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DIRECT CURRENT MOTORS

An electric motor, as you have already learned,
is a device for converting electrical energy into
mechanical energy, or to perform just the opposite
function to that of a generator. Motors supply
mechanical energy to drive various machines and
equipment by means of belts, gears, and direct shaft
connections.

When electricity from the line is supplied to ter-
minals of the motor, it develops mechanical force
or energy which tends to rotate its armature and
any equipment which may be attached to its shaft.
This twisting effort or force is known as the Torque
of the motor.

114, TYPES OF D. C. MOTORS

Direct current motors can be divided into three
general classes, the same as D. _. generators were,
namely, Shunt, Series, and Compound motors. These
motors are classified according to their field connec-
tions with respect to the armature, in the same
manner in which the generators were classified.

Compound motors can be connected either cumu-
lative or differential. With generators we find that
the shunt, series, and compound types each have
different voltage characteristics. With motors, the
effect of these different field connections is to pro-
duce different speed and torque characteristics.

Motors are made with various types of frames,
known as Open Type, Semi-enclosed, and Closed
Type frames.

Fig. 105 shows a modern D. C. motor with an open
type frame. A frame of this type allows easy access
to the commutator, brushes and parts, for adjust-
ment, cleaning and repairs; and also allows good
ventilation. Open type motors are generally used
where they are to be operated in clean places, and
where there is no danger of employees coming in
contact with their live parts; and no danger of fire
or explosions which might be caused by sparks at
their brushes.

Fig. 105-A shows a motor with a semi-enclosed
frame. Frames of this type will enclose all the live
and moving parts of the motor, and at the same time
allow ventilation through the small openings pro-
vided in the end plates and around the motor
frame.

Fig. 106 shows a motor with a completely en-
closed frame. Motors of this type are often built
larger and wound with larger wire, so they do not
develop as much heat. In some cases they are prac-
tically air-tight, and have ventilating tubes attached
to their casings to bring cooling air from another
room.

Motors with enclosed frames of this type can be
used in places where the air is filled with dust and
dirt, or possibly vapors or explosive gases.

Enclosed frame motors should always be used

where abrasive dust or metal dust is present in the
air, or in mills where wood or grain dust might be
exploded by any possible sparks from brushes.

115, MOTOR SPEEDS AND H. P.

.D. C. motors are always rated in horse power, and
range in size from those of a small fraction of one
horse power to those of several thousand horse
power each. The smaller motors are used for driv-
ing household appliances, laboratory equipment, and
small individual shop machines, such as drill presses,
small lathes, etc. Medium-sized motors, ranging
from one horse power to several hundred horse
power each, are used for driving machinery in fac-
tories and industrial plants, for street railways and
electrical locomotives, and for elevator machinery.
The larger types, ranging from several hundred to
several thousand horse power each, are used prin-
cipally in steel mills and on electrically-driven ships.

The horsepower ratings of motors refer to the
maximum continuous output they can deliver with-
out overheating.

The speed at which D. C. motors are designed to
operate depends principally upon their size, because
the diameter of the armature, as well as the R. P. M.,
are what determine the centrifugal forces set up
in the conductors and commutator bars.

Very small motors commonly have speeds from
2000 to 4000 R. P. M., while motors of medium or
average size, ranging from 1 to 25 h. p., usually
rotate at speeds from 1000 to 2000 R. P. M.

Very large motors operate at much lower speeds,
generally ranging from 100 to 500 R. P. M.; although
some large steel-mill motors have speeds as low
as 40R. P. M.

The speed at which any D. C. motor operates
is always determined by the counter-E. M. F. which
is generated in its armature.

This counter-E. M. F., or back-voltage, we might

e 1

Fig. 105. This photo shows a modern D, C. motor with an open type
frame. Note the easy access a frame of this construction provides
to the commutator, brushes, and field coils.
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say acts as a throttle to control the current flow
through the armature, and therefore acts as a gover-
nor of the motor speed. In the following pages this
principle will be explained more fully in connection
with the characteristics of the different types of
motors.

116. MOTOR SPEED REGULATION AND
CONTROL

In referring to the characteristics and operation
of electric motors, we frequently use the terms Speed
Regulation and Speed Control. These terms have
entirely separate meanings, and their difference is
very important.

Speed Regulation refers to changes in speed which
are automatically made by the motor itself, as the
load on the machine is varied. Speed regulation is
largely determined by the construction of the motor
and its windings and is a very important factor in
the selection of motors for different classes of work.

Fig. 185-A. This motor has a frame of the semi-enclosed type. The
openings at the ends and around the frame are provided for air
circulation and cooling.

The speed regulation of a motor is usually expressed
in percentage and refers to the difference in the
speed of the machine at no load and full load. It
can be determined by the following formula:

Speed No load R. P. M. — full load R. P. M.

regulation No load R. P. M.

For example, if we have a motor that operates at
1800 R. P. M. when no load is connected to it and
slows down to 1720 R. P. M. when it is fully loaded,
its speed regulation would be:

1800 — 1720’ or 044 +
1800
This would be expressed as 4.4 %.
Motor speed regulation is entirely automatic and
is performed by the motor itself, as the load varies.
The term Speed Control refers to changes which
are made in the motor speed by the use of manual

or automatic control devices. These speed control
devices arc usually external to the motor and con-
sist of some form of variable resistance. They will
be fully explained in the following pages.
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Fig. 106. The above motor has a frame of the enclosed type. Motors
of this type are particularly well suited for operation in places
where the air is full of dust or vapor.

117. MOTOR RATINGS IN VOLTS,
AMPERES, AND H. P.

The rating of a D. C. motor in horse power, am-
peres, and volts depends on the same factors in their
design as the rating of generators does. The motor
ratings in horse power are also based on the same
factor of the temperature increase in their windings
when operated at full rated load.

For example, a 10 h. p. motor is one that when
supplied with the proper voltage for which it is de-
signed will drive a 10 h. p. mechanical load con-
tinuously without overheating its windings. The
current required by a motor is, of course, propor-
tional to the mechanical load in h. p. which it is
driving.

In addition to carrying the load without heating
the windings, the motor must also be able to carry
its full load current without excessive heating or
sparking at the brushes and commutator.

Motors are generally designed to carry overloads
of a greater amount and for longer periods of time
than generators are. Most D. C. motors can carry a
25% overload for a period of two hours, without
serious overheating.

We have already learned that D. C. motors are
similar to D. C. generators in all details of their
mechanical construction. In fact, manufacturers
frequently use the same D. C. machines either as
motors or generators, by merely changing the name
plates on them and making a few minor changes in
the connections of the field windings and setting
of the brushes. '

118. MOTOR PRINCIPLES

Electric motors develop their torque or turning
effort by reaction between the flux around the arma-
ture conductors and the flux of the field poles, as
has been previously explained. When the magnetic
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lines of force from the field poles attempt to pass
through the armature core and windings, they collide
with the revolving flux around the armature con-
ductors, as shown in Fig. 107.

Where the lines of force passing from the N. to
S. field poles collide with lines of armature flux in
the opposite direction, they will, of course, tend to
unite and travel in the same direction. This causes
the majority of the magnetic lines leaving the N.
pole in Fig. 107 to swing upward over the positive
conductor, creating a very dense magnetic field
above it and a weaker field below it. As the field
lines go on across the armature and collide with the

downward lines on the left side of the negative -

armature conductor, the majority of the lines will
again join with this revolving flux and pass on the
under side of this conductor.

As we know that magnetic lines of force always
tend to shorten themselves, or take the most direct
path possible through any external circuit, it is evi-
dent that this distortion of the field flux and the
crowding of the lines above the positive conductor
and under the negative conductor will tend to re-
volve the conductors in a counter-clockwise direc-
tion. From the illustration in Fig. 107, we can see
that the torque of a D. C. motor is obtained largely
from the reaction between the magnetic lines of
force of the armature and field flux. There is also
the force of attraction and repulsion between the
field poles and the poles which are set up on the
surface of the armature. That is why D. C. motors
are often said to operate on the “repulsion”
principle.

Fig. 107. The above diagram illustrates the manner in which the
reaction between the lines of force from the armature and field
windings set up the torque or turning effort in a motor.

119. MOTOR TORQUE, SPEED AND H.P.

The torque exerted by such a motor will, of course,
depend on the strength of the magnetic flux from the
field poles and the strength of the armature flux.
Therefore, the torque exerted by a motor can be
increased by increasing either the field strength or
the armature current, or both.

The horse power or mechanical power output of
a D. C. motor is proportional to the product of its
torque and speed. The higher the speed at which
a motor is operated while maintaining the same
amount of torque, the greater will be its horse
power.

D. C. motors rated at higher speeds will produce
the same horse power with smaller frames and
armatures. The cost of high speed motors is there-

fore much less per h. p. A motor frame that is
rated at 5 h. p. at 900 R. P. M. will deliver 10 h. p.
at 1800 R. P. M.

120. DIRECTION OF MOTOR ROTATION

The direction of rotation of a D. C. motor can be
easily determined by the use of Fleming’s left-hand
rule. This rule is similar to the right-hand rule
which we have learned to use for generators.

Hold the first finger, thumb, and remaining fingers
of the left hand all at right angles to each other.
Let the first finger point in the direction of flux
from the field poles, the remaining fingers in the
direction of current through the armature conduc-
tors, and the thumb will then indicate the direction
of rotation of the armature.

This rule can be quickly and easily applied to
diagrams such as shown in Fig. 107 and can also be
used on the actual machines, when the armature
conductors and connections to the commutator can
be seen and the polarity of the field poles is known.

The direction of rotation can also be easily deter-
mined with diagrams such as shown in Fig. 107, by
simply remembering that the repelling or crowding
force on the armature conductor will be on the side
where its flux lines join with those of the field flux.

From this study of the direction of rotation of
motors, you can see that any D. C. motor can be
reversed either by reversing the direction of cur-
rent through the armature winding or by reversing
the field connections to change the polarity of the
field poles. Refer to Fig. 107, and using the left-
hand rule, note the direction in which these con-
ductors would rotate if their current were reversed
or the poles of the motor were reversed.

121, COUNTER E. M. F. IN MOTORS

You have already learned that a voltage will be
induced or generated in the armature conductors of
a motor whenever the machine is running, and that
this voltage is called Counter E. M. F. As the arma-
ture of the motor rotates, its conductors will be go-
ing through the field flux and so will produce
counter-voltage in the same direction as that of the
voltage of a generator rotated in the same direction
as the motor. Therefore, this counter E. M. F. in-
duced in a motor is always in a direction opposing
the applied line voltage, but of course is normally
not quite as great as the applied voltage.

The amount of counter-voltage which will be gen-
erated depends upon the number of conductors in
the armature, the strength of the motor field, and
the speed at which the machine is operated.

Keep this rule well in mind, because the effects
of counter-voltage are extremely important in the
operation of D. C. motors and control equipment.

In Fig. 108, thegdirection of the current and
voltage applied to armature conductors from the
line is shown by the solid black symbols in the two
armature conductors, and the direction of the
counter-voltage generated in these conductors with
the polarity and rotation shown, is indicated by the
lighter symbols above the conductors.
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Fig. 108. The above sketch illustrates the manner in which the
counter-voltage is generated in the opposite direction to the applied
voltage in a motor armature.

As the counter-voltage is generated in the opposite
direction to the applied line voltage, we can readily
see how it limits or regulates the current which will
ilow through the armature and thereby acts as a
governor of the motor speed.

The voltage applied to a D. C. motor armature
is equal to the voltage drop in the winding plus the
C.E.M.F, or

Ex = Ra Ia 4+ CEa
in which
Ex = Applied voltage
Ra = Resistance of armature
Ia = Current in armature
CEa = Counter voltage of armature

Then, for example, the applied voltage of a certain

110-volt motor might be used as follows:
Ex. Ra Ia CEa

No load: 110 = 1 4 109

Full load: 110 = 5 4 105

122, ARMATURE RESISTANCE NECESSARY
WHEN STARTING D. C. MOTORS

When the motor armature is idle or at rest no
counter-voltage is produced, and the current which
would then flow through the armature would be de-
termined entirely by its resistance and the voltage
applied ; according to the formula:

I=E-=R

The resistance of D. C. motor armatures is very
low, usually less than one ohm. Therefore, excessive
currents would flow through them if we were to
apply the full line voltage to start the machine.

For this reason, when starting D. C. motors of
any but the very smallest sizes, it is necessary to
place some resistance in series with the armature
to limit the current until the machine comes up to
speed. As the motor increases its speed the counter-
voltage becomes higher and higher, until it limits the
current to such an extent that the motor speed can-
not further increase. At this point the difference
between the counter-voltage and the line-voltage
may be only a few volts, even on motors of quite
high voltage. :

The voltage effective in forcing current through
the armature of a motor when it is running will be
just that amount of the line voltage which is not
neutralized by counter-voltage. In other words, the
effective voltage will be line voltage minus counter-
voltage. This is illustrated in Fig. 109, which shows
the amount of the applied voltage which is neu-
tralized by the counter-voltage developed in the
armature. For this illustration we have used even

and convenient figures, but in actual operation of a
motor running without load the counter-voltage
would be even greater in comparison to the line
voltage.

If we assume the resistance of the armature in
this figure to be .2 of an ohm, the current which
would flow through its winding if full line voltage
were applied would be 100 =+ .2, or 500 amperes.
That is, of course, provided that no external re-
sistance were used in series with the armature.

If this same armature develops 90 volts counter-
E. M. F. when rotating at full speed and under full
load, the effective voltage is then only 10 volts. So,
when running at this speed, the armature current

* would be 10 + .2, or 50 amperes. From this example

you can see what a great effect counter-voltage has
upon the current flow in a motor armature.

123. EFFECT OF COUNTER-VOLTAGE ON
MOTOR SPEED

The current required to operate a D. C. motor
when no load is connected to it is comparatively
small. Let us say that the armature shown in Fig.
107 requires 50 amperes to operate it at full load,
and only 5 amperes to operate it when the load is
disconnected. As the resistance of the armature is
only .2 of an ohm, the applied voltage to run the
machine at full speed and at no load would be .2 X 5,
or 1 volt. So the counter-E. M. F. during the time
this motor is running idle should be 100 — 1, or
99 volts. .

When the mechanical load is removed from a
motor, its armature immediately tends to speed up;
but as the speed increases it also increases the
counter-E. M. F,, thereby reducing the current flow
from the line and holding the motor at a constant
speed slightly higher than when operated under full
load. This again serves to illustrate the manner in
which counter-E. M. F. governs the speed of a D. C.
motor.

Effective
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Fig. 109. From the above illustration you will note that the counter-
voltage is often nearly as high as the applied voltage. This sketch
illustrates the extent to which counter-voltage regulates or limits
the flow through a motor armature.

124, D.C. MOTOR CHARACTERISTICS

In selecting D. C. motors for any particular work
or application we must, of course, use a machine of
the proper horse-power rating to start and carry the
load the motor is intended to drive. In addition to
the Horse Power Rating of the motor, the other
essential points to be considered are its Starting
Torque and Speed Regulation characteristics. These
characteristics vary widely for shunt, series, and
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Shunt Motors

compound motors, which will be thoroughly ex-
plained in the following paragraphs. Make a careful
study of this section because it may often be of
great advantage to you on a job to be able to select
the proper motors for different applications.

125. SHUNT MOTORS

The field winding of a shunt motor is connected
directly across the line or source of current supply,
in parallel with its armature. This shunt field wind-
ing is made up of many turns of small wire and has
sufficient ohmic resistance to limit the current
through the coils to the safe carrying capacity of
the conductors they are wound with. As the resist-
ance of the shunt field winding is practically con-
stant, this current and the strength of the field it
sets up will be determined by the line voltage which
is applied to the motor.

A simple diagram of the connections of the arma-
ture and field of a two-pole shunt motor is shown in
Fig. 110.

126, STARTING TORQUE OF SHUNT
MOTORS

The starting torque of shunt motors is only fair
and they cannot start very heavy loads because their
field strength remains approximately constant as
long as the applied voltage is constant.

While a motor is starting the armature flux is
very dense, because of the heavier currents flowing
through the armature at this time.

This increased armature flux of course increases
the motor torque, but it also weakens the field by
distorting it and forcing it to take a path of higher
reluctance ; so shunt motors cannot build up as good
starting torque as series or compound machines do.

As the torque of the motor depends upon its field
strength as well as upon the armature current, we
can see that the starting torque of a shunt motor
will not be very good.

Shunt Motor

A

Source of E.MF.

Fig. 110. Diagram of the connections for a simple shunt motor.
127, STALLING TORQUE OF SHUNT

MOTORS

If a shunt motor is overloaded to too great an
extent it will slow down and possibly be stopped
entirely if the overload is great enough. A motor
should never be allowed to remain connected to the
line when in this stalled condition, or its windings
will be burned out. This is due to the fact
that when the armature is stopped it is generating
no counter-voltage, and the applied line voltage
will send a severe overload of current through the

A A

low resistance armature. Fuses or circuit breakers
should be provided to open the line circuit to the
motor in a case of this kind.

The ability of a motor to carry overload without
stalling is often’referred to as the Stalling Torque
of the motor.

Shunt motors will carry their full, rated load but
should not be overloaded to any great extent, as
their stalling torque is not very high.

128. SPEED REGULATION OF SHUNT
MOTORS

The speed regulation of shunt motors is excellent,
as the strength of their field remains practically con-
stant, and as long as the proper line voltage is ap-
plied they will maintain practically constant speed
under wide variations of the load.

The shunt motor will of course slow down a little
when the load is increased; but, as soon as the
armature speed is reduced even slightly, this reduces
the counter-voltage generated and immediately
allows more current to flow through the armature,
thereby increasing the torque and maintaining ap-
proximately the same speed.

The speed of shunt motors ordinarily should not
vary more than three to five per cent. from no load
to full load. Fig. 111 shows a set of curves which
illustrate the speed regulation of series, shunt, and
compound motors. Note that the speed of the shunt
motor only falls off very gradually as the load is
increased. 4

129. SPEED CONTROL AND APPLICATIONS
OF SHUNT MOTORS

The speed of shunt motors can easily be varied

or controlled by inserting a rheostat in series with

their field. If the field is weakened, the motor speed

will increase, because the reducd counter-voltage .

allows more current to flow through the armature.
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Fig. 111. The above diagram shows the characteristic speed curves
for several types of D. C. motors. Note carefully the manner in
which the speed varies with increase of load.
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SERIES MOTOR
Fig. 112, Diagram of the tions for a simple series motor. The

dotted lines show where a shunt can be connected in parallel with
the field coils for varying the speed.

If the field is strengthened, the motor speed will
decrease, because this stronger field allows the
normal counter-voltage to be generated at lower
speed.

The uses and applications of shunt motors are
many and varied. They may be used on any job
where more than full-load torque is not required
for starting and where practically constant speed is
essential. They are extensively used for pumps,
elevators, motor-generator sets, and for the opera-
tion of lathes and various machines used in manu-
facturing appliances.

130. SERIES MOTORS

Series motors have their field coils connected in
series with the armature and the line, as shown in
Fig. 112. The windings for the fields of series motors
are made of heavy copper wire or strap copper, and
may consist of anywhere from a few dozen to a few
hundred turns.

The strength of the field of the series motor de-
pends upon the amount of current flowing through
the armature and series field coils.

As the armature current depends upon the motor
load and speed, the field strength of a series motor
will be much greater at heavy loads and low speeds
than at light loads and higher speeds, when the
armature is developing a greater counter-E. M. F.
131. STARTING TORQUE

The armature current is usually at its greatest
value when starting a mototr because when the
armature is idle or rotating at low speeds it doesn’t
generate much counter-E. M, F., and very heavy
currents will flow through the armature until it
comes up to speed. For this reason the starting
torque of series motors is excellent.

The torque of motors of this type varies directly
with the square of the armature current, because any
increase of current through the armature also in-
creases the field strength, as the two windings are
in series. .

Series motors are capable of starting very heavy
loads, and this makes them particularly adaptable
for use on street cars and electric railways, and other

special applications where the machinery to be
driven is difficult to start.

132, STALLING TORQUE

Series motors also have excellent stalling torque,
because, when they are overloaded, their speed is
reduced and less counter-voltage will be generated in
the armature. This allows more current to flow both
through the armature and field coils, greatly in-
creasing the flux around the armature conductors
and from the field poles.

It is almost impossible to stall a series motor with
any reasonable load, because the slower the speed
becomes, the more current will flow through the
armature and field of the motor, and the greater its
torque becomes.

Of course, it is possible to burn out a series motor
by overloading it in this manner, if the overload
is left on it too long.

133. SPEED REGULATION

The speed regulation of series motors is very poor,
because their speed varies inversely with the load ap-
plied. Any increase of load actually strengthens the
field flux of the series motor. This causes a higher
counter-voltage to be generated and momentarily
reduces the armature current, until the speed of the
motor drops enough lower to bring the counter-
voltage back to normal or less than normal, to al-
low the increased current flow required for the
additional load.

If some of the load is removed from the series
motor, this decreases the flow of current and weak-
ens its field. The weaker field develops less counter-
voltage and momentarily allows more current to
flow, until the speed is increased enough to build
the counter-voltage up again somewhat above
normal value.

Thus, series motors will operate at very high
speeds when the load is light and they will overspeed
if the load is entirely disconnected. For this reason
series motors should never be operated without load,
or the speed will increase to a point where centrif-
ugal force may throw the armature apart.

Series motors should always be attached to their
load by gears or direct shaft connection, and never
by belts. If a series motor were belted to its load
and the belt should break or slip off the pulleys, the
motor might dangerously overspeed before it could
be stopped.

In Fig. 111, the speed curve for a series motor is
shown, and you will note how rapidly the speed
decreases with any increase of load.

There are certain applications for motors, how-
ever, where the decrease of speed with increase of
load is very desirable.

134. SPEED CONTROL

The speed of a series motor can be controlled or
varied at will by the use of resistance in series with
the motor. Increasing this resistance will reduce
the voltage applied to the armature and series field,
and tends to momentarily reduce the current flow
and the torque, until the motor reduces its speed and
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Compound Motors

counter-E. M. F. to a point where the counter-E.
M. F. and the effective voltage again balance the
reduced applied voltage.

This is one of the methods used to vary the speed
of eleotric street cars, by cutting resistance in or out
of the motor circuit with the drum controller. When
the resistance in series with the machine is varied,
the voltage across the armature is varied accord-
ingly, and the armature slows down or speeds up
correspondingly until the counter-E. M. F. and
effective voltage again equal the applied voltage.

The speed of series motors can also be varied by
connecting a shunt in parallel with their field coils,
as shown by the dotted lines in Fig. 112. This shunt
merely passes a certain amount of the armature cur-
rent around the field winding, and thereby weakens
the field strength and increases the speed of the
motor. These shunts can not be used to decrease
the motor speed below normal.

135. USES AND APPLICATIONS OF SERIES
MOTORS

The uses and applications of series motors are
somewhat limited because of their wide variation in
speed when the load is varied, and their tendency
to overspeed when the load is removed. Series
motors are not adapted to driving machinery or
equipment which place a variable load on the motor
and require practically constant speed.

Series motors are used principally for electric
cranes, hoists, and railway service, and are well
suited to this work because of their high torque at
low speeds and low torque at high speeds. They
are particularly well adapted to electrical traction
work because of their splendid starting torque,
which enables them to start heavy cars quickly and
also climb hills with heavy loads. Their speed
characteristic is also an advantage in this case,
because it is possible to obtain high speeds with
cars operated by this type of motor when the cars
are running on the level or with light loads.

136, COMPOUND MOTORS

Compound D. C. motors have some of the charac-
teristics of both the shunt and series motors, as they
have both a shunt and series field winding on each

pole. The shunt field of the oerdinary machine is made -

up of many turns of small wire and is connected
in parallel with the armature and line, as shown in
Fig. 113. The strength of the shunt field flux will
therefore be proportional to the applied line voltage
and will be practically constant as long as this volt-
age is not varied.

The series field winding is usually made of very
heavy copper wires or strap copper and may vary
from a few turns to 100 turns or more per pole. This
winding is connected in series with the armature,
as shown in Fig. 113, and carries the full load cur-
rent which passes through the armature.

The strength of the series field will therefore be
proportional to the load applied to the motor. The
shunt field, however, is the one that always deter-
mines the polarity of the machine under ordinary

conditions and, therefore, it is called the main field
winding.

Compound motors can be connected either cumu-
lative or differential, by simply reversing the connec-
tions of their series field windings. The connections
shown in Fig. 113 are for a cumulative compound
motor, and most D. C. motors are understood to be
connected in this manner, unless they are marked or
designated as differential-compound.

With the series field connected for cumulative-
compound operation, the current flows through these
coils in the same direction that it does through the
shunt coils, and therefore aids in setting up a
stronger field when there is any load on the motor.

137. STARTING AND STALLING TORQUE

Cumulative-compound motors have a very much
better starting-torque than shunt motors, because
the heavier armature currents which flow during
starting also pass through the series field and greatly
strengthen its flux, thereby increasing the motor
torque.

Motors of this type can be used for starting very
heavy loads or machinery that is difficult to start
and bring up to speed.

The stalling torque of cumulative-compound mo-
tors is also quite high, because any increase of load
on the machine will increase its armature current
and the current through the series field. This in-
creases the flux of the field poles, which in turn in-
creases the motor torque and enables it to carry the
additional load at slightly reduced speed.

Such motors can be allowed to carry reasonable
overloads of 15 to 25 per cent. as long as they don’t
overheat enough to damage their insulation.

138. SPEED REGULATION AND APPLICA-
TIONS

The speed regulation of cumulative-compound
motors can be considered as fair. Their speed will
vary inversely with the load, because any increase
of load also increases the field flux due to the action
of the series winding; and when the field flux is in-
creased, the armature speed must decrease, in order

CUMULATIVE COMPOUND MOTOR

A A A A A < > 4\
- + >
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Fig. 113. Diagram of connections for a cumulative compound motor,
Note that the series field winding is connected so it will aid the
shunt field winding in providing a strong field.
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to lower the counter-E. M. F. sufficiently to allow
enough current to flow to carry the load. The
stronger the field of any motor, the lower will be
the speed at which it can generate the normal
counter-E. M. F.

Compound motors are used extensively ‘to drive
power shears, the rolls of steel mills, and in factories
and industrial plants for running machines which
require good starting and stalling torque and don’t
require very close speed regulation.

139. DIFFERENTIAL COMPOUND MOTORS
When compound motors are connected for differ-

ential operation their characteristics change con-

siderably from those of cumulative machines.

A differential compound motor has its series field
so connected that the current will flow through it
in the opposite direction to that of the current in
the shunt field windings, as shown in Fig. 114. This
tends to weaken the field flux whenever any load
is being carried by the motor.

The shunt field winding is the main winding and
under ordinary conditions it determines the polarity
of the field poles. Occasionally, however, when
these motors are started up rather suddenly and
under heavy load, the current flow through thediffer-
ential series winding becomes very strong; and due
to its strong flux and the inductive effect which it
has on the shunt field coils during the time this flux
is building up around the series winding, it may
overcome the shunt field flux and reverse the pelarity
of the field poles. This will cause the motor to start
up in the wrong direction.

To avoid this, the series field of a differential motor
should be short-circuited when starting. This can
be done by the use of a single-pole knife switch of
the proper size, connected across the series field
terminals, as shown in Fig. 114,

140. STARTING TORQUE AND STALLING
TORQUE

The starting torque of an ordinary differential-
compound motor is very poor, even poorer than that
of a shunt motor. This is due to the effect of the
heavy starting currents flowing through this field
and weakening the flux of the shunt field to such
an extent that the motor has very poor starting
torque. Motors of this type are usually started
without any load connected to them.

A reversing switch can be used to reverse the
polarity of the differential field and make the motor
operate cumulative during starting, and thereby
improve the starting torque of this motor.

Differential motors will not carry overload with-
out stalling. In fact they will usually only carry
about 75% of the full rated load of a shunt motor
of the same size. Whenever the load on such a
machine is increased, the series field current is in-
creased and, because it flows in the opposite direc-
tion of that in the shunt winding, it tends to neu-
tralize and weaken the total field flux and also
weaken the Joad-pulling torque.

DIFFERENTIAL COMPOUND MOTOR

Fig. 114. Differential compound motor tions. Note that the
serics field is connected so it will oppose and weaken the effect of
the shunt fleld.

141. SPEED REGULATION AND APPLICA-
TIONS

Differential-compound motors have excellent
speed regulation up to a certain amount of load. As
the load is slightly increased, the motor tends to
slow down, but the increased current through the
differential series field immediately weakens the
shunt field flux and thereby causes the counter-
E. M. F. in the armature to be reduced.

This allows more current flow through the arma-
ture and maintains the speed at normal value. With
just the proper number of turns on a differential
series field, the tendency of the motor to slow down
with increased load and the tendency to speed up
with weakened field can be so balanced that they
will neutralize each other, and the speed will remain
almost perfectly constant if the load change is not
too great.

Note the speed curve shown for this type of motor
in Fig. 111,

Differential-compound motors are not used very
extensively, because of their very poor starting
torque; but they have certain applications where
very little starting torque is required and good speed
regulation is essential. The operation of textile
mill machinery is a good example of this application.

A convenient, practical method for determining

whether a compound motor has its series field con-:

nected differential or cumulative is to operate the
motor and note its speed. Then reverse the series
field connection and again note the speed. Which-
ever connection gives the most speed is the differ-
ential connection of the series field winding.
142, BRAKE HORSE-POWER TEST FOR
MOTORS

Occasionally it may be desirable to make an actual
test of the horse-power output of a motor, in order
to determine its condition or efficiency. This can
be done by arranging a brake or clamp to apply
load to the pulley of the motor and thereby measure
the pull in pounds or the torque exerted by the
motor.
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This method is known as the Prony Brake Test.

Fig. 115 shows the equipment and method of its
use for making this test. The brake can be made
of wood blocks cut to shape to fit the pulley and
fitted with bolts and wing nuts so the grip or ten-
sion of the blocks on the pulley can be adjusted.
When making a number of these tests, it is also a
good plan to line the curved faces of the block with
ordinary brake lining such as used on automobiles.
This makes it possible to apply a smoother braking
effect without generating too much heat due to the
friction.

An arm or bar, of either wood or metal, can be
attached to the brake blocks as shown in the figure,
and fitted with a bolt or screw eyes for attaching
the scales to the end of the bar. A spring scale, such
as shown in Fig. 115, can be used, or the bolt on the
underside of the arm end can be allowed to rest on
the top of a platform scale.

The brake arm should preferably be of some even
length, such as 2 ft. or 3 ft., in order to simplify the
horse-power calculation. The arm length is mea-
sured from the center of the shaft to the point at
which the scale is attached.

With a device of this kind, load can be gradually
applied to the motor by tightening the brake shoes
or clamps until the motor is fully loaded.

An ammeter can be used in series with one of the
line leads to the motor to determine when the ma-
chine has been loaded to its rated current capacity.
In case an ammeter is used, a voltmeter should also
be used, to see that the proper line voltage is applied
to the motor at the time of the test. A wattmeter
can be used instead of the voltmeter and ammeter
if desired.

When the brake has been adjusted so that the
motor is drawing its full rated load in watts, the
pound pull on the scale should be noted and the
speed of the metor in revolutions per minute should
be carefully checked.

The adjustment on the brake should be main-
tained to keep the motor pulling the same amount
on the scales and drawing the same load in watts
during the time the speed is being checked.

The motor speed can easily be checked by means
of a speed counter or tachometer applied to the end

!

Fig. 115. The above diagram illustrates the method of making a
brake-h. p. test on a motor.

of its shaft while running. A watch with a second-
hand should be used for gauging the time accurately.

143. HORSE POWER CALCULATION

The horse power of a motor is proportional to the
product of its torque and speed. Therefore, when we
know the length of the lever arm in feet, the pull in
Ibs. on the scales, and the speced of the motor in
R. P. M., we can easily determine the horse-power
output by the following simple formula:

2X AXR.P.M. XP XL
L5 33,000

In which:
h. p. = the horse power developed by the motor
-t = 3.1416, or the ratio between the diameter
and circumference of a circle. (2 X 5 =
6.28)
R. P. M. = Speed of the motor in revolutions per
minute
P = Lbs. pull on the scale
L = Length of lever arm in feet
33,000 = Number of foot-pounds required per
per minute for one h. p.
As an example, suppose we have made a test on
a motor using a brake arm two ft. in length, and
have found that when the motor is fully loaded ac-
cording to the electrical instruments, it applies 9
Ibs. pull on the end of the arm and revolves at a
speed of 1500 R. P. M. Then, according to our
formula:

6.28 X 1500 X 9 X 2
33,000

144. EFFICIENCY TESTS

The efficiency of a motor is, of course, an im-
portant item, especially where a large number of
motors are being chosen for continuous operation of
certain equipment. The higher the efficiency of any
motor, the greater the h. p. it will produce from a
given amount of electrical energy in watts, and the
less power will be wasted in losses within the
machine,

These losses are partly mechanical, such as bear-
ing friction and “windage” due to the armature re-
volving through the air at high speed. They are also
partly electrical, such as losses in the armature and
field windings due to resistance and to a certain
amount of energy being transformed into heat, and
the slight magnetic losses due to hysteresis and
eddy currents.

The efficiency of D. C. motors may vary from 50%
or less for the very small fractional horse power
machines up to 90% for the larger ones, and even
higher than this for extremely large motors.

The efficiency of ordinary motors from 5 to 50
h. p. will usually range between 75 and 90 per cent;
so, when the efficiency of a machine is not known, a
good average figure to use is 80% or 85%.

As a general rule, the larger the motor, the higher
will be its efficiency. Fig. 116 shows a table in
which are given the efficiencies of several sizes of

h. p. =

or 5.1 h. p.
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EFFICENCY OF 230VOLT COMPOUND DC MOTORS
"i'zl_fﬁ AT %2 LOAD AT % LOAD AT FULL LOAD
s 3% 78 % 807%

10 79% 82.5% 857,
25 847 87 % 82.5%
S0 85% 8%.5% 86.5%
200 87% 897 91.5%

Fig. 116. This table gives the approximate efficiencies of various sized

D. C. motors at various percentages of load.
motors, from 5 to 200 h. p. You will also note by
examining this table that the efficiency of any
motor is better at full or nearly full load. There-
fore, it does not pay to operate motors lightly loaded
whenever it can be avoided by the selection and use
of motors of the proper size. In many cases, motors
which are larger than necessary have been installed
to operate certain machines, because these machines
require considerable starting torque. In a case of
this kind, the selection of a different type motor
with a better starting torque can often effect con-
siderable power saving.

145. EFFICIENCY CALCULATION

The efficiency of any motor can be found by di-
viding its output in watts by the input in watts.
This is stated by the following formula:

W O
W I

e —

In which:
e = the efficiency of the motor in per cent.
W O = watts output
W I = watts input
The output and input can both be determined in
horse power or kilowatts, if preferred, and used in
the same manner in the formula.
When we have made a test of the horse power of
a motor by the Prony brake method and have
measured the electrical power input either with a

wattmeter or a voltmeter and ammeter, it is ther
an easy matter to determine the efficiency of the
machine with the formula just given.

For example, suppose we have tested a machine
and found its full load output to be 35.5 h. p. During
this test the wattmeter connected to the motor leads
indicated that it was consuming 31,150 watts. To
obtain the output in watts, we multiply 35.5 by 746,
as there are 746 watts in each h. p., and we find that
the output is 26,483 watts.

Then, according to the formula, the efficiency of
this motor will be found as follows:

26,483

= + g
e 31.150 , or 85+ % efficiency

Fig. 117-A shows the method of conecting a watt-
meter to the terminals of a motor for determining
the input or energy consumed. At “B’ in this same
figure are shown the proper connections for a volt-
meter and ammeter used to determine the input of
the motor.

The readings of the voltmeter and ammeter can be
multiplied to obtain the power input in watts.

, [ 5

)

[ o
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Fig 117. The above diagram shows the method of connecting
wattmeter or vo!tme er and ammeter, to determine the KW or
h. p. input to a motor.

D. C. MOTOR STARTERS AND CONTROLS

There are two general types of D. C. motor control
equipment. One of these is used for starting duty
only, and the other can be used both for starting
and for controlling or regulating the speed of the
motors while running.

Motors of 14 h. p. or less can be started by con-
necting them directly across the line, as their arma-
tures are so small and light in weight that they
come up to full speed almost instantly. Therefore,
the heavy rush of starting current does not last
long enough to overheat their windings.

Medium-sized and larger D. C. motors should
never be connected directly across the full line volt-
age to start them, as their heavier armatures re-
quire more time to speed up and develop the ne-
cessary counter-voltage to protect them from exces-
sive starting current.

If these armatures are connected directly across
full line voltage when they are at rest, the rush of
starting current through them is likely to be more
than 10 times full-loadcurrent. Thisexcessive current
will overheat the winding, and also possibly damage
the insulation of the coils by the powerful magnetic
field it sets up and the mechanical forces the coils
exert on the slots in trying to practically jerk the
armature up to full speed.

So, for this reason, a starting resistance should
always be connected in series with the armature of
a D. C. motor when starting it, and left in the circuit
until the motor armature has reached full speed and
has built up its own protective counter-voltage.

When the current flows through this resistance, it
causes sufficient voltage drop so that only about
one-fourth of the line voltage is applied to the arma-
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ture. Fig. 118 shows the method of connecting the
starting resistance in series with the motor arma-
ture.

These starting resistances are usually arranged so
they can be gradually cut out of the armature circuit
as the motor comes up to speed, and when full speed
is reached the resistance is all cut out.

The starting current for D. C. motors -should be
limited to about 114 to 214 times full-load current.
It is therefore necesary that starting rheostats have
the proper resistance value and current capacity for
the motors with which they are usd.

146. TIME ALLOWED FOR STARTING
MOTORS

The period of time for which the starter resist-
ance should be left in series with the motor when
starting, depends upon the size of the motor and the
nature of the load attached to it. A motor connected

Shunt Seriesy
Field Field

Fig. 118. This simple sketch sh the in which u resistance
is used in series with the armature when starting a D. C. motor.

to a heavy load, of course, requires more time to
come up to full speed, and the larger the armature
of a motor, the more time is required for it to reach
full speed.

Usually from 15 to 30 seconds will be required on
or