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CHAPTER-2
SYNCHRONOUS MOTOR

Constructional feature of Synchronous Motor:

A synchronous matod & a machine that eparates at synchronous speed and converts elactrical
enargy into mechanical energy. A the name implies; 8 synchronous mater runs ar synchrenous
spoed (s = ‘.llli}l'."'F] i, in synchronism with the revolving field produced by the 3-phase
supaly.

Like an altermator, asynchronows moetor has the following two parta:
{il A stotor which houses 3-phase armature winding in the slots of the stator core and
recalves power from a 3-phase supphy,
[t} A Fobor that has g set of calient poles exeited by direct current to form alternate N and 5
podes, The exciting coils are connected m series to twosslip rngs and direct cuerrent is fad
inte the winding from an external exiter mounted on the rotor shaft, The stator &5
waaund Tor the same number of poles as the rotor poles.

E— T
R——T T

L oty
L - "
Flagice
H

Some sallent leatures of a synchronous motor are:

[i] & synchronows motor rund af synchronous speed. Bl speed s constant faynchronous

spend) at all loads. The only way to change its speed is to alter the supply frequeency
[hs = 120 f0),

e The characteristse of 4 synchronous moter (s that it can be made to aperate over 8 wide
range of power factars [lagging, unity o lEading] by adjustrment of it field sseitation
Therefore, a synchronous mater can be made to carry the mechanical load at constant
sgeed and at the same time Improve the pewer factor of the system,

(i Synichronous motors are generally of the salient pole type.

livid synchronouws motor is not self-starting and an auxiliary means has to be wed for
starting i,
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Principles of operation:

Comsider 8 3-phase synchronous motor having twe rotor poles Mg and 5q. Then the statos will
akan be waund Ffor two podas Ny and 5. The armature winding ol a 3-phase synchromnous matarn i
connected to a seitable batanced 3-phase source and the field winding to a D.C source of rated
voliage, Whan a 3 phase armature winding Is fed by a 3 phase supply then a magnetic field of
constant magnitude but rotating synchronous spesd & produced in the stator. Conssder twa
stator pole Ms and 55 rotating at synchronows speed in clockwise direction. The direct current
w5 Up-a teio-pode field which is stationary. Thus, there exists a pair af revolving armature pales
(l2, Me- 5:) and a palr of statipnary rotor poles {Le., Me- Sal,

Suppose at any mstant, the stator poles are at positions & and B as shown n Fig.li). It is clear
that pales M: and MNa as well as the polas 5 and S¢ will repel each other. Therefore, the rotor
temds to move In the anticlsdewise disection. Alter a period of balf-eyele (or 10 = 17100
secand], the polarities of the stator poles are reversed but the polarities of the roftor poles
remain the sama as shawn in Fig.[i), Mow S:attracts Me and Me attracts 5. Therefore, the rotor
tends to mave in the cockwise direction. Since the stator poles change their palarities rapadly,
they tend to pull the rotor first in one direction and then after @ period of half-cpcle in the
other. Dwo to high inertia of the rotar, the metor fals tostart,

WPHASE
BPPLY

3PHASE
CAPHLY

i
By
I
)

3

3

i B

in (id)
Hence, a synchronous motor has no self-starting torgue Le., 8 synchionaus motor canmot star
by iEsef.
Maotor on Load:

in d.c. moters and induction motors, an sddftion of load causes the motor speed o decreass.
The decrease in speed redeces the counter eom . enough so that additional current is drawn
fram the source to carry the increased load at a reduced speed. This action cannot take plage in
8 synchronsus mobor because it rens at a constant speed {i.e., synchronows spead) at all loads,
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The rotor poles fall slightly behind the stator poles while contimuing to run at syncheonous
spaed. The angular displacernent bebween stator and rotor poles (called torgue angle &) causes
the phase of back e&.m.f. Eb to change w.r.t, supply woftage . This inoreases the net =m.L Er in
the stator winding. Consequently, stator current Ia | = Erffs) increases 1o carry the lead,

—_— - —_—
s - s
L |
: 1 W H E""i
L -
I P
B Lo

Mo} Na 1
L a L i
T 1 i
Smaller 5 Grealar 5

The following paints may be noted in synchronous matar operation:
L A synchronous maotor runs at synchronows speed at all loads. It mesats the increased load

rot by a decrease n speed but by the relative shift betwesan stator and rotor poles e,
by the adjustment of tarque anghs 5

ii If the Inad on the motar increases, the torque angle § alsa increases (i.e,, rotor poles lag
behind the stator poles by 3 greater angle} but the motor continues to run 3t
synchranows speed. The increase in torguee angle & causes & greater phase shilt of back
e.m.f. Ebwor.t. supply woltage . This increases the net voltage Er in the stator winding.
Conseguently, armature cusrent fa (= Erfs) Increases to meet the load demand

ii. 1f the load on the motor decreases, the torgue angle § also decreases, This causes a
smaller phase shift of Eb wort V. Consequently, the net valtage Erin the statos winding
dacraases and so does the armature current la (=Erfis).

Load angle {or Torque angle):

The lodd angle is defined as the angle between Indwoed EMF amd terminal voltage.For a
syncheonous ganerator, rotor field and stator field are rotated at synchronouws spaed. These
twn fialds are not fully alipned. The stater field Bes the rotor field. This agging expressed in
angle is called load angle. Thi angle is represented by b,

The power developed by the generator |s directly proportbonal to sine of this angle, This angle
plays an impartant cele far the stability of the gernerator. If the angle poes beyond 909, the
generator becomes wnstabde, This may happen when sudden change of large load occurs ar
fault sustains longer time,
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For the case of synchronous mator, the angle 5 called torgue angle and the rotor field lags the
statar field in this case.

Equivalent Circuit:
The symchromous motor & connected fo two electrical systems; & d.c. source at the rofor
terminats and an a_c. systerm at the stator tarrminals.

1 Under poemal conditions of synchronous matar opéeration, ng valtage i induced in the
rixtor by the stator field becausa the rotor winding is rotating at the same speed as the
stator fleld. Onby the Impressed direct current Is present in the rotor winding and ohmic
resistance of this winding is the only spposition 1o it as shown in Fig.liL

& In the stator winding, two eMects ane to be considered, the effect of Stator field on the
stator winding and the effect of the rotor field cutting the sistor conductors at

synchronous speed,
I, A, Ky I A, X
+ +
‘ L
‘ ® ‘ o)
4
s Rotor
(i) (i

L The effect of stator field on the stator (oo ermature) conductors is accounted for by
inchuding @n inductive reactance in the armature winding. This & calfed synchranous
reactance X5, A resistance fa must be considered to be in series with this reactance to
account for the copper bosses In the stafor or anmature winding, This resistance
combines with synchronous reactancs and gives the synchronows impedance of the
machine,

. The second affect Is that a woltage |s generated In the stator winding by the
synchronously-revobdang field of the rotor as shawn @ FIE.0I) This generated e.m.f. Exis
known as back e.m.f. and opposes the stator valtage V. The magnitude of Eb depends
wpon rotar speaed and rotor fluxd per pale, Since rotor spead (5 constant; the value of Eb
depends upon the rotor flus per pobe Le. exdting rotor current I,

For synchronous motar
V= Ey+ 2
Vo= Es+ LA + JX)
Fa=WF—Ifa— jl.X:

Ei=vREF X
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& synchronous moter & sald to be normally excited # the field sxcitation & such that Ex= V. if
the field excitaticn & such thatEy< v, the motar 5 5aid to be under-eacited. The motor is said 1o
be gvar-excited i the Fiedd excitation i§ such that Ex= V.

Far both normal and under excitetion, the rotor has laggng poveer factor. However, for aver-
excitation, the motor has leading powesr lactor.

Phasor Diagram of a Cylindrical Rotor Synchronouws Motor:;

Unity power factar:
At undty power factor, the curnent |, dran by the motar s in phase weib supply voltage V.

Iy

o ¥
E _]'._g‘
-LX,
Ep
o200 L
Ept = (W U R)? + (IX,)2
Lagging power factar cosdk:

Supipose That the synchronmas mokor i Hk-"'lﬂ.ﬂ Lagging current from the supply, W s taken as refereris
phasor.For lagging power factor cos @, the directian of armatune current |, lags behind % by an angle 4.

O = OhALs D=0 s NF
= { ON-MAN I H NA-FA)
Es? = (VOOSO — LR HVsind — [.X,)7
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Leading power factor cosD:
When the mptor Is aperating at Inading power factar cos@, the unrent |, drawn by the mator beads tho

spply woliage W by the phase angie @,

DL =5 LY = {O-NEE HER B
Es® = (VOOS0 — [aROMVsind + [.X,)°

Determination of Ep, by using complex algebra:
Let V be taken as reference phasor.

= V=V, 0°=V+j0
For lagging power factor cos ¢
L-]‘_d: I, cos ¢—J I,sing
For unity power factor
,=1,/0°=1,+j0
For leading power factor
Iy=1,/+&=1,co5 ¢+jl,siné
The synchronous impedance is given by

Z=R,+jX,
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The Back emf s given by

Ep= W% = I, &,
For lagaing j’lﬂ'ﬂ.'_t'l'_ﬁll.'ﬂll'm*
Eyd= Vi 0" —(L—8 (R, +]X,)
= Vo f0 = (], ona & = | 1, sin @) (R, + §F X))
= (V- I Byeosdg — I, X, sin ¢} — f (I, X, cos & — I, K, 8irg)

E =V — I, R, cos & — I, X, sin $)° + (I, X, cos ¢ — I, K, #in @)°
o, LK, sine-1I, X, comd
o SR,

E=tan U _ LR, cos#-1, X, sin®
Similarly, for leading potoer factor cos &

_— - I, X, co=s &+ I, B, sin
B [V—LR,J:“#+I.H,ﬂn¢-

For writy pomwer foctor (cos ¢ = 1)
Eg= (VW — IR + (I, X,

Synchronous Motor Torque:

The folbeaing torgues are considered in the selection of a synchronous mator for 8 particular
application;

L Lockad-rotor torgue

2. Running lergue

1. Pulkin torque

4. Pull-out torgue

Locked Ratar Torqus

It is the minimum trque 3t any angular rotor position that s developed with the rotor lacked
{l.e., stationary) and rated voltage at rated frequency & applied to the ferminals. This torque is
provided by the stator windings.

Running Torgue

It is the torque developed by the motor undar running conditians, It 5 determined by the
power rating and speed of the driven reachine.

Pull-in torgue

& synchronous motor is started as induction matar till it uns 2 to 5 peroent below the
synchronous speed. The d.c. excitation is then applied and the rotor pulls Into step with the
synchranoucly rotating stater field. The pull-in torgue i& the maximom canstant tongue 3t ratad
valtage snd frequency under which 8 motar will pull a conmected load nta synchronism when
the d.c. motor excitation & applied.
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Pull-aut torgua
it 5 the maximum value of torgee which a synchronous mator can develap at rated voltage and
Fresguency withaut lasing synchronism,

IF Tyls the gross armature torque developed by the mator,
T, % 2aN, = B

P ;
= —2;"”; (N, inrps)

) a
Ta= Wh‘-‘; {n rpm)
7 =2
- oy

Gross torgue, Ty = ‘}.55%: N=m
£

Where iy =Gross motar output in watts = Eplcosie — @)
¥, = Synchronous speed in r.p.m.

P
Shaft torque =T, = 955" N —m
g

It may be seen that tarque 5 dinectly proportional to the mechanical power because rotor
spaed (iLe., M5} s fined,

Mechanical Power Developed by Motor:

Elaciricgl porssr Inpusiphiace
Vi, con

| I
Armulura Cy kas lbechanical nowar
LN davorcped a1 phase
Fru = By 000 -4

I 1
irzen, friction Chtpul powed
AR smchaiion kKEs Fox

Power Developed by & Cylindrical rator Synchronous Motor:

Except far very =mall machines, the armature resistznce of a synchroncus motar is neglighle as
campared to its synchronous reactance. The phasor diagram of an under-excited synchronous
matar driving a machanical load neglacting tha armatura resistance is shown below,
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X
Since arrmatune resistanes Ra & assumed serotantl = = o

By
and hence B = 907

input power phase = Ploosd

Since Ra s assumed 2aro, stator Cu loss (1R will be bero. Hence Input power s
equal to the mechanical power Pm developed by the mator.

Mechanical power developedf phase, Pe= Vigasd

Frarn the phasor diagram

&b =F sl =X cosi
Also AR =B psind

o S
Epsing

] cos@ =
a x.‘

_ VEsind
Ky

3VEpsing
Py = T — for 3 phase
5
it is clear frorm the abowve relation that rmechanical povwer mcraases with orgue angke (in

electrical degrees) and Its madmum value is reached when d = 30 electrical],

_VE
Ay

Py per phase

 —

Effect of varying load with constant excitation:

A synchronous motor rens 2l absolutely constant synchranows speed, regardiess of the load.
Let us examing the effect of knad change on the motor.

Consider a synchronows motor oparating indtialy with a leading power factor. The phasor
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diagrarm for leading powear factor neglecting Ra is chown below,

..-ﬂ'nl,‘_

S
b T \\

& Yo

X,

Ep
Suppode that the load on the shaft is incressed. The rotor shows dofwn momentarily since it
takes some tirme far the motor to take increased power from the line. In other words, althowgh
till rotating 3t synchronous speed, the rotor slips back in space result of increased Inading. In

this process the torque angle & becomes larger and tharefore the Induced torqua (T =
VEjsind.
ik

the synchronpus speed But with a larger tarque angle & Since the escitation woltage(back
emflln, 5 proporicnal 1o Ow, it only dépends upon the field current and the speed of the
matar. Since the mator is maving with & constant synchronous speed, and since the field the
field current remains constant, Therefore, the magnitude of excitation voltage E remains
constant with the change in load on the shaft,
VEpsind

= VI, cos®

X

; A
Eysind =22P = KPwhereK = + P = a constant

Jincreases. The increased torgue increassas the rotor speed and the motor again picks up

We have P=

These relations show that the Increase in P increases Sxzing
and {aeosd The locus of &, is shown in Fig. balow, it is seen from Fig. that with the incraase of
the load, the quantity j1,X,, goes on increasing so that the refation V=K, + 11, i satished and
therefore the armature current [, alsa increases. It is also seen from Fig. that the power factar
angle d also changes. it becomes less and |ess leading and then becormes mare and more lagging,
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W Epsinli
P= —Ei  Eysind =3P = KP
a

Thig, whan the lead on a synchronous motor (5 increased,

{i] The motor continues to ren ot synchronous speed

{ir} The torgue mgh_'ﬁ'h:masn.

(i) The axcitation voltage remalns constant,

{iv ) Thie arriature currentl drawn fram the supply increases.

{vi The phase angle @ increases in the lagging direction,
There is 3 limit to the mechanical load that can be applied to asynthronous motos, As the load
Is increased, the torgue angle & also increases tll a stage ks reached when the rotor 5 pulked out
of &ynchronism and the mator is stopped.

Effect of varying excitation with constant load:

inad.c, motor, the armature current [z s determined by dividing the differenca between ¥ and
Eiby the armature resistance Ra, Simdlardy, in a8 synchronows maotor, the  stator
currentifzlisdotermined by dividing voltage-phasor resultant {E) betwesn W and Ee by the
synchronous iImpedance Zx.

One of the mast important features of a synchranous moter is that by changing the Tield
excitation, it can be made to eperate from lagging to keading power factor.

Suppose a syncheonous motor is oparating with normal excitation (Ex = W) at unity p.f. with a
gheen load shown in figlal IF ®, I negligible as compared to X, thenly lags Er by 90%nd is in

phase with ¥ because pf. is unity, The armature 18 drewing a poeweer of VW per phase which is
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enough to meet the machanical boad on the motor  Now lat us discuss the effect of decreasing
of Increasing the feld excitation when the load appiad ta the moter remaing constant.

a) Extitation Deoraased

Suppose due to decrease in excitation, back e.muf, s reduced to B at the same load angle d;
a5 showm in fig(b). The resultant voltage Eq causes a lagging armature cumant [ to flow, Even
thowgh Ly Is larger than I, In magnitude it & incapable of producing necassary powerl | for
carrylng the constant load becauss [oyces@icomaonent B less than [ 5o thatllacosd, <
Via

Hence, it becomes necessary for load angle to increase fram &gdo & It increases back e.m .
from Ep toFiz which in turn, increases resultant voltage from Brdo Feoolonsequently,
armature current increases to o whosa in-phase componant produces enpugh power
(V1 zoos@;] o meet the constant lpad on the motor,

k] Excitation increased

The effect af increasing ficld exciation & shown in Figc| where increased gy is shown st the original
load angle &y, The resuftant woltage Epj causes a leading current [t ‘whose in-phase component is larger
thar {y. Hence, armature develops more power than the load on the motar. Accordingly, load angle
decreases from &) fa 8z which decreases resultant voltage from Eqto Erp. Conseguently, armature
wirrerd decreases fram [aio iz whese n-phase component Filpoosli; = |, The armaiune deselaps
pawer sufficient o carry the constant load oothe motar.

Henca, we find that variations in the escitation of a synchronous motar running with a gheen load
praduce variation In it losd angle anly,

15'1' F o I
- o st ooy
b
E
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- l'. I
Bore_ g S - By
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L]
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o
- .’-?
L,
|
£oy : E:I oy | i,
- Ep 1
s RN
- - i
e el =
(& I,
& &

FACULTY NAME- SUBHANKAR DASH
ASST PROF ELECTRICAL ENGINEERING



Page 13 of 22
CHAPTER 2 EC-1T NOTES
EE 5th SEMESTER

Power angle characteristics of cylindrical rotor motor:
The power output of an afternator s glven by

VR .
Power autput/phase, P = ;'smﬁ'
' 4

Total praer outpst = -
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The power output wanes sinuseidally with power angla &, The synchronows moter defivers
magimurn power when 8= o0° |F & bacomes greater than 80° the maching will lose
synchronigm. The dotted porticn of the curve refers to unstable ageration, e, machine |oges
synchronism.

Stabifity of the synchronows motor is determined by the powerdpower angle characteristic.,
Suppose the operating position of the alternator is represented by point P on the curve. [F
ursteadiness ocours due to a transient spike of mechanical input, then load angle Sincreases
bya small amount. The additional elactrica] output caused by an increase in Gproduces a Tonpoe
which is not balanced by the d@riving torgue once the spike has passed. This torgee causes
retardation of the rotor and the synchronous meotor returns to the operating paint Po The
torque causing the return of the synchronous motor to the steady-state posktien s called the
synchronizing torque and the power associated with I i known as synchranizing power.

- | ) S Ex
F_ K. P
T ]
[} 1
] LY
. u L]
;] i i
] ]
x ' L
[] T
[] i
] §
1 i
L ]
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—ﬁl e - v
—— § (powor anglo)
Synchronous Condenser:

A synchrondus mator takes a leading current when over-excited and, therefore, behaves as a
CapACEtor

An over-excited synchronous mokor running on na-load In known & synchronows condenser. 1€
Is alsa knowm as syRchronous capadtor of Synchrongus comgensator or syRchronous phase
rmadifier.

When sisch & machine is connected in parallal with mduction motors or ather devices that
operate at low lagging power factor, the leading KVAR supplied by the synchronous condenser
partly neutralizes the lagging reactive KWAR of the loads. Consequantly, the power factor of the
sysiem is improved.

Figure shown below shows the power factor improserment by synchronous condenser method
The 3 ~phase load takes current ! ¢ at low lagging power factorcos@,. The synchronous
condenser takes a current | mwhich leads the voltage by an anghe On.The resultant current | is
the vector sum of { mand 7 & and lags behind the voftage by an angle ¢. 1T is clear that d i less
than @; o that comd = greater than cas@e Thus the pawer factor is increased from cpegito
coE@. Synchronous condensers are generally used at major bulk supply substations for power
factar improvement
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Advantages

{i] By warying the field excitation, the magnitude of current drawn by the motos
can be changed by any amaount, This halps in achieving step less control of
power factor.

|iik The motor windings hawe |1i.gh thermal stahility to shart crcuit currents.

(@) The faults can be removed eassly.

Disadwantages

{2} There are considersble losses in the motor.

{if} The mamtenance cost s high,

(i) It produces noise

{iv ) Except in aized above SO0 KVA, the cost s greater than that of static capacitors of the
same rating.

(¥ As a3 synchronous motor has no seff-starting torque. then-fore, an auriliary equipment
has to be provided for this purpose.

Hunting In Synchronous Motor:

Sudden changes of koad on synchronoes motors may sometimes ot wp oscllations that are
superimpased upan the normal retation, resulting in perodic variations of a wery low frequency
in speed. This affect is known as hunting or phaseswinging of surging. I the tme periad of
these pscllations happens to be eoual to the natural time pediod of the machinethen
machanical rescnance is set up. The amplitude of these oscillations is built up to a large value
aind ray betarme 50 great as to throw the machine aut of synchrenism.
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Cunses of hanting:
1. Sudden changes of load
2 Faulis ocourring In the system which the generator supplies
3. Sudden changes in the Gield current
4. Cyclic variations of the load torque.

Effects of hunting

1. Itcan bead to loss of synchromnisam.

2. It ean cause varsations af the supply voltage praducing undesicabde lamp Flicker.

3. It increases the possibility of resonance. If the frequency of the torque component
becomes equal to that of the transient escillations of the synehrenaus machine,
resanance may take place,

4, Large machanical stresses may dewelop in the retor shaft

5, The machine losses increase and the temperature of the machine rises.

Of thede effects, the first is the mest imparant phenomenon tebe avoided.

Reduction of hunting
The fodlowlng are some of the techalgues used te redue hunting:
L. Damper windings
2 s of fiywheels
The prime mover ks prosided with a karge and heawy flywhael, This Increases the inertia
of the prime maver and elps in maintaining the rator speed Constant.
1. By designing synchronous machines with suitable synchronizing power coefficients,

Damper winding:

The dampar windings consist of short-circuited Cu bars embedded in the faces of the field poles
of the moter, The ends of the damper bars are short Grosited at the ends by shart crouiting
rings simidar fo end rings G in the case of squirrel cage rotors, Under normal running canditions,
the damper winding doges not carry any current because rotor runs ab synchronous speed,
Whenever any irregularity takes place in the speaed of rotation, bowever, the polar flus moves
from side to sida of the pole, this moeoment causing the flux to mose backwards and forwards
acrass the damper bars, Emfs are Inducad in the damper bars,

These |:|=|"r'|p-ur windings are serving the function of providing mechanical balance, redisce the

effect of over weltagas and damp out hunting In case of alternators, In case of synchronous
mators, they act as rotor bars and hielp In-seli-starting of the mator,
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Methods of starting synchranous motor;

A svnchonoos motor @5 ool selfsstarting. There are twearethods that are sl o stad @
syt s fralor

1. Starting with the hedp of an qrh;n'l.:tpn'rru FICREr.

2. Starting with the help of damper windings.

Mator Starting with an Extarnal Matasr:

In this method an external motor drives the synchronous motor and bring it to synchroneus
cpoed. The synchronods fachine & then synehronized with the bis-bar 8 a synchronous
generator. The prime mover is then deconnected, The synchronaus machine will work as a
maor. Now the load can be connected to the synchroneus motor. Since load |s not connected
to the synchronous maotor before synchronizing, the starting motor has 1o overcome Lhe inermia
of tha synchronous motor at no load, Therefore, the rating of the starting metor is much
smader than the rating of the synchronous motor,

Geterally, most of the large synchronous motors are provided with brushliess excitation systems
maunted an their shafts, These exciters are wsed as the starting motors.

Maotor Starting by using damper Winding:

The most widely ussd mathod of starting & syrchronows moter = to use damper windings, Moss of tha
large synchromoas motars are provided with damper windSngs, in ordes bo nulify the cacflations of the
roted wheneyer the senchromnus machine is subjected 1@ & perodically varing losd. & dampear winding
tongists of heny copper bard msered in slots af the pale faces of the rotor. Thess bass are shoet
cecuited by end rings at both ends of the rotor samifas to the sguirrel cage rotor bars,
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When the stator of a synchronous mator & connected to the 3-Phase AC supply, the motor
startd a5 4 3-Phase induction machne due to the presence of the damper bars, just like a
wauiree] cage induction motar, Once the matar picks up to a speesd near about its synchronous
spaed, the D supply to its field winding s connected and the synchronous mator palls into siep
le it continues 1o operate as a Synchnonous Motor runRing at its synchrorous speed,

Applications of Synchronols Motors:
Synchronpas maters find extenslve application for the foflgwing classes of service:

L. Poser lactar mrmpﬁnﬂ
2. Constant-speed, eonitant-loead drives

1. ‘Valtage regudatian

Power factar correction

Crerencibed cymchnomous molars Baning lepdng power Tactaor ame widely used lor Fmproving
pawer Tactar of thoss powes systerns which employ & large number ol induction mobars sng odkar
e aving lagging p.f. such as wesiders and fluorescant lights e,

Cofstani-spead applications

Bacause of thes Righ sfficiency and high-speed, synchrandus molars [above B0O rpam.) are wall-
suited far loads where canstant speed is reguired sudh a5 centrifugal pumps, belt-driven reciprocating
campressoes, blowers, line shafts, rubber and pager mills etc.

Low-spaed synchranous motars [below 500 r.p.m.) are wsed for drives such a5 centrifugal and
scraw-type pumas, ball and tshe mills, vacuum pumps, clilppers and metal rolling mills ate
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Voltage regulation

Thiz valtage at the end of a long Eransmissian line varies greatly especially when large inductive
Inads ara present, When an inductive oad is disconnected suddenly, voltage tends to rise considaerabiy
abave it nonmal value because of The line capacitance, By installing a8 synchronces moiod with a
Feeld reguiatar {for varying its ssciation], this voltage rise can be antrolied.

When line voltage decreases due to inductive Joad, motor excitation is increased, thereby ratsing
its: pf whch compensates for the line drop. of Nne woltage rises dug' to ;e
capacitive affect, motor excitaion & decreased, thesehy making its pf. lagging which Felps o6 masntaln
The lire valtage arits normad valiie,
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Chapter-3
THREE PHASE INDUCTION MOTOR

An Induction machines Is basically Asynchronous mochines. If the Induction Machine
conwerts Mechanical energy to Electrical energy, then it is called Induction Generator. It the

Induction Machine converts Electrical energy to Mechanical energy, then it is called
Induction Mator.

The induction motor may be considered to be a transformer with a rotating secondary and it
can, therefore, be descrihed as a "transformer type® a.c. maching in which electrical energy
is converted inta mechanical energy.

Production of rotating magnetic field:

When a 3-phase winding is energized from a 3-phase supply, a rotating magnetic field is
produced. This field is such that its poles do no remain in a fixed position on the stator but
goan shifting their positions around the stator, For this reason, it is called a retating Field,

Consider a 2-pole, 3-phase winding placed 1207 space apart. The three phases X, Y and Z are
energized from a 3-phase source and currents in these phases are indicated as
Iy, 1, and [; The fluxes due to these these currents are @, , @, and @,.

B, = By Sinat

@, = By sinlwt — 1207)

@y = @, sin(wt — 240°)
Here @, is the maximum flux due to any phase. The phasor diagram of the three fluxes is
shiown in Flg:{l} below,

Currani
5

= i |

ol
¢, 1234 13

Fig: [i} Fig: [ii)

I, Atinstant 1, From Fig: (M), the current in phase X 5 2ero and currents In phases ¥ and
Z are equal and opposite. The currents are flowing outward in the top conductars
and inward in the bottom conductors, This establishes a resultant flux towards right,
The magnitude of the resultant flux is constant and is equalto 1.5 @,,.



Atinstant 1, wi = 0%
=0 ie @,=@,sin{wt] =0

@, = Bpsinfwl — 1209=0,,5in{—120%) = }'Hmm

0, = Bpsin{et — 240°)=0,,sin(—240%) =20,
The phasor sum of—@, and®, is the resultant flux @,

Resultant flux, @,= 2 = ?lﬂ-mms [i%:l = 1.5 @,

¢

ii.  Atinstant 2, the current is maximum [negative| in @, phase ¥ and 0.5 maximum
(positive) in phases X and Y,

At instant 2, b = 30,
@, =B sinwt) = By, sin(30°) =“'Tm
By = Bmsin{wt — 120°)=0,,5in(—90") =—0y,
@ = By, sinfut — 240°)=0,, 5in(-2107) = Ef'
The phasor sum of 8, @, and®, is the resultant flux @,

1205y B

The phasor sum of &« and ¢ 0',= 2 x Zeos {T:lf
The phasor sum of @ . and—@,, ﬂr% + B=1.5 @,

The resultant flux is displaced 30° clockwise from position 1.



At instant 3, current in phase Z is zero and the currents in phases X and ¥ are equal
and opposite (currents in phases X and ¥ are 0.866 = max. value).

Atinstant 3, it = a0°,

Oy = Busin(wt — 120°)=0,,5in(—60%) == =0y,

The resultant flux @, is the phasor sum of=@, and@,
] 0"
Resultant flux, B,.= 2 % 1JTI.'.!III."v:r}.';T (T] =150
The resultant flux is displaced 60° clockwize from positien 1

"If ¢, =0

R
f
L]
NG
T

- g

At instant 4, the current in phase X is maximum [positive] and the currents in phases
¥ and Z are equal and negative {currents in phases ¥ and Z are 0.5 xmax. value). This
establishes a resultant flux downward,

At instant 4, cof = 907,
I:a_'r: mr“.'.‘-'inl:ﬂ]t} T mr.'rs.fﬂ[..gﬂn} :m”r
@y = Omsin(wt — 120°)=0,,sin(~30°)=- ==

B, = @, 5tn(wt — 240°)=0,,5in(—150%) = ..EZ'.&



The phasor sum of @, @ and @, Is the resultant flux @,

- = ey 120°) P
The phasor sum of —@,and=0,, 0,=2x - ms{ = }- 5

The phasor sum of @ and@®,., ﬂ,.='a;—“ + Dy=1.5 G

The resultant flux is displaced 90° clockwise from position 1 which is in the downward
direction.

Thus a 3-phase supply produces a rotating field of constant value (= 1.5 @, where @is the
rraximum flux due to any phase).

Speed of rotating magnetic field:
The speed at which the rotating magnetic field revolves is called the synchronous speed
[M5).
N, = 120f
Where = frequency in HZ
P= number of poles
Direction of rotating magnetic field:
The phase sequence of the three-phase voltage applied to the stator winding is X-Y-Z, If this
sequence is changed to X-Z-Y, it is observed that direction of rotation of the field is reversed
i.e,, the field rotates counterclockwise rather than clockwise,
Howewer, the number of poles and the speed at which the magnetic field rotates remain
unchanged. Thus it is necessary only 1o change the phase sequence in order to changs the
direction of rotation of the magnetic field. For a three-phase supply, this can be done by
interchanging any two of the three lines. The rotar in a 3-phase induction motor runs in the
same direction as the rotating magnetic field. Therefore, the direction of rotation of a 3-
phase induction motor can be reversed by interchanging any two of the three motor supply
lirves,

Construction:

A 3-phase induction motor has two main parts (i} stator and (i) rotor, The rotor is separated
from the stator by a small air-gap which ranges from 0.4 mm to 4 mm, depending an the
power of the motaor.



Stator:

Stator consists of a steel frame which encloses a hallow, cylindrical core made up of
thin laminations of silicon steel to reduce eddy current losses. A number of evenly
spaced slots is provided on the inner periphery of the laminations.

Stator carries 3-phase winding and Is fed from a 3-phase supply. The 3-phase stator
winding is wound for a definite number of poles as per requirement of speed.
Greater the number of poles, lesser is the speed of the motor and vice-versa,

When 3-phase supply is given to the stator winding, a rotating magnetic field of
constant magnitude is produced, This rotating field induces currents in the rotor by
electromagnetic induction.

Hotor

The rotor, mounted on a shaft, is a hollow laminated core having slots on its outer
periphery. The winding placed in these slots [called rotor winding] may be one of the
following two types;

(1}

Squirrel cage type (ii) Wound type

Squlrrel-cage rotor:

L

It consists of a lamimated cvlindrical core having parallel slots on its outer
periphery, One copper or aluminum bar is placed in each slot. All these bars are
joined at each end by metal rings called end rings .This forms a permanently
short-circuited winding which is indestructible,

The rotor is not connected electrically to the supply but bas current induced in it
by transformer action from the stator.

Those induction motors which employ squirrel cage rotor are called squirrel
cage induction mokors,

Most of 3-phaze induction moters use squirrel cage rotor as it has a remarkably
simple and robust construction epabling It to operate in the most adverse
circumstances,

It suffers from the disadvantage of a low starting torque. It is because the rotor bars
are permanently short-circuited and it is not possible to add any external resistance
o the rotor circuit to have a large starting torgue.

The rotor slots are usually not quite parallel to the shaft but are purposely given a slight
skew. This is useful in two ways:



It helps 1o make the motor run guietly by reducing the magnretic hum and

it helps in reducing the locking tendency of the rotor i.e. the tendency of the rotor
teeth to remain under the stator teeth due to direct magnetic attraction between
the two,

END RINGS

COPPER BARS IN

Wound rotor.

It consists of a laminated cylindrical core and carries a 3- phase winding. similar
to the one on the stator.

The rotor winding is uniformly distributed in the slots and is usually star-
connected. The open ends of the rotor winding are brought out and joined to
three insulated slip rings mounted on the rotor shaft with one brush resting on
each slip ring.

The three brushes are connected to a 3-phase star-connected rheostat. This makes
possible the introduction of additional resistance in the rotor drouit during the
starting period for increasing the starting torque of the motor,

At starting, the external resistances are included in the rotor circuit to give a large
starting torque. These resistances are gradually reduced to zero as the motor runs
up to speed,

The external resistances are used during starting period only. When the motor
attains normal speed, the three brushes are short-circuited so that the wound rotor
runs like a squirrel cage rator,
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Principle of Operation:

{1 When 3-phase stator winding s energized from a 3-phase supply, a rotating
magnetic field is set up which rotates round the stator at synchronous speed
Ns {= 120 f/P).

{iil The rotating field passes through the air gap and cuts the rotor conductors,
which are stationary. Due to the relative speed between the rotating flux and the
stationary rotor, eom.f.s are induced in the rotor conductors. Since the rotor
circuit is short-circuited, currents start flowing in the rotor conductors.

{iii} The current-carrying rotor conductors are placed in the magnetic field produced
by the stator. Consequently, mechanical force acts on the rotor conductors. The
sum of the mechanical forces on all the rotor conductors produces a torque
which tends to move the rotor in the same direction as the rotating field.

{iv] According to Lenz's law law, the direction of rotor currents will be such that they
tend to oppose the cause producing them. The cause producing the rotor
currents is the relative speed between the rotating field and the stationary rotor
corductors. Hence to reduce this relative speed, the rotor starts running in the
same direction as that of stator field and tries to catch it.

ROTATION OF STATOR FIELD
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Speed and Slip:

The rotor rapidly accelerates in the direction of rotating field, However the rotor can never
reach the speed of stator flux. If rotor is rotating at synchronous speed then there would
ke no relative speed between the stator field and rotor conductors,no cutting of flux by the
rotor conductors and there would be no generated voltages.no induced rotor currents and,
therefore, no torque to drive the rotor, The friction and windage would immediately cause
the rotor to slow down. Hence, the rotor speed (N.] is always less than the suitor field
speed (N, ], This difference in speed depends upon load on the mator,

The difference between the synchronous speed N, of the rotating stator field and the actual

rotor speed (N} is called ship.
It is usually expressed as a percentage of synchronous speed i.e.,

% slip 5 =22 x 100
5
lrI‘I:l'= Hsl:..l _5}

I, The quantity N, — N is sometimes called ip speed.
ii.  When the rator is stationary fi.e., N = D), slip, 5 = 1 or 100 %,
iii, In an induction motor, the change In dlip from no-load to full-lead is hardly 0.1% to
3% so that it is essentially a constant-spead mator.

Frequency of Rotor Current and Voltage:
The frequency of a voltage or current induced due to the relative speed between

a vending and a magnetic field is given by

PN
Frequency [ = 120

where M = Relative speed between magnetic field and the winding

P = Mumber of poles
For a rotor speed N, the relative speed between the rotating flux and the rotor is
N, — N.. Conseguently, the rotor current frequency

_ (N, —N.)P
fr = 120

- sMaF
120

f = sf

Rotor current frequency = slip x Supply frequency
i, When the rotor is at standstill or stationary (i.e., 5= 1}, the frequency of rotor
current is the same as that of supply frequency ((f. =sf=1xf =[]
ii, MAsthe rotor picks up speed, the relative speed between the rotating flux and the
rotor decreases, Consequently, the slip 5 and hence rotor current frequency
decreases.



Rotor EMF and Reactance:

Let E; = standstill rotor induced e.m.f./phase

¥z = standstill rotor reactance/phase.

f = rotor current frequency at standstill
When rotor is stationary i.e. 55 1. the freguency of rotor e.m.f. is the same as that of the
stator supply frequency. The value of e.m.f. induced in the rotor at standstill is maximum
because the relative speed between the rotor and the revolving stator flux is maximum. in
fact, the moter is equivalent to a 3-phase transformer with a short-circuited rotating
secondary.
When rotor starts running, the relative speed between rotor and the rotating stator flux is
decreased. Hence, the rotor induced e.m.f. which is directly proportional to this relative

speed, is also decreased. Hence, for @ slip s the rotor induced e.m.f, will be s times the
induced e.m.f. at standstill.

Therefore, under running conditions Er = sEz.

The frequency of the induced e.m.f. will f = sf
Due to decrease in frequency of the rotor e,m.f. the rotor reactance will also decrease,
¥r = s¥y where Er and Xr are rotor 2.m.f. and reactance under running conditions

Thus at any slip s,
Rotor e.m.f./phase = sk;
Rotor reactance/phase = sX;
Eotor frequency = sf
where E;, ¥; and f are the corresponding values at standstill.

Rotor Current:

Consider a 3-phase induction motar at any ship 5. The rotor is assumed to be of wound type
and star connected, Rotor em.f/phase and rotor reactance/phase are sE; and sX
respectively., The rotor resistance/phase is Bz and is independent of frequency and,

therefore, does not depend upon slip, Similarly stator winding values R1 and X1 do not
depend upon slip.

E'I-
Hy
-4 Suraly % _ -
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At standstill: One phase of the rotor circult at standstill is shown in Fig: {i]

E 5 E-
Rotor current/phase, I, = P o
--.: '\IIIR E i }{i
Rotor p.f.. cos ¢ = 32 = _PR: =
- S S
Iy Ry I R,
E: x! llEl
(i) (id}

When running at slip s: Fig: {ii)) shows one phase of the rotor circuit when the motor is
running at slip =,

Rotor current, ' = 5‘.53 =— sk, .~
2 YRy +(sX,)

Rotor p.f., cos ¢'5 = E‘F — R, :
2 YRy +(sX,)

Rotor Torgue:
The torque T developed by the rotor is directly proportional to:
i, rotor current
ii,  Rotorem.f,
iii; power factor of the rotor circuit

T s Esls cOsd,
or T=KEx:I. cost-

where I- = rotor current at standsrtll
Ex: = rotor ean.t. at standsuall
cos $-2 — rotor p.f. at standstll



Starting Torgque (T . ):
The torgue developed by the motor at the instant of starting is called starting torgue.
Let 1 = rotor e.m.f. per phase at standstill;

Rz = rotor resistance phase

¥z = rotor reactance phase at standstill

2 .,|'[R._? + X f1 = rotor impedance/ phase at srandsrill

£,
Eq. R'!a R'!l

E,
Then L= = - = . c-l:!'5-¢3=—"'=—_l"—1
2 :,r]m::+:f::"; £ Q&+ xH

Standstill or starting torgue T,r.r=i'] E, I cos s

of

3
E R kER

¥ - , . KER,
R xd) ' e xd) Bexg

k)

If supply voltage Fis constant. then the flux @ and hence. E, both are constant.

K R, :
T, = ky —g—=— &=k, —+ where k, is some other constant.
"Ry +X: T Z; '
_ 3 . ) E_-z &
Now. ky, = v R a 27V, R_f +_1'-_E

Where Ns — symchronous speed n rps.

The magnitude of starting torque would depend upon the relative values of B2 and X2 i.e.,
rotor resistance/phase and standstill rotor reactance/phase,
Starting Torqgue of a Squirrel-cage Motor:

# The resistance of a sguirrel-cage motor is fixed and small as compared to its

reactamce which is very large especially at the start because at standstill, the
frequency of the rotor currents equals the supply fregquency. Hence, the starting
current Iz of the rotor, though very large in magnitude, lags by a very large angle
behind Ez with the result that the starting torque per ampere is very poor.

It is 1.5 times the full-load torgue, although the starting current is 5 to 7 times the
full-load current. Hence, such motors are not useful where the motor has to start
against heawvy loads.

starting Torque of a Slip-ring Mator:

The starting torgue of slip ring motor is increased by improving its power factor by adding
external resistance in the rotor circuit from the star-connected rheostat, the rheostat
resictance belng progressively cut out & the motor gathers spead.

Addition of external resistance, howewver, increases the rotor impedance and 50 reduces the
rotor current. At fiest, the effect of improved power factor predomdinates the cwment-
decreasing effect of Impedance. Hence, starting torgue s Increased. But after a certaln
perng, the effect of increased mpedance predaminates the effect of improved power Ffactar
and 50 the torgue starts decreasing,



Condition for Maximum Starting Torque:

The starting torgue will be maximum when rotor resistance/phase is equal to standstill rotor
reactamce/phase.

kR
TF — ..1:'.:..3. .
Ry + X,
Differentiating above equation w.r.t. Rz and equating the result to zero, we get
darT. 2R,
il = j;.-'g. l R: ‘ "':I = I.-.I

R, | Rix ®ex)

3 ¥ 7
R,y +X; = 2Ry
R, =X,
Hence starting torque will be maximum when:
Rotor resistance/phase = Standstill rotor reactance/phase

Under the condition of maximum starting torque, ¢= 45" and rotor power factor is 0.707
lagging.

&
Stanting
torgue curve
; )
= T, (max) at B, = X,
#p = 45"
0 Riotor Resistance - Rym¥ 2
(i) (i)

As the rotor resistance is increased from a low value, the starting torgue increases until it

becomes maximum when Rz = X3, If the rotor resistance is increased beyond this optimum
value, the starting torque will decrease,

Effect of Change in Supply Voltage on Starting Torque:
- X595
R, +X,
Since E; o Supply voltage V
&R, kPR,
N L

where K3 is another constant,

i
Hence Tnn-c l-"'J

Therefore, the starting torque Is very sensitive to changes in the value of supply voltage, For
example, a drop of 10% in supply voltage will decrease the starting torque by about 20%.



Torgue Under Running Conditions:
Let the rotor at standstill have per phase induced e.m.f, Ey, reactance X2 and resistance Ry,
Toc EJ cosdyor Toc g cosd,
where £, = rotor et phase under running conditions
I = rotor current phase under running conditions
Now E = xE,

L= EL: sk,
Z IR+ sxh)
R~
cm ¢: = il = =
IR +(sx)°]

s ER, kd.s ER,
Ry +(sX,)" Ry +(sX,)

k .sE; R,

AlsaT sz +( 5;f:]lzr

('rEye=9)

Where ki is another constant, Its value is equal to o
L

3 sEI R, 3 sEIR,
InNg R 4+ (sx,)y ANy oz

T:

At standstill when s=1,

o 5&:&[m= 3 ER ]

T Rrx| N R

It may be seen that running tongue is;
i. Directly proportional to slip i.e., if slip increases li.e., motor speed decreases), the
torgue will increase and vice-versa,
fii. Directly proportional to square of supply voltage (E; o V)

Maximum Torque under Running Conditions:
The torque of a rotor under running conditions is

2 » 92 L 2 r 42
Ry +(sX5) R; +(sX;)
The condition for maximum torgue may be obtained by differentiating the above expression with
respect to slip s and then putting it equal to 2ero.

T:

dT _ K, [R,(R3+s? X3)-2sX3(sRy)|

0
ds (R%+52 K%)ﬁ




24 a® x2)—saxz—0
B —at X2
Ras =5 3,

— —

Thus for maximum torgue {Tm) under running conditions:
Rotar resistance/phase = Fractional slip = 5tandstill rotor reactance/phase

Slip corresponding to maximum torgue is 5 = R /%:

Putting Rz = $Xz and Substituting value of & = Ra/X;z in the torque equation

(R X3) . By . Ry ; E;

"Bemix).x2 '2X,

L

3 Ef
Tow™ Tun "2,

N-m

From the abowe, it is found that
i.  The maximum torgue is independent of rotor resistance.

il However, the speed or slip at which maximum torque occurs is determined by the
rotor resistance, torgue becomes maximum when rotor reactance eguals its
resistance. Hence, by varying rotor resistance (possible only with slip-ring motors)
maximum torque can be made to coour at any desired slip {or motor speed],

B, Maximum torgue varies inversely as standstill reactance. Hence, it should be kept as

srnall as possible,
v,  Mlaximum torgue varies directly as the square of the applied voltage.

v,  For obtaining maximum torque at starting {s =1}, rotor resistance must be equal to

rotar reactance,

Torgue-Slip Characteristics:

The graph drawn between the torque and slip for a particular value of rotor resistance Rz,
i« called torque-slip characteristic. & family of torque-slip characteristics for a slip-range

from s = 0 to 5 = 1 for various values of rotar resistance is shown below.

The motor torgque under running conditions is given by

k& sE,R,

I= ——= =
R +(zX5)

[+ —!—'-—IIHI
R +52 X3



0 0.2 0.4 0.6 0.8
Slp ——»

o,
1

i) At s =0,T=0s50that torgue-slip curve starts from the origin,
(i} At normal speed, ship is small so that 5 X, is negligible as compared to R;.

T ot —
Rz

o 8 ..as Bs bs constant
Herce torqgue slip curve is a straight line from zero slip to a slip that corresponds to full-load.
(iii] As slip increases beyond full-load slip, the torguee increases and becomes
maximum at = % This maximum torgue in an induction motoer is called pull-out
torgue or breait-l-;lqwn torque., Its value is at least twice the full-load value when
the motor is operated at rated voltage and frequency.
(i) When slip increases bevond that corresponding to maximum torque, the term

EEIIE increases very rapidly so that H;I may be neglected as compared to

SEIEE.
T ot —
s1x,t
1 .
ol = wee 85 Xp I constant
k3

Thus the torque i now inversely proportional to slip. Hence torque-slip curve s a
rectangular hyperbola.

v} The maximum torgue remains the same and is independent of the value of rotor
resistance. Therefore, the addition of resistance to the rotor circuit doss not
change the valee of maximum torgue but it only changes the value of slip at
which maximum torgue ooours,

Slip Corresponding
to starting torque



Full-Load and Maximum Torgue:
Let 5; be the slip corresponding to full-load Torque
s B
_‘r—'r
Ry + (s, X5)
1

i W ——

e S

I:r'a":

I 25 By X

o Bl 3
Tm RJ- + {,Ef 'EE }-
Dividing the numerator and denominator on BL.H.S. by Izz , we get,

1}' J-F-I{' d Rz |'. .I: EE.FI
Tom {leﬁ.‘:]:+:} I!]:'-LE;
A= Rotor resistance /phase

where a = x_z = Standstill rotor reactance/phase
Starting Torgue M;x imum Torque:
1
R S |
By + X5
]

mx X,
Dividing the numerator and denominator on R.H.S. by Izz , e pet,
T _‘R\_!..'\ !R 1 i _!..-J E-ﬂ'
Il = B —
- F 2 2 |

He Rotor resistance /phase
where a=—==
Ka Standstill rotor reactance/phase

Power Stages in an Induction Motor:
The input electric power fed to the stator of the motor is converted into mechanical power

at the shaft of the motor, The various losses during the energy conversion are:
1. Fixed losses
{i} Statoriron loss
{il) Friction and windage loss
The rotor iron loss is negligible because the frequency of rotor currents under normal
running condition is small,
2. Variable losses
{I} Stator copper [oss
{ii} Rotor copper loss
Fig. shown below shows electric power fed to the stator of an induction motor suffers losses

and finally converted into mechanical power.



From the figure the following points may be noted:
[i} Statar input, F; = Stator output + 5tator losses
= Stator output + Stator Iron loss + Stator Cu loss
fii] Rotor input, . = Stator output
It s because stator output |s entirely transferred to the rotor through air-gap by
electromagnetic induction.
LETH Mechanical power available, P,= F.— Rotor Cu loss
This mechanical power available is the gross rotor output and will produce a gross
torgue T
[iv) Mechanical power at shaft, Py, = By~ Friction and windage loss
Mechanical power available at the shaft produces a shaft torgue Tg.
Clearly, By, = Py = Friction and windage loss

Windage
and friction

Induction Motor Torque:

The mechanical power P available from any electric motor can be expressed as:
F= “;T watts
Where M= speed of the motor In r.p.m,
T= torque developed in N-m
If the gross output of the rotor of an induction motor is P and its speed is M r.p.m,, then
Eross torque 1, deveioped is given by:

Fin

Ty =‘:|.55F MN=m

Similarly

[e] ]

Ten = ‘EqEP
R T Fe N

N —m

Rotor Qutput:
If Tynewton-metre is the gross torque developed and N ropom. Is the speed of the rotor,

then,
2T,

Gross rotor output = P = ?"'—'watb

If there were no copper losses in the rotor, the output would equal rotor input and the rotor

would run at synchronous speed N,



2N, T,

Rotor input = &0 walls
Rotor Cu loss = Rotor input — Fotor outgruat
2w T,
S——— =
e (M=)
(i) Rotor Culoss N, — N _
Rotor inpaat ! 8

. Fovor Cu loss = = = Rotor nrprt

{1i) Gross rotor output, P, = Rotor input — Rotor Cu loss
= Rotor input — s = Rotor input
Pm = Rotor input (1 — 8)

Giross rotor output

e Rotor input SRR M,
(iv) __RotorCuloss 5
Ciross rotor oulput i —=

It is clear that if the input power to rotor is £, then sF. is lost as rotor Cu loss and the
remaining (1 -s)B- is converted into mechanical power. Consequently, induction motor
operating at high slip has poor efficiency.

Mote: Rotor input: Rotor Cu loss: Gross rotor output = 1: 52 {1-5)
GPEES FOLOF CUIPUE Prml fic e n
Rotor (npurik) 7
IF the stator losses as well as friction and windage losses arce neglected, then,

Ciross rodor output = Useful outpoat
Rotor mput = Stator ingaut

Useful output e
Statoroutput | ° - Lrnelency

Starting of Three Phase Induction Motor:

When the supply is connected to the stator of a three-phase induction motor, 2 rotating

ragnetic field is produced and the rotor starts rotating, Thus a three phase Induction mator

is self-starting,

The induction motor is fundamentally a transformer in which the stator is the primary and the
rotor |5 short-circuited secondary, At starting, the voltage induced in the induction motor
rotar is maximum {5 = 1), Since the rotor impedance is low, the rotor current is very large.
This large rotor current is reflected In the stator because of transformer action. This results
in high starting current (4 to 10 times the full-load current) in the stator at low power factor
and copsequently the value of starting torque is low, Because of the short duration, this
value of large current does not harm the motor if the motor accelerates normally.

Howewer, this large starting current will produce large line-valtage drop. This will affect the
operation of other electrical equipment connected to the same lines. Therefore, it is
desirable and necessary to reduce the magnitude of stator current at starting. Thus the
purpose of a starter is not to start the motor but to limit the heavy starting current of the
motor at the time of starting.



Methods of Starting Three Phase Induction Motors:

The method to be employed in starting a piven induction motor depends upon the size of the
maotor and the type of the motor, The methods used to start induction motors are;

(i} Direct-on-line starting
i} Stator resistance starting
i1 Autotransformer starting
{iv)Star-delta starting
iv) Rotor resistance starting
PMethods (i) to (iv) are applicable to both sguirrel-cage and slip ring motors, However,

method (v) iz applicable only to slip ring motors,

Except direct-on-line starting, all other methods of starting squirrel-cage motors
employ reduced voltage acrass motor terminals at starting

Direct-on-line starting:

In this method of starting the motor |5 started by connecting it directly to 3-phase supphy.
The impedance of the motor at standstill is relatively low and when it is directly connected
to the supply system, the starting current will be high {4 to 10 times the full- load current)
and at a low power factor. Consequently, this method of starting is suitable for relatively

small (up 1o 7.5 KW} machines,
Three-Thaoase SuFF'I:I"
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0.0 starter consists of a coil-operated contactor C controfled by start and stop push
buttons which may be installed at convenient places remote from the starter, On pressing
the START push button Si, (which is narmally held open by a spring) the contactor coil C is
energised from two line conductors Ly and Ly, The three main contacts M and the awxiliary
contact A close and the terminals a and b are shart-circuited. The motar is thus connected
to the supply, When the pressure on 5p s released, It moves back under sprimg actlon,Even




then the coil C remains energised through ab. Thus, the main contacts M remain closed and
the motor continues to get supply. For this reason, contact Ais called hold-on-contact,

Whien the STOP push button 5; [which is normally held dosed by spring) is pressed, the
supply through the contactor coil s disconnected. Since the coii C is de energised, the main
contacts M and auxiliary contact A are opened. The supply to motor is disconnected and the
motor stops.

# When the voltage falls below a certain walue, or in the event of failure of supply
during motor operation, the col C Is de-energised, The motor is then disconnected
from the supply.

# In case of an overload on the motor, one or all the owertoad coils [Q.LC) are
energised. The normally closed contact D is opened and the contactor coil C is de-
energised to disconnect the supply to the motor,

Fuses are provided in the circuit for short-circuit protection.

Direct-on-line starting is a simple and cheap methed, The starting current be as large as 10
times the full load current and the starting torque is equal to full-load torque. Such a farge
starting current produces excessive voltage droop in the line supplying the motor. Small
maotors up to S5EW rating may be started by D.OL starters to avoid supply voltage
fluctuations.

Relation hetween stavling and F.L. torgues. We know that:
Rotor input = 2a M, T = kT

Bt Rotor Cu loss = s = Rotor mpil
I, PR, =s=kT

or T=({I.F/s

or T =e ]fl.-".l-. 15 0el)

If L; 15 the starting current. then starting torque (1) 15

T = I:.:r (> atstarting s =1)
If Iy is the full-load carrent and s¢ is the full-load ship, then,

Iy = [f,-'lrsl-

-_r:bl. .I_7.| | wf EE

I LI

When the motor 15 stared direci-om-line, the starting current is the short-creuwit
(hlocked-rotory current 1,

el
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Mote that starting current is as large as five times the full-load current but starting torque is
just equal to the full-load torgue, Therefore, starting current is very high and the starting
torque s comparatively low. If this large starting current flows for a long time, it may
overheat the motor and damage the insulation,

Stator resistance starting:
In this method, external resistances are connected in series with each phase of stator
winding during starting. This causes woltage drop across the resistances so that voltage
available across motor terminals is reduced and hence the starting current. The starting
resistances are gradually cut out in steps (two or more steps] from the stator circuit as the
motor picks up speed. When the motor attains rated speed, the resistances are completely
cut out and full line voltage is applied to the rotor.
Drawback:

s First, the reduced voltage applied to the motor during the starting period lowers the

starting tergue and hence Increases the accelerating time,
& Secondly, a lob of power s wasted in the starting resistances,

oo -
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Relation between starting and F.L. torgues,
Let ' be the rated voltage/phase. If the voltage is reduced by a fraction x by the insertion of

resistors in the line, then voltage applied to the motor per phase will be xV.

5o,
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Thus while the starting current reduces by a fraction » of the rated-voltage starting current
(1), the starting torque is reduced by a fraction x* of that obtained by direct switching. The
reduced voltage applied to the motor during the starting period lowers the starting current
but at the same time increases the accelerating time because of the reduced value of the
starting torque. Therefore, this method is used for starting small motors anly.



Autotransformer starting:
This method also aims at connecting the induction motor to a reduced supply at starting and
then connecting it to the full voltage as the motor picks up sufficient speed. The tapping on
the autotransformer is so set that when it is in the circuit, 65% to 30% of line valtage is
applied to the motor,
At the instant of starting, the change-owver switch is thrown to “start” position. This puts the
autotransformer in the circuit and thus reduced voltage is applied to the circuit,
Conseqguently, starting current is limited to safe value. When the motor attains about 80% of
normal speed, the changeover switch is thrown to “run™ position, This takes out the
autotransformer from the circuit and puts the motor to full line voltage.
Advantages of Autotransformer starting:

(i} low power loss,

(ii} low starting current and

(i) less radiated heat,
For large machines {over 25 H.P.], this method of starting is often used, This method can be
used for both star and delta connected motors,

SUPPLY

THREE-PHASE
AUTO-TRANSFORMER

Relation between starting And F.L. torgues. Consider o star-connected
squirrel-cage induction motor. [TV 15 the line vohage, then volage across molor
phase on direct switching 1s V{3 and starting cumrent is I, = L. In case of
autotransformer, if a tapping of transformation ratio K (a faction) 15 used, then
phase voltage across motor is KV/J3 andl, =KL,
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The current taken from the supply or by autotransformer is Iy = Kz = K%,
The maotor current is K times, the supply line current is K? times and the starting torque
is K* times the value it would have been on direct-on-line starting,
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Star-delta starting:

The stator winding of the motor 15 designed for delta operation and |5 connected In star
during the starting period. When the machine is up to speed, the connections are changed
to delta,

The six leads of the stator windings are connected to the changeover switch as shown in
figure below, At the instant of starting, the changeover switch is thrown to "Start” position
which connects the stator windings in star. Therefore, each stator phase gets Vw3 valts
where V is the line voltage. This reduces the starting current. When the motor picks up
speed, the changeover switch is thrown to “Run” position which connects the stator
windings in delta. Now each stator phase gets full line voltage V.

I i
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MAIN START
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Disadvantages of this method are;
a) With star-connection during starting, stator phase voltage is 1.I"I.,‘-'§ timas the line

z
voltage. Consequently, starting torgue is (Il,n’ "j} ar 1,-"'3 timas the value it would
8

have with Delta- connection. This s a large reduction in starting torque.
b} The reduction in voltage is fixed.,
This method of starting is used for medium-size machines {up to about 25 H.P)



Relation between starting and F.L, torgues. In divect deln suartmg.
Staming current'phase, 1. = V772, where ¥ = line voliage

Starting line current = +/3 1,
In star startmg, we have,

) ViJdi 1
Starting cwrrent/phase, 1, =———=—=1_
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where [ = starting phase current (delta)
Iy=F.L. phase curremt (delia)

- < ——b0

Star {Stator) Detia (Stator)

In star-deita starting, the starting line current |s reduced 1o one-third as compared to
starting with the winding delta connected. Further, starting torque is reduced to one-
third of that obtainable by direct delta starting, This method is cheap but limited to
applications where high starting torqgue is not necessary e.g., machine togls, pumps

2tc,

Rotor resistance starting:

Slip-ring motars are invariably started by rotor resistance starting. In this method, a variable
star- connected rheostat s connected in the rotor circuit through shp rings and full voltage

is applied to the stator winding as shown in Fig.

i.. At starting, the handle of rheostat is set in the OFF position so that maximum
resistance is placed in each phase of the rotor circuit, This reduces the starting

current and at the same time starting torque is increased.

i,  Asthe motor picks up speed, the handle of rheostat is gradually moved In clockwise
direction and cuts out the external resistance in each phase of the rotor circuit.
When the motor attains normal speed, the change-over switch is in the ON position

and the whale external resistance s cut out from the rotor cireuit,
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Speed Control of Induction Motors:

The slip of an induction motor is very small (< 3%) 50 that it Is essentially 2 "constant-speed
maotor, Therefore, it is switable for use in essentially constant-speed drive systems. The
speed of an induction motor can be changed by the following methods:

By changing the number of stator poles [P)
By changing the line frequency

By changing the applied voltage.

By changing resistance in the robor circuit,

B M

Speed Control by changing number of stator poles:
Wa know that synchronous speed of induction motor N, = % Therefore, by changing the

number of stator poles (P), the synchronous speed and hence the rotor speed (M) can be
changed. This method s easily applicable to squirrel cage motors but is not practicable for
wound rotor motors. Squirrel cage motors designed for pole-changing control are
commonly called multispeed motars

Speed Control by changing Line frequency:
We know that synchronous speed of an induction motor is given by N, = lETn-'E Therefare, by

changing the line frequency f, the synchronous speed (N.) of the motor and hence the
running speed (N) can be changed,

When employing line-frequency controd, the applied line voltage should be changed in
direct proportion to the frequency i.e. if frequency is increased, the supply voltage must also
be increased and if the frequency is decreased, the supply voltage must also be decreased
proportionately. This is necessary to maintain an approximately constant fiux in the air-gap
of the machine, otherwise the motor performance will not be satisfactory, Under these
conditions, the maximum developed torque will remain approximately constant and the
cutput power will vary approximately in direct propartion to the speed of the motaor,



Disadvantages:

It involves the use of 3-phase variable frequency power supply. The auxiliary equipment
required for this purpose results in a high first cost, increased maintenance and lowering of
the overall efficiency.

Speed Control by changing applied Voltage:

We know that torque developed (T} by an induction motar is directly proportional to the
sguare of applied voltage (V) ie T = 1V, Therefore, by changing the applied voltage, the
torque and hence speed [or slip) of the motor can be changed. Fig. shown below shows the
arrangement 1o control the speed of induction motor (squirrel cage or wound rotor motor)
by changing the applied voltage.

v,
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The mator is supplied fram 3-phase Supply through a 3-phase autotransformer, Thie motor
drives fan load. The waltage applied to the motor can be changed by the autotransformer
and hence desired motor speed can be obtained, when we change the applied voltage, the
slip (5] of the motor is changed i.e. motor speed changes.

Limitations: The stator voltage control method is the cheapest and the easiest method of
speed contral of induction motors. However, it is rarely used because of the following
drawbacks

i, Alarge changs in voltage is required for a relatively small change in speed,
i,  The large change in voltage results in large change in the flux density. This affects the
magnetic conditions and hence performance of the motor.

Speed Control by changing Rotor circuit Resistance

This method of speed control is suitable only for slip- ring mators. The speed of the motor
can be decreased by adding external resistance to the rotor. Under normal running
candition, the relation between torque (T] and slip (s) of an induction motor is given by

T ot =
R

wherse R, is the rotar resistance/phase,



From the above relation, for a given torque, 5 o Ry Therefore slip can be increased {Le.
matar speed can be decreased) by increasing the rotor resistance.
Drawbacks:
i, There is an increase in the rotor Cu losses due to the increased rotor circuit
resistance,
i,  Duetoincreased rotor Cu losses, the efficiency of the motor is decreased.
fiil.  There is an increase in the temperature of the motor.
Because of the above drawbacks, this method is used where speed changes are required for
short periods only.

[ 1T
Imducticon
motor

Plugging of an Induction motor:

* To bring the running Induction motor to a rapid stop, the two stator leads can be
simply interchanged. This process is called plugging,

o When we interchange two stator leads, the revolving field suddenly tums in the opposite
direction to the rotor. During the plugging period, the maotor acts as a brake, It absorbs
kinatic anergy fram the still-revolving flald, causing Its speed to fall.

# The mechanical power associated with the rotor k= entirely dissipated as heat in the rotor. At
the sarme time rotor also continues to receive power from the stator which is also dissipated
a5 heat. Consequently, plugging produces 12 R losses in the rotor which even exceed those
whan the ratar is locked.

= Motors should not be plugeed too frequently because high rotor temperaturas may melt the
rator bars or cverheat the stator winding, 'When very high inertia boads have 1o be brought
to a stop, wound-robor motors are recommended because most of the thermal energy
absorbed by the rotor fs dissipated by the axternal reslstors. Furthermore, we can maintaln a
consistently high torgue by gradually varying the rotor resistance during deceleration pericd,

Induction Generator:
i an induction motor whose stator windings are connected to @ 3-phase line is driven by a
maover prime- at a speed higher than synchronous speed, it acts as a generator, It converts
the mechanical energy it receives from the prime-mover into electrical energy and this
electrical energy is supplied to the mains, Such a machine is called an induction generator or
asynchronows generator.



When of speed the induction motor exceeds the synchronous speed, the slip {s) becomes
negative, Therefore, the relative motion between rotor conductors and the rotating flux is
reversed and as a result, the directions of rotor emf. and the rotor currents will also be
reversed. However, as soon as this takes place, the motor develops a counter torgue which
opposes the increase in speed. Thus generator operation occurs and mechanical energy of
the prime-mover is converted into electrical energy which is supplied to the mains,

Figure shown below shows an induction generator connected to a 3-phase line. The petrol
engine is the prime-mover, As the engine speed exceeds the synchronous speed, the motor
becomes a generator, delivering active power P (kW] to the electrical systems [i.e. 3-phase
which line in this case) to it s connected, However, to create its magnetic field, the motor
has to absorb reactive power O [KVAR). This power can only come from the supply lines.
Consequently, the reactive power O flows in the opposite direction to the active power P,

— = P t l o
| N |
Petrol Induction
engine motor

The active power P kW) delivered is directly proportional to the slip above synchronous
speed, Thus, a higher engine speed produces a greater output, However, the rated output Is
reached at small slip, generally less than 3%,

An Induction generator will deliver power anly if it is supplied with proper reactive power to
create its magnetic field, For this reason, an induction generator is generally connected to a
3-phase line, The reactive power may be supplied by a group of capacitors connected to the
terminals of the motor,

The terminal valtage increases with the capacitance, but its magnitude is limited by
saturation in the iron, If the capacitance |5 insufficient, the generator voltage will not build
up. The capacitor bank must be large encugh to supply the reactive power the machine
nermally absorbs when operating as a motor,
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Torque-spend curee of induction maching showing braking, motoring and generating regions.

Applications of Induction Generators:

The induction generater is not a self-excited generator, It is necessary to excite the stator
with an external polyphase source at its rated vaoltage and freguency. It will generate only
when it is connected 1o a source of fived voltage and frequency and If 1T is then driven at a
speed above the synchronous speed,

Thus the induction or asynchronous generator has limited applications, The most important
use of the principle of the Induction generator lies in automatic dynamic braking. For
example, in a lift or crane driven by an induction motor, when the laden cage or hook is
descending, the load torgue on the motor acts in the direction of rotation. As a result, the
motor speed exceeds the synchronous speed and the machine automatically becomes an
induction generator and produces a braking torque, returning the energy of the descending
load ta the supply.

Cogging in 3-phase Induction Motor:

A sguirrel-cage rotor may show a peculiar behaviowr In starting for certain relationship between the
number of stator slots {51) and retor slots {5;). IF 51, 15 equal to or an Integral multiple of 5z, the

motor may refuse to start. This phenomenon is known as cogging and is due to the magnetic locking
between the stator and rotor teeth.



The reluctance of the magnetic path depends upon the positions of rotor teeth wer.t. stator testh.
The refuctance of the magnetic path = mindmum when the rotor and stator teeth face each ather. In
such positions of rminirmum reluctanes, thers axisks a strong alignment force batween the stator and
the rotor at standstill, The alignment force at the instant of start may becorme stronger than the
starting torque. Consequently, the motor fails to start. To avoid cogging, the number of stator and
rotor shots are never made to be equal or have an integral ratio.

Crawling in 3-phase induction Motor;

Induction motors, particularly the squlrrel-cage type, sometimes show a tendency to run at speads
as low as one-sewventh (157 of thelr synchronous speed Ms. This peculiar behaviour of the cage
motor at starting is known a3 crawling of an induction mator. This happens due to harmonic
ingduction barogues,

Crawling skgnifies running of motor at almost one seventh of the rated speed due to interference of
sevanth harmonics, crawling usually occurs when the motor is started with a coupled mechanical
load, This action is due to the fact that flux wave produced by a stator winding is not purely sine
wave instead ik 5 3 complex wave consisting a fundamental wave and odd harmonics ke 3rd, Sth,
Tth etc,

COMPARISON BETWEEN INDUCTION MOTOR AND TRANSFORMER:

&n induction motor may be considered to be a transformer with a rotating short-circuited
secondary The stator winding corresponds to transformer primary and rotor winding to
transformer secondary., The differences between the two are:

{i} Unlike a transformer, the magnetic circuit of a 3-phase induction motor has an air
gap. Therefore, the magnetizing current in & 3-phase induction motor is much larger
than that of the transformer. For example, in an induction motor, it may be as high
as 30-50% of rated current whereas it is only 1 - 5% of rated current in a transformer.

{IE) In an induction metor, there 15 an air gap and the stator and rotor windings are
distributed along the periphery of the air gap rather than concentrated on a core as
in a transformer, Therefore, the leakage reactances of stator and rotor windings are
quite large compared to that of a transformer.

{lil} In an induction motor, the inputs to the stator and rotor are electrical but the output
from the rotor is mechanical. Howevwer, in a transformer, input as well as output is
electrical.

{iv] The main difference between the induction moter and transformer lies in the fact
that the rotor voltage and its frequency are both proportional to slip s. If f is the
stator frequency, E; is the per phase rotor e,m g, at standstill and X; Is the standstill
rotor reactance/phase, then at any slip s, these values are:

Rotor e.m.f./phase, E," = 5E,,
Rotor reactance/phase, X;' = sX,
Rotor frequency, f' = sf



Comparison between Squirrel Cage and Slipring Induction Motors:

5l. | Characteristics Squirrel-cage motor Slip-ring motor
Mo.
1. Speed Almost constant but decreases | Speed decrease more rapidly than
stight with increased load in cage motor
2. Torgque Starting torgque s less  but | Starting torgque 5 about three
running torque is goad. times the full load torgue.
3. Cwrrent Starting current is abowt 5-6 | Stating current is about two times
times the full load current the full load current,
4. | Speed contral | Done by changing poles. Done by changing resistance of
rotor circuit,
5. | Powerfactor | Low [about 0.7 to 0.8) High {about 0.8 to 0.9)
B Cost of Low Higher
fabrication
7. Maintenance | Very low High |due ta presence of brushes,
cost brush gears, extra resistance etc.)
B. Brushes absence of brushes reduces the | More chances of sparking
risk of sparking
o Efficiency Higher efficiency Less efficiency
10. | Applications | Lathe, drills, printing machines, | Lifts, cranes, etc. where high

blowers efc,

starting torque is needed.




CHAPTER-4
SINGLE PHASE INDUCTION MOTOR

single phase Induction motor is a popular type of a.c. electrical motor which is used widely in
many areas, Single phase Induction motors perform a great vanety of useful services in
domestic, commercial as well as industrial purposes such as fans, refrigerators, washing
machines, vacuum cleaner, kitchen equipment and farming appliance ete.

Single phase motors are generally manufactured in fractional HP ratings below 1 HP for
ECONDMIc reasons. Hence, those motors are generally referred to as fractional horsepower
motors with a rating of less than 1 HP.

The characteristics of single phase induction motors are wentical to 3-phase induction motors
except that single phase induction motor has no inherent starting torque and some special
arrangements have to be made for making itself starting.

Construction:

®  The construction of a single phase indwction moter is a similar to that a 3-phase
induction motor. The rotor is cylindrical im shape and always in squirrel cage while the
stater carries a singke phase winding.

&  The stator winding placed in slots around the inner periphery of a laminated ring. In
addition the stator also carries an auxiliary winding for providing the starting torque,
so that motor becomes self starting.

# The skots of rotor are not made paraflel to each other but skewed to prevent magnetic
lacking of stator and rotor teeth.

®  The squirrel cage rotor conzists of aluminium bars. These aluminium bars are called
rotor conductors and are placed in the slots on the periphery of the rator,

& The rotor conductors are permanently shorted by the aluminium rings. It is not
possible to add external resistance as the bars are permanently shorted. The absence

of the sliprings and brushes make the construction of single phase induction motor
very simple and robust.
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Construction of single phase Inductlon motor

Working:

When single phase a.c. supply is given to stator winding of single phase induction
maotor, the alternating current produces an alternating fiux called main flux,

This magnetic field is pulsating in nature which means that field builds up in one
direction falls to zero and again builds up in another direction.

This pulsating current is incapable of producing a rotating torgue in stationary rotor,
But if the rotor is rotate by some external mechanical force in either direction rotor
start to rotate in that direction continuoushy,

50 single phase induction motor is not self starting. In order to obtain a rotating field,
that stator is provided with two windings the main winding and a starting winding.
starting winding Is also called auxiliary winding.

The phase difference of 207 between two windings is obtained by spliting the phase.
S0 there are two fluxes one is main flux and another is called robor flux, These two
fluxes produce the desired torque which is required by the motor to rotate,

When motor pick up 75% of rated speed, starting Winding Is generally disconnected
from supply and motor continuously run.
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Double revolving field Theory:

Statement: The double field revolving theory states that any alternating quantity can be
resolved into two components having magnitude half of the maximum magnitude of the
alternating quantity and both these components rotating in opposite direction.

Theory:

In double field revolving theory an alternating sinusoidal flux (@ = @, coswt]) can be
represented by two revolving fluxes, each equal to one-half of the maximum value of

alternating flux ﬁi.-e..a“,-'er and each rotating at synchronous speed (N, = %. w = 2mf]in

opposite directions.

Consider two rotating magnetic fluxes @;and @; each of magnitude a"“.-'fg and rotating in

opposite directions with angular velocity w. The two fluxes start rotating from OX axis at t =
0. After time t seconds, the angle through which the flux wectors hawve rotated is i, By
resolving the flux vectors along-X-axis and Y-axis,

a 2
Total ¥-component =T’“ coswt + Tm coswl = @, coswi

Total Y-component =BT’“5|E::.:..|r - I;’?"151'11-*..}: =}

Resultant flux, § =‘,,.'r|:lEI;.,,r:r:.!.*:r.u:-tz + 7} =@ cosut

Thus the resultant flux vector is @ = @, coswt along X-axis. Therefore, an alternating field
can be replaced by two relating fields of half its amplitude rotating In opposite directions at
synchronous speed.
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When the rotating flux vectors are in phasze, the resultant vector is @ = @, when out of phase
by 180°, the resultant vector @ = 0,

1t

- ==y, =0

.

Rotor at standstill

Consider the rotor is stationary and the stator winding is connected o a single-phase supply,
The altermating flux produced by the stator winding can be presented as the sum of two
rotating fluxes @, and &, each equal to one half of the maximum value of alternating flux and
each rotating at synchronous speed N, = |_2:_.r in opposite directions. Let the flux @, rotate in

anti clockwise direction and flux @, in clockwise direction. The flux @; will result in the
production of torgue T in the anti clockwise direction and flux @, will result in the production
of torque Tz In the clockwise direction. At standstill, these two torques are equal and opposite
and the net torque developed is zero, Therefore, single-phase induction motor is not self-

starting.
Rotor running:

The flux rotating in the clockwise direction is the forward rotating flux (@) and that in the
cther direction is the backward rotating flux (@)
The slip w.r.t. the forward flux will be
N, —N
My

Slr= =5

Where N, =synchronous speed

N = speed of rotor in the direction of forward flux



The slip wr.t. the backward flux will be

5, =2—5

Thus for forward rotating flux, slip is s {less than unity) and for backward rotating flux, the slip
is 2 - 5 (greater than unity].

Cross-Field Theory:

As soon as the rotor beginzs to tum a speed an emf E is induced in the rotor conductors, as
they cut the stator flux, Thus voltage Increases as the rotor speed Increases. It Causes current
Iy to flow in the rotor bars facing the stator poles.

This currents produce an ac flux @, which act at right angle to the stator flux @, @, lags
almost 207 behind @, owing to the inductance of the rotor, The combined action of &, and
@y produces a revolving magnetic field, similar to that in three-phase mator, The value of By
increases with increasing speed, becoming almost equal to @, at synchronous speed and
nearly perfect revalving field is produced.
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Current Currant

Current induced in the rotor bars due to rotation

Rotor at standstill

The stator winding in excited by the single phase a.c. supply. The supply produces an
alternating flux @, which acts along the axis of stator winding. Due to this flux, emf gets
Induced in the rotor conductors due to transformer action. This emf circulates current
through the rotor conductors. The direction of rotor currant is 5o as to opposed the cause
producing it, which is stator flux @, Now the rotor conductors experience force whose
direction is found by Fleming's left hand rule shown in figure below. Thus overall, the force
experienced by the rotor is zero. Hencoe no torgque exists on the rotor and rotor cannot start
rotating,
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Rotor running:

Assume now that an initial push is given to the rotor in anticlockwise direction. Due to the
rotatian, the rotor physically cuts the stator flux and emf gets induced in the rotor. This is
called rotational emf or speed emf and this emf is in phase with the stator flux @, donated
as E.. This emf circulates current through rotor which is I This current produces its own flux
called rotor flux ... The axis of @, is at 90", The axis of stator flux hence the rotor flux is called
cross field.

Thus @, Is in quadrature with @, in space and lags, @, by 207 in time phase. Such two fluxes
produce the rolating magnetic field, The direction of this rotating magnetic field will be same
as the direction of intial push given. Thus rotor experience 3 torgue in the same direction as
that of rotating magnetic field i.e., the direction of initial push.

g

Direction of
initial push




Why Single-phase Induction Motor is not self starting?

According to double field revolving theory, any alternating guantity can be resclved into two
components, each component have magnitude egual to the half of the maximum magnitude
of the alternating guantity and both these components rotate in opposite direction to each
other,

When a single phase ac supply Is glven to the stator winding of single phase induction motor,

it produces its flux of magnitude®,, . According to the double field revolving theory, this

alternating flux, @, 5 divided Into two components of magnitude %

components will rotate in opposite direction, with the synchronouws speed, Ns.

. Each of these

Let these two components of flux are forward component of flux, @, and backward
component of flux@, . The resultant of these two components of flux at any instant of time,
glves the value of Instantaneous stator flux at that particular instant,

: B , @
e ¢,=T""+T“" or @, =0, + 8,

At starting, both the forward and backward components of flux are exactly cpposite to each
other Also both of these components of flux are equal in magnitude. 5o, they cancel each
other and hence the net torgue experienced by the rotor at starting is zero. 5o, the single
phase induction motors are not self starting mators,

Torque-speed characteristics:

Tarqus
1 Torgque dus to
_ " torvard field, T,
o LY
¥ o iy, HEEEUHE'II
tongue, T
* Forward speed

(+ve)

Torgue-speed characteristic

At start N=0 and at that point resultant torgue is zero. So single phase induction mators are
rat self starting, However if the rotor is given an initial rotation in any direction, the resultant
average torgue increase in the direction in which the rotor initially rotated and motor starts
rotating in that direction .



Making Single-Phase Induction Motor Self-S5tarting:

The single-phase induction motor is not self starting. However if the rotor is rotate by some
extermal mechanical force In either direction rotor start to rotate in that direction
continuously, but in practice it is not possible to give initial torgue to rotor externally. Hence
same modifications are done in the construction of single phase induction motor to make
them self starting.

To make a single-phase induction motor self-starting, a revolving stator magnetic field is
produced. This may be achieved by providing an auxiliary winding (starting winding) in
addition to the main winding for producing the starting torgue, so that motor becomes self
starting. When the motor attains sufficient speed, the starting means (i.e., additional winding)
may be removed depending upon the type of the mator,

Types of Single Phase Induction Motors:

Single-phase induction motors are classified and named according to the method employed
to make them self-starting.

1. Split-phase motors-started by two phase motor action through the use of an auxiliary
or starting winding.

2. Capacitor motors-started by two-phase motor action through the use of an auxiliary
winding and a capacitor,

3. Shaded-pole motors-started by the motion of the magnetic field produced by means
of & shading coil around a portion of the pole structure.

Split-Phase Induction Motor:

s The stator of a split-phase induction motor is provided with an auxiliary or starting
winding 5 in addition to the main or running winding M.

& The starting winding is located 90° electrical from the main winding and operates anly
during the period when the moter starts up.

»  The two windings are so designed that the starting winding 5 has a high resistance and
relatively small reactance while the main winding M has relatively low resistance and
large reactance. Consequently, the currents flowing in the two windings have
reasonable phase difference a (257 ta 307).

o
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Main Parts of Split Phase Induction Motor;

ol o L

Stakor

Stator winding
Rotor

Centrifugal switch
End shield

Stator: Stator consists of steel sheet stampings having slots in its inner periphery. It
serves the purpose to carry to stator winding and to cover, support and covering to
other parts of the machine.

Stator winding: 5plit phase induction motor has two stator windings at a phase
displacement of 30°. The running winding is always lower than the starting winding.
The starting winding has more resistance. The split phase motors are usually wound
o EF"-*F-‘i ] ghmse POwWEr,

Rotor: The rotor of a split phase motor is very similar to the squirrel cage rotor of 3-
phase induction mator, The core consists of steel sheet laminations having shots on
the rotor periphery. The slots carry a number of copper, aluminium bars, The ends of
the conducters in slot are connected and permanently short circuited by means of
copper end rings.

Centrifugal switch: Centrifugal is a mechanical device which is used in split phase
induction motor to disconnect the winding when starting the motor attains 75-80% of
the synchronous speed. When the rotor of the motor pick up speed abaut 75% of
synchronous speed, switch opens circuit of the starting winding. The centrifugal switch
also prevents the motor from putting the drawing excessive current from main by
starting winding ocut of the circuit.

End Shield: End shields are the end covers of the motor, It protects the motor from
the dust and maoisture etc. The entire weight of the rotor comes on the end bearings
of the motor.

Operation:

i)

{ii}

(k)

When the two stator windings are energized from a single-phase supply, the main
winding carries current [, white the starting winding carries current 1, .
Since main winding is made highly inductive while the starting winding highly
resistive, the currents [,and f have a reasonable phase angle o(25° to 30°) between
them. Conseguently, a weak revolving field approximating to that of a 2-phase
mmachine is produced which starts the motor. The starting terque is glven by;

Ts = kfplsina
where k is a constant whose magnitude depends upon the design of the motor.
When the motor reaches about 75% of synchromous speed, the centrifugal switch
opens the circuit of the starting winding. The motor then operates as a single-phase
induction motor and continues to accelerate till it reaches the normal speed. The
normal speed of the motor is below the synchronous speed and depends upon the
load on the motor.



Performance Characteristics:

{i)
{ii)

{iii)

i)

(v}

The starting torgue is 1.5 to 2 times the full-loud torque mid (lie starting current is B
to B times the full-load current,

Due to their low cost, split-phase induction motors are most popular single phase
mobors in the market,

Since the starting winding is made of fine wire, the current density is high and the
winding heats up quickly. If the starting period exceeds 5 seconds, the winding may
burn out unless the motor is protected by built-in-thermal relay, This motor is,
therefore, suitable where starting periods are not frequent.,

These motors are essentially constant-speed motors. The speed variation is 2-5%
from no-load to full load.

These motors are suitable where a moderate starting torgue is required and where
starting periods are infrequent to drive.

Torque-speed characteristics of Split Phase Motor:

The high starting torque is obtained in a split phase induction motor due to high resistance in
the starting winding. Such motors are available in sizes 30 to 200 watts. They gives fairly
constant speed.

of
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Reversal of direction of rotation: The direction of rotation of a L-phasea (split phase) induction
motor can be reversed by reversing (inter-changing) the connections of either starting
winding or running winding.

Applications:

#  As starting torgue is not so high so this machine is not used where large starting torque

is required. It is used for smaller sizes about 0.25 H.P.

2 It is used in washing machines, blowers, wood working tools, grinders and various

other low starting torgue applications.



Capacitors Motors:

The stator of the capacitor motors have two windings like split-phase induction moetor i.e.,
starting winding and running winding, But In this motor phase angle between the currents of
main and starting winding is obtained by wsing capacitors, Moreover, the phase splitting is
achieved by using a capacitor is placed in series with the starting winding. The capacitor
induces necessary phase shift.

Advantages of use of capacitor:

1. The starting torgque is higher as compared to split phase motor.
2. Power factor of the motors gets impraved,
3. Starting curremt is low.

The capacitor may be connected in series with the starting winding in three different way
therefore capacitor motor may be;

1il Capacitor start motor
i) Capacitor run motor
] Capacitor start and capacitor run motor

Capacitor start motor:

= |nthese types of maters, the necessary splitting of phase for starting is provided using
Capacitor.

= The capacitor generally used of electrolyte type and designed for short duty peried.
Electrolyte capacitor is connected in series with the starting winding along with
centrifugal switch 5.

#®  This switch disconnects the capacitor as soon as motor reaches 75% of full speed, The
motor is not operated on running winding only. It is used where high starting is
reguired,

} 1, Mainwinding
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Performance Characteristics:

{il The starting characteristics of a capacitor-start motor are better than those of a split-
phase motar, both machines possess the same running characteristics because the
main windings are identical.

{il} The phase angle between the two currents is about 80° compared to about 25" ina
split-phase motor. Consequently, for the same starting torgue, the current in the
starting winding is only about half that in a split-phase motar, Therefore, the starting
winding of a capacitor start motor heats up less quickly

{10} It is weell suited to applications Involving either frequent or prolonged starting periods,

{iv] Its full load efficiency is about 65%.

{¥) Itis a constant speed motor as there is a very small fall in speed with load,

Torque-speed Characteristics of Capacitor 5tart Motor:
Capacitor Start Motor is having a high starting torque as compared to an ordinary split phase
motaor. The power factor is also improved.

~——= Torque (T,)

The direction of rotation of such motors can be reversed simple by interchanging the leads
of either running or starting winding.

Applications:
2 Capaciior-start motors are used where high starting torque is required and where the
starting period may be long to drive.
2 Hence these motors find their applications in pumps, compressor, conveyer and
refrigerators etc. Such motors are available between 0.5 HP to 1 H.P.



Capacitor run motor:

# |n these motors, @ paper capacitor is permanenthy connected in the starting winding.
In this case electrolytic capacitor cannot be used since this type of capacitor is
designed only for short time rating and hence cannot be permanently connected in
the winding.

# Both main as well as starting winding is of equal rating and similar.

# Mo centrifugal switch or other such device has been wsed for disconnecting the
starting winding. The rotor is squirrel cage,

# In this motor the phase difference between two current is 307 so starting torque is

high.
Main
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> »——TRI

f Is Rotor

ge
1-phase SE
a.c.supply @ 2

Performance Characteristics:
{I} The capacitor remains in circult so resultant line current is low.
{il) Power factor is improved may be about unity.
{lil} its full load efficiency is higher about 75%.

Torque-speed Characteristics:

Applications: This metor finds application in fans, room coolers, portable tools and other
domestic and commercial appliances.



Capacitor start and capacitor run motor:

= In this case, two capacitors are used one for starting purpose and other for running
purpose,

# The capacitors used for starting purpose €, is of electrolytic type and is disconnected
fram the supphy when the motors attain 75% of synchronous speed with the help of
centrifugal switch 5.

» ‘Whereas, the other capacitor £y which remains in the circuit of starting winding

during operation is a paper capacitor. Starting capaciter C, which is of higher value
than the value of running capacitor Cy.
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Performance Characteristics:
{I} The starting winding and the capacitor can be designed for perfect 2-phase operation
at any load. The motor then produces a constant torgue and not a pulsating torque as
In other single-phase motors,
{ii] It improves the overload capacity of the motar.
{iii} It increases the efficiency of the motaor.
{iv] It improves the power factor.
(v} It reduces the noise of the motor.
{vi] This type of motor gives best runping and starting operation.
Torgue-speed Characteristics:
Such motors operate as two phase motors giving best performance and noiseless operation.,
Starting torque is high, starting current is low and gives better efficiency and higher power
factor,
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Applications:
Because of constant torgue, the motor |5 vibration free and can be used [n: (a) hospitals (b)
studios and (c) other places where silence is important.



Shaded-pole Motors:

A shaded-pole motor may be defined as a single phase induction motor provided with short
circuited auxiliary winding displaced in magnetic position from the main winding. The shaded
pole moter has small output not exceeding 30 watts, Starting torque of shaded pole is very
smiall. It is suitabie in low power domestic appliances,

Construction:

# The stator of shaded pole motors have salient pole and rotor is squirrel cage. Each
stator pole carries @ magnetising coil,

&  One third portion of each pole of stator is short drcuited using copper band or ring
known as Shading band/coil (shaded portion of the pole), because it causes the flux in
that portion of the pale sourrounded by it to lag behind the flux in the rest of the pole.

= Basically, the pole is split in two parts at its face, shaded part and unshaded part.

#» The rotor is also made of laminations. Along the droular surface, there are number of
holes in which copper bars are fitted, The ends of these bars are seldered to copper
end plate at each end.




Operation:

When single phase ac, supply is given to the stator of shaded pole induction metor an
afternating flux is produced,

This changing flux induces emf in the shaded coil. Since this shaded portion is short
circuited, the current is praduced in shaded partion in such a direction to oppose the
main flux.

The flux in shaded pole lags behind the flux in the unshaded pole. The phase difference
between these two fluxes produces resultant rotating flus.

Thus due to this resultant rotating field emf is induced in the rotor, the rotor starts
rotating due to single phase induction motor action additional torgue is preduced and
rotor rotates continuoushy with the speed less than synchronous speed,

The direction of rotating field|flux] is from unshaded to shaded porticn of the pole.

The reversal of direction of rotation in shaded pole motor is not possible.

Torgue-speed characteristic:
The starting torque is small typically only 30 to 50 percent of the rated torque,
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Torgue-speed characteristic curve of a shaded pole motor.
Advantages:
1. It has rugged construction,

S

sSmall in size.

Cheaper in cost.

Low maintenance is required.

It Is more reliable

There is no commutator, switch, contacts or brushes to give any trouble during
opreration.



Disadvantages:
1. Starting torgue is very low about 8 to 15 percentage.
2. Low Power factor,
3, Small power rating.
4, The shaded-pele metors are inefficient because of the losses in the permanently
shorted winding,

Applications:
As starting torque is very low, these motors are mainly used in record players, tape recorders,
slide projectors, photo copying machine, starting of electric clocks, hair dryers, Toys,
gramophones.



CHAPTER-5
COMMUTATOR MOTORS

The commutator motors are so called because the wound rotor of this kind of motor is
equipped with a commutator and brushes. This group consists of the following two ciasses:
1. Those operating on the principle of the series motor in which the energy is
conductively carried both to the rotor armature and its series-connected single
phase stator field.
£, Those operating on ‘repulsion principle” {repulsion mators) in which energy is
inductively transferred from the single phase stator field winding to the rotor.

AC. SERIES MOTOR:

The series motor due to its desirable speed-torque characteristics is almost exclushvely use
in railway service. It is more convenient and more economical to transmit power and to
transform voltages in A.C, systems than with direct currents has lead to the development of
the &.C. series motor for use on some of the important electrifications.

Construction:
The constructicn of an a.c. series motor is very similar to a d.c. series motor but some
modifications are necessary in d.c series motor that is to operate satisfactorily on a.c.

Muodifications and improvement in design of D.C. series motor to operate on AL supply

In order to get satisfactory operation following modifications are to be done

il  Theyoke and the pales should be made from laminaticns in order to reduce the eddy
currents,

fiy  In order to reduce the effect of armature reaction, mator is provided with additional
compensating winding in series field and armature winding.

i) Inorder ta reduce inductive reactance, motar is built with a few turns. This reduces the
valtage drop across the field winding.

fiv]  Inorder 1o obtain the required torgue, armature turns are increased,

v} There is considerable sparking between the brushes and the commutataor when the
mobor 15 used on a.c. supply. This can be eliminated by using high-resistance leads to
connect the coils to the commutator segments,
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Working Principle:

The working principle of an AL, series motor is the same. as that of that
D.C. series motor. The armature and field are wound and Interconnected in the same manner
as the D.C. series motor,

When the moter is connected to an a.c. supply, the same alternating current flows
through the field and armature windings. The field winding produces an alternating flux that
reacts with the current flowing in the armature to produce a torgue. The field flux and
armature current reverse simultaneously every half cycle, but the direction of the tormgue
remains unchanged, The rotor, therefore, continucusly rotate in the same direction,

Torque-speed Characteristic:

The torgue speed characteristic of an a.c, series motor |5 similar to that of a dc. series motor,
The torgue varies as square of the current and speed varies inversely as the current. The
efficiency of a.c. serles motor §s not good as compared to d.c serles motor due to greater
eddy current loss and effect of power factor.

&
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Advantages:

1. Itis a constant speed motor,
2. The motor is very useful where constant speed is required such as electric clock ete.



Disadvantages:
To make a.c. seres motor from d.c. series motor special structural changes must be
needad to make in the motor to make it a practical and reasonable efficient machine,

Applications:
1. The most important application of a.c. series motor in electric traction,
2. For driving electric docks and phonographs.

UNIVERSAL MOTOR:
»  Fractional-horsepower series motors that are adapted for use on either LG, or A.C,
circuits of a given voltage are called universal motors.
# These motors are generally series wound {armature and field winding are in series},
and hence produce high starting torque,
= They run at lower speed on AC supply than they run on DC supply of same voltage,
due to the reactance voltage drop which is present in AC and not in DIC.
There are two basic types of universal motor: (i) compensated type and {ii} uncompensated
type

Construction of Universal Motor:
The construction of a universal motor is very similar to construction of a d.c. machine,

# |t consists of a stator on which field peles are mounted, Field coils are wound on the
field poles.

# However, the whole magnetic path (stator field) circuit and also armature is
laminated. Lamination is necessary to minimize the eddy currents which induce while
operating on AL

# The rotary armature is of wound type having straight or skewed slots and commutator
with brushes resting on it

#» The commutation on AC is poorer than the for DC, because of the current induced in
the armature coils. For that reason brushes used are having high resistance.




Warking of Universal Motor:

A universal motor works on either DC or single phase AC supply. When the universal
matar is fed with a BC supply. it works as a OC series motor, When current flows in field
winding, it produces an electromagnetic field. The same current also flows from the armature
conductors. When a current carrying canductor is placed in an electromagnetic field, it
experiences a mechanical force. Due to this mechanical force, or torque, the rotor starts to
ratate, The direction of this force is given by Fleming left hand rule.

When fed with AC supply, it still produces unidirectional torque, Because, armature
winding and field winding are connected in series, they are in same phase. Hence as polarity
of AC changes periodically, the direction of current in armature and field winding reverses at
the same time. Thus, direction of magnetic field and the direction of armature current
reverses in such a way that the direction of force experienced by armature conductors
remains same. Thus, regardless of AC or DC supply, universal motor works on the same
principle that DC series motaor,

Reversal of Direction of Rotation:
The direction of rotation can be changed by interchanging connections o the field with
respect to the armature as in a d.c. series motor.

Speed-Torque Characteristics:
Speed/torgue characteristics of a universal motor iz similar to that of DC series motor,
{il The speed of universal motor is low at full load and very high at no load,
{ii] The motar targue is high for large armature current giving high starting torque.
{iii} At Full load, the PF is about 905
{iv]l Most of the universal motors are designed to operate at higher speeds, exceeding
3500 RPM,
{v) Universal motor may be built to operate satisfactorily either 50 Hz a.c. or direct
current, at 115 or 230 volts d.c.
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Advantages of Universal Motor:

1. itissmallin size.
2.

o

Less expensive.

High speed from 3800 rpm to 25000 rpm
High targue at low and intermediate speeds.
Higher power output.

Disadvantages:
1. Poor commutation on a.c operation.
2. Motor become noisy at high speeds.
3. Requirerment for careful balancing to avoid vibrations,

Applications:
Due o the good starting torque, high efficency and speed, these motors suitable tor
following applications.

1.

Universal motors find thelr use in various home appliances like vacuum cleaners, drink
and food mixtures, domestic sewing machine and hair dryers.

The higher rating undversal motors used in portable drills, blenders etc.

Used in portable toys, hand tools, electric typewriters, cameras and electric shavers
etc.

REPULSION MOTOR:
A repulsion motor is similar to an a.c. series motor except that
{i} Brushes are not connected 1o supply but are short-circuited. Consequently, currents

are induced in the armature conductors by transformer action.

{il] The field structure has non-salient pole construction.

By adjusting the pasition of short-circuited brushes on the commutatar, the starting torque
can be developed in the motor,

Construction:

The field of stator winding is wound like the main winding of a split-phase motor and
is connected directly To a single-phase source,

The armature or rotor is similar to a d. . motor armature with drum type winding
Eﬂi‘ll‘lEttEd to a commutator.

The brushes are not connected to supply but are connected to each other or short-
circuited. Short-circuiting the brushes effectively makes the rotor into a type of
squirrel cage.

By using a commutator motor with brushes short-circuited, it is possible to vary the
starting torque by changing the brush axis. It has also better power factor than the
conventional single-phase motar.



Principle of operation:

Let us consider a two-pole repulsion motor with its two short-circuited brushes shown in

figure below.

i. In Fig.fil, the brush axis is parallel to the stator field. When the stator winding is
energized from single-phase supply, em.f. is Induced In the armature conductors
{rotor) by induction. By Lenz's law, the direction of the e.m.f. is such that the magnetic
effect of the resulting armature currents will oppose the Increase in flux, With the
brush axis in the position, current will flow from brush B to brush A where it enters
the armature and flows back to brush B through the two paths ACB and ADB. With
brushes set in this position, half of the armature conductors under the M-pole carry
current inward and half carry current cutward and similar under S5-pole, Therefore, as
much torgue is developed in one direction as in the other and the armature remains
statiomary. The armature will alse remain stationary if the brush axis is perpendicular
to the stator field axis. It is because even then net torgue is zero.

ii. i the brush axis is at some angle other than 0" or 90" to the axis of the stator field, a
net torgue is developed on the rotor and the rotor accelerates to its fimal speed shown
in Fig.[ii]. The brushes have been shifted clockwise through some angle from the stator
field axis, Mow e.m.f, isstill induced in the direction and current fiows through the two
paths of the armature winding from brush B to brush A, Because of the new brush
positions, the greater part of the conductors under the M pole carry current in one
direction while the greater part of conductors under S-pole carry current in the
opposite direction. With brushes in the position torque is developed in the clockwise
direction and the rotor quickly attains the final speed.

iili. The total armature torque in 3 repulsion motor can be

Ty = sin2a
where a= angle between brush axls and stator field axls
For maximum torgue, 2a=90° or & = 45"

Reversal of Direction of Rotation:

# The direction of rotation of the rotor depends upon the direction in which the brushes
are shifted. If the brushes are shifted In clockwise direction from the stator field axis,
the net torgue acts in the dockwise direction and the rotor accelerates in the
clockwise direction,

#® [f the brushes are shifted in anti-clockwise direction the armature current under the
pole faces is reversed and the net torgue is developed in the anti-clockwise direction.



Thus a repulsion motor may be made to rotate in either direction depending upon the
directian in which the brushes are shifted.

Characteristics:

{i:l The repulsion metor has characteristics very similar to those of an a.c. series motor
L&, it has a high starting torque and a high speed at no load.
fii}The speed which the repulsion motor develops for any given load will depend upon
the position of the brushes.
[iiE] In comparizon with other single-phase motors, the repulsion motor has a high starring
torgue and relatively low starting current,

REPULSION-5TART INDUCTION-RUN MOTOR:

The action of a repulsion mator is combined with that of a single phase induction motor
to produce repulsion-start induction-run motor, The machine is started as a repulsion motor
with a corresponding high starting torque but after it reaches 75% of its full speed, a
centrifugal device short-circuits the commutator so that the machine then operates as a
single-phase induction motor.

The repulsion-start induction-run motor has the same general construction of a repulsion
motor. The only difference is that in addition to the basic repulsion mator construction, it is
equipped with a centrifugal device fitted on the armature shaft. When the motor reaches 75%

of its full speed, the centrifugal device forces a short-circuiting ring to come in contact with
the inner surface of the commutator, This short-circuits all the commutator bars. The rotor
then resembles squirrel-cage Type and the motor runs as a single-phase induction motor. At
the same time, the centrifugal device raises the brushes from the commutator which reduces
the wear of the brushes and commutator as well as makes the operation quiet,

Characteristics:
(i} The starting torque is 2.5 to 4.5 times the full-load torgue and the starting current is
3,75 times the full-load value,
{ii] Due totheir high starting torque, repulsion-motors were used to operate devices such
as refrigerators, pumps, compressors, grinding devices floor-polishing etc,

REPULSION-INDUCTION MOTOR:
The repulsion-induction motor produces a high starting torgue entirely due to repulsion
motor action, When running, it functions through a combination of induction-moter and
repulsion motar action.
Construction:
It consists of a stator and & rotor (or armaturel,
(i) The stator carries a single distributed winding fed from single-phase supply.
(ii) The rotor is provided with two independent windings placed one inside the other, The
inner winding is a squirrel-cage winding with rotor bars permanantly short-circuited.
Placed over the squirrel cage winding is a repulsion commutator armature winding.
The repulsion winding is connected to a commutator on which ride short-circuited

brushes, There Is no centrifugal device and the repulsion winding functions at all
times.



O peration:

[il When single-phase supply is given to the stator winding, the repulsion winding (i.e.,
outer winding) is active. Conseguently, the motor starts as a repulsion motor with a
corresponding high starting torgue.

[ii}ﬁs the motor speed increases, the current shifts from the outer to inner winding due
to the decreasing Impedance of the inner winding with Increasing speed.
Conseguently, at running speed, the squirrel cage winding carries the greater part of

rotar current, This shifting of repulsion motor action to Induction-maotor action 15 thus
achieved without any switching arrangement.

(iii) The motor starts as a repulsion mator, When running, it functions  through a
combination of principle of induction and repulsion: the former being predaminant.

Characteristics:
{I} The no-doad speed of a repulsion-induction motor s somewhat above the
synchronous speed because of the effect of repulsion winding. However, the speed at

full-load is slightly less than the synchronous speed as in an induction motor,
{ii} The speed regulation of the motor is about 6%.

{iii} The starting torque is 2.25% to 3 times the full-load torque; the lower value being for
large motors. The starting current is 3 to 4 times the full-load current.

Applications:

This type of motor is used for applications requiring 2 high starting torgue with essentially
a constant running speed. Its field of application includes house-hold refrigerators,
garage air pumps, petrol pumps, compressors, machine tools, miking machines, lifts and
hoists etc, The common sizes are 0,25 ta 5 H,P.



CHAPTER-6
SPECIAL ELECTRICAL MACHINE

Stepper Motor:

These motors are alse called stepping motors or step metors, The name stepper is used
because this motor rotates through a fized angular step in responsa to each input current
pulse received by Its controller, they can be controlled directly by computers,
microprocessors and programmable controllers,

The stepper motor rotates in discrete step angles. 115 output shaft rotates in a series of
discrete angular intervals or steps, one step being taken each time a command pulse is
received. When a definite number of pulses are supplied, the shaft turns through a definite
known angle, This makes the motor well-suited for open-loop position control because no
feedback need be taken from the output shaft

Stepping motors are ideally suited for situations where either precise positioning or
precise speed control or both are required in automation systems. Such motors develop
torgues ranging from 1 gi-m {in a tiny wrist watch motor of 3 mm diameter) up to 40 N-m in
a motor of 15 cm diameter suitable for machine tool applications. Their power cutput ranges
from about 1 W 1o a maximum of 2500 W,

The onhy moving part in a stepping motor is its rotor which has no windings, commutator
or brushes. This makes the motor guite robust and reliabbe, Absence of brushes and
commutator makes the operation of stepper motor free from noise.

Principle of Operation:

Steeper motors work on the principle of electre-magnetism. A series of electromagnets
arranged in a circle are energised in sequence by the train of pulses. The magneto-motive
force developed in them and interact with the rotor [iron plece) and cause it to turn in
clockwise or anticlockwise direction depending upon the energised electromagnet position.

A:r"il




Advantages:

R TR T

Low cost.

small i size.

It is available in wide range of step angles i.e, from 1,8" to 90",
Excellent torgue at low speeds.

Low maintenance [brushless).

The starting current is low.

Excellent for precise positioning control.

It has low speed without reduction gears.

Disadvantages:

1.

2

Owverall efficiency is low
Limited size avallable

3. Torgue decreases with speed

Applications of Stepper Motor:

Such mators are used for

s L

@

Operation control in computer peripherals,

In textite industry

IC fabrications and robotics etc

For incremental motion such as typewriter, line printers, tape drives, floppy disk
drivers,

For numerical controlled machine tools, process controls system and X-¥ plotters.

It is also used in commercial, military and medical purpose, In such cases it performs
the function like mixing, cutting, striking ete.

They alsa take part in the manufacture of packed food stuffs etc,

As the motor speed is proportional to rate of common pulses, it can be used for speed
control.

Characteristics of Stepper Motor:

As the stepping rate is increased, the motor can provide less torgue because the rotor
has less time to drive the load from one position to the next position.

The start range is that in which load position follows the pulse without losing steps.
Stew range |5 that inwhich the load velocity follows the pulse rate without losing steps
but cannot start or reverse on signal. The maximum torque point is the point at which
thie torgue is maximum,

If the stepping rate is increased too guickly, the motor loses synchronism and stops.
if wehen the motor is slewing, command pulses are suddenly stopped instead of being
progressively slowed,

When the pulse rate is high, the shaft rotation seems continuous. Operation at high
speeds is called “stewing’.
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Torgue pulse rate characteristics of stepper motor
Definition related to Stepper Motor:
1. Step Angle:

The angle through which the motor shaft rotates for each command pulse is called the
step angle, Smaller the step angle, greater the number of steps per revolution and higher the
resolution or accuracy of positioning obtalned. The step angles can be as small as 0.72° or as
large as 90, But the most common step sizes are LB 2.5%. 7.5" and 15°. Step angle can be
reasured in terms of angular displacement of rotor shaft, It is denoted by 5.

The value of step angle can be expressed either In terms of the roter and stator poles
(teeth) M. and ¥, respectively or in terms of the number of stator phases {m) and the number
of rotor pole {teeth),

N, — N,
fl=—
NN,

or B = as0= 36i0°
mxN- No.of Stator phases<Noof roter poles

¥ 3607

2. Resolution:

Resolution is defined as the number of steps needed to complete one revolution
of the rotor shaft. Higher the resolution, greater the accuracy of positioning of objects
by the motor.

e

Resolution= Number of steps per revolution = Y

3. Pulse frequency resolution:
If fis the stepping frequency (or pulse rate} in pulses per second
Ipps] and 5 is the step angle, then motor shaft speed is given by
gy

360°

fi = rps = pulse frequency resolution



Types of Stepper Motors:

The stepper motor can be classified depending upon the type of rotor. The following are
rrain types of stepper motar.

1. Variable Reluctance {VR) stepper motor
2. Permanent magnet (PM) stepper motor
3. Hybrid stepper motor.

Variable Reluctance (VR) stepper motor:

Construction: A variable reluctance stepper motor has no permanent magnet on the
rotar. The rotor is made of fesromagnetic materials having teeth {pole) on the outer periphery
to obtain variable reluctance is called variable reluctance motar.

A variable reluctance stepper motor has salient pole on the stator. The stator having slots
In which multiple multiphase winding 15 placed,

The rotor is made of soft iron material and carrles no windings.

Four phase 4/2 pole variable reluctance motor

Working: When the stator windings are excited in a proper sequence from d.c. supply
with the help of switches, a magnetic field is produced. It ocoupies the position where the
refuctance s minimum, Therefore the rator axis aligns itself to the stator field axis,

When winding no.1 excited, the rotor aligns with the axis of phase 1. The rotor is stable in
this position, untill phase no.l is de-energised. Next phase no. 2 excited and no. 1 s
disconnected, The rotor moves through one step 307 in the dockwise direction,



Further phase 3 is excited and phase 2 is disconnected. The rotor is again moves through
807 in clockwise direction,

Thus on exciting the phases in sequence 1,2,3,4 & 1, The rotor moves through a step of
80" in clockwise direction at each transition. Therefore the rotor completes ane revolution in
fowr steps, The direction of rotation can be reverse by reversing the sequence of switching
e, 1,4,3,2,1 The direction of rotation is also independent of direction of current through the
phases,

Summary: Varizble stepper motor
1. The rotor is a soft iron oylinder with salient poles.
2. This the most in expensive stepper motor,
3. Large step angle.
4, Alead screw is often mounted to the shaft for linear stepping motion,

Permanent magnet (PM) stepper motor:

Construction: In Permanent stepper mator the stator is similar to variable reluctance
maotor but the rotor is made of permanent magnet of ferrite having even number of poles.

The stator has projecting poles but rotor s cylindrical and radially magnetized permanent
magnets.

The end connections of the winding are taken out to the terminal box for d.c. excitations.
The rotor is cylindrical consisting of even number of poles made of high retentivity.

The rator poles align with the stator poles depending on the excitation of the winding.

Twio phase 4/2 pole permanent magnet stepper motor

Waorking: The two colls A-A' are connected in series to form phase A winding the two
coils B-B' connected in series form phase B winding. When winding B is energized by the
exciting current and A does not carry any current the rotor moves by step of 907 in clockwise



direction. Mow if winding A is energised and B does not carry any current, the rotor moves
further by step of 907 in clockwise direction, For further mavement of 907 the winding A is
energised and 5o on,

To get rotation in anticheckwise direction the sequence of the stator winding in changed.
Winding, & is energised first and then winding B and 5o on,

Truth table Phase
Cycle | A B | Position a*
k. 1 a LH
1] 1 g90*
1 1] 180°
01| 20
+ 1 4] 3s0”

Advantages of Permanent Magnet Stepper Motor:

1. Permanent magnet stepper motor do not require any external exciting current,

2. Power consumption is low.

3. It has high starting torgue as compared to varable reluctance stepper motor.
Disadvantages:

1. It has slower acceleration.

20t 05 difficult to manufacture small permanent stepper motor with large number of

poles,
3.1t has high inertia.
4, 5tep size of such motors is relatively large ranging from 30° to 907

Summary of Permanent Stepper Motor
1. The rotor is a permanent magnet, often ferrite magnatized with number of poles.
2.Large to moderate step angle
3. Often used in computer printer to advance paper.

HYBRID STEPPER MOTORS:

A hybrid stepper motor combines the features of variable reluctance motor and
parmanent magnet stepper motors, The direction of its torque also depends upon the polarity
of the stator current. The rotor of such type motor consists of a permanent magnet,

Construction: It is the combination of permanent magnet stepper motor and varlable
refuctance stepper motor. The rotor consists of a permanent magnet which is magnetized
axially to make N and 5 pole,

Two end-caps are fitbed at both ends of this axial magnet, These end-caps consist of equal
number of teeth which are magnatized with polarities by the axial magnet,



{a}Crass-section YY" [BlAaxial view lelCrass-section XN

Working: Phase A is excited in such a fashion that the top portion of stator pole is a §-
pode so that it attracts the N-pole of the rotor and brings It in line with the A - A" axis, Further
to turn to rotor phase A is de-energized and phase B is excited positively. The rotor will turn

In clockwise (CW) directlon by a full step of 18° {cs _ &) x %}

Mext, phase A and B are energized negatively one after the other to produce further
rotation of 128" each in the same direction.

The hybrid stepping motors are built with maore rotor poles than shown in order to give
higher angular resclution,

As compared to variable reluctance motor, hybrid motor requires less excitation to
achieve a given torgue,

Advantages of Hybrid Stepper Motors:
The main advantages of hybrid stepper motors as compared with variable reluctance stepper
motors are;

L. Itz used where stepping 15 small {e.g., 1.5%, 2.5%)

2. Higher efficiency at lower speeds.

Disadvantages of Hybrid Stepper Motors:
1. More weight due to the presence of rotor magnet,
2. More costly than variable reluctance stepper motaors.

Summary of Hybrid Stepper Motor:
1. The step angle smaller than variable reluctance or permanent magnet steppers
motor.
2. The rotor is permanent magnet with fine teeth.
3. The stator windings are divided into not less than two phases.



Comparison between permanent magnet, variable reluctance and hybrid
stepper motor:

5l. | Characteristic Permanent Variable Hybrid
MNo. Magnet Reluctance
B Cost Cheapest Moderate Most expensive
Z. Resolution 307 - 3" step 1.8"/per step 1.8"/per step and
| o smaller
3. Moaise et Moisy Culet
4, Design Moderately complex sSimple Complex
=3 Stepping Run in full half and Run in full Run in full half
microstepping step only and microstepping

Due to the manufacturing process for the permanent magnet mobor it is cheaper. Hybrid
and variable reluctance motors are more expensive due to the geared rotor.

Permanent magnet rotars are physically imited by the number of pole pairs. Hybrid and

variable reluctance motor have very fine resolution due to the geared construction of the
rotar,

Howewer noise of the motor is also taken into consideration, Wariable reluctance motors
are typically noiser than their permanent magnet or hybrid motor,
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331.1. Three-Phase Transiormer
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: tor. This improved design is shown in Fig. 33.2 (a) where dotted rectangles indicate the
s and numbers inthe cores and yokes represent the directions and magnitudes of fuaxes ata
I""""“m“minn.im'-l. Jwill be seen that atany instant, the amount of *up’ flux in any leg is equal to the sum of
.u":‘;n‘ﬁm ihe othertwo legs. The cone type ransformers are usually wound with circular cylindrical
e

.--wul"LI 4 similar Way. Uhree singlan-qhme shell type transformers can be combined together to form a 3-
™ ;ﬁ,ﬂ! gype umit as shown in Fig, 33.2(b). Bul some saving in iron can be achieved in

O

Fig. 33.2 (B) Fig. 33.3
constructing a single
3-phase transformer as
shown in Fig. 33.3. It does
not differ from three single-
phase transformaers pul side
by sidke, Saving in iron isdue
to the joint usc of the mag-
netic paths between the
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tvpe transformers, because
each phase has a magnetic
circuit independent of the
other.
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a 3-phase transformer is
that if any one phase be-
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Single-Phasa Tranaformer Cores be ordinarily removed from
service for repairs (the shell
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33.2. Three-phase Transformer connectlons
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o pero whereas Eg, and Eq will rise 1o - . ,

#.,,.al!’ ‘:hnwmﬂnmml can be ohviated ;ﬁ}rwmi%ﬁ’;ﬂullpﬂ;ﬂm&llﬁdmy. 'I'!rms difficulty
.Ii J,'mnﬂil eraldr 50 that primary coil A can take its mquiradm : {shown dumr:d u_}lftﬁg'ﬂrzll
) miw:mﬂdl'rf ated that i 2 single phase lood is conmeiod hciﬂﬂm:;r“mm;'ln between its line alru:l the
:.,..!! h:!.cﬁﬁ Fnﬂmnwedmﬁ.ml shill which results in an overvoltage on mzzsm;:n:a:;mdl .
aradvaniage of stabilizing the primary neutral by connecting itto . :

And Jistortion inthe secondary phase vollages. This is er-.plai':'f:d Hﬁﬁfﬁiﬁﬁ: :::,:
:!ﬂ #‘ﬂﬂ,i.l islm-':l:sﬁm‘_'r']ﬂlmw:_n sing wave of flux in the core, but on account of the characteristics
oy ne wave of flux requares athird harmonic component in the exciting current. As the frequency of
o pmenitis thrice the I'In:quem*.;f of the circuit, at any given instant, it tends to flow either fowards or
o fonihe neutral point in all the three transformers. If the primary neutral is isolated, the triple fre-
w._.‘-ﬂmnfcannnj- flow. HEW.‘-IT. the flux in the core cannol be a sine wave and so the voltages arc
jaared gut if the primary neutral is earthed £.e. joined to the generator neuitral, then this provides a path
e iple-freguency currents and &.m {5 and the difficully is overcome. Another way of avoiding this
rjﬂ.ﬂ[ﬂiﬂaﬁng newtral is to provide each of the transformers with a thind or tertary winding of relatively
pkVA catine, Thils tertiary winding is connccted in A and provides acircoitin which the triple-frequency
aospoment of the magnetising current can flow (with an isolated neutral, it could noth. In that case, a sine
srecf voltage applied to the primary will result in asine wave of phase voltage in the secondary. As suid
Sgve, the advantage of this connection is that insulation is stressed only 1o the extent of line to neutral

ozt Le. 58% of the line voltage.

114, Delta-Delta or A - A Connection

This connection is economical for large, low-voltage transformers in which insulation problem 15 not 50
wpeat, because il INCTeases the nuimber of turne/phase. The ransformer connections and voltage triangles

geshown in Fig, 33.5. The ratio of wansformation between primary and secondary line voltage is exactly
the secondary voltage tiangle abe occupaes the same relative

#e4ame as that of each transformer. Further,
here s no angular displacement between the two, More-

sesiion a5 the primary voltage triangle ABCie.1
g, there is no internal phase shift betwesn phasa and line voltages on either side as wasthe casein =¥
manection. This connection bas the following advantages:

i. Ase:p!lai.n:d:hm*e.hmﬁﬂ#mt‘ﬁhﬂﬂbﬂmwhmﬂwmﬂmgﬂism
aument of the transformer st contzin  thind harmenic componernt. In this case, the third harmonic com-
penent of the magnelising current can flow in the A-commected fIrans former
stimarias without flowing in the line wires. The thece phases are 120° apart which is 3 % 120 = 360" with
ipect to the third harmonic, hence it merely circulates in the A. Therefore, the flux i5 sinusoidal
which results in sinusoidal vollages.

2. No difficulty is experienced from unbalanced loading as was the case in ¥ = ¥ connection.
The three-phase voltages remain practically constant regardless of load imbalance.

1. An added advantage of this connection is that if one transformer becomes disabled, the
¥siem can continue to operale in open-delta or in V = ¥ although with reduced available capacity.
The redluced v is §8% and not 66.7% of the normal value, as explained in Art. 33.7.
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33.5. Wye/Della or Y/A Connectlion

The main wse of this connection is at the substation end of the transmission line where the voltageise
be viepped down. The primary winding is Y-connected with grounded neutral as shown in Fig. 336, T

ratio betueen tJ:_le mmndafym-ﬂ primary line voltage is 1/ J7 times the transformation ratio of each tras.

Lﬂm{ . Ththr;;; aio® sh;:: ht:%eI:d the primary and secondary line voltages which means that s F-4
sformer cannot be paralle witheithera ¥~ Yora A—Abank. Al ' '

ﬂmmwtﬂlc-prwid:a:i vl Also, third harmonic curreats

providing 3-phase 4-wire service In recent this
rahl i : :
Pawer equipment and single-ph Jarcpuaity because it can be used to serve both the 3-phiT

that the primary and secondary | “ﬂw]: a path I"l:lr1lh¢ third-harmonic corrents. |y would be obse

Because of this 30~ shifl, i js 5 <Ze5and line currents are out of phase with each other by 0.

transformers even though 1} % Impossible o parallel such a bank with a A — A hnﬂ;-ﬂ'[
Ehvthe voltage ragins are comrectly adjusted. The ratio grmu;d; ; prima




33.11. Porcliel qumﬂam of a_phnsa Transformers

All the conditions which apply to the paraflel operation of single-phase transformers also apl
to the parelle] running of 3-phase transformers but with the following additions :

1. The volage ratio mustrefer to the terminal voliage of primary and secondary. It is obvious
this ratio may not be egual o the ratio of the number of furns per phase. Forexample, if V), V; arelbe

primary &nd secondary terminal voltages, then for ¥/A connection, the turn ratio is Vy/(V;/ ¥
: :
= 3V IV

2. The phase displacement belwee

trans{ormen, which are tn be comnected 1)

n primary and secondary voltages must be the same for &l -|
3.

or parallel operation.
The phase sequence must be (he same. i

p



4, Allthree transformers in the 1-phase transformes bank will be of the same construction either cone
arshell
woote, (7 Indealing with 3 phase transformess, ealeulations are made for one phase only. The value of
equivalent impedanee used is the equivalent impedance per phase referred 1o secondary.
pifh Incase the impedances of pomaery and secondary windings wre given scparately, then primary
smpedance must be veferred to secombay by mulliplying it with (iransformation ratio)’, .
i G For YIA or ATV transformers, it should be remembered that the voltage ratios as given in the
que

stions, refer 1o terminal vollages and are guite different from turn rafio.
- o . r-.-.r.-n;..a.h-rnhn.'lam{hﬁrm:ﬁm-



TRANSFORMER TAP CHANGER

A tap changer is a device fitted to power transformers for regulation of the output
voltage to reguired levels. This is normally achieved by changing the ratios of the
transformers on the system by altenng the number of turms in one winding of the
appropriate transformer/s. Supply authorities are under obligation (o their
customers o maintain the supply voltage between certain limits. Tap changers
offer variable control to keep the supply voltage within these limits. About 96% of
all power transformers today above 1OMV A incorporate on load tap changers as a

means of voltage regulation,

Tap changers can be on load or off load. On load tap changers generally consist of
a diverter switch and a selector switch operating as a unit to effect transfer curment
from one voltage tap to the next. Tt was more than 60 years ago on load tap
changers were introduced to power transformers as a means of on load voltage

control.



Tap changers possess two fundamental features:

ia) Some form of impedance is present 10 prevent short circuiting of the tapped

sechion,

(b} A duplicate circut 15 provided so that the loed current can be carried by one

circuit whilst switching is being carried out on the other.

The impedance mentioned above can either be resistive or reactive. The tap
changer with a resistive type of impedance uses high speed switching, whereas the

reactive type uses slow moving switching. High speed resistor switching is now the



most popular method used worldwide, and hence it is the method that is reviewed

in this report.

The tapped portion of the winding may be located at one of the following
locations, depending upon the type of winding:

(@) Al the line end of the winding;

(b} In the middle of the winding:

(c) At the star point.

The most common type of arrangements is the last two. This is because they give
the least electrical stress between the tap changer and eanth; along with subjecting
the tapings to less physical and electrical stress from fault currents entering the line
terminals. At lower voltages the tap changer may be located at either the low

voltage or high voltage windings.

Tap changers can be connected to the primary or secondary side windings of the

transformer depending on:

- Current rating of the transformer

- Insulation levels presemt



- Type of winding within the transformer (eg. Star, delta or autotransformer)

- Position of tap changer in the winding

- Losses associated with different tap changer configurations eg. Coarse tap or
reverse winding

- Step voltage and circulating corrents

- Cost

- Physical size on-load tap changer

The Consequences OF Transformer Failure

Transformers are one of the more expensive pieces of eguipment used in a power
system, and the potential consequences of failure can be quite damaging. This has
been shown in the past with the political and media attention surrounding
blackouls at various locations around the world, Within Australia and New
Zealand, the largest cost transformer failures have occurred due 1o internal winding

faults, faulty load wap changers, and failed winding accessories respectively.

Failure of winding accessories includes loose coil clamping bolts, together with
internal winding fauls and faulty ap changers. These failures alTected on average

ten transformers per year during the period 1975 to 1995, incurring repair costs of



at least $600,000 per vear, together with other associated costs. For example, with
several elements drawn from an Australian case study and through discussion with
engincers at Pacific Power's Advanced Technical Center, the cost of a generator
unit transformer failing has been conservatively estimated at $5.4M. This figure
was considered conservative because there are many other factors that could be
added on to this figure that are difficult 1o determine. It is interesting to note the
root of these failures appear to have been predominantly design and manufacturing

flaws,

Current Maintenance Strategies of Transformer Tap Changers

During the past years and after a number of visits, meetings, lectures and training
courses, the conclusion has been reached that proper organization and execution of

OLTC maintenance is found only in very few cases.

The frequency of maintenance to on load tap changers is dependent on the
condition of the diverter switch and the necessity to maintain the motor drive unit.
Maimntenance of the diverter switch should be camied out on a cyclic basis, but on
transformers where frequency of lap change is high, maintenance may he

necessary before the cyelic maintenance becomes due. A cerain period should not



be exceeded between inspections. When considering inspection periods, serious
consideration should be given to the hreaking of circulating current which in some

cases may exceed the load current.

The diverter switch and tap selector is the only internal moving parts in &
transformer. The diverter switch does the entire on load making and breaking of
currents, whereas the tap selector preselects the tap to which the diverter switch
will transfer the load current. The tap selector operates off load and therefore nceds
ne maintenance, However experience has shown that in some circummsiances
inspection of selector switches becomes necessary where contacts become

misaligned or contact braids in fact fatigueandbreak.

The next segment is a list taken from on what should be carmied out during tap
changer maintenance;

- Replace contacts in older type tap changers. Modern tap changers rarely require
contact replacement; this depends on the characteristics of the tap changer in
guestion. The frequency of diverter switch and motor drive unit inspections can
usually be obtmned from manufacturer manuals or previous maintenance

BXperience.



- Measuring and recording contact consumption durng inspection will give a
reasonably accurate lite expectancy of the contacts at that present load condition,

Therefore this should be done on a regular basis,

- Transition resistors should be checked for continuity and value as an open

circuiled resisior can resull in excessive conlact wear.

- Need to equalize rotation lag between the diverter switch and the motor drive umit

L0 ensure minimum spring energisation in the energy accumulator springs.

- The function of relays, interlocks, limit switches and switches should be checked

as well as remote indication of tap position.

- Drive shafis and gearboxes must be inspected [or radial and axial wear, A large

percentage of tap change failures are as a result of drive shaft faults.

- Replace transformer oil with clean, dry oil, Cleaning is only carried out with
transformer o1l not solvents. Carbon and copper deposits are gencrally found on

horzontal surlfaces of the diverter switch as small convection currents in the ail are



established each tap change. This results in the carbon being deposited on top of

the diverter.

Source: http://mediatoget.blogspot.in/201 2/01/transformer-tap-changer. html



Maintenance Schedule

51 Acthon reguired I
Insprection Ttemes o be inspection shows
Mg | Trequency inspecid Tk chiickied mnsatisfactory
; conditlons
| Hourly Aimbient femperature
2 Hourly Winding
femperature
Ensure that temperatuse rize is
3 Hourdy Ol fempersiure Withiy epecified lomitz,
Check agninst rated fipures given
4 Haurly Load (amps} aim the nan: plate
3 Hourly Volags
Ol Tevel in [f Tovr, top wth diy
a Daily Check o4l level gaange ol Tind whether there
ooy s sy liak.
T Daily il level i boshing = -
If silicaged is pink,
clsange by new
e , i Check that wir passages ane fres, chorge, The old
] [aily Dehydrating breatlern ook cubor of sictve gl s iy i
reactivated for using
LR
9 Daily (il level in QLTT Check oll sight window or ol I bow, 1op wiith new

chnscrvoior

level gouge

dry ol




Action regquired if

1 | :
Inspection Items 4o be imspection shows
N frequency I pecied To be checked unsatisfactory
5]
conditions
Belief diaphragm of .
10 Daily OLTEC explosion - “‘*"'E‘“;:::”‘"k“d =
=]
veni
. Cooler fan, bearing Check the bearinge. Examine Lubricate the bearmg.
11 Daily motor & cperating contacts, check monual control | Replace burmt or wom
ivechiEnisi and interlock Contacis,
Clean the dire, [f
12 Cluarterly Buahings Examine for cracks and dirt deposit cricked o hrn:lk_m
replace the bushing.
. b .
5 ; Chsec foe diclawie srengihand. | AL fulmbie I:“:”E
Duarterly il ke R b reslone :ﬂla ity
el
Filter or replace if
o Dieleciric strength EID\-'. i kgt
specitied value
Half vearly or
at the 17 :
14 Ol in the diverter Measure the weter
and of S0 i
GpeTations switch of OLTC content using KARL
FISHER: mwethosd,
b, Waler contenl Replace’ recondition
if eqeeeds that limits
specified
anad sludge
il filled conde
16 Yoarly I bu.rﬂ:.;: M| Refer 1o the muinienance schedule As recommended
ng for OIP condenser bushings
Tighten the bolis
17 Yearly Cengheet joints evenly to svoid

LIEvEn prossun




” Action reguired il
Inspection [tems 4o be inspection shows
N frequency I pecied To be checked unsatisfactory
5]
conditions
LE] Yearly Cahbe baxes Check sealing arrangements and hpl?w:.mm "
findl ot whether there is any leak Faking
19 —_— Relays alarm and Examine relay nnd alarm contscts, ;' |'=5]|:EL|'|{'-:;-:MI 5 ;::5
: e dthier eircibs therr aperation fuses efe. check P ) .
rekny accuracy, Rine: X eccmnry
2u Yearly Painting Rusting/eolour Toach up to be done
Take suitable action il
21 ":'errrl:.-' Earth resagimnee . sarth reastance 1=
higly
Afier 504000
22 | operations of | Arcing confacts - Replace it necessary
the OLTC
Lubricating ¢l in
2 g tha gcpr_hm of Low il level M ar n'plm 1:l'|1h
chriving luhrecating oil
mechani=m
5 e [ 000 BV A, to 2000
R Rk
Crvemll inspection including core Wash the core and
el : B .
10 and vl coils with clean il
i ahove i kYA
yeurly
Mote :

In case of abrnormal phenomena occurring during service, inform the manufacturer
the exact pature of the phenomena tegether with the name plate particulars for easy

identification.
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rorous motor in details. 10

Factor kagging and leading loads.
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force is observed to make 120 eycles per minute. Caleulate (i) the slip {ii) the rotor
per loss per phase and (v} speed of stator

W. The rotor 10

eleciramolive
speed (i) mechanical power developed (iv) the roter cop

field with respect to rofor.
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(3)

(h) Bxplain with veetor diagram the effect of
excilation on armature current and power
factor, 6

() A 2200 V, 373 kW, 3-phase star connected
synchronous motor has a resistance of 0.3
ohm and a synchronous reactance of 3.0 ohm
per phase respectively. Determine the in-
duced emf per phase if the motor works on full-

load with an efficiency of 94% and a p.f, of

0.8 leading. E

6. (a)How the direction of rotation of a capacitor

start, induction run single phase motor is
changed ?

| (b) Explain split phase motor,
(¢) Explain single phase series motor.
1. Write short notes on any two : 8 »
I (@) ON load and OFF load tap changer

(b) Starting of sq.cage motor by Star-Delta
starter "

(c) 8.C and O.C tests on alternator.




¢ 2)

sl THELE

or o winding with =

) For a J-phase WHE o 10

{ }hrr phase and with col 'h::l" he Jistribu-
siteh, calculate the vulu;:.‘-imr
tion factor and coil span 1act

i tor

ction MO
(c) A 3-phasc, 50 Hz Sistance is

has full load slip 4%. The m;ﬂgl;ill reactance
0.001€Q per phase and stﬂﬂi 1 the ratio of

of 0.005 ohm per phase. T'10%- S ied
maximum to full load torque and the sp

at which the maximum torque

g-Pole indu

4. (&) Why are induction motors called ¢ asynchro-

nous’ ?

(p) A 3-phase induction motor is wound for 4-
poles and is supplied from 50 Hz system.
Calculate (7) the synchronous Spﬂﬂd {_I_I)
the rotor speed when slip is 4% and (iff)
rotor frequency when rotor runs at 600 rpm.

(¢) A 3-phase, star connected alternator is rated
at 1600 kVA, 13,500 V. The armature
resistance and synchronous reactance are
1.5 ohmand 30 ohm respectively per phase.
Calculate the percentage regulation for a
load of 1280 kW at 0.8 leading power fac-
tor.

." (a) What factors determine the number
of a synchronous motor ? Dfpulgs

'SEM/ELECT/2013(5)-BP-NEW-Th-1(EC-II) ( Conti
nitine
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ENERGY CONVERSION-II
[Theory-1]

Full Marks : 80

Time : 3 hours

Answer any five questions

The figures in the right-hand margin indicate marks

1. (a) Which type of alternator i
Power Plant ?

(b) Derive emf equation of Alternator.

lel operation of 3-phase alfer-
bright lamp method.

s used in Thermal

¢) Explain paral
( nator by dark and 8

3. (a)What1s percent of Slip ? o)

ple of operation jnduction

(b) Explain princl
motor.
(¢) Briefly discuss speed control of induction
molor. ; R

3. (a)What is voltage regulation of an alternator ?7 2

(mrﬂﬂwr‘]




motor.

(c) Explain repulsion motor.

7. Write short notes on any'hya :
(a) Maintenance of transformer
(6) Split phase motor

(¢) Voltage regulation by synchronous impedanc
method

(d) Induction generator.




1 ( 3 )

1oad slip of 4 percent. The rotor resistance 1s
0:001 ohm per phase and the standstill reac-

tance is 0-005 ohm per phase. Find the ratio
of maximum to full load torque. 6

(¢) The power inputto a 3-phase induction motor
15 40 k'W. The stator losses total 1k'W and the
friction and windage losses total 2kW. If the
slip of the motor is 4%, find (/) The mechani-

cal power output (i) the rotor cu loss per phase
(iif) efficiency. , 8

3. (@) Why damper bars are used in synchronous
motor 7 2

(b) Explain principle of operation of synchronous

motor with phasor diagram. 6

(¢) Explain effect of varying load with constant
excitation. g

6. (a) Write condition of parallel operation of
3-phase transformer. 2

(b) Explain principle of operation of shaded pole

VISEM/ELECT/2013 (W)-OLD EC- 11/(Th - 3) { Turn Over



(2)

3-phasc, 8-pole, star connected alternator run.
rpole 55 mWb, noof

ning at 750 r.pm, flux pe

glots on the armature = 72, number of con-
ductor per slot = 10, k, = 0-96, assume ful]
pitch coils.

(¢) A1200kVA, 6600V, 3-phase alternator (star
connected) with a resistance of 0-4 ohm m_ld
reactance of 6 ohm per phase delivers full load
current at p.f. 0-8 lagging and normal rated
voltage. Estimate the terminal voltage for the
same excitation and load current at 0-8 p:f.

) leading.
3. (a) Define slip' of an induction motor.

(b) Explain relation petween Torque and Ship of
induction motor.

(c) Explain speed control of induction motor by
pole changing with diagram. E

4. (a) What is the synchronous speed of a 3-phase,
50 Hz, 6 pole induction motor ? :

(b) A 50 Hz, 8 pole induction motor has a full

SLECT/2013 (W)-OLD EC- II/( Th - 3) ( Continued |
ki




VISEM/ELECT/2013 (W)-OLD
ENERGY CONVERSION-11
| Theory-3 |
Full Marks : 80
Time . 3 hours
Answer any five questions

The figures in the right-hand margin indicate marks

1. (@) What are the advantages of distributed
windings ? 2

(b) Explain pitch factor and distribution factor. 6

(c) Explain patallel operation of 3-phase
alternator. b

'h.,_l

2. (@) Why armature winding is placed in the stator
for large altemator ? 2

(b) Calculate the no load terminal voltage of a

( Turn Over



(4)

(¢) Percentage regulation on full load

() Value of synchronous reactance whijch
replaces armature reaction. 2 x4 .

(/) Explain the effect of variation of excitation
of synchronous motor by means of phasor
~ diagram and draw its V curve. g

(77) The grouping of a 3—¢ transformer are
star-star, delta-delta, star-delta and delta-
star. Show their connection diagram. 8

/rite short notes on any #wo of the following :
_ ' 2x8=16
| Maintenance of power transformer

) Permanent magnet stepper metor

) Speed control of induction motor by any one
method

Speed - torque characteristics of a 3— ¢
induction motor.




(3)

(i1 What is parallel operation ? Why it is
needed 7 State the necessary condition for
parallel operation in 3— ¢ transformer.

(iif) For a 3-9 slip ring induction motor, the
maximum torque is 2.5 times the full load
torque and the starting torque is 1.5 times the
inll load torque. Determine the percentage
reduction in rotor circuit resistance to get a

full load slip of 3%. Neglect stator im-
pedance.

5. (i) Mention some specific applications of
synchronous motor.

(i) Explaj.n' why 1-¢ induction motor is not
self starting.

(iif) In a 50 KVA, star connected, 400 V, 3- ¢,
50 Hz alternator, the effective armature
resistance 1s 0.25 Q/phase. The synchronous
reactance is 3.2 Q/phase and leakage reac-

tance is 0.5 Q/phase. Determine at rated load
and unity power factor :

() Internal emf (Ea)

(b)No load emf

".’.I’SE.MFE.LEJE-WHMLM Th-1 [ Turn Cher )



(2)

Write the applications of universal motg,
1y
2,

2 ()
(/7). Derive the em( equation of an alternat,,
from first principle.

(#7ir) A 3-¢ ., G600 volts, 50 Hz star connecteg
synchronous motor takes 50 A current. The
resistance and synchronous reactance per
phase are 1 Q and 20 Q respectively. Find

the power supplied to the motor and induced
emt for a power factor of (a) 0.9 lagging

(£) 0.9 leading.

3. (i) Whatisslipina 3- ¢ induction motor,

(ii) Derive the condition for maximum startin g
torque in a 3 - ¢ induction motor. 6

(7ii) A 3—9 , 10 pole, Y connected alternator
runs at 600 rpm. It has 120 stator slots with
8 conductors per slot and the conductors of
cach phase are connected in series. Deter-
mine the phase and line em(’s if the flux per
pole is 56 mWb. Assume fii]] pitch coils. 8

(£) What is voltage regulation ? - 2

EM/Elect2014(W) Th-1 .
{ Conrtimued )



' FNERCGHY CONVERSHON-I

I | I“.'i |l} 1 I
Full Menks : RO
Tine @ 3 hours

Answer any five questions

The figures in the right-hand margin indicate marks
. () Why transformer rating is expressed in

KVAY 2
(/i) Explain with vector diagrams how a rotating

ficld is created by a 3— ¢ stator winding. 6

(iii) A 20 kW, 4 pole, 50 Hz, 3—¢ induction
motor has friction and windage loss of 3%
of the output. The full load speed of the
motor is 1440 rpm. Find for full load

(a) The rotor copper loss
(b) The rotor input

(¢) Shaft torque

(d)Gross electromagnetic torque. 4 x2=28
( Turn Over )




(3)

(b) Explain speed control of induction motor by

Rotor Rheostatic control method. 5

() A 500 V, 50 kVA, 1-phase alternator has an
effective resistance of 0.2 ohm. A field
current of 10A produces an armature current
of 200 A on short circuit and an emf of 450 V
on open circuit. Calculate the full-load

regulation at p.f. 0.8 lag. 9

6. (a) When a d.c. series motor is connected to single
phase a.c. supply what will happen ? . 2

(&) Explain Universal motors. = 25

(c¢) Explain permanent-magnet stepping motor. 9

7. Write notes on any two : _ Bx2
(a) Explain tap changer, on load and off load
transformer.
() Repulsion motor.

(c) Star—Ijalta starter with sketch.

(d) Parallel operation of 3—phase alternators.

V/SEM/Electrical/15 (8)-BP-E.C.-11(Th-1) VT-13,520



( 2)

el Tor alternalor. 5

() Denve induee

(c) A r1-|'|lll|r. 50 1z,
alfemnator has i single
with 21 slots pet pole
<Jot. The (Tux per pole (L0
150" Find the r.m.s value

line emf.

3-phase, y-connected
Jayer, full pflch winding
and two conductors per
Wwh. The coil span is
g of phasc emf and
9

an load angle & in case of
: 2

3. (a) What do you me
synchronous motor ?
(h) Explain effect of changing Excitation on
constant load. 5
(c) A synchronous motor having 40% reactance and
negligible resistance is to be operated at rated
Joad at (/) u.p.f(i)0.8 p.f. lag (iii) 0.8 p.flead.
What are the values of :nduced emf ? Indicate

assumptions made if any..

(a) Why single phase motor is not self starting 7 2
-phase induction

(4) Explain principle of split
%

motor with diagram.
(c) F:.xplain double field revolving theory for
single phase motors. 0
. (a) What isslip ? 2
( Continued )

EM/Electrical/15 () BP E.C. - I (Th-1)
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ENERGY CONVERSION -1
| Theory - 1
Frll Marks : B0
Time : 3 hours

Answer any five questions

The figures in the right-hand margin indicate marks.

I. (a) Why rotor slots of a induction motor are not
parallel to its shaft but slight skew ? 2

(&) Derive torque of an induction motor under
running condition. ' 5

(c) A 4-pole, 3-phase, 50 Hz induction motor has
a voltage between slip-rings on-open-circuit of
520V. The star connected rotor has a standstil}
reactance and resistance of 2.0 and 0.4 ohm
per phase respectively. Determine (i) the
full-load torque if full load speed is 1425 r.p.m.
(if) the ratio of starting torque to full load
torque. (iii) the additional rotor resistance
required to give maximum torque at standstill, 9

2. (a) What is the advanta €s of open i
stator of alternator ?g AR _slut N

-
-

« Turn Ove,




(4)

(@) What are the types of alternator ?

() What is the effect of changing excitation ,
constant load of a synchronous motor ?

(¢) Explain about double field revolving theory.

Write short notes on any fwo : v i
(/) AC series motor
'if) Shadded pole motor

7if) Conditions for parallel operation of 3-¢
transformer.

'LECT/2015(W)(EET-501) VT—9,130




148 Nem. at it's pulley rim. The Friction and
windoge losses are 200W and stator copper
and iron loss equal to 1620 W. Calculate

(N ontput  power (i) Rotor Copper 1058

(4if) Lfticiency at full load. 7
I (@) What is Damper winding 7 :
5

(h) What do you mean by hunting ?

(¢) Describe about armature reaction of Alternator. 7

. (a) What do you mean by voltage regulation of
Alternator ? 2

(b) What is the principle of synchronous
motor ? : B

(¢) A 3-$, 50Hz, star connected 2000 kVA,
2300V Alternator gives a short circuit current
of 600 A. For a certain field excitation, with
the same excitation the open circuit voltage
was 900V. The resistance between a pair of
terminal was 0-12Q. Find the full load
regulation at (/) U.P.F. (i) 0-8 lagging. 7

- Sem/ELECT/2015(W)EET-501) ( Turn Over



(2)

(he motor is running, Also caiculaFe the spegy
at which the torque 15 MAaXIMUm apg
corresponding  value of I/P power to the
motor, assuming flux remaining constant.

What do you mean by plugging ? !

Derive expression for starting torque in case |

of 3-¢ induction motor. ;
A 8-pole, 50 Hz, 3-¢ slip ring induction motor
has effective rotor resistance of 0-08€2/ph.
Stalling speed is 650r.p.m, how much
resistance must be inserted in the rotor phase
to obtain the maximum torque at starting.
Ignore the magnetising current and stator
leakage impedance. 7

(a)
(b)

(c)

(a) What do you mean by distribution factor ? ?

(6) What is torque-slip characteristics of 3-¢

induction motor ? 5

¢) Ao6-pole, 50 Hz, 3-¢ induction motor running
- on full load with 4% slip develop a torque of

/ELECT/2015{WXEET-501) ( Continued )
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1. (a) In which rotor high starting torque 1s
- produced and why ?

(EI?MEI is the principlé of np&atinn of 3-¢
~ induction motor ?

2

5

(J&ﬂ}@, 4 pole 50 Hz induction motor has a star

. connected rotor The voltage of each rotor
~ phaseat standstill and on open circuitis 121 V.

| "_Ihe. rotor resistance per phase is 0-3 Q and

. reactance at standstill is 0-8 Q. If the rotor

. is 15A, calculate the speed at which

( Turn Over )




( 4)

gx2
7. Write notes on any two
i arm
(i) Parallel operation of alternator using lamp

method
(if) Production of rotating magnetic field

(iif) Effect of varying excitation with constant
load on synchronous motor '

(iv) Permanent magnet stepper motor.

— SemVELECT/2015(W) (Old) (Th- 1) VT-1,960




()

(5)
(e)

(5)

()
6. (a)
(b)
(c)

(3)

A2300 V, 3-phase, star connected synchronous
Mmotor has o resistance of 0-21 ohms per
Phase and a synchronous rcactance of
2:3 ohm per phase. The motor is operating
at 0-6 leading p.f. with a line current of
200 A. Determine value of the generated emf

per phase. Draw the vector diagram. 8
Why skewing is necessary ? 2
Explain capacitor moter with principle. €
Explain Ferrair’s principle, net torque. = ¢

How can a universal motor be reversed 7

Explain speed control of induction motor
by pole changing method.

Explain single phase series motor.
What do you mean by transformer grouping ?

Explain tap changer-on load.

State maintenance of Transformer.

V= Sem/ELECT/2015(W) (Old) (Th-1) ( Turn Ow




Y, maximuim and the

¢ hjnl"l- ¢
n th e af the inpul powe;
flux 10 remain

pun

ol whr
|"-|‘lr‘|"l" I'"‘*ﬂ‘l' I"JF '
assll

oy the TN

L wiamt
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it the

(o) Simic ad

mrynature
yation of Alternator.

(¢} A 3-phase, 50 Hzstar connected 2000 kKVA,
2300 V alternator gives, @ short circuit
for a certain field

current of 600 A
excitation. With the same excitation the

0.C voltage was 900V, the resistance
0-12 ohm find

between pair of terminal was
full load regulation at (i) unit power factor
(i) 0-8 lagging power factor.

(B) Derive EMF ¢4

(a) What is the function of damper bar 7

(6) Explain the effect of changing load at a
constant excitation of a 3-phase synchronous
6

molor.
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(a) State the relationship between rotor frequency
and stator frequency of induction motor. 2

(&) Derive starting torque of an induction motor. 6

(¢) A 3-phase, 4-pole, 50 Hz induction motor
has a star-connected rotor. The voltage of
each rotor phase at standstill and on open
circuit is 121 V. The rotor resistance per
phase is 0-3 ohm and the reactance at
standstill is 0-8 ohm. If the rotor current
is 15 A, calculate the speed at which the

motor is running. Also calculate the speed

( Turn Over )



universal motor 7 How j i\

What 15 an - : "
" de serics motor 7 M{,mmn

difTerent from i
s nmﬁfir:llinrlﬁ, T
(@) What is the relation between electricy)
i i h

hl ’
eprees and mechanical angle of ap

altermator 7 )

() Explain the principle and applications of 3
hvbrid stepper motor. 5

(¢) A 3-¢ star-connected synchronous generator
driven at 750 rpm is required to generate a
line-to-line voltage of 440 V at 50 Hz on
open circuit. The stator is wound with 2 slots
per pole per phase and each coil has 4 terms.

Calculate the useful flux per pole. 7

(@) State the difference between coil pitch and
pole pitch. 2

(b) Explain the effect of change of excitation

of a synchronon i
load S motor driving a constant




o fanetor with
fiagram, the effect on power facto
LR M ¥

(1Y Resistive load
(i) Induetive load ;
(i) Capacitive load.

(i @ ”
4. (@) What do you mean by an infinite bus 7
(b) Explain Ferrari’s principle for 1-¢ motor. 5

(¢) The power input to the rotor of a 440 Vv,
50 Hz, 6-pole, 3-¢ induction motor is 80 K'W.

The rotor emf is observed to make 120
alterations per minute. Calculate

(i) Slip

(ii) Rotor speed

(iii) Mechanical power developed
(iv) Rotor copper loss per phase

(v) Rotor resistance per phase if rotor
current is 60 A,

3. (a) Which type of alternator is used in hydro-
electric power plants and why ?

(6) Explain with vector dia

field is created by th
Winding,

7

2

gram how g Iotating
¢ three-phase stator
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[f-?'] What

(k) Derive the equatio

(c)

i .".: |'|!'.:i|:'.:.':.ll-. )

ko

transformer windin

of an alternator. Stat
equation of an altern

of pitch factor an

mean by
l?

() Whatdoyou
erator !

synchronous gen

X R FAFATY PN (W) (Rew) (EET-501)

L K=

are the different vector groups of 3-¢
g connections ?

n for distribution factor
e the expression for emf
ator showing the effect
d distribution factor.

3
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(@) Whatare the different modes of operation of
an Induction Machine ? In which operating
mode, the developed torque opposes the
rotation of the rotor. 2

(6) Derive the relation between full-load torque
and starting torque in case of a 3-¢ Induction

Motor, 5

(¢) A6-pole, 50 Hz, 3-¢ Induction Motors has
rotor resistance and reactance per phase of
0-02Qand0-1Q respectively, At what speed
is the torque maximum ? What must be the
value of external rotor resistance/phase to

produce two-third of the maximum torque
at starting ?



