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DIRECT CURRENT MOTORS

No other electrical machine is used in greater murbers or in more different
forms and applications, than is the electric motor, It is used commercially
in all sizes, ranging from one~tenth up to 10,000 horse power and more. The
electric motor is a machine for converting electrical emsrgy into mechanical
energy, that is, it is supplied with power from an electric power line and
caused to rotate at a high rate of speed, By means of a system of belts, levers,
or gear wheels, this rotating motion is then transmitted on to other apparatus,
and in this way the motor is used to operate all kinds of machinery and to do
useful worik,

One form of motor is used for operating on direct current circuits, while
another form differing somewhat in coanstruction is used on alternating curremt
circuits, However, the principles of operation of all these motors are funda-
mentally the same, no matier how large or how small they are, and whether D, C,
or A, Cey, and if the basic principles are once clearly understood, they can
readily be applied to every type and form of motor,

CONSTRUCTION AND ACTION OF THE D, C. MOTOR

In its general appearance and mechanical construction the direct current
motor is similar to the direct current generator, In fact, practically all
direct current machines can be used interchangeably either as motors or gener-
ators, The operation of the two mechines, as we shall presently see, is also

closely related,
The phantom view shown in Fig, A illustrates very clearly the mechanical
arrangement and comnstruction of a modern direct current motor. It consists of

a circular field frame or yoke on the imner surface of which are mounted the
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ficid poles with their coil windings, At the center rotates the armature with
its windings placed in siots on the outer surface, and the ends of the coils
brought out to a commtator mounted on one end of the shaft, The brushes and
brush rigging are aiso ciearly shown, The fan blades on the left end of the
armature serve to ventilate and cooi the motor by biowing a contimuous siream

of air through the interior,

The motor is caused to rotate by the interaction between the magnetic lines
of force surrounding the armature conductors and the magnetic field created by
the fieid poles, This is clearly brought out in the accompanying sketches, In
Fig, i is shown a singie conductor with an eiectric current flowing through it
in a direction into the paper. The circular lines of force are shown surround-
ing it in a clockewise direction, In Fig, 2 is shown the effect of placing a
number of these conductors next to each other, the iines of force combine and
form a common field around the group, Fige 3 1lliustrates the uniform megnetic
field existing between a powerful N and S fleld pole of a machine, The lines

of force leave the N and enter directly into the S poie, If the coanductor
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shown in Fig. 1 is now placed into this uniform field, the lines become1 distorted
as 1s shown in Mg, 1l and if we remember that lines of force act like stretched
rubber bands constantly trying to shorten and straighten out, we can see that
the wire will be caused to move to the left, We will now take a coil of wire
with a current flowing through it and place it into the magnetic field as in
Fig. 5. The upper side at which the current enters the coil is pushed to the
left and the lower side at which the current comes out is pushed to the right:
in other words, the entire coil is cuased to rotate. If we now consider that

on a motor armature thsre are a large mumber of such coils placed side dy side,
we will see that thsre is a constant force exerted on the armature which causes
it to rotate, As soon as the armature current is turmed off, there is no longer

any force exerted on the armature conductors, and the motor stops,
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FIGS. 1 TO 6. ACTION OF CURRENT-CARRYING CONDUCTORS ON MAGNETIC FIELD

TYPES OF D,C, MOTORS
Direct current motors can also be divided into three general classes accorde
ing to their electrical characteristics, namely series, slmnt and compound, 1In

all these three types the armatures may be the same, the essential difference
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being in the field windings and in the manner these are comnected to the
armature,

In a series motor the fileld windings consist of a comperatively small
number of turms of rather large wire, and are connected in series with the
armature so that the entire current taken by the motor flows through them, There
There is therefore, but a single path through the entire machine, A series
motor can always be recognized by the large wire used for the field coils., This
type of motor is not used so very extensively, chiefly for cranes and hoists or
where a very heavy starting pull must be exerted. The speed of a series motor
is not constant, but depende upon the amount of load it is required to pull —=
the lighter the load the greater the speed,

The silunt motor ie probably the most commonly used type of motor, and de-
rives its name from the fact that the field coils are connected in pamllel or
shunt with the armature. Thers are, therefore, two electrical paths through
this machine, one¢ through the field and one through the armmature circuit. The
field coils are wound withk a large mumber of turns of rether small wire, and
it is this fact which readily enmables one to recognize a shunt machine, Since
the field winding is connected directly across the power lines as will be shown
in the wiring diagrams a 1little later, the field current and field stremgth of
e shunt moter remair practically comstant, no matter how much load is on the
motcr, The speed of a shunt motor is also practically constant for all loads,
being only slightly less at full load than no load, These features meke the
shunt motor applicable to a large number of drives where a heavy starting pull
is not necessary and where a nearly constant speced is wantsd at all loeds,
Shunt motors are always used for driving motor-generator sets,

The compound motor has two sets of fleld windings, one consisting of a few

turne of large wire connected in series with the armature, and the other con-
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sieting of many turne of smaller wire comnected in perallel with the armature,
The machine is, therefore, a conbination of the seriee and slmnt motors, and
is employed for all service where a rather heavy starting pull but constant
running speed is needed,

Some motors are also provided with special auxiliary poles placed between
the main field poles, These are known as commtating polee or interpoles, and
are used in order to produce sparkless operation under different conditions of
load and speed. They are, therefore, used chiefly on variable speed motors,

DIRECTION OF ROTATION

DIRECTION
STOTATION

LONGITUDINAL SECTION THROUGH MOTOR
Fig-SA

A further study of Fig. 5A will show that the direction in which the armature
of a moter is caused to rotate depends both upon the direction of the field mag-
retism and the direction in which the electric current flows through the coils,
If the field magnetism were reversed so that the pole on the right became a
north pole and the one on the left a south pole, the lines of force would ex-
tend from the right to the left., They would then be distorted so tlat the
armature coil would be caused to rotate in the oppostie dir-ction,

Likewise, if the fileld magnetism were left unchanged but the direction of
current flow through the armature reversed, the megnetic ficld also would be dis-
torted sc that the direction of rotation would be reversed, But on the other
hand, if both the field megnetism were reversed as well as the curremt flow

through the arms ture, then the magnetic distortion would remain unchanged as it
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is fllustreted in the fi&éure, and the direction of rotation would not be effected,
This brirgs out the important facts that the direction of rctation of a motor

car be reversed by changing the direction of the current either throvgh the

field or through the armature circuit, but not through doth,

Merely intercranging the two power wires leading to the motor will not
change the direction of rotation. Reverse the connections to the field circuit
without affecting the armature leads, or reverse the connections to the armature
without affecting the field leads, if the direction of the motor is to be re-
versed, Changing the polarity of the supply lines will reverse both the armsture
and field and, therefore, will not affesct the direction of rotation, In other-
words, the direction of rotation is determined, sntirely by the manner in which
the field circuit is connected witl respect to the armature,

TORQUE OF A MOTOR

By the torque of an electric motor is meant the amount of rotating pull or
turning effort that the motor exerts, It is evident from Fig, S5A that if the
magretic field were stronger, the armature would be ceaused to roctate with greater
force and, therefore, the torque would be greater., Aleo, if a greater current
is sent through the armature, more lines of force will encircle the armature
conductors, causing a stronger megnetic reaction, that is a greater torque,
Therefore, the torque or turning force of a motor depsnds directly upon two
factors, the strength of the meznetic field and the strength (number of anperes)
of the armature current, This means that the amount of electric power that a
motor draws from the line depends entirely upon the amounrt of load it is re-
quired to pull, As the loed on the motcr ie increased, mere current will be
dravn from the line sc that a stronger megnetic action (greater torque) will be

had.
COUNTER ELECTROMOTIVE FORCE OF A MOTCE

As the armature of a motor rotates in its megnetic field, the conductores cut
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the lines of force just as if the armature were being driven as a gensrator, and
there 1s induced in the winding a volitage or electromotive force, The presence
of this electromotive force can easily be shown by means of the following simple
experiment, Connect an electric lamp of the same voltage rating as the line on
which the motor is being operated, directly across the armature terminals and
bring the machine up to normrl speed., Then without opening the field circuit
disconnect the armature and the lamp will contimue to burn brightly. Of course,
as the armature slows down the lamp will glow dimmer and dimmer, The lamp cone
timues to burn due to the current sent through it by the electromotive force
generated in the armature as it rotated in the megnetic field,

This voltage, however, is opposite to the applied voltage of the line and
it is known as the counter-slectromotive force (counter meaning back or against),
That this voltage 1s opposite to the applied voltage can also be shown in the
above experiment, Connect a suitable gzero=center volimeter across the armature
terminale with the lamp; and at the instant the armature ies disconnected from
the line, the voltmeter pointer will be seen to ewing over to the other side of
the scale showing that the voltage is acting in the opposite direction to the
lins voltage.

It is the difference between the applised voltage and the counter-electro-
motive force that is effective in causing current to flow through the armature
and operate the motor, For example, if the applied voltage is 120 volte, and
the counter-electromotive force is 100 volts, then 20 voltes ars effective in
sending current through the armamture.

Just how this counter-electromotive force operates can easily be seen from
a careful reading of the following sentences., As the motor armature is caused
to rotate by the magnetic reaction, it will tend to speed up and run faseter and

faster, But as it rotates there i1s developed in the winding an E.M.F, which
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opposes the applied voltage. As the armature speeds up, this counter-voltage
approaches the applied voltage, and soon a condition is reached where the
difference between the applied and counter voltages is just great emnough to
send sufficient current through the armature to ceuse it to rotate at a cone
stant speed, If the load on the motor increases, more turning effort is re-
guired, that is more current mmet flow through the armature, The motor will
at once slow down a 1little, This decreased speed cuts down the counter E,M.F.
and enatles the applied voltage to send the required greater current through
the armature, If the load tecomes less, the armeture would at once tend to
speed up, and at a higher speed a greater counter E.M.F., will te induced. This
cute down the armature current, and as a result of the lesser torque the speed
of the motor will again become steady. A motor, therefore, automatically re-
gulates its own speed as well as the amount of current drawn from the line, In
otker words, a motor will always operate at such a speed that the difference
tetween the applied voltage and counter E.M.F. will cause enough current to
flow in order to emable the motor to pull its load at the required speed.
MOTOR SPEED CONTROL

It was just brought out how an electric mctor regulates its own speed
according to the amount of load it is required to pull. It is the counter-
electromotive force that really is the important factor. As in any case, the
value of this counter-electromotive force depends upon the strength of the
magnetic field and the speed of rotation. If the field is weaker, the armeture
mst turn faster in order to develop the necessary counter-voltage; while if
the field is made stronger, the armature need not turn so fast,

The atove facts at once suggest a method for varying the speed of a motor,
If a suitable rheostat is connected in series with the shunt field circuit, the
field strength can be varied at will within certain limits, If the speed of

the motor is to bte increased, the field is weakened by cutting resistance into
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the circuit, but if the motor speed is to be decreased, the field strengthened
by cutting resistance ocut of the circuit,

After all rcsistance has been cut out cf the rhecstat, the speed cannot de
dscreased further, fcr it is not pcssible to strenghten the field any more by
cutting down the resistance of the circuit, But if the speed mmst be lowered, a
sul table rheostat is connected in series with the armature., This rheostat reduces
the voltage supplied to the armature, and in this way cuts down the speed of
rotation,

In general then the speed of a motor is varied by changing the resistance of
the shunt field circult —— increasing the resistance weakens the fisld and causes
the motor to run fastsr, while decreasing the resistance strengthens the field
and causes the motor to run slower, If the motor speed is to be greatly decreased,
a suitable rheostat is connected in series with the armature circuit, These
principles apply to both the shunt and compound motors,

MOTOR STARTING BOXES

The resiptance of the armature circuit cf a motor is ver low, generally less
than one-tenth of an ohm, Therefore, if a motor at rest were to be started by
connecting it directly across the lins, an excessively large starting current
would flow that would not only be harmful tc the motor but also cause serious
disturbances in the line, For thies reascn it is necessary to connect a suitable
resistance in series with the motor during the starting pericd, and as ths
motor comes up to speed this resistance is gradually cut out.

The motor armature at standstill develops no counter-electromotive fcrce,
and, therefore, the full lins pressure is effective in sending current through
the armature circuit, But as the armature speeds up, this ccunter-elsctromotive
force also comes on and opposes the line voltage, thereby decreasing its effective-
ness in sending current through the circuit, The starting resistance limits the
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amount of initial current rush, but at normal speed the motor automatically con-
trols the current flow, for it always runs at such a speed that the difference
between the applied and countsr-voltage will send sufficient current through the

armature to enable the motor to pull its load at the desired speed.,
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A motor starting box is a device containing e mumber of resistances so

=

arranged that they can be inserted in series with a motor during the starting
period, and then by means of a movable lever gradually cut out as the motor
speeds up, These starting boxes are made in various sizes for the different

size motors, The general appearance of a hand operated starting box is illustrated
in Pig. 6, while in Fige. 7 is shown the internal circuit arrangement of the box
and the method of connecting it to a shunt motor. This box is known a8 a 3-point
starting box because three electrical connections are made to it, ZFrom the
supply lines the current first flows through & main switch and fuses which serve
to protect the motor against harmful overload, for if the current exceeds a safe
value, the fuses melt and disconnect the motor from the lines, One side of the
line is then connected directly to an armmture terminal, and one end of the shunt
field is also connected to this same point, The other side of the line is

brought to the terminal on the starting box marked "line", Another terminal on
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the box is marked "arm" and this is connected to the other side of the motor
armature, while the third terminal on the box marked "field" 1s connected to the
rexaining free end of the st field, This arrvangement puts the field directly
in parallel with the armature circuit.

When the starting arm ie moved to the first dbutton "a", both circuits are
closed, the field circuit and the armature circuit with the resistors connected
in series, This excites the shunt field to full value and sends the first rush
of current through the armature circuit causing the armature to begin rotating.
As the motor speeds up, the starting armm is moved slowly to the right and the
resistance is cut out of the circuit, When the arm is on the last dbutton, it
is in the running position and all resistance is cut out of the armature circuit,
It is trus that when the lever is in the running position the starting resistance
remains in the shunt field circult, dbut this resistance is so low compared to
the high resistance of the field circuit, that it produces no appreciable effect,
The aru is held in position by an electromagnet labelled "no voltage release"
in the figure.

When the motor is to be shut down, only the line switch needs to be opened,
for as soon as this is opened, the magnet loses its magnetism and the start-
ing arm 1s brought back to the off position by means of a colled spring on the
turning shaft, Never should a motor be simt down by pulling the starting lever
away from the holding magnet,

When a motor is being put into operation, the starting lever should never
be moved to the "on" position too rapidly or too slowly. From 10 to 20 seconds
time should be given the motor to come up to spesd, depending upon the size of
the motor and the amount of load it is pulling, If the arm 1s moved over too
quickly, an excessive current will be drawn and the fuses will be blown or the
circuit breaker tripped, This is because the armature has not developed enough

counter-voltage to cut the current down to a safe value. If the arm is moved too
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slowly, the starting resistors will become too warm and are likely to be burned
out. These resistors are designed only for short time duty,
THE NO-VOLTAGE OR NO-FIELD RELEASE

It is a serious condition if the field of a direct current motor suddenly
becomes very weak or the field circuit becomes opened entirely, for not only
will the motor them draw a dangerously heavy current but it will also develop
such a high rate of speed that it may tear itself to pleces, The reason for
the heavy current drain is the very low counter-voltage due to the wealened
field, At the same time it will keep on turning faster in an attempt to develop
the required counter=-voltage,

To prevent such a condition, the starting boxes are provided with what is
known as a no-field release, This release is merely the electromagnet that was
referred to previously and that holds the starting arm in the "on" position
against the tension of the colled epring., The coil of thies electromagnet is
comnected in series with the field circuit, and in case the field becomes too
weak or the circuit becomes opened entirely, the magnet loses its holding power
and the lever at once returmms to the off position, In this way the motor is
constantly protected,

Sometimes the device is also kmown as a no-voltage releass, for since it is
connected directly acroes the line in series with the shunt field, it will also
allow the starting lever to return to the "off"position in case the line voltage
fails, This is very important protection, for if the line voltage should fail
or be off a while and then come on again after the motor has come to a standstill,
full voltage would be thrown across the low resistance armature circuit, Some
damage would inevitably result, elther to the motor itself or to the supply lines,
With the starting lever returmed to the "off" position as soon as the voltage
fails, the necessary starting resistance would be connected into the motor line

before the motor could be started again, Sometimes when the main line switch 1s
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opened the lever will not return to the off position immediately but will hold

on a short time due to the current sent through the circuit by the counter-vcltage.
An overload release is another protective device with which some starting

boxes are equipped. This is likewise an electromegnet but is connected in series

with the line feeding the armature circuit., It is clearly shown in the starting

box illustreted in Fige 8. If the load should become 80 large that the motor

draws an excessive current the plunger of the magnet is pulled up and strikes

the catch, This releases the arm K, which in turn breaks the curremt at J. With

the circuit broken, the no-voltage release at once allows the starting lever to

return to the "off" position. This type of motor starting box thus protects the

motor botk against overload and no-voltage or power failure.

The correct methods of connecting a 3-pcint starting box to the different
types of D,C, motors are illustrated in Fig. 9, 10, and 11, In Fig, 9 which
illustrates a series motor the field terminal on the starting box is not used,
Fig. 10 illustrates a shunt motor and Fig, 11 a compound motor,

AUTOMATIC MOTOR STARTERS

Autcmatic moter starters serve the same purposes as the hand operated boxes
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described previously, except that they are operated by means of an arrangement of

electromagnets, In this way the hnman elanent is eliminated entirely, and the
motor is always started under the most favorable electrical conditions, Another
advantage is that the starter can be located near the motor in a position that
might be very inconvenient as far as the operator is concerned, but since the
starters are controlled entirely by one or more push-buttons located in handy

places, the location of the starter is of 1little account.

—Line

Fig. 12 @

A solenoid type automatic starter is illustrated in Fig, 12, A glance at
the sketch will reveal that essentially the starter is similar to the hand
operated starters, but that the operating lever is drawn over the resistance
contacts by means of a plunger in a strong suction magnet. Of course, there are
a few more accessory parts on the starter which are necessary to malke the entire

mechanism automatic in operation, The starter is provided with seven electrical
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termire.ls; twe at the left to which the lime is cornected, two at the top to
which a standard motor starting button is connected, and three at the bottom to
which the motor armature and shunt field are connected as is shown in the
illustration.

When the push~button circuit across a and b is clcsed, current can flow
from the positive side of the line through the blow-out coil (to be descridbed
later), through the push-buttom, on through magnet c, through resistance n, and
cut through tre moving arm to the negative side of the line, The current flow-
ing through coil c¢ causes the plunger to be drawn in and this closes the main
electric switch ceusing the circuit to be closed at points d and f£f. With the
circuit clcsed at d, current can then flow through the switch down toe, on to
terminnl g, and into the motor armature and shunt field. From the shunt field
the current flows directly up to pcints k and 1 and out at the negative side of
the line, From the armature the current flows up through h and i, through the
starting resistance Jj, and out through the armature %0 the negative side of the
lire.

With tke circuit cleosed at f, current can flow through the suction magnet
S, through the armature r, and out through 1 to the negative side of the line,
The megnet S at once begins to pull up the plunger and in this manner draw the
lever L over the starting resistance J. As soon as the lever L begins to move wup,
it leaves the first contact button and this causes the additional resistance m
to be connected in serlies with the mmgnet coil ¢, When the plunger is completely
in, the lever rests on the last button and all starting resistance is cut ocut
of the circuit, At the same time the flexible copper bdridge at L connects acrcss
the two points 1 and q and positively shorts the starting resistance out of the
circuit, Also the little arm o at the end of the starting lever raises the bar

r and in this manrer cute the reeistance up in series witk the coil of the suctior
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magnet 8, In other words, as much curreant is not required thrrough s to hold wp
the plunger as is needed to pull in the plunger and drew up the starting lever,
This completes the starting operations, To stcp the moctor merely open the pushe
button circuit across a and b, This de-energizes the megnet c and permits the
main switch to open, At once the coil s lets go, and the plunger and lever L
returns to the starting position.

To control the rate at which the plunger is drawn in and the starting re-
sistance cut out, a dash pot is employed. This daskh pot ccnsists of a cylinder
within which moves a pistcn, At one end of the cylinder is a small adjustable
needle wvalve through which the air can escape as it is being compzfessed by the
pisten, In other words, the piston cannot move in any faster than the air can
get out, This dash pot is attached to the mcveble starting lever, therefore,
the lever can be drawn up only so fast and no faster, If a greater force is
exerted on the dash pot piston, the air is mereljr ccmpressed more and graater
resistance offered. Since the rate at which the motor is started is depemndent
entirely upor how fast the air cen escape out of the dash pot, this type of moter
is known as a time-limit starter. If the needle wvalve is opemed further, the
air cen escape faster and the motor is started in a shorter period of time,

The blow-out coil referred to above is merely a pewerful electromaznet the
magnetic field of which blows out the arc that forms when the main electric
switch opens, The arc across the contacts is sustained by current flow, and the
magnetic field of the blow—cut coill reacts upon this current and as a result
quenches the arc,

CARE AND MAINTENANCE OF ELECTRIC MOTORS

As with any electrical or mechenicel device, the life and performance of an

elaectric motor depend upon the care and attention it receives, The two mein

thinge to observe are that the bearings be kept well oiled and the commtator
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bright and clean, It is a simple matter to inspect and oil the bearings at re=
galar intervals, The commtator should be kept free from oil and dirt, for any
accumlations will cause arcing or spariing, and this in turn will cause the
surface to become rough and pitted, If the commutator does require smoothing,
only fine sandpaper should be used., ZIHmery clotk mmst not be used, for emery is
a conducting material, and if any collects between the commmitator segments it
will cause a short circuit. 01l and dirt should also be kept out of the field
windings, for these cause the rubber and insulating material to corode and to
break down eventaually,

At the same time a motor should not be misused in operation, Although a
motor can stand a small overload for a short time, it should not be overloaded
contimiously, for this will cause it to overheat and to burn out sooner or
later, If a hand operated starting box 1s used, the starting lever should never
be moved over too quickly or too slowly. Starting the motor too quickly will
draw an excessive currsnt and may cause the motor to burn out, while moving the
lever to0 slowly will cause the starting resistors to over heat, If an automatic
starter is used, the dashpot should be set so that the motor will be brought
up to normal speed in the proper time interval,

If upon attempting to start a motor the armature fails to rotate and a
severe flash is received at the starter button, or the fuses blow and the cirw
cuit breaker trips, it is a sign that there is an open in the field circuit,
Fitker a part of the field winding is open or burned out, or else the trouble
mey lie in the motor field rhecstat, At least, something is wrong witk the
field circuit, for due to the absence of the counter voltage, there is nothing
to limit the current flow., Of course, it might also be that a bearing is frogzen

and that it prevents the armature from turning over,
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