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Preface

The amount of knowledge an electrician must pos-
sess to be able to install and troubleshoot control 
systems in today’s industry has increased dramati-
cally in recent years. A continuous influx of im-
proved control components allows engineers and 
electricians to design and install even more sophisti-
cated and complex control systems. Industrial  Motor 
Control presents the solid-state devices common 
in an industrial environment. This is intended to 
help the student understand how many of the con-
trol components operate, such as solid-state  relays, 
rectifiers, SCR drives for direct current motors, vari-
able frequency drives for alternating current mo-
tors, and the inputs and outputs of program mable 
controllers. Although most electricians do not 
troubleshoot circuits on a component level, a basic 
knowledge of how these electronic devices operate 
is necessary in understanding how various control 
components perform their functions.

The influx of programmable logic controllers 
into industry has bridged the gap between the 
responsibilities of the electrician and the instru-
mentation technician. Many industries now insist 
that electricians and instrumentation technicians 
be cross-trained so they can work more closely to-
gether. Industrial Motor Control helps fulfill this re-
quirement. Many of the common control devices 
found throughout industry are also discussed from 
a basic instrumentation standpoint by providing 
information on analog sensing of pressure, flow, 
temperature, and liquid level.

The seventh edition of Industrial Motor Control 
is the most comprehensive revision since the text 

was first published over 20 years ago. The chapter 
on motor installation has been updated to reflect 
changes in the 2011 National Electrical Code®, and a 
unit that instructs students in basic troubleshoot-
ing techniques has been included. The chapters 
have been rearranged to present the information in 
a different order. This rearrangement was done to 
reflect recommendations made by instructors that 
use the text.

Industrial Motor Control presents many ex-
amples of control logic and gives the student step-
by-step instructions on how these circuits operate. 
There are examples of how ladder diagrams can be 
converted into wiring diagrams. This is the basis 
for understanding how to connect control circuits 
in the field. The concept of how motor control sche-
matics are numbered is thoroughly discussed. Stu-
dents are also given a set of conditions that a circuit 
must meet, and then that circuit is developed in a 
step-by-step procedure. Learning to design control 
circuits is a very effective means of learning how 
circuit logic works. It is impossible to effectively 
troubleshoot a control circuit if you don’t under-
stand the logic of what the circuit is intended to do.

Industrial Motor Control is based on the results 
of extensive research into content, organization, 
and effective learning styles. Short chapters help 
the student to completely understand the con-
tent before progressing to the next subject, and 
they permit the instructor to choose the order of 
presentation. Each chapter contains extensive il-
lustrations, which have been designed for maxi-
mum learning. Color is used to help the student 
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understand exactly what is being conveyed in a par-
ticular illustration.

Industrial Motor Control, Seventh Edition, is a 
complete learning package that includes this com-
prehensive textbook, a hands-on Lab Manual, a Stu-
dent Companion Web Site, an Instructor’s Guide, and 
an Instructor Companion Web Site. The Lab Manual 
offers practical hands-on circuits to be wired by the 
student. Each of the labs uses standard components 
that most electrical laboratories either have on hand 
or can obtain without difficulty. The Lab Manual 
(ISBN: 1133691815) lets students learn by doing.

New for the Seventh Edition
	 •	Updated illustrations
	 •	Extended coverage of electronic timers.
	 •	Additional Review Questions.
	 •	Extended coverage concerning the installation 

of control systems.
	 •	Extended coverage of motor nameplate data.
	 •	National Electrical Code references updated to 

the 2011 NEC.
	 •	New chapter on light-emitting-diodes and 

photodiodes.

For the instructor’s convenience, the Instruc-
tor’s Guide includes the learning      ob jectives from the 
textbook, as well as a bank of test questions and 
the  answers to all of the test questions and text-
book chapter Review Questions.

The new Instructor Companion Web Site is an 
invaluable addition to the Industrial Motor Control 
package. It  includes PowerPoint slides for each unit 
(a total of nearly 500), nearly 1,000 Computerized 
Test Bank questions, and an image library con-
taining hundreds of full-color images in electronic 
format.

Accessing the Instructor 
Companion Web Site
To access the Instructor Companion Web Site 
from SSO Front Door:
 1. Go to: http://login.cengage.com to log in using 

the Instructor e-mail address and password. 

 2. Enter author, title, or ISBN in the Add a  title 
to your bookshelf search box, and click 
Search.

 3. Click Add to My Bookshelf to add Instructor 
Resources.

 4. At the Product page, click the Instructor 
 Companion Site link. 

New Users
If you’re new to Cengage.com and do not have a 
password, contact your sales representative.

Content Highlights
	 •	The most commonly used solid-state devices 

are thoroughly described, in terms of both op-
eration and  typical application.

	 •	 Information on analog devices that sense pres-
sure, flow, and temperature has been added to 
help bridge the gap between the industrial elec-
trician and the  instrumentation technician.

	 •	DC and AC motor theory is included so stu-
dents will understand the effects of control cir-
cuits on motor characteristics.

	 •	The text covers the operating characteristics of 
stepping motors when connected to either DC 
or AC voltage.

	 •	Detailed instructions are given for connecting 
motors in the field, including the size of con-
ductors, overload relays, and fuses or circuit 
breakers. All calculations are taken from the 
National Electrical Code®.

	 •	The principles of digital logic are described in 
suffi cient detail for students to understand 
programmable controllers and prepare basic 
programs.

	 •	A step-by-step testing procedure for electronic 
components is provided in the Appendix.

	 •	Starting methods for hermetically sealed 
 single-phase motors include the hot-wire relay, 
solid-state starting relay, current relay, and po-
tential relay.

	 •	Extensive coverage on overload relays and 
methods of protecting large horsepower mo-
tors is provided.
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1

Chapter  1
General Principles  
of Motor Control

Objectives

After studying this chapter, the student will be able to

●● State the purpose and general principles of motor control.

●● Discuss the differences between manual and automatic motor control.

●● Discuss considerations when installing motors or control equipment.

●● Discuss the basic functions of a control system.

●● Discuss surge protection for control systems.

The term motor control can have very broad mean-
ings. It can mean anything from a simple toggle 
switch intended to turn a motor on or off (Fig-
ure 1–1) to an  extremely complex system intended 
to control several motors, with literally hundreds 
of sensing devices that govern the operation of the 
circuit. The electrician working in industry should 
be able to install different types of motors and the 
controls necessary to control and protect them and 
also to troubleshoot systems when they fail.

Installation of Motors  
and Control Equipment
When installing electric motors and equipment, sev-
eral factors should be considered. When a machine 
is installed, the motor, machine, and controls are all 
inter related and must be considered as a unit. Some 

machines have the motor or motors and control 
equipment mounted on the machine itself when it 
is delivered from the manufacturer, and the electri-
cian’s job in this case is generally to make a simple 
power connection to the machine. A machine of 
this type is shown in Figure 1–2. Other types of 
machines require separately mounted motors that 
are connected by belts, gears, or chains. Some ma-
chines also require the connection of pilot sensing 
 devices such as photo switches, limit switches, pres-
sure switches, and so on. Regardless of how easy or 
complex the connection is, several factors must be 
 considered.

Power Source
One of the main considerations when installing 
a machine is the power source. Does the machine  
require single-phase or three-phase power to 
 operate? What is the horsepower of the motor or 
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power requirement of the machine, or is it neces-
sary to install a new power system?

The availability of power can vary greatly from 
one area of the country to another. Power compa-
nies that supply power to heavily industrialized 

motors to be connected? What is the amount of 
inrush current that can be  expected when the mo-
tor starts? Does the motor require some type of 
reduced voltage starter to limit inrush current? Is 
the existing power supply  capable of handling the 
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Figure 1–1
Motor controlled by a simple toggle switch.

Figure 1–2
This machine was delivered with self-contained motors and controls.
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Controller Type
The type of controller can vary depending on the 
requirements of the motor. Motor starters can 
be  divided into two major classifications: NEMA 
 (National Electrical Manufacturers Association) 
and IEC (International Electrotechnical Commis-
sion). NEMA is an American organization that rates 
electrical components. NEMA starter sizes range 
from 00 through 8. A NEMA size 00 starter is rated 
to control a 2-horsepower motor connected to a 
460-volt, three-phase power supply. A size 8 starter 
will control a 900-horsepower motor connected to 
a 460-volt, three-phase power source. IEC starter 
sizes range from size A through size Z. Size A start-
ers are rated to control a 3-horsepower motor 
 connected to a 460-volt, three-phase source. Size 
Z starters are rated to control a 900-horsepower 
motor connected to a 460-volt source. It should 
be noted that the contact size for an IEC starter is 
smaller than for a NEMA starter of the same rating. 
It is common practice when using IEC starters to 
 increase the listed size by one or two sizes to com-
pensate for the difference in contact size.

Environment
Another consideration is the type of environment 
in which the motor and control system operates. 
Can the controls be housed in a general-purpose 
enclosure similar to the one shown in Figure 1–3, 

areas can generally permit larger motors to be 
started across-the-line than companies that supply 
power to areas that have light industrial needs. In 
some areas, the power company may permit a mo-
tor of several thousand horsepower to be started 
across-the-line, but in other areas the power com-
pany may require a reduced voltage starter for mo-
tors rated no more than 100 horsepower.

Motor Connections
When connecting motors, several factors should be 
considered, such as horsepower, service factor (SF), 
marked temperature rise, voltage, full-load current 
rating, and National Electrical Manufacturers As-
sociation (NEMA) Code letter. This information is 
found on the motor nameplate. The information 
found on the nameplate will be discussed in more 
detail in a later chapter. The conductor size, fuse 
or circuit breaker size, and overload size are gener-
ally determined using the National Electrical Code® 

(NEC®) and/or local codes. It should be noted that 
local codes generally supersede the National Electrical 
Code and should be followed when they apply. Motor 
installation based on the NEC is covered in this text.

Motor Type
The type of motor best suited to operate a particu-
lar piece of equipment can be different for differ-
ent types of machines. Machines that employ gears 
generally require a motor that can start at reduced 
speed and increase speed gradually. Wound rotor in-
duction motors or squirrel-cage motors controlled 
by variable frequency drives are generally excellent 
choices for this requirement. Machines that require 
a long starting period, such as machines that oper-
ate large inertia loads such as flywheels or centri-
fuges, require a motor with high starting torque and 
relatively low starting current. Squirrel-cage motors 
with a type A rotor or synchronous motors are a 
good choice for these types of loads. Synchronous 
motors have an advantage in that they can provide 
power factor correction for themselves or other in-
ductive loads connected to the same power line.

Squirrel-cage motors controlled by variable fre-
quency drives or direct-current motors can be em-
ployed to power machines that require variable speed. 
Squirrel-cage induction motors are used to power 
most of the  machines throughout industry. These 
motors are rugged and have a proven record of service 
unsurpassed by any other type of power source.

Figure 1–3
general-purpose enclosure (NeMA 1).
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Another previously mentioned organization 
is the National Electrical Code. The NEC is actually 
part of the National Fire Protection Association. 
They establish rules and specifications for the in-
stallation of electrical equipment. The National 
Electrical Code is not a law unless it is made law by a 
local authority.

Two other organizations that have great 
influence on control equipment are NEMA and IEC. 
Both of these organizations are discussed later in 
the text.

Types of Control Systems
Motor control systems can be divided into three 
major types: manual, semiautomatic, and auto-
matic. Manual controls are characterized by the 
fact that the operator must go to the location of 

or is the system subject to moisture or dust? Are 
the motor and controls to be operated in a haz-
ardous area that requires explosion-proof enclo-
sures similar to that shown in Figure 1–4? Some 
locations may contain corrosive  vapor or liquid or 
extremes of temperature. All of these conditions 
should be considered when selecting motors and 
control components. Another type of starter com-
monly found in industry is the combination starter 
(Figure 1–5). The combination starter contains 
the disconnecting means, fuses or circuit breaker, 
starter, and control transformer. It may also have 
a set of push buttons or switches mounted on the 
front panel to control the motor.

Codes and Standards
Another important consideration is the safety of the 
operator or persons that work around the machine. 
In 1970, the Occupational Safety and Health Act 
(OSHA) was established. In general, OSHA requires 
employers to provide an environment free of recog-
nized hazards that are likely to cause serious injury.

Another organization that exhibits much 
influence on the electrical field is Underwriters 
Laboratories (UL). Underwriters Laboratories was 
established by insurance companies in an effort 
to reduce the number of fires caused by electri-
cal equipment. They test equipment to determine 
whether it is safe under different conditions. Ap-
proved equipment is listed in an annual  publication 
that is kept current with bimonthly supplements.

Figure 1–4
explosion-proof enclosure (NeMA 7).

Figure 1–5
Combination motor starter with circuit breaker, 
disconnect switch, starter, and control transformer.
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to  perform the action. A typical control panel is 
shown in Figure 1–6. A schematic and wiring dia-
gram of a start–stop push button station is shown 
in Figure 1–7. A schematic diagram shows compo-
nents in their electrical sequence without regard 
for physical location. A wiring diagram is basically a 
pictorial representation of the control components 
with connecting wires. Although the two circuits 
shown in Figure 1–7 look different, electrically they 
are the same.

Automatic control is very similar to semiauto-
matic control in that pilot sensing devices are em-
ployed to operate a magnetic contactor or starter 
that actually controls the motor. With automatic 
control, however, an operator does not have to ini-
tiate certain actions. Once the control conditions 
have been set, the system will continue to operate 
on its own. A good example of an automatic control 

the controller to initiate any change in the state 
of the control system. Manual  controllers are gen-
erally very simple devices that connect the motor 
directly to the line. They may or may not  provide 
overload protection or low-voltage release. Manual 
control may be accomplished by simply connecting 
a switch in series with a motor (Figure 1–1).

Semiautomatic control is characterized by 
the use of push buttons, limit switches, pressure 
switches, and other sensing devices to control the 
operation of a magnetic contactor or starter. The 
starter actually connects the motor to the line, 
and the push buttons and other  pilot devices con-
trol the coil of the starter. This permits the actual 
control panel to be located away from the motor or 
starter. The operator must still initiate certain ac-
tions, such as starting and stopping, but does not 
have to go to the location of the motor or starter 

Figure 1–6
Typical push button control center.

Co
ur

te
sy

 o
f R

oc
kw

el
l A

ut
om

at
io

n,
 In

c.

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



6

Chapter 1 General principles of Motor Control 

L1 L2 L3
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MOTOR
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SCHEMATIC DIAGRAM OF A START–STOP PUSH BUTTON CONTROL

CONTROL TRANSFORMER

FUSE STOP
START

L1 L2 L3

CIRCUIT BREAKER

M

MOTOR

WIRING DIAGRAM OF A START–STOP PUSH BUTTON CONTROL

FUSE

CONTROL TRANSFORMER

MOTOR
STARTER

START

STOP

FACTORY-MADE
CONNECTION

FACTORY-MADE
CONNECTION

Figure 1–7
Schematic and wiring diagram of a start-stop push button control. 
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desired  position. The difference between jogging 
and inching is that jogging is accomplished by mo-
mentarily connecting the motor to full line voltage, 
and inching is  accomplished by momentarily con-
necting the motor to reduced voltage.

Speed Control
Some control systems require variable speed. There 
are several ways to accomplish this. One of the most 
common ways is with variable frequency control 
for alternating-current motors or by controlling 
the voltage applied to the armature and fields of a 
direct-current motor. Another method may involve 
the use of a direct-current clutch. These methods 
are discussed in more detail later in this text.

Motor and Circuit Protection
One of the major functions of most control systems 
is to provide protection for both the circuit compo-
nents and the motor. Fuses and circuit breakers are 
generally employed for circuit protection, and over-
load relays are used to protect the motor. The dif-
ferent types of overload relays are discussed later.

Surge Protection
Another concern in many control circuits is the 
voltage spikes or surges produced by collapsing 
magnetic fields when power to the coil of a relay or 
con tactor is turned off. These collapsing magnetic 
fields can induce voltage spikes that are hundreds 
of volts (Fig ure 1–8). These high voltage surges can 
damage electronic components connected to the 
power line. Voltage spikes are of greatest concern in 
control systems that employ computer-controlled 
devices such as programmable logic controllers and 
measuring instruments used to sense temperature, 
pressure, and so on. Coils connected to alternating 
current often have a metal oxide varistor (MOV) 
connected across the coil (Figure 1–9). Metal oxide 
varistors are voltage-sensitive resistors. They have 
the ability to change their resistance value in ac-
cord with the amount of voltage applied to them. 
The MOV has a voltage rating greater than that of 
the coil it is connected across. An MOV connected 
across a coil intended to operate on 120 volts, for 
example, has a rating of about 140 volts. As long 
as the voltage applied to the MOV is below its volt-
age  rating, it exhibits an extremely high amount of 

system is the heating and cooling system found in 
many homes. Once the thermostat has been set to 
the desired temperature, the heating or cooling sys-
tem operates without further attention from the 
home owner. The control circuit contains sensing 
devices that automatically shut the system down 
in the event of an unsafe condition such as motor 
overload, excessive current, no pilot light or igni-
tion in gas heating systems, and so on.

Functions of Motor Control
There are some basic functions that motor control 
systems perform. The ones listed below are by no 
means the only ones but are very common. These 
basic functions are discussed in greater detail in 
this text. It is important not only to understand 
these basic functions of a control system but also 
to know how control components are employed to 
achieve the desired circuit logic.

Starting
Starting the motor is one of the main purposes of 
a motor control circuit. There are several methods 
that can be employed, depending on the require-
ments of the circuit. The simplest method is across-
the-line starting. This is accomplished by connecting 
the motor directly to the power line. There may be 
situations, however, that require the motor to start 
at a low speed and accelerate to full speed over some 
period of time. This is often referred to as ramping. 
In other situations, it may be necessary to limit the 
amount of current or torque during starting. Some 
of these methods are discussed later in the text.

Stopping
Another function of the control system is to stop 
the motor. The simplest method is to disconnect 
the motor from the power line and permit it to 
coast to a stop. Some conditions, however, may re-
quire that the motor be stopped more quickly or 
that a brake hold a load when the motor is stopped.

Jogging or Inching
Jogging and inching are methods employed to 
move a motor with short jabs of power. This is 
generally done to move a motor or load into some 

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.
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resistance, generally several million ohms. The cur-
rent flow through the MOV is called leakage current 
and is so small that it does not affect the operation 
of the circuit.

If the voltage across the coil should become 
greater than the voltage rating of the MOV, the re-
sistance of the MOV suddenly changes to a very low 
value, generally in the range of 2 or 3 ohms. This 
effectively short-circuits the coil and prevents the 
voltage from becoming any higher than the volt-
age rating of the MOV (Figure 1–10). Metal oxide 
varistors change resistance value very quickly, gen-
erally in the range of 3 to 10 nanoseconds. When 
the circuit voltage drops below the voltage rating of 
the MOV, it returns to its high resistance value. The 
energy of the voltage spike is dissipated as heat by 
the MOV.

Diodes are used to suppress the voltage spikes 
produced by coils that operate on direct current. 
The diode is connected reverse bias to the volt-
age connected to the coil (see Figure 1–11). Dur-
ing normal operation, the diode blocks the flow of 
current, permitting all the circuit current to flow 
through the coil. When the power is disconnected, 
the magnetic field around the coil collapses and in-
duces a voltage into the coil. Because the induced 
voltage is opposite in polarity to the applied volt-
age (Lenz’s Law), the induced voltage causes the 
diode to become forward biased. A silicon diode 
exhibits a forward voltage drop of approximately 
0.7 volt. This limits the induced voltage to a value 

600 VOLTS

120 VOLTS

Figure 1–8
Spike voltages produced by collapsing magnetic fields can 
be hundreds of volts. 

MOV

AC CONTACTOR COIL

120 VAC

Figure 1–9
A metal oxide varistor (MOV) is used to eliminate 
voltage spikes on coils connected to alternating current. 

140 VOLTS

120 VOLTS

Figure 1–10
The metal oxide varistor limits the voltage spike to 140 
volts. 
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of about 0.7 volt. The energy of the voltage spike is 
dissipated as heat by the diode.

Safety
Probably the most important function of any con-
trol system is to provide protection for the opera-
tor or persons that may be in the vicinity of the 
machine. These protections vary from one type of 
machine to another, depending on the specific func-
tion of the machine. Many machines are provided 
with both mechanical and electrical safeguards.

+

–

24 VDC

Figure 1–11
A diode is used to prevent voltage spikes on coils 
connected to direct current.

●● REvIEw QuESTIonS

 1. When installing a motor control system, list four 
major factors to consider concerning the power 
system.

 2. Where is the best place to look to find specific 
information about a motor, such as horsepower, 
voltage, full-load current, service factor, and full-
load speed?

 3. Is the National Electrical Code a law?

 4. Explain the difference between manual control, 
semiautomatic control, and automatic control.

 5. What is the simplest of all starting methods for a 
motor?

 6. Explain the difference between jogging and 
inching.

 7. What is the most common method of con-
trolling the speed of an alternating-current 
motor?

 8. What agency requires employers to provide a 
workplace free of recognized hazards for its 
employees?

 9. What is meant by the term ramping?

 10. What is the most important function of any 
control system?
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chapter  2
Symbols and Schematic 
Diagrams

Objectives

After studying this chapter, the student will be able to

●● Discuss symbols used in the drawing of schematic diagrams.

●● Determine the differences among switches that are drawn normally open, 
normally closed, normally open held closed, and normally closed held open.

●● Draw standard NEMA control symbols.

●● State rules that apply to schematic, or ladder, diagrams.

●● Interpret the logic of simple ladder diagrams.

When you learned to read, you were first taught a 
set of symbols that represented different sounds. 
This set of symbols is called the alphabet. Schemat-
ics and wiring diagrams are the written language of 
motor controls. Before you can learn to properly de-
termine the logic of a control circuit, you must first 
learn the written  language. Unfortunately, there is 
no actual standard used for motor control symbols. 
Different manufacturers and companies often use 
their own sets of symbols for their in-house sche-
matics. Also, schematics drawn in other countries 
may use entirely different sets of symbols to repre-
sent different control components.  Although sym-
bols can vary from one manufacturer to another, or 
from one country to another, once you have learned 
to interpret circuit logic, it is generally possible to 
determine what the different symbols represent by 
the way they are used in the schematic. The most 
standardized set of symbols in the United States is 
 provided by the National Electrical Manufacturer’s 

Association, or NEMA. These are the symbols that 
we discuss in this chapter.

Push Buttons
One of the most used symbols in control schemat-
ics is the push button. Push buttons can be shown 
as normally open or normally closed (Figure 2–1). 
Most are momentary contact devices in that they 
make or break connection only as long as pressure 
is applied to them. The pressure is generally sup-
plied by someone’s finger pressing on the button. 
When the pressure is removed, the button returns 
to its normal position. Push buttons contain both 
movable and stationary contacts. The stationary 
contacts are connected to the terminal screws. The 
normally open push button is characterized by 
drawing the movable contact above and not touch-
ing the stationary contacts. Because the movable 

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.
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and current can flow from one stationary contact 
to the other. If pressure is applied to the button, 
the movable contact moves away from the two 
stationary contacts and open the circuit. When 
pressure is removed, a spring returns the movable 
contact to its normal position.

Double-Acting Push Buttons
Another very common push button found through-
out industry is the double-acting push button 
(Figure 2–4). Double-acting push buttons contain 
both normally open and normally closed contacts. 

contact does not touch the stationary contacts, 
there is an open  circuit and current cannot flow 
from one stationary contact to the other. The way 
the symbol is drawn  assumes that pressure will be 
applied to the movable contact. When the button is 
pressed, the movable contact moves downward and 
bridges the two stationary contacts to complete 
a circuit (Figure 2–2). When pressure is removed 
from the button, a spring returns the movable con-
tact to its original position.

The normally closed push button symbol is 
characterized by drawing the movable contact be-
low and touching the two stationary contacts, Fig-
ure 2-3. Because the movable contact touches the 
two stationary contacts, a complete circuit exists, 

Figure 2–2
The movable contact bridges the stationary contacts 
when the button is pressed. 

BUTTON

DIRECTION OF FORCE

TERMINAL
SCREW

STATIONARY
CONTACT

MOVABLE
CONTACT

SPRING

Figure 2–3
The movable contact makes connection with the two 
stationary contacts until the button is pressed.

DIRECTION OF FORCE

BUTTON

TERMINAL
SCREW

STATIONARY
CONTACT

MOVABLE
CONTACT

SPRING

Figure 2–1
NeMA standard push button symbols. 

NORMALLY OPEN PUSH BUTTON

NORMALLY OPEN PUSH BUTTONS ARE DRAWN WITH
THE MOVABLE CONTACT ABOVE AND NOT TOUCHING
THE STATIONARY CONTACTS.

NORMALLY CLOSED PUSH BUTTON

NORMALLY CLOSED PUSH BUTTONS ARE DRAWN
WITH THE MOVABLE CONTACT BELOW AND
TOUCHING THE STATIONARY CONTACTS.

MOVABLE CONTACT

STATIONARY CONTACTS

MOVABLE CONTACT

STATIONARY CONTACTS
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this example, one stop button, referred to as an 
emergency stop button, can be used to stop three 
motors at one time. Push buttons that contain mul-
tiple contacts are often called stacked push buttons. 
Stacked push buttons are made by connecting mul-
tiple contact units together that are controlled by 

When connecting these push buttons in a circuit, 
you must make certain to connect the wires to the 
correct set of contacts. The schematic symbol for a 
typical double-acting push button is shown in Fig-
ure 2–5. Note that the double-acting push button 
has four terminal screws (Figure 2-6). The symbol 
for a double-acting push button can be drawn in 
different ways (Figure 2–7). The symbol on the left 
is drawn with two movable contacts connected by 
one common shaft. When the button is pressed, 
the top movable  contact breaks away from the top 
two stationary contacts, and the bottom movable 
contact bridges the  bottom two  stationary contacts 
to complete the circuit. The symbol on the right 
is very similar in that it also shows two movable 
contacts. The right-hand symbol, however, con-
nects the two push  button symbols together with 
a dashed line. When components are shown 
connected by a dashed line in a schematic di-
agram, it indicates that the components are 
mechanically connected together. If one com-
ponent is pressed, all those that are connected by 
the dashed line are pressed. This is a very common 
method of showing several sets of push button 
contacts that are actually controlled by one button.

Stacked Push Buttons
A very common connection employing the use of 
multiple push buttons is shown in Figure 2–8. In 

Figure 2–4
A double-acting push button contains both normally 
open and normally closed contacts. 

DIRECTION OF FORCE

MOVABLE
CONTACT
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BUTTON

NC NC
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Double-acting push button. 
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Figure 2–6
The double-acting push button has four terminal screws. 
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Figure 2–7
Other symbols used to represent double-acting push 
buttons. 
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The symbol for a push–pull button of this type is 
shown in Figure 2–11. When the button is pulled, 
the normally closed contact remains closed, and 
the normally open contact bridges the two station-
ary contacts to complete the circuit. When the but-
ton is released, the normally open contact returns 
to its normal position, and the normally closed sec-
tion remains closed. When the button is pushed, 
the normally closed section opens to break the cir-
cuit, and the normally open section remains open. 
A schematic diagram showing a push–pull button 
being used as a start–stop is shown in Figure 2–12.

Push–pull buttons that contain two normally 
open contacts are also available (Figure 2–13). 
These buttons are often used to provide a run-jog 
control on the same button. When this is done, the 
run function is generally accomplished with the use 

a single push button (Figure 2–9).  In the example, 
shown in Figure 2-9, the push button contains one 
normally open and two normally closed contacts. 
Contact blocks with double-acting contacts are also 
available. The push button in this example is sup-
plied with colored discs that permit the color of the 
button to be selected.

Push–Pull Buttons
Another push button that has found wide use is the 
push–pull button (Figure 2–10). Some push–pull 
buttons contain both normally open and normally 
closed  contacts much like a double-acting push but-
ton, but the contact arrangement is different. This 
push–pull button is intended to provide both the 
start and stop functions in one push button, elimi-
nating the space needed for a second push button. 

Figure 2–8
emergency stop button can stop all motors. 

EMERGENCY

STOP STOP 1 START 1
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of a control relay, as shown in Figure 2–14. When 
the button is pressed downward, a circuit is com-
plete to the M coil, causing all open M contacts 
to close and connect the motor to the power line. 
When the button is released, the contact reopens 
and de-energizes the M coil, causing all M con-
tacts to reopen and disconnect the motor from the 
power line. When the button is pulled upward, it 
completes a circuit to CR relay, causing both nor-
mally open CR contacts to close. One CR contact 
connected in parallel with the run section of the 
button maintains power to CR coil when the button 

Figure 2–9
Stacked push buttons are made by connecting multiple contacts sets together. 

Figure 2–10
Push–pull button. 

Figure 2–11
This symbol represents a push–pull button. 
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the button is pulled upward, the connection to the 
two top stationary contacts is broken, causing coil 
M1 to de-energize. The bottom section of the but-
ton remains closed. When the button is pressed, 
the top section remains closed, and the bottom sec-
tion opens and breaks the connection to coil M2.

Regardless of the configuration of the push–
pull buttons or how they are employed in a control 
circuit, they are generally used to provide the func-
tion of two different buttons in a single space. They 
are a good choice if it becomes necessary to add 
controls to an existing control panel that may not 
have space for extra push buttons.

Lighted Push Buttons
Lighted push buttons are another example of pro-
viding a second function in a single space (Figure 
2–17). They are generally used to indicate that a 
motor is running, stopped, or tripped on overload. 
Most lighted push buttons are equipped with a 
small transformer to reduce the control voltage to 
a much lower value (Figure 2–18). Lens caps of dif-
ferent colors are available.

is released. The CR contact connected in parallel 
with the jog section of the button closes and ener-
gizes the M coil, causing the motor to be connected 
to the power line. The motor continues to run until 
the stop button is pressed.

Push–pull buttons that contain two normally 
closed contacts can be obtained also (Figure 2–15). 
These buttons are generally employed to provide 
stop for two different motors (Figure 2–16). When 

Figure 2–12
Schematic using a push–pull button as a start–stop control. 
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CONTROL TRANSFORMER

FUSE
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Figure 2–13
Some push–pull buttons contain two normally open 
contacts instead of one normally open and one normally 
closed. 
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begin with how normally open and normally closed 
switches are drawn (Figure 2–19). Normally open 
switches are drawn with the  movable contact below 
and not touching the stationary contact. Normally 
closed switches are drawn with the movable contact 
above and touching the  stationary contact.

The normally open held closed and normally 
closed held open switches are shown in Figure 
2–20. Note that the movable contact of the nor-
mally open held closed switch is drawn below the 
stationary contact. The fact that the movable con-
tact is drawn below the stationary contact indi-
cates that the switch is normally open. Because 
the movable contact is touching the stationary 
contact, however, a complete circuit does exist 
because something is holding the contact closed. 
A very good example of this type of switch is the 
low-pressure switch found in many air-condition-
ing circuits (Figure 2–21). The low-pressure switch 
is being held closed by the refrigerant in the 
sealed system. If the refrigerant should leak out, 
the pressure would drop low enough to permit 

Switch Symbols
Switch symbols are employed to represent many 
common control sensing devices. There are four ba-
sic  symbols: normally open (NO); normally closed 
(NC); normally open, held closed (NOHC); and nor-
mally closed, held open (NCHO). To understand 
how these switches are drawn, it is necessary to 

Figure 2–14 
run-Jog circuit using a push–pull button. 

CR

CR

CONTROL TRANSFORMER

FUSE

OL

M

M

M

MOTOR

L1 L2 L3

M

CR

RUN

JOG

STOP

Figure 2–15
Push–pull button with two normally closed contacts. 
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during normal operation, it would have to be con-
nected as an open switch when it is wired into the 
circuit.

The normally closed, held open switch is shown  
open in Figure 2–20. Although the switch is 

the contact to return to its normal open position. 
This would open the circuit and de- energize coil C, 
causing both C contacts to open and disconnect 
the compressor from the power line.  Although 
the schematic indicates that the switch is closed 

Figure 2–16
A push–pull button with two normally closed contacts used to provide a stop for two different motors. 

M1

CONTROL TRANSFORMER

FUSE

OL1

M2

M2

OL2

M1

Figure 2–17
Lighted push button. 
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Figure 2–22. This circuit is a low water warning cir-
cuit for a steam boiler. The float switch is held open 
by the water in the boiler. If the water level should 
drop sufficiently, the contacts close and energize a 
buzzer and warning light.

shown open, it is actually a normally closed switch 
because the movable contact is drawn above the 
stationary contact, indicating that something 
is holding the switch open. A good example of 
how this type of switch can be used is shown in 

LOW VOLTAGE LAMP

LENS CAP

TRANSFORMER TERMINALS

Figure 2–18
Lighted push buttons are generally equipped with a small transformer to reduce the voltage to a 
much lower value. 

NORMALLY OPEN SWITCH NORMALLY CLOSED SWITCH

THE MOVABLE CONTACT IS DRAWN BELOW
AND NOT TOUCHING THE STATIONARY CONTACT

THE MOVABLE CONTACT IS DRAWN ABOVE
AND TOUCHING THE STATIONARY CONTACT

STATIONARY CONTACT

MOVABLE CONTACT

STATIONARY
CONTACT

MOVABLE CONTACT

Figure 2–19
Symbols used to represent normally open (NO) and normally closed (NC) switches. 
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is labeled CR and one normally open and one 
normally closed contact are labeled CR. All of 
these components are physically located on 
control relay CR.

 2. Schematics are always drawn to show compo-
nents in their de-energized, or off, state.

 3. Any contact that has the same label or num-
ber as a coil is controlled by that coil. In this 

Basic Schematics
To understand the operation of the circuit shown 
in Figure 2–22, you must understand some basic 
rules concerning schematic, or ladder, diagrams:
 1. Schematic, or ladder, diagrams show compo-

nents in their electrical sequence without re-
gard for physical location. In Figure 2–22, a coil 

COMP.

C

THERMOSTAT LOW PRESSURE HIGH PRESSURE

C C

TRANSFORMER 240/24 VAC

L1 L2

Figure 2–21
if system pressure should drop below a certain value, the normally open, held closed low-pressure switch opens 
and de-energizes coil C. 

NORMALLY OPEN, HELD CLOSED SWITCH

STATIONARY CONTACT

MOVABLE CONTACT

NORMALLY CLOSED, HELD OPEN SWITCH

STATIONARY CONTACT

MOVABLE CONTACT

BECAUSE THE MOVABLE CONTACT IS DRAWN BELOW
THE STATIONARY CONTACT, THE SWITCH IS NORMALLY
OPEN.  THE SYMBOL SHOWS THE MOVABLE
CONTACT TOUCHING THE STATIONARY CONTACT.
THIS INDICATES THAT THE SWITCH IS BEING HELD
CLOSED.

BECAUSE THE MOVABLE CONTACT IS DRAWN ABOVE
THE STATIONARY CONTACT, THE SWITCH IS
NORMALLY CLOSED.  THE SYMBOL SHOWS THE
MOVABLE CONTACT NOT TOUCHING THE
STATIONARY CONTACT.  THIS INDICATES THAT THE
SWITCH IS BEING HELD OPEN.

Figure 2–20
Normally open, held closed (NOHC) and normally closed, held open (NCHO) switch symbols. 
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energizes, and both CR contacts change position. 
The normally closed contact opens and turns off 
the buzzer. The warning light, however, remains on 
as long as the low water level  exists. The normally 
open CR contact connected in  parallel with the si-
lence push button closes. This contact is generally 
referred to as a holding, sealing, or maintaining 
contact. Its function is to maintain a current path 
to the coil when the push button returns to its nor-
mal open position. The circuit remains in this state 
until the water level becomes high enough to re-
open the float switch. When the float switch opens, 
the warning light and CR coil turn off. The circuit is 
now back in it original de-energized state.

Sensing Devices
Motor control circuits depend on sensing devices 
to determine what conditions are occurring. They 
act very much like the senses of the body. The brain 
is the control center of the body. It depends on in-
put information such as sight, touch, smell, and 
hearing to determine what is happening around it. 
Control systems are very similar in that they de-
pend on such devices as temperature switches, float 
switches, limit switches, flow switches, and so on, to 
know the conditions that exist in the circuit. These 
sensing devices are covered in greater detail later in 
the text. The four basic types of switches are used in 
conjunction with other symbols to represent some 
of these different kinds of sensing switches.

Limit Switches
Limit switches are drawn by adding a wedge to one 
of the four basic switches, Figure 2–23. The wedge 

example, both CR contacts are controlled by 
the CR coil.

 4. When a coil energizes, all contacts controlled 
by it change position. Any normally open con-
tacts close, and any normally closed contacts 
open. When the coil is de-energized, the con-
tacts return to their normal state.

Referring to Figure 2–22, if the water level 
should drop far enough, the float switch closes 
and completes a circuit through the normally 
closed contact to the buzzer and to the warning 
light connected in  parallel with the buzzer. At this 
time, both the buzzer and warning light are turned 
on. If the silence push button is pressed, coil CR 

Figure 2–23
Limit switch symbols. 

NORMALLY CLOSED LIMIT SWITCH NORMALLY CLOSED HELD OPEN LIMIT SWITCH

NORMALLY OPEN LIMIT SWITCH NORMALLY OPEN HELD CLOSED LIMIT SWITCH

Figure 2–22
The normally closed float switch is held open by the 
level of the water. if the water level should drop below 
a certain amount, the switch returns to its normal closed 
position and completes the circuit. 

CR

R

BUZZER

CR
FLOAT SWITCH

SILENCE

CR

H N

NORMALLY CLOSED
CONTACT

LIGHT

COIL

NORMALLY OPEN
CONTACT
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Coils
The most common coil symbol used in schematic 
diagrams is the circle. The reason for this is so that 
letters and/or numbers can be written in the circle 
to identify the coil. Contacts controlled by the coil 
are given the same label. Several standard coil sym-
bols are shown in Figure 2–27.

Timed Contacts
Timed contacts are either normally open or nor-
mally closed. They are not drawn as normally open, 
held closed or normally closed, held open. There are 

 represents the bumper arm. Common industrial 
limit switches are shown in Figure 2–24.

Float, Pressure, Flow, and 
Temperature Switches
The symbol for a float switch illustrates a ball 
float. It is drawn by adding a circle to a line, Fig-
ure 2–25. The flag symbol of the flow switch repre-
sents the paddle that senses movement. The flow 
switch symbol is used for both liquid and airflow 
switches. The symbol for a pressure switch is a 
half-circle connected to a line. The flat part of the 
semicircle represents a diaphragm. The symbol for 
a temperature switch represents a bimetal helix. 
The helix contracts and expands with a change of 
temperature. It should be noted that any of these 
symbols can be used with any of the four basic 
switches.

There are many other types of sensing switches 
that do not have a standard symbol. Some of these 
are photo switches, proximity switches, sonic 
switches, Hall effect switches, and others. Some 
manufacturers employ a special type of symbol and 
label the symbol to indicate the type of switch. An 
example of this is shown in Figure 2–26.

FLOAT SWITCHES FLOW SWITCHES

PRESSURE SWITCHES TEMPERATURE SWITCHES

NO NC NO NC

NO NC NO NC

Figure 2–25
Schematic symbols for sensing switches. 

Figure 2–24
Typical industrial limit switches. 
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Figure 2–26
Special symbols are often used for sensing devices that 
do not have a standard symbol. 

PROXIMITY SWITCH X4
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two basic types of timers, on delay and off delay. 
Timed contact symbols use an arrow to point in the 
direction that the contact will move at the end of 
the time cycle. Timers are discussed in detail in a 
later chapter. Standard timed contact symbols are 
shown in Figure 2–28.

Contact Symbols
Another very common symbol used on control 
schematics is the contact symbol. The symbol is 
two parallel lines connected by wires (Figure 2–29). 
The normally open contacts are drawn to represent 
an open connection. The normally closed contact 
symbol is the same as the normally open symbol, 
with the exception that a  diagonal line is drawn 
through the contacts. The diagonal line indicates 
that a complete current path exists.

Other Symbols
Not only are there NEMA standard symbols for 
coils and contacts; there are also symbols for trans-
formers, motors, capacitors, and special types of 
switches. A chart showing both common control 
and electrical symbols is shown in Figure 2–30.

Selector Switches
Selector switches are operated by turning a knob 
instead of pushing a button. A very common selec-
tor switch is the MAN-OFF-AUTO switch. MAN 
stands for Manual and AUTO stands for Automatic. 

Figure 2–27
Common coil symbols. 

OFTEN USED TO REPRESENT A SOLENOID COIL,
BUT SOMETIMES USED TO REPRESENT RELAY,

CONTACTOR, AND MOTOR STARTER COILS.

IRON CORE INDUCTOR AIR CORE INDUCTOR

GENERALLY USED TO REPRESENT
THE COIL OF A RELAY, CONTACTOR,

OR MOTOR STARTER

Figure 2–28
Timed contact symbols. 

ON DELAY OFF DELAY

NO NC NO NC

Figure 2–29
Normally open and normally closed contact symbols. 

NORMALLY OPEN
CONTACTS

NORMALLY CLOSED
CONTACTS

This is a single-pole, double-throw switch with a 
center off  position, as shown in Figure 2–31. When 
the switch is in the OFF position, as shown in Fig-
ure 2–31A, neither indicator lamp is turned on.  
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shown in Figure 2–32. A combination START–STOP 
push button station, pilot lamp, and HAND-OFF-
AUTO switch is shown in Figure 2–33.

Selector switches often contain multiple con-
tacts and multiple poles (Figure 2–34). A symbol 

If the switch is moved to the MAN position, as 
shown in Figure 2–31B the red lamp is turned on. 
If the switch is set in the AUTO position, Figure 
2–31C, the green lamp is turned on. Another sym-
bol often used to represent this type of switch is  

Figure 2–30
Common control and electrical symbols. 

DISCONNECT
SWTICH

FUSED
DISCONNECT SWITCH

CIRCUIT BREAKER
THERMAL

CIRCUIT BREAKER
MAGNETIC

CIRCUIT BREAKER
THERMAL MAGNETIC

CIRCUIT BREAKER
FUSES

10Ω

10Ω

10Ω

10Ω 10Ω

10Ω

FIXED
RESISTORS

VARIABLE
RESISTORS

NO

NC

FOOT
SWITCH

NO

NC

LIMIT
SWITCH

NC

NO

NC

NO

NC

NO

NC

NO

NC

NO

NC

NO

FLOAT
SWITCH

FLOW
SWITCH

TEMPERATURE
SWITCH

PRESSURE
SWITCH

ON DELAY
TIMER

OFF DELAY
TIMER

NO

NC

PUSH BUTTONS

SINGLE ACTING DOUBLE ACTING MUSHROOM
HEAD

R

ILLUMINATED
(PILOT LIGHT)

WOBBLE
STICK

MOMENTARY CONTACT DEVICES

MAINTAINED CONTACT

A M

1

2

A M

1

2

X

X

TWO POSITION SELECTOR SWITCH

2

1 1

2

X

X

H O A

H O A

THREE POSITION SELECTOR SWITCH
INSTANT CONTACTS

BLOW OUT NO BLOW OUT

NO NO

NC NC

RELAY
COILS

PUSH TO TEST

Pilot Lights

A

G
OL OL

OVERLOAD RELAYS
THERMAL MAGNETIC

AIR CORE

IRON CORE

INDUCTORS

NONPOLARIZED

POLARIZED

VARIABLE

CAPACITORS

AUTO IRON CORE CURRENT

TRANSFORMERS

AIR CORE DUAL VOLTAGE

BATTERY BELL BUZZER
HORN/
SIREN

SQUIRREL
CAGE

WOUND
ROTOR

SYNCHRONOUS

THREE PHASE MOTORS

SQUIRREL
CAGE

SINGLE PHASE MOTOR

ARMATURE
SHUNT
FIELD

SERIES
FIELD

COMM.
FIELD

DIRECT CURRENT MOTORS AND GENERATORS
WIRING 

NOT CONNECTED CONNECTED

F F

R

PLUGGING SWITCHES

R

F

ANTI
PLUGGING

ELECTRONIC DEVICES

BRIDGE RECTIFIER

+-

DIAC DIODE LED TRANSISTOR

NPN

TRANSISTOR

PNP

TRIAC SCR GTO

ZENER UJT

SBS

REPULSION

WIRING
TERMINAL

GROUND MECHANICAL
CONNECTION

MECHANICAL
INTERLOCK

Basic Switch Types

NORMALLY
OPEN

NORMALLY
CLOSED

NORMALLY
OPEN HELD

CLOSED

NORMALLY
CLOSED HELD

OPEN

COMPUTER LOGIC SYMBOLS NEMA LOGIC SYMBOLS

AND NAND OR NOR INVERTER AND NAND OR NOR INVERTER
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used to represent a selector switch with three poles, 
each  having three terminals, is shown in Figure 
2–35. This  selector switch contains a common 
terminal for each of the three poles. The common 
terminal is connected to the  movable contact. A 
different type of selector switch is shown in Fig-
ure 2–36. Switches of this type are often supplied 
with a chart or truth table indicating  connections 
between contacts when the switch is set in differ-
ent positions. In this example, there is no connec-
tion between any of the contacts when the switch 
is set in the OFF position. When the switch is set 
in position A there is connection between contacts  

Figure 2–31
A MAN-OFF-AuTO switch is a single-pole, double-throw 
switch with a center off position. 

L1 L2

OFF

MAN

AUTO

R

G

(A)

L1 L2

OFF

MAN

AUTO

R

G

(B)

L1 L2

OFF

MAN

AUTO

R

G

(C)

Figure 2–32
The MAN-OFF-AuTO switch is often drawn in this 
manner. 

L1 L2

OFFMAN AUTO

R

G

(A)

L1 L2

OFFMAN AUTO

R

G

(B)

L1 L2

OFFMAN AUTO

R

G

(C)

Figure 2–33
A combination STArT-STOP 
push button station with 
pilot lamp and HAND-OFF-
AuTO switch. 

Figure 2–34
Selector switch with 
multiple poles. 
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Figure 2–35
Symbol used to represent a three-pole, three-terminal 
selector switch. The movable contacts are a common 
terminal for each of the three poles. 

Figure 2–36
A selector switch with different sets of contacts. 

CONTACTS A OFF B

O

X

X

O

O

O

O

O

O

X

X

X

1 2

3 4

5 6

7 8

OFFA B

1 - 2 

3 - 4

5 - 6

7 - 8

Figure 2–37
Control panel with selector switches, push buttons, 
indicating lights, and meters mounted together.

3 and 4, and 5 and 6. When the switch is set in posi-
tion B, there is  connection between contacts 1 and 
2, 5 and 6, and 7 and 8. It is not uncommon to see 
a combination of selector switches, push buttons, 
and meters mounted on a single control panel (Fig-
ure 2–37).
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●● Review QueSTiOnS

 1. The symbol shown is a
 a. polarized capacitor.
 b. normally closed switch.
 c. normally open, held closed switch.
 d. normally open contact.

 2. The symbol shown is a
 a. normally closed float switch.
 b. normally open, held closed float switch.
 c. normally open float switch.
 d. normally closed, held open float switch.

 3. The symbol shown is a(n)
 a. iron core transformer.
 b. auto transformer.
 c. current transformer.
 d. air core transformer.

 4. The symbol shown is a
 a. normally open pressure switch.
 b. normally open flow switch.
 c. normally open float switch.
 d. normally open temperature switch.

 5. The symbol shown is a
H O A

 a. double-acting push button.
 b. two-position selector switch.
 c. three-position selector switch.
 d. maintained contact push button.

 6. If you were installing the circuit in Figure 2–22, 
what type of push button would you use for the 
silence button?

 a. Normally closed
 b. Normally open

 7. Referring to the circuit in Figure 2–22, should 
the float switch be connected as a normally 
open or normally closed switch?

 8. Referring to the circuit in Figure 2–22, what 
circuit component controls the actions of the 
two CR contacts?

 9. Why is a circle most often used to represent a 
coil in a motor control schematic?

 10. When reading a schematic diagram, are the 
control components shown as they should 
be when the machine is turned off or de-en-
ergized, or are they shown as they should be 
when the machine is in operation?

 11. Push–pull buttons are generally used because
 a. they are smaller in size than standard 

push buttons.
 b. they contain larger contacts that can with-

stand more current than standard push 
buttons.

 c. they can perform more than one func-
tion while only requiring the space of one 
single-function push button.

 d. they are larger in size than standard push 
buttons, making them more visible to an 
operator.

 12. What device is generally used by lighted push 
buttons to reduce the voltage applied to the 
lamp?

 a. Series resistor
 b. Transformer
 c. Series capacitor
 d. Series inductor

 13. How are components that are mechanically 
connected together generally identified on a 
schematic diagram?
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Chapter  3
Manual Starters

Objectives

After studying this chapter, the student will be able to

●● Discuss the operation of manual motor starters.

●● Discuss low-voltage release.

●● Connect a manual motor starter.

●● Check a circuit to determine whether a motor is drawing excessive current.

Manual starters are characterized by the fact that 
the operator must go to the location of the starter 
to initiate any change of action. There are several 
different types of manual starters. Some look like a 
simple toggle switch with the addition of an over-
load heater. Others are operated by push buttons 
and may or may not be  capable of providing low-
voltage protection.

Fractional Horsepower 
Single-Phase Starters
One of the simplest manual motor starters resem-
bles a simple toggle switch with the addition of an 
overload heater (Figure 3–1). The toggle switch lever 
is mounted on the front of the starter and is used 
to control the on and off operation of the motor. In 

Figure 3–1
Single-phase manual motor starter. 
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Manual starters of this type are intended to 
control fractional horsepower motors only. Motors 
of 1 horsepower or less are considered fractional 
horsepower. Starters of this type are across-the-
line starters. This means that they connect the 
motor directly to the power line. Some motors can 
draw up to 600% of rated full-load current during 
starting. These starters generally do not contain 
large enough contacts to handle the current surge 
of multi-horsepower motors.

Another factor that should be taken into con-
sideration when using a starter of this type is that it 
does not provide low-voltage release. Most manual 
starters are strictly mechanical devices and do not 
contain an electrical coil. The contacts are mechani-
cally opened and closed. This simply means that if 
the motor is in operation and the power fails, the 
motor will restart when the power is restored. This 
can be an advantage in some situations where the 
starter controls unattended devices such as pumps, 
fans, blowers, air conditioning, and refrigeration 
equipment. This feature saves the maintenance 
electrician from having to go around the plant and 
restart all the motors when power returns after a 
power failure.

However, this automatic restart feature can 
also be a disadvantage on equipment such as 
lathes, milling machines, saws, drill presses, and 
any other type of machine that may have an op-
erator present. The unexpected and sudden re-
start of a piece of equipment could be the source 
of injury.

addition to being an on and off switch, the toggle 
switch also provides overload protection for the mo-
tor. An overload heater is connected in series with 
the motor (Figure 3–2). When current flows, the 
heater produces heat in proportion to the amount 
of motor current. If the heater is sized correctly, 
it never gets hot enough to open the circuit under 
normal operating conditions. If the motor should 
become overloaded, however, current will increase, 
causing a corresponding increase in heat production 
by the heater. If the heat becomes great enough, it 
causes a mechanical mechanism to trip and open 
the switch contacts, disconnecting the motor from 
the power line. If the starter trips on overload, the 
switch lever moves to a center position. The starter 
must be reset before the motor can be restarted by 
moving the lever to the full OFF position. This action 
is basically the same as resetting a tripped circuit 
breaker. The starter shown in this example has only 
one line contact and is generally used to protect sin-
gle-phase motors intended to operate on 120 volts.

Starters that are intended to protect motors 
that  operate on 240 volts should contain two load 
contacts (Figure 3–3). Although a starter that con-
tains only one contact would be able to control 
the operation of a 240-volt motor, it could create 
a hazardous situation. If the motor were switched 
off and an electrician tried to disconnect the mo-
tor, one power line would still be connected directly 
to the motor. The National  Electrical Code (NEC) 
requires that a disconnecting means open all un-
grounded supply conductors to a motor.

H N

MOTOR

120 VAC

OVERLOAD 
HEATER

CONTACT

Figure 3–2
Schematic diagram of a single-pole manual starter. 

L1 L2

MOTOR

240 VAC

Figure 3–3
Schematic diagram of a two-pole manual starter. 
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Mounting
Mounting a fractional horsepower, single-phase 
starter is generally very simple because it requires 
very little space. The compact design of this starter 
permits it to be mounted in a single gang switch or 
conduit box or directly onto a piece of machinery. 
The open type starter can be mounted in the wall 
and covered with a single gang switch cover plate. 
The ON and OFF markings on the switch lever 
make it appear to be a simple toggle switch.

Like larger starters, fractional horsepower 
starters are available in different enclosures. Some 
are simple sheet metal and are intended to be 
mounted on the surface of a piece of machinery. 
If the starter is to be mounted in an area contain-
ing hazardous vapors or gasses, it may require an 
explosion-proof enclosure (Figure 3–4). Areas that 
are subject to high moisture may require a water-
proof enclosure (Figure 3–5). In  areas that have a 
high concentration of flammable dust, the starter 
may be housed in a dustproof enclosure similar to 
the one shown in Figure 3–6.

Figure 3–6
Dustproof enclosure. 

Figure 3–4
explosion-proof enclosure. 

Figure 3–5
Waterproof enclosure. 
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the motor. A line-voltage thermostat is shown in 
Figure 3–8.

Another circuit that permits the motor to be 
controlled either manually or automatically is 
shown in Figure 3–9. In this circuit, a manual-auto-
matic switch is used to select either manual or au-
tomatic operation of a pump. The pump is used to 
refill a tank when the  water falls to a certain level. 
The schematic is drawn to assume that the tank is 
full of water during normal  operation.

In the Manual position, the pump is controlled 
by turning the starter on or off. An amber pilot 
light is used to indicate when the manual starter 
contacts are closed or turned on. If the manual-au-
tomatic switch is moved to the Automatic position 
(Figure 3–10), a line-voltage float switch controls 
the operation of the pump motor. If the water 
in the tank drops to a low enough level, the float 
switch contact closes and starts the pump motor. If 
water rises to a high enough level, the float switch 
contact opens and disconnects the pump motor 
from the line.

Automatic Operation
It is sometimes necessary to combine the manual 
starter with other sensing devices to obtain the de-
sired control. When using a sensing pilot device to 
directly control the operation of a motor, you must 
make sure that the type of pilot device is equipped 
with contacts that can handle the rated current of 
the motor. These devices are generally referred to 
as “line-voltage” devices. Line-voltage devices have 
larger contacts than those sensing pilot devices 
intended for use in a motor control circuit that 
employs a magnetic motor starter. The smaller pi-
lot devices intended for use with magnetic motor 
starters have contacts that are typically rated from 
1 to 3 amperes. Line-voltage devices may have con-
tacts rated for 15 to 20 amperes. A good example 
of how a line-voltage sensing device can be used 
in conjunction with the manual starter is shown 
in  Figure 3–7. In this circuit, a line-voltage ther-
mostat is used to control the operation of a blower 
motor. When the temperature rises to a sufficient 
level, the thermostat contacts close, connecting 
the motor directly to the power line if the manual 
starter contacts are closed. When the temperature 
drops, the thermostat contact opens and turns off  

H N

BLOWER

120 VAC

MANUAL
STARTER

Figure 3–7
A line voltage thermostat controls the operation of a 
blower motor. 

Figure 3–8
Line voltage thermostat. 

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



31

Chapter 3 Manual Starters

L1 L2

PUMP

240 VAC

MAN.

AUTO.

FLOAT SWITCH

MANUAL STARTER

A

Figure 3–10
Moving the switch to the AuTO. position permits the float switch to control the pump. 

L1 L2

PUMP

240 VAC

MAN.

AUTO.

FLOAT SWITCH

MANUAL STARTER

A

Figure 3–9
Pump can be controlled either manually or automatically. 

Manual Push Button 
Starters
Manual push button line-voltage starters are man-
ufactured with two or three load contacts. The two-
contact models are intended to control single-phase 
motors that operate on 240 volts, or direct-current 

motors. The starters that contain three contacts 
are intended to control three-phase motors. Push 
button type manual starters are integral, not frac-
tional, horsepower starters. Generally, they can 
control single-phase motors rated up to 5 horse-
power, direct-current motors up to 2 horsepower, 
and three-phase motors up to 10 horsepower.  

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



32

Chapter 3 Manual Starters

starter has tripped on overload, it must be reset 
before the motor can be restarted. After allowing 
enough time for the overload heaters to cool, the 
operator resets the starter by pressing the STOP 
push button with more than normal pressure. This 
causes the mechanical mechanism to reset so that 
the motor can restart when the START push  button 
is pressed. These starters are economical and are 
generally used with loads that are not started or 
stopped at frequent intervals. Although this type 
of starter provides overload protection, it does not 
provide low-voltage release. If the power should 
fail and then be restored, the motor controlled by 
this starter restarts without warning.

Low-Voltage Release and  
Low-Voltage Protection
Manual starters can be obtained that provide low-
voltage release or low-voltage protection. Both em-
ploy a solenoid coil connected across the incoming 
power that senses the line voltage, Figure 3–13. If 
the incoming voltage should drop to an abnormally 
low level, the motor disconnects from power. The 
difference between low-voltage release and low-
voltage protection is that starters equipped with 
low-voltage release automatically restart when 
power is restored to its normal level, and start-
ers equipped with low-voltage protection must be 

A typical three-contact, manual push button starter 
is shown in Figure 3–11. A schematic diagram for 
this type of starter is shown in Figure 3–12.

If any one of the overloads should trip, a 
mechan ical mechanism opens the load contacts 
and dis connects the motor from the line. Once the 

MOTOR

T1 T2 T3

L1 L2 L3

SOLENOID

Figure 3–13
A solenoid coil senses the line voltage. 

Figure 3–11
Three-phase line-voltage manual starter. 

MOTOR

T1 T2 T3

L1 L2 L3

Figure 3–12
Schematic diagram for a three-pole line-voltage manual 
starter. 
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significantly different in any of the lines, that is an 
indication of internally shorted windings. Over-
loads are generally set to trip at 115% to 125% of 
motor full-load current, depending on the motor. 
If the ammeter reveals that the motor is drawing 
 excessive current, the electrician must determine 
the reason before the motor can be put back into 
operation.

Excessive current is not the only cause for an 
overload trip. Thermal overloads react to heat, so 
any heat source can cause an overload to trip. If the 
motor is not drawing an excessive amount of cur-
rent, the electrician should determine any other 
sources of heat. Loose connections are one of the 
greatest sources of heat. Check the wires for insu-
lation that has been overheated close to terminal 
screws. Any loose connection on the starter can 
cause an overload trip; make sure that all connec-
tions are tight. Another source of heat is ambient, 
or surrounding, air temperature. In hot climates, 
the surrounding air temperature combined with 
the heat caused by motor current can be enough to 
cause the overload to trip. It may be necessary to 
set a fan that blows on the starter to help remove 
excess heat. Manual starters that are installed in 
a switchbox inside a wall are especially susceptible 
to ambient temperature problems. In this case, it 
may be necessary to install some type of vented 
cover plate.

manually reset when power is restored. Low-volt-
age release should be used only when the sudden 
restarting of a motor will not endanger personnel 
or equipment. A manual starter with low-voltage 
protection is shown in Figure 3–14.

Troubleshooting
Anytime a motor has tripped on overload, the 
electrician should check the motor and circuit to 
determine why the overload tripped. The first step 
is generally to determine whether the motor is 
actually overloaded. Some common causes of mo-
tor overloads are bad bearings in either the motor 
or the load the motor operates. Shorted windings 
in the motor can cause the motor to draw exces-
sive current without being severe enough to blow 
a fuse or trip a circuit breaker. The simplest way 
to deter mine whether the motor is overloaded is 
to find the motor full-load current on the name-
plate and then check the  running current with an 
ammeter (Figure 3–15). When checking a single-
phase motor, it is necessary to check only one of 
the incoming lines. When checking a three-phase 
motor, check each line individually. The current 
flow in each line of a three-phase motor should 
all be close to the same. A small amount of vari-
ation is not uncommon, but if the current is 

MOTOR

T1 T2 T3

L1 L2 L3

Figure 3–15
Checking motor current. Figure 3–14

Manual starter with low-voltage protection. 
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●● ReView QueSTiOnS

 1. A single-phase, 120 volt motor is controlled by a 
manual motor starter. The motor is not  running, 
and the switch handle on the starter is found 
to be in the center position. What does this 
indicate?

 2. Referring to the above question, what action 
is necessary to restart the motor, and how is it 
accomplished?

 3. A single-phase motor operates on 240 volts. Why 
should a starter that contains two load contacts 
be used to control this motor?

 4. A push button manual starter has tripped on 
overload. Explain how to reset the starter so the 
motor can be restarted.

 5. What is meant by the term line voltage on some 
pilot sensing devices?

 6. Explain the difference between manual motor 
starters that provide low-voltage release and 
those that do not.

 7. What is the simplest way to determine whether a 
motor is overloaded?

 8. Refer to the circuit shown in Figure 3–7. 
What type of switch is connected in series 
with the motor, and is the switch normally 
open; normally closed; normally open, held 
closed; or normally closed, held open?

 9. Refer to the circuit shown in Figure 3–10. 
When would the amber pilot light be  
turned on?

 a. When the manual-automatic switch is set 
to the man. position.

 b. When the float switch contacts are closed.
 c. Anytime the manual starter is turned on.
 d. Only when the manual-automatic switch 

is set to the MAN. position.

 10. Refer to the circuit shown in Figure 3–10. 
Is the float switch normally open; normally 
closed, normally open, held closed; or nor-
mally closed, held open?
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Chapter  4
Overload Relays

Objectives

After studying this chapter, the student will be able to

●● Discuss differences between fuses and overloads.

●● List different types of overload relays.

●● Describe how thermal overload relays operate.

●● Describe how magnetic overload relays operate.

●● Describe how dashpot overload relays operate.

Overloads
Overloads should not be confused with fuses or 
circuit breakers. Fuses and circuit breakers are de-
signed to protect the circuit from a direct ground 
or short-circuit condition. Overloads are designed 
to protect the motor from an overload condition. 
Assume, for example, that a motor has a full-load 
current rating of 10 amperes. Also assume that the 
motor is connected to a circuit that is protected by 
a 20-ampere circuit breaker, Figure 4–1. Now as-
sume that the motor becomes overloaded and has 
a current draw of 15 amperes. The motor is drawing 
150% of full-load current. This much of an overload 
will overheat the motor and damages the windings. 
But, because the current is only 15 amperes, the 
20-ampere circuit breaker does not open the circuit 
to protect the motor. Overload relays are designed 
to open the circuit when the current becomes 115% 

to 125% of the motor full-load current. The setting 
of the overload is dependent on the properties of 
the motor that is to be protected.

Overload Properties
There are certain properties that all overload relays 
must possess in order to protect a motor:
 1. They must have some means of sensing 

motor current. Some overload relays do this 
by converting motor current into a proportion-
ate amount of heat, and others sense motor 
current by the strength of a magnetic field.

 2. They must have some type of time  delay. 
Motors typically have a current draw of 300% 
to 800% of motor full-load current when 
they start. Motor starting current is referred 
to as locked rotor current. Because overload 
relays are generally set to trip at 115% to 
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125% of full-load motor current, the motor 
could never start if the overload relay tripped 
instantaneously.

 3. They are divided into two separate sec-
tions: the current sensing section and 
the contact section. The current sensing 
section is connected in series with the motor 
and senses the amount of motor current. This 
section is typically connected to voltages that 
range from 120 volts to 600 volts. The contact 
section is part of the control circuit and oper-
ates at the control circuit voltage. Control cir-
cuit voltages generally range from 24 volts to 
120 volts, although some controls operate on 
line voltages of 240 or 480 volts.

Dual-Element Fuses
There are some fuses that are intended to provide 
both short-circuit protection and overload protec-
tion. These fuses are called dual-element time-de-
lay fuses. They contain two sections (Figure 4–2). 
The first contains a fuse link that is designed to 
open quickly under a large amount of excessive 

CIRCUIT
BREAKER

OFF
20 AMP

ON

AMMETER

15 AMPS

TO NEUTRAL

TO HOT

Figure 4–1 
The circuit breaker does not protect the motor from an overload. 

SPRINGSOLDER

FUSE ELEMENT

Figure 4–2 
Dual-element time-delay fuse. 

current. This protects the circuit against direct 
grounds and short circuits. The second section 
acts more slowly; it contains a solder link that is 
connected to a spring. The solder is a highly con-
trolled alloy designed to melt at a particular tem-
perature. If motor current becomes excessive, the 
solder melts and the spring pulls the link apart. 
The desired time delay is achieved because of the 
time it takes for the solder to melt even under a 
large amount of current. If motor current returns 
to normal after starting, the solder does not get 
hot enough to melt.
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Thermal Overload Relays
There are two major types of overload relays:  thermal 
and magnetic. Thermal overloads operate by connect-
ing a heater in series with the motor. The amount of 
heat produced is dependent on motor current. Ther-
mal overloads can be divided into two types: solder 
melting type, or solder pot, and bimetal strip type. 
Because thermal overload relays operate on the 
principle of heat, they are sensitive to ambient (sur-
rounding air) temperature. They trip faster when lo-
cated in a warm area than they do in a cool area.

Solder Melting Type
Solder melting–type overloads are often called solder 
pot overloads. To create this type of overload, a brass 
shaft is placed inside a brass tube. A serrated wheel 
is connected to one end of the brass shaft. A special 
alloy solder that melts at a very specific temperature 

BRASS TUBE

BRASS SHAFTSERRATED WHEEL

SOLDER

Figure 4–3 
Construction of a typical solder pot overload. 

keeps the brass shaft mechanically connected to the 
brass tube (Figure 4–3). The serrated wheel keeps 
a set of spring loaded contacts closed (Figure 4–4). 

O/L HEATER

SOLDER POT HEATING ELEMENT

SPRING PRESSURE ON CONTACT

N/C CONTACT

TO MOTOR

TO MAGNET COIL

Figure 4–4
Melting alloy thermal overload relay. A spring pushes the contacts open if heat melts the solder and permits the 
serrated wheel to turn freely. Note the electrical symbols for the normally closed overload contact and the heater 
element. 
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relay has tripped, it is necessary to allow the relay to 
cool for two or three minutes before it can be reset. 
This cool-down time is necessary to permit the sol-
der to become hard again after it has melted.

The trip current setting can be changed by 
changing the heater. Manufacturers provide charts 
that indicate what size heater should be installed 
for different amounts of motor current. It is nec-
essary to use the chart that corresponds to the 

An electric heater is placed around or close to the 
brass tube. The heater is connected in series with 
the motor. Motor current causes the heater to pro-
duce heat. If the current is great enough for a long 
enough period of time, the solder melts and per-
mits the brass shaft to turn inside the tube, caus-
ing the contact to open. The fact that some amount 
of time must elapse before the solder can become 
hot enough to melt provides the time delay for this 
overload relay. A large overload causes the solder to 
melt faster and the contacts to open more quickly 
than a smaller amount of overload current.

Solder melting–type overload heaters are con-
structed differently by different manufacturers, but 
all work on the same principle. Two different types of 
melting alloy heater assemblies are shown in Figure 
4–5, parts A and B. A typical melting alloy–type over-
load relay is shown in Figure 4–6. After the overload 

Figure 4–5B
Solder melting overload heater for an Allen-Bradley 
overload relay. 

Figure 4–5A
Solder melting–type overload heater. 

CONTACTS
CONNECT IN 
SERIES WITH 
THE COIL OF 
THE MOTOR 
STARTER.

THE HEATER 
CONNECTS IN
SERIES WITH 
THE MOTOR
AND SENSES
THE CURRENT
DRAW OF THE
MOTOR.

SERRATED
WHEEL

Figure 4 –6
Typical alloy melting type of single-phase overload relay. 
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particular type of overload relay. Not all charts 
present the information in the same manner. Be 
sure to read the instructions contained with the 
chart when selecting heater sizes. A typical over-
load heater chart is shown in Figure 4–7.

Bimetal Strip Overload Relay
The second type of thermal overload relay is the bi-
metal strip overload. Like the melting alloy type, it 
operates on the principle of converting motor cur-
rent into a proportionate amount of heat. The dif-
ference is that the heat is used to cause a bimetal 
strip to bend or warp. A bimetal strip is made by 
bonding together two different types of metal that 
expand at different rates (Figure 4–8). Because the 
metals expand at different rates, the strip bends or 

OVERLOAD HEATER SELECTION FOR NEMA STARTER SIZES 00 - 1.  HEATERS ARE CALIBRATED FOR 115% OF MOTOR FULL
LOAD CURRENT.  FOR HEATERS THAT CORRESPOND TO 125% OF MOTOR FULL LOAD CURRENT USE THE NEXT SIZE
LARGER HEATER.

HEATER
CODE

MOTOR FULL LOAD
CURRENT

HEATER
CODE

MOTOR FULL LOAD
CURRENT

HEATER
CODE

MOTOR FULL LOAD
CURRENT

XX01 .25 - .27

XX02 .28 - .31

XX03 .32 - .34

XX04 .35 - .38

XX05 .39 - .42

XX06 .43 - .46

XX07 .47 - .50

XX08 .51 - .55

XX09 .56 - .62

XX10 .63 - .68

XX11 .69 - .75

XX12 .76 - .83

XX13 .84 - .91

XX14 .92 - 1.00

XX15 1.01 - 1.11

XX16 1.12 - 1.22

XX17 1.23 - 1.34

XX18 1.35 - 1.47

XX19 1.48 - 1.62

XX20 1.63 - 1.78

XX21 1.79 - 1.95

XX22 1.96 - 2.15

XX23 2.16 - 2.35

XX24 2.36 - 2.58

XX25 2.59 - 2.83

XX26 2.84 - 3.11

XX27 3.12 - 3.42

XX28 3.43 - 3.73

XX29 3.74 - 4.07

XX30 4.08 - 4.39

XX31 4.40 - 4.87

XX32 4.88 - 5.3

XX33 5.4 - 5.9

XX34 6.0 - 6.4

XX35 6.5 - 7.1

XX36 7.2 - 7.8

XX37 7.9 - 8.5

XX38 8.6 - 9.4

XX39 9.5 - 10.3

XX40 10.4 - 11.3

XX41 11.4 - 12.4

XX42 12.5 - 13.5

XX43 13.6 - 14.9

XX44 15.0 - 16.3

XX45 16.4 - 18.0

XX46 18.1 - 19.8

XX47 19.9 - 21.7

XX48 21.8 - 23.9

XX49 24.0 - 26.2

Figure 4–7
Typical overload heater chart. 

Figure 4–8
A bimetal strip is constructed by bonding two different 
types of metal together. 
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permit the bimetal strip to return to a position that 
permits the contacts to be re-closed. The time-delay 
factor for this overload relay is the time required 
for the bimetal strip to warp a sufficient amount to 
open the normally closed contact. A large amount of 
overload current causes the bimetal strip to warp at 
a faster rate and opens the contact sooner.

Most bimetal strip–type overload relays have a 
couple of features that are not available with solder 
melting–type overload relays. As a general rule, the 
trip range can be adjusted by turning a knob, as shown 
in Figure 4–10. This knob adjusts the distance the bi-
metal strip must warp before opening contacts. This 
adjustment permits the sensitivity to be changed due 
to changes in ambient air temperature. If the knob is 
set in the 100% position (Figure 4–11), the overload 
operates at the full-load current rating as determined 
by the size of overload heater installed. In cold winter 
months, this setting may be too high to protect the 
motor. The knob can be adjusted in cold conditions to 
operate at any point from 100% to 85% of the motor 
full-load current. In hot  summer months, the motor 
may “nuisance trip” due to high ambient tempera-
tures. For hot conditions, the adjustment knob per-
mits the overload relay to be adjusted between 100% 
and 115% of motor full-load current.

Another difference from the solder melting–type 
is that many bimetal strip–type overload relays can 
be set for either manual or automatic reset. A spring 
located on the side of the overload relay permits this 
setting (Figure 4–12). When set in the manual posi-
tion, the contacts must be reset manually by pushing 

warps with a change of temperature (Figure 4–9). 
The amount of warp is determined by

 1. the type of metals used to construct the bimetal 
strip.

 2. the difference in temperature between the two 
ends of the strip.

 3. the length of the strip.
The overload heater heats the bimetal strip when 

motor current flows through it. The heat causes the 
bimetal strip to warp. If the bimetal strip becomes 
hot enough, it causes a set of contacts to open (Fig-
ure 4–10). Once the overload contact has opened, 
about 2 minutes of cool-down time is needed to 

Figure 4–9
A bimetal strip warps with a change of temperature. 

ADJUSTMENT
KNOB

BIMETAL STRIP

HEATER

CONTACTS

PUSH ROD

Figure 4–10
Bimetal strip type of overload relay. 
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Figure 4–11
An adjustment knob permits the current setting to be 
adjusted between 85% and 115% of the heater rating. 

Figure 4–12
Many bimetal strip–type overload relays can be adjusted 
for manual or automatic reset.

re-close by themselves after the bimetal strip has 
cooled sufficiently. This may be a safety hazard if 
it could cause the sudden restarting of a machine. 
Overload relays should be set in the automatic reset 
position only when there is no danger of someone 
being hurt or equipment being damaged when the 
overload contacts suddenly re-close.

Three-Phase Overloads
The overload relays discussed so far are intended 
to detect the current of a single conductor supply-
ing power to a motor (Figure 4–13). An applica-
tion for this type of overload relay is to protect a 

MOTOR

M

M OLHTR

OL

M

H N

Figure 4–13
A single-overload relay is used to protect a single-phase motor. 

the reset lever. This is probably the most common 
setting for an overload relay. If the overload relay 
has been adjusted for automatic reset, the contacts 
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Figure 4–14
Three single-phase overload relays are used to sense the 
current in each line of a three-phase motor. 

single-phase or direct-current motor. NEC requires 
only one overload sensor device to protect a direct-
current motor or a single-phase motor, whether it 
operates on 120 or 240 volts. Three-phase motors, 
however, must have an overload sensor (heaters 
or magnetic coils) in each of the three-phase lines. 
Some motor starters accomplish this by employing 
three single-overload relays to independently sense 
the current in each of the three-phase lines (Fig-
ure 4–14). When this is done, the normally closed 
contact of each overload relay is connected in series 
as shown in Figure 4–15. If any one of the relays 
should open its normally closed contact, power to 
the starter coil is interrupted and the motor is dis-
connected from the power line.

Overload relays are also made that contain 
three overload heaters and one set of normally 
closed contacts, Figure 4–16. These relays are gen-
erally used to protect three-phase motors. Although 
there is only one set of normally closed contacts, if 
an overload occurs on any one of the three heaters, 
it causes the contacts to open and disconnect the 
coil of the motor starter (Figure 4–17).

M

OL

OL

M

OL

OL

OL OL

MOTOR

L1 L2 L3

CONTROL TRANSFORMER

M

M

M

Figure 4–15
When three single-phase overload relays are employed to protect a three-phase motor, the normally closed 
contacts of each overload relay are connected in series. 
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extreme changes in ambient temperature. Mag-
netic overload relays can be divided into two major 
types: electronic and dashpot.

Electronic Overload Relays
Electronic overload relays employ a current trans-
former to sense the motor current. The conductor 
that supplies power to the motor passes through 
the core of a toroid transformer (Figure 4–18). As 
current flows through the conductor, the alternat-
ing magnetic field around the conductor induces a 
voltage into the toroid transformer. The amount 
of induced voltage is proportional to the amount 
of current flowing through the conductor. This is 
the same basic principle of operation employed 
by most clamp-on–type ammeters. The voltage in-
duced into the toroid transformer is transmitted 
through a connected electronic interface that pro-
vides the time delay necessary to permit the mo-
tor to start. Many electronic-type overload relays 
are programmable and can be set for the amount of 
full-load motor current, maximum and minimum 
voltage levels, percentage of overload, and other 
factors. A three-phase electronic overload relay is 
shown in Figure 4–19.

Magnetic Overload Relays
Magnetic-type overload relays operate by sens-
ing the strength of the magnetic field produced by 
the current flowing to the motor. The greatest dif-
ference between magnetic type and thermal type 
overload relays is that magnetic types are not sen-
sitive to ambient temperature. Magnetic-type over-
load relays are generally used in areas that exhibit 

Figure 4–16
Three-phase thermal overload relay. 
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Figure 4–17
A three-phase overload relay contains three overload heaters but one set of normally closed contacts.  
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The other factor is the setting of the opening of the 
orifice holes in the piston (Figure 4–22). Orifice 
holes permit the oil to flow through the piston as it 
rises through the oil. The opening of the orifice holes 
can be set by adjusting a sliding valve on the piston.

The dashpot overload relay contains a coil that 
is connected in series with the motor (Figure 4–23).  

Dashpot Overload Relays
Dashpot overload relays receive their name from the 
device used to accomplish the time delay that per-
mits the motor to start. A dashpot timer is basically 
a container, a piston, and a shaft (Figure 4–20). The 
piston is placed inside the container, and the con-
tainer is filled with a special type of oil called dashpot 
oil (Figure 4–21). Dashpot oil maintains a constant 
viscosity over a wide range of temperatures. The type 
and viscosity of oil used is one of the factors that 
determines the amount of time delay for the timer. 

CURRENT-CARRYING CONDUCTOR

TO MOTOR

TOROID TRANSFORMER

SOLID-STATE INTERFACE

Relay

Figure 4 –18
electronic overloads sense motor current by measuring the strength of a magnetic field. 

Figure 4–19
Three-phase electronic overload relay. 

Figure 4–20
A dashpot timer consists mainly of a piston, shaft, and 
container. 
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NORMALLY CLOSED CONTACTS

PUSHROD

CURRENT COIL

SHAFT

THREADED SHAFT

PISTONORIFICE HOLES

DASHPOT OIL

CONTAINER

GUIDE WASHER

Figure 4–21
Basic construction of a dashpot timer. 
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Figure 4–23
Dashpot overload relays contain coils that are connected in series with the motor. 

Figure 4–22
Setting the opening of the orifices affects the time 
delay of the dashpot timer. 

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



46

Chapter 4 Overload relays

As current flows through the coil, a magnetic field 
is developed around the coil. The strength of the 
magnetic field is proportional to the motor cur-
rent. This magnetic field draws the shaft of the 
dashpot timer into the coil. The shaft’s movement 
is retarded by the fact that the piston must dis-
place the oil in the container. If the motor is op-
erating normally, the motor current will drop to a 
safe level before the shaft is drawn far enough into 
the coil to open the normally closed contact (Fig-
ure 4–24). If the motor is overloaded, however, the 
magnetic field will be strong enough to continue 
drawing the shaft into the coil until it opens the 
overload contact. When power is disconnected 
from the motor, the magnetic field collapses and 
the piston returns to the bottom of the container. 
Check valves permit the piston to return to the 

Figure 4–24
Normally closed contacts of a dashpot overload relay. 

Figure 4–25
The length of the shaft can be adjusted for different 
values of current. 

bottom of the container almost immediately when 
motor current ceases.

Dashpot overloads generally provide some 
method that permits the relay to be adjusted for 
different full-load current values. To make this ad-
justment, the shaft is connected to a threaded rod 
(Figure 4–25). This permits the shaft to be length-
ened or shortened inside the coil. The greater the 
length of the shaft, the less current is required to 
draw the shaft into the coil far enough to open the 
contacts. A nameplate on the coil lists the differ-
ent current settings for a particular overload relay  
(Figure 4–26). The adjustment is made by mov-
ing the shaft until the line on the shaft represent-
ing the desired current is flush with the top of the 
dashpot container (Figure 4–27). A dashpot over-
load relay is shown in Figure 4–28.
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Figure 4–26
The nameplate lists different current values.  

Figure 4–29
Overload relay containing both a normally closed and 
normally open contact. The normally closed contact is 
labeled OL and the normally open contact is labeled 
ALAr. (The common contact is labeled COM.) 

Figure 4–28
Dashpot overload relay.

Figure 4–27
The line on the shaft that represents the desired amount 
of current is set flush with the top of the dashpot 
container. 

Overload Contacts
Although all overload relays contain a set of nor-
mally closed contacts, some manufacturers also add 
a set of normally open contacts as well. These two 
sets of contacts are either in the form of a single-
pole, double-throw switch or two separate contacts. 
The single-pole, double-throw switch arrange-
ment contains a common terminal (C), a normally 
closed terminal (NC), and a normally open termi-
nal (NO) (Figure 4–29). There are several reasons 
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NC

NO

C

L1 L2 L3

CONTROL TRANSFORMER

FUSE

A

M

MOTOR

Figure 4–30
The overload relay contains a single-pole, double-throw set of contacts. The normally closed section (NC) protects the 
motor in the event of an overload condition and the normally open section (NO) turns on an indicator lamp to alert an 
operator that the motor has tripped on overload. 

for adding the normally open set of contacts. The 
starter shown in Figure 4–30 uses the normally 
closed section to disconnect the motor starter in 
the event of an overload and uses the normally 

open section to turn on an indicator light to inform 
an operator that the overload has tripped.

The overload relay shown in Figure 4–31 con-
tains two separate sets of contacts, one normally 
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Figure 4–31
An overload relay that contains a normally closed and a 
normally open contact. 

H 1 2 3 4 5 6 7 8 9 10 N

C 11 12 13 14 15 16 17 18 19 20 C

PROGRAMMABLE
LOGIC CONTROLLER

H

N

L1 L2 L3

M

MOTOR

CR1 CR2

Figure 4–32
The normally open contacts provide a signal to the input of a programmable logic controller. 

open and the other normally closed. Another com-
mon use for the normally open set of contacts on 
an overload relay is to provide an input signal to a 
programmable logic controller (PLC). If the over-
load trips, the normally closed set of contacts opens 
and disconnects the starter coil from the line. The 
normally open set of contacts closes and provides 
a signal to the input of the PLC (Figure 4–32). No-
tice that two interposing relays, CR1 and CR2, are 
used to separate the PLC and the motor starter. 
This is often done for safety reasons. The control 
relays prevent more than one source of power from 
entering the starter or PLC. Note that the starter 
and PLC each have a separate power source. If the 
power were disconnected from the starter dur-
ing service or repair, it could cause an injury if the 
power from the PLC were connected to any part of 
the starter.
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Figure 4–33
Current transformers are used to reduce overload 
current. 

L3L2

MOTOR

OL

L1

CONTROL TRANSFORMER

CURRENT TRANSFORMERS

THREE-PHASE
OVERLOAD RELAY

M

M

M M M

Figure 4–34
Current transformers reduce the current to the overload heaters. 

Protecting Large 
Horsepower Motors
Large horsepower motors often have current draws 
of several hundred amperes, making the sizing of 
overload heaters difficult. When this is the case, it 
is common practice to use current transformers to 
reduce the amount of current to the overload heat-
ers (Figure 4–33). The current transformers shown 
in Figure 4–33 have ratios of 150:5. This means 
that when 150 amperes of current flows through 
the primary, which is the line connected to the 
motor, the transformer secondary produces a cur-
rent of 5 amperes if the secondary terminals are 
shorted together. The secondaries of the current 
transformers are connected to the overload heaters 
to provide protection for the motor (Figure 4–34).  
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150
5

5
136

X
150X 5 680

X 5
680
150

X 5 4.533
The overload heaters would actually be sized for 

a motor with a full-load current of 4.533 amperes.

Assume that the motor connected to the current 
transformers in Figure 4–34 has a full-load cur-
rent of 136 amperes. A simple calculation reveals 
that current transformers with a ratio of 150:5 
would produce a secondary current of 4.533 
amperes when 136 amperes flow through the 
primary.

●● REviEw QuESTiOnS

 1. What are the two basic types of overload relays?

 2. What is the major difference in characteristics 
between thermal-type and magnetic-type over-
load relays?

 3. What are the two major types of thermal over-
load relays?

 4. What type of thermal overload relay can gener-
ally be set for manual or automatic operation?

 5. Why is it necessary to permit a solder melting–
type of overload relay to cool for 2 to 3 minutes 
after it has tripped?

 6. All overload relays are divided into two sections. 
What are these two sections?

 7. What device is used to sense the amount of 
motor current in an electronic overload relay?

 8. What two factors determine the time setting 
for a dashpot timer?

 9. How many overload sensors are required by 
the NEC to protect a direct-current motor?

 10. A large motor has a full-load current rating of 
425 amperes. Current transformers with a ra-
tio of 600:5 are used to reduce the current to 
the overload heaters. What should be the full-
load current rating of the overload heaters?

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Chapter  5
Relays, Contactors, 
and Motor Starters

Relays and contactors are electromechanical 
switches. They operate on the solenoid principle. A 
coil of wire is connected to an electric current. The 
magnetic field developed by the current is concen-
trated in an iron pole piece. The electromagnet at-
tracts a metal armature. Contacts are connected to 
the metal armature. When the coil is energized, the 
contacts open or close. There are two basic methods 
of constructing a relay or contactor. The clapper 
type uses one movable contact to make connection 
with a stationary contact. The bridge type uses a 
movable contact to make connection between two 
stationary contacts.

Relays
Relays are electromechanical switches that contain 
auxiliary contacts. Auxiliary contacts are small and 
are intended to be used for control applications. 

As a general rule, they are not intended to control 
large amounts of current. Current ratings for most 
relays can vary from 1 to 10 amperes, depending on 
the manufacturer and type of relay. A clapper-type 
relay is illustrated in Figure 5–1. When the coil is 
energized, the armature is attracted to the iron core 
inside the coil. This causes the movable contact to 
break away from one stationary contact and make 
connection with another. The common terminal is 
connected to the armature, which is the movable 
part of the relay. The movable contact is attached 
to the armature. The two stationary contacts form 
the normally closed and normally open contacts. A 
spring returns the armature to the normally closed 
position when power is removed from the coil. The 
shading coil is necessary to prevent the contacts 
from chattering. All solenoids that operate on al-
ternating current must have a shading coil. Relays 
that operate on direct current do not require them. 
A clapper-type relay is shown in Figure 5–2.

Objectives

After studying this chapter, the student will be able to

●● Discuss the operation of magnetic type relay devices.

●● Explain the differences among relays, contactors, and motor starters.

●● Connect a relay in a circuit.

●● Identify the pins of 8- and 11-pin relays.

●● Discuss the differences between dc and ac type relays and contactors.

●● Discuss the differences between NEMA- and IEC- rated starters.
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Bridge Type Relay
A bridge-type relay operates by drawing a piece 
of metal or plunger inside a coil (Figure 5–3). The 
plunger is connected to a bar that contains mov-
able contacts. The movable contacts are mounted 
on springs and are insulated from the bar. The 
plunger and bar assembly is called the armature 
because it is the moving part of the relay. Bridge 
contacts receive their name  because when the so-
lenoid coil is energized and the plunger is drawn 
inside the coil, the movable contacts bridge across 
the two stationary contacts. Bridge contacts can 
control more voltage than the clapper-type because 
they break connection at two places instead of one. 
When power is removed from the coil, the force of 
gravity or a spring returns the movable contacts 
to their original position. A relay with bridge-type 
contacts is shown in Figure 5–4.

Electromagnet Construction
The construction of the electromagnetic part of a 
relay or contactor greatly depends on whether it is 
to be operated by direct or alternating current. Re-
lays and contactors that are operated by direct cur-
rent generally contain solid core materials, whereas 
those intended for use with alternating current 

NC

NO

SPRING

ARMATURE
MOVABLE CONTACT

SHADING COIL

IRON CORE

C

SOLENOID
COIL

Figure 5–1
A magnetic relay is basically a solenoid with movable contacts attached.

COIL

SHADING
COIL

MOVABLE
CONTACT

STATIONARY
CONTACT

C

NO

NC

COIL

Figure 5–2
Clapper-type relay that contains one movable contact 
and two stationary contacts. This relay is single-pole, 
double throw. 
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Core Losses
The continuous change of both amplitude and 
 polarity of the magnetic field causes currents to 
be induced into the metal core material. These 
currents are called eddy currents because they are 
similar to eddies (swirling currents) found in riv-
ers. Eddy currents tend to swirl around inside the 
core material, producing heat (Figure 5–5). Lami-
nated cores are constructed with thin sheets of 
metal stacked together. A thin layer of  oxide forms 
between the laminations. This oxide is an insulator 
and helps reduce the formation of eddy  currents.

Another type of core loss associated with al-
ternating-current devices is called hysteresis loss. 
Hysteresis loss is caused by the molecules inside 
magnetic materials changing direction. Magnetic 
materials such as iron or soft steel contain mag-
netic domains or magnetic molecules. In an un-
magnetized piece of material, these magnetic 
domains are not aligned in any particular  order 
(Figure 5–6). If the metal becomes magnetized, the 
magnetic molecules or domains align themselves 
in an orderly fashion (Figure 5–7). If the polarity 
of the magnetic field is reversed, the molecules re-
align themselves to the new polarity (Figure 5–8). 
Although the domains realign to correspond to a 
change of polarity, they resist the realignment. The 
power required to cause them to change polarity is 
a power loss in the form of heat. Hysteresis loss is 
often referred to as molecular friction because the 
molecules are continually changing direction in an 

contain laminated cores. The main reason for the 
laminated core is the core losses associated with al-
ternating current caused by the continuous chang-
ing of the electromagnetic field.

L1 T1 L2 T2 L3 T3

ARMATURE OR PLUNGER

SHADING COIL
SOLENOID COIL

MOVABLE CONTACTS

STATIONARY CONTACTS

COIL

L1 L2 L3

T1 T2 T3

COIL

Figure 5–3
Bridge-type contacts use one movable and two stationary contacts. They can control higher voltages because they 
break connection at two places instead of one. 

Figure 5–4
A relay with bridge-type contacts. 
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alternating-current field. Hysteresis loss is propor-
tional to the frequency. At low frequencies such as 
60 hertz, it is generally so small that it is of little 
concern.

Shading Coils
As mentioned previously, all solenoid-type devices 
that operate on alternating current contain shading 
coils to prevent chatter. The current in an ac circuit 
is continually increasing from zero to a maximum 
value in one direction, returning to zero, and then 
increasing to a maximum value in the opposite di-
rection (Figure 5–9). Because the current is contin-
ually falling to zero, the solenoid spring or gravity 
continually tries to drop the armature out when 

EDDY CURRENTS SWIRL AROUND INSIDE A PIECEEDDY CURRENTS SWIRL AROUND INSIDE A PIECE
OF SOLID-CORE MATERIAL.OF SOLID-CORE MATERIAL.

LAMINATING THE CORE HELPS REDUCE
THE FORMATION OF EDDY CURRENTS.
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Figure 5–5
eddy currents are induced into the metal core and 
produce power loss in the form of heat.  
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Figure 5–6
The molecules are in disarray in a piece of unmagnetized 
metal. 
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Figure 5–7
The molecules are aligned in a piece of magnetized 
metal. 

Figure 5–8
When the magnetic polarity changes, all the molecules 
change position. 
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the magnetic field collapses. Shading coils provide 
a time delay for the magnetic field to prevent this 
from happening. As current increases from zero, 
magnetic lines of flux concentrate in the metal pole 
piece (Figure 5–10). This increasing magnetic field 
cuts the shading coil and induces a voltage into it. 
Because the shading coil or loop is a piece of heavy 
copper, it has a very low resistance. A very small in-
duced voltage can cause a large amount of current 
to flow in the loop. The current flow in the shading 
coil causes a magnetic field to be developed around 
the shading coil also. This magnetic field acts in 
opposition to the magnetic field in the pole piece 
and causes it to bend away from the shading coil  
(Figure 5–11). As long as the ac current is changing in 
amplitude, a voltage is induced in the  shading loop.

When the current reaches it maximum, or 
peak, value, the magnetic field is no longer chang-
ing and there is no voltage induced in the shading 

SHADING COIL

CURRENT BEGINS TO RISE

CURRENT CONTINUES TO RISE

Figure 5–9
The current in an ac circuit continually changes 
amplitude and direction. 

Figure 5–10
As current begins to rise, a magnetic field is concentrated 
in the pole piece. 

Figure 5–11
The magnetic field of the shading coil causes the 
magnetic field of the pole piece to bend away and 
concentrate in the unshaded portion of the pole piece. 
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coil. Because the shading coil has no current flow, 
there is no magnetic field to oppose the magnetic 
field of the pole piece (Figure 5–12).

When the current begins to decrease, the mag-
netic field of the pole piece begins to collapse. The 
collapsing magnetic field again induces a voltage 
into the shading coil. Because the collapsing mag-
netic field is moving in the opposite direction, the 
voltage induced into the shading coil causes current 
to flow in the opposite direction, producing a mag-
netic field of the opposite polarity around the shad-
ing coil. The magnetic field of the shading coil now 
tries to maintain the collapsing magnetic field of 
the pole piece (Fig ure 5–13). This causes the mag-
netic flux lines of the pole piece to concentrate in 
the shaded part of the pole piece. The shading coil 
provides a continuous magnetic field to the pole 
piece, preventing the armature from dropping out. 
A laminated pole piece with shading coils is shown 
in Figure 5–14.

CURRENT REACHES ITS MAXIMUM VALUE

Figure 5–12
When the current reaches its peak value, the magnetic 
field is no longer changing, and the shading coil offers 
no resistance to the magnetic field of the pole piece. 

CURRENT BEGINS TO DECREASE

SHADING COILS

Figure 5–13
As current decreases, the collapsing magnetic field again 
induces a voltage into the shading coil. The shading coil 
now aids the magnetic field of the pole piece and flux 
lines are concentrated in the shaded section of the pole 
piece. 

Figure 5–14
Laminated pole piece with shading coils.  
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inexpensive, and replacement is fast and simple in 
the event of failure. Because the relays plug into a 
socket, the wiring is connected to the socket, not 
the relay. Replacement is a matter of removing the 
defective relay and plugging in a new one. An 11-
pin tube socket is shown in Figure 5–17. 8- and 
11-pin relays can be obtained with different coil 
voltages. Coil voltages of 12 volts dc, 24 volts dc, 
24 volts ac and 120 volts ac are  common. Their 
contact ratings generally range from 5 to 10 am-
peres, depending on relay type and manufacturer. 
The connection diagram for 8- and 11-pin relays is 
shown in Figure 5–18. The pin numbers for 8- and 
11-pin relays can be determined by holding the re-
lay with the bottom facing you. Hold the relay so 
that the key is facing down. The pins are numbered 
as shown in Figure 5–18. The 11-pin relay contains 
three separate single-pole, double-throw contacts. 
Pins 1 and 4, 6 and 5, and 11 and 8 are normally 
closed  contacts. Pins 1 and 3, 6 and 7, and 11 and 9 
are normally open contacts. The coil is connected to 
pins 2 and 10.

The eight-pin relay contains two separate 
 single-pole, double-throw contacts. Pins 1 and 4, 
and 8 and 5 are normally closed. Pins 1 and 3, and 
8 and 6 are normally open. The coil is connected 
across pins 2 and 7.

Solid-State Relays
Another type of relay that is found in many ap-
plications is the solid-state relay. Solid-state re-
lays employ the use of solid-state devices instead 
of mechanical contacts to connect the load to the 
line. Solid-state relays that are intended to con-
nect alternating-current loads to the line use a 
device called a triac. The triac is a bidirectional de-
vice, which means that it permits current to flow 

Control Relay Types
Control relays can be obtained in a variety of styles 
and types (Figure 5–15). Most have multiple sets of 
contacts, and some are constructed in such a man-
ner that their contacts can be set as either normally 
open or normally closed. This flexibility can be a 
great advantage in many instances. When a control 
circuit is  being constructed, one relay may require 
three normally open contacts and one normally 
closed, whereas another may need two normally 
open and two normally closed contacts.

Relays that are designed to plug into 8- or 
11-pin tube sockets are popular for many appli-
cations (Figure 5–16). These relays are relatively 

Figure 5–15
Control relays can be obtained in a variety of case styles. 

Figure 5–16
relays designed to plug into 8- and 11-pin tube sockets. 

Figure 5–17
eleven-pin tube socket. 
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optoisolation, or optical isolation. This method is 
used by many PLCs to communicate with the out-
put device. Optoisolation is achieved by using the 
light from a light-emitting diode (LED) to energize 
a photo triac (Figure 5–20). The arrows pointing 
away from the diode symbol indicate that it emits 
light when energized. The arrows pointing toward 
the triac symbol indicate that it must receive light 
to turn on. Optical isolation is very popular with 

through it in either direction. There are a couple of 
methods used to control when the triac turns on 
or off. One method employs a small relay device 
that controls the gate of the triac (Figure 5–19). 
The relay can be controlled by a low-voltage source. 
When energized, the relay contact closes, supply-
ing power to the gate of the triac that connects the 
load to the line. Another common method for con-
trolling the operation of a solid state relay is called 

COIL COIL

KEY KEY

11 PIN RELAY 8 PIN RELAY

111

2

3

4

5
6

7

8

9

10
1

2

3

4 5

6

7

8

Figure 5–18
Connection diagrams for 8- and 11-pin relays. 

24 VAC

120 VAC

LOAD

TRIACINPUT CONTACTS

Figure 5–19
Solid-state relay using a reed relay to control the action of a triac. 
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control only a small amount of current, whereas 
others can control hundreds of volts and several 
amperes. The eight-pin IC (integrated circuit) 
shown in Figure 5–22 contains two solid-state 
relays that are intended for low-power applica-
tions. The solid-state relay shown in Figure 5–23 
is rated to control a load of 8 amperes connected 
to a 240 volt AC circuit. For this solid-state relay 
to be capable of controlling that amount of power, 
it must be mounted on a heat sink to increase 
its ability to dissipate heat. Although this relay 
is rated 240 volts, it can also control devices at a 
lower voltage.

electronic devices such as computers and PLCs be-
cause there are no moving contacts to wear and 
because the load side of the relay is electrically iso-
lated from the control side. This isolation prevents 
any electrical noise generated on the load side from 
being transferred to the control side.

Solid-state relays are also available to control 
loads connected to direct-current circuits (Fig-
ure 5–21). These relays use a transistor instead of a 
triac to connect the load to the line.

Solid-state relays can be obtained in a variety 
of case styles and ratings. Some have a voltage rat-
ing that ranges from about 3 to 30 volts and can 

3–30 VDC

120 VAC

LOAD

TRIAC

Figure 5–20
Solid-state relay using optical isolation to control the action of a triac. 

PHOTO3–30 VDC

125 VDC

LOAD

TRANSISTOR

Figure 5–21
A solid-state relay that controls a dC load uses a transistor instead of a triac to connect the load to the line. 
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the rated coil voltage. Voltages can vary from one 
part of the country to another, and variation of 
voltage often occurs inside a plant as well. If coil 
voltage is excessive, it draws too much current, 
causing the insulation to overheat and eventually 
burn out. Excessive voltage also causes the arma-
ture to slam into the stationary pole pieces with a 
force that can cause rapid wear of the pole pieces 
and shorten the life of the contactor.  Another ef-
fect of too much voltage is the wear caused by the 
movable contacts slamming into the stationary 
contacts, causing excessive contact bounce. Con-
tact bounce can produce arcing, which creates more 
heat and more wear on the contacts.

Insufficient coil voltage can produce as much 
if not more damage than excessive voltage. If the 
coil voltage is too low, the coil has less current flow, 
causing the magnetic circuit to be weaker than 
normal. The armature may pick up, but not com-
pletely seal against the stationary pole pieces. This 
can cause an air gap between the pole pieces, pre-
venting the coil current from dropping to its sealed 

Contactors
Contactors are very similar to relays in that they 
are electromechanical devices. Contactors can be 
obtained with coils designed for use on higher volt-
ages than most relays. Most relay coils are intended 
to operate on voltages that range from 5 to 120 
volts AC or DC. Contactors can be obtained with 
coils that have voltage ranges from 24 to 600 volts. 
Although these higher voltage coils are available, 
most contactors operate on voltages that generally 
do not exceed 120 volts for safety reasons. Contac-
tors can be made to operate on different control 
circuit voltages by changing the coil. Manufactur-
ers make coils to interchange with specific types 
of contactors. Most contain many turns of wire 
and are mounted in some type of molded case that  
can be replaced by disassembling the contactor 
(Figure 5–24).

It should be noted that NEMA standards re-
quire the magnetic switch device to operate prop-
erly on voltages that range from 85% to 110% of 

Figure 5–22
eight-pin integrated circuit containing two low-power 
solid-state relays.

Figure 5–23
Solid-state relay that can control 8 amperes at 240 volts. 
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When the contacts open, the established arc rises 
because of the heat produced by the arc (Figure 
5–26). The arc is pulled farther and farther apart 
by the horns of the arc chute until it can no lon-
ger sustain itself. Another device that operates 

value. This causes excessive coil current, overheat-
ing, and coil burnout. A weak magnetic circuit can 
cause the movable contacts to touch the station-
ary contacts and provide a connection, but does 
not have the necessary force to permit the contact 
springs to provide proper contact pressure. This 
can cause arcing and possible welding of the con-
tacts. Without proper contact pressure, high cur-
rents produce excessive heat and greatly shorten 
the life of the contacts.

Load Contacts
The greatest difference between relays and contac-
tors is that contactors are equipped with large con-
tacts that are intended to connect high-current loads 
to the power line (Figure 5–25). These large contacts 
are called load contacts. Depending on size, load con-
tacts can be rated to control several hundred am-
peres. Most contain some type of arcing chamber to 
help extinguish the arc that is produced when heavy 
current loads are disconnected from the power line. 
Arcing chambers can be seen in Figure 5–25.

Other contacts may contain arc chutes that 
lengthen the path of the arc to help extinguish it. 

ELECTRICAL SYMBOL
FOR COIL

Figure 5–24
Magnetic coil cut away to show insulated copper wire wound on a spool and 
protected by a molding. 

Figure 5–25
Contactors contain load contacts designed to connect 
high-current loads to the power line. 
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arc. The arc’s magnetic field is attracted to the mag-
netic field produced by the blowout coil, causing 
the arc to move upward. The arc is extinguished at a 
faster rate than is possible with an arc chute, which 
depends on heat to draw the arc upward. Blowout 
coils are sometimes used on contactors that control 
large amounts of alternating current, but they are 
most often employed with contactors that control 
direct-current loads. Alternating current turns off 
each half-cycle when the waveform passes through 
zero. This helps to extinguish arcs in alternating-
current circuits. Direct current, however, does not 
turn off at periodic intervals. Once a DC arc is es-
tablished, it is much more difficult to extinguish. 
Blowout coils are an effective means of extinguish-
ing these arcs. A contactor with a blowout coil is 
shown in Figure 5–28.

Most contactors contain auxiliary contacts as 
well as load contacts. The auxiliary contacts can be 
used in the control circuit if required. The circuit 
shown in Figure 5–29 uses a three-pole contactor 
to connect a bank of three-phase heaters to the 
power line. Note that a normally open auxiliary 
contact is used to control an amber pilot light that 
indicates that the heaters are turned on, and a nor-
mally closed contact controls a red pilot light that 
indicates that the heaters are turned off. A thermo-
stat controls the action of HR contactor coil. In the 
normal de-energized state, the normally closed HR 
auxiliary contact provides power to the red pilot 

according to a similar principle is the blowout coil. 
Blowout coils are generally used on contactors 
intended for use with direct current and are con-
nected in series with the load (Figure 5–27). When 
the contact opens, the arc is attracted to the mag-
netic field and rises at a rapid rate. This is the same 
basic  action that causes the armature of a direct-
current motor to turn. Because the arc is actually a 
flow or current, a magnetic field exists around the 

A B

C

S

N

BLOWOUT
COIL

ARC

STATIONARY 
CONTACT

MAGNETIC
FIELD

TO LOAD

TO POWER MOVABLE CONTACT

Figure 5–26
The arc rises between the arc chutes because of heat. 

Figure 5–27
Magnetic blowout coils are connected in series with the 
load to establish a magnetic field. 

COIL
CONTACTS

ARC SHIELD

BLOWOUT COIL

Figure 5–28
Clapper-type contactor with blowout coil. 
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contactors use arc suppressers, arc shields, and oil 
immersion to quench or prevent an arc. Vacuum 
contactors operate on the principle that if there is 
no air surrounding the contact, there is no ioniza-
tion path for the establishment of an arc. Vacuum 
contactors are generally smaller in size than other 
types of medium-voltage contactors. A three-phase 
motor starter with vacuum contacts is shown in 
Figure 5-32. A reversing starter with vacuum con-
tacts is shown in Figure 5-33.

light. When the thermostat contact closes, coil HR 
energizes and all HR contacts change position. The 
three load contacts close and connect the heaters 
to the line. The normally closed HR auxiliary con-
tact opens and turns off the red pilot light, and 
the normally open HR auxiliary contact closes and 
turns on the amber  pilot light. A size 1 contactor 
with auxiliary contacts is shown in Figure 5–30.

Vacuum Contactors
Vacuum contactors enclose their load contacts in a 
sealed vacuum chamber. A metal bellows connected 
to the movable contact permits it to move without 
breaking the seal (Figure 5–31). Sealing contacts 
inside a vacuum chamber permits them to switch 
higher voltages with a relative narrow space between 
the contacts without establishing an arc. Vacuum con-
tactors are generally employed for controlling devices 
connected to medium voltage. Medium voltage is gen-
erally considered to be in a range from 1 kV to 35 kV.

An electric arc is established when the voltage 
is high enough to ionize the air molecules between 
stationary and movable contacts. Medium-volt-
age contactors are generally large because they 
must provide enough distance between the con-
tacts to break the arc path. Some medium-voltage 

L1 L2 L3

HR

HR

HR

HR

HR

RESISTIVE HEATERS

CONTROL TRANSFORMER

THERMOSTAT

HR

A

R

Figure 5–29
The contactor contains both load and auxiliary contacts. 

Figure 5–30
Size 1 contactor with auxiliary contacts. 
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Figure 5–31
Vacuum contacts are sealed inside a vacuum chamber. 
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Mechanically Held 
Contactors and Relays
Mechanically held contactors and relays are often 
referred to as latching contactors or relays. They 
employ two electromagnets to operate. One coil is 
generally called the latch coil, and the other is called 
the unlatch coil (Figure 5–34). The latch coil causes 
the contacts to change position and mechanically 
hold in position after power is removed from the 
latch coil. To return the contacts to their normal 
de-energized position, the unlatch coil must be en-
ergized. A circuit using a latching relay is shown in 
Figure 5–35. Power to both coils is provided by mo-
mentary contact push buttons. The coils of most 

Figure 5–32
Three-phase motor starter with vacuum contacts.

Figure 5–33
reversing starter with vacuum contacts.

LATCH
COIL

UNLATCH
COIL

Figure 5–34
Latching relay. 
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been energized. These contacts are generally called 
coil-clearing contacts. In Figure 5–35, the L coil is 
the latching coil and the U coil is the unlatch coil. 
When the ON push button is pressed, current can 
flow to the L coil, through normally closed the L 
contact to neutral. When the relay changes to the 
latch position, the normally closed the L contact, 
 connected in series with the L coil, opens and dis-
connects power to the L coil. This prevents further 
power from being supplied to L coil. At the same 
time, the open the U contact, connected in series 
with the U coil, closes to permit operation of the 
U coil when the OFF push button is pressed. When 
the L coil energizes, it also closes the L load con-
tacts, energizing a bank of lamps. The lamps can be 
turned off by pressing the off push button and en-
ergizing the U coil. This causes the relay to return 
to the normal position. Notice that the coil-clear-
ing contacts prevent power from being supplied 
continuously to the coils of the mechanically held 
relay.

Mercury Relays
Mercury relays employ the used of mercury-
wetted contacts instead of mechanical contacts. 
Mercury relays contain one stationary contact, 
called the electrode. The electrode is located in-
side the electrode chamber. When the coil is en-
ergized, a magnetic sleeve is pulled down inside 
a pool of liquid mercury, causing the mercury to 
rise in the chamber and make connection with 
the stationary electrode (Figure 5–36). The ad-
vantage of mercury relays is that each time the 
relay is used, the contact is renewed, eliminat-
ing burning and pitting caused by an arc when 
connection is made or broken. The disadvantage 
of mercury relays is that they contain mercury. 
Mercury is a toxic substance that has been shown 
to cause damage to the nervous system and 
kidneys.  Mercury is banned in some  European 
countries.

Mercur y relays must be mounted verti-
cally  instead of horizontally. They are avail-
able in single-pole,  double-pole, and three-pole 

mechanically held contactors and relays are in-
tended for momentary use, and continuous power 
often cause burnout.

Unlike common magnetic contactors or re-
lays, the contacts of latching relays and contacts 
do not return to a normal position if power is in-
terrupted. They should be used only where there 
is not a danger of harm to persons or equip-
ment if power is suddenly restored after a power 
failure.

Sequence of Operation
Many latching-type relays and contactors con-
tain contacts that are used to prevent continuous 
power from being supplied to the coil after it has 

ON

OFF

L

U

L

L

L

U

12 KV

240/120 VOLTS

L1 N

CONTROL TRANSFORMER

Figure 5–35
Latching-type relays and contactors contain a latch and 
unlatch coil. 
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of starter required is determined by the horsepower 
and voltage of the motor it is intended to control. 
There are two standards that are used to determine 
the size of starter needed: NEMA and IEC. Figure 
5–39 shows the NEMA-size starters needed for nor-
mal starting duty. The capacity of the starter is deter-
mined by the size of its load or power contacts and 
the wire cross-sectional area that can be connected 
to the starter. The size of the load contacts is reduced 
when the voltage is doubled, because the current is 
halved for the same power rating (P 5 E 3 I).

configurations. A single-pole mercury relay is 
shown in Figure 5–37.

Motor Starters
Motor starters are contactors with the addition of 
an overload relay (Figure 5–38). Because they are 
intended to control the operation of motors, mo-
tor starters are rated in horsepower. Magnetic mo-
tor starters are available in different sizes. The size 

WELD RING

TEFLON GUIDE

ELECTRODE CHAMBER

SPRINGMERCURY POOL

GUIDE RETAINER

POWER TERMINAL

POWER TERMINAL

EPOXY

GLASS SEAL

ELECTRODE

CERAMIC INSULATOR

MAGNETIC SLEEVE

COIL

Figure 5–36
diagram of a mercury relay. 
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types of equipment just as NEMA does. The IEC, 
however, is more widely used throughout Europe 
than in the United States. Many equipment man-
ufacturers are now beginning to specify IEC stan-
dards for their products produced in the United 
States, also. The main reason is that much of the 
equipment produced in the United States is also 
marketed in Europe. Many European companies 
will not purchase equipment that is not designed 
with IEC standard equipment.

Although the IEC uses some of the same rat-
ings as similar NEMA-rated equipment, there is 
often a vast difference in the physical characteris-
tics of the two. Two sets of load contacts are shown 
in Figure 5–40. The load contacts on the left are 
employed in a NEMA-rated 00 motor starter. The 
load contacts on the right are used in an equiva-
lent IEC-rated 00 motor starter. Notice that the 
surface area of the NEMA-rated contacts is much 
larger than the IEC-rated contacts. This permits the 
NEMA-rated starter to control a much higher cur-
rent than the IEC starter. In fact, the IEC starter 
contacts rated equivalent to NEMA 00 contacts 
are smaller than the contacts of a small eight-pin 
control relay (Figure 5–41). Due to the size differ-
ence in contacts between NEMA- and IEC- rated 
starters, many engineers and designers of control 
systems specify an increase of one to two sizes for 

The number of poles refers to the load contacts 
and does not include the number of control or aux-
iliary contacts. Three-pole starters are used to con-
trol three-phase motors, and two-pole starters are 
used for single-phase motors.

NEMA and IEC
NEMA is the acronym for National Electrical Manu-
facturers Association. Likewise, IEC is the acronym 
for International Electrotechnical Commission. The 
IEC establishes standards and ratings for different 

Figure 5–37
Single-pole mercury relay. 

Figure 5–38
A motor starter is a contactor combined with an 
overload relay. 
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Figure 5–39
Motor starter sizes and ratings. 

	 Maximum	Horsepower	 Maximum	Horsepower	
	 Rating—Nonplugging	 Rating—Nonplugging
	 and	Nonjogging	Duty	 and	Nonjogging	Duty

	 NEMA		 Load		 Single		 Poly		 NEMA		 Load		 Single		 Poly	
	 Size	 Volts	 Phase	 Phase	 Size	 Volts	 Phase	 Phase

	 	 115	 1⁄2	 .	.	.	 	 115	 71⁄2	 .	.	.
	 	 200	 .	.	.	  11⁄2	 	 200	 .	.	.	  25
	 	 230	 1	  11⁄2	 	 230	 15	  30
	 00	 380	 .	.	.	  11⁄2	 3	 380	 .	.	.	  50
	 	 460	 .	.	.	  2	 	 460	 .	.	.	  50
	 	 575	 .	.	.	  2	 	 575	 .	.	.	  50

	 	 115	 1	 .	.	.	 	 200	 .	.	.	  40
	 	 200	 .	.	.	  3	 	 230	 .	.	.	  50
	 	 230	 2	  3	 	 380	 .	.	.	  75
	 0	 380	 .	.	.	  5	 4	 460	 .	.	.	 100
	 	 460	 .	.	.	  5	 	 575	 .	.	.	 100
	 	 575	 .	.	.	  5

	 	 115	 2	 .	.	.	 	 200	 .	.	.	  75
	 	 200	 .	.	.	  71⁄2	 	 230	 .	.	.	 100
	 	 230	 3	  71⁄2	 	 380	 .	.	.	 150
	 1	 380	 .	.	.	 10	 5	 460	 .	.	.	 200
	 	 460	 .	.	.	 10	 	 575	 .	.	.	 200
	 	 575	 .	.	.	 10

	 	 	 	 	 	 200	 .	.	.	 150
	 	 115	 3	 .	.	.	 	 230	 .	.	.	 200
	 *1P	 230	 5	 .	.	.	 6	 380	 .	.	.	 300
	 	 	 	 	 	 460	 .	.	.	 400
	 	 	 	 	 	 575	 .	.	.	 400

	 	 115	 3	 .	.	.	 	 230	 .	.	.	 300
	 	 200	 .	.	.	 10	 7	 460	 .	.	.	 600
	 	 230	 71⁄2	 15	 	 575	 .	.	.	 600

	 2	 380	 .	.	.	 25	 	 230	 .	.	.	 450
	 	 460	 .	.	.	 25	 8	 460	 .	.	.	 900
	 	 575	 .	.	.	 25	 	 575	 .	.	.	 900

Tables	are	taken	from	NEMA	Standards.
*13⁄4,	10	hp	is	available.

IEC-rated equipment than would be necessary for 
NEMA-rated equipment. A table of the ratings for 
IEC starters is shown in Figure 5–42.

Although motor starters basically consist 
of a contactor and overload relay mounted to-
gether, most contain auxiliary contacts. Many 

manufacturers make  auxiliary contacts that can 
be added to a starter or contactor (Figure 5–43). 
Adding auxiliary contacts can often reduce the 
need for control relays to perform part of the cir-
cuit logic. In the circuit shown in Figure 5–44, mo-
tor 1 must be started before motors 2 or 3. This is 
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starter with additional auxiliary contacts is shown 
in Figure 5–45 on page 73.

Motor Control Centers
Motor starters are often grouped with other de-
vices such as circuit breakers, fuses, disconnects, 
and control transformers. This set of equipment 
is referred to as a combination starter. These com-
ponents are often contained inside one enclosure 
(Figure 5–46 on page 73).

Motor control centers employ the use of com-
bination starters mounted in special enclosures 
designed to plug into central buss bars that supply 
power for several motors. The enclosure for this 
type of combination starter is often referred to as 
a module, cubicle, or can, Figure 5–47 on page 73. 
They are designed to be inserted into a motor 
 control center (MCC), as shown in Figure 5–48 on 
page 73. Connection to individual modules is gen-
erally made with terminal strips located inside the 
module. Most manufacturers provide some means 
of removing the entire terminal strip without hav-
ing to remove each individual wire. If a starter 
should fail, this permits rapid installation of a new 
starter. The defective starter can then be serviced 
at a later time.

accomplished by placing normally open contacts in 
series with starter coils M2 and M3. In the circuit 
shown in Figure 5–44A, the coil of a control relay 
has been connected in parallel with motor starter 
coil M1. In this way, control relay CR operates in 
conjunction with motor starter coil M1. The two 
normally open CR contacts prevent motors 2 and 
3 from starting until motor 1 is running. In the 
circuit shown in Figure 5–44B, it is assumed that 
two auxiliary contacts have been added to mo-
tor starter M1. The two new auxiliary contacts 
can replace the two normally open CR contacts, 
eliminating the need for control relay CR. A motor 

IEC LOAD CONTACT

NEMA LOAD CONTACT

IEC LOAD CONTACT

CONTROL RELAY
CONTACT

Figure 5–40
The load contacts on the left are NeMA size 00. The load 
contacts on the right are ieC size 00. 

Figure 5–41
The load contacts of an ieC 00 starter shown on the left 
are smaller than the auxiliary contacts of an eight-pin 
control relay shown on the right. 

cautiOn:

By necessity, motor control centers have 
very low impedance and can produce ex-
tremely large fault currents. it is estimated 
that the typical MCC can deliver enough 
energy in an arc-fault condition to kill a 
person 30 feet away. For this reason, many 
industries now require electricians to wear 
full protection (flame-retardant clothing, 
face shield, ear plugs, and hard hat) when 
opening the door on a combination starter 
or energizing the unit. When energizing 
the starter, always stand to the side of the 
unit and not directly in front of it. in a di-
rect short condition, it is possible for the 
door to be blown off or open.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



71

Chapter 5 relays, Contactors, and Motor Starters 

SIZE MAX
AMPS

MOTOR
VOLTAGE

MAX. HORSEPOWER

115
200
230
460
575

115
200
230
460
575

A

B

C

D

E

F

G

H

J

K

L

M

N

P

R

S

T

U

V

W

X

Z

7

1/4
1
1
3
5

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

575

200

460
230

115

575

200

460
230

115

1/2
1/2
1/2

10
30
4010
75

100

105

140

10

10
40
50

100
125

10
2
2
5

7

1/2

1/2

1

12 2
3
3

10

170
50
60

125
125

1/2

1/27

18

1

3
5
5
10
15

200
60
75

150
150

25

2

3
5

15
20

7 1/2 300
75
100
200
200

32

2

5 10
20
25

7 1/2
420

125
125
250
250

37

3

5 10
25
30

520
150
150
350
250

7

44

3
10
15
30
40

550
150
200
400
400

7 1/2

60

5

10
15
20
40
40

700
200
250
500
500

73

5

10
20
25
50
50

810
250
300
600
600

1215
450
450
900
900

85 10
25
30
60
75

7 1/2

SINGLE
PHASE

THREE
PHASE

SIZE MAX
AMPS

MOTOR
VOLTAGE

MAX. HORSEPOWER
SINGLE
PHASE

THREE
PHASE

IEC MOTOR STARTERS (60 HZ)

1/2

Figure 5–42
ieC motor starters rated by size, horsepower, and voltage for 60 Hz circuits. 
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Figure 5–43
Auxiliary contact sets can be added to motor starters and contractors. 

M1

CR

M2

M3

M1

M2

M3

CR

CR

OL1

OL2

OL3

CONTROL TRANSFORMER

M1

M2

M3

M1

M2

M3

M1

M1

OL1

OL2

OL3

CONTROL TRANSFORMER

(A) (B)

Figure 5–44
Control relays can sometimes be eliminated by adding auxiliary contacts to a motor starter.  
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ADDED AUXILIARY
CONTACTS

Figure 5–45
Motor starter with additional auxiliary contacts. 

Figure 5–46
A combination starter with fused disconnect, control 
transformer, push buttons, and motor starter. 

Figure 5–47
Combination starter with fused disconnect intended for 
use in a motor control center (MCC). Note that only two 
fuses are used in this module. delta-connected power 
systems with one phase grounded do not require a fuse 
in the grounded conductor. 

Figure 5–48
Motor control center.
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Current Requirements
When the coil of an alternating-current relay or 
contactor is energized, it requires more current to 
pull the armature in than to hold it in. The reason 
for this is the change of inductive reactance caused 
by the air gap (Figure 5–49). When the relay is 
turned off, a large air gap exists between the metal 
of the stationary pole piece and the armature. This 
air gap causes a poor magnetic circuit, and the in-
ductive reactance (XL) has a low ohmic value. Al-
though the wire used to make the coil does have 
some resistance, the main current-limiting factor 
of an inductor is inductive reactance. After the coil 
is energized and the armature makes contact with 
the stationary pole piece, there is a very small air 
gap between the armature and pole piece. This 
small air gap permits a better magnetic circuit, 
which increases the inductive reactance, caus-
ing the current to decrease. If dirt or some other 
foreign matter should prevent the armature from 
making a seal with the stationary pole piece, the 
coil current will remain higher than  normal, which 
can cause overheating and eventual coil burnout.

Direct-current relays and contactors depend on 
the resistance of the wire used to construct the coil 
to limit current flow. For this reason, the coils of DC 
relays and contactors exhibit a higher resistance than 
coils of AC relays. Large direct-current contactors are 

L1 T1 L2 T2 L3 T3

ARMATURE OR 
PLUNGER

STATIONARY 
POLE PIECE

LARGE AIR GAP

A LARGE AIR GAP PRODUCES A POOR MAGNETIC
CIRCUIT, CAUSING INDUCTIVE REACTANCE TO HAVE
A LOW OHMIC VALUE.

ARMATURE OR 
PLUNGER

STATIONARY 
POLE PIECE

L1 T1 L2 T2 L3 T3

SMALL AIR 
GAP

REDUCING THE AIR GAP PRODUCES A BETTER 
MAGNETIC CIRCUIT, CAUSING INDUCTIVE
REACTANCE TO INCREASE.

POLE 
PIECE

COIL

COIL

SWITCH OPENED
BY ARMATURE

Figure 5–49
The air gap determines the inductive reactance of the solenoid. 

Figure 5–50
direct-current contactors often contain two coils. 

often equipped with two coils instead of one (Figure 
5–50). When the contactor is energized, the coils are 
connected in parallel to produce a strong magnetic 
field in the pole piece. A strong field is required to 
provide the attraction needed to attract the arma-
ture. Once the armature has been attracted, a much 
weaker magnetic field can hold the armature in place. 
When the armature closes, a switch disconnects one 
of the coils, reducing the current to the contactor.
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●● REVIEw QuESTIONS

 1. Explain the difference between clapper-type 
 contacts and bridge-type contacts.

 2. What is the advantage of bridge-type contacts 
over clapper-type contacts?

 3. Explain the difference between auxiliary contacts 
and load contacts.

 4. What type of electronic device is used to connect 
the load to the line in a solid-state relay used to 
control an alternating-current load?

 5. What is optoisolation, and what is its main 
advantage?

 6. What pin numbers are connected to the coil of an 
eight-pin control relay?

 7. An 11-pin control relay contains three sets of 
single-pole, double-throw contacts. List the pin 
numbers by pairs that can be used as normally 
open contacts.

 8. What is the purpose of the shading coil?

 9. Refer to the circuit shown in Figure 5–29. Is the 
thermostat contact normally open; normally 

closed; normally closed, held open; or nor-
mally open, held closed?

 10. What is the difference between a motor 
starter and a contactor?

 11. A 150-horsepower motor is to be installed 
on a 480-volt, three-phase line. What is the 
minimum size NEMA starter that should be 
used for this installation?

 12. What is the minimum size IEC starter rated 
for the motor described in question 11?

 13. When energizing or de-energizing a combina-
tion starter, what safety precaution should 
always be taken?

 14. What is the purpose of coil-clearing contacts?

 15. Refer to the circuit shown in Figure 5–29. In 
this circuit, contactor HR is equipped with 
five contacts. Three are load contacts and two 
are auxiliary contacts. From looking at the 
schematic diagram, how is it possible to iden-
tify which contacts are the load contacts and 
which are the auxiliary contacts?

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Chapter  6
The Control Transformer

Most industrial motors operate on voltages that 
range from 240 to 480 volts. Magnetic control 
systems, however, generally operate on 120 volts. 
A control transformer is used to step the 240 or 
480 volts down to 120 volts to operate the con-
trol system. There is really nothing special about 
a control transformer except that most of them 
are made with two primary windings and one sec-
ondary winding. Each primary winding is rated at  
240 volts, and the secondary winding is rated at 
120 volts. This means there is a turns ratio of 2:1 
(2 to 1) between each primary winding and the sec-
ondary winding. For example, assume that each 
primary winding contains 200 turns of wire, and 
the secondary  winding contains 100 turns. There 
are two turns of wire in each primary winding for 
every one turn of wire in the secondary.

One of the primary windings of the control 
transformer is labeled H1 and H2. The other pri-
mary winding is labeled H3 and H4. The secondary 
winding is  labeled X1 and X2. If the transformer 
is to be used to step 240 volts down to 120 volts, 

the two primary windings are connected parallel 
to each other as shown in Figure 6–1. Notice that 
in Figure 6–1 the H1 and H3 leads are connected 
together, and the H2 and H4 leads are connected 
together. Because the voltage applied to each pri-
mary winding is the same, the effect is the same as 
having only one primary winding with 200 turns of 
wire in it. This means that when the transformer 
is connected in this manner, the turns ratio is 2:1. 
When 240 volts are connected to the primary wind-
ing, the secondary  voltage is 120 volts.

If the transformer is to be used to step 480 volts 
down to 120 volts, the primary windings are con-
nected in series as shown in Figure 6–2. With the 
windings connected in series, the primary winding 
now has a  total of 400 turns of wire, which makes 
a turns ratio of 4:1. When 480 volts is connected 
to the primary  winding, the secondary winding has 
an output of 120 volts.

Control transformers generally have screw 
terminals connected to the primary and second-
ary leads. The H2 and H3 leads are crossed to 

OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the use of control transformers in a control circuit.

●● Connect a control transformer for operation on a 240- or 480-volt system.
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make connection of the primary winding easier,  
Figure 6–3. For example, if the transformer is to be 
connected for 240 volt  operation, the two primary 
windings must be connected  parallel to each other 
as shown in Figure 6–1. This connection can be 
made on the transformer by using one metal link to 
connect leads H1 and H3, and another metal link 
to connect H2 and H4 (Fig ure 6–4).

If the transformer is to be used for 480 volt 
 operation, the primary windings must be con-
nected in series as shown in Figure 6–2. This con-
nection can be made on the control transformer by 
using a metal link to connect H2 and H3 as shown 
in Figure 6–5. A  typical control transformer is 
shown in Figure 6–6.

Figure 6–1
Primaries connected in parallel for 240-volt operation. 

X1 X2

H1H4 H2 H3

120 VOLTS AC240 VOLTS AC

X1

X2

H3

H4

H1

H2

120 VOLTS AC480 VOLTS AC

X1

X2

H1

H4

H2

H3

Figure 6–2
Primaries connected in series for 480-volt operation. 

Figure 6–3
Primary leads are crossed. 
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Some control transformers contain a multi-
tapped primary instead of two separate windings 
(Figure 6–7). The transformer in this example is 
designed to step voltages of 480, 277, 240, or 208 
down to 120.

Power Rating
The power rating of control transformers generally 
ranges from 0.75 kilovolt-ampere, or 75 volt-am-
peres, to 1 kilovolt-ampere, or 1000 volt-amperes. 
The rating is indicated in volt-amperes, not watts, 
because transformers generally supply power to 

X1 X2

H1H4 H2 H3

X1 X2

H1H4 H2 H3

H1 H2 H3 H4

X2 X1

0 V

208 V

277 V

380 V

120 V

Figure 6–4
Metal links used to make a 240-volt connection. 

Figure 6–5
Metal link used to make a 480-volt connection. 

Figure 6–6
Control transformer.

480 277 240 208

X2 X1120

C

Figure 6–7
Control transformer with a multi-tapped primary 
winding. 

operate inductive devices such as the coils of re-
lays and motor starters (Figure 6–8). The volt-
ampere rating indicates the amount of current 
the transformer can supply to operate control de-
vices. To determine the maximum output current 
of a transformer, divide the volt-ampere rating by 
the secondary voltage. The transformer shown in 
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Figure 6–8 has a power rating of 250 volt-amperes. 
If the secondary voltage is 120 volts, the maxi-
mum secondary current would be 2.08 amperes.

I 5
VA
E

I 5
250
120

    I 5 2.08 A

A control transformer intended to operate a 
single motor starter may have a rating of 75 to 100 
volt- amperes. Transformers intended to supply 
power to an entire relay cabinet have much higher 
ratings, depending on the number of devices and 
their current requirements.

Grounded and Floating Control 
Systems
One side of the secondary winding of a control 
transformer is often grounded (Figure 6–9). When 
this is done, the control system, is referred to as a 

Figure 6–8
The power rating of a transformer is listed in 
volt-amperes. 

M

M OL

OL

M

OLM

OLM

OL OL

MOTOR

L1 L2 L3

CONTROL TRANSFORMER

Figure 6–9
One side of the transformer has been grounded. 
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and induced voltage produced by surrounding 
magnetic fields. These are generally referred to as 
ghost voltages. A low-impedance meter such as a 
plunger-type voltage tester would indicate no volt-
age. Accurate voltage measurement can be made in 
a float control system, however, by connecting one 
voltmeter probe directly to one side of the control 
transformer (Figure 6–12). Because both grounded 
and floating control systems are common, both are 
illustrated throughout this text.

Transformer Fusing
Control transformers are generally protected 
by fuses or circuit breakers. Protection can be 
placed on the primary or secondary side of the 
transformer, and some industries prefer protec-
tion on both sides. NEC Section 430.72(C) lists 

grounded system. Many industries prefer to ground 
the control system, and it is a very common prac-
tice. Some technicians believe that it is an aid when 
troubleshooting a problem. Grounding one side 
of the control transformer permits one lead of a 
 voltmeter to be connected to any grounded point 
and the other voltmeter lead to be used to test 
 voltage at various locations throughout the circuit 
(Figure 6–10).

However, it is also a common practice to 
not ground one side of the control transformer. 
This is generally referred to as a floating system. 
If one voltmeter probe were to be connected to a 
grounded point, the meter reading would be erro-
neous or meaningless because there would not be 
a complete circuit (Figure 6–11). High-impedance 
voltmeters would probably indicate some amount 
of voltage caused by the capacitance of the ground 

M

M OL

OL

M

OLM

OLM

OL OL

MOTOR

L1 L2 L3

CONTROL TRANSFORMER

GROUNDED POINT

VOLTMETER

Figure 6–10
Voltage can be measured by connecting one meter probe to any grounded point. 
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requirements for the protection of transformers 
employed in motor control circuits. This section 
basically states that control transformers that have 
a primary current of less than 2 amperes shall be 
protected by an overcurrent device set at not more 
than 500% of the rated primary current. This large 
percentage is necessary because of the high inrush 
current associated with transformers. To deter-
mine the rated current of the transformer, divide 
the volt-ampere rating of the transformer by the 
primary voltage.

NEC Section 430.72(C)(2) states that fuse pro-
tection in accordance with 450.3 is permitted also. 
This section states that primary protection for 
transformers rated 600 volts or less is determined 
in NEC Table 430.3(B). The table indicates a rating 
of 300% of the rated current.

The secondary fuse size can also be determined 
from NEC Table 450.3(B). The table indicates a rat-
ing of 167% of the rated secondary current for 

M

M OL

OL

M

OLM

OLM

OL OL

MOTOR

L1 L2 L3

CONTROL TRANSFORMER

GROUNDED POINT

VOLTMETER

Figure 6–11
Floating control systems do not ground one side of the control transformer. Connecting a voltmeter probe to a 
grounded point would provide meaningless readings because a complete circuit would not exist. 

EXAMPLE:

What is the maximum fuse size permitted 
to protect the primary winding of a control 
transformer rated at 300 volt-amperes and 
connected to 240 volts?

I 5 VA
E

I 5 300
240

 I 5 1.25 A
 Fuse size 5 1.25 3 5
 Fuse size 5 6.25 A

NEC Section 240.6 indicates that a standard 
fuse size is 6 amperes. A 6 ampere fuse 
would be used.
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fuses  protecting a transformer secondary with a 
current of less than 9 amperes. Assuming a con-
trol voltage of 120 volts, the rated secondary cur-
rent of the transformer in the previous example 
would be 2.5 amperes (300/120). The fuse size 
would be:

2.5 3 1.67 5 4.175 A

M

M OL

OL

M

OLM

OLM

OL OL

MOTOR

L1 L2 L3

CONTROL TRANSFORMER

VOLTMETER

Figure 6–12
Connecting one meter probe directly to one side of the transformer provides accurate readings on a floating 
control system. 

The nearest standard fuse size listed in 240.6 
without  going over this value is 3 amperes. The sec-
ondary fuse size can be set at a lower percentage of 
the rated current because the secondary does not 
experience the high inrush current of the primary. 
Because primary and  secondary fuse protection is 
common throughout in dustry, control circuits pre-
sented in this text illustrate both.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



83

Chapter 6 the Control transformer

●● Review QueSTionS

 1. What is the operating voltage of most magnetic 
control systems?

 2. How many primary windings do control trans-
formers have?

 3. How are the primary windings connected when 
the transformer is to be operated on a 240-volt 
system?

 4. How are the primary windings connected when 
the transformer is to be operated on a 480-volt 
system?

 5. Why are two of the primary leads crossed on a 
control transformer?

 6. You are an electrician working in an industrial 
plant. You are building a motor control cabinet 

that contains six motor starters and six pi-
lot lamps. All control components operate 
on 120 volts AC. Two of the motor starters 
have coil currents of 0.1 amperes each and 
four have coil currents of 0.18 amperes each. 
The six pilot lamps are rated at 5 watts each. 
The supply room has control transformers 
with the following rating (in volt-amperes): 
75, 100, 150, 250, 300, and 500. Which of 
the available control transformers should 
you choose to supply the power for all the 
control components in the cabinet? (Choose 
the smallest size that will supply the power 
needed.)

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Chapter  7
Timing Relays

Time-delay relays can be divided into two general 
clas si fications: the on-delay relay, and the off-delay 
relay. The on-delay relay is often referred to as DOE, 
which stands for “Delay On Energize.” The off-delay 
relay is often referred to as DODE, which stands for 
“Delay On De-Energize.”

Timer relays are similar to other control relays 
in that they use a coil to control the operation of 
some number of contacts. The difference between a 
control relay and a timer relay is that the contacts 
of the timer relay delay changing their position 
when the coil is  energized or de-energized. When 
power is connected to the coil of an on-delay timer, 
the contacts delay changing position for some pe-
riod of time. For this  example, assume that the 

timer has been set for a delay of 10 seconds. Also 
assume that the contact is normally open. When 
voltage is connected to the coil of the on-delay 
timer, the contacts remain in the open  position 
for 10 seconds and then close. When voltage is 
removed and the coil is de-energized, the contact 
immediately changes back to its normally open po-
sition. The contact symbols for an on-delay relay 
are shown in Figure 7–1.

The operation of the off-delay timer is the op-
posite of the operation of the on-delay timer. For 
this example, again assume that the timer has been 
set for a delay of 10 seconds, and also assume that 
the contact is normally open. When voltage is ap-
plied to the coil of the off-delay timer, the contact 

OBJECTIVES

After studying this chapter, the student will be able to

●● Identify the primary types of timing relays.

●● Explain the basic steps in the operation of the common timing relays.

●● List the factors that affect the selection of a timing relay for a particular use.

●● List applications of several types of timing relays.

●● Draw simple circuit diagrams using timing relays.

●● Identify on- and off-delay timing wiring symbols.
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time delayed when closing. Figure 7–4 shows the 
same contact with the abbreviation TO beneath it. 
If this contact is to be time delayed when opening, 
it must be operated by an off-delay timer. These ab-
breviations can also be used with standard NEMA 
symbols as shown in Figure 7–5.

Pneumatic Timers
Pneumatic, or air timers, operate by restricting the 
flow of air through an orifice to a rubber bellows 
or diaphragm. Figure 7–6 illustrates the principle 
of operation of a simple bellows timer. If rod “A” 
pushes against the end of the bellows, air is forced 
out of the bellows through the check valve as the 
bellows contracts. When the bellows is moved back, 
contact TR changes from an open to a closed con-
tact. When rod “A” is pulled away from the bellows, 
the spring tries to return the bellows to its origi-
nal position. Before the bellows can be returned 
to its original position, however, air must enter 
the bellows through the air inlet port. The rate at 
which the air is permitted to enter the bellows is 
controlled by the needle valve. When the bellows 
returns to its original position, contact TR returns 
to its normally open position.

changes im mediately from open to closed. When 
the coil is de- energized, however, the contact re-
mains in the closed position for 10 seconds before 
it reopens. The contact symbols for an off-delay re-
lay are shown in Figure 7–2. Time-delay relays can 
have normally open, normally closed, or a combina-
tion of normally open and normally closed contacts.

Although the contact symbols shown in Fig-
ures 7–1 and 7–2 are standard NEMA symbols 
for on-delay and off-delay contacts, some control 
schematics may use a different method of indicat-
ing timed contacts. The abbreviations TO and TC 
are used with some control schematics to indicate 
a time-operated contact. TO stands for time open-
ing, and TC stands for time closing. If these abbre-
viations are used with standard contact symbols, 
their meaning can be confusing. Figure 7–3 shows 
a standard normally open contact symbol with the 
abbreviation TC written beneath it. This contact 
must be connected to an on-delay relay if it is to be 

NO NC

NO NC

TC

Figure 7–1
On-delay normally open and normally closed contacts.
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Figure 7–2
Off-delay normally open and normally closed contacts.
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Figure 7–3
Time-closing contact.
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TO

B

NOTONOTC

A

Figure 7–4
Time-opening contact. 
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Figure 7–5
Contact A is an on-delay contact with the   abbre viation 
NOTC (normally open time closing). Contact B is an off-
delay contact with the abbreviation NOTO (normally 
open time opening).
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 3. They have good repeat accuracy.
 4. They are available with a variety of contact and 

timing arrangements.

Some pneumatic timers are designed to permit 
the timer to be changed from on-delay to off-delay, 
and the contact arrangement to be changed to nor-
mally opened or normally closed (Figure 7–7). This 
type of flexibility is another reason for the popular-
ity of pneumatic timers.

Many timers are made with contacts that oper-
ate with the coil as well as time-delayed contacts. 
When these contacts are used, they are generally 
referred to as instantaneous contacts and indicated 
on a schematic diagram by the abbreviation inst. 
printed below the contact (Figure 7–8). These in-
stantaneous contacts change their positions imme-
diately when the coil is  energized and change back 
to their normal positions immediately when the 
coil is de-energized.

Pneumatic timers are popular through-
out industry because they have the following 
characteristics:

 1. They are unaffected by variations in ambient 
temperature or atmospheric pressure.

 2. They are adjustable over a wide range of time 
 periods.

ROD "A"

A

TR

SPRING

BELLOWS

NEEDLE VALVE

CHECK VALVE

AIR INLET

Figure 7–6
Bellows-operated pneumatic timer. 
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INST.

TR

Figure 7–8
Normally open instantaneous contact of a timer relay.
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Figure 7–7
Pneumatic timer. 
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direction, reversed, and then run in the opposite 
direction.

Generally, this type of timer consists of a small, 
synchronous motor driving a cam-dial assembly on 
a common shaft. A motor-driven timer successively 
closes and opens switch contacts, which are wired 
in circuits to energize control relays or contactors 
to achieve desired operations.

Clock Timers
Another timer frequently used is the clock timer 
 (Fig ure 7–9). Clock timers use a small AC synchro-
nous  motor similar to the motor found in a wall 
clock to provide the time measurement for the 
timer. The length of time of one clock timer may 
vary greatly from the length of time of another. For 
example, one timer may have a full range of 0 to 5 
seconds, and another timer may have a full range of 
0 to 5 hours. The same type of timer motor could be 
used with both timers. The gear ratio connected to 
the motor determines the full range of time for the 
timer. Some advantages of clock timers follow:
 1. They have extremely high repeat accuracy.
 2. Readjustment of the time setting is simple and 

can be done quickly. Clock timers are generally 
used when the machine operator must make 
adjustments to the time length.

Motor-Driven Timers
When a process has a definite on and off opera-
tion, or a sequence of successive operations, a 
motor-driven timer is generally used (Figure 7–10 
and Figure 7–11). A typical application of a motor-
driven timer is to control laundry washers where 
the loaded motor is run for a given period in one 

Figure 7–9
Clock-driven timer. 
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Min. Time Delay: 0.05 second

Max. Time Delay: 3 minutes

Minimum Reset Time: 0.75 second

Accuracy: 610 percent of setting

Contact Ratings:

AC

6.0 A, 115 V
3.0 A, 230 V
1.5 A, 460 V
1.2 A, 550 V

DC

1.0 A, 115 V
0.25 A, 230 V

Operating Coils: Coils can be supplied for voltages and
frequencies upto 600 volts, 60 hertz AC and 250 volts DC

Types of Contact:One normally open and one normally
closed. Cadmium silver alloy contacts.

Figure 7–10
Typical specifications. 
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Figure 7–11
Motor-driven process timer. Often referred to as a cam 
timer.
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base, and others use quartz clocks as the time base 
(Figure 7–14). RC time constants are inexpensive 
and have good repeat times. The quartz timers, 
however, are extremely  accurate and can often be 
set for 0.1 second times. These timers are generally 

Capacitor Time Limit Relay
Assume that a capacitor is charged by connecting 
it momentarily across a DC line, and then the ca-
pacitor direct current is discharged through a relay 
coil. The current induced in the coil decays slowly, 
depending on the relative values of capacitance, in-
ductance, and resistance in the discharge circuit.

If a relay coil and a capacitor are connected paral-
lel to a DC line (Figure 7-12), the capacitor charges to 
the value of the line voltage and current flows through 
the coil.  If the coil and capacitor combination is re-
moved from the line, the capacitor will discharge at 
an exponential rate maintaining current flow through 
the coil for some length of time.

If the relay is adjusted so that the armature is re-
leased at current i1, a time delay of t1 is obtained. The 
time delay can be increased to a value of t2 by adjust-
ing the relay so that the armature is not released un-
til the current is reduced to a value of i2. Figure 7–13 
shows a relay used for this type of time control.

A potentiometer is used as an adjustable resis-
tor to vary the time. This resistance-capacitance 
(RC) theory is used in industrial electronic and 
solid-state controls also. This timer is highly accu-
rate and is used in motor acceleration control and 
in many industrial processes.

Electronic Timers
Electronic timers use solid-state components to 
provide the time delay desired. Some of these tim-
ers use an RC time constant to obtain the time 

TIME

C
U

R
R

E
N

T

R

D C

t1
i1

t2
i1

Figure 7–12
Charged capacitor discharging through a relay coil. The graph at the right illustrates the current decrease in the coil. 
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Figure 7–13
Capacitor timer limit controller. (generally used with 
direct-current control systems.)
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designed to plug into an 11-pin relay socket (Figure 
7–16) and are more flexible. Two such timers are 
shown in  Figure 7–17A and Figure 7–17B. Either 

housed in a plastic case and are designed to be 
plugged into some type of socket. An electronic 
timer that is designed to be plugged into a stan-
dard eight-pin relay socket, also known as a tube 
socket, is shown in Figure 7–15. The length of the 
time delay can be set by adjusting the control knob 
shown on top of the timer.

Eight-pin electron timers similar to the one 
shown in Figure 7–15 are intended to be used as 
on-delay timers only. Many electronic timers are 

Figure 7–14
Digital clock timer.
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Figure 7–15
electronic timer.
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Figure 7–16
eleven-pin tube sockets. 
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Figure 7–17A
Dayton electronic timer.
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Figure 7–17B
Allen-Bradley electronic timer.
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should always be consulted before trying to con-
nect one of these timers. Although most electronic 
timers are similar in how they are connected, 
there are differences. The pin connection diagram 
for the timer shown in  Figure 7–17A is shown in 
Figure 7–20. Notice that a normally open push 
button switch is shown across terminals 5 and 6. 
This switch is used to start the action of the timer 
when it is set to function as an off-delay timer or as 
a one-shot timer. The reason for this is that when 
the timer is to function as an off-delay timer, power 
must be applied to the timer at all times to permit 
the internal timing circuit to operate. If power is 
removed, the internal timer cannot function. The 
start switch is actually used to initiate the opera-
tion of the timer when it is set to function in the 
off-delay mode. Recall the logic of an off-delay 
timer: When the coil is energized, the contacts change 
position immediately. When the coil is de-energized, 
the contacts delay returning to their normal position. 
According to the pin chart shown in Figure 7–20, 

of these timers can be used as an on-delay timer, 
an off-delay timer, a pulse timer, or as a one-shot 
timer. Pulse timers continually turn on and off at 
regular intervals. A timing period chart for a pulse 
timer set for a delay of 1 second is shown in Fig-
ure 7–18. A one-shot timer operates for one time 
period only. A timing period chart for a one shot 
timer set for 2 seconds is shown in Figure 7–19.

Most electronic timers can be set for a wide 
range of times. The timer shown in Figure 7–17A 
uses a thumbwheel switch to enter the timer set-
ting. The top selector switch can be used to set the 
full-range value from 9.99 seconds to 999 minutes. 
This timer has a range from 0.01 second to 999 
minutes (16 hrs 39 min.). The timer shown in Fig-
ure 7–17B can be set for a range of 0.01 second to 
100 hours by adjusting the range and units settings 
on the front of the timer. Most electronic timers 
have similar capabilities.

Connecting Eleven-Pin Timers
Connecting eleven-pin timers into a circuit is gen-
erally a little more involved than simply connecting 
the coil to power. The manufacturer’s instructions 

ON
1 SEC 1 SEC 1 SEC

1 SEC 1 SEC 1 SEC
OFF

ON

OFF

Figure 7–18
Timing chart for a pulse timer. 
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Figure 7–19
Timing chart for a one shot timer.
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Figure 7–20
Pin connection diagram for Dayton timer.
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operation of two motors, and timer TR is a pneu-
matic off-delay timer. When the start button is 
pressed, two motors start at the same time. The 
motors continue to operate until the stop button is 
pressed, which causes motor 1 to stop running im-
mediately. Motor 2, however, continues to run for a 
period of 5 seconds before stopping.

Now assume that the pneumatic off-delay 
timer is replaced with an electronic off-delay timer 
(Figure 7–22). In this circuit, notice that the coil of 
the timer is connected directly across the incom-
ing power, which permits it to remain energized at 
all times. In the circuit shown in Figure 7–21, the 

pins 2 and 10 connect to the coil of the timer. To 
use this timer in the off-delay mode, power must 
be connected to pins 2 and 10 at all times. Short-
ing pins 5 and 6 together causes the timed contacts 
to change position immediately. When the short 
circuit between pins 5 and 6 is removed, the time 
sequence begins. At the end of the preset time pe-
riod, the contacts return to their normal position.

If electronic off-delay timers are to replace 
pneumatic off-delay timers in a control circuit, it 
is generally necessary to modify the circuit. For 
example, in the circuit shown in Figure 7–21, it 
is assumed that starters 1M and 2M control the 

2 10

1 3

65

1M

1M

TR

TR

H N120 VAC

1M

2M

OL OL

2M

1M

1M

OLOL

5 SEC

TR

TR

Figure 7–21
Off-delay timer circuit using a pneumatic timer. 
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Figure 7–22
Modifying the circuit for an electronic off-delay timer.
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contact on starter 1M is used to control the opera-
tion of the electronic off-delay timer. In the circuit 
shown in Figure 7–22, a set of normally open 1M 
contacts is connected to pins 5 and 6 of the timer. 
When coil 1M energizes, contact 1M closes and 
shorts pins 5 and 6, causing the normally open 
TR contacts to close and energize starter coil 2M. 
When coil 1M is de-energized, the contacts reopen 
and timer TR begins timing. After 5 seconds, con-
tacts TR reopen and de-energize starter coil 2M.

All electronic timers are similar, but there are 
generally differences in how they are to be con-
nected. The connection diagram for the timer 
shown in Fig ure 7–17B is shown in Figure 7–23. 
Notice that this timer contains RESET, START, and 
GATE pins. Connecting pin 2 to pin 5 activates the 
GATE function, which interrupts or suspends the 
operation of the internal clock. Connecting pin 2 
to pin 6 activates the START function, which oper-
ates in the same manner as the timer shown in Fig-
ure 7–17A. Connecting pin 2 to pin 5 activates the 
RESET function, which resets the internal clock to 
zero. If this timer were used in the circuit shown in 
Figure 7–22, it would have to be modified as shown 
in Figure 7–24, by connecting the 1M normally 
open contact to pins 2 and 6 instead of pins 5 and 6.

The electronic timers discussed thus far re-
quire an auxiliary contact from a motor starter or 
relay to active the timer for certain applications 
as seen in Figures 7-22 and 7-24. In these two ex-
amples, 1M motor starter controls the operation Figure 7–23

Pin connection diagram for Allen-Bradley timer.
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2 10

1 3

6

1M

2M

OL OL

1M

1M

TR

TR

H N120 VAC

Figure 7–24
replacing the Dayton timer with the Allen-Bradley timer.
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timer actually operates with starter 1M. When coil 
1M energizes, timer TR energizes at the same time. 
When coil 1M de-energizes, timer TR de-energizes 
also. For this reason, a normally open auxiliary 
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is controlled by connecting pins 5 and 7 across the 
coil of 1M starter, as shown in Figure 7-27. When 
power is applied to the starter, 120 volts is applied 
to pins 5 and 7. The action of the off-delay timer 
is still controlled by 1M motor starter, but no 1M 
auxiliary contact is required.

2 10

1 3

75

1M

2M

OL OL

1M

TR

TR

H N120 VAC

Figure 7-25
electronic off-delay timer that activated by applying AC 
voltage to pins 5 and 7.
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1

2

3

4

5

6

7

8

9

10

11

120 VAC CONTROL

120 VAC SUPPLY

Figure 7-26 
Pin connection for electronic off-delay timer.
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of the timer. The electronic off-delay timer shown 
in Figure 7-25 does not require shorting two pins 
together to active the timer. The pin diagram for 
this timer is shown in Figure 7-26. The timer is 
activated by applying 120 volts AC to pins 5 and 
7. The control circuits shown in Figures 7-22 and 
7-24 have been modified for this timer. The timer 

Figure 7-27
The timer is controlled by connecting pins 5 and 7 directly across the coil 
of 1M motor starter.
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until the UJT provides the pulse to fire the gate. 
 Diode D1 is used to protect the circuit from the 
spike voltage produced by the collapsing magnetic 
field around coil K1 when the current is turned off.

By adjusting resistor RT, capacitor C1 can be 
charged at different rates. In this manner, the relay 
can be adjusted for time. Once the SCR has turned 
on, it remains on until switch S1 is opened.

Programmable controllers, which are discussed 
in Chapters 53 through 55, contain “internal” 
electronic timers. Most programmable control-
lers (PLCs) use a quartz-operated clock as the time 
base. When the controller is programmed, the tim-
ers can be set in time increments of 0.1 second. 
This, of course, provides very accurate time delays 
for the controller.

Construction of a Simple Electronic 
Timer
The schematic for a simple on-delay timer is shown 
in Figure 7–28. The timer operates as follows: 
When switch S1 is closed, current flows through re-
sistor RT and begins charging capacitor C1. When 
capacitor C1 has been charged to the trigger value 
of the unijunction transistor, the UJT turns on 
and discharges capacitor C1 through resistor R2 
to ground. The sudden discharge of capacitor C1 
causes a spike voltage to appear across resistor 
R2. This voltage spike travels through capacitor C2 
and fires the gate of the silicon-controlled rectifier 
(SCR). When the SCR turns on, current is provided 
to the coil of relay K1.

Resistor R1 limits the current flow through the 
UJT. Resistor R3 is used to keep the SCR turned off 

12 VOLT DC

S1

RT

C1

(1 k)

R2 100 OHMS

R3

E

G

A

D1K1

K

B2

2N2646

2N5444

1N4004
B1 C2 (50 μf)

(1 k)
R1

Figure 7–28
Schematic of electronic on-delay timer. 
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●● REviEw QuESTionS

 1. What are the two basic classifications of timers?

 2. Explain the operation of an on-delay relay.

 3. Explain the operation of an off-delay relay.

 4. What are instantaneous contacts?

 5. How are pneumatic timers adjusted?

 6. Name two methods used by electronic timers 
to obtain their time base.

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



95

Chapter  8
Pressure Switches  
and Sensors

Objectives

After studying this chapter, the student will be able to

●● Describe the operation of high-pressure switches.

●● Describe the operation of low-pressure switches.

●● Discuss differential setting of pressure switches.

●● Discuss pressure sensors that convert pressure to current for instrumentation 
purposes.

Pressure Switches
Pressure switches are found throughout industry 
in applications where it is necessary to sense the 
pressure of pneumatic or hydraulic systems. Pres-
sure switches are available that can sense pressure 
changes of less than 1 psi (pound per square inch) 
or pressures over 15,000 psi. A diaphragm oper-
ated switch can sense small pressure changes at low 
pressure (Figure 8–1).

A metal bellows–type switch can sense pres-
sures up to 2000 psi. The metal bellows–type 
pressure switch employs a metal bellows that ex-
pands with pressure (Figure 8–2). Although this 
switch can be used to sense a much higher pressure 
than the diaphragm type, it is not as sensitive in 
that it takes a greater change in pressure to cause 
the  bellows to expand enough to active a switch. 

A  piston-type pressure switch can be used for pres-
sures up to 15,000 psi (Figure 8–3).

Regardless of the method used to sense pres-
sure, all pressure switches activate a set of contacts. 
The contacts may be either single pole or double 
pole,  depending on the application, and are de-
signed with some type of snap-action mechanism. 
Contacts cannot be permitted to slowly close or 
open. This would produce a bad connection and 
cause burning of the contacts as well as low- voltage 
problems to the equipment they control. Some 
pressure switches are equipped with  contacts large 
enough to connect a  motor directly to the power 
line, and others are intended to control the op-
eration of a relay coil. A line voltage–type pressure 
switch is shown in Figure 8–4. Pressure switches of 
this type are often used to control the operation of 
well pumps and air compressors (Figure 8–5).
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Differential Pressure
Differential pressure is the difference in pres-
sure between the cut-in, or turn-on, pressure and 
the cut-out, or turn-off, pressure. Most pressure 
switches provide a means for setting the pressure 
differential. In the example shown in Figure 8–5, a 
line-voltage pressure switch controls the motor of a 
well pump. Typically, a pressure switch of this type 
would be set to cut in at about 30 psi and cut out 
at about 50 psi. The 20 pounds of differential pres-
sure is necessary to prevent overworking the pump 
motor. Without differential pressure, the pump 
motor would continually turn on and off. This is 
what happens when a tank becomes waterlogged. 
An air space must be maintained in the tank to per-
mit the pressure switch to function. The air space 
is necessary because air can be compressed, but a 
liquid cannot. If the tank becomes waterlogged, the 
pressure switch would turn on and off immediately 
each time a very small amount of water was re-
moved from the tank. Pressure switch symbols are 
shown in Figure 8–6.

Typical Application
Pressure switches are used in many common indus-
trial applications. A circuit that is used to turn off a 
motor and turn on a pilot warning light is shown in 
Figure 8–7. In this circuit, a pressure switch is con-
nected to a control relay. If the pressure should be-
come too great, the control relay opens a normally 
closed contact connected to a motor starter to stop 
the motor. A normally open PSCR (pressure switch 
control relay) contact closes and turns on a pilot 
light to indicate a high pressure condition. Notice 

DIAPHRAGM

TO PRESSURE

PUSH 
ROD

SWITCH

Figure 8–1
A diaphragm-type pressure switch can sense small 
pressure changes at a low pressure.
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TO PRESSURE

BELLOWS

SWITCH

Figure 8–2
A metal bellows–type pressure switch can be used for 
pressures up to 2000 psi. 
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TO PRESSURE

PISTON

SPRING

PUSH ROD

SWITCH

Figure 8–3
Piston-type pressure switches can be used for pressures up to 15,000 psi. 
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relay. This is a very common practice in industrial 
control systems.

Pressure Sensors
Pressure switches are not the only pressure-
sensing devices that an electrician is likely to 
encounter on the job, especially in an industrial 
environment. It is often necessary to know not 
only whether the pressure has reached a certain 
level but also the amount of pressure. Although 
sensors of this type are generally considered to be 
in the instrumentation field, an electrician should 
be familiar with some of the various types and 
how they operate.

Pressure sensors are designed to produce an 
output voltage or current that is dependent on the 
amount of pressure being sensed. Piezoresistive 
sensors are very popular because of their small size, 
reliability, and  accuracy (Figure 8–8). These sensors 
are available in ranges from 0 to 1 psi and  0 to 30 
psi. The sensing element is a silicon diaphragm in-
tegrated with an integrated circuit chip. The chip 
contains four implanted piezoresistors connected 
to form a bridge circuit (Figure 8–9). When pres-
sure is applied to the diaphragm, the resistance of 
piezoresistors changes proportionally to the ap-
plied pressure, which changes the balance of the 
bridge. The voltage across V0 changes in propor-
tion to the applied  pressure (V0 5 V4 2 V2 [when 

NC

NO

Figure 8–4
Line-voltage pressure switch. 
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LINE- 
VOLTAGE 
PRESSURE 
SWITCH

TO POWER

WATER
TANK

MOTOR

WATER 
LEVEL

AIR
SPACE

Figure 8–5
A line-voltage pressure switch controls the operation of 
a pump motor. 
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NORMALLY OPEN
PRESSURE SWITCH

NORMALLY CLOSED
PRESSURE SWITCH

NORMALLY OPEN
HELD CLOSED

PRESSURE SWITCH

NORMALLY CLOSED
HELD OPEN

PRESSURE SWITCH

Figure 8–6
Pressure switch symbols. 
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that in this example circuit, the pressure switch 
needs both normally open and normally closed 
contacts. This is not a common contact arrange-
ment for a pressure switch. To solve the problem, 
the pressure switch controls the action of a control 
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operational amplifier and can provide an output 
voltage proportional to the pressure. Typical supply 
voltage for this unit is 8 volts DC. The regulated volt-
age output for this unit is 1 to 6 volts. Assume for 
example that the sensor is intended to sense a pres-
sure range of 0 to 5 psi. At 0 psi, the sensor would 
produce an output voltage of 1 volt. At 15 psi, the 
sensor would produce an output voltage of 6 volts.

Sensors can also be obtained that have a ratio-
metric output. The term ratiometric means that the 
 output voltage is proportional to the supply volt-
age. Assume that the supply voltage increased by 
50% to 12 volts DC. The output voltage would in-
crease by 50% also. The sensor would now produce 
a voltage of 1.5 volts at 0 psi and 9 volts at 15 psi.
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PRESSURE SWITCH

WARNING LIGHT

Figure 8–7
High pressure turns off the motor and turns on a warning light. 
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referenced to V3]). Typical millivolt outputs and 
pressures are shown below:

1 psi 5 44 mV

  5 psi 5 115 mV

15 psi 5 225 mV

30 psi 5 315 mV

Another type of piezoresistive sensor is shown 
in Figure 8–10. This particular sensor can be used to 
sense absolute, gage, or differential pressure. Units 
are  available that can be used to sense vacuum. Sen-
sors of this type can be obtained to sense pressure 
ranges of 0 to 1, 0 to 2, 0 to 5, 0 to 15, 0 to 30, and 
0 to 215 (vacuum). The sensor contains an internal 
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Other sensors can be obtained that produce a 
 current output of 4 to 20 milliamperes instead of 
a regulated voltage output (Figure 8–11). One type 
of pressure-to-current sensor, which can be used to 
sense pressures as high as 250 psi, is shown in Fig-
ure 8–12. This sensor can also be used as a set point 
detector to provide a normally open or normally 
closed output. Sensors that produce a proportional 
output current instead of  voltage have fewer prob-
lems with induced noise from surround ing magnetic 
fields and with voltage drops due to long wire runs.

Figure 8–8
Piezoresistive pressure sensor. 
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Figure 8–9
Piezoresistive bridge.
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Figure 8–10
Differential pressure sensor. 
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Figure 8–11
Pressure-to-current sensor for low pressures. 
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Figure 8–12
Pressure-to-current sensor for high pressure. 
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Figure 8–13
Flow-through pressure sensor. 
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Figure 8–14
Force sensor. 
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●● Review QueSTionS

 1. What type of pressure switch is generally used to 
sense small changes in low-pressure systems?

 2. A pressure switch is set to cut in at a pressure of 
375 psi and cut out at 450 psi. What is the pres-
sure differential for this switch?

 3. A pressure switch is to be installed on a system 
with pressures that can range from 1500 psi to 
1800 psi. What type of pressure switch should be 
used?

 4. A pressure switch is to be installed in a circuit 
that requires it to have three normally open con-
tacts and one normally closed contact. The switch 
actually has one normally open contact. What 
must be done to permit this pressure switch to 
operate in this circuit?

 5. What is a piezoresistor?

 6. Refer to the circuit shown in Figure 8–7. If 
the pressure should become high enough for 
the pressure switch to close and stop the mo-
tor, is it possible to restart the motor before 
the pressure drops to a safe level?

 7. Refer to the circuit shown in Figure 8–7. 
Assume that the motor is running and an 
overload occurs, causing the OL contact to 
open and disconnect coil M to stop the motor. 
What effect does the opening of the overload 
contact have on the pressure switch circuit?

A flow-through pressure sensor is shown in 
 Figure 8–13. This type of sensor can be placed in 
line with an existing system. In-line pressure sen-
sors make it easy to add a pressure sensor to an ex-
isting system.

Another device that is basically a pressure sen-
sor is the force sensor (Figure 8–14). This sensor 
uses silicon piezoresistive elements to determine 
the amount of pressure to the sensing element.
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Figure 9–1
rod-operated float switch.
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Objectives

After studying this chapter, the student will be able to

●● Describe the operation of float switches.

●● List the sequence of operation for sump pumping or tank filling.

●● Draw wiring symbols for float switches.

A float switch is used when a pump motor must be 
started and stopped according to changes in the 
water (or other liquid) level in a tank or sump. Float 
switches are designed to provide automatic control 
of AC and DC pump motor magnetic starters and 
automatic direct  control of light motor loads.

The operation of a float switch is controlled 
by the upward or downward movement of a float 
placed in a water tank. The float movement causes 
a rod-operated (Figure 9–1) or chain and coun-
terweight (Figure 9–2) assembly to open or close 
electrical contacts. The float switch contacts may 
be either normally open or normally closed and 
may not be submerged. Float switches may be con-
nected to a pump motor for tank or sump pumping 
operations or tank filling, depending on the con-
tact arrangement.
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Mercury Bulb Float Switch
Another float switch that has become increasingly 
popular is the mercury bulb type of float switch. 
This type of float switch does not depend on a float 
rod or chain to operate. The mercury bulb switch 
appears as a rubber bulb connected to a conduc-
tor. A set of mercury contacts are located inside the 
bulb. When the liquid level is below the position of 
the bulb, it is suspended in a vertical position (Fig-
ure 9–3A). When the liquid level rises to the posi-
tion of the bulb, it changes to a horizontal position 
(Figure 9–3B). This change of  position changes the 
state of the contacts in the mercury switch.

Because the mercury bulb float switch does not 
have a differential setting as does the rod or chain 
type of float switch, it is necessary to use more than 
one mercury bulb float switch to control a pump 
motor. The  differential level of the liquid is deter-
mined by suspending mercury bulb switches at dif-
ferent heights in the tank. Figure 9–4 illustrates the 
use of four mercury bulb–type switches to  operate 
two pump motors and provide a high-liquid level 

Figure 9–2
Chain-operated float switch with normally closed (NC) 
and normally open (NO) wiring symbols. 
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Figure 9–3 
Mercury bulb–type float switch. 

Figure A
Position of �oat when the liquid level is below the �oat.

Figure B
Position of �oat when the liquid level reaches the �oat.
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on until the water level drops below the level of 
float switch FS4.

The Bubbler System
Another method often used to sense liquid level is 
the bubbler system. This method does not employ 
the use of float switches. The liquid level is sensed 
by pressure switches (Figure 9–6). A great advan-
tage of this system is that the pressure switches are 
located outside the tank, which makes it unneces-
sary to open the tank to service the system.

The bubbler system is connected to an air line, 
which is teed to a manifold and to another line that 
 extends down into the tank. A hand valve is used 
to adjust the maximum airflow. The bubbler system 
 operates on the principle that as the liquid level in-
creases in the tank, it requires more air pressure to 
blow air through the line in the tank. For example, 
a 1-square-inch column of water 26.7 inches in 
height weighs 1 pound. Now assume a pipe with 
an inside area of 1 square inch is 10 feet in length. 
It would require a pressure of 4.494 psi to blow air 
through the pipe.

120 in.
26.7 psi

5 4.494 lbs.

If the water level were 7 feet in height, it would re-
quire a pressure of only 3.146 psi.

Because the pressure required to bubble air 
through the pipe is directly proportional to the 
height of the  liquid, the pressure switches provide 
an accurate measure of the liquid level. The pres-
sure switches shown in  Figure 9–6 could be used 
to control the two pump  circuit previously dis-
cussed by replacing the float switches with pressure 
switches in the circuit shown in Figure 9–5.

Microwave Level Gauge
The microwave level gauge operates by emit-
ting a high-frequency signal of approximately  
24 gigahertz into a tank and then measuring the fre-
quency  difference of the return signal that bounces 
off the product (Figure 9–7). A great advantage of 
the  microwave level gauge is that no mechanical 
object touches or is inserted into the product. The 
gauge is ideal for measuring the level of turbulent, 

alarm. The control circuit is shown in Figure 9–5. 
Float switch FS1 detects the lowest point of liquid 
level in the tank and is used to turn both pump mo-
tors off. Float switch FS2 starts the first pump when 
the liquid level reaches that height. If pump 1 is 
unable to control the level of the tank, float switch 
FS3 starts pump motor 2 if the liquid level should 
rise to that height. Float switch FS4 operates a 
warning light and buzzer to warn that the tank is 
about to overflow. A reset button can be used to 
turn off the buzzer, but the warning light remains 

Figure 9–4 
Float level is set by the length of the conductor.
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Figure 9–5
Two-pump control with high liquid level warning.
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aerated, solids-laden,  viscous, corrosive fluids. It also 
works well with pastes and slurries. A cutaway view 
of a microwave level gauge is shown in Figure 9–8.

The gauge shown in Figure 9–9 has a primary 
4 to 20 milliampere analog signal. The gauge 
can accept one RTD (Resistance Temperature 
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Figure 9–6 
Bubbler system for detecting liquid level.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

TANK

VALVE
MANIFOLD PS3

PS4

PS2

PS1

Figure 9–7 
Operation of the microwave gauge.
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Figure 9–8 
Cutaway view of a microwave level gauge.
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Figure 9–9 
Microwave level gauge with meter. 
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Detector)  input s ignal .  T he gauge can be 
configured to display the level, calculated vol-
ume, or standard volume. A microwave level 
gauge with meter is shown in  Figure 9–9.
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●● Review QueSTionS

 1. Describe the sequence of operations required to 
(a) pump sumps and (b) fill tanks.

 2. Draw the normally open and normally closed 
 contact symbols for a float switch.

 3. What type of float switch does not have a 
 differential setting?

 4. What is the advantage of the bubble type system 
for sensing liquid level?

 5. Assume a pipe has an inside diameter of 1 square 
inch. How much air pressure would be required 
to bubble air though 25 feet of water?

 6. Refer to the circuit shown in Figure 9-5. Assume 
that the warning buzzer sounds and the warning 
light is on.  It is discovered that pump 2 is run-
ning and pump 1 is not.  When the reset button 
is pressed the warning buzzer turns off and the 

warning light remains on. Which of the follow 
could not cause this condition?

 a. The contacts of float switch FS1 did not 
close.

 b. The contacts of float switch FS2 did not 
close.

 c. The coil of starter 1M is defective.
 d. The overload contact connected to starter 

1M is open.

 7. Refer to the circuit shown in Figure 9-5. It is 
discovered that the tank is overflowing but 
the warning buzzer and warning light are not 
turned on.  Both pumps are running. Which 
of the following could cause this condition?

 a. The warning buzzer is defective.
 b. Float switch FS4 contacts did not close.
 c. Control relay CR is defective.
 d. The reset button is shorted.
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Flow Switches
Flow switches are used to detect the movement 
of air or liquid through a duct or pipe. Airflow 
switches are often called sail switches because the 
sensor mechanism resembles a sail (Figure 10–1A). 
Other types may employ the use of a metal paddle 
with a large surface area, as shown in Figure 10-1B.  
The airflow switch is constructed from a snap- 
action micro switch. A metal arm is attached to the 
micro switch. A piece of thin metal or plastic is con-
nected to the metal arm. The thin piece of metal or 
plastic has a large surface area and offers resistance 
to the flow of air. When a large amount of airflow 
passes across the sail, enough force is produced to 
cause the metal arm to operate the contacts of the 
switch.

Airflow switches are often used in air- 
conditioning and refrigeration circuits to give a 

Figure 10–1A
Airflow switch. 
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Figure 10–1B
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Objectives

After studying this chapter, the student will be able to

●● Describe the operation of flow switches.

●● Connect a flow switch in a circuit with other control components.

●● Draw the NEMA symbols that represent a flow switch in a schematic diagram.

●● Discuss the operation of different types of flow sensors.

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



108

Chapter 10 Flow Switches and Sensors

Notice in this circuit that a normally closed 
overload contact is shown in series with the com-
pressor contactor only. Also notice that a dashed 
line has been drawn around the condenser fan mo-
tor and overload symbol, and around the evapora-
tor fan motor and overload symbol. This indicates 
that the overload for these motors is located on the 
motor itself and is not part of the control circuit.

Liquid flow switches are equipped with a 
paddle that inserts into the pipe (Figure 10–3). A 
flow switch can be installed by placing a tee in the 
line, as shown in Figure 10–4. When liquid moves 

positive indication that the evaporator or con-
denser fan is operating before the compressor is 
permitted to start. A circuit of this type is shown in 
Figure 10–2. When the thermostat contact closes, 
control relay CR energizes and closes all CR con-
tacts. This energizes both the condenser fan mo-
tor relay (CFM) and the evaporator fan motor relay 
(EFM). The compressor relay (Comp.) cannot start 
because of the two normally open airflow switches. 
If both the condenser fan and evaporator fan start, 
air movement will cause both airflow switches to 
close and complete a circuit to the compressor relay.

COMPRESSOR MOTOR

CONDENSER FAN MOTOR

EVAPORATOR FAN MOTOR

COMP.COMP.

CFM CFM

EFM EFM

THERMOSTAT

CR

CR

CR CFS EFS

CR

CFM

EFM

COMP.

CONTROL TRANSFORMER  240/24 VAC

L1 L2

OL

Figure 10–2
Airflow switches indicate a positive movement of air before the compressor can start.
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is designed to control the operation of an air com-
pressor. A pressure switch controls the operation 
of the compressor. In this circuit, a normally open 
push button is used as a reset button. The control 
relay must be energized before power can be sup-
plied to the rest of the control circuit. When the 
pressure switch contact closes, power is supplied to 
the lube oil pump relay. The flow switch detects the 
flow of lubricating oil before the compressor is per-
mitted to start. Note that a red warning light indi-
cates when there is no flow of oil. To connect the 
flow switch in this circuit, power from the control 
relay contact must be connected to the common 
terminal of the flow switch so that power can be 
supplied to both the normally open and normally 
closed contacts (Figure 10–7). The normally open 
section of the switch connects to the coil of the 
compressor contactor, and the normally closed sec-
tion connects to the red pilot light. 

When a circuit uses both the normally open 
and normally closed contacts of the same switch, it 
is sometimes shown as two separate switches. The 
circuit in Figure 10–8 is the same as the circuit in 
Figure 10-6 except that the flow switch is shown 
as two separate switches. One switch is normally 
open and the other, normally closed. The dashed 
line drawn between the two switches indicates that 
they are mechanically connected or, in this case, 
that they are the same switch. Note that one side of 
each switch connects to the same point electrically, 
at the common terminal of the switch. The flow 
switch in this example is connected in the same 
way as is shown in Figure 10–7.

Regardless of whether a flow switch is intended 
to detect the movement of air or liquid, the NEMA 
symbol is the same. Standard NEMA symbols for flow 
switches are shown in Figure 10–9 (on page 114).

through the line, force is exerted against the pad-
dle, causing the contacts to change position.

Regardless of the type of flow switch used, they 
generally contain a single-pole, double-throw  micro 
switch (Figure 10–5). Flow switches are used to 
control low current loads such as contactor or re-
lay coils or pilot lights. A circuit that employs both 
the normally open and normally closed contact of 
a flow switch is shown in Figure 10–6. The circuit 

Figure 10–4
Flow switch installed in a tee.
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Figure 10–3
Liquid flow switch.
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Figure 10–5
Connections of a single-pole double-throw micro switch.
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or airflow, a transducer must be used. A transducer 
is a device that converts one form of energy into 
another. In the case of a flow sensor, the kinetic 
energy of a moving liquid or gas is converted into 
electrical energy. Many flow sensors are designed to 
produce an output current of 4 to 20 milliamperes. 

Flow Sensors
Flow switches are used to detect liquid flowing 
through a pipe or air flowing through a duct. Flow 
switches, however, cannot detect the amount of 
liquid or airflow. To detect the amount of liquid 
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Figure 10–6
A red warning light indicates there is no oil flow.
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This current can be used as the input signal to a 
programmable controller or to a meter designed to 
measure the flow rate of the liquid or gas being me-
tered (Figure 10–10).

Liquid Flow Sensors
There are several methods that can be used to mea-
sure the flow rate of a liquid in a pipe. One method 
uses a turbine type sensor (Figure 10–11). The tur-
bine sensor consists of a turbine blade that must be 
inserted inside the pipe containing the liquid. The 
moving liquid causes the turbine blade to turn. The 
speed at which the blade turns is proportional to 
the amount of flow in the pipe. The sensor’s electri-
cal output is determined by the speed of the tur-
bine blade. One disadvantage of the turbine-type 
sensor is that the turbine blade offers some resis-
tance to the flow of the liquid.

Electromagnetic Flow Sensors
Another type of flow sensor is the electromagnetic 
flow sensor. These sensors operate on the principle 
of Faraday’s Law concerning conductors moving 
through a magnetic field. This law states that when 
a conductor moves through a magnetic field, a volt-
age is induced into the conductor. The amount of 
induced voltage is proportional to the strength of 
the magnetic field and the speed of the moving 
conductor. In the case of the electromagnetic flow 
sensor, the moving liquid is the conductor. As a 
general rule, liquids should have a minimum con-
ductivity of about 20 microhms per centimeter.

Flow rate is measured by small electrodes 
mounted inside the pipe of the sensor. The electrodes 

measure the amount of voltage induced in the liquid 
as it flows through the magnetic field produced by 
the sensor (Figure 10–12A). Because the strength 
of the magnetic field is known, the induced voltage 
is proportional to the flow rate of the liquid. A cut-
away view of an electromagnetic flow sensor with a 
ceramic liner is shown in Figure 10–12B.

Orifice Plate Flow Sensors
Orifice plate flow sensors operate by inserting a plate 
with an orifice of known size into the flow path (Fig-
ure 10–13). The plate is installed between two  special 
flanges (Figure 10–14 on page 116). The flanges are 
constructed to permit a differential pressure me-
ter to be connected across the plate. When liquid 
flows through the orifice, a difference of pressure is 
produced across the plate. Because the orifice is of 
known size, the pressure difference is proportional to 
flow rate. It is the same principle as that used in mea-
suring the voltage drop across a known  resistance to 
determine the amount of current flow in a circuit. 
The disadvantage of the orifice plate sensor is that it 
does add restriction to the line. A  differential pres-
sure sensor is shown in Figure 10–15 on page 116.

Vortex Flow Sensors
Vortex flow sensors operate on the principle that 
when a moving liquid strikes an object, a swirling 
 current called a vortex is created. Vortex sensors 
 insert a shedder bar in the line to produce a swirl-
ing current or vortex (Figure 10–16 on page 116). 
This swirling  current causes the shedder bar to al-
ternately flex from side to side. The shedder bar is 
connected to a pressure sensor that can sense the 

C NO NC

TO POWER

TO COMPRESSOR CONTACTOR

TO WARNING LIGHT

Figure 10–7
Connecting the flow switch.
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Airflow Sensors
Large volumes of airflow can be sensed by prop-
driven devices similar to the liquid flow sensor 
shown in Figure 10–11. Solid-state devices similar 

amount of movement of the shedder bar (Figure 
10–17). The amount of movement of the shedder 
bar is proportional to the flow rate.  Several dif-
ferent sizes of vortex flow sensors are shown in 
 Figure 10–18 on page 117.
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Figure 10–8
The dashed line indicates that the two switches are actually the same switch.  
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to the one shown in Figure 10–19 are commonly 
used to sense smaller amounts of air or gas flow. 
This device operates on the principle that air or 
gas flowing across a surface causes heat transfer. 
The sensor contains a thin-film thermally isolated 
bridge with a heater and temperature sensors. The 
output voltage is dependent on the temperature of 
the sensor surface. Increased airflow through the 
inlet and outlet ports causes a greater amount of 
heat transfer, reducing the surface temperature of 
the sensor.

Calorimetric Flow Sensors
Calorimetric flow sensors measure flow rate by 
thermal energy dissipation. These sensors typically 
have two positive temperature coefficient (PTC) 

Figure 10–10
Several different flow sensors shown with a meter used to measure the flow rate of liquid.
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Figure 10–9
NeMA standard flow switch symbols.
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thermistors embedded in the probe tip or walls. 
Calorimetric flow sensors can sense the flow of air, 
water, oil, or any other medium that is thermally 
conductive. One PTC thermistor is the reference 
thermistor that monitors the temperature of the 

medium being measured. The other thermistor 
is heated to a fixed percentage above the refer-
ence thermistor. This sets up a differential resis-
tance between the two thermistors, as shown in 
Figure 10–20. 

Figure 10–13
Concentric orifice plate.
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Figure 10–12A
Operating principle of an electro magnetic flow sensor.
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Figure 10–11
Turbine type flow sensor.
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Figure 10–12B
Cutaway view of an electromagnetic flow sensor with 
ceramic liner.
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flow, changing the differential resistance between 
the two thermistors. The electronic circuit in-
creases power to the heated thermistor to maintain 
the differential resistance. The amount of power 

FLOW

DIFFERENTIAL
PRESSURE

MEASUREMENT

Figure 10–14
A difference in pressure is produced across the orifice 
plate.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Figure 10–15
Differential pressure sensor.
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SHEDDER BARFLOW

Figure 10–16
The shedder bar causes the liquid to swirl, producing 
vortexes that generate alternating pressures on the bar.
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SHEDDER 
BAR

PRESSURE 
SENSOR

FLOW

Figure 10–17
Movement against the shedder bar causes pressure 
against the pressure sensor.
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Assume that the probe is sitting in still water 
inside a pipe. The differential resistance is estab-
lished by the electronics of the probe. As long as 
there is no flow, the differential resistance remains 
constant. When flow begins, the water cools the 
heated thermistor proportional to the speed of 
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Figure 10–18
Vortex flow sensors.
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Figure 10–19
Solid-state airflow sensor.
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Figure 10–20
Calorimetric probes contain two PTC thermistors.
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Figure 10–21
Calorimetric sensor intended for insertion into a liquid 
line.
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increase provides an accurate measure of flow rate. 
This can be translated into a switching or transmit-
ter output.

Calorimetric sensors intended for use in liquid 
lines are generally inserted into the line with a half-
inch tee. A calorimetric sensor intended for use in 
a liquid line is shown in Figure 10–21. Sensors in-
tended for measuring air are inserted directly into 
the air duct. A calorimetric sensor intended for use 
in an air duct is shown in Figure 10–22.
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Advantages and Disadvantages
Calorimetric flow sensors are most accurate at 
low flow rates, where mechanical devices such as 
paddlewheels or turbines are most inaccurate. 
 Calorimetric flow sensors contain no moving parts 
and are not affected by inertia. The moment flow 
begins, the probe reacts. Mechanical sensors must 
overcome inertia, generally requiring a flow of 
50 centimeters per second to react. Thus, they can-
not measure flow at or below that rate.  Mechanical 
sensors are most accurate at f low rates above 
4  meters per second, and the accuracy of calori-
metric sensors becomes worse at higher flow rates. 
 Because calorimetric sensors can detect very low 
flow rates, they are often employed to detect leaks 
in air and gas lines and oil leaks in lube oil lines.

Figure 10–22
Calorimetric sensor intended for insertion into an air line 
or duct.
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●● REViEw QuEStiOnS

 1. What are typical uses of flow switches?

 2. Draw a line diagram to show a green light that 
glows when liquid flow occurs.

 3. Draw a one-line diagram showing a bell that 
rings in the absence of flow. Include a switch to 
turn off the bell manually.

 4. What is a transducer?

 5. What is the most common output current for 
flow sensors?

 6. What is Faraday’s Law concerning conductors 
moving through a magnetic field?

 7. What type of flow sensors use Faraday’s Law as 
their principle of operation?

 8. What is the operating principle of the solid-state 
airflow sensor described in this text?

 9. Refer to the circuit shown in Figure 10-6. When 
the pressure switch closes the lube oil pump 
starts, but the compressor motor does not.  The 
red indicator light, however, does go out.  Which 

of the following conditions could NOT cause 
this problem?

 A. The compressor contactor coil is open.
 B. The lube oil overload contact (LOP OL) is 

open.
 C. The pressure switch contact is defective.
 D. The compressor overload contact (COMP 

OL) is open.

 10. Refer to the circuit shown in Figure 10-6. 
When the pressure switch closes, neither 
the lube oil pump nor the compressor start.  
Upon further examination of the circuit, it is 
discovered that the red indicator light is not 
lit.  Pressing the reset button has no effect on 
the state of the circuit.  Which of the follow-
ing could NOT cause this condition?

 A. The control transformer fuse is blown.
 B. CR relay is defective.
 C. The emergency stop button contacts are 

open.
 D. The lube oil overload contacts are open.
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Limit switches are used to detect when an object is 
pres ent or absent from a particular location. They 
can be activated by the motion of a machine or 
by the presence or absence of a particular object. 
Limit switches contain some type of bumper arm 
that is impacted by an object. The type of bumper 
arm used is determined by the application of the 
limit switch. When the bumper arm is impacted, 
it causes the contacts to change position. Figure 
11–1 illustrates the use of a limit switch to detect 
the position of boxes on a conveyer line. This par-
ticular limit switch uses a long metal rod that is 
free to move in any direction when hit by an object. 
This type of bumper arm is generally called a wobble 
stick or wiggle stick. Limit switches with different 
types of bumper arm are shown in Figure 11–2.

Limit switches vary in size and contact ar-
rangement, depending on the application. Some 

BUMPER ARM

LIMIT SWITCH

Figure 11–1
A limit switch is used to detect the position of boxes on 
a conveyer line.
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Objectives

After studying this chapter, the student will be able to

●● Discuss the operation of a limit switch.

●● Connect a limit switch in a circuit.

●● Recognize limit switch symbols in a ladder diagram.

●● Discuss the different types of limit switches.
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are constructed of heavy gauge metal and are in-
tended to be struck by moving objects thousands 
of time. Others are small and designed to fit into 
constricted spaces. Some contain a single set of 
contacts and others contain multiple contacts, 
as shown in Figure 11–3. Some limit switches are 

Figure 11–2
Limit switches with different types of activating arms.
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Figure 11–3
Limit switch with cover removed to show multiple 
contacts.
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NORMALLY OPEN
LIMIT SWITCH

NORMALLY CLOSED 
LIMIT SWITCH

NORMALLY OPEN,
HELD CLOSED
LIMIT SWITCH

NORMALLY CLOSED,
HELD OPEN 

LIMIT SWITCH

Figure 11–4
NeMA standard symbols for limit switches.
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momentary contact (spring returned) and others 
are maintained contact.

Generally, limit switches are used as pilot de-
vices to control the coil of relays and motor start-
ers in control circuits. The standard NEMA symbols 
used to indicate limit switches are shown in Figure 
11–4. The wedge drawn under the switch symbol 
represents the bumper arm of the switch.

Micro Limit Switches
Another type of limit switch often used in different 
types of control circuits is the micro limit switch 
or micro switch. Micro switches are much smaller 
in size than the limit switch shown in Figure 11–3, 
which permits them to be used in small spaces that 
would never be  accessible to the larger device. An-
other characteristic of the micro switch is that the 
actuating plunger  requires only a small amount of 
travel to cause the contacts to change position. The 
micro switch shown in Figure 11–5 has an activat-
ing plunger located at the top of the switch. This 
switch requires that the plunger be depressed ap-
proximately 0.015 inch or 0.38 millimeters. Switch-
ing the contact position with this small amount of 
movement is accomplished by spring loading the 
 contacts, as shown in Figure 11–6. A small amount 
of movement against the spring causes the mov-
able contact to snap from one position to another.

Electrical ratings for the contacts of the basic 
 micro switch are generally in the range of 250 volts 

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



120

Chapter 11 Limit Switches

AC and 10 to 15 amperes, depending on the type of 
switch. The basic micro switch can be obtained with 
a variety of different activating arms, as shown in 
Figure 11–7.

Subminiature Micro 
Switches
The subminiature micro switch employs a similar 
spring contact arrangement as the basic micro 
switch (Fig ure 11–8). The subminiature switches 
are approximately one-half to one-quarter the size 
of the basic switch, depending on the model. Due to 
their reduced size, the contact ratings of subminia-
ture switches range from about 1 ampere to about 
7 amperes, depending on the switch type. A differ-
ent type of subminiature micro switch is shown in 
Figure 11–9.

Figure 11–5
Micro limit switch.
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Figure 11–6
Spring-loaded contacts of a basic micro switch.
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Figure 11–7
Micro switches can be obtained with different types of 
activating arms.
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on the upper floor detects when the platform has 
reached the upper floor. A hydraulic pump is used 
to raise the platform. When the platform is to 
travel from the upper floor to the lower floor, a so-
lenoid valve opens and permits oil to return to a 
holding tank. It is not necessary to use the pump to 
lower the platform, because the weight of the plat-
form returns it to the lower floor.

Limit Switch Application
Figure 11–10 illustrates a common use for limit 
switches. A platform is used to raise material from 
a bottom floor to an upper floor. A hydraulic cyl-
inder is used to raise the platform. A limit switch 
located on the bottom floor detects when the plat-
form is in that position, and a second limit switch 

Figure 11–9
Subminiature micro switch.
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Figure 11–8
Cutaway view of a subminiature micro 
switch.
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LIMIT SWITCH LS1

LIMIT SWITCH LS2

PUMP

SOLENOID

TANK

HYDRAULIC CYLINDER

Figure 11–10
Platform rises between floors. 
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LS1 to open. This de-energizes the M contactor, 
causing the motor to stop and the normally closed 
auxiliary contact in series with CR coil to reclose.

When the DOWN push button is pressed, con-
trol relay CR energizes. The normally closed CR 
contacts connected in series with the M contactor 
opens to interlock the circuit, and the normally 
open CR contact connected in series with the sole-
noid coil closes. When the solenoid coil energizes, 
the platform starts downward, causing limit switch 
LS1 to reclose. When the platform reaches the bot-
tom floor, limit switch LS2 opens and de-energizes 
coil CR.

The schematic diagram for this control circuit is 
shown in Figure 11–11. The schematic shows both 
limit switches to be normally closed. When the 
platform is at the extent of travel in either direc-
tion, however, one of the limit switches is open. If 
the platform is at the bottom floor, limit switch LS2 
will be open. If the UP push button is pressed, a cir-
cuit will be completed to the M starter, causing the 
motor to start raising the platform. The M normally 
closed contact opens to prevent CR from being ener-
gized at the same time. When the platform begins to 
rise, limit switch LS2 closes. The platform continues 
upward until it reaches the top, causing limit switch 

L1 L2 L3

M

M

M

OL

OL

OL

OL

M

CONTROL
TRANSFORMER

MOTOR

M

STOP
UP

CR

DOWN

CR

LS1

LS2 M

CR

CR
SOLENOID

Figure 11–11
Control circuit to raise and lower platform.
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●● Review QueStionS

 1. What is the primary use of a limit switch?

 2. Why are the contacts of a micro switch spring 
loaded?

 3. Refer to the circuit shown in Figure 11–11. As-
sume that the platform is located on the bottom 
floor. When the UP push button is pressed, the 
pump motor does not start. Which of the follow-
ing could not cause this problem?

 a. The contacts of limit switch LS1 are closed.
 b. The contacts of limit switch LS2 are open.
 c. Motor starter coil M is open.
 d. The overload contact is open.

 4. Refer to the circuit shown in Figure 11–11. As-
sume that the platform is located on the lower 
floor. When the UP push-button is pressed, the 
platform raises. When the platform reaches the 
upper floor, however, the pump does not turn 
off, but continues to run until the overload relay 

opens the overload contacts. Which of the fol-
lowing could cause this problem?

 a. The solenoid valve opened when limit 
switch LS1 opened.

 b. The UP push-button is shorted.
 c. Limit switch LS1 did not open its contacts.
 d. Limit switch LS2 contacts did not re-close 

when the platform began to rise.

 5. Refer to the circuit shown in Figure 11–11. 
Assume that the platform is located at the 
upper floor. When the DOWN push button is 
pressed, the platform does not begin to lower. 
Which of the following could not cause the 
problem?

 a. Control relay coil CR is open.
 b. Limit switch LS1 contacts are open.
 c. Limit switch LS2 contacts are open.
 d. The solenoid coil is open.
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If two of the lines supplying power to a three-
phase motor are reversed, it will cause the motor 
to reverse the direction of rotation. This can be a 
serious problem with some types of equipment. 
Unintended reversal of direction can cause gear 
teeth to shear, chains to break, and the impeller of 
submersible pumps to unscrew off the end of the 
motor shaft. It can not only cause damage to equip-
ment but also injury to operators or personnel in 
the vicinity of the machine.

Phase failure occurs when power is lost to 
one of the lines supplying power to a three-phase 
 motor. The motor continues to operate but draws 
an excessive amount of current. In this condition, 
the overload relay should cause the motor starter 
to disconnect the motor from the power line if the 
overload heaters have been sized correctly. Single 
phasing causes the two phases that remain ener-
gized in a three-phase motor to increase current by 
an average of 173%.

Effects of Voltage Variation 
on Motors
Motors are affected when operated at other than 
their rated nameplate voltage. NEMA- rated mo-
tors are designed to operate at plus or minus 10% of 
their rated voltage. Figure 12–1 shows the approxi-
mate change in full-load current and starting cur-
rent for typical electric motors when operated over 
their rated voltage (110%) and under their rated 
voltage (90%). Motors are intended to operate on 

Figure 12–1
Change in current for electric motors when operated 
over or under rated voltage. 
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	 Variation	 Current	 Current

	 110%	  7%	 10–12%	Increase
	  90%	 11%	 10–12%	Decrease

Objectives

After studying this chapter, the student will be able to

●● Explain the purpose of phase failure relays.

●● List hazards of phase failure and phase reversal.
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Heat Rise
The percentage of heat rise in the motor caused by 
the voltage unbalance is equal to twice the percent 
squared.

 2 3 (percent voltage unbalance)2

 2 3 4.2 3 4.2 5 35.28% temperature 
   increase in the winding 

with the highest current.

A solid-state phase monitoring relay is shown 
in Figure 12–2. This relay provides protection in 
the event of a voltage unbalance or a phase rever-
sal. The unit automatically resets after the cor-
rect voltage conditions return. An indicating light 
shows when the relay is activated.

systems with balanced voltage (the voltage is the 
same between all phases). Unbalanced voltage 
is one of the leading causes of motor failure. Un-
balanced voltage is generally caused when single-
phase loads are supplied by three-phase systems.

Determining the Amount of Voltage 
Unbalance
Figure 12–1 refers to the voltage across the phase 
conductors of a balanced three-phase system as 
measured between phases AB, BC, and AC. In other 
words, the table indicates the effect on motor cur-
rent when voltage is greater or less than the mo-
tor nameplate  rating in a balanced system. Greater 
harm is caused when the voltages are unbalanced. 
NEMA recommends that the unbalanced voltage 
not exceed plus or minus 1%. The following steps 
illustrate how to determine the percentage of volt-
age unbalance in a three-phase system:
 1. Take voltage measurements between all phases. 

In this example, assume the voltage between 
AB 5 496 volts, between BC 5 460 volts, and 
between AC 5 472 volts.

 2. Find the average voltage.
    496
    460
    472
   1428 1428/3 5 476 V
 3. Subtract the average voltage from the voltage 

reading that results in the greatest difference.
  496 2 476 5 20 V
 4. Determine the percentage difference.

  100 3
Greatest Voltage Difference

Average Voltage

   5 
100 3 20

476
 5 4.2% voltage unbalance

Figure 12–2
Solid-state phase-monitoring relay.
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●● REViEw QUEstions

 1. A three-phase motor has a nameplate current of 
56 amperes. If one phase is lost and the motor 
begins single-phasing, what would be the average 
amount of current flowing in the two remaining 
phases?

 2. NEMA-rated motors are designed to operate at 
what percentage of their rated voltage?

 3. A three-phase motor is rated to operate on 
208 volts. The following voltage readings are 
taken: A–B 177, A–C 187, B–C 156. What is 
the percentage of temperature increase in the 
phase with the highest current draw?
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Solenoid and  
Motor-Operated Valves

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe the purpose and operation of two-way solenoid valves.

●● Describe the operation of four-way solenoid valves.

●● Connect and troubleshoot solenoid valves.

●● Read and draw symbols for solenoid valves.

●● Discuss the operation of motor-operated valves.

Valves are employed throughout industry to con-
trol the flow of both liquids and gases. Many valves 
are manually operated by turning a handle, but in 
industrial applications, electrically operated valves 
are generally used. Electrically operated valves can 
be placed near the equipment they operate, which 
helps to minimize the amount of piping required. 
Also, electrically operated valves can be controlled 
from remote locations by running a pair of wires 
from the control station to the valve.

Solenoid Valves
Solenoid valves contain two distinct parts, the elec-
trical part and the valve part. The electrical part 
consists of a coil of wire that supplies an electro-
magnetic field that operates the plunger or core. 

When the solenoid coil is energized, the plunger is 
drawn into the coil, opening or closing the valve. 
Solenoid valves can be opened or closed when 
 de-energized. If the valve is normally closed, it 
opens when the solenoid is energized. The plunger 
returns to its normal position when the solenoid 
is de-energized. Most valves contain a spring that 
re-seats the valve when de-energized. Some valves 
are normally open and closes when energized. They 
 return to their normal open state when the sole-
noid is de-energized.

Although solenoid valves are very similar to 
the solenoid used to operate relays and contacts, 
the symbol used to represent a solenoid valve is of-
ten drawn differently. Relay and contactor coils are 
generally represented by a circle. Solenoid valves 
are often represented by the symbol shown in 
 Figure 13–1.
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Four-Way Solenoid Valves
Four-way valves are generally used to control the 
air supplied to double-acting cylinders (Figure 
13–3). When the valve is de-energized, one side of 
the cylinder is open to atmospheric pressure, and 
the other side is supplied by line pressure. When 
the solenoid coil is energized, the valve permits the 
high pressure side to exhaust to the atmosphere 
and the side that was previously open to the atmo-
sphere to be supplied by line pressure. The piston 
inside the cylinder moves back and forth in accord 
with the solenoid being energized or de-energized. 
The speed of the piston’s movement is determined 
by the amount of air pressure, the surface area of 
the piston, and the amount of force the load places 
against the piston.

Motor-Operated Valves
Motor-operated valves (MOVs) are used exten-
sively in industries where the control of liquids 
or gases is  required. Pipeline companies and the 
petrol-chemical industry are just two examples of 
these types of industries. Motor-operated valves 

Two-Way Solenoid Valves
Two-way valves are used to control the flow of liq-
uids or gases. They are digital devices in that they 
are completely on or completely off. They do not 
have the ability to control the rate of flow. Two-
way valves have an inlet and an outlet and are con-
nected directly into the pipe line. The inlet and 
outlet should not be reversed, because the valve is 
designed is such a manner that the pressure of the 
inlet liquid or gas is used to help maintain a seal 
(Figure 13–2). The valve contains a wedge-shaped 
disc that seats against a wedge-shaped seat. The in-
let pressure forces the disc against the seat to help 
provide a more secure seal. If the valve is reversed, 
the inlet pressure tries to force the disc up against 
the spring. If the pressure is great enough, it can 
cause the valve to leak.

Figure 13–1
Symbol often used to represent a solenoid.
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COIL

ORIFICE

SPRING

SPRING
COMPRESSED

INLET

DIRECTION OF FLOW THROUGH VALVE

OUTLET INLET OUTLET

BONNET

STATIONARY CORE
(PLUG NUT)

SHADING
COIL

DISC

COIL
CONNECTORS

MAGNETIC FLUX PATHS

HOUSING
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MOVABLE CORE
(PLUNGER)

CORE TUBE

STEM
SPRING RETAINER

Figure 13–2
Pressure of the liquid or gas helps to maintain the seal by applying pressure to the disc.
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are valves that employ an electric motor to open or 
close the valve (Figure 13–4). There are generally 
two sections to the control system for MOVs, local 
and remote. The local controls are housed with the 
valve at the field location, and the  remote controls 
are housed in a control room some  distance away.

The control system is basically a forward/re-
verse control with the addition of a special limit 
switch that detects when the valve is open or closed 
and a torque switch that can be used to ensure that 
the valve is tightly seated (Figure 13–5). It is com-
mon practice to use the limit switch (Figure 13–6) 
to determine when the valve is completely open 
and the torque switch (Figure 13–7) to determine 
when the valve is closed. The schematic for an MOV 
is shown in Figure 13–8. The schematic is drawn to 
assume that the valve is in the open position, and 
all limit switches are drawn to reflect this condition.

This control circuit for an MOV is of particular 
interest because a two-wire circuit is used to con-
trol the opening and closing of the valve from a re-
mote location. This two-wire circuit consists mainly 
of an 80-volt transformer, relay coils K1A, K1B, 
K2A, and K2B, and push buttons. Two-wire control 

PILOT
DEVICE

SUPPLY

EXHAUST

ROTOR POSITION

COIL

WITH VALVE
ENERGIZED

TO
POWER
SUPPLY

PILOT
DEVICE

ROTOR
POSITION

WITH VALVE
DE-ENERGIZED

TO
POWER
SUPPLY

SUPPLY

EXHAUST

Figure 13–3
Four-way valve used to control a double acting cylinder.
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Figure 13–4
Motor-operated valve.
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Figure 13–6
MOV limit switch.
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Figure 13–5
The MOV control circuit is basically a forward–reverse circuit.
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is accomplished by converting the 80 volts AC into 
half-wave rectified DC with a voltage of 36 volts.

80 VAC 3 0.9 (RMS to Average) 5 72 VDC
 (Full-Wave)

 
72 VDC (Full-Wave)

2
 5  36 VDC (Half-Wave)

With the valve in the open position, normally 
closed limit switch LSC connected in series with 
coil K2B is closed, and normally closed limit switch 

LSO connected in series with coil K2A is held open. 
This permits a current path through coil K2B and 
diode D4 to the coils of K1A and K1B. At this point, 
current cannot flow through coil K1A because di-
ode Dl is reverse biased. Current can flow through 
coil K1B and diode D2, however. Coils K2A and 
K2B have a voltage rating of 36 VDC, and coils K1A 
and K1B have a voltage rating of 24 VDC. Because 
coils K1B and K2B are connected in series, the volt-
age drops across both these coils must equal the 
applied voltage of 36 VDC. The coil  resistances are 
such that 24 VDC is dropped across coil K1B and 
12 VDC is dropped across coil K2B. Because coil 
K1B has a voltage rating of 24 VDC, it energizes 
and closes a contact to turn on the OPEN indicator 
light. Coil K2B has a voltage rating of 36 VDC. The 
12 VDC applied to it is not enough to energize it, so 
its contacts remain in their normal position.

Now assume that the CLOSE push button is 
pressed at the remote location. This short-circuits 
coil K1B, which causes the entire 36 VDC to be ap-
plied across coil K2B. When coil K2B energizes, 
C contactor energizes, and the motor begins clos-
ing the valve. As the valve closes, limit switch LSC 
connected in series with coil K2B opens, breaking 
the current path through coils K1B and K2B.

When the valve reaches the closed position, 
limit switch LSO connected in series with coil K2A 
closes. A current path now exists through coils 
K2A, diode D3, coil K1A, and diode D1. Relay K1A 
energizes and turns on the CLOSED indicator light. 
Although the torque switch is generally used to 
stop the motor when the valve is closed, the limit 
switch is adjusted to indicate that the valve is in 
the closed position.

Figure 13–7
MOV torque switch.
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OPEN

CLOSE

24 VAC

STOP OPEN CLOSE
K1A
24 VDC

K1B
24 VDC

80 VAC

K2A
36 VDC

K2B
36 VDC

D3 D4

D1 D2

REMOTE SECTION

O

C

LSO LSC

LSC

LOCAL
STOP

K2A

K2B

K2A

K2B

OPEN

CLOSE

O

O

O

C

C

C LSO
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LSO

OL TORQUE
SWITCH

TORQUE
SWITCH

Figure 13–8
Control circuit for a motor-operated valve.
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●● ReVieW QueSTiOnS

 1. What is meant by the statement that solenoid 
valves are digital devices?

 2. Why is it important that the inlet and outlet 
ports on a two-way valve not be reversed?

 3. What type of valve is generally used to supply air 
pressure to a double-acting cylinder?

 4. What two sections are generally used to oper-
ate motor-operated valves?

 5. What type of switch is generally used to en-
sure that a motor-operated valve is tightly 
seated?
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Chapter  14
Temperature-Sensing 
Devices

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe different methods for sensing temperature.

●● Discuss different devices intended to be operated by a change of temperature.

●● List several applications for temperature-sensing devices.

●● Read and draw the NEMA symbols for temperature switches.

There are many times when the ability to sense 
temperature is of great importance. The industrial 
electrician will encounter some devices designed to 
change a set of contacts with a change of tempera-
ture and other devices used to sense the amount of 
temperature. The method used depends a great deal 
on the applications of the circuit and the amount of 
temperature that must be sensed.

Expansion of Metal
A very common and reliable method for sensing 
temperature is by the expansion of metal. It has long 
been known that metal expands when heated. The 
amount of expansion is proportional to two factors:
 1. The type of metal used
 2. The amount of temperature

Consider the metal bar shown in Figure 14–1.  
When the bar is heated, its length expands. 
When the metal is permitted to cool, it contracts. 

Figure 14–1
Metal expands when heated.
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When the thermostat contact closes, current 
can flow from line L1 to terminal L of the relay. 
Current then flows through the resistive wire, the 
movable arm, and the normally closed contacts to 
the run and start windings. When current flows 
through the resistive wire, its temperature in-
creases. This increase of  temperature causes the 
wire to expand in length. When the length in-
creases, the movable arm is forced downward. 
This downward pressure produces tension on the 
springs of both contacts. The relay is so designed 
that the start contact snaps open first, disconnect-
ing the motor start winding from the circuit. If the 
motor  current is not excessive, the wire never be-
comes hot enough to cause the overload contact 
to open. If the  motor current should become too 
great, however, the temperature of the resistive 
wire will become high enough to cause the wire to 
expand to the point that it will cause the overload 
contact to snap open and disconnect the motor run 
winding from the circuit.

The Mercury Thermometer
Another very useful device that works on the 
 principle of contraction and expansion of metal is 
the mercury thermometer. Mercury is a metal that 
remains in a liquid state at room temperature. If 
the mercury is con fined in a glass tube as shown 
in Figure 14–4, it rises up the tube as it expands 
due to an increase in temperature. If the tube is 

Although the amount of movement due to contrac-
tions and expansion is small, a simple mechanical 
principle can be used to increase the amount of 
movement (Figure 14–2).

The metal bar is mechanically held at one end. 
This permits the amount of expansion to be in one 
 direction only. When the metal is heated and the 
bar  expands, it pushes against the mechanical arm. 
A small movement of the bar causes a great amount 
of movement in the mechanical arm. This increased 
movement in the arm can be used to indicate the 
temperature of the bar by  attaching a pointer and 
scale, or to operate a switch as shown. It should be 
understood that illustrations are used to convey a 
principle. In actual practice, the switch shown in 
Figure 14–2 would be spring loaded to  provide a 
“snap” action for the contacts. Electrical contacts 
must never be permitted to open or close slowly. 
This produces poor contact pressure and causes the 
 contacts to burn or causes erratic operation of the 
equipment they are intended to control.

Hot-wire Starting Relay
A very common device that uses the principle of 
expanding metal to operate a set of contacts is the 
hot-wire starting relay found in the refrigeration in-
dustry. The hot-wire relay is so named because it 
uses a length of resistive wire connected in series 
with the motor to sense motor current. A diagram 
of this type of relay is shown in Figure 14–3.

NO

NC
C

Figure 14–2
expanding metal operates a set of contacts.
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calibrated correctly, it provides an accurate mea-
surement for temperature.

The Bimetal Strip
The bimetal strip is another device that operates 
by the expansion of metal. It is probably the most 
common heat-sensing device used in the produc-
tion of room thermostats and thermometers. The 
bimetal strip is made by bonding two dissimilar 
types of metal together (Figure 14–5). Because 
these two metals are not alike, they have different 
expansion rates. This causes the strip to bend or 
warp when heated (Figure 14–6). A bimetal strip 
is often formed into a spiral shape, as shown in  
Figure 14–7. The spiral permits a longer bi metal 
strip to be used in a small space. A long bimetal strip 
is desirable because it exhibits a greater amount of 
movement with a change of temperature.

If one end of the strip is mechanically held and 
a pointer is attached to the center of the spiral, a 
change in temperature causes the pointer to rotate. 

M

MOTOR

START CAPACITOR

SPRING METAL

START-WINDING
CONTACT

OVERLOAD
CONTACT

RESISTIVE WIRE

SPRING

S

S

C

L2 L1

R
U

N

S
T

A
R

T

M

L

Figure 14–3
Hot-wire relay connection.
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Figure 14–4
A mercury thermometer operates by the expansion of 
metal.
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joined at one end, and that junction is heated, a 
voltage is  produced (Figure 14–9). This is known as 
the Seebeck  effect. The device produced by the join-
ing of two  dissimilar metals for the purpose of pro-
ducing electricity with heat is called a thermocouple. 

If a  calibrated scale is placed behind the pointer, it 
becomes a thermometer. If the center of the spiral 
is held in  position and a contact is attached to the 
end of the bimetal strip, it becomes a thermostat. A 
small permanent magnet is used to provide a snap 
action for the contacts (Figure 14–8). When the 
moving contact reaches a point that is close to the 
stationary contact, the magnet attracts the metal 
strip and causes a sudden closing of the contacts. 
When the bimetal strip cools, it pulls away from 
the magnet. When the force of the bimetal strip be-
comes strong enough, it overcomes the force of the 
magnet and the contacts snap open.

Thermocouples
In 1822, a German scientist named Seebeck 
 discovered that when two dissimilar metals are 

Figure 14–5
A bimetal strip. 
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Figure 14–6
A bimetal strip warps with a change of temperature.
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Figure 14–7
A bimetal strip used as a thermometer.
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PERMANENT
MAGNET

Figure 14–8
A bimetal strip used to operate a set of contacts.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



136

Chapter 14 temperature-Sensing Devices

construction of thermocouples is shown as well as 
their normal temperature ranges.

The amount of voltage produced by a thermo-
couple is small, generally in the order of millivolts 
(1 millivolt 5 0.001 volt). The polarity of the volt-
age of some  thermocouples is determined by the 
temperature. For example, a type “J” thermocouple 
produces zero volts at about 32°(0°F). At tempera-
tures above 32°(0°F), the iron wire is positive and 
the constantan wire is negative. At temperatures 
below 32°(0°F), the iron wire becomes negative and 
the constantan wire becomes positive. At a tem-
perature of +300°(149°F), a type “J” thermocouple 
produces a voltage of about 17.9 millivolts. At a 
 temperature of 2300°(2184°F), it produces a volt-
age of about 27.9 millivolts.

Because thermocouples produce such low volt-
ages, they are often connected in series, as shown 
in Figure 14–11. This connection is referred to as 
a thermo pile. Thermocouples and thermopiles are 
generally used for making temperature measure-
ments and are sometimes used to detect the pres-
ence of a pilot light in appliances that operate with 
natural gas. The thermocouple is heated by the pilot 

The amount of voltage produced by a thermocouple 
is determined by:

 1. The type of materials used to produce the 
thermocouple.

 2. The temperature difference of the two junctions.

The chart in Figure 14–10 shows common types 
of thermocouples. The different metals used in the 

Figure 14–9
Thermocouple.
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Figure 14–10
Thermocouple chart.
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Resistance Temperature 
Detectors
The resistance temperature detector (RTD) is made of 
platinum wire. The resistance of platinum changes 
greatly with temperature. When platinum is heated, 
its resistance increases at a very predictable rate; 
this makes the RTD an ideal device for measuring 
temperature very accurately. RTDs are used to mea-
sure temperatures that range from 2328 to 11166 
degrees Fahrenheit (2200° to 1630°C). RTDs are 
made in different styles to perform different func-
tions. Figure 14–13  illustrates a typical RTD used 
as a probe. A very small coil of platinum wire is en-
cased inside a copper tip. Copper is used to provide 
good thermal contact. This permits the probe to be 
very fast-acting. The chart in Figure 14–14 shows 
resistance versus temperature for a typical RTD 
probe. The temperature is given in degrees Celsius 
and the resistance is given in ohms. RTDs in two 
different case styles are shown in Figure 14–15.

Thermistors
The term thermistor is derived from the words 
“thermal resistor.” Thermistors are actually 

light. The  current produced by the thermocouple is 
used to produce a magnetic field that holds a gas 
valve open and permits gas to flow to the main 
burner. If the pilot light should go out, the ther-
mocouple ceases to produce current and the valve 
closes (Figure 14–12).

Figure 14–11
Thermopile.
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Figure 14–12
A thermocouple provides power to the safety cut-off valve.
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other has a positive  temperature coefficient (PTC). 
A thermistor that has a negative temperature 
coefficient decreases its resistance as the tempera-
ture increases. A thermistor that has a positive 
temperature coefficient increases its resistance as 
the temperature increases. The NTC  thermistor is 
the most widely used.

Thermistors are highly nonlinear devices. For 
this reason, they are difficult to use for measur-
ing temperature. Devices that measure tempera-
ture with a thermistor must be calibrated for the 
particular type of thermistor being used. If the 
thermistor is ever replaced, it has to be an exact 
replacement or the circuit no longer operates cor-
rectly. Because of their nonlinear characteristics, 
thermistors are often used as set point detectors 
as opposed to actual temperature measurement. 
A set point detector is a device that activates some 
process or circuit when the temperature reaches a 
 certain level. For example, assume a thermistor has 
been placed inside the stator winding of a motor. If 
the  motor should become overheated, the windings 
could  become severely damaged or destroyed. The 
thermistor can be used to detect the temperature 
of the windings. When the temperature reaches a 
certain point, the resistance value of the therm-
istor changes enough to cause the starter coil to 
drop out and disconnect the motor from the line. 
Thermistors can be operated in temperatures that 
range from about 2100° to 1300°F.

One common use for thermistors is in the solid-
state starting relays used with small refrigeration 
compressors (Figure 14–16). Starting relays are 
used with hermetically sealed motors to disconnect 
the start windings from the circuit when the mo-
tor reaches about 75% of its full speed. Thermistors 

thermally sensitive semiconductor devices. There 
are two basic types of thermistors: one type has a 
negative temperature coefficient (NTC) and the 

Figure 14–13
resistance temperature detector.
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Figure 14–15
rTDs in different case styles.
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Figure 14–16
Solid-state starting relay.
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Figure 14–14
Temperature and resistance for a typical rTD. 
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can be used for this application because they ex-
hibit an extremely rapid change of resistance with a 
change of temperature. A schematic diagram show-
ing the connection for a solid-state relay is shown 
in Figure 14–17.

When power is first applied to the circuit, the 
 thermistor is cool and has a relatively low resis-
tance. This permits current to flow through both 
the start and run windings of the motor. The tem-
perature of the thermistor increases because of the 
current flowing through it. The increase of tempera-
ture causes the resistance to change from a very low 
value of 3 or 4 ohms to several thousand ohms. This 
increase of resistance is very sudden and has the ef-
fect of opening a set of contacts connected in series 
with the start winding. Although the start winding 
is never completely disconnected from the power 
line, the amount of current flow through it is very 
small, typically 0.03 to 0.05 ampere, and does not 
affect the operation of the motor. This small amount 
of leakage current maintains the temperature of the 
 thermistor and prevents it from returning to a low 
 resistance. After power has been disconnected from 
the motor, a cool-down period of about 2 minutes 
should be allowed before restarting the motor. This 
cool-down period is needed for the thermistor to 
return to a low value of  resistance.

The PN Junction
Another device that has the ability to measure 
 temperature is the PN junction, or diode. The diode 
is becoming a very popular device for measuring 
temperature because it is accurate and linear.

When a silicon diode is used as a temperature 
 sensor, a constant current is passed through the 
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THERMOSTAT

Figure 14–17
Connection of solid-state starting relay. 
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Figure 14–18
Constant current generator.
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diode. Figure 14–18 illustrates this type of circuit. 
In this  circuit, resistor R1 limits the current flow 
through the transistor and sensor diode. The value 
of R1 also determines the amount of current that 
flows through the diode. Diode D1 is a 5.1 volts 
zener used to produce a constant voltage drop 
between the base and emitter of the PNP transis-
tor. Resistor R2 limits the amount of current flow 
through the zener diode and the base of the tran-
sistor. D1 is a common silicon diode. It is being 
used as the temperature sensor for the circuit. If a 
digital voltmeter is connected across the diode, a 
voltage drop  between 0.8 and 0 volt can be seen. 
The amount of voltage drop is determined by the 
temperature of the diode.

Another circuit that can be used as a constant 
current generator is shown in Figure 14–19. In this 
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circuit, a field effect transistor (FET) is used to pro-
duce a current generator. Resistor R1 determines 
the amount of current that flows through the di-
ode. Diode D1 is the temperature sensor.

If the diode is subjected to a lower temperature, 
say by touching it with a piece of ice, the voltage 
drop across the diode increases. If the diode tem-
perature is increased, the voltage drop decreases 
because the diode has a negative temperature 
coefficient. As its temperature increases, its voltage 
drop becomes less.

In Figure 14–20, two diodes connected in a 
series are used to construct an electronic thermo-
stat. Two diodes are used to increase the amount 
of voltage drop as the temperature changes. A field 
effect transistor and resistor are used to provide 
a constant current to the two diodes used as the 
heat sensor. An operational amplifier is used to 
turn a solid-state relay on or off as the tempera-
ture changes. In the example shown, the  circuit op-
erates as a heating thermostat. The output of the 

R1

D1

FET

+

Figure 14–19
Field effect transistor used to produce a constant current 
generator.
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Figure 14–20
Solid-state thermostat using diodes as heat sensors.
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amplifier turns on when the temperature  decreases 
sufficiently. The circuit can be converted to a cool-
ing thermostat by reversing the connections of the 
inverting and noninverting inputs of the amplifier.

Expansion Due to Pressure
Another common method of sensing a change 
of temperature is by the increase of pressure of 
some chemicals. Refrigerants confined in a sealed 
container, for  example, increases the pressure in 
the container with an increase of temperature. If 
a simple bellows is connected to a line containing 
refrigerant (Figure 14–21) the bellows expands as 
the pressure inside the sealed system increases. 
When the surrounding air temper ature decreases, 
the pressure inside the system decreases and the 
bellows contracts. When the air temperature in-
creases, the pressure increases and the bellows 
expands. If the bellows controls a set of contacts, 
it becomes a bellows-type thermostat. A bellows 
thermostat and the standard NEMA symbols used 
to represent a temperature operated switch are 
shown in Figure 14–22.

Smart Temperature 
Transmitters
Standard temperature transmitters generally send 
a 4 to 20 milliampere signal to indicate the tem-
perature. They are calibrated for a specific range 

NO
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Figure 14–22
industrial temperature switch.
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Figure 14–21
Bellows contracts and expands with a change of 
refrigerant pressure.
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Figure 14–23
Cutaway view of a smart temperature transmitter.
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of temperature such as 0 to 100 degrees. Standard 
transmitters are designed to operate with one type 
of sensor such as RTD, thermocouple, and so on. 
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Any changes to the setting require a recalibration 
of the unit.

Smart transmitters contain an internal micro-
processor and can be calibrated from the control 
room by sending a signal to the transmitter. It is 
also possible to check the transmitter for problems 
from a remote location. A cutaway view of a smart 
temperature transmitter is shown in Figure 14–23. 
The transmitter illustrated in Figure 14–23 uses 
HART (highway addressable  remote transducer) 
protocol. This transmitter can ac cept RTD, differen-
tial RTD, thermocouple, ohm, and millivolt inputs. A 
smart temperature transmitter with meter is shown 
in Figure 14–24.

Figure 14–24
Smart temperature transmitter with meter.
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●● REviEw QuESTioNS

 1. Should a metal bar be heated or cooled to make it 
expand?

 2. What type of metal remains in a liquid state at 
room temperature?

 3. How is a bimetal strip made?

 4. Why are bimetal strips often formed into a spiral 
shape?

 5. Why should electrical contacts never be permit-
ted to open or close slowly?

 6. What two factors determine the amount of 
 voltage produced by a thermocouple?

 7. What is a thermopile?

 8. What do the letters RTD stand for?

 9. What type of wire is used to make an RTD?

 10. What material is a thermistor made of?

 11. Why is it difficult to measure temperature 
with a thermistor?

 12. If the temperature of an NTC thermis-
tor increases, will its resistance increase or 
decrease?

 13. How can a silicon diode be made to measure 
 temperature?

 14. Assume that a silicon diode is being used as 
a temperature detector. If its temperature 
increases, will its voltage drop increase or 
decrease?

 15. What type of chemical is used to cause a pres-
sure change in a bellows type thermostat?
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If the polarity of the magnetic field is reversed, 
the current path will be deflected in the opposite 
direction, as shown in Figure 15–3. This causes 
the polarity of the voltage produced by the Hall 

Principles of Operation
The Hall effect is a simple principle that is widely 
used in industry today. The Hall effect was discov-
ered by Edwin H. Hall at Johns Hopkins University 
in 1879. Mr. Hall originally used a piece of pure gold 
to produce the Hall effect, but today a piece of semi-
conductor  material is used because semiconductor 
material works better and is less expensive to use. 
The device is often referred to as the Hall generator.

Figure 15–1 illustrates how the Hall effect is 
produced. A constant current power supply is con-
nected to opposite sides of a piece of semiconduc-
tor material. A sensitive voltmeter is connected to 
the other two sides. If the current flows straight 
through the semiconductor material, no voltage is 
produced across the voltmeter connection.

Figure 15–2 shows the effect of bringing a mag-
netic field near the semiconductor material. The 
magnetic field causes the current flow path to be 
deflected to one side of the material. This causes a 
potential or voltage to be produced across the op-
posite sides of the semiconductor material.

CONSTANT
CURRENT
SOURCE

HALL
GENERATOR

0

Figure 15–1
Constant current flows through a piece of semiconductor 
material.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Describe the Hall effect.

●● Discuss the principles of operation of a Hall generator.

●● Discuss applications in which Hall generators can be used.
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The amount of voltage produced by the Hall 
generator is determined by:
 1. the amount of current flowing through the 

semiconductor material and
 2. the strength of the magnetic field used to 

deflect the current path.

The Hall generator has many advantages over 
other types of sensors. Because it is a solid-state de-
vice, it has no moving parts or contacts to wear out. 
It is not affected by dirt, oil, or vibration. The Hall 
generator is an integrated circuit that is mounted 
in many different types and styles of cases.

Hall Generator Applications
Motor Speed Sensor
The Hall generator can be used to measure the speed 
of a rotating device. If a disk with magnetic poles 
around its circumference is attached to a rotating 
shaft, and a Hall sensor is mounted near the disk, a 
voltage is produced when the shaft turns. Because 
the disk has alternate magnetic polarities around 
its circumference, the sensor produces an AC volt-
age. Figure 15–4 shows a Hall generator used in 
this manner. Figure 15–5 shows the AC waveform 
produced by the rotating disk. The frequency of the 
AC voltage is proportional to the number of mag-
netic poles on the disk and the speed of rotation.

Another method for sensing speed is to use a 
 reluctor. A reluctor is a ferrous metal disk used to 

generator to change. Two factors determine the po-
larity of the voltage produced by the Hall generator:

 1. the direction of current flow through the semi-
conductor material and

 2. the polarity of the magnetic field used to deflect 
the current.

CONSTANT
CURRENT
SOURCE

S

N

0

Figure 15–2
A magnetic field deflects the path of current flow 
through the semiconductor.
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Figure 15–3
The current path is deflected in the opposite direction.
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Figure 15–4
An AC voltage is produced by the rotating mag netic disk.
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of notches on the reluctor and the speed of the ro-
tating shaft.

Position Sensor
The Hall generator can be used in a manner similar 
to a limit switch. If the sensor is mounted beside a 
piece of moving equipment, and a permanent mag-
net is attached to the moving equipment, a voltage 
will be produced when the magnet moves near the 
sensor (Fig ure 15–8). The advantages of the Hall 
sensor are that it has no lever arm or contacts to 
wear like a  common limit switch, so it can operate 
through  millions of operations of the machine.

A Hall effect position sensor is shown in Fig-
ure 15–9. Notice that this type of sensor varies in 
size and style to fit almost any application. Position 
sensors operate as digital devices in that they sense 

shunt a magnetic field away from some other ob-
ject. This type of sensor uses a notched metal disk 
attached to a  rotating shaft. The disk separates a 
Hall sensor and a permanent magnet (Figure 15–
6). When the notch is between the sensor and the 
magnet, a voltage is produced by the Hall generator. 
When the solid metal part of the disk is between the 
sensor and magnet, the magnetic field is shunted 
away from the sensor. This causes a significant drop 
in the voltage produced by the Hall generator.

Because the polarity of the magnetic field does 
not change, the voltage produced by the Hall gen-
erator is pulsating direct current instead of alter-
nating current. Figure 15–7 shows the DC pulses 
produced by the generator. The number of pulses 
produced per second is proportional to the number 

0

+

-

Figure 15–5
Sine Wave.
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Figure 15–7
Square wave pulses produced by the Hall generator.
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DIRECTION
OF TRAVEL

Figure 15–8
Hall generator used to sense position of moving device.
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MAGNET

Figure 15–6
reluctor shunts magnetic field away from sensor.
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applications or by a 6- to 24-volt DC supply for 
 interface with other types of electronic controls or 
to provide input for programmable controllers.

Current Sensor
Because the current source for the Hall generator 
is provided by a separate power supply, the mag-
netic field does not have to be moving or changing 
to produce an output voltage. If a Hall sensor is 
mounted near a coil of wire, a voltage will be pro-
duced by the generator when current flows through 
the wire. Figure 15–11 shows a Hall sensor used to 
detect when a DC current flows through a circuit. A 
Hall effect sensor is shown in Figure 15–12.

The Hall generator is being used more and more 
in industrial applications. Because the signal rise 
and fall time of the Hall generator is generally less 
than 10 micro seconds, it can operate at pulse rates 
as high as 100,000 pulses per second. This makes it 
especially useful in industry.

the presence or absence of a magnetic field. They 
do not have the ability to sense the intensity of the 
field.

Hall Effect Limit Switches
Another Hall effect device used in a very similar ap-
plication is the Hall effect limit switch (Figure 15–
10). This limit switch uses a Hall generator instead 
of a set of contacts. A magnetic plunger is mechani-
cally activated by the small button. Different types 
of levers can be fitted to the switch, which permits 
it to be used for many applications. These switches 
are generally intended to be operated by a 5-volt 
DC supply for TTL (transistor–transistor logic) 

Figure 15–9
Hall effect position sensor.
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BATTERY
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Figure 15–11
Hall sensor detects when DC current flows through the 
circuit.
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Figure 15–10
Hall effect limit switch.
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Figure 15–12
Hall effect sensor.
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Linear Transducers
Linear transducers are designed to produce an out-
put voltage that is proportional to the strength of 
a magnetic field. Input voltage is typically 8 to 16 
volts, but the amount of output voltage is deter-
mined by the type of transducer used. Hall effect 
linear transducers can be obtained that have two 
types of outputs. One type has a regulated out-
put and produces voltages of 1.5 to 4.5 volts. The 
other type has a ratiometric output and produces 
an  output voltage that is 25% to 75% of the input 
voltage. A Hall effect linear transducer is shown in 
Figure 15–13. Figure 15–13

Hall effect linear transducer.

Co
ur

te
sy

 o
f H

on
ey

w
el

l I
nt

er
na

tio
na

l I
nc

.

●● REviEw QuESTiOnS

 1. What material was used to make the first Hall 
 generator?

 2. What two factors determine the polarity of the 
 output voltage produced by the Hall generator?

 3. What two factors determine the amount of volt-
age produced by the Hall generator?

 4. What is a reluctor?

 5. Why does a magnetic field not have to be 
moving or changing to produce an output 
voltage in the Hall generator?
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Applications
Proximity detectors are designed to detect the 
presence or absence of some object. Some detectors 
are designed to detect metals only, and others have 
the ability to detect almost any material. Some rely 
on a change of inductance to detect the presence or 
absence of metal, and others relay on a change of 
capacitance to detect almost any object.

Metal Detectors
There are several methods used to make proxim-
ity detectors that sense the presence or absence of 
metal. One method is shown in Figure 16–1. This is 
a very simple circuit intended to illustrate the prin-
ciple of operation of a proximity detector. The sen-
sor coil is connected through a series resistor to an 
oscillator. A voltage detector, in this illustration a 
voltmeter, is connected across the resistor. Because 
ac voltage is applied to this circuit, the amount of 
current flow is determined by the resistance of the 
resistor and the inductive   re actance of the coil. The 

voltage drop across the resistor is proportional to 
its resistance and the amount of  current flow.

If ferrous metal is placed near the sensor coil, 
its inductance increases in value. This causes an in-
crease in inductive reactance and a decrease in the 
amount of current flow through the circuit. When 
the current flow through the resistor is decreased, 
the voltage drop across the resistor decreases also 
(Figure 16–2). The drop in voltage can be used to 
turn relays or other  devices on or off.

This method of detecting metal does not work 
well for all conditions. Another method, which is 
more sensitive to small amounts of metal, is shown 
in Figure 16–3. This detector uses a tank circuit 
tuned to the frequency of the oscillator. The sensor 
head contains two coils instead of one. This type of 
sensor is a small transformer. When the tank cir-
cuit is tuned to the frequency of the oscillator, cur-
rent flow around the tank loop is high. This causes 
a high voltage to be induced into the  secondary coil 
of the sensor head.

When ferrous metal is placed near the sen-
sor, as shown in Figure 16–4, the inductance of 
the coil increases. When the inductance of the coil 

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe the operation of proximity detectors.

●● Describe different types of proximity detectors.
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SENSOR COIL OSCILLATOR

Figure 16–1
Simple proximity detector.
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Figure 16–2
The presence of metal causes a decrease of voltage drop across the resistor.
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SENSOR COIL OSCILLATOR

Figure 16–3
Tuned tank circuit used to detect metal.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



150

Chapter 16 proximity Detectors

 become unbalanced and the oscillator to stop op-
erating. When the oscillator stops operating, some 
other part of the circuit signals an output to turn 
on or off.

All-metal proximity detectors will sense ferrous 
metals better than nonferrous. A ferrous metal can 
be sensed at about three times the distance of a 
nonferrous metal.

Mounting
Some proximity detectors are made as a single 
unit. Other detectors use a control unit that can 
be installed in a relay cabinet and a sensor that is 
mounted at a remote location. Figure 16–6 shows 
different types of proximity detectors. Regardless 
of the type of detector used, care and forethought 
should be used when mounting the sensor. The 

changes, the tank circuit no longer resonates to the 
frequency of the oscillator. This causes the current 
flow around the loop to decrease significantly. The 
decrease of current flow through the sensor coil 
causes the secondary voltage to drop also.

Notice that both types of circuits depend on a 
ferrous metal to change the inductance of a coil. If a 
detector is to be used to detect nonferrous metals, 
some means other than changing the  inductance 
of the coil must be used. An all-metal detector uses 
a tank circuit, as shown in Figure 16–5. All-metal 
detectors operate at radio frequencies, and the bal-
ance of the tank circuit is used to keep the oscillator 
running. If the tank circuit becomes unbalanced, 
the oscillator stops operating. When a   non ferrous 
metal, such as aluminum, copper, or brass, is placed 
near the sensor coil, eddy currents are induced into 
the surface of the metal. The induction of eddy 
 currents into the metal causes the tank circuit to 

OSCILLATORTARGET
METAL

Figure 16–4
The presence of metal detunes the tank circuit.
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SENSOR COIL OSCILLATOR

Figure 16–5
Balance of the tank circuit permits the oscillator to operate.
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activate. Several different types of capacitive prox-
imity detectors are shown in Figure 16–7.

Because capacitive proximity detectors do not 
depend on metal to operate, they will sense virtu-
ally any ma terial such as wood, glass, concrete, 
plastic, and sheet rock. They can even be used to 
sense liquid levels through a sight glass. One dis-
advantage of capacitive proximity detectors is that 
they have a very limited range. Most cannot sense 
objects over approximately one inch, or 25 milli-
meters, away. Many capacitive proximity detectors 
are being used to replace mechanical limit switches 
because they do not have to make contact with an 
object to sense its position. Most can be operated 
with a wide range of voltages such as 2 to 250 volts 
AC or 20 to 320 volts DC.

Ultrasonic Proximity 
Detectors
Another type of proximity detector that does not 
 depend on the presence of metal for operation is 
the  ultrasonic detector. Ultrasonic detectors operate 
by emitting a pulse of high-frequency sound and 
then detecting the echo when it bounces off an ob-
ject (Figure 16–8). These detectors can be used to 
determine the distance to the object by measuring 
the time interval between the emission of the pulse 
and the return of the echo. Many ultrasonic sen-
sors have an analog output of voltage or current, 

sensor must be near enough to the target metal to 
provide a strong positive signal, but it should not 
be so near that there is a possibility of the sensor 
being hit by the metal object. One advantage of the 
proximity detector is that no physical contact is 
necessary between the detector and the metal ob-
ject, for the detector to sense the object.

Sensors should be mounted as far away from 
other metals as possible. This is especially true for 
sensors used with units designed to detect all types 
of metals. In some cases, it may be necessary to 
mount the sensor unit on a nonmetal surface, such 
as wood or plastic. If proximity detectors are to be 
used in areas that contain metal shavings or metal 
dust, an effort should be made to place the sensor 
in a position that will prevent the shavings or dust 
from collecting around it. In some  installations, it 
may be necessary to periodically clean the metal 
shavings or dust away from the sensor.

Capacitive Proximity 
Detectors
Although proximity detectors are generally equated 
with metal detectors, there are other types that 
sense the presence of objects that do not contain 
metal of any kind. One type of these detectors op-
erates on a change of capacitance. When an object 
is brought into the proximity of one of these detec-
tors, a change of capacitance causes the detector to 

Figure 16–6
Proximity detectors.
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Figure 16–7
Capacitive proximity detectors.
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the value of which is determined by the  distance to 
the object. This feature permits them to be used in 
applications where it is necessary to sense the posi-
tion of an object (Figure 16–9). An ultrasonic prox-
imity detector is shown in Figure 16–10.

THE DETECTOR EMITS
A PULSE OF HIGH-
FREQUENCY SOUND
WAVES.

THE ECHO IS DETECTED
WHEN IT BOUNCES OFF
AN OBJECT.

Figure 16–9
ultrasonic proximity detectors used as position sensors.
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Figure 16–10
ultrasonic proximity detector.
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Figure 16–8
ultrasonic proximity detectors operate by emitting high-frequency sound waves. 
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●● Review QUestions

 1. Proximity detectors are basically _____________
__________________________________________.

 2. What is the basic principle of operation used 
with detectors designed to detect only ferrous 
metals?

 3. What is the basic principle of operation used 
with detectors designed to detect all types of 
metals?

 4. What type of electric circuit is used to increase 
the sensitivity of the proximity detector?

 5. What type of proximity detector uses an 
 oscillator that operates at radio frequencies?

 6. Name two types of proximity detectors that 
can be used to detect objects not made of 
metal.

 7. What is the maximum range at which most 
capacitive proximity detectors can be used to 
sense an object?

 8. How is it possible for an ultrasonic proximity 
detector to measure the distance to an object?
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Applications
Photodetectors are widely used in today’s industry 
to sense the presence or absence of almost any ob-
ject. Photodetectors do not have to make physical 
contact with the object they are sensing, so there 
is no mechanical arm to wear out. Many photode-
tectors operate at speeds that cannot be tolerated 
by mechanical contact switches. They are used in 
almost every type of industry, and their uses are in-
creasing steadily.

Types of Detectors
Photo-operated devices fall into one of three 
categories: photovoltaic, photoemissive, or 
photoconductive.

Photovoltaic
Photovoltaic devices are more often called solar 
cells. They are usually made of silicon and have 
the ability to produce a voltage in the presence of 
light. The amount of voltage produced by a cell is 

determined by the  material it is made of. When sili-
con is used, the solar cell produces 0.5 volt in the 
presence of direct sunlight. If there is a complete 
circuit connected to the cell, current flows through 
the circuit. The amount of current produced by a 
solar cell is determined by the surface area of the 
cell. For instance, assume a solar cell has a surface 
area of 1 square inch, and another cell has a sur-
face area of 4 square inches. If both cells are made 
of silicon, both produce 0.5 volt when in direct sun-
light. The larger cell, however, produces four times 
as much current as the small one.

Figure 17–1 shows the schematic symbol for 
a photovoltaic cell. Notice that the symbol is the 

+

Figure 17–1
Schematic symbol for a photovoltaic cell. 
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OBJECTIVES

After studying this chapter, the student will be able to

●● List different devices used as light sensors.

●● Discuss the advantages of photo-operated controls.

●● Describe different methods of installing photodetectors.
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3 volts at 150 milliamperes (Figure 17–2). The voltage  
produced by the connection is sufficient to  operate 
the relay, but the current capacity is not. Therefore, 
six more solar cells must be connected in series. This 
connection is then connected parallel to the first 
connection, producing a circuit that has a voltage 
rating of 3 volts and a current rating of 300 milli-
amperes, which is sufficient to operate the relay coil.

Photoemissive Devices
Photoemissive devices emit electrons when in the 
presence of light. They include such devices as the 
photo transistor, the photodiode, and the photo-
SCR. The schematic symbols for these devices are 
shown in Figure 17–3. The emission of electrons is 

same as the symbol used to represent a single cell 
battery except for the arrow pointing toward it. The 
battery symbol means the device has the ability 
to produce a voltage, and the arrow means that it 
must receive light to do so.

Photovoltaic cells have the advantage of being 
able to operate electrical equipment without exter-
nal power. Because silicon solar cells produce only 
0.5 volt, it is often necessary to connect several of 
them together to obtain enough voltage and current 
to operate the desired device. For example, assume 
that solar cells are to be used to operate a DC relay 
coil that requires 3 volts at 250 milliamperes. Now 
assume that the solar cells to be used have the abil-
ity to produce 0.5 volt at 150 milli amperes. If six  
solar cells are connected in series, they produce  

3 VOLTS 150 mA

3 VOLTS 150 mA

RELAY COIL

Figure 17–2
Series-parallel connection of solar cells produces 3 volts at 300 milliamperes.
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PHOTOTRANSISTOR PHOTODIODE PHOTO-SCR

Figure 17–3
Schematic symbols for the phototransistor, the photodiode, and the photo-SCr.
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presence of light, and turns off when the phototran-
sistor is in darkness. Some circuits may require the 
reverse operation. This is accomplished by adding a 
resistor and a junction transistor to the circuit (Fig-
ure 17–5). In this circuit, a common junction tran-
sistor is used to control the current flow through 
the relay coil. Resistor R1 limits the current flow 
through the base of the junction transistor. When 
the phototransistor is in darkness, it has a very high 
resistance. This permits current to flow to the base 
of the junction transistor and turn it on. When the 
phototransistor is in the presence of light, it turns 
on and connects the base of the junction transistor 
to the negative side of the battery. This causes the 
junction transistor to turn off. The phototransistor 
in the circuit is used as a stealer transistor. A stealer 
transistor steals the base current away from some 
other  transistor to keep it turned off.

Some circuits may require the  phototransistor 
to have a higher gain than it has under normal 
 conditions. This is accomplished by using the 
phototransis tor as the driver for a Darlington 
amplifier circuit, Figure 17–6. A Darlington amplifier 
circuit generally has a gain of over 10,000.

Photodiodes and photo-SCRs are used in cir-
cuits similar to those shown for the phototran-
sistor. The photo diode permits current to flow 
through it in the presence of light. The photo-SCR 
has the same operating characteristics as a com-
mon junction SCR. The only difference is that light 
is used to trigger the gate when using a photo-SCR.

used toturn these solid-state components on. The 
circuit in Figure 17–4 shows a phototransistor used 
to turn on a  relay coil. When the phototransistor is 
in darkness, no electrons are emitted by the base 
junction, and the transistor is turned off. When the 
phototransistor is in the presence of light, it turns 
on and permits current to flow through the relay 
coil. The diode connected parallel to the relay coil 
is known as a kickback, or freewheeling, diode. Its 
function is to prevent induced voltage spikes from 
occurring if the current suddenly stops flowing 
through the coil and the magnetic field collapses.

In the circuit shown in Figure 17–4, the relay 
coil turns on when the phototransistor is in the 

RELAY
COIL

12 VOLTS dc

+

Figure 17–4
Phototransistor controls relay coil.
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Figure 17–5
The relay turns on when the phototransistor is in darkness.
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 1. There is no way to adjust the sensitivity of the 
circuit. Photo-operated switches are generally 
located in many different areas of a plant. The 
surrounding light intensity varies from one 
area to another. It is therefore necessary to 
be able to adjust the sensor for the amount of 
light needed to operate it.

Regardless of the type of photoemissive device 
used or the type of circuit it is used in, the great-
est advantage of the photoemissive device is speed. 
A photoemissive device turns on or off in a few 
micro seconds. Photovoltaic or photoconductive de-
vices generally require several milliseconds to turn 
on or off. This makes the use of photoemissive de-
vices imperative in high-speed switching circuits.

Photoconductive Devices
Photoconductive devices exhibit a change of resis-
tance due to the presence or absence of light. The 
most common photoconductive device is the cad-
mium sul fide cell, or cad cell. A cad cell has a re-
sistance of about 50 ohms in direct sunlight and 
several hundred thousand ohms in darkness. It is 
generally used as a light-sensitive switch. The sche-
matic symbol for a cad cell is shown in Figure 17–7. 
Figure 17–8 shows a typical cad cell.

Figure 17–9 shows a basic circuit of a cad cell 
being used to control a relay. When the cad cell is 
in darkness, its resistance is high. This prevents 
the amount of current needed to turn the relay on 
from flowing through the circuit. When the cad cell 
is in the presence of light, its resistance is low. The 
amount of current needed to operate the relay can 
now flow through the circuit.

Although this circuit works if the cad cell is 
large enough to handle the current, it has a couple 
of problems:

RELAY
COIL

+ VOLTS dc

Figure 17–6
The phototransistor is used as the driver for a Darlington 
Amplifier.
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Figure 17–7
Schematic symbol for a cad cell.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Figure 17–8
Cad cell.
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Figure 17–9
Cad cell controls relay coil.
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input. When the cad cell is in the presence of light, 
it has a low resistance, and a potential less than  
6 volts is applied to the inverting input. Because 
the noninverting input has a higher positive volt-
age connected to it, the output is high also. When 
the output of the op amp is high, the LED and the 
transistor are turned on.

When the cad cell is in the presence of dark-
ness, its resistance increases. When its resistance 
becomes greater than 4.7 kilohms, a voltage greater 
than 6 volts is applied to the inverting input. This 
causes the output of the op amp to change from a 
high state to a low state and to turn the LED and 
transistor off. Notice in this circuit that the relay 
is turned on when the cad cell is in the presence of 
light and turned off when it is in darkness.

Figure 17–11 shows a connection that reverses 
the operation of the circuit. The potentiometer has 
been reconnected to the inverting input, and the 
voltage divider circuit has been connected to the 
noninverting input. To understand the operation 
of this circuit, assume that a potential of 6 volts 
has been preset at the inverting input.

When the cad cell is in the presence of light, it 
has a low resistance, and a voltage less than 6 volts 
is applied to the noninverting input. Because the 

 2. The sense of operation of the circuit cannot be 
changed. The circuit shown in Figure 17–9 per-
mits the relay to turn on when the cad cell is in 
the presence of light. There may be conditions 
that would make it desirable to turn the relay 
on when the cad cell is in darkness.

Figure 17–10 shows a photodetector circuit 
that uses a cad cell as the sensor and an operational 
amplifier (op amp) as the control circuit. The circuit 
operates as follows: Resistor R1 and the cad cell 
form a voltage divider circuit, which is connected 
to the inverting input of the amplifier. Resistor R2 
is used as a potentiometer to preset a positive volt-
age at the noninverting input. This control adjusts 
the sensitivity of the circuit. Resistor R3 limits the 
current to a light-emitting diode (LED). The LED is 
mounted on the outside of the case of the photo-
detector and is used to indicate when the relay coil 
is energized. Resistor R4 limits the base current to 
the junction transistor. The junction transistor is 
used to control the current needed to operate the 
relay coil. Many op amps do not have enough cur-
rent rating to control this amount of current. Di-
ode D1 is used as a kickback diode.

Assume that Resistor R2 has been adjusted to 
provide a potential of 6 volts at the noninverting 

RELAY
COIL

D1

+ 12 VOLTS dc

– 12 VOLTS dc

–

+
741

R1
4.7 KILOHMS

R2
10 KILOHMS 1 KILOHM

R3

R4 100

MJE 3055

Figure 17–10
The relay coil is energized when the cad cell is in the presence of light.
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burglar alarm systems. The receiver unit houses the 
photodetector and, generally, the circuitry required 
to operate the system.

Figure 17–12 shows a photodetector used 
to detect the presence of an object on the con-
veyor line. When the object passes between the 

inverting input has a greater positive voltage con-
nected to it, the output is low and the LED and the 
transistor are turned off.

When the cad cell is in darkness, its resistance 
becomes greater than 4.7 kilohms, and a voltage 
greater than 6 volts is applied to the noninvert-
ing input. This causes the output of the op amp to 
change to a high state that turns on the LED and 
transistor. Notice that this circuit turns the relay 
on when the cad cell is in darkness and off when it 
is in the presence of light.

Mounting
Photodetectors designed for industrial use are 
made to be mounted and used in different ways. 
There are two basic types of photodetectors: One 
type has separate transmitter and receiver units; 
the other type has both units mounted in the same 
housing. The type used is generally determined by 
the job requirements. The transmitter section is 
the light source, which is generally a long-life in-
candescent bulb. There are photodetectors, how-
ever, that use an infrared transmitter. These cannot 
be seen by the human eye and are often used in 

RELAY
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+
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MJE 3055

Figure 17–11
The relay is energized when the cad cell is in darkness.
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Figure 17–12
Photodetector senses presence of object on conveyor line.
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The fibers in the cable are divided in half. One-half 
of the fibers are connected to the transmitter, and 
the other half are connected to the receiver (Figure 
17–15). This unit has the advantage of permitting 
the transmitter and the receiver to be mounted in a 
very small area. Figure 17–16 illustrates a common 
use for this type of unit. The unit is used to con-
trol a label-cutting machine. The labels are printed 
on a large roll and must be cut for individual pack-
ages. The label roll contains a narrow strip on one 
side that is dark colored except for shiny sections 

transmitter and receiver units, the light beam is 
broken and the detector activates. Notice that no 
physical contact is necessary for the photodetector 
to sense the presence of the object.

Figure 17–13 illustrates another method of 
mounting the transmitter and receiver. In this ex-
ample, an  object is sensed by reflecting light off 
of a shiny surface. Notice that the transmitter 
and receiver must be mounted at the same angle 
with respect to the object to be sensed. This type 
of mounting only works with objects that have the 
same height, such as cans on a conveyor line.

Photodetectors that have both the transmitter 
and the receiver units mounted in the same hous-
ing depend on a reflector for operation. Figure 
17–14 shows this type of unit mounted on a con-
veyor line. The transmitter is aimed at the reflector. 
The light beam is reflected back to the receiver. 
When an object passes between the photodetec-
tor unit and the reflector, the light to the receiver 
is interrupted. This type of unit has the advantage 
of needing electrical connection at only one piece 
of equipment. This permits easy mounting of the 
photo detector unit and mounting of the reflector 
in hard to reach positions that would make run-
ning control wiring difficult. Many of these units 
have a range of 20 feet and more.

Another type of unit that operates on the prin-
ciple of reflected light uses an optical fiber cable. 

TRANSMITTER

RECEIVER

45°45°

Figure 17–13
Object is sensed by reflecting light off a shiny surface.
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Figure 17–14
The object is sensed when it passes between the 
photodetector and the reflector.
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Figure 17–15
Optical cable is used to transmit and receive light.
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Photodetectors are very dependable and have 
an excellent maintenance and service record. They 
are used to sense almost any object without making 
physical contact with it and can operate millions of 
times without damage or wear. A photodetector is 
shown in Figure 17–17.

spaced at regular intervals. The optical fiber cable 
is  located above this narrow strip. When the dark 
surface of the strip is passing beneath the optical 
cable, no re flected light returns to the receiver unit. 
When the shiny section passes beneath the cable, 
light is reflected back to the receiver unit. The pho-
todetector sends a signal to the control circuit and 
tells it to cut the label.

Figure 17–16
Optical cable detects shiny area on one side of label.
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Figure 17–17
Photodetector unit with both transmitter and receiver 
units.
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●● Review QuesTions

 1. List the three major categories of 
photodetectors.

 2. In which category does the solar cell belong?

 3. In which category do phototransistors and pho-
todiodes belong?

 4. In which category does the cad cell belong?

 5. The term cad cell is a common name for what 
 device?

 6. What is the function of the transmitter in a 
photo detector unit?

 7. What is the advantage of a photodetector 
that uses a reflector to operate?

 8. An object is to be detected by reflecting 
light off a shiny surface. If the transmitter is 
mounted at a 60° angle, at what angle must 
the receiver be mounted?

 9. How much voltage is produced by a silicon so-
lar cell?

 10. What determines the amount of current a so-
lar cell produces?
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Chapter  18
Basic Control Circuits

Control circuits can be divided into two major 
types: two-wire control circuits and three-wire 
control circuits. A two-wire control circuit can be a 
simple switch that makes or breaks connection to a 

motor (Figure 18–1). A good example of this type 
of control is the single-phase manual starter shown 
in Figure 3–1. Two-wire control circuits also control 
the operation of three-phase motors by controlling 

NEUTRAL CONDUCTOR

SWITCH

+

+

HOT
CONDUCTOR

Figure 18–1
A two-wire control can be a simple switch that controls a motor.
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Objectives

After studying this chapter, the student will be able to

●● Describe the operation of a two-wire control circuit.

●● Describe the operation of a three-wire control circuit.
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the power applied to the motor starter coil. A good 
example of this type of control is an air compres-
sor (Figure 18–2). The pressure switch is used to 
control the motor starter. A schematic diagram of 
the circuit in Figure 18–2 is shown in Figure 18–3. 
Two-wire control circuits are so named because 
only two wires are required to control the opera-
tion of the circuit. Two-wire circuits may incorpo-
rate several different external sensing devices, as 
shown in Figure 18–4. This circuit is a basic control 
for a hot water boiler. The thermostat controls the 
action of the burner. Two float switches are used to 
sense low and high water conditions in the boiler. 
A high-limit temperature switch stops the burner if 
the water temperature becomes excessive.

It is not unusual for two-wire control circuits 
to use line voltage controls. Line voltage controls 

PRESSURE
SWITCH

FLEXIBLE CONDUIT
TWO WIRE
CONTROL

AIR OUTLET

FUSED DISCONNECT

MOTOR STARTER
CONTROL
TRANSFORMER

Figure 18–2
The motor starter is controlled by running two wires to a pressure switch.
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PRESSURE SWITCH

Figure 18–3
Schematic diagram of the circuit shown in Figure 18  –2.
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Common voltage values for motor starter coils (in 
volts AC) are: 24, 120, 208, 240, 277, 480, and 560. 
A two-wire line voltage control circuit is shown in 
Figure 18–5.

are simply controls that do not employ the use of 
a control transformer to change the voltage to a 
lower value. The coils of motor starters and contac-
tors are available that operate at different voltages. 

M

M

M

OLHTR

OLHTR

OLHTR

T1

T2

T3
MOTOR

M
OL

CONTROL TRANSFORMER

L1 L2 L3

THERMOSTAT LOW WATER HIGH WATER HIGH TEMPERATURE

Figure 18–4
Two-wire control circuits may contain any number of external sensing devices.
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L1 L2 L3
480 VAC 3 ϴ

480 VAC COIL

Figure 18–5
A two-wire line voltage control circuit.
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shown in Figure 18–7. Three-wire control is used 
to a much greater extent throughout industry than 
two-wire control because of its flexibility. Pilot con-
trol devices such as push buttons, float switches, 
and limit switches can be mounted in remote lo-
cations, whereas the motor starter can be located 
close to the motor it controls or in a control cabinet 
with other control components. Another advantage 

Three-Wire Control Circuits
Three-wire control circuits are characterized by the 
use of momentary contact devices such as push 
buttons. When push buttons control the opera-
tion of a motor, three wires are run from the push-
button control station to the starter (Figure 18–6). 
A simple three-wire push button control circuit is 

THREE WIRES ARE
REQUIRED TO CONTROL
THE STARTER.

Figure 18–6
Three wires are required to control a starter with momentary contact devices, such as push buttons.
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called holding, maintaining, or sealing contacts, con-
nected in parallel with the start push button to 
maintain the circuit once the normally open start 
button is released. These contacts are labeled M in 
Figure 18–7.

of three-wire control circuits is that in the event of 
a power failure they do not restart automatically 
when power is restored. This can be a major safety 
issue in many instances. Three-wire controls de-
pend on a set of normally open contacts, generally 

L1 L2 L3

M

M

M

OL

OL

OL

OL

M

CONTROL
TRANSFORMER

MOTOR

M

STOP
START

Figure 18–7
A basic three-wire start–stop control circuit.
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●● RevieW QuesTions

 1. What are the two major types of control circuits?

 2. How is it possible for a two-wire control circuit to 
control the operation of a three-phase motor?

 3. Refer to the schematic shown in Figure 18–4. 
What type of switch is the thermostat?

 a. Normally open temperature switch
 b. Normally closed temperature switch
 c. Normally open, held closed temperature 

switch
 d. Normally closed, held open temperature 

switch

 4. Refer to the schematic shown in Figure 18–4. 
What type of switch is the low water switch?

 a. Normally open float switch
 b. Normally closed float switch
 c. Normally open held closed float switch
 d. Normally closed held open float switch

 5. What generally characterizes a three-wire 
control circuit?

 6. Explain the function of a holding contact.

 7. How are holding contacts connected?
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Chapter  19
Schematics and Wiring 
Diagrams (circuit 1)

Schematic and wiring diagrams are the written 
language of control circuits. Maintenance elec-
tricians must be able to interpret schematic and 
wiring diagrams to install control equipment or 
troubleshoot existing control circuits. Schematic 
diagrams are also known as line diagrams and lad-
der diagrams. Schematic diagrams show components 
in their electrical sequence without regard to physical 
location. Schematics are used more than any other 
type of diagram to connect or troubleshoot a con-
trol circuit.

Wiring diagrams show a picture of the control 
components with connecting wires. Wiring diagrams 
are sometimes used to install new control circuits, 
but they are seldom used for troubleshooting ex-
isting circuits. Figure 19–1A shows a schematic 
diagram of a start–stop, push button circuit. Fig-
ure 19–1B shows a wiring diagram of the same 
circuit.

When reading schematic diagrams, the follow-
ing rules should be remembered.

 1. Read a schematic as you would a book—from 
top to bottom and from left to right.

 2. Contact symbols are shown in their de-ener-
gized or off position.

 3. When a relay is energized, all the contacts con-
trolled by that relay change position. If a contact 
is shown normally open on the schematic, it 
closes when the coil controlling it is energized.

The three circuits shown in this and following 
chapters are used to illustrate how to interpret the 
logic of a control circuit using a schematic diagram.

Circuit 1, shown in Figure 19–2A, is an alarm- 
silencing circuit. The purpose of the circuit is to 
sound a horn and turn on a red warning light when 
the pressure of a particular system becomes too 

OBJECTIVES

After studying this chapter, the student will be able to

●● Interpret schematic diagrams.

●● Interpret wiring diagrams.

●● Connect control circuits using schematic and wiring diagrams.

●● Discuss the operation of circuit 1.
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current can flow in the system because of the open 
pressure switch, PS.

If the pressure rises high enough to cause pres-
sure switch PS to close, current can flow through 

great. After the alarm has sounded, the RESET but-
ton can be used to turn the horn off, but the red 
warning light must remain on until the pressure 
in the system drops to a safe level. Notice that no 

THIS CONNECTION
IS GENERALLY
FACTORY MADE.

L1 L2 L3

CONTROL
TRANS.

M

MOTOR

Figure 19–1B
Wiring diagram of a start–stop push button station.
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Figure 19–1A
Schematic diagram of a start–stop push button station.
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a holding contact to maintain current to the coil 
of the  relay when the RESET button is released 
(Figure 19–2C).

The red warning light remains turned on until 
the pressure switch opens again. When the pres-
sure switch opens, the circuit is broken and current 
flow through the system stops. This causes the red 
warning light to turn off and de-energizes the coil 
of relay S. When relay S de-energizes, both of the S 
contacts return to their original position. The cir-
cuit is now back to the same condition it was in in 
Figure 19–2A.

the normally closed S contact to the horn. Current 
can also flow through the red warning light. Cur-
rent cannot, however, flow through the normally 
open RESET button or the normally open S contact 
(Figure 19–2B).

If the reset button is pushed, a circuit is com-
pleted through the S relay coil. When relay coil S 
energizes, the normally closed S contact opens 
and the normally open S contact closes. When 
the normally closed S contact opens, the circuit 
to the horn is broken. This causes the horn to 
turn off. The normally open S contact is used as 

PS

L1 L2

HORNS

R

S

RESET

S

Figure 19–2A
Circuit 1. Alarm silencing circuit.
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Figure 19–2B
Pressure switch closes.
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PS

L1 L2

HORNS

R

S

RESET

S

Figure 19–2C
The alarm has been silenced, but the warning light remains on.
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●● RevieW QueStionS

 1. Define a schematic diagram.

 2. Define a wiring diagram.

 3. Referring to circuit 1 (Figure 19–2A), explain the 
operation of the circuit if pressure switch PS is 
connected normally closed instead of normally 
open.

 4. Refer to the circuit shown in Figure 19-2A.
When the pressure switch closes, both the Horn 
and warning light turn on. When the reset 

button is pressed, both the horn and warning 
light continue to operate. Which of the fol-
lowing could NOT cause this problem?

 A. The normally open S contact connected 
in parallel with the reset button did not 
close.

 B. The reset button is defective.
 C. S relay coil is defective.
 D. The pressure switch contacts are shorted.
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Timed Starting for Three 
Motors (circuit 2)

A machine contains three large motors. The current 
surge to start all three motors at the same time is 
too great for the system. Therefore, when the ma-
chine is to be started, there must be a delay of 10 
seconds between the starting of each motor. Cir-
cuit 2, shown in  Figure 20–1, is a start–stop, push 
button control that controls three motor starters 
and two time-delay relays. The circuit is designed so 
that an overload on any motor stops all motors.

When the START button is pressed, a circuit is 
completed through the START button, M1 motor 
starter coil, and TR1 relay coil. When coil M1 ener-
gizes, motor 1 starts and auxiliary contact M1, which 
is parallel to the START button, closes. This contact 
maintains the current flow through the circuit when 
the START button is  released (Figure 20–2).

After a 10-second interval, contact TR1 closes. 
When this contact closes, a circuit is completed 
through motor starter coil M2 and timer relay coil 
TR2. When coil M2 energizes, motor 2 starts (Fig-
ure 20–3).

Ten seconds after coil TR2 energizes, contact 
TR2 closes. When this contact closes, a circuit is 

completed to motor starter coil M3, which causes 
motor 3 to start (Figure 20–4).

If the STOP button is pressed, the circuit to 
coils M1 and TR1 is broken. When motor starter 
Ml de- energizes, motor 1 stops and auxiliary con-
tact Ml opens. TR1 is an on-delay relay; therefore, 
when coil TR1 is de- energized, contact TR1 opens 
immediately.

When contact TR1 opens, motor starter M2 
de- energizes, which stops motor 2, and coil TR2 
 de-energizes. Because TR2 is an on-delay relay, 
contact TR2 opens immediately. This breaks the 
circuit to motor starter M3. When motor starter 
M3 de-energizes, motor 3 stops. Although it takes 
several seconds to explain what happens when the 
STOP button is pressed, the action of the relays is 
almost instantaneous. If one of the overload con-
tacts opens while the circuit is energized, the effect 
is the same as pressing the STOP button. After the 
circuit stops, all contacts return to their normal po-
sitions, and the circuit is the same as the original 
circuit shown in Figure 20–1.

OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the operation of circuit 2.

●● Troubleshoot circuit 2 using the schematic.
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TR1

TR1

M1

OL1 OL2 OL3

M1

TR2

M2

L1 L2

TR2
M3

STOP
START

Figure 20–1
Circuit 2. Time delay starting for three motors.
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TR1

TR1

M1

OL1 OL2 OL3

M1

TR2

M2

L1 L2

TR2
M3

STOP
START

Figure 20–2
M1 motor starter and Tr1 timer relay turn on.
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TR1

TR1

M1

OL1 OL2 OL3

M1

TR2

M2

L1 L2

TR2
M3

STOP
START

Figure 20–4
Motor 3 has energized.
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Figure 20–3
Motor 2 and Tr2 have energized.
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●● Review QueSTionS

(Refer to circuit 20–1.)
 1. Explain the operation of circuit 2 (Figure 20–1) if 

contact M1 did not close.

 2. Explain the operation of circuit 2 (Figure 20–1) if 
relay coil TR2 is burned out.

 3. Refer to circuit 2, shown in Figure 20–1. Assume 
that both times are set for a delay of 5 seconds. 
When the START button is pressed, motor 1 
starts running immediately. After a delay of 10 
seconds, motor 3 starts running, but motor 2 
never starts. Which of the following could cause 
this problem?

 a. The TR1 coil is open.
 b. The M2 starter coil is open.

 c. The TR2 coil is open.
 d. The OL2 contact is open.

 4. Refer to circuit 2, shown in Figure 20–1. As-
sume that the timers are set for a delay of 5 
seconds. When the START button is pressed, 
nothing happens. No motors start running 
for a period of 1 minute. Which of the follow-
ing could not cause this problem?

 a. The M1 holding contacts did not close.
 b. The STOP push button is open.
 c. The OL1 contact is open.
 d. The M2 coil is open.
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Chapter  21
Float Switch Control of 
a Pump and Pilot Lights 
(circuit 3)

In circuit 3, a float switch is used to operate a pump 
motor. The pump is used to fill a tank with water. 
When the tank is low on water, the float switch ac-
tivates the pump motor and turns a red pilot light 
on. When the tank is filled with water, the float 
switch turns the pump motor and red pilot light 
off, and turns an amber pilot light on to indicate 
that the pump motor is not running. If the pump 
motor becomes overloaded, an overload relay stops 
the pump motor only.

The requirements for this circuit indicate that 
a float switch is to be used to control three differ-
ent items: a red pilot light, a motor starter, and 
an amber pilot light. However, most pilot devices, 
such as float switches, pressure switches, and limit 
switches, seldom contain more than two contacts. 
When the circuit requires these pilot devices to 
use more contacts than they contain, it is common 
practice to let a set of contacts on the pilot device 
operate a control relay. The contacts of the control 
relay can be used as needed to fulfill the require-
ments of the circuit.

The float switch in Figure 21–1 is used to oper-
ate a control relay labeled FSCR. The contacts of the 
control relay are used to control the motor starter 
and the two pilot lights.

In the circuit shown in Figure 21–2, current can 
flow through the normally closed FSCR contact to 
the red pilot light and through a second normally 
closed FSCR contact to the coil of motor starter 
M1. When motor starter M1 energizes, the pump 
motor starts and begins to fill the tank with water. 
As water rises in the tank, the float of float switch 
FS rises also. When the tank is sufficiently filled, 
the float switch contact closes and energizes relay 
FSCR (Figure 21–3).

When the coil of relay FSCR energizes, all FSCR 
contacts change. The normally closed contacts open 
and the normally open contact closes. When the 
normally closed contacts open, the circuits to the red 
pilot light and to coil M1 are broken. When  motor 
starter M1    de-energizes, the pump motor stops. 
When the normally open FSCR contact closes, cur-
rent flows to the amber pilot light. When the pump  

OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the operation of circuit 3.

●● Troubleshoot circuit 3 using the schematic.
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L1 L2

FS

FSCR
R

FSCR

FSCR OL
M1

FSCR
A

Figure 21–1
Circuit 3. Float switch used to operate a control relay.
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L1 L2

FS

FSCR
R

FSCR

FSCR OL
M1

FSCR
A

Figure 21–2
Warning light and pump motor have energized.
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Chapter 21 Float Switch Control of a pump and pilot Lights (circuit 3)

in Figure 21–1. If the pump motor is operating and 
the overload relay opens the overload contact, only 
the motor starter is de-energized. The pilot lights 
continue to operate.

motor turns off, the water level begins to drop in 
the tank. When the water level drops low enough, 
the float switch opens and de-energizes relay coil 
FSCR. When relay FSCR de-energizes, all FSCR 
contacts return to their normal positions, as shown 

●● Review QueStionS

(Refer to circuit 21–1.)
 1. Explain the operation of the circuit shown in 

Figure 21–1 if float switch FS were connected 
normally closed instead of normally open.

 2. Explain the operation of the circuit shown in 
Figure 21–1 if relay coil M1 were burned out.

L1 L2

FS

FSCR
R

FSCR

FSCR OL
M1

FSCR
A

Figure 21–3
Float switch energized FSCr relay.
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Chapter  22
Developing a Wiring 
Diagram (circuit 1)

Wiring diagrams will now be developed for the 
three circuits just discussed. The method used 
for developing wiring diagrams is the same as the 
method used for installing new equipment. To il-
lustrate this principle, the components of the sys-
tem will be drawn on paper and connections will 
be made to the various contacts and coils. Using 
a little imagination, it will be possible to visualize 
actual relays and contacts mounted in a panel, and 
wires connecting the various components.

Figure 22–1 shows the schematic for the alarm 
silencing circuit from Chapter 19, and Figure 22–2 
shows the components of the system. The connec-
tion of the circuit is more easily understood with 
the aid of a simple numbering system. The rules for 
this system are as follows:

 1. Each time a component is crossed, the number 
must change.

 2. Number all connected components with the 
same number.

 3. Never use a number set more than once.

Figure 22–3 shows the schematic of the alarm 
silencing circuit with numbers placed beside each 
component. Notice that a 1 has been placed beside 
L1 and one side of the pressure switch. The pressure 
switch is a component. Therefore, the number must 
change when the pressure switch is crossed. The 
other side of the pressure switch is numbered with 
a 2. A 2 is also placed on one side of the  normally 
closed S contact, one side of the red warning light, 
one side of the normally open  reset push button, 
and one side of the normally open S contact. All of 
these components are connected  electrically; there-
fore, each has the same number.

W hen the normally closed S contact is 
crossed, the number is changed. The other side 
of the normally closed S contact is now a 3, and 
one side of the horn is a 3. The other side of the 
horn is connected to L2. The other side of the red 
warning light and one side of relay coil S are also 
connected to L2. All of these points are labeled 
with a 4. The other side of the normally open re-
set button, the other side of the normally open S 

OBJECTIVES

After studying this chapter, the student will be able to

●● Interpret a wiring diagram.

●● Develop a wiring diagram from a schematic diagram.

●● Connect a control circuit using a wiring circuit diagram.
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components shown in Figure 22–4. L1 in the sche-
matic is labeled with a 1; therefore, 1 is used to 
 label L1 on the wiring diagram in Figure 22–4. One 
side of the pressure switch in the schematic is la-
beled with a 1 and the other side is labeled with a 2. 
The pressure switch in the wiring diagram is shown 
with three terminals. One terminal is labeled C 
for common, one is labeled NO for normally open, 
and one is labeled NC for normally closed. This is 
a common contact arrangement used on many  
pilot devices and control relays (see Figure 5–2). In 
the schematic the pressure switch is connected as 
a normally open device; therefore, terminals C and 
NO will be used. A 1 is placed by terminal C and  
a 2 is placed beside terminal NO. Notice that a 2 has 
also been placed beside one side of the normally  
open rESET button, one side of the normally closed 
contact located on relay S, one side of the normally 
open contact located on relay S, and one side of the 
red warning light. A 3 is placed beside the common 
terminal of relay contact S which is used to produce 
a normally closed contact, and beside one of the 
terminal connections of the horn. A 4 is placed be-
side L2, the other terminal of the horn, the other 
side of the red warning light, and one side of relay 
coil S. A 5 is placed on the other side of relay coil S,  
the other side of the normally open rESET button, 
and on the common terminal of relay contact S, 
which is used as a normally open contact.

Notice that the numbers used to label the com-
ponents of the wiring diagram are the same as 

L1 L2

R

PS S

S

S

RESET

HORN

Figure 22–1
Circuit 1. Alarm silencing circuit.
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L1 L2

PS

RESET
HORN

R

C

C C

NO

NO NO

NC

NC NC

S

Figure 22–2
Circuit components.
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L1 L2

HORN

R

PS S

S

S

RESET

1

1 2 2

2

2

2

3 3 4

4

4

4

5 5

5

Figure 22–3
Numbers aid in circuit connection.
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contact, and the other side of relay coil S are num-
bered with a 5.

The same numbers that are used to label the 
sche matic in Figure 22–3 are used to label the 
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the wiring diagram correspond to the numbers used 
to label the same components in the schematic.

After labeling the components in the wiring 
diagram with the proper numbers, it is simple to 
connect the circuit (Figure 22–5). Connection of 
the circuit is made by connecting like numbers. For 
example, all of the components labeled with a 1 
are connected, all of those labeled with a 2 are con-
nected, all of the 3s are connected, all of the 4s are 
connected, and all of the 5s are connected.

the numbers used to label the components of the 
schematic. For instance, the pressure switch in the 
schematic is shown as being normally open and is 
labeled with a 1 and a 2. The pressure switch in the 
wiring diagram is labeled with a 1 beside the com-
mon terminal and a 2 beside the NO terminal. The 
normally closed S contact in the sche matic is la-
beled with a 2 and a 3. relay S in the wiring diagram 
has a normally closed contact labeled with a 2 and  
a 3. The numbers used to label the components in 

L1 L2

PS

RESET
HORN

R

C

C C

NO

NO NO

NC

NC NC

S

1

1 2

2

2

2

3

3

4

4

4

4

5

2

5

5

Figure 22–4
Circuit components have been numbered to match the 
schematic.
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L1 L2

PS

RESET
HORN

R

C

C C

NO

NO NO

NC

NC NC

S

1

1 2

2

2

2

3

3

4

4

4

4

5

2

5

5

Figure 22–5
Final wiring is done by connecting numbers.
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●● RevieW Questions

 1. Why are numbers used when developing a wiring 
diagram from a schematic diagram?

 2. The float switch in Figure 22–1 is:
 a. normally closed
 b. normally open
 c. normally closed, held open
 d. normally open, held closed

 3. The circuit in Figure 22–1 is designed to 
sound an alarm if the liquid level rises to a 
high enough level. What change would have 
to be made in the circuit so that it would 
sound an alarm if the liquid level dropped 
 below a certain point?
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Chapter  23
Developing a Wiring 
Diagram (circuit 2)

Circuit 2, shown in Figure 23–1, is the same as the 
schematic shown in Figure 20–1, except it has been 
labeled with numbers. Figure 23–2 shows the com
ponents of the wiring diagram. The numbers used 
to label the components in the wiring diagram cor
respond to the numbers in the schematic. For in
stance, the schematic shows the numbers 1 and 8 
beside normally open contact TR1. The wiring dia
gram also shows the numbers 1 and 8 beside nor
mally open contact TR1. The numbers used with 

each component shown on the schematic have 
been placed beside the proper component shown in 
the wiring diagram.

Figure 23–3 shows the wiring diagram with 
connected wires. Notice that the wiring diagram 
shows motor connections while the schematic 
does not. Although it is a common practice to omit 
 motor connections in control schematics, wiring 
diagrams do show the motor connections.

OBJECTIVES

After studying this chapter, the student will be able to

●● Develop a wiring diagram for circuit 2 using the schematic.

●● Connect this circuit.
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TR1

TR1

M1

OL1 OL2 OL3

M1

TR2

M2

L1
1

1 2 2 3 3 4

3 4

88 4

8 4

991

1

4

4 5 5 6 6 7

7
L2

TR2
M3

2 3

Figure 23–1
Circuit 2. Schematic with components numbered.
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●● RevieW Question

 1. Referring to the circuit shown in Figure 23–1, 
would it be possible to change the components 
that have been numbered with an 8 to a number 9,  

and the components that have been num
bered with a 9 to a number 8, without affect
ing the operation of the circuit?
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M1

4

43

3

2

8

1

1

L1 L2 L3

7

9

1

48 49

5

5

6

6

7

MOTOR

TR1

M2

MOTOR

M3

MOTOR

TR2
21

23

3 4 8 4

Figure 23–2
Components have been numbered to match the schematic.
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M1

4

43

3

2

8

1

1

L1 L2 L3

7

9

1

48 49

5

5

6

6

7

MOTOR

TR1

M2

MOTOR

M3

MOTOR

TR2
21

23

3 4 8 4

Figure 23–3
Wire connections are made by connecting like numbers.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



185

Chapter  24
Developing a Wiring 
Diagram (circuit 3)

Figure 24–1 shows the same schematic as Figure 
21–1, except that Figure 24–1 has been labeled 
with numbers.  Figure 24–2 shows the components 
of the wiring diagram labeled with numbers that 
correspond to the numbered components shown in 
the schematic.  Figure 24–3 shows the wiring dia-
gram with connected wires.

The same method has been used to number the 
 circuits in the last few chapters. Although most 

control sche matics are numbered to aid the elec-
trician in trouble shooting, several methods are 
used. Regardless of the method used, all number-
ing systems use the same principles. An electrician 
who learns this method of numbering a schematic 
will have little difficulty  understanding a different 
method.

OBJECTIVES

After studying this chapter, the student will be able to

●● Develop a wiring diagram for circuit 3 using the schematic.

●● Connect this circuit.
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Figure 24–1
Schematic with components numbered.
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L1 L2

FS

1

1 2 2 3

4 341

5 6 6 351

7 371

3

FSCR

R

FSCR

FSCR
OL

M1

FSCR

A

●● RevieW Question

 1. Are numbering systems other than the one described in this text used to develop wiring diagrams from 
schematic diagrams?
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M1

6

65

3

FSCR
32

MOTOR

1

L1 L2 L3

3

A
NC

NO
FS

21C

3

1

7

1

4

1

5

7
R

34

Figure 24–2
Components have been numbered to correspond with the schematic.
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M1

6

65

3

FSCR
32

MOTOR

1

L1 L2 L3

3

A
NC

NO
FS

21C

3

1

7

1

4

1

5

7
R

34

Figure 24–3
Wire connections are made by connecting like numbers.
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Chapter  25
Reading Large Schematic 
Diagrams

The schematics presented in this text so far have 
been small and intended to teach circuit logic and 
how basic control systems operate. Schematics in 
industry, however, are often much more compli-
cated and may contain several pages. Notation is 
generally used to help the electrician interpret the 
meaning of certain components and find contacts 
that are controlled by coils. The schematic shown 
in Figure 25–1 is part of a typical industrial con-
trol schematic. Refer to this schematic to locate the 
following information provided about the control 
system.
  1. At the top left-hand side find the notation: 

(2300V 3θ 60 Hz). This indicates that the 
 motor is connected to a 2300-volt, three-phase, 
60-hertz power line (Figure 25–2).

  2. To the right of the first notation, locate the no-
tation: (200 A 5000 V DISCONNECT SWITCH). 
This indicates that there is a 200-ampere dis-
connect switch, rated at 5000 volts, that can be 
used to disconnect the motor from the power 

line. Also notice that there are six contacts for 
this switch, two in each line. This is common 
for high-voltage disconnect switches.

 3. At the top of the schematic, locate the two cur-
rent transformers, 1CT and 2CT. These two 
current transformers are used to detect the 
amount of motor current. Current transform-
ers produce an output current of 5 amperes 
under a short circuit condition. The notation 
beside each CT indicates that it has a ratio of 
150 to 5. The secondary of 1CT is connected 
to 1OL and 3OL. The secondary of 2CT is con-
nected to 2OL and 4OL. Overload coils 1OL 
and 3OL are connected in series, which forces 
each to have the same current flow. Also note 
that coil symbols (not heater symbols) are 
used for the overloads. This indicates that 
these overload relays are magnetic, rather than 
thermal.

 4. Locate the two 10-ampere fuses connected 
to the primary of the control transformer 

Objectives

After studying this chapter, the student will be able to

●● Discuss notations written on large schematics.

●● Find contacts that are controlled by specific coils on different lines.

●● Find contacts that are controlled by specific coils on different electrical prints.
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Figure 25–1 
Typical industrial schematic diagram.
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HAND position, there is connection between ter-
minals 1 and 2. There is no connection between 
terminals 3 and 4. In the OFF position, there 
is no connection between any of the terminals. 
In the AUTO position, there is connection be-
tween terminals 3 and 4 but no connection 
between terminals 1 and 2. Referring back to 
the switch itself, notice that there are three ar-
rows drawn at the top of the switch. One arrow 
points to H, one points to O, and one points to 
A. The line connected to the arrowhead pointed 
at H is shown as a solid line. The lines con-
nected to the other two arrowheads are shown 
as broken or dashed. The solid line represents 
the position the switch is set in for the con-
tact arrangement shown on the schematic. The 
schematic indicates that at the present time 
there is a connection between terminals 1 and 
2, and no connection between terminals 3 and 
4. This is consistent with the contact chart for 
this switch.

 7. Locate the RUN–START switch (RS SW 121) 
to the right and below HOA SW 120. A con-
tact chart is not shown for this switch. Because 

(Figure 25–3). The  control transformer is rated 
at 2 kilovolt-amperes (2000 volt-amperes). 
The high voltage winding is rated at 2300 
volts, and the secondary winding is rated at 
230 volts. Also note that the secondary wind-
ing contains a center tap (X3). The center tap 
can be used to provide 120 volts from either 
of the other X terminals. Terminals X1 and X2 
are connected to 30-ampere fuses.

 5. To the left of the 30-ampere fuse connected to 
terminal X1, locate the notation (EP12246-00) 
(Figure 25–4). This notation indicates that you 
are looking at  Electrical Print 12246, and line 
00. Most multi- page schematics will use some 
form of notation  similar to this to indicate the 
page and line number you are viewing.

 6. On line number EP12246-02, locate the HAND-
OFF-AUTOMATIC switch labeled HOA SW 120. 
Also locate the contact chart for this switch just 
to the right of the center of the schematic. The 
chart indicates connection between specific ter-
minals for different settings of the switch. The 
X indicates connection between terminals and 
O indicates no connection. Notice that in the  

DISCONNECT SWITCH IS RATED AT
200 AMPERES AND 5000 VOLTS.

INCOMING POWER IS 2300 VOLTS
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and the line drawn to the START position is 
shown as broken or dashed. The schematic 
shows a solid line between switch  terminals 
1 and 2, and 5 and 6. Dashed lines are shown 
between terminals 3 and 4, and 7 and 8. When 
the switch is set in the RUN position, there is 

there are only two positions for this switch, a 
different method is employed to indicate con-
tact position for the different switch positions. 
Notice that  arrowheads at the top of the switch 
are pointing at the RUN and START positions. 
The line drawn to the RUN position is solid, 
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test point. Test points are often placed at stra-
tegic points to aid in troubleshooting when it 
becomes necessary.

 11. At the far right-hand side of line 02 is the no-
tation (–08, 24, 14). These numbers indicate 
the lines on the schematic where contacts con-
trolled by relay coil CR-8 can be found. Find 
the contacts labeled CR-8 on these lines of the 
schematic.

 12. Locate coil CR-7 on line 14 (Figure 25–1 and 
Figure 25–6). At the far right-hand side, find 
the notation (–14, 08, EP12248 156). This no-
tation again indicates the places where contacts 
controlled by coil CR-7 can be found. CR-7 con-
tacts are located on lines 14 and 08 in this sche-
matic and on line 156 of Electrical Print 12248.

 13. At the right side of the schematic between lines 
00 and 02 is the notation LOCATED IN RELAY 
CABINET. An arrow is pointing at a dashed 
line. This gives the physical location of such 
control components as starters, relays, and ter-
minal blocks. Push buttons, HOA switches, pi-
lot lights, and so on are generally located on a 
control terminal where an operator has access 
to them.

a connection between terminals 1 and 2, and 5 
and 6. When the switch is in the START posi-
tion, there is a connection between terminals 3 
and 4, and 7 and 8.

 8. On line 02, there are three terminals marked 
TB-5B. These indicate terminal block points. 
Locate the terminal with 2 drawn beside it. 
This wire position is located on screw terminal 
2 of terminal point 5B. Another terminal block 
point is shown below it. This terminal location 
is screw terminal 5 of terminal point 5B.

 9. Find relay coil CR-8 on line 02 (Figure 25–5). 
CR stands for Control Relay. Notice that the 
numbers 2 and 10 on each side of the coil are 
shown inside a square box. The square box in-
dicates that these are terminal numbers for 
the relay and should not be confused with wire 
numbers. Terminals 2 and 10 are standard coil 
connections for relays  designed to fit into an 
11-pin tube socket. If you were trying to physi-
cally locate this relay, the pin numbers would be 
a strong hint as to what you are trying to find.

 10. Beside pin number 10 of relay coil CR-8 is a cir-
cle with a line connected to it. The line goes to 
a symbol that looks like ()–8. This indicates a 
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and schematics, most electricians can determine 
what these different symbols mean and the way 
they are used in a circuit. The old saying “Practice 
makes  perfect” certainly applies to reading sche-
matic  diagrams.

These are notations that are common to many 
industrial control schematics. Nothing is stan-
dard, however. Many manufacturers use their 
own numbering and notation system, specific to 
their company. Some use the NEMA symbols that 
are discussed in this text, and others do not. With 
practice and an understanding of basic control logic 
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●● Review QueStionS

  Refer to Figure 25–1 to answer the following 
 questions.

 1. When switch HOA SW 122 is in the OFF posi-
tion, which contacts have connection between 
them?

 2. How much voltage will be applied to coil 1CR 
when it is energized?

 3. Referring to switch RS SW 123, in what position 
must the switch be set to make connection 
 between terminals 3 and 4?

 4. What are the terminal numbers for the two 
 normally open spare contacts controlled by coil 
2CR?

 5. How much voltage is applied to coil CR-7 when it 
is energized?

 6. What contact(s) is/are located between screw 
numbers 8 and 9 of terminal block 5B?

 7. Between which terminal block and screw 
numbers is relay coil CR-7 located?

 8. Assume that HOA SW 120 has been set in the 
AUTO position. List four ways by which coil 
 CR-8 could be energized.

 9. In what position must switch HOA SW 123 be 
set to make connection between terminals 3 
and 4?

 10. If one of the magnetic overload relays opens 
its contact, how can it be reset?
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Installing Control Systems

Objectives

After studying this chapter, the student will be able to

●● Discuss methods of installing a control system.

●● Use wire numbers to troubleshoot a control circuit.

●● Explain advantages of using the point-to-point system of connecting a circuit.

●● Explain advantages of using terminal strips for connecting a circuit.

There are different ways in which control systems 
can be installed. Wiring diagrams can sometimes 
be misleading because they show all the compo-
nents grouped together in a small area, when in 
reality they may be located some distance apart. 
Some control components, such as limit switches, 
photodetectors, or flow switches, may be located on 
the machine itself, while other components such as 
control relays and motor starters may be located 
inside a cabinet. Control components such as push 
buttons, pilot lights, and manual switches may be 
located on a control panel that is convenient for 
an operator. Components such as float switches 
and pressure switches will generally be located on 
tanks.

The control circuit shown in Figure 26–1 is 
used to fill a tank with water and then add air pres-
sure if needed. A stop–run switch permits power to 
be supplied to the circuit or not. Float switch FS1 
senses when the tank is full of water. A second float 

switch, FS2, mounted close to the bottom of the 
tank senses when the water level is low. Two float 
switches are necessary in this circuit because the 
tank is to be pressurized. This prevents the use of 
a rod or chain type float switch because the tank 
must be sealed. When the water level drops suf-
ficiently, FS2 contacts close and energize the coil 
of motor starter M. This causes all M contacts to 
change position. The M load contacts connect the 
pump motor to the power line and start the pump. 
The normally open auxiliary contact connected in 
parallel with float switch FS2 closes to maintain 
the circuit when the water level begins to rise and 
the FS2 contact reopens. When the tank is full, the 
normally closed FS1 contacts open and de-energize 
coil M. In order to increase the water pressure, an 
air line is added to the tank (Figure 26–2). If there 
is not sufficient pressure in the tank, pressure 
switch PS1 closes and energizes the solenoid valve 
permitting air to pressurize the tank. When the 
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In reality, the circuit components may be located 
some distance from each other. The location of the 
components in the circuit shown in Figure 26–1 is 
shown in Figure 26–2. The two float switches, the 
pressure switch, and the solenoid valve are located 
on the pressurized water tank. The pump is located 
beside the tank, and the manual run–stop switch, 
motor starter, and control transformer are located 
in the motor control center (MCC). Conductors are 
run in conduit from the motor control center to the 
tank to make actual connection.

Point-to-Point Connection
A couple of methods can be employed to connect 
the circuit. The first step is to place wire numbers 
on the schematic. Wire numbers are added to the 
control circuit only. The load side of the circuit is 
not numbered. These wire numbers are shown in 
Figure 26–3. The circuit components are shown in 
Figure 26–4. The components located inside the 
dashed lines are located inside the motor control 
center. Note that wire numbers that correspond to 
the schematic in Figure 26–3 were added to the cir-
cuit components.

pressure is sufficient, contact PS1 opens and de-
energizes the solenoid valve.

The only time that air pressure should be per-
mitted to enter the tank is when the tank is full 
of water. Float switch FS1 senses when the tank is 
full. The normally open contact of float switch FS1 
is used to prevent the solenoid coil from energizing 
unless the tank is full of water.

Notice that two float switches are connected 
with a dashed line. One is normally closed and 
marked FS1. The other is shown normally open. 
Also notice that one end of each of these two float 
switches is connected to the same electrical point. 
The common terminal of the float switch would 
be connected to this electrical point. The normally 
closed section of the switch should connect to one 
side of float switch FS2 and one side of M auxil-
iary contact. The normally open section of the FS1 
should connect to one side of the pressure switch.

Component Location
As mentioned previously, wiring diagrams can 
sometimes be misleading because they show com-
ponents located in close proximity to each other. 
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Figure 26–1
Pump control circuit.
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Figure 26–2
Location of components.
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Wire numbers are added to the schematic.
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One method of connecting this circuit is the 
point-to-point method. Components are connected 
from one point to another depending on the prox-
imity of one component to another. This method 
generally results in a saving of wire. Some of the 
connections are made inside the MCC, and others 
must be made away from the MCC. The connec-
tions made inside the MCC are shown with dashed 
lines, and the ones outside the MCC are made with 
solid lines. When making connections, wire num-
bers should be placed on the wire at any point of 
termination. This greatly aids in troubleshooting 
the circuit. Each component should also be labeled 

with a tag to identify the component. Point-to-
point connection of this circuit is shown in Figure 
26–5. Note that notation is used to identify the 
wire number.

Using Terminal Strips
A second method for installing control systems is 
shown in Figure 26–6. This method involves using 
a terminal strip to terminate the different control 
components. The terminal strip in this illustration 
is located inside the motor control center, but they 
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Figure 26–4
Circuit components.
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are often located inside a cabinet containing other 
control components. As with the point-to-point 
system, wires should still be numbered at any termi-
nation point, and the components should be tagged 
for easy identification. The primary difference be-
tween the two methods is that wires from the dif-
ferent components are brought to the terminal 
strip and connection is made at that location. Note 
that some wiring is still made from point-to-point 

inside the motor control center. Although con-
necting components to a terminal strip generally 
involves using a greater amount of wire, it can be 
the less expensive method when it is necessary to 
troubleshoot the circuit. If the electrician needs to 
know if the normally open switch on float switch 
FS1 is open or closed, he or she can test it from the 
terminal strip without having to find FS1, remove 
the cover, and check the condition of the contacts.
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Figure 26–5
Point-to-point wiring method.
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Figure 26–6
Connections are made to a terminal strip.
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●● RevIew QUeSTIonS

 1. What is an advantage of the point-to-point 
method of connecting circuit components?

 2. When connecting a control system, what should 
be done each time a wire termination is made to 
any component?

 3. What should be done to each component to help 
identify it?

 4. What is the disadvantage of wiring components 
to a terminal strip?

 5. What is the main advantage of making con-
nections at a terminal strip?

 6. Refer to the circuit shown in Figure 26–1. 
Should float switch FS2 be wired as nor-
mally open or normally closed? Explain your 
answer.

 7. What does the dashed line between the two 
float switch contacts labeled FS1 indicate?
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Hand-Off-Automatic 
Controls

Hand-off-automatic (HOA) controls are used to 
permit an operator to select between automatic 
and manual operation of a motor. The circuit shown 
in Figure 27–1 permits a motor to be operated by 
a float switch or to be run manually. The switch is 
shown as a single-pole, double-throw switch with a 
center Off position.

Another symbol for a hand-off-automatic 
switch is shown in Figure 27–2. This switch is 
shown to contain two separate sets of contacts. 
One set is labeled 1–2 and the other is labeled 3–4. 
The switch chart indicates that when the switch is 
in the Off position, there is no connection between 
any of the contacts. When set in the Hand posi-
tion, connection is made between terminals 1 and 
2. When set in the Automatic position, connection 
is made between terminals 3 and 4. This circuit is 

the control for a large fan that pulls air through a 
building. The motor in this example is water cooled: 
It requires a flow of cooling water when running. 
Starter M1 controls the fan motor, and starter M2 
controls a pump used to circulate water through 
the motor. Flow switch FS1 detects the flow of 
 water to ensure that the fan motor cannot run if 
there is no flow of cooling water. A warning lamp 
indicates that there is no flow of water when the 
circuit is energized.

When the hand-off-automatic switch is set in 
the Hand position, connection is made between 
terminals 1 and 2. This permits the motor to be 
controlled by a start–stop push button station. 
In this mode, the fan runs continuously until the 
Stop button is pressed. When the HOA switch is 
placed in the Auto position, a thermostat controls 

Objectives

After studying this chapter, the student will be able to

●● Describe the operation of a hand-off-automatic control switch.

●● Connect a hand-off-automatic control circuit.

●● Recognize hand-off-automatic switches on a schematic diagram.
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Figure 27–1
Hand-off-automatic switch provides manual control of a 
motor, or control can be provided by a float switch. 
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Figure 2 7–2 
A water-cooled motor must have a flow of water before it is permitted to run.
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the action of the fan. A combination push button 
station with a hand-off-automatic switch and pilot 
lamp is shown in Figure 27–3.

The flow switch shown in Figure 27–2 employs 
two separate contacts, one normally open and the 
other normally closed. The dashed line indicates 
that the two switches are mechanically connected. 
When one switch changes position, the other 
switch changes position also. If a flow switch with 
two separate switches cannot be obtained, it is pos-
sible to use a single-pole, double-throw switch with 
a common terminal, a normally open terminal, and 
a normally closed terminal in this circuit. Notice 
that one terminal of both the normally open switch 
and normally closed switch are connected together. 
This forms a common point for both switches and 
could be used as the common terminal for a flow 
switch that contains a single-pole, double-throw 
switch, Figure 27–4. Although the circuit shown 
in Figure 27–4 looks different from the circuit in 
 Figure 27–2, electrically they are the same and 
 operate in the same manner.
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Figure 27–3
push button control station with hand-off-auto switch 
and pilot light. 
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Figure 27–4 
A flow with two separate switches has been replaced with a single-pole, double-throw switch. 
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●● Review QuestiOns

 1. Refer to the circuit shown in Figure 27–2. Would 
it be possible to replace the hand-off-auto switch 
in this circuit with a hand-off-auto switch that 
contained a common terminal and center Off 
position like the HOA switch shown in Figure 
27–1? Explain your answer.

 2. Refer to the circuit shown in Figure 27–2. Would 
the temperature have to increase or decrease to 
permit the fan to turn on?

 3. Refer to the circuit shown in Figure 27–2. Which 
starter controls the holding contacts connected 
in parallel with the start push button?

 4. Refer to the circuit shown in Figure 27–4. Assume 
that the HOA switch is in the Hand position and 
that the motor is running. Now assume that OL1 
opens its contacts. Would this cause the pump 
motor to stop operating? Explain your answer.

 5. Refer to the circuit shown in Figure 27–2. As-
sume that the HOA switch is in the Hand posi-
tion and that the motor is running. Now assume 
that OL2 opens its contacts. Would this stop the 
operation of the fan motor? Explain your answer.

 6. Refer to the circuit shown in Figure 27–4. 
Assume that the HOA switch is in the Auto 

position. Also assume the fan is running. Now 
assume that the fan stops running and the 
red warning light turns on. Which of the fol-
lowing could cause this condition?

 a. The OL1 contacts are open.
 b. The Temp 1 switch is open.
 c. The OL2 contacts are open.
 d. The HOA switch has been moved to the 

Off position.

 7. Refer to the circuit shown in Figure 27–2. As-
sume that the HOA switch is set in the Hand 
position. When the Start button is pressed, 
the red warning lamp lights. When the Start 
button is released, the light turns off, but the 
fan motor does not start. Each time the Start 
button is pressed, the warning lamp lights 
for as long as the Start button is held down, 
but it goes out each time the Start button is 
released, and the fan does not start. Which of 
the following could cause this condition?

 a. The Temp 1 switch is open.
 b. The M2 starter coil is open.
 c. The M1 starter coil is open.
 d. The Stop push button is open.
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Multiple Push Button 
Stations

There may be times when it is desirable to have 
more than one start–stop push button station to 
control a motor. In this chapter, the basic start–
stop push button control circuit is modified to in-
clude a second stop–start push button.

When a component is used to perform the 
function of stop in a control circuit, it is generally 
a normally closed component and is connected in 
series with the motor starter coil. In this example, 
a second Stop push button is added to the existing 
start-stop control circuit shown in Figure 28–1 by 
connecting it in series with the existing Stop push 
button.

When a component is used to perform the 
function of start, it is generally normally open and 
connected in parallel with the existing start button 
(Figure 28–2). If either Start button is pressed, a 
circuit is completed to the M coil. When the M coil 
energizes, all M contacts change position. The three 
load contacts connected between the three-phase 
power line and the motor close to connect the mo-
tor to the line. The normally open auxiliary contact 
connected in parallel with the two Start buttons 
closes to maintain the circuit to the M coil when 
the Start button is released.

Objectives

After studying this chapter, the student will be able to

●● Place wire numbers on a schematic diagram.

●● Place corresponding numbers on control components.

●● Draw a wiring diagram from a schematic diagram.

●● Connect a control circuit using two stop and two start push buttons.

●● Discuss how components are to be connected to perform the functions of start 
or stop for a control circuit.
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Figure 28–1 
A second Stop push button is added to the circuit. 
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Figure 28–2 
A second Start push button is added to the circuit. 
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needed to connect this circuit are shown in Figure 
28–3. Following the same procedure discussed in 
Chapter 22, wire numbers are placed on the sche-
matic diagram (Figure 28–4). After wire numbers 
are placed on the schematic, corresponding numbers 
are placed on the control components (Figure 28–5).

Developing a Wiring 
Diagram
Now that the circuit logic has been developed in 
the form of a schematic diagram, a wiring diagram 
will be drawn from the schematic. The components 
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Figure 28–3 
Components needed to construct the circuit. 
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Numbers are placed on the schematic. 

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



210

Chapter 28 Multiple push Button Stations

1 2 3

1

3

1 2 3

7 8 9

7 8 9

10

10 11 11 12

1212

12

13

13
1313

14

14

15

15

L1 L2 L3

CONTROL
TRANSFORMER

M

MOTOR

 Figure 28–5 
Numbers are placed by the corresponding component. 
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Figure 28–6 
Stop buttons have been connected in parallel.
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Figure 28–7 
Start buttons have been connected in series. 
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●● RevieW QueStionS

 1. When a component is to be used for the function 
of start, is the component generally normally 
open or normally closed?

 2. When a component is to be used for the function 
of stop, is the component generally normally 
open or normally closed?

 3. The two stop push buttons in Figure 28–2 are 
connected in series with each other. What would 

be the action of the circuit if they were con-
nected in parallel, as shown in Figure 28–6?

 4. What would be the action of the circuit if 
both start buttons were to be connected in 
series, as shown in Figure 28–7?

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



213

Chapter  29
Forward–Reverse Control

Objectives

After completing this chapter, the student will be able to

●● Discuss cautions that must be observed in reversing circuits.

●● Explain how to reverse a three-phase motor.

●● Discuss interlocking methods.

●● Connect a forward–reverse motor control circuit.

The direction of rotation of any three-phase motor 
can be reversed by changing any two motor T leads 
(Figure 29–1). Because the motor is connected to 
the power line regardless of in which direction it 
operates, a separate contactor is needed for each di-
rection. If the reversing starters adhere to NEMA 
standards, T leads 1 and 3 are changed (Figure 29–2). 
Because only one motor is in operation, however, 
only one overload relay is needed to protect the mo-
tor. True reversing controllers contain two separate 
contactors and one overload relay. Some reversing 
starters use one separate contactor and a starter with 
a built-in overload relay. Others use two separate 
contactors and a separate overload relay. A vertical 
reversing starter with overload relay is shown in Fig-
ure 29–3, and a horizontal reversing starter without 
overload relay is shown in Figure 29–4.

Interlocking
Interlocking prevents some action from taking 
place until some other action has been performed. 
In the case of reversing starters, interlocking is 

used to prevent both contactors from being ener-
gized at the same time. This would result in two of 
the three phase lines being shorted together. Inter-
locking forces one contactor to be de-energized be-
fore the other one can be energized. There are three 
methods that can be employed to assure interlock-
ing. Many reversing controls use all three.

DIRECTION OF 
ROTATION

DIRECTION OF 
ROTATION

T1

T2

T3

L1

L2

L3

MOTOR

L1

L2

L3 T3

T2

T1
MOTOR

Figure 29–1
The direction of rotation of any three-phase motor can 
be changed by reversing connection to any two motor  
T leads. 

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



214

Chapter 29 Forward–reverse Control

The second method of electrical interlock-
ing is accomplished by connecting the normally 
closed auxiliary contacts on one contactor in 
 series with the coil of the other contactor (Figure 
29–7). Assume that the FORWARD push button 
is pressed and F coil energizes. This causes all F 
contacts to change position. The three F load con-
tacts close and connect the motor to the line. The 
normally open F auxiliary contact closes to main-
tain the circuit when the FORWARD push button 
is released, and the normally closed F auxiliary 
contact connected in series with R coil opens 
(Figure 29–8 on page 219).

If the opposite direction of rotation is desired, 
the STOP button must be pressed first. If the RE-
VERSE push button were to be pressed first, the 
now open F auxiliary contact connected in series 
with the R coil would prevent a complete circuit 
from being established. Once the STOP button has 
been pressed, however, the F coil de-energizes and 
all F contacts return to their normal position. The 
REVERSE push button can now be pressed to ener-
gize the R coil (Figure 29–9 on page 220). When the 
R coil energizes, all R contacts change position. The 
three R load contacts close and connect the motor 
to the line. Notice, however, that two of the motor T 
leads are connected to different lines. The normally 
closed R auxiliary contact opens to prevent the pos-
sibility of the F coil being energized until the R coil 
is de-energized.

Mechanical Interlocking
Most reversing controllers contain mechanical in-
terlocks as well as electrical interlocks. Mechanical 
interlocking is accomplished by using the contac-
tors to operate a mechanical lever that prevents 
the other contactor from closing while one is en-
ergized. Mechanical interlocks are supplied by the 
manufacturer and are built into reversing starters. 
In a schematic diagram, mechanical interlocks are 
shown as dashed lines from each coil joining at a 
solid line (Figure 29–5).

Electrical Interlocking
Two methods of electrical interlocking are available. 
One method is accomplished with the use of double-
acting push buttons (Figure 29–6). The dashed lines 
drawn between the push buttons indicate that they 
are mechanically connected. Both push buttons are 
pushed at the same time. The normally closed part 
of the FORWARD push button is connected in se-
ries with R coil, and the normally closed part of the 
REVERSE push button is connected in series with 
F coil. If the motor is running in the forward direc-
tion and the REVERSE push button is pressed, the 
normally closed part of the push button opens and 
disconnects F coil from the line before the normally 
open part closes to energize R coil. The normally 
closed section of either push button has the same 
effect on the circuit as pressing the STOP button.

L1 L2 L3

OL

OL

OL
MOTOR

F

F

F

R

R

R

Figure 29–2
Magnetic reversing starters generally change T leads 1 and 3 to reverse the motor.  
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Developing a Wiring 
Diagram
The same basic procedure is used to develop a wir-
ing diagram from the schematic as was followed in 
the previous chapters. The components needed to 
construct this circuit are shown in Figure 29–10 on 
page 221. In this example, assume that two contac-
tors and a separate three-phase overload relay are 
to be used.

The first step is to place wire numbers on the 
schematic diagram. A suggested numbering se-
quence is shown in Figure 29–11 on page 222. The 
next step is to place the wire numbers beside the 
corresponding components of the wiring diagram 
(Figure 29–12 on page 223).

Reversing Single-Phase, 
Split-Phase Motors
To reverse the direction of rotation of a single-phase, 
split-phase motor, either the starting winding leads 
or running winding leads, but not both, are inter-
changed. A schematic diagram of a forward–reverse 
control for a single-phase, split-phase motor is shown 
in Figure 29–13 on page 224. Notice that the control 
section is the same as that used for reversing three-
phase motors. In this example, run winding lead T1 
are always connected to L1, and T4 is always con-
nected to L2. The start winding leads, however, are 
changed. When the forward contactor is energized, 
start winding lead T5 is connected to L1, and T8 is 
connected to L2. When the reverse contactor is ener-
gized, start winding lead T5 is connected to L2, and 
T8 is connected to L1.

Figure 29–3
Vertical reversing starter with overload relay.  
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Figure 29–4
Horizontal reversing starter. 
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Figure 29–5
Mechanical interlocks are indicated by dashed lines extending from each coil. 
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Figure 29–6
interlocking with double-acting push buttons. 
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Figure 29–7
electrical interlocking is also accomplished with normally closed auxiliary contacts. 
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Figure 29–8
Motor operating in the forward direction. 
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Figure 29–9
Motor operating in the reverse direction. 

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



220

Chapter 29 Forward–reverse Control

CONTROL
TRANSFORMER

MOTOR

F R

S

R

F

L1 L2 L3

Figure 29–10
Components needed to construct a reverse control. 
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Figure 29–11
Placing numbers on the schematic. 
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Figure 29–12
Components needed to construct a reverse control circuit. 

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



223

Chapter 29 Forward–reverse Control
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Figure 29–13
reversing a single-phase, split-phase motor. 
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●● REvIEW QuEStIonS

 1. How can the direction of rotation of a three-
phase motor be changed?

 2. What is interlocking?

 3. Referring to the schematic shown in Figure 29–7, 
how would the circuit operate if the normally 
closed R contact connected in series with the F 
coil were connected normally open?

 4. What would be the danger, if any, if the circuit 
were wired as stated in question 3?

 5. How would the circuit operate if the normally 
closed auxiliary contacts were connected so 
that F contact was connected in series with 
F coil, and R contact was connected in series 
with R coil, as shown in Figure 29–7?

 6. Assume that the circuit shown in Figure 29–7 
were to be connected as shown in Figure 29–14. 
In what way would the operation of the circuit 
be different, if at all?

OL

CONTROL
TRANSFORMER
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R

F

F

R

F

R

FORWARD

Figure 29–14
The position of the holding contacts has been changed from that in Figure 29–7. 
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Chapter  30
Jogging and Inching

Objectives

After studying this chapter, the student will be able to

●● Define the term jogging.

●● State the purpose of jogging.

●● State the difference between jogging and inching.

●● Describe the operation of a jogging control circuit using control relays.

●● Describe the operation of a jogging control circuit using a selector switch.

●● Connect a jogging circuit.

The definition of jogging or inching as described by 
NEMA is “the quickly repeated closure of a circuit to 
start a motor from rest for the purpose of accomplish-
ing small movements of the driven machine.” The 
term jogging actually means to start a motor with 
short jabs of power at full voltage. The term inching 
means to start a motor with short jabs of power at 
reduced voltage. Although the two terms mean dif-
ferent things, they are often used interchangeably 
because both are accomplished by preventing the 
holding contacts from sealing the circuit.

Jogging Circuits
Various jogging circuits are presented in this chapter. 
As with many other types of control circuits, there are 
different ways in which jogging can be accomplished, 
but basically, jogging is accomplished by preventing 
the holding contact from sealing the circuit around 

the start push button when the motor starter ener-
gizes. It should also be noted that jogging circuits re-
quire special motor starters rated for jogging duty.

One of the simplest jogging circuits is shown 
in Figure 30–1. This circuit is basically a start–stop 
push button control circuit that has been recon-
nected so that the START button is in parallel with 
both the STOP button and holding contact. To jog 
the motor, simply hold down the STOP button and 
jog the circuit by pressing the START button. To 
run the motor, release the STOP button and press 
the START button. If the motor is in operation, the 
STOP button breaks the circuit to the holding con-
tact and de-energizes M coil.

Double Acting Push Buttons
Jogging can also be accomplished using a double-
acting push button. Two circuits of that type are 
shown in Figure 30–2. The normally closed sec-
tion of the JOG push button is connected in such 
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Figure 30–1
The stop button prevents the holding contact from sealing the circuit. 
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Figure 30–2
Double-acting push buttons are used to provide jogging control. 
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energized. Because CR contact remains open, the 
circuit to F coil cannot be sealed by the normally 
open F auxiliary contact.

If the forward start button is pressed, a cir-
cuit is completed to F coil, causing all F contacts 
to change position. The normally open F auxiliary 
contact closes and provides a path through the 
normally closed section of both jog buttons to CR 
coil. This causes CR auxiliary contact to close and 
provide a current path through the now closed F 
auxiliary contact to F coil, sealing the circuit when 
the forward push button is released. The reverse jog 
button and reverse start button operate the same 
way. Note also that normally closed F and R aux-
iliary contacts are used to provide interlocking for 
the forward–reverse control.

Jogging Controlled by a  
Selector Switch
A selector switch can also be employed to provide 
jogging. The switch is used to break the connec-
tion to the holding contacts (Figure 30–5). In this 
circuit, a single-pole, single-throw toggle switch 
is used. When the switch is in the ON position, 
connection is made to the holding contacts. If the 
switch is in the OFF position, the holding contacts 
cannot seal the circuit when the START button is 
released. Note that the START button acts as both 
the start and jog button for this circuit. A selector 
switch can be used to provide the same basic type 
of control (Figure 30–6).

Inching Controls
As stated previously, jogging and inching are very 
similar in that both are accomplished by provid-
ing short jabs of power to a motor to help position 
certain pieces of machinery. Inching, however, is 
accomplished by providing a reduced amount of 
power to the motor. Transformers can be used to 
reduce the amount of voltage applied to the  motor 
during inching, or reactors or resistors can be 
 connected in series with the motor to reduce the 
current supplied by the power line. In the circuit 
shown in Figure 30–7 on page 232, resistors are 
connected in series with the motor during inch-
ing. Notice that inching control requires the use of 
a separate contactor because the power supplied to 
the motor must be separate from full line voltage.

a manner that when the button is pushed it defeats 
the holding contact and prevents it from sealing 
the circuit. The  normally open section of the JOG 
button completes a circuit to energize the coil of 
the motor starter. When the button is released, the 
normally open section breaks the circuit to  M coil 
before the normally closed section reconnects to 
the circuit. This permits the starter to reopen the 
holding contacts before the normally closed section 
of the JOG button reconnects.

Although this circuit is sometimes used for jog-
ging, it does have a severe problem. The action of ei-
ther of these two circuits depends on the normally 
open M auxiliary contact (holding contact), which 
is used to seal the circuit, being open before the 
normally closed section of the JOG button makes 
connection. Because push buttons employ a spring 
to return the contacts to their normal position, if 
a person’s finger should slip off the JOG button, it 
is possible for the spring to re-establish connection 
with the normally closed contacts before the holding 
contact has time to reopen. This causes the  motor 
to continue running instead of stopping. In some 
cases, this could become a significant safety hazard.

Using a Control Relay
The addition of a control relay to the jog circuit elim-
inates the problem of the holding contacts making 
connection before the normally closed section of 
the jog push button reconnects. Two circuits that 
employ a control relay to provide jogging are shown 
in Figure 30–3. In both of these circuits, the control 
 relay, not the M starter, provides the auxiliary hold-
ing contacts. The JOG push button energizes the coil 
of the M motor starter but does not energize the coil 
of control relay CR. The START push button is used 
to energize the coil of CR relay. When energized, CR 
relay contacts provide connection to M coil. The use 
of control relays in a jogging circuit is very popular 
because of the simplicity and safety offered.

A jogging circuit for a forward–reverse control  
is shown in Figure 30–4. Note that a control  relay 
is used to provide jogging in either direction. 
When the forward jog push button is pressed, the 
normally open section makes connection and pro-
vides power to F coil. This causes F load contacts 
to close and connect the motor to the power line. 
The normally open F auxiliary contact closes, also, 
but the normally closed section of the forward jog 
button is now open, preventing coil CR from being 
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Figure 30–3
Control relays provide jogging control. 
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Figure 30–4
Jogging using a control relay on a forward–reverse control. 

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



230

Chapter 30 Jogging and Inching

L1 L2 L3

M

M

M

OL

OL

OL

CONTROL
TRANSFORMER

MOTOR

OL

M

M

STOP
START

RUN–JOG SWITCH

Figure 30–5
A single-pole, single-throw toggle switch provides jog or run control. 
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Figure 30–6
A selector switch provides run–jog control. 
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Figure 30–7
resistors are used to reduce power to the motor. 
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Figure 30–8
The jog button is connected incorrectly. 
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Figure 30–9
Another incorrect connection for the jog button. 
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●● RevIew QUeStIonS

 1. Explain the difference between inching and 
jogging.

 2. What is the main purpose of jogging?

 3. Refer to the circuit shown in Figure 30–8. In this 
circuit, the jog button has been connected incor-
rectly. The normally closed section has been con-
nected in parallel with the run push button, and 
the normally open section has been connected 
in series with the holding contacts. Explain how 
this circuit operates.

 4. Refer to the circuit shown in Figure 30–9. 
In this circuit, the jog push button has again 
been connected incorrectly. The normally 
closed section of the button has been con-
nected in series with the normally open run 
push button, and the normally open section 
of the jog button is connecting in parallel 
with the holding contacts. Explain how this 
circuit operates.
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Sequence Control

Objectives

After studying this chapter, the student will be able to

●● State the purpose for starting motors in a predetermined sequence.

●● Read and interpret sequence control schematics.

●● Convert a sequence control schematic into a wiring diagram.

●● Connect a sequence control circuit.

Sequence control forces motors to start or stop in a 
predetermined order. One motor cannot start until 
some other motor is in operation. Sequence con-
trol is used by such machines as hydraulic presses 
that must have a high-pressure pump operating 
before they can be used, or by some air condition-
ing systems that require that the blower be in op-
eration before the compressor starts. There are 
several methods by which sequence control can be 
achieved.

Sequence Control Circuit 1
One design that will meet the requirements is 
shown in Figure 31–1. In this circuit, push button 
1 must be pressed before power can be provided to 
push button 2. When motor starter 1 energizes, 
the normally open auxiliary contact 1M closes, 

providing power to coil 1M and to push button 2. 
Motor starter 2 can now be started by pressing 
push button 2. Once motor starter 2 is energized, 
auxiliary contact 2M closes, providing power to coil 
2M and push button 3. If the stop button should be 
pressed or if any overload contact opens, power is 
interrupted to all starters.

Sequence Control Circuit 2
A second method of providing sequence control is 
shown in Figure 31–2. Because the motor connec-
tions are the same as the previous circuit, only the 
control part of the schematic is shown. In this cir-
cuit, normally open auxiliary contacts located on 
motor starters 1M and 2M are used to ensure that 
the three motors start in the proper sequence. A 
normally open 1M auxiliary contact connected in 
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Sequence Control Circuit 3
A third circuit that is almost identical to the pre-
vious circuit is shown in Figure 31–3. This circuit 
also employs the use of normally open auxiliary 
contacts to prevent motor 2 from starting before 
motor 1, and motor 3 cannot start before motor 2. 

series with starter coil 2M prevents motor 2 from 
starting before motor 1, and a normally open 2M 
auxiliary contact connected in series with coil 3M 
prevents motor 3 from starting before motor 2. If 
the stop button should be pressed or if any over-
load contact should open, power is interrupted to 
all starters.
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Figure 31–1
One example of a circuit that provides sequence control.
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Figure 31–2
A second circuit for sequence control.
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Figure 31–3
A third circuit for sequence control.
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when the next motor should start. Some circuits 
sense motor current. When the current of a motor 
drops to a predetermined level, it permits the next 
motor to start. Other circuits sense the speed of 
one motor before permitting the next one to start. 
One of the most common methods is time delay. 
The circuit shown in Figure 31–4 permits three 
motors to start in sequence. Motor 1 starts imme-
diately when the start button is pressed. Motor 2 
starts five seconds after motor 1 starts, and motor 
3 starts 5 seconds after motor 2 starts. Timer coil 
TR1 is connected in parallel with 1M starter coil. 
Because they are connected in parallel, they ener-
gize at the same time. After a delay of 5 seconds,  
TR1 contact closes and energizes coils 2M and 
TR2. Motor 2 start immediately, but timed con-
tact TR2 will delay closing for 5 seconds. After the 

These normally open auxiliary contacts that control 
the starting sequence are often called permissive 
contacts because they permit some action to take 
place. The main difference between the two circuits 
is that in the circuit shown in Figure 31–2, the stop 
push button interrupts the power to all the motor 
starters. The circuit in Figure 31–3 depends on the 
normally open auxiliary contacts reopening to stop 
motors 2 and 3.

Automatic Sequence 
Control
Circuits that permit the automatic starting of mo-
tors in sequence are common. There are a number 
of methods that can be employed to determine 

CONTROL
TRANSFORMER

STOP
1

1M

OL1 OL2 OL3
1M

2M

3M

TR1

TR2

TR1

TR2

5 SECONDS

5 SECONDS

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Figure 31–4
Timed starting for three motors.
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Stopping the Motors  
in Sequence
Some circuit requirements may demand that the 
motors turn off in sequence instead of turning on 
in sequence. This circuit requires the use of off-de-
lay timers. Also, a control relay with four contacts 
is needed. The circuit shown in Figure 31–6 per-
mits the motors to start in sequence from one to 
three when the START button is pressed. Although 
they start in sequence, the action is so fast that it 

delay period, starter coil 3M will energize and start 
 motor 3. When the STOP button is pushed, all mo-
tors stop at virtually the same time.

Although the circuit logic in Figure 31–4 is cor-
rect, most ladder diagrams do not show coils con-
nected in parallel. A modification of the circuit is 
shown in Figure 31–5. In this circuit, auxiliary con-
tacts on the motor starters are used to control the 
action of the timed relays. Note that the logic of 
the circuit is identical to that of the circuit in Fig-
ure 31–4.
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Figure 31–5
Circuit is modified to eliminate parallel coils.
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Motor 3 stops immediately. Five seconds later 
 motor 2 stops, and 5 seconds after motor 2 stops, 
motor 1 stops. An overload on any motor stops all 
motors immediately.

appears they all start at approximately the same 
time. When the STOP button is pressed, however, 
they stop in sequence from motor 3 to motor 1, 
with a time delay of 5 seconds between each motor. 
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Figure 31–6
Motors start in sequence from 1 to 3 and stop in sequence from 3 to 1, with a delay of 5 seconds between the 
stopping of each motor.
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cannot energize because of the normally open 2M 
contact connected in series with coil 3M.  Motor 
starter 1M does energize, starting motor 1 and 
closing all 1M contacts, Figure 31–8.

The 1M contact connected in series with coil 
2M closes and energizes coil 2M, Figure 31–9. 
This causes motor 2 to start and all 2M contacts to 

Circuit Operation
When the START push button is pressed, control 
relay CR energizes and causes all CR contacts to 
close, Figure 31–7. Motor starter 2M cannot ener-
gize because of the normally open 1M contact con-
nected in series with coil 2M, and motor starter 3M 
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Figure 31–7
Control relay Cr energizes and closes all Cr contacts.
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When the 2M contact connected in series with 
coil 3M closes, starter coil 3M energizes and starts 
motor 3. The 3M auxiliary contact connected in 
series with off-delay timer coil TR2 closes and 

close. Off-delay timer TR1 energizes and immedi-
ately closes the TR1 contact connected in parallel 
with the CR contact that is connected in series with 
coil 1M.
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Figure 31–8
Motor 1 starts. 
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When the STOP button is pressed, all CR con-
tacts open immediately, Figure 31–11. Motor 1 
continues to run because the now closed TR1 con-
tact maintains a circuit to the coil of 1M starter. 

energizes the timer, causing timed contacts TR2 
to close immediately, Figure 31–10. Although this 
process seems long when discussed in step-by-step 
order, it actually takes place almost instantly.
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Figure 31–9
Motor 2 starts.
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and de-energize the timer. Because TR2 is an off-
delay timer, the timing process starts when the coil 
is de-energized. TR2 contact remains closed for a 
period of 5 seconds before it opens.

Motor 2 continues to run because of the now 
closed TR2 contact. Motor 3, however, stops im-
mediately when the CR contact connected in series 
with coil 3M opens. This causes the 3M auxiliary 
contact connected in series with TR2 coil to open 
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Figure 31–10
Motor 3 starts. 
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de-energizes coil 1M, stopping motor 1 and open-
ing the 1M auxiliary contact connected in series 
with coil 2M. The circuit is now back in its normal 
de-energized state, as shown in Figure 31–6.

When TR2 contact opens, coil 2M de-energizes 
and stops motor 2. When the 2M auxiliary con-
tacts open, TR1 coil de-energizes and starts the 
time  delay for contact TR1, Figure 31–12. After a 
delay of 5 seconds, timed contact TR1 opens and 
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Figure 31–11
Motor 3 stops.
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starts motor 2. The 2M auxiliary contact connected 
in series with off-delay timer TR1 closes, causing 
timed contact TR1 to close immediately. The sec-
ond 2M auxiliary contact connected in series with 
on-delay timer TR4 closes and starts the timing 
process. After 5 seconds, timed contact TR4 closes 
and energizes starter coil 3M, starting motor 3. 
The 3M auxiliary contact connected in series with 
off-delay timer TR2 closes and energizes the timer. 
Timed contact TR2 closes immediately. All motors 
are now running.

When the STOP button is pressed, all CR con-
tacts open immediately. This de-energizes starter 

Timed Starting and Stopping  
of Three Motors
The addition of two timers makes it possible to 
start the motors in sequence from 1 to 3 with a 
time delay between the starting of each motor, 
as well as stopping the motors in sequence from 
3 to 1 with a time delay between the stopping of 
each  motor. The circuit shown in Figure 31–13 
makes this amendment. When the START button 
is pressed, all CR contacts close. Motor 1 starts im-
mediately when starter 1M energizes. The 1M aux-
iliary contact closes and energizes on-delay timer 
TR3. After 5 seconds, starter 2M energizes and 
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Figure 31–12
Motor 2 stops.
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delay of 5 seconds, timed contact TR1 opens and 
de-energizes starter coil 1M. This causes motor 1 to 
stop and on-delay timer TR3 to de-energize. Con-
tact TR3 reopens immediately, and the circuit is 
back in its original de-energized state.
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Figure 31–13
Motors start and stop in sequence with a time delay between starting and stopping.

3M, stopping motor 3 and de-energizing off-delay 
timer coil TR2. After a delay of 5 seconds, timed 
contact TR2 opens and de-energizes starter 2M. 
This causes motor 2 to stop, off-delay timer TR1 
to de-energize, and on-delay timer TR4 to de-en-
ergize. TR4 contact reopens immediately. After a 
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Figure 31–14
Sequence control schematic with wire numbers.
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●● Review QueSTiOnS

 1. What is the purpose of sequence control?

 2. Refer to the schematic diagram in Figure 31–14. 
Assume that the 1M contact located between 
wire numbers 29 and 30 was connected normally 
closed instead of normally open. How would this 
circuit operate?

 3. Assume that all three motors shown in Figure 
31–14 are running. Now assume that the stop 
button is pressed and motors 1 and 2 stop 
 running, but motor 3 continues to operate. 
Which of the following could cause this  
problem?

 a. The stop button is shorted.
 b. 2M contact between wire numbers 31 and 32 

is hung closed.
 c. The 3M load contacts are welded shut.
 d. The normally open 3M contact between wire 

numbers 23 and 31 is hung closed.

 4. Referring to Figure 31–14, assume that the 
normally open 2M contact located between 
wire numbers 23 and 29 is welded closed. 
Also assume that none of the motors are run-
ning. What would happen if

 a. The number 2 push button were pressed 
before the number 1 push button?

 b. The number 1 push button were pressed 
first?

 5. In the control circuit shown in Figure 31–2, 
if an overload occurs on any motor, all three 
motors will stop running. Using a separate 
sheet of paper, redesign the circuit so that the 
motors must still start in sequence from 1 to 
3, but an overload on any motor will stop only 
that motor. If an overload should occur on 
motor 1, for example, motors 2 and 3 would 
continue to operate.
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Application
DC motors are used in applications where variable 
speed and strong torque are required. They are used 
for cranes and hoists when loads must be started 
slowly and accelerated quickly. DC motors are also 
used in print ing presses, steel mills, pipe form-
ing mills, and many other industrial applications 
where speed control is  important.

Speed Control
The speed of a DC motor can be controlled by ap-
plying variable voltage to the armature or field. 
When full  voltage is applied to both the armature 
and the field, the motor operates at its base or nor-
mal speed. When full voltage is applied to the field 
and reduced voltage is applied to the armature, the 
motor operates below normal speed. When full 

OBJECTIVES

After studying this chapter, the student will be able to

●● List applications of DC motors.

●● Describe the electrical characteristics of DC motors.

●● Describe the field structure of a DC motor.

●● Change the direction of rotation of a DC motor.

●● Identify the series and shunt fields and the armature winding with an 
 ohmmeter.

●● Connect motor leads to form a series, shunt, or compound motor.

●● Describe the difference between a differential and a cumulative  
compound  motor.
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the speed regulation will be. Where the brush leads 
extend out of the motor at the terminal box, they 
are labeled A1 and A2.

Field Windings
There are two types of field windings used in DC 
motors: series and shunt. The series field is made 
with a few turns of large wire. It has a low resis-
tance and is designed to be connected in series with 
the armature. The terminal markings, S1 and S2, 
identify the series field windings.

The shunt field winding is made with many 
turns of small wire. It has a high resistance and is 
designed to be connected in parallel with the arma-
ture. Because the shunt field is connected in parallel 
with the armature, line voltage is connected across 
it. The current through the shunt field is therefore 
limited by its resistance. The terminal markings for 
the shunt field are F1 and F2.

Identifying Windings
The windings of a DC motor can be identified with 
an ohmmeter. The shunt field winding can be 
identified by the fact that it has a high resistance 
as compared to the other two windings. The series 
field and armature windings have a very low resis-
tance. They can be identified, however, by turning 
the motor shaft. When the  ohmmeter is connected 

voltage is applied to the armature and reduced volt-
age is applied to the field, the motor operates above 
normal speed.

Motor Construction
The essential parts of a DC motor are the armature, 
field windings, brushes, and frame (Figure 32–1).

The Armature
The armature is the rotating part of the motor. It is 
constructed from an iron cylinder that has slots cut 
into it. Wire is wound through the slots to form the 
windings. The ends of the windings are connected 
to the commutator, which consists of insulated 
copper bars and is mounted on the same shaft as 
the windings. The windings and commutator to-
gether form the armature.

Carbon brushes, which press against the com-
mutator segment, supply power to the armature 
from the DC power line. The commutator is a me-
chanical switch that forces current to flow through 
the armature windings in the same direction. This 
enables the polarity of the magnetic field produced 
in the armature to  remain constant as it turns.

Armature resistance is kept low, generally less 
than 1 ohm. This is because the speed regulation 
of the motor is proportional to the armature resis-
tance. The lower the armature resistance, the better 
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Figure 32–1
A DC motor with visible commutator, brushes, armature windings, and field 
windings.
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connected in series with the shunt field to provide 
above normal speed control.

The compound motor has both series and 
shunt field windings. Each pole piece in the  motor 
has both windings wound on it (Figure 32–3). 
There are different ways of connecting compound 
motors. For instance, a motor can be connected as 
a long shunt compound or as a short shunt com-
pound (Figure 32–4). When a long shunt connec-
tion is made, the shunt field is connected parallel 
to both the armature and the series field. When 

to the series field and the motor shaft is turned, 
the ohmmeter reading is not affected. When the 
ohmmeter is connected to the armature winding 
and the motor shaft is turned, the reading becomes 
erratic as the brushes make and break  contact with 
different commutator segments.

Types of DC Motors
There are three basic types of DC motors: the se-
ries, the shunt, and the compound. The type of 
 motor used is determined by the requirements of 
the load. The series motor, for example, can pro-
duce very high starting torque, but its speed regu-
lation is poor. The only thing that limits the speed 
of a series motor is the amount of load connected 
to it. A very common application of a series motor 
is the starter motor used on automobiles. Shunt 
and compound motors are used in applications 
where speed control is essential.

Figure 32–2 shows the basic connections for 
series, shunt, and compound motors. Notice that 
the series motor contains only the series field 
connected in series with the armature. The shunt 
 motor contains only the shunt field connected 
parallel to the armature. A rheostat is shown 
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Figure 32–2
DC motor connections.
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Figure 32–3
Series and shunt field windings are wound.
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Direction of Rotation
The direction of rotation of the armature is deter-
mined by the relationship of the polarity of the 
magnetic field of the armature to the polarity of 
the magnetic field of the pole pieces. Figure 32–7 
shows a motor connected in such a manner that 
the armature rotates in a clockwise direction due to 
the attraction and repulsion of magnetic fields. If 
the input lines to the motor are reversed, the mag-
netic polarity of both the pole pieces and the arma-
ture is reversed and the motor continues to operate 
in the same direction (Figure 32–8).

To reverse the direction of rotation of the ar-
mature, the magnetic polarity of the armature and 
the field must be changed in relation to each other. 
In Figure 32–9, the armature leads have been A1 A2

LONG SHUNT COMPOUND

S1 S2

+ –

F2F1

A1 A2

SHORT SHUNT COMPOUND

S1 S2
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F2F1

Figure 32–4
Compound motor connections.
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Figure 32–5
Cumulative compound connection.
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Figure 32–6
Differential compound connection.
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Figure 32–7
Armature rotates in a clockwise direction.
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a short shunt connection is made, the shunt field 
is connected parallel to the armature but in series 
with the series field.

Compound motors can also be connected as cu-
mulative or differential. When a motor is connected 
as a cumulative compound, the shunt and series 
fields are connected in such a manner that as current 
flows through the windings they aid each other in 
the production of magnetism (Figure 32–5). When 
the motor is connected as a differential compound, 
the shunt and series field windings are connected in 
such a manner that as current flows through them, 
they oppose each other in the production of magne-
tism (Figure 32–6).

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



252

Chapter 32 DC Motors

changed, but the field leads have not. Notice that 
the attraction and repulsion of the magnetic fields 
now cause the armature to turn in a counterclock-
wise direction.

When the direction of rotation of a series or 
shunt motor is to be changed, either the field or 
the armature leads can be reversed. Many small DC 
shunt motors are reversed by reversing the connec-
tion of the shunt field leads. This is done because 
the current flow through the shunt field is much 
lower than the current flow through the armature. 
This permits a small switch,  instead of a large sole-
noid switch, to be used as a reversing switch. Figure 
32–10 shows a double-pole, double-throw (DPDT) 

switch used as a reversing switch. Power is con-
nected to the common terminals of the switch, and 
the stationary terminals are cross connected.

When a compound motor is to be reversed, only 
the armature leads are changed. If the motor is re-
versed by changing the shunt field leads, the motor 
is changed from a cumulative compound motor to a 
differential compound motor. If this happens, the 
motor speed drops sharply when load is added to 
the motor.  Figure 32–11 shows a reversing circuit 
using magnetic contactors to change the direction 
of current flow through the armature. Notice that 
the direction of current flow through the series and 
shunt fields remains the same whether the F con-
tacts or the R contacts are closed.

Standard Connections
When DC motors are wound, the terminal leads 
are marked in a standard manner. This permits 
the direction of rotation to be determined when 
the motor windings are connected. The direction 
of rotation is determined by facing the commuta-
tor end of the motor, which is generally located on 
the rear of the motor, but not always. Figure 32–12 

S

S S

N

N

N

N S

Figure 32–8
Changing input lines will not reverse the direction of 
rotation.
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Figure 32–9
When the armature leads are reversed, the direction of 
rotation is changed.
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A1 A2

Figure 32–10
Double-pole, double-throw switch used to reverse the 
direction of rotation of a shunt motor.
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shows the standard connections for a series motor, 
Figure 32–13 shows the standard connections for a 
shunt motor, and Figure 32–14 shows the standard 
connections for a cumulative compound motor.

A1

A2

R

R

F

F

S1 S2

+ –

F2F1

Figure 32–11
Contactors reverse the direction of current flow through 
the armature.
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A1 A2

COUNTERCLOCKWISE ROTATION

S1 S2

+ –

F2F1

A2 A1

CLOCKWISE ROTATION

S1 S2

+ –

F2F1

Figure 32–14
Standard connections for compound motors.
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COUNTERCLOCKWISE ROTATION
+ –

F2F1

A2 A1

CLOCKWISE ROTATION
+ –

F2F1

Figure 32–13
Standard connections for shunt motors.
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A1 A2

COUNTERCLOCKWISE ROTATION

S1 S2

+ –

A2 A1

CLOCKWISE ROTATION

S1 S2

+ –

Figure 32–12
Standard connections for series motors.
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●● RevIeW QueSTIonS

 1. How can a DC motor be made to operate below 
its normal speed?

 2. Name the three basic types of DC motors.

 3. Explain the physical difference between series 
field windings and shunt field windings.

 4. The speed regulation of a DC motor is propor-
tional to what?

 5. What connection is made to form a long shunt 
compound motor?

 6. Explain the difference between the connec-
tion of a cumulative compound and a differ-
ential compound motor.

 7. How is the direction of rotation of a DC 
 motor changed?

 8. Why is it important to reverse only the arma-
ture leads when changing the rotation of a 
compound motor?
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Chapter  33
Starting Methods for DC 
Motors

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe across-the-line starting for small DC motors.

●● Explain why a current-limiting resistor may be used when starting a DC motor.

●● Connect an across-the-line starter for a DC motor.

●● Recommend troubleshooting solutions for across-the-line starters.

●● Draw diagrams of motor starter control circuits.

●● Describe field current protection for DC motors.

●● Describe the use of series resistance for limiting armature current when 
starting a DC motor.

●● Connect a timed starting control for a DC motor.

Small DC motors are often started directly across-
the-line because they have low inertia, which per-
mits them to gain speed quickly, causing a rapid 
increase of counter-EMF to limit inrush current. 
Fractional horse-power manual starters and mag-
netic starters that are generally used to control 
small AC motors are often employed to start small 
DC motors. Although only one load contact would  
be required to break the circuit and stop the 
 motor, load contacts are often connected in series 
( Figure 33–1). Direct current is more difficult to in-
terrupt than alternating current because it does not 
fall to zero at periodic intervals. Connecting the load 
contacts in series increases the total air gap between 
contacts and aids in interrupting an electric arc.

Contactors that are designed to control direct-
current devices are generally of the clapper type, 
because those exhibit a greater air gap between 
the movable and stationary load contacts. Because 
of the distance the armature must travel, these 
contactors often contain two coils connected in 
parallel. One coil is called the pick-up coil and the 
other is called the holding coil. The pick-up coil is 
designed for momentary duty only and the hold-
ing coil is designed for continuous duty. When the 
contactor is energized, both coils operate to create 
a strong electromagnetic field. When the armature 
closes, the pick-up coil is disconnected and the ar-
mature is held in place by the holding coil. Some 
of these contactors are equipped with a small limit 
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armature begins to turn, counter-EMF is developed 
in the armature. As counter-EMF increases, resis-
tance can be shunted out of the armature circuit, 
permitting the armature to turn at a higher speed. 
When armature speed increases, counter-EMF also 
increases. Resistance can be shunted out of the 
circuit in steps until the armature is connected di-
rectly to the power line.

Limiting the starting current of the armature 
is not the only factor that should be considered 
in a DC control circuit. Most DC motor control 
circuits use a field current relay (FCR) or field loss 
relay connected in series with the shunt field of 
the motor. The FCR ensures that current is flowing 
through the shunt field before voltage can be con-
nected to the armature. Because the FCR is a cur-
rent relay and not a potential or voltage relay, if 
it should become necessary to replace the relay, 
it is important to replace it with a relay that has 
the same current rating as the coil of the original 
 relay.  Field current relays contain one or two nor-
mally open contacts that close when current flows 
through the coil.

If the motor is running and the shunt field 
opens, the motor becomes a series motor and be-
gins to increase rapidly in speed. If this happens, 
both the motor and the equipment it is operating 

switch that opens the circuit when the armature 
closes, Figure 33–2. Other dual-coil contactors de-
pend on a normally closed contact to disconnect 
the pick-up coil when the contactor is energized 
(Figure 33–3). When the Start button is pressed, a 
circuit is complete through the normally closed M 
contact to provide power to both the holding coil 
and pick-up coil. When the contactor energizes, the 
normally closed contact opens and disconnects the 
pick-up coil. The holding coil provides a magnetic 
field of sufficient strength to keep the armature 
closed.

Another common method of momentarily pro-
viding a strong magnetic field during pick-up and 
then reducing the current flow to the coil is to in-
sert a current-limiting resistor in series with the 
contactor coil (Figure 33–4). When the Start but-
ton is pressed, the normally closed contact pro-
vides a path around the current-limiting resistor, 
permitting full voltage to be applied to the coil. 
When the contactor energizes, the normally closed 
contact opens, inserting the current-limiting resis-
tor in series with the coil.

When large DC motors are to be started, cur-
rent in-rush to the armature must be limited. 
One method of limiting this current is to connect 
resistors in series with the armature. When the 

M OLHTR

M

M

OL

FUSE

STOP

START

M M

+ −

A1 A2

F1 F2

Figure 33–1
Load contacts are connected in series to provide a greater air gap, which helps interrupt an arc.
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of 5 seconds each until the armature is connected 
directly to the line.

The circuit operates as follows: When the 
START button is pushed, current is supplied to 
relay coil F, and all F contacts change position. 
One F contact is connected parallel to the START 
button and acts as a holding contact. Another F 
contact connects the FCR and the shunt field to 
the line.

can be destroyed. For this reason, the shunt field 
relay must disconnect the armature from the line if 
shunt field current stops flowing.

The circuit shown in Figure 33–5 is a DC motor  
control with two steps of resistance connected 
in series with the armature. When the motor is 
started, both resistors limit current flow to the 
armature. Time-delay relays are used to shunt the 
starting resistors out of the circuit in time intervals 

BLOWOUT COIL

HOLDING COIL

PICK-UP COIL

LIMIT SWITCH OPENS WHEN 
ARMATURE IS ATTRACTED TO THE
ELECTROMAGNET

ARMATURE

Figure 33–2
The pick-up coil is disconnected by the limit switch when the armature closes.
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closes. This permits current to flow to relay coils 
S1 and TR2. When contact S1 closes, resistor R1 is 
shunted out of the circuit. Five seconds after relay 
coil TR2 energizes, contact TR2 closes. When con-
tact TR2 closes, current can flow to coil S2. When 
contact S2 closes, resistor R2 is shunted out of the 

When shunt field current begins to flow, con-
tact FCR closes. When contact FCR closes, a cir-
cuit is completed to motor starter coil M and coil 
TR1. When starter M energizes, contact M closes 
and connects the armature circuit to the DC line. 
Five seconds after coil TR1 energizes, contact TR1 

M OLHTR

M

M

OL

FUSE

STOP

START

+ −

A1 A2

F1 F2

M

HOLDING

PICK-UP

M OLHTR

M

M

OL

FUSE

STOP
START

+ −

A1 A2

F1 F2

M

CURRENT-LIMITING
RESISTOR

Figure 33–3
The pick-up coil is disconnected by the normally closed M contact when the contactor energizes.

Figure 33–4
A current-limiting resistor reduces current to the coil after the contactor is energized.
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TR1 de-energizes, contact TR1 opens immediately 
and de-energizes coils S1 and TR2. When coil TR2 
de- energizes, contact TR2 opens immediately and de-
energizes coil S2. All contacts in the circuit are back in 
their original positions, and the circuit is ready to be 
started again.

circuit, and the armature is connected directly to 
the DC power line.

When the STOp button is pushed, relay F de-en-
ergizes and opens all F contacts. This breaks the cir-
cuit to starter coil M, which causes contact M to open 
and disconnect the armature from the line. When coil 

Figure 33–5
Time-delay starter for a DC motor.

F
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●● Review QueStionS

 1. Why are contacts often connected in series when 
controlling small DC motors?

 2. Why is direct current more difficult to interrupt 
than alternating current?

 3. Why are clapper-type contactors generally used 
to control DC devices?

 4. When a contactor employs the use of dual coils, 
how are the holding and pick-up coils connected 
in relationship to each other?

 5. How is the inrush current to large DC motors 
often limited?

 6. What is the purpose of the FCR?

 7. How is the FCR connected in relationship to 
the shunt field?

 8. Is the FCR a current relay or a voltage relay?

 9. Refer to Figure 33–5. What would be the ac-
tion of the circuit if timers TR1 and TR2 were 
to be replaced with off-delay timers?
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Chapter  34
Solid-State DC Drives

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe armature control.

●● Discuss DC voltage control with a three-phase bridge rectifier.

●● Describe methods of current limit control.

●● Discuss feedback for constant speed control.

Direct-current motors are used throughout much 
of industry because of their ability to produce high 
torque at low speed and because of their variable 
speed characteristics. DC motors are generally op-
erated at or below normal speed. Normal speed for a 
DC motor is obtained by operating the motor with 
full rated voltage applied to the field and armature. 
The motor can be operated at below normal speed 
by applying rated voltage to the field and reduced 
voltage to the armature.

In Chapter 33, resistance was connected in se-
ries with the armature to limit current and, there-
fore, speed.  Although this method does work and 
was used in  industry for many years, it is seldom 
used today. When resistance is used for speed con-
trol, much of the power applied to the circuit is 
wasted in heating the resistors, and the speed con-
trol of the motor is not smooth because resistance 
is taken out of the circuit in steps.

Speed control of a DC motor is much smoother 
if two separate power supplies, which convert the AC 
voltage to DC voltage, are used to control the motor  
instead of resistors connected in series with the 

armature  (Figure 34–1). Notice that one power sup-
ply is used to supply a constant voltage to the shunt 
field of the  motor, and the other power supply is 
variable and  supplies voltage to the armature only.

F1

A1 A2

F2

L1

L2

L3 –+

L1

L2

L3

–+

Figure 34–1
Separate power supplies used to control armature and field.
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motor controllers intended to provide the DC 
power needed to operate large DC motors convert 
three-phase AC voltage directly into DC voltage 
with a three-phase bridge rectifier.

The diodes of the rectifier, however, are replaced 
with SCRs to provide control of the output voltage 
 (Figure 34–2). Figure 34–3 shows SCRs used for this 

The Shunt Field Power 
Supply
Most solid-state DC motor controllers provide a 
separate DC power supply, which is used to furnish 
excitation current to the shunt field. The shunt 
field of most industrial motors requires a current 
of only a few amperes to excite the field magnets; 
therefore, a small power supply can be used to 
fulfill this need. The shunt field power supply is 
generally designed to remain turned on even when 
the main (armature) power supply is turned off. If 
power is connected to the shunt field even when 
the motor is not operating, the shunt field acts as 
a small resistance heater for the motor. This heat 
helps prevent moisture from forming in the motor 
due to condensation.

The Armature Power Supply
The armature power supply is used to provide vari-
able DC voltage to the armature of the motor. This 
power supply is the heart of the solid-state  motor 
controller. Depending on the size and power rat-
ing of the controller, armature power supplies 
can be designed to produce from a few amperes 
to hundreds of amperes. Most of the solid-state 

L1

L2

L3

A1

A2
–

+

Figure 34–2
Three-phase bridge rectifier.

Figure 34–3
SCr controller for providing power to large DC motors.
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mation to the phase shift control unit. Figure 34–5 
shows a typical phase shift control unit.

type of DC motor controller. A large diode is  often 
connected across the output of the bridge. This 
 diode is known as a freewheeling, or kickback, diode 
and is used to kill inductive spike voltages produced 
in the armature. If armature power is suddenly in-
terrupted, the  collapsing magnetic field induces a 
high voltage into the armature windings. The diode 
is reverse biased when the power supply is operating 
under normal conditions, but an induced voltage 
is opposite in polarity to the applied voltage. This 
means the kickback diode will be forward  biased to 
any voltage induced into the  armature. Because a 
silicon diode has a voltage drop of 0.6 to 0.7 volt in 
the forward direction, a high voltage spike cannot 
be produced in the armature.

Voltage Control
Output voltage control is achieved by phase shifting 
the SCRs. The phase shift control unit determines 
the  output voltage of the rectifier (Figure 34–4). Be-
cause the phase shift unit is the real controller of the 
circuit, other sections of the circuit provide infor-

L1

L2

L3

A1

A2
–

+

PHASE
SHIFT

CONTROL

Figure 34–4
Phase shift controls output voltage.

Figure 34–5
Phase shift control board for controlling SCrs.
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coil of a motor starter used to connect the arma-
ture to the power line. If current flow were stopped, 
the contact of the current relay would open, caus-
ing the circuit of the motor starter coil to open.

Another method used to sense current flow is 
to connect a low value of resistance in series with 
the shunt field (Figure 34–6). The voltage drop 
across the sense resistor is proportional to the 
current flowing through the resistor (E 5 I 3 R). 
Because the sense resistor is connected in series 
with the shunt field, the current flow through the 
sense resistor must be the same as the current flow 
through the shunt field. A circuit can be designed 
to measure the voltage drop across the sense resis-
tor. If this voltage falls below a certain level, a sig-
nal is sent to the phase shift control unit, and the 
SCRs are turned off (Figure 34–7).

Current Limit Control
The armature of a large DC motor has a very low re-
sistance, typically less than 1 ohm. If the controller 
is turned on with full voltage applied to the arma-
ture, or if the motor stalls while full voltage is ap-
plied to the armature, a very large current flows. 
This current can damage the armature of the motor 
or the electronic components of the controller. For 
this reason, most solid-state, DC motor controls use 
some method to limit the current to a safe value.

One method of sensing the current is to insert 
a low value of resistance in series with the arma-
ture circuit. The amount of voltage dropped across 
the sense resistor is proportional to the current 
flow through the resistor. When the voltage drop 

Field Failure Control
As stated previously, if current flow through the 
shunt field is interrupted, a compound wound DC 
motor becomes a series motor and races to high 
speeds. Some method must be provided to discon-
nect the armature from the circuit in case current 
flow through the shunt field stops. Several meth-
ods can be used to sense current flow through the 
shunt field. In Chapter 33, a current relay was con-
nected in series with the shunt field. A contact of 
the current relay was connected in series with the 

F1

A1

A2

F2

L1

L2

L3

SENSE
RESISTOR

–

+

L1

L2

L3

FIELD
FAILURE

Figure 34–6
resistor used to sense current flow through field.

A1 A2

RECTIFIER

–+L1

L2

L3

FIELD
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CONTROL

PHASE
SHIFT

CONTROL

Figure 34–7
Field failure control signals the phase shift control.
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it is generally necessary that the motor maintain a 
constant speed once it has been set. For example, 
assume that a DC  motor can be adjusted to oper-
ate at any speed from 0 to 1800 RpM. Now assume 
that the operator has adjusted the motor to operate 
at 1200 RpM. The operator  controls are connected 
to the phase shift control unit (Figure 34–10). If 
the operator wants to change speed, a signal is sent 
to the phase shift control unit, and the phase shift 
control allows the voltage applied to the  armature 
to increase or decrease.

DC motors, like many other motors, change 
speed if the load is changed. If the voltage con-
nected to the armature remains constant, an in-
crease in load causes the motor speed to decrease, 
or a decrease in load causes the motor speed to in-
crease. Because the phase shift unit controls the 
voltage applied to the armature, it can be used to 
control motor speed. If the motor speed is to be 
held constant, some means must be used to detect 
the speed of the motor. A very common method of 
detecting motor speed is with the use of an electro-
tachometer (Figure 34–11). An electrotachometer is 
a small, permanent, magnet generator connected 
to the motor shaft. The output voltage of the gen-
erator is  proportional to its speed. The output volt-
age of the gen erator is connected to the phase shift 
control unit (Figure 34–12). If load is added to the 

reaches a certain level, a signal is sent to the phase 
shift control telling it not to permit any more volt-
age to be applied to the armature.

When DC motors of about 25 horsepower or 
larger are to be controlled, resistance connected 
in series with the armature can cause problems. 
Therefore, another method of sensing armature 
current can be used (Figure 34–8). In this circuit, 
current transformers are connected to the AC 
 input lines. The current supplied to the rectifier is 
proportional to the current supplied to the arma-
ture. When a predetermined amount of current 
is detected by the current transformers, a signal 
is sent to the phase shift control telling it not to 
permit the voltage applied to the armature to in-
crease (Figure 34–9). This method of sensing the 
armature current has the advantage of not adding 
resistance to the armature circuit. Regardless of the 
method used, the current limit control signals the 
phase shift control, and the phase shift control lim-
its the voltage applied to the armature.

Speed Control
The greatest advantage of using direct-current mo-
tors is their variable speed characteristic. Although 
the ability to change motor speed is often desirable, 
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CONTROL

Figure 34–8
Current transformers measure AC line current. Figure 34–9

Current flow to armature is limited.
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A1 A2

RECTIFIER

–+L1

L2

L3

CURRENT
LIMIT

OPERATOR
CONTROL

PHASE
SHIFT

CONTROL

FIELD
FAILURE

Figure 34–10
Operator control is connected to the phase shift control unit.

Figure 34–11
Direct-current motor with tachometer attached for measuring motor speed.
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increase in the output voltage of the tachom-
eter. The phase shift unit detects the increase of 
 tachometer voltage and causes a decrease in the 
voltage applied to the armature. Electronic com-
ponents respond so fast that there is almost no 
 noticeable change in motor speed when load is 
added or removed. An SCR motor control unit is 
shown in Figure 34–13.

motor, the motor speed decreases. When the  motor 
speed decreases, the output voltage of the elec-
trotachometer drops. The phase shift unit detects 
the voltage drop of the tachometer and increases 
the  armature voltage until the tachometer voltage 
 returns to the proper value.

If the load is removed, the motor speed in-
creases. An increase in motor speed causes an 

Figure 34–12
electrotachometer measures motor speed.
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RECTIFIER

–+L1

L2

L3

ELECTRO-
TACHOMETER

CURRENT
LIMIT

OPERATOR
CONTROL

PHASE
SHIFT

CONTROL

FIELD
FAILURE

Figure 34–13
SCr motor control unit mounted in a cabinet.
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●● ReView QueSTionS

 1. What electronic component is generally used to 
change the AC voltage into DC voltage in large 
DC motor controllers?

 2. Why is this component used instead of a diode?

 3. What is a freewheeling or kickback diode?

 4. Name two methods of sensing the current flow 
through the shunt field.

 5. Name two methods of sensing armature current.

 6. What unit controls the voltage applied to the 
 armature?

 7. What device is often used to sense motor speed?

 8. If the motor speed decreases, does the output 
voltage of the electrotachometer increase or 
decrease?
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Stepping Motors

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe the operation of a DC stepping motor.

●● Describe the operation of a stepping motor when connected to AC power.

●● Discuss the differences between stepping motors and other types of motors.

●● Discuss the differences between four-step and eight-step switching.

Stepping motors are devices that convert electri-
cal  impulses into mechanical movement. Stepping 
motors differ from other types of DC or AC motors 
in that their output shaft moves through a specific 
angular rotation each time the motor receives a 
pulse. Each time a pulse is received, the motor 
shaft moves a precise amount. The stepping motor 
allows a load to be controlled with regard to speed, 
distance, or position. These motors are very accu-
rate in their control performance. Generally, less 
than 5% error per angle of rotation exists, and this 
error is not cumulative, regardless of the number 
of  rotations. Stepping motors are operated on DC 
power but can be used as a two-phase synchronous 
motor when connected to AC power.

Theory of Operation
Stepping motors operate on the theory that like 
magnetic poles repel and unlike magnetic poles at-
tract. Consider the circuit shown in Figure 35–1. In 
this illustration, the rotor is a permanent magnet 

and the stator wind ing consists of two electromag-
netics. If current flows through the winding of sta-
tor pole A in such a direction that it creates a north 
magnetic pole, and through B in such a direction 
that it creates a south  magnetic pole, it is impos-
sible to determine the direction of rotation. In this 
condition, the rotor could turn in either direction.

Now consider the circuit shown in Figure 35–2.  
In this circuit, the motor contains four stator 

N

S

NROTOR

S

A

B

Figure 35–1
The rotor could turn in either direction. 
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C is in such a direction as to form a north magnetic 
pole, and the direction of current flow through 
poles B and D forms a south magnetic pole. In this 
illustration, the  permanent magnetic rotor has ro-
tated to a position  between the actual pole pieces.

To allow for better stepping resolution, most 
 stepping motors have eight stator poles, and the 
pole pieces and rotor have teeth machined into 
them as shown in Figure 35–4. In practice, the 
number of teeth machined in the stator and rotor  
determines the angular rotation achieved each 
time the motor is stepped. The stator- rotor tooth 

poles instead of two. The direction of current flow 
through stator pole A is still in such a direction as 
to produce a north magnetic field; the current flow 
through pole B produces a south magnetic field. The 
current flow through stator pole C, however, pro-
duces a south magnetic field, and the current flow 
through pole D produces a north magnetic field. As 
illustrated, there is no doubt regarding the direc-
tion or angle of rotation. In this example, the rotor 
shaft will turn 90° in a counter-clockwise  direction.

Figure 35–3 shows yet another condition. In 
this example, the current flow through poles A and 

S

N

C

D

N

S

NROTOR

S

A

B AVERAGE
SOUTH
POLE

AVERAGE
NORTH
POLE

N

S

C

D

N

N
S

S

A

B

Figure 35–2
Direction of rotation is known.

Figure 35–3
rotor is positioned between the pole pieces.

Figure 35–4
Construction of a DC stepping motor.
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producing a better inductive-resistive (L/R) time 
constant for the bifilar wound motor. The in-
creased L/R time constant results in better motor 
 performance. The use of a bifilar stepper motor also 
simplifies the drive circuitry requirements. Notice 
that the bifilar motor does not require an above- 
and below-ground power supply. As a general rule, 
the power supply voltage should be about five times 
greater than the motor voltage. A current-limiting 
resistance is used in the common lead of the motor. 
This current-limiting  resistor also helps to improve 
the L/R time constant.

Four-Step Switching  
(Full Stepping)
The switching arrangement shown in Figure 35–6 
can be used for a four-step sequence. Each time one 
of the switches changes position, the rotor will ad-
vance one-fourth of a tooth. After four steps, the 
rotor has turned the angular rotation of one “full” 
tooth. If the rotor and stator have 50 teeth, it will 
require 200 steps for the motor to rotate one full 
revolution. This corresponds to an angular rotation 
of 1.8° per step. (360°/200 steps 5 1.8° per step.) 
Figure 35–7 illustrates the switch  positions for 
each step.

configuration shown in Figure 35–4  produces an 
angular rotation of 1.8° per step.

Windings
There are different methods for winding step-
per motors. A standard three-lead motor is shown 
in Figure 35–5. The common terminal of the two 
windings is connected to ground of an above- and 
 below-ground power  supply. Terminal 1 is con-
nected to the common of a single-pole, double-
throw switch (switch 1) and terminal 3 is connected 
to the common of another single-pole, double-
throw switch (switch 2). One of the stationary con-
tacts of each switch is connected to the positive or 
above-ground voltage, and the other stationary con-
tact is  connected to the negative or below-ground 
voltage. The polarity of each winding is determined 
by the  position setting of its control switch.

Stepping motors can also be wound bifilar, as 
shown in Figure 35–6. The term bifilar means that 
there are two windings wound together. This is 
similar to a transformer winding with a center tap 
lead. Bifilar stepping motors have twice as many 
windings as the three-lead type, which makes it 
necessary to use smaller wire in the windings. This 
results in higher wire resistance in the winding, 

SWITCH 2

SWITCH 1
+

+

PHASE A

PHASE B

Figure 35–5
Standard three-lead motor.
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produce one revolution, which produces an an-
gular rotation of 0.9° per step. This results in 
better stepping  resolution and greater speed ca-
pability. The chart in Figure 35–9 illustrates the 
switch  position for each step. Figure 35–10 depicts 
a solid-state switching circuit for an eight-step 
switching  arrangement. A stepping motor is shown 
in Figure 35–11.

AC Operation
Stepping motors can be operated on AC voltage. 
In this mode of operation, they become two-phase 
AC  synchronous constant speed motors and are 
classified as a permanent magnet induction motor. 
Refer to the exploded diagram of a stepping  motor 
in Figure 35–12. Notice that this motor has no 
brushes, slip rings, commutator, gears, or belts. 
Bearings maintain a constant air gap  between the 
permanent magnet rotor and the stator windings. 
A typical eight-stator pole stepping motor has a 
synchronous speed of 72 Rpm when  connected to 
a 60-hertz, two-phase AC power line.

A resistive-capacitive network can be used 
to provide the 90° phase shift needed to change 
single-phase AC into two-phase AC. A simple 

Eight-Step Switching  
(Half Stepping)
Figure 35–8 illustrates the connections for an 
eight-stepping sequence. In this arrangement, the 
center tap leads for phases A and B are connected 
through their own separate current-limiting resis-
tors back to the  negative of the power supply. This 
circuit contains four separate single-pole switches 
instead of two switches. The advantage of this ar-
rangement is that each step causes the motor to 
rotate one-eighth of a tooth instead of one-fourth 
of a tooth. The motor now requires 400 steps to 

SWITCH 2

SWITCH 1

RESISTOR PHASE A

PHASE B

+

1

4

3

5

2

Figure 35–6
Bifilar wound stepping motor.

Figure 35–7
Four-step switching sequence.
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direction of rotation when the motor is started, 
change of direction when the load is varied,  erratic 
and unstable operation, and failure of the motor to 
start. The correct values of resistance and capaci-
tance are different with different stepping motors. 
The manufacturer’s recommendations should be fol-
lowed for the particular type of stepping motor used.

Motor Characteristics
When stepping motors are used as two-phase 
 synchronous motors, they have the ability to 
start, stop, or reverse direction of rotation almost 
instantly. The motor will start within about 11⁄2 
cycles of the  applied voltage and stop within 5 to 
25 milliseconds. The motor can maintain a stalled 
condition without harm to it.  Because the rotor is 
a permanent magnet, no induced current is in the 
rotor, and no high inrush of current occurs when 
the motor is started. The starting and running 
currents are the same. This simplifies the power  
requirements of the circuit used to supply the motor.  
Due to the permanent magnetic structure of the 
rotor, the motor does provide holding torque when 

forward-off-reverse switch can be added to provide 
directional control. A sample circuit of this type 
is shown in Figure 35–13. The correct values of re-
sistance and capacitance are necessary for proper 
operation. Incorrect values can  result in random 

Figure 35–9
eight-step switching sequence.

SWITCH 1

SWITCH 2

+

A

B

A′

B′

SWITCH 3

SWITCH 4

Figure 35–8
eight-step switching.
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turned off. If more holding torque is needed, DC 
 voltage can be  applied to one or both windings 
when the motor is turned off. An example circuit 
of this type is shown in Figure 35–14. If DC volt-
age is applied to one winding, the holding torque 
is approximately 20% greater than the rated torque 
of the motor. If DC voltage is  applied to both wind-
ings, the holding torque is about 11⁄2 times greater 
than the rated torque.

–15 VDC

FLIP-FLOP A

A A′ B B′

GATING CIRCUIT PULSE DRIVER

FLIP-FLOP B

Figure 35–10
Solid state drive for eight-step switching circuit.

Figure 35–11
Stepping motor.
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Figure 35–13
Phase shift circuit converts single phase into two phase.

Figure 35–12
exploded view of a stepping motor. 
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PHASE A

PHASE B

R

C

FORWARD

AC INPUT

REVERSE 

OFF

+ BR

BR

Figure 35–14
Applying DC voltage to increase holding torque.

●● REviEW QuESTiOnS

 1. Explain the difference in operation between a 
 stepping motor and a common DC motor.

 2. What is the principle of operation of a stepping 
motor?

 3. What does the term bifilar mean?

 4. Why do stepping motors have teeth machined in 
the stator poles and rotor?

 5. When a stepping motor is connected to AC 
power, how many phases must be applied to the 
motor?

 6. How many degrees out of phase are the 
 voltages of a two-phase system?

 7. What is the synchronous speed of an eight-
pole stepping motor when connected to a 
two-phase, 60-hertz AC line?

 8. How can the holding torque of a stepping 
 motor be increased?
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Chapter  36
The Motor and Starting 
Methods

Objectives

After studying this chapter, the student will be able to

●● Discuss the operation of three-phase motors.

●● List different methods for starting AC motors.

●● Discuss methods for starting single-phase motors.

Three-phase squirrel-cage motors are the most 
popular motors used in industry. They range in size 
from fractional horsepower to thousands of horse-
power. Squirrel-cage–type motors receive their 
name from the type of rotor (rotating member) 
installed in the motor. The rotor of a squirrel-cage 
motor appears to be a metal cylinder with a shaft 
through the middle (Figure 36–1). If the lamina-
tions were removed, it would be seen that the rotor 
is actually constructed by connecting metal bars to-
gether at each end (Figure 36–2). The type of bars 
used to construct the rotor has a great effect on the 
operating characteristics of the motor. The type of 
rotor is identified by a code letter on the nameplate 
of a motor. Code letters range from A through V. 
Table 430.7(B) of the National Electrical Code (NEC) 
lists these code letters, Figure 36–3.

It may be necessary sometimes to determine 
the amount of inrush current when installing a 
 motor, especially in areas where the power com-
pany limits the amount of current it supplies. 

Inrush current is referred to as locked rotor current, 
because it is the amount of current that would flow 
if the rotor were locked so it could not turn and 
then the power were turned on. To determine in-
rush current for a squirrel-cage motor, find the code 
letter on the motor nameplate. Do not confuse the 
rotor code letter with the NEMA code letter found 
on many motors. The nameplate will generally state 
one as CODE and the other as NEMA CODE. Once 
the code letter has been determined, it is possible 
to calculate the starting current for the motor.

Across-the-line starting is the simplest of all 
starting methods. It is accomplished by connect-
ing the motor directly to the power line. The size of 
motor that can be started across the line can vary 
from one area to another, depending on the power 
limitations of the electrical service. In  heavily 
 industrialized areas, motors of over 1000 horse-
power are often started across the line. In other 
areas, motors of less than 100 horsepower may re-
quire some type of starter that limits the amount 
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of starting current. A simple across-the-line start-
ing circuit for a three-phase AC motor is shown in 
Figure 36–4.

Large horsepower motors often require an 
amount of starting current that exceeds the limita-
tions of the power system. When this is the case, 
some method of reducing the inrush current must 

Fan and fan cover designed
for maximum cooling and
quieter operation End turns laced

both ends
High-pressure die cast
aluminum rotor through
449T frames coated to
prevent corrosion

Neoprene rubber shaft
slinger on opposite fan
end of motor prevents
contaminants from
entering.

Baldor was the first motor manufacturer to use
Exxon Polyrex®EM grease. Polyrex®EM protects
motor bearings better, providing improved lubrication
life, greater shear stability, and superior resistance
to washout, rust, and corrosion.

Dynamically balanced to
half of the NEMA allowable
vibrations limits

High-temperature (class F)
insulation systems

Baldor’s exclusive ISR® (Inverter Spike Rtesistant®)
magnet wire is up to 100 times more resistant
to voltage spikes.

Multiple foot
mounting holes for
easier change-out

Simple F1 to F2
conversion on
cast-iron frames motors

Oversized cast-iron conduit
boxes, exceeding NEC
standards, make connections
easier. Neoprene rubber
gaskets ensure a tight,
waterproof seal.

Patented Lube-Lok® retainer
grease seal on both ends,
250T frame and up

Locked bearing
construction
reduces endplay.

Figure 36–1
Components of a three-phase squirrel cage motor.
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Figure 36–2
Construction of a basic squirrel-cage rotor without the 
laminations.
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Code letters Kilovolt-Amperes per
Horsepower with Locked Rotor

A

B

C

D

E

F

G

H

J

K

L

M

N

P

R

S

T

U

V

 0 – 3.14

 3.15 – 3.54

 3.55 – 3.99

 4.0 – 4.49

 4.5 – 4.99

 5.0 – 5.59

 5.6 – 6.29

 6.3 – 7.09

 7.1 – 7.99

 8.0 – 8.99

 9.0 – 9.99

 12.5 – 13.99

 14.0 – 15.99

 16.0 – 17.99

 18.0 – 19.99

 20.0 – 22.39

22.4 and up

 10.0 – 11.19

 11.2 – 12.49

Figure 36–3
Table 430.7(B) of the NEC©.
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L1 L2 L3

M

M

M

OL

OL

OL

OL

M

CONTROL
TRANSFORMER

MOTOR

M

STOP
START

Figure 36–4
Basic control circuit for across-the-line starting of a three-phase motor.
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be provided. Some common methods of reducing 
inrush current are listed here:

• Resistor or reactor starting
• Autotransformer starting
• Wye–delta starting
• Part winding starting

These methods will be discussed in greater detail 
later in this text. It should be noted that when 
voltage or current is reduced during starting, the 
torque is also reduced. If the voltage is reduced by 
50%, the current is reduced by 50% also, but the 
starting torque is reduced to 25% of the amount 
developed when the motor is started with full volt-
age applied to the motor.

Starting Methods for 
Single-Phase Motors
Starting methods for single-phase motors in-
volve disconnecting the start winding of a split-
phase motor when the motor reaches about 75% 
of its rated speed, as opposed to how the motor is 

eXAMPLe:

Assume a 200-horsepower, three-phase 
squirrel-cage motor is connected to 
480 volts and has a code letter J. NEC Table 
430.7(B) lists 7.1 to 7.99 kilovolt-amperes 
per horsepower for a motor with code 
 letter J. To determine maximum starting 
current, multiply 7.99 by the horsepower.

7.99 3 200 Hp 5 1598 kVA

Because the motor is three-phase, the for-
mula shown can be used to calculate the 
starting current.

 I 5
VA

E 3 !3

I 5
1,598,000

480 3 1.732

 I 5 1,922.15 A
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connected to the power line. Single-phase motors 
are small horsepower and  almost all are started 
across the line. There are several different types of 
single-phase motors. The motors  described in this 
chapter are the split-phase type.

Split-phase motors derive their name from 
the manner in which they produce a rotating 
magnetic field in the stator winding. A rotat-
ing magnetic field is used to start the rotor turn-
ing and cannot be produced with a single phase. 
At least two phases must be present to pro-
duce a rotating field. Split-phase motors simu-
late the currents of a two-phase system, which 
are 90° out of phase with each other. This is ac-
complished by placing two separate windings 
in the core of the stator 90° apart,  Figure 36–5.  
The run winding is made of larger wire and is 
placed deeper in the slots of the core material. The 
start winding is made with smaller wire and placed 
near the top of the slots in the core  material. The 
run winding therefore has less resistance and more 
inductance than the start winding.

When the motor is started, these two wind-
ings are connected in parallel, Figure 36–6. Because 
the run winding has more inductive reactance and 
less resistance than the start winding, the current 

START WINDINGRUN
WINDING

Figure 36–5
The run winding and start winding are connected in parallel with each other.
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flow through the run winding lags the voltage more 
than the current flow through the start winding, 
producing an out-of-phase condition for these two 
currents. It is this out-of-phase condition that pro-
duces the rotating magnetic field. This type of split-
phase motor is called a resistance start motor and 
produces a phase angle of about 35° to 40° between 
the current in the run winding and the current in 
the start winding. Although this phase angle is not 
90°, it is enough to produce a rotating magnetic 
field to start the motor. When the rotor reaches 
about 75% of its rated speed, the start winding is 
disconnected, and the motor continues to operate 
with only the run winding energized.

Although the resistance start motor starts with 
only a 35° to 40° phase shift between run wind-
ing  current and start winding current, it produces 
a weak starting torque. Maximum starting torque 
is obtained when the run winding and start wind-
ing currents are 90° out of phase with each other. 
Some motors ac complish this by inserting an AC 
electrolytic capacitor in  series with the start wind-
ing (Figure 36–7). The  capacitive  reactance of the 
capacitor causes the start winding current to lead 
the voltage and produce a 90° phase shift between 
the  run winding current and start winding current.
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Figure 36–6
The run winding and start winding are connected in parallel with each other.
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CENTRIFUGAL
SWITCH

START
CAPACITOR

R
U
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S
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Figure 36–7
The starting capacitor produces a 90° phase shift between run winding current and start winding current.
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M

MOTOR

START CAPACITOR

SPRING METAL

START WINDING
CONTACT

OVERLOAD
CONTACT

RESISTIVE WIRE

SPRING

S

S

S

L2 L1

R
U

N

S
T

A
R

T

M

L

Figure 36–9
Hot-wire relay connection.
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COUNTER WEIGHT

SWITCH CONTACTS

Figure 36–8
Centrifugal switch.
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or submerged pump motors must use some other 
means to disconnect the start winding. Although 
the hot-wire  relay is seldom used anymore, it is 
found on some older units that are still in service. 
The hot-wire relay functions as both a starting relay 
and an overload relay. In the circuit shown in Fig-
ure 36–9, it is assumed that a thermostat controls 

Regardless of which method is used to produce 
the rotating magnetic field, the start winding of ei-
ther  motor must be disconnected from the power 
line when the rotor reaches about 75% of its rated 
speed. Failure to do so would result in damage to 
the start winding.

Centrifugal Switch
Split-phase motors intended to operate in the open 
accomplish this by the use of a centrifugal switch 
connected to the shaft of the rotor (Figure 36–8). 
The cen trifu gal switch is operated by spring-loaded 
counterweights. When the rotor reaches a certain 
speed, the counterweights overcome the springs 
and open the switch, disconnecting the start wind-
ing from the power line.

Hot-Wire Starting Relay
Centrifugal switches cannot be used on all types  of 
split-phase motors, however. Hermetically sealed 
 motors used in refrigeration and air conditioning, 
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L2L1

R

STARTING
 CAPACITOR

START CONTACTS

CURRENT RELAY
COIL

THERMOSTAT S

C

Figure 36–12
Current relay connection.
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STARTING CONTACT

OVERLOAD CONTACT

Figure 36–10
Hot-wire type of starting relay.
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Current Relay
The current relay operates by sensing the amount of 
current flow in the circuit. This type of relay oper-
ates on the principle of a magnetic field instead of 
expanding metal. The current relay contains a coil 
with a few turns of large wire and a set of normally 
open contacts (Figure 36–11). The coil of the relay 
is connected in series with the run winding of the 
motor, and the contacts are connected in series 
with the start winding, as shown in Figure 36–12. 

Figure 36–11
Current type of starting relay.
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the operation of the motor. When the thermostat 
closes, current flows through a resistive wire and 
two normally closed contacts connected to the 
start and run windings of the motor. The start-
ing current of the motor is high, which rapidly 
heats the resistive wire, causing it to expand. The 
 expansion of the wire causes the spring-loaded 
start winding contact to open and disconnect  
the start winding from the circuit, reducing the 
motor current. If the motor is not overloaded, 
the resistive wire never becomes hot enough to  
cause the overload contact to open, and the motor  
continues to run. If the motor should become 
overloaded, however, the  resistive wire expands 
enough to open the overload contact and discon-
nect the motor from the line (Figure 36–10).
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thermistor, its temperature increases. When the 
temperature becomes high enough, the thermistor 
suddenly changes from a low resistance to a high 
resistance, reducing the start winding current to 
approximately 30 to 50 milliamperes. This has the 
effect of disconnecting the start winding from the 
circuit. Although a small amount of leakage current 
continues to flow, it has no effect on the opera-
tion of the motor. This  leakage current maintains 
the temperature of the thermistor and prevents 
it from returning to a low resistance while the  
motor is in operation. When the motor is stopped, 
a cool-down period of 2 or 3 minutes should be al-
lowed to permit the thermistor to return to a low 
resistance.

Potential Starting Relay
The potential starting relay is used with a different 
type of split-phase motor called the capacitor start- 
capacitor run or permanent-split capacitor motor. This 
type of split-phase motor does not disconnect the 
start windings from the circuit. Because the start 
winding  remains energized, it operates very simi-
larly to a true two-phase motor. All of these motors 
contain a run  capacitor that remains connected 
in the start winding circuit at all times. Many of 
these motors contain a  second capacitor that is 
used during the starting period only. This capaci-
tor must be disconnected from the circuit when the 

L1 N

S

M

R

120 VAC

THERMOSTAT

S

START

MOTOR

RUN

C
START
RELAY

Figure 36–13
Solid-state starting relay circuit.
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When the thermostat  contact closes, power is ap-
plied to the run winding of the motor. Because the 
start winding is open, the motor cannot start. This 
causes a high current to flow in the run winding 
circuit. This high current flow produces a strong 
magnetic field in the coil of the relay, causing the 
normally open contacts to close and connect the 
start winding to the circuit. When the motor starts, 
the run winding current is greatly reduced, permit-
ting the start contacts to reopen and disconnect 
the start winding from the circuit.

Solid-State Starting Relay
The solid-state starting relay is rapidly replacing 
the current starting relay. The solid-state relay 
uses a solid-state component called a thermistor, 
and therefore has no moving parts or contacts to 
wear or burn. A thermistor exhibits a rapid change 
of resistance when the temperature reaches a cer-
tain point. This particular thermistor has a posi-
tive coefficient of resistance, which means that it 
increases its resistance with an increase of tem-
perature. The schematic diagram in Figure 36–13 
illustrates the connection for a solid-state starting 
relay.

When power is first applied to the circuit, 
the  resistance of the thermistor is relatively low, 
3 or 4 ohms, and current flows to both the run 
and start windings. As current flows through the 
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motor reaches about 75% of its rated speed. Open 
case motors generally use a centrifugal switch to 
perform this function, but hermetically sealed 
 motors generally depend on a potential starting 
 relay ( Figure 36–14). The potential relay operates 
by  sensing the increase of voltage induced in the 
start winding when the motor is in operation. The 
coil of the relay is connected in parallel with the 
start winding of the  motor. The normally closed 
SR  contact is connected in series with the starting 
capacitor. When power is connected to the motor, 
both the run and start windings are energized. At 
this time, both the run and start capacitors are 
connected in the start winding circuit.

The rotating magnetic field of the stator in-
duces a current in the rotor of the motor. As the 
rotor begins to turn, its magnetic field induces a 
voltage into the start winding, increasing the  total 
voltage across the winding. Because the coil of the 
potential relay is connected in parallel with the 
start winding, this voltage increase is applied to it 
also, causing the normally closed contact connected 
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STARTING
 CAPACITOR

RUN
CAPACITOR

THERMOSTAT R

C

SR
START

CAPACITOR SR

Figure 36–14
Potential relay connection.
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Figure 36–15
Potential starting relay.
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in series with the starting capacitor to open and 
disconnect the starting capacitor from the circuit 
(Figure 36–15).
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●● RevieW QueSTionS

 1. List five common starting methods for three-
phase squirrel-cage motors.

 2. The nameplate of a three-phase motor has the 
following information listed: HP 500; Phase 3; 
Volts 480; Code H; Amps 515. What is the 
maximum starting current for this motor if it is 
started across the line?

 3. A squirrel-cage motor produces 1100 pound-feet 
of torque at starting when full voltage is applied 
to the motor. If the voltage is reduced to 50% 
during starting, how much starting torque will 
the motor develop?

 4. What is the most common device used to 
 disconnect the start winding of a resistance start 
single-phase motor that is intended to operate in 
the open air?

 5. What electronic component is used in the 
 construction of a solid-state starting relay?

 6. When connecting a current relay for the pur-
pose of starting a single-phase motor, is the 
coil of the current relay connected in series 
with the run winding or the start winding?

 7. Which type of split-phase motor starting relay 
can be used to disconnect the start winding 
and also to double as an overload protector?

 8. The potential starting relay can be used with 
what type of split-phase motor?

 9. When a solid-state starting relay is used to 
disconnect the start winding of a split-phase 
motor, what prevents the thermistor from 
returning to a low value and reconnecting the 
start winding while the motor is running?

 10. A centrifugal switch is generally designed to 
disconnect the start winding of a split-phase 
motor when the rotor reaches what percent-
age of the rated speed?
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Chapter  37
Resistor and Reactor 
Starting for AC Motors

Objectives

After studying this chapter, the student will be able to

●● Discuss why resistor and reactor starting is used for starting  
alternating-current motors.

●● Discuss how resistor starting is used with direct-current motors.

●● Discuss different methods of accomplishing resistor and reactor starting.

●● Explain the difference between resistor and reactor starting.

There are conditions where it is not possible to 
start a motor across the line due to excessive start-
ing current or excessive torque. Some power sys-
tems are not capable of providing the high initial 
currents produced by starting large horsepower 
motors. When this is the case, some means must be 
employed to reduce the amount of starting current. 
Two of the most common methods are resistor 
starting and reactor starting. Although these two 
methods are very similar, they differ in the means 
used to reduce the amount of starting current.

Resistor Starting
Resistor starting is accomplished by connecting 
resistors in series with the motor during the start-
ing period (Figure 37–1). When the Start button is 
pressed, motor starter coil M energizes and closes 

all M contacts. The three M load contacts connect 
the motor and resistors to the line. Because the re-
sistors are connected in series with the motor, they 
limit the amount of inrush current. When the M 
auxiliary contact connected in series with coil TR 
closes, the timer begins its timing sequence. At the 
end of the time period, timed contact TR closes 
and energizes contactor R. This causes the three R 
contacts connected in parallel with the resistors to 
close. The R contacts shunt the resistors out of the 
line, and the motor is now connected to full power.

The circuit in Figure 37–1 uses time delay to 
shunt the resistors out of the circuit after some 
 period of time. Time delay is one of the most popu-
lar methods of determining when to connect the 
 motor directly to the power line because it is sim-
ple and inexpensive, but it is not the only method. 
Some control circuits sense motor speed to deter-
mine when to shunt the resistors out of the power 
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line (Figure 37–2). In the illustration, permanent 
magnets are attached to the motor shaft, and a Hall 
effect sensor determines the motor speed. When 
the motor speed reaches a predetermined level, 
contactor R energizes and shunts the resistors out 
of the line (Figure 37–3).

Another way of determining when to shunt the 
resistors out of the circuit is by sensing motor cur-
rent. Current transformers are used to sense the 
amount of motor current (Figure 37–4). In this 
circuit, the current sensor contacts are normally 
closed. When the motor starts, high current causes 
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Figure 37–1
resistors are connected in series with the motor during starting.
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Figure 37–2
Hall effect sensor is used to determine motor speed.
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Figure 37–3
A speed sensor is used to shunt the resistors out of the circuit.
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Reactor Starting
A reactor starter is the same basic control except 
that reactors or choke coils are used to limit inrush 
current instead of resistors (Figure 37–5). Reac-
tors limit inrush current with inductive reactance 
instead of resistance. Reactors have an advantage 
in current-limiting circuits because of the rise time 

the sensor contacts to open. An on-delay timer pro-
vides enough time delay to permit the motor to 
begin starting before contactor coil R can energize. 
This timer is generally set for a very short time 
delay. As the motor speed increases, the current 
drops. When the current drops to a low enough 
level, the current sensor contact re-closes and per-
mits contactor R to energize.
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Figure 37–4
Current sensors determine when the resistors are shunted out of the line.
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Figure 37–5
reactors (Chokes) limit motor current during starting.
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of current in an in ductive circuit. In a resistive cir-
cuit, the current reaches its full Ohm’s Law value 
instantly. In an inductive circuit, the current must 

rise at an exponential rate (Figure 37–6). This ex-
ponential rise time of current further reduces the 
inrush current.
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Step-Starting
Some resistor and reactor starters use multiple 
steps of starting. This is accomplished by tapping 
the resistor or reactor to provide different values 
of resistance or inductive reactance (Figure 37–7). 
When the Start button is pressed, M load con-
tacts close and connect the motor and inductors to 
the line. The M auxiliary contact closes and starts 
timer TR1. After a time delay, TR1 contact closes 
and energizes S1 coil. This causes half of the series  
inductors to be shunted out, reducing the in-
ductive reactance connected in series with the  
motor. Motor current increases, causing the motor 
speed to increase. The S1 auxiliary contact closes  
at the same time, causing timer TR2 to start its 
timing  sequence. When TR2 contact closes, con-
tactor S2 energizes, causing all of the inductance 
to be shunted out. The motor is now connected 
directly to the power line. Some circuits may use 
several steps of starting, depending on the circuit 
requirements.

INDUCTIVE CURRENT

RESISTIVE CURRENT

Figure 37–6
Current rises at an exponential rate in an inductive 
circuit.
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●● Review QueStionS

 1. What two electrical components are commonly 
connected in series with a motor to limit starting 
current?

 2. What advantage does a reactor have when limit-
ing inrush current that is not available with a 
resistor?

 3. Refer to the circuit shown in Figure 37–1. 
 Assume that timer TR is set for a delay of 
10  seconds. When the Start button is pressed, 
the motor starts in low speed. After a delay of 
30 seconds, the motor is still in its lowest speed 
and has not accelerated to normal speed. Which 
of the following could not cause this condition?

 a. The Start button is shorted.
 b. Timer coil TR is open.
 c. Contactor coil R is open.
 d. Timed contact TR did not close after a delay 

of 10 seconds.

 4. Refer to the circuit shown in Figure 37–7. 
 Assume that each timer is set for a delay of 
5 seconds. When the Start button is pressed, 

the motor starts at its lowest speed. After 
a delay of 5 seconds, the motor acceler-
ates to second speed. After another delay of 
5 seconds, the motor stops running.  During 
 troubleshooting, you discover that the  control 
transformer fuse is blown. Which of the 
 following could cause this condition?

 a. TR1 coil is shorted.
 b. S1 coil is open.
 c. S2 coil is shorted.
 d. TR2 coil is open.

 5. Refer to the circuit shown in Figure 37–7. 
Assume that each timer is set for a delay of 
5 seconds. When the Start button is pressed, 
the motor starts at its highest speed. Which 
of the following could cause this condition?

 a. The Stop button is shorted.
 b. TR1 timer coil is open.
 c. S1 auxiliary contact is shorted.
 d. TR2 timer coil is shorted.
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Figure 37–7
Three step reactor starting circuit.
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Autotransformer Starting

Autotransformer starters reduce the amount of 
inrush current by reducing the voltage applied to 
the motor during the starting period. Many auto-
transformer starters contain taps that can be set 
for 50%, 65%, or 80% of the line voltage. Reducing 
the voltage applied to the motor not only reduces 
the amount of inrush current but also reduces the 
motor torque. If 50% of the normal voltage is con-
nected to the motor, the inrush current drops to 
50% also. This produces a torque that is 25% of the 
value when full voltage is connected to the motor. 
If the motor torque is insufficient to start the load 
when the 50% tap is used, the 65% or 80% taps are 
available.

Autotransformer starters are generally em-
ployed to start squirrel-cage–type motors. Wound 
rotor–type motors and synchronous motors do not 
generally use this type of starter. Autotransformer 

starters are inductive type loads and affect the 
power factor during the starting period.

Most autotransformer starters use two trans-
formers connected in open delta to reduce the 
voltage applied to the motor during the period of 
acceleration (Figure 38–1). During the starting pe-
riod, the motor is connected to the reduced voltage 
taps on the transformers. After the motor has ac-
celerated to about 75% of normal speed, the motor 
is connected to full voltage. A time-delay starter of 
this type is shown in Figure 38–2. To understand 
the operation of the autotransformer starter more 
clearly, refer to the schematic diagram shown in 
Figure 38–2. When the Start button is pressed, a 
circuit is completed to the coil of control relay CR, 
causing all CR contacts to close. One contact is em-
ployed to hold CR coil in the circuit when the Start 
button is released. Another completes a circuit 

Objectives

After studying this chapter, the student will be able to

●● Discuss autotransformer starting.

●● Discuss different types of autotransformer starters.

●● Explain the difference between wye-, or star-, connected autotransformers and 
opendelta–connected autotransformers.

●● Connect an autotransformer starter.

●● Define closed and open transition starting.
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return to their normal position. The normally open 
TR contact closes and supplies power through the 
now closed S contact to coil R. When contactor R 
energizes, all R contacts change position. The nor-
mally closed R contact connected in series with S 
coil opens to provide interlocking for the circuit. 
The R load contacts close and connect the motor to 
full voltage.

When the Stop button is pressed, control relay 
CR de-energizes and opens all CR contacts. This 
disconnects all other control components from the 
power line, and the circuit returns to its normal po-
sition. A wiring diagram for this circuit is shown in 
Figure 38–3.

Open and Closed Transition 
Starting
Open transition starting is generally used on start-
ers of size 5 and smaller. Open transition simply 
means that there is a brief period of time when the 
motor is disconnected from power when the start 
contactor opens and the run contactor closes. The 
circuit shown in Figures 38–2 and 38–3 are exam-
ples of an open transition starter.

Closed transition starting is generally used 
on starters size 6 and larger. For closed transition 
starting, two separate start contactors are used 
(Figure 38–4). When the motor is started, both S1 
and S2 contactors close their contacts. The S1 con-
tacts open first and separately from the S2 contacts. 
At this point, part of the autotransformer windings 
are connected in series with the motor and act as 
series inductors. This permits the motor to acceler-
ate to a greater speed before the R  contacts close 
and the S2 contacts open. Although the R and S2 
contacts are closed at the same time, the interval 
of time between the R contacts closing and the S2 
contacts opening is so short that it does not dam-
age the autotransformer winding.

Notice that the circuit in Figure 38–4 contains 
three current transformers (CTs). This is typical 
in circuits that control large horsepower motors. 
The CTs reduce the current to a level that common 
overload heaters can be used to protect the motor. 

to the coil of TR timer, which permits the timing 
 sequence to begin. The CR contact connected in se-
ries with the normally closed TR contact supplies 
power to the coil of S (start) contactor. The fourth 
CR contact permits power to be connected to R 
(run) contactor when the normally open timed TR 
contact closes.

When the coil of S contactor energizes, all 
S contacts change position. The normally closed S 
contact connected in series with R coil opens to 
prevent both S and R contactors from ever being 
energized at the same time. This is the same inter-
locking method used with reversing starters. When 
the S load contacts close, the motor is connected to 
the power line through the autotransformers. The 
autotransformers supply 65% of the line voltage 
to the motor. This reduced voltage produces less 
 inrush current during starting and also reduces the 
starting torque of the motor.

When the time sequence for TR timer is com-
pleted, both TR contacts change position. The nor-
mally closed TR contact opens and disconnects 
contactor S from the line, causing all S contacts to 

MOTOR

L1 L2 L3

Figure 38–1
Transformers are connected in open delta.
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Figure 38–2
Autotransformer starters provide greater starting torque per amp of starting current than any other type of 
reduced voltage starter. This is a schematic diagram of a time-controlled autotransformer starter.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



297

Chapter 38 autotransformer Starting

A schematic diagram of a timed circuit for closed 
transition starting is shown in Figure 38–5. When 
the motor reaches the run stage, it is connected di-
rectly to the power line and the autotransformer is 

80 65 50
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CR TR

S R

80 65 50

L1 L2 L3

MOTOR

T1
T2

T3

OVERLOAD RELAY

CONTROL TRANSFORMER

FUSE

AUTOTRANSFORMERAUTOTRANSFORMER

Figure 38–3
Wiring diagram for a typical autotransformer starter.
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completely disconnected from the circuit. This is 
done to conserve energy and extend the life of the 
transformers. A typical autotransformer starter is 
shown in Figure 38–6.
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Figure 38–4
Closed transition starting uses two separate starting 
contactors.
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Figure 38–6
Typical autotransformer starter.
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●● Review QueSTiOnS

 1. Why is it desirable to disconnect the autotrans-
former from the circuit when the motor reaches 
the run stage?

 2. Explain the differences between open and closed 
transition starting.

 3. Autotransformers often contain taps that permit 
different percentages of line voltages to be con-
nected to the motor during starting. What are 
three common percentages?

 4. Refer to the circuit shown in Figure 38–2. 
 Assume that timer TR1 is set for a time delay of 
10 seconds. When the Start button is pressed, 
the motor does not start. After a period of 10 
seconds, the motor starts with full line voltage 
applied to it. Which of the following could cause 
this condition?

 a. Timer TR coil is open.
 b. CR coil is open.
 c. Contactor S coil is open.
 d. Contactor R coil is open.

 5. Refer to the circuit shown in Figure 38–2. 
 Assume that timer TR is set for a delay of 10 
seconds. Assume that contactor coil R is open. 
Explain the operation of the circuit if the Start 
button is pressed.

 6. Refer to the circuit shown in Figure 38–5. 
 Assume that timer TR1 is set for a delay of 
10 seconds and timer TR2 is set for a delay of 
5 seconds. After the Start button is pressed, how 

long is the time delay before the S1 contacts 
open?

 7. Refer to the circuit shown in Figure 38–5. 
 Assume that timer TR1 is set for a delay of 
10 seconds and timer TR2 is set for a delay of 
5 seconds. From the time the Start button is 
pressed, how long will it take the motor to be 
connected to full line voltage?

 8. Refer to the circuit shown in Figure 38–5. 
Explain the steps necessary for coil S2 to 
energize.

 9. Refer to the circuit shown in Figure 38–5. 
What causes contactor coil S2 to de-energize 
after the motor reaches the full run stage?

 10. Refer to the circuit shown in Figure 38–5. 
 Assume that timer TR1 is set for a delay of 10 
seconds and timer TR2 is set for a delay of 5 
seconds. When the Start button is pressed, 
the motor starts. After 10 seconds, the S1 
contacts open and the motor continues to 
accelerate but never reaches full speed. After 
a delay of about 30 seconds, the motor trips 
out on overload. Which of the following could 
cause this problem?

 a. TR1 coil is open.
 b. S2 coil is open.
 c. S1 coil is open.
 d. R coil is open.
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Wye–delta starting is often used with large horse-
power motors to reduce inrush current during 
the starting period and to reduce starting torque. 
Wye–delta starting is accomplished by connecting 
the motor stator windings in wye, or star, during 
the starting period and then reconnecting them 
in delta during the run period. This is sometimes 
called soft starting. If the stator windings of a 
 motor are connected in delta during the starting 
period, the starting current will be three times the 
value it would be if the windings were connected 
in wye. Assume that a motor is to be connected to 
a 480-volt, three-phase power line. Also assume 
that the motor windings have an impedance of 0.5 
ohm when the motor is first started. If the stator 
windings are connected in delta (Figure 39–1), the 
voltage across each phase winding will be 480 volts 

Objectives

After studying this chapter, the student will be able to

●● Calculate starting current for a motor with its windings connected in delta.

●● Calculate starting current for a motor with its windings connected in wye.

●● List requirements for wye–delta starting.

●● Connect a motor for wye–delta starting.

●● Discuss open and closed transition starting.

1662.72 AMPS

1662.72 AMPS

1662.72 AMPS

Figure 39–1
Stator windings are connected in delta during the 
starting period.
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The amount of inrush current can be deter-
mined using Ohm’s Law.

 IPHASE 5
EPHASE

ZPHASE

 IPHASE 5
277
0.5

 IPHASE 5 554 A

In a wye-connected load, the line current and phase 
current are the same. Therefore, the starting cur-
rent has been reduced from 1662.72 amperes to 
554 amperes by connecting the stator windings in 
wye instead of delta during the starting period.

Wye–Delta Starting 
Requirements
There are two requirements that must be met be-
fore wye–delta starting can be used.
 1. The motor must be designed for the stator 

windings to be connected in delta during 
the run period. Motors can be designed to 
operate with their stator windings connected 
in either wye or delta. The actual power re-
quirements are the same, depending on motor 
horsepower. The speed of a three-phase induc-
tion motor is determined by the number of sta-
tor poles per phase and the frequency of the 
applied voltage. Therefore, the motor will oper-
ate at the same speed regardless of which con-
nection is used when the motor is designed.

 2. All stator windings leads must be acces-
sible. Motors designed to operate on a single 
voltage commonly supply three leads, labeled 
T1, T2, and T3, at the terminal connection box 
located on the motor. Dual voltage motors com-
monly supply nine leads, labeled T1 through 
T9, at the terminal connection box. If a motor 
is designed to operate on a single voltage, six 
terminal leads must be provided. The number-
ing for these six leads is shown in Figure 39–3. 
Notice that the lead numbers are standardized 
for each of the three phases. The opposite end 
of terminal lead T1 is T4; the opposite end of 
T2 is T5; and the opposite end of T3 is T6. If the 
stator windings are to be connected in delta, 

because line voltage and phase voltage are the same 
in a delta connection. The amount of current flow 
in each phase winding (stator winding) can be de-
termined with Ohm’s Law.

 IPHASE 5
EPHASE

ZPHASE

 IPHASE 5
480
0.5

 IPHASE 5 960 A

In a delta connection, the line current is greater 
than the phase current by a value of the square root 
of 3(œ∑3) or 1.732. Therefore, the amount of line 
current wi ll be:

 ILINE 5 IPHASE 3 1.732

 ILINE 5 960 3 1.732

 ILINE 5 1662.72 A

If the stator windings are connected in wye 
(Figure 39–2), the voltage across each phase wind-
ing will be 277 volts, because in a wye connected 
load the phase voltage is less than the line voltage 
by a factor of the square root of 3, or 1.732.

EPHASE 5
ELINE

1.732

EPHASE 5
480

1.732

 EPHASE 5 277 V

554 AMPS

554 AMPS

554 AMPS

Figure 39–2
The stator windings are connected in wye during the 
starting period.
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Dual-Voltage Connections
Motors that are intended to operate on two volt-
ages, such as 240 or 480 volts, contain two sepa-
rate windings for each phase (Figure 39–4). Notice 
that dual-voltage motors actually contain 12 T 
leads. Dual-voltage motors not intended for wye–
delta connection will have certain terminals tied 
internally, as shown in Figure 39–5. Although all 
three-phase dual-voltage motors actually contain 
12 T leads, only terminal leads T1 through T9 are 
brought out to the terminal connection box for 
motors not intended for wye–delta starting.

If the motor is to be operated on the higher 
voltage, the stator leads are connected in series, 
as shown in Figure 39–6. If the motor is to be 
connected for operation on the lower voltage, the 

terminals T1 and T6 are connected together, 
T2 and T4 are connected, and T3 and T5 are 
connected. If the stator windings are to be con-
nected in wye, T4, T5, and T6 are connected 
together. Motors not intended for wye–delta 
starting would have these connections made in-
ternally, and only three leads would be supplied 
at the terminal connection box. A motor with a 
delta-connected stator, for example, would have 
T1 and T6 connected internally, and a single 
lead labeled T1 would be provided for connec-
tion to the power line. Wye-connected motors 
have T4, T5, and T6 connected internally.

T3

T6

T1

T4

T5

T2

DELTA-CONNECTED STATOR WINDING

WYE-CONNECTED STATOR WINDING

T1

T4

T2T5

T3

T6

Figure 39–3
Standard lead numbers for single voltage motors.
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T1

T4

T2T5

T9

T12

T9
T12

T7

T10

T11

T8

T10

T7T6

T3

T8T11

T3

T6
T4

T1

T5

T2

Figure 39–4
Standard lead numbers for dual-voltage motors.
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diagrams do not show connection to power leads. 
These connections are made as part of the control 
circuit.

Connecting the Stator Leads
Wye–delta starting is accomplished by connect-
ing the stator windings in wye during the start-
ing period and then reconnecting them in delta 
for normal run operation. For simplicity, it is as-
sumed that the motor illustrated is designed for 
single voltage operation and has leads T1 through 
T6 brought out at the terminal connection box. If 
a dual-voltage motor is to be connected, make the 
proper stator winding connections for high- or 
low-voltage operation and then change T4, T5, and 
T6 to T10, T11, and T12 in the following connec-
tions. A basic control circuit for wye–delta starting 
is shown in Figure 39–9. This circuit employs time 
delay to determine when the windings will change 
from wye to delta. Starting circuits that sense 
 motor speed or motor current to determine when 
to change the stator windings from wye to delta are 
also common.

When the Start button is pressed, control relay 
CR energizes, causing all CR contacts to close. This im-
mediately energizes contactors 1M and S. The motor 
stator windings are now connected in wye, as shown 
in Figures 39–10 on page 307. The 1M load contacts 
connect power to the motor, and the S contacts form 
a wye connection for the stator windings.

The 1M auxiliary contact supplies power to the 
coil of timer TR. After a preset time delay, the two 
TR timed contacts change position. The normally 
closed contact opens and disconnects coil S, caus-
ing the S load contacts to open. The normally open 
TR contact closes and energizes contactor coil 2M. 
The motor stator windings are now connected in 
delta, Figure 39–11 on page 307. Note that the 2M 
load contacts are used to make the delta connec-
tion. A diagram showing the connection of all load 
contacts is shown in Figure 39–12 on page 307.

The most critical part of connecting a wye–
delta starter is making the actual load connections 
to the motor. An improper connection generally 
results in the motor stopping and reversing direc-
tion when transition is made from wye to delta. It 

stator windings are connected in parallel, as shown 
in Figure 39–7.

Although dual-voltage motors designed for 
wye–delta starting will supply all 12 T leads at the 
terminal connection box, it is necessary to make 
the proper connections for high or low voltage. The 
connection diagrams for dual voltage motors with 
12 T leads are shown in Figure 39–8. Note that the 

T9
T12

T7

T10

T11

T8

T3

T6
T4

T1

T5

T2

T1

T4

T2T5

T9

T12

T10

T7T6

T3

T8T11

TERMINAL LEADS T1 AND T12, T2 AND T10, AND T3 AND T11
ARE TIED TOGETHER INTERNALLY IN DUAL-VOLTAGE,
9-LEAD MOTORS THAT HAVE THEIR STATOR WINDINGS
CONNECTED IN DELTA.

TERMINAL LEADS T10, T11, AND T12 ARE CONNECTED
TOGETHER IN DUAL-VOLTAGE, 9-LEAD MOTORS WITH
THEIR STATOR WINDINGS CONNECTED IN WYE.

Figure 39–5
Nine lead dual-voltage motors have some stator 
windings connected together internally.
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from wye to delta. This may be objectionable in 
some applications if the transition causes spikes on 
the power line when the motor changes from wye to 
delta. Another method that does not disconnect the 
motor from the power line is called closed transition 
starting. Closed transition starting is accomplished 
by adding another three-pole contactor and resistors 
to the circuit (Figure 39–14 on page 309). The added 
contactor, designated as 1A, energizes momen-
tarily to connect resistors between the power line 

is recommended that the circuit and components 
be numbered to help avoid mistakes in connection 
(Figure 39–13 on page 308).

Closed Transition Starting
The control circuit discussed so far uses open transi-
tion starting. This means that the motor is discon-
nected from the power line during the transition 

T1

T4

T2T5

T9

T7T6

T3

T8

1 2 3

4 5 6

7 8 9

TERMINAL CONNECTION DIAGRAM

TERMINAL CONNECTION DIAGRAM

1

4

7 8 9

5

2

6

3

L1 L2 L3

L1 L2 L3

INTERNAL CONNECTION

INTERNAL CONNECTION

INTERNAL CONNECTION

INTERNAL CONNECTION

T9 T7

T8

T3

T6
T4

T1

T5

T2

Figure 39–6
High-voltage connection for nine-lead motors.
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T1

T4

T2T5

T9

T7T6

T3

T8

1 2 3

4 5 6

7 8 9

TERMINAL CONNECTION DIAGRAM

TERMINAL CONNECTION DIAGRAM

1

4

7 8 9

5

2

6

3

T9
T7

T8

T3

T6
T4

T1

T5

T2

L1 L2 L3

L1 L2 L3

INTERNAL CONNECTION

INTERNAL CONNECTION

INTERNAL CONNECTION

INTERNAL CONNECTION

Figure 39–7
Low-voltage connection for nine-lead motors.
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and motor when the transition is made from wye to 
delta. Also note that an on-delay timer (TR2) with a 
delay of 1 second has been added to the control cir-
cuit. The purpose of this timer is to prevent a  contact 
race between contactors S and 2M when power is 

first applied to the circuit. Without timer TR2, it 
would be possible for contactor 2M to  energize be-
fore contactor S. This would prevent the motor from 
being connected in wye. The motor would start with 
the stator windings connected in delta.
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HIGH-VOLTAGE CONNECTION
FOR STATOR WINDINGS

LOW-VOLTAGE CONNECTION
FOR STATOR WINDINGS

1 2 3

4 5 6

7 8 9

10 11 12 12

9

6

3

54

10

7

11

8

1 2

Figure 39–8
Stator winding connections for dual-voltage 12-lead motors.
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CR

TR

S

2M

STOP
START

OL

CR

1M

TR 2M

TR S

CONTROL
TRANSFORMER

CR

CR

1M

CR

Figure 39–9
Basic control circuit for a wye–delta starter using time delay.
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Overload Setting
Notice in Figure 39–12 that the overload heaters 
are connected in the phase windings of the delta, 
not the line. For this reason, the overload heater 
rating must be reduced from the full load current 
rating on the motor nameplate. In a delta connec-
tion, the phase current will be less than the line 
current by a factor of the square root of 3, or 1.732. 
Assume, for example, that the nameplate indicates 
a full load current of 165 amperes. If the motor sta-
tor windings are connected in delta, the current 
flow in each phase is 95.3 amperes (165/1.732). 
The overload heater size should be based on a cur-
rent of 95.3 amperes, not 165 amperes.

L2

1M

OL

T2

T5

2M

L3
1MOLT3T62M

L1

1M

OL

T1

T4

2M

S

S

Figure 39–12
Stator winding with all load contacts for wye–delta 
starting.
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L1

1M
OLT1

T4

S

1M

OL

L2

T2

T5

L3

1M

OL
T3

T6
S

Figure 39–10
The stator windings are connected in wye for starting.
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L2

1M

OL

T2

T5

2M

L3
1MOLT3T62M

L1

1M

OL

T1

T4

2M

Figure 39–11
The stator windings are connected in delta for running. 
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1

1

22

3

3

4

5

6

6

6

7

8

9

9

101112

12

1

2

3

L2

1M

OL

T2

T5

2M

L31MOLT3T62ML1

1M

OL

T1

T4

2M

S

S

1

1 1

2

2 2

3

3 3

4

5

5

6

6 6

67

8

8 9

9910

11

11

12

1212

T1

T2

T3
T4

T5

T6

L1 L2 L3

1M 2M S1M 1M 2M 2M S

MOTOR

Figure 39–13
Load circuit connections for wye–delta starting.
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1M

T1 T2 T3

L1

L2

L3

T6 T4 T5

2M

1A

1A

1A

S S

STOP
START

OL

CRCR

1M

CR

CR

CR

1A 2M

2M

S

TR1

CR

1M

TR1

S

1A

2M

FUSE

CONTROL TRANSFORMER

TR2
CR

TR2

10 SECONDS

1 SECOND

Figure 39–14
Basic schematic diagram Sizes 1, 2, 3, 4, and 5 wye–delta starters with closed transition starting.
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●● ReVieW QueSTiOnS

 1. Name two requirements that must be met before 
a motor can be used for wye–delta starting.

 2. The stator windings of a 2300 volt motor have 
an impedance of 6 ohms when the motor is first 
started. What would be the inrush current if the 
stator windings were connected in delta?

 3. What would be the amount of inrush current if 
the motor described in question #2 had the sta-
tor windings connected in wye?

 4. Refer to the circuit shown in Figure 39–9. 
 Assume that timer TR is set for a delay of 10 
seconds. When the Start button is pressed, the 
motor starts with its windings connected in 
wye. After a period of one minute, the motor 
has not changed from wye to delta. Which of the 
 following could cause this condition?

 a. TR timer coil is open.
 b. S contactor coil is open.
 c. 1M starter coil is open.
 d. The control transformer fuse is blown.

 5. Refer to the circuit shown in Figure 39–9. 
 Assume that timer TR is set for a delay of 10 
seconds. When the Start button is pressed, the 
motor does not start. After a delay of 10 seconds, 
the motor suddenly starts with its stator wind-
ings connected in delta. Which of the following 
could cause this problem?

 a. TR timer coil is open.
 b. 2M contactor coil is open.

 c. S contactor coil is open.
 d. 1M starter coil is open.

 6. Refer to the circuit shown in Figure 39–9. 
What is the purpose of the normally closed 
2M and S contacts in the schematic?

 7. The motor nameplate of a wye–delta starter 
motor has a full load current of 287 amperes. 
What current rating should be used to deter-
mine the proper overload heater size?

 8. Refer to the circuit shown in Figure 39–14. 
When the motor changes from wye to delta, 
what causes contactor coil S to de-energize 
and open S contacts?

 9. Refer to the circuit shown in Figure 39–14. 
What is the purpose of timer TR2?

 10. Refer to the circuit shown in Figure 39–14. 
When the Start button is pressed, the con-
trol transformer fuse blows immediately. 
Which of the following could not cause this 
problem?

 a. Control Relay coil CR is shorted.
 b. Starter coil 1M is shorted.
 c. Contactor coil S is shorted.
 d. Contactor coil 2M is shorted.
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Part Winding Starters

Objectives

After studying this chapter, the student will be able to

●● Describe the construction of a motor designed to be used for part winding 
starting.

●● Discuss three-step starting for part winding motors.

●● Draw a control circuit for a part winding starter.

●●  Connect a motor for part winding starting.

Part winding starting is another method of reduc-
ing the starting current of squirrel-cage induction 
motors. Motors designed to be used for part wind-
ing starting contain two separate stator windings 
(Figure 40–1). The stator windings may be wye or 
delta connected, depending on the manufacturer. 
These two windings are designed to the connected 
in parallel with each other. When the motor is 
started, only one of the windings is connected to 
the power line. Because only half the motor wind-
ing is used during starting, this method of starting 
is called part winding starting. Part winding starting 
reduces the normal locked rotor current to approxi-
mately 66% of the value if both windings are con-
nected during starting and the torque is reduced 
to approximately 50%. It should be noted that nei-
ther of the two windings is individually capable of 
withstanding the starting current for more than a 
few seconds. The first winding overheats rapidly if 
the second winding is not connected within a very 

T1

T3 T2

T7

T8T9

DELTA-CONNECTED MOTOR

T3

T2

T1 T9 T7

T8

WYE-CONNECTED MOTOR

Figure 40–1
Motors designed for part winding starting contain two 
stator windings in tended to be connected in parallel 
with each other. 
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and connects the first motor windings to the line. 
The normally open 1M auxiliary contact closes and 
starts on-delay timer TR. After a 2-second time 
 delay, timed contact TR closes and energizes  motor 
starter 2M. This causes the 2M load contacts to 
close and connect the second stator winding to the 
power line.

short period of time. As a general rule, a time  delay 
of 2 to 3 seconds is common before the second 
winding is connected in parallel with the first.

Part winding starting is accomplished by bring-
ing out both sets of motor leads so that external 
connection is possible (Figure 40–2). When the 
Start button is pressed, motor starter 1M energizes 

T3

T2

T1

T9

T7

T8

STOP
START

OL1 OL2

1M

1M

TR

1M

TR

2M

L1 L2 L3

OL1

OL2

OL2

1M

1M

1M

2M

2M

2M

OL2

OL2

OL2

PART WINDING
MOTOR

CONTROL TRANSFORMER

2 SEC.

Figure 40–2
Typical part winding starter.
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Dual-Voltage Motors
Some, but not all, dual-voltage motors may be 
used for part winding starting. The manufacturer 
should be contacted before an attempt is made to 
use a dual-voltage motor in this application. Delta- 
connected, dual-voltage motors are not accept-
able for part winding starting. When dual-voltage 
motors are used, the motor must be operated on 
the low-voltage setting of the motor. A 240/480 
volt motor, for example, could only be operated 
on 240 volts. A dual-voltage motor connection is 
shown in Figure 40–3. Motor terminal leads T4, 
T5, and T6 are connected together, forming a sepa-
rate wye connection for the motor.

Overload Protection
Note that two motor starters are used in the circuit, 
and each contains an overload relay. Each winding 
is individually protected by thermal overload heat-
ers. The heaters for each overload relay should be 
sized at one-half the motor nameplate current. The 
contacts of both overload relays are connected in 
series so that an overload on either relay discon-
nects both motor windings. It should also be noted 
that because each starter carries only half the full-
load current of the motor, the starter size can gen-
erally be reduced from what would be required for 
a single starter. Another advantage of part winding 
starters is that they provide closed transition start-
ing, because the motor is never disconnected from 
the power line during the starting time.

STOP
START

OL1 OL2

1M

1M

TR

1M

TR

2M

L1 L2 L3

OL1

OL2

OL2

1M

1M

1M

2M

2M

2M

OL2

OL2

OL2

CONTROL TRANSFORMER

2 SEC.

T3 T6

T9

T1T4

T7

T2

T5

T8

DUAL-VOLTAGE MOTOR

Figure 40–3
Dual-voltage motor used for part winding starting.
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Three-Step Starting
The thermal capacity of the stator windings greatly 
limits the length of starting time for a part  winding 
motor. To help overcome this problem, it is  possible 
to provide a third step in the starting process and 
further limit starting current. This is accomplished 
by connecting resistance in series with the stator 
winding during the starting period (Figure 40–4). 

Motor Applications
Part winding starting is typically used for  motors 
that supply the moving force for centrifugal 
pumps, fans, and blowers. They are often found 
in air conditioning and refrigeration applications. 
They are not generally employed to start heavy 
inertia loads that require an excessive amount of 
starting time.

STOP
START

OL1 OL2

1M

1M

TR2

1M

TR1

2M

L1 L2 L3

OL1

OL2

OL2

1M

1M

1M

2M

2M

2M

OL2

OL2

OL2

CONTROL TRANSFORMER

2 SEC.

S

S

S

T1
T2

T3

T7

T8
T9

PART WINDING MOTOR

TR1
S

TR2

S
2 SEC.

Figure 40–4
Three-step starting for a part winding motor.
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connected to the power line within a short period of 
time, the first winding can be severely damaged. To 
help prevent damaging the first winding, some cir-
cuits contain a timer that disconnects power to the 
motor if the second winding is not energized within 
a predetermined time. This timer is often called a 
watchdog timer because its function is to watch for 
proper operation of the circuit each time the motor 
is started. A circuit with a watchdog timer is shown 
in Figure 40–5 (see page 316). Watchdog timers 
are often set for twice the amount of time neces-
sary for the second winding to energize. When the 
Start button is pushed, the watchdog timer begins 
its count. If the circuit operates properly, the nor-
mally closed 2M auxiliary contact disconnects the 
timer before it times out and de-energizes control 
relay CR.

The resistors are generally sized to provide about 
50% of the line voltage to the stator winding when 
the motor is first started. This provides approxi-
mately three equal increments of starting for the 
motor. In the circuit shown in Figure 40–4, when 
the Start button is pressed, motor starter 1M en-
ergizes and connects one of the stator windings to 
the power line through the series resistors. After a 
delay of 2 seconds, TR1 timed contact closes and 
energizes contactor S. The S load contacts close and 
shunt the resistors out of the line. One stator wind-
ing is now connected to full line voltage.

After another 2 second delay, motor starter 2M 
energizes and connects the second stator winding 
to the power line. The motor now has both stator 
windings connected to full voltage.

Automatic Shut-Down
Part winding motors are very sensitive to the length 
of time that one winding can be connected before 
thermal damage occurs. If the second winding is not 

●● ReVieW QueSTiOnS

 1. A dual-voltage 240/480 volt motor is to be used, 
for part winding starting. Which voltage must be 
used, and why?

 2. Are the stator windings of a motor designed for 
part winding starting connected in parallel or 
series?

 3. The nameplate of a part winding motor indicates 
a full-load current rating of 72 amperes. What 
current rating should be used when sizing the 
overload heaters?

 4. What is a watchdog timer?

 5. Refer to the circuit shown in Figure 40–5. When 
the Start button is pressed, the motor does not 
start. Which of the following could not cause 
this problem?

 a. The control transformer fuse is blown.
 b. Overload contact 2 is open.
 c. TR1 timer coil is open.
 d. Control relay coil CR is open.

 6. Refer to the circuit shown in Figure 40–5. 
When the Start button is pressed, the motor 
does not start. After a 4-second time delay, 
control relay CR de-energizes. Which of the 
following could cause this problem?

 a. TR1 timer coil is open.
 b. 1M starter coil is open.
 c. CR coil is open.
 d. 2M starter coil is open.
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T3

T2

T1

T9

T7

T8

STOP
START

OL1 OL2

CR

CR

TR1

CR

1M

2M

L1 L2 L3

OL1

OL2

OL2

1M

1M

1M

2M

2M

2M

OL2

OL2

OL2

PART WINDING
MOTOR

CONTROL TRANSFORMER

2 SEC.

TR1

1M

CR
TR2

4 SEC.

CR

TR2

2M

WATCHDOG TIMER

Figure 40–5
Watchdog timer disconnects the motor if the second winding does not energize.
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Consequent Pole Motors

Objectives

After studying this chapter, the student will be able to

●● Identify terminal markings for two-speed, one-winding consequent pole 
motors.

●● Discuss how speed of a consequent pole motor is changed.

●● Connect a two-speed, one-winding consequent pole motor.

●● Discuss the construction of three-speed consequent pole motors.

●● Discuss different types of four-speed consequent pole motors.

Consequent pole motors have the ability to change 
speed by changing the number of stator poles. 
There are two factors that determine the synchro-
nous speed of an AC motor:
 1. Frequency of the applied voltage
 2. Number of stator poles per phase
A chart showing the synchronous speed of 60- and 
50-hertz motors with different numbers of poles 
is shown in Figure 41–1. A three-phase, two-pole 
motor contains six actual poles. The magnetic field 
makes one revolution of a two-pole motor each 
complete cycle. If the stator of a motor were to be 
cut and laid out flat, the magnetic field would tra-
verse the entire length in one cycle (Figure 41–2A). 
If the number of stator poles is doubled to four per 
phase (Figure 41–2B), the magnetic field traverses 
the same number of stator poles during one cycle. 
Because the number of poles has been doubled, the 

magnetic field travels only half as far during one 
complete cycle. Consequent pole motors have an 
advantage over some others types of variable speed 

3600

1800

1200

900

3000

1500

1000

750

STATOR POLES
PER PHASE

SPEED IN RPM

60 HZ. 50 HZ.

2

4

6

8

Figure 41–1
Synchronous speed is determined by the frequency and 
number of stator poles per phase.
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Two-speed consequent pole motors contain 
one reconnectable stator winding. A two-speed 
motor contains six T leads in the terminal con-
nection box. The motor can be connected to form 
a series delta or parallel wye (Figure 41–4). If the 
motor is wound in such a way that the series delta 
connection gives the high speed and the paral-
lel wye gives the low speed, the horsepower is the 
same for either connection. If the winding is such 
that the series delta gives the low speed and the 

alternating-current motors in that they maintain a 
high torque when speed is reduced.

The number of stator poles is changed by redirect-
ing the current through pairs of poles (Figure 41–3). 
If the current travels in the same direction through 
two pole pieces, both produce the same magnetic po-
larity and are essentially one pole piece. If the current 
direction is opposite through each pole piece, they 
produce opposite magnetic polarities and are essen-
tially two poles.

CURRENT 
DIRECTION IS THE
SAME THROUGH
BOTH POLE PIECES,
FORMING ONE
MAGNETIC POLE.

CURRENT DIRECTION 
IS OPPOSITE THROUGH
EACH POLE PIECE, 
FORMING TWO
MAGNETIC POLES.

Figure 41–3
The direction of current flow determines the number of poles. 
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N S N N SS

DISTANCE TRAVELED BY MAGNETIC FIELD
DURING ONE CYCLE

TWO POLE, THREE-PHASE MOTOR

(A)

N S N N N N NS S S S S

DISTANCE TRAVELED BY MAGNETIC FIELD
DURING ONE CYCLE

FOUR POLE, THREE-PHASE MOTOR

(B)

Figure 41–2
The magnetic field travels through the same number of poles during each complete cycle. 
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has been accelerated to high speed. The load con-
nections are the same as shown in Figure 41–6.

Three-Speed Consequent 
Pole Motors
Consequent pole motors that are intended to operate 
with three speeds contain two separate stator wind-
ings. One winding is reconnectable like the winding in 
a two-speed motor. The second winding is wound for 
a  certain number of poles and is not reconnectable. If 
one stator winding were wound with six poles and the 
 second were reconnectable for two or four poles, the 
motor would develop synchronous speeds of 3600 
RPM, 1800 RPM, or 1200 RPM when connected to 
a 60-hertz line. If the reconnectable winding were 

parallel wye gives the high speed, the torque is the 
same for both speeds.

Two-speed consequent pole motors provide 
a speed ratio of 2:1. For example, a two-speed 
consequent pole motor could provide synchro-
nous speeds of 3600 and 1800 RPM, or 1800 and  
900 RPM, or 1200 and 600 RPM. The connection 
diagram for a two-speed consequent pole motor 
is shown in Figure 41–5. A typical controller for 
a two-speed motor is shown in Figure 41–6. Note 
that the low speed connection requires six load 
contacts: three to connect the L1, L2, and L3 to 
T1, T2, and T3; and three to short leads T4, T5, 
and T6 together. Although contactors with six load 
contacts can be obtained, it is common practice to 
employ a separate three-pole contactor to short T4, 
T5, and T6 together.

In the circuit shown in Figure 41–6, the Stop 
button must be pressed before a change of speed 
can be made. Another control circuit is shown in 
Figure 41–7 that forces the motor to start in low 
speed before it can be accelerated to high speed. 
The Stop button does not have to be pressed before 
the motor can be accelerated to the second speed. 
A permissive relay (PR) is used to accomplish this 
logic. The motor can be returned to the low speed 
by pressing the Low push button after the motor 

SPEED L1 L2 L3 OPEN TOGETHER

LOW T1 T2 T3 T4, T5, T6

HIGH T4 T5 T6 ALL OTHERS

Figure 41–5
Connection diagram for a two-speed consequent pole 
motor. 
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T2

T5

T3

PARALLEL WYE CONNECTION SERIES DELTA CONNECTION

Figure 41–4
Stator windings can be connected as either parallel wye or series delta. 
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T5

T2
T6

T3

T4

T1

1L 2L H H H2L 2L1L 1L

MOTOR

L1 L2 L3

STOP LOW

HIGH

H OL

1L H

1L

OL
1L

2L

H

1L

H

Figure 41–6
Two speed control for a consequent pole motor. 
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to be wound for four- or eight-pole connection, the 
motor would develop synchronous speeds of 1800 
RPM, 1200 RPM, or 900 RPM. Three-speed conse-
quent pole motors can be wound to produce constant 

horsepower, constant torque, or variable torque. Ex-
amples of different connection diagrams for three-
speed, two-winding consequent pole motors are 
shown in Figure 41–8A through Figure 41–8I.
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STOP
LOW

HIGH H OL

1L H

1L

OL

1L

2L
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Figure 41–7
The motor must be started in low speed before it can be accelerated to high speed.
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T6

L2

T2

T4

L3

T3

T5, T7

TOGETHER

WINDING ARRANGEMENT FOR 3-SPEED, 2-WINDING
CONSEQUENT POLE 3 PHASE MOTORS

T4, T5, T6, T7

HIGH ALL OTHERST11 T12 T13

T5 T6
T13 T12

T11

T2T7

T1T3

T4

Figure 41–8A
Constant horsepower.
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WINDING ARRANGEMENT FOR 3-SPEED, 2-WINDING
CONSEQUENT POLE 3-PHASE MOTORS
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T11T13

T14

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

SPEED OPEN

LOW

2ND

L1

T1

ALL OTHERS

ALL OTHERS

T6

L2

T2

T4

L3

T3
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WINDING ARRANGEMENT FOR 3-SPEED, 2-WINDING
CONSEQUENT POLE 3-PHASE MOTORS

T4, T5, T6, T7

HIGH ALL OTHERS

T11 T12 T13

T5 T6
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Figure 41–8B
Constant horsepower.

Figure 41–8C
Constant horsepower.
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Figure 41–8D
Constant torque.
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Figure 41–8e
Constant torque.
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Figure 41–8g
Variable torque.
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Figure 41–8F
Constant torque.
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Figure 41–8H
Variable torque.
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Figure 41–8i
Variable torque.
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the starter that controls the selected speed is ener-
gized. Electrical interlocks are also used to ensure 
that two speeds cannot be energized at the same 
time. Eleven-pin control relays are used to provide 
interlock protection because they each contain 
three sets of contacts.

The load contact connection is also shown in 
 Figure 41 –10. The circuit assumes the connection 
 diagram for the motor is the same as the diagram 
 illustrated in Figure 41–9F. The circuit also assumes 
that the starters and contactors each contain three 
load  contacts. Note that 3RD speed and HIGH 
speed require the use of two contactors to supply 
the necessary number of load contacts.

A two-speed, two-winding motor controller and a 
two-speed, one-winding motor controller are shown 
in Figure 41–11 and Figure 41–12 on page 333.

Four-Speed Consequent 
Pole Motors
Consequent pole motors intended to operate with 
four speeds use two reconnectable windings. Like 
two-speed or three-speed motors, four-speed 
 motors can be wound to operate at constant horse-
power, constant torque, or variable torque. Some 
examples of winding con  nections for four-speed, 
two-winding three-phase con sequent pole motors 
are shown in Figure 41–9A  through Figure 41–9F.

A circuit for controlling a four-speed, three-
phase consequent pole motor is shown in Figure 
41–10. The control permits any speed to be selected 
by pushing the button that initiates that particu-
lar speed. In this circuit, stacked push buttons are 
used to break the circuit to any other speed before 
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Figure 41–9A
Constant horsepower.
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Figure 41–9B
Constant horsepower.

Figure 41–9C
Constant torque.
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Figure 41–9D
Constant torque.

Figure 41–9e
Variable torque.
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Figure 41–9F
Variable torque.
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Figure 41–10
Push button control for a four-speed consequent pole three-phase motor.
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Figure 41–11
Two-speed, two-winding motor controller mounted in 
cabinet. 

Figure 41–12
Two-speed, one-winding motor controller mounted in 
cabinet.

●● Review QueSTionS

 1. Name two factors that determine the synchro-
nous speed of a motor.

 2. How many speeds can be obtained from a conse-
quent pole motor that contains only one stator 
winding?

 3. What is the advantage of consequent pole motors 
over some other types of variable speed motors?

 4. A consequent pole motor has synchronous 
speeds of 1800, 1200, and 900 RPM. How many 
stator windings does this motor have?

 5. Refer to the circuit shown in Figure 41–6. You 
are to install this control system. How many 
auxiliary contacts should starter 1L contain? List 
how many are normally open and how many are 
normally closed.

 6. Refer to the circuit shown in Figure 41–6. What 
is the function of contactor 2L?

 7. Refer to the circuit shown in Figure 41–7. When 
the low-speed push button is pressed, the motor 

begins to run in low speed. When the high-
speed push button is pressed, the motor stops 
running. Which of the following could cause 
this problem?

 a. 1L contactor coil is open.
 b. H contactor coil is open.
 c. PR relay coil is open.
 d. 2L contactor coil is open.

 8. Refer to the circuit shown in Figure 41–10. 
Assume that coil 2CR is shorted. Would it be 
possible to run the motor in third speed?

 9. Refer to the circuit shown in Figure 41–10. 
Explain the action of the circuit if coil 2CR is 
shorted and the 2ND speed push button is 
pressed.

 10. Refer to the circuit shown in Figure 41–10. 
You are to construct this circuit on the job. 
Would it be possible to use an 11-pin control 
relay for 4CR?
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Variable Voltage and 
Magnetic Clutches

Chapter 41 discussed the operation of consequent 
pole motors that change speed by changing the 
number of stator poles per phase. Although this is 
one method of controlling the speed of a motor, it is  
not the only method. Many small single-phase 
 motors change speed by varying the amount of 
voltage applied to the motor. This method does not 
change the speed of the rotating magnetic field of 
the motor, but it does cause the field to become 
weaker. As a result, the rotor slip becomes greater, 
causing a decrease of motor speed.

Variable voltage control is used with small frac-
tional horsepower motors that operate light loads 
such as fans and blowers. Motors that are intended 
to operate with variable voltage are designed with 
high-impedance stators. The high impedance of 
the stator prevents the current flow from becom-
ing  excessive as the rotor slows down. The disad-
vantage of motors that contain high-impedance 
stator windings is that they are very limited in the 

amount of torque they can produce. When load is 
added to a motor of this type, its speed decreases 
rapidly.

Single-phase motors that use a centrifugal 
switch to disconnect the start windings cannot be 
used with variable voltage control. This limits the 
type of induction motors to capacitor start capaci-
tor run and shaded pole motors. Capacitor-start, 
capacitor-run motors are employed in applications 
where it is desirable to reverse the direction of 
 rotation of the motor, such as ceiling fans.

Another type of alternating-current motor 
that can use variable voltage for speed control is 
the universal or AC series motor. These motors 
are commonly used in devices such as power drills, 
skill saws, vacuum cleaners, household mixers, and 
many other appliances. They can generally be rec-
ognized by the fact that they contain a commuta-
tor and brushes similar to a direct-current motor. 
Universal motors are so named because they can 

Objectives

After studying this chapter, the student will be able to

●● Discuss the types of motors that can be controlled with variable voltage.

●● Discuss requirements for motors that are controlled with variable voltage.

●● Discuss the operation of a magnetic clutch.
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is DC, not AC (Figure 42–3). Resistive loads such 
as incandescent lamps are not harmed when direct 
current is applied to them, but a great deal of harm 

operate on AC or DC voltage. These motors are 
used with solid-state speed control devices to oper-
ate electric drills, routers, reciprocating saws, and 
other variable speed tools.

Voltage Control Methods
There are different methods of obtaining a variable  
AC voltage. One method is with the use of an 
 autotransformer with a sliding tap (Figure 42–1). 
The sliding tap causes a change in the turns ratio of 
the transformer (Figure 42–2). An autotransformer 
is probably the most efficient and reliable method 
of supplying variable AC voltage, but it is expensive 
and requires a large amount of space for mounting.

Another method involves the use of a solid-
state device called a triac. A triac is a solid-state 
device similar to a silicon controlled rectifier (SCR), 
except that it conducts both the positive and nega-
tive portions of a waveform. Triacs are commonly 
used in dimmers employed to control incandescent 
lighting. Triac light dimmers have a characteristic 
of conducting one-half of the waveform before the 
other half begins conducting. Because only one-half 
of the waveform is conducting, the output voltage 
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Figure 42–1
Cutaway view of a variable autotransformer.
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Figure 42–2
An autotransformer supplies variable voltage to a motor.
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Figure 42–3
Conducting part of a waveform produces pulsating 
direct current.
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Magnetic Clutches
Magnetic clutches are used in applications where 
it is desirable to permit a motor to reach full 
speed before load is applied. Clutches can provide 
a smooth start for loads that can be damaged by 
sudden starting or for high-inertia loads such as 
centrifuges or flywheels. Electromagnetic clutches 
are divided into three components: the field, 
which contains the coil winding; the rotor, which 
contains the friction material; and the armature, 
which is the second friction surface. When direct 
current is applied to the field coil, magnetism is  
created, causing the friction face of the rotor to 
 become a magnet. The magnetic field of the rotor 
attracts the armature disc, causing the armature 
and rotor to clamp together, connecting the motor 
to the load. The force of the clutch can be controlled 
by adjusting the voltage supplied to the field wind-
ing. The amount of slip determines how rapidly 
the clutch can accelerate the driven load and the 
amount of torque applied to the load. When power 
is removed, a spring forces the armature and rotor 
apart. Some magnetic clutches employ the use of 
slip rings and brushes to supply power to the field 
coil, but most contain a stationary electromag-
net, as shown in Figure 42–6. A magnetic clutch is 
shown in Figure 42–7.

The clutch illustrated in Figure 42–6 is a 
single-face clutch, which means that it contains 
only one clutch disc. Clutches intended to con-
nect large horsepower motors to heavy loads 
 often contain multiple clutch faces. Double-faced 
clutches have both the armature and field discs 
mounted on the same hub. A double-faced fric-
tion lining is sandwiched between them. When 
the field winding is energized, the field disc and  
armature disc are drawn together with the double-
faced friction lining between them. Double-faced 
clutches can be obtained in sizes up to 78 inches 
in diameter.

Some clutches are intended to provide tension 
control and are operated with a large amount of 
slippage between the driving and driven members. 
These clutches produce an excessive amount of heat 
because of the friction between clutch discs. Many 
of these clutches are water cooled to help remove 
the heat.

can occur when DC voltage is applied to in induc-
tive device such as a motor. Only triac controls that 
are designed for use with inductive loads should be 
used to control a motor. A basic triac control circuit 
is shown in Figure 42–4. A triac variable speed con-
trol for small AC motors is shown in Figure 42–5.

ALTERNATOR

TRIAC

DIAC

MOTOR

Figure 42–4
Basic triac control circuit.
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Figure 42–5
Variable speed control using a triac to control the 
voltage applied to a motor.
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Figure 42–6
Magnetic clutch with stationary electromagnet.
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Figure 42–7
Cutaway view of a magnetic clutch.
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connection, there is no friction to produce exces-
sive heat, and there is no wear as is the case with 
mechanical clutches. The speed of the clutch can 
be controlled by varying the amount of direct cur-
rent applied to the armature or rotor. Because the 
output speed is determined by the amount of slip 

Eddy Current Clutches
Eddy current clutches are so named because they 
induce eddy currents into a metal cylinder or 
drum. One part of the clutch contains slip rings 
and a winding (Figure 42–8A). The armature or 
rotor is constructed so that when the winding is 
excited with direct current, magnetic pole pieces 
are formed. The rotor is mounted inside the metal 
drum that forms the output shaft of the clutch 
 (Figure 42–8B). The rotor is the input of the clutch 
and is connected to an AC induction motor. The 
motor provides the turning force for the clutch 
(Fig ure 42–9). When direct current is applied to 
the rotor, the spinning electromagnets induce eddy 
currents into the metal drum. The induced eddy 
currents form magnetic poles inside the drum. The 
magnetic fields of the rotor and drum are attracted  
to each other, and the clutch turns in the same 
 direction as the motor.

The main advantage of an eddy current clutch 
is that there is no mechanical connection between 
the rotor and drum. Because there is no mechanical 
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(A) (B)

R
H

Figure 42–8
Diagram A shows magnetic armature or rotor and drum. Diagram B shows rotor mounted inside the drum. The 
rotor is the input shaft of the clutch and the drum is the output shaft.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

AC MOTOR

EDDY CURRENT CLUTCH

OUTPUT 
SHAFT

Figure 42–9
An AC motor is coupled to an eddy current clutch.
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●● REViEw QuEstions

 1. Does varying the voltage to an AC induction 
 motor cause a change in synchronous speed?

 2. Why do induction motors that are intended to 
be controlled by variable voltage contain high-
impedance stator windings?

 3. What is the disadvantage of a motor that con-
tains a high-impedance stator winding?

 4. What type of AC induction motor is used with 
variable voltage control when it is desirable for 
the motor to reverse direction?

 5. What type of motor that can be controlled with 
variable voltage is used to operate power drills, 
vacuum cleaners, routers, and so on?

 6. Why are universal motors so named?

 7. What type of solid-state component is gener-
ally used to control AC voltage?

 8. When using a mechanical clutch, what deter-
mines how fast a load can be accelerated and 
the amount of initial torque applied to the 
load?

 9. What is the primary advantage of an eddy 
current clutch over a mechanical clutch?

 10. How is the speed of an eddy current clutch 
controlled?

between the rotor and drum, when load is added, 
the slip becomes greater, causing a decrease in 
speed. This can be compensated for by increas-
ing the amount of direct current applied to the 

rotor. Many eddy current clutch circuits contain a 
speed-sensing device that automatically increases 
or decrease the DC excitation current when load is 
added or removed.
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Motors are generally permitted to slow to a stop 
when disconnected from the power line, but there 
may be instances when that is not an option or not 
convenient. There are several methods that can be 
employed to provide braking for a motor, such as 
these:
	 •	 Mechanical brakes
	 •	 Dynamic braking
	 •	 Plugging

Mechanical	Brakes
Mechanical brakes are available in two basic types: 
drum and disk. Drum brakes use brake shoes to 
 apply pressure against a drum (Figure 43–1). A metal  
cylinder, called the drum, is attached to the motor 
shaft. Brake shoes are placed around the drum.  

A spring is used to adjust the amount of pressure the  
brake shoes exert against the drum to control the 
amount of braking that takes place when stopping 
the motor. When the motor is operating, a solenoid 
is energized to release the pressure of the brake 
shoes. When the motor is to be stopped, the brakes 
engage immediately. A circuit of this type is shown 
in Figure 43–2. Mechanical brakes work by con-
verting the kinetic (moving) energy of the load into 
thermal (heat) energy when the motor is stopped. 
Mechanical type brakes have an advantage in that 
they can hold a suspended load. For this reason, 
mechanical brakes are often used on cranes.

Disc brakes work in a very similar manner 
to drum brakes. The only real difference is that 
brake pads are used to exert force against a spin-
ning disc instead of a cylindrical drum. A combi-
nation disc brake and magnetic clutch is shown in 
Figure 43–3.

Objectives

After studying this chapter, the student will be able to

●● Discuss mechanical-type brakes.

●● Connect a mechanical brake circuit.

●● Discuss dynamic braking for DC and AC motors.

●● Connect a plugging circuit.
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of dynamic braking is that there are no mechanical 
brake shoes to wear out. The disadvantage is that  
dynamic brakes cannot hold a suspended load. 
 Although dynamic braking can be used for both 
 direct and alternating-current motors, the principles 
and methods used for each are very different.

Dynamic	Braking
Dynamic braking can be used to slow both direct 
and alternating-current motors. Dynamic braking is 
sometimes referred to as magnetic braking because 
in both instances it employs the use of magnetic 
fields to slow the rotation of a motor. The advantage 
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TENSION ADJUSTMENT
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Figure 43 –1
Drum brake.
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Figure 43 –2
The brake is applied automatically when the motor is not operating.
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Dynamic	Braking	for		
Direct-Current	Motors
A direct-current machine can be used as either a 
motor or generator. When used as a motor, elec-
trical energy is converted into mechanical energy. 
When used as a generator, mechanical energy is 
converted into electrical energy. The principle 
of dynamic braking for a direct-current motor 
is to change the motor into a generator. When a 
 generator produces electrical power, it produces 
countertorque, making the armature hard to turn. 
The amount of countertorque produced by the gen-
erator is proportional to the armature current.

Dynamic braking for a DC motor is accom-
plished by permitting power to remain connected 
to the shunt field when the motor is stopped, and 
reconnecting the armature to a high wattage resis-
tor (Figure 43–4). The resistor may actually be more 

Figure 43 –3
Cutaway view of a combination clutch and brake. 
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Figure 43 –4
Dynamic braking circuit for a direct-current motor.
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than one resistor, depending on motor size, length 
of braking time, and armature current. High watt-
age resistors are shown in Figure 43–5. The braking 
time can be controlled by adjusting the resistance 
value. If current remains connected to the shunt 
field, the pole pieces retain their magnetism. Con-
necting a resistance across the armature terminals 
causes the motor to become a generator.

Dynamic braking for a DC motor is very effec-
tive, but the braking effect becomes weaker as the 
armature slows down. Countertorque in a genera-
tor is proportional to the magnetic field strength 
of the pole pieces and armature. Although the flux 
density of the pole pieces remains constant as long 
as shunt field current is constant, the armature 
magnetic field is proportional to armature current. 
Armature current is pro portional to the amount 
of induced voltage and the resistance of the con-
nected load. There are three factors that determine 
induced voltage:

•  Strength of magnetic field (in this instance, the 
flux density of the pole pieces)

•  Length of conductor (also stated as number of 
turns of wire; in this instance, the number of 
turns of wire in the armature winding)

• Speed of the cutting action (armature speed)

As the armature slows, less voltage is induced 
in the armature windings, causing a decrease of 
 armature current.

Figure 43 –5
High wattage resistors.
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Dynamic	Braking	for		
Alternating-Current	Motors
Dynamic braking for alternating-current motors is 
accomplished in a different way from that described 
for direct-current motors. Dynamic braking for an 
AC motor can be accomplished by connecting direct 
current to the stator winding. This causes the sta-
tor magnetic field to maintain a constant polarity 
instead of reversing polarity each time the current 
changes direction. As the rotor of a squirrel-cage 
motor spins through the stationary magnetic field, 
a current is induced into the rotor bars. The current 
flow in the rotor causes a magnetic field to form 
around the rotor bars. The rotor magnetic field is 
attracted to the stator field, causing the rotor to 
slow down. The amount of braking force is propor-
tional to the magnetic field strength of the stator 
field and the rotor field. The braking force can be 
controlled by the amount of direct current supplied 
to the stator.

When direct current is applied to the stator 
winding, there is no inductive reactance to limit 
stator current. The only current-limiting effect is 
the wire resistance of the stator winding. Dynamic 
braking circuits for alternating-current motors 
generally include a step-down transformer to lower 
the voltage to the rectifier and often include a se-
ries resistor to control the current applied to the 
stator winding (Figure 43–6).

In the circuit shown, an off-delay timer is used 
to determine the length of braking time for the 
circuit. When the Start button is pushed, motor 
starter M energizes and closes all M load contacts 
to connect the motor to the line. The M auxiliary 
contacts change position at the same time. The 
normally closed M contact opens to prevent power 
being applied to the dynamic brake relay (DBR). 
The two normally open M auxiliary contacts close, 
sealing the circuit and supplying power to the coil 
of off-delay timer TR. Because TR is an off-delay 
timer, the TR timed contacts close immediately. 
The circuit remains in this position until the Stop 
button is pressed. At that time, motor starter M 
 de-energizes and disconnects the motor from the 
line. The normally open M auxiliary contact connected 
in series with timer coil TR opens, starting the 
timing sequence. The normally closed M auxiliary 
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force. Plugging can be used with direct-current 
motors but is more often used with three-phase, 
squirrel-cage motors. Plugging is accomplished  
with three-phase motors by disconnecting the 
 motor from the power line and momentarily 
 reversing the direction of rotation. As a general 
rule, the reversing contactor is of a larger size than 
the forward contactor because of the increased 
plugging current. There are several methods that 
can be employed when a plugging control is desired.

Manual	Plugging
One type of plugging control depends on an opera-
tor to manually perform the operation. A manual 
plugging control is shown in Figure 43–7. The circuit 

contact closes and provides a current path through 
the now closed TR timed contact to the coil of DBR. 
This causes the DBR contacts to close and connect 
the step-down transformer and rectifier to the 
power line. Direct current is now supplied to the sta-
tor winding. Direct current is supplied to the stator  
winding until the timed TR contact opens and 
 de-energizes coil DBR.

Plugging
Plugging is defined by NEMA as a system of braking 
in which the motor connections are reversed so that the 
motor develops a counter torque that acts as a retarding 
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Figure 43 –6
Dynamic braking circuit for an alternating-current motor.
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One method of providing plugging control is 
with the use of an automatic timed circuit (Figure 
43–8). This is the same basic control circuit used 
for time controlling a dynamic braking circuit in 
Figure 43–6. The dynamic brake relay has been 
 replaced with a reversing contactor. A modification 
of this circuit is shown in Figure 43–9. This circuit 
permits an operator to select if a plugging stop is 

is basically a forward–reverse control circuit, with 
the exception that there is no holding contact for 
the reverse contactor. Also, the Plugging push 
 button is a double-acting push button with the 
normally closed section connected in series with 
the forward contactor. This permits the Plugging 
push button to be used without having to press the 
Stop button first.
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Figure 43 –7
Manual plugging control.
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Figure 43 –8
Timed controlled plugging circuit.
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Figure 43 –9
An operator controls the plugging stop.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



346

Chapter 43 Braking

time. If the timer is not set for a long enough time, 
the reversing circuit opens before the motor com-
pletely stops. If the timer is set too long, the  motor 
reverses direction before the reversing contactor 
opens. The most accurate method of plug stopping 
a motor is with a plugging switch or zero speed switch 
(Figure 43–10). The plugging switch is connected to 
the motor shaft or the shaft of the drive machine. 
The motion of the rotating shaft is transmitted to 
the plugging switch either by a centrifugal mecha-
nism or by an eddy current induction disc inside the 
switch. The plugging switch contact is connected 
to the coil of the reversing starter (Fig ure 43–11). 
When the motor is started, the forward motion 
of the motor causes the normally open plugging 
switch contact to close. When the Stop button is 
pressed, the normally closed F contact connected 
in series with the reversing contactor re-closes and 
 reverses the direction of rotation of the motor. 
When the shaft of the motor stops rotating, the 
plugging switch contact reopens and disconnects 
the reversing contactor.

Plugging switches with two normally open con-
tacts can be obtained for use with forward–reverse 
controls. These switches permit a plugging stop in 
either direction when the Stop button is pressed 
(Figure 43–12). The direction of motor rotation 
determines which switch closes. The switch sym-
bol indicates the direction of rotation necessary to 
cause the switch contacts to close.

to be used or not. Once the operator has pressed 
the Plugging push button, the timer controls the 
amount of plugging time.

Although time is used to control plugging, 
problems can occur due to the length of plugging 

Figure 43 –10
Plugging switch or zero speed switch.
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Figure 43 –11
Plugging switch controls the operation of the reversing contactor.
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Figure 43 –12
Plugging switch used with forward–reverse control.
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●● Review	Questions

	 1.	Name three methods of braking a motor.

	 2.	How is the braking force of drum-type brakes 
controlled?

	 3.	Why are mechanical brakes often used on cranes?

	 4.	What is the advantage of dynamic brakes over 
mechanical brakes?

	 5.	What is the disadvantage of dynamic brakes 
when compared to mechanical brakes?

	 6.	The amount of countertorque developed by a 
direct-current generator is proportional to what?

	 7.	When using dynamic braking for a direct-current 
motor, how is the braking time controlled?

	 8.	Name three factors that determine the amount 
of induced voltage.

	 9.	How is dynamic braking for direct-current 
motors accomplished?

	10.	How is the dynamic braking force of an 
 alternating-current motor controlled?

	11.	How is a plugging stop accomplished?

	12.	What device is generally used to accurately 
stop a motor when a plugging stop is used?

	13.	Refer to the circuit shown in Figure 43–11. 
When the Start button is pushed and the 
motor starts in the forward direction, the 
plugging switch closes. What prevents the 
reversing contactor from energizing when the 
plugging switch contact closes?
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The wound rotor induction motor is one of the 
three major types of three-phase motors. It is  often 
called the slip ring motor because of the three slip 
rings on the rotor shaft. The stator winding of a 
wound rotor motor is identical to the squirrel-
cage motor. The difference between the two motors 
lies in the construction of the rotor. The rotor of 
a squirrel-cage motor is constructed of bars con-
nected together at each end by shorting rings. The 
rotor of a wound rotor induction motor is con-
structed by winding three separate windings in the 
rotor (Figure 44–1).

The wound rotor motor was the first alternat-
ing-current motor that permitted speed control. It 
has a higher starting torque per ampere of start-
ing current than any other type of three-phase 
 motor. It can be started in multiple steps to pro-
vide smooth acceleration from 0 RPM to maximum 
RPM. Wound rotor motors are typically employed 
to operate conveyors, cranes, mixers, pumps, vari-
able speed fans, and a variety of other devices. 
They are often used to power gear-driven machines 

because they can be started without supplying a 
large amount of torque that can damage and even 
strip the teeth off gears.

The three-phase rotor winding contains the 
same number of poles as the stator winding. One 
end of each rotor winding is connected together 

Objectives

After studying this chapter, the student will be able to

●● Identify the terminal markings of a wound rotor induction motor.

●● Discuss the operating characteristics of wound rotor motors.

●● Connect a wound rotor motor for operation.

●● Discuss speed control of wound rotor motors.

Figure 44 –1
rotor of a wound rotor induction motor.
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The third factor that determines the amount 
of torque developed is the phase angle difference 
between stator and rotor flux. Maximum torque 
is developed when the magnetic fields of the sta-
tor and rotor are in phase with each other. Imagine 
two bar magnets with their north and south poles 
connected together. If the magnets are placed so 
there is no angular difference between them (Fig-
ure 44–3A), the attracting force is at maximum. If 
the magnets are broken apart so there is an angular 
difference between them, there is still a force of at-
traction, but it is less than when they are connected 
together (Figure 44–3B). The greater the angle of 
separation, the less the force of attraction becomes 
(Figure 44–3C).

Adding resistance to the rotor circuit causes the 
induced current in the rotor to be more in phase 
with the stator current. This produces a very small 
phase angle difference between the magnetic fields 
of the rotor and stator. This is the reason that the 
wound rotor induction motor produces the great-
est amount of starting torque per ampere of start-
ing current of any three-phase motor.

inside the rotor to form a wye connection, and the 
other end of each winding is connected to one of 
the slip rings mounted on the rotor shaft. The slip 
rings permit external resistance to be connected 
to the rotor circuit (Figure 44–2). Placing external 
resistance in the rotor circuit allows control of the 
amount of current that can flow through the rotor 
windings during both the starting and running of 
the motor. There are three factors that determine 
the amount of torque developed by a three-phase 
induction motor:

• Strength of the magnetic field of the stator.
• Strength of the magnetic field of the rotor.
•  Phase angle difference between rotor and stator 

flux.

Because an induction motor is basically a trans-
former, controlling the amount of rotor current 
also controls the amount of stator current. It is this 
feature that permits the wound rotor motor to con-
trol the inrush current during the starting period. 
Limiting the inrush current also limits the amount 
of starting torque produced by the motor.

Figure 44 –2
The rotor of a wound rotor induction motor is connected 
to external resistors.
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MAXIMUM ATTRACTION OCCURS WHEN THERE IS NO 
ANGULAR DIFFERENCE BETWEEN THE MAGNETS.

ATTRACTION IS LESS DUE TO AN ANGULAR DIFFERENCE 
BETWEEN THE TWO MAGNETS.

THE GREATER THE AMOUNT OF ANGULAR DIFFERENCE 
BETWEEN THE TWO MAGNETS, THE LESS THE FORCE OF 
ATTRACTION.
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Figure 44 –3
The force of attraction is proportional to the flux density 
of the two magnets and the angle between them.
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Manual Control of a Wound 
Rotor Motor
The starting current and speed of a wound rotor in-
duction motor is controlled by adding or subtract-
ing the amount of resistance connected in the rotor 
circuit. Small wound rotor motors are often con-
trolled manually by a three-pole make-before-break 
rotary switch. The switch contains as many con-
tacts as there are steps of resistance (Figure 44–5).  
A micro limit switch senses when the controller is 
set for maximum resistance. Most controllers do 
not start unless all resistance is in the rotor circuit, 
forcing the motor to start in its lowest speed. Once 
the motor has been started, the resistance can 
then be adjusted out to increase the motor speed. 
When all the resistance has been removed from the 
circuit and the M leads are shorted together, the 
motor operates at full speed. The operating char-
acteristics of a wound rotor motor with the rotor 
leads shorted together are very similar to those of 
a squirrel-cage motor. A circuit for use with a man-
ual controller is shown in Figure 44–6.

The stator windings of a wound rotor motor 
are marked in the same manner as any other three-
phase motor: T1, T2, and T3 for single-voltage 
 motors. Dual-voltage motors have nine T leads, like  
squirrel-cage motors. The rotor leads are labeled 
M1, M2, and M3. The M2 lead is located on the 
center slip ring, and the M3 lead is connected to 
the slip ring closest to the rotor windings. The sche-
matic symbol for a wound rotor induction motor is 
shown in Figure 44–4.

T1

T2

T3

M1

M2

M3

Figure 44 –4
Schematic symbol for a wound rotor induction motor.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

TO M1

TO M2

TO M3

INSULATED
CONTROL

KNOB

MOVABLE CONTACTS 
ARE SHORTED

TOGETHER.

TO CONTROL
CIRCUIT

NO C NCMICRO SWITCH

Figure 44 –5
Manual controller for a wound rotor induction motor.
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M

OL

M

START
STOP

MICRO LIMIT
SWITCH

Figure 44 –6
Control circuit for a manually controlled wound rotor motor.
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Timed Controlled Starting
Another method of starting a wound rotor motor 
is with the use of time-delay relays. Any number 
of steps can be employed, depending on the needs 
of the driven machine. A circuit with four steps of 
starting is shown in Figure 44–7. In the circuit  
shown, when the Start button is pressed, motor 
starter M energizes and closes all M contacts. The 
load contacts connect the stator winding to the 
power line. At this point in time, all resistance is 
connected in the rotor circuit, and the motor starts 
in its lowest speed. When the M auxiliary contacts 
close, timer TR1 begins its time sequence. At the 
end of the time period, timed contact TR1 closes 
and energizes the coil of contactor S1. This causes 
the S1 load contacts to close and short out the first 
bank of resistors in the rotor circuit. The motor 
now accelerates to the second speed. The S1 aux-
iliary contact starts the operation of timer TR2. 
At the end of the time period, timed contact TR2 
closes and energizes contactor S2. This causes the 
S2 load contacts to close and short out the second 
bank of resistors. The motor accelerates to third 
speed. The process continues until all the resistors 
have been shorted out of the circuit and the motor 
operates at the full speed.

The circuit shown in Figure 44–7 is a starter 
circuit in that the speed of the motor cannot be 
controlled by permitting resistance to remain in 

the circuit. Each time the Start button is pressed, 
the motor accelerates through each step of speed 
until it reaches full speed. Starting circuits gen-
erally employ resistors of a lower wattage value 
than circuits that are intended for speed control, 
because the resistors are used for only a short 
period of time when the motor is started. Con-
trollers must employ resistors that have a high 
enough wattage rating to remain in the circuit at 
all times.

Wound Rotor Speed Control
A time-operated controller circuit is shown in Fig-
ure 44–8. In this circuit, four steps of speed control 
are possible. Four separate push buttons permit se-
lection of the operating speed of the motor. If any 
speed other than the lowest speed or first speed is 
selected, the motor accelerates through each step, 
with a 3-second time delay between each step. If 
the motor is operating at a low speed and a higher 
speed is selected, the motor immediately increases 
to the next speed if it has been operating in its 
present speed for more than 3 seconds. Assume, for 
example, that the motor has been operating in the 
second speed for more than 3 seconds. If the fourth 
speed is selected, the motor immediately increases 
to the third speed and 3 seconds later increases to 
the fourth speed. If the motor is operating and a 
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60 hertz throughout the United States and Canada. 
When the rotor begins to turn, there is less cutting 
action between the rotating magnetic field of the 
stator and the windings in the rotor. This causes 
a decrease in both induced voltage and frequency. 
The greater the rotor speed becomes, the lower 
the frequency and amount of the induced voltage. 
The difference between rotor speed and synchro-
nous speed (speed of the rotating magnetic field) is 
called slip and is measured as a percentage. Assume 
that the stator winding of a motor has four poles 
per phase. This results in a synchronous speed of 
1800 RPM when connected to 60 hertz. Now as-
sume that the rotor is turning as a speed of 1710 

lower speed is selected, it immediately decreases to 
the lower speed without time delay.

Frequency Control
Frequency control operates on the principle that 
the frequency of the induced voltage in the mo-
tor secondary (rotor) decreases as the speed of 
the  rotor increases. The rotor windings contain 
the same number of poles as the stator. When the 
motor is stopped and power is first applied to the 
stator windings, the voltage induced into the rotor 
has the same frequency as the power line. This is 

M

TR1

S1

TR2

S2

TR3

S3

M

M

M

S3

S3

S2

S2

S1

S1
MOTOR

T1

T2

T3

M1

M2

M3

OL

L1 L2 L3

START
STOP

M
M

TR1

S1

TR2

S2

TR3

CONTROL TRANSFORMER

FUSE

Figure 44 –7
Timed starting for a wound rotor induction motor. 
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M

CR1

S1

CR2

S2

CR3

TR3

M

M

M

S3

S3

S2

S2

S1

S1
MOTOR

T1

T2

T3

M1

M2

M3

OL

L1 L2 L3

1ST SPEED
STOP

M

TR1

TR2

CONTROL TRANSFORMER

FUSE

CR1

CR2

CR3

CR1

CR3

CR2

M

TR1

CR3

CR2

S1

TR2

CR3
S2

2ND SPEED

3RD SPEED

4TH SPEED

TR3
S3

CR1

CR2

CR3

3 SECONDS

3 SECONDS

3 SECONDS

Figure 44 –8
Time-operated speed control for a wound rotor induction motor.
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Where: F 5 Frequency in hertz
 P 5 Number of poles per phase
 S 5 Speed in RPM
 120 5 Constant

A diagram of a wound rotor motor starter us-
ing frequency relays is shown in Figure 44–9. Note 
that the frequency relays are connected to the sec-
ondary winding of the motor and that the load 
contacts are connected normally closed instead of 
normally open. Also note that a capacitor is con-
nected in series with one of the frequency relays. In 
an alternating-current circuit, the current-limiting 
effect of a capacitor is called capacitive reactance. 
Capacitive reactance is inversely proportional to 
the frequency. A decrease in frequency causes a cor-
responding increase in capacitive reactance.

When the Start button is pressed, M contac-
tor energizes and connects the stator winding to 
the line. This causes a voltage to be induced into 
the rotor circuit at a frequency of 60 hertz. The 
60-hertz frequency causes both S1 and S2 contac-
tors to energize and open their load contacts. The 
rotor is now connected to maximum resistance 

RPM. This is a difference of 90 RPM. This results in 
a 5% slip for the motor.

Slip 5
90

1800

 Slip 5 0.05

 Slip 5 5%

A 5% slip would result in a rotor frequency of 3 hertz.

F 5 60 Hz 3 0.05

F 5 3 Hz

OR

 F 5
PS

120

 F 5
4 390

120

 F 5
360
120

 F 5 3 Hz

M

M

M

M

MOTOR

T1

T2

T3

M1

M2

M3

OL

L1 L2 L3

START
STOP

M

CONTROL TRANSFORMER

FUSE

S1

S2

S1

S1

S2

S2

Figure 44 –9
Frequency control for a wound rotor induction motor.
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to the motor. If a set of closed contacts were con-
nected directly across the M leads, no voltage would 
be generated to operate the coils of the frequency 
relays, and they would never be able to open their 
normally closed contacts.

Frequency control does have an advantage over 
other types of control in that it is very responsive 
to changes in motor load. If the motor is connected 
to a light load, the rotor gains speed rapidly, caus-
ing the motor to accelerate rapidly. If the load is 
heavy, the rotor gains speed at a slower rate, caus-
ing a more gradual increase in speed to help the 
motor overcome the inertia of the load.

and starts in the lowest speed. As the frequency 
decreases, capacitive reactance increases, causing 
contactor S1 to de-energize first and re-close the S1 
contacts. The motor now increases in speed, caus-
ing a further reduction of both induced voltage and 
frequency. When contactor S2 de-energizes, the 
S2 load contacts re-close and short out the second 
bank of resistors. The motor is now operating at its 
highest speed.

The main disadvantage of frequency control 
is that some amount of resistance must remain in 
the circuit at all times. The load contacts of the fre-
quency relays are closed when power is first applied 

●● RevIeW QueSTIonS

 1. How many slip rings are on the rotor shaft of a 
wound rotor motor?

 2. What is the purpose of the slip rings located on 
the rotor shaft of a wound rotor motor?

 3. A wound rotor induction motor has a stator that 
contains six poles per phase. How many poles per 
phase are in the rotor circuit?

 4. Name three factors that determine the amount 
of torque developed by a wound rotor induction 
motor.

 5. Explain why the wound rotor motor produces the 
greatest amount of starting torque per ampere of 
starting current of any three-phase motor.

 6. Explain why controlling the rotor current con-
trols the stator current also.

 7. What is the function of a micro limit switch 
when used with a manual controller for a wound 
rotor motor?

 8. Why are the resistors used in the rotor circuit 
smaller for a starter than for a controller?

 9. What is rotor slip?

 10. A wound rotor has a synchronous speed of 1200 
RPM. The rotor is rotating at a speed of 1075 
RPM. What is the percent of rotor slip and what 
is the frequency of the induced rotor voltage?

 11. Refer to the circuit shown in Figure 44–6. 
 Assume that the motor is running at full speed 
and the Stop button is pressed. The motor stops 
running. When the manual control knob is 
 returned to the highest resistance setting, the 
motor immediately starts running in its lowest 

speed. Which of the following could cause 
this problem?

 a. The Stop push button is shorted.
 b. The Start push button is shorted.
 c. M auxiliary contact is shorted.
 d. The micro limit switch contact did not re-

close when the control was returned to the 
highest resistance setting.

 12. Refer to the circuit shown in Figure 44–7. 
 Assume that the timers are set for a delay 
of 3 seconds each. When the Start button is 
pressed, the motor starts in its lowest speed. 
After 3 seconds, the motor accelerates to second 
speed, but never reaches third speed. Which of 
the following cannot cause this problem?

 a. TR1 timer coil is open.
 b. S1 contactor coil is open.
 c. TR2 timer coil is open.
 d. S2 contactor coil is open.

 13. Refer to the schematic diagram in Figure 44–8. 
Assume that the motor is not running. When 
the 3rd Speed push button is pressed, the mo-
tor starts in its lowest speed. After a delay of 
3 seconds, the motor accelerates to second 
speed and 3 seconds later to third speed. Af-
ter a period of about 1 minute, the 4th Speed 
push button is pressed, but the  motor does not 
accelerate to fourth speed. Which of the fol-
lowing could cause this problem?

 a. Control relay CR2 coil is open.
 b. S2 contactor coil is open.
 c. CR3 coil is shorted.
 d. S2 contactor coil is open.
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Synchronous motors are so named because of their 
ability to operate at synchronous speed. They are 
able to operate at the speed of the rotating mag-
netic field because they are not induction motors. 
They exhibit other characteristics that make them 
different than squirrel-cage or wound rotor induc-
tion motors. Some of these characteristics are:

• They can operate at synchronous speed.
•  They operate at a constant speed from no load 

to full load. Synchronous motors either oper-
ate at synchronous speed or they stall and stop 
running.

• They can produce a leading power factor.
•  They are sometimes operated without load to help 

correct plant power factor. In this mode of opera-
tion, they are called synchronous condensers.

•  The rotor must be excited with an external source 
of direct current.

•  They contain a special squirrel-cage winding 
called the amortisseur winding that is used to 
start the motor.

Starting a Synchronous 
Motor
A special squirrel-cage winding, called the amortis-
seur winding, is used to start a synchronous motor. 
The rotor of a synchronous motor is shown in Fig-
ure 45–1. The amortisseur winding is very similar 

Objectives

After studying this chapter, the student will be able to

●● Discuss the operation of a synchronous motor.

●● List differences between synchronous motors and squirrel-cage motors.

●● Explain the purpose of an amortisseur winding.

●● Discuss how a synchronous motor can produce a leading power factor.

●● Discuss the operation of a brushless exciter.

Figure 45–1
rotor of a synchronous motor.
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DC generator. Small synchronous motors  generally 
contain two slip rings on the rotor shaft. A set of 
brushes are used to supply direct current to the 
 rotor (Figure 45–2).

If manual starting is employed, an operator 
manually excites the rotor after it has accelerated 
close to synchronous speed. During this accelera-
tion process, a high voltage can be induced into 
the windings of the rotor. A resistor, called the field 
discharge resistor, is connected in parallel with the 
rotor winding. Its function is to limit the amount 
of induced voltage when the motor is started and 
limit the amount of induced voltage caused by 
the collapsing magnetic field when the motor is 
stopped and the excitation current is disconnected. 
A switch called the field discharge switch is used to 
connect the excitation current to the rotor. The 
switch is so designed that when it is closed it makes 
connection to the direct-current power supply be-
fore it breaks connection with the field discharge 
resistor. When the switch is opened, it makes con-
nection to the field discharge resistor before it 
breaks connection with the direct-current power 
supply. This permits the field discharge resistor to 
always be connected to the rotor when DC excita-
tion is not being applied to the rotor.

The Brushless Exciter
A second method of supplying excitation current 
to the rotor is with a brushless exciter. The brush-
less exciter has an advantage in that there are no 
brushes or slip rings to wear. The brushless exciter 
is basically a small three-phase alternator winding 
and three-phase recti fier located on the shaft of the 
rotor. Refer to the photograph in Figure 45–1. At 
the back of the rotor, a small winding can be seen. 
This is the winding of the brushless exciter. Electro-
magnets are placed on either side of the winding 
(Figure 45–3). A three-phase rectifier and fuses are 
also located on the rotor shaft. The rectifier con-
verts the three-phase alternating current produced 
in the alternator winding into direct current before 
it is supplied to the rotor winding (Figure 45–4). 
The amount of excitation current supplied to the 
rotor winding is controlled by the amount of direct-
current supplied to the electromagnets. The output 
voltage of the alternator winding is controlled by 
the flux density of the pole pieces.

to a type A squirrel-cage winding. It provides good 
starting torque and a relatively low starting current. 
Once the syn chronous motor has accelerated to a 
speed close to that of the rotating magnetic field, 
the rotor is excited by connecting it to a source of 
direct current. Exciting the rotor causes pole pieces 
wound in the rotor to become electromagnets. 
These electromagnets lock with the rotating mag-
netic field of the stator and the motor runs at syn-
chronous speed. A synchronous motor should never be 
started with excitation applied to the rotor. The mag-
netic field of the pole pieces is alternately attracted 
and repelled by the rotating magnetic field, result-
ing in no torque being produced in either direction. 
High induced voltage, however, may damage the 
rotor windings and other components connected in 
the rotor circuit. The excitation current should be 
connected to the rotor only after it has accelerated 
to a speed that is close to synchronous speed.

Excitation Current
There are several ways in which excitation cur-
rent can be supplied to the rotor of a synchronous 
 motor, such as slip rings, a brushless exciter, and a 

DIRECT-
CURRENT
POWER
SUPPLY

FIELD DISCHARGE SWITCH

FIELD DISCHARGE
RESISTOR

Figure 45–2
A field discharge resistor is connected in parallel with 
the rotor winding during starting.
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exciter, the generator does contain a commutator 
and brushes. The generator generally requires more 
maintenance than the other methods.

Automatic Starting for 
Synchronous Motors
Synchronous motors can be automatically started 
as well as manually started. One of the advan-
tages of a synchronous motor is that it provides 
good starting torque with a relatively low start-
ing current. Many large motors are capable of 
 being started directly across the line because of 
this feature. If the power company does not per-
mit across-the-line starting, synchronous motors 
can also employ autotransformer starting, reactor 
starting, or wye–delta starting. Regardless of the 
method employed to connect the stator winding to 
the power line, the main part of automatic control 
for a synchronous motor lies in connecting excita-
tion current to the rotor at the proper time. The 
method employed is determined by the manner in 
which excitation is applied to the rotor. In the case 
of manual excitation, the field discharge switch is 
used. Brushless exciter circuits often employ elec-
tronic devices for sensing the rotor speed in order 
to connect DC excitation to the rotor at the proper 
time. If a direct-current generator is employed to 
provide excitation current, a special field  contactor, 
out-of-step relay, and polarized field frequency 
 relay are generally used.

ROTOR OF SMALL
ALTERNATOR

STATIONARY
ELECTROMAGNET

DC SUPPLY

Figure 45–3
The brushless exciter contains stationary electromagnets.
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Figure 45–4
Basic brushless exciter circuit.
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Direct-Current Generator
Another method of supplying excitation current is 
with the use of a self-excited direct-current genera-
tor mounted on the rotor shaft. The amount of ex-
citation current is adjusted by controlling the field 
current of the generator. The output of the arma-
ture supplies the excitation current for the rotor. 
Because the generator is self-excited, it does not re-
quire an external source of direct current. Although 
that is an advantage over supplying the excita-
tion current through slip rings or with a brushless 
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The Polarized Field 
Frequency Relay
The polarized field frequency relay (Figure 45–7) is 
responsible for sensing the speed of the rotor and 
controlling the operation of the field contactor. The 
polarized field frequency relay (PFR) is used in con-
junction with a reactor that is connected in the ro-
tor circuit of the synchronous motor. The polarized 
field frequency relay contains two separate coils, 
one DC and one AC (Figure 45–8). Coil A is the DC 
coil and is connected to the source of direct-current 

The Field Contactor
The field contactor looks very similar to a common 
three-pole contactor (Figure 45–5). This is not a 
standard contactor, however. The field contactor 
contains a DC coil and is energized by the excita-
tion current of the rotor. The field contactor serves 
the same function as the field discharge switch dis-
cussed previously. The two outside contacts con-
nect and disconnect the excitation current to the 
rotor circuit. The middle contact connects and dis-
connects the field discharge resistor at the proper 
time.

Out-of-Step Relay
The out-of-step relay is actually a timer that con-
tains a current-operated coil instead of a voltage- 
operated coil. The coil is connected in series with 
the field discharge resistor. The timer can be pneu-
matic, dashpot, or electronic. A dashpot-type of 
out-of-step relay is shown in Figure 45–6. The func-
tion of the out-of-step relay is to disconnect the 
motor from the power line in the event that the 
 rotor is not excited within a certain length of time. 
Large synchronous motors can be damaged by ex-
cessive starting current if the rotor is not excited 
within a short time.

Figure 45–5
Field contactor used in the starting of a synchronous 
motor.
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Figure 45–6
Out-of-step relay.
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Figure 45–7
Polarized field frequency relay.
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the rotor windings, supplying a large amount of cur-
rent for the AC coil of the polarized field frequency 
relay. As the rotor begins to turn, the DC generator 
begins to produce a voltage, supplying power for 
the DC coil of the PFR. The combined flux of the 
two coils causes the normally closed PFR contact to 
open before the field relay can energize. As the ro-
tor speed increases, less AC voltage is induced in the 
rotor circuit, and the frequency decreases in pro-
portion to rotor speed. As the frequency decreases, 
the inductive reactance of the reactor becomes less, 
causing more current to flow through the reac-
tor and less to the AC coil. The AC coil of the PFR 
produces less and less flux as  rotor speed increases. 
When the rotor reaches about 90% of the synchro-
nous speed, the AC flux can no longer maintain the 
current path through the PFR armature, and the DC 
flux returns to the path, as shown in Figure 45–10. 
When the armature drops away, it re-closes the PFR 
contact and connects the coil of the field relay to 
the line. When the field relay energizes, direct cur-
rent is connected to the rotor circuit, and the field 
discharge resistor and out-of-step relay de-mage are 
disconnected from the line.

Power Factor Correction
As stated previously, synchronous motors can be 
made to produce a leading power factor. A syn-
chronous motor can be made to produce a lead-
ing power factor by overexciting the rotor. If the 
 rotor is underexcited, the motor will have a lagging 

excitation. Its function is to polarize the magnetic 
core material of the relay. Coil B is the AC coil. This 
coil is connected in parallel with the reactor (Fig-
ure 45–9). To understand the operation of the cir-
cuit, first consider the path of magnetic flux taken 
if only the DC coil of the PFR is energized (Figure 
45–10). Note that the flux path is through the cross 
bar, not the ends, of the relay. Because the flux does 
not reach the ends of the pole piece, the armature 
is not attracted and the contact remains closed.

When the synchronous motor is started, 
however, the rotating magnetic field of the sta-
tor induces an AC voltage into the rotor winding. 
A current path exists through the reactor, field dis-
charge resistor, and coil of the out-of-step  relay. 
Because the induced voltage is 60 hertz at the in-
stant of starting, the inductive reactance of the 
reactor causes a major part of the rotor current to 
flow through the AC coil of the polarized field fre-
quency relay. Because alternating current is flowing 
through the AC coil of the PFR, each half cycle the 
flux produced in the AC coil opposes the flux pro-
duced by the DC coil. This causes the DC flux to be 
diverted to the ends of the pole pieces, where it is 
combined with the AC flux, resulting in a strong 
enough flux to attract the armature, opening the 
normally closed contact (Figure 45–11).

In this type of control, a direct-current gen-
erator is used to supply the excitation current for 
the rotor. When power is first applied to the stator 
winding, the rotor is not turning and the DC genera-
tor is not producing an output voltage. The rotating 
magnetic field, however, induces a high voltage into 

DC COIL AC COIL
(COIL A) (COIL B)

STATIONARY 
CONTACT

ARMATURE

Figure 45–8
The polarized field frequency relay contains both a DC and an AC coil.
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REACTOR
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Figure 45–9
Control circuit for a synchronous motor.
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Figure 45–10
Path of magnetic flux produced by the DC coil only.
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power factor similar to a squirrel-cage or wound 
rotor induction motor. The reason for this is that 
when the DC excitation current is too low, part of 
the AC current supplied to the stator winding is 
used to magnetize the iron in the motor.

Normal excitation is achieved when the amount 
of excitation current is sufficient to magnetize the 
iron core of the motor, and no alternating current 
is required. There are two conditions that will indi-
cate when normal excitation has been achieved:
 1. The current supplied to the motor drops to its 

lowest level.
 2. The power factor is 100%, or unity.

If more than normal excitation current is sup-
plied, overexcitation occurs. In this condition, the 
DC excitation current over-magnetizes the iron of 
the motor, and part of the AC line current is used 
to demagnetize the iron. The demagnetizing pro-
cess causes the AC line current to lead the voltage 
in the same manner as a capacitor.

Applications
Due to their starting characteristics and ability to 
correct power factor, synchronous motors are gen-
erally employed where large horsepower motors are 
needed. They often provide the power for pumps, 
compressors, centrifuges, and large grinders. A 
2500-horsepower synchronous motor used to drive 
a water-circulating pump is shown in Figure 45–12.

DC COIL AC COIL
(COIL A) (COIL B)

Figure 45–11
Flux of AC and DC coils combine to attract the armature.
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Figure 45–12
A 2500 hp synchronous motor driving a water-circulating 
pump.
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●● REviEw QuESTiOnS

 1. What is a synchronous motor called when it is 
operated without load and used for power factor 
correction?

 2. What is an amortisseur winding, and what func-
tion does it serve?

 3. Should the excitation current be applied to the 
rotor of a synchronous motor before it is  
started?

 4. What is the function of a field discharge resistor?

 5. What controls the output voltage of the alterna-
tor when a brushless exciter is used to supply the 
excitation current of the rotor?

 6. What is the purpose of the DC coil on a polar-
ized field frequency relay?

 7. What is the purpose of an out-of-step relay?

 8. Why is it possible for a synchronous motor to 
operate at the speed of the rotating magnetic 
field?

 9. Name two factors that indicate when normal 
excitation current is being applied to the 
motor.

 10. How can a synchronous motor be made to 
produce a leading power factor?
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The speed of a three-phase induction motor can be 
controlled by either changing the number of sta-
tor poles per phase, as is the case with consequent 
pole motors, or by changing the frequency of the 
applied voltage. Both methods produce a change 
in the synchronous speed of the rotating magnetic 
field. The chart shown in Figure 46–1 indicates that 
when the frequency is changed, a corresponding 
change in synchronous speed results.

Changing frequency, however, causes a corre-
sponding change in the inductive reactance of the 
windings (XL 5 2pfL). Because a decrease in fre-
quency produces a decrease in inductive reactance, 
the amount of voltage applied to the motor must be 
reduced in proportion to the decrease of frequency 
in order to prevent overheating the windings due 
to excessive current. Any type of variable frequency 

control must also adjust the output voltage with a 
change in frequency. There are two basic methods 
of achieving variable frequency control: alternator 
and solid state.

Objectives

After studying this chapter, the student will be able to

●● Explain how the speed of an induction motor can be changed with a change of 
frequency.

●● Discuss different methods of controlling frequency.

●● Discuss precautions that must be taken when the frequency is lowered.

●● Define the terms ramping and volts per hertz.

Figure 46–1
Synchronous speed is determined by the number of 
stator poles per phase and the frequency.
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Alternator Control
Alternators are often used to control the speed of 
several induction motors that require the same 
change in speed, such as motors on a conveyer line 
(Figure 46–2). The alternator is turned by a direct 
current motor or an AC motor coupled to an eddy 
current clutch. The output frequency of the alter-
nator is determined by the speed of the rotor. The 
output voltage of the alternator is determined by 
the amount of DC excitation current applied to the 
rotor. Since the output voltage must change with a 
change of frequency, a variable voltage DC supply 
is used to provide excitation current. Most controls 
of this type employ some method of sensing alter-
nator speed and make automatic adjustments to 
the excitation current.

Solid-State Control
Most variable frequency drives operate by first 
changing the AC voltage into DC and then changing 
it back to AC at the desired frequency. A couple of 
variable frequency drives are shown in Figure 46–
3A and Figure 46–3B. There are several methods 
used to change the DC voltage back into AC. The 
method employed is generally determined by the 
manufacturer, age of the equipment, and the size 
motor the drive must control. Variable frequency 
drives intended to control the speed of motors up 
to 500 horsepower generally use transistors. In the 
circuit shown in Figure 46–4, a three-phase bridge 
rectifier changes the alternating current into direct 

DC
POWER
SUPPLY

INDUCTION MOTORS

DC
MOTOR

ALTERNATOR

Figure 46–2
An alternator controls the speed of several induction motors.
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current. The bridge rectifier uses six SCRs (Silicon 
Controlled Rectifiers). The SCRs permit the output 
voltage of the rectifier to be controlled. As the fre-
quency decreases, the SCRs fire later in the cycle 
and lower the output voltage to the transistors. A 
choke coil and capacitor bank are used to filter the 
output voltage before transistors Q1 through Q6 
change the DC voltage back into AC. An electronic 
control unit is connected to the bases of transis-
tors Q1 through Q6. The control unit converts the 
DC voltage back into three-phase alternating cur-
rent by turning transistors on or off at the proper 
time and in the proper sequence. Assume, for ex-
ample, that transistors Q1 and Q4 are switched on 
at the same time. This permits stator winding T1 
to be connected to a positive voltage and T2 to be 
connected to a negative voltage. Current can flow 
through Q4 to T2, through the motor stator wind-
ing and through T1 to Q1.

Now assume that transistors Q1 and Q4 
are switched off and transistors Q3 and Q6 are 
switched on. Current will now flow through Q6 to 
stator winding T3, through the motor to T2, and 
through Q3 to the positive of the power supply.

Since the transistors are turned completely 
on or completely off, the waveform produced is a 
square wave instead of a sine wave (Figure 46–5). 
Induction motors will operate on a square wave 
without a great deal of problem. Some manufac-
turers design units that will produce a stepped 
waveform as shown in Figure 46–6. The stepped 
waveform is used because it more closely approxi-
mates a sine wave.
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Figure 46–3B
A P9 low voltage variable frequency drive for pump 
applications. This frame size is 230V/.75 to 2 hp, 460V/1 
to 3 hp.
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Some Related Problems
The circuit illustrated in Figure 46–4 employs the 
use of SCRs in the power supply and junction tran-
sistors in the output stage. SCR power supplies 
control the output voltage by chopping the incom-
ing waveform. This can cause harmonics on the line 
that cause overheating of transformers and mo-
tors, and can cause fuses to blow and circuit break-
ers to trip. When bipolar junction transistors are 
employed as switches, they are generally driven 

Figure 46–3A
inside of a variable frequency AC motor drive.
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into saturation by supplying them with an exces-
sive amount of base-emitter current. Saturating 
the transistor causes the collector-emitter voltage 
to drop to between 0.04 and 0.03 volts. This small 
voltage drop allows the transistor to control large 
amounts of current without being destroyed. When 
a junction transistor is driven into saturation, how-
ever, it cannot recover or turn off as quickly as nor-
mal. This greatly limits the frequency response of 
the transistor.

IGBTs
Many transistor controlled variable frequency 
drives now employ a special type of transistor 
called an insulated gate bipolar transistor (IGBT). 
IGBTs have an insulated gate very similar to some 
types of field effect transistors (FETs). Because the 
gate is insulated, it has very high impedance. The 
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and collector, but they do not suffer from the slow 
recovery time of common junction transistors. 
The schematic symbol for an IGBT is shown in Fig-
ure 46–7.

Drives using IGBTs generally use diodes, not 
SCRs, to rectify the AC voltage into DC (Figure 
46–8). The three-phase rectifier supplies a constant 
DC voltage to the transistors. The output voltage to 
the motor is controlled by pulse-width modulation 
(PWM). PWM is accomplished by turning the tran-
sistor on and off several times during each half  cycle 
(Figure 46–9). The output voltage is an average 
of the peak or maximum voltage and the amount 
of time the transistor is turned on or off. Assume 

Q1

Q2

L1

+

–

L2

L3

T1

Q3

Q4

T2

Q5

Q6

T3

MOTOR

Figure 46–4
Solid-state variable frequency control using junction transistors.
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Figure 46–5
Square wave.
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Figure 46–6
Stepped wave.
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Figure 46–7
Schematic symbol for an insulated gate bipolar 
transistor.
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IGBT is a voltage-controlled device, not a current-
controlled device. This gives it the ability to turn off 
very quickly. IGBTs can be driven into saturation 
to provide a very low voltage drop between emitter 
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LINE TO
MOTOR

CHOKE
DIODES IGBTS

Figure 46–8
Variable frequency drives using igBTs generally use diodes in the rectifier instead of SCrs.
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Advantages and Disadvantages of 
IGBT Drives
A great advantage of drives using IGBTs is the fact 
that SCRs are generally not used in the power sup-
ply, and this greatly reduces problems with line har-
monics. The greatest disadvantage is that the fast 
switching rate of the transistors can cause voltage 
spikes in the range of 1600 volts to be applied to 
the motor. These voltage spikes can destroy some 
motors. Line length from the drive to the motor 
is of great concern with drives using IGBTs. Short 
line lengths are preferred.

Figure 46–9
Pulse-width modulation is accomplished by turning the 
voltage on and off several times during each half cycle.
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Figure 46–10
The speed of the igBTs can produce a stepped wave that 
is similar to a sine wave.
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that 480-volt, three-phase AC is rectified to DC 
and filtered. The DC voltage applied to the IGBTs 
is approximately 630 volts. The output voltage to 
the motor is controlled by the switching rate of the 
transistors. Assume that the transistor is on for 10 
microseconds and off for 20 microseconds. In this 
example, the transistor is on for one-third of the 
time and off for two-thirds of the time. The voltage 
applied to the motor is 210 volts (630/3). The speed 
at which IGBTs can operate permits pulse-width 
modulation to produce a stepped wave that is very 
similar to a standard sine wave (Figure 46–10).
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of the insulation stress caused by high voltage 
spikes occurs at the beginning of a winding.

 4. The magnet wire used in the construction of 
the motor windings has a higher rated insula-
tion than other motors.

 5. The case size is larger than most three-phase 
motors. The case size is larger because of the 
added insulating paper between the windings 
and the stator core. Also, a larger case size 
helps cool the motor by providing a larger sur-
face area for the dissipation of heat.

Variable Frequency Drives 
Using SCRs and GTOs
Variable frequency drives intended to control mo-
tors over 500 horsepower generally use SCRs or 
GTOs (gate turn-off devices). GTOs are similar to 
SCRs except that conduction through the GTO can 
be stopped by applying a negative voltage—nega-
tive with respect to the cathode—to the gate. SCRs 
and GTOs are thyristors and have the ability to 
handle a greater amount of current than transis-
tors. Thyristors are solid-state devices that exhibit 
only two states of operation: completely turned 
on or completely turned off. An example of a sin-
gle-phase circuit used to convert DC voltage to AC 
voltage with SCRs is shown in Figure 46–12. In this 
circuit, the SCRs are connected to a phase shift unit 

Inverter Rated Motors
Because of the problem of excessive voltage spikes 
caused by IGBT drives, some manufacturers pro-
duce a motor that is inverter rated. These motors 
are specifically designed to be operated by variable 
frequency drives. They differ from standard motors 
in several ways:
 1. Many inverter rated motors contain a separate 

blower to provide continuous cooling for the 
motor regardless of the speed. Many  motors 
use a fan connected to the motor shaft to help 
draw air though the motor. When the  motor 
speed is reduced, the fan cannot maintain 
sufficient air flow to cool the motor.

 2. Inverter rated motors generally have insulating 
paper between the windings and the stator core 
(Figure 46–11). The high voltage spikes produce 
high currents that produce a strong magnetic 
field. This increased magnetic field causes the 
motor windings to move because like magnetic 
fields repel each other. This movement can 
eventually cause the insulation to wear off the 
wire and produce a grounded motor winding.

 3. Inverter rated motors generally have phase 
 paper added to the terminal leads. Phase paper 
is insulating paper added to the terminal leads 
that exit the motor. The high voltage spikes af-
fect the beginning lead of a coil much more than 
the wire inside the coil. The coil is an inductor 
that naturally opposes a change of current. Most 

STATOR CORE

INSULATING PAPER

Figure 46–11
insulating paper is between the windings and the stator 
frame.
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Figure 46–12
Changing DC into AC using SCrs.
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that controls the sequence and rate at which the 
SCRs are gated on. The circuit is constructed so that 
SCRs A and A9 are gated on at the same time and 
SCRs B and B9 are gated on at the same time. Induc-
tors L1 and L2 are used for filtering and wave shap-
ing. Diodes D1 through D4 are clamping diodes and 
are used to prevent the output voltage from becom-
ing excessive. Capacitor C1 is used to turn one set 
of SCRs off when the other set is gated on. This ca-
pacitor must be a true AC capacitor because it will 
be charged to the alternate polarity each half cycle. 
In a converter intended to handle large amounts of 
power, capacitor C1 is a bank of capacitors. To un-
derstand the operation of the circuit, assume that 
SCRs A and A9 are gated on at the same time. Cur-
rent flows through the circuit, as shown in Figure 
46–13. Notice the direction of current flow through 
the load, and that capacitor C1 has been charged to 
the polarity shown. When an SCR is gated on, it can 
only be turned off by permitting the current flow 
through the anode–cathode section to drop below 
a certain level, called the holding current level. As 
long as the current continues to flow through the 
anode–cathode, the SCR will not turn off.

Now assume that SCRs B and B9 are turned on. 
Because SCRs A and A9 are still turned on, two cur-
rent paths now exist through the circuit. The posi-
tive charge on capacitor C1, however, causes the 
negative electrons to see an easier path. The current 
rushes to charge the capacitor to the opposite po-
larity, stopping the current flowing through SCRs 
A and A9, permitting them to turn off. The current 

now flows through SCRs B and B9 and charges the 
capacitor to the opposite polarity (Figure 46–14). 
Notice that the current now flows through the load 
in the opposite direction, which produces alternat-
ing current across the load.

To produce the next half cycle of AC current, 
SCRs A and A9 are gated on again. The positively 
charged side of the capacitor now causes the cur-
rent to stop flowing through SCRs B and B9, per-
mitting them to turn off. The current again flows 
through the load in the direction indicated in Fig-
ure 46–13. The frequency of the circuit is deter-
mined by the rate at which the SCRs are gated on. A 
variable frequency drive rated at 125 horsepower is 
shown in Figure 46–15.

Features of Variable Frequency 
Control
Although the primary purpose of a variable fre-
quency drive is to provide speed control for an AC 
motor, most drives provide functions that other 
types of controls do not. Many variable frequency 
drives can provide the low-speed torque charac-
teristic that is so desirable in DC motors. It is this 
feature that permits AC squirrel-cage motors to re-
place DC motors for many applications.

Many variable frequency drives also provide 
current limit and automatic speed regulation for 
the motor. Current limit is generally accomplished 
by connecting current transformers to the input 
of the drive and sensing the increase in current as 
load is added. Speed regulation is accomplished by 
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Figure 46–13

Current flows through SCrs A and A9.
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Current flows through SCrs B and B9.
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sensing the speed of the motor and feeding this in-
formation back to the drive (Figure 46–16).

Another feature of variable frequency drives is 
acceleration and deceleration control, sometimes 
called ramping. Ramping is used to accelerate 
or decelerate a motor over some period of time. 
Ramping permits the motor to bring the load up 
to speed slowly as opposed to simply connecting 
the motor directly to the line. Even if the speed 
control is set in the maximum position when the 
start button is pressed, ramping forces the motor 
to accelerate the load from zero to its maximum 
RPM over several seconds. This feature can be a 
real advantage for some types of loads, especially 
gear drive loads. In some controllers, the amount 
of acceleration and deceleration time can be ad-
justed by setting potentiometers on the main con-
trol board (Fig ure 46–17). Other controllers are 
completely digitally controlled, and the accelera-
tion and deceleration times are programmed into 
the computer memory.

Some other adjustments that can usually be set 
by changing potentiometers or programming the 
unit are as follows:

 Current Limit: This control sets the max-
imum amount of current the drive is per-
mitted to deliver to the motor.

Figure 46–15
T300MVi™ Micro Drive for medium voltage applications. 
This frame size is 4160 V/300 to 600 hp.
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VARIABLE
FREQUENCY
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CURRENT TRANSFORMERS
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HALL EFFECT 
SPEED SENSOR

Figure 46–16
Most variable frequency drives provide current limit and speed regulation.
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 Volts per Hertz: This sets the ratio by 
which the voltage increases as frequency in-
creases, or decreases as frequency decreases.

 Maximum Hertz: This control sets the 
maximum speed of the motor. Most mo-
tors are intended to operate between 0 
and 60 hertz, but some drives permit the 
output frequency to be set above 60 hertz, 
which would permit the motor to operate 
at higher than normal speed. The maxi-
mum hertz control can also be set to limit 
the output frequency to a value less than 
60 hertz, which would limit the motor 
speed to a value less than normal.

 Minimum Hertz: This sets the minimum 
speed the motor is permitted to run.

Some variable frequency drives permit adjust-
ment of current limit, maximum and minimum 
speed, ramping time, and so on, by adjustment of 
trim resistors located on the main control board. 
Other drives employ a microprocessor as the con-
troller. The values of current limit, speed, ramping 
time, and so on, for these drives are programmed 
into the unit, and they are much easier to make and 
generally more accurate than adjusting trim resis-
tors. A programmable variable frequency drive is 
shown in Figure 46–18.

Figure 46–17
Some variable frequency drives permit setting to be made by making adjustments on a main 
control board.
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Figure 46–18
A g9® low voltage variable frequency drive for severe 
duty applications. This frame size is 230 V/3 to 5 hp. 
Programmable variable frequency drives permit setting 
such as current limit, volts per hertz, maximum and 
minimum Hz, acceleration, and deceleration to be 
programmed into the unit.
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●● ReVIew QUeSTIOnS

 1. What is the synchronous speed of a six-pole mo-
tor operated with an applied voltage of 20 hertz?

 2. Why is it necessary to reduce the voltage to a 
motor when the frequency is reduced?

 3. If an alternator is used to provide variable fre-
quency, how is the output voltage of the alterna-
tor controlled?

 4. What solid-state device is generally used to pro-
duce variable frequency in drives designed to 
control motors up to 500 horsepower?

 5. Why are SCRs used to construct a bridge rectifier 
in many solid-state variable frequency drives?

 6. What is the main disadvantage of using SCRs in a 
variable frequency drive?

 7. How are junction transistors driven into satura-
tion, and what is the advantage of driving a tran-
sistor into saturation?

 8. What is the disadvantage of driving a junc-
tion transistor into saturation?

 9. What is the advantage of an IGBT over a junc-
tion transistor?

 10. In variable frequency drives that employ IG-
BTs, how is the output voltage to the motor 
controlled?

 11. What type of motor is generally used with 
IGBT drives?

 12. What is the primary difference between a 
GTO and an SCR?

 13. What is a thyristor?

 14. After an SCR has been turned on, what must 
be done to permit it to turn off again?

 15. What is meant by “ramping,” and why is it 
used?
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Motor Installation

OBJECTIVES

After studying this chapter, the student will be able to

●● Determine the full-load current rating of different types of motors using the 
National Electrical Code (NEC).

●● Determine the conductor size for installing motors.

●● Determine the overload size for different types of motors.

●● Determine the size of the short-circuit protective device for individual motors 
and multimotor connections.

●● Select the proper size starter for a particular motor.

Motor Nameplate Data
When it is necessary to install a motor in industry, 
a major sources of information concerning the mo-
tor is the nameplate. The National Electrical Manu-
facturers Association (NEMA) specifies that every 
motor nameplate must list specific items such as 
these:

• Manufacturer’s name
• Horsepower
• RPM
• Frequency
• Number of phases
• Motor type
• Frame
• Rated voltage
• Full-load current

• Enclosure
• Duty cycle
• Temperature rise
• Service factor
• Locked rotor letter code
• NEMA design code
• Insulation classification
• Model and serial numbers
• Connection diagrams

It should be noted that not all motor manu-
facturers comply with NEMA specifications, and 
their nameplates may or may not contain all the in-
formation specified by NEMA. In some instances, 
information not specified by NEMA may also be 
listed on a nameplate. A typical motor nameplate is 
shown in Figure 47–1. Each item on the nameplate 
will be discussed.

376
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Torque is the twisting or turning force produced by 
the motor. It is rated in either foot-pounds or inch-
pounds, depending on the motor. Horsepower and 
torque are related as shown by the formula:

hp 5 (Torque 3 Speed)/Constant

If the torque is given in foot-pounds, the con-
stant is 5252 (33,000/2p). If the torque is given in 
inch pounds, the constant is 63,025 (5252 3 12). 
Standard NEMA horsepower ratings are shown in 
Figure 47–3.

RPM
The RPM indicates the speed in revolutions 
per minute that the motor runs at rate full load. 
The motor runs faster at light load or no load. The 
nameplate shown in Figure 47–4 indicates that the 
motor runs a speed of 1720 RPM when the motor 
is under full load.

Frequency
The frequency is measured in hertz. The standard 
frequency used throughout the United States and 

Manufacturer’s Name
The very top of the nameplate shown in Fig-
ure 47–1 is the manufacturer’s name. This lists the 
manufacturer of the motor.

Horsepower
Motors have a rate horsepower that is determined 
by the amount of torque they can produce at a spe-
cific speed under full load. The horsepower listed 
on the nameplate in this example is 1 horsepower, 
Figure 47–2. When James Watt invented the steam 
engine, he needed to rate its power in a way that 
the average person could understand. Through ex-
perimentation, he determined that the average 
horse could lift 550 pounds 1 foot in 1 second, or 
1000 pounds 33 feet in 1 minute. Therefore, the 
definition of horsepower is

hp 5 ft 2 lb per min/33,000

or

hp 5 ft 2 lb per sec/550

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B

Figure 47–1
Motor nameplate.
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Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B

Figure 47–2
The motor nameplate indicates that the motor is  
1 horsepower.
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Canada is 60 hertz. Some manufacturers, however, 
design motors for use in both the United States 
and Europe. The standard frequency in Europe is 
50 hertz. Motors with a frequency rating of 50–60 
hertz. are not uncommon. The nameplate in Fig-
ure 47–5 indicates that the motor is designed to 
operate on a frequency of 60 hertz.

Number of Phases
Phase indicates the number of phases on which the 
motor is designed to operate. Most industrial mo-
tors are three-phase, which means that the power 
connected to them is three separate lines, with 
the voltages 120º out of phase with each other. 
Other alternating-current motors are generally 
single phase. Although there are some single-phase 
motors used in industrial applications, most are 
found in residential applications. Although two-
phase motors do exist, they are extremely rare in 
the United States. The nameplate in Figure 47–6 
indicates that the motor is to operate on three-
phase power.
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Standard NEMA Horsepower Ratings

1 30 300 1250

1 40 350 15001
2

2 50 400 1750

3 60 450 2000

5 75 500 2250

7 100 600 2500

10 125 700 3000

15 150 800 3500

20 200 900 4000

25 250 1000

1
2

Figure 47–3
The chart lists the standard NeMA horsepower  
rating.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B

Figure 47–4
The motor has a full load speed of 1720 r.P.M.

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B
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Figure 47–5
The nameplate indicates an operating frequency of 60 Hz.
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Motor Type
Three-phase motors can be divided into three gen-
eral types: squirrel-cage induction, wound rotor 
induction, and synchronous. Motors listed as in-
duction are generally squirrel-cage type, which de-
scribes the type of rotor use in the motor. Wound 
rotor induction motors are easily recognized by the 
fact that they contain three slip rings on the rotor 
shaft. Synchronous motors are not induction-type 
motors. The nameplate shown in Figure 47–7 lists 
this motor as an induction-type motor.

Frame
The frame number indicates the type of motor 
frame. A chart is generally needed to determine the 
exact dimensions of the frame. When dealing with 
frame sizes, a general rule of thumb is that the cen-
terline shaft height (dimension D) above the bot-
tom of the base is the first two digits of the frame 
number divided by 4. The nameplate in Figure 47–8 
indicates that the motor has a 143T frame. A frame 
143T, for example, would have a shaft height of 
3.5 inches (14/4) above the base of the motor. The 
chart in Figure 47–9 lists frame sizes for common 
U- and T-type motors.

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B
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Figure 47–6
The motor operates on three-phase power.

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B
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Figure 47–7
The motor is an induction type.

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B
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Figure 47–8
The motor has a 143T frame.
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METRIC (MM) DIMENSIONS IN BLACK
INCH DIMENSIONS IN RED

d = DC MOTORS
1mm = .03937"        1" = 25.40mm

* CONTACT YOUR LOCAL BALDOR 
OFFICE FOR "L" DIMENSIONS

Leader in Energy Ef�cient
Industrial Electric Motors and Drives

IEC -IEC - QUICK REFERENCE CHART

HORIZONTAL SHAFT ARRANGEMENTS

VERTICAL SHAFT ARRANGEMENTS

IP22 = Open Drip Proof
AC or DC Motors.

IP54 = All standard TEFC
AC and DC Motors.

IP55 = All TEFC Chemical 
Processing, Dirty Duty, 
and Washdown Duty 
Motors

First #
Protection against Solid Objects

IP TESTS
O NO PROTECTION

1 Protection against solid objects 
up to 50 mm. (E.G. Accidental 
touch by hands.)

2 Protection against solid objects 
up to12 mm. (E.G. Fingers)

3 Protection against solid objects 
over 2.5 mm. (E.G. Tools,Wires)

4 Protection against solid objects 
over 1 mm. (E.G. Tools, Wires,
and Small Wires)

5 Protection against dust - limited
ingress  (No harmful deposits)

6 Totally protected against all dust.

IP Protection - Baldor Enclosures

BALDOR ELECTRIC COMPANY
P.O. BOX 2400

FORT SMITH, ARKANSAS
72902-2400   U.S.A.

Second #
Protection against Liquids

O NO PROTECTION

1 Protection against vertical drops of 
water. (E.G. Condensation.)

2 Protection against falling water up 
to 15 degrees from the vertical.

3 Protection against falling water up 
to 60 degrees from the vertical.

4 Protection against splashing water 
from all directions, limited ingress.

5 Protection against low pressure 
jets of water from all directions, 
limited ingress.

6 Protection against strong jets of 
water. (E.G. Use on shipdecks, 
limited ingress.)

7 Protection against immersion.

8 Protection against submersion.

SUMMARY OF IP PROTECTION NUMBERS

LEGEND

B3
FOOT MOUNTED.

B5
"D" TYPE FLANGE AT
DRIVE END, NO FEET.

B6
FOOT WALL MOUNT WITH
FEET ON LEFT HAND
SIDE WHEN VIEWED
FROM DRIVE END.

B7
FOOT WALL MOUNT WITH
FEET ON RIGHT HAND
SIDE WHEN VIEWED
FROM DRIVE END.

B8
CEILING MOUNTED
WITH FEET ABOVE
MOTOR.

B14
"C" TYPE FACE AT
DRIVE END, NO FEET.

B17
2 "C" OR "D" TYPE
FLANGES, FOOT
MOUNTED.

V1
"D" TYPE FLANGE AT
DRIVE END , SHAFT
DOWN, NO FEET.

V3
"D" TYPE FLANGE AT
DRIVE END,  SHAFT
UP,  NO FEET.

V5
VERTICAL FOOT,  WALL
MOUNTED,  SHAFT
DOWN.

V6
VERTICAL FOOT,  WALL
MOUNTED,  SHAFT UP

V18
"C" TYPE FACE AT
DRIVE END,  SHAFT
DOWN, NO FEET

V19
"C" TYPE FACE AT
DRIVE END,  SHAFT
UP, NO FEET.

V22
SKIRT MOUNTING, 
SHAFT DOWN, NO
FEET.

Drawings represent standard TEFC general purpose motors. * Dimensions are for reference only

LARENEGECAF 41BEGNALF 5B
LA M N P S T M N P S T L AC AD HC XX

102 121 13
8 115 95 140 9 3 75 60 90 M5 2.5 * 119 4      4.760 .500

.313 4.528 3.740 5.512 .354 .118 2.953 2.362 3.540 .098 4.690 116d 136d 22d
4.567d 5.375d .880d

119 131 18
8 130 110 160 10 3.5 85 70 105 M6 2.5 * 4.690 102 5.140 .690

.313 5.118 4.331 6.299 .393 .138 3.347 2.756 4.130 .098 145d 4 149d 21d
5.690d 5.880d .844d

145 116 152 22
13 165 130 200 11 3.5 100 80 120 M6 3 * 5.690 4.510 6 .880

.500 6.496 5.118 7.874 .430 .138 3.937 3.150 4.724 .118 168d 130 162d 21d
6.614d 5.120 6.380d .844d

168 130 173 22
13 165 130 200 12 3.5 115 95 140 M8 3 * 6.614 5.120 6.810 .880

.500 6.496 5.118 7.874 .472 .138 4.530 3.740 5.512 .118 144d 107d 165d 21d
5.687d 4.250d 6.531d .844d

149 180
14 215 180 250 14 4 130 110 160 M8 3.5 * 200 5.875 7.906 27

.562 8.465 7.087 9.840 .560 .160 5.108 4.331 6.299 .138 7.875 153d 239d 1.062
6.060d 9.440d

14 215 180 250 14 4 130 110 160 M8 3.5 * 200 149 214 27
.562 8.465 7.087 9.840 .560 .160 5.108 4.331 6.299 .138 7.875 5.875 8.437 1.062

14 265 230 300 14 4 165 130 200 M8 3.5 * 243 187 256 27
.562 10.433 9.055 11.811 .560 .160 6.496 5.118 7.874 .138 9.562 7.375 10.062 1.062

20 300 250 350 19 5 215 180 250 M12 4 * 329 242 329 35
.787 11.811 9.842 13.780 .748 .200 8.465 7.087 9.840 .160 12.940 9.510 12.940 1.375

15273333593*591053052003
800.2046.41021.31065.51002.847.087.31248.9118.11

36614953144*91004003053
005.2573.61521.41573.71847.847.51118.11087.31

36384383594*91054053004
005.2610.91970.51884.91847.617.71087.31847.51

* 520 457 513 63
20.472 17.992 20.197 2.500

* 616 497 581 63
24.252 19.567 22.874 2.500

* 759 683 682 102
29.900 26.880 26.840 4

* 759 683 719 102
29.900 26.880 28.320 4

IEC FOOT MOUNTING SHAFT
FRAME TYPE A B C H D E

63 300 100 80 40 63 11 23
3.937 3.150 1.570 2.480 .433 .906

71 300 112 90 45 71 14 30
400 4.409 3.543 1.770 2.800 .551 1.181

80 400 125 100 50 80 19 40
500 4.921 3.937 1.969 3.150  .748 1.575

100
90 S 140 3.937 56 90 24 50

L 5.511 125 2.205 3.543 .945 1.969
4.921
112

100 S 160 4.409 63 100 28 60
L 6.300 140 2.480 3.937 1.102 2.362

5.512
114

112 S 190 4.488 70 112 28 60
M 7.480 140 2.760 4.409 1.102 2.362

5.512
140

132 S 216 5.512 89 132 38 80
M 8.504 178 3.504 5.197 1.496 3.150

7.008
210

160 M 254 8.268 108 160 42 110
L 10 254 4.252 6.299 1.654 4.331

10
241

180 M 279 9.488 121 180 48 110
L 10.984 279 4.764 7.087 1.890 4.331

10.984
267

200 L 318 10.512 133 200 55 110
M 12.520 305 5.236 7.874 2.165 4.331

12.008
286

225 S 356 11.260 149 225 60 140
M 14.016 311 5.866 8.858 2.362 5.512

12.244
311

250 S 406 12.244 168 250 70 140
M 15.984 349 6.614 9.843 2.756 5.512

13.740
368

280 S 457 14.488 190 280 80 170
M 17.992 419 7.485 11.025 3.150 6.693

16.496
406

315 S 508 16 216 315 85 170
M 20 457 8.500 12.400 3.346 6.693

18
500

355 S 610 19.690 254 355 85 170
L 24 630 10 13.980 3.346 6.693

24.800

KEY AND KEYSEAT DIMENSIONS
FRAME D G F GD FRAME D G F GD

63 11 8.5 4 4 180 48 42.5 14 9
71 14 11 5 5 200 55 49 16 10
80 19 15.5 6 6 225 60 53 18 11
90 24 20 8 7 250 70 67.5 20 12
100 28 24 8 7 280 80 71 22 14
112 28 24 8 7 315 85 76 22 14
132 38 33 10 8 355 85 76 22 14
160 37 42 12 8
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Figure 47–9
NeMA frame chart.
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NEMA FRAMES PRIOR TO 1953

FRAME D E F N U V BA

66 4-1/8 2-15/16 2-1/2 2-1/4 3/4 2-1/4 3-1/8
203 5 4 2-3/4 2-7/16 3/4 2 3-1/8
204 3-1/4
224 5-1/2 4-1/2 3-3/8 3-1/4 1 3 3-1/2
225 3-3/4
254 6-1/4 5 4-1/8 3-7/16 1-1/8 3-3/8 4-1/4
284 7 5-1/2 4-3/4 4-1/4 1-1/4 3-3/4 4-3/4
324 8 6-1/4 5-1/4 5-3/8 1-5/8 4-7/8 5-1/4

6623
364 9 7 5-5/8 5-5/8 1-78/8 5-3/8 5-7/8
365 6-1/8
404 10 8 6-1/8 6-3/8 2-1/8 6-1/8 6-5/8
405 6-7/8
444 11 9 7-1/4 7-1/8 2-3/8 6-7/8 7-1/2
445 8-1/4
504 12-1/2 10 8 8-5/8 2-7/8 8-3/8 8-1/2

9505

5000
FRAME D E 2F H O P U V AA AB BA

5007S 12-1/2 10 22 15/16 26-27/32 30 2-1/2 6-1/2 4-NPT 26-7/8 8-1/2
5007L 12-1/2 10 22 15/16 26-27/32 30 3-7/8 11-1/8 4-NPT 26-7/8 8-1/2

5009S 12-1/2 10 28 15/16 26-27/32 30 2-1/2 6-1/2 4-NPT 26-7/8 8-1/2
5009L 12-1/2 10 28 15/16 26-27/32 30 3-7/8 11-1/8 4-NPT 26-7/8 8-1/2

5011S 12-1/2 10 36 15/16 26-27/32 30 2-1/2 6-1/2 4-NPT 26-7/8 8-1/2
5011L 12-1/2 10 36 15/16 26-27/32 30 3-7/8 11-1/8 4-NPT 26-7/8 8-1/2

SHAFT DIMENSIONS SHAFT D

Leader in Energy Ef�cient
Industrial Electric Motors and Drives

Drawings represent standard TEFC general purpose motors
Refer Data Section 502 for various models, OPEN or TEFC 

*Dimensions are for reference only.

NEMA -NEMA - QUICK REFERENCE CHART* CONTACT YOUR LOCAL BALDOR

OFFICE FOR "C" DIMENSIONS
DIMENSIONS  -  N, O, P, AB AND XO

ARE SPECIFIC TO BALDOR

BALDOR ELECTRIC COMPANY
P.O. BOX 2400

FORT SMITH, ARKANSAS
72902-2400    U.S.A.

NEMA KEYSEAT   NEMA KEYSEAT 
SHAFT DIMENSIONS SHAFT DIMENSIONS

(U) (R) (S) (U) (R) (S)
3/8 21/64 FLAT 1-7/8 1-19/32 1/2
1/2 29/64 FLAT 2-1/8 1-27/32 1/2
5/8 33/64 3/16 2-3/8 2-1/64 5/8
7/8 49/64 3/16 2-1/2 2-3/16 5/8

1-1/8 63/64 1/4 2-7/8 2-29/64 3/4
1-3/8 1-13/64 5/16 3-3/8 2-7/8 7/8
1-5/8 1-13/32 3/8 3-7/8 3-5/16 1

NEMA
FRAME D E 2F H N O P U V AA AB AH AJ AK BA BB BD XO TAP

42 2-5/8 1-3/4 1-11/16 9/32 1-1/2 5 4-11/16 3/8 1-1/8 3/8 4-1/32 1-5/16 3-3/4 3 2-1/16 1/8 4-5/8 1-9/16 1/4-20
SLOT

48 3 2-1/8 2-3/4 11/32 1-7/8 5-7/8 5-11/16 1/2 1-1/2 1/2 4-3/8 1-11/16 3-3/4 3 2-1/2 1/8 5-5/8 2-1/4 1/4-20
SLOT

56 3-1/2 2-7/16 3 11/32 2-7/16 6-7/8 6-5/8 5/8 1-7/8 1/2 5 2-1/16 5-7/8 4-1/2 2-3/4 1/8 6-1/2 2-1/4 3/8-16
8/1-2TOLS5H65

143T 3-1/2 2-3/4 4 11/32 2-1/2 6-7/8 6-5/8 7/8 2-1/4 3/4 5-1/4 2-1/8 5-7/8 4-1/2 2-1/4 1/8 6-1/2 2-1/4 3/8-16
145T 5

61-8/32/1-68/12/1-48/7-58/1-24/1-28/761/11-22/1-4281
184 4-1/2 3-3/4 5-1/2 13/32 2-11/16 8-11/16 7-7/8 7/8 2-1/4 3/4 5-7/8 2-1/8 5-7/8 4-1/2 2-3/4 1/8 6-1/2 2-3/8 3/8-16

31-2/194/12/1-84/1-78/5-24/3-28/1-161/9-32/1-4T281
31-2/194/12/1-84/1-78/5-24/3-28/1-161/9-32/1-5T481

4/3-238/1-12/1-32/1-5312
215 5-1/4 4-1/4 7 13/32 3-1/2 10-1/4 9-9/16 1-1/8 3 3/4 7-3/8 2-3/4 7-1/4 8-1/2 3-1/2 1/4 9 2-3/4 1/2-13

8/1-38/3-38/3-18/7-32/1-5T312
8/1-38/3-38/3-18/7-37T512

254U 8-1/4 4-1/16 1-3/8 3-3/4 3-1/2
256U 6-1/4 5 10 17/32 4-1/16 12-7/8 12-15/16 1-3/8 3-3/4 1 9-5/8 3-1/2 7-1/4 8-1/2 4-1/4 1/4 10 --- 1/2-13

4/3-348/5-161/5-44/1-8T452
4/3-348/5-161/5-401T652
8/5-48/7-48/5-18/1-52/1-9U482
8/5-48/7-48/5-18/1-511U682

284T 7 5-1/2 9-1/2 17/32 4-7/8 14-5/8 14-5/8 1-7/8 4-5/8 1-1/2 13-1/8 4-3/8 9 10-1/2 4-3/4 1/4 11-1/4 --- 1/2-13
8/3-48/5-48/7-18/7-411T682

34/1-38/5-18/3-32/1-9ST482
34/1-38/5-18/3-311ST682

8/3-58/5-58/7-18/7-52/1-01U423
8/3-58/5-58/7-18/7-521U623

324T 8 6-1/4 10-1/2 21/32 5-1/2 16-1/2 16-1/2 2-1/8 5-1/4 2 14-1/8 5 11 12-1/2 5-1/4 1/4 13-3/8 --- 5/8-11
54/1-58/1-22/1-521T623

2/1-34/3-38/7-161/51-32/1-01ST423
2/1-34/3-38/7-161/51-321ST623
8/1-68/3-68/1-24/3-64/1-11U463
8/1-68/3-68/1-24/3-64/1-21U563

364T 9 7 11-1/4 21/32 6-1/4 18-1/2 18-1/4 2-3/8 5-7/8 2-1/2 15-1/16 5-5/8 11 12-1/2 5-7/8 1/4 13-3/8 --- 5/8-11
8/5-58/7-58/3-24/1-64/1-21T563
2/1-34/3-38/7-144/1-11ST463
2/1-34/3-38/7-144/1-21ST563
8/7-68/1-78/3-261/3-74/1-21U404
8/7-68/1-78/3-261/3-74/3-31U504

404T 10 8 12-1/4 13/16 7-5/16 20-5/16 20-1/8 2-7/8 7-1/4 3 18 7 11 12-1/2 6-5/8 1/4 13-7/8 --- 5/8-11
74/1-78/7-261/5-74/3-31T504
44/1-48/1-22/1-44/1-21ST404
44/1-48/1-22/1-44/3-31ST504

444U 14-1/2 8-5/8 22-7/8 22-3/8 2-7/8 8-5/8 19-9/16 8-3/8
445U 16-1/2 8-5/8 22-7/8 22-3/8 2-7/8 8-5/8 19-9/16 8-3/8
444T 14-1/2 8-1/2 22-7/8 22-3/8 3-3/8 8-1/2 19-9/16 8-1/4
445T 16-1/2 8-1/2 22-7/8 22-3/8 3-3/8 8-1/2 19-9/16 8-1/4
447T 11 9 20 13/16 8-15/16 22-15/16 23-3/4 3-3/8 8-1/2 3 21-11/16 8-1/4 14 16 7-1/2 1/4 16-3/4 --- 5/8-11
449T 25 8-15/16 22-15/16 23-3/4 3-3/8 8-1/2 21-11/16 8-1/4

444TS 14-1/2 5-3/16 22-7/8 22-3/8 2-3/8 4-3/4 19-9/16 4-1/2
445TS 16-1/2 5-3/16 22-7/8 22-3/8 2-3/8 4-3/4 19-9/16 4-1/2
447TS 20 4-15/16 22-15/16 23-3/4 2-3/8 4-3/4 4NPT 21-11/16 4-1/2
449TS 25 4-15/16 22-15/16 23-3/4 2-3/8 4-3/4 4NPT 21-11/16 4-1/2

NEMA C-FACE BA DIMENSIONS

143-5TC 2-3/4
182-4TC 3-1/2
213-5TC 4-1/4
254-6TC 4-3/4

Ch
ar

t c
ou

rte
sy

 o
f B

al
do

r E
le

ct
ric

 C
o.

Figure 47–9 
(Continued)
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motor in this example is designed to operate on 
different voltages depending on the connection 
of the stator windings. These motors are generally 
referred to as dual-voltage motors. If the motor is 
connected for low-voltage operation, it operates on 
208 or 230 volts. If it is connected for high-voltage 
operation, it operates on 460 volts. The 230-volt 
rating applies for voltage ranges of 220 to 240 
volts. The 460-volt rating applies for voltage ranges 
of 440 to 480 volts.

Full-Load Current
The ampere rating indicates the amount of current 
the motor should draw at full load. It draws less 
current at light load or no load. Note that there 
are three currents listed. The first two currents, 3.8 
and 3.6 amperes, indicate the amount of current 
the motor should draw when connected to 208 or 
230 volts, respectively. The last current rating of 
1.8 amperes indicates the amount of full-load cur-
rent the motor should draw when connected to 460 
volts. The nameplate shown in Figure 47–11 lists 
the current as FLA (full-load amps). Some name-
plates simply list the current as AMPS.

In addition to frame numbers, letters also appear 
at the end of the numbers. These letters represent 
different frame styles.

�C—The letter C designates a flange-mounted 
motor. C styles are the most popular flange-
mounted motors and have a specific bolt 
pattern on the shaft end of the motor that 
permits mounting to the driven device. C flange 
motors always have threaded bolt-holes in the 
face of the motor.
�D—Another type of flange mount motor is the 
D. The flange diameter of these motors is larger 
than the body of the motor, and the bolt-holes 
are not threaded. They are designed for bolts to 
pass through the holes.
�H—These frames are used on some 56 frame 
motors. The H indicates that the base can be 
mounted in either 56, 143T, or 145T mounting 
positions.
�J—J indicates that the motor is especially 
designed to mount to jet pumps. It has a 
threaded stainless steel shaft and a standard 
56C face.
�JM—The letters JM indicate that the pump 
shaft is designed for a mechanical seal. This 
motor also has a C face.
�JP—The JP is similar to the JM motor. The seal 
is designed for a packing type seal.
 S—S indicates that the motor has a short shaft. 
These motors are generally intended to be 
directly coupled to a load. They are not intended 
to be used with belt drives.
�T—T frame motors were standardized after 
1964. Any motor with a T at the end of the 
frame size was made after 1964.
�U—NEMA first standardized motor frames in 
1952. Motors with a U in the frame number 
were manufactured between 1952 and 1964.
�Y—Y indicates that the motor has a special 
mounting configuration. It does not indicate 
what the configuration is, only that it is 
nonstandard.
�Z—Z indicates that the motor has a special 
shaft. It could be longer, larger in diameter, 
threaded, or contain holes. Z indicates that the 
shaft is special in some undefined way.

Rated Voltage
Volts indicates the operating voltage of the  motor. 
The nameplate in Figure 47–10 indicates that the 

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3

LINE

High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B
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Figure 47–10
This motor can operate on different voltages.
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of time the motor is expected to operate. A motor 
with a continuous duty cycle is rated to run contin-
uously at full load for 3 hours or more. Most mo-
tors are rated for continuous duty.

Intermittent duty motors are intended to op-
erate for short periods of time. An example of an 
intermittent duty motor is the starter motor on an 
automobile. These motors develop a large amount 
of horsepower in a small case size. If these motors 
were operated continuously for a long period of 
time, they would be damaged by overheating.

Temperature Rise
The maximum temperature indicates the maxi-
mum amount of rise in temperature the motor 
exhibits when operating continuously at full load. 
The nameplate in Figure 47–14 indicates a maxi-
mum temperature rise of 40°C (104ºF) for this 
motor. If the motor is operated in an area with 
a high ambient temperature, it could cause the 
 motor to overheat. If the motor is operated in an 
area with a low ambient temperature, it might 

Enclosure
The nameplate in Figure 47–12 indicates that the 
motor has an ODP type enclosure. Motors have dif-
ferent types of enclosures depending on the applica-
tion. Some of the common enclosures are listed here:

�ODP – open, drip proof. These are very common. 
The case has openings to permit ventilation 
through the motor windings.
�TEFC – Totally enclosed, fan cooled. The motor 
case is sealed to prevent the entrance of moisture 
or dirt. A fan is used to help cool the motor.
�TENV – Totally enclosed, nonvented. These 
motors are generally used in harsh environments 
such as chemical plants. They are designed to be 
hosed down.
�EXP – Explosion proof—totally enclosed and 
nonvented. These motors are designed to be used 
in areas that have hazardous atmospheres.

Duty Cycle
The nameplate in Figure 47–13 lists the duty cycle 
as continuous. The duty cycle indicates the amount 

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720

SER#  123456

Hz   60

4 5 6

7 8 9

1 2 3

LINE

Low Voltage

4 5 6

7 8 9

1 2 3
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High Voltage

Connection

NEMA F.L. Eff.  .77 Ins.  B
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Figure 47–11
The nameplate lists the full load current when the motor 
is connected to different voltages.
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Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B
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Figure 47–12
The nameplate indicates that the motor has an  
open-drip-proof enclosure.
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operate at a lower temperature than that marked 
on the nameplate.

Service Factor
Motor service factor (SF) gives the allowable horse-
power loading, which may be carried out under the 
conditions specified for the service factor at rated 
voltage and frequency. Motor service factor is de-
termined by multiplying the horsepower rating 
on the nameplate by the service factor. This gives 
some parameters in estimating horsepower needs 
and actual running horsepower requirements. 
The nameplate shown in Figure 47–15, indicates 
that the motor has a nameplate horsepower of 
1 horsepower. The service factor, however, indi-
cates that the motor is capable of producing 1.15 hp  
(1 3 1.15). Selecting motors with a service factor 
greater than 1 allows for cooler winding tempera-
tures at rated load, protects against intermittent 
heat rises, and helps to offset low or unbalanced 
line voltages.

Manufacturer Name

Model No.  xxx123

Phase: 3

Type: Induction Frame: 143T

Volts: 208-230/460 FLA: 3.8-3.6/1.8

Encl. ODP Duty: Cont.

Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B

HP 1 RPM  1720
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Hz   60
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7 8 9

1 2 3
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7 8 9

1 2 3

LINE

High Voltage
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Figure 47–13
The motor is rated for continuous duty.
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Figure 47–14
The nameplate lists a max temperature rise of 40°C.
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Figure 47–15
The motor has a service factor of 115%.

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



385

Chapter 47 Motor Installation

NEMA Design Code
Induction motors have different operating charac-
teristics determined by their design. Such factors 
as the amount of iron used in the stator, the wire 
size, the number of turns of wire, and the rotor de-
sign all play a part in the operating characteristics 
of the motor. To obtain some uniformity in motor 
operating characteristics, NEMA assigns code let-
ters to general-purpose motors based on factors 
such as locked rotor torque, breakdown torque, 
slip, starting current, and other values. The NEMA 
code letters are A, B, C, and D.

 A—Motors with the code letter A exhibit normal 
starting torque and high starting current. These 
motors are designed for brief heavy overloads.
 B—Design B motors are the most common. 
They exhibit normal starting torque and low 
starting current. They have sufficient lock rotor 
starting torque to start most industrial loads. 
The nameplate in Figure  47–16 indicates that 
this motor has a NEMA design code B.
 C—Motors with the code letter C have high 
starting torques and low starting currents. They 

If the motor is operated in the service fac-
tor range, however, it causes a reduction in motor 
speed and efficiency and an increase motor temper-
ature. This in turn lessens the overall life span of the 
motor. For this reason, the motor should not run 
in the SF range continuously. Service factors are es-
tablished for operations at rated voltage, frequency, 
and ambient temperature at sea level conditions.

If the horsepower requirements fall between 
standard-size horsepower ratings, it is gener-
ally better to purchase a motor of the next higher 
horsepower rating rather than depend on operat-
ing a motor in the service factor range.

Locked Rotor Code Letter
The locked rotor code letter is determined by the 
construction of the squirrel-cage rotor and can be 
used to determine the approximate amount of in-
rush current when the motor is started. The locked 
rotor code letter should not be confused with the 
NEMA design code on many motors. To determine 
the approximate starting current of a squirrel-
cage induction motor using the locked rotor code 
letter, multiply the horsepower of the motor by 
the kVA per horsepower factor, and divide by the 
applied voltage. If the motor is three-phase, be 
sure to include the square root of 3 factor in the 
calculation. A chart showing the kVA per horse-
power rating for different code letters is shown in 
Figure 47–16.

Problem: A 15-horsepower, three-phase motor 
is connected to 480 volts. The motor has a locked 
rotor code J. What is the approximate starting cur-
rent for this motor?

Solution: The chart in Figure 47–16 lists that 
the approximate mid-range value for code J is 7.5.

Amps 5
Hp 3 kVA Factor

Volts 3 "3

Amps 5
15 3 7.5

480 3 1.732

Amps 5
112.5 kVA

480 3 1.732

Amps 5
112,500 VA

831.36

Amps 5 135.5
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Volts: 208-230/460 FLA: 3.8-3.6/1.8
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Max. Temp: 40° C SF  1.15

Code  K NEMA Design  B
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Figure 47–16
Locked rotor code letter chart.
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Manufacturer Name
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Figure 47–1 8
The motor in this example has an efficiency of 77%.

Class
20,000-Hour Life

Temperature

A 105°C (221ºF)

B 130°C (266ºF)

F 155°C (311ºF)

H 180°C (356ºF)
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Figure 47–19
The motor has an insulation rating B.

and is determined by the temperature rise of the 
motor and the surrounding ambient air tempera-
ture. Motors that operate in hotter climates should 
have a higher insulation temperature rating. The 
thermal capacity of different insulations is rated 
as A, B, F, and H. The chart shown in Figure 47–19 
lists the amount of temperature each is designed to 
handle over a 20,000-hour period.

Model and Serial Numbers
The model number is assigned by the manufac-
turer. It can be used to purchase a motor with iden-
tical characteristics. Generally, many motors with 
the same model number can be obtained. The serial 
number is also assigned by the manufacturer. The 

are used to start heavy loads but exhibit a large 
amount of rotor slip when load is added.
 D—Design D motors have high starting torque 
and low starting current. These motors exhibit 
a large amount of rotor slip when load is added, 
however.

Motor Efficiency
The full-load efficiency indicates the overall ef-
ficiency of the motor. The efficiency basically de-
scribes the amount of electrical energy supplied 
to the motor that is converted into kinetic energy. 
The remaining power is a loss and is mostly con-
verted into heat. The nameplate in Figure 47–17 
indicates that the motor in this example has an ef-
ficiency of 77%.

Insulation Classification
The nameplate in Figure 47–18 indicates that this 
motor has a temperature classification B. The classi-
fication of insulation greatly affects the life span of 
the motor. Motor temperature is based on the hot-
test point in the motor under full-load operation 
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Figure 47–17
The nameplate indicates that this motor has a NeMA 
design code B. 
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Determining Motor Current
There are different types of motors, such as 
 direct-current, single-phase AC, two-phase AC, 
and three-phase AC. Different tables from the 
 National Electrical Code (NEC) are used to deter-
mine the running current for these different types 
of motors. Table 430.247 (Figure 47–21) is used to 
determine the full-load running current for a di-
rect-current motor. Table 430.248 (Figure 47–22) 
is used to determine the full-load running current 
for single-phase motors; Table 430.249 (Figure 47–
23) is used to determine the running current for 
two-phase motors; and Table 430.250 (Figure 47–
24) is used to determine the full-load running 
current for three-phase motors. Note that the ta-
bles list the amount of current that the motor is 
expected to draw under a full-load condition. The 
motor exhibits less current draw if it is not under 
full load. These tables list the ampere rating of the 
motors according to horsepower and connected 
voltage. It should also be noted that NEC Section 
430.6(A)(1) states these tables are to be used to in 
determining conductor size, short circuit protection 
size, and ground fault protection size instead of the 
nameplate rating of the motor. The motor overload 
size, however, is to be determined by the name-
plate rating of the motor.

Direct-Current Motors
Table 430.247 lists the full-load running currents 
for direct-current motors. The horsepower rating 
of the motor is given in the far left-hand column. 
Rated voltages are listed across the top of the table. 
The table shows that a 1 horsepower motor has a 
full-load current of 12.2 amperes when connected 
to 90 volts DC. If a 1 horsepower motor is designed 
to be connected to 240 volts, it has a current draw 
of 4.7 amperes.

Single-Phase AC Motors
The current ratings for single-phase AC motors are 
given in Table 430.248. Particular attention should 
be paid to the statement preceding the table. The 
statement asserts that the values listed in this 
table are for motors that operate under normal 
speeds and torques. Motors especially designed 
for low speed and high torque, or multispeed mo-
tors, should have their running current determined 
from the nameplate rating of the motor.

serial number, however, is used to identify a partic-
ular motor. No other motor should have the same 
serial number.

Connection Diagrams
The connection diagrams for both low- and high-
voltage connections are given on the nameplate 
shown in Figure 47–20. Most dual voltage mo-
tors contain nine leads in the terminal connection 
box. These leads are numbered T1 through T9. The 
connection diagram is used to make high- or low-
voltage connection for the motor. In the diagram 
shown, if the motor is to be operated on low volt-
age, T4, T5, and T6 should be connected together; 
T1 and T7 should be connected together; T2 and 
T8 should be connected together; and T3 and T9 
should be connected together. Power is connected 
to T1, T2, and T3.

If the motor is connected for high-voltage opera-
tion, T4 and T7 are connected together; T5 and T8 
are connected together; and T6 and T9 are connected 
together. Power is connected to T1, T2, and T3.
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Figure 47–20
The chart lists the temperature rating of different 
insulation types. 
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EXAMPLE:

A 3-horsepower, single-phase AC motor is 
connected to a 208-volt line. What is the 
full-load running current of this motor?

Locate 3 horsepower in the far left-
hand column. Follow across to the 208-
volt column. The full-load current is18.7 
amperes.

reason for this is that the voltages of a two-phase 
system are 90º out-of-phase with each other, as 
shown in Figure 47–25. The principle of two-phase 
power generation is shown in Figure 47–26. In a 
two-phase alternator, the phase windings are ar-
ranged 90º apart. The magnet is the rotor of the al-
ternator. When the rotor turns, it induces voltage 

The voltages listed in the table are 115, 200, 
208, and 230. The last sentence of the preceding 
statement says that the currents listed shall be 
permitted for voltages of 110 to 120 volts and 220 
to 240 volts. This means that if the motor is con-
nected to a 120-volt line, it is permissible to use the 
currents listed in the 115-volt column. If the mo-
tor is connected to a 220-volt line, the 230-volt col-
umn can be used.

Two-Phase Motors
Although two-phase motors are seldom used, Table 
430.249 lists the full-load running currents for 
these motors. Like single-phase motors, two-phase 
motors that are especially designed for low speed, 
high torque applications and multispeed motors, 
use the nameplate rating instead of the values 
shown in the table. When using a two-phase, three-
wire system, the size of the neutral conductor must 
be increased by the square root of 2, or 1.41. The 

Table 430.247 Full-Load Current in Amperes, Direct-Current Motors
The following values of full-load currents* are for motors running at base speed.

Horsepower

Armature Voltage Rating*

90 Volts 120 Volts 180 Volts 240 Volts 500 Volts 550 Volts

1⁄4 4.0 3.1 2.0 1.6 — —
1⁄3 5.2 4.1 2.6 2.0 — —
1⁄2 6.8 5.4 3.4 2.7 — —
3⁄4 9.6 7.6 4.8 3.8 — —
1 12.2 9.5 6.1 4.7 — —

11⁄2 — 13.2 8.3 6.6 — —
2 — 17 10.8 8.5 — —
3 — 25 16 12.2 — —
5 — 40 27 20 — —

71⁄2 — 58 — 29 13.6 12.2

10 — 76 — 38 18 16
15 — — — 55 27 24
20 — — — 72 34 31
25 — — — 89 43 38
30 — — — 106 51 46
40 — — — 140 67 61

50 — — — 173 83 75
60 — — — 206 99 90
75 — — — 255 123 111

100 — — — 341 164 148
125 — — — 425 205 185
150 — — — 506 246 222
200 — — — 675 330 294

*These are average dc quantities.
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Figure 47–21
Table 430.247 is used to determine the full-load current for direct-current motors. reprinted with permission of 
NFPA 70-2011.
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into the phase windings, which are 90º apart. When 
one end of each phase winding is joined to form a 
common terminal, or neutral, the current in the 
neutral conductor is greater than the current in ei-
ther of the two phase conductors. An example of 
this is shown in Figure 47–27. In this example, a 

Table 430.248 Full-Load Currents in Amperes, Single-
Phase Alternating-Current Motors

The following values of full-load current sare for motors running
at usual speeds and motor swith normal torque characteristics.
The volt-ages listed arer ated motor voltages. The currents
listed shall beper-mitted for system voltager anges of 110 to
120 and 220 to 240 volts.

Horsepower
115

Volts
200

Volts
208

Volts
230

Volts

1⁄6 4.4 2.5 2.4 2.2
1⁄4 5.8 3.3 3.2 2.9
1⁄3 7.2 4.1 4.0 3.6
1⁄2 9.8 5.6 5.4 4.9
3⁄4 13.8 7.9 7.6 6.9
1 16 9.2 8.8 8.0

11⁄2 20 11.5 11.0 10
2 24 13.8 13.2 12
3 34 19.6 18.7 17
5 56 32.2 30.8 28

71⁄2 80 46.0 44.0 40
10 100 57.5 55.0 50

Figure 47–22
Table 430.248 is used to determine the full-load current 
for single-phase motors. reprinted with permission of 
NFPA 70-2011.

Table 430.249 Full-Load Current, Two-Phase
Alternating-Current Motors (4-Wire)

The following values of full-load current are for motors running
at speeds usual for belted motors and motors with normal
torque characteristics. Currentin the common conductor of a
2-phase, 3-wire system will be 1.41 times the value given. The
voltages listed are rated motor voltages. The currents listed
shall be permitted for system voltageranges of 110 to 120, 220
to 240, 440 to 480, and 550 to 600 volts.

Horsepower

Induction-Type Squirrel Cage and
Wound Rotor (Amperes)

115
Volts

230
Volts

460
Volts

575
Volts

2300
Volts

1⁄2 4.0 2.0 1.0 0.8 —
3⁄4 4.8 2.4 1.2 1.0 —
1 6.4 3.2 1.6 1.3 —

11⁄2 9.0 4.5 2.3 1.8 —
2 11.8 5.9 3.0 2.4 —
3 — 8.3 4.2 3.3 —
5 — 13.2 6.6 5.3 —

71⁄2 — 19 9.0 8.0 —

10 — 24 12 10 —
15 — 36 18 14 —
20 — 47 23 19 —
25 — 59 29 24 —
30 — 69 35 28 —
40 — 90 45 36 —

50 — 113 56 45 —
60 — 133 67 53 14
75 — 166 83 66 18

100 — 218 109 87 23
125 — 270 135 108 28
150 — 312 156 125 32
200 — 416 208 167 43

Figure 47–23
Table 430.249 is used to determine the full-load current 
for two-phase motors. reprinted with permission of 
NFPA 70-2011.EXAMPLE:

Calculate the phase current and neutral 
current for a 60-horsepower, 460-volt two-
phase motor.

The phase current can be taken from Table 
430.249.

Phase current 5 67 amperes

The neutral current is 1.41 times higher 
than the phase current.

Neutral current 5 67 3 1.41
 Neutral current 5 94.5 amperes

two-phase alternator is connected to a two-phase 
motor. The current draw on each of the phase wind-
ings is 10 amperes. The current flow in the neutral, 
however, is 1.41 times greater than the current flow 
in the phase windings, or 14.1 amperes.

Three-Phase Motors
Table 430.250 is used to determine the full-load 
current of three-phase motors. The notes at the top 
of the table are very similar to the notes of Tables 
430.248 and 430.249. The full-load current of low-
speed, high-torque and multispeed motors is to be 
determined from the nameplate rating instead of 
from the values listed in the table. Table 430.250 
has an extra note that deals with synchronous 
motors. Notice that the right-hand side of Table 
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Table 430.250 Full-Load Current, Three-Phase Alternating-Current Motors
The following values of full-load currents are typical for motors running at speeds usual for belted motors and motors with normal
torque characteristics.

The voltages listed are rated motor voltages. The currents listed shall be permitted for system voltage ranges of 110 to 120,
220 to 240, 440 to 480, and 550 to 600 volts.

Horsepower

Induction-Type Squirrel Cage and Wound Rotor (Amperes)
Synchronous-Type Unity Power

Factor* (Amperes)

115
Volts

200
Volts

208
Volts

230
Volts

460
Volts

575
Volts

2300
Volts

230
Volts

460
Volts

575
Volts

2300
Volts

1⁄2 4.4 2.5 2.4 2.2 1.1 0.9 — — — — —
3⁄4 6.4 3.7 3.5 3.2 1.6 1.3 — — — — —
1 8.4 4.8 4.6 4.2 2.1 1.7 — — — — —

11⁄2 12.0 6.9 6.6 6.0 3.0 2.4 — — — — —
2 13.6 7.8 7.5 6.8 3.4 2.7 — — — — —
3 — 11.0 10.6 9.6 4.8 3.9 — — — — —
5 — 17.5 16.7 15.2 7.6 6.1 — — — — —

71⁄2 — 25.3 24.2 22 11 9 — — — — —

10 — 32.2 30.8 28 14 11 — — — — —
15 — 48.3 46.2 42 21 17 — — — — —
20 — 62.1 59.4 54 27 22 — — — — —
25 — 78.2 74.8 68 34 27 — 53 26 21 —
30 — 92 88 80 40 32 — 63 32 26 —
40 — 120 114 104 52 41 — 83 41 33 —

50 — 150 143 130 65 52 — 104 52 42 —
60 — 177 169 154 77 62 16 123 61 49 12
75 — 221 211 192 96 77 20 155 78 62 15

100 — 285 273 248 124 99 26 202 101 81 20
125 — 359 343 312 156 125 31 253 126 101 25
150 — 414 396 360 180 144 37 302 151 121 30
200 552 528 480 240 192 49 400 201 161 40

250 — — — — 302 242 60 — — — —
300 — — — — 361 289 72 — — — —
350 — — — — 414 336 83 — — — —
400 — — — — 477 382 95 — — — —
450 — — — — 515 412 103 — — — —
500 — — — — 590 472 118 — — — —

*For 90 and 80 percent power factor, the figures shall be multiplied by 1.1 and 1.25, respectively.

Figure 47–24
Table 430.250 is used to determine the full-load current for three-phase motors. reprinted with permission of NFPA 
70-2011.

BA

Figure 47–25
The voltages of a two-phase system are 908 out of phase 
with each other.

430.250 is devoted to the full-load currents of syn-
chronous type motors. The currents listed are for 
synchronous type motors that are to be operated at 
unity, or 100%, power factor. Because synchronous 
motors are often made to have a leading power fac-
tor by overexcitation of the rotor current, the full-
load current rating must be increased when this is 
done. If the motor is to be operated at 90% power 
factor, the rated full-load current in the table must 
be increased by 10%. If the motor is to be operated 
at 80% power factor, the full-load current is to be 
increased by 25%.
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the ampacity has been determined. The exact ta-
ble employed is determined by the wiring condi-
tions. Probably the most frequently used table is 
310.15(B)(16) (Figure 47–28).

Termination Temperature
Another factor that must be taken into consider-
ation when determining the conductor size is the 
temperature rating of the devices and terminals 
as specified in NEC Section 110.14(C). This section 

Determining Conductor Size  
for a Single Motor
NEC Section 430.6(A)(1) states that the conductor 
for a motor connection shall be based on the val-
ues from Tables 430.247, 430.248, 430.249, and 
430.250 instead of the motor nameplate current. 
Section 430.22(A) states that conductors supplying 
a single motor shall have an ampacity of not less 
than 125% of the motor full-load current. NEC Sec-
tion 310 is used to select the conductor size after 
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Figure 47–26
A two-phase alternator produces voltages that are 90 
out of phase with each other.
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Figure 47–27
The neutral conductor of a two-phase system has a greater current than the other two conductors.

EXAMPLE:

A 150-horsepower, 460-volt synchronous 
motor is to be operated at 80% power fac-
tor. What is the full-load current rating of 
the motor?

The table indicates a current value of 151 
amperes for this motor. To determine the 
running current at 80% power factor, 
multiply this current by 125%, or 1.25. 
(Multiplying by 1.25 results in the same 
answer that would be obtained by divid-
ing by 0.80.)

151 3 1.25 5 188.75 or 189 amperes
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states that the conductor is to be selected and co-
ordinated as to not exceed the lowest temperature 
rating of any connected termination, any con-
nected conductor, or any connected device. This 
means that, regardless of the temperature rating 
of the conductor, the ampacity must be selected 
from a column that does not exceed the temper-
ature rating of the termination. The conductors 
listed in the first column of Table 310.15(B)(16) 
have a temperature rating of 60°C, the conductors 
in the second column have a rating of 75°C, and 
the conductors in the third column have a rating 
of 90°C. The temperature ratings of devices such 
as circuit breakers, fuses, and terminals are often 
found in the UL (Underwriters Laboratories) prod-
uct directories. Occasionally, the temperature rat-
ing may be found on the piece of equipment, but 
this is the exception and not the rule. As a general 
rule, the temperature rating of most devices does 
not exceed 75°C.

When the termination temperature rating is 
not listed or known, NEC Section 110.14(C)(1)(a) 
states that for circuits rated at 100 amperes or less, 
or for 14 AWG through 1 AWG conductors, the am-
pacity of the wire, regardless of the temperature 
rating, is selected from the 60°C column. This does 
not mean that only those types of insulations listed 
in the 60°C column can be used, but that the am-
pacities listed in the 60°C column must be used to 
select the conductor size. For example, assume that 
a copper conductor with type XHHW insulation is 

to be connected to a 50-ampere circuit breaker that 
does not have a listed temperature rating. Accord-
ing to NEC Table 310.16, a 8 AWG copper conductor 
with XHHW insulation is rated to carry 55 amperes 
of current. Type XHHW insulation is located in the 
90°C column, but the temperature rating of the cir-
cuit breaker is not known. Therefore, the wire size 
must be selected from the ampacity ratings in the 

EXAMPLE:

A 30-horsepower, three-phase squirrel-
cage induction motor is connected to a 
480-volt line. The conductors are run in 
conduit to the motor. The motor does not 
have a NeMA design code listed on the 
nameplate. The termination temperature 
rating of the devices is not known. Copper 
conductors with THWN insulation are to be 
used for this motor connection. What size 
conductors should be used?

The first step is to determine the full-load 
current of the motor. This is determined 
from Table 430.250. The table indicates a 
current of 40 amperes for this motor. The 
current must be increased by 25% accord-
ing to Section 430.22(A).

40 3 1.25 5 50 amperes

Table 310.15(B)(16) is used to determine 
the conductor size. Locate the column 
that contains THWN insulation in the cop-
per section of the table. THWN is located 
in the 75°C column. Because this circuit is 
less than 100 amperes and the termination 
temperature is not known, and the mo-
tor does not contain a NeMA design code 
letter, the conductor size must be selected 
from the ampacities listed in the 60°C col-
umn. A 6 AWg copper conductor with type 
THWN insulation will be used.

EXAMPLE:

A 200-horsepower, 2300-volt synchronous 
motor is to be operated at 90% power fac-
tor. What is the full-load current rating of 
this motor?

Locate 200 horsepower in the far left-hand 
column. Follow across to the 2300-volt col-
umn listed under synchronous-type motors. 
increase this value by 10%:

40 3 1.10 5 44 amperes
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75°C column even if the ampacity is 100 amperes or 
less. This code does not apply to motors that do not 
have a NEMA design code marked on their name-
plate. Most motors manufactured before 1996 do 
not have a NEMA design code. The NEMA design 
code letter should not be confused with the code 

60°C column. A 6 AWG copper conductor with type 
XHHW insulation would be used.

NEC Section 110.14(C)(1)(a)(4) has a special 
provision for motors with marked NEMA design 
codes B, C, or D. This section states that conductors 
rated at 75°C or higher may be selected from the 

Temperature Rating of Conductor [See Table 310.104(A).]

SizeAWG or kcmil

60°C (140°F) 75°C (167°F) 90°C (194°F)
60°C

(140°F) 75°C (167°F) 90°C (194°F)

SizeAWG or
kcmil TypesTW, UF

TypesRHW,
THHW, THW,

THWN, XHHW,
USE, ZW

TypesTBS, SA,
SIS, FEP,

FEPB, MI,
RHH, RHW-2,
THHN, THHW,

THW-2,
THWN-2,

USE-2,XHH,
XHHW,

XHHW -2, ZW-2
TypesTW,

UF

TypesRHW,
THHW, THW,

THWN, XHHW,
USE

TypesTBS, SA,
SIS, THHN,

THHW, THW-2,
THWN-2, RHH,
RHW-2, USE-2,
XHH, XHHW,

XHHW -2, ZW-2

COPPER
ALUMINUM OR COPPER-CLAD

ALUMINUM

18 — — 14 — — — —
16 — — 18 — — — —
14** 15 20 25 — — — —
12** 20 25 30 15 20 25 12**
10** 30 35 40 25 30 35 10**
8 40 50 55 35 40 45 8

6 55 65 75 40 50 55 6
4 70 85 95 55 65 75 4
3 85 100 115 65 75 85 3
2 95 115 130 75 90 100 2
1 110 130 145 85 100 115 1

1/0 125 150 170 100 120 135 1/0
2/0 145 175 195 115 135 150 2/0
3/0 165 200 225 130 155 175 3/0
4/0 195 230 260 150 180 205 4/0

250 215 255 290 170 205 230 250
300 240 285 320 195 230 260 300
350 260 310 350 210 250 280 350
400 280 335 380 225 270 305 400
500 320 380 430 260 310 350 500

600 350 420 475 285 340 385 600
700 385 460 520 315 375 425 700
750 400 475 535 320 385 435 750
800 410 490 555 330 395 445 800
900 435 520 585 355 425 480 900

1000 455 545 615 375 445 500 1000
1250 495 590 665 405 485 545 1250
1500 525 625 705 435 520 585 1500
1750 545 650 735 455 545 615 1750
2000 555 665 750 470 560 630 2000

*Refer to 310.15(B)(2) for the ampacitycorrectionfactorswherethe ambienttemperatureis otherthan30°C (86°F).
**Refer to 240.4(D) for conductorovercurrentprotectionlimitations.

Table 310.15(B) (16) (formerly Table 310.16) Allowable Ampacities of Insulated Conductors Rated Up to and Including 2000
Volts, 60°C Through90°C (140°F Through 194°F), Not MoreThan Three Current-Carrying Conductors in Raceway, Cable, or
Earth (Directly Buried), Based on Ambient Temperature of 30°C (86°F)*

Figure 47–28
Table 310.15(B)(16) is used to determine the ampacity of conductors. reprinted with permission of NFPA 70-2011.
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EXAMPLE:

A 25-horsepower, three-phase induction 
motor has a nameplate rating of 32 am-
peres. The nameplate also shows a temper-
ature rise of 30°C. Determine the ampere 
rating of the overload for this motor.

NEC Section 430.32(A)(1) indicates the 
overload size is 125% of the full-load cur-
rent rating of the motor.

the overload size for motors of 1 horsepower or 
more. The overload size is based on a percentage of 
the full-load current of the motor listed on the mo-
tor nameplate.

If for some reason this overload size does not 
permit the motor to start without tripping out, 
Section 430.32(C) permits the overload size to be 
increased to a maximum of 140% for this motor. 
If this increase in overload size does not solve the 
starting problem, the overload may be shunted out 
of the circuit during the starting period in accor-
dance with Section 430.35(A)&(B).

Determining Locked Rotor Current
There are two basic methods for determining the 
locked rotor current (starting current) of a squirrel-
cage induction motor, depending on the informa-
tion available. If the motor nameplate lists code 
letters that range from A to V, these indicate the 
type of rotor bars used when the rotor was made. 
Different types of bars are used to make motors 
with different operating characteristics. The type 
of rotor bars largely determines the maximum 
starting current of the motor. NEC Table 430.7(B) 
(Figure 47–30) lists the different code letters and 
gives the locked-rotor kilovolt-amperes per horse-
power. The starting current can be determined 
by multiplying the kilovolt-ampere rating by the 
horsepower rating and then dividing by the applied 
voltage.

The second method of determining locked 
rotor current is to use Tables 430.251(A)&(B) 

letter that indicates the type squirrel-cage rotor 
used in the motor.

For circuits rated over 100 amperes, or for con-
ductor sizes larger than 1 AWG, Section 110.14(C)
(1)(b) states that the ampacity ratings listed in 
the 75°C column may be used to select wire sizes 
unless conductors with a 60°C temperature rat-
ing have been selected for use. For example, types 
TW and UF insulation are listed in the 60°C col-
umn. If one of these two insulation types has been 
specified, the wire size must be chosen from the 
60°C column regardless of the ampere rating of the 
circuit.

Overload Size
When determining the overload size for a motor, 
the nameplate current rating of the motor is used 
instead of the current values listed in the tables 
(NEC Section 430.6(A)(1)). Other factors such as the 
SF or temperature rise (°C) of the motor are also to 
be considered when determining the overload size 
for a motor. The temperature rise of the motor is an 
indication of the amount of temperature increase 
the motor should experience under a full-load con-
diton and should not be confused with termination 
temperature discussed in Section 110.14(C). NEC 
Section 430.32 (Figure 47–29) is used to determine 

Figure 47–29
Table 430.32 is used to determine overload size for 
motors. reprinted with permission of NFPA 70-2011.

430.32 Continuous-Duty Motors.

(A) More Than 1 Horsepower. each motor used in a 
continuous duty application and rated more than 1 
hp shall be protected against overload by one of the 
means in 430.32(A)(1) through (A)(4).

(1) Separate Overload Device. A separate overload 
device that is responsive to motor current. This device 
shall be selected to trip or shall be rated at no more 
than the following percent of the motor nameplate 
full-load current rating:

Motors with a marked service  
factor 1.15 or greater 125%
Motors with a marked temperature  
rise 40°C or less 125%
All other motors 115%
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(Figure 47–31) if the motor nameplate lists NEMA 
design codes. Table 430.251(A) lists the locked 
 rotor currents for single-phase motors, and Table 
430.251(B) lists the locked rotor currents for poly-
phase motors.

Short-Circuit Protection
The rating of the short-circuit protective device is 
determined by NEC Table 430.52 (Figure 47–32). 
The far left-hand column lists the type of motor 
that is to be protected. To the right of this are 
four columns that list different types of short-
circuit protective devices; nontime-delay fuses, 
dual-element time-delay fuses, instantaneous 
trip circuit breakers and inverse time circuit 
breakers. Although it is permissible to use non-
time-delay fuses and instantaneous trip circuit 

Figure 47–30
Table 430.7(B) is used to determine locked rotor  
current for motors that do not contain a NeMA code 
letter. reprinted with permission of NFPA 70-2011.

Table 430.7(B) Locked-Rotor Indicating Code Letters

Code Letter

Kilovolt-Amperes per 
Horsepower with Locked 
Rotor

A     0–3.14

B 3.15–3.54

C 3.55–3.99

D 4.0–4.49

E 4.5–4.99

F 5.0–5.59

G 5.6–6.29

H 6.3–7.09

J 7.1–7.99

K 8.0–8.99

L 9.0–9.99

M 10.0–11.19

N 11.2–12.49

P 12.5–13.99

R 14.0–15.99

S 16.0–17.99

T 18.0–19.99

U 20.0–22.39

V 22.4 and up

EXAMPLE:

A 15-horsepower, three-phase squirrel-cage 
motor with a code letter of K is connected 
to a 240-volt line. Determine the locked-
rotor current.

The table lists 8.0 to 8.99 kilovolt-amperes 
per horsepower for a motor with a code 
letter of K. An average value of 8.5 is used.

8.5 3 15 5 127.5 kVA or 127,500 VA

127,500

240 3 "3
5 306.7 amperes

EXAMPLE:

A 100-horsepower, three-phase squirrel-
cage induction motor is connected to a 
240-volt line. The motor does not contain 
a NeMA design code. A dual-element time-
delay fuse is to be used as the short- circuit 
protective device. Determine the size 
needed.

Table 340.250 lists a full-load current of 248 
amperes for this motor. Table 430.52 indi-
cates that a dual-element time-delay fuse is 
to be calculated at 175% of the full-load cur-
rent rating for an AC polyphase (more than 
one phase) squirrel-cage motor, other than 
design code e. Because the motor does not 
list a NeMA design code on the nameplate, 
it is assumed that the motor is design B.

248 3 1.75 5 434 amperes

The nearest standard fuse size above the 
calculated value listed in Section 240.6 is 
450 amperes, so 450-ampere fuses are used 
to protect this motor.
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Table 430.251(B) Conversion Table of Polyphase Design B, C, and D Maximum Locked-Rotor Currents for Selection of 
Disconnecting Means and Controllers as Determined from Horsepower and Voltage Rating and Design Letter
For use only with 430.110, 440.12, 440.41, and 455.8(C).

Maximum Motor Locked-Rotor Current in Amperes, Two- and Three-Phase, Design B, C, and D*

Rated   115 Volts 200 Volts 208 Volts 230 Volts 460 Volts 575 Volts
 Horsepower B, C, D B, C, D B, C, D B, C, D B, C, D B, C, D

 1⁄2 40  23  22.1  20  10  8
 3⁄4 50  28.8  27.6  25  12.5  10
 1 60  34.5  33  30  15  12
 11⁄2 80  46  44  40  20  16
 2 100  57.5  55  50  25  20
 3 —  73.6  71  64  32  25.6
 5 —  105.8 102  92  46  36.8
 71⁄2 — 146 140 127  63.5  50.8

 10 —  186.3 179 162  81  64.8
 15 — 267 257 232 116  93
 20 — 334 321 290 145 116
 25 — 420 404 365 183 146
 30 — 500 481 435 218 174
 40 — 667 641 580 290 232

 50 — 834 802 725 363 290
 60 — 1001 962 870 435 348
 75 — 1248 1200 1085 543 434
 100 — 1668 1603 1450 725 580
 125 — 2087 2007 1815 908 726
 150 — 2496 2400 2170 1085 868
 200 — 3335 3207 2900 1450 1160

 250 — — — — 1825 1460
 300 — — — — 2200 1760
 350 — — — — 2550 2040
 400 — — — — 2900 2320
 450 — — — — 3250 2600
 500 — — — — 3625 2900

*Design A motors are not limited to a maximum starting current or locked rotor current.

Table 430.251(A) Conversion Table of Single-Phase Locked-Rotor Currents for Selection of Disconnecting 
Means and Controllers as Determined from Horsepower and Voltage Rating

For use only with 430.110, 440.12, 440.41, and 455.8(C).

Maximum Locked-Rotor Current in Amperes, Single Phase

Rated Horsepower 115 Volts 208 Volts 230 Volts

1⁄2 58.8 32.5 29.4
3⁄4 82.8 45.8 41.4
1 96 53 48

11⁄2 120 66 60
2 144 80 72
3 204 113 102
5 336 186 168

71⁄2 480 265 240
10 600 332 300

Figure 47–31
Table 430.251(A) & (B) are used to locked rotor current for motors that do contain NeMA code letters. reprinted with 
permission of NFPA 70-2011.
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Table 430.52 Maximum Rating or Setting  
of Motor Branch-Circuit Short-Circuit and  
Ground-Fault Protective Devices

Percentage of Full-Load Current

 Nontime Dual Element  Instantaneous  Inverse 
 Delay  (Time-Delay) Trip  Time 

Type of Motor Fuse1 Fuse1 Breaker Breaker2

Single-phase  300 175 800 250 
motors

AC polyphase 300 175 800 250
motors other
than wound-rotor

Squirrel cage 300 175 800 250
— other than
Design B
energy-efficient

Design B 300 175 1100 250
energy-efficient

Synchronous3 300 175 800 250

Wound rotor 150 150 800 150

Direct current  150 150 250 150
(constant voltage)

Note: For certain exceptions to the values specified, see 430.54.
1The values in the Nontime Delay Fuse column apply to Time-Delay 
Class CC fuses.
2The values given in the last column also cover the ratings of 
nonadjustable inverse time types of circuit breakers that may be 
modified as in 430.52(C)(1), Exception No. 1 and No. 2.
3Synchronous motors of the low-torque, low-speed type (usually 
450 rpm or lower), such as are used to drive reciprocating 
compressors, pumps, and so forth, that start unloaded, do not 
require a fuse rating or circuit-breaker setting in excess of 200 
percent of full-load current.

Figure 47–32
Table 430.52 is used to determine the size of the short-
circuit protective device for a motor. reprinted with 
permission of NFPA 70-2011.

circuit breaker, it shall be permissible to use the 
next higher standard size. The standard sizes of 
fuses and circuit breakers are listed in NEC Section 
240.6 (Figure 47–33).

Starting in 1996, Table 430.52 has listed squir-
rel-cage motor types by NEMA design letters in-
stead of code letters. Section 430.7(A)(9) requires 
that motor nameplates be marked with design let-
ters B, C, or D. Motors manufactured before this 
requirement, however, do not list design letters on 
the nameplate. Most common squirrel-cage mo-
tors used in industry actually fall in the design B 
classification and for purposes of selecting the 
short-circuit protective device are considered to be 
design B unless otherwise listed.

If for some reason this fuse does not permit 
the motor to start without blowing, NEC Section 
430.52(C)(1) Exception 2(b) states that the rat-
ing of a dual-element time-delay fuse may be in-
creased to a maximum of 225% of the full-load 
motor current.

breakers, most motor circuits are protected by 
dual-element time-delay fuses or inverse time cir-
cuit breakers.

Each of these columns lists the percentage of 
motor current that is to be used in  determining 
the ampere rating of the short-circuit protec-
tive device. The current listed in the appropriate 
 motor table is to be used instead of the nameplate 
 current. NEC Section 430.52(C)(1) states that the 
protective device is to have a rating or setting not 
exceeding the value calculated in accord with Table 
430.52. Exception No. 1 of this section, however, 
states that if the calculated value does not cor-
respond to a standard size or rating of a fuse or 

 240.6 Standard Ampere Ratings.

(A) Fuses and Fixed-Trip Circuit Breakers. The standard 
ampere ratings for fuses and inverse time circuit breakers 
shall be considered 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 
80, 90, 100, 110, 125, 150, 175, 200, 225, 250, 300, 350, 
400, 450, 500, 600, 700, 800, 1000, 1200, 1600, 2000, 
2500, 3000, 4000, 5000, and 6000 amperes. Additional 
standard ampere ratings for fuses shall be 1, 3, 6, 10, and 
601. The use of fuses and inverse time circuit breakers with 
nonstandard ampere ratings shall be permitted.

(B) Adjustable-Trip Circuit Breakers. The rating of 
adjustable-trip circuit breakers having external means for 
adjusting the current setting (long-time pickup setting), 
not meeting the requirements of 240.6(C), shall be the 
maximum setting possible.

(C) Restricted Access Adjustable-Trip Circuit Breakers. 
A circuit breaker(s) that has restricted access to the 
adjusting means shall be permitted to have an ampere 
rating(s) that is equal to the adjusted current setting (long-
time pickup setting). Restricted access shall be defined as 
located behind one of the following:

(1)  Removable and sealable covers over the adjusting means
(2) Bolted equipment enclosure doors
(3) Locked doors accessible only to qualified personnel

Figure 47–33
Section 240.6 lists standard fuse and circuit breaker sizes. 
reprinted with permission of NFPA 70-2011.
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Starter Size
Another factor that must be considered when in-
stalling a motor is the size of starter used to con-
nect the motor to the line. Starter sizes are rated 
by motor type, horsepower, and connected voltage. 
The two most common ratings are NEMA and IEC. 
A chart showing common NEMA size starters for al-
ternating-current motors is shown in Figure 47–34. 
A chart showing IEC starters for alternating-current 
motors is shown in Figure 47–35. Each of these 
charts lists the minimum size starter designed to 
connect the listed motors to the line. It is not un-
common to employ larger size starters than those 
listed. This is especially true when using IEC type 
starters because of their smaller load contact size.

Example Problems

Example 1
A 40-horsepower, 240-volt DC motor has a name-
plate current rating of 132 amperes. The conduc-
tors are to be copper with type TW insulation. The 

short-circuit protective device is to be an instanta-
neous trip circuit breaker. The termination tempera-
ture rating of the connected devices is not known. 
Determine the conductor size, overload size, and 
circuit breaker size for this installation. Refer to 
Figure 47–36.

The conductor size must be determined from 
the current listed in Table 430.247. This value is 
increased by 25%. (NOTE: multiplying by 1.25 has 
the same effect as multiplying by 0.25 and then 
adding the product back to the original number 
(140 3 0.25 5 35) (35 1 140 5 175 amperes)

140 3 1.25 5 175 amperes

Table 310.15(B)(16) is used to find the conduc-
tor size. Although Section 110.14(C) states that for 
currents of 100 amperes or greater, the ampacity 
rating of the conductor is to be determined from 
the 75°C column, in this instance, the insulation 
type is located in the 60°C column. Therefore, the 
conductor size must be determined using the 60°C 
column instead of the 75°C column. A 4/0 AWG 
copper conductor with type TW insulation is used.

The overload size is determined from NEC Sec-
tion 430.32(A)(1). Because there is no service factor 
or temperature rise listed on the motor nameplate, 
the heading ALL OTHER MOTORS is used. The 
 motor nameplate current is increased by 15%.

132 3 1.15 5 151.8 amperes

The circuit breaker size is determined from 
 Table 430.52. The current value listed in Table 
430.247 is used instead of the nameplate current. 
Under DC motors (constant voltage), the instanta-
neous trip circuit breaker rating is given at 250%.

140 3 2.50 5 350 amperes

Because 350 amperes is one of the standard 
sizes of circuit breakers listed in NEC Section 240.6, 
that size breaker is employed as the short-circuit 
protective device.

Example 2
A 150-horsepower, three-phase squirrel-cage 
 induction motor is connected to a 440-volt line. The 
motor nameplate lists the following information:

Amps 175 SF 1.25 Code D NEMA code B

The conductors are to be copper with type THHN 
insulation. The short-circuit protective device is to 
be an inverse time circuit breaker. The termination 

EXAMPLE:

A 40-horsepower, three-phase squirrel-
cage motor is connected to a 208-volt line. 
What are the minimum size NeMA and ieC 
starters that should be used to connect this 
motor to the line?

NeMA: The 200-volt listing is used for mo-
tors rated at 208 volts. Locate the NeMA 
size starter that corresponds to 200 volts 
and 40 horsepower. Because the motor is 
three-phase, 40 horsepower is in the poly-
phase column. A NeMA size 4 starter is the 
minimum size for this motor.

ieC: As with the NeMA chart, the ieC chart 
lists 200 volts instead of 208 volts. A size N 
starter lists 200 volts and 40 horsepower in 
the three-phase column.
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Motor Starter Sizes and Ratings

Maximum Horsepower  Maximum Horsepower
 Rating—Nonplugging Rating—Nonplugging
and Nonjogging Duty and Nonjogging Duty

NEMA  Load  Single  Poly  NEMA Load Single Poly
Size Volts Phase Phase Size Volts Phase Phase

 115 1⁄2 . . .  115 71⁄2 . . .

 200 . . .  11⁄2  200 . . .  25

 230 1  11⁄2  230 15  30

00 380 . . .  11⁄2 3 380 . . .  50

 460 . . .  2  460 . . .  50

 575 . . .  2  575 . . .  50

 115 1 . . .  200 . . .  40

 200 . . .  3  230 . . .  50

 230 2  3  380 . . .  75

0 380 . . .  5 4 460 . . . 100

 460 . . .  5  575 . . . 100

 575 . . .  5

 115 2 . . .  200 . . .  75

 200 . . .  71⁄2  230 . . . 100

 230 3  71⁄2  380 . . . 150

1 380 . . . 10 5 460 . . . 200

 460 . . . 10  575 . . . 200

 575 . . . 10

     200 . . . 150

 115 3 . . .  230 . . . 200

*1P 230 5 . . . 6 380 . . . 300

     460 . . . 400

     575 . . . 400

 115 3 . . .  230 . . . 300

 200 . . . 10 7 460 . . . 600

 230 71⁄2 15  575 . . . 600

2 380 . . . 25  230 . . . 450

 460 . . . 25 8 460 . . . 900

 575 . . . 25  575 . . . 900

Tables are taken from NEMA Standards.

*13⁄4, 10 hp is available.

Figure 47–34
NeMA table of standard starter sizes.
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SIZE MAX
AMPS

MOTOR
VOLTAGE

MAX. HORSEPOWER

115
200
230
460
575

115
200
230
460
575

A

B

C

D

E

F

G

H

J

K

L

M

N

P

R

S

T

U

V

W

X

Z

7

1/4
1
1
3
5

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

115
200
230
460
575

575

200

460
230

115

575

200

460
230

115

1/2
1/2
1/2

10
30
4010
75

100

105

140

10

10
40
50

100
125

10
2
2
5

7

1/2

1/2

1

12 2
3
3

10

170
50
60

125
125

1/2

1/27

18

1

3
5
5
10
15

200
60
75

150
150

25

2

3
5

15
20

7 1/2 300
75

100
200
200

32

2

5 10
20
25

7 1/2
420

125
125
250
250

37

3

5 10
25
30

520
150
150
350
250

7

44

3
10
15
30
40

550
150
200
400
400

7 1/2

60

5

10
15
20
40
40

700
200
250
500
500

73

5

10
20
25
50
50

810
250
300
600
600

1215
450
450
900
900

85 10
25
30
60
75

7 1/2

SIZE MAX
AMPS

MOTOR
VOLTAGE

MAX. HORSEPOWER
1 � 3 �1 � 3 �

I.E.C. MOTOR STARTERS (60 Hz)

1/2
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Figure 47–35
ieC motor starters rated by size, horsepower, and voltage for 60-hertz circuits.
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temperature rating is not known. Determine the 
conductor size, overload size, circuit breaker size, 
minimum NEMA starter size, and IEC starter size. 
Refer to Figure 47–37.

The conductor size is determined from the cur-
rent listed in Table 430.250 and increased by 25%.

180 3 1.25 5 225 amperes

Table 310.15(B)(16) is used to determine the 
conductor size. Type THHN insulation is located 
in the 90°C column. Because the motor nameplate 
lists NEMA code B, and the amperage is over 100 
amperes, the conductor is selected from the 75°C 
column. The conductor size is 4/0 AWG.

The overload size is determined from the 
nameplate current and NEC Section 430.32(A)(1). 
The motor has a marked service factor of 1.25. The 
 motor nameplate current is increased by 25%.

175 3 1.25 5 218.75 amperes

The circuit breaker size is determined by Tables 
430.250 and 430.52. Table 430.52 indicates a fac-
tor of 250% for squirrel-cage motors with NEMA 
design code B. The value listed in Table 430.250 is 
increased by 250%.

OVERLOAD

MOTOR

NAMEPLATE

HP 40 AMPS 132
240 VOLTS DC

INSTANTANEOUS
TRIP BREAKER
350 AMPERES

151.8 AMPS

CONDUCTOR = 4/0 AWG

NEC TABLE 430.247

NEC SECTION 430.22

NEC TABLE 310.15(B)(16)

SHORT-CIRCUIT PROTECTIVE DEVICE
= 350 AMPS

NEC TABLE 430.247

NEC TABLE 430.52

NEC SECTION 240.6

OVERLOAD = 151.8 AMPS

NEC SECTION 430.32(A)(1)
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Figure 47–36
example problem 1. 

 180 3 2.50 5 450 amperes

One of the standard circuit breaker sizes listed 
in NEC Section 240.6 is 450 amperes. A 450-ampere 
inverse time circuit breaker is used as the short-cir-
cuit protective device.

The proper motor starter sizes are selected from 
the NEMA and IEC charts shown in Figure 47–34 
and Figure 47–35. The minimum size NEMA starter 
is 5 and the minimum size IEC starter is R.

Multiple Motor Calculations
The main feeder short-circuit protective devices 
and conductor sizes for multiple motor con-
nections are set forth in NEC Section 430.62(A) 
and 430.24. In this example, three motors are 
connected to a common feeder. The feeder is 
480 volts, three-phase, and the conductors are 
copper with type THHN insulation. Each motor is 
protected with dual-element time-delay fuses and 
a separate overload device. The main feeder is also 
protected by dual-element time-delay fuses. The 
termination temperature rating of the connected 
devices is not known. The motor nameplates state 
the following:

INVERSE TIME
CIRCUIT BREAKER

450 AMPS

OVERLOAD
218.75 AMPS

MOTOR

NAMEPLATE
HP 150 AMPS 175

CONDUCTOR = 4/0 AWG
NEC TABLE 430.250
NEC SECTION 430.22
NEC TABLE 310.15(B)(16)

SHORT-CIRCUIT PROTECTIVE DEVICE
= 450 AMPS

NEC TABLE 430.250
NEC TABLE 430.52
NEC SECTION 240.6

OVERLOAD = 218.75 AMPS
NEC SECTION 430.32(A)(1)

VOLTS 440 PHASE 3
SF 1.25 NEMA CODE B

STARTER SIZE
NEMA SIZE 5

IEC SIZE R
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Figure 47–37
example circuit 2. 
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DUAL-ELEMENT
TIME-DELAY FUSE

50 AMPS

OVERLOAD
28.75 AMPS

MOTOR

NAMEPLATE

HP 20 AMPS 23

CONDUCTOR = 10 AWG
NEC TABLE 430.250
NEC SECTION 430.22
NEC TABLE 310.15(B)(16)

SHORT-CIRCUIT PROTECTIVE DEVICE
= 50 AMPS

NEC TABLE 430.250
NEC TABLE 430.52
NEC SECTION 240.6

OVERLOAD = 28.75 AMPS
NEC SECTION 430.32(A)(1)

VOLTS 480 PHASE 3
SF 1.25 NEMA CODE C

STARTER SIZE
NEMA SIZE 2

IEC SIZE F
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Figure 47–38
Motor 1 calculation. 

Motor 1
	 Phase	 3	 HP	 20
	 SF	 1.25	 NEMA	code	 C
	 Volts	 480	 Amperes	 23
	 Type	 Induction
Motor 2
	 Phase	 3	 HP	 60
	 Temp.	 40°C	 Code	 J
	 Volts		 480	 Amperes	 72
	 Type	 Induction
Motor 3
	 Phase	 3	 HP	 100
	 Code	 A	 Volts	 480
	 Amperes	 96	 PF	 90%
	 Type	 Synchronous

Motor 1 Calculation 
The first step is to calculate the values for motor 
amperage, conductor size, overload size, short-
circuit protection size, and starter size for each 
motor. Both NEMA and IEC starter sizes must be 
determined. The values for motor 1 are shown in 
Figure 47–38.

The ampere rating from Table 430.250 is used 
to determine the conductor and fuse size. The am-
perage rating must be increased by 25% for the 
conductor size.

 27 3 1.25 5 33.75 amperes

The conductor size is chosen from Table 
310.15(B)(16). Although type THHN insulation is 
located in the 90°C column, the conductor size is 
chosen from the 75°C column. Although the current 
is less than 100 amperes, NEC Section 110.14(C)(1)
(d) permits the conductors to be chosen from the 
75°C column if the motor has a NEMA design code.

 33.75 amperes 5 10 AWG

The overload size is calculated from the 
nameplate current. The demand factors in 
 Section 430.32(A)(1) are used for the overload 
calculation.

 23 3 1.25 5 28.75 amperes

The fuse size is determined by using the motor 
current listed in Table 430.250 and the demand fac-
tor from Table 430.52. The percent of full-load cur-
rent for a dual-element time delay fuse protecting a 
squirrel-cage motor listed as Design C is 175%. The 
current listed in Table 430.250 is increased by 175%.

 27 3 1.75 5 47.25 amperes

The nearest standard fuse size listed in Section 
240.6 is 50 amperes, so 50-ampere fuses are used.

The starter sizes are determined from the 
NEMA and IEC charts shown in Figure 47–34 and 
Figure 47–35. A 20-horsepower motor connected 
to 480 volts would require a NEMA size 2 starter 
and an IEC size F starter.

Motor 2 Calculation
Figure 47–39 shows an example for the calculation 
for motor 2. Table 430.250 lists a full-load current 
of 77 amperes for this motor. This value of current 
is increased by 25% for the calculation of the con-
ductor current.

 77 3 1.25 5 96.25 amperes

Table 310.15(B)(16) indicates a 1 AWG conduc-
tor should be used for this motor connection. The 
conductor size is chosen from the 60°C column be-
cause the circuit current is less than 100 amperes 
in accord with Section 110.14(C), and the motor 
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current is to be increased by 10% for synchronous 
motors with a listed power factor of 90%.

 101 3 1.10 5 111 amperes

The conductor size is calculated by using this 
current rating and increasing it by 25%.

 111 3 1.25 5 138.75 amperes

Table 310.16 indicates that a 1/0 AWG con-
ductor is used for this circuit. Because the circuit 
current is over 100 amperes, the conductor size is 
chosen from the 75°C column.

This motor does not have a marked service fac-
tor or a marked temperature rise. The overload size 
is calculated by increasing the nameplate current 
by 15% as indicated in Section 430.32(A)(1) under 
the heading all other motors.

  96 3 1.15 5 110.4 amperes

The fuse size is determined from Table 430.52. 
The percent of full-load current for a synchronous 
motor is 175%.

 111 3 1.75 5 194.25 amperes

The nearest standard size fuse listed in Sec-
tion 240.6 is 200 amperes, so 200-ampere fuses are 
used to protect this circuit.

nameplate does not indicate a NEMA design code. 
(The code J indicates the type of bars used in the 
construction of the rotor.)

The overload size is determined from Section 
430.32(A)(1). The motor nameplate lists a tempera-
ture rise of 40°C for this motor. The nameplate cur-
rent is increased by 25%.

 72 3 1.25 5 90 amperes

The fuse size is determined from Table 430.52. 
The table current is increased by 175% for squirrel-
cage motors other than design E.

 77 3 1.75 5 134.25 amperes

The nearest standard fuse size listed in Sec-
tion 240.6 is 150 amperes, so 150-ampere fuses are 
used to protect this circuit.

The starter sizes are chosen from the NEMA 
and IEC starter charts. This motor would require a 
NEMA size 4 starter or a size L IEC starter.

Motor 3 Calculation
Motor 3 is a synchronous motor intended to oper-
ate with a 90% power factor. Figure 47–40 shows 
an example of this calculation. The notes at the 
bottom of Table 430.250 indicate that the listed 

DUAL-ELEMENT
TIME-DELAY FUSE

150 AMPS

OVERLOAD
90 AMPS

MOTOR

NAMEPLATE
HP 60 AMPS 72

CONDUCTOR = 1 AWG
NEC TABLE 430.250
NEC SECTION 430.22
NEC TABLE 310.15(B)(16)

SHORT-CIRCUIT PROTECTIVE DEVICE
= 50 AMPS

NEC TABLE 430.250
NEC TABLE 430.52
NEC SECTION 240.6

OVERLOAD = 90 AMPS
NEC SECTION 430.32(A)(1)

VOLTS 480 PHASE 3
40  C CODE J

STARTER SIZE
NEMA SIZE 4

IEC SIZE L
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Figure 47–39
Motor 2 calculation. 

DUAL-ELEMENT
TIME-DELAY FUSE

200 AMPS

OVERLOAD
110.4 AMPS

MOTOR

NAMEPLATE
HP 100 SYN. AMPS 96

CONDUCTOR = 1/0 AWG
NEC TABLE 430.250
NEC SECTION 430.22
NEC TABLE 310.15(B)(16)

SHORT-CIRCUIT PROTECTIVE DEVICE
= 200 AMPS

NEC TABLE 430.250
NEC TABLE 430.52
NEC SECTION 240.6

OVERLOAD = 110.4 AMPS
NEC SECTION 430.32(A)(1)

VOLTS 480 PHASE 3
90% PF CODE A

STARTER SIZE
NEMA SIZE 4
IEC SIZE N
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Figure 47–40
Motor 3 calculation. 
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NEMA CODE C

OVERLOAD

AMPS 23HP 20

SF 1.25

VOLTS 480 PHASE 3

NAMEPLATE

MOTOR

28.75 AMPS

IEC SIZE F
NEMA SIZE 2

STARTER SIZE

50 AMPS
TIME-DELAY FUSE
DUAL-ELEMENT

OVERLOAD = 28.75 AMPS
NEC SECTION 430.32(A)(1)

SHORT-CIRCUIT PROTECTIVE DEVICE = 50 AMPS

NEC TABLE 310.15(B)(16)

NEC SECTION 240.6
NEC TABLE 430.52
NEC TABLE 430.250

NEC SECTION 430.22

NEC TABLE 430.250

CONDUCTOR = 10 AWG

OVERLOAD

AMPS 72HP 60

40  C

VOLTS 480

CODE J

PHASE 3

NAMEPLATE

MOTOR

90 AMPS

IEC SIZE L
NEMA SIZE 4

STARTER SIZE

150 AMPS
TIME-DELAY FUSE
DUAL-ELEMENT

OVERLOAD = 90 AMPS
NEC SECTION 430.32(A)(1)

SHORT-CIRCUIT PROTECTIVE DEVICE = 50 AMPS

NEC TABLE 310.15(B)(16)

NEC SECTION 240.6
NEC TABLE 430.52
NEC TABLE 430.250

NEC SECTION 430.22

NEC TABLE 430.250

CONDUCTOR = 1 AWG

OVERLOAD

AMPS 96HP 100 SYN.

90% PF

VOLTS 480

CODE A

PHASE 3

110.4 AMPS

NAMEPLATE

MOTOR

200 AMPS

IEC SIZE N
NEMA SIZE 4

TIME-DELAY FUSE
DUAL-ELEMENT

STARTER SIZE

OVERLOAD = 110.4 AMPS
NEC SECTION 430.32(A)(1)

SHORT-CIRCUIT PROTECTIVE DEVICE = 200 AMPS

NEC TABLE 310.15(B)(16)

NEC SECTION 240.6
NEC TABLE 430.52
NEC TABLE 430.250

CONDUCTOR = 1/0 AWG

NEC SECTION 430.22

NEC TABLE 430.250

DUAL-ELEMENT TIME-
DELAY FUSE

300 AMPS  (430.62(A))

CONDUCTOR = 250 KCMIL  430.24

430.28
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Figure 47–41
Main feeder calculation. 

Main Feeder Calculation
An example of the main feeder connections is 
shown in Figure 47–41. The conductor size is cal-
culated in accord with NEC Section 430.24 by 

The NEMA and IEC starter sizes are chosen 
from the charts shown in Figure 47–34 and Fig-
ure 47–35. The motor requires a NEMA size 4 
starter and an IEC size N starter.
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increasing the largest amperage rating of the mo-
tors connected to the feeder by 25% and then add-
ing the ampere rating of the other motors to this 
amount. In this example, the 100-horsepower syn-
chronous motor has the largest running current. 
This current is increased by 25% and then the run-
ning currents of the other motors as determined 
from Table 430.250 are added.

 111 3 1.25 5 138.75 amperes

 138.75 1 77 1 27 5 242.75 amperes

Table 310.15(B)(16) lists that 250-KCmil cop-
per conductors are to be used as the main feeder 
conductors. The conductors were chosen from the 
75°C column.

The size of the short-circuit protective device 
is determined by Section 430.62(A). The code states 

that the rating or setting of the short-circuit pro-
tective device shall not be greater than the largest 
rating or setting of the largest branch circuit short-
circuit and ground-fault protective device for any 
motor supplied by the feeder plus the sum of the 
full-load running currents of the other motors con-
nected to the feeder. The largest fuse size in this ex-
ample is the 100-horsepower synchronous motor. 
The fuse calculation for this motor is 200 amperes. 
The running currents of the other two motors are 
added to this value to determine the fuse size for 
the main feeder.

 200 1 77 1 27 5 304 amperes

The closest standard fuse size listed in Section 
240.6 without going over 304 amperes is 300 am-
peres, so 300 ampere, so fuses are used to protect 
this circuit.

●● REVIEw QuESTIONS

 1. A 20-horsepower, DC motor is connected to a 
500-volt DC line. What is the full-load running 
current of this motor?

 2. What rating is used to find the full-load running 
current of a torque motor?

 3. A 3⁄4-horsepower, single-phase squirrel-cage 
motor is connected to a 240-volt AC line. What 
is the full-load current rating of this motor, and 
what is the minimum size NEMA and IEC start-
ers that should be used?

 4. A 30-horsepower, two-phase motor is connected 
to a 230-volt AC line. What is the rated current 
of the phase conductors and the rated current of 
the neutral?

 5. A 125-horsepower, synchronous motor is con-
nected to a 230-volt three-phase AC line. The 
motor is intended to operate at 80% power fac-
tor. What is the full-load running current of this 
motor? What is the minimum size NEMA and 
IEC starters that should be used to connect this 
motor to the line?

 6. What is the full-load running current of a three-
phase, 50-horsepower motor connected to a 560-
volt line? What minimum size NEMA and IEC 
starters should be used to connect this motor to 
the line?

 7. A 125-horsepower, three-phase squirrel-cage 
induction motor is connected to 560 volts. 
The nameplate current is 115 amperes. It has 
a marked temperature rise of 40°C and a code 
letter J. The conductors are to be type THHN 
copper and they are run in conduit. The 
short-circuit protective device is dual-element 
time-delay fuses. Find the conductor size, 
overload size, fuse size, minimum NEMA and 
IEC starter sizes, and the upper and lower 
range of starting current for this motor.

 8. A 7.5-horsepower, single-phase, squirrel-cage 
induction motor is connected to 120 volts 
AC. The motor has a code letter of H. The 
nameplate current is 76 amperes. The conduc-
tors are copper with type TW insulation. The 
short-circuit protection device is a nontime-
delay fuse. Find the conductor size, overload 
size, fuse size, minimum NEMA and IEC 
starter sizes, and upper and lower starting 
currents.

 9. A 75-horsepower, three-phase, synchronous 
motor is connected to a 230-volt line. The 
motor is to be operated at 80% power factor. 
The motor nameplate lists a full-load current 
of 185 amperes, a temperature rise of 40°C, 
and a code letter A. The conductors are to 
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●● REVIEw QuESTIONS (continued)

be made of copper and have type THHN insula-
tion. The short-circuit protective device is to be 
an inverse time circuit breaker. Determine the 
conductor size, overload size, circuit breaker size, 
minimum size NEMA and IEC starters, and the 
upper and lower starting current.

 10. Three motors are connected to a single branch 
circuit. The motors are connected to a 480-volt 
three-phase line. Motor 1 is a 50-horsepower 
induction motor with a NEMA code B. Motor 2 is 
40 horsepower with a code letter of H, and motor 
3 is 50 horsepower with a NEMA code C. Deter-
mine the conductor size needed for the branch 
circuit supplying these three motors. The conduc-
tors are copper with type THWN-2 insulation.

 11. The short-circuit protective device supplying the 
motors in question 10 is an inverse time circuit 
breaker. What size circuit breaker should be used?

 12. Five 5-horsepower, three-phase motors with 
NEMA code B are connected to a 240-volt 
line. The conductors are copper with type 
THWN insulation. What size conductor 
should be used to supply all of these motors?

 13. If dual-element time-delay fuses are to be 
used as the short-circuit protective device, 
what size fuses should be used to protect the 
circuit in question 12?

 14. A 75-horsepower, three-phase squirrel-cage 
induction motor is connected to 480 volts. 
The motor has a NEMA code D. What is the 
starting current for this motor?

 15. A 20-horsepower, three-phase squirrel-cage 
induction motor has a NEMA code B. The 
motor is connected to 208 volts. What is the 
starting current for this motor?

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



There are times when it becomes necessary to de-
velop a motor control circuit to fulfill a particular 
need. The idea of designing a motor control circuit 
may seem almost impossible, but with practice and 
by following a logical procedure it is generally not 
as difficult as it first appears. The best method of 
designing a motor control circuit is to solve one re-
quirement at a time. When one part is operating, 
move to the next requirement. A man was once 
asked, “How do you eat an  elephant?” His reply 
was, “One bite at a time.” The same is true for de-
signing a circuit. Don’t try to fulfill all the require-
ments at once.

The following circuits illustrate a step-by-step 
procedure for designing a control circuit. Each illus-
tration begins with a statement of the problem and 
the  requirements for the circuit.

Developing Control Circuits
Circuit 1: Two-Pump Motors
The water for a housing development is supplied by 
a central tank. The tank is pressurized by the water 
as it is filled. Two separate wells supply water to the 
tank, and each well has a separate pump. It is de-
sirable that water be taken from each well equally, 
but it is undesirable that both pumps operate at the 
same time. A circuit is to be constructed that will let 
the pumps work alternately. Also, a separate switch 
must be installed that overrides the automatic con-
trol and let either pump operate independently of 
the other in the event one pump fails. The require-
ments of the circuit are as follows:
 1. The pump motors are operated by a 480-volt, 

three-phase system, but the control circuit 
must operate on a 120-volt supply.

OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss steps for developing a motor control circuit from a list of  requirements.

●● Draw a control circuit using a list of requirements.
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in series with coil 1M, which operates the motor 
starter of pump motor 1.

To understand the operation of this part of the 
circuit, assume that the manual power switch has 
been set to the ON position. When the tank pres-
sure drops sufficiently, pressure switch PS closes 
and energizes coil 1M, starting pump 1. As water 
fills the tank, the pressure increases. When the 
pressure has increased sufficiently, the pressure 
switch opens and disconnects coil 1M, stopping the 
operation of pump 1.

If pump 1 is to operate alternately with pump 2, 
some method must be devised to remember which 
pump operated last. This function is performed by 
control relay CR. Because relay CR is to be used as 
a memory device, it must be permitted to remain 
energized when either or both of the motor start-
ers are not energized. For this reason, this section 
of the circuit is connected to the input side of pres-
sure switch PS. This  addition to the circuit is shown 
in Figure 48–2.

The next stage of circuit development can be 
seen in Figure 48–3. In this stage of the circuit, 
motor starter 2M has been added. When pressure 
switch PS closes and energizes motor starter coil 
1M, all 1M contacts change position. Contacts 1M1 
and 1M2 close at the same time. When 1M1 contact 
closes, coil CR is energized, changing the position  
of all CR contacts. Contact CR1 opens, but the 
 current path to coil 1M is maintained by contact 
1M1. Contact CR2 is used as a holding contact 
around contact 1M2. Notice that each motor starter 
coil is protected by a separate overload contact. This 
fulfills the requirement that an overload on either  
motor will not prevent the operations of the other 

 2. Each pump motor contains a separate overload 
protector. If one pump overloads, it must not 
prevent  operation of the second pump.

 3. A manual ON–OFF switch can be used to con-
trol power to the circuit.

 4. A pressure switch mounted on the tank con-
trols the operation of the pump motors. When 
the pressure of the tank drops to a certain level, 
one of the pumps is started. When the tank 
has been filled with water, the pressure switch 
turns the pump off. When the pressure of the 
tank drops low enough again, the other pump 
is started and runs until the pressure switch 
is satisfied. Each time the pressure drops to a 
low enough level, the alternate pump motor 
is used.

 5. An override switch can be used to select the op-
eration of a particular pump, or to permit the 
circuit to operate automatically.

When developing a control circuit, the logic 
of the circuit is developed one stage at a time un-
til the circuit operates as desired. The first stage of 
the circuit is shown in Figure 48–1. In this stage, a 
control transformer has been used to step the 480-
volt supply line voltage down to 120 volts for use 
by the control circuit. A fuse is used as short-circuit 
protection for the control wiring. A manually oper-
ated ON–OFF switch permits the control circuit to 
be disconnected from the power source. The pres-
sure switch must close when the pressure drops. 
For this reason, it is connected as normally closed. 
This is a normally closed, held open switch. A set 
of normally closed overload contacts are connected 

CONTROL
TRANSFORMER

480 VOLTS

120 VOLTS

OLPSOFF ON

FUSE

1M

Figure 48–1
The pressure switch starts pump 1.
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CONTROL
TRANSFORMER

480 VOLTS

120 VOLTS

OL

1M1

PSOFF ON

FUSE

1M

CR2

CR

Figure 48–2
The control relay is used as a memory device.
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1M1

PSOFF ON

FUSE

1M

CR2

CR

1M2

2M3
CR1

OL

2M

2M2

1M3

2M1

CR3

Figure 48–3
The addition of the second motor starter.
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their normal positions, and the circuit is left as 
shown in Figure 48–4. Note that this diagram is in-
tended to show the condition of the circuit when 
the pressure switch is opened; it is not intended to  
show the contacts in their normal de-energized 
 position. At this point in time, a current path is 
maintained to control relay CR.

When pressure switch PS closes again, contact 
CR1 prevents a current path from being established 
to coil 1M, but contact CR3 permits a current path to 
be established to coil 2M. When coil 2M energizes, 
pump 2 starts, and all 2M contacts change position.

Contact 2M1 opens and causes coil CR to de-
energize. Contact 2M2 closes to maintain a circuit 
to coil 2M when contact CR3 returns to its normally 
open position, and contact 2M3 opens to prevent 
coil 1M from being energized when contact CR1 
returns to its normally closed position. The circuit 
continues to operate in this manner until pressure 
switch PS opens and disconnects coil 2M from the 
line. When this happens, all 2M contacts return to 
their normal positions, as shown in Figure 48–3.

 motor. Also notice that this section of the circuit 
has been connected to the output side of pressure 
switch PS. This permits the pressure switch to con-
trol the operation of both pumps.

To understand the operation of the circuit, as-
sume pressure switch PS closes. This provides a 
current path to motor starter coil 1M. When coil 
1M energizes, all 1M contacts change position and 
pump 1 starts. Contact 1M1 closes and energizes 
coil CR. Contact 1M2 closes to maintain a current 
path to coil 1M. Contact 1M3 opens to provide 
 interlock with coil 2M, which prevents it from 
 energizing whenever coil 1M is energized.

When coil CR energizes, all CR contacts change 
position. Contact CR1 opens to break the circuit to 
coil 1M. Contact CR2 closes to maintain a current 
path around contact 1M1, and contact CR3 closes 
to provide a current path to motor starter coil 2M. 
Coil 2M cannot be energized, however, because of 
the now open 1M3 contact.

When the pressure switch opens, coil 1M de-
energizes, permitting all 1M contacts to return to 

CONTROL
TRANSFORMER

480 VOLTS

120 VOLTS

OL

1M1

PSOFF ON

FUSE

1M

CR2

CR

1M2

2M3CR1
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2M

2M2

1M3

2M1

CR3

Figure 48–4
Coil Cr remembers which pump operated last.
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for 1 second before reopening and permitting coil 
CR to de-energize. This short delay time ensures 
proper operation of the circuit.

Circuit 2: Speed Control of a Wound 
Rotor Induction Motor
The second circuit to be developed controls the 
speed of a wound rotor induction motor. The motor 
has three steps of speed. Separate push buttons are  
used to select the speed of operation. The motor 
 accelerates automatically to the speed selected. For 
example, if second speed is selected, the motor must 
start in the first or lowest speed and then accelerate 
to second speed. If third speed is selected, the motor 
must start in first speed, accelerate to second speed, 
and then accelerate to third speed. The requirements 
of the circuit are as follows:
 1. The motor is to operate on a 480-volt, three-

phase power system, but the control system is 
to operate on 120 volts.

The only requirement not fulfilled is a switch 
that permits either pump to operate independently 
if one pump fails. This addition to the circuit is 
shown in  Figure 48–5. A three-position selector 
switch is connected to the output of the pressure 
switch. The selector switch permits the circuit to al-
ternate operation of the two pumps, or permit the 
operation of one pump only.

Although the logic of the circuit is now cor-
rect, there is a potential problem. After pump 1 has 
completed a cycle and the circuit is set as shown in 
Figure 48–4, there is a possibility that contact CR3 
reopens before contact 2M2 closes to seal the cir-
cuit. If this happens, coil 2M will de-energize and 
coil 1M will be energized. This is often referred 
to as a contact race. To prevent this problem, an 
off-delay timer is added, as shown in Figure 48–6. 
In this circuit, coil CR has been replaced by coil 
TR of the timer. When coil TR energizes, contact 
TR closes immediately, energizing coil CR. When 
coil TR de-energizes, contact TR remains closed 

CONTROL
TRANSFORMER

480 VOLTS

120 VOLTS

OL

1M1

PS

PUMP 1

PUMP 2

OFF ON

FUSE

1M

CR2

CR

1M2

2M3CR1

OL

2M

2M2

1M3

2M1

CR3

Figure 48–5
The basic logic of the circuit is complete.
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this circuit, load contacts 1M are used to connect 
the stator or primary of the motor to the power 
line. Two banks of three-phase resistors have been 
connected to the rotor. When power is applied to 
the stator, all resistance is connected in the rotor 
circuit and the motor operates in its lowest, or first, 
speed. Second speed is obtained by closing contacts 
1S and shorting out the first three-phase resistor 
bank. Third speed is obtained by closing contacts 
2S. This shorts the rotor winding and the motor 
operates as a squirrel-cage motor. A control trans-
former is connected to two of the three-phase lines 
to provide power for the control system.

The first speed can be obtained by connecting 
the circuit shown in Figure 48–8. When the FIRST 
SPEED button is pressed, motor starter coil 1M 

 2. One stop button can stop the motor regardless 
of which speed has been selected.

 3. The motor has overload protection.
 4. Three separate push buttons enable you to se-

lect first, second, or third speed.
 5. There is a 3-second time delay between acceler-

ating from one speed to another.
 6. If the motor is in operation and a higher speed 

is desired, it can be obtained by pushing the 
proper button. If the motor is operating and a 
lower speed is desired, the stop button must be 
pressed first.

Recall that speed control for a wound rotor 
 motor is obtained by placing resistance in the sec-
ondary or rotor circuit as shown in Figure 48–7. In 

CR

CONTROL
TRANSFORMER
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1M1
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PUMP 1

PUMP 2

OFF ON

FUSE

1M

CR2

TR

TR

1M2

2M3CR1

OL

2M

2M3

1M3

2M1

CR3

Figure 48–6
A timer is added to ensure proper operation.
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energized. Because the motor must be started in 
the first speed position, instantaneous timer con-
tact 1TR1 closes to energize coil 1M and connect 
the stator of the motor to the line. Contact 1TR2 
is used as a holding contact to keep coil 1TR 
 energized when the SECOND SPEED button is 
 released. Contact 1TR3 is a timed contact. At the 
end of 3  seconds, it closes and energizes contactor 
coil 1S, causing all 1S contacts to close and shunt 
the first set of resistors. The motor now operates 
in second speed.

closes and connects the stator of the motor to the 
power line. Because all the resistance is in the ro-
tor circuit, the motor operates in its lowest speed. 
Auxiliary contact 1M1 is used as a holding contact. 
A normally closed overload contact is connected in 
series with coil 1M to provide overload protection. 
Notice that only one overload contact is shown, in-
dicating the use of a three-phase overload relay.

The second stage of the circuit can be seen 
in  Fig ure 48–9. When the SECOND SPEED but-
ton is pressed, the coil of on-delay timer 1TR is 
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1M

1M

Figure 48–8
First speed.
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Figure 48–7
Speed is controlled by connecting resistance in the rotor circuit.
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After a delay of 3 seconds, contact 2TR closes 
and energizes coil 2S. This causes contacts 2S to 
close and the motor operates in its highest speed.

Circuit 3: An Oil Heating Unit
In the circuit shown in Figure 48–11, motor starter 
1M controls a motor that operates a high pressure 
pump. The pump is used to inject fuel oil into a com-
bustion chamber where it is burned. Motor starter 
2M operates an air induction blower that forces air 
into the combustion chamber when the oil is being 
burned. Motor starter 3M controls a squirrel-cage 
blower, which circulates air across a heat exchanger 
to heat a building. A control transformer is used to 
change the incoming voltage from 240 volts to 120 
volts, and a separate OFF–ON switch can be used 
to disconnect power from the circuit. Thermostat 
TS1 senses temperature inside the building and 
thermostat TS2 is used to sense the temperature of 
the heat exchanger.

The final stage of the circuit is shown in 
 Figure 48–10. The THIRD SPEED button is used 
to energize the coil of control relay 1CR. When coil 
1CR is energized, all 1CR contacts change position. 
Contact 1CR1 closes to provide a current path to 
motor starter coil 1M, causing the motor to start in 
its lowest speed. Contact 1CR2 closes to provide a 
current path to timer 1TR. This permits timer 1TR 
to begin its timer operation. Contact 1CR3 main-
tains a current path to coil 1CR after the THIRD 
SPEED button is opened, and contact 1CR4 permits 
a current path to be established to timer 2TR. This 
contact is also used to prevent a current path to coil 
2TR when the motor is to be operated in the sec-
ond speed.

After timer 1TR has been energized for a period 
of 3 seconds, contact 1TR3 closes and energizes coil 
1S. This permits the motor to accelerate to the sec-
ond speed. Coil 1S also closes auxiliary contact 1S1 
and completes a circuit to timer 2TR.

CONTROL
TRANSFORMER

OL
FIRST SPEED

STOP

FUSE

1M

1M1

SECOND SPEED

1TR
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1TR2

1TR3

1TR1

1S

Figure 48–9
Second speed.
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start. When the temperature of the heat exchanger 
rises to a high enough level, thermostat TS2 closes 
and energizes starter 3M. The blower circulates the 
air inside the building across the heat exchanger and 
raises the  temperature inside the building. When the 
building temperature rises to a high enough level, 

To understand the operation of the circuit, as-
sume the manual OFF–ON switch is set in the ON 
position. When the temperature inside the building 
drops to a low enough level, thermostat TS1 closes 
and provides power to starters 1M and 2M. This per-
mits the pump motor and air induction blower to 
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1M

1M1
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1TR
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1TR2

1TR3
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1CR
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2TR

2S

1S1 1CR4

Figure 48–10
Third speed.
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temperature of the heat exchanger should be-
come excessive.

These circuit changes can be seen in Figure 
48–12. Thermostat TS3 is the high limit thermo-
stat. Because it is used to perform the function of 
stop, it is normally closed and connected in series 
with motor starter 1M. An off-delay timer is used 
to control starter 2M, and the overload contact of 
starter 2M is connected in such a manner that it 
can stop the operation of both the air induction  
blower and the high pressure pump. Notice, however, 
that if 1M overload contact opens, it will not stop 
the operation of the air induction blower motor. 
The air induction blower motor would continue to 
operate for a period of 1 minute before stopping.

The logic of the circuit is as follows: When 
thermo stat TS1 closes its contact, coils 1M and 
TR are energized. Because timer TR is an off-delay 
timer, contact TR closes immediately, permitting 
motor starter 2M to energize. When thermostat TS1 
is satisfied and reopens its contact, or if thermostat 
TS3 opens its contact, coils 1M and TR de-energize. 
Contact TR remains closed for a period of 1 minute 
before opening and disconnecting starter 2M from 
the power line.

Although the circuit in Figure 48–12 satisfies 
the basic circuit requirement, there is still a potential 
problem. If the air induction blower fails for some 
reason other than the overload contact opening, 

thermostat TS1 opens and dis connects the pump 
motor and air  induction motor. The blower contin-
ues to operate until the heat exchanger has been 
cooled to a low enough temperature to permit ther-
mostat TS2 to open its contact.

After some period of operation, it is discov-
ered that the design of this circuit can lead to 
some serious safety hazards. If the overload con-
tact connected to starter 2M should open, the high 
pressure pump motor continues to operate without 
sufficient air being injected into the combustion 
chamber. Also, there is no safety switch to turn the 
pump motor off if the blower motor fails to provide 
cooling air across the heat exchanger. It is recom-
mended that the following changes be made to the 
circuit:

 1. If an overload occurs to the air induction motor, it 
stops operation of both the high-pressure pump 
motor and the air induction motor.

 2. An overload of the high-pressure pump motor 
stops only that motor and permits the air in-
duction motor to continue operation.

 3. The air induction motor continues operating for 
1 minute after the high-pressure pump  motor 
has been turned off. This clears the combustion 
chamber of excessive smoke and fumes.

 4. A high limit thermostat is added to the heat 
exchanger to turn the pump motor off if the 
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Figure 48–11
Heating system control.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



417

Chapter 48 Developing Control Circuits

Although the circuit now operates as desired, 
the owner of the building later decides the blower 
should circulate air inside the building when the 
heating system is not in use. To satisfy this request, 
an AUTO-MANUAL switch is added, as shown in 
Figure 48–14. When the switch is set in the AUTO 
position, it permits the blower motor to be con-
trolled by the thermostat TS2. When the switch 
is set in the MAN position, it connects the coil of 
starter 3M directly to the power line and permits 
the blower motor to operate independently of the 
heating system.

the high- pressure pump motor continues to inject 
oil into the combustion chamber. To prevent this 
situation, an airflow switch, FL1, is added to the 
circuit, as shown in Figure 48–13. This flow switch 
is mounted in such a position that it can sense the 
movement of air produced by the air induction 
blower.

When thermostat contact TS1 closes, coil TR 
energizes and closes contact TR. This provides a 
circuit to motor starter 2M. When the air injec-
tion blower starts, flow switch FL1 closes its con-
tact and permits the high pressure pump motor to 
start. If the air injection blower motor stops for any 
reason, flow switch FL1 disconnects motor starter 
1M from the power line and stops operation of the 
high pressure pump.

CONTROL
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Figure 48–12
A timer is added to operate the air induction blower.
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Figure 48–13
An airflow switch controls operation of the high-pressure burner motor.
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Figure 48–14
An AuTO-MANuAL switch is added to the blower motor.
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●● RevIeW QUeSTIOnS

To answer the following questions, refer to the circuit 
in Figure 48–6.

 1. The pressure switch is shown as:  
 a. Normally open.
 b. Normally closed.
 c. Normally open held closed.
 d. Normally closed held open.

 2. When the pressure switch closes, which starter 
energizes first, 1M or 2M? Explain your  answer.

 3. Is timer TR an on-delay timer or an off-delay 
timer? Explain how you can determine which it is 
by looking at the schematic diagram.

 4. What is the purpose of timer TR in this circuit?

 5. What is the purpose of the rotary switch con-
nected after the pressure switch?

To answer the following questions, refer to the circuit 
shown in Figure 48–10.

 6. Is timer 1TR an on-delay or off-delay timer?

 7. Assume that the THIRD SPEED push button is 
pressed. Explain the sequence of operation for 
the circuit.

 8. Assume that the third speed push button is 
pressed and the motor starts in its first or low-
est speed. After a delay of 3 seconds, the motor 
accelerates to its second speed but never acceler-
ates to its highest, or third, speed. Which of the 
following could cause this problem?

 a. CR coil is open.
 b. Coil 2TR is open.
 c. Coil 1TR is open.
 d. Coil 1S is open.

 9. Assume that both timers are set for a delay of 3 
seconds. Now assume that coil 1S is open. If the 
THIRD SPEED push button is pressed, will the 
 motor accelerate to third speed after adelay of 6 
seconds? Explain your answer.

 10. Assume that timer 2TR is replaced with an 
off- delay timer and that both timers are set 
for a delay of 3 seconds. Explain the opera-
tion of the circuit when the THIRD SPEED 
push button is pressed. Also explain the op-
eration of the circuit when the STOP button 
is pressed.

To answer the following questions, refer to the cir-
cuit shown in Figure 48–14.

 11. Temperature switch TS1 is shown as:
 a. Normally open.
 b. Normally closed.
 c. Normally open held closed.
 d. Normally closed held open.

 12. Temperature switch TS2 is shown as:
 a. Normally open.
 b. Normally closed.
 c. Normally open held closed.
 d. Normally closed held open.

 13. Is timer TR an on-delay or off-delay timer?

 14. Temperature switch TS3 is shown as
 a. Normally open.
 b. Normally closed.
 c. Normally open held closed.
 d. Normally closed held open.

 15. Assume that contact TS1 closes and the air 
injection blower motor starts operating, but 
the high pressure pump motor does not start. 
What could cause this problem?

 a. Temperature switch TS3 is open.
 b. Coil 2M is open.
 c. Flow switch FL1 is defective and did not 

close.
 d. Coil TR is open.
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Objectives

After studying this chapter, the student will be able to

●● Safely check a circuit to determine whether power is disconnected.

●● Use a voltmeter to troubleshoot a control circuit.

●● Use an ohmmeter to test for continuity.

●● Use an ammeter to determine whether a motor is overloaded.

It is not a question of whether a control circuit 
will eventually fail, but when will it fail. One of the 
main jobs of an industrial electrician is to trouble-
shoot and repair a control circuit when it fails. To 
repair or replace a faulty component, it is first nec-
essary to determine which component is at fault. 
The three main instruments used by an electrician 
to troubleshoot a circuit are the voltmeter, ohm-
meter, and ammeter. The voltmeter and ohmmeter 
are generally contained in the same meter (Figure 
49–1). These meters are called multimeters because 
they can measure several different electrical quan-
tities. Some electricians prefer to use plunger-type 
voltage testers because they are not susceptible to 
ghost voltages. High-impedance voltmeters  often 
give an indication of some amount of voltage, 
caused by feedback and induction. Plunger-type 
voltage testers are low-impedance devices and re-
quire several milliamperes to operate. The disad-
vantage of plunger-type voltage testers is that they 

cannot be used to test control systems that operate 
on low voltage, such as 24-volt systems.

Ammeters are generally clamp-on type (Figure 
49–2). Both analog and digital meters are in com-
mon use. Clamp-on type ammeters have an advan-
tage in that the circuit does not have to be broken 
to insert the meter in the line.

Safety Precautions
It is often necessary to troubleshoot a circuit with 
power applied to the circuit. When this is the case, 
safety should be the first consideration. When de-
energizing or energizing a control cabinet or mo-
tor control center module, the electrician should 
be dressed in flame-retardant clothing and wearing 
safety glasses, a face shield, and hard hat. Motor 
control centers employed throughout industry gen-
erally have the ability to release enough energy in 
an arc-fault situation to kill a person 30 feet away. 

Chapter  49
Troubleshooting
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Another rule that should always be observed when 
energizing or de-energizing a circuit is to stand to 
the side of the control cabinet or module. Do not 
stand in front of the cabinet door when opening 
or closing the circuit. A direct short condition can 
cause the cabinet door to be blown off.

After the cabinet or module door has been 
opened, the power should be checked with a volt-
meter to make certain the power is off. A procedure 
called check, test, check, should be used to make cer-
tain that the power is off:
 1. Check the voltmeter on a known source of voltage 

to make certain the meter is operating properly.
 2. Test the circuit voltage to make certain that it 

is off.
 3. Check the voltmeter on a known source of volt-

age again to make certain that the meter is still 
working properly.

Voltmeter Basics
Recall that one definition of voltage is electrical pres-
sure. The voltmeter indicates the amount of potential 
between two points in much the same way a pres-
sure gauge indicates the pressure difference between 

Figure 49–1
Digital multimeter.
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Figure 49–2
(A) Analog-type clamp-on ammeter with vertical scale. (B) Analog-type clamp-on ammeter with flat scale.  
(C) Clamp-on ammeter with digital scale.
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this example, there is no current flow through 
the lamp filament and no voltage drop.

  Question 2: If the voltmeter is connected across 
the switch as shown in Figure 49–5, would it 
indicate 0 volts, 120 volts, or some value be-
tween 0 and 120 volts?

  Answer: The voltmeter would indicate 120 volts. 
Since the switch is an open circuit, the resis-
tance is infinite at this point, which is millions 
of times greater than the resistance of the lamp 
filament. Recall that voltage is electrical pres-
sure. The only current flow through this circuit 
is the current flowing through the voltmeter 
and the lamp filament (Figure 49–6).

  Question 3: If the total or applied voltage in a 
series circuit must equal the sum of the volt-
age drops across each component, why is all the 
voltage drop across the voltmeter resistor and 
none across the lamp filament?

two points. The circuit in Figure 49–3  assumes that a 
voltage of 120 volts exists between L1 and N. If the 
leads of a voltmeter were connected between L1 and 
N, the meter would indicate 120 volts.

Now assume that the leads of the voltmeter are 
connected across the lamp (Figure 49–4).

  Question 1: Assuming that the lamp filament 
is good, would the voltmeter indicate 0 volts, 
120  volts, or some value between 0 and 
120 volts?

  Answer: The voltmeter would indicate 0 volts. 
In the circuit shown in Figure 49–4, the switch 
and lamp are connected in series. One of the 
basic rules for series circuits is that the voltage 
drop across all circuit components must equal 
the applied voltage. The amount of voltage drop 
across each component is proportional to the 
resistance of the components and the amount 
of current flow. Because the switch is open in 

L1 N

LAMPSWITCH

VOLTMETER

120 VAC

Figure 49–3
The voltmeter measures electrical pressure between two 
points.
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L1 N

LAMPSWITCH

VOLTMETER

Figure 49–4
The voltmeter is connected across the lamp. 
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L1 N

LAMPSWITCH

VOLTMETER

Figure 49–6
A current path exists through the voltmeter and lamp 
filament.
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L1 N

LAMPSWITCH

VOLTMETER

Figure 49–5
The voltmeter is connected across the switch.
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  Answer: There is some voltage drop across the 
lamp filament because the current of the volt-
meter is flowing through it. The amount of 
voltage drop across the filament, however, is 
so small as compared to the voltage drop across 
the voltmeter that it is generally considered to 
be zero. Assume the lamp filament to have a re-
sistance of 50 ohms. Now assume that the volt-
meter is a digital meter and has a resistance of 
10,000,000 ohms. The total circuit resistance 
is 10,000,050 ohms. The total circuit current 
is 0.000,011,999 ampere (120/10,000,050), or 
about 12 microamperes. The voltage drop across 
the lamp filament would be approximately 
0.0006 volt, or 0.6 millivolts (50 V 3 12 mA).

  Question 4: Now assume that the lamp filament 
is open or burned out. Would the voltmeter in 
Figure 49–7 indicate 0 volts, 120 volts, or some 
value between 0 and 120 volts?

  Answer: The voltmeter would indicate 0 volts. If 
the lamp filament is open or burned out, a cur-
rent path for the voltmeter does not exist and 
the voltmeter would indicate 0 volts. In order 
for the voltmeter to indicate voltage, it would 
have to be connected across both components 
so that a complete circuit would exist from L1 
to N (Figure 49–8).

  Question 5: Assume that the lamp filament is 
not open or burned out and that the switch has 
been closed or turned on. If the voltmeter is 
connected across the switch, would it indicate 
0 volts, 120 volts, or some value between 0 and 
120 volts (Figure 49–9)?

  Answer: The voltmeter would indicate 0 volts. 
Now that the switch is closed, the contact resis-
tance is extremely small, and the lamp filament 
now exhibits a much higher resistance than the 
switch. Practically all the voltage drop will now 
appear across the lamp (Figure 49–10).

Test Procedure Example 1
The type of problem determines the procedure to 
be employed when troubleshooting a circuit. For 
example, assume that an overload relay has tripped 
several times. The first step is to determine what 
conditions could cause this problem. If the overload 
relay is a thermal type, a source of heat is the likely 

L1 N

LAMPSWITCH

VOLTMETER

Figure 49–8
The voltmeter is connected across both components.
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Figure 49–7
The lamp filament is burned open.
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Figure 49–9
The switch is turned on or closed.
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cause of the problem. Make mental notes of what 
could cause the overload relay to become overheated:
 1. Excessive motor current.
 2. High ambient temperature.
 3. Loose connections.
 4. Incorrect wire size.

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



424

Chapter 49 troubleshooting

phase 1 has a current flow of 46.1 amperes, phase 2 
has a current flow of 45.8 amperes, and phase 3 has 
a current flow of 45.9 amperes. These values indicate 
that the motor is operating normally. Because the am-
meter indicates that the motor is operating normally, 
other sources of heat should be considered. After 
turning off the power, check all connections to ensure 
that they are tight. Loose connections can generate a 
large amount of heat, and loose connections close to 
the overload relay can cause the relay to trip.

If the motor has been operating without a prob-
lem for some period of time, incorrect wire size can 
probably be eliminated. If it is a new installation, 
that would be a factor to consider.

Because overload relays are intended to discon-
nect the motor from the power line in the event 
that the current draw becomes excessive, the  motor 
should be checked for excessive current. The first 
step is to determine the normal full-load current 
from the nameplate on the motor. The next step 
is to determine the percentage of full-load current 
setting for the overload relay.

The next step is to check the running current of 
the motor with an ammeter. This is generally accom-
plished by measuring the motor current at the over-
load relay (Figure 49–11). The current in each phase 
should be measured. If the motor is operating prop-
erly, the readings may not be exactly the same, but 
they should be close to the full-load current value if 
the motor is operating under load, and relatively close 
to each other. In the example shown in Figure 49–12, 

TO LOAD CONTACTS ON MOTOR STARTER

TO MOTOR

Figure 49–11
A clamp-on ammeter is used to check motor current.
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eXAMPLe:

A motor nameplate indicates the full-load 
current of the motor is 46 amperes. The 
nameplate also indicates the motor has a 
service factor of 1.00. The National Electri-
cal Code indicates the overload should be 
set to trip at 115% of the full-load current. 
The overload heaters should be sized for 
52.9 amperes (46 3 1.15).

TO LOAD CONTACTS ON MOTOR STARTER

TO MOTOR

Figure 49–12
Ammeter readings indicate that the motor is operating 
normally. 
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VOLTMETER

Figure 49–10
Practically all the voltage drop is across the lamp.
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flow of 59.2 amperes, and phase 3 has a current 
flow of 59.3 amperes. Recall that the full-load 
nameplate current for this motor is 46 amperes. 
These values indicate that the motor is overloaded. 
The motor and load should be checked for some 
type of mechanical problem such as a bad bearing 
or possibly a brake that has become engaged.

Now assume that the ammeter indicates one 
phase with normal current and two phases that 
have excessively high current. In the example 
shown in Figure 49–15, phase 1 has a current flow 

Another consideration should be ambient tem-
perature. If the overload relay is located in an area 
of high temperature, the excess heat could cause 
the overload relay to trip prematurely. If this is the 
case, bimetal strip–type overload relays (Figure 
49–13) can often be adjusted for a higher setting 
to offset the problem of ambient temperature. If 
the overload relay is the solder melting type, it will 
be necessary to change the heater size to offset the 
problem, or to install some type of cooling device 
such as a small fan. If a source of heat cannot be 
identified as the problem, the overload relay proba-
bly has a mechanical defect and should be replaced.

Now assume that the ammeter indicates exces-
sively high current reading on all three phases. In 
the example shown in Figure 49–14, phase 1 has a 
current flow of 58.1 amperes, phase 2 has a current 

Figure 49–13
Bimetal strip type overload relays can be set for a higher 
value of current.
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TO LOAD CONTACTS ON MOTOR STARTER

TO MOTOR

Figure 49–14
Ammeter readings indicate that the motor is overloaded.
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TO LOAD CONTACTS ON MOTOR STARTER

TO MOTOR

Figure 49–15
Ammeter readings indicate that the motor has a shorted 
winding.
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 1. The reverse contactor coil is defective.
 2. The normally closed F auxiliary contact is open.
 3. The normally closed side of the FORWARD 

push button is open.
 4. The normally open side of the REVERSE push 

button does not complete a circuit when pressed.
 5. The mechanical linkage between the forward 

and reversing contactors is defective.

Also make mental notes of conditions that 
could not cause the problem:
 1. The STOP button is open. (If the STOP button 

were open, the motor would not run in the for-
ward direction.)

 2. The overload contact is open. (Again, if this 
were true, the motor would not run in the for-
ward direction.)

To begin checking this circuit, an ohmmeter can 
be used to determine whether a complete circuit 
path exists through certain components. When 
 using an ohmmeter, make certain that the 
power is disconnected from the circuit. A good 
way to do this in most control circuits is to remove 

of 45.8 amperes, phase 2 has a current flow of 73.2 
amperes, and phase 3 has a current flow of 74.3 
amperes. Two phases with excessively high cur-
rent indicate that the motor probably has a shorted 
winding. If two phases have a normal amount of 
current and one phase is excessively high, it is a 
good indication that one of the phases has become 
grounded to the case of the motor.

Test Procedure Example 2
The circuit shown in Figure 49–16 is a reversing 
starter with electrical and mechanical interlocks. 
Note that double-acting push buttons are used to 
disconnect one contactor if the start button for the 
other contactor is pressed. Now assume that if the 
motor is operating in the forward direction, and 
the REVERSE push button is pressed, the forward 
contactor de-energizes but the reverse contactor 
does not. If the FORWARD push button is pressed, 
the motor restarts in the forward direction.

To begin troubleshooting this problem, make 
mental notes of problems that could cause this 
condition:

OL

CONTROL
TRANSFORMER

STOP
REVERSE

F

F

F

FORWARD

R

R

R

Figure 49–16
reversing starter with interlocks.
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Figure 49–17
Checking components for continuity with an ohmmeter.
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the control transformer fuse. The ohmmeter can be 
used to check the continuity of the  reverse contac-
tor coil, the normally closed F contact, the normally 
closed section of the FORWARD push button, and 
across the normally open REVERSE push button 
when it is pressed (Figure 49–17).

The ohmmeter can be used to test the starter 
coil for a complete circuit to determine whether the 
winding has been burned open, but it is generally 
not possible to determine in this way if the coil is 
shorted. To make a final determination, it is gen-
erally necessary to apply power to the circuit and 
check for voltage across the coil. Because the RE-
VERSE push button must be closed to make this 
measurement, it is common practice to connect 
a fused jumper across the push button if there is 
no one to hold the button closed (Figure 49–18). A 
fused jumper is shown in Figure 49–19. When us-
ing a fused jumper, power should be disconnected 
when the jumper is connected across the compo-
nent. After the jumper is in position, power can be 
restored to the circuit. If voltage appears across the 
coil, it is an indication that the coil is defective and 
should be replaced or that the mechanical interlock 

between the forward and reverse contactors is 
defective.

Test Procedure Example 3
The next circuit to be discussed is shown in Figure 
49–20. This circuit permits the motor to be started 
in any of three speeds with a 5-second time delay 
between accelerating from one speed to another. 
Regardless of which speed push button is pressed, 
the motor must start in its lowest speed and prog-
ress to the selected speed. It is assumed that eight-
pin on-delay timers are used to provide the time 
delay for acceleration to the next speed.

Assume that when the THIRD SPEED push but-
ton is pressed, the motor starts in it lowest speed. 
After 5 seconds, the motor accelerates to second 
speed but never increases to third speed. As in the 
previous examples, start by making a mental list of 
the conditions that could cause this problem:

 1. Contactor S2 is defective.
 2. Timed contact TR2 did not close.
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The next step is to check for voltage across pins 1 
and 3 of timer TR2 (Figure 49–22). If the voltmeter 
indicates a value of 120 volts, it is an indication that 
the normally open timed contact has not closed.

If timed contact TR2 has not closed, check for 
voltage across timer TR2 (Figure 49–23 on page 435). 
This can be done by checking for voltage across pins 
2 and 7 of the timer. If a value of 120 volts is present, 
the timer is receiving power, but contact TR2 did not 
close. This is an indication that the timer is defective 
and should be replaced. If the voltage across timer 
coil TR2 is 0, then the voltmeter should be used to 
determine whether contact CR2 or S1 is open.

Troubleshooting is a matter of progressing 
logically through a circuit. It is virtually impossible 
to troubleshoot a circuit without a working knowl-
edge of schematics. You can’t determine what a cir-
cuit is or is not doing if you don’t understand what 
it is intended to do in normal operation. Good 
troubleshooting techniques take time and practice. 
As a general rule, it is easier to progress backward 
though the circuit until the problem is identified. 
For example, in this circuit, contactor S2 provided 
the last step of acceleration for the motor. Start-
ing at contactor S2 and progressing backward until 
determining what component was responsible for 
no power being applied to the coil of S2 was much 
simpler and faster than starting at the beginning of 
the circuit and each component.

 3. Timer TR2 is defective.
 4. CR2 or S1 contacts connected in series with 

timer TR2 did not close.

Begin troubleshooting this circuit by pressing 
the THIRD SPEED push button and permitting the 
motor to accelerate to second speed. Wait at least 5 
seconds after the motor has reached third speed, and 
connect a voltmeter across the coil of S2 contactor 
(Fig ure 49–21). Now, assume that the voltmeter in-
dicated a reading of 0 volts. This indicates that there 
is no power being applied to the coil of S2 contactor. 
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Figure 49–18
Testing to determine whether voltage is being applied to the coil.
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Figure 49–19
A fused jumper is often used to complete a circuit when 
troubleshooting. 
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Figure 49–20
Three-speed control for a wound rotor induction motor.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



430

Chapter 49 troubleshooting

VDC

VAC

�

V �

MA AC

MA 

MA DC

COMMON

000

L1 L2 L3

M

M

M

OL

OL

OL

S2

S2

S1

S1

CONTROL 
TRANSFORMER

CIRCUIT BREAKER

OL
M1

CR1

M1

CR1

CR2

CR1

CR2

FIRST SPEED

SECOND SPEED

2 7
TR1

CR1

S1

TR1

THIRD SPEED

CR2

2
TR2

CR2 7

CR2

TR2

S2

S1

STOP

5 SECONDS

1 3

1 3

Figure 49–21
Checking for voltage across S2 coil.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



431

Chapter 49 troubleshooting

VDC

VAC

�

V �

MA AC

MA 

MA DC

COMMON

120

L1 L2 L3

M

M

M

OL

OL

OL

S2

S2

S1

S1

CONTROL 
TRANSFORMER

CIRCUIT BREAKER

OL
M1

CR1

M1

CR1

CR2

CR1

CR2

FIRST SPEED

SECOND SPEED

2 7
TR1

CR1

S1

TR1

THIRD SPEED

CR2

2
TR2

CR2 7

CR2

TR2

S2

S1

STOP

5 SECONDS

1 3

1 3

Figure 49–22
Checking for voltage across pins 1 and 3 of Tr2 timer. 
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Figure 49–23
Checking for voltage across Tr2 coil. 
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●● REViEw QuESTionS

 1. What are the three main electrical test instru-
ments used in troubleshooting?

 2. What is the advantage of a plunger-type voltage 
tester?

 3. A motor is tripping out on overload. The motor 
nameplate reveals a full-load current of 68 am-
peres. When the motor is operating under load, 
an ammeter indicates the following: Phase  
1 = 106 amperes, Phase 2 = 104 amperes, and  
Phase 3 = 105 amperes. What is the most likely 
problem with this motor?

 4. A motor is tripping out on overload. The motor 
nameplate reveals a full-load current of 168 am-
peres. When the motor is operating under load, 
an ammeter indicates the following: Phase  
1 = 166 amperes, Phase 2 = 164 amperes, and 
Phase 3 = 225 amperes. What is the most likely 
problem with this motor?

 5. Refer to the circuit shown in Figure 49–16. The 
motor does not start in either the forward or re-
verse direction when the start push buttons are 
pressed. Which of the following could not cause 
this problem?

 a. F coil is open.
 b. The overload contact is open.
 c. The control transformer fuse is blown.
 d. The STOP push button is not making a com-

plete circuit.

 6. Refer to the circuit shown in Figure 49–16. As-
sume that the motor is running in the forward 
direction. When the REVERSE push button is 
pressed, the motor continues to run in the for-
ward direction. Which of the following could 
cause this problem?

 a. The normally open side of the REVERSE push 
button is not making a complete circuit when 
pressed.

 b. R contactor coil is open.
 c. The normally closed side of the REVERSE 

push button is not breaking the circuit when 
the REVERSE push button is pressed.

 d. There is nothing wrong with the circuit. The 
STOP push button must be pressed before the 
motor will stop running in the forward direc-
tion and permit the motor to reverse.

 7. Refer to the circuit shown in Figure 49–20. 
When the THIRD SPEED push button is 
pressed, the motor starts in first speed but 
never accelerates to second or third speed. 
Which of the following could not cause this 
problem?

 a. Control relay CR1 is defective.
 b. Control relay CR2 is defective.
 c. Timer TR1 is defective.
 d. Contactor coil S1 is open.

 8. Refer to the circuit shown in Figure 49–20. 
Assume that the THIRD SPEED push but-
ton is pressed. The motor starts in it second 
speed, skipping first speed. After 5 seconds 
the motor accelerates to third speed. Which 
of the following could cause this problem?

 a. S1 contactor coil is open.
 b. CR1 contactor coil is open.
 c. TR1 timer coil is open.
 d. S1 load contacts are shorted.

 9. Refer to the circuit shown in Figure 49–16. If 
a voltmeter is connected across the normally 
open FORWARD push button, the meter 
should indicate a voltage value of

 a. 0 volts
 b. 30 volts
 c. 60 volts
 d. 120 volts

 10. Refer to the circuit shown in Figure 49–20. 
Assume that a fused jumper is connected 
across terminals 1 and 3 of TR2 timer. What 
would happen if the jumper were left in place 
and the FIRST SPEED push button pressed?

 a. The motor would start in its lowest speed 
and progress to second speed, but never 
increase to third speed.

 b. The motor would start operating immedi-
ately in third speed.

 c. The motor would not start.
 d. The motor would start in second speed 

and then increase to third speed.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss similarities between digital logic circuits and relay logic circuits.

●● Discuss different types of digital logic circuits.

●● Recognize gate symbols used for computer logic circuits.

●● Recognize gate symbols used for NEMA logic circuits.

●● Complete a truth table for the basic gates.

The electrician in today’s industry must be famil-
iar with solid-state digital logic circuits. Digital, of 
course, means a device that has only two states, ON 
or OFF. Most electricians have been using digital 
logic for many years without realizing it. Magnetic 
relays, for instance, are digital devices. Relays are 
generally considered to be single-input, multi-out-
put devices. The coil is the input and the contacts 
are the output. A relay has only one coil, but it may 
have a large number of contacts (Figure 50–1).

Although relays are digital devices, the term 
digital logic has come to mean circuits that use 
solid-state control devices known as gates. There 
are five basic types of gates: the AND, OR, NOR, 
NAND, and INVERTER. Each of these gates is cov-
ered later in this text.

There are also different types of logic. For in-
stance, one of the earliest types of logic to ap-
pear was RTL, which stands for resistor-transistor 
logic. This was followed by DTL, which stands for 
diode-transistor logic, and TTL, which stands for 

Figure 50–1
Magnetic relay.
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Although both symbols mean the same thing, 
they are drawn differently. Electricians working in 
industry must learn both sets of symbols because 
both types of symbols are used. Regardless of which 
type of symbol is used, the AND gate operates the 
same way. An AND gate must have all of its inputs 
high in order to get an output. If it is assumed that 
TTL logic is being used, a high level is considered 
to be +5 volts and a low level is considered to be 
0 volts. Figure 50–4 shows the truth table for a 
two-input AND gate.

The truth table is used to illustrate the state of 
a gate’s output with different conditions of input. 
The number 1 represents a high state and 0 repre-
sents a low state. Notice in Figure 50–4 that the 
output of the AND gate is high only when both of 
its inputs are high. The operation of the AND gate 
is very similar to that of the simple relay circuit 
shown in Figure 50–5.

transistor-transistor logic. RTL and DTL are not 
used much anymore, but TTL is still used to a fairly 
large extent. TTL can be identified because it oper-
ates on 5 volts.

Another type of logic frequently used in indus-
try is HTL, which stands for high-transit logic. HTL 
is used because it does a better job of ignoring the 
voltage spikes and drops caused by the starting and 
stopping of inductive devices such as motors. HTL 
generally operates on 15 volts.

Another type of logic that has become very 
popular is CMOS, which has very high input im-
pedance. CMOS comes from COSMOS which means 
complementary-symmetry metal-oxide-semiconduc-
tor. The advantage of CMOS logic is that it requires 
very little power to operate, but there are also some 
disadvantages. One disadvantage is that CMOS 
logic is so sensitive to voltage that the static charge 
of a person’s body can sometimes destroy an IC just 
by touching it. People that work with CMOS logic 
often use a ground strap that straps around the 
wrist like a bracelet. This strap is used to prevent a 
static charge from building up on the body.

Another characteristic of CMOS logic is that 
unused inputs cannot be left in an indeterminate 
state. Unused inputs must be connected to either a 
high state or a low state.

The AND Gate
Whereas magnetic relays are single-input, multi-
output devices, gate circuits are multi-input, sin-
gle-output devices. For instance, an AND gate may 
have several inputs, but only one output. Figure 
50–2 shows the  USASI symbol for an AND gate 
with three inputs, labeled A, B, and C, and one out-
put, labeled Y.

USASI symbols are more commonly referred 
to as computer logic symbols. Unfortunately for 
industrial electricians, there is another system 
known as NEMA logic, which uses a completely 
different set of symbols. The NEMA symbol for a 
three-input AND gate is shown in Figure 50–3.

YA

B

C

Figure 50–2
uSASi symbol for a three-input AND gate.
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Figure 50–3
NeMA logic symbol for a three-input AND gate.
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A

Figure 50–5
relay equivalent circuit for a three-input AND gate.
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Figure 50–4
Truth table for a two-input AND gate.
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A B Y

0 0 0

0 1 0

1 0 0

1 1 1
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The OR Gate
The computer logic symbol and the NEMA logic 
symbol for the OR gate are shown in Figure 50–8. 
The OR gate has a high output when either or 
both of its inputs are high. Refer to the truth table 
shown in Figure 50–9. An easy way to remember how 
an OR gate functions is to say that any 1 input =  a 1 
output. An equivalent relay circuit for the OR gate is 
shown in  Figure 50–10. Notice in this circuit that if 
either or both of the relays are energized, there is 
an output at Y.

Another gate that is very similar to the OR 
gate is known as an EXCLUSIVE OR gate. The sym-
bol for an EXCLUSIVE OR gate is shown in Figure 
50–11. The EXCLUSIVE OR gate has a high output 

A B C
Y

C

B

A

Figure 50–7
relay equivalent circuit for a three-input AND gate.
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YCBA

0 0 0 0

0 0 1 0

0 1 0 0

0 1 1 0

1 0 0 0

1 0 1 0

1 1 0 0

1 1 1 1

Figure 50–6
Truth table for a three-input AND gate.
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(B)

YA

B

(A)

Figure 50–8
(A) Computer logic symbol for an Or gate; (B) NeMA logic symbol for an Or gate.
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If a lamp is used to indicate the output of the 
AND gate, both relay coils A and B must be ener-
gized before there can be an output. Figure 50–6 
shows the truth table for a three-input AND gate. 
Notice that there is still only one condition that 
permits a high output for the gate, and that condi-
tion is when all inputs are high or at logic level one. 
When using an AND gate, any 0 input = a 0 output. An 
equivalent  relay circuit for a three-input AND gate 
is shown in  Figure 50–7.

Y

B

A

A

B

Figure 50–10
relay equivalent circuit for an Or gate.
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A B Y

0 0 0

0 1 1

1 0 1

1 1 1

Figure 50–9
Truth table for a two-input Or gate.
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The INVERTER
The simplest of all the gates is the INVERTER. The 
INVERTER has one input and one output. As its 
name implies, the output is inverted, or the opposite 
of the input. For example, if the input is high, the 
output is low, or if the input is low, the output is 
high. Figure 50–14 shows the computer logic and 
NEMA symbols for an INVERTER.

In computer logic, a circle drawn on a gate 
means to invert. Because the “O” appears on the 
output end of the gate, it means the output is in-
verted. In NEMA logic an X is used to show that a 
gate is inverted. The truth table for an INVERTER 
is shown in Figure 50–15. The truth table clearly 
shows that the output of the INVERTER is the op-
posite of the input. Figure 50–16 shows an equiva-
lent relay circuit for the INVERTER.

when  either, but not both, of its inputs are high. 
Refer to the truth table shown in Figure 50–12. An 
equivalent  relay circuit for the EXCLUSIVE OR gate 
is shown in Figure 50–13. Notice that if both relays 
are energized or de-energized at the same time, 
there is no output.

YA

B

Figure 50–11
Computer logic symbol for an eXCLuSiVe Or gate.
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B

Figure 50–13
equivalent relay circuit for an eXCLuSiVe Or gate.
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A B Y

0 0 0

0 1 1

1 0 1

1 1 0

Figure 50–12
Truth table for an eXCLuSiVe Or gate. 
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(A)

Figure 50–14
(A) Computer logic symbol for an iNVerTer; (B) NeMA logic symbol for an iNVerTer.
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Figure 50–16
equivalent relay circuit for an iNVerTer.
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A Y

0 1

1 0

Figure 50–15
Truth table for an iNVerTer.
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The NAND gate is often referred to as the basic 
gate because it can be used to make any of the other 
gates. For instance, Figure 50–24 shows the NAND 
gate connected to make an INVERTER. If a NAND 
gate is used as an INVERTER and is connected to 
the output of another NAND gate, it becomes an 
AND gate, as shown in Figure 50–25. When two 

The NOR Gate
The NOR gate is the “NOT OR” gate. Referring to 
the computer logic and NEMA logic symbols for a 
NOR gate in Figure 50–17, notice that the symbol 
for the NOR gate is the same as the symbol for the 
OR gate with an inverted output. A NOR gate can 
be made by connecting an INVERTER to the output 
of an OR gate, as shown in Figure 50–18.

The truth table shown in Figure 50–19 shows 
that the output of a NOR gate is zero, or low, when 
any input is high. Therefore, it could be said that 
any 1 input =  a 0 output for the NOR gate. An equiva-
lent relay circuit for the NOR gate is shown in Fig-
ure 50–20. Notice in Figure 50–20 that if either 
relay A or B is energized, there is no output at Y.

The NAND Gate
The NAND gate is the “NOT AND” gate. Figure 
50–21 shows the computer logic symbol and the 
NEMA logic symbol for the NAND gate. Notice that 
these symbols are the same as the symbols for the 
AND gate with inverted outputs. If any input of a 
NAND gate is low, the output is high. Refer to the 
truth table in Figure 50–22. Notice that the truth 
table clearly indicates that any 0 input =  a 1 output. 
Figure 50–23 shows an equivalent relay circuit for 
the NAND gate. If  either  relay A or relay B is de-
energized, there is an output at Y.

YA

B

(B)

YA

B

(A)

Figure 50–17
(A) Computer symbol for a two-input NOr gate; (B) NeMA logic symbol for a two-input NOr gate.
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A

B

Y

Figure 50–18
equivalent NOr gate.
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A B
Y

B

A

Figure 50–20
equivalent relay circuit for a two-input NOr gate.
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A B Y

0 0 1

0 1 0

1 0 0

1 1 0

Figure 50–19
Truth table for a two-input NOr gate.
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NAND gates are connected as INVERTERS, and 
these INVERTERS are connected to the inputs of 
another NAND gate, an OR gate is formed (Figure 
50–26). If an INVERTER is added to the output of 
the OR gate shown in  Figure 50–26, a NOR gate is 
formed (Figure 50–27).

Integrated Circuits
Digital logic gates are generally housed in 14-pin IC 
packages. One of the old reliable types of TTL logic 
that is frequently used is the 7400 family of de-
vices. For instance, a 7400 IC is a quad, two-input, 
positive NAND gate. The word quad means that 
there are four NAND gates contained in the pack-
age. Each NAND gate has two inputs, and positive 
means that a level one is considered to be a positive 
voltage.

There can, however, be a difference in the way 
ICs are connected. A 7400 (J or N) IC has a different 
pin connection than a 7400 (W) package. In Figure 
50–28, both ICs contain four 2-input NAND gates, 
but the pin connections are different. For this rea-
son, it is necessary to use a connection diagram 
when connecting or testing integrated circuits. A 
14-pin IC is shown in Figure 50–29.

Testing Integrated Circuits
Integrated circuits cannot be tested with a volt-
ohm-milliammeter. Most ICs must be tested by 
connecting power to them and then testing the 
inputs and outputs with special test equipment. 
Most industrial equipment is designed with differ-
ent sections of the control system built in modular 
form. The electrician determines which section of 
the circuit is not operating and replaces that mod-
ule. The defective module is then sent to the elec-
tronics department or to a company outside of the 
plant for repair.

A

(A) (B)

B

Y YA

B

Figure 50–21
(A) Computer logic symbol for a two-input NAND gate (B) NeMA logic symbol for a two-input NAND gate.
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Figure 50–23
equivalent relay circuit for a two-input NAND gate.
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A B Y

0 0 1

0 1 1

1 0 1

1 1 0

Figure 50–22
Truth table for a two-input NAND gate.
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A Y Y
A

Figure 50–24
NAND gate connected as an iNVerTer.
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B

Figure 50–25
NAND gates connected as an AND gate.
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Figure 50–26
NAND gates connected as an Or gate.
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Figure 50–27
NAND gates connected as a NOr gate.
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Figure 50–29
Fourteen-pin inline integrated circuit used to house 
digital logic gates.
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14 13 12 11 10 9 8

1 2 3 4 5 6 7

VCC

VCC

4B 4A 4Y 3B 3A 3Y

1A

SN5400/SN7400(J, N)

1B 1Y 2A 2B 2Y GND

14 13 12 11 10 9 8

1 2 3 4 5 6 7

4B 4A4Y 3B 3A 3Y

1A

SN5400/SN7400(W)

1B 1Y 2A 2B2Y

GND

Figure 50–28
integrated circuit connection of a quad, two-input NAND gate.
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●● REVIEw QuEsTIONs

 1. What type of digital logic operates on 5 volts?

 2. What precautions must be taken when connect-
ing CMOS logic?

 3. What do the letters COSMOS stand for?

 4. When using a two-input AND gate, what condi-
tions of input must be met to have an output?

 5. When using a two-input OR gate, what condi-
tions of input must be met to have an output?

 6. Explain the difference between an OR gate and 
an EXCLUSIVE OR gate.

 7. When using a two-input NOR gate, what condi-
tion of input must be met to have an output?

 8. When using a two-input NAND gate, what 
condition of input must be met to have an 
output?

 9. If an INVERTER is connected to the output of 
a NAND gate, what logic gate is formed?

 10. If an INVERTER is connected to the output of 
an OR gate, what gate is formed?

 11. What symbol is used to represent “invert” 
when computer logic symbols are used?

 12. What symbol is used to represent invert when 
NEMA logic symbols are used?
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OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss why mechanical contacts should be spring loaded.

●● Discuss problems associated with contact bounce.

●● Describe methods of eliminating contact bounce.

●● Connect a bounceless switch circuit using digital logic gates.

When a control circuit is constructed, it must have 
sensing devices to tell it what to do. The number 
and type of sensing devices used are determined by 
the circuit. Sensing devices can range from a simple 
push button to float switches, limit switches, and 
pressure switches. Most of these sensing devices 
use some type of mechanical switch to indicate 
their condition. A float switch, for example, indi-
cates its condition by opening or closing a set of 
contacts (Figure 51–1). The float switch can “tell” 
the control circuit that a liquid is  either at a certain 
level or not. Most of the other types of sensing de-
vices use this same method to indicate some condi-
tion. A pressure switch indicates that a pressure is 
either at a certain level or not, and a limit switch 
indicates if some device has moved a certain dis-
tance or if a device is present or absent from some 
location.

Almost all of these devices employ a snap-
action switch. When a mechanical switch is used, 
the snap action is generally obtained by spring 

loading the contacts. This snap action is necessary 
to ensure good contact when the switch operates. 
Assume that a float switch is used to sense when 
water reaches a certain level in a tank. If the water 
rises at a slow rate, the contacts come together at a 
slow rate, resulting in a poor connection. However, 
if the contacts are spring loaded, when the water 
reaches a certain level, the contacts snap from one 
position to another.

(A) (B)

Figure 51–1
(A) Normally open float switch; (B) Normally closed float 
switch.
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circuit called a bounceless switch is used. Several cir-
cuits can be used to  construct a bounceless switch, 
but the most common construction method uses 
digital logic gates. Although any of the inverting 
gates can be used to construct a bounceless switch, 
in this example only two are used.

Before construction of the circuit begins, the 
operation of a bounceless switch circuit should first 
be discussed. The idea is to construct a circuit that 
locks its output either high or low when it detects 
the first pulse from the mechanical switch. If its 
output is locked in a position, it ignores any other 
pulses it receives from the switch. The output of 
the bounceless switch is connected to the input of 
the digital control circuit. The control circuit now 
receives only one pulse instead of a series of pulses.

The first gate used to construct a bounceless 
switch is the INVERTER. The computer symbol and 
the truth table for the INVERTER are shown in Fig-
ure 51–3. The bounceless switch circuit using IN-
VERTERS is shown in Figure 51–4. The output of the 
circuit should be high, with the switch in the position 

Although most contacts have a snap action, 
they do not generally close with a single action. 
When the movable contacts meet the stationary 
contact, there is often a fast bouncing action. This 
means that the contacts may actually make and 
break contact three or four times in succession be-
fore the switch remains closed. When this type of 
switch is used to control a relay, contact bounce 
does not cause a problem because relays are rela-
tively slow-acting devices (Figure 51–2).

When this type of switch is used with an elec-
tronic control system, however, contact bounce can 
cause a great deal of trouble. Most digital logic cir-
cuits are very fast acting and can count each pulse 
when a contact bounces. Depending on the specific 
circuit, each of these pulses may be interpreted as 
a command. Contact bounce can cause the control 
circuit to “lose its mind.”

Because contact bounce can cause trouble in an 
electronic control circuit, contacts are debounced 
be fore they are permitted to “talk” to the con-
trol system. When contacts must be debounced, a 

A
1

2

Y

A Y

330

Figure 51–4
High-output condition.
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(A) (B)

A Y

A Y

0 1

1 0

Figure 51–3
(A) Symbol for an iNVerTer; (B) Truth table for an iNVerTer.
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RELAY

Figure 51–2
Contact bounce does not greatly affect relay circuits.
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therefore high. The high output of INVERTER 2 is 
connected to the input of INVERTER 1. Because 
the input connected to INVERTER 1 is now high, 
its output becomes low. The output of INVERTER 1  
is connected to the input of INVERTER 2. This 
forces a low input to be maintained at INVERTER 2.  
Notice that the output of one INVERTER is used to 
lock the input of the other INVERTER.

The second logic gate used to construct a 
bounceless switch is the NAND gate. The computer 
symbol and the truth table for the NAND gate are 
shown inFigure 51–6. The circuit in Figure 51–7 

shown. The switch connects the input of INVERTER 1  
directly to ground, or low. This causes the output  
of INVERTER 1 to be at a high state. The output of 
I NVERTER 1 is connected to the input of INVERTER 2.  
Because the  input of INVERTER 2 is high, its output 
is low. The output of INVERTER 2 is connected to 
the input of INVERTER 1. This causes a low condi-
tion to be maintained at the input of INVERTER 1.

If the position of the switch is changed as 
shown in Figure 51–5, the output changes to low. 
The switch now connects the input of INVERTER 2  
to ground, or low. The output of INVERTER 2 is 

A
1

2

Y

A Y

330

Figure 51–5
Low-output condition.
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(A) (B)

A

B
Y

A Y

0 1

0

B

0

1 10

1 01

1 1

Figure 51–6
(A) Symbol for a NAND gate; (B) Truth table for a NAND gate.
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+5 VOLTS DC

4.7 KILOHMS

4.7 KILOHMS

B

A

B

Figure 51–7
High-output condition.
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This forces the output of gate 2 to become high. The 
high output of gate 2 is connected to input B of gate 1.  
 Input A of gate 1 is connected to a high through a 
4.7 kilohm resistor. Because both inputs of gate 1 
are high, its output is low. This low is  connected to 
input A of gate 2, which forces its output to remain 
high even if contact bounce causes a high to be mo-
mentarily  connected to  input B.

The output of this circuit remains constant 
even if the switch contacts bounce. The switch has 
now been debounced and is ready to be connected 
to the input of an electronic control circuit.

shows the construction of a bounceless switch  using 
NAND gates. In this circuit, the switch has input A 
of gate 1 connected to low, or ground. Because  input 
A is low, the output is high. The output of gate 1 is 
connected to input A of gate 2. Input B of gate 2 is 
connected to a high through the 4.7 kilohm resistor.  
Since both inputs of gate 2 are high, its output is  
low. This low output is connected to input B of gate 1.  
Because gate 1 now has a low connected to  input B, 
its output is forced to remain high even if  contact 
bounce causes a momentary high at input A.

When the switch changes position as shown in 
 Figure 51–8, input B of gate 2 is connected to a low. 

1

2

Y

Y

330
A

+5 VOLTS DC

4.7 KILOHMS

4.7 KILOHMS

B

A

B

Figure 51–8
Low-output condition.
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●● Review QueSTionS

 1. Why should mechanical contacts be spring 
loaded?

 2. Name three examples of sensing devices.

 3. Why must contacts be debounced before they are 
connected to electronic control circuits?

 4. What function does a bounceless switch cir-
cuit perform?

 5. Name two types of logic gates that can be 
used to construct a bounceless switch circuit.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Describe the operation of a start–stop relay control circuit.

●● Describe the operation of the basic gates used in this chapter.

●● Describe the operation of the solid-state control circuit.

●● Discuss practical wiring techniques for connecting digital logic circuits.

●● Connect a start–stop, push button control using logic gates.

In this chapter, a digital circuit is designed to per-
form the same function as a common relay circuit. 
The relay circuit is a basic stop–start, push button 
circuit with overload protection (Figure 52–1).

Before beginning the design of an electronic 
circuit that performs the same function as this 
relay circuit, the operation of the relay circuit should 
first be discussed. In the circuit shown in Figure 
52–1, no current can flow to relay coil M because 
the normally open START button and the normally 
open contact are controlled by relay coil M.

When the START button is pushed, current 
flows through the relay coil and normally closed 
overload contact to the power source (Figure 52–2). 
When current flows through relay coil M, the con-
tacts connected parallel to the START button close. 
These contacts maintain the circuit to coil M when 
the START button releases and returns to its open 
position (Figure 52–3).

The circuit continues to operate until the STOP 
button is pushed and breaks the circuit to the coil 
 (Fig ure 52–4). When the current flow to the coil 
stops, the relay de-energizes and contact M re-
opens. Because the START button is now open and 
contact M is open, there is no complete circuit to 
the relay coil when the STOP button is returned to 
its normally closed position. If the  relay is to be re-
started, the START button must be pushed again to 
provide a complete circuit to the relay coil.

The only other logic condition that can occur in 
this circuit is caused by the motor connected to the 
load contacts of relay M. Assume the motor is con-
nected in series with the heater of an overload relay 
(Figure 52–5). When coil M energizes, it closes the 
load contact M as shown in Figure 52–6. When the 
load contact closes, it connects the motor to the 
120-volt AC power line.

Chapter  52
Start–Stop Push Button 
Control

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



447

Chapter 52 Start–Stop push Button Control

M

M

START

120 VOLTS AC

STOP OL

Figure 52–1
Start–stop, push button circuit.
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M

M

START

120 VOLTS AC

STOP OL

Figure 52–2
STArT button energizes relay coil.
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M

M

START

120 VOLTS AC

STOP OL

Figure 52–3
M contacts maintain the circuit. 
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Figure 52–4
STOP button breaks the circuit.
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heater, the heater produces more heat than it does 
under normal conditions. If the current becomes 
high enough, it causes the normally closed overload 
contact to open. Notice that the overload contact 
is electrically isolated from the heater. The contact 
therefore can be connected to a different voltage 
source than the motor.

If the overload contact opens, the control cir-
cuit is broken and the relay de-energizes as if the 
STOP button had been pushed. After the overload 
contact has been reset to its normally closed posi-
tion, the coil remains de-energized until the START 
button is again pressed.

Now that the logic of the circuit is understood, 
a digital logic circuit that operates in this manner 
can be designed. The first problem is to find a cir-
cuit that can be turned on with one push button 
and turned off with another. The circuit shown in 
Figure 52–7 can perform this function. This circuit 

If the motor is overloaded, it causes too much 
current to flow through the circuit. When a current 
greater than normal flows through the overload 

M

M

START

120 VOLTS AC

STOP OL

Figure 52–6
Overload contacts break the circuit.
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MOTOR

120 VOLTS AC

M

OVERLOAD
CONTACTS

OVERLOAD
HEATER

Figure 52–5
The heater of the overload relay is connected in series 
with the motor.
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A

B

A

B

330

START

+5 VOLTS DC

STOP

Figure 52–7
Logic gates permit push buttons to turn the circuit on or off.
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input B of the OR gate becomes high also. Because 
the OR gate now has a high connected to its B 
 input, its output remains high when the push but-
ton is returned to its open condition and input A 
becomes low. Notice that this circuit operates the 
same as the relay circuit when the START button is 
pushed. The output changes from a low state to a 
high state, and the circuit locks in this condition so 
the START button can be reopened.

When the normally closed STOP button is 
pushed, input B of the AND gate changes from high 
to low. When input B changes to a low state, the 
output of the AND gate changes to a low state also. 
This causes a low to appear at input B of the OR 
gate. The OR gate now has both of its inputs low, so 
its output changes from a high state to a low state. 
Because input A of the AND gate is now low, the 
output is forced to remain low when the STOP but-
ton returns to its closed position and input B be-
comes high. The circuit designed here can be turned 
on with the START button and turned off with the 
STOP button.

The next design task is to connect the overload 
contact to the circuit. The overload contact must 
be connected in such a manner that it causes the 
output of the circuit to turn off if it opens. One’s 
first impulse might be to connect the overload con-
tact to the circuit as shown in Figure 52–8. In this 

consists of an OR gate and an AND gate. Input A of 
the OR gate is connected to a normally open push 
button, which is connected to 5 volts DC. Input B of 
the OR gate is connected to the output of the AND 
gate. The output of the OR gate is connected to 
 input A of the AND gate. Input B of the AND gate is 
connected through a normally closed push button  
to 15 volts DC. This normally closed push button is 
used as the STOP button. The output of the AND 
gate is the output of the circuit.

To understand the logic of this circuit, assume 
that the output of the AND gate is low. This produces 
a low at input B of the OR gate. Because the push 
button connected to input A is open, a low is pro-
duced at this  input also. When all inputs of an OR 
gate are low, its output is also low. The low output 
of the OR gate is connected to input A of the AND 
gate. Input B of the AND gate is connected to a high 
through the normally closed push button switch. 
Because input A of the AND gate is low, the output 
of the AND gate is forced to remain in a low state.

When the START button is pushed, a high is 
connected to input A of the OR gate. This causes the 
output of the OR gate to change to high. This high 
output is connected to input A of the AND gate. 
The AND gate now has both of its inputs high, so 
its output changes from a low to a high state. When 
the output of the AND gate changes to a high state,  

A

B

A

B

330
A

B

START

+5 VOLTS DC

STOP

OL

#1

#2

Figure 52–8
An AND gate is employed to add the overload contact to the circuit.
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This fault can be corrected with a slight design 
change. Refer to Figure 52–9. In this circuit, the 
normally closed STOP button has been connected 
to input A of AND gate 2, and the normally closed 
overload switch has been connected to input B. As 
long as both of these inputs are high, the output 
of AND gate 2 provides a high to input B of AND 
gate 1. If either the STOP button or the overload 
contact opens, the output of AND gate 2 changes 
to a low state. When input B of AND gate 2 changes 
to a low state, it will cause the output of AND gate 
1 to change to a low state and unlock the circuit, 
just as pushing the STOP button did in the circuit 
shown in Figure 52–8. The logic of this  digital cir-
cuit is now the same as the relay circuit.

Although the logic of this circuit is now correct, 
there are still some problems that must be cor-
rected. When gates are used, their inputs must be 
connected to a definite high or low. When the start 
button is in its normal position, input A of the OR 
gate is not connected to anything. When an input 
is left in this condition, the gate may not be able to 
determine whether the input should be high or low. 
The gate could, therefore,  assume either condition. 
To prevent this, inputs must always be connected 
to a definite high or low.

When using TTL logic, inputs are always pulled 
high with a resistor as opposed to being pulled low. 
If a resistor is used to pull an input low, as shown 
in  Figure 52–10, it will cause the gate to have a 

circuit, the output of AND gate 1 has been con-
nected to input A of AND gate 2. Input B of AND 
gate 2 has been connected to a high through the 
normally closed overload contact. If the overload 
contact remains closed, input B  remains high. The 
output of AND gate 2 is therefore controlled by 
input A. If the output of AND gate 1 changes to a 
high state, the output of AND gate 2 also changes 
to a high state. If the output of AND gate 1 be-
comes low, the output of AND gate 2 becomes low 
also.

If the output of AND gate 2 is high and the 
overload contact opens, input B becomes low and 
the output changes from a high to a low state. This 
circuit appears to operate with the same logic as the 
relay circuit until the logic is examined closely. As-
sume that the overload contacts are closed and the 
output of AND gate 1 is high. Because both inputs 
of AND gate 2 are high, the output is also high. Now 
assume that the overload contact opens and causes 
input B to change to a low condition. This forces 
the output of AND gate 2 to change to low state 
also. Input A of AND gate 2 is still high, however. 
If the overload contact is reset, the output imme-
diately changes back to a high state. If the overload 
contact opens and is then reset in the relay circuit, 
the relay does not restart itself. The START button 
must be pushed to restart the circuit. Although this 
is a small difference in circuit logic, it could become 
a safety hazard in some cases.

A

B

A

B

330

A

B

START

+5 VOLTS DC

STOP

OL

#1

#2

Figure 52–9
rearranging the circuit corrects the fault.
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voltage drop at its output. This means that in the 
high state, the output of the gate may be only 3 or 4 
volts instead of 5 volts. If this output is used as the 
input of another gate, and the other gate has been 
pulled low with a resistor, the output of the second 
gate may be only 2 or 3 volts. Notice that each time 
a gate is pulled through a resistor, its outcome volt-
age becomes low. It this were done through several 
steps, the output voltage would soon become so 
low it could not be used to drive the input of an-
other gate.

Figure 52–11 shows a resistor used to pull the 
input of a gate high. In this circuit, the push button 
is used to connect the input of the gate to ground, 
or low.

The push button can be adapted to produce a 
high at the input instead of a low by adding an IN-
VERTER, as shown in Figure 52–12. In this circuit, 
a pull-up  resistor is connected to the input of an 

INVERTER. Because the input of the INVERTER 
is high, its output produces a low at input A of the 
OR gate. When the normally open push button is 
pressed, a low is   pro  duced at the input of the IN-
VERTER. When the  input of the INVERTER be-
comes low, its output becomes high. Notice that 
the push button now produces a high  input A of 
the OR gate when it is pushed.

Because both of the push buttons and the 
normally closed overload contact are used to pro-
vide high inputs, the circuit is changed as shown 
in Figure 52–13. Notice that the normally closed 
push button and the normally closed overload 
switch connected to the inputs of AND gate 2 are 
connected to ground instead of Vcc. When the 
switches are connected to ground, a low is provided 
to the input of the INVERTERS to which they are 
connected. The INVERTERS therefore produce a 
high at the input of the AND gate. If one of these 

470 OHMS

+5 VOLTS DC

A

B
Y

Figure 52–10
resistor used to lower the input of a gate.
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+5 VOLTS DC

A

B
Y

Figure 52–11
resistor used to raise the input of a gate. 
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normally closed switches opens, a high is provided 
to the  input of the INVERTER. This causes the out-
put of the INVERTER to become low. If the logic of 
the circuit shown in Figure 52–13 is checked, it can 
be seen that it is the same as the logic of the circuit 
shown in Figure 52–9.

The final design problem for this circuit con-
cerns the output. So far, a light-emitting diode has 
been used as the load. The LED is used to indicate 
when the  output is high and when it is low. The 
original circuit, however, was used to control a 120-
volt AC motor. This control can be accomplished by 

4.7k OHMS

+5 VOLTS DC

A

B
Y

Figure 52–12
Push button produces a high at the input.
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+5 VOLTS DC

START

4.7k OHMS

+5 VOLTS DC
#1

4.7k OHMS

+5 VOLTS DC

330 OHMS

#2

STOP

OL

Figure 52–13
The push buttons and overload contact are connected to ground.
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of the AND gate changes to a high condition, the 
solid-state relay turns on and  connects the 120-
volt AC load to the line.

connecting a  solid-state relay to the output in place 
of the LED (Figure 52–14). In this circuit, the out-
put of AND gate 1 is connected to the input of an 
opto-isolated, solid-state relay. When the output 

4.7k OHMS

+5 VOLTS DC

START

4.7k OHMS

+5 VOLTS DC
#1

4.7k OHMS

+5 VOLTS DC
#2

STOP

OL

MOTOR

120 VOLTS AC

SOLID-
STATE
RELAY

OVERLOAD
HEATER

Figure 52–14
Solid-state, start–stop, push button control.
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●● Review QueStionS

 1. In a relay circuit, what function is served by the 
holding contacts?

 2. What is the function of the overload relay in a 
 motor control circuit?

 3. What conditions of input must exist if an OR 
gate is to produce a high output?

 4. What conditions of input must exist if an AND 
gate is to produce a high output?

 5. When connecting TTL logic, why are inputs 
pulled high instead of low?

 6. Referring to Figure 52–9, how would this 
circuit operate if input B of the OR gate was 
reconnected to input A of AND gate 1 instead 
of its output?

 7. Referring to Figure 52–12, what function 
does the INVERTER serve in this circuit?
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Objectives

After studying this chapter, the student will be able to

●● List the principal part of a programmable logic controller.

●● Describe differences among programmable logic controllers and other types of 
computers.

●● Discuss differences among the I/O rack, CPU, and program loader.

●● Draw a diagram of how the input and output modules work.

Programmable logic controllers (PLCs) were first 
used by the automotive industry in the late 1960s. 
Each time a change was made in the design of an 
automobile, it was necessary to change the control 
system operating the machinery. This consisted of 
physically rewiring the control system to make it 
perform the new operation. Rewiring the system 
was, of course, very time consuming and expen-
sive. What the industry needed was a control sys-
tem that could be changed without the extensive 
rewiring required to change relay control systems.

Differences Between PLCs 
and PCs
One of the first questions generally asked is, “Is a 
programmable logic controller a computer?” The 
answer to that question is yes. The PLC is a special 

type of computer designed to perform a special 
function. Although the programmable logic con-
troller (PLC) and the personal computer (PC) are 
both computers, there are some significant differ-
ences. Both generally employ the same basic type of 
computer and memory chips to perform the tasks 
for which they are intended, but the PLC must op-
erate in an industrial environment. Any computer 
that is intended for industrial use must be able to 
withstand extremes of temperature; ignore voltage 
spikes and drops on the power line; survive in an 
atmosphere that often contains corrosive vapors, 
oil, and dirt; and withstand shock and vibration.

Programmable logic controllers are designed to 
be programmed with schematic or ladder diagrams 
instead of common computer languages. An elec-
trician who is familiar with ladder logic diagrams 
can generally learn to program a PLC in a few hours 
as opposed to the time required to train a person 
how to write programs for a standard computer.

Chapter  53
Programmable Logic 
Controllers
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Basic Components
Programmable logic controllers can be divided into 
four primary parts:
 1. The power supply.
 2. The central processing unit (CPU).
 3. The programming terminal or program loader.
 4. The I/O (pronounced eye-oh) rack.

The Power Supply
The function of the power supply is to lower the in-
coming AC voltage to the desired level, rectify it to 
direct current, and then filter and regulate it. The 
internal logic of a PLC generally operates on 5 to 24 
volts DC, depending on the type of controller. This 
voltage must be free of voltage spikes and other 
electrical noise and be regulated to within 5% of the 
required voltage value. Some manufacturers of PLCs 
build a separate power supply, and others build the 
power supply into the central processing unit.

The CPU
The CPU, or central processing unit, is the “brains” 
of the programmable logic controller. It contains 
the microprocessor chip and related integrated 
circuits to perform all the logic functions. The mi-
croprocessor chip used in most PLCs is the same 
as that found in most home and business personal 
computers.

The CPU often has a key located on the front 
panel (Figure 53–1). This switch must be turned on 
before the CPU can be programmed. This is done to 
prevent the circuit from being changed or deleted 
accidentally. Other manufacturers use a software 
switch to protect the circuit. A software switch is 
not a physical switch. It is a command that must 
be entered before the program can be changed or 
deleted. Whether a physical switch or a software 
switch is used, they both perform the same func-
tion. They prevent a program from being acciden-
tally changed or deleted.

Plug connections on the CPU provide connec-
tion for the programming terminal and I/O racks 
(Figure 53–2). CPUs are designed so that once a 
program has been developed and tested, it can be 
stored on some type of medium such as tape, disc, 
CD, or other storage device. In this way, if a CPU 

Figure 53–1
A central processing unit.
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Figure 53–2
Plug connections located on the CPu.
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An interface that permits the computer to be con-
nected to the input of the PLC and software pro-
gram is generally available from the manufacturer 
of the PLC.

The terminal is not only used to program the 
PLC but also to troubleshoot the circuit. When 
the terminal is connected to the CPU, the circuit 
can be examined while it is in operation. Figure 
53–6 illustrates a circuit typical of those that are 
seen on the display. Notice that this schematic dia-
gram is different from the typical ladder diagram. 
All of the line components are shown as normally 
open or normally closed contacts. There are no 
NEMA symbols for push button, float switch, limit 

fails and has to be replaced, the program can be 
downloaded from the storage medium. This elimi-
nates the time-consuming process of having to re-
program the unit by hand.

The Programming Terminal
The programming terminal, or loading terminal, 
is used to program the CPU. The type of terminal 
used depends on the manufacturer and often the 
preference of the consumer. Some are small hand-
held devices that use a liquid crystal display or 
light-emitting diodes to show the program (Figure 
53–3). Some of these small units displays one line 
of the program at a time and others require the 
program to be entered in a language called Boolean.

Another type of programming terminal con-
tains a display and keyboard (Figure 53–4). This 
type of terminal generally displays several lines of 
the program at a time and can be used to observe 
the operation of the circuit as it is operating.

Many industries prefer to use a notebook or 
laptop computer for programming (Figure 53–5). 

Figure 53–3
Handheld programming terminal and small 
programmable logic controller.
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Figure 53–5
A notebook computer is often used as the programming 
terminal for a PLC.
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Figure 53–4
Programming terminal.
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257 301 258

Figure 53–6
Analyzing circuit operation with a terminal.
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counters, or retentive relays to be programmed 
into the logic of the circuit. Some keys permit par-
allel paths, generally referred to as down rungs, 
to be started and ended. The method employed to 
program a PLC is specific to the make and model of 
the controller. It is generally necessary to consult 
the manufacturer’s literature if you are not familiar 
with the specific PLC.

The I/O Rack
The I/O rack is used to connect the CPU to the out-
side world. It contains input modules that carry in-
formation from control sensor devices to the CPU 
and output modules that carry instructions from 
the CPU to output devices in the field. I/O racks are 
shown in Figures 53–8A and B. Input and output 
modules contain more than one input or output. 

switches, and so on. The PLC recognizes only open 
or closed contacts  It does not know whether a con-
tact is connected to a push button, a limit switch, 
or a float switch. Each contact, however, does have 
a number. The number is used to distinguish one 
contact from another.

In this example, coil symbols look like a set of 
parentheses instead of a circle as shown on most 
ladder diagrams. Each line ends with a coil and each 
coil has a number. When a contact symbol has the 
same number as a coil, it means that the contact 
is controlled by that coil. The schematic in Figure 
53–6 shows a coil numbered 257 and two contacts 
numbered 257. When coil 257 is energized, the 
PLC interprets both contacts 257 to be closed.

A characteristic of interpreting a diagram while 
viewing it on the screen of most loading terminals 
is that when a current path exists through a con-
tact, or if a coil is energized, it is highlighted on the 
display In the example shown in Figure 53–6, coil 
257, both 257 contacts, contact 16, and contact 18 
are drawn with dark heavy lines, illustrating that 
they are highlighted or illuminated on the display. 
Highlighting a contact does not means that it has 
changed from its original state. It means that there 
is a complete circuit through that contact. Con-
tact 16 is highlighted, indicating that coil 16 has 
energized and contact 16 is closed and providing 
a complete circuit. Contact 18, however, is shown 
as normally closed. Because it is highlighted, coil 
18 has not been energized, as a current path still 
exists through contact 18. Coil 257 is shown high-
lighted, indicating that it is energized. Because coil 
257 is energized, both 257 contacts are now closed, 
providing a current path through them.

When the loading terminal is used to load a 
program into the PLC, contact and coil symbols 
on the keyboard are used (Figure 53–7). Other 
keys permit specific types of relays such as timers, 

OPEN
CONTACT

CLOSED
CONTACT

COIL DOWN
RUNG

CLOSE
RUNG

Figure 53–7
Symbols are used to program the PLC.
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Figure 53–8A
i/O rack with input and output modules.
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Figure 53–8B
i/O rack with input and output modules.
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intended to handle as few as 16 input and output 
devices. Large PLCs can generally handle several 
hundred. The number of input and output devices 
the controller must handle also affects the proces-
sor speed and amount of memory the CPU must 
have. A CPU with I/O racks is shown in Figure 53–9.

The Input Module
The central processing unit of a programmable logic 
controller is extremely sensitive to voltage spikes 
and electrical noise. For this reason, the input I/O 
uses opto-isolation to electrically separate the in-
coming signal from the CPU. Figure 53–10 shows 
a typical circuit used for the input. A metal oxide 
varistor (MOV) is connected across the AC input 
to help eliminate any voltage spikes that may occur 
on the line. The MOV is a voltage-sensitive resis-
tor. As long as the voltage across its terminals re-
mains below a certain level, it exhibits a very high 
resistance. If the voltage should become too high, 
the resistance changes almost instantly to a very 
low value. A bridge rectifier changes the AC volt-
age into DC. A resistor is used to limit current to an 
LED. When power is applied to the circuit, the LED 
turns on. The light is detected by a phototransistor, 
which signals the CPU that there is a voltage pres-
ent at the input terminal.

When the module has more than one input, the 
bridge rectifiers are connected together on one side 
to form a common terminal. On the other side, the 
rectifiers are labeled 1, 2, 3, and 4. Figure 53–11 
shows four bridge rectifiers connected together 
to form a common terminal. Figure 53–12 shows 
a limit switch connected to input 1, a temperature 

Any number from 4 to 32 is common, depending 
on the manufacturer and model of the PLC. The 
modules shown in Figure 53–8A can each handle 
16 connections. This means that each Input mod-
ule can handle 16 different input devices such as 
push buttons, limit switches, proximity switches, 
float switches, and so on. The output modules can 
each handle 16 external devices such as pilot lights, 
solenoid coils, or relay coils. The operating voltage 
can be either alternating or direct current, depend-
ing on the manufacturer and model of controller, 
and is generally either 120 or 240 volts. The I/O 
rack shown in Figure 53–8A can handle 10 mod-
ules. Because each module can handle 16 input or 
output devices, the I/O rack is capable of handling 
160 input and output devices. Many PLCs are ca-
pable of handling multiple I/O racks.

I/O Capacity
One factor that determines the size and cost of a 
PLC is its I/O capacity. Many small units may be 

Figure 53–9
Central processor with i/O racks.
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voltage applied to it. When voltage is applied to an 
input, the CPU considers that input to be at a high 
level.

The Output Module
The output module is used to connect the CPU to 
the load. Output modules provide line isolation be-
tween the CPU and the external circuit. Isolation 
is generally provided in one of two ways. The most 
popular is with optical isolation, very similar to the 
input modules. In this case, the CPU controls an 
LED. The LED is used to signal a solid-state device 
to connect the load to the line. If the load is oper-
ated by direct current, a power phototransistor is 
used to connect the load to the line (Figure 53–13). 
If the load is an alternating current device, a triac is 
used to connect the load to the line (Figure 53–14). 
Notice that the CPU is separated from the external 
circuit by a light beam. No voltage spikes or electri-
cal noise can be transmitted to the CPU.

The second method of controlling the output is 
with small relays (Figure 53–15). The CPU controls 
the relay coil. The contacts connect the load to the 
line. The advantage of this type of output module is 
that it is not sensitive to whether the voltage is AC 
or DC and can control 120 or 240 volt circuits. The 
disadvantage is that it does contain moving parts 
that can wear. In this instance, the CPU is isolated 
from the external circuit by a magnetic field instead 
of a light beam.

If the module contains more than one output, 
one terminal of each output device is connected 
together to form a common terminal similar to a 
module with multiple inputs (Figure 53–16). No-
tice that one side of each triac has been connected 
together to form a common point. The other side 
of each triac is labeled 1, 2, 3, or 4. If power tran-
sistors are used as output devices, the collectors or 
emitters of each transistor are connected to form a 
common terminal. Figure 53–14 shows a relay coil 
connected to the output of a triac. Notice that the 
triac is used as a switch to connect the load to the 
line. The power to operate the load must be pro-
vided by an external source. Output modules do not 
provide power to operate external loads.

The amount of current an output can control 
is limited. The current rating of most outputs can 
range from 0.5 to about 3 amperes, depending on 
the manufacturer and type of output. Outputs are 

switch connected to input 2, a float switch con-
nected to input 3, and a normally open push but-
ton connected to input 4. Notice that the pilot 
devices complete a circuit to the bridge rectifiers. If 
any switch closes, 120 volts AC will be connected 
to a bridge rectifier, causing the corresponding LED 
to turn on and signal the CPU that the input has 
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Figure 53–11
Four-input module.
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from being present inside an MCC module. Two 
power sources inside a control module could pres-
ent a safety hazard (Figure 53–17).

Internal Relays
The actual logic of the control circuit is performed 
by internal relays. An internal relay is an imaginary 
device that exists only in the logic of the computer. 
It can have any number of contacts—from one to 

intended to control loads that draw a small amount 
of current, such as solenoid coils, pilot lights, and 
relay coils. Some outputs can control motor starter 
coils directly, and others require an interposing 
 relay. Interposing relays are employed when the 
current draw of the load is above the current rating 
of the output. Interposing relays are also employed 
when the PLC controls starters in a motor control 
center. This prevents two different power sources 

HOTNEUTRAL

1

2

3

4

COMMON

Figure 53–12
Pilot devices connected to input modules.
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several hundred—and the contacts can be pro-
grammed normally open or normally closed. Inter-
nal relays are programmed into the logic of the PLC 
by assigning them a certain number. Manufactur-
ers provide a chart that lists which numbers can be 
used to program inputs and outputs, internal re-
lay coils, timers, counters, and so on. When a coil 
is entered at the end of a line of logic and is given 
a number that corresponds to an internal relay, 
it will act like a physical relay. Any contacts given 
the same number as that relay will be controlled by 
that relay.

Timers and Counters
Timers and counters are internal relays, also. There 
is no physical timer or counter in the PLC. They 
must be programmed into the logic in the same 
manner as any other internal relay, by assign-
ing them a number that corresponds to the timer 
or counter. The difference is that the time delay 

LED

RELAY 
COILFROM CPU

POWER
PHOTOTRANSISTOR

+ –

Figure 53–13
A power phototransistor connects a DC load to the line.
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Figure 53–14
A triac connects an AC load to the line.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

FROM CPU

LOAD

SOURCE VOLTAGE

Figure 53–15
A relay connects the load to the line.
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Figure 53–16
Multiple output module.
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or number of counts must be programmed when 
they are inserted into the program. The number 
of counts for a counter is entered using numbers 
on the keys on the load terminal. Timers are gen-
erally programmed in 0.1-second intervals. Some 
manufacturers provide a decimal key and others do 
not. If a decimal key is not provided, the time de-
lay is entered as 0.1-second intervals. If a delay of 
10  seconds is desired, for example, the number 100 
would be entered, because 100 tenths of a second 
equals 10 seconds.

Off-Delay Circuit
Some PLCs permit a timer to be programmed as on 
or off delay, but others permit only on-delay tim-
ers to be programmed. When a PLC permits only 
on-delay timers to be programmed, a simple circuit 
can be used to permit an on-delay timer to perform 
the function of an off-delay timer (Figure 53–18). 
To understand the action of the circuit, recall the 
operation of an off-delay timer. When the timer 
coil is energized, the timed contacts change posi-
tion immediately. When the coil is de-energized, 
the contacts remain in their energized state for 
some period of time before returning to their nor-
mal state. In the circuit shown in Figure 53–18, it 
is assumed that contact 400 controls the action of 
the timer. Coil 400 is an internal relay coil located 
somewhere in the circuit. Coil 12 is an output and 

controls some external device. Coil TO-1 is an on-
delay timer set for 100 tenths of a second. When 
coil 400 is energized, both 400 contacts change po-
sition. The normally open 400 contact closes and 
provides a current path to coil 12. The normally 
closed 400 contact opens and prevents a circuit 
from being completed to coil TO-1 when coil 12 
energizes. Note that coil 12 turns on immediately 
when contact 400 closes. When coil 400 is de-en-
ergized, both 400 contacts return to their normal 
position. A current path is maintained to coil 12 
by the now closed 12 contact in parallel with the 
normally open 400 contact. When the normally 
closed 400 contact returns to its normal position, 
a current path is established to coil TO-1 thorough 

PLC

MOTOR CONTROL MODULE

FUSED
DISCONNECT

INSIDE MODULE
CONTROL
TRANSFORMER

K

OUTPUTINPUT

K

H N

Figure 53–17
An interposing relay is used to operate the starter in a motor control center module.
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Figure 53–18
Off-delay timer circuit.
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concepts presented in this chapter, however, are 
common to all programmable controllers. A PLC 
used to control a DC drive is shown in Figure 53–19.

the now closed 12 contact. This starts the time se-
quence of timer TO-1. After a delay of 10 seconds, 
the normally closed TO-1 contact opens and de-
energizes coil 12, returning the two 12 contacts to 
their normal position. The circuit is now back in the 
state shown in Figure 53–16. Note the action of the 
circuit. When coil 400 is energized, output coil 12 
turns on immediately. When coil 400 is de-ener-
gized, output 12 remains on for 10 seconds before 
turning off.

The number of internal relays and timers con-
tained in a PLC is determined by the memory ca-
pacity of the computer. As a general rule, PLCs 
that have a large I/O capacity have a large amount 
of memory. The use of PLCs has steadily increased 
since their invention in the late 1960s. A PLC can 
replace hundreds of relays and occupy only a frac-
tion of space. The circuit logic can be changed easily 
and quickly without requiring extensive hand rewir-
ing. They have no moving parts or contacts to wear 
out, and their downtime is less than an equivalent 
relay circuit. When replacement is necessary, they 
can be reprogrammed from a media storage device.

The programming methods presented in this 
text are general, because it is impossible to in-
clude examples of each specific manufacturer. The 

Figure 53–19
DC drive unit controlled by a programmable logic 
controller.
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●● RevIew QUeSTIOnS

 1. What industry first started using PLCs?

 2. Name two differences between PLCs and com-
mon home or business computers.

 3. Name the four basic sections of a PLC.

 4. In what section of the PLC is the actual logic 
performed?

 5. What device is used to program a PLC?

 6. What device separates the CPU from the outside 
world?

 7. What is opto-isloation?

 8. If an output I/O controls a DC voltage, what 
solid-state device is used to connect the load 
to the line?

 9. If an output I/O controls an AC voltage, what 
solid-state device is used to connect the load 
to the line?

 10. What is an internal relay?

 11. What is the purpose of the key switch located 
on the front of the CPU in many PLCs?

 12. What is a software switch?
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OBJECTIVES

After studying this chapter, the student will be able to

●● Convert a relay schematic to a schematic used for programming a PLC.

●● Enter a program into a programmable controller.

In this chapter, a relay schematic is converted into a 
diagram used to program a programmable control-
ler. The process to be controlled is shown in Figure 
54–1. A tank is used to mix two liquids. The control 
circuit operates as follows:
	A.	When the stArt button is pressed, solenoids A 

and B energize. This permits the two liquids to 
begin filling the tank.

	 B.	When the tank is filled, the float switch trips. 
This de-energizes solenoids A and B and starts 
the motor used to mix the liquids together.

	C.	the motor is permitted to run for 1 minute. 
After 1 minute has elapsed, the motor turns off 
and solenoid C energizes to drain the tank.

	D.	When the tank is empty, the float switch de-
energizes solenoid C.

	E.	A stoP button can be used to stop the process 
at any point.

	 F.	 If the motor becomes overloaded, the action of 
the entire circuit will stop.

	G.	once the circuit has been energized, it contin-
ues to operate until it is manually stopped.

Circuit	Operation
A relay schematic that will perform the logic of this 
 circuit is shown in Figure 54–2. the logic of this 
 circuit is as follows:
	A.	When the stArt button is pushed, relay coil 

Cr is  energized. This causes all Cr contacts to 
close. Contact Cr-1 is a holding contact used to 
maintain the circuit to coil Cr when the stArt 
button is released.

	 B.	When contact Cr-2 closes, a circuit is com-
pleted to solenoid coils A and B. this permits 
the two liquids that are to be mixed together to 
begin filling the tank.

	C.	As the tank fills, the float rises until the float 
switch is tripped. this causes the normally 
closed float switch contact to open and the nor-
mally open contact to close.

	D.	When the normally closed float switch opens, 
solenoid coils A and B de-energize and stop the 
flow of the two liquids into the tank.

	E.	When the normally open contact closes, a cir-
cuit is completed to the coil of a motor starter 

Chapter  54
Programming	a	PLC
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and the coil of an on-delay timer. The motor is 
used to mix the two liquids together.

 F. At the end of the 1-minute time period, all of 
the tr contacts change position. The normally 
closed tr-2 contact connected in series with 
the motor starter coil opens and stops the op-
eration of the motor. The normally open tr-3 
contact closes and energizes solenoid coil C 
which permits liquid to begin draining from 
the tank. The normally closed tr-1 contact is 
used to assure that valves A and B cannot be re-
energized until solenoid C de-energizes.

 G. As liquid drains from the tank, the float drops. 
When the float drops far enough, the float 
switch trips and its contacts return to their 
normal positions. When the normally open 
float switch contact reopens and de-energizes 
coil tr, all tr contacts return to their normal 
positions.

MOTOR

FS
A

B

C

Figure 54–1
Tank used to mix two liquids.
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Figure 54–2
relay schematic.
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of one. one contact is normally closed and is con-
nected in series with the coil of the motor starter. 
The other contact is normally open and is used to 
supply an input to a programmable logic control-
ler. If the motor becomes overloaded, the normally 
closed contact will open and disconnect the motor 
from the line. The normally open contact will close 
and provide a signal to the programmable logic 
controller that the motor has tripped on overload. 
The  input devices are as follows:
 A. Normally closed stop push button
 B. Normally open start push button
 C. Normally open overload contact
 D. A float switch that contains both a normally 

open and normally closed contact.
The four output devices are as follows:
 A. solenoid valve A
 B. solenoid valve B
 C. Motor starter coil M
 D. solenoid valve C

the connection of devices to the inputs and 
outputs is shown in Figure 54–4. the normally 
closed stoP button is connected to input 1, the 
normally open stArt button is connected to input 
2, the normally open overload contact is connected 
to input 3, and the float switch is connected to 
 input 4.

the outputs for this PLC are 17 through 32. 
output 17 is connected to solenoid A, output 18 is 
connected to solenoid B, output 19 is connected to 
the coil of the motor starter, and output 20 is con-
nected to solenoid C. Note that the outputs do not 
supply the power to operate the output devices. The 
outputs simply complete a circuit. one side of each 
output device is connected to the ungrounded, or 
hot, side of a 120 V AC power line. Neutral is con-
nected to the common terminal of the four out-
puts. A good way to understand this is to imagine a 
set of contacts controlled by each output, as shown 
in Figure 54–5. When programming the PLC, if a 
coil is given the same number as one of the out-
puts, it causes that contact to close and connect the 
load to the line.

Unfortunately, programmable logic control-
lers are not all programmed the same way. Almost 
every manufacturer employs a different set of 
coil numbers to perform different functions. It is 

 H. When the normally open tr-3 contact reopens, 
solenoid C de-energizes and closes the drain 
valve. Contact tr-2 recloses, but the motor 
cannot restart because of the normally open 
float switch contact. When contact tr-1 re-
closes, a circuit is completed to solenoids A and 
B. This permits the tank to begin refilling, and 
the process starts over again.

 I. If the stoP button or overload contact opens, 
coil Cr de-energizes and all Cr contacts open. 
This  de- energizes the entire circuit.

Developing a Program
This circuit is now developed into a program that 
can be loaded into the programmable controller. 
 Fig ure 54–3 shows a program being developed on 
a computer. Assume that the controller has an I/o 
capacity of 32, that I/o terminals 1 through 16 are 
used as inputs, and that terminals 17 through 32 
are used as outputs.

Before a program can be developed for input 
into a programmable logic controller, it is necessary 
to assign which devices connect to the input and 
output terminals. This circuit contains four input 
devices and four output devices. It is also assumed 
that the motor starter for this circuit contains an 
overload relay that contains two contacts instead 

Figure 54–3
A program being developed on a programming 
terminal.
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control outputs can be  assigned internal contacts 
as well. Internal contacts are contacts that exist in 
the logic of the program only. They do not physi-
cally exist. Because they do not physically exist, a 
coil can be assigned as many internal contacts as 
desired, and they can be normally open or normally 
closed.

the chart in Figure 54–6 also indicates that 
internal relays number from 33 to 103. Internal 
relays are like internal contacts. They do not physi-
cally exist. They exist as part of the program only. 
They are programmed into the circuit logic by in-
serting a coil symbol in the program and assigning 
it a number  between 33 and 103.

timers and counters are assigned coil numbers 
200 through 264 and retentive relays are numbered 
104 through 134.

necessary to consult the manual before program-
ming a PLC with which you are not familiar. In or-
der to program the PLC in this  example, refer to the 
information in Figure 54–6. this chart indicates 
that numbers 1 through 16 are inputs. Any contact 
assigned a number between 1 and 16 is examined 
each time the programmable logic controller scans 
the program. If an input has a low (0 V) state, the 
contact assigned that number remains in the state 
it was programmed. If the input has a high (120 V) 
state, the program interprets that contact as hav-
ing changed state. If it was programmed as open, 
the PLC now considers it as closed.

outputs are 17 through 32. outputs are treated 
as coils by the PLC. If a coil is given the same num-
ber as an output, that output turns on (close the 
contact) when the coil is energized. Coils that 
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Figure 54–4
Components connected to i/O rack.
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must be  followed with almost all programmable 
logic controllers:
 1. Each line of logic must end with a coil.
 2. Coils cannot be connected in parallel.
 3. The program is scanned in the order that it is 

entered.
 4. Generally, coils cannot be assigned the same 

number. (some programmable logic controllers 
require reset coils to reset counters and tim-
ers. These reset coils can be assigned the same 
number as the counter or timer they reset.)

The first two lines of logic for the circuit shown 
in  Figure 54–2 can be seen in Figure 54–7. Notice 
that contact symbols are used to represent inputs 
instead of logic symbols such as push buttons, float 
switches, and so on. The programmable logic con-
troller recognizes all inputs as open or closed con-
tacts. It does not know what device is connected to 
which input. This is the reason that you must first 
determine which devices connect to which input 
before a program can be  developed. Also notice 
that input 1 is shown as a normally open contact. 
referring to Figure 54–4, it can be seen that input 1 
is connected to a normally closed push button.  
The input is programmed as normally open because 
the normally closed push button supplies a high 
voltage to input 1 in normal operation. Because in-
put 1 is in a high state, the PLC changes the state 
of the open contact and considers it closed. When 
the stoP push button is pressed, the input voltage 
changes to low and the PLC changes the contact 
back to its original open state and causes coil 33 to 
de-energize.

referring to the schematic in Figure 54–2, 
a control relay is used as part of the circuit logic. 
Because the control relay does not directly cause 
any output device to turn on or off, an internal re-
lay is used. The chart in Figure 54–6 indicates that 

Converting the Program
Developing a program for a programmable logic 
controller is a little different from designing a cir-
cuit with relay logic. there are several rules that 
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Figure 54–5
Output modules complete a circuit to connect the load 
to the line.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

INPUTS 1 - 16

OUTPUTS 17 - 32

INTERNAL RELAYS 33 - 103

TIMERS AND COUNTERS 200 - 264

RETENTATIVE RELAYS 104 - 134

Figure 54–6
Numbers that correspond to specific PLC functions.
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Figure 54–7
Lines 1 and 2 of the program.
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number as the coil controlling  output 17. Notice in 
Figure 54–8 that when coil 17  energizes it causes 
contact 17 to close and energizes output 18 at the 
same time.

In Figure 54–9, lines 5 and 6 of the schematic 
are added to the program. A normally open contact 
assigned number 33 is used as contact Cr-3. A nor-
mally open contact assigned the number 4 is con-
trolled by the float switch, and a second normally 
closed timed contact controlled by timer 200 is 
programmed in line 5. The output coil is assigned 
the number 19. When this coil energizes, it turns 
on output 19 and connects motor starter coil M to 
the line.

Line 6 contains timer coil tr. Notice in Fig-
ure 54–2 that coil tr is connected in parallel with 
contact tr-2 and coil M. As was the case with sole-
noid coils A and B, coil tr cannot be connected in 
parallel with coil M. According to the schematic in 
Figure 54–2, coil tr is actually controlled by con-
tacts  Cr-3 and the normally open float switch. This 
logic can be accomplished as shown in Figure 54–9 
by connecting coil t200 in series with contacts as-
signed the numbers 33 and 4. Float switches do not 
normally contain this many contacts, but because 
the physical float switch is supplying a high or low 
voltage to input 4, any number of contacts assigned 
the number 4 can be used.

the last line of the program is shown in Fig-
ure 54–10. A normally open contact assigned the 

internal  relays number between 33 and 103. Coil 33 
is an  internal relay and does not physically exist. 
Any number of contacts can be  assigned to this re-
lay, and they can be open or closed. The 33 contact 
connected in parallel with input 2 is the holding 
contact,  labeled Cr-1 in Figure 54–2.

The next two lines of logic are shown in Figure 
54–8. The third line of logic in the schematic in Fig-
ure 54–2 contains a normally open Cr-2 contact, 
a normally closed float switch contact, a normally 
closed on- delay timed contact and solenoid coil 
A. The fourth line of logic contains solenoid coil B 
connected in parallel with solenoid coil A. Line 3 
in Figure 54–8 uses a normally open contact, as-
signed the number 33 for contact Cr-2. A normally 
closed contact symbol is assigned the  number 4. 
Because the float switch is connected to input 4, it 
controls the action of this contact. As long as in-
put 4  remains in a low state, the  contact remains 
closed. If the float switch should close, input 4 be-
comes high and the number 4 contact opens. The 
next contact is timed contact tr-1. the chart in 
Figure 54–6 indicates that timers and counters are 
assigned numbers 200 through 264. In this circuit, 
timer tr is assigned 200. Line 3 ends with coil 17. 
When coil 17 becomes energized, it turns on out-
put 17 and connects solenoid coil A to the line.

The schematic in Figure 54–2 shows that sole-
noid coil B is connected in parallel with solenoid 
coil A. Programmable logic controllers do not per-
mit coils to be connected in parallel. Each line of 
logic must end with its own coil. Because solenoid 
coil B is connected in parallel with A, they both 
operate at the same time. This logic can be accom-
plished by assigning an internal contact the same 

33 4 T200
17

18
17

33 4 T200
19

33 4
T200 60 SEC.

1 2 3

33

33

Figure 54–9
 Lines 5 and 6 are added to the program.
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Figure 54–8
Lines 3 and 4 of the circuit are added.
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Developing the Program
The following program is used as a trouble annun-
ciator: A pressure switch is to be connected to the 
input of a programmable controller. When the 
pressure rises to a preset point, an audible alarm 
is sounded and a warning light flashes off and on. 
When the  operator acknowledges the trouble, the 
audible alarm is silenced, but the warning light 
continues to flash on and off until the pressure re-
turns to a safe level.

Parameters of the 
Programmable Controller
Before the program can be developed, the param-
eters of the programmable controller being used 
must be known. Because the sErIEs oNE program-
mable controller is being used in this example, its 
parameters are discussed here. An operations and 
programming guide for the sErIEs oNE is shown 
in Figure 54–12. All coil and I/o references must 
be entered in OCTAL.  OCTAL is a number system 
that contains only eight digits, 0 through 7. the 
numbers 8 and 9 are not used  because they do not 
exist as far as the computer is concerned. This does 
not mean that the numbers 8 and 9 cannot be used 
when entering times for a timer; it applies only to 
the way inputs, outputs, and internal relays are 
identified. For example, any programmable con-
troller that is octal base does not use the numbers 
8 or 9. The I/o points for this unit are 000 through 
157. Assume the first I/o module used with this 
controller contains eight units, and these eight 
units are inputs. the inputs number from 0 to 7. 
Now, assume the next set of I/os is an output mod-
ule. Numbers 10 through 17 can be used as an out-
put.  Notice that  numbers 8 and 9 are omitted. The 
programming guide indicates that a total of 144 in-
ternal coils exists. Coils 160 through 337 are non-
retentive, and coils 340 through 373 are retentive. 
There are a total of 64 timers and counters, which 
begin with 600 and go through 677.  remember 
that there are no 8s or 9s. After timer 607 is used, 
the next timer is 610.

the circuit shown in Figure 54–13 is pro-
grammed into the controller using the small pro-
gramming unit. the contacts labeled 0 and 1 are 

number 33 is used for contact Cr-4, and a normally 
open contact controlled by timer t200 is used for 
the normally open timed contact labeled tr-3. Coil 
20 controls the operation of solenoid coil C.

The circuit shown in Figure 54–2 has not been 
converted to a program that can be loaded into 
a programmable logic controller. the process is 
relatively simple if the rules concerning PLCs are 
followed.

Programming in Boolean
the preceding example circuit was developed for 
one specific type of programmable controller. It 
was intended as an example of how to develop 
and enter a program into the logic of the CPU us-
ing a programmable terminal similar to the one 
shown in Figure 54–4. At times it is necessary to 
use a small programming device that is handheld 
or that  attaches directly to the CPU when entering 
a program. A unit of this type is shown in Figure 
54–11. this  programming unit can be used with 
the sErIEs oNE group of programmable control-
lers manufactured by GE Fanuc Automation. the 
following program is developed for entry into the 
sErIEs oNE using the handheld programmer.

33 4 T200
17

18
17

33 4 T200
19

33 4
T200 60 SEC.

33 T200
20

1 2 3

33

33

Figure 54–10
Line 7 of the program.
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Operation of the Circuit
The circuit operates in the following manner: When 
the pressure switch closes, all 0 inputs change po-
sition. This provides a current path to timer t600, 
which begins timing. A current path is provided to 
output 10, which turns on the warning light, and a 
current path is provided to the audible alarm, turn-
ing it on. The normally open 0 contact connected 
in series with coil 160 closes. At the end of a half 
second, timer t600 times out and changes the 

inputs. Contact 0 is connected to the normally 
open pressure switch, which is used to sense the 
high- pressure condition. Contact 1 is connected to 
the normally open push button used to acknowl-
edge the fault and to turn off the audible alarm. 
Coils 10 and 11 are outputs. Coil 10 is connected 
to the warning light and coil 11 is connected to the 
audible alarm. Coils t600 and t601 are timers used 
to  produce the flashing action of the warning light. 
In this circuit, the warning light is on for 0.5 second 
and off for 0.5 second. Coil 160 is an internal relay.

Figure 54–11
Small programming unit attaches directly to the PLC.
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MEMORY
TYPE

MODE SWITCH

POSITION FUNCTION

RUN CPU scans logic,
outputs enabled

PROG Enter/Edit logic, no
scanning

STATUS INDICATORS

RUN ON=CPU in RUN
mode

ON/OFF Operating state of
I.O. internal coils or
shift registers.

BATT ON=Lithium battery
voltage low

PWR ON=Power supply
DC voltage normal

CPU ON=CPU internal 
fault Watchdog
timer timed out low
DC voltage

LOAD Controls transfer to
and from external
device (recorder,
printer, PROM
writer)

VALID
REFERENCES (OCTAL)

SERIES ONE

QUANTITY
(DECIMAL) KEY DESCRIPTION

LOGIC AND EDITING KEYS

I/O Points
Internal Coils
  Non-Retentive
  Retentive Coils
  Initial Reset
  O.I. Second Clock
  Disable All Outputs
  Back-Up Battery Status

000-157

160-337
340-373
374
375
376
377

112
144
112

28
1
1
1
1

Shift Registers
Timer/Counters
Sequencers

(1)
(2)

Total maximum number of Timers and/or Counters
Shift register and data register references are identical, however, 
shift registers operate on bits, while data registers (located in a 
totally different area of memory) operate on bytes

400-577
600-677
600-677

128
64
64

total
total

total

total

(Series One Plus Only) Entered before a 2-digit number 
to select a data operation.

F

(Series One Plus Only) Entered before a 3-digit data 
register or 2-digit group reference when programming 
data operations.

Places logic in series with previous logic.

Places logic in parallel with previous logic.

Starts a new line or group of logic.

Speci�es a normally closed contact when used with 
AND/OR.

Ends line of logic with a coil, can be an output.

Speci�es a timer function.

Speci�es a counter function.

Speci�es a shift register function.

Begins a master control relay function.

Ends a master control relay function.

Speci�es a latched coil or used to force an I/O 
reference on.

Turns off a latched coil or forces an I/O reference off.

Included in sequence for removing (deleting) an 
instruction from program memory.

Included in sequence for adding (inserting) an instruction 
in program memory.

Causes logic to be placed in program memory.

Removes (clears) previous logic entry, acknowledges 
error codes, causes memory address to be displayed 
when monitoring a program.

Selects shifted functions (upper label above keys).

Used when initiating a search function.

Selects previous logic or function, and when monitoring, 
selects the previous group of 8 references.

Selects the next logic function. When monitoring, 
selects the next group of 8 references.

SHIFTED FUNCTION. Selects numerical values.to

SHIFTED FUNCTION. Selects decimal point when 
entering numerical values, (timers using XXX.X seconds).

SHIFTED FUNCTION. Selects monitor operation.

SHIFTED FUNCTION. Initiates verify operation with 
peripheral.

SHIFTED FUNCTION. Initiates writing (recording) 
program in CPU memory to a peripheral.

SHIFTED FUNCTION. Initiates loading of CPU memory 
from a peripheral.

steps
(1)
(1000 steps)

SERIES ONE PLUS

I/O Points

Internal Coils
  Non-Retentive
  Retentive Coils
  Initial Reset
  O.I. Second Clock
  Disable All Outputs
  Back-Up Battery Status

000-157
700-767

160-337
340-373
374
375
376
377

168

144
112

28
1
1
1
1

Shift Registers
Timer/Counters
Sequencers
Data Registers

400-577 (2)
600-677
600-677
400-577 (2)

128
64
64
64

steps
(1)
(1000 steps)
(16-bit)

0
AND

4
OUT

0
MCS

4
ADR

1
ORADDRESS DATA

ON OFF RUN BATT

PWR

F

CPU

5
TMR

1
MCR

5
SHF

2
STR

6
CNT

2
SET

6
DATA

3
NOT

7
SR

3
RST

7
REG

MCS DEL SHF

7 8 9

MCRTMR INS SCHR

AND OUT

OR

4 5 6 CHECK

1 2 3 READ

0 • MON WRITE

SETCNT ENT PRV

RSTSR CLR NXT

STR

NOT

RUN PRG LOAD TAPE

R

AND

OR

STR

NOT

OUT

TMR

CNT

SR

MCS

MCR

SET

RST

DEL

INS

ENT

CLR

SHF

SCH

PRV

NXT

MON

CHECK

READ

WRITE
ADDRESS/

DATA
DISPLAY

STATUS
DISPLAY

DATA
OPERATION

KEYS SHIFTED
FUNCTION

KEYS

MODE
SWITCH

PERIPHERAL JACK

0

•

9

2

1

3

8

7

LOGIC
KEYS5

9

LOGIC
DISPLAY

4

EDITING KEYS6

Figure 54–12A
Programming guide for a SerieS ONe programmable controller.
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Clear all memory.

OPERATION KEYSTROKES R P L

X

X

X

X

XX

XX

XX

XX

XX

XX

XX

X

X

X

X

X

X

X

X

X

X

X

X

X

X

MODE*

PROGRAMMER OPERATION

DEL

ENT

CLR

CLR

Display present
address.

Display present
function.

Next function.

Previous function.

Go to rst function
in program memory
(address 0000).

Go to specic
memory address.

Search for a specic
function.

(Function) (Ref.No.)

Search for a specic
reference number.

Insert function
before the displayed
function (or address).

Check program for
errors. If none, next
empty address is 
displayed.

Delete function.

Edit a program.

Change T/C preset.

Mon. ON/OFF state
of contact or coil.

Monitor group of 8
consecutive refer-
ences (I/O, internal
coils, SR coils).

Observe ON/OFF LED when coil
or contact is selected.

Monitor timer or
counter accumulate
register.

Force a reference
ON (will be overrid-
den by user logic).

Force a reference
OFF (will be overrid-
den by user logic).

Enter a function into 
program memory.

Write to tape, printer, 
or PROM writer.

Load program
memory from tape.

Verify data on tape
or in PROM writer
RAM against pro-
gram memory.

*R=RUN, P=PROGRAM, L=LOAD

CLR

SHF

SHF

SCH

SCH

SCH

DEL PRV

PRV

NXT

NXT

NXT

NXT

SHF

SHF

(Address)

(Address)

(Address)

(Address)

NXT

SHF (Ref. No.) NXT

NXT

(Function) (Ref.No.) ENTSHF

(Optional Program ID)

INS(Function)

(Function)

(Ref.No.)SHF

(Ref.No.)SHF

MON(Beginning Ref.No.)SHF

MON(T/C No.)SHF

ENT(Ref.No.)SET SHF

ENT(Ref.No.)RST SHF

ENT(preset)SHF

NXT

READ

WRITE

(Optional Program ID)

(Optional Program ID)WRITE

0 0 0

Figure 54–12 
(Continued)
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Entering the Program
Now that the circuit has been developed, it must be 
entered into the memory of the CPU. When using 
a small programming terminal as shown in Figure 
54–11, the program must be entered in a language 
called Boolean. When programming in Boolean, 
to connect one contact in series with another, the 
AND function must be used. to connect a contact 
in parallel with another, the or function is used. 
to change a contact from open to closed, the Not 
function is used. to start a line of the program, the 
str function must be used. to end a line of the 
program, the oUt function is used except when 
programming a special function such as a timer or 
counter. When ending a line of the program with 
a timer, the tMr function is used; when ending 
the line with a counter, the CNt function is used. 
Each component of the program must be entered 
into memory using the ENt key. some of the keys 
on this programming unit use serve two functions. 
The AND key, for example, is also used to enter the 
number 7 into the program. the Not key is also 
used to enter the number 0 into the program. The 
second function keys are very similar to the dual- 
purpose keys on a typewriter where the shift key 

position of all t600 contacts. The  normally closed  
contact connected in series with the warning light 
opens and turns off output 10. The normally open 
t600 contact closes and permits timer t601 to 
 begin timing. At the end of a half second, timer 
t601 opens its normally closed contact connected in 
series with timer t600. This causes timer t600 to 
reset and return all of its contacts to their  normal 
position. the normally closed t600 contact per-
mits output 10 to turn on again, and the normally 
open t600 contact resets timer t601. When timer 
t601 resets, its contact returns to its normal posi-
tion, and timer t600 begins timing again.

this condition continues until the operator 
presses the acknowledge button, causing input 
contact 1 to close. Contact 1 completes a current 
path to internal relay 160. When internal relay 160 
energizes, the normally open 160 contact closes 
and seals the circuit around contact 1. the nor-
mally closed 160 contact opens and turns off the 
audible alarm. At this time in the circuit, the au-
dible alarm has been turned off, but the warning 
light is flashing on and off at half-second intervals. 
this continues until the pressure drops to a safe 
level and input 0 reopens all of its contacts, causing 
the circuit to reset to its normal position.

150

01
160 160

1600
11 AUDIBLE ALARM

T600
T601 0.5 SEC TIMER

0
10 WARNING LIGHT

0
T600 0.5 SEC. TIMER

T600

T601

Figure 54–13
Warning light and alarm circuit.
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entered instead of a tie command such as AND or 
or. The time is entered with the use of a decimal 
point in this controller instead of assuming each 
time interval to be 0.1 second. Different program-
mable controllers use different methods to enter 
the time.

The second line of logic is entered as follows:
str sHF 0 ENt
AND Not tMr sHF 600 ENt
oUt sHF 10 ENt

The third line of logic is entered as follows:
str tMr sHF 600 ENt
tMr sHF 601 ENt
sHF .5 ENt

The fourth line of logic is entered as follows:
str sHF 0 ENt
AND Not sHF 160 ENt
oUt sHF 11 ENt

The fifth and sixth lines of logic are entered to-
gether because the sixth line of logic is connected 
in parallel with the fifth:
str sHF 1 ENt
or sHF 160 ENt
AND sHF 0 ENt
oUt sHF 160 ENt

This completes the programming of the circuit 
into the CPU.

is used to access the second function of a key. The 
same is true for this unit. The sHF key is used to 
cause the keys to perform their second function. 
once the sHF key has been pressed, it remains in 
effect until the ENt key is pressed. There is no need 
to hold the sHF key down when entering more 
than one digit into the program.

The first line of logic is entered as follows:
str sHF 0 ENt
AND Not tMr sHF 601 ENt
tMr sHF 600 ENt
sHF .5 ENt

Notice that the str command is used to start 
the line of logic. the sHF key must be pressed in 
 order to permit the number 0 to be entered. The ENt 
command causes that instruction to be entered 
into the logic of the CPU. The AND function causes 
the next contact entered to be connected in series 
with the first contact, and the Not command in-
structs the CPU that the contact is to be normally 
closed instead of normally open. the tMr com-
mand instructs the programmable controller that 
the contact is to be controlled by a timer. Because 
this line of logic is ended with a timer instead of a 
normal output or internal relay, the tMr command 
is used again to instruct the CPU that the last coil 
is a timer and not an internal relay or output. The 
CPU can interpret this last timer command to be 
a coil instead of a contact because directly follow-
ing this command, the time of the timer had been 

●● REviEw QuEstiOns

 1. Why are NEMA symbols representing such com-
ponents as push buttons, limit switches, and 
float switches not used in a programmable con-
troller schematic?

 2. Explain how to program an internal relay into 
the controller.

 3. Why are the contacts used to represent stop 
buttons and overload contacts programmed nor-
mally open?

 4. Why is the output I/o used to energize a motor 
starter instead of energizing the motor directly?

 5. A timer is to be programmed for a delay of 3 min-
utes. What number is used to set this timer?

 6. When programming in Boolean, what com-
mand is used to connect two circuit compo-
nents together in series?

 7. When programming in Boolean, what com-
mand is used to connect two circuit compo-
nents together in parallel?

 8. When programming in Boolean, what com-
mand is used to change a contact from nor-
mally open to normally closed?

 9. Why are the numbers 8 and 9 not used in an 
 OCTAL- based system?
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Chapter  55
Analog Sensing for 
Programmable Controllers

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe the differences between analog and digital inputs.

●● Discuss precautions that should be taken when using analog inputs.

●● Describe the operation of a differential amplifier.

Many of the programmable controllers found in 
industry are designed to accept analog as well as 
digital inputs. Analog means continuously varying. 
These inputs are designed to sense voltage, current, 
speed, pressure, temperature, humidity, and so 
on. When an analog input is used, a special mod-
ule mounts on the I/O rack of the PLC. An analog 
sensor may be designed to operate between a range 
of settings, such as 50ºC to 300ºC (122–572ºF), or  
0 to 100 psi. These sensors are used to indicate among 
a range of values instead of merely operating in an 
on or off mode. An analog pressure sensor designed 
to indicate pressures between 0 and 100 psi has to 
indicate when the pressure is 30 psi, 50 psi, or 80 
psi. It does not just indicate whether the pressure 
has or has not reached 100 psi. A pressure sensor 
of this type can be constructed in several ways. One 
of the most common methods is to let the pressure 
sensor operate a current generator that produces 
currents between 4 and 20 milliamperes. It is de-
sirable for the sensor to produce a certain amount 
of current instead of a certain amount of voltage 
because it eliminates the problem of voltage drop 

on lines. For example, assume a pressure sensor 
is designed to sense pressures between 0 and 100 
psi. Also assume that the sensor produces a voltage 
output of 1 volt when the pressure is 0 psi and a 
voltage of 5 volts when the pressure is 100 psi. Be-
cause this is an analog sensor, when the pressure 
is 50 psi, the sensor should produce a voltage of 
3 volts. This sensor is connected to the analog input 
of a programmable controller (Figure 55–1). The 
analog input has a sense resistance of 250 ohms. If 
the wires between the sensor and the input of the 
programmable controller are short enough (so that 
there is almost no wire resistance), the circuit oper-
ates without a problem. Because the sense resistor 
in the input of the programmable controller is the 
only resistance in the circuit, all of the output volt-
age of the pressure sensor appear across it. If the 
pressure sensor produces a 3 volt output, 3 volts 
appear across the sense resistor.

If the pressure sensor is located some distance 
away from the programmable controller, however, 
the resistance of the two wires running between 
the pressure sensor and the sense resistor can cause  
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now 300 ohms (250 1 50 5 300). If the pressure 
sensor produces an output voltage of 3 volts when 
the pressure reaches 50 psi, the current flow in 
the circuit is 0.010 ampere (3/300 5 0.010). Be-
cause there is a current flow of 0.010 through the 
250 ohms sense resistor, a voltage of 2.5 volts will 
appear across it. This is substantially less than the 
3 volts being produced by the  pressure sensor.

If the pressure sensor is designed to operate a 
current generator with an output of 4 to 20 milli-
amperes, the resistance of the wires will not cause 
an inaccurate reading at the sense resistor. Because 
the sense resistor and the resistance of the wire be-
tween the pressure sensor and the programmable 
controller form a series circuit, the current must be 
the same at the point in the circuit. If the pressure 
sensor produces an output current of 4 milliam-
peres when the pressure is 0 psi and a current of 
20 milliamperes when the pressure is 100 psi, at 50 
psi it produces a current of 12 milliamperes. When 
a current of 12 milliamperes flows through the 250 
sense resistor, a voltage of 3 volts is dropped across 
it (Figure 55–3). Because the pressure sensor pro-
duces a certain amount of current instead of a cer-
tain amount of voltage with a change in pressure, 
the amount of wire resistance between the pres-
sure  sensor and programmable controller is of no 
concern.

inaccurate readings. Assume that the pressure 
sensor is located far enough from the program-
mable controller so that the two conductors have 
a total resistance of 50 ohms (Figure 55–2). This 
means that the total resistance of the circuit is 

250
OHMS

1–5 VOLTS
0–100 PSI

PRESSURE
SENSOR

I/O INPUT
PROGRAMMABLE

CONTROLLER

Figure 55–1
The pressure sensor produces one to five volts.
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250
OHMS

25 OHMS

25 OHMS

4–20 mA
0–100 PSI

12 mA

PRESSURE
SENSOR

I/O INPUT
PROGRAMMABLE

CONTROLLER

Figure 55–3
The current must be the same in a series circuit.
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250
OHMS

25 OHMS

25 OHMS

1–5 VOLTS
0–100 PSI

PRESSURE
SENSOR

I/O INPUT
PROGRAMMABLE

CONTROLLER

Figure 55–2
resistance in the lines can cause problems.
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not be the case in practical application. It is not un-
common to find that different pieces of equipment 
have ground  levels that are several volts apart (Fig-
ure 55–6).

To overcome this problem, large cable is some-
times used to tie the two pieces of equipment 
together. This forces them to exist at the same po-
tential. This method is sometimes referred to as 
the brute-force method.

Where the brute-force method is not practi-
cal, the shield of the signal cable is grounded at 
only one end. The preferred method is generally to 
ground the shield at the sensor.

Installation
Most analog sensors can produce only very weak 
signals—0 to 10 volts or 4 to 20 milliamperes are 
common. In an industrial environment where in-
tense magnetic fields and large voltage spikes 
abound, it is easy to lose the input signal in the 
electrical noise. For this reason, special precautions 
should be taken when installing the signal wiring 
between the sensor and the input module. These 
precautions are particularly important when  using 
analog inputs, but they should also be followed 
when using digital inputs.

Keep Wire Runs Short
Try to keep wire runs as short as possible. A long 
wire run has more surface area of wire to pick up 
stray electrical noise.

Plan the Route of the Signal Cable
Before starting, plan how the signal cable should 
be installed. Never run signal wire in the same con-
duit with power wiring. Try to run signal wiring as 
far away from power wiring as possible. When it is 
necessary to cross power wiring, install the signal 
cable so that it crosses at a right angle as shown in 
Figure 55–4.

Use Shielded Cable
Shielded cable is used for the installation of sig-
nal wiring. One of the most common types, shown 
in  Figure 55–5, uses twisted wires with a Mylar 
foil shield. The ground wire must be grounded if 
the shielding is to operate properly. This type of 
shielded cable can provide a noise reduction ratio 
of about 30,000:1.

Another type of signal cable uses a twisted pair 
of signal wires surrounded by a braided shield. This 
type of cable provides a noise reduction of about 
300:1.

Common coaxial cable should be avoided. This 
 cable consists of a single conductor surrounded by 
a braided shield. This type of cable offers very poor 
noise reduction.

Grounding
Ground is generally thought of as being electrically 
neutral, or zero at all points. However, this may 

POWER LINE

SIGNAL CABLE

Figure 55–4
Signal cable crosses power line at right angle.
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INSULATION

SHIELD

GROUND WIRE

CONDUCTORS

Figure 55–5
Shielded cable.
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same for both of the input conductors. Therefore, 
the differential amplifier ignores the 5-volt noise 
and amplifies only the voltage difference, which is 
50 millivolts.

The Differential Amplifier
An electronic device that is often used to help over-
come the problem of induced noise is the differen-
tial ampli fier (Figure 55–7). This device detects the 
voltage difference between the pair of signal wires 
and amplifies this difference. Because the induced 
noise level should be the same in both conductors, 
the amplifier ignores the noise. For example, as-
sume an analog sensor is producing a 50-millivolt 
signal. This signal is applied to the input module, 
but induced noise is at a level of 5 volts. In this 
case, the noise level is 100 times greater than the 
signal level. The induced noise level, however, is the 

INPUT FROM SENSOR

+

–

OUTPUT

Figure 55–7
Differential amplifier detects difference in signal level.
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I/O TRACKSENSOR
VOLTMETER

Figure 55–6
All grounds are not equal.
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●● RevIeW QUeSTIonS

 1. Explain the difference between digital inputs and 
analog inputs.

 2. Why should signal wire runs be kept as short as 
possible?

 3. When signal wiring must cross power wiring, 
how should the wires be crossed?

 4. Why is shielded wire used for signal runs?

 5. What is the brute-force method of 
grounding?

 6. Explain the operation of the differential 
amplifier.
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Many of the control systems used in today’s 
 industry are operated by solid-state devices as well 
as magnetic and mechanical devices. To install and 
troubleshoot control systems, an electrician must 
have an understanding of electronic control devices 
as well as relays and motor starters. Solid-state 
devices, such as diodes and transistors, are often 
called semiconductors. The word semiconductor  refers 
to the type of material used to make solid-state 
 devices. To understand how solid-state devices 
 operate, one must first study the atomic structure 
of conductors, insulators, and semiconductors.

Conductors
Conductors are materials that provide easy paths for 
the flow of electrons. Conductors are generally made 
from materials that have large, heavy atoms. For this 
reason, most conductors are metals. The best electri-
cal conductors are silver, copper, and aluminum.

Conductors are also made from materials 
that have only one or two valence electrons in 
their atoms.  (Valence electrons are the electrons 

in the outer orbit of an atom, Figure 56–1). An 
atom that has only one valence electron makes 
the best electrical conductor because the electron 
is held loosely in orbit and is easily given up for 
current flow.

OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the atomic structure of conductors, insulators, and semiconductors.

●● Discuss how a P-type material is produced.

●● Discuss how an N-type material is produced.

VALENCE ELECTRON

Figure 56–1
Atom of a conductor. 
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Semiconductors
Semiconductors, as the word implies, are mate-
rials that are neither good conductors nor good 
 insulators. Semi-conductors are made from materials 
that have four  valence electrons in their outer orbits 
(Figure 56–3). Germanium and silicon are the most 
common semiconductor materials used in the elec-
tronics field. Of these materials, silicon is used more 
often because of its ability to withstand heat.

Insulators
Insulators are generally made from lightweight 
materials that have small atoms. The outer orbits 
of the atoms of insulating materials are filled or 
almost filled with valence electrons. This means 
an insulator has seven or eight valence electrons, 
as in the example in Figure 56–2. Because an insu-
lator has its outer orbit filled or almost filled with 
valence electrons, the electrons are held tightly in 
orbit and are not easily given up for current flow.

Figure 56–2
Atom of an insulator. 
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Figure 56–3
Atom of a semiconductor. 
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semiconductor material such as  silicon has no special 
properties and does little more than make a poor con-
ductive material. To make semiconductor material 
useful in the production of solid-state components, 

When semiconductor materials are refined into a 
pure form, the molecules arrange themselves into a 
crystal structure with a definite pattern  (Figure  56–4). 
This type of pattern is called a lattice structure. A pure 

Figure 56–4
Lattice structure of a pure semiconductor material. 
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an electron, has a positive charge; therefore, the semi-
conductor material now has a net positive charge and 
is called a P-type material.

When a semiconductor material is mixed with 
an impurity that has five valence electrons, such 
as arsenic or antimony, the lattice structure has 
an excess of  electrons (Figure 56–6). Because elec-
trons are negative particles, and there are more 

it is mixed with an impurity. When pure semiconduc-
tor  material is mixed with an impurity that has only 
three valence electrons, such as indium or gallium, 
the lattice structure changes, leaving a hole in the ma-
terial (Figure 56–5). This hole is caused by a missing 
electron. Because the material now lacks an electron, 
it is no longer electrically neutral. Electrons are nega-
tive  particles. The hole, which has taken the place of 

HOLE

HOLE

HOLE

Figure 56–5
Lattice structure of a P-type material. 
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material and the thickness of each layer play an 
important part in determining what type of device 
is formed. For example, the diode is often called a 
PN junction because it is made by joining a piece 
of P-type material and a piece of N-type material 
(Figure 56–7). The transistor, on the other hand, 
is made by joining three layers of semiconductor 
 materials (Figure 56–8).

electrons in the material than there should be, the 
material has a net negative charge. This material 
is called an N-type material  because of its negative 
charge.

All solid-state devices are made from combina-
tions of P- and N-type materials. The type of device 
formed is determined by how the P- and N-type 
materials are connected. The number of layers of 

FREE
ELECTRON

FREE
ELECTRON

FREE
ELECTRON

Figure 56–6
Lattice structure of an N-type material. 
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P N

Figure 56–7
The PN junction. 
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Figure 56–8
The transistor.
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●● RevIew QueStIonS

 1. The atoms of a material used as a conductor 
 generally contain  valence 
electrons.

 2. The atoms of a material used as an insulator 
 generally contain  valence 
electrons.

 3. The two materials most often used to produce 
semiconductor devices are  
and .

 4. What is a lattice structure?

 5. How is a P-type material made?

 6. How is an N-type material made?

 7. Which type of semiconductor material can 
withstand the greatest amount of heat?

 8. All electronic components are formed from 
P-type and N-type materials. What factors 
determine the kind of components formed?
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The PN Junction
Hundreds of different electronic devices have been 
produced since the invention of solid-state compo-
nents. Solid-state devices are made by combining 
P-type and N-type materials. The device produced 
is determined by the number of layers of material 
used, the thickness of the layers of material, and 
the manner in which the layers are joined.

It is not within the scope of this text to cover 
even a small portion of these devices. The de-
vices that are covered have been selected because 
of their frequent use in industry as opposed to 
communications or  computers. These devices 
are presented in a straightforward, practical 

manner, and mathematical explanation is used only 
when necessary.

The PN junction is often called the diode. The 
 diode is the simplest of all electronic devices. It is 
made by joining a piece of P-type material and a piece 
of  N-type material (Figure 57–1). The  schematic 
 symbol for a diode is shown in Figure 57–2. The  diode 
operates like an electric check valve in that it permits 
current to flow through it in only one  direction. If the 
diode is to conduct current, it must be  forward  biased. 
The diode is forward  biased only when a  positive 
 voltage is connected to the anode and a  negative 
voltage is connected to the  cathode. If the  diode is 
reverse biased, the  negative  voltage  connected to 
the anode and the positive voltage connected to the 

OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss how the PN junction is produced.

●● Recognize the schematic symbol for a diode.

●● Discuss the differences between the conventional current flow theory and the 
electron flow theory.

●● Discuss how the diode operates in a circuit.

●● Identify the anode and cathode leads of a diode.

●● Properly connect the diode in an electric circuit.

●● Discuss the differences between a half-wave rectifier and a full-wave rectifier.

●● Test the diode with an ohmmeter.

Chapter  57
The PN Junction
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A common example of the use of the conven-
tional current flow theory is the electrical system 
of an automobile. Most automobiles use a negative 
ground system, which means that the negative ter-
minal of the battery is grounded. The positive ter-
minal of the battery is considered to be the “hot” 
terminal, and it is generally assumed that current 
flows from the “hot” terminal to ground.

The diode can be tested with an ohmmeter (see 
Procedure 1 in the Appendix). When the leads of 
an ohmmeter are connected to a diode, the diode 
should show continuity in only one direction. For 
example, assume that when the leads of an ohm-
meter are connected to a diode, it shows continu-
ity. If the leads are reversed, the ohmmeter should 
indicate an open circuit. If the diode shows conti-
nuity in both directions, it is shorted. If the ohm-
meter indicates no continuity in either direction, 
the diode is open.

The diode can be used to perform many jobs, but 
it is most commonly used in industry to construct a 
rectifier. A rectifier is a  device that changes, or con-
verts, AC voltage into DC voltage. The  simplest type 
of rectifier is the half-wave rectifier  (Figure  57–3). 
The half-wave rectifier can be  constructed using 
only one  diode. It gets its name from the fact that it 
rectifies only half of the AC waveform applied to it. 
When the voltage  applied to the anode is  positive, 
the diode is forward  biased and current flows 
through the diode, the load resistor, and back to 
the power supply. When the voltage applied to the 
anode is negative, the diode is reverse biased and 
no current flows. Because the diode permits cur-
rent to flow through the load resistor in only one 
direction, the current is direct current.

cathode, it acts like an open switch, and no current 
flows through the device.

When working with solid-state circuits, it is 
important to realize that circuits are often ex-
plained assuming conventional current flow as 
opposed to electron flow. The conventional current 
flow theory assumes that current flows from positive 
to negative, while the electron flow theory states that 
current flows from negative to positive. Although it 
has been known for many years that current flows 
from negative to positive, many  electronic circuit 
explanations assume a positive to negative current 
flow. There are several reasons for this assumption. 
One reason is that ground is generally  negative and 
is considered to be 0 volts in an electronic  circuit. 
Any voltage above, or greater, than ground is posi-
tive. Most people find it is easier to think of some-
thing flowing downhill or from some point above 
to some point below. Another reason is that all of 
the  arrows in an electronic schematic are pointed 
in the  direction of conventional current flow. The 
diode shown in Figure 57–2 is forward biased only 
when a positive voltage is applied to the anode and 
a negative voltage is applied to the cathode. If the 
conventional current flow theory is used, current 
will flow in the  direction the arrow is pointing. If 
the electron theory of current flow is used, current 
must flow against the arrow.

P N

Figure 57–1
The PN junction or diode.
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DIRECTION OF CONVENTIONAL CURRENT FLOW (+ TO –)

CATHODE

–

ANODE

+

Figure 57–2
Schematic symbol for a diode.
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LOAD

Figure 57–3
Half-wave rectifier.
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Diodes can be connected to produce full-wave 
rectification, which means that both halves of the  
AC waveform are made to flow in the same direc-
tion.One type of full-wave rectifier is the bridge  
rectifier (Figure 57–4). Notice that four diodes are 
required to construct the bridge rectifier.

To understand the operation of the bridge 
rectifier shown in Figure 57–4, assume that point  
X of the AC source is positive and point Y is nega-
tive. Current flows to point A of the rectifier. At  
point A, diode D4 is  reverse biased and D1 is for-
ward biased; therefore, the current flows through 
diode D1 to point B of the  recti fier. At point B, di-
ode D2 is reverse biased, so the current must flow 
through the load resistor to ground. The current re-
turns through ground to point D of the recti fier. At 
point D, both diodes D3 and D4 are forward  biased, 
but current does not flow from positive to positive. 
Therefore, the current flows through diode D3 to  
point C of the bridge, and then to point Y of the AC 
source, which is negative at this time. Because cur-
rent flowed through the load resistor during this  
half cycle, a voltage developed across the resistor.

Now assume that point Y of the AC source is  
positive and point X is negative. Current flows from  
point Y to point C of the rectifier. At point C, diode 
D3 is reverse biased and diode D2 is forward biased. 
The current flows through diode D2 to point B of 
the rectifier. At point B, diode D1 is reverse biased, 
so the current must flow through the load resistor 
to ground. The current flows from ground to point 
D of the bridge. At point D, both diodes D3 and D4 
are forward biased. Because current does not flow 

Figure 57–5
Bridge rectifiers in a single case.
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B

D4 D1

D3 D2

Figure 57–4
Bridge rectifier.
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from positive to positive, the current flows through 
diode D4 to point A of the bridge and then to point 
X, which is now negative. Current flowed through 
the load resistor during this half cycle, so a voltage 
developed across the load resistor. Notice that the 
current flowed in the same direction through the 
resistor during both half cycles. Bridge rectifiers in 
single cases are shown in Figure 57–5.

In industry, three-phase power is used more of-
ten than single-phase power. Six diodes can be con-
nected to form a three-phase bridge rectifier that 
changes three-phase AC voltage into DC voltage 
(Figure 57–6).
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When the diode is to be connected in a cir-
cuit, there must be some means of identifying 
the anode and the cathode. Diodes are made in 
different case styles, as shown in Figure 57–7, 
so there are different methods of identifying the 
leads. Large stud mounted diodes often have the 
diode symbol printed on the case to show proper 
lead identification. Small plastic case diodes 
 often have a line or band around one end of the 
case (Figure 57–8). This line or band represents 
the line in front of the arrow on the schematic 
symbol of the diode. An ohmmeter can always be 

ANODE CATHODE ANODE CATHODE

Figure 57–8
Lead identification of a plastic case diode.
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Figure 57–7
Diodes shown in various case styles.
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LOAD

L1

L2

L3 –

+

Figure 57–6
Three-phase bridge rectifier.
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used to determine the proper lead identification 
if the polarity of the  ohmmeter leads is known. 
The positive lead of the ohm meter must be con-
nected to the anode to make the diode forward 
biased.

●● Review QuesTioNs

 1. The PN junction is more commonly known as the 
.

 2. Draw the schematic symbol for a diode.

 3. Explain how a diode operates.

 4. Explain the difference between the conventional 
current flow theory and the electron flow theory.

 5. Explain the difference between a half-wave 
rectifier and a full-wave rectifier.

 6. Explain how to test a diode with an 
ohmmeter.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Explain the difference between a junction diode and a zener diode.

●● Discuss common applications of the zener diode.

●● Connect a zener diode in a circuit.

The Zener Diode
The zener diode is a special device designed to be 
operated with reverse polarity applied to it. When a 
 diode is broken down in the reverse direction, it en-
ters what is known as the zener region. Usually, when 
a diode is broken down into the zener region, it is de-
stroyed; the zener diode, however, is designed to be 
operated in this region without harming the device.

When the reverse breakdown voltage of a 
 zener diode is reached, the voltage drop of the 
device remains almost constant regardless of the 
amount of current flowing in the reverse direction  
(Figure 58–1). Because the voltage drop of the 
 zener diode is constant, any device connected par-
allel to the  zener has a constant voltage drop even 
if the current through the load is changing.

In Figure 58–2, resistor R1 is used to limit the 
total current of the circuit. Resistor R2 is used to 
limit the current in the load circuit. Note that the 
value of R1 is less than the value of R2. This is to 
ensure that the supply can furnish enough cur-
rent to operate the load. Note also that the supply 

voltage is greater than the zener voltage. The sup-
ply voltage must be greater than the voltage of the 
zener diode or the circuit cannot operate.

Resistor R1 and the zener diode form a series 
circuit to ground. Because the zener diode has a 
voltage drop of 12 volts, resistor R1 has a voltage 
drop of 8 volts: (20 V 2 12 V 5 8 V). Therefore, 
resistor R1 permits a maximum current flow in the 
circuit of 0.08 ampere, or 80 milliamperes:

8
100

5 0.08

The load circuit, which is a combination of R2 
and R3, is connected parallel to the zener diode. 
Therefore, the voltage applied to the load circuit 
must be the same as the voltage dropped by the 
 zener. If the zener diode maintains a constant 
 12-volt drop, a constant voltage of 12 volts must be 
applied to the load circuit.

The maximum current that can flow through 
the load circuit is 0.06 ampere, or 60 milliamperes:

12 V
200

5 0.06 A

Chapter  58
The Zener Diode
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Notice that the value of R2 (200 ohms) is used 
to ensure that there is enough current available to 
operate the load.

The maximum current allowed into the circuit 
by resistor R1 is always equal to the sum of the cur-
rents passing through the zener diode and the load. 
For example, when the load is connected parallel to 
the zener diode as shown in Figure 58–2, and resis-
tor R3 is adjusted to 0 ohms, meter A1 indicates a 
current of 20 milliamperes, and meter A2 indicates 
a current of 60 milliamperes. Therefore, the maxi-
mum current allowed into the circuit by resistor R1 
is 80 milliamperes (20 mA 1 60 mA 5 80 mA). The 
voltage value indicated by meter E1 is the same as 
the zener voltage value.

If resistor R3 is increased in value to 200 ohms, 
the resistance of the load will increase to 400 ohms 
(200 1 200 5 400). Meter A1 indicates a current of 
50 milliamperes and meter A2 indicates a current 
of 30 milliamperes. The voltage value  indicated by 
meter E1 is still the same as the zener voltage value.

CURRENT (FORWARD)

VOLTS
(FORWARD)

VOLTS
(REVERSE)

ZENER
REGION

CURRENT (REVERSE)

Figure 58–1

Figure 58–2
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The zener diode, therefore, makes a very effective 
voltage regulator for the load circuit. Although the 
 current through the load circuit changes, the zener 
diode forces the voltage across the load circuit to 
remain at a constant value and conducts the cur-
rent not used by the load circuit to ground.

The schematic symbol for a zener diode is 
shown in Figure 58–3. The zener diode can be 
tested with an ohmmeter in the same manner as 
a common junction diode is tested, provided the 
zener voltage is greater than the battery voltage of 
the ohmmeter.

Figure 58–3
Schematic symbol for the zener diode.

●● Review QuesTions

 1. How is a zener diode connected in a circuit as 
compared to a common junction diode?

 2. What is the primary use of a zener diode?

 3. A 5.1-volt zener diode is to be connected to an 
8-volt power source. The current must be limited 
to 50 milliamperes. What value of current-limit-
ing resistor must be connected in series with the 
zener diode?

 4. How is a zener diode tested?

 5. In a zener diode circuit, the current-limiting 
resistor limits the total circuit current to 
150 milliamperes. If the load circuit is draw-
ing a current of 90 milliamperes, how much 
current is flowing through the zener diode?
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Objectives

After studying this chapter, the student will be able to

●● Discuss different types of light-emitting-diodes.

●● Calculate the resistance necessary for connecting an LED into a circuit.

●● Connect an LED in a circuit.

●● Discuss the differences between LEDs and photodiodes.

●● Draw the schematic symbols for LEDs and photodiodes.

Light-emitting diodes (LEDs) are among the most 
common devices found in the electrical/electronics 
field. First introduced in 1962, early LEDs emitted 
low-intensity red light and were used as indicator 
lights for many years. Modern versions, however, 
are available across a wide spectrum of visible, ul-
traviolet, and infrared wavelengths, with very high 
brightness. As their name implies, light-emitting 
diodes are basically diodes that perform a special 
function. When electrons in the N-type material 
are combined with holes in the P-type material, en-
ergy is released in the form of photons. The color 
of the light is determined by the energy level of the 
photons, which in turn is determined by the energy 
gap of the semiconductor material, and the energy 
gap of the semiconductor is determined by the ma-
terial used.

The basic light-emitting diode is formed by 
joining gallium arsenide (GaAs) or gallium phos-
phide (GaP). These two solutions can be combined 
to form a solid solution called gallium arsenide phos-
phide (GaAsP). Different colors can be produced by 
adding other compounds. The chart in Figure 59–1 
shows different colored LEDs, the wavelength of 
light in nanometers, the forward voltage drop, and 
the materials used to construct the diode.

One of the great advancements in LED technol-
ogy was the development of white LEDs. There are 
two primary ways of producing white LEDs. One 
employs the use of three individual LEDs that emit 
the primary colors of red, green, and blue (RGB). 
The most common method employs a blue and ul-
traviolet LED with a yellow phosphor coating, much 
like the coating on fluorescent lights. The phosphor 

Chapter  59
Light-Emitting-Diodes 
and Photodiodes
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used to make the diode. Most LEDs operate about 
20 mA or less. A chart showing the typical forward 
voltage drop of different material used to make 
diodes is shown in Figure 59–2. Junction diodes 
typically have a PIV (peak inverse voltage) rating of 
100 volts or greater, but LEDs have a typical PIV 
rating of about 5 volts. For this reason, when LEDs 
are used in applications where they are intended to 
block any amount of reverse voltage, they are con-
nected in series with a junction diode, Figure 59–3.

Testing LEDs
Light-emitting-diodes can be tested in a manner 
similar to that of testing a junction diode. The LED 
is a rectifier and should permit current to flow in 
only one direction. When testing an LED with an 

coating changes the monochromatic light produced 
by the blue/UV LED into a broad-spectrum white 
light. It is possible to produce different spectrums 
that produce different shades of white. White LEDs 
are very popular for use in portable lights because 
of their low power consumption. They are available 
in sizes up to 3 watts to produce bright portable 
lights.

LED Characteristics
The electrical characteristics of LEDs vary consider-
ably from those of common junction diodes. Junc-
tion diodes have a forward voltage drop of about 
0.7 volt for silicon and 0.4 volt for germanium. 
Most LEDs have a forward voltage drop of about 
1.7 volts or greater, depending on the material 

Color Wavelength (nm) Voltage Semiconductor Material

Red 1.63–2.03

Aluminum gallium arsenide (AlGaAs)
Gallium arsenide phosphide (GaAsP)
Aluminum gallium indium phosphide (AlGaInP)
Gallium(III) phosphide (GaP)

610–760

Gallium arsendide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)
Gallium(III) phosphide (GaP)

Gallium arsendide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)

Aluminium gallium indium phosphide (AlGaInP)

Gallium(III) phosphide (GaP)

Gallium(III) phosphide (GaP)

Orange 590–610 2.03–2.10

Yellow 570–590 2.10–2.18

Indium gallium nitride (InGaN) / Gallium(III) nitride (GaN)

Indium gallium nitride (InGaN)

Indium gallium nitride (InGaN)

Aluminium gallium phosphnide (AlGaP)

Green 500–570 1.9–4

Zinc selenide (ZnSe)

Silicon carbide (SiC) as substrate
Blue 450–500 2.48–3.7

2.48–3.7

Violet 400–450 2.76–4

Dual blue/red LEDs
Blue LED with red phosphor

or
White LED with purple plastic

Purple Depends on type

Gallium arsendie (GaAs)
Aluminium gallium arsenide (AlGaAs)

Infared 760 1.9

Diamond (235 nm)
Boron nitride (215 nm)
Aluminium nitride (AlN) (210 nm)
Aluminium gallium nitride (AlGaN)
Aluminium gallium indium nitride (AlGaInN)

Ultraviolet 400 3.1–4.4

White Broad spectrum Up to 3.5 Blue/UV diode with yellow phosphor

Figure 59-1
The color of an LeD is determined by the material it is made from.
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Figure 59–5, and other used a lightning arrow, as 
shown in Figure 59–6. The lightning arrow symbol 
is employed to help prevent the arrow from being 

ohmmeter, the meter must be capable of producing 
enough output voltage to overcome the forward 
conduction voltage of about 1.7 volts or higher. 
However, the meter must not supply a voltage 
that is higher than the reverse breakdown value. 
Meters often have a diode symbol, Figure 59–4. 
When the selector switch is set on the diode sym-
bol, the  meter will produces enough output voltage 
to test most semiconductor devices. The symbol 
for a light-emitting diode is shown in Figure 59–5. 
Some symbols used a straight arrow, as shown in 

0

10 mA

20 mA

30 mA

40 mA

50 mA

1 2 3 4

FORWARD VOLTAGE DROP

GE
SI

GAAS

GAASP

GAP
SIC

Figure 59-2
Forward voltage and current characteristics of diodes.
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CURRENT-LIMITING
RESISTOR

LIGHT-EMITTING DIODE
8 PIV

JUNCTION DIODE
400 PIV

Figure 59-3
A junction diode is connected in series with a light-emitting-diode to 
increase the reverse voltage rating.
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Figure 59-4
Meters often have a diode symbol that is used for testing 
semi-conductor devices.
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LED Lead Identification
LEDs are housed in many different case styles. 
 Regardless of the case style, there is generally some 
method of identifying which lead is the cathode 
and which is the anode. The case of most LEDs have 
a flat side that is located closer to the cathode lead, 
Figure 59–7. Also, the cathode lead is generally 
shorter.

Seven-Segment Displays
A very common device that employs the use of 
LEDs is the seven-segment display, Figure 59–8. 
The display actually contains eight LEDs—each 
segment plus the decimal point. Common cathode 
displays have all the cathodes connected together 
to from a common point. The display is energized 
by connecting a more positive voltage to the anode 
lead of each segment. Common anode displays are 
energized by connecting the appropriate cathode 
lead to a more negative voltage (generally ground). 
The seven-segment display can be used to display 
any number from 0 to 9.

Figure 59-5
The LeD schematic symbol.
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Figure 59-6
A lighting arrow symbol is sometimes used.
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LED CHIPWIRE

ANODE
POST

CATHODE POST

FLAT SIDE

CATHODE LEAD IS
SHORTER THAN
ANODE LEAD

FLAT SIDE CLOSER
TO CATHODE LEAD

CATHODE

ANODE

BOTTOM VIEW

Figure 59-7
identifying the leads of an LeD.
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confused with a lead attached to the device. The 
important part of the symbol is that the arrow is 
pointing away from the diode. This indicates that 
light is being emitted, or given off, by the diode.
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Photodiodes
The photodiode is so named because of its response 
to a light source. Photodiodes are housed in a case 
that has a window that permits light to strike the 
semi-conductor material, Figure 59–9. Photodi-
odes can be used in two basic ways.

Photovoltaic
Photodiodes can be used as photovoltaic devices. 
When in the presence of light, they will produces 
a voltage in a manner similar to that of solar cells. 
The output voltage is approximately 0.45 volt. The 
current capacity is small and is generally limited to 
applications such as operating light-metering de-
vices. The basic schematic for a photodiode used 
as a photovoltaic device is shown in Figure 59–10. 
Note the symbol used to represent a photodiode. 

Connecting the LED in a 
Circuit
When used in a circuit, the LED generally operates 
with a current of about 20 mA (0.020 A) or less. As-
sume that an LED is to be connected in a 12 VDC 
circuit and is to have a current draw of approxi-
mately 20 mA. This LED must have a current-limit-
ing resistor connected in series with it. Ohm’s Law 
can be used to determine what size resistor should 
be connected in the circuit.

R 5
E
1

                  R 5
12

0.020
                R 5 600 V

The nearest standard size resistor not less than 
600 ohms is 620 ohms. A 620-ohm resistor will be 
connected in series with the LED. The minimum 
power rating for the resistor can be determined us-
ing Ohm’s Law. The LED will have a voltage drop of 
approximately 1.7 volts. Because the resistor is con-
nected in series with the LED, it will have a voltage 
drop of 10.3 volts (12 – 1.7). The power dissipation 
of the resistor can be determined using the formula:

P 5
E2

R
                  P 5

10.32

620
                P 5 0.171 W

A 1/4-watt resistor can be employed in this 
circuit.

A

B

C

D

E

F

G

DP

Figure 59-8
Seven-segment display.
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LENSE

TAB CLOSEST TO
CATHODE LEAD

CATHODE ANODE

Figure 59-9
Photodiode
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+0.45 V

PHOTODIODE

Figure 59-10
Photodiode used as a photovoltaic device.
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The arrow pointing toward the diode indicates that 
it must receive light to operate.

Photoconductive
Photodiodes can also be used as photoconductive 
devices. When used in the manner, they are con-
nected reverse biased, Figure 59–11.

LED Devices
Light-emitting diodes are used in literally hundreds 
of devices that range from simple indicating lights 
to high-intensity lighting for businesses. Many 
Christmas lights are composed of LEDs. They pro-
duce bright lights that consume about one-fourth 
the energy of conventional incandescent lights. 
One of the most common devices that employs 
the use of an LED and a photodiode is the optical 
mouse used with many computers, Figure 59–12. 
The light-emitting diode supplies light to the sur-
face on which the mouse sits. As the mouse is 
moved, the photodiode detects the change of light 
intensity. The LED and photodiode are shown in 
Figure 55–13.

BATTERY

OUTPUT

+

Figure 59-11
Photodiode used as a photoconductive device.
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Figure 59-12
Optical mouse used with many computers.
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LED

PHOTODIODE

Figure 59-13
The optical mouse contains both a light-emitting-diode 
and a photodiode.
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●● REVIEW QUESTIONS

 1. What do the letters LED stand for?

 2. If an LED is connected into an AC circuit, will the 
output be AC or DC?

 3. What is the average forward voltage drop of an 
LED?

 4. What does the arrow pointing away from a diode 
symbol indicate?

 5. An LED is connected into a 24-volt DC circuit. 
The current should be limited to a maximum of 

20 mA. What is the minimum size resistor 
that should be connected in series with the 
LED?

 6. When used as a photovoltaic device, how 
much voltage is generally produced by a 
photodiode?

 7. Explain the difference between the symbol 
used to indicate an LED and the symbol used 
to indicate a photodiode.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the differences between PNP and NPN transistors.

●● Test transistors with an ohmmeter.

●● Identify the leads of standard, case-style transistors.

●● Discuss the operation of a transistor.

●● Connect a transistor in a circuit.

The Transistor
Transistors are made by connecting three pieces 
of semiconductor material. There are two  basic 
types of transistors: the NPN and the PNP  
(Figure 60–1). The schematic symbols for these 
transistors are shown in Figure 60–2. These tran-
sistors differ in the manner in which they are con-
nected in a circuit. The NPN transistor must have 
a positive voltage connected to the collector and 
a negative voltage connected to the emitter. The 
PNP must have a positive voltage connected to  
the emitter and a negative voltage connected to the 
collector. The base must be connected to the same 
polarity as the collector to forward bias the transis-
tor. Notice that the arrows on the emitters point in 
the direction of conventional current flow.

An ohmmeter can be used to test a transistor, 
which will appear to the ohmmeter to be two joined 

diodes (Figure 60–3). (For an explanation of how to 
test a  transistor, see Procedure 2 in the Appendix.) 
If the polarity of the output of the ohmmeter leads 
is known, the transistor can be identified as NPN 
or PNP. An NPN transistor appears to an ohmme-
ter to be two diodes with their anodes connected. If 
the positive lead of the ohmmeter is connected to 

P NN N PP

Figure 60–1
Two basic types of transistors.
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 collector current. Therefore, if the base current is 
increased to 2 milliamperes, the collector current 
increases to 200 milliamperes. If the base current 
is decreased to 0.5 milliampere, the collector cur-
rent decreases to 50 milliamperes. Notice that a  
small change in the amount of base current can 
cause a large change in the amount of collector cur-
rent. This permits a small amount of signal current 
to operate a larger device such as the coil of a con-
trol relay.

One of the most common applications of the 
transistor in industry is that of a switch. When 
used in this manner, the transistor operates like a 

the base of the transistor, a diode junction should 
be seen between the base- collector and the base-
emitter. If the negative lead of the ohmmeter is 
connected to the base of an NPN  transistor, there 
should be no continuity between the base-collector 
and the base-emitter junction.

A PNP transistor will appear to an ohmmeter 
to be two diodes with their cathodes connected. If 
the negative lead of the ohmmeter is connected to 
the base of the transistor, a diode junction should 
be seen between the base-collector and the base-
emitter. If the positive ohmmeter lead is connected 
to the base, there should be no continuity between 
the base-collector or the base-emitter.

The simplest way to describe the operation of 
a transistor is to say that it operates like an electric 
valve. Current does not flow through the collector-
emitter until current flows through the base-emitter. 
The amount of base-emitter current, however, is 
small when compared to the collector-emitter cur-
rent (Figure 60–4). For example, assume that when 
1 milliampere of current flows through the base-
emitter junction, 100 mA of current flow through 
the collector-emitter junction. If this transistor 
is a linear device, an increase or decrease of base 
current causes a similar increase or decrease of 

+ BASE

+ COLLECTOR

– EMITTER

NPN
– BASE

– COLLECTOR

+ EMITTER

PNP

Figure 60–2
Schematic symbols for transistors.
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NPN
C E

B B

PNP
C E

Figure 60–3
Ohmmeter test for transistors.
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NPN

Figure 60–4
A small base current controls a large collector current.
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digital device  instead of an analog device. The term 
digital means a device that has only two states, 
such as on and off. An analog device can be adjusted 
to different states. An example of this control can 
be seen in a simple switch connection. A common 
wall switch is a digital device. It can be used to 
turn a light on or off. If the simple toggle switch 
is replaced with a dimmer control, the light can be 
turned on, off, or it can be adjusted to any position 
between on and off. The dimmer is an example of 
analog control.

If no current flows through the base of the tran-
sistor, the transistor acts like an open switch and 
no current can flow through the collector-emitter 
junction. If enough base current is applied to the 
transistor to turn it completely on, it acts like a 
closed switch and permits current to flow through 
the collector-emitter junction. This is the same ac-
tion produced by the closing contacts of a relay or 
motor starter, but, unlike a transistor, a relay or 
motor starter cannot turn on and off several thou-
sand times a second.

Some case styles of transistors permit the leads 
to be quickly identified (Figures 60–5, 60–6, and 
60–7). The TO 5 and TO 18 cases, and the TO 3 
case are in this category. The leads of the TO 5 and 
TO 18 case transistors can be identified by hold-
ing the case of the transistor with the leads facing 
you, as shown in Figure 60–8A. The metal tab on 
the case of the transistor is closest to the emitter 
lead. The base and collector leads are positioned as 
shown.

The leads of a TO 3 case transistor can be 
identified as shown in Figure 60–8B. When the 

Figure 60–5
TO 18 case transistor.
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TO 5; TO 18

C

C

E E B

B

(A) (B)

TO 3

Figure 60–8
Lead identification of transistors.
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Figure 60–6
TO 220 case transistor.
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Figure 60–7
TO 3 case transistor.
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transistor is held with the leads facing you and 
down, the emitter is the left lead and the base 
is the right lead. The case of the transistor is the 
collector.
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●● Review QuesTions

 1. What are the two basic types of transistors?

 2. Explain how to test an NPN transistor with an 
 ohmmeter.

 3. Explain how to test a PNP transistor with an 
 ohmmeter.

 4. What polarity must be connected to the col-
lector, base, and emitter of an NPN to make it 
 forward  biased?

 5. What polarity must be connected to the col-
lector, base, and emitter of a PNP transistor 
to make it forward biased?

 6. Explain the difference between an analog 
 device and a digital device.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the differences between junction transistors and unijunction  transistors.

●● Describe the operation of the unijunction transistor (UJT).

●● Identify the leads of a UJT.

●● Draw the schematic symbol for a UJT.

●● Test a UJT with an ohmmeter.

●● Connect a UJT in a circuit.

The Unijunction Transistor
The unijunction transistor (UJT) is a special transis-
tor that has two bases and one emitter. The uni-
junction transistor is a digital device because it has 
only two states, on and off. It is generally classified 
with a group of devices known as thyristors. Thyris-
tors are devices that are turned completely on or 
completely off. Thyristors include such devices as 
the SCR, the triac, the diac, and the UJT.

The unijunction transistor is made by com-
bining three layers of semiconductor material, as 
shown in Figure 61–1. Figure 61–2 shows the sche-
matic symbol of the UJT with polarity connections 
and the base diagram.

Current flows in two paths through the UJT. 
One path is from base 2 to base 1. The other path 

is through the emitter and base 1. In its normal 
state, current does not flow through either path 
until the  voltage applied to the emitter is about 
10 volts higher than the voltage applied to base 1. 
When the voltage applied to the emitter is about 

P

E

B1B2
NN

Figure 61–1
The unijunction transistor.
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10 volts higher than the voltage applied to base 1, 
the UJT turns on and current flows through the 
base 1–base 2 path and from the emitter through 
base 1. Current continues to flow through the UJT 
until the voltage applied to the emitter drops to a 
point that is about 3 volts higher than the voltage 
applied to base 1. When the emitter voltage drops 
to this point, the UJT turns off and remains off un-
til the voltage applied to the emitter again reaches 
a level about 10 volts higher than the voltage ap-
plied to base 1.

The unijunction transistor is generally con-
nected to a circuit similar to the circuit shown in 
Figure 61–3. The variable resistor controls the 
capacitor’s rate of charge time. When the capaci-
tor has been charged to about 10 volts, the UJT 
turns on and discharges the  capacitor through the 
emitter and base 1. When the  capacitor has been 
discharged to about 3 volts, the UJT turns off and 
permits the capacitor to begin charging again. By 
varying the resistance connected in series with the 
capacitor, the amount of time needed for charging 
the capacitor can be changed, thereby controlling 
the pulse rate of the UJT (T 5 RC).

The unijunction transistor can furnish a large 
output pulse because the output pulse is produced 
by the discharging capacitor (Figure 61–4). This 
large output pulse is generally used for triggering 
the gate of a silicon-controlled rectifier.

The pulse rate is determined by the amount of 
resistance and capacitance connected to the emit-
ter of the UJT. However, the amount of capacitance 
that can be connected to the UJT is limited. For 
instance, most UJTs should not be connected to 
capacitors larger than 10 microfarads because the 

2N2646

B1 B2

E

(B)

EMITTER (+)

BASE #2 (+)

BASE #1 (+)

(A)

Figure 61–2
The schematic symbol for the unijunction transistor with polarity connections and base diagram.
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Figure 61–3
Common connection for a uJT
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Figure 61–4
The discharging capacitor furnishes a large output pulse.
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of the ohmmeter is connected to the emitter, no 
circuit should be seen between the emitter and 
either base. If the ohmmeter leads are connected 
to the two bases, continuity is seen between these 
two leads, provided that the output voltage of the 
ohmmeter is high enough.

UJT may not be able to handle the current spike 
produced by a larger capacitor, and the UJT could 
become damaged.

The unijunction transistor can be tested with 
an ohmmeter in a manner very similar to that used 
to test a common junction transistor. (For an ex-
planation of how to test a unijunction transistor, 
see Procedure 3 in the Appendix.)

When testing the UJT with an ohmmeter, 
the UJT appears as a circuit containing two re-
sistors connected in series, with a diode con-
nected to the junction point of the two resistors, 
as shown in Figure 61–5. If the positive lead of 
the ohmmeter is connected to the emitter of the 
UJT, a circuit should be seen between emitter and  
base 1 and emitter and base 2. If the negative lead 

E

B1B2

Figure 61–5
Testing a uJT.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

●● Review QUesTions

 1. What do the letters UJT stand for?

 2. How many layers of semiconductor material are 
used to construct a UJT?

 3. Briefly explain the operation of the UJT.

 4. Draw the schematic symbol for the UJT.

 5. Briefly explain how to test a UJT with an 
ohmmeter.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the operation of an SCR in a DC circuit.

●● Discuss the operation of an SCR in an aC circuit.

●● Draw the schematic symbol for an SCR.

●● Discuss phase shifting.

●● Test an SCR with an ohmmeter.

●● Connect an SCR in a circuit.

The silicon-controlled rectifier (SCR) is often re-
ferred to as a PNPN junction because it is made 
by joining four layers of semiconductor material 
 (Figure 62–1). The schematic symbol for the SCR is 
shown in Figure 62–2. Notice that the symbol for 
the SCR is the same as the symbol for the diode ex-
cept that a gate lead has been added. Case styles for 
SCRs are shown in Figure 62–3.

The SCR is a member of a family of devices 
known as thyristors. Thyristors are digital devices 
in that they have only two states, on and off. The 
SCR is used when it is necessary for an electronic 
device to control a large amount of power. For ex-
ample, assume that an SCR has been connected in 
a circuit as shown in Figure 62–4. When the SCR 
is turned off, it drops the full voltage of the circuit, 
and 200 volts appear across the anode and cathode. 
although the SCR has a voltage drop of 200 volts, 

PP N N

Figure 62–1
The PNPN junction.
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GATE

–+ ANODE CATHODE

Figure 62–2
The schematic symbol for a silicon-controlled rectifier.
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Because the SCR now has a voltage drop of 1 volt 
and 2 amperes of current flowing through it, it 
must dissipate 2 watts of heat (1 V 3 2 a 5 2 W). 
Notice that although the SCR is dissipating only 2 
watts of power, it is controlling 400 watts of power.

The scr in a Dc circuit
When an SCR is connected in a DC circuit as shown 
in Figure 62–4, the gate turns the SCR on, but 
it does not turn the SCR off. To turn the anode– 
cathode  section of the SCR on, the gate must be 
connected to the same polarity as the anode. Once 
the gate has turned the SCR on, the SCR remains  
on until the current flow ing through the anode–
cathode section drops to a low enough level to per-
mit the device to turn off. The amount of current 
required to keep the SCR turned on is called the 
holding current.

In Figure 62–5, assume that resistor R1 has 
been adjusted to its highest value and resistor R2 
has been adjusted to its lowest or 0 value. When 
switch S1 is closed, no current flows through the 
anode–cathode section of the SCR because resis-
tor R1 prevents the amount of current needed to 
 trigger the device from flowing through the gate–
cathode section of the SCR. If the value of resistor 
R1 is slowly decreased, current flow through the 
gate–cathode section slowly increases. When the 
gate reaches a certain level (assume 5 ma for this 
SCR) the SCR fires, or turns on. When the SCR fires, 
current flows through the   anode–cathode section, 
and the voltage drop across the device is about 1 volt. 
Once the SCR is turned on, the gate has no control 
over the device. It could be dis connected from the 
anode without affecting the circuit. When the SCR 

there is no current flow in the circuit. The SCR does 
not have to dissipate any power in this condition 
(200 V 3 0 a 5 0 W). When the push  button is 
pressed, the SCR turns on, producing a voltage drop 
across its anode and cathode of about 1 volt. The 
load resistor limits the circuit current to 2 amperes:

200 V
100 V

5  2 a

Figure 62–3
SCrs shown in different case styles.
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200 VOLTS DC

+
LOAD 100 OHMS

Figure 62–4
The SCr is turned on by the gate.
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each half cycle. When the aC waveform drops to 
0 at the end of each half cycle, the SCR turns off. 
This means that the gate must retrigger the SCR for 
each cycle it is to conduct (Figure 62–6).

assume that the variable resistor connected 
to the gate has been adjusted to permit 5 milli-
amperes of current to flow when the voltage ap-
plied to the anode reaches its peak value. When the 
SCR turns on, current begins flowing through the 
load resistor when the aC waveform is at its posi-
tive peak. Current continues to flow through the 
load until the decreasing voltage of the sine wave 
causes the current to drop below the holding cur-
rent level of 100 milliamperes. When the current 
through the anode–cathode section drops below 
100 milliamperes, the SCR turns off and all current 
flow stops. The SCR remains turned off when the 
aC waveform goes into its negative half cycle be-
cause during this half cycle the SCR is reverse bi-
ased and cannot be fired.

fires, the anode–cathode section  becomes a short cir-
cuit, and current flow is limited by resistor R3.

Now assume that resistor R2 is slowly increased 
in value. When the resistance of R2 is slowly 
 increased, the current flow through the anode– 
cathode section slowly decreases. assume that when 
the current flow through the anode–cathode sec-
tion drops to 100 milliampere, the device suddenly 
turns off and the current flow drops to 0. This SCR 
requires 5 milliamperes of gate current to turn it on 
and has a holding current value of 100 milliamperes.

The scr in an Ac circuit
The SCR is a rectifier; when it is connected in an aC 
circuit, the output is direct current. The SCR oper-
ates in the same manner in an aC circuit as it does 
in a DC circuit. The difference in operation is caused 
by the aC waveform falling back to 0 at the end of 

A1

A2
S1

R2

R1

R3

+

Figure 62–5
Operation of an SCr in a dC circuit.
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LOAD
5 mA

Figure 62–6
The SCr fires when the aC waveform reaches peak value.
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Phase shifting the scr
The SCR can control all of the positive waveform 
through the use of phase shifting. as the term im-
plies, phase shifting means to shift the phase of 
one thing in reference to another. In this instance, 
the voltage applied to the gate must be shifted out 
of phase with the voltage applied to the anode. al-
though there are several methods used for phase 
shifting an SCR, it is beyond the scope of this text 
to cover all of them. The basic principles are the 
same for all of the methods, however, so only one 
method is covered.

To phase shift an SCR, the gate circuit must be 
unlocked, or separated, from the anode circuit. The 
circuit shown in Figure 62–9 will accomplishes this. 
a 24-volt, center-tapped transformer is used to 
isolate the gate  circuit from the anode circuit. Di-
odes Dl and D2 are used to form a two-diode type 
of full-wave rectifier to operate the UJT circuit. 
Resistor R1 is used to  determine the pulse rate of 

If the resistance connected in series with 
the gate is reduced, a current of 5 milliampere is 
reached before the aC waveform reaches its peak 
value  (Figure 62–7). This causes the SCR to fire 
earlier in the cycle. Because the SCR fires earlier in 
the cycle, current is permitted to flow through the 
load resistor for a longer period of time, which pro-
duces a higher average voltage drop across the load. 
If the resistance of the gate circuit is reduced again, 
as shown in Figure 62–8, the 5 milliamperes of gate 
current needed to fire the SCR is reached earlier than 
in Figure 62–7. Current begins flowing through the 
load sooner than before, which permits a higher av-
erage voltage to be dropped across the load.

Notice that this circuit enables the SCR to con-
trol only half of the positive waveform. The latest 
the SCR can be fired in the cycle is when the aC 
waveform is at 90°, or peak. If a lamp were used 
as the load for this  circuit, it would burn at half 
brightness when the SCR first turned on. This con-
trol would permit the lamp to be operated from 
half brightness to full brightness, but it could not 
be operated at a level less than half brightness.

LOAD

5 mA

Figure 62–7
The SCr fires before the aC waveform reaches peak value.
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LOAD

5 mA

Figure 62–8
The SCr fires earlier than in Figure 62–7.
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Testing the scr
The SCR can be tested with an ohmmeter (see Pro-
cedure 4 in the appendix). To test the SCR, con-
nect the positive output lead of the ohmmeter to 
the anode and the negative lead to the cathode. The 
ohmmeter should indicate no continuity. Touch 
the gate of the SCR to the anode. The ohmmeter 
should indicate continuity through the SCR. When 
the gate lead is removed from the anode, conduc-
tion may stop or continue depending on whether 
the ohmmeter is supplying enough current to keep 
the device above its holding current level. If the 
ohmmeter indicates continuity through the SCR 
before the gate is touched to the anode, the SCR 
is shorted. If the ohm meter does not indicate con-
tinuity through the SCR after the gate has been 
touched to the anode, the SCR is open.

the UJT by controlling the charge time of capacitor 
C1. Resistor R2 is used to limit the current through 
the emitter of the UJT if resistor R1 is adjusted to 
0 ohms. Resistor R3 limits current through the base 
1–base 2 section when the UJT turns on.  Resistor 
R4 permits a voltage spike or pulse to be produced 
across it when the UJT turns on and discharges ca-
pacitor C1. The pulse produced by the discharge of 
capacitor C1 is used to trigger the gate of the SCR.

Because the pulse of the UJT is used to provide 
a trigger for the gate of the SCR, the SCR can be 
fired at any time regardless of the voltage applied 
to the anode. This means that the SCR can now be 
fired as early or late during the positive half cycle as 
desired because the gate pulse is determined by the 
charge rate of capacitor C1. The voltage across the 
load can now be adjusted from 0 to the full applied 
voltage.

LOAD

R3
330 OHMS

R4
3.3 KILOHMS

C1
1 μF

UJTD1

D2

24 VOLTS
CENTER TAPPED

Figure 62–9
uJT phase shift for an SCr. SCr gate current is provided by the discharging capacitor when the uJT fires.
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●● review QuesTions

 1. What do the letters SCR stand for?

 2. If an SCR is connected to an aC circuit, will the 
output voltage be aC or DC?

 3. Briefly explain how an SCR operates when con-
nected to a DC circuit.

 4. How many layers of semiconductor material are 
used to construct an SCR?

 5. SCRs are members of a family of devices 
known as thyristors. What is a thyristor?

 6. Briefly explain why thyristors have the ability 
to control large amounts of power.

 7. What is the average voltage drop of an SCR 
when it is turned on?

 8. Explain why an SCR must be phase shifted.
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The Diac

OBJECTIVES

After studying this chapter, the student will be able to

●● Draw the schematic symbol for a diac.

●● Discuss the operation of a diac.

●● Connect a diac in a circuit.

The Diac
The diac is a special-purpose, bidirectional diode. The 
primary function of the diac is to phase shift a triac. 
The operation of the diac is very similar to that of a 
unijunction transistor, except that the diac is a two-
directional device. The diac has the ability to operate 
in an aC  circuit, whereas the UJT can operate only in 
a DC circuit.

There are two schematic symbols for the diac 
 (Figure 63–1). Both of these symbols are used in 
electronic schematics to illustrate the use of a diac. 
Therefore, you should make yourself familiar with 
both symbols.

The diac is a voltage-sensitive switch that can 
 operate on either polarity (Figure 63–2). Voltage 
applied to the diac must reach a predetermined 
level before the diac activates. For this example, 
assume that the predetermined level is 15 volts. 

When the voltage reaches 15 volts, the diac turns 
on, or fires. When the diac fires, it displays a nega-
tive resistance, which means that it conducts at 
a lower voltage than the voltage needed to turn 
it on. In this example, assume that the voltage 
drops to 5 volts when the diac conducts. The diac 
 remains on until the applied voltage drops below 
its  conduction level, which is 5 volts (Figure 63–3).

Figure 63–1
Schematic symbols for the diac.
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aC cycle. The simplest way to summarize the opera-
tion of the diac is to say that it is a voltage-sensitive 
aC switch.

Because the diac is a bidirectional device, it 
 conducts on either half cycle of the alternating cur-
rent applied to it (Figure 63–4). Note that the diac 
operates in the same manner on both halves of the 

+15 VOLTS

+5 VOLTS

Figure 63–3
The diac operates until the applied voltage falls below 
its conduction level.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

+15 VOLTS

+5 VOLTS

–5 VOLTS

–15 VOLTS

Figure 63–4
The diac conducts on either half of the alternating current.
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Figure 63–2
The diac can operate on either polarity.
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●● Review QuesTions

 1. Briefly explain how a diac operates.

 2. Draw the two schematic symbols used to repre-
sent the diac.

 3. What is the major use of the diac in industry?

 4. When a diac first turns on, does the voltage 
drop, remain at the same level, or increase to 
a higher level?
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The Triac

The triac is a PNPN junction connected parallel 
to an NPNP junction. Figure 64–1 illustrates the 
semiconductor arrangement of a triac. The triac op-
erates in a manner similar to that of two connected 
SCRs (Figure 64–2). The schematic symbol for the 
triac is shown in  Figure 64–3.

When an SCR is connected in an aC circuit, 
the output voltage is direct current. When a triac 
is connected in an aC circuit, the output voltage is 
alternating current. Because the triac operates like 
two SCRs that are connected and facing in opposite 
directions, it conducts both the positive and nega-
tive half cycles of aC current.

When a triac is connected in an aC circuit as 
shown in Figure 64–4, the gate must be connected 
to the same polarity as MT2. When the aC voltage 
applied to MT2 is positive, the SCR, which is for-
ward biased, conducts. When the voltage applied to 

MT2 is negative, the other SCR is forward biased 
and conducts that half of the waveform. Because 
one of the SCRs is forward  biased for each half 
cycle, the triac conducts aC  current as long as the 
gate lead is connected to MT2.

P PN

N

N
N

N

Figure 64–1
The semiconductor arrangement of a triac.
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OBJECTIVES

After studying this chapter, the student will be able to

●● Draw the schematic symbol for a triac.

●● Discuss the similarities and differences between SCRs and triacs.

●● Discuss the operation of a triac in an aC circuit.

●● Discuss phase shifting a triac.

●● Connect a triac in a circuit.

●● Test a triac with an ohmmeter.

514

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



515

chapter 64 the triac

a voltage drop of about 1 volt, and circuit cur-
rent must be limited by the load connected to the 
circuit.

The triac has become very popular in industrial 
circuits as an aC switch. Because it is a thyristor, it 
has the ability to control a large amount of voltage 
and current. There are no contacts to wear out, it is 
sealed against dirt and moisture, and it can operate 
thousands of times per second. The triac is used as 
the output device of many solid-state relays, which 
are covered later. Two types of triacs are shown in 
Figure 64–5 and Figure 64–6.

The triac, like the SCR, requires a certain 
amount of gate current to turn it on. Once the triac 
has been triggered by the gate, it continues to con-
duct until the current flowing through MT2–MT1 
drops below the holding current level.

The Triac Used  
as an ac Switch
The triac is a member of the thyristor family, which 
means that it has only two states of operation, on 
and off. When the triac is turned off, it drops the 
full applied voltage of the circuit at 0 amperes of 
current flow. When the triac is turned on, it has 

Figure 64–2
The triac operates in a manner similar to two SCrs with a 
common gate.
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MT2 MT1

G

Figure 64–3
The schematic symbol for a triac.
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MT2 MT1

G

Figure 64–4
The triac conducts both halves of the aC waveform.
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Figure 64–5
The triac used for low power applications.
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Figure 64–6
The triac shown in a stud mount case.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



516

chapter 64 the triac

The Triac Used for 
ac Voltage control
The triac can be used to control aC voltage (Figure 
64–7). If a variable resistor is connected in series 
with the gate, the point at which the gate current 
is high enough to fire the triac can be adjusted. The 
resistance can be adjusted to permit the triac to fire 
when the aC waveform reaches its peak value. This 
causes half of the aC voltage to be dropped across 
the triac and half to be dropped across the load.

If the gate resistance is reduced, the amount of 
gate current needed to fire the triac is obtained be-
fore the aC waveform reaches its peak value. This 
means that less voltage is dropped across the triac 
and more voltage is dropped across the load. This 
 circuit permits the triac to control only one-half of 
the aC waveform applied to it. If a lamp is used as 

MT2 MT1

LOADG

Figure 64–7
The triac controls half of the aC applied voltage.
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R1
50

R2
100

LOADC1
1µf

TRIAC

MT2

MT1G

Figure 64–8
Phase shift circuit for a triac. When the diac turns on, gate current is supplied to the triac by the discharge  
of capacitor C1.
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the load, it can be controlled from half brightness 
to full  bright ness. If an attempt is made to adjust 
the lamp to operate at less than half brightness, it 
turns off.

Phase Shifting the Triac
To obtain complete voltage control, the triac, like 
the SCR, must be phase shifted. Several methods 
can be used to phase shift a triac, but only one is 
covered in this unit. In Figure 64–8, a diac is used 
to phase shift the triac. Resistors Rl and R2 are con-
nected in series with capacitor C1. Resistor R1 is a 
variable resistor used to control the charge time of 
capacitor C1. Resistor R2 is used to limit current if 
resistor R1 is adjusted to 0 ohms. assume that the 
diac connected in series with the gate of the triac 
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turns on when capacitor C1 has been charged to 
15 volts. When the diac turns on,  capac itor C1 dis-
charges through the gate of the triac. This permits 
the triac to fire, or turn on. Because the diac is a bi-
directional device, it permits a positive or negative 
pulse to trigger the gate of the triac.

When the triac fires, there is a voltage drop 
of about 1 volt across MT2 and MT1. The triac 
remains on until the aC voltage drops to a low 
enough value to permit the triac to turn off. Be-
cause the phase shift circuit is connected parallel to 
the triac, once the triac turns on, capacitor C1 can-
not begin charging again until the triac turns off at 
the end of the aC cycle.

Notice that the pulse applied to the gate is con-
trolled by the charging of capacitor C1, not the am-
plitude of voltage. If the correct values are chosen, 
the triac can be fired at any point in the aC cycle 
applied to it. The triac can now control the aC volt-
age from 0 to the full voltage of the circuit. a com-
mon example of this type of triac circuit is the light 
dimmer control used in many homes.

Testing the Triac
The triac can be tested with an ohmmeter (see Pro-
cedure 5 in the appendix). To test the triac, con-
nect the ohmmeter leads to MT2 and MT1. The 
ohmmeter should indicate no continuity. If the gate 
lead is touched to MT2, the triac should turn on  
and the ohmmeter should indicate continuity 
through the triac. When the gate lead is released 
from MT2, the triac may continue to conduct or it 
may turn off, depending on whether the ohmmeter 
supplies enough current to keep the device above its 
holding current level. This tests one-half of the triac.

To test the other half of the triac, reverse the 
connection of the ohmmeter leads. The ohmmeter 
should indicate no continuity. If the gate is touched 
again to MT2, the ohmmeter should indicate conti-
nuity through the device. The other half of the triac 
has been tested.

●● ReView QUeSTionS

 1. Draw the schematic symbol for a triac.

 2. When a triac is connected in an aC circuit, is the 
output aC or DC?

 3. The triac is a member of what family of devices?

 4. Briefly explain why a triac must be phase shifted.

 5. What electronic component is frequently 
used to phase shift the triac?

 6. When the triac is being tested with an ohm-
meter, which other terminal should the gate 
be connected to if the ohmmeter is to indicate 
continuity?

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



518

chapter  65
The 555 Timer

OBJECTIVES

After studying this chapter, the student will be able to

●● Describe the operation of the 555 timer.

●● Discuss the uses of the 555 timer.

●● Connect the timer as an oscillator.

●● Connect the 555 timer as an on-delay timer.

The 555 timer is an eight-pin integrated circuit 
that has become one of the most popular electronic 
devices used in industrial electronic circuits. The 
reason for the 555’s popularity is its tremendous 
versatility. The 555 timer is used in circuits that re-
quire a time-delay function, and it is also used as an 
oscillator to provide the pulses needed to operate 
computer circuits.

The 555 timer is most often housed in an eight-
pin, in-line integrated circuit (IC) (Figure 65–1 and 
Figure 65–2). This package has a notch at one end, 
or a dot by one pin, which is used to identify pin 1. 
Once pin 1 has been identified, the other pins are 
numbered as shown in  Figure 65–1. The 555 timer 
operates on voltages that range from about 3 to 
16 volts. Following is an explanation of each pin 
and its function:

  Pin 1  Ground—This pin is connected to cir-
cuit ground.

1

2

3

4

8

7

6

5

Figure 65–1
After pin 1 has been identified, the other pins are 
numbered as shown.
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  Pin 8 Vcc—Pin 8 is connected to Vcc.

(For the following explanation, assume that 
pin 2 is connected to pin 6. This permits the unit to 
be  retriggered by the discharge each time it turns on 
and discharges the capacitor to 1⁄3 the value of Vcc.)

The 555 timer operates on a percentage of the 
 applied voltage. This permits the time setting to re-
main constant even if the applied voltage changes. 
For example, when the capacitor connected to pin 6 
reaches 2⁄3 of the applied voltage, the discharge 
turns on and discharges the capacitor until it 
reaches 1⁄3 of the applied voltage. If the applied volt-
age of the timer is connected to 12 volts DC, 2⁄3 of 
the applied voltage is 8 volts and 1⁄3 is 4 volts. This 
means that when the voltage across the  capacitor 
connected to pin 6 reaches 8 volts, pin turns on un-
til the capacitor is discharged to 1⁄3 the value of Vcc, 
or 4 volts, and then turns off (Figure 65–3).

If the voltage is lowered to 6 volts at Vcc, 2⁄3 of 
the applied voltage is 4 volts and 1⁄3 of the applied 
voltage is 2 volts. Pin now turns on when the volt-
age across the capacitor connected to pin 6 reaches 
4 volts and turns off when the voltage across the 
capacitor drops to 2 volts.

The formula for a RC time constant is (Time 
5  Resistance 3 Capacitance). Notice that there is 
no mention of voltage in the formula. This means 
that it takes the same amount of time to charge the 
capacitor regardless of whether the circuit is con-
nected to 12 volts or to 6 volts. If the time it takes 

  Pin 2  Trigger—Pin 2 must be connected to a 
voltage that is less than 1⁄3 Vcc (the applied 
voltage) to trigger the unit. This usually is 
done by  connecting pin 2 to ground. The 
connection to 1⁄3 Vcc or ground must be 
momentary. If pin 2 is not removed from 
ground, the unit will not operate.

  Pin 3  Output—The output turns on when 
pin 2 is triggered and turns off when the 
discharge is turned on.

  Pin 4  Reset—When this pin is connected 
to Vcc, it permits the unit to operate. 
When it is connected to ground, it acti-
vates the discharge and keeps the timer 
from operating.

  Pin 5  Control Voltage—If this pin is con-
nected to Vcc through a variable resistor, 
the on time is longer, but the off time 
is not affected. If pin 5 is connected to 
ground through a variable resistor, the 
on time is shorter, and the off time is still 
not affected. If pin 5 is not to be used in 
the circuit, it is usually taken to ground 
through a small capacitor. This helps to 
keep circuit noise from “talking” to pin 5.

  Pin 6  Threshold—When the voltage across 
the capacitor connected to pin 6 reaches 
2⁄3 the value of Vcc, the discharge turns 
on and the output turns off.

  Pin 7  Discharge—When pin 6 turns the dis-
charge on, it discharges the capacitor 
connected to pin 6. The discharge re-
mains turned on until pin 2 retriggers 
the timer. The discharge then turns off 
and the capacitor connected to pin 6 be-
gins charging again.

Figure 65–2
An eight-pin, in-line, integrated circuit.
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Figure 65–3
The charge and discharge is determined by a percentage 
of the applied voltage.
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Vcc, the threshold, pin 6, causes switch S1 to close 
and switch S2 to open. When switch S2 opens, the 
output turns off. When switch S1 closes, the dis-
charge, pin 7, is connected to ground. Capacitor C1 
then discharges through resistor R2. The timer re-
mains in this position until the trigger is again con-
nected to a voltage that is less than 1⁄3 of Vcc.

If the trigger is connected permanently to a 
voltage less than 1⁄3 of Vcc, switch S2 is held closed 
and switch S1 is held open. This, of course, stops 
the operation of the timer. As stated previously, 
the trigger must be a momentary pulse, not a con-
tinuous connection, in order for the 555 timer to 
operate.

Circuit Applications
The Oscillator
The 555 timer can perform a variety of functions. 
It is commonly used as an oscillator. The 555 timer 
has become popular for this application because it 
is so easy to use.

The 555 timer shown in Figure 65–5 has pin 2 
 connected to pin 6. This permits the timer to retrig-
ger itself at the end of each time cycle. When the ap-
plied voltage is turned on, capacitor C1 is discharged 
and has a voltage of 0 volts across it. Because pin 2 

for the voltage of the capacitor connected to pin 6 
to reach 2⁄3 of Vcc when the timer has an applied 
voltage of 12 volts is measured, it is the same as the 
amount of time it takes when the applied voltage is 
only 6 volts. The timing of the circuit remains the 
same even if the voltage changes.

The circuit shown in Figure 65–4 is used 
to explain the operation of the 555 timer. In  
Figure 65–4, a normally closed switch, S1, is con-
nected between the discharge, pin 7, and the ground, 
pin 1. A normally open switch, S2, is connected be-
tween the output, pin 3, and Vcc, pin 8.

The dotted line drawn between these two 
switches shows mechanical connection. This means 
that these switches operate together. If S1 opens, 
S2 closes at the same time. If S2 opens, S1 closes. 
Pin 2, the trigger, and pin 6, the threshold, are used 
to control these switches. The trigger can close 
switch S2, and the threshold can close S1.

To begin the analysis of this circuit, assume 
that switch S1 is closed and switch S2 is open, as 
shown in Figure 65–4. When the trigger is con-
nected to a voltage that is less than 1⁄3 of Vcc, it 
causes switch S2 to close and switch S1 to open. 
When switch S2 closes, voltage is supplied to the 
output at pin 3. When switch S1 opens, the dis-
charge is no longer connected to ground, and ca-
pacitor C1 begins to charge through resistors R1 
and R2. When the voltage across C1 reaches 2⁄3 of 

Vcc

1

2

3

4

8

R1

R2

C1

S1

S2

7

6

5

Figure 65–4
A simple circuit illustrates how the timer works.
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is  dis charging, the on time of the output is lon-
ger than the off time. If the value of resistor R2 
is much greater than the value of resistor R1, this 
condition is not too  evi dent. For  example, if resis-
tor R1 has a value of  1 kilohm and R2 has a value 
of 100 kilohms, the  resistance connected in series 
with the capacitor during charging is 101 kilohms. 
The resistance connected in series with the capaci-
tor during discharge is 100 kilohms. In this circuit, 
the difference between the charge time and the 
discharge time of the capacitor is 1%. If an oscil-
loscope is connected to the output of the timer, a 
waveform similar to the waveform shown in Figure 
65–7 will be seen.

Assume that the value of resistor R1 is changed 
to 100 kilohms and the value of resistor R2 remains 
at 100 kilohms. In this circuit, the resistance con-
nected in series with the capacitor during charging 
is 200  kilohms. The resistance connected in series 
with the  capacitor during discharge, however, is 
100 kilohms. Therefore, the discharge time is 50% 
of the charge time. This means that the output of 
the timer is turned on twice as long as it is turned 
off. An oscilloscope connected to the output of the 
timer displays a waveform similar to the one shown 
in Figure 65–8.

is connected to pin 6, and the voltage at that point 
is less than 1⁄3 of Vcc, the timer triggers. When the 
timer is triggered, two things happen at the same 
time: the output turns on, and the discharge turns 
off. When the discharge at pin 7 turns off, capaci-
tor C1 charges through resistors R1 and R2. The 
amount of time it takes for capacitor C1 to charge is 
determined by the capacitance of the capacitor and 
the combined resistance of R1 and R2.

When capacitor C1 is charged to a voltage that 
is 2⁄3 of Vcc, the output turns off, and the discharge 
at pin 7 turns on. When the discharge turns on, 
capacitor C1 discharges through resistor R2 to 
ground. The amount of time it takes C1 to discharge 
is determined by the  capacitance of capacitor C1 
and the resistance of R2. When capacitor C1 is dis-
charged to a voltage that is 1⁄3 of Vcc, the timer is 
retriggered by pin 2, causing the output to turn on 
and the discharge to turn off. When the discharge 
turns off, capacitor C1 begins charging again.

The amount of time required to charge capaci-
tor C1 is determined by the combined resistance of 
R1 and R2. The discharge time, however, is deter-
mined by the value of R2 (Figure 65–6).

Because the timer’s output is turned on while 
cap acitor C1 is charging, and turned off while C1 

Vcc

1

2

3

4

8

7

6

5

R1

CONNECT TO PIN #6

CONNECT TO PIN #8

R2555

1 KILOHM

C2
.01µf

C1

Figure 65–5
555 timer connected as a simple oscillator.
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to any value desired. Because the on time of the 
timer is adjusted by connecting resistance to pin 5, 
the off time is set by the values of C1 and R2.

The output frequency of the unit is determined 
by the values of capacitor C1 and resistors R1 and 
R2. The 555 timer operates at almost any frequency 
desired. It is used in many industrial electronic cir-
cuits that  require the use of a square wave oscillator.

Although this condition can exist, the 555 
timer has a provision for solving the problem. 
Pin 5, the control voltage pin, can give complete 
control of the output  voltage. If a variable resistor 
is connected between pin 5 and Vcc, the on time of 
the output can be lengthened to any value desired. 
If a variable resistor is connected between pin 5 and 
ground, the on time of the output can be shortened 

8

7

6

5

R1

R2555

C1

DISCHARGE

CHARGE

Figure 65–6
Charge time of C1 is determined by resistors r1 and r2. Discharge time of C1 is determined by resistor r2.
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Figure 65–7
Waveform produced when an oscilloscope is connected to the output of the 555 timer.
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Pin 4, the reset pin, is used as a latch in this 
 circuit. When power is applied at Vcc, transistor Q1 
is turned off. Because transistor Q1 is off, most of 
the applied voltage is dropped across the transistor, 
causing about 12 volts to appear at the collector of 
the transistor. Because pin 4 is connected to the col-
lector of transistor Q1, 12 volts is applied to pin 4. 
For the timer to operate, pin 4 must be connected to 
a voltage that is greater than 2⁄3 of Vcc. When pin 4 
is connected to a voltage that is less than 1⁄3 of Vcc, it 
turns on the discharge and keeps the timer from op-
erating. When transistor Q1 turns on, the collector 
of the transistor drops to ground or 0 volts. Pin 4 is 
also connected to ground, which prevents the timer 
from further operation. Because the timer can no 
longer operate, the output remains turned off, which 
permits transistor Q1 to remain turned on.

Capacitor C1 and resistors R1 and R2 are used 
to set the amount of time delay. Resistor R2 should 
be kept at a value of about 100 ohms. The job of re-
sistor R2 is to limit the current when capacitor C1 
discharges. Resistor R2 has a relatively low value to 
enable capacitor C1 to discharge quickly. The time 
setting can be changed by changing the value of re-
sistor R1.

To understand the operation of the circuit, 
assume that switch S1 is open and all capaci-
tors are discharged. When switch S1 is closed, 
pin 2, which is connected to 0 volts, triggers the 
timer. When the timer is triggered, the output 

The On-Delay Timer
In this circuit, the 555 timer is used to construct 
an on-delay relay. The 555 produces accurate time 
delays that can range from seconds to hours, de-
pending on the values of resistance and capacitance  
used in the  circuit. In Figure 65–9, transistor Q1  
is used to switch relay coil K1 on or off. A transistor 
is used to control the relay because the 555 timer may 
not be able to  supply the current needed to operate it.

Transistor Q2 is used as a stealer transistor to 
steal the base current from transistor Q1. As long 
as transistor Q2 is turned on by the output of the 
timer, transistor Q1 is turned off.

Capacitor C3 is connected from the base of 
transistor Q1 to ground. Capacitor C3 acts as a 
short time- delay circuit. When Vcc is turned on by 
switch S1,  capacitor C3 is discharged. Before tran-
sistor Q1 can be turned on, capacitor C3 must be 
charged through resistor R3. This charging time is 
only a fraction of a  second, but it ensures that tran-
sistor Q1 does not turn on before the output of the 
timer can turn transistor Q2 on. Once transistor 
Q2 has been turned on, it holds  transistor Q1 off 
by stealing its base current.

Diode Dl is used as a kickback, or freewheeling, 
diode to kill the spike voltage induced into the coil 
of  relay K1 when switch S1 is opened. Resistor R3 
limits the base current to transistor Q1, and resis-
tor R4 limits the base current to transistor Q2.

100
90

10
0%

Figure 65–8
A different waveform is produced when the value of one of the resistors is changed.
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and turns on relay coil K1. When transistor Q1 is 
turned on, the voltage applied to the reset pin, 4, 
is changed from 12 volts to 0 volts. This causes the 
reset to lock the discharge on and the output off. 
Therefore, when transistor Q1 is turned on, switch 
S1 must be reopened to reset the circuit.

activates transistor Q2, which steals the base current  
from transistor Q1. Transistor Q1 remains off as 
long as transistor Q2 is on. When capacitor C1 
has been charged to 2⁄3 of Vcc, the discharge turns 
on and the output of the timer turns off. When 
the output turns transistor Q2 off, transistor Q1 
is supplied with base current through resistor R3 

S1

+12 VOLTS dc

1

2

3

4

8

7

6
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R1

CONNECT TO PIN #6

2N2222

2N2222

R2
100 OHMS

555
R4

2.2 KILOHMS

C2
.01µf

C3
.01µf

Q1

K1

Q2

C1
100µf

R3
2.2 KILOHMS

D1
1N4004

Figure 65–9
On-delay timer.
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●● Review QuesTiOns

 1. How is pin 1 of an in-line, integrated circuit 
identified?

 2. A 555 timer is connected to produce a pulse at the 
output once each second. The timer is connected 
to 12 volts DC. If the voltage is reduced to 8 volts 
DC, the 555 continues to operate at the same 
pulse rate. Explain why the timer operates at the 
same pulse rate when the voltage is reduced.

 3. What is the range of voltage the 555 timer oper-
ates on?

 4. Explain the function of the control voltage, pin 5, 
when the timer is being used as an oscillator.

 5. Explain what happens to the output and dis-
charge pins of the 555 timer when the trigger, 

pin 2, is connected to a voltage that is less 
than 1⁄3 of Vcc.

 6. Explain what happens to the output and dis-
charge pins when the threshold, pin 6, is con-
nected to a voltage that is greater than 2⁄3 of Vcc.

 7. Refer to Figure 65–6. The values of what 
components determine the length of time the 
output will be turned on?

 8. The values of what components determine 
the amount of time the output remains 
turned off?

 9. Explain the operation of pin 4 on the 555 timer.

 10. What is a stealer transistor?

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



525

chapter  66
The Operational 
Amplifier

OBJECTIVES

After studying this chapter, the student will be able to

●● Discuss the operation of the operational amplifier (op amp).

●● List the major types of connections for operational amplifiers.

●● Connect a level detector circuit using an op amp.

●● Connect an oscillator using an op amp.

The operational amplifier, like the 555 timer, has 
 become a very common component in industrial 
electronic  circuits. The operational amplifier, or op 
amp, is used in hundreds of applications. Different 
types of op amps are available for different types 
of circuits. Some op amps use bipolar transistors 
for input, whereas others use field effect transis-
tors. The advantage of field effect transistors is that 
they have an extremely high input impedance that 
can be several thousand megohms. As a result of 
this high input impedance, the amount of current 
needed to operate the amplifier is small. In fact, 
op amps that use field effect transistors for the in-
puts are generally considered to  require no input 
current.

The ideal amplifier would have an input im-
pedance of infinity. With an input impedance of 
infinity, the amplifier would not drain power from 
the signal source; therefore, the strength of the sig-
nal source would not be affected by the amplifier. 

The ideal amplifier would also have zero output 
impedance. With zero output impedance, the 
amplifier could be connected to any load  resistance 
without causing a voltage drop inside the amplifier. 
If it had no internal voltage drop, the amplifier 
would utilize 100% of its gain. Finally, the ideal 
amplifier would have unlimited gain. This would 
enable it to amplify any input signal as much as 
desired.

Although the ideal amplifier does not exist, 
the op amp is close. In this chapter, the operation 
of an old op amp, the 741, is described as typical 
of all operational amplifiers. Other op amps may 
have different characteristics of input and output 
impedance, but the basic theory of operation is the 
same for all of them.

The 741 op amp uses bipolar transistors for the 
inputs. The input impedance is about 2 megohms, 
the output impedance is about 75 ohms, and the 
open loop, or maximum gain, is about 200,000. 
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For  example, if a positive ac voltage is applied to 
the inverting input, the output is a negative volt-
age (Figure 66–3).

Pin 3 is the noninverting input. When a signal 
 voltage is applied to the noninverting input, the 
output voltage is the same polarity. For example, 
if a positive ac voltage is applied to the nonin-
verting input, the  output voltage is positive also 
(Figure 66–4).

Operational amplifiers are usually connected to 
above- and belowground power supplies. although 
there are some circuit connections that do not re-
quire an above- and belowground power supply, 
these are the exception instead of the rule. Pins 4 
and 7 are the voltage input pins. Pin 4 is connected 
to the negative, or belowground, voltage and pin 
7 is connected to the positive, or aboveground, 
voltage.

The 741 is impractical for use with such a high 
gain, so negative feedback (discussed later) is used 
to reduce the gain. For example, assume that the 
amplifier has an output voltage of 15 volts. If the 
input signal voltage is greater than 1/200,000 of 
the output voltage, or 75 microvolts, the amplifier 
is driven into saturation, at which point it ceases to 
operate.

15
200,000

5 .000075

The 741 operational amplifier is usually housed 
in an eight-pin, in-line, integrated circuit package 
(Figure 66–1). The op amp has two inputs, the in-
verting input and the noninverting input. These 
 inputs are connected to a differential amplifier that 
amplifies the difference between the two voltages. 
If both of these  inputs are connected to the same 
voltage, say by grounding both inputs, the output 
should be 0 volts. In actual practice, however, un-
balanced conditions within the op amp may cause 
a voltage to be produced at the output. Because the 
op amp has a very high gain, a slight imbalance of 
a few microvolts at the input can produce several 
millivolts at the output. To counteract any imbal-
ance, pins 1 and 5 are connected to the offset null, 
which is used to  produce 0 volts at the output. 
These pins are adjusted after the 741 is connected 
in a working circuit. To make the adjustments, a 
10-kilohm potentiometer is connected across pins 
1 and 5, and the wiper is connected to the negative 
voltage (Figure 66–2).

Pin 2 is the inverting input. When a signal volt-
age is applied to this input, the output is inverted. 

1

2

3

4

NOT CONNECTED

V+

OUTPUT

OFFSET NULL

8

7

6

5

OFFSET NULL

INVERTING
INPUT

NONINVERTING
INPUT

V–

+

–
741

Figure 66–1
The 741 operational amplifier.
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Figure 66–2
The offset null connection.
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the inverting input voltage, the amount of output 
voltage fed back to the input tends to reduce the 
input voltage. Negative feedback affects the op-
eration of the amplifier in two ways: it reduces the 
gain, and it makes the amplifier more stable.

The gain of the amplifier is controlled by the 
 ratio of resistor R2 to resistor R1. If a noninverting 
amplifier is used, the formula

R1 1 R2
R1

is used to calculate the gain. If resistor R1 is 1 ki-
lohm and resistor R2 is 10 kilohms, the gain of the 
amplifier is 11.

11,000
1,000

5 11

If the op amp is connected as an inverting 
amplifier, the input signal is out of phase with the 
feedback voltage of the output. This causes a reduc-
tion in the input voltage applied to the amplifier 
and in the gain. The formula

R2
R1

is used to compute the gain of an inverting 
amplifier. If resistor R1 is 1 kilohm and resistor R2 
is 10 kilohms, the gain of the inverting amplifier is 
10.

10,000
1,000

5 10

As a general rule, the 741 operational amplifier 
is not operated above a gain of about 100 because 
it tends to become unstable at high gains. If more 
gain is desired, it is obtained by using more than 
one amplifier (Figure 66–6). The output of one 
amplifier is fed into the input of another amplifier.

The 741 operates on voltages that range from 
about 4 volts to 16 volts. Generally, the operating 
voltage for the 741 is 12 to 15 volts plus and mi-
nus. The 741 has a maximum power output rating 
of about 500 milliwatts.

Pin 6 is the output and pin 8 is not connected.
As stated previously, the open loop gain of the 

741 operational amplifier is about 200,000. Be-
cause this amount of gain is not practical for most 
applications, something must be done to reduce 
the gain to a reasonable level. One of the great ad-
vantages of the op amp is the ease with which the 
gain can be controlled  (Figure 66–5). The amount 
of gain is controlled by a negative feedback loop. 
This is accomplished by feeding a portion of the 
output voltage back to the inverting input. Because 
the output voltage is always opposite in polarity to 
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–

Figure 66–3
inverting output.
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Figure 66–4
Noninverted output.
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Figure 66–5
Negative feedback connection.
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The third basic circuit is the inverting amplifier 
(Figure 66–9). In this circuit, the output voltage is 

Another general rule for operating the 741 op 
amp is that the total feedback resistance (R1 1 R2) 
is kept at more than 1,000 ohms and less than 
100,000 ohms. These rules apply to the 741 opera-
tional amplifier but may not apply to other opera-
tional amplifiers.

Basic Circuits
Op amps are generally used in three basic circuits 
that are used to build other circuits. One of these 
basic  circuits is the voltage follower. In this circuit, 
the  output of the op amp is connected directly 
back to the inverting input (Figure 66–7). Because 
there is a direct  connection between the output 
of the amplifier and the inverting input, the gain  
of this circuit is 1. For  example, if a signal voltage of 
0.5 volt is connected to the non inverting input, 
the output voltage will be 0.5 volt also. You may 
wonder why anyone would want an amplifier that 
doesn’t amplify. Actually, this circuit does amplify 
something. It amplifies the input impedance by the 
amount of the open loop gain. If the 741 has an 
open loop gain of 200,000 and an input impedance  
of 2 megohms, this circuit gives the amplifier an 
 input impedance of 200 k 3 2 meg, or 400,000 meg-
ohms. This circuit connection is generally used for 
impedance matching purposes.

The second basic circuit is the noninverting 
amplifier (Figure 66–8). In this circuit, the output 
voltage has the same polarity as the input voltage. 
If the input voltage is positive, the output voltage 
is positive also. The formula

R1 1 R2
R1

is used to calculate the amount of gain in the nega-
tive feedback loop.

2
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Figure 66–6
Two operational amplifiers are used to obtain a higher gain.
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Figure 66–7
Voltage follower connection.
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Figure 66–9
inverting amplifier connection.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

2

3

6

R2R1

+

–

Figure 66–8
Noninverting amplifier connection.
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high, the LED has equal voltage applied to its anode 
and cathode. Because both the anode and cathode 
are connected to 112 volts, there is no potential 
difference and therefore no current flow through 
the LED.

If the voltage at the inverting input becomes 
more positive than the reference voltage applied to 
pin 3, the output voltage falls to about 12.5 volts. 
The output voltage of the op amp does not fall to 0 
or ground in this circuit because the op amp is not 
connected to a voltage that is belowground. To en-
able the output  voltage to fall to 0 volts, pin 4 must 
be connected to a voltage belowground. When 
the output drops, a potential of about 9.5 volts  
(12 – 2.5 5 9.5) is produced across R1 and D1. 
The lowering of potential causes the LED to turn 
on, which indicates that the op amp’s output has 
changed from high to low.

In this type of circuit, the op amp appears to 
be a digital device in that the output seems to have 
only two states, high and low. But, the op amp is 
not a digital  device. This circuit only makes it ap-
pear to be digital. In Figure 66–10, there is no neg-
ative feedback loop connected between the output 
and the inverting input. Therefore, the amplifier 
uses its open loop gain, which is about 200,000 
for the 741, to amplify the voltage difference be-
tween the inverting input and the noninverting 
input. If the voltage applied to the inverting input 
becomes 1 millivolt more positive than the refer-
ence voltage applied to the noninverting input, 
the amplifier tries to produce an output that is 

opposite in polarity to the input voltage. If the input 
signal is positive, the output voltage is negative at 
the same instant in time. The formula

R2
R1

is used to calculate the amount of gain in this 
circuit.

Circuit Applications
The Level Detector
The operational amplifier is often used as a level 
 detector or comparator. In this type of circuit, 
the 741 op amp is used as an inverted amplifier 
to detect when one voltage becomes greater than 
another (Figure 66–10). This circuit does not use 
above- and belowground power supplies. Instead, 
it is connected to a power supply that has a single 
positive and negative output.

During normal operation, the noninverting 
 input of the amplifier is connected to a zener diode  
that produces a constant positive voltage at the 
noninverting input of the amplifier. This constant 
positive voltage is used as a reference. As long as 
the noninverting input is more positive than the 
inverting input, the output of the amplifier is high.

A light-emitting diode (LED), D1, is used to 
detect a change in the polarity of the output. As 
long as the output of the op amp is high, the LED 
is turned off. When the output of the amplifier is 

2
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Figure 66–10
inverting level detector.
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the output voltage goes low when the voltage ap-
plied to the inverting input becomes greater than 
18 volts. In this circuit, the output of the op amp 
can be manipulated through the adjustment of the 
noninverting input.

In the two circuits just described, the op amp’s 
output shifted from a high level to a low level. There 
may be occasions, however, when the output must 
be changed from a low level to a high level. This can 
be accomplished by connecting the inverting  input 
to the reference voltage, and the noninverting  
input to the voltage being sensed (Figure 66–12). 
In this circuit, the zener diode is used to supply a 
positive reference voltage to the inverting input. As 
long as the voltage at the inverting input is more 

200 volts more negative than its high-state volt-
age (0.001 3 200,000 5 200). The output voltage 
of the amplifier cannot be driven 200 volts more 
negative, though, because only 12 volts are applied 
to the circuit. Therefore, the output voltage reaches 
the lowest voltage it can and goes into saturation. 
This causes the op amp to act like a digital device.

If the zener diode is replaced with a voltage di-
vider, as shown in Figure 66–11, the reference volt-
age can be set to any value by adjusting the variable 
resistor. For example, if the voltage at the nonin-
verting  input is set for 3 volts, the output of the op 
amp goes low when the voltage applied to the in-
verting input  becomes greater than 13 volts. If the 
voltage at the noninverting input is set for 8 volts, 
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Figure 66–11
Adjustable inverting level detector.
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Figure 66–12
Noninverting level detector.
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One way to correct this problem is to connect 
the op amp to an above- and belowground power 
supply as shown in Figure 66–13. In this circuit, 
the output voltage of the op amp is negative or 
belowground as long as the voltage applied to the 
inverting input is more positive than the voltage 
applied to the noninverting input. When the out-
put voltage of the op amp is negative with respect 
to ground, the LED is reverse biased and cannot 
operate. If the voltage applied to the noninverting 
input becomes more positive than the voltage ap-
plied to the inverting input, the output of the op 
amp becomes positive and the LED turns on.

Another method of correcting the output volt-
age problem is shown in Figure 66–14. In this circuit, 

positive than the voltage at the non inverting in-
put, the output voltage of the op amp is low. If the 
voltage applied to the noninverting input becomes 
more positive than the reference voltage, the out-
put of the op amp becomes high.

Depending on the application, this circuit 
could cause a small problem. As stated previously, 
because this circuit does not use an above- and 
 belowground power supply, the low output volt-
age of the op amp is about 12.5 volts. This positive 
output voltage could cause any other devices con-
nected to the op amp’s output to be on when they 
should be off. For instance, if the LED shown in 
Figure 66–12 is used, it glows dimly even when the 
output is in the low state.
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Figure 66–13
Belowground power connection permits the output voltage to become negative.
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Figure 66–14
A zener diode is used to keep the output turned off. 
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In the preceding circuits, an LED was used to 
indicate the output state of the amplifier. Keep 
in mind that the LED is used only as a detector, 
whereas the output of the op amp can be used to 
control almost anything. For example, the output 
of the op amp can be connected to the base of a 
transistor, as shown in Figure 66–15. The transis-
tor can then control the coil of a relay that could, in 
turn, control almost anything.

The Oscillator
The operational amplifier can be used as an oscilla-
tor. The simple circuit shown in Figure 66–16 pro-
duces a square wave output. However, this circuit is 
impractical because it depends on a slight imbalance 

the op amp is connected again to a power supply 
that has a single positive and negative output. A 
 zener diode, D2, is connected in series with the out-
put of the op amp and the LED. The voltage value of 
diode D2 is greater than the output voltage of the op 
amp in its low state, but less than the output voltage 
of the op amp in its high state. For instance, assume 
that the value of zener diode D2 is 5.1 volts. If the 
output voltage of the op amp in its low state is 2.5 
volts, diode D2 does not conduct. If the output volt-
age becomes 112 volts when the op amp switches to 
its high state, diode D2 turns on and conducts cur-
rent to the LED. The zener diode, D2, keeps the LED 
completely off until the op amp switches to its high 
state, providing enough voltage to overcome the re-
verse voltage drop of the zener diode.

2

+12 VOLTS

5.1 VOLTS

3
4

7
6

741

+

–

10 KILOHMS

47 KILOHMS

1 KILOHM

1N4001

Q1

K

Figure 66–15
The operational amplifier supplies the base current for a switching transistor.
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Figure 66–16
A simple square wave oscillator.

©
 C

en
ga

ge
 L

ea
rn

in
g 

20
14

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



533

chapter 66 the Operational amplifier

inverting input is slightly more positive than the 
noninverting input. This causes the output voltage 
to be negative. Also assume that the output voltage 
is 212 volts as compared to ground. If resistors R1 
and R2 have equal value, the noninverting input is 
driven to 26 volts by the voltage divider. Capaci-
tor CT begins to charge through resistor RT to the 
value of the output voltage. When capacitor CT has 
been charged to a value slightly more negative than 
the 26 volts applied to the noninverting input, the 
op amp’s output rises to 112 volts aboveground. 
When the output of the op amp changes from 212 
volts to 112 volts, the voltage applied to the non-
inverting input changes from 26 volts to 16 volts. 
Capacitor CT now begins to charge through resis-
tor RT to the positive voltage of the output. When 
the voltage applied to the inverting input becomes 
more positive than the voltage applied to the non-
inverting input, the output changes to 212 volts. 
The voltage applied to the noninverting input is 
driven from 16 volts to 26 volts, and capacitor CT 
again begins to charge toward the negative output 
voltage of the op amp.

The addition of the hysteresis loop has greatly 
changed the operation of the circuit. The voltage 
differential between the two inputs is now volts 
instead of millivolts. The output frequency of the 
oscillator is determined by the values of CT and RT. 
The period of one cycle can be computed by using 
the formula T 5 2RC.

in the op amp, or random circuit noise, to start the 
oscillator. A voltage difference of a few millivolts 
between the two inputs is all that is needed to raise 
or lower the output of the amplifier. For example, 
if the inverting input becomes slightly more posi-
tive than the noninverting input, the output goes 
low or becomes negative. When the output is nega-
tive, capacitor CT charges through  resistor RT to 
the negative value of the output voltage. When 
the voltage applied to the in verting input becomes 
slightly more negative than the voltage applied to 
the noninverting input, the output changes to a 
high, or positive, value of voltage. When the output 
is positive, capacitor CT charges through resistor 
RT toward the positive output voltage.

This circuit would work well if there were no 
imbalance in the op amp and if the op amp were 
shielded from all electrical noise. In practical appli-
cation,  however, there is generally enough imbal-
ance in the amplifier or enough electrical noise to 
send the op amp into saturation, which stops the 
operation of the circuit.

The problem with this circuit is that a millivolt 
difference between the two inputs is enough to 
drive the amplifier’s output from one state to the 
other. This problem can be corrected by the addition 
of a hysteresis loop connected to the noninverting 
input, as shown in Figure 66–17. Resistors R1 and  
R2 form a voltage divider for the noninverting 
 input. These resistors generally have equal value. To 
understand the circuit operation, assume that the 

Ct

2

V+
Rt

V–

3
4

7
6

+

–

R2R1

Figure 66–17
A square wave oscillator using a hysteresis loop.
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The positive value of voltage is the same as the neg-
ative value, and the positive and negative cycles are 
turned on for the same amount of time. This wave-
form is produced when an oscilloscope is connected 
to the output of a square wave oscillator.

If the oscilloscope is connected to a pulse gen-
erator, however, a waveform similar to the one 
shown in Fig ure 66–19 is produced. The positive 

The Pulse Generator
The operational amplifier can be used as a pulse 
generator. The difference between an oscillator and 
a pulse generator is the period of time the output is 
on compared to the period of time it is low or off. 
For instance, an oscillator is generally considered to 
produce a waveform that has positive and negative 
pulses of equal voltage and time (Figure 66–18). 
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Figure 66–18
Output of an oscillator.
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Figure 66–19
Output of a pulse generator.
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diode D1. The amount of time the output of the 
op amp is low is determined by the value of CT and 
R4, and the amount of time the output remains high 
is determined by the value of CT and R3. The ratio 
of the amount of time the output voltage is high to 
the amount of time it is low can be determined by 
the ratio of resistor R3 to resistor R4. A typical 741 
operational amplifier is shown in Figure 66–21.

value of voltage is the same as the negative value, 
just as it was in Figure 66–18, but the positive 
pulse is of a much shorter duration than the nega-
tive pulse.

The 741 operational amplifier can easily be 
changed from a square wave oscillator to a pulse 
generator  (Figure 66–20). The pulse generator cir-
cuit is the same basic circuit as the square wave os-
cillator, with the  addition of resistors R3 and R4, 
and diodes D1 and D2. This circuit permits capaci-
tor CT to charge at a different rate when the output 
is high, or positive, than when the output is low, or 
negative. For instance, assume that the voltage of 
the op amp’s output is 212 volts. When the output 
voltage is negative, diode D1 is reverse biased and 
no current can flow through resistor R3. Therefore, 
capacitor CT must charge through resistor R4 and 
diode D2, which is forward biased. When the volt-
age applied to the inverting input becomes more 
negative than the voltage applied to the noninvert-
ing input, the output voltage of the op amp rises to 
112 volts. When the output voltage is 112 volts, 
diode D2 is reverse biased and diode D1 is for-
ward biased. Therefore, capacitor CT begins charg-
ing toward the 112 volts through resistor R3 and 

Ct

2

V+
D2

D1R3

V–

3
4

7
6

+

–

R2R1

R4

Figure 66–20
Pulse generator circuit.
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Figure 66–21
Typical 741 Operational Amplifier
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●● Review QuesTiOns

 1. When the voltage connected to the inverting in-
put is more positive than the voltage connected 
to the noninverting input, will the output be 
positive or negative?

 2. What is the input impedance of a 741 opera-
tional amplifier?

 3. What is the average open loop gain of the 741 
 operational amplifier?

 4. What is the average output impedance of the 741 
operational amplifier?

 5. Operational amplifiers are commonly used in 
what three connections?

 6. When the operational amplifier is connected 
as a voltage follower, it has a gain of 1 (one). 
If the  input voltage is not amplified, what is?

 7. Name two effects of negative feedback.

 8. Refer to Figure 66–8. If resistor R1 is 200 
ohms and resistor R2 is 10 kilohms, what is 
the gain of the amplifier?

 9. Refer to Figure 66–9. If resistor R1 is 470 
ohms and resistor R2 is 47 kilohms, what is 
the gain of the amplifier?

 10. What is the purpose of the hysteresis loop 
when the op amp is used as an oscillator?
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Testing Solid-State 
Components
1. Testing a Diode

 1. Connect the ohmmeter leads to the diode. Notice 
whether the meter indicates continuity through 
the diode or not.

 2. Reverse the diode connection to the ohmmeter. 
Notice whether the meter indicates continuity 
through the diode. The ohmmeter should indi-
cate con tinuity through the diode in only one 
direction. NOTE: If continuity is not indicated 
in either direction, the diode is open. If conti-
nuity is indicated in both directions, the diode 
is shorted.
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OHMMETER

+ –

OHMMETER
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 3. With the positive ohmmeter lead still con-
nected to the base of the transistor, connect 
the negative lead to the emitter. The ohmmeter 
should again indicate a forward diode junction. 
NOTE: If the ohmmeter does not indicate con-
tinuity between the base- collector or the base-
emitter, the transistor is open.

2. Testing a Transistor

 1. Using a diode, determine which ohmmeter lead 
is positive and which is negative. The ohmmeter 
will indicate continuity through the diode only 
when the positive lead is connected to the anode 
and the negative lead is connected to the cathode.

+

–

OHMMETER

+

–

OHMMETER

+
–

OHMMETER

+ –

OHMMETER

ANODE CATHODE
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 2. If the transistor is an NPN, connect the positive 
ohm meter lead to the base and the negative 
lead to the collector. The ohmmeter should in-
dicate continuity. The reading should be about 
the same as the reading obtained when the di-
ode was tested.

 4. Connect the negative ohmmeter lead to the base 
and the positive lead to the collector. The ohm-
meter should indicate infinity or no continuity.
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 7. If the positive ohmmeter lead is connected 
to the base of a PNP transistor, no continuity 
should be indicated when the negative lead is 
connected to the collector or the emitter.

 5. With the negative ohmmeter lead connected to 
the base, reconnect the positive lead to the emit-
ter. There should, again, be no indication of conti-
nuity. NOTE: If a very high resistance is indicated 
by the ohmmeter, the transistor is “leaky” but 
may still operate in the circuit. If a very low resis-
tance is seen, the transistor is shorted.

 6. To test a PNP transistor, reverse the polarity of 
the ohmmeter leads and repeat the test. When 
the negative ohmmeter lead is connected to the 
base, a forward diode junction should be indi-
cated when the positive lead is connected to 
the collector or emitter.
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 3. With the positive ohmmeter lead connected to 
the emitter, reconnect the negative lead to base 
2. The ohmmeter should again indicate a for-
ward diode junction.

 4. If the negative ohmmeter lead is connected to 
the emitter, no continuity should be indicated 
when the positive lead is connected to base 1 or 
base 2.

3. Testing a Unijunction Transistor

 1. Using a junction diode, determine which ohm-
meter lead is positive and which is negative. 
The ohm meter will indicate continuity when 
the positive lead is connected to the anode and 
the negative lead is connected to the cathode.

 2. Connect the positive ohmmeter lead to the emit-
ter lead and the negative lead to base 1. The ohm-
meter should indicate a forward diode junction.
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OHMMETER

ANODE CATHODE

+ B1

B2
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 3. Using a jumper lead, connect the gate of the 
SCR to the anode. The ohmmeter should indi-
cate a forward diode junction when the connec-
tion is made. NOTE: If the jumper is removed, 
the SCR may continue to conduct or may turn 
off. This will be determined by whether the 
ohmmeter can supply enough current to keep 
the SCR above its holding current level.

4. Testing an SCR

 1. Using a junction diode, determine which ohm-
meter lead is positive and which is negative. 
The ohmmeter will indicate continuity only 
when the positive lead is connected to the an-
ode of the diode and the negative lead is con-
nected to the cathode.

 2. Connect the positive ohmmeter lead to the anode 
of the SCR and the negative lead to the cathode. 
The ohmmeter should indicate no continuity.

+ –

OHMMETER

ANODE CATHODE

+ –

OHMMETER

ANODE CATHODE

GATE

+ –

OHMMETER

ANODE CATHODE

GATE
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5. Testing a Triac

 1. Using a junction diode, determine which ohm-
meter lead is positive and which is negative. The 
ohm meter will indicate continuity only when 
the positive lead is connected to the anode and 
the negative lead is connected to the cathode.

 2. Connect the positive ohmmeter lead to MT2 
and the negative lead to MT1. The ohmmeter 
should indicate no continuity through the triac.

 5. If a jumper lead is used to connect the gate to 
the  anode, the ohmmeter should indicate no 
continu ity. NOTE: SCRs designed to switch 
large currents (50 amperes or more) may indi-
cate some leakage current with this test. This is 
normal for some  devices.

 4. Reconnect the SCR so that the cathode is con-
nected to the positive ohmmeter lead and the 
anode is connected to the negative lead. The 
ohmmeter should indicate no continuity.
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 5. Using a jumper lead, again connect the gate to 
MT2. The ohmmeter should indicate a forward 
diode junction.

 3. Using a jumper lead, connect the gate of the 
triac to MT2. The ohmmeter should indicate a 
forward diode junction.

 4. Reconnect the triac so that MTl is connected 
to the positive ohmmeter lead and MT2 is con-
nected to the negative lead. The ohmmeter 
should indicate no continuity through the triac.
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 1. Using an ohmmeter, divide the motor wind-
ings into four separate circuits. One circuit will 
have continuity to three leads, and the other 
three circuits will have continuity between 
only two leads (Figure 1). Caution: the circuits 
that exhibit continuity between two leads must be 

Identifying the Leads  
of a Three-Phase,  
Wye-Connected,  
Dual-Voltage Motor
The terminal markings of a three-phase motor are 
standardized and used to connect the motor for 
operation on 240 or 480 volts. Figure A–1 shows 
these terminal markings and their relationship to 
the other motor windings. If the motor is to be 
connected to a 240-volt line, the motor windings 
are connected parallel to each other, as shown in 
Figure A–2. If the motor is to be operated on a 480-
volt line, the motor windings are connected in se-
ries, as shown in Figure A–3.

As long as these motor windings remain 
marked with the proper numbers, connecting the 
motor for operation on a 240- or 480-volt power 
line is relatively simple. If these numbers are re-
moved or damaged, however, the leads must be 
reidentified before the motor can be connected. 
The following procedure can be used to identify the 
proper relationship of the motor windings:

T2

T5

T8

T7
T4

T1

T9
T6

T3

T2

T5

T8

T7
T4

T1

1

L1

T9
T6

T3

7

4

2

L2

8

5

3

L3

9

6

Figure A–1
Standard terminal markings for a three-phase motor.

Figure A–2
Low-voltage connection.
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identified as pairs, but do not let the ends of the 
leads touch anything.

 2. Mark the three leads that have continuity with 
each other as T7, T8, and T9. Connect these 
three leads to a 240-volt, three-phase power 
source (Fig ure A–4). (NOTE: Because these wind-
ings are rated at 240 volts each, the motor can be 
safely operated on one set of windings as long as 
it is not connected to a load.)

T2

T5

T8

T7
T4

T1

1

L1

T9
T6

T3

7

4

2

L2

8

5

3

L3

9

6

Figure A–3
High-voltage connection.

T8

T7T9

L1 L2 L3

Figure A–4
T7, T8, and T9 connected to a three-phase,  
240 volt line.
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its windings connected for additive polarity. If 
an AC voltmeter is connected to T1, a voltage 
of about 360 volts will be indicated when the 
other lead of the voltmeter is connected to T8 
or T9 (Figure A–7).

   Label leads T1 and T4 using the preceding 
procedure to determine which lead is correct. 
Then disconnect and separate T1 and T4.

 5. To identify the other leads, follow the same ba-
sic procedure. Connect one end of one of the 
remaining pairs to T8. Measure the voltage 
between the unconnected lead and T7 and T9 
to determine whether it is the correct lead pair 
for terminal T8. When the correct lead pair is 
connected to T8, the voltage between the un-
connected terminal and T7 or T9 will be equal. 
Then determine which is T5 or T2 by measur-
ing for a high or low voltage. When T5 is con-
nected to T8, about 360 volts can be measured 
between T2 and T7 or T2 and T9.

 6. The remaining pair can be identified as T3 or 
T6. When T6 is connected to T9, a voltage of 
about 360 volts can be measured between T3 
and T7 or T3 and T8.

 3. With the power turned off, connect one end of 
one of the paired leads to the terminal marked T7. 
Turn the power on, and using an AC voltmeter set 
for a range not less than 480 volts, measure the 
voltage from the unconnected end of the paired 
lead to terminals T8 and T9 (Figure A–5). If the 
measured voltages are unequal, the wrong paired 
lead is connected to terminal T7. Turn the power 
off, and  connect another paired lead to T7. When 
the correct set of paired leads is connected to T7, 
the voltage readings to T8 and T9 will be equal.

 4. After finding the correct pair of leads, a decision 
must be made as to which lead should be labeled 
T4 and which should be labeled T1. Because an 
induction motor is basically a transformer, the 
phase windings act very similar to a multiwind-
ing autotransformer. If terminal T1 is connected 
to terminal T7, it will operate similarly to a trans-
former with its windings connected to form sub-
tractive polarity. If an AC voltmeter is connected 
to T4, a voltage of about 140 volts should be seen 
between T4 and T8 or T4 and T9 (Figure A–6).

   If terminal T4 is connected to T7, the wind-
ing will operate similar to a transformer with 

T8

T7T9

L1 L2 L3

Figure A–5
Measure voltage from unconnected paired lead to T8 and T9. 
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T8

T7

T4

T1

T9

L1 L2 L3

Figure A–6
T1 connected to T7.

T8

T7
T4

T1

T9

L1 L2 L3

Figure A–7
T4 connected to T7.
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Ohm’s Law Formulas

W
(WATTS)

I
(CURRENT)

R
(RESISTANCE)

E
(VOLTAGE)

W
R

W
E

W
I

W

I2

E
R

E
I

E2

R

E2

W

I • R

W • R

E • I

I2 • R
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Standard Wiring Diagram Symbols

SWITCHES

LIMIT SWITCHES

NORMALLY
OPEN

NORMALLY
CLOSED

HELD CLOSED HELD OPEN

N.O. N.C.

N.O.

FUSE

PUSH BUTTON

MOMENTARY CONTACT

 CONTACTS

 INSTANT OPERATING

WITH BLOWOUT WITHOUT BLOWOUT ENERGIZED DE-ENERGIZED

TIMED CONTACTS - CONTACT
ACTION RETARDED WHEN COIL IS

SINGLE CIRCUIT DOUBLE CIRCUIT MUSHROOM
HEAD

WOBBLE
STICK ILLUMINATED

TWO
SINGLE

CKT.

ONE
DOUBLE

CKT.

MAINTAINED CONTACT INDICATE COLOR BY LETTER

NON PUSH-TO-TEST PUSH-TO-TEST

PILOT LIGHTS

STANDARD DUTY SELECTOR

2 POSITION 2 POSITION 2 POSITION

HEAVY DUTY SELECTOR

2 POS. SEL. PUSH BUTTON

1 - CONTACT CLOSED
1 - CONTACT CLOSED1 - CONTACT CLOSED

3 POSITION

POWER
OR

CONTROL

N.C.

N.O. N.C. N.O. N.C.

N.O. N.C. N.O. N.C. N.O. N.C. N.O. N.C.

COILS.

SHUNT SERIES THERMAL MAGNETIC IRON CORE

AIR CORE

D.C. MOTORSA.C. MOTORSTRANSFORMERS

AUTO

NOT
CONNECTED

WIRING
TERMINAL

ADJ BY
FIXED
TAPS

RHEOSTAT
POT  OR
ADJ TAP

MECHANICAL FIXED FIXED ADJ

HEATING
ELEMENT

MECHANICAL
INTERLOCK

GROUND

CONNECTED

SPEED (PLUGGING) ANTI-PLUG BELL BUZZER METER BATTERY

INDICATE
TYPE BY
LETTER

HORN
SIREN ECT.

METER
SHUNT

HALF WAVE
RECTIFIER

FULL WAVE
RECTIFIER

POWER

WIRING CONNECTIONS RESISTORS CAPACITORS

CONTROL

IRON CORE AIR CORE CURRENT DUAL
VOLTAGE

SINGLE
PHASE

WOUND
ROTOR

SHUNT
FIELD

SERIES
FIELD

ARMATURE
3 PHASE

SQUIRREL
CAGE

COMM. OR
COMPENS.

FIELD

(SHOW 4
LOOPS)

(SHOW 3
LOOPS)

(SHOW 2
LOOPS)

OVERLOAD RELAYS INDUCTORS

FOOT SWITCHESCIRCUIT BREAKER
W/THERMAL AND
MAGNETIC O.L.

CIRCUIT BREAKER
W/MAGNETIC O.L.

CIRCUIT BREAKER
W/THERMAL O.L.

CIRCUIT
INTERRUPTERDISCONNECT

PRESSURE &
VACUUM SWITCHES

TEMPERATURE
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Appendix

Electronic Symbols

ZENER DIODE JUNCTION DIODE

NPN TRANSISTOR

FIXED RESISTOR VARIABLE RESISTOR
CAD CELL

SCR

PNP TRANSISTOR UNIJUNCTION TRANSISTOR

LIGHT-EMITTING DIODE

TRIAC

LAMP

AND GATE
(COMPUTER LOGIC SYMBOL)

AND GATE
(NEMA LOGIC SYMBOL)

NOR GATE
(COMPUTER LOGIC SYMBOL)

INVERTER
(COMPUTER LOGIC SYMBOL)

NAND GATE
(COMPUTER LOGIC SYMBOL)

NAND GATE
(NEMA LOGIC SYMBOL)

OR GATE
(NEMA LOGIC SYMBOL)

NOR GATE
(NEMA LOGIC SYMBOL)

INVERTER
(NEMA LOGIC SYMBOL)

OR GATE
(COMPUTER LOGIC SYMBOL)

OR

DIAC

TRANSFORMER

RELAY COIL
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Base Current The amount of current that flows through the base-emitter 
section of a transistor.

Bias A DC voltage applied to the base of a transistor to preset its operat-
ing point.

Bimetal Strip A strip made by bonding two unlike metals together that, 
when heated, expand at different rates. This causes a bending or warp-
ing action.

Blowout Coil Electromagnetic coil used in contactors and starters to 
deflect an arc when a circuit is interrupted.

Bounceless Switch A circuit used to eliminate contact bounce in mechan-
ical contacts.

Branch Circuit That portion of a wiring system that extends beyond the 
final overcurrent device protecting the circuit.

Brake An electromechanical friction device to stop and hold a load. Gen-
erally electric release spring applied—coupled to motor shaft.

Breakdown Torque (of a motor) The maximum torque that develops with 
the rated voltage applied at the rated frequency, without an abrupt 
drop in speed. (ASA)

Bridge Circuit A circuit that consists of four sections connected in series 
to form a closed loop.

Bridge Rectifier A device constructed with four diodes, which converts 
both positive and negative cycles of AC voltage into DC voltage.

Busway A system of enclosed power transmission that is current and 
voltage rated.

Cad Cell A device that changes its resistance with a change of light 
intensity.

Capacitance The electrical size of a capacitor.
Capacitive Any circuit or device having characteristics similar to those of 

a capacitor.
Capacitor A device made with two conductive plates separated by an in-

sulator or dielectric.
Capacitor Start Motor A single-phase induction motor with a main 

winding arranged for direct connection to the power source and an 
auxiliary winding connected in series with a capacitor. The auxiliary 
winding is in the circuit only during starting. (NEMA)

Cathode The negative terminal of a device.
Cathode-Ray Tube (CRT) An electron beam tube in which the beam of elec-

trons can be focused to any point on the face of the tube. The electron 
beam causes the face of the tube to produce light when it is struck by 
the beam.

Center-Tapped A transformer that has a wire connected to the electrical 
midpoint of its winding. Generally the secondary is tapped.

Charge Time The amount of time necessary to charge a capacitor.
Choke An inductor designed to present an impedance to AC current, or to 

be used as the current filter of a DC power supply.

Accelerating Relay Any type of relay used to aid in starting a motor or 
to accelerate a motor from one speed to another. Accelerating relays 
may function by motor armature current (current limit acceleration); 
armature voltage (counter emf acceleration); or definite time (definite 
time acceleration).

Accessory (control use) A device that controls the operation of mag-
netic motor control. (Also see Master Switch, Pilot Device, and Push 
Button.)

Across-the-line Method of motor starting that connects the motor di-
rectly to the supply line on starting or running. (Also called Full Volt-
age Control.)

Alternating Current (AC) Current changing both in magnitude and direc-
tion; most commonly used current.

Alternator A machine used to generate alternating current by rotating 
conductors through a magnetic field.

Ambient Temperature The temperature surrounding a device.
Ampacity The maximum current rating of a wire or cable.
Ampere Unit of electrical current.
Amplifier A device used to increase a signal.
Amplitude The highest value reached by a signal, voltage, or current.
AND Gate A digital logic gate that must have all of its inputs high to pro-

duce an output.
Anode The positive terminal of an electronic device.
Applied Voltage The amount of voltage connected to a circuit or device.
ASA American Standards Association.
Astable Mode The state in which an oscillator can continually turn itself 

on and off, or continually change from positive to negative output.
Atom The smallest part of an element that contains all the properties of 

that element.
Attenuator A device that decreases the amount of signal, voltage, or 

current.
Automatic Self-acting, operating by its own mechanism when actuated by 

some triggering signal such as a change in current strength, pressure, 
temperature, or mechanical configuration.

Automatic Starter A self-acting starter that is completely controlled by 
master or pilot switches or other sensing devices; designed to con-
trol automatically the acceleration of a motor during the acceleration 
period.

Auxiliary Contacts Contacts of a switching device in addition to the main 
circuit contacts; auxiliary contacts operate with the movement of the 
main contacts.

Barrier Charge The potential developed across a semiconductor junction.
Base The semiconductor region between the collector and emitter of a 

transistor. The base controls the current flow through the collector-
emitter circuit.

Glossary
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Disconnecting Means (Disconnect) A device, or group of devices, or other 
means whereby the conductors of a circuit can be disconnected from 
their source of supply.

Drum Controller Electrical contacts made on the surface of a rotating cyl-
inder or section; contacts made also by operation of a rotating cam.

Drum Switch A switch having electrical connecting parts in the form of 
fingers held by spring pressure against contact segments or surfaces 
on the periphery of a rotating cylinder or sector.

Duty Specific controller functions. Continuous (time) Duty: constant 
load, indefinite long time period. Short Time Duty: constant load, 
short or speci fied time period. Intermittent Duty: varying load, 
 alternate intervals, specified time periods. Periodic Duty: intermit-
tent duty with recurring load conditions. Varying duty: varying loads, 
varying time intervals, wide variations.

Dynamic Braking Using a DC motor as a generator, taking it off the line 
and applying an energy dissipating resistor to the armature. Dynamic 
braking for an AC motor is accomplished by disconnecting the motor 
from the line and connecting DC power to the stator windings.

Eddy Currents Circular induced currents contrary to the main currents; a 
loss of energy that shows up in the form of heat.

Electrical Interlocking Accomplished by control circuits in which the con-
tacts in one circuit control another circuit.

Electric Controller A device, or group of devices, which governs, in some 
predetermined manner, the electric power delivered to the apparatus 
to which it is connected.

Electron One of the three major subatomic parts of an atom. The electron 
carries a negative charge.

Electronic Control Control system using gas and/or vacuum tubes, or 
solid-state devices.

Emitter The semiconductor region of a transistor, which must be con-
nected to a polarity different than the base.

Enclosure Mechanical, electrical, and environmental protection for con-
trol devices.

Eutectic Alloy Metal with low and sharp melting point; used in thermal 
overload relays; converts from a solid to a liquid state at a specific tem-
perature; commonly called solder pot.

Exclusive OR Gate A digital logic gate that produces an output when its 
inputs have opposite states of logic level.

Feeder The circuit conductor between the service equipment, or the gen-
erator switchboard of an  isolated plant, and the branch circuit over-
current  device.

Feeler Gauge A precision instrument with blades in thicknesses of thou-
sandths of an inch for measuring clearances.

Filter A device used to remove the ripple produced by a rectifier.
Frequency Number of complete variations made by an  alternating 

 current per second; expressed in hertz. (See Hertz)
Full Load Torque (of a motor) The torque necessary to produce the rated 

horsepower of a motor at full load speed.
Full Voltage Control (across-the-line) Connects equipment directly to the 

line supply on starting.
Fuse An overcurrent protective device with a fusible member, which is 

heated directly and destroyed by the current passing through it to 
open a circuit.

Gain The increase in signal power produced by an amplifier.
Gate A device that has multiple inputs and a single output; or one termi-

nal of some solid-state devices such as SCRs or triacs.
General-Purpose Motor Any open motor that has a continuous 40C rating 

and is designed, listed, and offered in standard ratings with standard 
operating characteristics and mechanical construction for use under 
usual service conditions without restrictions to a particular applica-
tion or type of application. (NEMA)

Circuit Breaker Automatic device that opens under abnormal current in 
carrying circuit; circuit breaker is not damaged on current interrup-
tion; device is ampere, volt, and horsepower rated.

Clock Timer A time-delay device that uses an electric clock to measure the 
delay period.

Collapse (of a magnetic field) When a magnetic field suddenly changes 
from its maximum value to a zero value.

Collector The semiconductor region of a transistor, which must be con-
nected to the same polarity as the base.

Comparator A device or circuit that compares two like quantities such as 
voltage levels.

Conduction Level The point at which an amount of voltage or current 
causes a device to conduct.

Conductor A device or material that permits current to flow through it 
easily.

Contact A conducting part of a relay that acts with another conducting 
part to complete or to interrupt a circuit.

Contactor A device that repeatedly establishes or interrupts an electric 
power circuit.

Continuity A complete path for current flow.
Controller A device or group of devices that governs, in a predetermined 

manner, the delivery of electric power to apparatus connected to it.
Controller Function Regulate, accelerate, decelerate, start, stop, reverse, 

or protect devices connected to an electric controller.
Controller Service Specific application of controller. General Purpose: 

standard or usual service. Definite Purpose: service condition for 
specific application other than usual.

Current The rate of flow of electrons. Measured in amperes.
Current Flow The flow of electrons.
Current Rating The amount of current flow a device is designed to 

withstand.
Current Relay A relay that functions at a predetermined value of current. 

A current relay may be either an overcurrent relay or an undercurrent 
relay.

Dashpot Consists of a piston moving inside a cylinder filled with air, oil, 
mercury, silicon, or other fluid. Time delay is caused by allowing the 
air or fluid to escape through a small orifice in the piston. Moving con-
tacts actuated by the piston close the electrical circuit.

Definite Time (or Time Limit) Definite time is a qualifying term indicating 
that a delay in action is purposely introduced. This delay remains sub-
stantially constant regardless of the magnitude of the quantity that 
causes the action.

Definite-Purpose Motor Any motor designed, listed, and offered in stan-
dard ratings with standard operating characteristics or mechanical 
construction for use under service conditions other than usual or for 
use on a particular type of application. (NEMA)

Delta Connection A circuit formed by connecting three electrical de-
vices in series to form a closed loop. Most often used in three-phase 
connections.

Device A unit of an electrical system that is intended to carry but not 
utilize electrical energy.

Diac A bidirectional diode.
Dielectric An electrical insulator.
Digital Device A device that has only two states of operation.
Digital Logic Circuit elements connected in such a manner as to 

solve  problems using components that have only two states of 
operation.

Digital Voltmeter A voltmeter that uses a direct-reading, numerical dis-
play as opposed to a meter movement.

Diode A two-element device that permits current to flow through it in 
only one direction.

Direct Current (DC) Current that does not reverse its direction of flow. A 
continuous nonvarying current in one direction.
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Logic A means of solving complex problems through the repeated use of 
simple functions that define basic concepts. Three basic logic func-
tions are: and, or, and not.

Low Voltage Protection (LVP) Magnetic control only; nonautomatic re-
starting; three-wire control; power failure disconnects service; power 
restored by manual restart.

Low Voltage Release (LVR) Manual and magnetic control; automatic re-
starting; two-wire control; power failure disconnects service; when 
power is  restored, the controller automatically restarts the motor.

Magnet Brake Friction brake controlled by electromagnetic means.
Magnetic Contactor A contactor that is operated electromechanically.
Magnetic Controller An electric controller; device functions operated by 

electromagnets.
Magnetic Field The space in which a magnetic force exists.
Maintaining Contact A small control contact used to keep a coil energized; 

usually actuated by the same coil. Holding contact; Pallet switch.
Manual Controller An electric controller; de vice functions operated by 

mechanical means or manually.
Master Switch A main switch to operate contactors, relays, or other re-

motely-controlled electrical devices.
Medium Voltage Control Formerly known as High voltage; includes 600- 

to 5000-volt apparatus; air break or oil-immersed main contactors; 
high interrupting capacity fuses; 150,000 kilovolt-amperes at 2300 
volts; 250,000 kilovolt-amperes at 4000–5000 volts.

Microprocessor A small computer. The central processing unit is gener-
ally made from a single integrated circuit.

Mode A state or condition.
Monostable (Mode) The state in which an oscillator or timer operates 

through only one sequence of events.
Motor Device for converting electrical energy to mechanical work 

through rotary motion; rated in horsepower.
Motor Circuit Switch Motor branch circuit switch rated in horsepower; 

capable of interrupting overload motor current.
Motor Controller A device used to control the operation of a motor.
Motor-Driven Timer A device in which a small pilot motor causes contacts 

to close after a predetermined time.
Multispeed Motor A motor that can be operated at more than one speed.
Multispeed Starter An electric controller with two or more speeds; revers-

ing or nonreversing; full or reduced voltage starting.

NAND Gate A digital logic gate that produces a high output only when all 
of its inputs are in a low state.

Negative One polarity of voltage, current, or a charge.
Negative Resistance The property of a device in which an increase of cur-

rent flow causes an increase of conductance. The increase of conduc-
tance causes a decrease in the voltage drop across the device.

NEMA National Electrical Manufacturers Asso ciation.
NEMA Size Electric controller device rating; specific standards for horse-

power, voltage, current, and interrupting characteristics.
Neutron One of the principal parts of an atom. The neutron has no charge 

and is part of the nucleus.
Nonautomatic Controller Requires direct operation to perform function; 

not necessarily a manual controller.
Noninductive Load An electrical load that does not have induced voltages 

caused by a coil. Noninductive loads are generally resistive, but can be 
capacitive.

Nonreversing Operation in one direction only.
NOR Gate A digital logic gate that produces a high output when any of its 

inputs are low.
Normally Open and Normally Closed When applied to a magnetically-oper-

ated switching device, such as a contactor or relay, or to the contacts 
of these devices, these terms signify the position taken when the op-
erating magnet is de-energized. The terms apply only to nonlatching 
types of devices.

Heat Sink A metallic device designed to increase the surface area of an 
electronic component to remove heat at a faster rate.

Hertz International unit of frequency, equal to one cycle per second of al-
ternating current.

High Voltage Control Formerly, all control above 600 volts. Now, all con-
trol above 5000 volts. See Medium Voltage Control for 600- to 5000-
volt  equipment.

Holding Contacts Contacts used for the purpose of maintaining current 
flow to the coil of a relay.

Holding Current The amount of current needed to keep an SCR or a triac 
turned on.

Horsepower Measure of the time rate of doing work (working rate).
Hysteresis Loop A graphic curve that shows the value of magnetizing 

force for a particular type of material.

Impedance The total opposition to current flow in an electrical circuit.
Induced Current produced in a conductor by the cutting action of a mag-

netic field.
Inductor A coil used to introduce inductance into an electrical circuit.
Input Power delivered to an electrical device.
Input Voltage The amount of voltage connected to a device or circuit.
Instantaneous A qualifying term indicating that no delay is purposely in-

troduced in the action of a  device.
Insulator A material used to electrically isolate two conductive surfaces.
Integral Whole or complete; not fractional.
Interlock To interrelate with other controllers; an auxiliary contact. A de-

vice is connected in such a way that the motion of one part is held 
back by  another part.

Internal Relay Digital logic circuits in a programmable controller that can 
be programmed to operate in the same manner as control relays.

Inverse Time A qualifying term indicating that a delayed action is intro-
duced purposely. This delay  decreases as the operating force increases.

Inverter (Gate) A digital logic gate that has an output opposite its input.
Isolation Transformer A transformer whose secondary winding is electri-

cally isolated from its primary winding.

Jogging (Inching) Momentary operations; the quickly repeated closure of 
the circuit to start a  motor from rest for the purpose of accomplishing 
small movements of the driven machine.

Jumper A short length of conductor used to make a connection between 
terminals or around a break in a circuit.

Junction Diode A diode that is made by joining two pieces of semiconduc-
tor material.

Kickback Diode A diode used to eliminate the voltage spike induced in a 
coil by the collapse of a magnetic field.

Lattice Structure An orderly arrangement of atoms in a crystalline 
material.

Led (Light-Emitting Diode) A diode that produces light when current 
flows through it.

Limit Switch A mechanically operated device that stops a motor from re-
volving or reverses it when certain limits have been reached.

Load Center Service entrance; controls distribution; provides protection 
of power; generally of the circuit breaker type.

Local Control Control function, initiation, or change accomplished at the 
same location as the electric controller.

Locked Rotor Current (of a motor) The steady-state current taken from 
the line with the rotor locked (stopped) and with the rated voltage and 
frequency applied to the motor.

Locked Rotor Torque (of a motor) The minimum torque that a motor de-
velops at rest for all angular positions of the rotor with the rated volt-
age applied at a rated frequency. (ASA)

Lockout A mechanical device that may be set to prevent the operation of 
a push button.
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Phase Shift A change in the phase relationship between two quantities of 
voltage or current.

Photodetector A device that responds to change in light intensity.
Photodiode A diode that conducts in the presence of light, but not in 

darkness.
Pilot Device Directs operation of another device. Float Switch: A pilot de-

vice that responds to liquid levels. Foot Switch: A pilot device operated 
by the foot of an operator. Limit Switch: A pilot device operated by the 
motion of a power-driven machine; alters the electrical circuit with 
the machine or equipment.

Plugging Braking by reversing the line voltage or phase sequence; motor 
develops retarding force.

Pneumatic Timer A device that uses the displacement of air in a bellows 
or diaphragm to produce a time delay.

Polarity The characteristic of a device that exhibits opposite quantities, 
such as positive and negative, within itself.

Pole The north or south magnetic end of a magnet; a terminal of a switch; 
one set of contacts for one circuit of main power.

Potentiometer A variable resistor with a sliding contact, which is used as 
a voltage divider.

Power Factor A comparison of the true power (WATTS) to the apparent 
power (VOLT AMPS) in an AC circuit.

Power Rating The rating of a device that indicates the amount of current 
flow and voltage drop that can be permitted.

Pressure Switch A device that senses the presence or absence of pressure 
and causes a set of contacts to open or close.

Printed Circuit A board on which a predetermined pattern of printed con-
nections has been formed.

Proton One of the three major parts of an atom. The proton carries a 
positive charge.

Pull-up Torque (of alternating-current motor) The minimum torque devel-
oped by the motor during the period of acceleration from rest to the 
speed at which breakdown occurs. (ASA)

Push Button A master switch; manually operable plunger or button for an 
actuating device; assembled into push-button stations.

RC Time Constant The time constant of a resistor and capacitor con-
nected in series. The time in seconds is equal to the resistance in ohms 
multiplied by the capacitance in farads.

Reactance The opposition to current flow in an AC circuit offered by pure 
inductance or pure capacitance.

Rectifier A device that converts alternating current into direct current.
Regulator A device that maintains a quantity at a predetermined level.
Relay Operated by a change in one electrical circuit to control a device in the 

same circuit or another circuit; rated in amperes; used in control circuits.
Remote Control Controls the function initiation or change of an electrical 

device from some remote point or location.
Remote Control Circuit Any electrical circuit that controls any other cir-

cuit through a relay or an equivalent device.
Residual Magnetism The retained or small amount of remaining magne-

tism in the magnetic material of an electromagnet after the current 
flow has stopped.

Resistance The opposition offered by a substance or body to the passage 
through it of an electric current; resistance converts electrical energy 
into heat; resistance is the reciprocal of conductance.

Resistance Start Induction Run Motor One type of split-phase motor 
that uses the resistance of the start winding to produce a phase shift 
between the current in the start winding and the current in the run 
winding.

Resistor A device used primarily because it possesses the property of 
electrical resistance. A resistor is used in electrical circuits for pur-
poses of operation, protection, or control; commonly consists of an 
aggregation of units.
• Starting Resistors Used to accelerate a motor from rest to its nor-

mal running speed without damage to the motor and connected 

Off-Delay Timer A timer in which the contacts change position immedi-
ately when the coil or circuit is energized, but delay returning to their 
normal positions when the coil or circuit is de-energized.

Ohmmeter A meter used to measure resistance.
On-Delay Timer A timer in which the contacts delay changing position 

when the coil or circuit is energized, but change back immediately to 
their normal positions when the coil or circuit is de-energized.

Operational Amplifier (Op amp) An integrated circuit used as an amplifier.
Optoisolator A device used to connect sections of a circuit by means of a 

light beam.
Oscillator A device or circuit used to change DC voltage into AC voltage.
Oscilloscope An instrument that measures the amplitude of voltage with 

respect to time.
Out-of-phase Voltage A voltage that is not in phase when compared to 

some other voltage or current.
Output Devices Elements such as solenoids, motor starters, and contac-

tors that receive input.
Output Pulse A short duration voltage or current, which can be negative 

or positive, produced at the output of a device or circuit.
Overload Protection Overload protection is the result of a device that 

operates on excessive current, but not necessarily on short circuit, to 
cause and maintain the interruption of current flow to the  device gov-
erned. NOTE: Operating overload means a current that is not in  excess 
of six times the rated current for alternating-current motors, and not 
in excess of four times the rated current for direct-current motors.

Overload Relay Running overcurrent protection; operates on exces-
sive current; not necessarily protection for short circuit; causes and 
maintains interruption of device from power supply. Overload  Relay 
Heater Coil: Coil used in thermal overload  relays; provides heat to 
melt eutectic alloy.

Overload Relay Reset Push button used to reset thermal overload relay 
after relay has operated.

Panelboard Panel, group of panels, or units; an assembly that mounts in 
a single panel; includes buses, with or without switches and/or auto-
matic over current protective devices; provides control of light, heat, 
power circuits; placed in or against wall or partition; accessible from 
front only.

Parallel Circuit A circuit that has more than one path for current flow.
Peak Inverse/Peak Reverse Voltage The rating of a semiconductor device, 

which indicates the maximum amount of voltage that can be applied 
to the device in the reverse direction.

Peak-To-Peak Voltage The amplitude of voltage measured from the nega-
tive peak of an AC waveform to the positive peak.

Peak Voltage The amount of voltage of a waveform measured from the 
zero voltage point to the positive or negative peak.

Permanent-split Capacitor Motor A single-phase induction motor similar 
to the capacitor start motor except that it uses the same capacitance, 
which remains in the circuit for both starting and running. (NEMA)

Permeability The ease with which a material conducts magnetic lines of 
force.

Phase Relation of current to voltage at a particular time in an AC circuit. 
Single Phase: A single voltage and current in the supply. Three Phase: 
Three electrically-related (120º electrical separation) single-phase 
supplies.

Phase-Failure Protection Phase-failure protection is provided by a device 
that operates when the power fails in one wire of a polyphase circuit 
to cause and maintain the interruption of power in all the wires of 
the circuit.

Phase-Reversal Protection Phase-reversal protection is provided by a 
device that operates when the phase rotation in a polyphase circuit 
reverses to cause and maintain the interruption of power in all the 
wires of the circuit.

Phase Rotation Relay A relay that functions in accordance with the direc-
tion of phase rotation.
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Silicon Controlled Rectifier (SCR) A four-layer semiconductor device that 
is a rectifier and must be triggered by a pulse applied to the gate be-
fore it conducts.

Sine-Wave Voltage A voltage waveform; its value at any point is propor-
tional to the trigonometric sine of the angle of the generator produc-
ing it.

Slip Difference between the rotor rpm and the rotating magnetic field of 
an AC motor.

Snap Action The quick opening and closing action of a spring-loaded 
contact.

Solder Pot See Eutectic Alloy.
Solenoid A magnetic device used to convert elec trical energy into linear 

motion. A tubular, current-carrying coil that provides magnetic action 
to perform various work functions.

Solenoid-and-Plunger A solenoid-and-plunger is a solenoid provided with 
a bar of soft iron or steel called a plunger.

Solenoid Valve A valve operated by an electric  solenoid.
Solid-State Devices Electronic components that control electron flow 

through solid materials such as crystals; e.g., transistors, diodes, in-
tegrated circuits.

Special-Purpose Motor A motor with special operating characteristics or 
special mechanical construction, or both, designed for a particular ap-
plication and not falling within the definition of a general-purpose or 
definite-purpose motor. (NEMA)

Split-Phase A single-phase induction motor with auxiliary winding, dis-
placed in magnetic position from, and connected parallel to, the main 
winding. (NEMA)

Starter A starter is a controller designed for accelerating a motor to nor-
mal speed in one direction of rotation. NOTE: A device designed for 
starting a motor in either direction of rotation includes the additional 
function of reversing and should be designated as a controller.

Startup The time between equipment installation and the full operation 
of the system.

Static Control Control system in which solid-state devices perform the 
functions. Refers to no moving parts or without motion.

Stealer Transistor A transistor used in such a manner as to force some 
other component to remain in the off state by shunting its current to 
electrical ground.

Step-Down Transformer A transformer that produces a lower voltage at 
its secondary winding than is applied to its primary winding.

Step-Up Transformer A transformer that produces a higher voltage at its 
secondary winding than is applied to its primary winding.

Surge A transient variation in the current and/or potential at a point in 
the circuit; unwanted, temporary.

Switch A device for making, breaking, or changing the connections in an 
electric circuit.

Switchboard A large, single panel with a frame or assembly of panels; de-
vices may be mounted on the face of the panels, on the back, or both; 
contains switches, overcurrent, or protective devices; instruments ac-
cessible from the rear and front; not installed in wall-type cabinets. 
(See Panelboard)

Synchronous Speed The speed of the rotating magnetic field of an AC in-
duction motor.

Tachometer Generator Used for counting revolutions per minute. Electri-
cal magnitude or impulses are calibrated with a dial-gauge reading in 
rpm.

Temperature Relay A relay that functions at a predetermined tempera-
ture in the apparatus protected. This relay is intended to protect some 
other apparatus such as a motor or controller and does not necessarily 
protect itself.

Terminal A fitting attached to a circuit or device for convenience in mak-
ing electrical connections.

Thermal Compound A grease-like substance used to thermally bond two 
surfaces together for the purpose of increasing the rate of heat trans-
fer from one object to another.

load from excessive currents and torques, or without draw -ing un-
desirable in-rush current from the power system.

• Armature Regulating Resistors Used to regulate the speed of 
torque of a loaded motor by resistance in the armature or power 
circuit.

• Dynamic Braking Resistors Used to control the current and dissi-
pate the energy when a motor is decelerated by making it act as a 
generator to  convert its mechanical energy to electrical energy and 
then to heat in the resistor.

• Field Discharge Resistors Used to limit the value of voltage that 
appears at the terminals of a motor field (or any highly inductive 
circuit) when the circuit is opened.

• Plugging Resistors Used to control the current and torque of a mo-
tor when deceleration is forced by electrically reversing the motor 
while it is still running in the forward direction.

Rheostat A resistor that can be adjusted to vary its resistance without 
opening the circuit in which it may be connected.

Ripple An AC component in the output of a DC power supply; caused by 
improper filtering.

RMS Value The value of AC voltage that produces as much power when 
connected across a resistor as a like amount of DC voltage.

Safety Switch Enclosed manually operated disconnecting switch; horse-
power and current rated; disconnects all power lines.

Saturation The maximum amount of magnetic flux a material can hold.
Schematic An electrical diagram that shows components in their electri-

cal sequence without regard for physical location.
Selector Switch A master switch that is manually operated; rotating 

 motion for actuating device; assembled into push-button master 
stations.

Semiautomatic Starter Part of the operation of this type of starter is non-
automatic while selected portions are automatically controlled.

Semiconductor A material that contains four valence electrons and is 
used in the production of solid-state devices. The most common types 
are silicon and germanium.

Semimagnetic Control An electric controller in which functions are partly 
controlled by electromagnets.

Sensing Device A pilot device that measures, compares, or recognizes 
a change or variation in the system that it is monitoring; provides a 
controlled signal to operate or control other devices.

Series-Aiding Two or more voltage producing devices connected in se-
ries in such a manner that their voltages add to produce a higher total 
voltage.

Series Circuit An electric circuit formed by the connection of one or more 
components in such a manner that there is only one path for current 
flow.

Service The conductors and equipment necessary to deliver energy from 
the electrical supply system to the premises served.

Service Equipment Necessary equipment, circuit breakers, or switches 
and fuses with accessories mounted near the entry of the electrical 
supply; constitutes the main control or cutoff for supply.

Service Factor (of a general-purpose motor) An allowable overload; the 
amount of allowable overload is indicated by a multiplier which, when 
applied to a normal horsepower rating, indicates the permissible 
loading.

Shaded-Pole Motor A single-phase induction motor provided with an 
auxiliary short-circuited winding or windings displaced in magnetic 
position from the main winding. (NEMA)

Shading Loop A large copper wire or band connected around part of a 
magnetic pole piece to oppose a change of magnetic flux.

Short Circuit An electrical circuit that contains no resistance to limit the 
flow of current.

Signal The event, phenomenon, or electrical quantity that conveys infor-
mation from one point to another.

Signal Generator A text instrument used to produce a low-value, AC volt-
age for the purpose of testing or calibrating electronic equipment.
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Unijunction Transistor (UJT) A special transistor that is a member of 
the thyristor family of devices and operates like a voltage-controlled 
switch.

Valence Electron The electron in the outermost shell or orbit of an atom.
Variable Resistor A resistor in which the resistance value can be adjusted 

between the limits of its minimum and maximum value.
Varistor A resistor that changes its resistance value with a change of 

voltage.
Volt/Voltage An electrical measure of potential difference, electromotive 

force, or electrical pressure.
Voltage Divider A series connection of resistors used to produce different 

values of voltage drop across them.
Voltage Drop The amount of voltage required to cause an amount of cur-

rent to flow through a certain value of resistance or reactance.
Voltage Rating A rating that indicates the amount of voltage that can 

safely be connected to a device.
Voltage Regulator A device or circuit that maintains a constant value of 

voltage.
Voltage Relay A relay that functions at a predetermined value of voltage. 

A voltage relay may be either an overvoltage or an undervoltage relay.
Voltmeter An instrument used to measure a level of voltage.
Volt-Ohm-Milliammeter (VOM) A test instrument so designed that it can 

be used to measure voltage, resistance, or milliamperes.

Watt A measure of true power.
Waveform The shape of a wave as obtained by plotting a graph with re-

spect to voltage and time.
Wye Connection A connection of three components made in such a man-

ner that one end of each component is connected. This connection 
generally connects devices to a three-phase power system.

Zener Diode A special diode that exhibits a constant voltage drop when 
connected in such a manner that current flows through it in the re-
verse direction.

Zener Region The region current enters into when it flows through a di-
ode in the reverse direction.

Zero Switching A feature of some solid-state relays that causes current to 
continue flowing through the device until the AC waveform returns 
to zero.

Thermal Protector (as applied to motors) An inherent overheating pro-
tective device that is responsive to motor current and temperature. 
When properly applied to a motor, this device protects the motor 
against dangerous overheating due to overload or failure to start.

Thermistor A resistor that changes its resistance with a change of 
temperature.

Thyristor An electronic component that has only two states of operation, 
on and off.

Time Limit See Definite Time.
Timer A pilot device that is also considered a timing relay; provides 

 adjustable time period to perform function; motor driven; solenoid-
actuated; electronic.

Torque The torque of a motor is the twisting or turning force that tends 
to produce rotation.

Transducer A device that transforms power from one system to power of 
a second system: for example, heat to electrical.

Transformer An electromagnetic device that converts voltages for use in 
power transmission and operation of control devices.

Transient See Surge.
Transistor A solid-state device made by combining three layers of semi-

conductor material. A small amount of current flow through the 
base-emitter can control a larger amount of current flow through the 
collector-emitter.

Triac A bidirectional, thyristor device used to control AC voltage.
Trigger Pulses A voltage or current of short duration used to activate the 

gate, base, or input of some electronic device.
Trip Free Refers to a circuit breaker that cannot be held in the on position 

by the handle on a sustained overload.
Troubleshoot To locate and eliminate the source of trouble in any flow of 

work.
Truth Table A chart used to show the output condition of a logic gate or 

circuit as compared to different conditions of input.

Undervoltage Protection The result when a device operates on the reduc-
tion or failure of voltage to cause and maintain the interruption of 
power to the main circuit.

Undervoltage Release Occurs when a device operates on the reduction or 
failure of voltage to cause the interruption of power to the main cir-
cuit, but does not prevent the reestablishment of the main circuit on 
the return of voltage.
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Chatter, 52, 55
Choke coil, 290, 291f, 361, 370f
Circuit breakers, 23f, 35, 36f, 392, 395, 397, 

397f, 398, 401
Circuits. See individual circuit types
Clapper type relays, 52–53, 53f
Clock timer, 87, 87f
Closed transition starting, 295–298, 298f, 

304–307, 309f
Clutches, 340f
CMOS logic, 436
Codes, 4
Coil-clearing contacts, 65–66
Coils

blowout, 63, 63f, 257f
choke, 290, 291f, 361, 370f
holding, 255–257, 257f
latch, 65, 66f
nameplate, 46
pick-up, 255–256, 257f, 258f
shading, 52, 55–57, 56f, 57f
symbols for, 21, 22f, 62f, 458, 458f, 551f
unlatch, 65–66, 66f

Collector current, 503, 503f
Collector-emitter junction, 504
Compound motor, 250–253, 250f, 251f, 253f
Computer logic (USASI) symbols, 436, 436f, 

438, 438f–440f, 552f
Conductors, 391–394, 391f, 394, 481, 481f
Connection diagrams, 387, 387f
Consequent pole motors

four-speed, 326–330, 330f
speed of, 317–319, 317f
three-speed, 319–325, 325f
two-speed, 326–331, 331f

Constant current generator, 139–140, 139f, 
140f

Contact bounce, 444, 444f, 446
Contactors, 61–64
Contact race, 411
Contacts

auxiliary, 52, 63, 64f, 69, 70, 70f, 72f, 73f
coil clearing, 66
holding, 16, 20, 166, 169, 225, 226f, 227
instantaneous, 86, 86f
load, 62–64
maintaining, 20

Atom, 481, 481f, 482f
AUTO-MANUAL switch, 417, 418f
Automatic motor control, 5, 30, 31f
Automatic restart, 28, 166
Automatic shutdown, 315
Autotransformer starters, 279, 294–298,  

296–298f, 333, 333f
Auxiliary contacts, 52, 63, 64f, 69, 70, 70f, 72f, 

73f

B
Ball floats. See Float switches
Base-collector, 503, 503f
Bellows, 85, 86f, 141, 141f
Bellows type switch, 95
Bifilar wound motor, 271, 272f
Bimetal strip, 134–135, 135f, 425, 425f
Bimetal strip overload relays, 39–41
Bipolar transistor, 368–370, 369f–370f
Blowout coils, 63, 63f, 257f
Boolean, 471, 475
Bounceless switch, 443–446
Braking

disk brake, 338, 340f
drum brake, 338, 339f
dynamic (magnetic), 339–342
mechanical, 338–339
plugging, 342–348

Bridge rectifier, 367
Bridge type relay, 53, 54f
Brushless exciter, 359, 360f
Brute-force method, 479
Bubbler system, 103–105
Bumper arm, 118, 118f, 119
Burglar alarms, 159

C
Cad (cadmium sulfide) cell, 157–159,  

157f–159f
Cam timers, 87f
Capacitive proximity detectors, 151, 151f
Capacitive reactance, 356, 357
Capacitor start-capacitor run motor, 284–285, 

332
Capacitor time limit, 88, 88f
Capacitor time limit relay, 88, 88f
Centrifugal switch, 282, 282f

A
AC motors

dynamic braking of, 341
installation of, 387–388
SCRs in, 511–512, 511f–512f
speed of, 317, 317f
starting methods for, 287–293
stepping, 272–273, 275f
symbols, 551f
and variable voltage, 332–334, 336f

Across-the-line starting, 7, 28, 255, 277–279f
AC voltage control, Triac, 518, 518f
Air flow sensors, 112–113, 116f
Airflow switches, 107–108, 107f, 108f, 417, 418f
Alarms

burglar, 159
high liquid level, 102–103
silencing circuits, 167, 169f, 178, 179f

Allen-Bradley timers, 89, 92f
Alternators, 367, 367f, 388, 389, 391f
Ambient temperature problems, 33, 40, 425
Ammeter, 420, 421f, 424–425, 424f, 425f
Amortisseur winding, 358
Ampacity, 391–394, 393f
Amplifier. See also Op amp (operational 

amplifier)
Darlington, 156, 157f
differential, 480, 480f

Analog device, 504
Analog sensor, 477–480

and digital inputs, 480
installation, 479–480, 479f–480f

grounding, 479–480, 480f
shielded cable, 479, 479f
short, signal wire, 479
signal cable, 479, 479f

AND gates, 436–437, 436f–437f, 441f, 450–
452, 450f, 454

computer logic (USASI) symbols, 552f
NEMA logic symbol, 552f

Arcing, 61, 62, 255, 256f
Armature

control of, 261–265, 267
overview, 249
power supply, 262–263
resistance of, 264
rotation of, 251–252

Index
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Field windings, 249, 249f, 250, 250f, 251
555 timer, 525

as an oscillator, 522–525, 523f
for constructing on-delay timer, 525–526, 

526f
overview, 520–522

Floating systems, 79–80
Float switch control relay (FSCR), 175–177, 

177f
Float switches, 18, 20, 20f, 21, 21f, 23f, 101–

105, 175–177, 176f, 443, 443f
Flow sensors, 110–117

airflow, 112–113, 116f
electromagnetic, 111, 114f
liquid, 111, 112
orifice plate, 111, 114f, 115f
vortex, 111–112, 116f

Flow switches, 20, 21, 21f, 23f, 107–109
Flow-through pressure sensors, 100, 101f
Force sensors, 100, 100f
Forward-reverse control, 213–224

interlocking, 213–214, 217f
reversing single-phase split-phase motors, 

215, 223f
wiring diagram for, 215, 220f–222f

Four-speed consequent pole motors, 326–330, 
330f

Four-step switching (full stepping), 271, 272f
Four-way solenoid valves, 127, 128f
Fractional horsepower starters, 27–31
Frame number, 379, 379f–382f, 382
Freewheeling diodes, 263, 525
Frequency, controlling, 354–357, 356f, 372–

374, 373f, 374f
FSCR (Float switch control relay), 175–177, 

177f
Full-load current, 382, 383f
Full stepping (four-step switching), 271, 272f
Full-wave rectification, 130, 489, 489f
Fused jumper, 427, 428f
Fuses

ampere ratings, 387f, 402
control transformer, 427
dual element, 36, 36f, 395–397
secondary, 81, 82
sizes, 395, 402, 403, 405
starters and, 70, 73f
temperature rating of, 392

G
Gates, logic

AND, 436–437, 436f, 437f, 441f
EXCLUSIVE OR, 437, 438, 438f
INVERTER, 435, 438, 438f, 441f
NAND, 435, 439–440, 440f, 441f, 442f
NOR, 435, 439, 441
OR, 435, 437–438, 438f, 441f

Gate turn off devices (GTOs), 371–374
Ghost voltages, 80
Grounded systems, 79–80
Grounding, analog sensor, 479–480, 480f
GTOs (gate turn off devices), 371–374

H
Half stepping (eight-step switching), 272, 273f
Half-wave rectification, 130, 488, 488f
Hall, Edwin H., 143

symbol, 488f, 497, 497f
testing, 539
zener, 492–494, 493f, 494f, 531, 532, 533f, 

534, 552f
Diode-transistor logic (DTL), 435, 436
Direct current generator, 360
Direct-current motors

installation, 387
Disk brake, 338, 340f
DODE (Delay On De-Energize), 84
DOE (Delay On Energize), 84
Double-pole, double-throw (DPDT) switch, 252, 

252f
Drum brake, 338, 339f
DTL (diode-transistor logic), 435, 436
Dual element time delay fuses, 36, 36f, 395–397
Dual voltage motors, 301, 302f, 303, 303f, 313, 

313f, 546–549
Dustproof enclosure, 29, 29f
Duty cycle, 383, 384f
Dynamic braking, 339–342, 340f

E
Eddy current clutches, 336–337, 336f
Eddy currents, 54, 55f
Eight-pin relays, 58, 59f, 68, 70f
Eight-step switching (half stepping), 272, 273f
Electrical interlocking, 214, 217f
Electrical pressure, 421
Electromagnet construction, 53–60

control relay types, 58
core losses, 54–55
shading coils, 55–57, 56f, 57f
solid-state relays, 58–60, 61f

Electromagnetic flow sensors, 111, 114f
Electron flow theory, 487

and conventional current flow theory, 488
Electronic overload relays, 43, 44f
Electronic symbols, 552f
Electronic timers, 88–94
Electrons, 481–482, 481f, 484–485, 485f
Electrotachometer, 265, 267, 267f
Eleven-pin relays, 58, 59f
Emergency stop button, 12, 13f
Enclosure

dustproof, 29, 29f
explosion proof, 29, 29f
general purpose, 3, 3f
module, 70, 73f
waterproof, 29, 29f

Energy gap, 495
Environmental considerations, 3–4
Excitation current, 359
EXCLUSIVE OR gates, 437, 438, 438f
Explosion proof enclosure, 29, 29f

F
Faraday’s Law, 111
FCR (field current relay), 256
FETs (field effect transistors), 368
Field contactor, 361, 361f
Field current relay (FCR), 256
Field discharge resistors, 359, 359f, 361, 362
Field discharge switches, 359–361, 359f
Field effect transistors (FETs), 140, 140f, 368
Field failure control, 264, 264f

Contacts (Continued)
off-delay, 85, 85f
on-delay, 85, 85f
sealing, 20
spring, 120, 120f
start-winding, 283, 283f
timed, 21–22, 22f, 85, 91

Control circuits, 162–166, 407–418
oil-heating unit, 414–418, 416f
two-pump motors, 407–411, 408f, 410f
wound rotor induction motor, 411–414

Controller, 3
Control system installation, 196–201
Control transformers, 76–82
Conventional current flow theory, 488, 488f

vs. electron flow, 488
Conveyor lines, 159, 159f, 160, 350
Core losses, 54–55
Counter-EMF, 255, 256
Counter torque, 340, 342
CPU, 456–457, 456f, 471, 475, 476
Cranes, 248, 338, 350
Current limit, 373, 373f
Current limit control, 264–265
Current limiting resistor, 256, 258f, 271, 272
Current relay, 283–284, 283f
Current requirements, 74
Current sensors, 146, 146f

D
Darlington amplifier, 156, 157f
Dashpot oil, 44
Dashpot overload relays, 44–46, 47f
Dashpot timers, 44, 45f
Dayton timers, 89f, 90f, 92f
DC motors

dynamic braking of, 339–340, 340f
installation of, 398
normal speed, 248–249, 261
overview, 248–253
power supplies, 261–263
reactor starting, 279, 287, 290–291, 291f
resistor starting, 279, 287–290, 288f
SCR in, 510–511, 511f
speed control, 248–249, 265–267
starting methods, 255–259
stepping, 269–276
symbols, 551f
time-delay starting, 257, 259f

Delta connection, 301–303, 318, 319f
Diac, 514–515, 552f

AC circuit, 514–515
symbols, 514f, 552f

Diaphragm operated switch, 95
Differential amplifier, 480, 480f
Differential compound, 251, 251f, 252
Differential pressure sensor, 96, 99f, 111, 115f
Digital device, 504
Digital logic circuits, 435–442, 442f
Digital multimeter, 420, 421f
Diode

case styles, 490, 490f
forward voltage, 497f
freewheeling (kickback), 156, 263, 525
junction, 497, 497f, 552f
PN junction, 139–141, 487–490, 488f
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M
Magnetic braking, 339–342
Magnetic clutches, 334–335
Magnetic overload relays, 43–46, 47f
Magnetic relays, 435–436, 435f
Main feeder, 401, 404–405, 404f
Main feeder calculation, 404, 404f
Maintaining contacts, 166
MAN-OFF-AUTO switch, 22, 24f
Manual motor control, 4–5
Manual starters, 27–33
MCC (motor control center), 70–73, 73f
Mechanical brakes, 338–339, 339f
Mechanical interlocking, 214, 216f
Melting alloy thermal overload relays, 37f
Mercury bulb float switch, 102–103, 102f
Mercury relays, 66–67, 67f
Mercury thermometer, 133–134, 134f
Metal expansion, 132–137, 132f, 133f
Metal oxide varistors (MOVs), 7–8, 8f, 459
Metal proximity detectors, 148–150
Micro switches, 119–120, 120f, 352, 352f, 353f
Microwave level gauge, 103–105, 105f
Module enclosure, 70, 73f
Molecular friction, 54
Motor control centers, 70–73, 73f

connections, 3
environment, 3–4, 3f, 4f
functions, overview of basic, 7–9
motor type, 3
nameplate, 3, 277, 376–377, 377f, 424
oil-heating unit, 414–418
power source, 1–3, 2f
stepping, 269–276
step-starting, 292
two-pump motors, 407–411, 410f
wound rotor induction motor, 411–414, 

413f–415f
Motor current, checking, 33, 33f
Motor-driven timers, 87, 87f
Motor installation, 1–4, 376–405

conductor size, 387, 391, 401f
determining motor current, 387–394
example problems, 398–405, 401f
horsepower, 377–387. See also Horsepower
overload size, 394–398, 394f
termination temperature, 391–394

Motor manufacturer name, 377, 377f
Motor nameplate data, 376–377
Motor operated valves (MOVs), 127–130, 131f
MOVs (Metal oxide varistors), 7–8, 8f, 459
MOVs (motor operated valves), 127–130, 131f
Multimeters, 420. See also Digital multimeter
Multiple motor calculations, 401–402
Multiple push buttons, 206–212

N
Nameplate, 3, 46, 277, 376–377, 377f, 424
NAND gates, 435, 439–440, 440f, 441f, 442f, 

445–446, 445f
computer logic (USASI) symbols, 552f
NEMA logic symbol, 552f

National Electrical Code (NEC), 277, 387. See 
also individual Sections, Tables

National Electrical Manufacturers Association 
(NEMA), 376

design code, 385, 386f

Integrated circuits, 440, 442f
Interlocking, 213–214, 217f, 426, 426f
Internal relays, 461–462
International Electrotechnical Commission 

(IEC), 3, 68–70, 70f
Inverse time circuit breakers, 395, 397, 397f, 

398, 401
INVERTER gates, 435, 438, 438f, 441f, 444, 

444f, 445, 452–453
computer logic (USASI) symbols, 552f
NEMA logic symbol, 552f

Inverter rated motors, 371
Inverting input, 528, 528f, 529–533, 529f
I/O rack, 458–459, 458f–459f, 468f, 477f

J
Jogging

control circuits, 225–227
defined, 7, 225
double acting push buttons, 225–227

Junction diode, 552f

K
Kickback diode, 156, 263, 525

L
Ladder diagrams. See Schematic diagrams
Laminated core, 54
Latch coils, 65, 66f
Lattice structure, 483f–484f, 484–485
Lead identification, of transistors, 504, 504f
Leakage current, 8, 284
LEDs. See Light-emitting diodes (LEDs)
Lenz’s Law, 8
Level detector, op amp, 531–534, 531f, 532f
Light-emitting diodes (LEDs), 158–159

characteristics, 496, 497f
circuit, used in, 499
color of, 495, 496f
devices, 500, 500f
energy gap, 495
junction diode, 497, 497f
lead identification, 498, 498f
level detector, 531, 533
Ohm’s law, 499
optical mouse, 500, 500f
seven-segment displays, 498, 499f
symbols, 498f, 552f
testing, 496–498, 497f, 498f

Limit switches, 20–21, 20f, 21f, 118–122, 128, 
129f, 130

Hall effect, 146, 146f
micro switches, 119–120, 120f
subminiature micro switches, 120, 121f

Linear transducers, 147, 147f
Line diagrams. See Schematic diagrams
Line voltage devices, 30, 95, 96, 97f
Line voltage thermostat, 30, 30f
Liquid flow sensors, 111, 112
Liquid flow switches, 108, 109f
Load contacts, 62–64
Locked rotor code letter, 385, 385f
Locked rotor (in-rush) current, 35, 277–278, 

394–395, 395f
Logic circuits, digital, 435–442
Logic gates. See Gates, logic
Low-voltage protection, 32–33, 33f
Low voltage release, 32–33

Hall effect, 143, 143f
Hall effect sensors, 143–147, 146f, 288, 288f

current sensor, 146, 146f
limit switches, 146, 146f
linear transducers, 147, 147f
motor speed sensors, 144–145, 373f
position sensors, 145–146
principles of operation, 143–144

Hall generator. See Hall effect sensors
Hand-off-automatic controls, 202–204
HAND-OFF-AUTO switch, 23, 24f
Harmonics on line, 368
HART (Highway Addressable Remote 

Transducer) protocol, 142
Heat rise, 125
High impedance stators, 332
High speed switching circuits, 157
High-transit logic (HTL), 436
Highway Addressable Remote Transducer 

(HART) protocol, 142
Holding coil, 255–257, 257f
Holding contacts, 166, 169
Holding current, 510
Holding torque, 273–274, 276f
Horsepower

connection diagrams, 387, 387f
definition, 377
duty cycle, 383, 384f
enclosure, 383, 383f
frame number, 379, 379f–382f, 382
frequency, 377–378
full-load current, 382, 383f
insulation classification, 386, 386f
locked rotor code letter, 385, 385f
model numbers, 386–387
motor efficiency, 386, 386f
motor type, 379, 379f
nameplate, 377, 377f
NEMA design code, 385, 386f
number of phases, 378
RPM, 377
serial numbers, 386–387
service factor (SF), 384–385, 384f
temperature rise, 383–384, 384f
voltage, 382, 382f

Hot terminal, 488
Hot-wire starting relay, 133, 134f, 282–283, 

282f
HTL (high-transit logic), 436
Hysteresis loss, 54–55

I
IEC (International Electrotechnical 

Commission), 3, 68–70, 70f
IGBT (insulated gate bipolar transistor), 368–

370, 369f–370f
Inching, 7, 225, 227
Inductive reactance, 74, 74f
Input module, 459–460, 460f
In-rush (locked rotor) current, 277–278
Instantaneous contacts, 86, 86f
Insulated gate bipolar transistor (IGBT), 368–

370, 369f–370f
Insulating paper, 371, 371f
Insulators, 482, 482f
Integral horsepower starters, 31
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Pressure switches, 21, 21f, 23f, 95–97, 163, 
163f, 168, 169, 169f, 408, 408f, 410, 
411

Primary windings, 76–77, 78f
Programmable logic controllers (PLCs)

analog sensing, 477–480
CPU, 456–457, 456f
defined, 455
differential amplifier, 480, 480f
input module, 459–460, 460f
installation, 479–480, 479f–480f
internal relays, 461–462
I/O rack, 458–459, 458f, 459f
off-delay circuit, 463–464, 464f
output module, 458f, 460–461, 462f
and personal computer (PC), 455
power supply, 456
programming, 465–476

circuit operation, 465–467, 472, 475, 475f
conversion, 469–471
development, 467–469, 467f, 471
SERIES ONE, 471, 473f

programming terminal, 457–458, 457f
safety caution, 49
timers, 94
timers and counters, 462–463

Protection
overload, 28, 50–51, 313
surge, 7–9

Proximity detectors, 148–152
PSCR (pressure switch control relay), 96, 98f
PTC (positive temperature coefficient), 138
P-type materials, 484–485, 484f
Pulse generator

op amp, 536–537, 536f, 537f
Pulse timers, 90, 90f
Pulse width modulation (PWM), 369–370, 370f
Pumps

centrifugal, 314
high pressure, 233
hydraulic, 121, 233
starters, 28, 30
submerged, 282
sump, 101
switches, 95, 96, 97f
two-pump motors, 407–411
water circulating, 364, 364f

Push buttons, 10–16, 23f, 206–212, 214, 217f, 
447–454, 448f, 449f, 453f, 454f

control center, 5f, 6f
double-acting, 11–12, 12f, 214, 217f,  

225–227, 226f
forward/reverse, 426–427, 426f–427f

jog, 225–232
lighted, 15, 17f, 18f
multiple, 206–212
plugging, 343, 346
push-pull buttons, 13–15, 14f, 15f, 16f
reset, 109, 178
stacked, 12–13, 14f, 326
starters, manual, 31–33
start-stop, 5, 6f, 167, 168f, 171f, 202, 206, 

447–454, 448f, 454f
PWM (pulse width modulation), 369–370, 370f

Q
Quartz timers, 88

heater chart, 39, 39f
magnetic, 43–46, 47f, 435–436, 436f
properties of, 35–36
thermal, 37–42, 43f

Overload troubleshooting, 33

P
Part winding starting, 279, 311–314, 311f, 313f
Permanent magnet induction motor, 272
Permanent-split capacitor motor, 284
Personal computer (PC)

and programmable logic controllers (PLCs), 
455

Phase current, 301, 307, 389
Phase failure relays, 124–125, 125f
Phase shifting, 263, 263f, 264, 265, 265f, 266f, 

267, 267f, 275f
SCR (silicon-controlled rectifier), 512–513, 

513f
triac, 518–519, 518f

Photoconductive devices, 500, 500f
Photodetectors, 154–161

advantages of, 161
mounting of, 159–161
photoconductive devices, 157–159
photoemissive devices, 155–157
photovoltaic devices (solar cells), 154–155
schematic symbols for, 154, 154f, 155, 155f, 

157, 157f
Photodiodes, 155, 155f, 156, 499, 499f

optical mouse, 500, 500f
photoconductive devices, 500, 500f
photovoltaic devices, 499–500, 499f

Photo-SCR, 155, 155f, 156
Phototransistors, 155, 155f, 156, 156f
Photovoltaic devices, 499–500, 499f
Pick-up coil, 255–256, 257f, 258f
Piezoresistive sensors, 97, 98
Pin charts, 90f, 92f
PLCs. See Programmable logic controllers (PLCs)
Plugging, 342–348

defined, 342
manual, 342–347, 343f
switches, 346, 346f

Plunger-type voltage testers, 420
Pneumatic (air) timers, 85–86, 86f, 91, 91f
PN junction (diode), 139–141, 487–490, 488f
PNPN junction, 516, 516f

SCR, 509, 509f
PNP transistors, 502, 503, 503f

symbols, 552f
testing, 541

Polarized field frequency relays, 361–362, 
361f–362f

Poles, 68
Position sensors, 145–146
Positive temperature coefficient (PTC), 138
Potential starting relay, 284–285f
Potentiometers, 158, 373
Power company permits, 2–3
Power correction factor, 362–364
Power rating, 78–79, 79f
Power supplies

above- and below-ground, 271
DC motor, 262–263

Pressure sensors, 97–100, 477, 478, 478f
Pressure switch control relay (PSCR), 96, 98f

NC (normally closed), 11f, 12f, 13, 15, 15f, 16, 
16f, 17, 17f, 18, 18f, 19, 20

NCHO (normally closed held open), 16, 19f, 23f
NEC (National Electrical Code), 3, 4
NEC Section 430.72(C), 80–81
NEC Section 430.72(C)(2), 81
NEC Table 430.3(B), 81
NEC Table 450.3(B), 81–82
Negative temperature coefficient (NTC), 138, 

140
NEMA (National Electrical Manufacturers 

Association). See also Switch symbols
logic symbols, 435–442, 436f, 437f, 552f
nameplate code, 277
starter sizes, 3, 68–70, 70f

NO (normally open), 10, 11, 12f, 13, 15f, 16, 18f
NOHC (normally open held closed), 16, 19f, 

21, 23f
Noninverting input, 528, 528f, 529f, 531–533
NOR gates, 435, 439, 441

computer logic (USASI) symbols, 552f
NEMA logic symbol, 552f

NPNP junction, 516, 516f
NPN transistors, 502, 503, 503f

symbols, 552f
testing, 540

NTC (negative temperature coefficient), 138, 140
N-type materials, 485, 485f

O
Occupational Safety and Health Act (OSHA), 4
Octal, 471
Off-delay timers, 22, 22f, 23f, 84–85, 90, 91, 

91f, 92, 93f, 341, 411, 416
Offset null connection, op amp, 528f
Ohmmeter, 420, 426, 427, 427f, 488, 490, 513, 

539–545, 539f–545f
for transistors, 502, 503f

Ohm’s Law, 291, 292f, 301, 499, 550f
Oil-heating unit, 414–418
On-delay timers, 22, 22f, 23f, 84–85, 89, 90, 94, 

94f, 525–526, 526f
One-shot timers, 90, 90f
Op amp (operational amplifier)

basic circuits, 530–531, 530f
as level detector, 531–534, 531f, 532f
as oscillator, 534–535, 535f
overview, 527–530
as pulse generator, 536–537, 536f, 537f

Open-delta connections, 294, 295f
Open transition starting, 295–298, 298f
Optical fiber cable, 160, 161
Optical mouse, 500, 500f
Optoisolation (optical isolation), 59, 459
OR gates, 435, 437–438, 438f, 441f, 450–452

computer logic (USASI) symbols, 552f
NEMA logic symbol, 552f

Orifice plate flow sensors, 111, 114f, 115f
Oscillator

555 timer as, 522–525, 523f
op amp, 534–535, 535f

Oscillators, 148–150, 149f, 150f
OSHA (Occupational Safety and Health Act), 4
Out-of-step relay, 361, 361f
Overload contacts, 47–49
Overload protection, 28, 50–51, 313
Overload relays, 35–51, 124
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Starters
combination, 70
current requirements, 71
manual, 27–33
part winding, 311–316
single phase, 27–31
sizes and ratings, 67–69, 69f–71f, 399f

Start function, 206, 207f
Starting methods. See also Wye-delta starting

for AC motors, 287–293
closed transition, 304–307, 309f
closed transition starting, 295–298, 298f
for large horsepower motors, 278–279
open transition starting, 295–298, 298f
for single phase motors, 279–282, 280f
for three phase motors, 278–279f
three-step, 314–315, 314f

Starting torque, 279–280, 295, 296f, 300, 
359–360

Start-stop push-button control, 13, 15f, 447–
454, 454f

Start windings, 279, 280, 280f, 281f, 282–285
Stator poles, 269, 270, 317, 318f
Stators, high impedance, 332
Stealer transistor, 156
Stepping, 269–276
Step-starting, 292
Stop function, 206, 207f
Subminiature micro switches, 120, 121f
Surge protection, 7–9
Switch symbols, 16–19, 551f
Synchronous motors, 358–364, 358f, 361f, 

363f, 364f
applications of, 364, 364f
brushless exciter, 359, 360f
direct current generator, 360
excitation current and, 359, 359f
field contactor and, 361, 361f
out-of-step relay and, 361, 361f
polarized field frequency relays, 361–362, 

361f, 362f
power correction factor of, 362–364
starting of, 358–359

Synchronous speed, 366, 366f

T
Table 310.16, 392, 393, 403
Table 430.7(B), 277, 278f, 279, 394, 395
Table 430.32, 394
Table 430.52, 395, 397, 398, 401–402, 403f, 

404f
Table 430.247, 387, 388, 398, 401
Table 430.248, 387, 389f
Table 430.249, 387, 389f
Table 430.250, 387, 389, 390, 392, 401–403, 

403f, 404f, 405
Table 430.251(A)&(B), 395, 396f
Tachometer, 266f, 267
Temperature sensing devices, 132–142

bimetal strip, 134–135, 135f
expansion due to pressure, 141
hot-wire starting relay, 133, 134f, 282–283, 

282f
mercury thermometer, 133–134, 134f
PN junction (diode), 139–141, 487–490, 488f
resistance temperature detector (RTD), 

137–141, 138f

Seebeck effect, 135
Selector switches, 22–25, 24f, 25f
Semiautomatic motor control, 5
Semiconductors, 482–486, 482f, 483f

diode symbol, 497, 497f
Sensing devices, 20–23
Sequence control, 233–246

automatic control, 236–237
design examples, 233–236
stopping motors in sequence, 237–246

Series field windings, 249, 251
Series motor, 250, 250f, 253, 253f, 256, 264
SERIES ONE programmable controller, 471, 473f
Service factor (SF), 384–385, 384f
Set point detectors, 138
Seven-segment displays, 498, 499f
SF (service factor), 384–385, 384f
Shading coils, 52, 55–57, 56f, 57f
Shedder bars, 111–112, 115f
Shielded cable, 479, 479f
Short-circuit protection, 395–397, 397f
Shunt field power supply, 262
Shunt field windings, 249, 250, 250f
Shunt motor, 250, 250f, 252, 252f, 253, 253f
Signal cable, 479, 479f
Silencing circuits, 167, 169f, 178, 179f
Single-phase AC motors, 387–388
Single phase motors, 279–282, 280f
Single-pole double-throw switch, 22, 24f
Single-pole manual starter, 28f
Sliding tap, 333
Slip ring motor, 350
Smart temperature transmitters, 141–142, 

141f, 142f
Snap-action switch, 443, 444
Soft starting, 300
Software switch, 456
Solar cells, 154–155
Solder pot (melting type) overload relays, 

37–39, 40
Solenoids, 32, 32f, 52–53, 53f, 55, 74f
Solenoid valves, 126–127

four-way, 127, 128f
two-way, 127

Solid-state components
testing, 539–545

Solid-state control, 367–368, 369f
Solid-state DC drives, 261–267
Solid-state relays, 58–60, 61f, 139, 140, 140f, 

284, 284f, 454, 454f
Speed control, 7, 411–414, 413f

of AC motor, 332–334, 334f, 372
of DC motor, 248–249, 265–267
stator poles and, 317–318
of wound rotor, 353–354, 355f, 411–414, 

413f, 430f
Split-phase motors

reversing single-phase, 215, 223f
starting methods of, 279–282, 280f

Squirrel cage motors
installation, 395, 397, 401, 402
locked rotor current, 277
overview, 3, 277
starting methods, 277, 278f, 279
symbols, 23f, 551f
windings, 358–359

Stacked push buttons, 12–13, 14f

R
Ramping, 7, 373–374
Ratiometric output, 98, 147
RC time constant, 88
Reactor starting, 279, 290–292, 293f
Rectifier, 23f, 262, 262f, 263, 264f–267f, 265, 

367, 369, 370f, 488, 488f. See also SCR 
(silicon-controlled rectifier)

Reed relays, 59f
Refrigeration circuits

air flow switches, 107–108, 108f
bellows, 141, 141f
hot-wire starting relay, 133, 134f, 282, 282f
low-pressure switches, 16, 19f
part winding starting, 311, 311f, 312, 313
thermistors, 138

Regulated output, 147
Regulated voltage output, 98, 99
Relays. See individual relay types
Reluctor, 144–145, 145f
Resistance start motors, 280
Resistance temperature detector (RTD),  

137–141, 138f
Resistor starting, 279, 287–290, 288f
Resistor-transistor logic (RTL), 435, 436
Reversal of direction, 124
RTD (resistance temperature detector), 137–

141, 138f
RTL (resistor-transistor logic), 435, 436
Run-jog circuit, 16f
Run windings, 280, 280f, 281f, 283–284

S
Sail (air flow) switches, 107–108, 107f, 108f
Schematic diagrams, 167–170

alarm silencer, 167, 169f, 170f
circuit #2: timed starting for three motors, 

171–173
circuit #3: float switch control of pump and 

pilot lights, 175–177
common symbols, 22f, 23f
dashed line, meaning of, 12, 12f, 108, 109, 

112f, 216f
how to read, 189–194
rules, 19–20, 167

SCR (silicon-controlled rectifier), 509–513
in an AC circuit, 511–512, 511f–512f
case styles, 510f
in a DC circuit, 262f–263f 262–264, 267, 

267f, 510–511, 511f
phase shifting, 512–513, 513f
symbols, 509f, 552f
testing, 513, 543–544, 543f–544f
triac, 517, 517f
variable frequency control and, 367, 368, 

371–374, 371f, 372f
Sealing contacts, 166
Secondary windings, 76, 79
Section 110.14(C), 391–394, 398, 402
Section 240.6, 395, 397, 398, 401, 403f, 404f
Section 310, 391
Section 430.6(A)(1), 387, 391, 394
Section 430.7(A)(9), 397
Section 430.22(A), 391, 392
Section 430.32, 394
Section 430.35(A)&(B), 394
Section 430.52(C)(1), 397
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inverter related motors, 371, 371f
programmable drive, 374, 374f
silicon-controlled rectifier (SCR), 367, 368, 

371–374, 371f, 372f
solid-state, 367–368, 369f

Variable torque, 326, 328f, 329f
Variable voltage control, 332–334
Voltage

defined, 421
horsepower, 382, 382f

Voltage control, 263, 263f
Voltage drops, 139–140, 422, 423, 424f
Voltage follower connection, op amp, 530f
Voltage-sensitive switch, 514–515
Voltage spikes, 7–9
Voltage variation, motors, 124–125
Voltmeter, using a, 421–423, 422f, 423f
Volts per hertz, 374, 374f
Vortex flow sensors, 111–112, 116f

W
Watchdog timer, 315
Waterproof enclosure, 29, 29f
Waveforms, 367, 368
Wiggle stick, 118
Windings

DC motor, 249–250, 250f
field, 249, 249f, 250, 250f, 251
primary, 76–77, 78f
run, defined, 280, 280f, 281f, 284, 285
secondary, 76, 79
start, defined, 279, 280, 280f, 281f, 283–285
stepping motors, 271, 272f

Wiring diagrams, 167–170
circuit #1: alarm silencer, 178–180
circuit #2: timed starting for three motors, 

181–184
circuit #3: float switch control of pump and 

pilot lights, 185–188
developing from schematic, 208–212, 215, 

221f–224f
symbols, 551f

Wobble stick, 118
Wound rotor induction motors

appropriate uses for, 3
frequency control of, 355–357, 356f
manual control of, 352–353, 352f, 353f
overview, 350–352
speed control, 353–354, 355, 411–414, 413f
timed controlled starting, 353
troubleshooting, 430f

Wye connection, 301–302, 318, 319f, 546–549
Wye-delta starting, 279, 301–306

closed transition, 304–307, 309f
connecting stator leads, 303–304
defined, 300
dual voltage connections, 302–303, 303f
overload setting, 307
requirements for use, 301–302

Z
Zener diode, 23f, 139, 492–494, 493f, 494f, 

531, 532, 533f, 534, 552f
and junction diode, 494
symbol, 494f

Zener region, 492, 493f
Zero speed (plugging) switches, 346, 346f

Transistors, 367–369, 502–504, 502f–504f
analog device, 504
case styles of, 504, 504f
digital device, 504
lead identification of, 504, 504f
ohmmeter test for, 502, 503f
symbols for, 502, 503f
testing, 540–541, 540f–541f
types of, 502f
unijunction transistor (UJT), 23f, 506–508, 

506f–508f, 512–513, 513f, 542, 542f
Transistor-transistor logic (TTL), 435, 436, 440
Triac, 58, 516–519, 518f–519f

for AC voltage control, 518, 518f
as an AC switch, 460, 462f, 517
overview, 59–60, 333, 334, 334f
phase-shifting, 518–519, 518f
symbol, 23f, 517f, 552f
testing, 519, 544–545, 544f–545f

Troubleshooting
ammeter, using an, 420, 421f, 424f, 425f
fused jumper, using a, 427, 428f
grounded systems, 80
ohmmeter, using an, 420, 426, 427f
overload, 33
relay cabinets and, 193
safety precautions, 420–421
schematic numbering, 185
test points and, 193
voltmeter, using a, 421–423, 422f, 423f

Truth tables
EXCLUSIVE OR gate, 438f
AND gate, 436f, 437f
INVERTER gate, 438f, 444f
NAND gate, 440f, 445f
NOR gate, 439f
OR gate, 437f

TTL (transistor-transistor logic), 435, 436, 440
Turbine type sensor, 111, 114f
Two-phase motors, 388–389, 389f
Two-pole manual starter, 28f
Two-pump motors, 407–411
Two-speed consequent pole motors, 326–331, 

331f
Two-way solenoid valves, 127
Two-wire control circuits, 162–164, 162f, 164f

U
UJT (unijunction transistors), 23f, 506–508, 506f– 

508f, 512–513, 513f, 542, 542f, 552f
UL (Underwriters Laboratories), 4
Ultrasonic proximity detectors, 151–152, 152f
Unijunction transistor (UJT), 23f, 506–508, 506f– 

508f, 512–513, 513f, 542, 542f, 552f
ohmmeter, 508
symbol for, 507f

Unlatch coil, 65–66, 66f
USASI symbols, 436, 436f

V
Vacuum contactors, 64, 64f–65f
Valence electrons, 481, 481f, 482, 484
Variable frequency control, 366–374

alternators, 367, 367f
features of, 372–374
gate turn off devices (GTOs), 371–372
insulated gate bipolar transistor (IGBT), 

368–370, 370f

Temperature sensing devices (Continued)
smart temperature transmitter, 141–142, 

141f, 142f
thermistor, 137–139, 284
thermocouple, 135–137, 137f
thermopile, 136, 137f

Temperature switches, 21, 21f, 141, 141f, 
459–460, 461f

Terminal blocks, 193
Terminal strips, 199–200, 201f
Termination temperature, 391–394, 398, 401
Thermal overload relays, 37–42, 43f
Thermistor, 137–139, 284
Thermocouple, 135–137, 137f
Thermometer, 133–134, 134f
Thermopile, 136, 137f
Thermostat, 30, 30f, 134, 135, 140, 140f, 141
Three-phase bridge rectifier, 489, 490f
Three-phase motors, 278–279f, 366, 366f,  

546–549, 546f, 547f. See also Wound 
rotor induction motors

installation, 389–391, 390f
overload relays, 41–42, 43f
phase failure of, 124
reversing, 213–216
speed control, 366
starting, 278–279f

Three-speed consequent pole motors, 319–325, 
325f

Three-wire control circuits, 162, 165–166, 
165f–166f

Thyristors, 371, 506, 509, 517
Time closing, 85, 85t
Timed contacts, 21–22, 22f
Time-delay starting, 257, 259f
Time opening, 85, 85f
Timers

Allen-Bradley, 89, 92f
cam, 87f
capacitor time limit, 88, 88f
clock, 87, 87f
connecting, 90–93
constructing, 94
dashpot, 44, 45f
Dayton, 89f, 90f, 92f
digital clock, 88, 89f
electronic, 88–94
motor-driven, 87, 87f
off-delay, 22, 22f, 23f, 84–85, 90, 91, 91f, 92, 

93f, 341, 411, 416
on-delay, 22, 22f, 23f, 84–85, 89, 90, 94, 94f
one-shot, 90, 90f
pneumatic (air), 85–86, 86f, 91, 91f
pulse, 90, 90f
quartz, 88
watchdog, 315

Timing relays. See Timers
TO 3 case transistor, 504, 504f
TO 18 case transistor, 504, 504f
TO 220 case transistor, 504, 504f
Toggle switch, 27–29
Torque switches, 128, 130, 130f
Transducer, 110
Transformers, 552f

control, 76–82
fusing, 80–82
symbols, 551f
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