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6-6 DC MOTOR STARTERS

In order for a dc motor to function properly on the job, it must have some special
control and protection equipment associated with it. The purposes of this equip-
ment are

I. To protect the motor against damage due to short circuits in the equipment
2. To protect the motor against damage from long-term overloads
3. To protect the motor against damage from excessive starting currents

4. To provide a convenient manner in Which to control the operating speed of the

motor.

The first three of these functions will be discussed in this section, and the fourth
function will be considered 1n Sec. 6.7.



DC Motor Problems on Starting

In order for a dc motor to function properly, it must be protected from physical
damage during the starting period. At starting conditions, the motor is not turning,
and so £, = 0'V. Since the internal resistance of a normal dc motor is very low
compared to its size (3 to 6 percent per unit for medium-sized motors), a very
high current flows.

Consider, for example, the 50-hp 250-V motor in Example 6-1. The full-load
current of this motor s less than 200 A, but the current on starting is

Iﬁﬁﬁ

R,

250V -0V
= 0060 = 4167 A
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This current is over 20 times the motor’s rated full-load current. It is possible for
a motor to be severely damaged by such currents, even if they only last for a
moment. .

A solution to the problem of excess current during starting is to insert a
starting resistor in series with the armature to limit the current low until E 4 Can
build up to do the limiting. This resistor must not be in the circuit permanently,
because it would result in excessive losses and would cause the motor’s torque-
speed characteristic to drop off excessively with an increase in load.

Therefore, a resistor must be inserted into the armature circuit to limit current
flow at starting, and it must be removed again as the speed of the motor builds up.
In modern practice, a starting resistor is made up of a series of pieces, each of which
i1s removed from the motor circuit in succession as the motor speeds up, in order
to limit the current in the motor to a safe value while never reducing it to too low a
value for rapid acceleration.



Figure 6-23 shows a shunt motor with an extra starting resistor that can be cut
out of the circuit in segments by the closing of the 1A, 2A, and 3A contacts. Two
" actions are necessary in order to make a working motor starter. One of them is to
pick the size and number of resistor segments necessary in order to limit the
starting current to its desired bounds. The second is to design a control circuit that
shuts the resistor bypass contacts at the proper time to remove those parts.of the
resistor from the circuit. |

Some older dc motor starters used a continuous starting resistor which was
gradually cut out of the circuit by a person moving its handle. This type of starter
had problems, as it largely depended on the person starting the motor not to move
its handle too quickly or too slowly. If the resistance were cut out too quickly
(before the motor could speed up enough), the resulting current flow would be
too large. On the other hand, if the resistance were cut out too slowly, the starting
‘resistor could burn up. Since they depended on a person for their correct oper-
ation, these motor starters were subject to the problem of human error. They have
almost entirely been displaced in new installations by automatic starter
circuits.
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Relay Wiring Guide and Relay Pinout
Terminal Numbers (Viewed from Bottom)
87a 87
0| o— 86 85
o | 87 | A |
o |
86 85

30 - High Power Feed (Must be Fused!)
85 - Relay Coil Ground

86 - Relay Coil Feed (Trigger Wire) Y
87 - High Power Qutput - Normally Open Contact
87a - High Power Output - Normally Closed Contact

Figure 6-24 A manual dc motor starter,

i 1y

i fe—

0.05 2 R

start

Figure 6-23 A shunt motor with a
Ly starting resistor in series with its
armature. Contacts 1A, 2A, and
3A short out portions of the
0 - starting resistor when they close.




Medium Contactor Relay
24 wdc / DPDT / 25 amp

(KO} PR11DYO
Faotter & Burfield medium contactor relay, OPOT, 24 amp, 240w contadt =, 2 wde col ., 2- 102" 80 3 308"« 2-38"H.

Contactor Relay
220 vac/ 4 Pole/ 30 amp

(K0) 105140
REM contactor relay, 4 pole. 3 poles nommally opzn, 1 pole nommaly dosed. 200 wac, 30 amps, 2-34" x 3-102" 5 3-18°H. Hamis PAN: 992-1392-001 .
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Example 6-7 illustrates the selection of the type and number of resistor seg-
ments needed by an automatic starter circuit. The question of the timing required
to cut the resistor segments out of the armature circuit will be examined later.

Example 6-7 Figure 6-23 shows a 100-hp 250-V 350-A shunt dc motor with an
armature resistance of 0.05 Q. It is desired to design a starter circuit for this
motor which will limit the maximum starting current to twice its rated value
and which will switch out sections of resistance as the armature current falls to
its rated value.

(a) How many stages of starting resistance will be required in order to limit
the current to the range specified?

(b) What must the value of each segment of the resistor be? At what voltage
should each stage of the starting resistance be cut out?



SOLUTION
(a) To determine the number of stages needed to protect the motor

1.

2.

Determine the total resistance R, = R, + Ry, needed to limit the
current to the desired level when E, = 0.

Divide that total resistance by R , to determine the ratio of the total starting
resistance to the normal operating resistance in the motor.

SRR = 1;‘“ starting resistance ratio (6-27)
A

Determine the ratio of the maximum starting current to the minimum

starting current (the starting current ratio, CR) desired in the machine.

Divide the starting resistance ratio by the starting current ratio. The number

of whole times the starting resistance ratio may be divided by the starting

current ratio will equal the number of stages required.

In this example problem, the maximum resistance R, required in the

motor is the resistance necessary to limit current flow to 700 Awhen E, = 0 V.
Therefore, the maximum resistance must be



How many steps are required to accomplish the current limiting? To find out,
define R, as the original resistance in the starting circuit. So R, 1s the sum of
the resistance of each stage of the starting resistor together with the resistance of
the armature circuit of the motor:

R[Ot = Rl + R2 + 2Rl + RA (9-29)

Now define R, ; as the total resistance left in the starting circuit after stages 1 to
i have been shorted out. The resistance left in the circuit after removing stages
| through i is

Roti = Riyy + -+ + R, (9-30)
Note also that the initial starting resistance must be
Vy
Ry = ]

In the first stage of the starter circuit, resistance R, must be switched out of
the circuit when the current /, falls to







[he starting process is completed when R, for stage n is less than or equal to
the internal armature resistance R, of the motor. At that point, R, can limit the
current to the desired value all by itself. At the boundary where Ry = Ry,

Imin )

Ry = Riotn = (m‘) Riox (9-33)
R, ([min)n
eoRal = o 9-34
Rtot Imax ( }
Solving for n yields

_ log (Ry/Ryo)

i log (Iminﬂmax) (9-—35)

where 1 must be rounded up to the next integer value, since it is not possible to
have a fractional number of starting stages. If n has a fractional part, then when
the final stage of starting resistance is removed, the armature current of the mo-
tor will jump up to a value smaller than /.



In this particular problem, the ratio Zy, Jmex = 0.5, and Ry is

SO

log (R4/Ry)  log (0.05 £/0.357 £))

" Jog U /)  log (350 A/700 A) e

The number of stages required will be three.

13



L hus three stages of starting resistance would be needed in this circuit. Note
that this entire process could have been done with a single equation:

_ Ry, (lowest desired starting current)

= R, (highest desired starting current)

(b) The armature circuit will contain the armature resistor R 4 and three starting
resistors R, R,, and R;. This arrangement is shown in Fig. 6-23.
Atfirst, E, =0V and I, = 700 A, so |

Vr

I, = = 700 A
* " R,+ R, +R, +R,
Therefore, the total resistance must be
250V
R = ——=0.357Q -2
R,+R;+R, +R, 700 A 0.357 Q (6-28)

This total resistance will be placed in the circuit until the current falls to 350 A.
This occurs when

E,=Vy — I,R,,
= 250 V — (350 A)0.357 Q) =125V



When E, = 125 V, I, has fallen to 350 A, and it is time to cut out the first
starting resistor R,. When it is cut out, the current should i jump back to 700 A.
Therefore,

V,—E, 250V —125V
R,+R,+R, = -
S 700 A

This total resistance will be in the circuit until I, agam falls to 350 A. This
occurs when E , reaches
Ef=Vr ~ I R,
= 250 V — (350 A)(0.1786 Q) = 187.5 V

When E, = 187.5V, I has fallen to 350 A, and it is time to cut out the second

starting resistor R,. When it is cut out, the current should jump back to 700 A.
Therefore,

=0.1786 Q  (6-29)

Vi—E, 250V - 1875V
Limax 700 A

RA+R3=

= 0.0893 Q (6-30)



Figure 6-24 A manual dc motor starter.

This total resistance will be in the circuit until I, again falls to 350 A. This
occurs when E , reaches

E,=Vr—I,Ry

= 250 V — (350 A)0.0893 Q) = 218.75 V

When E, = 218.75 V, I ; has fallen to 350 A, and it is time to cut out the third
starting resistor R;. When it is cut out, only the internal resistance of the motor -
is left. By now, though, R, alone can limit the motor’s current to

Vi—E, 250V —21875V
R, 0.05 Q

= 625 A  (less than the allowed maximum)

From this point on, the motor can speed up by itself.

From Eqgs. (6-28) to (6-30), the required resistor values can be calculated.
They are

IA=



R; = 0.0893 Q — 0.05 Q = 0.0393 Q

R, =0.1786 Q2 — 0.0393 Q — 0.05 Q = 0.0893 Q

R, =0357Q — 0.0893Q — 00393Q — 005Q =0.178Q
And R, R,, and R; are cut out when E , reaches 125, 187.5, and 218. 75 V,
respectively. @

DC Motor Starting Circuits

Once the starting resistances have been selected, how can their shorting contacts
be controlled to ensure that they shut at exactly the correct moment? Several
different schemes are used to ‘accomplish this switching, and two of the most
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Normally bpen . | Normally closed

L
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(a) (b) Normally Normally
open closed

(c)

OL
e :E ¥ Heater # OL contact

.
etfff—

Normally Normally (e)
open closed
(d)

Figure 6-25 (a) A fuse. (b) Normally open and normally closed pushbutton switches. (c) A relay coil
and contacts. {¢) A time delay relay and contacts. (¢) An overload and its normally closed contacts.

common approaches will be examined in this section. Before that is done, though,
it is necessary to introduce some of the components used in motor-starting circuits.
Figure 6-25 illustrates some of the devices commonly used in motor-control

circuits. The devices illustrated are fuses, pushbutton switches, relays, time delay
relays, and overloads.
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Figure 6- 25 1llustrates some of the devices commonly used in motor-control
circuits. The devices illustrated are fuses, pushbutton switches, relays, time delay
relays, and overloads.

Figure 6-25a shows a symbol for a fuse. The fuses in a motor-control circuit
serve to protect the motor against the danger of short circuits. They are placed in
the power supply lines leading to motors. If a motor develops a short circuit, the
fuses in the line leading to it will burn out, opening the circuit before any damage
has been done to the motor itself.

Figure 6-25b shows spring-type pushbutton switches. There are two basic
types of such switches—normally open and normally shut. Normally open contacts
are open when the button is resting and closed when the button has been pushed,
while normally closed contacts are closed when the button is resting and open when
the button has been pushed.

A relay is shown in Fig. 6-25¢c. It consists of a main coil and a number of
contacts. The main coil is symbolized by a circle, and the contacts are shown as
parallel lines. The contacts are of two types—normally open and normally closed.
A normally open contact is one which is open when the relay is deenergized, and a
normally closed contact is one which is closed when the relay is deenergized. When
electric power is applied to the relay (the relay is energized), its contacts change

state: The r?o]rmally open contacts close, and the normally closed contacts open.
I AT

1o
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A time delay relay is shown in Fig. 6-25d. It behaves exactly like an ordinary
relay except that, when it is energized, there is an adjustable time delay before its
contacts change state.

An overload is shown in Fig. 6-25e. It consists of a heater coil and some
normally shut contacts. The current flowing to a motor passes through the heater
coils. If the load on a motor becomes too large, then the current flowing to the
motor will heat up the heater coils, which will cause the normally shut contacts
of the overload to open. These contacts can in turn actlvate some type of motor
protection circuitry.

One common motor-starting circuit using these components is shown in
Fig. 6-26. In this circuit, a series of time delay relays shut contacts which remove
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each section of the starting resistor at approximately the correct time after power
is applied to the motor. When the start button is pushed in this circuit, the motor’s
armature circuit is connected to its power supply, and the machine starts with all
resistance in the circuit. However, relay 1TD energizes at the same time as the
motor starts, so after some delay the 1TD contacts will shut and remove part of the
starting resistance from the circuit. Simultaneously, relay 2TD is energized, so after
another time delay the 2TD contacts will shut and remove the second part of the
timing resistor. When the 2TD contacts shut, the 3TD relay is energized, so the
process repeats again, and finally the motor runs at full speed with no starting
resistance present in its circuit. If the time delays are picked properly, the starting
resistors can be cut out at just the right times to limit the motor’s current to its
design values.



Another type of motor starter is shown in Fig. 6-27. Here, a series of relays
sense the value of E, in the motor and cut out the starting resistance as E , rises
to preset levels. This type of starter is better than the previous one, since if the motor
is loaded heavily and starts more slowly than normal, its armature resistance is still
cut out when its current falls to the proper value.

Notice that both starter circuits have a relay in the field circuit labeled FL. This
is a field loss relay. If the field current is lost for any reason, the field loss relay 1s
deenergized, which turns off power to the M relay. When the M relay deenergizes,
its normally open contacts open and disconnect the motor from the power supply.
This relay prevents the motor from running away if its field current is lost.

Notice also that there is an overload in each motor-starter circuit. If the
power drawn from the motor becomes excessive, these overloads will heat up
and open the OL normally shut contacts, thus turning off the M relay. When
the M relay deenergizes, its normally open contacts open and disconnect the
motor from the power supply, so the motor is protected against damage due to
prolonged excessive loads. |
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