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36.1. Types of Single-Phase Motors

Such motors, which aredesigned to operate from asingle-
phase supply, are manufactured in alarge number of typesto
perform a wide variety of useful servicesin home, offices,
factories, workshopsand in business establishmentsetc. Small
motors, particularly inthefractional kilo watt sizes are better
known than any other. In fact, most of the new products of
the manufacturers of space vehicles, aircrafts, business ma-
chines and power tools etc. have been possible due to the
advances made in the design of fractional-kilowatt motors.
Since the performance requirements of the various applica-
tions differ so widely, the motor-manufacturing industry has  Split-phase motor. Switch mechanism
developed many different types of such motors, each being ~ disconnects start winding when motor
design ed to meet speci fic demands. reached three-fourths of rated speed

Single-phase motors may be classified as under, depending on their construction and method of
starting :

1. Induction Motors (split-phase, capacitor and shaded-pole etc.)

2. Repulsion Motors (sometime called Inductive-Series Motors)

3. A.C. SeriesMotor

4. Un-excited Synchronous Motors

36.2. Single-phase Induction Motor

Constructionally, thismotor is, more or less, similar to a polyphase induction motor, except that
(i) itsstator is provided with asingle-phase winding and (ii) acentrifugal switchisusedin sometypes
of motors, in order to cut out a winding, used only for starting purposes. It has distributed stator
winding and asquirrel-cage rotor. When fed from a single-phase supply, its stator winding produces
aflux (or field) whichisonly alternatingi.e. onewhich alternates along one space axisonly. Itisnot
asynchronously revolving (or rotating) flux, asin the case of atwo- or athree-phase stator winding,
fed from a 2-or 3-phase supply. Now, an alternating
or pulsating flux acting on a stationary squirrel-cage
rotor cannot produce rotation (only arevolving flux
can). That iswhy a single-phase motor is not self-
starting.

However, if therotor of such amachineisgiven
aninitial start by hand (or small motor) or otherwise,
in either direction, then immediately atorque arises
and the motor accelerates to its final speed (unless
the applied torque istoo high).

This peculiar behaviour of the motor has been
explained in two ways : (i) by two -field or double-
field revolving theory and (ii) by cross-field theory. Single-phase induction motor
Only thefirst theory will be discussed briefly.

36.3. Double-field Revolving Theory

Thistheory makes use of theideathat an alternating uni-axial quantity can berepresented by two
oppositely-rotating vectors of half magnitude. Accordingly, an alternating sinusoidal flux can be
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represented by two revolving fluxes, each equal to half the value of the alternating flux and each
rotating synchronously (N, = 120f/P) in opposite direction™.

As shown in Fig. 36.1 (a), let the alternating flux have a maximum value of ®,. Its component
fluxes A and B will each be equal to ®,,/2 revolving in anticlockwise and clockwise directions re-
spectively.
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Fig. 36.1

After some time, when A and B would have rotated through angle + 6 and — 6, as in Fig. 36.1 (b),

the resultant flux would be
\‘90o 270‘/

0° 180° /' 360°

P
= ZXTmCOS%e=quCOSG

After a quarter cycle of rotation, fluxes A and B will be oppo-

Flux

sitely-directed as shown in Fig. 36.1 (¢) so that the resultant flux

would be zero. 0
After half a cycle, fluxes A and B will have a resultant of —2 X

@ 2=—® . After three-quarters of a cycle, again the resultant is Fig. 36.2

*  For example, a flux given by ® = ®,_ cos 27 ft is equivalent to two fluxes revolving in opposite directions,
each with a magnitude of 1/2® and an angular velocity of 2xf. It may be noted that Euler’s expressions for
cos 0 provides interesting justification for the decomposition of a pulsating flux. His expression is
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The term ¢’® represents a vector rotated clockwise through an angle 6 whereas ¢

anticlockwise direction. Now, the above given flux can be expressed as

cos® =

o o
” represents rotation in

0, cos2nfi = ¢Tm(eﬂ”f’+e‘ﬂ”f’)

The right-hand expression represents two oppositely-rotating vectors of half magnitude.
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zero, as shown in Fig. 36.1 (e) and so on. If we plot the values of resultant flux against 6 between
limits @ = 0°to 6= 360°, then acurve similar to the one shown in Fig. 36.2 isobtained. That iswhy an
alternating flux can be looked upon as composed of two revolving fluxes, each of half the value and
revolving synchronously in opposite directions.

It may be noted that if the dlip of the rotor is swith respect to the forward rotating flux (i.e. one
which rotatesin the same direction asrotor) then its slip with respect to the backward rotating flux is

2-9)*.

( E)ach of the two component fluxes, while revolving round the stator, cuts the rotor, induces an
e.m.f. and this produces its own torque. Obviously, the two torques (called forward and backward
torques) are oppositely-directed, so that the net or resultant torques is equal to their difference as
showninFig. 36.3.

. _M-s0,>
Now, power developed by arotor is Py= BTH I, R
If N isthe rotor r.p.s., then torque s given by T, = ﬁﬁ%ﬁlf R,
2 2
1 LR _, 2R
Now, N = N.(1-9) o T, = . =k.
s g 2nNg s s
Hence, the forward and backward torques are given by
12 R, 17 Ry
T = —2 2 and T, = - K.
P KT b @-9
T—|22—R2 nch.watt andT——I22R2 nch. watt
or = —g - 9ynch b = (2—s)Sy .
Total torque T =T+T,

Fig. 36.3 showsboth torques and the resultant torque for slips between zero and +2. At standstill,
s=1and(2-9)=1. Hence, T,and T, are numerically equal but, being oppositely directed, produce
no resultant torque. That ex-
plains why there is no start- ——

. . . g i N
ing torque in a single-phase & - \
. . ~
induction motor. =l \
However, if the rotor is T, - @‘o?e“ \\
\

started somehow, say, in the
clockwisedirection, the clock-
wise torque starts increasing
and, at the same time, the S———
anticlockwisetorque startsde-
creasing. Hence, there is a
certain amount of net torque
in the clockwise direction
which acceleratesthe motor to
full speed.

* It may be proved thus: If N isther.p.m. of therotor, then its slip with respect to forward rotating flux is
Ng - N N N
=1-— — =1-
N N or S

S S S
Keeping in mind the fact that the backward rotating flux rotates opposite to the rotor, the rotor slip with

respect to thisflux is

Clockwise

S =

= NN N oyigog =@ -y

S S
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36.4. Making Single-phase Induction Motor Self-starting

Asdiscussed above, asingle-phaseinduction motor isnot self-starting. To overcomethisdrawback
and make the motor self-starting, it is temporarily converted into atwo-phase motor during starting
period. For this purpose, the stator of a single-phase
motor is provided with an extra winding, known as
gtarting (or auxiliary) winding, in addition to the main
or running winding.  The two windings are spaced
90° electrically apart and are connected in parallel
across the single-phase supply as shown in Fig. 36.4.

Itisso arranged that the phase-difference between
thecurrentsin thetwo stator windingsisvery large (ideal
value being 90°). Hence, the motor behaveslike atwo-
phase motor. These two currents produce a revolving Air Gap
flux and hence make the motor self-starting.

There are many methods by which the necessary Fig. 36.4
phase-difference between the two currents can be created.

(i) Insplit-phase machine, shownin Fig. 36.5 (&), the main winding haslow resistance but high
reactance whereasthe starting winding has ahigh resistance, but low reactance. Theresistance of the
starting winding may beincreased either by connecting ahigh
resistance R in serieswith it or by choosing ahigh-resistance
fine copper wire for winding purposes.

Hence, asshowninFig. 36.5 (b), the current | . drawn by
the starting winding lags behind the applied voltage V by a
small angle whereas current | | taken by the main winding
lags behind V by avery large angle. Phase angle between |
and | _ ismadeaslarge as possible because the starting torque
of asplit-phase motor is proportional to sina. A centrifugul
switch Sis connected in serieswith the starting winding and
is located inside the motor. Its function is to automatically
disconnect the starting winding from the supply when the
motor has reached 70 to 80 per cent of its full-load speed.

In the case of split-phase motors that are hermetically Single-phase motor.
sealed in refrigeration units, instead of internally-mounted centrifugal switch, an electromagnetic
type of relay isused. Asshownin Fig. 36.6, therelay coil isconnected in serieswith main winding
and the pair of contacts which are normally open, isincluded in the starting winding.
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During starting period, when |, islarge, relay contacts close thereby allowing I to flow and the motor
startsas usual. After motor speedsup to 75 per cent of full-load speed, |, dropsto avaluethat islow
enough to cause the contacts to open.

A typical torque/speed characteristic of such amotor isshownin Fig. 36.7. As seen, the starting
torqueis 150 to 200 per cent of the full-load torque with astarting current of 6 to 8 timesthe full-load
current. These motors are often used in preference to the costlier capacitor-start motors. Typical
applicationsare: fansand blowers, centrifugal pumpsand separators, washing machines, small machine
tools, duplicating machines and domestic refrigerators and oil burners etc. Commonly available
sizes range from 1/20 to 1/3 h.p. (40 to 250 W) with speeds ranging from 3,450 to 865 r.p.m.

Asshownin Fig. 36.8, the direction of rotation of such motors can be reversed by reversing the
connections of one of the two stator windings (not both). For this purpose, the four leads are brought
outside the frame.

As seen from Fig. 36.9, the connections of the starting winding have been reversed.

400
L 300 / 7
=
g & 2 —~
Fj / %\‘b =3 o
— 200 &
59} &
— =
5 \ z
= 100 o .
=¥

0

0 20 40 60 80 100

Per cent speed
Fig. 36.7 Fig. 36.8 Fig. 36.9

The speed regulation of standard split-phase motorsis nearly the same as of the 3-phase motors.
Their speed varies about 2 to 5% between no load and full-load. For this reason such motors are
usually regarded as practically constant-speed motors.

Note. Such motors are sometimes referred to as resistance-start split-phase induction motorsin order to

distinguish them from capacitor-start induction run and capacitor start-and-run motors described later.

Capacitor

1-Phase
Supply

RC Q 0 9
s Rotor
r .

o]

Fig. 36.10 Fig. 36.11 Fig. 36.12

(if) Capacitor-gtart Induction-run motors. In these motors, the necessary phase difference
between | and | is produced by connecting a capacitor in series with the starting winding as shown
inFig. 36.10. The capacitor isgenerally of theelectrolytic type andisusually mounted on the outside
of the motor as a separate unit (Fig. 36.11).

The capacitor is designed for extremely short-duty service and is guaranteed for not more than
20 periods of operation per hour, each period not to exceed 3 seconds. When the motor reaches about
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75 per cent of full speed, the centrifugal switch Sopensand cuts out both the starting winding and the
capacitor from the supply, thus leaving only the running winding acrossthelines. Asshownin Fig.

36.12, current |, drawn by the main winding lags the
supply voltageV by alargeanglewhereas| leadsV by
acertain angle. Thetwo currentsare out of phase with
each other by about 80° (for a 200-W 50-Hz motor) as
compared to nearly 30° for a split-phase motor. Their
resultant current | issmall andisalmost in phasewith V
asshownin Fig. 36.12.

Since the torque

developed by a 600
split-phase motor 00 sul
. . N
isproportional to 27 || N
the sine of the S 400
Capacitor start/capacitor-run motor. angle between I j 300
and 1., it is &= Y
obvious that the  § 200
increaseintheangle (from 30°to 80°) dloneincreasesthestarting 8 '83\
torque to nearly twice the value devel oped by a standard split- 0L
phase induction motor. Other improvements in motor design 0
have made it possible to increase the starting torque to avalue 0 20 Pe:“c’em goee q 80 100
as high as 350 to 450 per cent. P
Typical performance curve of such a motor is shown in Fig. 36.13
Fig. 36.13.
36.5. Equivalent Circuit of a Single-phase
. Induction Motor-Without Core Loss
I, R, 1

Fig. 36.14

A single-phase motor may be looked upon as consisting of
two motors, having acommon stator winding, but with their
respective rotors revolving in opposite directions. The
equivalent circuit of such a motor based on double-field
revolving theory is shown in Fig. 36.14. Here, the single-
phase motor has been imagined to be made-up of (i) one stator
winding and (ii) two imaginary rotors. The stator impedance
isZ =R, +]j X,. Theimpedance of each rotor is (r, + jx,)
wherer, and x, represent half the actual rotor valuesin stator
terms (i.e. x, stands for half the standstill reactance of the
rotor, asreferred to stator). Sinceiron loss has been neglected,
the exciting branch is shown consisting of exciting reactance
only. Each rotor has been assigned half the magnetising
reactance* (i.ex, represents half the actual reactance). The

impedance of ‘forward running’ rotor is

Zf =

i 2+ i %]

I .
§2+J(xm+x2)

and it runswith adlip of s. Theimpedance of ‘backward’ running rotor is

* Infact, full values are shown by capital letters and half values by small letters.
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.ooagr, ..0
J Xm MH=s + ) XZH
AT
5og T 10+ %)

anditrunswith aslip of (2 -s). Under standstill conditions, V; =V, but under running conditionsV;
isamost 90 to 95% of the applied voltage.

The forward torque in synchronous watts is T, = 1.7 1,/ s. Similarly, backward torque is
Ty=11,/(2-9)

Thetotal torqueis T="T-T,

36.6. Equivalent Circuit-With Core Loss

The core loss can be represented by an equivalent resistance which may be connected either in
parallel or in series with the magnetising reactance as shown in Fig. 36.15.

Since under running conditionsV, isvery high (and V, is correspondingly, low) most of theiron
loss takes place in the ‘forward motor’ consisting of the common stator and forward-running rotor.
Core-losscurrent |, = coreloss/ V. Hence, half value of core-lossequivalent resistanceisr =V /1.
Asshownin Fig. 36.15 (&), r. has been connected in parallel with x , in each rotor.

I, A I Z,

o~
o~

(a) ()
Fig. 36.15

Example 36.1. Discuss the revolving field theory of single-phase induction motors. Find the
mechanical power output at a slip of 0.05 of the 185-W, 4-pole, 110-V, 60-Hz single-phase induction
motor, whose constants are given below:

Resistance of the stator main winding R, = 1.86ohm
Reactance of the stator main winding X, = 2.560hm
Magnetizing reactance of the stator mainwinding X = 53.50hm
Rotor resistance at standstill R, = 3.56 ohm
Rotor reactance at standstill X, = 2.560hm

(Elect. Machines, Nagpur Univ. 1991)

Solution. Here, X, =53.5Q, hence X, = 53.5/2=26.7Q
Similarly, 1, = R,/2=356/2=178Qandx,=X,/2=256/2=128Q
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R r .
Do *ivg 2 %+ THR!Y + % X
0 Z = ; = Xn >3 wherex,= (X, + X,)
l+j(x2+>gn) (p/9)" +xg
. 7 = 267 (1.78/0.05) x 26.7 + j [(1.78/0.05)% +1.28 x 27.99]
(1.78/0.05) + (27.98)2
= 124 +j17.15=21.15054.2°
. r . + D
i 2t I %E B%sHXrn ﬁﬁ 0%
Similarly, z, = S
235+j(X2+Xm) BLQH-FXO

(1.78/1.95) x 26.7 + j [(1.78/1.95)% +1.28 x 27.98]
(1.78/1.95) + (27.98)°
0.84+j1.26 =1.51 (156.3°
Z, = Ry+j X, =186+j256=316[ 54°
Total circuit impedanceis
Zy, = Z,+Z,+Z7,=(186+] 2.56) + (12.4 + ] 17.15) + (0.84 +j 1.26)
15.1 +j 20.97 = 25.85[154.3°
110/25.85=4.27 A

= 26.7

Motor current 1,

V; = 1,Z,=427x21.15=904V;V, =1,Z,=427x151 =644V
Dr2 ar, f 2

Z, = B_B+X2_357QZ BzTSB+X2:1.57Q

I3 = Vf/Z =90.4/35.7=253A, | :Vb/Z =6.44/1.57=4.1A

T = R [ s=228 synch. watts, T = I r2/(2 s) = 15.3 synch. watts.

T = Tf - T, =228 - 15.3 = 212.7 synch. watts

Output = synch. watt x (1 —s) =212.7 x 0.95 = 202 W
Since friction and windage losses are not given, this also represents the net output.

Example 36.2. Find the mechanical power output of 185-W, 4 pole, 110-V, 50-Hz single-phase

induction motor, whose constants are given below at a slip of 0.05.

R =18Q X=256Q X,=535Q R,=356Q X,=2560Q
Coreloss = 3.5 W, Friction and windage loss = 13.5 W.
(Electrical Machines-111, Indore Univ. 1987)

Solution. It would be seen that major part of this problem has already been solved in Example

36.1. Let us, now, assumethat V; = 82.5% of 110V = 90.7 V. Then the core-loss current | .= 35/90.7
=0.386 A ; r,=90.7/0.386 = 235 Q.

Motor |

conductance of core-loss branch = 1/r,=1/235=0.00426 S
susceptance of magnetising branch = —j/x,,=—-j/26.7=-j0.0374 S
(r,/9) = X%

admittance of branch 3 = _(fz /s)2 + x§

=0.028 -j 0.00101 S
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admittance of ‘motor’ l'is Y, = 0.00426 - j 0.0374 + 0.028 — j 0.00101

0.03226 - j 0.03841 S

impedanceZ; = 1/Y;=1296+j 15.20r19.9Q

Motor |1
P)

2-s 1% _001-j128

admittance of branch 5
D r2

o, 2
HfSB+x2

2.469

= 0.369 - j 0.517

admittance of ‘motor’ 1, Y, = 0.00426 —j 0.0374 + 0.369 —j 0.517

0.3733-j0.555 S

Impedance of ‘motor’ Il, Z, =1/Y,=0.836+)1.2420r1.5Q
Impedance of entire motor (Fig. 36.16) Z,, =Z, +Z;+ Z,=15.66+j 19 or 24.7Q
I, = VIZ, =110/24.7=4.46 A

<
I

V, = 446x15=6.69V

88.8/35.62=25A
6.69/1.57 =425 A

T = I32(r2/s) = 222 synch. watt
,0r 0

T, =I5 BszH:lG.Ssynch. watt

T = T, - T, =205.5synch. watt

Watts converted = synch. watt (1 - 9)

= 2055x095=195W

Net output = 195-135=181.5W.
Example 36.3. A 250-W, 230-V, 50-Hz
capacitor-start motor has the following constants
for themain and auxiliary windings: Mainwinding,
Z.,= (4.5+ ] 3.7) ohm. Auxiliary winding Z,= (9.5
+ j 3.5) ohm. Determine the value of the starting

110V

1,Z,=4.46x19.9=888V

26.7
235
o
Il
(98]
W
N
Z,=35.62

-~
26.7
]
r.=235
ol P
1l I
-
Zs=157

Fig. 36.16

capacitor that will place the main and auxiliary winding currents in quadrature at starting.
(Electrical Machines-II1, South Gujarat Univ. 1985)
Solution. Let X be the reactance of the capacitor connected in the auxiliary winding.
Then Z, = 95+j35-] X.=(95+]X)

where X isthe net reactance.

Now, Z = 45+j35=5.820 39.4°chm

m

Obvioudly, |, lags behind V by 39.4°

Since, time phase angle between |, and |, has to be 90°, |, must lead V by

(90° - 39.4° = 50.6°.
For auxiliary winding, tan @,
or X

O Xe

X/R or tan 50.6° = X/9.5
9.5 x 1.217 = 11.56 Q (capacitive)
1156 +35=1506Q [

15.06 = /314 C; C = 211 pF.
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Tutorial Problem No. 36.1.

1. A 1-¢, induction motor has stator windings in space quadrature and is supplied with a single-phase
voltage of 200 V at 50 Hz. The standstill impedance of themain windingis (5.2 +j 10.1) and of the
auxiliary winding is (19.7 +j 14.2). Find the value of capitance to be inserted in the auxiliary
winding for maximum starting torque. (Electrical Machines-I11, Indore Univ. July, 1977)

2. A 230-V, 50-Hz, 6-pole, single-phase induction motor has the following constants.

r,=012Q,r,=014Q,x,=x,=025Q,x,=15Q.
If the core loss is 250 W and friction and windage losses are 500 W, determine the efficiency and
torque at s = 0.05. (Electrical Machines-1V, Bangalore Univ. Aug. 1978)

3. Explain how the pulsating mmf of a single-phase induction motor may be considered equivalent to
two oppositely-rotating fields. Develop an expression for the torque of the motor.

A 125-W, 4-pole, 110-V, 50-Hz single-phase induction motor has the no-load rotational loss of 25
watts and total rotor copper loss at rated |oad of 25 watts at adlip of 0.06. The rotor I°R loss may be
neglected.

At adlip s=0.06, what is the power input to the machine ?

(Electrical Machines-111, Indore Univ. July 1977)

36.7. Types of Capacitor-start Motors

Some of the important types of such motors are given below :

1. Single-voltage, externally-reversible type

In this motor, four leads are brought outside its housing; two from the main winding and two
from the starting-winding circuit. These four leads are necessary for external reversing. As usual,
internally, the starting winding is connected in serieswith the el ectrolytic capacitor and a centrifugal
switch. The direction of rotation of the motor can be easily reversed externally by reversing the
starting winding leads with respect to the running winding leads.

2. Single-voltage, non-reversible type

Inthis case, the starting winding leads are connected internally to the leads of the running wind-
ing. Consequently, there are only two external leadsin such motors. Obviously, direction of rotation
cannot be reversed unless the motor is taken apart and leads of the starting winding reversed.

3. Single-voltage reversible and with thermostat type

Many motors are fitted with a device called thermostat which provides protection against over-
load, overheating, and short-circuits etc. The thermostat usually consists of abimetallic element that
is connected in series with the motor and is often mounted on the outside of the motor.

The wiring diagram of a capacitor-start motor fitted with this protective deviceis shown in Fig.
36.17. When due to some reasons, excessive current flows through the motor, it produces abnormal
heating of the bimetallic strip with the result that it bends and opens the contact points thus discon-
necting the motor from the supply lines. When the thermostat element cools, it automatically closes
the contacts*.

In the case of capacitor-start motorsused for refrigerators, generally aterminal block isattached
to the motor. Three out of the four block terminals are marked T, TL and L as shown in Fig. 36.18.
Thermostat isconnected to T and TL, capacitor between L and the unmarked terminal and the supply
linesto TL and L.

*  However, in somethermal units, areset button hasto be operated manually to restore the motor to operation.
In certain types of thermal units, a heating element is used for heating the bimetallic strip. Inthat case, the
heating element is connected in the line and the element or bimetallic strip is placed either inside the
heating unit or besides it.
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4. Single-voltage, non-reversible with magnetic switch type

Such motors are commonly used in refrigerators where it is not possible to use a centrifugal
switch. Thecircuit diagramissimilar to that shownin Fig. 36.6. Sincetheir application requiresjust
one direction of rotation, these motors are not connected for reversing.

Supply
RN

Theromostat

Theromostat

Fig. 36.17 Fig. 36.18

One disadvantage of a capacitor-start motor having magnetic switch lies in the possibility that
slight overloads may operate the plunger thereby connecting the starting winding circuit to the sup-
ply. Sincethiswinding isdesigned to operate for very short periods (3 seconds or less) it islikely to
be burnt out.

5. Two-voltage, non-reversible Type

These motors can be
operated fromtwo a.c. volt- 'y
age either 110 V and 220 \r
V or 220 V and 440 V.  Thermostat
Such motorshavetwo main
windings (or one main
winding in two sections) Supply
and one starting winding D—"g
with suitable number of
leads brought out to permit
changeover from onevolt-
ageto another.

When the motor is to Fig. 36.19 Fig. 36.20
operatefrom lower voltage,
the two main windings are connected in parallel (Fig. 36.19). Whereas for higher voltage, they are
connected in series (Fig. 34.20). Aswill be seen from the above circuit diagrams, the starting wind-
ing is always operated on the low-voltage for which purpose it is connected across one of the main
windings.

6. Two-voltage, reversible type

External reversing is made possible by means of two additional leads that are brought out from
the starting winding.

Fig. 36.21 and 36.22 show connections for clockwise and anticlockwise rotations respectively
when motor is operated from lower voltage. Similar wiring diagram can be drawn for higher voltage

supply.

Thermostat
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7. Single-voltage, three-lead reversible type
In such motors, atwo-section running winding isused. Thetwo sectionsR, and R, areinternally
connected in series and one lead of the starting winding is connected to the mid-point of R, and R,

Supply 2>

Fig. 36.21 Fig. 36.22 Fig. 36.23

The second lead of the starting winding and both leads of the running winding are brought outside as
shown in Fig. 36.23. When the external lead of the starting winding is connected to point A, the
winding is connected across R, and the motor runs clockwise. When the lead of starter winding is
connected to point B, it is connected across R,. Since current flowing through starting winding is
reversed, the motor runsin counter-clockwise direction.

TPDT Relay Contacts
i Normally Closed
Switch C S
Relay Coil——\
Reverse £ 525 I _f1_1
Forward %0 £ g o—| everse. |C Rum, | @0 L=
e N o #7&7  Forward St 55 g8
o . Double Contact? | [&
(L ¢ 7 Cent Switch
TPDT
Switch
Fig. 36.24 Fig. 36.25

8. Single-voltage, instantly-reversible type

Normally, amotor must be brought to completerest before it can be started in the reverse direc-
tion. It is so because the centrifugal switch cannot close unless the motor has practically stopped.
Since starting winding is disconnected from supply when the motor is running, reversal of starting
winding leads will not affect the operation of the motor. Thisreversal is achieved by atriple-pole,
double-throw (TPDT) switch as shown in Fig. 36.24. The switch consists of three blades or poles
which move together as one unit in either of the two positions. I1n one position of the switch (shown
in one figure) motor runs clockwise and in the other, in counter-clockwise direction. Obviougly, in
thistype of arrangement, it is necessary to wait till motor stops.

In certain applications where instant reversal is necessary while the motor is operating at full
speed, arelay is fitted in the circuit to short-circuit the centrifugal switch and connect the starting
winding in the circuit in the reversed direction (Fig. 36.25).

It will be seen that when at rest, the double-contact centrifugal switchisinthe “start' position. In
this position, two connections are made :
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(i) the starting winding and capacitor C are placed in series across the supply line and

(i) the coil of the normally-closed relay is connected across C

With themanual TPDT switchinthe‘forward’ position (a) running winding is connected across
the line (b) starting winding and C are in series across the line and (c) relay coil is connected across
C. The voltage developed across C is applied across the relay coil which results in opening of the
relay contacts. With increase in the speed of the motor, the centrifugal switch isthrown inthe ‘run-
ning’ position. This cuts out C from the circuit and leaves starting winding in series with the relay
coil. Sincerelay coil has high resistance, it permits only enough current through the starting winding
asto keep the relay contacts open.

During the fraction-of-a-second interval while TPDT switch is shifted from ‘forward’ to ‘re-
verse' position, no current flows through the relay coil as aresult of which the relay contacts close.
When TPDT switch reaches the ‘reverse’ position, current flows through the now-closed relay con-
tacts to the starting winding but in opposite direction. This produces atorque which isappliedin a
direction opposite to the rotation. Hence, (i) rotor isimmediately brought to rest and (ii) centrifugal
switchfalstothe‘start’ position. Asbefore, Cisput in serieswith the starter winding and the motor
starts rotating in the opposite direction.

9. Two-speed type

Speed can be changed by changing the number of polesin the winding for which purpose two
separate running windings are placed in the slots of the stator, one being 6-pole winding and the other,
8-polewinding. Only one starting winding is used which always actsin conjunction with the higher-
speed running winding. The double-action or transfer type centrifugal switch S has two contact

High Capicitor ~ Low Capicitor

Transfer Type
cent. Switch

Fig. 36.26 Fig. 36.27

pointson the‘start’ side and oneon the ‘run’ side. AsshowninFig. 36.26, an external speed switch
is used for changing the motor speed. The motor will always start on high speed irrespective of
whether the speed switchisonthe‘high’ or ‘low’ contact. If speed switchisset on‘low’, then assoon
as the motor comes up to speed, the centrifugal switch

(a) cutsout the starting winding and high-speed running winding and

(b) cutsinthelow-speed running winding.

10. Two-speed with two-capacitor type

As shown in Fig. 36.27, this motor has two running windings, two starting windings and two
capacitors. One capacitor is used for high-speed operation and the other for low-speed operation. A
double centrifugal switch Sisemployed for cutting out the starting winding after start.
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36.8. Capacitor Start-and-Run Motor

Thismotor is similar to the capacitor-start motor [Art.36.4 (ii)] except that the starting winding
and capacitor are connected in the circuit at all
times. The advantages of |eaving the capacitor
permanently in circuit are (i) improvement of
over-load capacity of the motor (ii) a higher
power factor (iii) higher efficiency and (iv)
quieter running of the motor which isso much
desirable for small power drivesin offices and
laboratories. Some of these motorswhich start
and run with one value of capacitance in the
circuit are called single-value capacitor-run
motors. Other which start with high value of
capacitance but run with a low value of
capacitance are known as two-val ue capacitor-run motors.

(i) Single-value capacitor-Run Motor

It has one running winding and one starting winding in series with a capacitor as shown in Fig.
36.28. Since capacitor remainsin thecircuit permanently, thismotor isoften referred to as permanent-

Capacitor starts and run motor
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Fig. 36.28 Fig. 36.29 Fig. 36.30

split capacitor-run motor and behaves practically like an unbalanced 2-phase motor. Obviously, there
isno need to useacentrifugal switch which was necessary in the case of capacitor-start motors. Since
the same capacitor is used for starting and running, it is obvious that neither optimum starting nor
optimum running performance can be obtai ned because val ue of capacitance used must be acompro-
mise between the best value for starting and that for running. Generally, capacitors of 2 to 20 pF
capacitance are employed and are more expensive oil or pyranol-insulated foil-paper capacitors be-
cause of continuous-duty rating. Thelow value of the capacitor resultsin small starting torque which
is about 50 to 100 per cent of the rated torque (Fig. 36.29). Consequently, these motors are used
wheretherequired starting torqueislow such asair - moving equipment i.e. fans, blowersand voltage
regulators and also oil burners where quiet operation is particularly desirable.

One unique feature of this type of motor isthat it can be easily reversed by an external switch
provided its running and starting windingsareidentical. One serves asthe running winding and the
other asastarting winding for one direction of rotation. For reverserotation, the onethat previously
served as arunning winding becomesthe starting winding whilethe former starting winding servesas
the running winding. As seen from Fig. 36.30 when the switch isin the forward position, winding B
servesasrunning winding and A asstarting winding. When switchisin ‘reverse’ position, winding A
becomes the running winding and B the starting winding.
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Such reversible motors are often used for operating devices that must be moved back and forth
very frequently such as rheostats, induction regulations, furnace controls, valves and arc-welding
controls.

(if) Two-value capacitor-Run Motor

This motor starts with a high capacitor in series with the starting winding so that the starting
torqueishigh. For running, alower capacitor is substituted by the centrifugal switch. Both the running
and starting windings remain in circuit.

The two values of capacitance can be obtained as follows:

1. by using two capacitorsin parallel at the start and then switching out one for low-value run.
(Fig. 36.31) or

2. by using a step-up auto-transformer in conjunction with one capacitor so that effective
capacitance value isincreased for starting purposes.

In Fig. 36.31, Bisan
electrolytic capacitor of
high capacity (short duty)
and A isan oil capacitor of
low value (continuous
duty). Generaly, starting
capacitor B is 10 to 15
timesthe running capacitor
A. At the start, when the
centrifugal switchisclosed,
the two capacitors are put
in parallel, so that their
combined capacitance is
the sum of their individua
capacitances. After the motor has reached 75 per cent full-load speed, the switch opens and only
capacitor A remains in the starting winding circuit. In this
way, both optimum starting and running performance is
achieved in such motors. If properly designed, such motors
have operating characteristics very closely resembling those
displayed by two-phase motors. Their performance is
characterised by

1. ability to start heavy loads

2. extremely quiet operation

3. higher efficiency and power factor

4. ability to develop 25 per cent overload capacity

Hence, such motorsareideally suited whereload require-
mentsare severe asin the case of compressorsand fire strokers Auto-transformer
€etc.

The use of an auto-transformer and single oil-type capacitor is illustrated in Fig.36.32. The
transformer and capacitor are sealed in arectangular iron box and mounted on top of the motor. The
idea behind using this combination isthat a capacitor of value C connected to the secondary of astep-
up transformer, appearsto the primary asthough it had aval ue of K?C where K isvoltagetransforma-
tion ratio. For example, if actual value of C = 4 pF and K = 6, then low-voltage primary acts asif it
had a 144 pF ( = 6 x 4) capacitor connected across its terminals. Obviously, effective value of
capacitance hasincreased 36 times. Inthe‘start’ position of the switch, the connectionismadeto the

Fig. 36.31 Fig.36.32
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mid-tap of the auto-transformer sothat K = 2. Hence, effective value of capacitance at start is4 times
therunning value and is sufficient to give ahigh starting torque. Asthe motor speedsup, the centrifu-
gal switch shiftsthe capacitor from one voltagetap to another so that the voltage transformation ratio
changes from higher value at starting to alower valuefor running. The capacitor which isactually of
the paper-tinfoil construction isimmersed in ahigh grade insulation like wax or mineral oil.

36.9. Shaded-pole Single-phase Motor

In such motors, the necessary phase-splitting is
produced by induction. These motors have salient
poles on the stator and a squirrel-cage type rotor Fig.
36.33 shows a four-pole motor with the field poles
connected in seriesfor alternate polarity. One pole of
such amotor is shown separately in Fig. 36.34. The
laminated pole has a slot cut across the laminations
approximately one-third distance from one edge.
Around the small part of the pole is placed a short-
circuited Cu coil known as shading coil. This part of
the pole is known as shaded part and the other as
unshaded part. When an alternating current is passed through the exciting (or field) winding
surrounding the whole pole, the axis of the pole shifts from the unshaded part ato the shaded part b.
Thisshifting of the magnetic axisis, in effect, equivalent to the actual physical movement of the pole.
Hence, therotor startsrotating in the direction of this shift i.e. from unshaded part to the shaded part.

Shaded pole single phase motor

Field
A Winding

Fig. 36.33 Fig. 36.34

L et us now discuss why shifting of the magnetic axis takes place. It is helpful to remember that
the shading coil is highly inductive. When the alternating current through exciting coil tends to
increase, itinducesacurrent in the shading coil by transformer action in such adirection asto oppose
itsgrowth. Hence, flux density decreasesin the shaded part when exciting current increases. However,
flux density increases in the shaded part when exciting current starts decreasing (it being assumed
that exciting current is sinusoidal).

In Fig. 36.35 (@) exciting current is rapidly increasing aong OA (shown by dots). This will
produce an em.f. in the shading coil. Asshading coil isof low resistance, alarge current will be set
up in such adirection (according to Lenz's law) as to oppose the rise of exciting current (which is
responsible for its production). Hence, the flux mostly shifts to the unshaded part and the magnetic
axislies along the middle of thisparti.e. along NC.

Next, consider the moment when exciting current is near its peak valuei.e. from point A to B
[Fig. 36.35 (b)]. Here, thechangein exciting currentisvery slow. Hence, practically no voltage and,
therefore, no current isinduced in the shading coil. The flux produced by exciting current is at its
maximum value and is uniformly distributed over the pole face. So the magnetic axis shifts to the
centre of the polei.e. along positions ND.
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Fig. 36.35 () represents the condition when the exciting current israpidly decreasing from B to
C. Thisagain setsup induced current in the shading coil by transformer action. Thiscurrent will flow
in such a direction as to oppose this decrease in exciting current, with the result that the flux is
strengthened in the shaded part of the pole. Consequently, the magnetic axis shiftsto the middle part

of the shaded polei.e. along NE.

Exciting

(@)

Shaded pole motors are built
commercialy in very small sizes,
varying approximately from 1/250
h.p. (3W) to 1/6 h.p. (125 W).
Although such motorsaresimplein
construction, extremely rugged,
reliable and cheap, they suffer from
thedisadvantagesof (i) low starting
torque (ii) very little overload
capacity and (iii) low efficiency.
Efficiencies vary from 5% (for tiny
sizes) to 35 (for higher ratings).
Because of its low starting torque,
the shaded-pole motor is generally
used for small fans, toys,
instruments, hair dryers, ventilators,
circulatorsand electric clocks. Itis
aso frequently used for such devices
as churns, phonograph turntables
and advertising displays etc. The

Exciting Exciting

X
D.

(b) (o)

Fig. 36.35

From the above discussion we find that during the positive half-cycle of the exciting current, a
N-pole shifts along the pole from the unshaded to the shaded part. During the next negative half-
cycle of the exciting current, a S-pole trails along. The effect is as if a number of real poles were
actually sweeping across the space from left to right.
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Fig. 36.36

direction of rotation of this motor cannot be changed, because it is fixed by the position of copper

rings.

A typical torque/ speed curve for such amotor is shown in Fig. 36.36.
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|
These can be divided into the following four '
distinct categories: . -
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Repulsion Type Motors

Repulson Motor. It consists of (a) one ¥
stator winding (b) one rotor which is
wound like a d.c. armature (c) commu- N e o e
tator and (d) a set of brushes, which are e L ' "

short-circuited and remainin contact with = L -t .

the commutator at all times. It operates . i .
continuously onthe‘repulsion’ principle. N .8 -

No short-circuiting mechanism is re- i

quired for thistype. H
Compensated Repulsion Motor. It is
identical with repulsion motor in al re-
spects, except that (a) it carries an additional stator winding, called compensating winding
(b) there is another set of two brushes which are placed midway between the usual short-
circuited brush set. The compensating winding and this added set are connected in series.

Repulson-gtart Induction-run Motor. This motor starts as a repulsion motor, but nor-
mally runs as an induction motor, with constant speed characteristics. It consists of (a) one
stator winding (b) one rotor which is similar to the wire-wound d.c. armature (¢) acommu-
tator and (d) acentrifugal mechanism which short-circuits the commutator bars all the way
round (with the help of a short-circuiting necklace) when the motor has reached nearly 75
per cent of full speed.

Repulson Induction Mator. It works on the combined principle of repulsion and induc-
tion. It consists of (a) stator winding (b) two rotor windings : one squirrel cage and the other
usual d.c. winding connected to the commutator and (c) ashort-circuited set of two brushes.

Repulsion induction motor

It may be noted that repul sion motors have excellent characterstics, but are expensive and require
more attention and maintenance than single-phase motors. Hence, they are being replaced by two-
value capacitor motorsfor nearly all applications.

36.11.

Repulsion Motor

Constructionally, it consists of thefollowing :

1

36.12.

Stator winding of the distributed non-salient pole type housed in the sl ots of asmooth-cored
stator (just asin the case of split-phase motors). The stator is generally wound for four, six
or eight poles.

A rotor (slotted core type) carrying a distributed winding (either lap or wave) which is
connected to the commutator. The rotor isidentical in construction to the d.c. armature.

A commutator, which may be one of the two types: an axial commutator with bars parallel
to the shaft or aradial or vertical commutator having radial bars on which brushes press
horizontally.

Carbon brushes (fitted in brush holders) which ride against the commutator and are used for
conducting current through the armature (i.e. rotor) winding.

Repulsion Principle

To understand how torque is developed by the repulsion principle, consider Fig. 36.37 which
shows a 2-pole salient pole motor with the magnetic axisvertical. For easy understanding, the stator
winding has been shown with concentrated salient-pole construction (actually it isof distributed non-
salient type). The basic functioning of the machinewill be the samewith either type of construction.
As mentioned before, the armature is of standard d.c. construction with commutator and brushes
(which are short-circuited with alow-resistance jumper).
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Supposethat thedirection of flow of the alternating current in theexciting or field (stator) winding
issuchthat it createsaN-poleat thetop and aS-pole at the bottom. The alternating flux produced by
the stator winding will induce em.f. in the armature conductors by transformer action. Thedirection
of theinduced e m.f. can befound by using Lenz'slaw andisas shownin Fig. 36.37 (a). However, the
direction of the induced currents in the armature conductors will depend on the positions of the
short-circuited brushes. If brush axis
is colinear with magnetic axis of the
main poles, the directions of theinduced
currents (shown by dotsand arrows) will
beasindicated in Fig. 36.37 (8)*. Asa
result, the armature will become an
electromagnet with aN-pole on itstop,
directly under the main N-poleand with
aS-poleat thebottom, directly over the
main S-pole. Because of this face-to-
face positioning of themain and induced
magnetic poles, no torque will be
developed. Thetwo forcesof repulsion
ontopandbottomactalongY Y indirect
opposition to each other.**

(@) (®) If brushes are shifted through 90° to

Fig. 36.37 the position shown in Fig. 36.37 (b) so

that the brush axisis at right angles to

the magnetic axis of the main poles, the directions of theinduced voltages at any timein the respective

A.C. Supply

armature conductors are exactly the same Y
as they were for the brush position of Fig. ‘ } ‘
36.37 (a). However, with brush positions @

of Fig. 36.37 (b), the voltages induced in
the armature conductors in each path
between the brush terminalswill neutralize
each other, hence there will be no net
voltage acrossbrushesto produce armature
current. If there is no armature current,
obviously, no torque will be devel oped.

If the brushesare set in position shown
in Fig. 36.38 (a) so that the brush axisis
neither in line with nor 90° from the mag-
neticaxisY Y of themain poles, anet volt-
age*** will be induced between the brush
terminalswhich will produce armature cur-
rent. Thearmaturewill again act asan elec-

* It should be noted that during the next half-cycle of the supply current, the directions of the respective
voltages will be in the opposite directions.

**  Alternatively, the absence of the torque may be explained by arguing that the torques developed in the
four quadrants neutralize each other.

*** 1t will be seen from Fig. 36.38 (a) that the induced voltages in conductors aand b oppose the voltagesin
other conductorslying above brush-axis. Similarly, induced voltagesin conductors ¢ and d oppose the voltages
in other conductors, lying below the brush-axis. Yet the net voltage across brush terminals will be sufficient to
produce current which will make the armature a powerful magnet.
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tromagnet and develop its own N-and S-poleswhich, in thiscase, will not directly face therespective
main poles. Asshown in Fig. 36.38 (&), the armature poleslie along A A" making an angle of a with
YY.

Hence, rotor N-pole will be repelled by the main N-pole and the rotor S-pole will, similarly, be
repelled by the main S-pole. Consequently, the rotor will rotate in clockwise direction [Fig.36.38
(b)]. Since the forces are those of repulsion, it is
appropriate to call the motor as repulsion motor.

It should be noted that if the brushes are shifted
counter-clockwise from YY ', rotation will also be
counter-clockwise. Obviously, direction of rotation
of themotor isdetermined by the position of brushes
with respect to the main magnetic axis.

It is worth noting that the value of starting
torque devel oped by such amotor will depends on
the amount of brush-shift whereas direction of
rotation will depend on the direction of shift [Fig. 36.39 (a)]. Maximum starting torqueis developed
at some position where brush axis makes, an anglelying between 0° and 45° with the magnetic axis of
main poles. Motor speed can also be controlled by means of brush shift. Variation of starting torque
of arepulsion motor with brush-shift is shown in Fig. 36.39 (b).

A straight repulsion type motor has high starting torque (about 350 per cent) and moderate
starting current (about 3 to 4 times full-load value).

Principal shortcomings of such amotor are:

1. speed varieswith changing load, becoming dangerously high at no load.
2. low power factor, except at high speeds.
3. tendency to spark at brushes.

Repulsion motor

36.13. Compensated Repulsion Motor

Itisamodified form of the straight repulsion motor discussed above. It hasan additional stator
winding, called compensating winding whose purposeis (i) to improve power-factor and (ii) to pro-
vide better speed regulation. This winding is much smaller than the stator winding and is usually
wound in the inner slots of each main pole and is connected in series with the armature (Fig. 36.40)
through an additional set of brushes placed mid-way between the usual short-circuited brushes.

g Stator /\ Suvuuuuu
Winding

o ? \
N
(0] (@]
0 30 60 90
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Fig. 36. 39 Fig. 36. 40

36.14. Repulsion-start Induction-Run Motor

Asmentioned earlier, this motor starts as an ordinary repulsion motor, but after it reaches about
75 per cent of itsfull speed, centrifugal short-circuiting device short-circuits its commutator. From
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then on, it runsas an induction motor, with ashort-circuited squirrel-cagerotor. After the commutator
isshort-circuited, brushesdo not carry any current, hencethey may a so belifted from the commutator,
in order to avoid unnecessary wear and tear and friction losses.

Repulsion-start motors are of two different designs:

1. Brush-lifting typein which the brushes are automatically lifted from the commutator when it
is short-circuited. These motors generally employ radial form of commutator and are built
both in small and large sizes.

2. Brush-riding type in which brushes ride on the commutator at all times. These motors use
axial form of commutator and are always built in small sizes.

The starting torque of such amotor isin excess of 350 per cent with moderate starting current. It
isparticularly useful where starting period is of comparatively long duration, because of high inertia
loads. Applications of such motors include machine tools, commercial refrigerators, compressors,
pumps, hoists, floor-polishing and grinding devices etc.

36.15. Repulsion Induction Motor

Inthefield of repulsion motor, thistypeisbecoming very popular, because of its good all-round
characteristics which are comparable to those of acompound d.c. motor. Itisparticularly suitablefor
those applications where the load can be removed entirely by de-clutching or by aloose pulley.

Thismotor isacombination of the repulsion and induction types and is sometimesreferred to as
squirrel-cagerepulsion motor. It possessesthe desirable characteristics of arepulsion motor and the
constant-speed characteristics of an induction motor.

It hasthe usua stator winding asin all repulsion motors. But there are two separate and indepen-
dent windingsin the rotor (Fig. 36.41).

(i) asquirrel-cage winding and
(if) commutated winding similar to that of ad.c. armature.

Both these windings function during the entire period of operation of the motor. The commu-
tated winding liesin the outer slotswhile squirrel-cagewindingislocated intheinner slots*. At start,
the commutated winding supplies most of the
torque, the squirrel -cage winding being practically
inactive because of its high reactance. When the
rotor accelerates, the squirrel-cage winding takes
up alarger portion of the load.

Thebrushesare short-circuited and ride on the
commutator continuously. One of the advantages
of thismotor isthat it requires no centrifugal short-
circuiting mechanism. Sometimes such motorsare
a so made with compensating winding for improv-
ing the power factor.

Asshownin Fig. 36.42, its starting torqueis
high, being in excess of 300 per cent. Moreover,
it hasafairly constant speed regulation. Itsfield
of application includes house-hold refrigerators, Brushless d.c. seromotor
garage air pumps, petrol pumps, compressors,
machine tools, mixing machines, lifts and hoists etc.

*  Hence, commutated winding has low resistance whereas the squirrel-cage winding has inherently a high
reactance.
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These motors can be reversed by the usual brush-shifting arrangement.

36.16. A.C. Series Motors

If an ordinary d.c. series motor were connected
to an a.c. supply, it will rotate and exert unidirec-
tional torque* because the current flowing both in
thearmature and field reversesat the sametime. But
the performance of such amotor will not be satisfac-
tory for the following reasons :

1. theaternating flux would cause excessive
eddy current lossin theyokeand field cores
which will become extremely heated.

2. vicious sparking will occur at brushes
because of the huge voltage and current
induced in the short-circuited armature coils
during their commutation period.

3. power factor is low because of high
inductance of thefield and armaturecircuits.

However, by proper modification of design and other refinements, a satisfactory single-phase
motor has been produced.

The eddy current loss has been reduced by laminating the entireiron structure of thefield cores
and yoke.

Power factor improvement is possible only by reducing the magnitudes of the reactances of the
field and armature windings. Field reactanceisreduced by reducing the number of turnson thefield
windings. For agiven current, it will reducethefield m.m.f. which will result in reduced air- gap flux.
Thiswill tend to increase the speed but reduce motor torque. To obtain the same torque, it will now
be necessary to increase the number of armature turns proportionately. Thiswill, however, result in
increased inductive reactance of the armature, so that the overall reactance of the motor will not be

*  However, torque developed is not of constant magnitude (as in d.c. series motors) but pulsates between
zero and maximum val ue each half-cycle.

Induction type AC sevro motor and control box
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significantly decreased. Increased

armature m.m.f. can be neutralized
effectively by using acompensating Field Field
winding. In conductively-

Winding Winding

compensated  motors, the
compensating winding is connected
in series with the armature [Fig. iy ©
36.43 ()] whereas in inductively- Winding Comp-winding |
compensated  motors, the ©
compensating winding is short- @ )

circuited and has no interconnection Fig. 36.43

with the motor circuit [Fig. 36.43

(b)]. The compensating winding acts as a short-circuited secondary of atransformer, for which the
armaturewinding actsasaprimary. The current in the compensating winding will be proportional to
the armature current and 180° out of phase with it.

Generally, dl d.c. seriesmotorsare‘ provided’ with commutating polesfor improving commutation
(asind.c. motors). But commutating poles alone will not produce satisfactory commutation, unless
something is done to neutralize the huge voltage induced in the short-circuited armature coil by
transformer action (this voltage is not therein d.c. seriesmotor). It should be noted that in an a.c.
seriesmotor, theflux produced by thefield winding isaternating and it induces voltage (by transformer
action) inthe short-circuited armature coil duringitscommutating period. Thefieldwinding, associated
with the armature coil undergoing commutation, acts as primary and the armature coil during its
commutating period acts as a short-circuited secondary. This transformer action produces heavy
current in thearmature coil asit passesthrough its commutating period and resultsin vicious sparking,
unless the transformer voltage is neutralized. One method, which is often used for large motors,
consistsof shunting the winding of each commutating pole with anon-inductive resistance, as shown
inFig. 36.44 (a).

I
FW
P.D. Across
I, \ Compole
\\ Winding
g Compole >~ = - \ I
I A | Winding I
(@) (b)

Fig. 36.44

Fig. 36.44. (b) showsthe vector diagram of ashunted commutator pole. The current I, through
the commutating pole (which lags the total motor current) can be resolved into two rectangular com-
ponents | 4 and |, as shown. |, produces a flux which isin phase with total motor current | whereas
flux produced by I, lags| by 90°. By proper adjustment of shunt resistance (and hence| ), the speed
voltage generated in ashort-circuited coil by the cutting of the 90°lagging component of the commu-
tating pole flux may be made to neutralize the voltage induced by transformer action.

36.17. Universal Motor

A universal motor is defined as amotor which may be operated either on direct or single-phase
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a.c. supply at approximately the same speed and output.

Infact, itisasmaller version (5to 150 W) of thea.c. seriesmotor described in Art. 36.16. Being
a series-wound motor, it has high starting torque and a variable speed characteristic. It runs at dan-
gerously high speed on no-load. That iswhy such motorsare usually built into the devicethey drive.

Generaly, universal motors are manufactured in two types:

1. concentrated-pole, non-compensated type (low power rating)

2. distributed-field compensated type (high power rating)

The non-compensated motor hastwo salient polesand
isjust likea2-poleseriesd.c. motor except that whole of
its magnetic path is laminated (Fig. 36.45). The lami-
nated stator is necessary because the flux is aternating
when motor isoperated from a.c. supply. Thearmatureis
of wound type and similar to that of asmall d.c. motor. It
consists essentially of a laminated core having either
straight or skewed
slotsand acommu-
tator to which the
leads of the arma- Universal motor.
turewinding are connected. The distributed-field compensated
typemotor hasastator core similar to that of asplit-phase motor
and awound armature similar to that of asmall d.c. motor. The
compensating winding is used to reduce the reactance voltage
present in the armature when motor runson a.c. supply. This
voltage is caused by the alternating flux by transformer action
(Art. 36.16).

In a 2-pole non-compensated motor, the voltage induced by
transformer action in acoil during its commutation period is not sufficient to cause any serious com-
mutation trouble. Moreover, high-resistance brushes are used to aid commutation.

Fig. 36.45

Fig. 36.46 Fig.36.47

(a) Operation. Asexplainedin Art. 36.16, such motors develop unidirectional torque, regard-
less of whether they operate ond.c. or a.c. supply. The production of unidirectional torque, when the
motor runs on a.c. supply can be easily understood from Fig. 36.46. The motor works on the same
principle as a d.c. motor i.e. force between the main pole flux and the current-carrying armature
conductors. Thisistrue regardless of whether the current is alternating or direct (Fig. 36.47).
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(b) Speed/Load Characterigtic. The speed of a universal motor [ 'Feaid coil
variesjust likethat of ad.c. seriesmotor i.e. low at full-load and high
on no-load (about 20,000 r.p.m. in some cases). Infact, on no-load the
speed islimited only by its own friction and windage load. Fig. 36.48
shows typical torque characteristics of a universal motor both for d.c.
and a.c. supply. Usually, gear trains are used to reduce the actual load
Speeds to proper values.

(c) Applications. Universal motors are used in vacuum cleaners
where actual motor speed istheload speed. Other applications where
motor speed is reduced by a gear train are : drink and food mixers,
portable drills and domestic sewing machine etc. Series Field

(d) Reversal of Rotation. The concentrated-pole (or salient-pole) [ Amature
type universal motor may be reversed by reversing the flow of current
through either the armature or field windings. The usual method is to
interchange the leads on the brush holders (Fig.36.49).

+ AL
The distributed-field compensated type universal motor may be 4+ Series Arm  _
reversed by interchanging either the armature or field leads and shift- — e
ing the brushes against the direction in which the motor will rotate. The Universal motor with
extent of brush shift usually amountsto several commutator bars. interchangeable parts for

mixing solids, liquids semi-
solids and coating.

N Direct
N
/ Current
~N
~

~
~

i \\7 N sj:L

Per cent EL. Speed
/
[
2

Alternating ¥
Current

+ - + =
0 100 200 300 400 500
Percent F.L. Torque (@) (b)
Fig. 36.48 Fig.36.49

36.18. Speed Control of Universal Motors

The following methods are usually employed for speed-control purposes:

(i) ResistanceMethod. Asshown in Fig. 36.50, the motor speed is controlled by connecting
avariableresistance R in serieswith the motor. Thismethod isemployed for motors used in sewing
machines. The amount of resistance in the circuit is changed by means of afoot-pedal.

(if) Tapping-field Method. In thismethod, afield poleistapped at various points and speed is
controlled by varying the field strength (Fig. 36.51). For this purpose, either of the following two
arrangements may be used :

(a) Thefield poleiswound in various sections with different sizes of wire and taps are brought

out from each section.

(b) Nichrome resistance wire is wound over one field pole and taps are brought out from this
wire.
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(iif) Centrifugal Mechanism. Universal motors, particularly those used for home food and
drink mixers, have a number of
speeds.Selection is made by a centrifugal
device located inside the motor and
connected, as shown in Fig. 36.52. The
switchisadjustable by means of an external
lever. If the motor speed rises above that
set by thelever, the centrifugal device opens
two contactsand insertsresistance R inthe
circuit, which causes the motor speed to
decrease. When motor runs slow, the two
contacts close and short-circuit the
resistance, so that the motor speed rises.
This process is repeated so rapidly that
variations in speed are not noticeable.

R; Series ( )

. v

Universal motor used for home food and drink mixers

Fig. 36.50 Fig. 36.51 Fig.36.52

Theresistance R is connected across the governor points as shown in Fig. 36.52. A capacitor C
isused across the contact pointsin order to reduce sparking produced due to the opening and closing
of these points. Moreover, it prevents the pitting of contacts.

Example 36.4. A 250-W, single-phase, 50-Hz, 220-V universal motor runs at 2000 rpm and
takes 1.0 A when supplied froma 220-V dc. supply. If the motor is connected to 220-V ac supply and
takes 1.0 A (r.m.s), calculate the speed, torque and power factor. AssumeR,=20Q andL,= 0.4H.

Solution. DC Operation: E . =V — I, R,
= 220-20%x1=200V
AC Operation
X, = 2mx50x04=1257Q.
As seen from Fig.36.53.
V2 = Byt 1aR) + (1% X))

- _ 2 2
O Byae = LR+ (Vo -(1,X) Fig. 36.53

~1x20+ /2207 - (125.7 x1)? = 1605V
Since armature current is the same for both dc and ac excitations, hence

S = Neeo g N =2000x 2605 ~1605 pm
Bow Ny 3‘3 200 P
cOSQ = ABJOB =(E, .+ 1,R)/V = (160.5+ 20)/220 = 0.82 lag
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P = Epae-1,=160.5x1=1605W

T = 9.55 x 160.5/1605 = 0.955 N-m
Example 36.5. A universal series motor has resistance of 30 Q2 and an inductance of 0.5 H.

When connected to a 250 V d.c. supply and loaded to take 0.8 A, it runs at 2000 r.p.m. Estimate its
speed and power factor, when connected to a 250-V, 50-Hz a.c. supply and loaded to take the same

current. (Elect. Machine, A.M.1.E. Sec. B, 1992)
Solution. A.C. Operation
X, = 2mx50x0.5=157Q, 30Q 0.5H
R, = 30Q R, X,
I,R, = 08x30=24Q
I, X, = 0.8x157=1256V 250V (de)
The phasor diagram is shown in Fig. 36.54 (b)
2 _ 2 2
25\(/32 _ EEz'ac 1 I2a4)R23)+ Jlrz(;agga) o (@
.ac b
O E . =1926 Fig. 36.54
DC Operation
B, = 250-0.8%x30=226V
Now% = % or 192.12 _ Noc
= Nac 226 2000
N, = 1700 rpm

8
%]
S

|

= (B, + 1, R,)/V = 236.12/250 = 0.864 lag

36.19. Unexcited Single-phase Synchronous Motors

These motors

1. operatefrom asingle-phase a.c. supply

2. run at aconstant speed — the synchronous speed of the revolving flux

3. need no d.c. excitation for their rotors (that iswhy they are called unexcited)
4. aresdf-starting.

These are of two types (@) reluctance motor and (b) hysteresis motor.

36.20. Reluctance Motor

It has either the conventional split-phase stator and acentrifu-
gal switch for cutting out the auxiliary winding (split-phase type
reluctance motor) or a stator similar to that of a permanent-split
capacitor-run motor (capacitor-typereluctance motor). The stator
produces the revolving field.

Thesquirrel-cagerotor isof unsymmetrical magnetic construc-
tion. Thistype of unsymmetrical construction can be achieved by
removing some of the teeth of a symmetrical squirrel-cage rotor
punching. For example, in a 48-teeth, four-pole rotor following
teeth may be cut away :

1,2,3,4,5, 6-13, 14, 15, 16, 17, 18—25, 26, 27, 28, 29, 30—37, 38, 39, 40, 41, 42.

Thiswould leave four projecting or salient poles (Fig. 36.55) consisting of the following sets of
teeth : 7-12; 19-24; 31-36 and 43—48. In thisway, the rotor offers variable magnetic reluctance to
the stator flux, the reluctance varying with the position of the rotor.

Fig. 36.55
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Working

For understanding the working of such amotor one
basic fact must be kept inmind. And it isthat when a
piece of magnetic material islocated in amagnetic field,
aforce acts on the material, tending to bring it into the
most dense portion of thefield. Theforcetendsto align
the specimen of material in such a way that the reluc-
tance of the magnetic path that liesthrough the material
will be minimum.

When the stator winding isenergised, therevolving
magnetic field exerts reluctance torque on the unsym-
metrical rotor tending to align the salient pole axis of therotor with the axis of the revolving magnetic
field (because in this position, the reluctance of the magnetic path is minimum). If the reluctance
torqueissufficient to start the motor and itsload, the rotor will pull into step with the revolving field
and continue to run at the speed of the revolving field.*

However, even though the rotor revolves synchronously, its poles lag behind the stator poles by
a certain angle known as torque angle, (something similar to that in a synchronous motor). The
reluctancetorqueincreaseswith increasein torque angle, attaining maximum valuewhen a = 45°, If
o increases beyond 45°, the rotor falls out of synchronism. The average vaue of the reluctance
torqueisgivenby T=K (V/f)2 sin2 d where K isamotor constant.

It may be noted that the amount of load which a reluctance motor could carry at its constant
speed would only be afraction of theload that the motor could normally carry when functioning asan
induction motor. If the load isincreased beyond a value under which the reluctance torque cannot
maintain synchronous speed, the rotor drops out of step with thefield. The speed, then, dropsto some
value at which the dlip is sufficient to devel op necessary torque to drive the load by induction-motor
action.

The constant-speed characteristic of areluctance motor makesit very suitable for such applica-
tions as signalling devices, recording instruments, many kinds of timers and phonographs etc.

Reluctance brushless motor

36.21. Hysteresis Motor

The operation of this motor depends on the presence
of a continuously-revolving magnetic flux. Hence,
for the split-phase operation, its stator has two wind-
ings which remain connected to the single-phase sup-
ply continuously both at starting aswell as during the
running of the motor. Usually, shaded-pole principle
isemployed for this purpose giving shaded-pole hys-
teresismotor. Alternatively, stator winding of thetype
used in capacitor-type motor may be used giving ca-
pacitor-type shaded-pole motor. Obvioudly, in either
type, no centrifugal deviceis used.

Therotor isasmooth chrome-steel cylinder** having

*  Actualy, themotor starts as an induction motor and after it has reached its maximum speed as an induction,
motor, the reluctance torque pullsits rotor into step with the revolving field so that the motor now runs as
a synchronous motor by virtue of its saliency.

** Rotors of ceramic permanent magnet material are used whose resistivity approaches that of an insulator.
Consequently, it isimpossible to set up eddy currentsin such arotor. Hence, thereisno eddy current loss
but only hysteresis|oss.

Housing (Rotor
Stator g )

Hysteresis motor
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high retentivity so that the hysteresislossishigh. It hasnowinding. Because of high retentivity of the
rotor material, it isvery difficult to change the magnetic polarities once they areinduced in the rotor
by therevolving flux. Therotor revolves synchronously becausethe rotor poles magnetically lock up
with the revolving stator poles of opposite polarity. However, the rotor poles always lag behind the

1-s

S ) where

stator poles by ananglea. Mechanical power developed by rotor isgivenby P, =P, (
P, ishystereslossinrotor. AlsoT,=9.55P, /N Itisseenthat hysteresistorque dependssolely on
the area of rotor’s hysteresis loop.

The fact that the rotor has no teeth or winding of
any sort, resultsin making the motor extremely quiet in

operation and free from mechanical and magnetic —
vibrations. This makesthe motor particularly useful for

driving tape-decks, tape-decks, turn-tables and other /
precision audio equipment. Since, commercial motors /

usually havetwo poles, they run at 3,000 r.p.m. at 50-Hz
single-phase supply. In order to adopt such a motor for
driving an electric clock and other indicating devices,
gear train is connected to the motor shaft for reducing @ Exciting @
the load speed. The unit accelerates rapidly, changing —— Coil —+—
from rest to full speed almost instantaneously. It must

do so because it cannot accelerate gradually as an

ordinary motor it is either operating at synchronous speed or not at all.

Some unique features of a hysteresis motor are as under :

(i) sinceits hysteresis torque remains practically constant from locked rotor to synchronous
speed, a hysteresis motor is able to synchronise any load it can accelerate-something no
other motor does.

(if) duetoitssmooth rotor, the motor operates quietly and does not suffer from magnetic pul sations
caused by slots/salient-poles that are present in the rotors of other motors.

In Fig. 36.56. is shown atwo-pole shaded-pol e type hysteresis motor used for driving ordinary

household electric clocks. Therotor isathin metal cylinder and the shaft drives a gear train.

Example 36.6. A 8-kW, 4-pole, 220-V, 50-Hz reluctance motor has a torque angle of 30° when
operating under rated load conditions. Calculate (i) load torque (ii) torque angle if the voltage
dropsto 205 V and (iii) will the rotor pulled out of synchronism ?

Solution. (i) Ng= 120 x 50/4 = 1500 rpm; T4, = 9.55 x output/N = 9.55 x 8000/1500 = 5IN-m

(if) With the same load torque and constant frequency,

V,sin2a; = szsin 20,
0 220° x sin (2 x 30°) = 205% x sin 2q; Oa =429
(iif) sincethe new load angleislessthan 45°, the rotor will not pull out of synchronous.

Fig. 36.56

Tutorial Problems-36.2.

1. A 230-V, 50-Hz, 4-pole, class-A, single-phase induction motor has the following parameters at an
operating temperature 63°C :
I'm=2.510hms, r, = 7.81 ohm, X =150.88 ohm, X; = 4.62 ohm, X, = 4.62 ohms

Determine stator main winding current and power factor when the motor isrunning at aslip of 0.05
at the specified temperature of 63°C.

[3.74 048.24°, 0.666] (AMIE Sec. B Elect. Machines (E-B) Summer 1991)
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A fractional horse-power universal motor has armature circuit resistance of 20 ohm and inductance
of 0.4 H. On being connected to a220-V d.c. supply, it draws 1.0 A from the mains and runs at 2000
r.p.m. Estimate the speed and power factor of the motor, when connected to a 230-V, 50-Hz supply
drawing the same armature current. Draw relevant phasor diagram.

[1726 rpm, 0.84] (AMIE Sec. B Elect. Machines 1991)

A universal series motor, when operating on 220 V d.c. draws 10 A and runsat 1400 r.p.m. Find the
new speed and power factor, when connected to 220 V, 25 Hz supply, the motor current remaining
the same. The motor has total resistance of 1 ohm and total inductance of 0.1 H.

[961 rpm; 0.7] (AMIE Sec. B Elect. Machines 1990)

QUESTIONS AND ANSWERS ON SINGLE-PHASE MOTORS

Q.1

Ans.

Q.2.

Ans.

Q.3.

Ans.

Q4.

Ans.

Q.5.

Ans.

Q.6.

Ans.

Q7.

Ans.

Q..

Ans.

How would you reverse the direction of rotation of a capacitor start-induction-run
motor ?
By reversing either the running or starting-winding leads
where they are connected to the lines. Both must not be — —
reversed. Leads |
In which direction does a shaded-pole motor run ? o—
It runs from the unshaded to the shaded pole (Fig.36.57) L =
Can such a motor be reversed ? '
Normally, such motorsare not reversible because that would Fig. 36.57
involve mechanical dismantling and re-assembly. How-
ever, special motors are made having two rotors on acommon shaft, each having one stator
assembly for rotation in opposite direction.
What is a universal motor ?
It is built like a series d.c. motor with the difference that both its stator and armature are
laminated. They can be used either on d.c. or a.c. supply although the speed and power are
greater on direct current. They cannot be satisfactorly made to run at less than about 2000
r.p.m.

. Start Start
How can a universal motor be o oo s oS
reversed ? . _
By reversing either the fild leadsor ~ Rungl (¢ 9) S 4
armature leads but not both. o o/ ¢ o o/ ¢
How can we reverse the direction of Rotor Rotor
rotation of repulsion, repulsion- °
induction and repulsion-induction
and repulsion- start-induction-run motors ?
By shifting the brush positions by about 15° electrical.
How can we reverse the rotation of a 1-phase, split-phase motor ?
By reversing the leads to either the running or starter winding (Fig. 36.58) but not both.
What could be the reasons if a repulsion-induction motor fails to start ?
Any one of thefollowing :

Fig. 36.58

1. no supply voltage 2. low voltage
3. excessive overload 4. the bearing lining may be stuck or ‘frozen’ to the shaft

5. armature may berubbing 6. brush yoke may beincorrectly located
7. brush spacing may be wrong.
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ANS.
Q.10.
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What could be the reasons if a split-phase motor fails to start and hums loudly ?
It could be due to the starting winding being open or grounded or burnt out.

What could be the reasons if a split-phase motor runs too dow ?

Any one of the following factors could be responsible:

1. wrong supply voltage and frequency

2. overload

3. grounded starting and running windings

4. short-circuited or open winding in field circuit.

1. Thestartingwinding of asingle-phasemo-

OBJECTIVETESTS — 36

(a) starting (b) running

tor isplaced in the

winding.

(c) sguirrel-cage (d) compensating

(a) rotor (b) stator 8. A permanent-split single-phase capacitor motor
(¢) armature (d) field. does not have
. One of the characteristics of a single- phase (@ centrifugal switch
motor isthat it (b) starting winding
(a) issdf-starting (c) squirrel-cage rotor
(b) isnot self-starting (d) high power factor.
(c) requires only one winding 9. _The s_tarting torque 01_‘ a capacitor-start
(d) can rotate in one direction only. induction-run mo’For is dlre_ctly related to the
. . . angle a between its two winding currents by
. After the starting winding of a single- phase the relation
induction motor is disconnected from supply, .
it continuesto run only on ............ winding. (@) coso (b) s!n a
(a) rotor (b) compensating (© tana ((_j) sna/2. .
. . 10. In atwo-value capacitor motor, the capacitor
I(fC)st;telI : windin oi?si :1“?2 nr?ase induction used for running purposes s a/an
motor is?eft in thg ci rcuit,gi]t WFi)II (a) dry-typeac ele<.:tro.lyt| ¢ capacitor
(a) draw excessive current and overheat E:; ;ip?apsai?fj oil-filled type
(b) run slower (d) ceramictype.
() run fastq 11. If the centrifugal switch of a two-value
(d) spark at light loads. capacitor motor using two capacitors fails to
. Thedirection of rotation of asingle-phase mo- open, then
tor can be reversed by (a) electrolytic capacitor will, in all probabil -
(@) reversing connections of both windings ity, suffer breakdown
(b) reversing connections of starting winding (b) motor will not carry the load
(c) using areversing switch (c) motor will draw excessively high current
(d) reversing supply connections. (d) motor will not come upto the rated speed.
. If asingle-phase induction motor runs slower 12. Each of the following statements regarding a
than normal, the more likely defect is shaded-pole motor is true except
(@) improper fuses (a) itsdirection of rotation isfrom un- shaded
(b) shorted running winding to shaded portion of the poles
(c) open starting winding (b) it hasvery poor efficiency
(d) worn bearings. (c) it hasvery poor p.f.
. Thecapacitor in acapacitor-start induction- run (d) it has high starting torque.
ac motor is connected in series with ...... 13. Compensating winding is employed in an ac

series motor in order to



14.

15.

16.

17.

18.

19.

(a) compensate for decreasein field flux
(b) increasethetota torque
(c) reduce the sparking at brushes
(d) reduce effects of armature reaction.
A universal motor is one which
(a) isavailableuniversaly
(b) can be marketed internationally
(c) can be operated either on dc or ac supply
(d) runsat dangerously high speed on no-load.
In asingle-phase seriesmotor the main purpose
of inductively-wound compensating winding is
to reduce the
(a) reactance emf of commutation
(b) rotational emf of commutation
(c) transformer emf of commutation
(d) none of the above.
(Power App.-11, Delhi Univ. Jan. 1987)
A repulsion motor is equipped with
(a) acommutator (b) dlip-rings
(c) arepeller
(d) neither (a) nor (b).
A repulsion-start induction-run single- phase
motor runs as an induction motor only when
(@) brushes are shifted to neutral plane
(b) short-circuiter is disconnected
() commutator segments are short- circuited
(d) stator winding is reversed.
If adc series motor is operated on ac supply, it
will
(a) have poor efficiency
(b) have poor power factor
(c) spark excessively
(d) al of the above
(e) none of the above.
An outstanding feature of a universal motor is
Iits
(a) best performance at 50 Hz supply
(b) slow speed at al loads

ANSWERS

20.

21.

22.

23.

24.
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(c) excellent performance on dc. supply
(d) highest output kW/kg ratio.
The direction of rotation of a hysteresis motor
is determined by the
(a) retentivity of the rotor material
(b) amount of hysteresisloss
(c) permeability of rotor material
(d) position of shaded pole with respect to the
main pole.
Speed of the universal motor is
(a) dependent on frequency of supply
(b) proportional to frequency of supply
(c) independent of frequency of supply
(d) none of the above.
(Elect. Machines, A.M.I.E. Sec. B, 1993)

Inthe shaded pole squirrel cageinduction motor
the flux in the shaded part always

(a) leads the flux in the unshaded pole
segment

(b) isin phase with the flux in the unshaded
pole segment

(c) lagstheflux inthe unshaded pole segment

(d) none of the above.
(Elect. Machines, A.M.I.E. Sec. B, 1993)

Which of the following motor is an interesting
example of beneficially utilizing aphenomenon
that is often considered undesirable ?

(a) hysteresismotor
(b) reluctance motor
(c) stepper motor

(d) shaded-pole motor.

Usually, large motors are more efficient than
small ones. Theefficiency of thetiny motor used
inawrist watchisapproximately.......... per cent.

(a1
(b) 10
(c) 50
(d) 80

Single-phase Motors

1.b 22b 3.d 4a 5b 6.d 7a 8.a 9.b 10.b 11.a 12.d 13.d 14.c 15.d 16.a
17.c 18.d 19.d 20.d 21.a 22.c 23.a 24.a
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