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The seventh edition of Electrical Controls for Ma-
chines continues the tradition of this textbook as
an introductory level to electrical machine con-
trols. Significant changes have been made to this
edition to update the text to reflect current trends
in industry. As the electronics industry continues
to change, it is imperative that the information ob-
tained in this text accurately reflects these changes.
The circuit diagrams and the descriptions of the
circuits throughout the text have been updated to
show a more modern representation of the control
circuits.

This edition expands on the power and control
circuitry required to operate electrical machinery.
The bus system and the use of bus plugs are de-
scribed as a means of power distribution through-
out a factory. Transformers calculations and the
sizing of transformers is included to assist the
technician in understanding what values to expect
(voltage and current) when troubleshooting equip-
ment. Insulation classifications, conductor ampac-
ity, and conductor color code is explained to assist
the technician in identifying and selecting proper
wiring for a given application. Finally, the trend
toward 24 VDC as the standard control voltage for
equipment is covered.

The introduction to PLCs has been modified
to include updated information. The trend away
from relay control to PLC control is discussed
along with the advantages to using PLCs to control
machinery. The need to still study relay circuits is
explained as relays are still utilized on PLC equip-
ment to switch loads. The study of relay circuits
also provides a basic understanding of control cir-
cuits and knowledge that may be easily transferred

FOREWORD

to an understanding of PLC circuits. Clarification
and expansion of important concepts are included
such as PLC scan, addressing schemes, power sup-
ply functions, memory, I/O status, and peripheral
devices. The use of Ethernet as a common protocol
for control systems was also added in this edition.

Other updated technology included in this
edition is the explanation of variable frequency
drives. As the cost of electrical components contin-
ues to decline, the use of drives to control motors
is continually becoming more affordable.

Several concepts have been explained in the
new edition. One topic is the understanding of the
normal state for switching devices. A thorough
understanding of this concept is required to under-
stand circuit diagrams and the proper operation of
the devices. Another topic that is introduced is the
concept of fail-safe designs. This practice is criti-
cal to the proper functionality of safety circuits,
quality control systems, and processes by ensuring
the integrity of switching devices.

The safety of workers and equipment is a
number one priority in industrial settings. In this
edition, an explanation of the risk assessment pro-
cess and a safety relay circuit has been added. It is
important to understand the need for safety rated
devices and how they are integrated into a circuit
so that unintentional changes to a safety circuit
are not made. An explanation of Ground Fault Cir-
cuit Interrupters (GFClIs) is also included in this
edition.

The globalization and integration of businesses
has caused drastic changes to the way that indus-
tries function. It is very common for companies
to purchase equipment from other regions of the

Xi
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xii FOREWORD

world for use in their operations. It is also quite
common for companies to relocate existing ma-
chinery to other regions of the world as produc-
tion volumes fluctuate or as industry requirements
change. This edition expands the content of the
material to include international equipment speci-
fications. Concerns related to relocating equipment
to various regions of the world are also covered. In
addition, the use of IEC617 symbols is included
whenever a new device symbol is discussed. Ques-
tions have been added to the end of relevant chap-
ters to include the conversion of circuits using JIC
symbols to the equivalent circuits using IEC617
symbols.

It is imperative that someone troubleshooting
equipment has a thorough understanding of the
control circuit diagrams. To effectively work on
the equipment and for the safety of workers and
machinery, the troubleshooter must know how the
circuit is supposed to function and what to expect
when working on the system. Many modifications
have been included in this edition to support the
thorough understanding of the control drawings.
Various cross-referencing schemes, parts lists, wir-
ing methodology, and push-button layouts have
been added to this edition. Some older material, al-
though not readily utilized on new equipment, has
been maintained in this edition. This decision was
made to provide a comprehensive understanding
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of basic circuits and for the technician that will
need to troubleshoot these devices on older equip-
ment. Questions have been added at the end of
each chapter to enhance the comprehension of the
material covered in the text. In addition, the rec-
ommended web links at the end of every chapter
have been updated to reflect accurate Web site
addresses.

This text is designed for the student, main-
tenance technician, process engineer, and sales
representative who need a clear and simple un-
derstanding of all elements of a complex manu-
facturing system. Therefore, this text can best be
described as providing the reader with a practical
understanding of electrical control principles. A
prerequisite for the reader is knowledge of the ba-
sic theories of electricity and electrical circuits. To
meet this prerequisite, a student should have taken
a course in basic electricity. A practitioner (techni-
cian or engineer) should review a book on the prin-
ciples of electrical theory and circuits.

The text is designed to be functional in either
an educational or industrial environment. In edu-
cation, no matter the level (vocational high school,
two-year technical school, or four-year college),
the entire contents should be examined and under-
stood throughout the course. If the book is used as
a reference, then appropriate chapters can be read
as needed.



We need to teach the fundamentals of process and
equipment control. Those mainly affected are the
thousands of small builders and users, including
the large manufacturer. Most selling organizations,
both large and small, include many thousands of
manufacturers’ agents, distributors, sales engi-
neers, and maintenance personnel. These are the
people charged with the responsibility for selling
machines and keeping the machines operating. The
success or failure of installations may depend on
the ability of these people to maintain and trouble-
shoot equipment properly. The personnel involved
need to understand electrical components and their
symbols. With this knowledge, they are in a better
position to read and understand elementary circuit
diagrams.

Six specific areas in which education is needed
are (1) electrical and electronic components, (2)
control techniques and circuits, (3) troubleshoot-
ing, (4) maintenance, (5) electrical standards, and
(6) keeping current with changing technology.

1. Components are the building blocks of all sys-
tems. The core knowledge of the principles and
application of each component in a system sets
the groundwork for a complete understanding
of all facets of a control system.

2. Techniques and circuits is the process of build-
ing the system from the components. Like
building a house, without a concept and plan
the structure will fail over time. Techniques
and circuits are the lead to a successful plan.

3. Troubleshooting machine control circuits in-
volves locating and properly identifying the

PREFACE

nature and magnitude of a fault or error. This
fault may be in the circuit design, physical wir-
ing, or components and equipment used. The
time required and the technique or system used
to locate and identify the error are important.
Of similar importance are the time and expense
involved to put the machine back into normal
operating condition.

4. Preventive maintenance would eliminate the
need for most troubleshooting. Many machines
are allowed to operate until they literally fall
apart.

5. Applicable standards should be followed. If
the intended result is the improvement of de-
sign and application to reduce downtime and
promote safety, electrical standards can be ex-
tremely helpful. Where should the education
start? The answer is at the beginning, and keep
it simple. Even a basic concept, such as the re-
lation between a component and its symbol,
can be of benefit to the user.

6. Keeping current with changing technology
means implementing a strategy for life-long
learning. Today the Internet has become a me-
dium for presenting information and expand-
ing knowledge. To expand your knowledge,
this text notes important Web sites that should
be reviewed occasionally to keep up with latest
technological changes.

In addition to the Web sites for specific tech-
nologies listed at the end of each chapter, the fol-
lowing Web sites are broad-based sites devoted to
technical and training issues.

Xiii
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xiv PREFACE

Standards Organizations

Electrical Inspectors Information: www.
joetedesco.com

Institute of Electrical and Electronic Engineers
(IEEE): www.ieee.org

International Brotherhood of Electrical
Workers (IBEW): www.ibew.org

National Fire Protection Association (NFPA):
www.nfpa.org

National Electrical Safety Foundation (NESF):
www.nesf.org

National Joint Apprenticeship Training
Committee (NJATC): www.njatc.org

National Electrical Contractors Association
(NECA): www.necanet.org

National Electrical Manufacturers Association
(NEMA): www.nema.org

Underwriters Laboratories Inc. (UL):
www.ul.com

Council for the Harmonization of
Electrotechnical Standardization of
Nations of the Americas (CANENA):
WWWw.canena.org

Canadian Standards Association (CSA):
WWW.csa.ca

Indexes of Technical Products
Process index: www.processindex.com

Norm'’s Industrial Electronics: www.
compusmart.ab.ca/ndyrvik/

Process Mart: www.iprocessmart.com
Graybar Electric: www.graybar.com

Electronic Engineer’s Master (EEM): www.
eem.com

Omega Engineering: www.omega.com

On-Line Technical Publications
Control Engineering: www.controleng.com/
Motion: www.motion.org

Fluid Power Society—Fluid Power Journal:
www.fluidpowerjournal.com

Allen Bradley—View Magazine: www.ab.com/
viewanyware/the_view

Allen Bradley—AB Journal: www.ab.com/
abjournal

ControNews and LogixNews: www.ab.com/
controlnews/

Current Issues and News about Manufacturing:
www.manufacturing.net

National Electrical code: www.nfpa.org/NEC/
NEChome.org

Independent Web Sites Devoted to
Automation Issues

PLC Tutor: www.plcs.net

NEC Information and Training:
www.mikeholt.com

Brief Overview of the Chapters

Significant changes have been made to this edition to:

Explain crucial components of industrial con-
trol systems in more depth

Provide an introduction and general expla-
nation of topics that are important to modern
industrial machine control

Delete obsolete information. Note that some
material, although not readily utilized on new
equipment, has been maintained. This decision
was made to provide a comprehensive under-
standing of basic circuits and for the technician
that will need to troubleshoot these devices.
Update text to current trends in industry
Update circuit diagrams to show a more mod-
ern representation of control circuits. The de-
scription of each circuit has also been updated.
Questions have been added to Achievement
Review section

Recommended Web Links have been updated
to reflect accurate Web site addresses

Expand text content to international equipment
specifications

Chapter 1 (“Transformers and Power Supplies™)
provides an overview of the power systems uti-
lized on industrial equipment. New topics covered
in this edition include:

Bus system and bus plugs for power distribution
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e Transformer calculations to determine turns
ratio, voltage, and current values

* Sizing of transformers (moved from Appendix)
with example calculations provided

* Concerns related to relocating equipment in
various regions of the world

e Trend toward 24 VDC control

e Circuit diagrams

* Insulation classifications, conductor ampacity,
and conductor color code

* Use of IEC617 symbols

Chapter 2 (“Fuses, Disconnect Switches, and Cir-
cuit Breakers”) provides an overview of the means
for disconnecting power to machinery. The con-
struction and characteristics of different fuses are
also covered. The use and operation of Ground
Fault Circuit Interrupters (GFClIs) has been in-
cluded in this edition.

Chapter 3 (“Control Units for Switching and
Communication”) introduces operator interface de-
vices. Emphasis is given to pushbuttons, selector
switches, and pilot lights. Significant changes have
been made to this edition to clarify the normal state
of switching devices to further comprehend the de-
vice symbols represented on electrical drawings.
The operation of the devices has been expanded
upon along with the different types of operating
heads and switching configurations that are avail-
able. Series and parallel circuits have been explained
and examples of control circuits have been included.

Chapter 4 (“Relays”) describes the construc-
tion and operation of electrically operated relays.
The relay is a functional device that can be used in
many different control system operations, such as
logical sequencing and control of motions. Some
of the changes in this edition include the expla-
nation of the normal states for relay contacts, the
clarification and inclusion of timing diagrams for
pneumatic timing circuits, the progression to PLC
systems, and circuit modifications.

Chapter 5 (“Solenoids”) is an introduction to
the general operation of solenoids and solenoid-
operated control valves. Some of the changes in
this edition include the clarification and detailed
explanation of solenoid/valve operations along
with circuit modifications.

Chapter 6 (“Types of Control”) covers the
different types of control theories applied to con-
trolling a process actuator. Each control method
has unique characteristics that provide a reference
for determining the expected controllability, which
ultimately will affect the quality and productiv-
ity of the system. In this edition, the discussions
involving different types of control are expanded.
Additional examples are also provided.

Chapter 7 (“Motion Control Devices”) is a
comprehensive review of the control devices such
as limit switches, proximity switches, and photo-
electric transducers used in the control of moving
actuators. The normal states for switching devices
have been explained and circuit modifications have
been incorporated into this edition.

Chapter 8 (“Pressure Control”) is devoted to
achieving an understanding of systems that require
the precise control of pressures exerted by an actu-
ator onto a process. The normal states for pressure
switches and the implementation of pressure trans-
ducers have been explained in this edition. Circuit
modifications have been also been made.

Chapter 9 (“Temperature Control”) analyzes
circuits and controllers used in industrial sys-
tems in which precise temperature control must
be maintained within the process. In this edition,
some clarifications to temperature control are pro-
vided along with modifications to circuits.

Chapter 10 (“Time Control”) describes the
operation and application of timers to timed, se-
quentially controlled events. Some changes to this
edition include clarifications in regards to position
sensing, the progression to timing control in PLCs,
and circuit modifications.

Chapter 11 (“Count Control”) covers counters
and their applications in control sequences that
depend on counted events. Some changes to this
edition include clarifications in regards to counter
operations and circuit modifications.

Chapter 12 (“Control Circuits”) incorporates
information learned in previous chapters to prac-
tical applications of electrical control circuits us-
ing ladder logic diagrams. Significant changes
have been made in this edition to the control cir-
cuits and the supporting descriptions of the circuits
throughout this chapter.
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xvi PREFACE

Chapter 13 (“Motors”) provides insights into
the theory and operation of AC and DC motors.
Changes have been made in this edition to the
order of the material and the content in this chapter.
Some of the modifications include the analysis of
a single loop DC motor and the addition of the
Variable Frequency Drives section.

Chapter 14 (“Motor Starters”) explains how
motor starters are used to protect and control mo-
tors. Full-voltage and reduced-voltage magnetic
types as well as solid state types are covered. Sig-
nificant changes have been made in this edition to
the control circuits and the supporting descriptions
of the circuits throughout this chapter.

Chapter 15 (“Introduction to Programmable
Control”) is an introduction to the concepts associ-
ated with Programmable Logic Controllers. In this
edition, numerous modifications have been made
to this chapter. These changes include:

e C(larification of concepts from relay control
that apply to PLCs

 Clarification of how the classification of devices
change from a relay circuit to a PLC design

* Discussion in regards to the advantages of
PLCs over relay circuits included

* Basic ladder logic fundamentals provided

* Explanation of different addressing schemes
provided

* Clarification of PLC scan

* Clarification of PLC power supply functions

* Detailed explanation of PLC memory contents
and I/O status as PLC scan is executed

* Updated information for peripheral and sup-
port devices

* Significant modifications to PLC circuits and
their associated descriptions

* Introduction to fail-safe design practices

Chapter 16 (“Industrial Data Communica-
tions”) explores the terminology, configuration,
and issues of data communication within an in-
dustrial environment. A section on Ethernet is in-
cluded in this edition.

Chapter 17 (“Quality Control”) is a review of
the devices and control concepts used to monitor
and control product quality in a production pro-
cess. In this edition, a section explaining the costs
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associated with the lack of a good quality control
system and the need for fail-safe design practices
has been added.

Chapter 18 (“Safety”) presents the issues and
technology that affect worker and equipment
safety. In this edition, an explanation of the risk
assessment process and a safety relay circuit has
been added. Also, circuit modifications have been
made throughout this chapter.

Chapter 19 (“Troubleshooting”) provides the
principles and techniques needed to isolate a prob-
lem associated with a control circuit. Changes
have been made in this edition to the control cir-
cuits and the supporting descriptions of the circuits
throughout this chapter.

Chapter 20 (“Designing Control Systems for
Easy Maintenance”) is devoted to the general re-
quirements to be considered when designing and
maintaining control circuits. Various cross-refer-
encing schemes, parts lists, wiring methodology,
and push-button layouts have been added to this
edition. Also, changes have been made to the con-
trol circuits and the supporting descriptions of the
circuits in this chapter.

Supplements

Lab Manual: A lab manual to accompany this text
is also available. ISBN 9781285169057.

An online Instructor Companion Web site con-
tains an Instructor Guide with answers to end of
chapter review questions, testbanks, and Chapter
presentations done in PowerPoint.

Accessing an Instructor Companion Web site
from Single Sign On Front Door

1. Go to: http://login.cengage.com and login us-
ing the Instructor email address and password.

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

3. Click Add to My Bookshelf to add Instructor
Resources

4. At the Product page click on the Instructor
Companion site link

New Users
If you are new to Cengage.com and do not
have a password, contact your sales representative.
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INTRODUCTION to Electrical Control—

Development of Circuits

To understand electrical control circuits, it is nec-
essary to examine three basic steps in developing
a circuit.

The FIRST step is to know what work or func-
tion is to be performed. For example, a simple prob-
lem may be to light a lamp. The solution can be
achieved by completing a path for electrical energy
from a source such as a battery to a load such as
a lamp. For convenience, a switch is used to open
or close the path. When the switch is open, electri-
cal energy is removed from the lamp, which is said
to be de-energized. When the path of electrical en-
ergy is closed, the lamp is said to be energized and
performs a function of illumination. See Figures 1

© Cengage Learning®

. —

Figure 1 With the switch open, the path is open and the lamp
is de-energized.

\.

Figure 2 With the switch closed, the path is closed and the
lamp is energized.
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and 2, in which a battery is used as the source of
electrical energy. These drawings are known as
pictorial drawings because they show a picture of
the actual components—battery, switch, and lamp.
In industrial electrical control circuits, symbols
are used to represent the components. Figures 3
and 4 show the use of symbols for the components
(battery, switch, and lamp). These diagrams are re-
ferred to as schematic or control circuit diagrams.
Figures 3 and 4 can be redrawn in a slightly
different form as shown in figure 5. The circuit
performs exactly the same function since the
lamp is energized, when the switch is closed. This
type of drawing is called a ladder diagram. (The
ladder-type diagram is used throughout the rest of
the book.) In this drawing, the battery is shown as
the source of electrical energy feeding the circuit,
or the loads. In a ladder diagram, the voltage source
is always depicted by two vertical lines (or sides of

BATTERY

il |
]' e
SWITCH LIGHT §
N’ 5
e {(O—:
7N ©

Figure 3 Schematic showing the switch and path open
and the light de-energized.
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Figure 4 Schematic showing the switch and path closed
and the light energized.

LIGHT
N~
A

© Cengage Learning®



ELECTRICAL CONTROL—DEVELOPMENT OF CIRCUITS  xxi

BATTERY
th = .
i g
SWITCH LIGHT H
’ e
e
VN S
©

Figure 5 Ladder diagram showing the source along the vertical
lines and the load connected in a circuit drawn horizontally.

the ladder). The circuit is then drawn horizontally
with all switching devices shown in their normal
or “at rest” condition being connected to the load.
In this case, the switch is drawn as normally open
and is connected to the light. Since the switch is
open in this condition, there is no path for electric-
ity to flow to the light. However, when the switch
is closed, a path will be established between the
light and the battery. Electricity will flow in the
circuit and the light will illuminate. The vertical
lines extend downward past the light and switch
circuit indicating the potential to connect addi-
tional loads to the existing circuit.

Notice in Figure 5 that an important symbol
has been introduced. The symbol is “conductors
connected” and is shown separately in Figure 6.
A similar symbol, which is not used here but
appears many times in later diagrams, is “conduc-
tors not connected” and is shown in Figure 7.

The SECOND step is to know the operating
conditions under which the starting, stopping, and
controlling of the process is to take place. Practi-
cally all conditions fall into one or more general
groups, as affected by:

¢ Position

e Time

e Pressure

* Temperature

© 2014 Cengage Learning®

Figure 6 Symbols for conductors connected.
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Figure 7 Symbols for conductors not connected.

In the chapters on components that follow,
each of these conditions can generally be asso-
ciated with certain components. In many cases,
although the actual initiating of a cycle may
be through the manually operated push-button
switch, certain conditions must be met before the
circuit can be closed. This cycle initiation could
be one or any combination of the conditions pre-
viously listed.

The THIRD step in the development of a cir-
cuit is selecting the desired control conditions.
There are many times that a circuit must be capa-
ble of operating under certain sets of conditions to
produce the desired results. For example, a circuit
may be required to operate a machine under man-
ual, semiautomatic (single-cycle) or fully auto-
matic (continuous-cycle) operation.

After a decision is made on which of these
types of operation is to be used, a selection is
made. For reasons of safety to both the machine
and operating personnel, the machine must operate
in the selected manner.

Review the three basic steps in developing the
control circuit diagram.

1. Know what work or function is to be performed.

2. Know the conditions for starting, controlling,
and stopping the process.

3. Arrange for selecting the desired control con-
ditions: manual, semiautomatic, or automatic.

As the student progresses through the study
of components, the symbol for each component
will be prominently displayed. It is very important
that the symbol becomes closely associated with
the component. In Appendix A, all of the symbols
used will be shown for review.

In understanding electrical control circuit dia-
grams, there are fundamental problems that should
be recognized and overcome if progress is to be
made. Some of these problems are:

 Starting with a circuit that is too large or too
complicated.

* Failing to carry through a mental picture of the
component into the electrical circuit.

* Failing to relate physical, mechanical, or en-
vironmental actions into devices that convert
these actions into electrical signals.
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xxii ELECTRICAL CONTROL—DEVELOPMENT OF CIRCUITS

* Failing to understand that an electrical circuit  of the component sections. As a new component is
must perform the correct functions and not  introduced, the symbol will be shown in the circuit.
perform those actions that will result in dam-  These circuits will show methods of obtaining spe-
aged components, danger to the operator or  cific actions through the use of electrical compo-
machine, or a faulty product. nents. Ultimately all circuits designed for specific

actions will need to be assembled into a complete

circuit for the overall operation of a machine.

The important point here is to become
acquainted with components and their use in the
small circuits, and work with only one or a few
components at a time.

In addition, one of the biggest problems in
reading circuits is gaining a clear understanding of
a switch or contact condition. The condition must
be properly presented in the ladder diagram, and
the user must properly interpret its use in a process
or on a machine. Diagrams will be shown in each
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CHAPTER

Transformers and Power Supplies

OBJECTIVES

After studying this chapter, you should be able to:

* Give two reasons for energizing machine con-
trol systems at 24 volts DC (VDC).

» Explain how to obtain 120 volts from a higher
line voltage through the use of a transformer.

e Define turns ratio in a transformer.

* Identify the symbol for a dual-primary, single-
secondary control transformer.

* Draw a connection diagram for a dual-primary,
single-secondary control transformer to a higher
voltage line and to a 120-volt control circuit.

* Define regulation in a transformer.

* Explain the method for calculating regulation
in a transformer.

* Calculate the size of a transformer for a given
load.

» Explain what causes temperature rise in a
transformer.

» Explain the considerations to be taken into ac-
count when converting between 50 Hz and
60 Hz systems.

* Explain the basic operation of different types
of power supplies.

* Explain the basic function of the uninterrupt-
ible power system.

e List the uses of uninterruptible power systems
during undesirable power disturbances.

1.1 Control Transformers

In the electrical control circuits shown in “Intro-
duction to Electrical Control—The Development
of Circuits” (Figures 1 through 5), a battery is the
source of electrical energy. It supplies a form of
electrical energy known as direct current (DC).
Most control circuits in industry today utilize DC
to provide electrical energy for devices that control
equipment. The DC voltage source on machinery
is a power supply instead of a battery. The power
supply is connected to a form of electrical energy
called alternating current (AC). The power supply
converts the incoming AC voltage to DC for use in
the control circuit.

The main power that is supplied to industries
in the United States is three phase (3¢), 480 volts
alternating current (VAC), at a frequency of 60
Hertz (Hz). Some companies can run their facility
from a 240 VAC system. However, the use of 480
VAC is most prominent.

The 480 VAC supply is typically distributed
throughout a plant by the use of a bus system (see
Figure 1-1). A bus system consists of copper bars
that are capable of handling the large amount of
current that is required to run many machines si-
multaneously. Bus plugs may be attached to the bus
to provide a connection point from the power dis-
tribution system to the equipment (see Figure 1-2).

1
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2 TRANSFORMERS AND POWER SUPPLIES

Figure 1-1 Bus system. (Siemens Industry, Inc. provided the
image. All rights reserved.)

SRR ——
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Figure 1-2 Bus plug. (Siemens Industry, Inc. provided the
image. All rights reserved.)
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30 L2
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L3

Figure 1-3 Three-phase power line.

These can be plug-in or bolt-on type. The plugs may
be fused with a disconnect or they may contain a cir-
cuit breaker. The bus plugs must be locked out any
time power must be disconnected to the incoming
lines supplying the equipment. The power wiring is
usually run from the bus plug to the electrical cabi-
net of the machine inside of the metallic conduit.

The electrical drawings for a piece of equip-
ment will contain the wiring schematic for every
electrical device connected to the equipment. The
three-phase power source will be identified at the
beginning of the drawings in the upper left-hand
corner. The incoming wires are labeled L1, L2,
and L3 and are shown as three parallel horizontal
lines on the drawings (Figure 1-3).

Motors, heaters, and other devices that require
480 VAC for proper operation are connected as
loads to the incoming power wiring circuit. De-
vices that operate at other voltage levels require
the use of a transformer to convert the incoming
480 VAC to the proper voltage level.

Traditionally, most electrical control systems
on machines were energized at 120 VAC. There
were at least two good reasons for this: safety
and the use of standard-design components. The
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transformer that converts the 480 VAC to 120 VAC
for use in the control circuit is called the control
transformer. Over the past decade, industry has
moved away from the traditional 120 VAC design.
New equipment generally uses 24 VDC as the pri-
mary control circuit voltage. This conversion to
low level DC has made the equipment even safer
for the operators who run the machines and for
the personnel who services the equipment. As this
trend continues, 120 VAC devices are becoming
obsolete and low voltage DC devices are becom-
ing more commonplace.

Even when the control devices on a machine
are powered by DC circuits, the need for a 120
VAC control transformer still exists. The stan-
dard voltage for use in households throughout the
United States is 120 VAC. Therefore, convenience
receptacles included on the equipment will re-
quire this voltage level. These receptacles provide
the power necessary to run peripheral devices for
troubleshooting the equipment. They also can be
used to operate devices such as lights, fans, tools,
or computers.

In addition, some components still require the
120 VAC for proper operation. The power supply
that supplies the 24 VDC control voltage for the
machine is typically powered from the 120 VAC
circuit. For these reasons, the 120 VAC control
transformer will usually still be included on new
equipment that is built for use in the United States.

The control transformer is single phase, re-
quiring a connection to any two of the three power
lines. The transformer used in industrial machine
control consists of at least two separate coils
wound on a laminated steel core. The line voltage
is connected to one coil, called the primary. The
control load is connected to the other coil, called
the secondary. Where the voltage is reduced from
the primary to the secondary, the transformer is
called a step-down transformer. In a step-up trans-
former, the voltage is increased from the primary
to the secondary.

The simplest arrangement uses only two coils.
One coil is used for the primary, the other for the
secondary. The voltage is directly proportional to
the number of turns in each coil. This relationship
may be shown by the equation:
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— = Eq 1.1

where: V, = primary voltage
V, = secondary voltage
N, = number of turns of wire on the
primary coil
N, = number of turns of wire on the
secondary coil

The quantity N,/N is referred to as the
turns ratio for the transformer. This value is
expressed as a ratio and is not simplified to a
single value.

Example 1
Find the turns ratio for a transformer with a pri-
mary voltage of 240 VAC and a secondary voltage
of 120 VAC.

Solution
Using Equation 1.1 V/V; = N/N;

Substituting V,, = 240 VAC and V = 120 VAC
we obtain N /N, = 240 VAC/120 VAC

Reducing this equation by dividing the numer-
ator and the denominator by a common factor of
120, results in a final solution of N/N; = 2/1

Note that the answer was left as a ratioof 2 / 1
(stated as 2 to 1) instead of an answer of 2.

The turns ratio is commonly written as a ratio
N, : N. For this problem, we would write the
answer as 2:1 and state the answer as 2 to 1.

Example 2

A transformer has a turns ratio of 4:1. If the trans-
former is connected to a primary voltage of 480
VAC, what is the secondary voltage?

Solution

Using Equation 1.1 V/V = N /N

Substituting the given values of V,, = 480 VAC
N/Ng = 4/1

we obtain the equation
480 VAC/V, = 4/1

Using cross multiplication to solve ratio equa-
tions results in

480 VAC X 1 = 4 X V,

Solving for V, by dividing both sides of the
equation by 4 shows that

V, =480 VAC/4 = 120 VAC

It is possible for the line voltage in a plant to vary
from approximately 460 VAC to 500 VAC. As the
primary voltage varies, the secondary voltage will
also vary accordingly. For example, if the line volt-
age in a plant were to drop from its normal 480 VAC
to 460 VAC, the transformer in Example 2 would
deliver 115 VAC to the secondary. Similarly, if a
plant’s power source voltage were to drop from its
normal 240 VAC to 230 VAC, a transformer having
a 2:1 ratio would deliver 115 VAC to the secondary.

Another useful equation for transformers in-
volves the current in the primary and secondary
circuits. The current is inversely proportional to
the number of turns in each coil. This relationship
may be shown by the equation:

N

N;

I
p = Eq 1.2

7]

p

=

where: I; = secondary current

[, = primary current

N, = number of turns of wire on the
primary coil

N, = number of turns of wire on the
secondary coil

Combining Equations 1.1 and 1.2 results in the
equation:

VP_NP_IS

= Eq 13
V, N, I, d

Example 3

A transformer is connected to a 480 VAC line. The
secondary voltage is 240 VAC. The load connected
to the secondary draws 10 Amps.
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4 TRANSFORMERS AND POWER SUPPLIES

a. What is the turns ratio of the transformer?
b. How much current flows in the primary circuit?

Solution

a. Using Equation 1.1 V/V; = N/N;
Substituting the given values of V,, = 480 VAC
V, = 240 VAC
we obtain the equation
430 VAC/240 VAC = N, /N

Reducing this equation by dividing the numer-
ator and the denominator by a common factor of
240, results in a final solution of N/N; = 2/1

b. Using Equation 1.3V /V = I/1,
Substituting the given values of V,, = 480 VAC
V, = 240 VAC
[=10A

we obtain the equation

430 VAC/240 VAC = 10 A/,

Using cross multiplication to solve ratio
equations results in

480 VAC X I, = 240 VAC X 10 A

Dividing both sides by 480 VAC results in

[, = (240 VAC X 10 A)/480 VAC = 5 A

Returning to Equation 1.3 V,/V, = [/l and
cross multiplying results in the relationship:

Vo, X I, =V X Eq 14

The power delivered by a source or the power
consumed by a load is equal to the voltage multiplied
by the current. Therefore, Equation 1.4 shows that
the power in the primary is equal to the power in the
secondary circuit. This relationship will be true for
ideal transformers where it can be assumed that there
are no losses incurred in the system. Transformers are
rated by this power relationship, which is expressed
in volt-amps (VA). Larger transformers are rated in
kVA where 1 kVA is equal to 1000 VA. Transformers
are available in sizes from 50 VA to 10 kVA.

Multiple coil windings may be used on the pri-
mary and secondary sides of a transformer. The
user may connect the coil windings in a manner
that allows the transformer to provide the proper
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secondary voltage depending on the line voltage
that is available. Multiple coil windings are usually
provided on the primary side of the transformer to
make it easier to connect to different power volt-
ages. Special primary windings with multiple taps
for 200 - 208 - 240 - 480 - 575V and a 120 V sec-
ondary are available.

The most widely used control transformers
have a dual-voltage primary of 240/480 VAC. They
have an isolated secondary winding to provide 120
V for the load.

The symbol for the control transformer is shown
in Figures 1-4 and 1-5. Two primary coils and one
secondary coil are used. When the control trans-
former primary coils are connected to a 240-V
power source, the two coils are connected in paral-
lel. When the primary coils are connected to a 480-V
power source, the coils are connected in series.

When two coils with the same number of turns
(same voltage rating) are connected in parallel, the
effective number of turns for determining the turns
ratio remains the same as if only one coil were
used. When two coils with the same number of
turns are connected in series, the numbers of turns
on each coil are added together.

When two separate coils are used on the pri-
mary side, the arrangement is called a dual pri-
mary. When two separate coils are used on the
secondary side, it is called a dual secondary.

l 240V I

H1 H3 H2 H4

X1 0= YY Y0 X2

|‘—120 V—"

Figure 1-4 Primary coils connected in parallel.

© Cengage Learning®

. N

480 v
H H3 H2 Ha

X1 oYY Vg X2

l-—'lZOV—’l

Figure 1-5 Primary coils connected in series.
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Figure 1-6 Control-circuit transformer with built-in fuse block.
(Courtesy of Rockwell Automation, Inc.)

480 VAC L1
30 L2
80 Hz L3
H1 H3 H2 H4

© 2014 Cengage Learning®

Figure 1-7 Transformer connected to three-phase power line.

The transformer is available either in an open
type or in its own enclosure. At one time, the
general practice was to use the open type and
panel mount it in the control cabinet. With panel-
mounted transformers, however, high allowable
temperature rise may create unwanted high tem-
peratures in the control cabinet. With this condi-
tion, the transformer in its own enclosure should
be used, mounted on the outside of the cabinet.

The transformer either has screw-type termi-
nals on the coil, or the leads are brought out to a
terminal block. In some cases, fuses or circuit
breakers are offered as an integral part of the trans-
former installation.

A typical transformer is shown in Figure 1-6. A
diagram of a three-phase power supply and control
transformer is shown in Figure 1-7. In that figure, the
primary side of the transformer is connected to one
phase (L1 to L3) of the three phase power source.
The secondary is supplying 120 VAC to the vertical
sides of the ladder-type control circuit diagram.

1.2 Transformer Regulation

Voltage regulation in transformers is the difference
between the no-load voltage and the full-load volt-
age. This value is usually expressed in terms of a
percent. It can be calculated as follows:

No-load voltage — Full-load voltage

x 100
Full-load voltage

Using an example in which the transformer de-
livers 100 V at no load and the voltage drops to 95
V at full load, the regulation would be calculated
as follows:

10095 _ 5 . 100 = 5.26%
95 95

It is generally desirable to have the regulation
for a control transformer in the range of 2 to 3%.

1.3 Sizing a Transformer

Transformers are available in many different sizes.
A transformer will be selected based on the pri-
mary voltage and frequency available, the second-
ary voltage required, and the capacity required in
volt-amps (or kVA).

The transformer must be sized to handle the full
load current for all of the devices that may be in
operation at any given time. This process involves
determining the current requirement for each load
in the circuit individually. The overall current draw
for the circuit may then be calculated by adding
together the individual loads. Two calculations
should be performed to determine the size of the
transformer. Consideration should be given to the
continuous or sealed current for all loads in the sys-
tem. In addition, the inrush current characteristics
of the coils on relays, contactors, motor starters,
solenoids, etc. must be taken into account. This in-
formation is available from the manufacturer of the
component. The procedure is as follows:

* Calculate the total maximum continuous or
sealed current by adding the continuous cur-
rent drawn by all the loads that will be in an
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energized condition at the same time. Multiply
this figure by % (1.25).

* Calculate the total maximum inrush current by
adding the inrush current of all the coils that
will be energized together at any one time.
Multiply this figure by Y4 (.25).

Using the larger of the two figures you have just
calculated, multiply this current by the control volt-
age. This product is the VA required by the trans-
former load. If the resulting figure drops below a
commercially available transformer size, use the next
larger size. For example, you may have calculated
that the total VA required is 698. Then use a 750 VA
transformer, which is commercially available.

Example 4

Calculate the kVA requirement for a transformer
whose secondary will be connected to a 120 VAC
circuit with the following loads (assume inrush
calculation is not needed):

20 relays with a full load current (FLA)
of .5 A each

10 pilot lights with a FLA of .2 A each
4 solenoids with a FLA of 1 A each

Solution

Calculate the total current required for all of the
devices to operate simultaneously.

Device FLA (A)
Relays 10

Pilot Lights 2
Solenoids 4

Total 16 A

Total current rating = 16 X 1.25 =20 A

kVA rating = 120 VAC X 20 A = 2400 VA

Select the next highest available size. You
would order a 2.5 kVA transformer.

1.4 Operating Transformers
in Parallel

Single-phase transformers can be used in parallel
only when their voltages are equal and impedances
are approximately equal. If unequal voltages are
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used, a circulating current exists in the closed net-
work between the two transformers that will cause
excessive heating and result in a shorter life of the
transformer. Impedance values of each transformer
must be within 7.5% of one another. For example, if
Transformer A has an impedance of 4%; Transformer
B, which is to be connected parallel to A, must then
have an impedance between 3.7% and 4.3%.

1.5 Temperature Rise in a
Transformer

Temperature rise in a transformer is the amount
by which the temperature of the windings and
insulation exceeds the existing ambient or sur-
rounding temperature. Temperature rise of a
transformer is generally given on the transformer
nameplate and should not be exceeded. Over-
loading of a transformer results in excessive
temperature. This excessive temperature causes
overheating, which results in rapid deterioration
of the insulation and causes complete failure of
the transformer coils.

Some of the lower kVA-rated transformers (be-
low 1 kVA) that are rated at 60 Hz can be operated
satisfactorily at 50 Hz. However, at higher kVA
ratings 60-Hz rated transformers operating at 50
Hz will produce a greater heat rise. Therefore, it is
not advisable to use higher kVA-rated transform-
ers in 50-Hz power circuits.

1.6 50-Hz vs 60-Hz Operation

Globalization has had a significant impact on in-
dustry. It is now very common to purchase equip-
ment produced in other countries or to build
equipment for use in other countries. In addition,
companies frequently transport existing equip-
ment to other regions of the world as the produc-
tion volumes or economic situations vary within
their organizations. It is important to understand
the governing codes and regulations, standards,
and mains power supply available at the destina-
tion location for the machine to ensure the proper
and safe operation of the equipment. Worldwide,
the power distribution systems vary by the use
of different voltages, frequencies, and grounding
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systems. Even the types of plugs and receptacles
used for common household items vary in differ-
ent regions of the world.

50 Hz is the standard frequency that is utilized
in Europe, Asia, and many countries throughout
the world. North America has standardized on
the use of 60 Hz for its power distribution sys-
tems. When moving equipment, the ratings of
each transformer must be evaluated. A transformer
that is designed for use in a 60-Hz system may
not be capable of withstanding the heat gener-
ated by use in a 50-Hz circuit. A transformer de-
signed for 50-Hz operation will actually run cooler
when placed in a 60-Hz system and would not be
a concern in regards to heat generation. However,
the nominal voltage of the primary circuit and the
amount of variation of the voltage from the nom-
inal value must also be taken into consideration.
Remember that the turns ratio of the transformer
dictates the amount of voltage available on the sec-
ondary of the transformer as the primary voltage
is changed. Therefore, the correct voltage may not
be available on the secondary to operate the loads
on the equipment at a safe operating level. Also,
if the voltage level varies significantly around the
nominal value, special considerations may need to
be implemented to maintain the voltage at a safe
operating range for the devices. For these reasons,
it is a common practice to replace all of the trans-
formers on equipment when the machinery is relo-
cated to different regions of the world.

Another item that is typically replaced on re-
located equipment is the induction motors. Induc-
tion motors vary in speed based on the frequency
of their supply voltage. A motor designed for use
with a 50-Hz system will run faster when con-
nected to a 60-Hz supply. Motors and the relation-
ship between frequency and speed will be covered
in more detail in Chapter 13.

1.7 Constant Voltage Regulators*

The constant voltage regulator (CVR) consists of
a leakage reactance, a ferroresonant transformer

——1 I

PRIMARY WINDING

i

MAGNETIC

SECONDARY WINDING SHUNTS

(] [~

FILTER WINDING

— — —

Figure 1-8 Constant voltage regulator. (Courtesy of Acme
Electric—Acme Transformer Division.)

with an additional pair of magnetic shunts, and a
filtering winding. Together they develop a regu-
lated, low-distortion sinusoidal output. The circuit
is designed so that the segment of the core under
the secondary winding (Figure 1-8) will saturate
and ferroresonate with the AC capacitor once each
half-cycle, limiting the output voltage to a fixed
value. The primary-to-secondary leakage reac-
tance and AC capacitor are tuned to achieve fer-
roresonant regulation of the output over a broad
range of input voltage.

The second pair of magnetic shunts and filter
winding is incorporated to soften the secondary
core saturation effect, cancelling the harmonic
voltages that are present in conventional CVRs.
The filtering winding is connected in series with
the AC capacitor (Figure 1-9). This forms an LC
(inductance/capacitance) trap to filter out the low
order of harmonics generated by ferroresonant ac-
tion. A cutaway view of the Acme transformer coil
is shown in Figure 1-10.

Ferroresonance (transformer) is a phenomenon
usually characterized by overvoltages and very ir-
regular wave shapes. It is associated with the exci-
tation of one or more saturable inductors through
capacitance in series with the inductor.

“Information courtesy of Acme Electric—Acme Transformer Division.

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



8 TRANSFORMERS AND POWER SUPPLIES

ac
INPUT

LLS

b4
PRIMARY 1

ac
~1~C outpuT

44
- ¢ ¢
)

Figure 1-9 Circuit for constant voltage regulator. (Courtesy of
Acme Electric—Acme Transformer Division.)

1.8 Power Supplies for
Control Voltage

The primary purpose of a power supply is to con-
vert the incoming AC voltage to a DC voltage for
use by the control circuit. The power supply is
usually connected to the 120 VAC circuit on equip-
ment used in the United States.

The simplest method to convert from AC to
DC is by using an unregulated power supply.
This unit will consist of a transformer, a rectifier,
and a filter circuit. The transformer will change
the incoming 120 VAC to a lower voltage level.
The rectifier will then convert this lower level
AC signal to a pulsating DC signal. The filter-
ing circuit will smooth out (filter) the pulsating
waveform to provide the DC voltage signal out-
put. However, the output voltage of an unregu-
lated power supply will vary as the load changes
or as the incoming AC line voltage varies. If the
system voltage drops to an unusually low level,
components may begin to malfunction and drop
out (de-energize).

A linear regulated power supply will generate a
consistent output voltage that does not vary with the
incoming voltage level or with the load applied to
the system. A somewhat complex regulator circuit
is used to maintain the voltage at the proper level.
These power supplies provide excellent regulation
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Figure 1-10 Cutaway view of a CVR transformer coil. (Courtesy
of Acme Electric—Acme Transformer Division.)

with very little ripple on the output signal. However,
they are inefficient and have a limited input range.

Switching regulated power supplies use com-
plex circuitry to obtain a constant output voltage
that is isolated from the incoming voltage supply.
These power supplies convert the incoming AC
voltage to a DC signal by rectifying the source
voltage and filtering the signal. This DC signal is
then switched at a high frequency to obtain a pulse
width modulation (PWM) signal. The PWM sig-
nal is then sent through a transformer and recti-
fied again to produce the DC output signal. This
conversion from AC to DC to AC and finally back
to DC essentially isolates the output power from
variations in the utility supply. In addition, a sens-
ing circuit can monitor the output voltage and ad-
just the PWM switching to maintain a consistent
output voltage.

An uninterruptible power supply (UPS) will
provide an emergency backup source of electricity
in the event of a power outage.

All machine tool electrical control circuits
shown in this text through Chapter 13 use the basic
ladder-type diagram. The voltage source between
the two vertical sides in these diagrams is 24 VDC.
Therefore, the complete three-phase power circuit,
transformer, and power supply symbols will not
always be shown, though they will generally be
shown on industrial schematics.
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1.9 Uninterruptible Power
Systems (UPS)*

Certain types of electrical equipment, such as pro-
grammable logic controllers and computers, are
very sensitive when it comes to the quality of their
power supply. Small voltage fluctuations or varia-
tions in frequency can cause serious malfunctions,
and a total power outage can result in the loss of
data stored in the memory.

When electric power is generated, it is both clean
and stable but during transmission and distribution,
it is subjected to a variety of detrimental influences.
Electrical storms, noisy and largely varying loads,
and accidents all lead to a less than perfect supply
emerging from the utility power supply.

These supply problems can be overcome by
connecting a UPS between the utility supply and
sensitive load equipment. It will not only clean
up any supply aberrations but will also main-
tain the critical load during a complete outage.
The Liebert Corporation Uninterruptible Power
System provides both power conditioning and
supply backup (Figure 1-11). It takes the raw util-
ity power and, using state-of-the-art solid-state
power electronic technology, converts it into a
DC form. A microprocessor-controlled inverter
then reconverts the DC power into controlled AC
that can be used to supply equipment. Due to this
double conversion technique, from AC to DC to
AC, the output power is essentially isolated from
the utility supply so that the equipment will be
oblivious to any utility supply variations.

Backup is provided by an internal battery that
is automatically connected to the DC portion of
the UPS when the input power fails. The standby
battery can maintain the unit’s fully rated load for
10 minutes, but this period will be longer if lighter
loads are used. If the supply break exceeds the bat-
tery backup time, the UPS will shut down once the
battery charge has been exhausted. However, the
unit will sound an alarm to warn that this is about
to occur to give adequate time to shut down the
load in an orderly fashion.

“Information courtesy of Liebert Corp.

Figure 1-11 Uninterruptible power system. (Courtesy of Liebert
Corporation.)

This UPS will automatically restart when the
utility supply returns, and the battery will quickly
recharge to prepare for further use. A block dia-
gram shows the arrangement of the various ele-
ments within this UPS (Figure 1-12).

1.10 Circuit Diagram

To troubleshoot or maintain a piece of equipment,
it 1s crucial to understand the symbols that are
shown on the electrical drawings.

A typical drawing is provided (Figure 1-13)
to summarize many of the devices that were dis-
cussed in this chapter. Notice that line numbers
are typically given on the drawing set to provide
a means for cross-referencing devices to other
places within the drawing set. The first number of
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Figure 1-12 Block diagram of various elements of the UPS. (Courtesy of Liebert Corporation.)
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Figure 1-13 Electrical schematic including wire numbers and line numbers.
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the line number is typically representative of the
sheet number for the given drawing.

Notice also that wire numbers have been in-
cluded in the drawing. All wires on a piece of
equipment will be assigned a number. A label
will be physically attached to both ends of the
wire with the wire number printed on the labels.
The wire numbers will agree with the wire num-
ber identified on the electrical drawing. The rule
for assigning wire numbers is that the wire num-
ber will change every time the wire goes through
a device. Therefore, several wires may have the
same wire number if they are connected together
to form a common node. This situation applies to
wire numbers 1, 2, L1, and L3 in Figure 1-13.

1.11 Insulation Classifications

The Underwriters Laboratory (UL) is a global
consumer safety company. The UL mark on a
product signifies that the device has undergone
extensive testing to ensure that it complies with
its rigorous standards. This organization also
publishes standards for safety and compliance.
One such standard is UL83, which specifies the
insulation requirements for 600 V wires used in
electrical circuits. The National Electrical Manu-
facturers Association (NEMA) also classifies
insulation systems according to the maximum
temperature that is allowable for proper and safe
operation. Other sources for requirements include
the International Electrotechnical Commission
(IEC) 60085 standard and the Japanese Indus-
trial Standards (JIS) C4003. The important point
to remember is the applicable standards for the
location where a machine will operate must be
consulted and complied with. The maximum al-
lowable temperature for various types of insula-
tion is consistent between these standards for the
classes given in Figure 1-14.

It is imperative that the maximum tempera-
ture for a given type of wire is not exceeded
or the insulation may melt or burn. Note also
that the insulation classes listed in Figure 1-14
also apply to other devices such as motors and
transformers.

Maximum Temperature

Insulation Class (Degree C)
A 105
B 130
F 155
H 180

Figure 1-14 Insulation Classifications.

1.12 Conductor Ampacity

The amount of current flowing through a wire
also impacts the amount of heat generated in the
wire. Therefore, ampacity tables are provided in
electrical standards. The ampacity tables indicate
the maximum amount of current allowed to flow
through a given size of wire, for a given ambi-
ent temperature and insulation class of wire. The
information presented in the tables must be de-
rated to allow for different ambient temperatures
or numbers of wires run together in a conduit or
raceway. An example of an ampacity table for use
on equipment in the United States is provided by
the National Fire Protection Association (NFPA).
Table 6 from NFPA79: Electrical Standard for In-
dustrial Machinery is included in Appendix E.

1.13 Conductor Color Code

A consistent color coding scheme for conductors
used on industrial equipment provides an addi-
tional level of safety for individuals working on
the equipment. Compliance to these standards al-
lows an electrician to quickly identify the amount
and type of voltage that will be present when trou-
bleshooting the equipment. Field devices may be
wired using multi-conductor cable that will not
comply with the color coding scheme. However,
the color of conductors wired inside the main con-
trol cabinet should comply with the applicable
standards for the region in which the machine
resides. NFPA79: Electrical Standard for Indus-
trial Machinery provides the color coding scheme
for machinery in operation within the United
States. The example wiring schematic shown in
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Figure 1-15 Electrical schematic including wire size and color.

Figure 1-13 may now be finalized as shown in
Figure 1-15 to include the wire size and color for
various conductors.

1.14 Electrical Symbols

The Joint International Committee (JIC) developed
a set of symbols to be used in machine control
drawings to standardize electrical drawings. The
JIC symbols are shown in this text and are used
in the electrical circuits shown throughout the
chapters. European countries utilize symbols from
the IEC 617 standard for use in electrical schemat-
ics. These symbols have been provided through-
out the text whenever a new symbol is introduced.
However, to avoid confusion, only the JIC symbols
are used in circuit diagrams.
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The European countries utilize a different
format for their drawings along with a different
standard sheet size. Drawings for North America
utilize vertical lines to show power and common
wires. Devices are then drawn horizontally between
the power rails. Devices in European drawings are
shown vertically in the drawings.

Recommended Web Links

Students are encouraged to view the following Web
sites as a supplement to the concepts presented in
this textbook. Review and analyze the array of
products that are available for electrical control
applications. Many of these sites offer technical
information that can help in converting the princi-
ples to practical applications. To view catalogs, your
PC may require Adobe Acrobat Reader software.
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Transformers

1. The Osborne Transformer Co.
www.osbornetransformer.com
Review: Products and Applications

2. Sola/Hevi-Duty
www.solahevidutysales.com
Review: Products and Power Supplies

3. Acme Electric Corp.
www.acmepowerdist.com
Review: Technical Services and Transformers

Power Supplies and UPS

1. Majorpower.com
WWWw.majorpower.com
Review: Products

2. APC
www.apc.com
Review: Products and Services

3. Liebert Corp.
www.liebert.com

Review: Products—Surge Suppressors, Power
Conditioners, and UPS

Standards

1. Underwriters Laboratory
www.ul.com

Achievement Review

1. What type of electrical energy is normally sup-

plied to industries?

2. What are the two important reasons for using

24 VDC in machine control systems?

3. Why is 120 VAC still available on machine

systems in the United States?

trol transformer?

5. There is 460 VAC available in a given plant.
To obtain 230 VAC, what turns ratio is required
between the primary and secondary of the

transformer?

. There is 480 VAC available in a given plant.
To obtain 120 V, what turns ratio is required
between the primary and secondary of the con-

6.

10.

12.

13.

14.

A transformer has a turns ratio of 4:1. If the
transformer is connected to a primary voltage
of 360 VAC, what is the secondary voltage?

. A transformer is connected to a 460 VAC line.

The secondary voltage is 230 VAC. The load
connected to the secondary draws 30 A.

a. What is the turns ratio of the transformer?
b. How much current flows in the primary
circuit?

. You find that under unusually heavy loads, the

voltage in your plant drops to 456 V. What will
be the resulting secondary voltage if you use
a transformer with a 4:1 primary-to-secondary
turns ratio?

. Draw the symbol for a dual-primary, single-

secondary control transformer. Show all lead
designations.

Draw a complete circuit showing the primary of
a dual-primary control transformer connected to
a three-phase, 480-V power line, and the single
secondary connected to a 120-V control system.

.In a given transformer the voltage is reduced

from the primary to the secondary. What is this
transformer called?

a. Current transformer
b. Step-up transformer
c. Step-down transformer

A transformer has a no-load voltage of 120 and
a full-load voltage of 110. What is the percent
regulation for this transformer?

Calculate the kVA requirement for a trans-
former whose secondary will be connected to a
230 VAC circuit with the following loads:

a. 16 relays with FLA of .2A each (inrush 2A)

b. 10 pilot lights with a FLA of .1A each
(inrush 2A)

c. 6 solenoids with a FLA of .5A each
(inrush 5A)

What parts of a transformer generally contrib-
ute to temperature rise in the transformer?

a. The enclosure
b. Copper winding
c. Iron core
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14 TRANSFORMERS AND POWER SUPPLIES

15. What will generally result if you operate a  18. When using a UPS, what happens if the power

transformer (1 kVA or larger) designed for 60 is lost?

Hz on a 50-Hz supply? 19. What factors will generally lead to a less than
16. What may happen to components that are perfect supply emerging from the utility power

energized in a control system if, owing to poor system?

transformer regulation, the voltage drops to an () What problems can exist within a utility power

unusually low level? supply that will make the use of an uninter-
17. Draw a block diagram showing all the standard ruptible power supply advisable?

components that make up a UPS.
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CHAPTER

Fuses, Disconnect Switches,
and Circuit Breakers

OBJECTIVES

After studying this chapter, you should be able to:

¢ Describe basic fuse construction.

* List three different types of fuses and some of
their uses.

* Identify four different types of circuit breakers
and uses for each.

* Describe the steps to take when first setting up
electrical control and power circuits.

* Explain why time-delay fuses are used with
motor starter circuits.

* List the voltage and current ratings available
for fuses and circuit breakers.

* Discuss the important factors to consider when
selecting protective devices.

* Draw the symbols for important protective and
disconnecting devices.

* Know what is meant by interrupting capacity.
* Understand the use of rejection-type fuses.

* Explain the two measures of the degree of
current limitations provided by a fuse.

» Explain voltage and frequency surges caused
by lightning or switching.

* Explain the operation of a GFCI circuit.

2.1 Protective Factors

Once the appropriate electrical power is determined
for the control circuits, methods to protect the cir-
cuit components from current and temperature
surges must be considered. There are two factors
to be considered when providing control circuit
protection:

1. A means of disconnecting electrical energy
from the circuits.

2. Protection against sustained overloads and
short circuits.

The power circuit can be disconnected by using
a disconnect switch or nonautomatic circuit breaker
(circuit interrupter). Protection is provided by adding
adequate fusing to the disconnect switch, and thermal
and/or magnetic trip units to the circuit interrupter.

The 120 VAC circuit is normally protected by a
single fuse or circuit breaker. In some cases, two or
more fuses may be used. This arrangement is covered
in more detail in Chapter 19 “Troubleshooting.”

Figure 2-1 shows an example of a commer-
cially available three-pole, fusible disconnect
switch ganged with a handle.

15
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The element is a calibrated conductor. Its con-
figuration, mass, and the materials employed are
varied to achieve the desired electrical and thermal
characteristics. The element provides the current
path through the fuse. It generates heat at a rate that
depends on its resistance and the load current.

The heat generated by the element is absorbed
by the filler and passed through the fuse body to
the surrounding air. A filler such as quartz sand
provides effective heat transfer and allows for the
small-element cross section typical in modern
fuses. The effective heat transfer allows the fuse
to carry harmless overloads. The small-element
cross section melts quickly under short-circuit
conditions. The filler also aids fuse performance
by absorbing arc energy when the fuse clears an
overload or short circuit.

When a sustained overload occurs, the ele-
ment generates heat at a faster rate than the heat
can be passed to the filler. If the overload persists,
the element will reach its melting point and open.
Increasing the applied current heats the element
faster and causes the fuse to open sooner. Thus,
fuses have an inverse time-current characteristic;
that is, the greater the overcurrent, the less time
required for the fuse to open the circuit.

Figure 2-1 Fusible disconnect switch. (Courtesy of Rockwell
Automation, Inc.) 2.3 Fuse Wpes*

Fuses are available in numerous types; here are

2.2 Fuse Construction
thI' cc common ones:

and Operation*

1. Standard one-time fuse (Fi 2-3
The typical fuse consists of an element surrounded 5 Ti?r?e-ilrelz:);iusl::n(;i;lslie(Z{il)lre )

by a filler and enclosed by the fuse body. The

element is welded or soldered to the fuse contacts,
blades, or ferrules (Figure 2-2). Standard voltage ratings for fuses are 125V, 250

V, 300V, 480V, and 600 V. Higher-voltage fuses are
available. Current ratings range from a fraction of

BLADE BODY FILLER an ampere (A) to 6000 A, in all voltage ratings.
The ability of a protective device (fuses or
5 o p circuit breakers) to interrupt excessive current in
i v an electrical circuit is important. All protective
ELEMENT E devices have a published interrupting capacity,
which is defined as the highest current at rated

Figure 2-2 Cross section through a typical fuse. voltage that a device can safely interrupt.

3. Current-limiting non-time-delay fuse (Figure 2-5)

r —
REREPEINA YT

M
© Cengage Learning®

*Information courtesy of Ferraz Shawmut.
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Figure 2-3 One-time
fuse—class K-5. (Courtesy of
Ferraz Shawmut.)

It is therefore important when installing or
replacing a protective device that at least three
items be considered:

1. Voltage rating
2. Current rating
3. Interrupting capacity

Correct fuses must be used as replacements
for continued safety in the protection of equip-
ment. To help in this area, manufacturers pro-
vide a “rejection”-type fuse. It is called Class
R (R for rejection). The ferrule sizes (0—60
A) have an annular groove in one ferrule. The
blade sizes (61-600 A) have a slot in one blade.
Replacement of this fuse with a fuse of lower
voltage or lower interrupting rating is not possi-
ble provided that this fuse is used with rejection
fuse blocks. The rejection fuse block is simi-
lar to the standard fuse block except physical
changes are made in the block to accommodate
the annular ring in the ferrule-type fuse and the
slot in blade type.

The physical configuration of the rejection-type
fuse is shown in Figures 2-4 and 2-5. The rejec-
tion-type fuse has a 200,000-A interrupting rating
as contrasted to class K-5 with the standard fuse

Figure 2-4 Time-delay
fuse—class RK-5. (Courtesy
of Ferraz Shawmut.)

Figure 2-5 Current-limiting
fuse—class RK-1. (Courtesy of
Ferraz Shawmut.)

configuration, ferrule or blade, shown in Figure 2-3,
with an interrupting capacity of 50,000 A.

To further understand the operation of fuses,
a melting time—current data curve is shown in
Figure 2-6. This curve is for a typical 100-A, 250-V,
time-delay fuse. It shows an inverse time relation-
ship between current and melting time; that is,
the higher the current, the faster the melting time.
For example, referring to this curve, it can be seen
that at 1300 A, the melting time is 0.2 seconds.
At 200 A, the melting time is 300 seconds. This
characteristic is desirable because it parallels the
characteristic of conductors, motors, transformers,
and other electrical apparatus. This equipment can
carry low-level overloads for relatively long times
without damage. However, under high current con-
ditions caused by short circuits, damage can occur
quickly. Because of the inverse time characteristic,
a properly applied fuse can provide effective pro-
tection over a broad current range from overloads
to short circuits.

The standard one-time fuse (class K-5) link con-
sists of a low-temperature-melting metal strip with
several reduced area sections. On overloads that ex-
ceed the rating of the fuse, the narrow center sec-
tion will melt, thus opening the circuit. The heat to
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Figure 2-6 Melting time—current data for a typical time-delay fuse—100 amperes.

melt the strip comes from excessive current passed
through the fuse. In case of short circuits, all the
reduced cross-sectional areas will melt and vapor-
ize simultaneously. The tube holding the strip (fuse
link) must be of sufficient strength to withstand the
internal pressure developed during this time.

The class K-5 fuses are suitable for the protec-
tion of mains, feeders, and branch circuits serving
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lighting, heating, and other nonmotor loads, pro-
vided that the interrupt capacity is adequate.

The time-delay fuses (class RK-5 and RK-1)
were developed for use where a heavy overload-
ing might exist for a short time and the fuse is not
expected to open unless the overload persists. An
example of a short overload is normal motor start-
ing. These time-delay delay fuses are also suitable
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for general-purpose protection of transformers,
service entrance equipment, feeder circuits, and
branch circuits. The time-delay characteristic of an
efficient fuse allows it to withstand normal surge
conditions without compromising short-circuit
protection.

Current-limiting time-delay fuses are used to-
day in almost all fuse applications because in most
electrical power systems, a fault can produce cur-
rents so great that much damage may result. The
current-limiting fuse will limit both the magnitude
and duration of the current flow under short-circuit
conditions. This type of fuse will clear available
fault currents in less than one half cycle, thus lim-
iting the actual magnitude of the current flow. It
is generally supplied as a rejection-type fuse. The
replacement of these fuses with a fuse of another
UL class is not possible.

The current-limiting fuse (class RK-1) is avail-
able as a non-time-delay fuse or a time-delay
fuse with interrupting capacity of 200,000 A and
higher. The non-time-delay fuse is suitable for the
protection of capacitors, circuit breakers, load cen-
ters, panel boards, switch boards, and bus ducts in
which high available short-circuit currents may ex-
ist. They are also available in time delay versions
for motor loads with a high degree of current limi-
tation for minimizing short-circuit current damage.

With the increased use of solid-state power de-
vices, fuse designs have changed to match solid-
state protection demands.

Solid-state devices operate at high current
densities. Cooling is a prime consideration. Cy-
cling conditions must be considered. The ability
of solid-state devices to switch high currents at high
speed subjects fuses to thermal and mechanical
stresses. Solid-state devices have relatively short
thermal time constants. A short-circuit current that
may not harm an electromechanical device can
cause catastrophic failure of a solid-state device in
a very short time.

Most programmable controllers (covered
in Chapter 15) use a semiconductor fuse with a
blown-fuse indicator. There also may be add-on
switches that can be used to energize an indicator
light. This light can be used for remote indication.
The trigger actuator may be a part of the fuse or a

field-mounted blown-fuse indicator that would be
wired in parallel with the fuse being monitored.

2.4 Peak Let-Thru Current (1)
and Ampere Squared
Seconds (/)

Current limitation is one of the important benefits
provided by modern fuses. Current-limiting fuses
are capable of isolating a faulted circuit before the
fault current has sufficient time to accelerate to its
maximum value. This current-limiting action pro-
vides several benefits:

It limits thermal and mechanical stresses
created by the fault currents.

e The magnitude and duration of the voltage
drop caused by the fault currents is reduced,
improving overall power quality.

e Current-limiting fuses can be precisely
coordinated to minimize unnecessary service
interruption.

Peak let-thru current (/,) and ampere squared
seconds (I*t) are two measures for the degree of
current limitation provided by a fuse. Maximum
allowable I, and It values are specified in UL
standards for all UL-listed current-limiting fuses
and by the fuse manufacturer for semiconductor
and special purpose fuses.

Let-thru current is that current which passes by
a fuse while the fuse is interrupting a fault within
the fuse’s current-limiting range (Figure 2-7). It is

/

! } AVAILABLE FAULT CURRENT
] /

!

/

t

Figure 2-7 Let-thru current is expressed as a peak
instantaneous value (I,). (Courtesy of Ferraz Shawmut.)
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expressed as a peak instantaneous value (/,) in am-
peres. I’t is a measure of the heat generated with
current flow over time.

The 1, data is generally presented in the form
of a graph. Key information is provided in the
peak let-thru graph in Figure 2-8. As shown on the
figure, the important components are:

1. The x-axis, labeled “Available Fault Current”
in rms symmetrical amperes.

2. The y-axis, labeled “Instantaneous Peak
Let-Thru Current” in amperes.

3. The line labeled “Maximum Peak Current
Circuit Can Produce,” which gives the worst-
case peak current possible with no fuse in the
circuit.

4. The “Fuse Characteristic Line,” which is a plot
of the peak let-thru currents that are passed by
a given fuse at various available fault currents.

Figure 2-9 illustrates the use of the peak let-
thru current graph. Assume that a 200 A, class J
fuse is to be applied where the available fault cur-
rent is 35,000 A rms. The graph shows that with
35,000 A rms available, the peak available current
is 80,500 A (35,000 X 2.3) and that the fuse will
limit the peak let-thru current to 12,000 A.

You may wonder why the peak available cur-
rent is 2.3 times greater than the rms available
current. In theory, the peak available fault current
can be anywhere from 1.414 X (rms available) to

Y

LET-THRU CURRENT
(amperes)

(2) INSTANTANEQUS PEAK

(1) AVAILABLE FAULT CURRENT
(rms symmetrical amperes)

Figure 2-8 I, data—peak let-thru graph. (Courtesy of Ferraz
Shawmut.)
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Figure 2-9 Use of a peak let-thru graph. (Courtesy of
Ferraz Shawmut.)

2.828 X (rms available) in a circuit in which the
impedance is all reactance with no resistance. In
reality all circuits include some resistance, and the
multiplier has been chosen as a practical unit.

The I, value is relatively useful in determin-
ing the magnitude of the peak current available
downstream of a fuse for general purpose circuits.
If the fuse limits the current to a value less than
the available fault current, then all the equipment
downstream of the fuse may be selected to with-
stand this lower value, rather than the full avail-
able fault current. The level of protection for the
equipment provided by the current-limiting fuse is
not complete without considering the 1, and It. I,
provides the peak current value, and I’¢ provides a
measurement of the amount of heat energy that the
fuse passes during opening.

Two fuses can have the same I, but different
total clearing times (Figure 2-10). The fuse that
clears by time A will provide greater component
protection than the fuse that clears in time B.

Fuse I’t depends on both I, and total clearing
time. The I’¢ passed by a given fuse depends on the
characteristics of the fuse and on the applied volt-
age. The Pt passed by a given fuse will decrease as
the application voltage decreases. Unless otherwise
stated, published I’ values are based on AC testing.
The I’t passed by a fuse in a DC application may
be higher or lower than in an AC application. The
voltage available fault current and time constant of
the DC circuit are the determining factors.
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Figure 2-10 Clearing time versus current.
(Courtesy of Ferraz Shawmut.)

Fuse It and I, values can be used to determine
the degree of protection provided for all circuit
components under fault current conditions.

Manufacturers of diodes, thyristors, triacs, and
cable publish ’t withstand ratings for their prod-
ucts. The fuse chosen to protect these products
should have a clearing /*¢ that is lower than the
withstand I’¢ of the device being protected.

2.5 Voltage and Frequency Surges

Protecting electrical equipment against voltage
surges caused by switching or lightning is very
important. Even low surges that exceed the equip-
ment insulation rating can cause the insulation
to eventually weaken to the point of failure. For
example, the insulation in motor windings can be
stressed to the point that failure will result between
windings and frame or between stator coils.

In case of a surge caused by lightning, the most
severe damage occurs if there is a direct hit. Surge
voltages from the lightning can also be caused by
induction on the line. The voltage from a direct hit
will be twenty to thirty times that caused by in-
duction. In these cases it can be considered a high-
voltage and high-frequency pulse.

A lightning arrester will limit the crest of the
surge by breaking down and conducting to ground.
After grounding, the arrester then returns to its
initial condition of nonconducting.

Switching voltage surges are not as significant
as lightning voltage surges. In most cases they will
not exceed three times normal voltage. The highest
overvoltage will be present when there is a ground
fault in the system.

For switching voltage surges, the current-
limiting fuse is used. The operating characteristic
of this type of fuse is such as to interrupt in the
first quarter of the cycle.

2.6 Circuit Breaker Types

The circuit breaker is available in four types:

1. Nonautomatic (circuit interrupter)
2. Thermal

3. Magnetic

4. Thermal magnetic

The nonautomatic circuit breaker (circuit inter-
rupter) is used for load switching and isolation. Add-
ing a thermal trip unit to the nonautomatic circuit
breaker, by using a bimetallic element in each pole
of the breaker, provides automatic tripping. This
unit then carries the load current. When the conduc-
tors carry a current in excess of the normal load, the
breaker thermal element increases in temperature as
it carries the same current. This temperature increase
deflects the thermal element and trips the breaker.
Since the tripping action depends on temperature
rise, a time lag is present. Therefore, the tripping ac-
tion is not affected by momentary overloads.

To clear a circuit in case of a short circuit, a
more rapid opening system is required. To achieve
such a system, a magnetic trip unit is added either
to the nonautomatic breaker or to the breaker with
the thermal trip unit. The magnetic trip unit oper-
ates through a magnet that trips the breaker instan-
taneously on short-circuit current.

A combination of thermal and magnetic trip
units is desirable. The thermal element provides
inverse time tripping on overloads. The magnetic
trip provides instantaneous trip on short circuits.
Molded-case circuit breakers are available from
100 A to 2500 A. The voltage ratings are 240 V,
480V, and 600 V with the interrupting capacity in
some circuit breakers to 100,000 A. Figure 2-11 is
a cutaway view of a molded-case circuit breaker.
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Figure 2-11 Cutaway view of a molded-case circuit
breaker. (Courtesy of Square D/Schneider Electric.)

The fused disconnect switch and the circuit
breaker are available in many types of enclosures.
They can also be obtained as open types for panel
mounting. Remote operators can be mounted on
the door of the control cabinet and interlock me-
chanically with the door. The operator may also
be mounted in a “dead” or stationary portion of
the cabinet. The door is mechanically interlocked
with the breaker trip switch. This allows the
breaker to be locked open or closed with the cabi-
net door open.

Figure 2-12 shows a typical molded-case cir-
cuit breaker design. It incorporates, in frame rat-
ings 150 A to 1600 A, interrupting capacities as
high as 100 kA at 480 V AC (200 kA at 240 V AC)
in physical sizes normally associated with stan-
dard interrupting capacity breakers.

The L-frame circuit breaker provides higher
interrupting capacities and improved current-limit-
ing capabilities compared to previous standard line
circuit breakers.

Thermal magnetic and electronic trip unit de-
signs are available. This circuit breaker is avail-
able with a fixed, thermal-adjustable magnetic trip
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Figure 2-12 Molded-case circuit breaker. (Courtesy of Rockwell
Automation, Inc.)

unit that provides inverse time and instantaneous
tripping. Also available is the electronic trip unit,
including current-sensing circuits that provide
an inverse time-delay tripping action for over-
load condition and either short delay or instanta-
neous tripping for protection against short-circuit
conditions.

A push-to-trip button located on each trip unit
provides a local means of manually exercising the
trip mechanism.

High-strength glass-polyester bases and covers
have excellent dielectric qualities and are inher-
ently fungus proof. Cover design reduces the pos-
sibility of accidental contact with live terminals.

2.7 Programmable Motor
Protection

The unit shown in Figure 2-13 is a multifunction,
motor-protective relay that monitors three-phase
AC current and makes separate trip and alarm
decisions based on preprogrammed motor cur-
rent and temperature conditions. This unit’s motor
protection algorithm is based on proven positive
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Figure 2-13 Motor-protective relay. (Courtesy of
TECO-Westinghouse Electric Corporation.)

and negative (unbalance) sequence current sam-
pling and true rms calculations. (An algorithm is
a special set of rules or instructions that perform a
specific operation.)

By programming this unit with the motor’s
electrical characteristics (such as full-load current
and locked-rotor current), the unit’s algorithm
will automatically tailor the optimal protection
curve to the motor being monitored. No guess-
work or approximation is needed in selecting a
given protection curve because this unit matches
the protection from an infinite family of curves to
each specific motor.

Application-related motor-load problems are
further addressed through the use of such functions
as jam, underload, and ground fault protection.

A few of the many protective features of this
unit are:

* Instantaneous overcurrent trip level and start
delay

* Instantaneous overcurrent disable setting

* Locked-rotor current

* Maximum allowable stall time

* Ultimate trip current level

o It alarm level

» Zero-sequence ground fault trip level with start
and run delays

2.8 Electrical Metering and
Voltage Protection

The unit shown in Figure 2-14 is a microprocessor-
based monitoring and protective device. It provides
complete electrical metering and affords system
voltage protection. In one compact, standard pack-
age this unit provides an alternative to individually
mounted and wired ammeters, voltmeters, ammeter
and voltmeter switches, wattmeters, watthour meters,
and more. Its protection features include:

* Phase loss. Voltage phase loss occurs if less
than 50% of the nominal line voltage is detected.
Current phase loss occurs if the smallest phase
current is less than 1/16 of the largest phase cur-
rent. (It updates itself twice per second and all
other protection functions once per second.)

* Phase unbalance. 1t occurs if the maximum
deviation between any two phases exceeds the
amount of unbalance as a percent of nominal
line voltage preset by dual in-line package (DIP)
switches. Range: 5% to 40% (5% increments).

* Phase reversal. It occurs if any two phases
become reversed for more than 1 second.

* Overvoltage. DIP switch setting as a percent
of nominal line voltage. Range: 105% to140%
(5% increments).
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Figure 2-14 Electric metering and voltage protection. (Courtesy
of TECO-Westinghouse Electric Corporation.)
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* Undervoltage. DIP switch setting as a percent
of nominal line voltage. Range: 95% to 60%
(5% increments).

* Delay. It allows existence of overvoltage, un-
dervoltage, or voltage unbalance before an
alarm or trip occurs. Range: 0 to 8 seconds
(1 second increments).

2.9 Selecting Protective Devices

The important factors to consider when selecting
protective devices are:

* Size (current rating)

* Whether a time lag is required

* Interrupting capacity

* Ambient temperature where the device is to be
located

* Voltage rating

e Number of poles

* Mounting requirements

* Type of operator

* Enclosure, if required

If the line voltage and load in a circuit are known,
the size and voltage rating of the protective device
can be determined. The conductor size to feed the
load must be properly determined. Tables are avail-
able to supply this information (refer to Appendix E).

The actual sizing of the protective device
should come from sources such as the National
Fire Protection Association (NFPA), the National
Electrical Code (NEC), and the NFPA-79 Electri-
cal Standard for Industrial Machinery. Local elec-
trical code requirements should also be consulted.
The manufacturers of protective devices can also
be helpful in obtaining this information.

The problem in providing a time-lag element
depends on the nature of the load. If inductive de-
vices such as motors, motor starters, solenoids, and
contactors are involved, some time lag is generally
needed. Here again, the manufacturers of protec-
tive devices can help.

In selecting a protective device, you should
know the available short-circuit current in
your plant. The first information needed is the
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impedance of the transformer supplying power.
This information can be read from the unit’s name-
plate or obtained from the manufacturer of the
unit. Impedance is the current-limiting character-
istic of a transformer and is expressed as a percent.
The impedance is used to determine the inter-
rupting capacity of a circuit breaker or fuse em-
ployed to protect the primary of a transformer.

Example 1

Determine the minimum circuit breaker trip rat-
ing and interrupting capacity for a 10-kVA, single-
phase transformer with 4% impedance. It is to be
operated from a 480-VAC, 60-Hz source.

Solution:

Normal full-load current = -

Nameplate volt-amperes _ 10,000
Line voltage 480

=20.8 A

Maximum short-circuit amperes =

Full-load amperes _ 20.8
4% 0.04

The breaker or fuse would have a minimum
interrupting rating of 520 A at 480 VAC.

=520 A

Example 2

Determine the interrupting capacity in amperes
required of a circuit breaker or fuse for a 75-kVA,
three-phase transformer with a primary of 480
VAC delta and secondary of 208Y/120 VAC. The
transformer impedance (Z) is 5%.

Solution
If the secondary circuit is shorted, the following
capacities are required:

Normal full-load current =

Volt-amperes 75,000 VA

' = 2A
3 X Line voltage 3x 480
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Maximum short-circuit line current =

Full-load amperes 52

= =1040 A
5% 0.05

The breaker or fuse would have a minimum
interrupting rating of 1040 A at 480 VAC.

The ambient temperature in the location where
the protective device is to be located is important.
Overload protection devices can be thermally op-
erated. Therefore, an increase in the ambient tem-
perature can affect the trip setting of the device. In
some cases, ambient temperature compensation is
provided by the manufacturer in the design of the
device.

o—{ [}—o

A. SINGLE-FUSE ELEMENT

o
o
o

B. THREE-POLE DISCONNECT
SWITCH, GANGED WITH HANDLE

o
(o]
]

C. THREE-POLE FUSED
DISCONNECT SWITCH,
GANGED WITH HANDLE

,

=
=
P

G. IEC 617 CIRCUIT BREAKER

Figure 2-15 Symbols for protective devices.

Standard pole arrangements for most discon-
necting devices and protective devices are two
poles for single-phase lines and three poles for
three-phase lines. One- and four-pole devices are
also available. The multiple-pole (multipole) de-
vices are generally ganged together with a single
common operator.

Symbols for various protective and disconnect-
ing devices are shown in Figure 2-15. By using
symbols, these components can be added to power
source and control source diagrams.

Figure 2-16 illustrates a complete diagram: a
three-phase power source, disconnect and pro-
tection, and control transformer with protection
added in the secondary circuit.

o/\o—o—%—/\,—o

D. ONE-POLE, THERMAL-MAGNETIC
CIRCUIT BREAKER

(=] ©
o o
[} o

E. THREE-POLE CIRCUIT INTERRUPTER,
GANGED WITH HANDLE

° o—o—/xf—/\,-—o
° o—o—%—/\,—o
° o——o—%—/\/—o

F. THREE-POLE THERMAL-MAGNETIC
CIRCUIT BREAKER,
GANGED WITH HANDLE
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SHORT-CIRCUIT PROTECTION
/AND DISCONNECTING MEANS

L 1L1
L2 1L2
L3, 1L3
H1 H3 H2 H4

X2 2

TRANSFORMER SECONDARY
PROTECTION
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Figure 2-16 Power and control protection. Conductors carrying
load current at line voltage are denoted by heavy lines.

2.10 Ground Fault Circuit
Interrupter*

The main purpose of a fuse is to protect wiring
from overheating when excessive current flows
through the wire. The fuse will open to disconnect
the flow of current in the circuit. A ground fault
circuit interrupter (GFCI) will also safely open an
electrical circuit. However, the main purpose of a
GFCl is to protect a person from electrical shock.

In residential dwellings, GFClIs are required
in potentially wet locations such as a bathroom,
kitchen, garage, and basement. For industrial ap-
plications, GFClIs are used for receptacles that
are installed external to the main control enclo-
sure where the potential exists for any exposure
to liquids such as water, oil, coolant, etc. In addi-
tion, any receptacles or cord sets used for portable
equipment should have GFCI circuit protection.

GFCI circuits monitor the current flow to and
from the electrical devices that are connected to
the circuit. For normal operation, the incoming
current is equal to the return current. If the amount
of current differs by more than 5 mA (.005 A),
the circuit will be interrupted quickly (25 msec)
to avoid electrocution. For example, suppose a
hot wire inside a tool is making contact with the
metal casing. The case is now energized. Touching
the case would then cause current to flow through
you to ground (Figure 2-17). The additional cur-
rent path causes the incoming current to no longer
equal the return current. The GFCI circuit would
quickly detect the difference in current and discon-
nect the circuit.

| GFCl TooL
in
=1, ]
v % E
Iret g
il — 2
= ©
Figure 2-17A GFClI Circuit Normal Operation (I;, = I,e)
| GFCI TooL
in 1 )
[ 1= > +— VW
\ ltault %
Iret &
1 N S
= ®

Iret = lin = lault

Figure 2-17B GFClI Circuit — Fault Detected (I;, # ;)

*Courtesy of the U.S. Department of Labor, http://www.dol.gov
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Recommended Web Links

Students are encouraged to view the following
Web sites as a supplement to the concepts pre-
sented in this textbook. Review and analyze the
array of products that are available for electri-
cal control applications. Many of these sites offer
technical information that will help in converting
the principles to practical applications. To view
catalogs, your PC may require Adobe Acrobat
Reader software.

Fuses
1. Littelfuse
www.littelfuse.com
Review: Education, Technical Resources,
Technical Articles

Disconnect Switches

1. Hubbell Ltd.
www.hubbell.co.uk/fuse.htm
Review: Fused and Nonfused Disconnect
Switches

2. Advance Controls, Inc.
www.acicontrols.com
Review: Disconnect Switches

Circuit Breakers

1. IDEC Corp.
www.idec.com
Review: Industrial Components, Circuit
Breakers

Achievement Review
1. What two factors must be provided for in any
electrical power or control system?

2. Under what conditions would you use the
time-delay fuse? Give an example.

3. What are the four types of circuit breakers?

4. Under what conditions would you want to use
the magnetic trip feature in a circuit breaker?

5. List at least five important factors to consider
when selecting a protective device.

6. Are more than two poles available on discon-
necting devices? If so, how many?

7. Draw the symbol for each of the following:

a. Single-fuse element

b. Three-pole fused disconnect switch, ganged
with handle

c. Three-pole circuit interrupter, ganged with
handle

d. Three-pole, thermal-magnetic circuit breaker,
ganged with handle

8. What is meant by the interrupting capacity of a
fuse?

9. What does quartz sand filler in a fuse provide?

a. Increased voltage rating
b. Effective heat transfer
¢. An inexpensive filler

10. Why is the inverse time characteristic of a fuse
important?

a. The fuse cost is reduced.

b. It increases the interrupting capacity.

c. It parallels the characteristics of conductors,
motors, transformers, and other electrical
apparatus.

11. What are two measures of the degree of current
limitations provided by a fuse?

12. How are It values of a fuse derived?

13. Under what condition will the highest overvolt-
age occur from a surge caused by switching?

14. Explain how a lightning arrester protects elec-
trical equipment for a surge current caused by
lightning.

15. Determine the interrupting capacity in amperes
required of a circuit breaker or fuse for a
15-kVA, single-phase transformer with 4%
impedance, to be operated from a 480-V,
60-Hz source.
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CHAPTER

Control Units for Switching
and Communication

OBJECTIVES

After studying this chapter, you should be able to:

* Describe two methods of mounting
push-button switch units.

* List four types of operators for the
push-button switch.

» Explain why different colors are used for
push-button switch operators.

* Draw the symbols for push-button switch units
with (1) flush or extended head, (2) mushroom
head, and (3) maintained contact attachment.

* List several arrangements available for
selector switches.

* Draw the symbol for the selector switch.

* Draw the symbol for the foot switch.

* Discuss the advantages of push-to-test pilot
lights.

* Draw the symbol and detailed circuit for the
push-to-test pilot light.

* Explain the meaning of the letter in the pilot
light.

* Draw basic circuits using selector switches,
push-buttons, and pilot lights.

e Discuss the use of annunciators to obtain
process information.

» Explain the use of the LED.

* Discuss how the environment may affect the
design of a membrane switch.

3.1 Oil-Tight Units

Almost all push-button switches, selector
switches, and pilot lights offered to industry today
are oil-tight units. Since this text is concerned with
industrial electrical control, only oil-tight types of
units are discussed.

3.2 Push-Button Switches

Switches generally consist of two parts: the contact
unit and the operator. This composition allows
for many combinations that cover almost every
application required.

28
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The normal state of a switch is an important
concept to understand. The symbol used to
identify a device on an electrical drawing will
show the component in its normal state. There-
fore, to comprehend how a circuit functions, a
thorough understanding of this concept must be
mastered.

The normal state of a switch shows the contact
configuration when the device is NOT being
actuated (being acted upon by an external force).
A discrete device can only have two states—on or
off. Since a switch is a discrete device, each indi-
vidual contact will either be normally open (NO)
or normally closed (NC).
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—1
_n o0—

3-1A NO CONTACT

» 1
3-1C IEC617 NO 3-1D IEC617 NC
CONTACT CONTACT

Figure 3-1 Electrical symbols for push buttons.

0 | ©
3-1B NC CONTACT

® -
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When the push-button is pressed (actuated)
every contact associated with the device will
transition states. The NO contact will close and
the NC contact will open. When the push-button
is released the contacts will return to their nor-
mal state. It is important to distinguish between
a contact transitioning and the normal state of
the contact. For example, an NO contact will
close when the device is actuated but the con-
tact will not become an NC contact. Likewise,
an NC contact will open when the device is ac-
tuated but the contact will not become an NO
contact.

The circuit symbols for a push-button de-
vice are shown in Figure 3-1. Remember that
for electricity to flow in a circuit there must be
a complete path throughout the circuit (com-
monly referred to as having continuity). There-
fore, when the switch is not being actuated (or
pressed), Figure 3-1A shows the NO contact as
being an open in the circuit. Electricity cannot
pass through the push-button device. When the
push-button is pressed the contact will close and
provide a path for electricity to flow.

Figure 3-1B shows the circuit symbol for a NC
contact. This contact configuration allows a path
for continuity in its normal state. However, when

Figure 3-2 Standard double-circuit contact block.
(Courtesy of Eaton Corporation.)

the push-button is pressed this contact will open
and stop the flow of electricity through the push-
button device.

Figure 3-2 shows a typical contact block. In the
deactivated condition, the spring is released and
the contacts are in their normal state of operation.
When the push-button is pressed the spring com-
presses and the contacts transition states. When the
push-button is released, the spring will push on the
actuating bar and return the contacts to their nor-
mal state.

Push-buttons may be purchased with differ-
ent contact configurations. The number and type
of contacts will be determined by the part number
of the device. Additional contact blocks may typi-
cally be purchased to add on to existing contact
assemblies. One contact block will consist of one
NO contact, one NC contact, or a combination of
both contacts. Figure 3-3 shows typical contact
blocks. The maximum number of contact blocks
that may exist on a device will vary by manufac-
turer and the actual component. Product specifica-
tions should be verified when modifying existing
assemblies.

Figure 3-3 Contact blocks. (Courtesy of Square D/Schneider Electric.)
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The contacts will generally be rated for use in an » Recessed button (Figure 3-5A)
AC or DC circuit. The inrush current and the con- * Mushroom head (Figure 3-5B)
tinuous current ratings for the contacts will depend e [lluminated push-pull (Figure 3-5C)

on whether the device is connected to an AC or a * Keylock (Figure 3-5D)
DC circuit. The product specifications for the device
should be consulted when installing a new design or
when replacing a component with another device.

In some cases, the contact block is base-
mounted in the push-button enclosure. Thus, the
units can be prewired before the cover with the op-
erators is put in place. This method also eliminates
cabling conductors to the cover.

The typical method is panel mounting. The
base of the operator, with the contact block at-
tached, is mounted through an opening in the cover
or door of an enclosure. The push-button is then se-
cured in its place by a threaded ring installed from
the front of the panel. The ring is part of the opera-
tor assembly. Later in the text it will be shown that
this arrangement has the advantage of providing a . )

. . .. Figure 3-5A Recessed button push-button unit.
space for a terminal block installation in the base of oo, r1esy of General Electric Company, General Purpose
the enclosure. Thus, all connecting circuits can be  Control, Bloomington, IL.)
terminated at an easily accessible checkpoint.

There are slight differences in the way manu-
facturers machine mounting holes. Also, push-
button devices are available in different sizes. The
standard sizes are 30 mm for NEMA devices and
16 mm or 22 mm for IEC components. Therefore,
modifications may be required when substituting
one unit for another.

Figure 3-4 shows a cutaway section of a typi-
cal operator. Many types of operators are available
to suit almost any application. They include:

Flush head operators are used to start a motion or
energize a circuit. Because of the flush (or recessed)
head on the operator, the switch cannot be acciden-
tally pressed; thus requiring an intentional action to
initiate any motion.

Figure 3-5B Mushroom head push-button unit.
(Courtesy of General Electric Company, General Purpose
Control, Bloomington, IL.)

Figure 3-4 Standard-duty, flush button operator. (Courtesy of Figure 3-5C Illluminated push-pull unit. (Courtesy of General
Eaton Corporation.) Electric Company, General Purpose Control, Bloomington, IL.)
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Figure 3-5D Cylinder lock push-button unit. (Courtesy of General
Electric Company, General Purpose Control, Bloomington, IL.)

Extended head operators are used to stop a mo-
tion or de-energize a circuit. The stop button on a
piece of equipment should be readily available to
stop the machine. Therefore, mushroom type oper-
ators may be used to perform emergency stop func-
tions. The placement of extended or mushroom
head push-buttons should be taken into consider-
ation to avoid nuisance or unintentional stopping
of the equipment. However, this placement should
not jeopardize the ability of the person running the
machine to have easy access to the device in the
event of an emergency.

[1luminated push-buttons will turn on a light
when the button is pressed to provide a clear indi-
cation that the button is pressed or the circuit has
been activated. The push-pull push-button does
not utilize a spring to return the contacts to their
normal state when the push-button is released.
Instead, a maintained or detented type of opera-
tion is utilized. When this type of push-button is
pressed the operator will remain in the pressed
position until the push-button is physical pulled
back out to its normal operating position. A twist-
ing motion instead of a pulling force may be used
to return the operating head to its normal state.
This style of operator is referred to as a push-pull
twist release.

Figure 3-6 shows the symbol used to identify
the different types of operating heads. All contact

O (o, —0 o—
3-6A FLUSH OR 3-6B MUSHROOM
EXTENDED HEAD HEAD

—1

OFC

sB__1 ?
3-6C MAINTAINED 3-6D IEC617 MUSHROOM

HEAD HEAD

Figure 3-6 Symbols for push-button units with various
operator heads (shown NO).
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configurations are shown with one NO contact to
avoid any confusion.

A keylock push-button may be used to prevent
the operation of the device by untrained personnel.
The key must be inserted into the device to operate
the push-button.

Color designation is an important factor in
push-button switch operators. It not only provides
an attractive panel but, more importantly, it lends
itself to safety. Quick identification is important.
Certain functions become associated with a spe-
cific color. Standards have been developed that
specify certain colors for particular functions. For
example, in the machine tool industry, the colors
red, yellow, and black are assigned the following
functions:

Red: Stop, Emergency Stop
Yellow: Return, Emergency Return

Black: Start Motors, Cycle Start, Initiate
Motion

Figure 3-7 shows the symbol for a push-but-
ton with multiple contact blocks. In this example,
one mushroom head operator is used to switch
three contacts (two NC and one NO). The con-
tacts are shown as connected to the same device
through the use of a dashed line. Also, note the
use of wording added to the drawing to provide

STATION 2
EMERGENCY STOP

Qj.;Q1PB
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o o
Figure 3-7 Push-button with multiple contacts.
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