oL

Q2 Standby

( )— Output Q2

Q3 Run

N\, 4
4 N\
L 4

Y 7
Ie
Output S—O—«
C )_ put Q L

L1 Inputs Ladder logic program Output
Stop 11 12
o olo— Input 11 —ﬂ E—% P—( )— Output Q1 —@—,H’—»
(closed) (true)
1 F
1L
Start 13
Q1
oo o—inputlz2 —]/F
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M1 1er
o—||—— Input 13 1C
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Figure 10-51 Programmed start/stop circuit with remote standby and run pilot

lights.
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Figure 10-52 Wiring changes for remate pilot lights.

control circuit. If the normally closed wiring configuration
is used, the input point receives power continuously unless
the stop function is desired. Any faults occurring with the
stop circuit wiring, or a loss of circuit power, would effec-
tively be equivalent to an intentional stop.

Programming Timers

The most commonly used PLC instruction, after coils and
contacts, is the timer. Timers are programming functions
that keep track of time and provide various responses
depending on the elapsed time. They operate in a man-
ner similar to hard-wired electromechanical timers. Even
though each manufacturer may represent timer instruc-
tions differently on the ladder diagram, most operate
in the same manner. Common PLC timer instructions
include:

On-delay timer (TON) is a programming instruction
typically used to delay the start of a machine or pro-
cess for a set period of time.

Off-delay timer (TOF) is a programming instruction
typically used to delay the shutdown of a machine or
process for a set period of time.

TON
Timer on delay
Timer T4:.0 —(EN
Time base 1.0

—(DN
Preset 15 )
Accumulated 0

Figure 10-53 On-delay timer instruction.

Retentive timer (RTOQ) is a programming instruction
typically used to track the length of time a machine
has been operating or to shut down a process after an
accumulated time period of recurring faults.

Timers in a programmable controller are output instruc-
tions. Figure 10-53 shows the on-delay timer instruction
used by Allen-Bradley SLC-500 controllers. The follow-
ing are associated with this timer instruction:

* Type of timer. TON (on delay).
¢ Timer number. address T4:0.

¢ Time base. 1.0 second. The time base of the timer
determines the duration of each time base interval.
Time intervals are accumulated or counted by the
timer.

e Preset time. 15. Used in conjunction with the time
base to set the time-delay period. In this case the
time delay period would be 15 seconds (1 second X
15).

* Accumulated value. The time that has elapsed
since the timer was last reset.

¢ (EN)—Enable bit. Is true whenever the timer
instruction is true.

* (DN)—Done bit. Changes state whenever the accu-
mulated value reaches the preset value.

The most commonly used timer is the on-delay type. You
can use this timer to turn an output on or off after the timer has
been on for a preset period of time. Figure 10-54 illustrates
the operation of a typical on-delay programmed timer. The
operation of the timer is summarized as follows:

* Aslong as switch input A is true (closed), the timer
on delay T4:0 will increment every 1 second toward
the preset value of 15 seconds.

* Aslong as switch input A is true (closed), the
timer’s enable bit (EN) will be true or set to 1. With
rung continuity established, the green pilot light
output C will be energized (turned on) at all times
that the switch is closed.

* The current number of seconds that have passed will
be displayed in the accumulated value portion of the
instruction.
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L1 Input Ladder logic program Outputs L2
. Red PL
Switch Input A TON N~
O— Input A 1r Timer on delay Output B —@—0
1L Timer T4:0 (EN) — o~
Time base 1.0
Preset 15 (DN) Green PL
Accumulated 0 QUITIIE S~
utput C ——( : )—e
p e N
T4:0 Output B
1 E )
J L \J
EN
T4:0 Output C
1 E )
J L \J
DN
Figure 10-54 On-delay programmed timer.
INPUT OUTPUT
01418112 0 4.8 12 Hinged module
Input LEDs_f0|i—> 1 5 9 13 Output LEDs_forI —> 1 5 9 13 cover with terminal
input termina output terminal identification
status 2 6 10 14 status 2 6 10 14
3 7 11 15 3 7 11 15
L1
1 IN 1 VAC
@ @ 0 IN @ @ Out
1:1/2 = IN 1 ~ Out 0
L1—o—0o 7] @ 2 [N 7 @ 1 [out ]| oo
gy e IN 3 =~ out | 2 : @
@ @ 4 IN @ @ 3 Out A
e— IN 5 Py Al Out 4
A 6 [ N A 5 [ out
IN 7 Out 6 .
e e 0:2/8
7 17) 8 [N @ @ 7_|[out ‘@’HH L2
_ IN 9 T Out 8 / \
@ @ 10 IN @ @ 9 Out
~d IN 1 e Out | 10
@il |12 N A 11 [out
] IN 13 e Out | 12
@ @ 14 [N @ @ 13 [ out
@ AC 15 @ Out | 14
COM [ AC 15 [ AC
L2 —d COM =& COM
Input module Slot 1 Output module  Slot 2

Figure 10-55 Wiring for the on-delay timer using the Allen-Bradley SLC 500 modular contraller.

* When the accumulated value is equal to the preset
value, the timer’s done bit (DN) will be true or set
to 1. Rung continuity is established and the red pilot
light output B will be energized (turned on).

* The processor resets the accumulated time to zero

when the rung condition goes false, regardless of
whether the timer timed out or not.

Figure 10-55 shows the wiring for the on-delay timer
implemented using the Allen-Bradley SLC 500 modular
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Address 1:1/2 (switch input A). The letter I indicates

controller with slot-based addressing. A 16-point (0 to 15)
AC input module is plugged into slot 1 and a 16-point (0 to
15) AC output module into slot 2 of the single-rack chas-
sis. The wiring is as shown and the addressing format is as
follows:

that it is an input, the 1 indicates that the AC input

module is in slot 1, and the 2 indicates the terminal

of the module to which it is connected.
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Address O:2/3 (red PL output B) The letter O
indicates that it is an output, the 2 indicates that
the AC output module is in slot 2, and the 3 indi-
cates the terminal of the module to which it is
connected.

Address O:2/8 (green PL output C) The letter O
indicates that it is an output, the 2 indicates that the
AC output module is in slot 2, and the 8 indicates the
terminal of the module to which it is connected.

Programming Counters

Most PLC manufacturers provide counters as part of their
instruction set. A programmed counter can count, calcu-
late, or keep a record of the number of times something
happens. One of the most common counter applications is
counting the number of items moving past a given point.
The two counter types are the count-up (CTU) counter
and the count-down (CTD) counter. Count-up instruc-
tions are used alone or in conjunction with count-down
instructions having the same address.

Counters, like timers, in a programmable control-
ler are output instructions. Other similarities include the
following:

¢ A timer and counter both have an accumulator.
For a timer, the accumulator is the number of
time base intervals the instruction has counted.
For a counter, the accumulator is the number of
false-to-true transitions of its logic rung that have
occurred.

* A timer and counter both have a preset value. The
preset value is the set point that you enter in the
timer or counter instruction. When the accumulated
value becomes equal to or greater than the preset
value, the done bit (DN) status is set to 1.

Figure 10-56 shows the standard counter instruction
used by Allen-Bradley controllers. The following are
associated with this counter instruction:

* Type of counter. Up counter (CTU).
* Counter number. Address C5:1.

CTuU

— Count-up counter —@U$
Count C5:1
Preset 7 O

Accumulated 0

C5:1
(HEQ)
Re9)

Figure 10-56 Up-counter (CTU) instruction.

* Preset value. 7.
¢ Accumulated value. Initially set at 0.

¢ (CU)—enable bit. Is true whenever the rung condi-
tions for the counter are true.

* (DN)—done bit. Changes state whenever the accu-
mulated value reaches the preset value.

¢ (OV)—overflow bit. Is true whenever the counter
counts past its maximum value.

¢ (RES)—Reset. Instruction with the same address
as the counter that is being reset is used to return
counter accumulator values to zero.

Count-up counters are used when a total count is
needed. The number stored in the counter accumulator is
incremented each time the logic rung for the counter goes
from false to true. It thus can be used to count false-to-true
transitions of an input instruction and then trigger an event
after a preset number of counts or transitions. The up-
counter output instruction will increment by 1 each time
the counted event occurs.

Figure 10-57 illustrates the operation of a programmed
up-counter used to turn the red pilot light on and the green
pilot light off after an accumulated count of 7. Figure 10-58
shows the wiring for the up-counter implemented using
the Allen-Bradley SLC 500 modular controller with slot-
based addressing. The operation of the program is sum-
marized as follows:

* QOperation of PB1 (input I:1/0) provides the off-to-on
transition pulses that are counted by the counter.

* The preset value of the counter is set to 7.

» Each false-to-true transition of rung 1 increases the
counter’s accumulated value by 1.

* After 7 pulses, or counts, when the preset counter
value equals the accumulated counter value, output
DN is energized.

e As aresult, rung 2 becomes true and energizes out-
put 0:2/0 to switch the red pilot light on.

* At the same time, rung 3 becomes false and
deenergizes output 0:2/1 to switch the green pilot
light off.

* The counter is reset by closing PB2 (input I:1/1)
and resets the accumulated count to zero.

* Counting can resume when rung 4 goes false
again.

The down-counter output instruction will count down or
decrement by 1 each time the counted event occurs. Count-
down counters (CTDs) are used when a preset number of
items (or events) exist and the number must be decreased
(or decremented) as items are taken away or events occur.
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L1 Inputs Ladder logic program Outputs L2
1:1/0 _cTU
Rung 1 } [ goun:—up counter w— —@@— Red PL
PB1 (Count) PBL (couny Preset 7 09 020 — : D)
110 Accumulated 0 ' AA
—O0 O— I
C5:1/DN 0:210 | 4,1 ‘@’ .
3 r r) ’
Rung 2 L ~ Gr,een\PL
PB2 (Reset) Counter done bit Red PL
0 o— 11 C5:1/DN 0:2/1
rung 3/ (O
Counter done bit Green PL
1:1/1 C5:1
Rung 4 } [ @ES)—
PB2 (Reset)
Figure 10-57 Programmed up-counter.
INPUT OUTPUT
0 4 8 12 0 4 8 12
1 5 9 13 1 5 9 13
2 6 10 14 2 6 10 14
3 7 11 15 3 7 11 15
PB1 L1
L o ” IN ”S VAC .

L1 ° 2175y 0 [TIN oy our 1| % @y
= | % e T ®
@ 2 IN @ 1 Out

. — @ — @ 0:2/1  ~—~v
1:1/1
A4 IN 3 A4 Out 2 (G) L2
% @ @ 4 IN @ @ 3 Out A
ey M= IN 5 Py Al Out 4
@ @ 6 IN @ @ 5 Out
ey IN 7 ey Out 6
@ @ 8 IN 7] @ 7 Out
ey = IN 9 ey = Out 8
@ @ 10 [N 7] @ 9 [ou
ey = IN 11 e = Out | 10
@ @ 12 [N 7 @ 11 [ou
e~ = IN 13 o~ = Out | 12
7] @ 14 [N ] @ 13 [out
5_ AC 15 5_ Out | 14
COM 15
L2 —19)| cou —9 cou
Input module Slot 1 Output module  Slot 2

Figure 10-58

An example of a down-counter application is keeping track
of the number of parts leaving a storage bin.

Often the down-counter is used in conjunction with the
up-counter to form an up/down-counter. A typical applica-
tion for an up/down-counter could be to keep count of the
cars that enter and leave a parking garage. Figure 10-59

270

Wiring for the up-counter implemented using the Allen-Bradley SLC 500 controller.

shows a PLC program that could be used to implement
this application. The operation of the program is summa-
rized as follows:

* As a car enters, it triggers the up-counter output

instruction and increments the accumulated count
by 1.
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L1 Inputs
Enter
switch

Ladder logic program

Output L2

] cTu Lot full
Enter F Count-up counter —(CU)— "gthj

N\,

switch Counter C5:1 —(DN
. Preset 150 )
Exit Exit Accumulated 0
SEUIE switch
CTD
O0— Reset ﬂ F Count-down counter _(CD)—

Counter C5:1 DN

Preset 150 )

Accumulated 0| Lotful

C5:1/DN light

I E e )

L \
Reset c5:1

—1 [

Figure 10-59 Parking garage counter.

» Conversely, as a car leaves, it triggers the down-
counter output instruction and decrements the accu-
mulated count by 1.

* Because both the up- and down-counters have the

same address, the accumulated value will be the
same in both.

PART 4 Review Questions

1. What is a programmable logic controller and how is
it utilized in motor applications?

2. List the five major components of a PLC system
along with the function provided by each.

3. List the advantages of fixed and modular PLCs.

4. Explain the function of a PLC program.

5. Compare the way in which the states of devices are
referred to in an electrical diagram and in a ladder
logic program.

6. When does logic continuity occur in a rung of a
PLC ladder logic program?

7. Compare hard-wired—type control with program-
mable control.

8. For safety reasons, a programmed start/stop circuit
is always wired using normally closed stop push
buttons. Why?

9. Compare the way in which electromechanical and
programmed timers operate.

@D —

* Whenever the accumulated value equals the preset
value, the counter output is energized to light up the
lot full sign.

* A reset button has been provided to reset the accu-
mulated count.

10. State what timer instruction(s) is associated with
each of the following:
a. Time that has elapsed since the timer was last
reset.
b. Time-delay period.
c. Contact that changes state after the timer times
out.

11. What would be the correct address for a push button
connected to terminal 4, slot 1, of a single-rack SCL
500 modular PLC controller?

12. List three common functions programmed counters
perform.

13. What does the accumulator of a programmed coun-
ter count?

14. How is a programmed counter reset to zero?

15. Explain the principle of operation of an up/down-
counter.
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y j TROUBLESHOOTING SCENARIOS

1. Most VFD manufacturers provide a special termi- 3. What might be the consequence of setting the
nal block for DC bus voltage measurement. What acceleration time of a DC drive to a very low value.
conditions could bus voltage measurements be used 4. A normally closed contact-type limit switch is
to check for? programmed to operate a solenoid valve as part of
2. For each VFD problem given, list what things in a motor control system. This limit switch is to be
general you would check to determine the problem. replaced with a normally open contact type. What
a. Motor does not start—no output voltage to the changes, if any, would be required to have the cir-
motor. cuit operate as before with the new limit switch
b. Drive started but motor not rotating—a speed of installed?
0 Hz is displayed.

¢. Motor not accelerating properly.

e

— -~ DISCUSSION TOPICS AND CRITICAL THINKING QUESTIONS

——

1. AC adjustable-speed drives are available with a 4. Three motors are to be started in sequence with a
broad selection of features. Do a vendor search on 10-second time delay between them. Design a PLC
the Internet and prepare a paper on the standard and program that will perform this operation.
optional features of a VFD of your choice or one 5. A parking garage has one entrance and two exits.
assigned by the instructor. Design a PLC program that will track the number

2. Why might you want to copy your drive parameter of vehicles parked in the garage at any one time.

settings if this option is available to you?

3. The use of a bypass contactor circuit to operate a
DC drive is not an option. Explain why.
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A

AC adjustable-speed drives, 237-244
flux vector, 242-244
variable-frequency, 238-242
volts per hertz, 242

AC contactor coils, 140, 141

AC contactors, 146

AC induction motors:
full-voltage starting of, 188—190
reversing of, 198-202
three-phase, 103—-107

AC motor connections, 27-31
dual-voltage, 29
multispeed, 29-31
single-phase, 27-29
three-phase, 29

AC motor drives, 114-116, 237-244
flux vector, 242-244
inverter duty motors, 116
variable-frequency, 114-116, 238-242
volts per hertz, 242

AC motors, three-phase (see Three-phase

AC motors)

AC solenoids, 82

AC-1 contactors, 146

AC-3 contactors, 146

AC-4 contactors, 146

Acceleration time, 262

Across-the-line starters (see Full-voltage

starters)

Actual speed (of AC motors), 102

Actuators, 81-85
relays, 81
servo motors, 84-85
solenoid valves, 82-84
solenoids, 81, 82
stepper motors, 84

Additive polarity, 53

Adjustable-frequency drives (AFDs), 238

Adjustable-speed drives (ASDs), 237-262
AC, 237-244
DC, 256-262
VED, 244-255

AFDs (adjustable-frequency drives), 238

Alarms, VFD, 254-255

Alignment:
of contactor coils, 142
of motor and load, 123-125
troubleshooting, 130

Alternating current (see under AC...)

Alternating (impulse) relays, 174—175

Ambient temperature, 33, 120, 130, 131

American Wire Gauge (AWG), 181

Ampacity, 44

Analog Hall effect sensors, 75

Index

Analog inputs, 251

Analog outputs, 251

AND gate, 234

AND logic function, 177, 235
Angular misalignment, 124, 125
Antiplugging, 205

Antistatic wrist strap bands, 233
Arc burns, 3

Arc chutes, 142

Arc suppression, 142-144
Armature current, 97

Armature reaction, 97-98

ASDs (see Adjustable-speed drives)
Asymmetrical timers, 171
Automatic starters, 35
Automatic-reset thermal protection, 127
Autotransformer starters, 192
Autotransformers, 49, 57

Auxiliary contact, 35

AWG (American Wire Gauge), 181

Babbitt, 125
Back EMF (see Counter electromotive force)
Ball bearings, 125-126
Base (B) section, 217
Base speed, 98
BDT (breakdown torque), 121
Bearings, 124-126
ball, 125-126
roller, 126
sleeve, 124, 125
thrust, 126
troubleshooting, 130
Bell-crank contactor assembly, 140
Belts, 123-125
Bimetallic-type thermal overload relays,
154-155
Bipolar junction transistors (BJTs), 217-219
BLDCs (brushless DC motors), 85
Block diagrams, 24
Blowout coils, 144
Body resistance values, 2
Bonding, 7-8
Braking:
DC-injection, 206, 249
dynamic, 205-206, 249
electromechanical friction, 206207
regenerative, 260, 261
of VFDs, 248-249
Branch circuit motors (see Motor branch
circuits)
Branch circuits, 43—44
Breakdown torque (BDT), 121
Breakover voltage, 228
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Breaks (term), 163

Bridge rectifiers, 213, 214, 225
Brushes, 129

Brushless DC motors (BLDCs), 85
“Buddy rule,” 129

Built-in thermal protection, 127-128
Burns, 3

Burnt-out motors, 130

Busbars, 46

Busways, 44

Bypass contactors, 247

C

Cable trays, 44
Canadian Standards Association (CSA), 121
Capacitive proximity sensors, 72—73
Capacitor filters, 214
Capacitor start, 28
Capacitor-start motors, 111-112
Capacitor-start/capacitor-run motors, 112, 113
Capillary tube temperature switches, 68—69
Carrier frequency, 241
CE (Conformité Européene), 121
CEMF (see Counter electromotive force)
Central processing units (CPUs), 263
Centrifugal switches, 110-111
Charts, troubleshooting, 131-132
Circuit breakers:

for control transformer, 55

open, 130
Clapper contactor assembly, 140
Class 10 overload relay, 153
Class 30 overload relay, 153
Cleaning (of motors), 129
Closed-loop servo motors, 84, 85
Closed-loop speed control, 241-242
Closed-loop vector drives, 243-244
Code letter, 34, 117-118
Coilers, 255
Coils:

blowout, 144

contactor, 140-142

shading, 141, 142
Collector (C) section, 217
Combination logic functions, 177-178
Commutation, 91, 92
Commutators, 129
Compound DC motor reversing, 96
Compound DC motors, 94-95
Conductor sizing:

for motor branch circuits, 181

and motor installation, 126-127
Conduits, 44
Configurable parameters, 253
Confined spaces, 5-6
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Conformité Européene (CE), 122
Connection diagrams, 35
Connections:

AC motor, 27-31

motor installation and electrical, 126
Constant-horsepower loads, 119, 120
Constant-torque loads, 119
Contact blocks, 63
Contactors, 135-150

defined, 35, 135

enclosures for, 147

magnetic, 135-144

ratings for, 145-147

solid-state, 147-150
Contacts, relay, 162-163
Continuous-duty motors, 120
Control circuits:

magnetic contactors, 136

NEC requirements for, 185-186
Control inputs and outputs:

digital inputs, 250-251

VFD, 250-251
Control logic:

for relays, 176-178

in VFDs, 238-240
Control section, of DC motor drive, 100
Controllers, motor (see Motor controllers)
Converter block, VFD, 114, 115, 238, 239
Cooling, insufficient, 130
Copper losses, 118
Core, 48
Core loss, 118
Count-down (CTD) counters, 269-271
Counter electromotive force (CEMF),

96-97, 187

Counters, 269-271
Count-up (CTU) counters, 269-271
Coupling:

by means of gears or pulleys/belts,

123-125

troubleshooting, 130
CPUs (central processing units), 263
Cranes, 255, 260, 261
CSA (Canadian Standards Association), 121
CSIs (see Current-source inverters)
CTD counters (see Count-down counters)
CTU counters (see Count-up counters)
Current:

and motor selection, 117

relative magnitude/effect of, 2, 3

transformer, 49-52

transmission, 41
Current feedback information, 261-262
Current limit block, 243
Current limit starts, 196
Current limits, 262
Current rating, 33
Current resolver, 243
Current transformer, 58, 156
Current-source inverters (CSIs), 252-253

Darlington transistors (Darlington pairs),
218,219

Dashpot timers, 167

DC adjustable-speed drives, 256262

DC brushless servo motors, 85
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DC bus, 238-241
DC contactor coils, 140, 141
DC contactors, 146-147
DC filters, 115
DC generators, 260
DC motor connections, 25-27
DC motor drives, 99-100, 256-262
applications for, 256
block diagram of, 257
deceleration time, 262
field voltage control, 259
nonregenerative/regenerative DC drives,
260-261

parameter programming, 261-262

principles of operation, 256-257

single-phase input, 257-258

three-phase input, 258-259

DC motors, 91-100 (see Direct-current

motors)

armature reaction in, 97-98

compound, 94-95

direction of rotation of, 95, 96

drives in, 99-100

motor counter electromotive force in,
96-97

permanent-magnet, 91-93

reversing of, 202

series, 93

shunt, 93-94

speed regulation in, 98

starting, 196-197

varying speed in, 98-99

DC series motor reversing motor starter,

95, 96

DC-1 contactors, 146

DC-2 contactors, 146

DC-3 contactors, 146

DC-5 contactors, 146-147

DC-injection braking, 206, 249

Deceleration time, 262

Definite-purpose contactors, 138

Definite-time reduced-voltage DC starters, 197

Delta-connected transformers, 55

Delta-to-wye voltage transformation, 56

Depletion-mode MOSFETs, 220

Derating (of VFDs), 252

Design B motors, 190-191

Design B squirrel-cage induction motors, 104

Design C squirrel-cage induction motors, 104

Design D squirrel-cage induction motors, 104

Design letter, 34, 118

Diacs, 228

Differential amplifiers, 230

Diffuse scan sensors, 74

Digital Hall effect sensors, 75, 76

Digital logic, 234-235

Digital/relay outputs, 251

Digital-signal controllers (DSCs) (see

Microcontrollers)

Diodes, semiconductor, 211-216
light-emitting, 215-216, 254
operation of, 211-212
photo-, 216
PN-junction, 211-212
rectifier, 212-214
zener, 214-215

Direct current (see under DC...)
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Direct-drive motors, 123
Direction of rotation, 95, 96
Disconnect switches, 184—185
Disconnecting means:

for motor starters, 189, 190

NEC motor installation requirements for,

184185

for VFDs, 248
Disk SCR switching conductors, 148
Display parameters, 253
Distribution systems, 40, 4244
DPDT cross-wire alternating relays, 175
Drilling, 255
Drives, motor (see Motor drives)
Drum switches, 65
Dryness (of motors), 129
DSCs (digital-signal controllers) (see

Microcontrollers)

Dual-element fuses, 157
Dual-ramp starts, 196
Dual-speed capacitor-start motors, 112
Dual-tap primary transformers, 54
Dual-voltage motor connections, 29
Dual-voltage split-phase motors, 111
Duty cycle, 34, 120, 231
Dynamic braking, 205-206, 249

Eddy currents, 142
EDM (electric discharge machining), 126
Efficiency, 35, 118
EGCs (equipment grounding conductors), 7
Electric discharge machining (EDM), 126
Electric motors, 87-133
AC motor drives, 114-116
DC, 91-100
electromagnetism in, 88
installation of, 123—-128
magnetism in, 87-88
maintenance/troubleshooting of, 128-133
principles of, 87-90
rotation in, 88-90
selection of, 117-122
single-phase AC, 109-114
three-phase AC, 101-108
Electrical burns, 3
Electrical codes and standards, 10-12
1IEC, 12
1IEEE, 12
NEC, 10-11
NEMA, 12
NFPA, 11
NRTL, 11
OSHA, 10
Electrical connections, 126
Electrical drawings, 14-38
block diagrams, 24
motor abbreviations/terms, 15
motor ladder diagrams, 15, 17-20
motor nameplate, 32-35
motor starters, 37-38
motor terminal connections, 24-31
motor terminology, 35-36
single-line diagrams, 23-24
symbols, 14-16
wiring diagrams, 21-23
Electrical shock, 1-3



Electrical shock protection, 4—12
basics of, 5
codes/standards for, 10-12
grounding/bonding, 6-8
lockout/tagout, 8—10
personal protective equipment for, 4-5
Electrically held contactors, 138

Electromagnetic interference (EMI), 246-247

Electromagnetism, 88
Electromechanical control relays (EMRs),
159-163
applications for, 161, 162
operation of, 159-161
styles/specifications of, 161-163

Electromechanical friction brakes, 206-207

Electromechanical relays, 81
Electronic overload relays, 156—157

Electronics, motor control (see Motor control

electronics)
Electrostatic discharge (ESD), 233-234
Embedded microcontrollers, 232
Emergency stop switches, 63—64
EMI (see Electromagnetic interference)
Emitter (E) section, 217

EMRs (see Electromechanical control relays)

Enclosures:

for contactors, 147

of magnetic motor starters, 150

and motor selection, 121

nameplate information about motor,

34-35

for transformers, 48

types of, 62

for VEDs, 245
Encoders, 79
Energy-efficient motors, 118
Enhancement-mode MOSFETs, 220-222
Equipment grounding bus, 45, 46

Equipment grounding conductors (EGCs), 7

ESD (see Electrostatic discharge)

Eutectic (term), 154

Examine-if-closed instruction (see XIC
instruction)

Examine-if-open instruction (see XIO
instruction)

Explosion-proof motors, 121

F

Face mounts, 123

Face shields, 5

Fault parameter settings, 255

Fault queues, 255

FCs (frequency converters), 238
Feeders, 42, 43

FETs (see Field-effect transistors)
Fiber optic sensors, 75

Field voltage control, 259

Field weakening, 99

Field-effect transistors (FETs), 219-220
Filter circuits, 213-214

555 timer ICs, 231-232

Fixed programmable controllers, 264
FLA (see Full-load amperes)

FLA rating, 181

FLC (see Full-load current)

FLC rating, 181

Float switches, 70

Flow measurement sensors, 79—80
magnetic flowmeters, 80
target flowmeters, 79-80
turbine flowmeters, 79
Flow switches, 70
Flux vector control, 243
Flux vector drives, 242-244
Forward biasing, 212
Foundation, for motor installation, 123
Frame size, 35, 118
Frequency, 119, 251
Frequency converters (FCs), 238
Full-load amperes (FLA), 117, 252
Full-load current (FLC), 51-52, 155, 252
Full-load speed, 119
Full-load torque, 121
Full-voltage (across-the-line) starters, 35,
188-190
Full-voltage starts, 196
Full-wave rectifiers, 213, 214
Fundamental frequency, 241
Fuses, 55, 130

Gears, 123, 124
General-purpose motors, 120
Grounded conductors, 7
Ground-fault protection, 152
Grounding:
of control transformers, 54, 55
and motor installation, 126
of panelboards, 45, 46
shock protection with, 6-8
troubleshooting, 131
of VEDs, 247
Grounding electrode conductors, 7-8
Guides, troubleshooting, 129-131

H

Half-wave rectifiers, 213

Hall effect sensors, 75-76
Hardware, loose, 130-131
Hard-wired (term), 266

Harmonics, 244, 245

Hazardous location motors, 121
Heat, excessive, 129

Heat circuit control, 138

High voltage, 41

High-inertia loads, 120
High-voltage primary switchgear, 42
Hockey-puck-type SSRs, 163, 164
Hoists, 255, 260, 261
Horizontal-action contactor assembly, 140
Horsepower rating, 34

Hot sticks, 5

Hot-spot allowance, 120

Hysteresis zone, 72

IC temperature sensors, 78

Ice-cube relays, 161, 162

Ice-cube SSRs, 163, 164

ICs (see Integrated circuits)

IEC (International Electrotechnical
Commission), 12

IEC contactor ratings, 146-147
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1EC contactors, 136, 137
IEC enclosure classifications, 147, 148
IEEE (Institute of Electrical and Electronics
Engineers), 12
IGBTSs (see Insulated-gate bipolar transistors)
Impulse relays (see Alternating relays)
Inching (see Jogging)
Induction motors:
AC, 103-107, 188-190, 198-202
full-voltage starting of AC, 188-190
inverter-duty, 116
reduced-voltage starting of, 190-196
reversing of AC, 198-202
squirrel-cage, 103-107
three-phase AC, 103-107
wound-rotor, 107
Inductive loads, 213
Inductive proximity sensors, 71-72
Injection braking, 206, 249
Input module, 263
Inrush current, 105
Inspections, scheduled, 128
Instant-on relays, 166
Institute of Electrical and Electronics
Engineers (IEEE), 12
Instrument transformers, 57-58
Insulated-gate bipolar transistors (IGBTS),
222-223
Insulation class, 33, 120
Integrated circuits (ICs), 229-235
digital logic, 234-235
electrostatic discharge, 233-234
fabrication of, 229
555 timer, 231-232
microcontroller, 232-233
operational amplifier, 229-230
Intermittent-duty motors, 120
International Electrotechnical Commission
(IEC), 12
Inverter block, 24, 238-240
Inverter-duty motors, 116, 241
Inverters, 115
Inverting amplifiers, 230
IR compensation, 262
Isolation transformers, 49

J

JFETS (see Junction field-effect transistors)

Jogging, 35, 198-202

Junction field-effect transistors (JFETS),
219-220

K

kcemil (thousand circular mil), 181
Kilovolt-amperes (kVA), 51-52

L

Ladder diagrams, 15, 17-20
Ladder logic programming, 264-267
Ladders, troubleshooting, 132-133
Latching relays, 172-175
alternating, 174-175
applications for, 173174
magnetic, 173
mechanical, 172-173
LDRs (light-dependent resistors), 230
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LEDs (see Light-emitting diodes)
Left-hand conductor rule, 88
Legend plates, 63
Light dimmers, 228
Light-dependent resistors (LDRs), 230
Light-emitting diodes (LEDs), 215-216, 254
Lighting circuits, contactor, 139-140
Limit switches, 66—68, 200-202
Line current, 55
Line frequency, 33
Line reactors, 244-245
Linear solenoids, 82
Linear speed acceleration, 196
Lines of flux, 88
Load reactors, 245
Loads:
motor-selection requirements for, 119-120
switching, 136-139
troubleshooting, 130, 131
Locked-rotor current, 35, 105, 117, 187
Locked-rotor torque (LRT), 120
Lockout, 8-10
Logic:
digital, 234-235
relay control, 176-178
Low-frequency voltage boost, 242
Low-impedance busways (bus ducts), 44
Low-voltage distribution sections, 42
Low-voltage protection (LVP), 35
Low-voltage release (LVR), 36
LRT (locked-rotor torque), 120
Lubrication, 129
LVP (low-voltage protection), 35
LVR (low-voltage release), 36

Magnetic blowout coils, 144
Magnetic contactors, 135-144
arc suppression with, 142-144
assemblies of, 139-142
defined, 36
switching loads with, 136-139
Magnetic fields, 88
Magnetic flowmeters, 80
Magnetic latching relays, 173
Magnetic motor starters, 37-38,
150-151, 189
Magnetic pickup, 78-79
Magnetism, 87-88
Magnetizing current, 51
Main breaker-type panelboards, 46
Main lug-type panelboards, 46
Maintained-type push buttons, 63
Maintenance, motor (see Motor
maintenance)
Manual motor starters, 37, 188—-189
Manually operated switches, 60—65
drum switches, 65
pilot lights, 64—65
primary/pilot control devices, 60-61
pushbutton switches, 61-64
selector switches, 65
toggle switches, 61
Manual-reset thermal protection, 128
Manufacturer, 32
Maximum speed, 262
MCCs (see Motor control circuits)

2176 Index

Mechanical functions, representing, 20
Mechanical latching relays, 172-173
Mechanical losses, 118
Mechanical power rating, 117
Mechanically held contactors, 138, 139
Mechanically operated switches, 66—70
float/flow switches, 70
limit switches, 66—68
pressure switches, 69
temperature control devices, 68—69
Melting alloy-type thermal overload
relays, 154
Metal oxide semiconductor field-effect
transistors (MOSFETs), 220-222
Metal oxide varistor (MOV), 215
Metric motors, 121-122
Micro limit switches, 67-68
Microcontrollers, 232-233
Minimum speed, 262
Mining, 255
Modular PLCs, 264
Module SCR switching conductors, 148
Momentary-type pushbuttons, 63
MOSFETs (see Metal oxide semiconductor
field-effect transistors)
Motor branch circuits, 180-186
conductor sizing, 181
controller selection for, 184
disconnecting means for, 184—185
protection of, 181-184
Motor control centers, 47-48
Motor control circuits (MCCs), 180-209
design/elements/function of, 185-186
for jogging motors, 198-202
NEC installation requirements, 180-186
for reversing motors, 198-202
for speed of motors, 207-209
for starting motors, 187-197
for stopping motors, 204-207
Motor control devices, 60-85
actuators, 81-85
disconnecting means for, 184—185
selection of, 184
sensors, 71-80
switches, 60-70
symbols used for, 16-17
Motor control electronics, 211-235
integrated circuits, 229-235
semiconductor diodes, 211-216
thyristors, 223-228
transistors, 217-223
Motor disconnect switches, 184—185
Motor drives:
AC, 114-116, 237-244
DC, 99-100, 256-262
variable-frequency, 114-116, 238-242,
244-255
Motor installation, 123—-128
alignment of motor/load, 123-125
bearings, 124-126
built-in thermal protection, 127-128
conductor size, 126127
electrical connections, 126
foundation, 123
grounding, 126
mounting, 123
voltage levels/balance, 127
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Motor ladder diagrams, 15, 17-20
Motor magnetizing current, 252
Motor maintenance, 128-129
brush/commutator care, 129
cleaning, 129
dryness, 129
excessive heat/noise/vibration
check, 129
and excessive starting, 129
lubrication check, 129

scheduled periodic inspections, 128

winding insulation test, 129
Motor nameplates, 32-35
ambient temperature, 33
code letter, 34
connection diagrams, 35
current rating, 33
design letter, 34
duty cycle, 34
efficiency, 35
enclosure, 34-35
frame size, 35
horsepower rating, 34
insulation class, 33
line frequency, 33
manufacturer, 32
NEC requirements for, 32-34
optional information on, 34-35
phase rating, 33
power factor, 35
service factor, 34
speed, 33
temperature rise, 33
thermal protection, 35
VED, 251-252
voltage rating, 32-33
Motor protection, 248
Motor rotation, 88-90
Motor selection criteria, 117-122
code letter, 117-118
current, 117
design letter, 118
duty cycle, 120
efficiency, 118
enclosures, 121
energy-efficiency, 118
frame size, 118
frequency, 119
full-load speed, 119
load requirements, 119-120
mechanical power rating, 117
metric motors, 121-122
temperature rating of motor, 120
torque, 120-121
Motor starter seal-in contacts, 266
Motor stator resistance, 252
Motor terminal connections, 24-31
in AC motors, 27-31
classification of motors, 24-25
in DC motors, 25-27
Motor terminology, 10, 35-36
Motor troubleshooting, 129-133
charts for, 131-132
guides for, 129-131
instruments for, 129, 130
ladders for, 132-133
Motor-driven timers, 167



Motors:
abbreviations for terms used with, 15
classification of, 24-25, 90
disconnecting means for, 184—-185
installation of, 123-128
NEC installation requirements for,
180-186
reversing of (see Reversing (of motors))
starting of (see Starting (of motors))
stopping of (see Stopping (of motors))
Mounting:
motor, 123
VEFD, 245
MOV (metal oxide varistor), 215
Multifunction timers, 171
Multispeed motor connections, 29-31
Multispeed motors, 207-208
Multispeed starters, 36
Multitap primary transformers, 54

Nameplate amperes, 117
Nameplates (see Motor nameplates)
NAND gate, 234, 235
NAND logic function, 178
National Electrical Code (NEC), 10-11, 44
National Electrical Manufacturers
Association (NEMA), 12
National Fire Protection Association
(NFPA), 11
Nationally Recognized Testing Laboratory
(NRTL), 11
N.C. (normally closed), 61
NEC (see National Electrical Code)
NEC motor control circuit installation
requirements, 180-186
conductor sizing, 181-184
control circuits, 185-186
disconnecting means, 184—185
motor protection, 181-184
selection, 184
NEC nameplate requirements, 32-34
NEMA (National Electrical Manufacturers
Association), 12
NEMA C face mounts, 123
NEMA contactor ratings, 145-146
NEMA design B motors, 190-191
NEMA design B squirrel-cage induction
motors, 104
NEMA design C squirrel-cage induction
motors, 104
NEMA design D squirrel-cage induction
motors, 104
NEMA enclosure classifications, 147, 148
NEMA numbering, 46
NEMA type 1 enclosures, 147
NEMA type 4/4X enclosures, 147
NEMA type 7 enclosures, 147
NEMA type 9 enclosures, 147
NEMA type 12 enclosures, 147
NFPA (National Fire Protection
Association), 11
N.O. (normally open), 61
Noise, excessive, 129
No-load speed, 93
Nonregenerative DC drives, 260-261
NOR gate, 235

NOR logic function, 178

Normally closed (N.C.), 61

Normally open (N.O.), 61

NOT circuit, 234

NOT logic function, 177-178, 235

No-voltage release starters, 189

NRTL (Nationally Recognized Testing
Laboratory), 11

N-type semiconductor material, 211, 212

Numerical cross-reference system, 19

(o)

Occupational Safety and Health
Administration (OSHA), 10

ODP (open drip-proof) motors, 121

Off-delay timers (TOFs), 169-170, 267

Ohm’s law formula, 2

OLs (see Overload relays)

On-delay timers (TONs), 168-169, 267-269

One-shot timers, 170

Open drip-proof (ODP) motors, 121

Open enclosures, 121

Open-loop servo motors, 84

Open-loop speed control, 241

Open-loop vector drives, 243

Operating point, 72

Operational amplifier (op-amp) ICs, 229-230

Operator legend plates, 63
Optocouplers, 216
OR gate, 234
OR logic function, 177, 235
OSHA (Occupational Safety and Health
Administration), 10
OTE (output energize) instruction, 264, 265
Output module, 263
Overcurrent protection, 151-152
Overload, mechanical, 130
Overload protection, 181-184
Overload protectors, defective, 131
Overload relays (OLs):
contactors with, 136, 137
defined, 36
dual-element fuses as, 157
electronic, 156157
in motor starters, 150, 152-157
thermal, 153155
tripped, 130
Overtravel protection, 67

P

Panelboards, 45-46
Parallel misalignment, 124, 125
Parameter programming:

of DC motor drives, 261-262

of VFDs, 253-254
Part-winding starters, 194—-195
Peak-switching relays, 165, 166
Permanent-capacitor motors, 112
Permanent-magnet (PM) DC motors, 91-93
Permanent-split capacitor, 28
Personal protective equipment, 4-5

face shields, 5

guidelines for, 4

hot sticks, 5

protection apparel, 5

rubber protective equipment, 4-5

shorting probes, 5
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PF (power factor), 35
Phase displacement, 110
Phase rating, 33
Phase voltage, 55
Photodiodes, 216
Photoelectric sensors, 73-74
Phototransistors, 219
PID (proportional-integral-derivative)
controllers, 253
Pilot control devices:
contactors with, 136, 137
function of, 61
for motor starters, 190
Pilot lights, 64-65
PLC timers, 171
PLCs (see Programmable logic
controllers)
Plugging, 36, 204-205
Plug-in busways, 44
PM DC motors (see Permanent-magnet
DC motors)
Pneumatic timers, 167
PN-junction diodes, 211-212
Polarity, 53
Polarized retroflective scan sensors, 74
Poles, number of, 162
Position sensors, 78-79
Potential transformers, 57, 58
Potentiometers, 261
Power circuits, 136
Power electronics, 100
Power factor (PF), 35
Power grid transformers, 41
Power MOSFETs, 221-222
Power rating:
mechanical, 117
of transformers, 51-52
VFED, 252
Power section, of DC motor drive, 100
Power substations, 41-42
Power supply, 263
Power systems, 40—48
distribution systems, 42—44
motor control centers, 47-48
switchboards/panelboards, 44-46
transmission systems, 40—41
unit substations, 41-42
Preset slow speed, 196
Pressure switches, 69
Primary control devices, 60-61
Primary control transformers, 53-55
Primary full-load current, 51, 52
Primary winding current, 51
Primary windings, 48, 49
Primary-resistance starters, 191
Processing unit, 263
Programmable control, 266
Programmable logic controllers (PLCs),
263-271
counter programming, 269-271
ladder logic programming, 264-267
sections/configurations of, 263-264
timer programming, 267-269
Programming counters, 269-271
Programming device, 263
Programming languages, 264
Programming timers, 267-269
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Proportional-integral-derivative (PID)
controllers, 253
Protection:
electrical-shock, 4—12
ground-fault, 152
low-voltage, 35
motor, 248
overcurrent, 151-152
overload, 131, 181-184
overtravel, 67
personal equipment for, 4-5
short-circuit, 152
thermal, 35, 127-128
VED installation, 248
Protection apparel, 5
Protective equipment, personal, 4-5
Proximity scan, 74
Proximity sensors, 71-73
capacitive, 72-73
inductive, 71-72

P-type semiconductor material, 211, 212
Puck-type SCR switching conductors, 148

Pulleys, 123-125
Pull-out torque, 121
Pull-up torque (PUT), 121
Pulse width modulation (PWM), 115
Push buttons:

defined, 36

safety programming of, 266, 267
Pushbutton interlocking, 200
Pushbutton stations, 62
Pushbutton switches, 61-64
Push-to-test pilot lights, 64—65
PUT (pull-up torque), 121
PWM (pulse width modulation), 115

Quadrant I, 260

Quadrant II, 260
Quadrant III, 260
Quadrant IV, 260

R
Ramping, 249-250
RC (resistor/capacitor) charge, 167
RC suppression module, 141
Reactive (VAR) power, 51
Read-only parameters, 253
Real power, 51
Reciprocating machine process,
201-202
Rectifier block, 24
Rectifier diodes, 212-214
Recycle timers, 170-171
Reduced-voltage starters, 190-196
autotransformer, 192
DC-motor, 196-197
defined, 36
induction-motor, 190-191
open/closed transition in, 195
part-winding, 194-195
primary-resistance, 191
soft, 195-196
solid-state, 225-226
wye-delta, 192-193
Regenerative braking, 249
Regenerative DC drives, 260-261
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Relay control logic, 176-178
combination functions, 177-178
AND function, 177
inputs/outputs, 176-177
NAND function, 178
NOR function, 178
NOT function, 177-178
OR function, 177

Relay motor control circuits, 81

Relays, 159-178
actuator, 81
control logic for, 176-178
defined, 36
electromechanical control, 159-163
latching, 172-175
solid-state, 163—-166
timing, 166-171

Release point, 72

Remote control, 36

Resilient-base mounts, 123

Resistance temperature detectors (RTDs), 77-78

Resistor/capacitor (RC) charge, 167

Resolution, 84

Retentive timers (RTOs), 267

Retroflective scan sensors, 74-75

Reverse biasing, 212

Reversing (of motors), 114, 198-202
of AC induction motors, 198-202
of DC motors, 202

Revolutions per minute (rpms), 29

Right-hand motor rule, 89

Rigid-base mounts, 123

Roller bearings, 125, 126

Rotary solenoids, 82

Rotating cam limit switches, 68

Rotating magnetic field, 101-103

Rotation:
direction of, 95, 96
in electric motors, 88-90

rpms (revolutions per minute), 29

RTDs (see Resistance temperature detectors)

RTOs (retentive timers), 267

Rubber protective equipment, 4-5

Running windings, 109-110

Safety, PLC programs and, 266, 267
Safety, workplace, 1-12
electrical codes/standards, 10-12
electrical shock protection, 1-6
grounding/bonding, 6-8
lockout/tagout, 8—10
Safety signs, 4
SCR snubber circuit, 149-150
SCR testing circuit, 149
SCRs (see Silicon controlled rectifiers)
Secondary full-load current, 52
Secondary winding current, 51
Secondary windings, 48, 49
Selectable kick starts, 196
Selector switches, 36, 65
Sensorless vector drives, 243
Sensors, 71-80
flow measurement, 79—80
Hall effect, 75-76
IC temperature, 78
photoelectric, 73-74
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proximity, 71-73
retroflective scan, 74-75
temperature, 76-78
ultrasonic, 76
velocity/position, 78-79
Separately excited shunt motors, 94
Series DC motors, 93
Service entrances, 42, 43
Service factor, 34
Service factor amperes, 117
Servo motors, 84—-85
Shaded-pole motors, 113
Shading coils (rings), 141, 142
Shaft alignment, 124
Sheave alignment, 124
Shielded power cables, 246
Shock, electrical, 1-3
Shock protection (see Electrical shock
protection)
Short-circuit protection, 152
Shorting probes, 5
Shunt DC motors, 93-94
reversing of, 96
varying speed in, 99
Signs, safety, 4
Silicon controlled rectifiers (SCRs),
224-226
in solid-state contactors, 148—150
three-wire control with SSR and, 165
Silver contacts, 142
Sine-wave line voltage, 241
Single-line diagrams, 23-24
Single-phase AC motors, 109114
shaded-pole, 113
split-phase, 109-111
split-phase capacitor, 111-113
universal, 113-114
Single-phase input DC drives, 257-258
Single-phase loads, 51
Single-phase motors:
connections for, 27-29
reversing of, 201
Single-phase transformers, 53-55
Single-pole solid-state contactors,
147, 149
Six-step switching, 252
Sleeve bearings, 124, 125
Slip, 36
Snap-action switches, 67-68
Snubber circuit, 149-150
Soft starters, 195-196
Soft starts, 196
Soft stops, 196
Solenoid valves, 82-84
Solenoids, 81, 82
Solid-state contactors, 147-150
Solid-state relays (SSRs), 163-166
operation of, 163-165
specifications for, 164, 165
switching methods of, 165-166
Solid-state timing relays, 167—-168
Speed:
nameplate data about, 33
no-load, 93
preset, 196
synchronous, 102-103
varying, 98-99, 114



Speed (of motors), 207-209
actual, 102
base, 98
full-load, 119
maximum/minimum, 262
of multispeed motors, 207-208
nameplate information about, 33
varying, 98-99
VED, 252
of wound-rotor motors, 208-209
Speed control, 241-242
Speed feedback information, 261
Speed regulation, 98
Speed setpoint, 261
Speed-regulated drives, 261
Speed—torque characteristic curves:
for compound DC motors, 95
for shunt DC motors, 93, 94
Split-phase capacitor motors, 111-113
Split-phase motors, 109-111
Split-sleeve bearings, 125
Squirrel-cage induction motors, 103—-107
SSRs (see Solid-state relays)
Stability compensation, 242
Starters, 150-157
defined, 36
electrical drawings of, 37-38
magnetic, 37-38, 150-151
manual, 37
overcurrent protection in, 151-152
overload relays in, 152-157
Starting (of motors), 187-197
DC motors, 196-197
excessive, 129
full-voltage, of AC induction motors,
188-190
reduced-voltage, of induction motors,
190-196
Starting torque, 120
Starting windings, 109-110
Stator and rotor resistance losses, 118
Steady-state slip compensation, 242
Step-down control transformers, 53, 54
Step-down transformers, 50
Stepper motors, 84
Stop buttons, 266, 267
Stopping (of motors), 204-207
DC injection braking, 206
dynamic braking, 205-206
electromechanical friction braking, 206-207
plugging/antiplugging, 204-205
Stray losses, 118
Stud-mount SCR switching conductors, 148
Subtractive polarity, 53
Supply voltage, 252
Switchboards, 44-45
Switches, 60-70
manually operated, 60—65
mechanically operated, 66—70
Switchgear, 42
Switching methods, 165-166
Symbols, 14-16
Symmetrical timers, 171
Synchronous motors, three-phase AC,
107-108
Synchronous speed, 102-103
System grounding, 45

T

Tachometer generators, 78
Tachometers, 241-242
Tagout, 8-10
Tank filling and emptying operation, 83—84
Taps, 57
Target flowmeters, 79-80
TEFC (totally enclosed, fan-cooled)
motors, 121
Temperature, ambient, 130, 131
Temperature control devices, 68—69
Temperature ratings, motor, 120
Temperature rise, 33, 120
Temperature sensors, 76—78
resistance temperature detectors, 77-78
thermistors, 78
thermocouples, 7677
TENV (totally enclosed, nonventilated)
motors, 121
Thermal contact burns, 3
Thermal overload relays, 153-155
Thermal protection, 35, 127-128
Thermistors, 78
Thermocouples, 7677
Thousand circular mil (kcmil), 181
Three-phase AC motors, 101-108
induction, 103-107
rotating magnetic field in, 101-103
synchronous, 107-108
Three-phase buses, 46
Three-phase induction motor starters,
198-202
Three-phase input DC drives, 258-259
Three-phase loads, 51
Three-phase motor connections, 29
Three-phase transformers, 55-57
Three-pole magnetic contactors, 136
Three-wire controls, 137
Through-beam scanning, 73-74
Throws, relay-contact, 162
Thrust bearings, 125, 126
Thyristors, 223-228
silicon controlled rectifiers, 224-226
triacs, 226228
Timer ICs, 555, 231-232
Timers:
defined, 36
functions of, 168—-171
programming, 267-269
Timing relays, 166—171
dashpot, 167
motor-driven, 167
multifunction, 171
off-delay, 169-170
on-delay, 168-169
one-shot, 170
PLC, 171
recycle, 170-171
solid-state, 167-168
TOFs (see Oftf-delay timers)
Toggle switches, 61
TONS (see On-delay timers)
Torque:
defined, 36
motor, 89
in motor selection, 120-121
Torque current estimator block, 243
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Torque limits, 262
Totally enclosed, fan-cooled (TEFC)
motors, 121
Totally enclosed, nonventilated (TENV)
motors, 121
Totally enclosed motors, 121
Transformer pilot lights, 64
Transformer sections, 42
Transformers, 40, 48-58
instrument, 57-58
operation of, 48-49
polarity of, 53
power rating of, 51-52
principles of, 48-52
single-phase, 53-55
three-phase, 55-57
voltage/current/turns ratio in, 49-51
Transistors, 217-223
bipolar junction, 217-219
field-effect, 219-220
insulated-gate bipolar, 222-223
metal oxide semiconductor field-effect,
220-222
Transmission current, 41
Transmission systems, 40—41
Triac/diac lamp dimmers, 228
Triacs, 226228
Triggered SCR, 149
Trip class, 153
Trip indicators, 153
Troubleshooting:
of motors (see Motor troubleshooting)
of VFDs, 254-255
Tunable-on-the-fly parameters, 252
Turbine flowmeters, 79
Turns ratio, 49-51
Two-value capacitor, 28
Two-wire controls, 137

u

UL (Underwriters Laboratories), 121
Ultrasonic sensors, 76

Unbalanced motor voltages, 127
Underwriters Laboratories (UL), 121
Unit substations, 41-42

Universal motors, 113-114

'}

V angle, 243
VA (see Volt-amperes)
Vacuum contactors, 144
VAR (reactive) power, 51
Variable autotransformers, 57
Variable-frequency drives (VFDs), 244-255
AC, 114-116, 238-242
braking of, 248-249
bypass contactors for, 247
control I/O on, 250-251
derating of, 252
diagnostics/troubleshooting of, 254-255
disconnecting means for, 248
electromagnetic interference with, 246-247
enclosures for, 245
grounding of, 247
line/load reactor, 244245
location of, 245
motor nameplate data on, 251-252

Index 279




Variable-frequency drives (VFDs)—Cont.

motor protection for, 248
mounting of, 245
operator interface with, 246
parameter programming of, 253-254
PID control of, 253
ramping of, 249-250
selection of, 244
types of, 252-253
Variable-speed drives (VSDs), 238
Variable-torque loads, 119
Variable-voltage acceleration, 197
Varying speed:
in DC motors, 98-99
in universal motors, 114
Vector-duty motors, 116
Velocity sensors, 78-79
VED installation, 244-255
braking, 248-249
bypass contactor, 247
control inputs/outputs, 250-251
derating, 252
diagnostics/troubleshooting,
254-255
disconnecting means, 248
electromagnetic interference, 246247
enclosures, 245
grounding, 247
line/load reactors, 244-245
location, 245

motor nameplate data,
251-252

motor protection, 248

mounting techniques, 245

operator interface, 246

parameter programming,

253-254

PID control, 253

ramping, 249-250

types of VFDs, 252-253
VFEDs (see Variable-frequency drives)
V/Hz (volts per hertz) drives, 242
Vibration, excessive, 129
Voltage:

contactor-coil, 140, 141

levels/balance of motor, 127

low/no, 130

source, 130
Voltage comparators, 230
Voltage control, 137
Voltage rating, 32-33
Voltage ratio, 49-51
Voltage-regulated drives, 261
Voltage-source inverters (VSls), 252
Voltage-variable inverters (VVIs), 252
Volt-amperes (VA), 51-52
Volts per hertz (V/Hz) drives, 242
VSDs (variable-speed drives), 238
VSIs (voltage-source inverters), 252
VVIs (voltage-variable inverters), 252
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W

Winders, 255
Winding insulation, 129
Windings:
defective, 130
primary/secondary, 48, 49
troubleshooting, 131
Wire numbering, 19
Wiring diagrams, 21-23
Wiring identification with documentation, 20
Workplace safety (see Safety, workplace)
‘Wound-rotor motors:
induction, 107
speed of, 208-209
Wye-connected transformers, 55, 56
Wye-delta starters, 192-193

X

XIC (examine if closed) instruction, 264, 265
XIO (examine if open) instruction, 264, 265

Y
Y-belts, 124

Y 4

Zener diodes, 214-215
Zero-fired control SCR, 150
Zero-speed switch, 204
Zero-switching relays, 165, 166
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Electric Motors and Control Systems, First Edition
Frank D. Petruzella

Browse www.mhhe.com/EMCS1e

A TEXT WRITTEN FOR STUDENTS, ELECTRICAL APPRENTICES, JOURNEYMEN,
MOTOR MAINTENANCE, AND REPAIRMEN

This book has been written for a course of study that will introduce the reader to a broad range
of motor types and control systems. It provides an overview of electric motor operation, selection,
installation, control, and maintenance. The broad-based approach taken makes this text viable for a
variety of motors and control systems courses. Content is suitable for colleges, technical institutions,
and vocational /technical schools, as well as apprenticeship and journeymen training.

MEETING INDUSTRY NEEDS WITH UP-TO-DATE INFORMATION

This first edition text presents the most up-to-date information that reflects the current needs of
the industry.

ELECTRICAL CODES REFERENCED IN THE BOOK

Electrical apprentices and journeymen will find this book to be invaluable due to National Electrical
Code references, as well as information on maintenance and troubleshooting techniques.

OFFERING CONTENT ON OLDER AND LATEST MOTOR TECHNOLOGIES

The text is comprehensive! It includes coverage of how maotors operate in conjunction with their
associated control circuitry. Both older and newer maotor technologies are examined. Topics covered
range from motor types and controls to installing and maintaining conventional controllers, electronic
motor drives, and programmable logic controllers.

Features you will find unique to this Motors and Controls text include:

Self-Contained Chapters Each chapter constitutes a complete and independent unit of study.
All chapters are divided into several parts, each designed to serve as individual lessons. Instruc-
tors can easily pick and choose chapters or parts of chapters that meet their particular curriculum
needs.

How Circuits Operate \\hen the operation of a circuit is called for, a bulleted list is used to sum-
marize its operation. They are used in place of paragraphs and are especially helpful when explaining
the sequenced steps of a mator control operation.

Integration of Diagrams and Photos \\hen the operation of a piece of equipment is illustrated by
means of a diagram, a photo of the device is included. This feature is designed to increase the level
of recognition of devices associated with mators and contraol systems.

Troubleshooting Scenarios Troubleshooting is an important element of any Motors and Controls
course. The chapter troubleshooting scenarios are designed to help students, with the aid of the
instructor, develop a systematic approach to troubleshooting.

Discussion Topics and Critical Thinking Questions These open-ended questions are designed to give
students an opportunity to reflect upon the material covered in the chapter. In most cases, they
allow for a wide range of responses and provide an opportunity for the student to share more than
just facts.
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