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Speed control of DC motors:—

The term ‘speed control’ stands for intentional speed variation, carried outmanually

or automatcally. Natural speed change due to load, is notincluded in the term
‘speed control'.

DC.motors are most suitable for wide range speed control and are, therefore,
indispensable for many adjustable speed drives.
The speed of a d.c. motor is given byand itis re-written here fore conwenienee, i.e.

= \/t _Cara

K. - ()

n

where armature constant K_ :;—Z and [J is the field flux per pole.
T

It follows from Eg. (1) that for ad.. motor, there are basically three methods ofspeed
control and these are :

(i) Variation of resistance in the armature circuit.
(i) Variation of the field flux, and
(iii) Variation of the armature terminal voltage.

Before describing these methods, it is preferable to define the terms base speed,
speed regulation,speed range, constant power drive and constant torque drive.

Base Speed. It is.defined as the speed at which a motor runs atrated aimature
voltage and rated field current. Base speed s equal to the rated speed or nameplate
speed of the motor.

Speed regulation. Ifthe speed-change from no load to full loadis [I[J_then speed

regulation is defined as the ratio of [1[]_to rated speed (or base speed) [] .

[I'Per centspeed regulation - Lw, x100 .. (2)

m

Speed range . It is defined as the ratio of themaximum allbwable speed to minimum
allowable speed of the motor. When the speed range of amotoris spedfied, it must
be mentioned whether this speed range is at no-aod, full load or a fraction of full
load.

Constant power drive . If the motor shaft power (shall torque x speed) remains
constant over a given speed range, the system is called a constant power drive.
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Note that in constant power drive, higher torques are available at lower speeds and
lower torque at higher speeds. The motor siz is always decided by the highest
torque requirement at the lowestspeed.

Constant torque drive . If the motor shaft torque remains constant over.a given
speed range, thesystem is called a constant torque drive. Note that in constant
torque drive, shatt power varies as the speed varies.
a. Methods of speed control. There are three methods of speed control: —
i. Speed control by varying armature circuit
ii. Speed control by varying the field flux.
iii. Speed control by varying armature terminal voltage.
i Speed control byvarying armature circuit :—

Speed control by varying the armature-circuit resis tance . This method is also
called aimature-circuit-resistance control method. In this method, an exernal
resistance is inserted in series with the armature circuit to obtainspeeds below the
basespeed only.

i. Shunt motor. The scheme of connections of a shunt motor is illustrated in Fig
where resistor R, called a controller, is put in series with the armature circuit. Note
the difference between a starter and. a contrdler, the former is designed to carry
current only for a short tme, whereas a controller can carry current for an indefinite

time, without getting excessively hot.
When R, is not present, then the armature current| , from Eq. is

| = V -K, 0w,
la
When R, is'inserted in the armature circuit and if itis assumed that there is no
change in speed for the time being, then
Ial:Vt _Kaqn)m1:|al fa
r, t+R, r, +R,

In a shunt motor, field flux ] remains unchanged, therefore, with the reduction of
armature currentto | ', electromagnetic torque T_ (= Ka [1 1) decreases from Ka f
lal to Ka flal'. Since T_has become less than constant load torque, the speed
decreases, counter (or back) em.f. also decreases. As a result of it, armature

V, —counter emf.
r

a

current |, :( J increases till it becomes
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Fig.1 Shunt motor speed control by varying the arm ature circuit resistance
(a) Schematic circuits diagram and (b) speed-torqu e characteristics.

equal to its initial value | , so that the initial electromagnetic torque K_[11_ is
developed again.
Ve lah — Eu
K.® K@
When newsteadystate condition is reached, with R, in the armature circuit, then

Vt_lal(ra+Rg) E

FromEqg. w, =

= = a2
Wy <o -
W N Eal Vt - Ialra

Equation (3) shows that(]_,is less than [ ..
Thus, for this type of speed control and with a constant load torque, it can be
concluded as follows.

(a) The.armature current drawn from the supply remains constant. Also the power
delivered from thesupply mains to the motor does not change and remains constant
atP =Vl ,whether R_is in the amature circuit or not.

(b) Power delivered to load is P,=E_I =[V,— I (r,+ R)]I_ or P,= (constantload
torgue) x w . Itis thus seen that the power P2 delivred to load decreases in
proportion to the decrease in speed.
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The efficiency of the method ofspeed contrd is

i :|:\/t _Ial(ra +Rg):lla :|:1—_ra +Rg Ial:|

=% VI v

1 tal
If Rgis increased to obtain lower operating speeds, the motor efficiencyis lowered
and this results in higher operational costs.

t

a. Advantage. The principle advantage of this method speeds below base speed down
to creeping speeds of only a few r.p.m., are easily obtainable, But, because of

considerable waste of energy at reduced speeds; this method is.economicallyviable
where onlyshorttime orintermittent slow down are required.

b. Disadvantage. The disadvantages ofthis method are : (i) lower efficiency and
higher operational costs at reduced speeds as prowed-above and (ii) poor speed

regulation with fixed controller resistance R_in the ammature circuit. Forexample, for
a controllerresistance equal to R the speedis [J_ ata certain load torque and for
the same R , the speed becomes almostw_; atno load.

i. Series motor:
In case of series motor, if wide range of speed control is required, itis usuallycarried
out by this method.
Fig illustrates the schematic diagram of a d.c. series motor for its speed

control by varying the armature circuitresistance.
0

B
"] ’ %)
Series

e fe )

v
|

Torque
(a) (b)

Fig.2 Series motor speed control by varying the arm ature circuit resistance
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(@) Schematic circuit diagram and (b) speed-torqu e characteristics.
Before the introduction of resistor R ,

Vt = Ka r rml + Ial (ra + rs)
If saturation is neglected, then field fluxis proportional to the armature current Let [

= Cl so that
f=Cl,
N V = [Ka CTml + (ra + rs)] |, = [Lﬂrnl + (ra + rs)] L,
where K = K, C

V -1 +
0 Wy, =~ aa(fa *1.) o (4)

Kl,,

After the resistor Rg is inserted in series with the amature circuit as shown in
Fig.2(a)

Vi=[K,CO ,+(r,+r,+R)]c,
For constantloadtorque, K 1. I =K[ |
or K,ClZ =K,Cl3,
or L =1,
O V=KDt o+ RO

V.—>1,(r, +r,+R
and , =— ully 1 +R) . (B)
Kl 4

From egs.(4) and (5)

W n Vt_lal(ra+r$ +Rg)

m2 —

0 =
W

ml

:E_j e (6)

Eq. (6) show that [ is less than [J .

ny
n, Al Y (I’a + I’S)

Poor speed regulation is not of much importance in case of series motors. This

method ofspeed controlis employed chieflyfor series motors driving cranes, hoists,
trainetc. The resistors employed for Imiting the armature starting current, may be

used for speed control purposes also.

In order to fully utilize the motor capacity at all speeds, the armature current is kept

equal to the allowable amature current, i.e.the rated armature current. For shunt
motor, the field fluxis obviouslyconstant. For series motor, the field fluxis also

constant, because itis produced by armature current which is maintained equal to its
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rated value. Since field lux remains constant in both types of motors, airmature-
circuit-resistance control method is usually referred to as a constant torque
[(constant field flux) (rated armature current)] drive method.

Shunted-armature method. Speed control by armature-circuit resistance control
can be carried out easily, but itsuffers from poor speed regulation. This
disadvantage can be overcome by shunted-armature method, which is a
modification of the armature-circuit resistance control method. In'this modified
method, exernal resistances are inserted both in series and in parallel with.the
armature, as shown in Hg-3(a) for a shunt motor and in Hg-3(b) for a series motor.
In effect, combination ofR_and R, acts as a potential divider and the voltage across

R, is applied to the amature.

Series field

]

Tl

Shunt
field

(a) (b)
Fig-3 Shunted armature methad of speed control (b) for shunt motor and
(b) for series motor.

For a d.c. shunt motor, shunt field cunent is unaffected byR and R,. Applying

Thewenin’s theorem at the armature terminals, the Thevenin’s equalentcircuitfor
Fig-3(a) is-as illustrated in Fig-3(b), where the shunt field winding is notshown. From

this equivalent circuit,

[ R

:
£, =K09, =| Vg | RR,

-1.r
KR1+R2 a R1+R2 an

1
0 w, =—J[AV,-AR|, - r.]
Ka®
1
=——[ AV, -1, (AR, +r,)] e (7)
Ka®
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where A= R,

R,+R,
Electromagnetic torque
T =Kall
T (AR, +r1
0 W, = 1 AV, - (AR 1)
Ka® Ka®

By varying both R and R, and therefore A, speed []_can be controlled.

For a series motor, Thewenin’s equivalent circuit looking from the armature terminals
is as shown in Fig From this equivalent circuit,

E,=K 0, =VB-(r.+R)BI —rl

or  w,=—— [VB—(r.+R)B —r|]
Ka(p S a aa
or  w,=—— [VB—L{Ir +R)B+r]}] . (8)
Ka(p a S a
la
e
to—» AN | T— VWWy |
v RR, ' hGRR "
R, 1R, . PR 12, .
2 b= R b2
V, —E vV, —2
R, IR, R, IR,
E— = E
(a) (m)
Fig-4 Thewvenin’s equivalent circuits (a) for Fig (a ) and (b) for Fig (b).
R,
where B=——"——
r,+R, +R,

By varying both R and R, and therefore B, the speed control can be carried out as is
evident from Eq. (8).
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+Q

By Shunted-armature method, no-load sped of a dc series motoris notdangerously
high; itcan be adusted to anydesired value by an appropriate choice of resistors R,
and R,. Further this method of speed control gives better speed regulation than that

obtained by the conventional method of adding external resistance in series with the
armature circuit.

Speed control by varying the field flux.  This method of speed control, also called
field-weakening method or field-current control method, gives speeds above the
basespeed only.

Shunt motor. The arrangement of connections is showing in Fig. The field fluxand
hence the speed of a shunt motor, can be controlled easily by varying the field
regulating resistance. This is one of the simplest and. economical methods and is,
therefore, used extensiwely in modern electric drives.

Weak ﬁelc{

Field \‘3

regula for

Speed

Base speed

»

o ' Torque
& (b)

Fig.5 Shunt motor speed control by varying

Under steady running conditions, if field circut resistance is increased, the field
current | and the field flux [ are reduced. Since the rotorspeed can’t change
suddenly due to its inertia, a decrease in field flux causes a reduction of counter emf.
As aresultof it, more current flows through the armature

[l =(V. — countere.m f)ka]. The percentage increase in | is much more thanthe
percentage decrease in the field flux. In view of this, the electromagnetic torque is
increased and this beingmore than the load torque, the motor gets accelerated.
With this, the counter em.f. rises and |_ starts decreasing till electromagnetic torque
becomes equal to the constantload toque.
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If armature currentis | for flux T , and | ,when the fluxis changed to [, then for a
constant load torque,
|- T.(=T)
oK
— \/t _lalra
ml Ka(pl
T.(=T)
K. @,
(Qc\ — Ve _ Iaz I:a\
’ Ka(pZ
The above phenomenon desciibing the changes inspeed and armature current as
the field fluxis varied.

a2

a. Disadvantages: The disadvantages of this method are as follows:

(a) Top speeds are obtained with very weak field. This weak field at top speeds
causes the amature cumrent to increase for the dewelopment of certain load torque.
With increased amature current associated with weak main field, the resultant field
waveform s badlydistorted.

(b) The armature may get overheated at highspeeds because the increased
armature currentresults in more ohmic losses whereas cooling by ventilation does
not improve proportionally.

(c) If the field fluxis weakened considerably,the speed becomes very high and due
to these changes, the motor operation may become unstable.

Series motor. The field fluxand , therefore, the speed ofa series motor an be
varied(a) by placing a resistor, called a diverter, in parallel with the series field
windng.as shownin Fig. a(b) by tapping the series field winding as shown in (b),
and (¢) by changing the field call connections from series to parallel,

(a) Diverter fieldcontrol. When the diverterresistance is varied, the current in the
series fieldwinding is changed, Fig-6 (a) and there is, therefore, a correspondng
change in field flux and the speed.
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R Diverler
BT
Series
Vi field
=0
(&)

Fig- 6 (a) Series motor speed control (a) by a di __ \erter.

(b) Tapped-fieldcontra. When the field winding is tapped, Fig-6(b) , the number of
series field turns s changed and, therefore, the series field m.m f. and the speed are

changed.
Movablc
conlacl
+
Tappcd
\ field te,
[m,
(b)

Fig-6(b) Series motor speed control (a) bytappe dfield.
If the seriesmotor is to work under violently varying loads, then the diverter
resistance should be highly inductive. For example, when the series motor is used
for traction purposes, the current collector may lose contact with the overhead wire.
After this, the motor continues running due to inertia, but the current and, therefore,
the series field flux maycollapse. After a short while, when the contactwith
overhead wire is re-established, the entire current may pass through the resistive
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diverter due to the large inductance of the series field winding. Since the currentin
series field is almost zero due to its high inductance, the countere.m.f.developed by
the motor would be zero and this would resultin heavy in-rush of aimature current
when the contactis re-established. In view of this, the diverter resistance should also
be highly inductive, as stated before. This difficultyis, notpresentin tapped field
control which is, therefore, preferable for seiies traction motors.

I, 1, L I
g N, 7
]
N2
V Tu;

(

TE’.;

[

(i) ()

(C) Series-parallel field control. - In this method, the series field winding is divided
into two equal halves. When these two halves are in series, Fig -6 , then for an

armature currentof |, total fieldm.m.f F is,
Fs = Ia (& +&) = IaNs
2 2

Counter em.f. E .=V —l(r.+r)
When the two halves offield winding are connected in parallel as shown in Fig. Fig-
3(c), then for some 1, each parallel path shares | /2 and total field m.m f. F is

Fp =(1/2) (N2) 2 = 'ast

Counterem.f E, =V, - |a(f_s + ra}
4

For no magnetic saturation,
E n, (I N, /2 E
ﬂ:—z(a ; /2) or n, =2n,=¢

Eas nl (IaNs) Eas

This shows that parallel connection offield coils results in higher operating speed of

the series motor.
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For a constant load torque, a decrease in field flux, gives increased |_and increased

speed. Thus power input VI and power output (= constant load torque x speed)
increase and, therefore, efficiency remains almost unchanged.

For both shunt and series motor control, the counter em .f E_ remains substantially
constant. Because a decrease in field fluxis compensated by a correspoending
increase inspeed. If the armature current |_is keptequal to the motor rated (or
nameplate) current for its full utility, the power output | E_remains-approxim ately
constant and for this reason, field-fluxspeed-contrd method maybe called a
constant power drive method.

Since E | remains approximately constant, the maxmum:torque is obtained when
the d.c. Motor runs at the lowest speed. In view of this, field-flux controlmethad is
suitable to drives requiring large torques at low speeds. In case the field-flux control
method is used to drive aload requiring constant torque over the entire speed range,
then motorrating and size are decided by the product of constant torque and the
highest possible speed. Obviously, such a motor atlow operating s peeds will be
underutilized.

Speed control by varying the armature terminalvolt age. Reference to Equation
shows thatif the armature terminal voltage V is varied. Counter em.f. (vt — 1)
changes aimost proportionally and for a constant-flux motor (e.g., a d.. shunt motor),
the speed changes approximatelyin wltage. So, for driving a dc motor, ac must be
conwerted to dc and then only fed to dc. motor armature for its speed control. DC
motor speed control by varying the armature terminal voltage is obtained by (a)
Ward-Leonard system (b) controlled rectifiers and (c) seres-parallel aimature
control.

(a) Ward-Leonard system. The schematic diagram of this system is illustrated in
Fig.In this figure, M is the separately excited d.c. Motor whose speed is to be
controlled and G is the separately excited generator driven by a three-phase driving
motor(usudly aninduction motor). The combination of a.c. driving motor and the d.c.
Generatoris called motor-generator set and it conwerts a.c. into d.c. Which is fed to
the main motor M:If no supplyis available, the three phase motor can be replaced
by some pfime mover.
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Fig-7 Schematic diagram of Ward-Leonard system of s  peed control
For startingmotor M, its field circuit is first energized and then the generator output

voltage is adjusted to a low value by decreasing its field excitation. This is done in
order to limit the starting current to a safe value butitshould be ensured at the same

time that enough starting torque is produced to accelerate the motor and the load. In
view of this, no starting rheostats are necessaryand therefore, considerable amount
of energy is saved during starting. Achange in the generator field current varies the
voltage applied to the motor armature and therefore, the motor speed is changed.
Thus the motor speed control is obtained merely bychanging the generator field
current.

In order to achiewe wider speed control range, speeds below base speed are
obtained by voltage control and above base speed, by field flux control. For better
utility of motor M, its current |_is maintained equal to its rated curent during its
speed control.

Speeds; fram the lowestpossible speed up to basespeed, are obtained by
increasing the generator outputvoltage, with constantmotor field flux. Since the
speed control is carried out with rated current | and with constant motor field flux [J,
a constanttorque (O ¢!, )up tobase speedis obtained.

Power (= torque xspeed) increases in proportion tospeed. Thus constant torque

andvariable power driveis obtained up to base speed, with armature-terminal
voltage control method as shown in Fg 7.

Speeds above base speed are obtained by decreasing the motor field lux with
constant generator voltage. As before, the armature current |_is kept equal to its
rated value. Under these conditions, VI_or E | remains constantand the
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electromagnetic torque proportional to [ | decreases as the field fluxis decreased.

Thus, weakening of the motor field flux results in constantpower variable torque
drive above base speed, Fig - 8

ARMAIURE  MOTOR FIELD

VOLTAGL CONTROL
\CONTROL /
/\ VAN
........... POWFR .
.
C/.'
TORQUE/
_______ /____\\
J \\\ TO )
Q=/ \~EE’9_E_ _____
&/
<
/
9/..
0 BASE MAXIMUM
SPEED SPEED

SPEED ———
Fig : 8 Torque-speed and power-speed characteristic s for Ward-Leonard system of
speed control

The speed range with amature voltage control exclusivelyis 10: 1, the lowest
speed being limited mainly by the residual magnetsm of the generator. The speed
range with motorfield control alone,is 3 :1to 4 : 1, the mature heating and unstable
operation.When both types of speed controls are employed, the overall speed range
is40:1.

Speed range can still be broadened to, say 200 : 1 by the use ofamplidynes
incorporating.closed-loop system.

Breaking of motor M may be carried out by decreasing the generator excitation so

thatits.emfis less than the counter emf of motor M. Under these conditions, M
begins to work momentarily as a generator, G as amotorand a.c. Driving machine

as agenenator. Consequently the kinetic energy ofM and its load is returned to the
supply mains and braking action on main motor M takes place.
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Advantage: The advantages of Ward-Leonard system ofspeed control are as
follows :

(i) The main advantage of this system is its simplicity, wide range and smoothspeed
control. Control. Consequently Ward-Leonard system in its original or modified form,
is used extensively in rolling mills, colliery winders etc.

(if) With armature reaction ignored, the decrease inspeed from no load to-rated load,
is mainly due to the resistance drops in both the generator armature and motor
armature. The speed regulation is, therefore, quite good.

(iif) The direction of main motor rotation can be changed merelyby re versing the
generator field current.

(iv) Speed control is carried out through the field circuits of generator and motor.
Since these field circuits are low-power circuits, the control apparatus is not costly.
(v) The efficiencyat low speeds, is higher than thatobtained by other methods of
speed control.

Disadvantage: The onlydisadvantage of this method is its higher initial cost,
because three machines having rating equal to the full load output, are required.

b. Speed controlwith controlled rectifiers: Controlled rectifierd.c. supply can be
used in place of motor-generator set of Ward-Leonard system. Now-a-days the
silicon controlled rectifiers (or thyristors) have made the SCR-d.c. motor scheme
much more economical and its other advantages are less floor space, higher
efficiency and quicker control of the output voltage.

Single-phase controlled rectifiers using thyristors are used for the speed control of
dc motors below base speed. These are suitable up to about 15 kW rating.

For a single-phase full converter the speed is given by

Vm
cosa y
—o a
W, = - [, ... 9)
Ko (K0)°
where V_ =maximum value of 1-phase source voltage
and a = firing-angle delay.

There is usually a small voltage drop in conducting thyristors. If this voltage drop is
taken as constant and equal to v, then Eq. (9) becomes,

2V,
—m cosa -V, "
=0 -—2a [T, ... (10)
TR D (Ko)
For dc motor ratings above 15 kW, 3-phas controlled rectifiers using thyristors are

used.
The speed in case of 3-phase full converter is given by
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2V
—&Lcosa -V, r

=—0 -—=2—[T,

“h K, [ (K9 4
Itis seen from Equation (9) to (11) that by varying the firing angle delaya, the motor
speed can be controlled. For detailed analysis of single-phase and 3-phase full
conwerters or other types of controlled converters, the relevant literature may be
consulted.
The use ofsingle-phase and three-phase controlled converters-has made possible
the precise speed control of dc motors and has opened up new \istas. for their
widespread applications in industry.
(c) Series-parallel armature control.  This method of armature wltage control

requires two identical dcmotors coupled together mechanically to. a common load. It
is usual to employthis method for dc series motors; though it can be used fordc

shunt and compound motors.

L. =1

+

(Ea

(a) (b)
Fig—9 Series-pardlel speed control oftwo dcseries motors (a) aimature in
series and (b) armatures in parallel.
In Fig 9 the connection for series-parallel control oftwo identical dc motors are
shown. When the armatures are in series as in Fig 7(a), the voltage across each

armature is E_ :% andthe field fluxfis established by currentl _= 1. This gives

V, :
motor counter emf (=K [ [ )as E =7t =Kl w,, where []_is themotorspeed when

motors are connected inseries and flux because magnetic saturation s neglected.
Subscripts stands for series connection.
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When the armatures are in parallel as Shown in Fig-7(b) , voltage across each

Lo =L Thisis gives motor counterem f. E, =V, =K dJ-Eto where [ is the motor
2 P 2 P P

speed when motors are in parallel. Subscript p stands for parallel.

KdLEh)
-_ 2 *_

E w
0 2o Vi =—F or e NS

E., V/2 KI I 2w w,
Electromagnetic torque, Te = Ka f la or Te = CI? (- oOl,)
When in series, T, =KI? because | _=1

|, Y 2 |
When in parallel, T, =K| =+ | =K dL because |, =—-
P 2 4 * o2

K

S

Il
AR

Kl

N

This shows that for the conditions specified in Fig 9 the ratio of speeds with motors
in parallel to that motor in series is 4. The ratio-of torques with motors in parallel to

thatwhen in series is Zl' For constantpower input MIL from dc source, Fg-9 offers

constant power drive. Itis seenfrom above that series-parallel aimature control
method offers only two discretespeeds. This method is commonly employed for the
speed control of dc series traction motors.
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