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INTRODUCTION

Scope

SELECTION OF MOTOR

CONTROL

The intent of this manual is to familiarize the reader with the terms and concepts
that are fundamental to understanding motor control equipment and its applica-
tions. The manual is not intended to serve as an engineering text; the material cov-
ered is general in nature. Study the definitions, symbols, diagrams and illustrations
to get a sound background in the language and basic principles associated with mo-
tor control products,

NOTE

To help in understanding the language of motor con-
trol, cross-references are provided.

As a supplement to this manual, a separate set of questions on the material is avail-
able, These questions are meant to reinforce the basic principles covered and can
also serve to direct the reader to specific arcas which may warrant additional review.

Since over 90% of all motors in use run on alternating current (AC), direct current
{DC) motors and their control are not discussed. Wound rotor motors and AC com-
mutator motors have only limited applications, so they are also not included. The
squirrel cage induction motor (see AC SQUIRREL CAGE MOTOR on page 4),
however, is the most widely used motor. Therefore, its control is the subject of this
manual. High voltages (2400, 4800 and higher) require additional controls as com-
pared to 600 volt equipment, and although the basic principles are unchanged,
these additional requirements are not covered here.

Within this scope, the manual addresses the following topics:

@ Selection of motor control equipment and its basic terminology (Chapter 1)
NEMA enclosure structures for motor control equipment (Chapter 2)
Overcurrent and overload protection of motors (Chapter 3)
Manual and magnetic starters (Chapter 4)
Wiring diagrams (Chapter 5)
Auxiliary contacts, control devices and control schemes (Chapter 6)

o000 0D0

Contactors, variations on starters, relays, timers and pilot devices (Chapter 7)

The motor, machine and motor controller are interrelated and must be considered
as a package when choosing a specific device for a particular application. In gen-
eral, six basic factors influence the selection of a controller:

[ Electrical Service O Environment

O Motor O National codes and standards

O Operating characteristics of con- O IEC (International Electrotech-
troller nical Commission)

© 1991 Square D All Rights Reserved Page 1



Bulletin No. 0140BR9102
October, 1991

Chapter 1
Motor Control Equipment

Electrical Service

Motor

Operating Characteristics
Of Controller

Environment

National Codes and
Standards

Establish whether the service is DC or AC. If AC, determine the voltage and the
number of phases and frequency.

The motor should be matched to the electrical service and correctly sized for the
machine load (horsepower rating). Other considerations include motor speed (see
Motor Speed on page 4) and torque (see Torque on page 5). To select proper pro-
tection for the moitor, its full load current rating (see Full Load Current on page 4),
service factor (see Motor Service Factor on page 6) and time rating (see Time
{Duty) Rating on page 5) must be known.

The fundamental job of a motor controller is to start and stop the motor and to pro-
tect the motor, machine and operator.

The controller might also provide supplementary functions which could include:
Reversing

Jogging or inching (see Jogging (Inching) on page 6)

Plugging (see Plugging on page 6)

Operation at several speeds

Operation at reduced levels of current and motor torque (see Torque on page 5)

oo o0odod

Controller enclosures (see ENCLOSURES on page 7) serve to provide protection
for operating personnel by preventing accidental contact with live parts. In certain
applications, the controller itself must be protected from a variety of environmental
conditions which might include:

[d Water, rain, snow or sleet
[ Dirt or non-combustible dust
[ Cutting oils, coolants or lubricants

Both personnel and property require protection in environments made hazardous
by the presence of explosive gases or combustible dusts.

Motor control equipment is designed to meet the provisions of the National Elec-
trical Code (NEC). Code sections applying to industrial control devices are Article
430 on motors and motor controllers and Article 500 on hazardous locations.

The National Electrical Code deals with the installation of equipment and is prima-
rily concemed with safety (the prevention of injury and fire hazard to persons and
property arising from the use of electricity). It is adopted on a local basis, some-
times incorporating minor changes or interpretations. National Electrical Code
rules and provisions are enforced by governmental bodies exercising legal jurisdic-
tion over electrical installations and used by insurance inspectors. Therefore, min-
imum safety standards are assured.

The 1970 Occupational Safety and Health Act, as amended in 1972, requires that
each employer fumish employment free from recognized hazards likely to cause
serious harm. Provisions of the act are strictly enforced by inspection.

Page 2
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International
Electrotechnical
Commission (IEC)

MOTOR CONTROLLER

Standards established by the National Electrical Manufacturers Association
(NEMA) assist users in the proper selection of control equipment. NEMA stan-
dards provide practical information conceming construction, test, performance and
manufacture of motor control devices such as starters, relays and contactors {(see
CONTACTORS on page 41).

One of the organizations that actually tests for conformity to national codes and
standards is Underwriters Laboratories (UL). Equipment tested and approved by
UL is listed in an annual publication which is kept current by means of periodic
supplements reflecting the latest additions and deletions.

The International Electrotechnical Commission {(IEC), founded in 1906, is respon-
sible for intemnational standardization in the electrical and electronics fields. The
IEC is presently composed of 41 National Committees, including the United
States, that represent about 80% of the world’s population. For motor control, the
IEC issues recommendations on electrical terms, ratings, test methods and dimen-
sional requirements.

A motor controller will include some or all of the following functions: starting,
stopping, overcurrent protection (see OVERCURRENT PROTECTION on page
11), overload protection (see Overload Protection on page 12), reversing, changing
speed, jogging (see Jogging (Inching) on page 6), plugging (see Plugging on page
6), sequence control (see Sequence (Interlocked) Control on page 6) and pilot light
indication. The controller can be simple or complex. It can provide the control for
a single motor, a group of motors or auxiliary equipment such as brakes, clutches,
solenoids, heaters and signals. Both the small fractional horsepower manual starter
and the special control panel in Figure 1-1 below qualify as motor controllers.

Figure 1-1  Manual Starter (left) and Control Panel (right)

© 1991 Square D All Rights Reserved Page 3
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Starter

AC SQUIRREL CAGE
MOTOR

Full Load Current

Locked Rotor Current

Motor Speed

Page 4

The terms “starter” and “controller” mean practically the same thing, Strictly
speaking, a starter is the simplest form of controller and is capable of starting and
stopping the motor and previding it with overload protection (see Overload Protec-
tion on page 12).

The workhorse of indusiry is the AC squirrel cage motor (Figure 1-2). Of the thou-
sands of motors in general use today, the vast majority are the squirrel cage type.
Squirrel cage motors are simple in construction and operation.

The squirrel cage motor gets its name because of its rotor construction which re-
sembles a squirrel cage and has no wire winding.

Flgure 1-2  Squirrel Cage Motor

Full load current (FLC) is the current required by the motor to produce rated torque
(see Torque on page 5) at rated speed (see Motor Speed below).

During the acceleration period at the moment of start up, a motor draws a high cur-
rent called the inmash current. The inrush current that occurs when the motor is ini-
tially connected directly to the power source or “line” (full voltage start) is called
the locked rotor or stalled rotor current. The locked rotor current varies with motor
design and can be from four to ten times the motor full load current (see Full Load
Current above). The majority of motors have a locked rotor current of about six
times full load curmrent, and therefore this multiplier is generally used. The “six
times” value is often expressed as 600% of full load current.

The speed of a squirrel cage motor depends on the number of magnetic poles ofthe
motor's winding and the frequency (cycles per second, or hertz) of the applied volt-
age. The synchronous speed of a squirrel cage motor is the rotational speed of the
magnetic field created in the stationary winding (the stator) of the motor and is de-
fined as follows:

2 x frequency (Hz per Minute)

Synchronous speed (rpm) = Fof poles

The rotating part of a squirrel cage motor (the rotor) always spins at a slower speed
than the rotating magnetic field (required for this type of motor design to develop
torque - see Torque on page 5). Thus, when operating at full load on 60 Hz power,
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Torque

Ambient Temperature

Temperature Rise

Time {Duty) Rating

a 2-pole squirrel cage motor rotates at about 3450 rpm (3600 synchronous speed),
a4-pole at about 1725 rpm (1800 synchronous speed) and a 6-pole at about 1150
rpm (1200 synchronous speed).

The synchronous speed described above is not to be confused with a special design
of motor known as a *“synchronous motor™ where the rotor does in fact turn at syn-
chronous speed.

Torque is the tuming or twisting force of the motor and is usually measured in
pound-feet (Ib-ft). Except when the motor is accelerating up to speed, the torque is
related to the motor horsepower (hp) by the formula;

hp x 5252
pm

Torque in Ib-ft =

The torque of a 25 hp motor running at 1725 rpm would be computed as follows:

25x 5252

Torque = 2 X252
e = —175s

= approximately 76 Ib-ft

If 90 1b-ft is required to drive a particular load, the above motor will be overloaded
and will draw acurrentinexcess of full load current (see Full Load Currentonpage 4).

The temperature of the air where a piece of equipment is located is called the ambient
temperature. Most controllers are of the enclosed type, and the ambient temperature
is the temperature of the air outside the enclosure, not inside. Similarly, if a motor
is said to be in an ambient temperature of 30° C (86° F), this is the temperature of
the air outside the motor, not inside. According to NEMA standards, the ambient
temperature for both motors and controllers may not exceed 40° C (104° F).

Current passing through the windings of a motor results in an increase in the motor
temperature. The difference between the winding temperature of the motor when
running and the ambient temperature is called the temperature rise.

The temperature rise produced at full load is not harmful provided the motor am-
bient temperature does not exceed 40° C (104° F),

Higher temperature caused by increased current or higher ambient temperatures
produces a deteriorating effect on motor insulation and lubrication. An old rule of
thumb states that for each increase of 10° C above the rated temperature, motor life
is cut in half,

Most motors have a continuous duty rating permitting indefinite operation at rated
load. Intermittent duty ratings are based on a fixed operating time (5, 15, 30, 60 min-
utes) after which the motormust be allowed to cool.

© 1991 Square D All Rights Reserved Page 5
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Control
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If the motor manufacturer has given a motor a service factor, it means that the mo-
tor can be allowed to develop more than its rated or nameplate horsepower without
causing undue deterioration of the insulation, The service factor is a margin of
safety. If, for example, a 10 hp motor has a service factor of 1.15, the motor can be
allowed to develop 11.5 hp (horsepower times service factor). The service factor
depends on the motor design.

Jogging describes the frequent starting and stopping of a motor for short periods of
time. A motor would be jogged when a piece of driven equipment has to be posi-
tioned fairly closely, for example when positioning the table of a horizontal boring
mill during setup. If jogging is to occur more frequently than five times per minute,
NEMA standards require that the starter be derated.

ANEMA Type 1 starter has a normal duty rating of 7.5 hp at 230 V, polyphase. Cn
jogging applications, this same starter has a maximum rating of 3 hp.

When a motor running in one direction is momentarily reconnected to reverse the
direction, it will be brought to rest very rapidly. This is referred to as plugging, If
a motor is plugged more than five times per minute, derating of the controller is
necessary due to the heating of the contacts.

Plugging can only be used if the driven machine and its load will not be damaged
by the reversal of the motor.

Many processes require a number of separate motors which must be started and
stopped in a definite sequence, as in a system of conveyors. When starting up, the
delivery conveyor must start first with the other conveyors starting in sequence to
avoid a pileup of material. When shutting down, the reverse sequence must be fol-
lowed with time delays between the shutdowns (except for emergency stops) so that
no material is left on the conveyors. This is anexample of a simple sequence control,
Separate starters could be used, but it is common to build a special controller panel
that incorporates starters for each motor, timers, and control relays (see CONTROL
RELAYS on page 43). See Figure 1-3 below for a typical control panel.

Figure 1-3 Control Panel
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ENCLOSURES

NEMA Type 1 - General
Purpose

NEMA Type 3 - Dusttight,
Ralntight

NEMA and other organizations have established standards of enclosure construc-
tion for control equipment. In general, equipment would be enclosed for one or
more of the following reasons:

O To prevent accidental contact with live parts
0 To protect the control from harmful environmental conditions

U To prevent explosion or fires which might result from the electrical arc
caused by the control

This chapter describes the common types of NEMA enclosures.

The NEMA Type 1 enclosure (Figure 2-1) is primarily intended to prevent acciden-
tal contact with the enclosed apparatus. It is suitable for general purpose applica-
tions indoors where it is not exposed to unusual service conditions. A NEMA Type
1 enclosure serves as protection against light indirect splashing and to some extent
dust, however it is not dusttight.

Figure 2-1 NEMA Type 1 - General Purpose Enclosure

The NEMA Type 3 enclosure (Figure 2-2) is intended to provide protection against
specified weather hazards. It is suitable for applications outdoors or in subways and
tunnels, on ship docks, canal locks and construction sites. It is dusttight, raintight
and sleet-resistant,

Figure 2-2 NEMA Type 3 - Dusttight, Raintight Enclosure

© 1991 Square D All Rights Reserved Page 7



Bulletin No. 0140BRg102
‘October, 1991

Chapter 2
Enclosures

NEMA Type 3R - Rainproof,
Sleet Resistant

NEMA Type 4 - Watertight

NEMA Type 4X - Watertight,
Corrosion-Resistant

NEMA Type 7 - Hazardous
Locations - Class |
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The NEMA Type 3R enclosure (Figure 2-3) protects against interference in oper-
ation of the contained equipment due to rain and resists damage from exposure to
sleet. It is designed with conduit hubs and ¢xtemal mounting, as well as drainage
provisions.

Figure 2-3 NEMA Type 3R - Rainproof, Sleet Resistant Enclosure

The NEMA Type 4 enclosure (Figure 2-4, left) is designed to be watertight and is
suitable for applications outdoors such as on ship docks and in dairies and breweries.

Figure 2-4 NEMA Type 4 - Watertight Enclosure (left) and NEMA Type 4X - Watertight,
Corrosion-Resistant {right)

The NEMA Type 4X enclosure (Figure 2-4, right) is generally constructed along the
lines of NEMA Type 4 enclosures (se¢ NEMA Type 4 above) except it is made of a
material that is highly resistant to corrosion. For this reason, it isideal in applications
such as paper mills and in meat packing, fertilizer and chemical plants where con-
taminants would ordinarily destroy a steel enclosure over a period of time.

The NEMA Type 7 enclosure (Figure 2-5, left and center) is designed to meet the
application requirements of the Naticnal Electrical Code for Class I hazardous lo-
cations. In this type of equipment, the circuit interruption occurs in air.

© 1991 Square D All Rights Reserved
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NEMA Type 9 - Hazardous
Locations - Class Il

NEMA Type 12 - Industrial
Use

“Class I locations are those in which flammable gases or vapors are or may be
present in the air in quantities sufficient to produce explosive or ignitable mixtures.”

Figure 2-5 Hazardous Location Enclosures. NEMA Type 7 Class |, Bolted (left) and
Spin Top@ (center). NEMA Type 9 Class Il, Groups E, F and G {right)

The NEMA Type 9 enclosure (Figure 2-5, right) is designed to meet the application
requirements of the National Electrical Code for Class II hazardous locations.

“Class II locations are those which are hazardous because of the presence of com-
bustible dust,”

The letters following the class and type number indicate the particular groups of
hazardous locations (as defined in the National Electrical Code) for which the en-
closure is designed. The designation is incomplete without suffix letters.

The NEMA Type 12 enclosure (Figure 2-6) is designed for use in industries where
it is desirable to exclude such materials as dust, lint, fibers and flyings, and oil or
coolant seepage.

There are no conduit openings or knockouts in the enclosure, and mounting is by
means of flanges or mounting feet.

Figure 2-6 NEMA Type 12-Dusttight, Driptight Enclosure
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The NEMA Type 13 enclosure (Figure 2-7) is generally of cast construction, gas-
keted to permit use in the same environments as NEMA Type 12 devices (see
NEMA Type 12 - Industrial Use on page 9). The essential difference is that due to
its cast housing, a conduit entry is provided as an integral part of the NEMA Type
13 enclosure and mounting is by means of blind holes rather than mounting brack-
ets.

Figure 2-7 NEMA Type 13 - Olltight, Dusttight

© 1991 Square D Ali Rights Reserved



Bulletin No. 01408Rg8102

Chapter 3 - Overcurrent and Overload October, 1991

PROTECTION OF

THE MOTOR

OVERCURRENT
PROTECTION

Motors can be damaged, or their effective life reduced, when subjected to a con-
tinuous current only slightly higher than their full load current rating (see Full Load
Current on page 4) times the service factor (see Motor Service Factor on page 6).

NOTE

Motors are designed to handle inrush or locked rotor
currents (see Locked Rotor Current on page 4) without
excessive temperature rise (see Temperature Rise on
page 5), provided the accelerating time is not too long

nor the duty cycle too frequent.

Damage to insulation and windings of the motor can also be sustained on extreme-
1y high currents of short duration, as in ground faults and short circuits.

All currents in excess of full load current can be classified as overcurrents. In gen-
eral, however, a distinction is made based on the magnitude of the overcurrent and
the equipment to be protected.

An overcurrent up to locked rotor current is usuaily the result of a mechanical over-
load on the motor. Article 430 (Part C) of the National Electrical Code (see Nation-
al Codes and Standards on page 2) entitled “Motor Running Overcurrent
(Overload) Protection™ covers the subject of protection against this type of over-
current. In this manual, “motor running overcurrent (overload) protection” is re-
ferred to as “overload protection™ and designates protection against overcurrents
not exceeding locked rotor current (see Overload Protection on page 12).

Overcurrents due to short circuits or ground faults are much higher than locked ro-
tor currents. Equipment used to protect against damage due to this type of overcur-
rent must not only protect the motor, but also the branch circuit conductors and the
motor controller. Provisions for the protective equipment are specified in Article
430 (Part D) entitled “Motor-branch-circuit Short Circuit And Ground Fault Pro-
tection”. In this manual, the above title is referred to as “overcurrent protection™
and designates protection against high overcurrents typically encountered in short
circuits or ground faults (see OVERCURRENT PROTECTION below).

Motor overload protection differs from overcurrent protection, and each is sepa-
rately covered in the following paragraphs.

The function of the overcurrent protective device is to protect the motor branch cir-
cuit conductors, control apparatus and motor from short circuits or ground faults.
The protective devices commonly used to sense and clear overcurrents are thermal
magnetic circuit breakers and fuses. NEMA type code letters on motor nameplates
indicate the maximum percentage of full load current (see Full Load Current on
page 4) that the motor is allowed to endure. The short circuit device must be capa-
ble of carrying the starting current of the motor, but the device setting must not ex-
ceed 250% of full load current (with no NEMA type code letter on the motor), or
from 150 to 250% of full load current (depending upon NEMA type code letter of
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ing current, it may be increased, but must in no case exceed 400% of the motor full
load current.

The National Electrical Code (see National Codes and Standards on page 2) re-
quires (with a few exceptions) a means to disconnect the motor and controller from
the line, in addition to an overcurrent protective device to clear short circuit faults.
The circuit breaker illustrated in Figure 3-1 (left) incorporates fault protection and
disconnect in one basic device. When the overcurrent protection is provided by
fuses, a disconnect switch is required and the switch and fuses are generally com-
bined as illustrated in Figure 3-1 (right).

Figure 3-1 Circuit Breaker (left} and Fusible Disconnect {right}

A motor has no intelligence and will attempt to drive any load, even if excessive.
Exclusive of inrush or locked rotor current (see Locked Rotor Current on page 4)
when accelerating, the current drawn by the motor when running is proportional to
the load, varying from a no load current (approximately 40% of full load current)
to the full load current rating (see Full Load Current on page 4) stamped on the mo-
tor nameplate. When the load exceeds the torque rating (se¢ Torque on page 5) of
the motor, it draws higher than full load current and the condition is described as
an overload. The maximum overload exists under locked rotor conditions, in which
the Ioad is so excessive that the motor stalls or fails to stait, and as a consequence
draws continual inrush (locked rotor) current.

Overloads can be electrical or mechanical in origin. Single phasing of a polyphase
motor and low line voltage are examples of electrical overloads.

The effect of an overload is an excessive rise in temperature in the motor winding
due to current higher than full load current (see Full Load Current on page 4). The
larger the overload, the more quickly the temperature will increase to a point that
is damaging to the insulation and lubrication of the motor. An inverse relationship,
therefore, exists between current and time - the higher the current, the shorter the
time before motor damage or “burn cut’ occurs.

All overloads shorten motor life by deteriorating the insulation. Relatively small
overloads of short duration cause little damage, but if sustained they are just as
harmful as overloads of greater magnitude. The relationship between the magni-
tude (percent of full load) and duration (time in minutes) of an overload is illustrat-
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Overload Protection - Fuses

Overload Protection -
Overload Relays

ed by the motor heating curve shown in Figure 3-2 below. The ideal overload
protection for a motor is an element with current sensing properties similar 1o the
heating curve of the motor, which acts to open the motor circuit when full load cur-
rent is exceeded. The operation of the protective device should allow the motor a
harmless overload, but quickly remove the motor from the line when an overload
persists 0o long.
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On 300% overload, the panticular motor for which this curve is characteristic
will reach its permissible temperature limit in three minutes, Cverheating or
motor damage occurs if the overload persists beyond this limit.

Figure 3-2 Motor Heating Curve

Fuses are not designed to provide overload protection. Their basic function is to
protect against short circuits (overcurrents). When starting, motors draw a high in-
rush current which is generally six times the normal full load current (see Full Load
Current on page 4). Single element fuses have no way of distinguishing between
this temporary and harmiess inrush current and a damaging overload. Thus, a fusc
chosen on the basis of motor full load current would blow every time the motor
started. On the other hand, if a fuse were chosen large enough to pass the starting
or inrush current, it would not protect the motor against small, harmful overloads
which might occur later. Dual element or time delay fuses can provide motor over-
1oad protection, but they suffer the disadvantage of being non-renewable and must
be replaced.

The overload relay is the heart of motor protection. Like the dual element fuse (see
Overload Protection - Fuses on page 13), the overload relay has inverse trip time
characteristics, permitting it to hold in during the accelerating period when inrush
current is drawn, yet providing protection on small overloads above full load cur-
rent (see Full Load Current on page 4) when the motor is running. Unlike the fuse,
the overload relay is renewable and can withstand repeated trip and reset cycles
without need of replacement. It should be emphasized that the overload relay does

© 1991 Square D All Rights Reserved Page 13




Bulletin No. 0140BR9102
October, 1991

Chapter 3
Overcurrent and Overload

Melting Alloy Thermai Overload
Relay

Bimetallic Thermal Overload
Relay

not provide short circuit protection. This is the function of overcurrent protective
equipment like fuses and circuit breakers.

The overload relay consists of a current sensing unit connected in the line to the
motor plus a mechanism, actuated by the sensing unit, which serves to directly or
indirectly break the circuit. In a manual starter (see MANUAL STARTER on page
19) an overload trips a mechanical latch causing the starter contacts to open and
disconnect the motor from the line. In magnetic starters (see page 27), an overload
opens a set of conirol circuit contacts within the overload relay itself. These con-
tacts are wired in series with the starter coil in the control circuit of the magnetic
starter. Breaking the coil circuit causes the starter power contacts to open, discon-
necting the motor from the line,

Overload relays can be classified as being either thermal or magnetic. Magnetic
overload relays react only to current excesses and are not affected by temperature.
As the name implies, thermal overload relays react to the rising temperatures
caused by the overload current to trip the overload mechanism. Thermal overload
relays can be further subdivided into two types: melting alloy and bimetallic.

In melting alloy thermal overload relays (Figure 3-3), the motor current passes
through a small heater winding. Under overload conditions, the heat causes a spe-
cial solder to melt allowing a ratchet wheel to spin free thus opening the control
circuit contacts (Figure 3-4 on page 15). When this occurs, the relay is said to
“trip”. To obtain appropriate tripping current for motors of different sizes, or dif-
ferent full load currents (see Full Load Current on page 4), a range of thermal units
(heaters) is available. The heater coil and solder pot are combined in a one piece,
nontamperable unit (Figure 3-5 on page 15). Melting alloy thermal overload relays
must be reset by a deliberate hand operation after they trip. A reset button is usually
mounted on the cover of enclosed starters. Thermal units are rated in amperes and
are selected on the basis of motor full foad current, not horsepower.

Bimetallic thermal overload relays employ a U-shape bimetal strip associated with
a current carrying heater coil. When an overload occurs, the heat will cause the bi-
metal to deflect and operate a control circuit contact, Different heaters give differ-
ent trip points. In addition, most relays are adjustable over a range of 85% 10 115%
of the nominal heater rating (see Figure 3-6 on page 15).

Single Pole Three Pole

Figure 3-3  Melting Alloy Thermal Overload Relays

Page 14
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Drawing shows operation of melting alloy overload relay. As
heat melts alloy, ratchet wheel is free to turn. The spring then
pushes contacts open.

Figure 3-4 MeHing Alloy Overload Relay

Solder pot {heat sensitive Heating winding (heat producin
elemant) is an integral part element) ls permanently joined to the
of the tharma! unit. It provides solder pot, so proper heat transtar is
accurate response o overload always insured. No chance of mis-
Cllimzhl- yat prevents nuisance alignmant in the fiald.

tripping.

Figure 3-5 Thermal Unit
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TRIP ADJUSTMENT

BIMETAL
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Figure 3-6 Blmetallic Overload Relay with Side Cover Removed
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These relays are field convertible from hand reset to automatic reset and vice-ver-
sa. On automatic reset after tripping the relay, contacts will automatically reclose
when the relay has cooled down. This is an advantage when the relays are inacces-
sible. However, automatic reset overload relays should not normally be used with
2-wire control (see Two Wire Control on page 34), With this arrangement, the mo-
tor will restart when the overload relay contacts reclose after an overload relay trip,
and unless the cause of the overload has been removed, the overload relay will trip
again. This cycle will repeat and eventually the motor will burn out due to the ac-
cumulated heat from the repeated inrush current. More important is the possibility
of danger to personnel. The unexpected restarting of a machine may find the oper-
ator or maintenance man in a hazardous situation as he attempts to find out why his
machine has stopped.

Ambient Compensation Ambient-compensated bimetallic overload relays are designed for one particular
situation; that is, when the motor is at a constant ambient temperature (see Ambient
Temperature on page 5) and the controller is located separately in a varying ambi-
ent temperature. In this case, if a standard thermal overload relay were used, it
would not trip at the same level of motor current if the controller temperature
changed. The standard thermal overload relay is always affected by the surround-
ing temperature. To compensate for temperature variations, an ambient-compen-
sated overload relay is used. Its trip point is not affected by temperature, and it
performs consistently at the same value of current.

Thermal Overload Relay Trip Melting alloy and bimetallic overload relays (see Melting Alloy Thermal Overload

Characteristics Relay and Bimetallic Thermal Overload Relay above) are designed to approximate
the heat actually generated in the motor. As the motor temperature increases, so
does the temperature of the thermal unit. The motor and relay heating curves (Fig-
ure 3-7 below) show this relationship. From this graph we can see that no matter
how high the current drawn, the overload relay will provide protection yet will not
trip unnecessarily.
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Figure 3-7 Overload Ralay Trip Curve
Page 16 © 1991 Square D All Rights Reserved




Chapter 3
Overcurrent and Overifoad

Bulletin No. 0140BR9102
October, 1991

Thermal Overload Relay
Selection

Alarm Contacts

Magnetic Overload Relay

Motor full load current (see Full Load Current on page 4}, the type of motor and
the possible difference in ambient temperature (see Ambient Temperature on page
5) between the motor and the controller must all be considered when choosing
overload relay thermal units or overload heaters. Motors of the same horsepower
and speed do not all have the same full load current. Always refer to the motor
nameplate for the full load current. Do not use a published table because these ta-
bles of motor full load currents show the average or normal full load currents,
whereas the full 1oad current of the motor in question may be quite different. Ther-
mal unit selection tables are published on the basis of continuous duty motors with
1.15 service factors (see Motor Service Factor on page 6) operating under normal
conditions, The tables are shown in the Square D Digest and also appear on the in-
side of the door or cover of the controller. These selections will properly protect
the motor and allow it to develop its full horsepower, allowing for the service fac-
tor, if the ambient temperature is the same at the motor as at the controller. If the
temperatures are not the same, or if the motor service factor is less than 1.135, a spe-
cial procedure is required to select the proper thermal unit. The basic procedure as
well as typical variations are covered in the Digest under “Thermal Unit Selection
Procedure”.

Standard overload relay contacts are closed under normal conditions and open
when the relay trips. An alarm signal is sometimes required to indicate when a mo-
tor has stopped due to an overload trip. This is done by fitting the overload relay
with a set of contacts which close when the relay trips, completing the alarm cir-
cuit. These contacts are called alarm contacts and may be used for applications
such as indicating lights and audible alarms.

A magnetic overload relay (Figure 3-8) has a movable magnetic core inside a coil
which carries the motor current. The magnetic flux set up inside the coil pulls the
core upwards. When the core rises far enough (determined by the current and the
position of the core) it trips a set of contacts on the top of the relay. The movement
of the core is slowed by a piston working in an oil-filled dash pot (similar to a shock
absorber) mounted below the coil. This produces an inverse-time characteristic.
The effective tripping current is adjusted by moving the core on a threaded rod. The
tripping time is varied by uncovering oil bypass holes in the piston. Because of the
time and current adjustments, the magnetic overload relay is sometimes used to
protect motors having long accelerating times or unusual duty cycles. The instan-
tancous trip magnetic overload relay is similar, but has no oil-filled dash pot.

Figure 3-8 Magnetic Overload Relays
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MANUAL STARTER

Fractional Horsepower
Manual Starter

A manual starter is a motor controller whose contact mechanism is operated by a
mechanical linkage from a hand-operated toggle or push button. A thermal unit and
a direct acting overload mechanism provide motor overload protection (see Over-
load Protection on page 12). Basically, a manual starter is an On-Off switch with
overload relays (see Overload Protection - Overload Relays on page 13).

Manual starters are generally used on small machine tools, fans and blowers,
pumps, compressors and conveyors. They have the lowest cost of all motor start-
ers, have a simple mechanism and provide quiet operation with no AC hum (see
AC Hum on page 26). Moving a handle to On or pushing the Start button closes
the power contacts which remain closed until the handle is moved to Off, or the
Stop button is pushed, or the overload relay thermal units trip (see Thermal Over-
load Relay Trip Characteristics on page 16).

Manual starters are of the fractional horsepower type or the integral horsepower
type and usually provide across-the-line starting. Standard manual starters cannot
provide low voltage protection (see Low Voltage (Undervoltage Protection) on
page 39) or low voltage release (see Low Voltage (Undervoltage Release) on page
38). If power fails, the contacts remain closed and the motor will restart when pow-
er returns. This is an advantage for devices such as pumps, fans, compressors and
oil burners, but for other applications it can be a disadvantage and can even be dan-
gerous to personnel or equipment.

Manual starters (Figure 4-1, left) or other maintained contact devices (see Main-
tained Contact on page 38) should not be used in applications where the machine
or operator will be endangered if power fails and retums without warning. For dan-
gerous applications such as band saws, drill presses or stamping presses, a magnet-
ic starter (Figure 4-1, right) and momentary contact pilot device giving three wire
control (see Three Wire Control on page 35) or a manual starter with low voltage
protection should be used for safety purposes.

Figure 4-1 Manuat Starter (left) and Magnetic Starter {right)

Fractional horsepower manual starters are designed to control and provide over-
load protection (see Overload Protection on page 12) for motors of one horsepower
orless on 115 or 230 V single phase supplies. They are available in single and two
pele versions and are operated by a toggle handle on the front (Figure 4-2 on page
20). When a serious overload occurs, the thermal unit trips to open the starter con-
tacts thus disconnecting the motor from the Iine. The contacts cannot be reclosed
until the overload relay (see Overload Protection - Overload Relays on page 13)

© 1991 Square D All Rights Reserved Page 19



Bulletin No. 0140BRg9102 Chapter 4
October, 1991 Starters

has been reset by moving the handle to the full Off position (after allowing about
two minutes for the thermal unit to cool). The open type starter fits into a standard
outlet box and can be used with a standard flush plate.

Wiring Diagram

B .2 E -2
;]—ou F—ovi
T T2 Ti T2

1 Pole 2 Pole
Figure 4-2  Fractional Horsepower Manual Starters
Manual Motor Starting Manual motor starting switches (Figure 4-3 below) provide On-Off control of sin-
Switches gle phase or three phase AC motors where overload protection (see Overload Pro-

tection on page 12) is not required or is separately provided. Two or three pole
switches are available with ratings up to 10 hp, 600 V, three phase. The continuous
current rating is 30 A at 250 V maximum and 20 A at 600 V maximum.

The toggle operation of the manual switch is similar to the fractional horsepower
starter. Typical applications of the switch include small machine tools, pumps,
fans, conveyors and other electrical machinery that has separate motor overload
protection. They are particularly suited to switch non-motor loads such as resis-
tance heaters.

Figure 4-3 Manual Motor Starting Switches

Integral Horsepower Manual The integral horsepower manual starter (Figure 4-4 page 21) is available in two and
Starter three pole versions to control single phase motors up to 5 hp and three phase mo-
tors up to 10 hp respectively.
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Manual Starter with Low
Voitage Protection

MAGNETIC CONTROL

The two pole starters have one overload relay (see Overload Protection - Overload
Relays on page 13) whereas three pole starters usually have three overload relays.
When an overload relay trips (see Thermal Overload Relay Trip Characteristics on
page 16), the starter mechanism unlatches thus opening the contacts to stop the mo-
tor. The contacts cannot be reclosed until the starter mechanism has been reset by
pressing the Stop button or moving the handle to the Reset position after allowing
time for the thermal unit to cool.

‘Figure 4-4  Integral Horsepower Manual Starter in a General Purpose Enclosure

with Pilot Light

Integral horsepower manual starters with low voltage protection prevent automatic
restart of motors after a power loss. This is accomplished with a continuous duty
solenoid that is energized whenever the line-side voltage is present. If the line volt-
age is lost or disconnected, the solencid de-energizes thus opening the starter con-
tacts. The contacts will not automatically close when the line voltage is restored.
To close the contacts, the device must be manually reset and the Start button must
be pressed. This manual starter will not function unless the line terminals are ener-
gized.

Typical applications include conveyors, grinders, mixers, metal and woodworking
machinery and applications where local or national electrical codes require low
voltage protection.

A high percentage of applications require the controller to be capable of operation
from remote locations or of providing automatic operation in response to signals
from pilot devices (see Control Device (Pilot Device) on page 38) such as thermo-
stats, pressure (see PRESSURE SWITCH on page 49) or float switches (see
FLLOAT SWITCH on page 50) and limit switches (see LIMIT SWITCH on page
48). Low voltage release (see Low Voltage (Undervoltage Release) on page 38) or
low voltage protection (seeLow Voltage {Undervoltage Protection) on page 39)
might also be desired. Manual starters cannot provide this type of control, therefore
magnetic starters are used.

The operating principle which distinguishes a magnetic from a manual starter is the
use of an eleciromagnet. The electromagnet consists of a coil of wire placed on an
iron core. When current flows through the coil, the iron of the magnet becomes
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magnetized attracting the iron bar called the armature (Figure 4-5). The electro-
magnet can be compared to the permanent magnet in this respect (both will attract
the iron bar).

The magnetic field of the permanent magnet will hold the armature against the pole
faces of the magnet indefinitely. As a result, the armature cannot be dropped out
except by physically pulling it away. In the electromagnet, however, interrupting
the current flow through the coil of wire causes the magnet to become de-magne-
tized and to drop out the armature.

A manual starter must be mounted so that it is easily accessible to the operator.
However, a magnetic starter may be remotely mounted with the push button sta-
tions, or other pilot devices, mounted anywhere on the machine and connected by
control wiring into the coil circuit of the remotely mounted magnetic starter.

Permanent Magnet

i
To Single Phase
Scurce of Power

. |

Figure 4-5 Permanent Magnet and Electromagnet

In the construction of a magnetic controller, the armature is mechanically connect-
ed to a set of contacts, so that when the armature moves to its closed position, the
contacts also close. Figure 4-6 on page 23 shows several magnet and armature as-
semblies in elementary form. When the coil has been energized and the armature
has moved to the closed position, the controller is said to be “picked up” and the
armature “seated” or “sealed-in’.

Among the common types of magnet and armature assemblies are:

O Clapper Type - The armature is hinged. As it pivots to close (seal in), the
movable contacts close against the stationary contacts.

O Vertical Action - The action is a straight line motion with the armature and
contacts being guided so that they move in a vertical plane.

O Horizontal Action - Both armmature and contacts move in a straight line
through a horizontal plane.

@ Bell Crank - A bell crank lever transforms the vertical action of the armature
into a horizontal contact motion. The mechanical shock of the armature seat-
ing is not transmitted to the contacts, resulting in minimum contact bounce
and longer contact life.
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Magnetic Clrcuit

Magnet Assembly

Armature
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CONTACTS CONTACTS
HORIZONTAL ACTION BELL-CRANK

Figure 4-6 Magnet and Armature Assemblies

The magnetic circuit of a controller consists of the magnet assembly, the coil and
the armature. It is called a circuit from a comparison with an electrical circuit. The
coil and the current flowing in it cause magnetic flux 1o flow through the iron in a
manner similar to a voltage causing current to flow through a system of conductors.
The changing magnetic flux produced by alternating currents results in a tempera-
ture rise (see Temperature Rise on page 5} in the iron parts. The heating effect is
reduced by laminating the magnet assembly and armature.

The magnet assembly is the stationary part of the magnetic circuit. The coil is sup-
ported by, and surrounds part of, the magnet assembly in order to induce magnetic
fiux into the magnetic circuit.

The amature is the moving part of the magnetic circuit. When it has been attracted
into seated or sealed-in position, it completes the magnetic circuit. To provide max-
imum pull (to close the contacts) and to help insure quietness, the faces of the ar-
mature and the magnet assembly are ground to a very close tolerance,
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When a controller's armature has seated, it is held closely against the magnet as-
sembly (see Magnet and Armature Assemblies on page 22). However, a small gap
is deliberately left in the iron circuit (Figure 4-7 below). When the coil is de-ener-
gized, some magnetic flux (residual magnetism) always remains, and if it were not
for the gap in the iron circuit, the residual magnetism might be sufficient to hold
the armature in the sealed-in position.

An air gap can be created during the manufacturing process when the magnet faces
are ground to close tolerances, and is sometimes described as a “ground air gap”.
Some magnet assemblies contain a shim of precise thickness made of non-magnet-
ic metal placed in the magnetic flux path. This type of air gap is called a permanent
air gap. By design, a magnet assembly could incorporate either or both types of air

gaps.

MAGHET

Figure 4-7  Air Gap

A shading coil is a single tum of conducting material (generally copper or alumi-
num) mounted in the face of the magnet assembly or armature (see Figure 4-8). The
alternating main magnetic flux induces currents in the shading coil and these cur-
rents set up auxiliary magnetic flux which is out of phase from the main flux (Fig-
ure 4-9 on page 25). The auxiliary flux produces a magnetic pull out of phase from
the pull due to the main flux and this keeps the armature sealed-in when the main
flux falls to zero (which occurs 120 times per second with 60 cycle AC). Without
the shading coil, the armature would tend to open each time the main flux goes
through zero. Excessive noise, wear on the magnet faces and heat would result.

SHADING COIL

Figure 4-8 Magnet Assembly and Armature with Shading Coll Shown
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Pick-up Voltage

Seal-in Voltage

MAGNET
COIL CURRENT
I
[ SHADING
COIL CURRENT

o CURRENT

__—

TIME =t

Figure 4-9 Time/Current Curve

The magnet coil has many tums of insulated copper wire wound on a spocl. Most
coils are protected by an epoxy molding which makes them very resistant to me-
chanical damage.

When the controller is in the open position, there is a large air gap (not to be con-
fused with the air gap shown in Figure 4-7 on page 24) in the magnetic circuit since
the armature is at its furthest distance from the magnet. The impedance of the coil,
which in AC magnetic circuits is the property to limit or resist current flow, is rel-
atively low due to the air gap, so that when the coil is energized it draws a fairly
high current. As the armature moves closer to the magnet assembly, the air gap is
progressively reduced, and with it the coil current, until the ammature has sealed in.
The final current is referred to as the sealed current. The inrush current is approx-
imately six to ten times the sealed current, however the ratio varies with individual
designs. After the controller has been energized for some time, the coil becomes
hot. This causes the coil current to fall to approximately 80% of its value when
cold.

AC magnet coils should never be electrically connected in series. If one device
were to seal-in ahead of the other {which is quite likely if the devices are not iden-
tical, and a possibility even if they are) the increased circuit impedance will reduce
the coil current so that the slow device will not pick up or, if it does pick up, will
not seal. For this reason, AC coils should always be connected in parallel.

Magnet coil data is usually given in volt-amperes (volts times amperes or VA). For
example, given a magnetic starter (see page 27) with a coil rated at 600 VA sealed,
the inrush current of a 120 V coil equals 600 VA /120 V or 5 A, and the sealed cur-
rent is 60/120 or 0.5 A. The same starter with a coil rated at 480 V or 1.25 Ainrush
has 60/480 or 0.125 A sealed.

The pick-up voltage is the minimum voltage applied to the coil that causes the ar-
mature {see Armature on page 23) 1o move,

The seal-in voliage is the minimum control voltage required to cause the armature
(see Armature on page 23) to seat against the faces of the magnet. On devices using
a vertical action magnet and armature, the seal-in voltage is higher than the pick-
up voltage to provide additional magnetic pull to insure good contact pressure.,
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Control devices using the bell crank armature and magnet arrangement are unique
in that they have different force characteristics. Devices using this operating prin-
ciple are designed to have a lower seal-in voltage than pick-up voltage. Contactlife
is extended, and contact damage under abnormal voltage conditions is reduced.

If the control voltage is reduced sufficiently, the controller will open. The voltage
at which this happens is called the “drop-out” voltage and it is lower than the seal-
in voltage.

NEMA standards require that the magnetic device operate properly at varying con-
trol voltages from a high of 110% to a low of 85% of rated coil voltage. This range,
established by coil design, ensures that the coil will withstand given temperature
rises at voliages up 10 10% over rated voltage, and that the armature (see Armature
on page 23) will pick up and seal in even though the voltage may drop to 15% un-
der the nominal rating.

If the voltage applied to the coil is too high, the coil will draw more than its de-
signed current. As a result, excessive heat is produced and will cause early failure
of the coil insulation. The magnetic pull will be too high and will cause the arma-
ture (see Armature on page 23) to seat with excessive force. The magnet faces will
wear rapidly, leading to a shortened life for the controller. In addition, contact
bounce may be excessive, resulting in reduced contact life,

Low control voltage produces low coil currents and reduced magnetic pull. On de-
vices with vertical action assemblies, if the voltage is greater than pick-up voltage
but less than seal-in voltage, the controller may pick up but will not seal. With this
condition, the coil current will not fall to the sealed value. As the coil is not de-
signed to carry continuously a current greater than its sealed current, it will quickly
get very hot and bumn out. The armature (see Armature on page 23) will also chat-
ter. In addition to the noise, wear on the magnet faces results.

In both vertical action and bell crank construction, if the armature does not seal,
the contacts will not close with adequate pressure. Excessive heat, with arcing and
possible welding of the contacts, will occur as the controller attempts to carry cur-
rent with insufficient contact pressure.

All AC devices which incorporate a magnetic effect produce a characteristic hum.
This hum or noise is due mainly to the changing magnetic pull (as the flux changes)
inducing mechanical vibrations. Excessive noise in the contactors (see CONTAC-
TORS on page 41), starters and relays could result from the following operating
conditions:

1 Broken shading coil (see Shading Coil on page 24)
Operating voltage too low
Wrong coil

Misalignment between the armature and magnet assembly (see Magnet and
Armature Assemblies on page 22) - the armature is then unable to seat properly

o 0o
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O Dirt, rust, filings etc. on the magnet faces - the armature is unable to seal-in
completely

d Jamming or binding of moving parts (contacts, springs, bearings) so that full
travel of the armature is prevented

O Incorrect mounting of the controller. For example, a thin piece of plywood
fastened to a wall so that a sounding board effect is produced

The power circuit of a starter includes the stationary and movable contacts and the
thermal unit or heater portion of the overload relay assembly (see Overload Protec-
tion - Overload Relays on page 13). The number of contacts (or power poles) is de-
termined by the electrical service, In a three phase, three wire system, for example,
a three pole starter is required (Figure 4-10).

LICE CONNECTIONS

/ FROM POWER SOUACE

MOVABLE CONTACT

POWER CIRCUIT
WIRING DIAGRAM

L1 L2 La
- STATIONARY CONTACTS I I I

CONTACTS ARE SHOWN WITH
COL DE-ENERGIZED AND
POWER CIRCUTT CONTACTS
TN NCRMALLY OPEN POSITION

OVERLOAD RELAY
THERMAL UNIT

-
-
—
~
-
-

~ay

LOAD CONNECTIONS
TO MOTOR TERMINALS

Figure 4-10 Magnetic Starter Power Circuit

Power circuit contacts handle the motor load. The ability of the contacts to carry
the full load current (see Full Load Current on page 4) without exceeding a rated
temperature risc (sec Temperature Rise on page 5) and their isolation from adjacent
contacts corresponds to NEMA standards established to categorize the NEMA size
of the starter. The starter must also be capable of interrupting the motor circuit un-
der locked rotor current (see Locked Rotor Current on page 4) conditions.

To be suitable for a given motor application, the magnetic starter selected should
be equal to or exceed the motor horsepower and full load current ratings. For ex-
ample, a 50 hp motor with 230 V service, polyphase, and a full load current of 125
A will need (according to Table 4-1 on page 28) a NEMA Size 4 starter for normal
motor duty. This same NEMA Size 4 starter is derated to motors of 30 hp maxi-
mum if jogging (see Jogging (Inching) on page 6) or plugging duty (se¢ Plugging
on page 6) were required. If the same 50 hp motor were used for jogging or plug-
ging duty, Table 4-1 indicates that the only controller rated for plugging/jogging
duty for a 50 hp motor with a 230 V load is a NEMA size 5 with a 75 hp rating.
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KVA Rating for Switching
Transiormer Primaries At
S0 or €0 Cycles
Maximum Transformers Transtormers
Maximum Horsepower Resistance Having Inrush Having Inrush
Horsepower Rating — Tungsten Heatin Currents {Worst Currents (Worst
NHaii'nq - Plug%ing a?] Loat?ls, 5' - rﬁsfn Peak) of OCasgnP%?‘k) oih R3 Phas‘e
onplugging ani : I other than ot More ver roy| ating tor
ana” Jogging C%m:‘rrlur?tus Sf_mff L;rr:‘f:a{ggd Infrared 20 Times Peak 40 Times Pea Switching
NDn-ogging Outy Rg!i:g Current Ampgres = Lamp¢Loads gf Con:igutt)lus 8f Con{iau?us Capacitors
uty Amperes — Rating. 250 Volts urrent Hating urrent Hating hd
KEMA Load Single Paly- Single Poly- 600 Volt Amperes Max. Single Poly- Singte Poly- Single Poly- AR
Size Volts Phase Phase Phase Phase Max. & * Phase Phase Phase Phase Phase Phase KV,
115 Y ... 9 1 5 . .
200 e 114 9 1 5 . .
a0 230 1 12 9 1" 5 . .
380 . 1 9 11 .
460 Cas 2 9 "
578 2 9 11
115 1 2 18 21 10 .. 0.6 0.3
200 3 1% 18 21 10 .. 1.3
0 230 2 3 1 1% 18 21 10 .. 1.2 21 0.6
380 5 12 18 21
460 . 5 . 2 18 2 .. e 2.4 4.2 1.2
5758 9 . 2 18 21 ... .. 3.0 5.2 1.5
15 2 1 27 32 15 3 5 1.2 0.6 .
200 . Dh . 3 27 32 15 s 9.1 L. 3.6 . 1.8
230 3 Th 2 3 2 32 15 6 10 2.4 4.3 1.2 21
! 380 10 5 77 3 165 | .-
460 10 o 5 27 32 12 20 4.9 8.5 2.5 4.3
575 10 e 5 27 32 15 25 6.2 11.0 a1 5.3
1P 115 3 1z 36 42 .. i
230 5 3 36 42 .
115 3 2 45 52 5 85 21 1.0 .
200 .. 10 Tz 45 52 cia 15.4 Cee 6.3 Vi 3.1 e
230 T 15 5 10 45 52 10 17 4.1 7.2 241 3.6 8
z 380 e 25 15 45 52 28
480 25 15 45 52 20 34 8.3 14 4.2 7.2 16
575 25 15 45 52 e 25 43 10.0 18 5.2 8.9 20
115 .. 90 104 60 10 17 41 L. 2.0
200 25 15 90 104 60 i 3 . 12 . 6.1 e
230 30 20 a0 104 60 20 34 8.1 14 4.1 7.0 27
3 380 50 30 30 104 S| se TR IR
460 50 30 40 04 40 68 18 28 8.1 14 53
575 50 30 90 104 50 &6 20 35 10 18 67
200 40 25 135 156 Ci 45 s 20 e 10 e
230 50 30 135 156 30 52 14 23 6.8 12 40
YR 10 2 1 15 W | | | | ow | oW "4
575 106 60 135 156 75 130 34 59 17 29 100
200 75 80 270 3 S 9 L 41 ce 20 L.
230 100 75 270 31 60 105 27 47 14 24 80
R 3 1% o %H |2 | s | | @ | W 360
575 200 150 270 3N L 150 260 68 117 34 59 200
200 150 125 540 621 480 e 182 Ce a1 e 41 .
w | || B R T O I T e B A B
450 . 400 300 540 621 240 415 108 188 54 94 320
575 400 300 540 621 300 515 135 234 68 17, 400
230 300 810 932 180 315 240
Th 460 600 810 932 360 625 4580
575 6G0 810 932 450 775 600

Tables and footnotes are taken from NEMA Standards.

1 Ratings shown are for applications requiring repeated interruptions of stalled motor
current or repeated closing of high transient currents encountered in rapid motor
reversal, involving more than five openings cr closings per minute and more than ten in
a ten-minute period, such as plug-stop, plug-reverse or jogging duty. Ratings apply to
single speed and multi-speed controllers.

#* Per NEMA Standards paragraph ICS 2-321.20, the service-limit current r%presenls the
maximum ms current, in amperes, which the controller may be expsacted to carry for
pretracted periods in normal service. At service-limit current ratings, temperature rises
may exceed those oblained by testing the controller at its continuous current rating.
The ultimate trip current of over-current (overload) relays or other motor protective
devices shall not exceed the service-limit current ratings of the controller.

+ FLUQRESCENT LAMP LOADS — 300 VOLTS AND LESS — The characteristics of
fluorescent lamps are such that it is not necessary to derate Class 8502 contactors.
below their normal continuous cursent rating. Class 8603 contactors may also be used
with fluorescent lamp loads. For controlling tungsten and infrared lamp loads, and
resistance heating loads, Class 8903 ac lighting contactors are recommended. These
contactors are specificallg designad for such loads and are applied at their full rating
as listed inthe Class 8903 Section.

1 Ratings apply to contactors which are employed to switch the load at the utilization
voltage of the heat producing element with a duty which requires continuous operation
of not more than five openings per minute. Class 8903 Types L and S lighting
contactors are rated for resistance heating loads.

® When discharged, a capacitor has essentially zero impedance. For repetitive swikching
by contacter, sufficient impedance shauld be connected in series to limit inrush current
to not more than 6 times the cantactor rated continuous current. In many installations,

tha impedance of connecting conductors may be sufficient for this purpose, When
switching to connect additional banks, the banks already on the line may be charged
and can supply additional available short-circuit current which should be considerad
when selecting the impedance to limit the current.

The ratings for capacitor switching above assume the following maximum available

fault currents:

NEMA Size 2-3: 5,000 A RMS Sym.

NEMA Size 4-5: 10,000 A RMS Sym.

NEMA Size 6-7: 18,000 A RMS Sym.
1f available fault current is greater than these values, conngct sufficient impedance in
series as noted in the previous paragraph.

The motor ratings in the above table are NEMA standard ratings and apply
only when the code letter of the motor is the same as or occurs earlier in
the alphabet than is shown in the table below.

Motors having code letters occurring later in the alphabat may require a
{arger controller.

Motor HP Rating Maximum Altowable Motor Code Latter

122 L
3-5 K
T2 & above H
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Magnetic Starter - Coil
Circuit

The circuit 1o the magnet coil, which causes a magnetic starter to pickup and drop-
out, is distinct from the power circuit. Although the power circuit can be single-
phase or polyphase, the coil circuit is always a single phase circuit. Elements of a
coil circuit (Figure 4-11) include the following:

u]
u|
u]

]
u]

The magnet coil
The control contact(s) of the overload relay assembly

A momentary or maintained contact pilot device, such as a push-button sta-
tion or a pressure, temperature, liquid level or limit switch

In lieu of a pilot device, the contact(s) of a relay or timer

An auxiliary contact on the starter, designated as a holding circuit interlock,
which is required in certain control schemes

The coil circuit is generally identified as the control circuit, and contacts in the con-
trol circuit handle the coil load.

To Coil Terminal

Hoiding Circuit Intarlock

Coil Terminals

To “COM" Terminal Of
Contact Module

Normally Closed
Overload Relay
Contact

Overioad Relay Contact
Module

i To Coil Terminal

Nota: Wiring Connections Shown Ex-

. ternal to Starter for Greater Clarity
TolLine 2

Figure 4-11  Coll Clrcuit
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Circuit

Magnetic Starter - Control
Circuit Currents

The inter-wiring shown in Diagram A of Figure 4-12 covers only the control circuit
wiring provided by the factory. Per NEMA Standards, the single phase control cir-
cuit is conventionally wired between Line 1 (L1) and Line 2 (L2). As review of
Wiring Diagram A will show, the control circuit is connected to the single phase
circuit at Line 2, but like a lamp plug with only one prong, there is no control circuit
connection to Line 1(L1).

Wiring Diagram B of Figure 4-12 illustrates that the control circuit is completed
by the additional wiring of a two wire pilot device (see Control Device (Pilot De-
vice) on page 38) between terminal three on the auxiliary contact and terminal 1
(L1) on the starter,

SINGLE PHASE

] 1 §
SINGLE PHASEI SINGLE PHASE : |

3PHASE :%%E

3WIRE e "

POWER i

COMNECTION t :
]

1
I
HOLDING CIRCUIT :
|

INTERLOCK.

Al

1,

” iOL
A- coM NCEMALLY CLOSED (NC)

OVERLOAD RELAY
CONTACT

L

T e e = -
—
I

Flgure 4-12 Wiring Dlagrams A and B

Although the power circuit and control circuit voltage may be the same, the current
drawn by the motor in the power circuit is much higher than that drawn by the coil
in the control circuit

Pilot devices (see Control Device (Pilot Device) on page 38) and contacts of timers
and relays used in control circuits are not generally horsepower rated, and the cur-
rent rating is low compared to the power contacts of starters or contactors (see
CONTACTORS on page 41).

Inrush and scaled currents of a control circuit can be determined by reference to a
magnet coil table (see Table 4-2 on page 31).

A standard duty push button with a rating of 15 A inrush, 1.5 A normal (sealed)
current at 240 V 60 Hz can satisfactorily be used to control the coil circuit of a three

Page 30
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pole NEMA Size 3 starter or contactor, which has an inrush current of 2.9 A (700
YA /240 V) and a sealed current of 0.2 A (46 VA /240 V).
As a comparison of the differences in current, the power circuit contacts of the
above starter may be controlling a 30 hp polyphase motor, drawing a full load cur-
rent {see Full Load Current on page 4) of 78 A.
Listed in Table 4-2 are the identification numbers, ratings and operating character-
istics of magnet coils for standard relays, contactors, starters and timers. Coils are
also available for other voltages and frequencies, in addition to those listed here.
AC magnet coils are designed to operate on line voltages fluctuating as much as
15% below and 10% above nominal rating. DC coils have corresponding limits of
20% below and 10% above nominal rating.
REPLACEMENT AC MAGNET COILS FOR MAGNETIC CONTACTORS AND STARTERS
SUFFIXNUMBER Coit
Equipmant To Be Serviced {Complete Coil Number Consists of Prefix or Class and Type Followed by Sutfix Number.) Volt-Amperes
24 110-115| 120 208 220 240 277 380 440 430 550 600 In=
Device Size Type Volts Volts Volts | Volts Volts Volts Volts Vaolts Velts | Volts Volts Volts rush | Sealed
23 44 50 A 53 55 82 €5 150 0
i) 24 43 45 52 53 54 56 60 62 83 65 £6 140 an
Amp. t w [ e 50 A 53 55 .| 8 | ... | & 180 | 35
24 44 45 52 53 54 56 62 83 85 66 170 35
23 44 50 53 35 62 85 150
Coils 24 44 45 52 53 54 56 60 62 &3 65 66 140
tor Lx BT .| & | % ... 8% ] 82 | ... | & | 1
PD’::G‘:“ 24 44 45 52 53 54 56 o 62 63 65 66 170 | ...
23 A 45 52 Fay &4 55 59 A B2 A 65 165 33
Shagnancel o oha e s T e e | e |
and Dual Voltage Coils:115/230¥ —01 120/240V~02 240/480V-04 165 33
Starters 20 | A | o) | @ [ N 2 | % | & | & I Y | 62 | 25 | 27
8502, 1D‘=1E, SB, SC 22 42 43 L 51 53 Lo 57 =1] 61 62 i 64 232 26
;;E: 30 Amp. &M Dual Voltage Cnils:yﬁ';z?u_oa is%.oﬁfo"oz Z3fyp0—04 g;g %
8606, 16 A 33 44 A 47 99 63 A 57 A 80 m | ¥
8530, 17 | 38 | 3 | | 4 48 . 54 | 57 | 58 l 60 I L] 206 | 36
:::g: M%r&np. SD &SP Dual Voltags Goils:120/240V —D2 240/480V —04 311 37
B&50, 16 iy 33 44 A 47 49 53 A 57 A 60 438 a8
BE51, 17 38 39 caon 47 48 e 54 87 58 60 81 429 37
prdey ® | A /| # | & | 44 | ® | @ A | 87 | & 60 | 700 | 48
8739, 38 SE&SD 17 38 39 Lo 47 48 - B 57 58 60 61 678 ar
8810, 100 Amp. A 38 44 Iy 47 43 53 A 57 A 60 [ 1185 1 65
gj‘; 38 39 L 47 48 e L] 57 58 60 61 1280 89
i [y, | oo A B cs el (ulalslaln|m g
5 & 56 & SX A ] 15 A 18 19 a A 24 A 29 2970 | 212
300 Amp. 09 10 18 22 24 29 30 2970 | 250
647 SH&S)
2-3 Coil Part Number 31104-400-5¢ (All System Voltages)
anon | et
Ao | o (29 fsoda [l o J g [Tl a e[l Al ElA]2 ]

& Use next higher voltage, 60 hertz coil.

1 VA valuas 1or these coils are 120% of the values shown.

4 Use on Type S series B devices onl

M Coil numbers include latch assemb%es. Do net remove unlatch coil. Complete latch

assembly must be replaced.

Table 4-2 Magnet Colil Data (continued on next page}
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REPLACEMENT AC MAGNET COILS FOR RELAYS, TIMERS AND CONTACTORS
Equipment Coil SUFFIX NUMBER Cail
To Be Serviced Prafix (Complete Coi! NumberConsisE of Prefix or Class and Typa Follnwed by Suffix Numher) Volt-Antperes
] or Class 24 [110-115| 120 | 220 240 277 | l l 600 | In-
Device Type Poles and Type  [Hz| Volis Volts Volts Vuits Volis Volts Volts Vulls Vurts Volts Volts Yolts | rush | Sealed
TABLE 1 CLASSES 8501, 8508 AND 9050
BH&BR Al Liidggelgs i/ B0[R228€ {R29B R30A R328 R328 R33A R3ae ., .. |R35B} |R36A R36B R3ITA 160 30
;{50 [R23B0 [R30A R3IA §..... R33A R34A  |..... R35B R36A R37A R37A R38A 120 26
oo Al C1e0(W24B  IW3TA {WIIB  {W34A | W34A  |WHMB  1W35A  (W36B  |W37A [W37B [w3sA |WasB 62| 12
DED 50 |W25B  |W318  |w32B [..... W34B |W35B |..... W37A (w378 (w383 [waaB 52| 1
002010 | 54 ‘1e0|wosA  |W32B  {W33A  [W35B  [W35B  [W3sA [wssB ... W33B (W3%A |W39B W4DA 58| 12
DO-42 <150 (W268  [W33A  |Wi3B ... |W3BA  |w3sB  [..... WIBB  [W3gA (W30  [W40A  |W40B 52| 11
D0-4410 548 B0 [W24A  |W30B  |W3tA |W33B (W33B |W34A [W34B |..... W3EB {W37A [W37B  |W3BA 100( 26
D0-82 150 [ W26A  |W31A  |W32A Loaae WA W3BA .. [ W37A  {W3BA  IW3BA  |W3%A 75| 22
G All 160 39 59 60 67 A ) P A U P T DR 100 13
R K 60 62 |..... 69 71 r S PR POUOUE RO PO T 90| 13
8501 H 2.8 160| 23 44 44 50 fay 53 8 | | 62 |..... 65 150 30
1504 24 44 45 52 53 54 b 60 62 63 65 |..... t40| 30
& H8.— All : % 24 10 120 208 220 240 277 380 ... 80 (... |....
8508 g
(Relays) HE. — Al Teo| 24 mo | | 220 240 |..... F:L: | R PO PP U
alays ! -
HX 812 6023  |..... 44 50 A 53 - O I 62 |..... 65 1801 35
Zi50) 24 44 45 52 53 54 T PP 62 f..... 65  |..... 170 35
L Al g0(618  [..... 801 685 {..... 802 1 S DU U 803 [..... 804 120 | 17.5
C1B0 518 801 566 555 802 569 T PP 803 581 804 586 115( 17.5
PH Al R 1104 006 ..., 220A FLE{ R SO B 4404 |..... 600G 50| 7.3
B0 ... oA .. fL 220A e 3808 L P T 5| 73
X Al {601 23 ... 44 5 ... 53 55  f..... 62 |..... 65 148 23
L150| 24 4 |0 ... 53 [..... ... S 62 " |..... B5 ... 143 25
A Al CEB0 | W26A  |WA2B (W33A  |W3SB W358 [w36A  |WaeB  §..... W3gB WA |W39B | W40A 62 12
1E, 1D, SDE : “150|W26B  |W33A (W38 |..... W3BA fW38B  |..... ... |W39A  IWagB  |W4DA  |W40B 521 1
A Al Drsoniaags 160 |W2SA {W31B W32A  [W34A |W34B  [W3SA  |W35B ... .. W78  |{W3BA |W3BB |W3%A 4|17
9050 All Dthers YN B0 | W25B  |Wa2A (W32 |W34B  |WISA  FW3SB |W3IBA  ]..... WisA  (W3gB  |W3%A  |W3gB 68| 17
Bt L 186514531 160 | R228 R29B R30A R328 R32B R3Z3A ... 1..... R35% R36A R36B R37A 160 30
(Timer) i o1 60 | R220 RZ0A A30B  |..... R33A R33C  |..... {..... R36A R36C RA7A R37C 120 22
e 60| 33 54 81 61 63 65 {..... 70 72 73 75 165 27
Ba All E 330400 5y | 34 55 | .. 63 64 |..... {iu 72 73 75 78 155 27
TAELE 2 MECHANICALLY HELD UNLATCH COILS — CLASSES 8501, 8508 and 8903
NOTE: A Iatch coil is also used with mechanically held devices.
5 e 160 50 [..... 52 - 54 5 ... |..... 5 |..... 57 18| 18
8501 HE |28 JWriM g | T - e e s | [T | g |7 17| 77
G 60| 50  |..... s2 |5 |..... 54 &8 {..... |..... 56  |..... 57 18] 1
{Rolay) | HNALE B2 | H0M-004 1y @ | | O KT A A 1AM R
A&P Al AR WIB (W32a |W348 |W34B  |wa3sa W3a7B} |W33A |W3BB  |W3%A 391 15
B508 W33 ]..... W358 W, W3IBA  [W39A  [W39A  |W40A 281 11
&M Al W30A (W30B |W33A |W33A |wais W3BA |W36B |W3ITA  |Wa7B 34|12
(Relay) W3I0B  [W31B  |W338  |W33B  |w34B Wi ... W37 | ..... 34| 10
B508 C.OLE Al R298 R30A R328 R32B R33A R358 R36A R36B R37A
(Contactar) ' R30A R3TA [..... R3I3A R34A R36A R37A R37A R3BA s
..... 44 51 53 62 65 25
LX Al 50 @ | LA g ... 6 ... N
: 60| w238 W30B 1 W3I3A A wass * | W36B A W37B 80
(L?agl?l:l’nu SM.SP | Al 10 ?959‘3‘3 150|w24B  [waoe |wate |.... |w3m {was wass  |..... Wits |, .. .
50, 8V, SX, : :{60| 03 A 0.2} 15 A 18 A 24 A 28 550
Contactors) | *yygs™ [ A1 | 31Bate 1551 I P T B ... | I I
s [an e (BIS 0 16 1® 1 &P I R - T Tl b
© VA values for these coils are 120% of the values shown. 1 Coils also rated 380 volts, 50 h
11 Series B (Double Pole) and Serles D (Single Pole}. A Series C {Double Pole) and Serles E (Slngle Pole).
+ Replaces Saries 31111-400-coil. A Usa next higher voltage, 80 hertz
+ To order an uniatch coil add tha letter "L" to tha numbar and the lsttar "B” to the suffix M Cail numbers include latch assemblles Do not remove unlatch coil. Complete latch assembly
number. Exampla: For & 120V 80Hz unlatch ceil order a Class 9998 Type XL-44B. Price for the must bs replaced.

Table 4-2 Magnet Coll Data (continued from previous page)
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WIRING DIAGRAM By superimposing the power circuit diagram (left) over the control circuit diagram
(right) in Figure 5-1, a composite picture of all points of connection on the mag-
netic starter can be obtained. The combined illustration (Figure 5-2) is identified as
a wiring diagram and it shows, as closely as possible, the actual location of all of
the component parts of the starter. The dotted lines represent power circuit connec-
tions made to the starter by the user.

Since wiring connections and terminal markings are shown, this type of diagram is
helpful when wiring the starter or tracing wires when troubleshooting. Note that
bold lines denote the power circuit and thin lines are used to show the control cir-
cuit. Conventionally, in AC magnetic equipment black wires are used in power cir-
cuits and red wires are used for control circuits.

SINGLE PHASE

L1 L2 L3
i i i ' ;_mm.s PHASER SINGLE PHASE ';
[ ] ] 1
IPHASE
IWIRE
POWER
CONNECTION
T2 T3
1

1
HOLDING CIRCUIT 1
INTERLOCK

\

] H
A
: '12
L) )
1Y ’
- &
!‘ Fi
L 3 ™
PHASE
MOTOR
COM HORMALLY CLOSED (NC}
QOVERLOAD RELAY
CONTACT

Figure 5-1 Power Circuit (left) and Control Circuit (right) Diagrams

-
-

] b ==

Figure 5-2  Wiring Diagram
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A wiring diagram, however, is limited in its ability to convey a clear picture of the
sequence of operation of a controller. Where an illustration of the circuit in its sim-
plest form is desired, the elementary diagram (Figure 5-3) is used.

The elementary diagram (Figure 5-3) gives a simple picture of the circuit. The de-
vices and components are not shown in their actual positions. All the control circuit
components are shown as directly as possible between a pair of vertical lines rep-
resenting the control power supply. The arrangement of the components is de-
signed to show the sequence of operation of the devices, and helps in understand-
ing how the circuit operates. The effect of operating various interlocks and control
devices can be readily seen which helps in troubleshooting, particularly with the
more complex controllers, This form of electrical diagram is sometimes referred to
as a “schematic” or “line” diagram.

In Figure 5-3, two wires connect the control device (which could be a thermostat,
float switch, limit switch or other maintained contact device (see Maintained Con-
tact on page 38) to the magnetic starter (see page 29). When the contacts of the con-
trol device close, they complete the coil circuit of the starter, causing it to pick up
and connect the motor to the power source. When the control device contacts open,
the starter is de-energized, stopping the motor.

CONTROL DEVICE s QL.
— k) —
204 Fu
i

Figure 5-3 Elemeantary Diagram of Starter with Two Wire Control

Two wire control provides low voltage release, but not low voltage protection.
Wired as illustrated, the starter will function automatically in response to the con-
trol device without the attention of an operator.

The dotted portion shown in the Elementary Diagram in Figure 5-4 represents the
holding circuit interlock (see HOLDING CIRCUIT INTERLOCK on page 37) fur-
nished on the starter, but not used in two wire control. For greater simplicity, this
portion is omitted from the conventional two wire elementary diagram.
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Three Wire Control

CONTROL DEVICE s QL. '
)
— e |
2004 == t
[ I
2Wie r‘ :[
Conlig! Davice
e
L 2 ~—
3
T: T3
La_l @
Elementary Diagram Wiring Diagram

Figure 5-4 Diagram of a Starter with Two Wire Control

A three wire control circuit uses momentary contact Start-Stop buttons (see Mo-
mentary Contact on page 38) and a holding circuit interlock (see HOLDING CIR-
CUIT INTERLOCK on page 37), wired in parallel with the Start button, to
maintain the circuit (Figure 5-5).

Pressing the normally open Start button completes the circuit to the coil. The power
circuit contacts in L1, L2 and L3 close, completing the circuit to the motor, and the
holding circuit contact (rmechanically linked with the power contacts) also closes.
Once the starter has picked up, the Start button can be released, as the now closed
contact provides an alternate current path around the reopened start contact.

Pressing the normally closed Stop button will open the circuit to the coil, causing
the starter to drop out. An overload condition, which causes the overload contact
to open, a power failure, or a drop in voltage to less than the seal-in value would
also de-energize the starter. When the starter drops out, the interlock contact re-
opens, and both current paths to the coil, through the Start button and the interlock,
are now open. Since three wires from the push button station are connected into the
starter (at points 1, 2 and 3) this wiring scheme is commonly referred to as three
wire control (Figure 5-5).

{1}

Ll

L7 m—

s ———]
QL.

Elementary Diagram Wiring Diagram

Figure 5-5 Diagram of a Starter with Three Wire Control
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HOLDING CIRCUIT
INTERLOCK

Auxiliary Contacts

The holding circuit interlock (Figure 6-1, left) is a normally open (N.O.) auxiliary
contact provided on standard magnetic starters (page 27) and contactors (see CON-
TACTORS onpage 41). It closes when the coil is energized to form a holding circuit
for the starter after the Start button has been released. For reasons of economy or
design, an additional normally open power pole is sometimes used to perform the
holding ciruit interlock function.

Figure 6-1 A Contactor Showing HoldIng Circuit Interlock (left) and an Electrical
Interlock with Normally Closed Contact (right)

In addition to the main or power contacts which carry the motor current and the
holding circuit interlock, a starter can be provided with externally attached auxil-
iary contacts, commonly called “electrical interlocks” (Figure 6-1, right, and Fig-
ure 6-2). Auxiliary contacts are rated to carry only control circuit currents, not
motor currents. Normally open (N.O.) and normally closed (N.C.) versions are
available.

Among a wide variety of other applications, auxiliary contacts can be used to con-
trol magnetic devices where sequence operation is desired, to electrically prevent
another controller from being energized at the same time and to make circuits in-
dicate alarms, pilot lights, bells, or other signals. Auxiliary contacts are available
in kit form and can easily be added in the field.

Figure 6-2 Magnetic Contactor with Detached External Auxiliary Contacts
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A device which is operated by some non-electrical means (such as the movement
of a lever) and has contacts in the control circuit of a starter is called a “control de-
vice”. Operation of the control device controls the starter and hence the motor.
Typical control devices are control stations (see CONTRCOL STATION (PUSH
BUTTON STATION) on page 47), limit switches (see LIMIT SWITCH on page
48), foot switches (FOOT SWITCH on page 49), pressure switches (see PRES-
SURE SWITCH on page 49) and float switches (see FLOAT SWITCH on page
50). The control device may be of the maintained contact or momentary contact
type. Some control devices have a horsepower rating and are used to control direct-
ly small motors through the operation of their contacts. When used in this way, sep-
arate overload protection (see Overload Protection on page 12) such as a manual
starter would be appropriate since the control device does not usually incorporate
overload protection.

A maintained contact control device is one which, when operated, will cause a set
of contacts to open (or closg) and stay open (or closed) until a deliberate reverse
operation occurs. A conventional thermostat is a typical maintained contact device.
Maintained contact control devices are used with two wire control.

A standard push button is a typical momentary contact control device. Pushing the
button will cause normally open contacts to close and normally closed contacts 1o
open, When the button is released, the contacts revert to their original states. Mo-
mentary contact devices are used with three wire control or jogging (see Jogging
{Inching) on page 6) service.

By the nature of its control circuit connections, a two wire control scheme provides
“low voltage release”. The term describes a condition in which a reduction or loss
of voltage will stop the motor, but in which motor operation will automatically re-
sume as soon as power is restored.

If the two wire control device (see Two Wire Control on page 34) is closed, a power
failure or drop in voltage below the seal-in value will cause the starter to drop out.
However, as soon as power is restored or the voltage retumns to a level high enough
to cause the armature {(see Armature on page 23) to pick up and seal, the starter con-
tacts will re-close and the motor will again run, This is an advantage in applications
involving unattended pumps, refrigeration processes and ventilating fans.

In many applications, however, the unexpected restarting of a motor after power
failure is undesirable, as in a process where a number of motors must be restarted,
or operations performed, in a prescribed sequence. In some applications, the auto-
matic restart presents the possibility of danger to personnel or damage o machin-
ery and work in process.

If protection from the effects of a low voltage condition is required, the two wire
control scheme is not suitable, Three wire control, which provides the desired pro-
tection, should be used.
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The three wire control scheme (see Three Wire Control on page 35) provides “low
voltage protection”. In both two and three wire control, the starter drops out and
the motor stops in response t0 a low voltage condition or power failure.

‘When power is restored, however, the starter connected for three wire control will
not pick up because the reopened holding circuit contact and the normally open
Start button contact prevent current flow to the coil. To restart the motor after a
power failure, the low voltage protection offered by three wire control requires that
the Start button be depressed. A deliberate action must be performed, insuring
greater safety than that provided by two wire control. Manual starters with low
voltage protection offer this same type of protection.

As the name implies, a full voltage or across-the-line starter directly connects the
motor to the power source, The starter can be either manual or magnetic.

A motor connected in this fashion draws full inrush current and develops maxi-
mum starting torque (see Torque on page 5) so that it accelerates the load to full
speed in the shortest possible time.

With some loads the high starting torque will damage belts, gears and couplings,
and material being processed. High inrush current can produce line voltage dips
which cause lamp flicker and disturbances to other loads. Lower starting currents
and torques are therefore often required, and are achieved by reduced voltage starting.

The coil circuit of a magnetic starter (see page 27) or contactor (see CONTAC-
TORS cn page 41) is distinct from the power circuit. The ¢oil circuit could be con-
nected to any single phase source of power and the controller would be operable,
provided the coil voltage and frequency match the service to which it is connected.

When the control circuit is connected to L1 and L2 of the starter, the voltage of the
control circuit is always the same as the power circuit voltage and the term “com-
mon control” is used to describe the relationship. Other variations include separate
control and control through a control circuit transformer.

It is sometimes desirable to operate push buttons or other control circuit devices at
avoltage lowerthan the motor voltage. In Figure 6-3 (page 40) , asingle phase control
transformer (with dual voltage 240-480 V primary, 120 V secondary) has its 480 V
primary connected to the 480 V three phase, three wire service broughtinto the starter.

Note, however, that the control circuit is now connected to the 120 V secondary of
the transformer, rather than being connected o 1.1 and L2, as in common control .

The coil voltage is therefore 120 V, and the push-button or other control devices
operate at the same voltage level. Fuses (see Overload Protection - Fuses on page
13) are used to protect the control circuit, and it is common practice to ground one
side of the transformer secondary.
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Control of a power circuit by a lower control circuit voltage can also be obtained
by connecting the coil circuit to a separate control voltage source, rather than to a
transformer secondary.

The term used to describe this wiring arrangement is “separate control”, As is evi-
dent from Figure 6-4, the coil rating must match the control source voltage, but the
power circuit can be any voltage (up to a 600 V maximum.)

M L
240-480 DUAL

START oL
sTOP i ( ) |F
! .
VOLTAGE PRIMARY

CONNECTED FOR IL
480 V. SERVICE.

L_ﬂ:um 120 V. SEC._X2
AAAS GND =

PRI. IF uSED 4
480 VOLT Ll
3-PHASE, 3-WIRE
SERVICE R —

DIAGRAM A - CONTROL CIRCUIT TRANSFORMER

Figure 6-3 Control Circuit Transformer

TO SEPARATE
CONTROL VOLTAGE —m
SOURCE

START M o.L.
STOP % P — 3
— 1 _—¢—0 o
cOoM
L] {x2)
11
OL
M - T
Lt | | o
oL.
L2 | |
oL.
M
L3 | | X

DIAGRAM B - SEPARATE CONTROL

Figure 6-4 Separate Control

© 1991 Square D All Rights Reserved




Bulletin No. 0140BR9102

Chapter 7 - Relays, Timers, Starters and Switches October, 1291

CONTACTORS

Lighting Contactor

Mechanically Held
Contacts

The general classification of “contactor” covers a type of electromagnetic device
designed to handle relatively high currents. A special form of contactor exists for
lighting load applications and will be discussed separately.

The conventional contactor is identical in construction and current carrying ability
to the equivalent NEMA size magnetic starter (see Table 4-1 on page 28). The mag-
net assembly (see Magnet Assembly on page 23), coil, contacts, holding circuit in-
terlock (see HOLDING CIRCUIT INTERLOCK on page 37) and other structural
features are the same.

The significant difference is that the contactor does not provide overload protection
(see Overload Protection on page 12). Contactors, therefore, are used to switch
high current, non-motor loads, or are used in motor circuits if overload protection
is separately provided. A typical application of the latter is in a reversing starter.

Filament type lamps (tungsten, infrared, quartz) have inrush currents of approxi-
mately 15-17 times the normal operating currents. Standard motor control contac-
tors must be derated if used to control this type of load to prevent welding of the
contacts on the high initial current.

Per Table 4-1 on page 28, a NEMA Size 1 contactor has a continuous current rating
of 27 A, but if used to switch certain lighting loads, it must be derated to 15 A. The
standard contactor, however, need not be derated for resistance heating or fluores-
cent lamp loads since these do not impose as high an inrush current.

Lighting contactors differ from standard contactors in that a holding circuit interlock
{see HOLDING CIRCUIT INTERLOCK on page 37) is not normally provided,
since this type of contactor is frequently controlled by a 2-wire pilot device (see
Control Device (Pilot Device) on page 38) such as atime clock or photoelectric relay.

Unlike standard contactors, lighting contactors are not horsepower rated or catego-
rized by NEMA size, but are designated by ampere ratings (20, 30, 60, 100, 200,
300 A). It should be noted that lighting contactors are specialized in their applica-
tion, and should not be used on motor loads.

In a conventional contactor, current flow through the coil creates a magnetic pull
to seal in the armature (see Armature on page 23) and maintain the contacts in a
switched position. Normally open contacts will be held closed, normally closed
contacts will be held open. Because the contactor action is dependent on the current
flow through the coil, the contactor is described as “electrically held.” As soon as
the coil is de-energized, the contacts will revert o their initial position.

“Mechanically held” versions of contactors and relays are also available. The ac-
tion is accomplished through use of two coils and a latching mechanism. Energiz-
ing one coil (latch coil) through a momentary signal causes the contacts to switch,
A mechanical latch holds the contacts in this position, even though the initiating
signal is removed, and the coil is de-energized. To restore the contacts to their ini-
tial position, a second coil (unlatch coil) is momentarily energized.

Mechanically held contactors and relays are used where the slight hum of an elec-
trically held device would be objectionable, as in auditoriums, hospitals and
churches.
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Reversing the direction of motor shaft rotation is often required. Three phase squirrel
cage motors (see AC SQUIRREL CAGE MOTOR on page 4) can be reversed by
reconnecting any two of the three line connections to the motor. By interwiring two
contactors, an electromagnetic method of making the reconnection can be obtained.

As seen in the power circuit (Figure 7-1), the contacts (F) of the forward contactor,
when closed, connect L1, L2 and L3 to motor terminals Tl, T2 and T3 respectively.
As long as the forward contacts are closed, mechanical and electricat interlocks
prevent the reverse contactor from being energized.

When the forward contactor is de-energized, the second contactor can be picked
up, closing its contacts (R) which reconnect the lines to the motor. Note that by run-
ning through the Reverse contacts, L1 is connected to motor terminal T3, and L3
is connected to motor terminal T'1. The motor will now run in the opposite direc-
aon.

Whether operating through either the forward or reverse contactor, the power con-
nections are run through an overload relay assembly which provides motor over-
load protection (see Overload Protection on page 12). A magnetic reversing starter,
therefore, consists of a starter and contactor which are suitably interwired with
electrical and mechanical interlocking to prevent the coil of both units from being
cnergized at the same time.

Manual reversing starters employing two manual starters (sece MANUAL START-
ER on page 19) are also available. As in the magnetic version, the forward and re-
verse switching mechanisms are mechanically interlocked, but since c¢oils are not
used in the manually operated equipment, electrical interlocks are not required.

LI

L2

L3

Figure 7-1 Size 1 Three Pole Reversing Starter
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A combination starter is so named since it combines a magnetic starter (see page
27) and a disconnect means, which might incorporate a short circuit protective de-
vice, in one enclosure.,

Compared with a separately mounted disconnect and starter, the Combination
Starter takes up less space, requires less time to install and wire, and provides
greater safety.

Safety to personnel is assured because the door is mechanically interlocked, so that
it cannot be opened without first opening the disconnect.

Combination starters can be fumnished with circuit breakers or fuses to provide
overcurrent protection (see OVERCURRENT PROTECTION on page 11), and are
available in non-reversing and reversing versions.

A control relay is an electromagnetic device similar in operating characteristics to
a contactor. The contactor, however, is generally employed 10 switch power cir-
cuits or relatively high current loads.

Relays, with few exceptions, are used in control circuits, and consequently their
Iower ratings (6 A maximum at 600 V) reflect the reduced current levels at which
they operate.

Contactors generally have from one to five poles. Although normally open and nor-
mally closed contacts can be provided, the great majority of applications use the
normally open contact configuration, and there is no conversion of contact opera-
tion in the field.

As compared to contactors, it is not uncommon to find relays used in applications
requiring 10 or 12 poles per device, with various combinations of normally open
and normally closed contacts. In addition, some relays have convertible contacts,
pemitting changes to be made in the field from normally open to normally closed
operation, or vice versa, without requiring kits or additional components.

A relay is an electromagnetic device whose contacts are used in control circuits of
magnetic starters (see page 27), contactors, solenoids, timers and other relays. Re-
lays are generally used to amplify the contact capability or multiply the switching
functions of a pilot device (see Control Device (Pilot Device) on page 38).

Figure 7-2 and Figure 7-3 (page 44) demonstrate how a relay amplifies contact ca-
pacity. Figure 7-2 represents a *“current amplification”. Relay (CR) and starter coil
(M) voltages are the same, but the ampere rating of the temperature switch is too
low to handle the current drawn by the starter coil (M). A relay is interposed be-
tween the temperature switch and starter coil. The current drawn by the relay coil
(CR) is within the rating of the temperature switch, and the relay contact (CR) has
a rating adequate for the current drawn by the starter coil.
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Flgure 7-2  Current Amplification

Voitage Ampilification Figure 7-3 represents a “‘voltage amplification”. A condition may exist in which the
voltage rating of the temperature switch is too low to permit its direct use in a start-
er control circuit operating at some higher voltage. In this application, the coil of
the interposing relay (CR) and the pilot device are wired to a low voltage source of
power compatible with the rating of the pilot device. The relay contact (CR), with
its higher voltage rating, is then used to control the operation of the starter.
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Figure 7-3  Voltage Ampliflcation
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Figure 7-4 Control Circuit

Figure 7-4 represents another use of relays, which is to multiply the switching
functions of a pilot device with a single or limited number of contacts. Depressing
the On button in the control circuit energizes the relay coil (CR). Its normally open
contacts close to complete the control circuits to the starter, solencid and timing re-
lay, and one contact forms a holding circuit around the On button. The normally
closed contacts open to de-energize the contactor and turn off the pilot light.

In the circuit shown in Figure 7-4, a single pole push-bution contact can, through
the use of an interposing 6-pole relay, control the operation of a number of different
loads such as a pilot light, starter, contactor, solenoid and timing relay.

Relays are commonly used in complex controllers to provide the logic to setup and
initiate the proper sequencing and control of a number of interrelated operations,

Relays differ in voltage ratings (120, 300, 600 V), number of contacts, contact con-
vertibility, physical size, and in attachments to provide accessory functions such as
mechanical latching (see Mechanically Held Contacts on page 41) and timing.

In selecting a relay for a particular application, one of the first steps should be to
determine the contro! voltage at which the relay will operate. Once the voltage is
known, the relays which have the necessary contact rating can be further reviewed,
and a selection made, on the basis of the number of contacts and other characteris-
tics needed.
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120 V Relay NEMA Rated IEC Rated 600 V
600 V Relay Relay

A pneumatic timer or timing relay (Figure 7-6) is similar to a control relay (see
CONTROL RELAYS on page 43), except that certain of its contacts are designed
to operate at a pre-set time interval after the coil is energized or de-energized. A
delay on energization is also referred to as “‘on delay”. A time delay on de-energi-
zation is also called “off delay”.

A timed function is useful in applications such as the lubricating system of a large
machine, in which a stnall oil pump must deliver lubricant to the bearings of the
main motor for a set period of time before the main motor starts.

In pneumatic timers, the timing is accomplished by the transfer of air through a re-
stricted orifice. The amount of restriction is controlled by an adjustable needle
valve, pemnitting changes to be made in the timing period.

Solid state timers are also available. These devices time electronically and can pro-
vide longer timing ranges and greater precision.

Figure 7-6 Timing Relay
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STATION)

A drum switch (Figure 7-7 below) is a manually operated multi-position, multi-
pole switch which carries a horsepower rating and is used for applications such as
manual reversing of single or three phase motors. Drum switches are available in
several sizes and can be momentary contact (sec Momentary Contact on page 38)
or maintained contact (see Maintained Contact on page 38). Separate overload pro-
tection (see Overload Protection on page 12),via manual or magnetic starters (see
page 27), must usually be provided since drum switches do not include this func-
tion.

Flgure 7-7 Drum Switch

A control station (Figure 7-8 below) may contain push buttons, selector switches
and pilot lights, Push buttons may be momentary (sec Momentary Contact on page
38) or maintained contact (see Maintained Contact on page 38). Selector switches
are usually maintained contact, or can be spring retum to give momentary contact
operation. Standard duty stations will handle the coil currents of contactors up to
Size 4. Heavy duty stations have higher contact ratings and provide greater flexi-
bility through a wide variety of operations and interchangeability of components.

Flgure 7-8 Push Button Statlons
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A limit switch (Figure 7-9 below) is a control device which converts mechanical
motion into an electrical control signal. Its main function is to limit movement,
usually by opening a control circuit when the limit of travel is reached. Limit
switches may be momentary contact (see Momentary Contact on page 38) or main-
tained contact (see Maintained Contact on page 38) types. Among other applica-
tions, limit switches can be used to start, stop, reverse, slow down, speed up or
recycle machine operations.

Figure 7-9 Limit Statlons

Snap switches (Figure 7-10 below) for motor control purposes are enclosed, preci-
sion switches which require low operating forces and have a high repeat accuracy.
They are used as interlocks, as the switch mechanism for control devices such as
precision limit switches, and as pressure switches. They are also available with in-
tegral operators foruse as compact limit switches and dooroperated interlocks. Sin-
gle pole double throw {(SPDT) and double pole double throw (DPDT) versions are
available.

Figure 7-10 Snap Switches

Page 48
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FOOT SWITCH

SOLID STATE
SENSORS

PRESSURE SWITCH

A foot switch (Figure 7-11 below) is a control device operated by a foot pedal used
where the process or machine requires that the operator have both hands free. Foot
switches have momentary contacts (see Momentary Contact on page 38) but are
available with latches that enable them to be used as maintained contact devices
(see Maintained Contact on page 38). The foot switch generally comes enclosed in
a guard to protect against unintentional operation.

Figure 7-11 Foot Switch

Certain applications require the use of “no touch” sensing. Many varieties of sen-
sors are available, most falling into one of two categories: proximity (Figure 7-12
right) and photoelectric (Figure 7-12, left). Proximity sensors detect the distur-
bance of an electric field generated by the device. Photoelectric sensors detect the
breaking of a beam of light.

Figure 7-12 Solid State Sensors: Photoelectric (left) and Proximity (right)

The control of pumps, air compressors, welding machines, lube systems, and ma-
chine tools requires control devices which respond to the pressure of a medium
such as water, air or oil. The control device which does this is a pressure switch,

The pressure switch (Figure 7-13 on page 50) has a set of contacts which are oper-
ated by the movement of a piston, bellows or diaphragm against a set of springs.
The spring pressure determines the pressures at which the switch closes and opens
its contacts,
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Figura 7-13 Pressure Switches: Commercial (left) and Machine Tool (right)

FLOAT SWITCH When a pump motor must be started and stopped according to changes in water (or
other liquid) Ievel in a tank or sump, a float switch (Figure 7-14 below) is used.
This is a control device whose contacts are controlled by movement of a rod or
chain and counterweight, fitted with a float. For closed tank application, the move-
ment of a float arm is transmitted through a bellows seal to the contact mechanism,

Figure 7-14 Float Switch
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STANDARD ELEMENTARY DIAGRAM SYMBOLS

Tha disgram symbols chown balow have been sdopted by the Square D Compeny snd conform whers sppiicable to stmandards sitablished
by tha Nationsl Electricsl Manufacturers Association (NEMAY.
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SUPPLEMENTARY CONTACLT SYMBOLS
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Table 7-1  Standard Elementary Dlagram Symbals
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