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PREFACE (j

The tenth edition of Electricity 4 has been updated to provide more information and better
flow of concepts. New material and artwork have been added to better reflect the current
workplace. At the same time, the text has retained the features and style of previous editions
that have made it so popular.

The text introduces the concepts of AC and DC motors, and the associated controls
and maintenance of this equipment. The material is broken down into short segments that
concentrate on specific concepts or application of particular types of equipment. The detailed
explanations are written in easy-to-understand language that concisely presents the required
knowledge. Many illustrations and photographs help provide technical understanding and
provide real-world references. This type of explanation and application better prepares the
student to perform effectively on the job in installing, troubleshooting, repairing, and servicing
electrical motors and controls.

The knowledge obtained in this book permits the student to progress further in the study
of electrical systems. The study of electricity and the application of electrical products are con-
tinually changing. The electrical industry constantly introduces new and improved devices and
material, which in turn lead to changes in installing and operating equipment. Electrical codes
also change to reflect the industry needs. It is essential that students continue to learn and
update their knowledge of current procedures and practices.

The text is easy to read and the units have been grouped by general topics. Summaries of
each unit provide an opportunity to restate the most important topics of the unit. Summary
Reviews of the units reemphasize topic groups.

Each unit begins with learning objectives. An Achievement Review at the end of each unit
provides an opportunity for readers to check their understanding of the material in small incre-
ments before proceeding. Some of the problems in the text require the use of simple algebra,
and the student should be familiar with the math before trying to solve the equations. It is also
essential that the reader have a basic understanding of the fundamentals of electrical circuits
and electrical concepts.

It is recommended that the most recent edition of the National Electrical Code® (published
by the National Fire Protection Association) be available for reference and use as the learner

Vii
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PREFACE

applies this text. Applicable state and local codes and regulations should also be consulted when
making the actual installations.
Features of the tenth edition include
o updated coverage on DC motor starting.
« expanded coverage of Servo motors.
 updated information on electronic controls.
o anupdate to the 2011 NEC®.
An instructor’s guide for Electricity 4 is available. The guide includes the answers to the

Achievement Reviews and Summary Reviews and additional test questions. Instructors may
use these questions to devise additional tests to evaluate student learning.

INSTRUCTOR SITE

An Instruction Companion Website containing supplementary material is available. This site
contains an Instructor Guide, testbank, image gallery of text figures, and chapter presentations
done in PowerPoint. Contact Delmar Cengage Learning or your local sales representative to
obtain an instructor account.

Accessing an Instructor Companion Website site from SSO Front
Door

1. Go To http://login.cengage.com and log in using the Instructor email address and
password.

2. ENTER author, title, or ISBN in the Add a title to your bookshelf search box, and
cLICK on the Search button.

CLick Add to My Bookshelf to add Instructor Resources.
4. At the Product page, click on the Instructor Companion site link.

New Users

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

ABOUT THE AUTHOR

Jeft Keljik has been teaching at Dunwoody Institute in Minneapolis for more than 33 years,
where he was the head of electrical programs for more than 16 years. He is a licensed master
and journeyman electrician with a bachelor’s degree in business communication. He currently
teaches classes for corporate clients locally and nationally. Jeff teaches classes for journeyman
and master electricians to update their licenses as well as teaching apprenticeship classes
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on-line. He also manages the electrical construction and maintenance projects for the college
campus buildings at Dunwoody Institute. He has worked as an electrician and as a consultant
on international training projects in the electrical industry.

In addition to his teaching and administrative positions, Mr. Keljik serves the North
Central Electrical League as Chairman of the Board of Directors and on the Education com-
mittee. He also serves as an advisor on the education committee for the Minnesota Electrical
Association (MEA). He has written several texts on motor and motor control systems, power
generation and distribution, and on fundamental DC and AC theory. His books include:
Electricity 3 and Electric Motors and Motor Controls. Jeff has co-written books on basic electrical
concepts in DC and AC electrical theory.
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ELECTRICAL
TRADES |j

The Delmar series of instructional material for the electrical trades includes the texts, text work-
books, and related information workbooks listed below. Each text features basic theory with
practical applications and student involvement in hands-on activities.

Electricity 1 Electrical Wiring—
Electricity 2 Residential
Electricity 3 Electrical Wiring—
Electricity 4 Commercial
Electric Motor Control Electrical Wiring—
Electric Motor Control Industrial
Laboratory Manual Practical Problems
Industrial Motor Current In Mathematics
Alternating Current For Electricians
Fundamentals

Equations based on Ohm'’s law.

P = Power in watts
I = Intensity of current E E= IR
. _E
In amperes =R
R = Resistance in ohms [ R -
E = Electromotive force '
in volts
=
P P=IE g
=P f:
E 2,
I E 5
E = P S
[ ©

Xi
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After studying this unit, the student should be able to

list the parts of a DC shunt motor.

draw the connection diagrams for series shunt and
compound motors.

define torque and tell what factors affect the torque
of a DC shunt motor.

describe counter-EMF (CEMF) and its effects on
current input.

describe the effects of an increased load on
armature current, torque, and speed of a DC
shunt motor.

list the speed control, torque, and speed regulation
characteristics of a DC shunt motor.

make DC motor connections.
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UNIT 1 THE DC SHUNT MOTOR

The production of electrical energy and its conversion to mechanical energy in electric

motors of all types is the basis of industrial productivity. Very basic DC motor principles are
given in Electricity 1.

CONSTRUCTION FEATURES

Conventional DC motors closely resemble DC generators in construction features. In fact, it is dif-
ficult to identify them by appearance alone. A motor has the same two main parts as a generator—
the field structure and the armature assembly consisting of the armature core, armature winding,
commutator, and brushes. Some general features of a DC motor are shown in Figure 1-1.

© Cengage Learning 2014

— CARBON BRUSH

© Cengage Learning 2014

FIGURE 1-1 (A) DC motor armature with commutator bars.
(B) Permanent-magnet DC motor with rotor and carbon
brush connections.
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UNIT 1 THE DC SHUNT MOTOR

The Field Structure

The field structure of a motor has at least two pairs of field poles, although motors with four
pairs of field poles are also used, as shown in Figure 1-2(A). A strong magnetic field is provided
by the field windings of the individual field poles. The magnetic polarity of the field system
is arranged so that the polarity of any particular field pole is opposite to that of the poles
adjacent to it.

COMMUTATOR

WINDINGS

(B) Armature

(A) Field coilsin a
shunt-wound, 50 hp,
850 r/min, 230 V motor

courtesy General Electric Co.

FIGURE 1-2 Field structure and armature assembly of a motor.

The Armature

The armature of a motor is a cylindrical iron structure mounted directly on the motor shaft, as
shown in Figure 1-2(B). In DC motors, the armature is the rotating component of the motor.
Armature windings are embedded in slots in the surface of the armature and terminate in seg-
ments of the commutator. Current is fed to these windings on the rotating armature by carbon
brushes that press against the commutator segments. This current in the armature windings sets
up a magnetic field in the armature that reacts with the magnetic field of the field poles. These
magnetic effects are used to develop torque, which causes the armature to turn (Figure 1-3).
The commutator changes the direction of the current in the armature conductors as they pass
across poles of opposite magnetic polarity. Continuous rotation in one direction results from
these reversals in the armature current.

© Cengage Learning 2014
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UNIT 1 THE DC SHUNT MOTOR

INDIVIDUAL CONDUCTORS THAT
ARE WOUND ON THE ROTATING
ARMATURE CONDUCTORS

MAGNETIC LINES
OF FORCE

MOTION
DIRECTION

N STATOR OF
FIELD MAGNETIC
CURRENT DIRECTION

RESULTANT

[ J
MOTION out
DIRECTION + IN

;

FIGURE 1-3 Torque, or force direction, on a current-carrying conductor in a magnetic field.

Figure 1-4 shows a cutaway view of a DC motor available with horsepower ratings ranging
from 25.0 hp to 1000 hp.

By using the right-hand rule for motors, as illustrated in Figure 1-S, you can determine
which direction a current-carrying conductor will move when placed in a magnetic field. This
is the principle of all motor action. The first finger represents the direction of the stator flux, as
magnetic lines travel north to south. The center finger represents the direction of the electron
current in the conductor placed within the magnetic field. The thumb represents the thrust of
the conductor as it tries to move out of the magnetic field. As shown in Figure 1-3, the coils of
the armature are spaced around the rotor, and the rotor conductors are connected to the com-
mutator segments. Because the coils of wire on the armature (rotor) have current flow through
them, the magnetic field thus created in the rotor conductors reacts with the stationary field
(stator), and the conductors will move according to the right-hand rule for motors. The con-
ductors of the rotor that are directly adjacent to the stator pole pieces have the maximum rotor
current and therefore the most magnetic interaction with the main magnetic poles.

© Cengage Learning 2014
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UNIT 1 THE DC SHUNT MOTOR

. Main shaft

. Bearings

Grease “meter”

. Ventilating fan

Armature banding

. Armature equalizer coil assembly

. Lifting lugs

Frame

. Inspection plate

10. Main field coil

11. Commutating coils

12. Main field coil

13. Armature

14. Commutator connections to
armature turns

15. Commutator

16. Brushholder

17. Brushholder yoke

18. Mounting feet

19. Terminal conduit box

©CONDU AN =

Courtesy of General Electric, DC Motor and Generator Department

FIGURE 1-4 Assembled 23 hp DC motor.

RESULTANT
THRUST
OF MOTION

DIRECTION OF
FLUX NORTH TO SOUTH

CURRENT FLOW
IN CONDUCTOR

© Cengage Learning 2014

FIGURE 1-5 Right-hand rule for motors using electron flow.

TYPES OF DC MOTORS

Shunt, series, compound, and permanent magnet motors are all widely used. The schematic
diagrams for each type of motor are shown in Figure 1-6. The selection of the type of motor
to use is based on the mechanical requirements of the applied load. A shunt motor has the field
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UNIT 1 THE DC SHUNT MOTOR

SHUNT SERIES

Al A,
Av /7 T\ A s, S,

_/
2/ |

+ - + -

COMPOUND PERMANENT MAGNET

I O

© Cengage Learning 2014

FIGURE 1-6 Schematic diagrams that show motor connections.

circuit connected in shunt (parallel) with the armature, whereas a series motor has the armature
and field circuits in series. A compound motor has both a shunt and a series field winding. A
permanent magnet motor only has armature connections.

MOTOR RATINGS

DC motors are rated by their voltage, current, speed, and horsepower output. The number and
methods of connection for the armature and field also dictate motor operating characteristics.

TORQUE

The rotating force at the motor shaft produced by the interaction of the magnetic fields of the
armature and the field poles is called torque. As the magnitude of the torque increases, the twist-
ing force of the shaft increases. Torque is defined as the product of the force in pounds and the
radius of the shaft or pulley in feet.
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UNIT 1 THE DC SHUNT MOTOR

For example, a motor that produces a tangential force of 120 pounds at the surface of the

shaft 2 in. in diameter or 1 in. in radius has a torque of 10 foot-pounds (ft-Ibs).

Torque = Force X Radius

= 1201bs X 1/12 ft = 10 ft-lbs

Torque in a motor depends on the magnetic strengths of the field and the armature.
The torque increases along with the armature current and, consequently, the strength of the

armature magnetic field increases.

Another example is shown in Figure 1-7. If a V-belt drive has a pulling force at the radius
of a motor pulley of 25 pounds, and the pulley surface is 1 ft from the center of the motor shaft,
the motor torque is the product of the radius (measured in ft) and the pulling force (measured
in pounds). The torque is usually measured in foot-pounds, the standard measure for torque.
For small motors, the torque may be measured in ounce-inches (0z-in). The same principle is
used, but the ounce-inch measurement must be divided by 192 (12 inches X 16 ounces) to get

the equivalent foot-pounds.

It is necessary to distinguish between the torque developed by a motor when operating at
its rated speed and the torque developed at the instant the motor starts. Certain types of motors

have high torque at rated speed but poor starting torque.
The many types of loads that can be applied to motors
mean that the torque characteristic must be considered
when selecting a motor for a particular installation.

ROTATION

The direction of the armature rotation of a DC motor
depends on the direction of the current in the field
circuit and the armature circuit (Figure 1-8). To
reverse the direction of rotation, the current direction
in either the field or the armature must be reversed.
Reversing the power supply leads causes both the
armature and the field to become reversed, as shown
in Figure 1-9. To determine the direction of the con-
ductor movement, use the right-hand rule for motors,
as shown in Figure 1-S. The first finger indicates the
direction of the flux (north to south), the center finger
indicates the direction of the current flow (negative to
positive), and the thumb indicates the direction of the
resultant thrust.

25 POUNDS
OF FORCE

TORQUE OF
25 FOOT-POUNDS

|
|

!
1 1
>
1FT
RADIUS

FIGURE 1-7 Torque is measured
as the pulling force at some
distance from the center of

the motor shaft. If the force is

25 pounds and the distance is | ft
from the center of the shaft, the
motor torque is 25 ft-lbs.

© Cengage Learning 2014
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UNIT 1 THE DC SHUNT MOTOR

A1 A2 A2 A1
F4 ﬁmmmm Fs Fi ~~~ v~y Fo %
Py COUNTERCLOCKWISE ROTATION é & CLOCKWISE ROTATION $ %
Ly L, L, L

FIGURE 1-8 Standard connections for shunt motors.

) ) )
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— . S
@d e ©d— b Od <F
ORIGINAL CONNECTIONS GIVE ~ ARMATURE CONNECTION REVERSE FIELD POLARITY AND &
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ARMATURE CURRENT AS DIRECTION OF CURRENT IN MIDDLE DIAGRAM RESULT ~ §
SHOWN WOULD PRODUCE A ARMATURE WHILE MAINTAIN- I THE SAME CLOCKWISE B
COUNTERCLOCKWISE ING FIELD DIRECTION RESULTS ~ DIRECTION OF ROTATION. H
ROTATION. IN CLOCKWISE ROTATION. 5

FIGURE 1-9 Reversing either the armature connections or the field connections causes
the direction of armature rotation to change; changing both connections results in the same
direction of rotation.

STARTING CURRENT AND CEMF

The starting current of a DC motor is much higher than the running current while the motor is
operating at its rated speed. At the instant power is applied, the armature is motionless and the
armature current is limited only by the very low armature circuit wire resistance. As the motor
builds up to its rated speed, the current input decreases until the motor reaches its rated speed.
At this point, the armature current stops decreasing and remains constant.

Factors other than armature wire resistance also limit the current. Figure 1-10 illustrates a
demonstration that shows the “generator” action (CEMF) within a motor that accounts for the
decrease in current with a speed increase.
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UNIT 1 THE DC SHUNT MOTOR

) ZERO-CENTER AMMETER

! ARMATURE ARMATURE ‘ ARMATURE
DC SOURCE

(A) Not Rotatlng (B) Rotating ©) Rotatlng

FIGURE 1-10 Demonstration of CEMF.

In Figure 1-10, a DC motor and a lamp (each with the same voltage rating) are connected
in parallel to the DC source. A zero-center ammeter connected in the circuit indicates the
amount and direction of the current to the motor. When the line switch is open (A), there is no
current in any part of the circuit. When the switch is closed (B), the lamp lights instantly and the
ammeter registers high current to the motor. The motor current decreases as the motor speed
increases and remains constant when the motor reaches its rated speed. The instant the switch
is opened, the ammeter deflection reverses. The lamp continues to light but grows dimmer as
the motor speed falls.

Two conclusions can be drawn from this demonstration:

o A DC motor develops an induced voltage while rotating.

¢ The direction of the induced voltage is opposite to that of the applied voltage and for
this reason is called counter-EMF (CEMF).

The amount of voltage generated within a spinning armature depends on the speed of the
rotation and the strength of the magnetic field. Just as in any generator, the left-hand rule for
generators applies, as shown in Figure 1-11.
Even though the armature is being caused to

spin through motor action, the act of spinning T':/%JTSI&\? F

a coil of wire within a magnetic field causes it
to act like a generator. The thumb represents
the direction of thrust of the moving conduc-
tor, and the first finger represents the direction
of the main stator field magnetic flux. Now
the first finger represents the direction of
the induced current flow within the armature
conductors, which is counter to the applied
current. This counter-induced potential is
CEME. The induced current flow is smallerin ~ FIGURE 1-11 Left-hand rule for generators.

FLUX DIRECTION

CURRENT
FLOW
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UNIT 1 THE DC SHUNT MOTOR

magnitude than the applied current flow from the voltage source. The difference between the
applied current flow and the counter-induced current is the differential current.

As the torque, or twisting effort, rotates the armature, the conductors of the armature cut
the main field magnetic flux, as in a generator. This action induces a voltage into the armature
windings that opposes line voltage.

The production of CEMF in a DC motor accounts for the changes in current to a motor
armature at different speeds. When there is no current in the circuit, the motor armature is
motionless and the CEMEF is zero. The starting current is very high because only the ohmic
resistance of the armature limits the current. As the armature starts to rotate, the CEMF
increases and the line current decreases. When the speed stops increasing, the value of the
CEMEF approaches the value of the applied voltage but is never equal to it. The value of
the voltage that actually forces current through the motor is equal to the difference between the
applied voltage and the CEMF. At rated speed, this voltage differential just maintains the motor
at constant speed, as shown in Figure 1-12.

When a mechanical load is then applied to the motor shaft, both the speed and CEMF
decrease. However, the voltage differential increases and causes an increase of input current to
the motor. Any further increase in mechanical load produces a proportional increase in input
current (Figure 1-13).

The increase in motor current due to an increase in mechanical load also can be justified
in terms of the torque. Because torque depends on the strength of the magnetic field of the
armature, which, in turn, depends on the armature current, any increase in mechanical load
requires an increase in the armature current, more load, slower speed, higher differential, and
more current.

STARTING VOLTAGE *

CURRENT DIFFERENTIAL
'l
t NEW VOLTAGE
? \ DIFFERENTIAL

CEMF—f
CEMF

RATED

HEAVIER LOAD
LOW LOAD *

E APPLIED

RUNNING IRUNNING

CURRENT—; 2 w
0 g |__ NEW RUNNING

0 SPEED f s ? CURRENT
FIGURE 1-12 Effects of CEMF on the FIGURE 1-13 Effects of CEMF and

armature current. | when the load is increased.

armature
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UNIT 1 THE DC SHUNT MOTOR

Because the starting current may be many times greater than the rated current under full
load, large DC motors must not be connected directly to the power line for start-up. The heavy
current surges produce excessive line voltage drops that may damage the motor. The maximum
branch-circuit fuse size for any DC motor is based on the full-load running current of the motor.
Therefore, starters for DC motors generally limit the starting current to 150% of the full-load
running current.

ARMATURE REACTION

Armature reaction occurs in DC motors and is caused by the stator magnetic field being distorted,
or altered, in reaction to the armature magnetic field. The armature reaction is actually a bending of
the motor magnetic field so that the brushes are no longer aligned with the neutral magnetic plane
of the motor. If the brushes are not in alignment with this magnetic plane, the current conducted
to the armature does not split equally in the armature conductors and therefore causes a voltage
difference at the brushes. This causes sparking where the brush meets the commutator. In a motor
with a constant load, the brushes can be shifted back into the neutral plane to reduce sparking,
The brushes are shifted in the direction opposite to the rotation. If the motor has a varying load,
the neutral plane will be constantly shifting. To counteract the effects of the field distortion, some
motors are designed with interpoles or commutating poles. These poles are connected in series with
the armature circuit. Every change in armature current that would tend to distort the magnetic field
is counteracted by the interpole magnetic field or commutating windings (refer to Figure 1-2).

SPEED CONTROL AND SPEED REGULATION

The terms speed control and speed regulation should not be used interchangeably. The meaning
of each is entirely different. Speed regulation refers to a motor’s capability to maintain a certain
speed under varying mechanical loads from no load to full load. It is expressed as a percent.
The formula used is

No-load speed — Full-load speed
Percent speed regulation = X 100
Full-load speed

Using this formula, you can determine that a motor that holds a constant speed between no load
and full load has a 0% speed regulation.

Speed control refers to changing the motor speed intentionally by means of external control
devices. This is done in a variety of ways and is not a result of the design of the motor.

Speed Control

DC motors are operated below normal speed by reducing the voltage applied to the armature
circuit. Resistors connected in series with the armature may be used for voltage reduction, or
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UNIT 1 THE DC SHUNT MOTOR

electronic speed control is used to reduce the voltage applied to the armature circuit. When the
armature voltage is reduced while keeping the field current constant, the CEMF is too high, and
no current flows to the rotor. The rotor torque is reduced, and the speed slows (Figure 1-13).
The speed of a DC motor can also be brought below its rated speed by varying the voltage
applied to the entire motor. However, this method is not used because there is a loss of torque
along with the reduction in speed.

A DC motor may be operated above its rated speed by reducing the strength of the stator

field flux. A system is used to reduce the field current and, in turn, the field flux.
Although it seems reasonable
that a reduction in field flux reduces

E
APPUEE: the speed, the speed actually increases

CEMF because the reduction of flux reduces
E -+ the CEMF and permits the applied
ARMATURE .
voltage to increase the armature cur-
rent. The speed continues to increase
until the increased torque is balanced
by the opposing torque of the mechan-
icalload. When the field flux is reduced
while keeping the armature voltage
constant, the CEMF in the armature
drops (Figure 1-14). As a result, there

is a larger voltage differential, which

| ARMATURE

© Cengage Learning 2014

FIGURE 1-14 To reduce speed, reduce the armature

voltage while keeping the field current constant. . .
causes an increase in armature current.

This develops more torque to increase

E VOLTAGE the speed of the motor (Figure 1-15).
APPLIED DIFFERENTIAL -

Caution: Because motor speed
Y increases with a decrease in field flux,
~— — — —CEWF the field circuit of a motor should
- never be opened when the motor is

= be open m
operating, particularly when it is run-
ning freely without a load. An open
ARMATURE field may cause the motor to rotate at
~ CURRENT < speeds that are dangerous to both the

~ g .
~— _ _ ) machine and to the personnel operat-
| ARMATURE § ing it. For this reason, some motors are
* g protected against excessive speed by a
° “no field release” feature. This device
FIGURE 1-15 To increase speed, reduce the field disconnects the motor from the power
current while keeping the armature voltage constant. source if the field circuit opens.
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UNIT 1 THE DC SHUNT MOTOR

THE SHUNT MOTOR

Two factors are important when selecting a motor for a particular application: (1) the variation
of the speed with a change in load and (2) the variation of the torque with a change in load.
A shunt motor is basically a constant speed device. If a load is applied, the motor tends to slow
down. The slight loss in speed reduces the CEMF and results in an increase of the armature
current. This action continues until the increased current produces enough torque to meet the
demands of the increased load. As a result, the shunt motor reaches a state of stable equilibrium
because a change of load always produces a reaction that adapts the power input to the change
in load.

The basic circuit for a shunt motor is shown in Figure 1-16(A). Note that only a shunt
field winding is shown. Figure 1-16(B) shows the addition of a series winding to counteract the
effects of armature reaction. From the standpoint of a schematic diagram, Figure 1-16(B) looks
like a compound motor. However, this type of motor is not considered a compound motor
because the commutating winding is not wound on the same pole as the field winding, and the
series field has only a few turns of wire in series with the armature circuit. As a result, the oper-
ating characteristics are those of a shunt motor. This is so noted on the nameplate of the motor
by the terms compensated shunt motor or stabilized shunt motor.

COMMUTATING
Aq Fq WINDING
A1 F1
) Fa
—0 0 Ao Fo
DC SOURCE R DC SOURCE
—0 o > o} : >
R
(A) Without Commutating Poles (B) With Commutating Poles

FIGURE 1-16 Shunt motor connections.

Speed Control

A DC shunt motor has excellent speed control. To operate the motor above its rated speed,
reduce the field current and field flux. To operate below rated speed, reduce the voltage applied
to the armature circuit.

Electronic speed control systems are used extensively. The principles of control are the
same as the old manual controls. Speeds above normal are achieved by reducing the field
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UNIT 1 THE DC SHUNT MOTOR

voltage electronically, and speeds below normal reduce the voltage ap plied to the armature.
(For more detail on electronic speed control, see Unit 6 on speed control.)

Rotation

The direction of armature rotation may be changed by reversing the direction of current in
either the field circuit or the armature circuit. For a motor with a simple shunt field circuit,
it may be convenient to reverse the field circuit lead. If the motor has a series winding, or an
interpole winding to counteract armature reaction, the same relative direction of current must
be maintained in the shunt and series windings. For this reason, it is always safer to reverse the
direction of just the armature current.

Torque

A DC shunt motor has high torque at any speed. At start-up, a DC shunt motor develops 150%
of its rated torque if the starting controller is capable of withstanding the heating effects of
the current. For very short periods of time, the motor can develop 350% of full-load torque, if
necessary.

Speed Regulation

The speed regulation of a shunt motor drops from 5% to 10% from the no-load state to full load.
As a result, a shunt motor is superior to the series DC motor, but is inferior to a compound-

wound DC motor (see Units 2 and 3). Figure 1-17 shows a typical DC motor with horsepower
ratings ranging from 1 hp to S hp.

PERMANENT MAGNET
MOTORS

A variation on the DC shunt motor prin-
ciple is the permanent magnet (PM) motor.
Two varieties are available. One style of
PM motor uses a permanently magnetized
material such as Alnico or ceramic magnets
mounted in the stator to provide a con-
stant magnetic field. The rotor is supplied
with DC through a brush and commutator
system. The result is similar to a DC shunt-
type motor, but it has a very linear speed/
torque curve.

Another type of PM motor uses the
FIGURE 1-17 DC motor,1hp to 5 hp. PMs mounted in the rotor. Because DC is

Courtesy of General Electric, DC Motor and Generator Department
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UNIT 1 THE DC SHUNT MOTOR

still supplied to the motor, commutation must be provided to properly magnetize the stator in
relation to the rotor for rotational torque. The commutator segments are actually connected
to the stator windings, and a set of sliding contacts on the rotor provides the proper electrical
connection from the DC source to the proper commutator segments on the stator. This type of
PM motor can be produced in larger horsepower models than the PM stator types. PM motors
are generally smaller than 5 hp. Figure 1-18 compares the physical size of a PM motor to a shunt
motor of similar horsepower.

Courtesy of Bodine Electric Company

FIGURE 1-18 DC permanent magnet stator.

The DC permanent magnet motor is a popular motor where battery power provides the
DC for the motor power. Small motors used for electrical drives in the automobile and motors
such as trolling motors are good examples of PM motors. Rare-earth magnetic materials, such
as samarium-cobalt and neodymium, have made the permanent magnets more powerful and
allowed the size of PM motors to increase in horsepower to more than 15 hp. The torque-to-
weight ratio and the horsepower-to-weight ratio make these motors a popular choice for mobile
vehicles where horsepower is needed with light weight. The operating characteristics of these
motors resemble the characteristics of a separately excited shunt motor. The speed curve is
dependent on the armature field current.

If a motor is not providing rotational torque, the problem could be that the magnets have
lost some of the original magnetic strength. Another problem that can occur is the demagneti-
zation of the PM material. This can happen when the motors are running in one direction and
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UNIT 1 THE DC SHUNT MOTOR

then are quickly reversed under power. Some control circuits provide protection from quick
reversals; others compensate for this problem by applying a small voltage during reversing.

BRUSHLESS DC MOTORS

Instead of using mechanical commutation to supply a field and power to the rotor, electronics can
be used to switch the stator field. The rotor uses a PM so that no direct power is supplied to the
rotor. To switch the power supply to the field windings, sensing devices must be used to deter-
mine rotor movement. As the rotor speed increases or decreases, the sensor relays the information
to the electronic switching supply. The electronic supply constantly adjusts to provide the proper
level of voltage to the proper stator poles to maintain speed and direction (see Figure 1-19).

. T @aueck | 'i
| CONTROL : DISCONNECTS |  MOTOR A |
L I
PHASE A |> > | (BROWN) PHASE A :
PHASE B >§ = | (RED) I
PHASE C >§ = : (ORANGE) PHASE B PHASE C |
o | | (GRN./YEL.) c |
g | EaRtH L /7;7 WINDIRGS I
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FIGURE 1-19 Brushless DC motor control schematic.

SuMMARY

The DC shunt motor uses the shunt field as the main magnetic field in the stator. The
shunt field is made up of many turns of small wire and is connected, or shunted, across the
armature. The shunt field may have a series-connected control that adjusts the amount
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