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CHAPTER-1
ALTERNATOR

Introduction

An alternator is an electromechanical device that converts mechanical energy to electrical

energy in the form of alternating current. Synchronous generators are also called as

alternators.

A.C. generators are used in to generate electricity in hydroelectric and thermal plants.

Alternators are also used in automobiles to generate electricity.

LikeaD.C.generator,analternatoralsohasanarmaturewindingandafieldwinding. But
there is one important difference between the two.

InD.C.generators,the fieldpolesarestationaryandthe armature conductorsrotate. The
voltage generated in the armature conductors is of alternating nature. This
generatedalternatingvoltage isconvertedtoa directvoltageatthe brusheswiththe help
of the commutator.

But in the synchronous generatorit is convenient and advantageous to place the
fieldwinding ontherotatingpart (i.e.,rotor)and armaturewindingonthestationary part
(i.e., stator). No commutator is required in an alternator

AdvantagesofStationaryArmature:

Most alternators have the rotating field and thestationaryarmature. Therotating-field type

alternator has several advantages over the rotating-armature type alternator.

1.

A stationary armature is more easily insulated for the high voltage for which the
alternator is designed. This generated voltage may be as high as 33K V.

The armature windings can be fixed better mechanically against high electro-
magnetic forces due to large short-circuit currents when the armature windings are
in the stator.

The armature windings, being stationary, are not subjected to vibration and
centrifugal forces.

The output current can be taken directly from fixed terminals on the stationary
armature without using slip rings, brushes, etc.
Onlytwoslipringsarerequiredford.c.supplytothefieldwindingonthe rotor.

The stationaryarmaturemay becooled more easily because the armaturecan be

made large to provide a number of cooling ducts.

Typesofsynchronousmachines:

According tothearrangement ofarmatureandfieldwinding,thesynchronous machines are

classified as rotating armature type or rotating field type.



» Inrotating armaturetype the armature winding is onthe rotorandthe fieldwinding is
on the stator. The generated EMF or current is brought to the load via the slip rings.
These type of generators are built only in small units.

» In case of rotating field type generators field windings are on the rotor and the
armaturewindingsare onthe stator.Here the fieldcurrent is suppliedthroughapair
ofslip rings and the induced EMF or current is suppliedtothe load via the stationary
terminals.

Basedonthetypeoftheprimemovers employedthesynchronousgeneratorsareclassified as

1. Hydro generators: The generators which are driven by hydraulic turbines are called
hydro generators. These are run at lower speeds less than 1000 rpm.

2. Turbo generators:These are the generators driven by steam turbines.These
generators are run at very high speed of 1500rpm or above.

3. Engine driven Generators: These are driven by IC engines. These are run at aspeed
less than 1500 rpm.

ConstructionofAlternator:
Analternatorconsistsoftwomainpartsnamely,the

i stator
ii. rotor

Thestatoris thestationary part ofthe machine.ltcarriesthe armaturewinding inwhichthe
voltage is generated. The output of the machine is taken from the stator.The rotor is the
rotating part of the machine. The rotor produces the main field flux.
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StatorConstruction:

The Stationary part of the alternator is known as stator. It provides housing and support for
the rotor. Statoris built upofsheet-steellaminations having slots onits inner periphery. A 3-
phase winding is placed in these slots and serves as the armature winding of the alternator.
The armature winding is always connected in star andthe neutral is connected to ground.
Thestatoristheouterstationarypartofthemachine,whichconsistsof
e The outer cylindrical frame called yoke, which is made either of welded sheet steel,
castiron.
e The magnetic path, which comprises a set of slotted steel laminations called stator
core pressed into the cylindrical space inside the outer frame. The magnetic path is
laminated to reduce eddy currents, reducing losses and heating.

Stator Core
Stator Slot

Tooth

Coil side in
top of slot
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bottom of slot

RotorConstruction:

The rotor carries a field winding which is supplied with direct current through two slip rings
by a separate d.c. source. This d.c. source (called exciter) is generally a small d.c. shunt or
compound generator mounted on the shaft of the alternator.
Therearetwotypesofrotorconstructionsnamely,

i.  Salient(orprojecting)poletype

ii.  Nonsalient(orCylindrical)pole type.
Salient(orprojected)poletype.

e The pole is made of steel or cast iron and the pole winding is excited by a D.C.
generator driven by the shaft of alternator.

e These type of machines have salient pole or projecting poles with concentrated field
windings. This type of construction is for the machines which are driven by hydraulic
turbines or Diesel engines.

e The salient pole type of rotor is used for low to medium speed/rpm alternators,
where more number of poles are required may be 20 or 30 poles.

e A salient pole alternator can be identified by large diameter and short axial length.
The large diameter accommodates a large number of poles.

e A salient-pole synchronous machine has a non-uniform air gap. The air gap is
minimum under the pole centres and it is maximum in between the poles.

e Salient-pole alternators driven by water turbines are called hydro-alternators or
hydro-generators.



Damper windings are provided in the pole faces of salient pole alternators.Damper

windingsarenothing butthe copperoraluminiumbars housed intheslotsofthepole faces.

These damper windings are serving the function of providing mechanical balance; provide

damping effect, reduce the effect of over voltages and damp out hunting in case of

alternators.

Salientpoletyperotor

Nonsalient(orcylindricalorRound)poletype:

The rotor is made ofsteelcylinderwithnumberofslots cut on the periphery ofthe
cylinder. The field windings are placed in the slots.
Thesemachinesarehavingcylindricalsmoothrotorconstructionwithdistributed field
winding in slots.
Cylindricalpoletypeofrotorconstructionisemployedforthemachinedrivenby steam
turbines.
Thesecylindricalpoletypealternatorshavelargeaxiallengthandsmallerdiameter.
Cylindrical rotors are particularly useful in high-speedmachines.Thecylindrical rotor
type alternator has two or four poles on the rotor. Such a construction provides a
greater mechanical strength and permits more accurate dynamic balancing.

The cylindrical rotor machine makes less windage losses and the operation is less
noisy because of uniform air gap.

Field

windings

Non Salient
pole

Smoothcylindricalornonsalient typerotor



3Dviewofsmoothcylindricalornon-salienttyperotor

WorkingPrincipleofAlternator:

Analternatoroperatesonthesamefundamentalprincipleofelectromagneticinductionasa

D.C. generator i.e., when the flux linking a conductor changes, an e.m.f. is induced in the
conductor.

Field windings are the windings producing the main magnetic field (rotor windings for

synchronous machines); armature windings are the windings where the main voltage is
induced (stator windings for synchronous machines).

The rotor winding is energized from the d.c. exciter to produce a rotor magnetic field and
alternate N and S poles are developed on the rotor. When the rotor is rotated in anti-
clockwise direction by a prime mover, the stator or armature conductors are cut by the
magneticflux ofrotorpoles.Consequently,e.m.f. isinducedinthearmatureconductors due to
electromagnetic induction. The induced e.m.f. is alternating since N and S poles of rotor
alternately pass the armature conductors. The direction of induced e.m.f. can be found by
Fleming’s right hand rule an}q]\f/requency is given by;

f="" whereN=speedofrotorin r.p.m
120

P=numberofrotorpoles

When the rotor is rotated, a 3-phase voltage is induced in the armature winding. The
magnitude of induced e.m.f. depends upon the speed of rotation and the d.c.exciting
current. The magnitude of e.m.f. in each phases of the armature windingis the same.

Fleming’sRighthandrule:

Statement: The thumb, fore finger and middle finger of the right hand are stretched to be
perpendicular to each other and if the thumb represents the direction of the movement of
conductor, fore-finger represents direction of the magnetic field,then the middle finger
represents direction of the induced emf.




Relationbetweenspeedandfrequency:

Thefrequencyofinducede.m.finthearmatureconductorsdependsuponspeed&the number of
poles.
Let N=rotor speed in

r.p.mP=numberofrotorp

oles f=frequencyofemfin

HZ

*+ Armature (stator) conductor successively swept by N &S poles of the rotor. If a
positive voltage is induced when a N-pole sweeps across the conductor, similarly
negative voltage is induced when a S-pole sweeps by.

That is one complete cycle of e.m.f is generated in the conductor as a pair of poles passes it
i.e., one N-pole and the adjacent following S-pole.

Noofcycles/revolution=No.ofpairofpoles=P/2 No of
revolution/second =N/60

No.ofcycles/second=(P/2)(N/60)
Butno.ofcyclesofe.m.fpersecondisitsfrequency.

sof= whereN=speedofrotorinr.p.m

120

P=numberofrotorpoles

Fora givenalternator,P is fixed, therefore,the alternatormust be run at synchronous speed to
give an output of desired frequency. For this reason the alternator is also called as
synchronous generator.

TerminologyinArmatureWinding:

Conductor:Eachindividuallengthofwirelyinginthemagneticfieldiscalledconductor.

Turn: When the two conductors lying in the magnetic field are connected in series, so that the emf
induced in them help each other or the resultant induced emf becomes double of that due to one
conductor is called turn.

Coil: When one or more turns are connected in series and two ends of it are connected to the
adjacent commutator segments it is called a coil.
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PolePitch:Apolepitchisdefinedastheperipheraldistancebetweentwoadjacent poles.

Or
Thepolepitchisdefinedasdistanceismeasuredintermofarmatureslotsorarmature conductors per
pole.Pole pitch is always equal to 180° electrical.

Coil Span orCoil Pitch: The distance between the two coil-sides of a coil is called coil-span or
coil- pitch. It is usually measured in terms of teeth, slots or electrical degrees.

Windings in Alternators: In case of three phase alternators the following types of
windings are employed.
%+ Basedontypeofwindingconnections, thearmaturewindingofAlternator areoftwo types.
e Lap winding.
e Wavewinding.

LapwindingofanAlternator:

In this type of winding the finishing end of one coil is connected to a commutator segment

and to the start end of adjacent coil located under the same pole and similarly all coils are
connected. This typeofwinding isknownas lapbecausethesides ofsuccessivecoilsoverlap each
other.The purposes of such type of windings are,

a) Toincrease the number of parallel paths enabling the armature current to increase
i.e., for high current output.
b) Toimprovecommutationasthecurrentperconductordecreases.

Condentor - . »

~ -
Finishing sad of = N o & g s0nd of
e el € = - r—.}k...
Commenater +« - | i3 ] ! s |

LAP winding

WavewindingofAlternator:

Inwave winding the coils whichare carrying current in one directionare connected in series
circuit and the carrying currents in opposite direction are connected in anotherseries circuit.
In wave winding, the conductors are so connected that they are divided into two
parallelpaths irrespective ofthe numberofpoles ofthe machine. Thus, ifthe machine has Z
armature conductors, there will be only two parallel paths each having Z/2 conductors in
series. Inthis case number of brushes is equal to two, i.e. number of parallel paths.
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+» Basedonpitchofthecoil
e fullpitched
e shortpitched

FullPitchedCoil:
If the coil-span (or coil-pitch) is equal to the pole-pitch, then the coil is termed a full-pitch

coil.In this situation, two opposite sides of the coil lie under two opposite poles. Hence emf
induced in one side of the coil will be in 180° phase shift with emf induced in the other side
of the coil. Thus, the total terminal voltage of the coil will be the arithmetic sum of thesetwo

emfs.

ShortPitchedCoil:

If the coil span is less than the pole pitch, then the winding is referred as short pitched coil
or fractional pitched. In this coil, there will be a phase difference between induced emf in
twosides,less than 180°. Hence resultant terminalvoltage ofthe coilis vectorsum ofthese two
emf’s and it is less than that of full-pitched coil.
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% Based onnumberoflayers
e Singlelayer
e Double layer
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Doublelayerwinding

%+ Basedondistributionof windings
e Concentrated winding
e Distributedwinding

Concentratedwinding

*

% Awindingwithonlyoneslotperpoleperphaseiscalledaconcentratedwinding.
¢ In this type of winding, the e.m.f. generated/phase is equal tothe arithmetic sum of
the individual coil e.m.f.s in that phase.
Examplesofconcentratedwindingare
» fieldwindingsforsalient-polesynchronousmachines
» D.C.machines
» Primaryandsecondarywindingsofatransformer



Distributedwinding:
s If the coils/phase are distributed over several slots in space,then it is called
distributed winding.
% Thee.m.f.s in the coils are not in phase (i.e., phase difference is not zero) but are
displaced from each by the slot angle a (The angular displacement inelectrical agrees
between the adjacent slots is called slot angle).
% Thee.m.f./phasewillbethephasorsumofcoile.m.f.s.
Examplesofdistributedwindingare
» Statorandrotorofinductionmachines
» ThearmaturesofbothsynchronousandD.C.machines

Windingfactors:

PitchFactor:
The ratio of phasor (vector) sum of induced emfs per coil to the arithmetic sum of
induced emfs percoilis known as pitch factor (Kp) or coil span factor (Kc) which is

always less than unity.
Phasorsumofcoilsideemfs

P Arithmatic sum ofcoilside emfs

ExpressionforKp.

ConsideracoilABwhichisshort-pitchbyangle Belectricaldegrees.Thee.m.f.sgenerated in
thecoilsidesAandBdifferinphasebyananglebandcanberepresentedbyphasors

E sand Erespectively.Thediagonaloftheparallelogramrepresentstheresultante.m.f.

Erofthecoil.
E
B En

SinceEA=E,R=2EACOS(’B/2)

e.m.f.inducedinshort—pitch coil

P=emfinduced infull—pitchcoil
by
—2Eaco( 2) ,3/
2E,  =coC '2)

szcos(Q/z)
Forafull-pitchwinding,Kp=1.However,forashort-pitchwinding,Kp<1.
DistributionFactor:



DS

A winding with only one slot per pole per phase is called a concentrated winding. In thistype
of winding, the e.m.f. generated/phase is equal to the arithmetic sum of the individual coil
e.m.f.s in that phase.

However, if the coils/phase are distributed over several slots in space (distributed winding),
the e.m.f.s in the coils are not in phase (i.e., phase difference is not zero) but are displaced
from each by the slot angle a. The e.m.f./phase will be the phasor sum of coil e.m.f.s.

The ratio of the phasor sum of the emfs induced in all the coils distributed in a number of
slots under one pole to the arithmetic sum of the emfs induced(or to the resultant of emfs
induced in all coils concentrated in one slot under one pole) is known as breadth factor (Kb) or
distribution factor (Kd).The distribution factor is always less than unity.
e.m.f.withdistributedwindings

K,=
d e.m.f.withconcentratedwinding

Phasorsumofcoilemf/phase

K ,=
d Arithmaticsumofcoilemf/phase
ExpressionforKg:

Slot angle a: The angular displacement in electrical agrees between the adjacent slots is
called slot angle
180°

No.of slots/pole

Slotangle=(1 —

ms=slotsperpoleperphase

Let m=3.The three coil e.m.f.s are phasors AB, BC and CD each of which is a chord of circle
with centre at O and subtends an angle a at O shown in phasor diagram. The phasor sum of
the coil e.m.f.s subtends an angle ma ( m= 3) at O. OX,0Y perpendicular bisector of AD and
AB respectively.

AD  2xA(2A _AX

mxAB Y) mAY

Kag=

OAXS(ma/Z)
_mXOAXsin(“/)Z

sin("5)
_ 2

¢ msin(9)
2

*

Agroupofadjacentslotsbelongingtoonephaseunderonepolepairisknown as
Phasebelt. TheanglesubtendedbyaphasebeltisknownasPhasespread.
Phasespread=ma



_x— Phasor BC

Phasor CD
(&) &)

WindingFactor:Bothdistributionfactor(Kd)andpitch factor Kptogetherisknownas

windingfactorKw.

KW=KdXKp

Harmonics:

Harmonics are unwanted higher frequencies which superimposed on the fundamental
waveformcreatingadistortedwavepattern. The sourcesofharmonicsinthe output voltage
waveform are the non- sinusoidal waveform of the field flux.

When the uniformly sinusoidal distributed air gap flux is cut by either the stationary or
rotating armature sinusoidal EMF is induced in the alternator. Hence the nature of the
waveform of induced EMF and current is sinusoidal. But when the alternator is loaded
waveform willnot continue to be sinusoidal or becomes non sinusoidal. Such non sinusoidal
wave form is called complex wave form. By using Fourierseries representation, it is possible
to represent complex non sinusoidal waveform in terms of series of sinusoidal components
called harmonics, whose frequencies are integral multiples of fundamental wave.

Armrpitude
i

— Furdamental

— Sab harmonic

= — —  Tih hasrmonic
\ Totral harmonic




The fundamental wave form is one which is having the frequency same as that of complex
wave. The waveform, which is of the frequency twice that of the fundamental is called
second harmonic. The one which is having the frequency three times that of the
fundamental is called third harmonic and so on. These harmonic components can be
represented as follows.

Fundamental: el = Em1 Sin (wt £ 61)

2ndHarmonice2=Em2Sin(2wt+62)

3rdHarmonic e3= Em3Sin(3wt + 63)

5thHarmonice5=Em5Sin (5wt +65)etc.

In case of alternators as the field system and the stator coils are symmetrical the induced
EMF willalso be symmetrical and hence the generated EMF in an alternator will not contain
any even harmonics.

SlotHarmonics:

As the armature or stator of an alternator is slotted, some harmonics are induced into the
EMF which is called slot harmonics. The presence of slot in the stator makes the air gap
reluctance atthesurfaceofthestatornonuniform.Since incase ofalternatorsthepolesare
moving or there is a relative motion between the stator and rotor, the slots and the teeth
alternately occupy any point in the air gap. Due to this the reluctance or the air gap will be
continuously varying. Due to this variation of reluctance ripples will be formed inthe airgap
between the rotor and stator slots and teeth. This ripple formed in the air gap will induce
ripple EMF called slot harmonics.

MinimizationofHarmonics:
Tominimizetheharmonicsintheinducedwaveformsfollowingmethodsareemployed:

1. Distributionofstatorwinding:distributionofthe armaturewindingalong theair-gap
periphery
ShortChording:withcoil-spanlessthanpolepitch
Fractionalslotwinding
Skewing:skewthepolefacesifpossible
Larger air gap length: Small air gap at the pole centre and large air gap towards the
pole ends
EffectofHarmonicsofpitchanddistributionFactor:

vk wnN

—. B
e Thepitchfactorisgivenbyk, ~ —¢0S > wherep isthechording angle[.3
n
Forany harmonicsay nthharmonicthepitchfactoris givenby Kpn=cos —,
sinma 2
o o — (—
® ThedistributionfactorisgivenbyKy =  ——=24
msi(,) _
sinnma
Foranyharmonicsaynthharmonicthedistribution factorisgivenbyK dn= —(Z’m)—

ms(z)_



E.M.F.EquationofanAlternator:

LetZ=No.of conductorsorcoilsidesinseriesper phase

@=Fluxperpoleinwebers
P=Numberofrotorpoles N
= Rotor speed in r.p.m.

Inonerevolution(i.6e0,60/Nsecond),eachstatorcond uctoriscutby P@,webers i.e.,

dp=PQ,t=

N
do
Averagee.m.f.inducedinonestatorconductor= E
Po PON
60y, 6070
SincethereareZconductorsinseriesperphase,
PON
Averagee.m.f./phase= —— X/
60
PQZ 120f 120f]
60 P P

=2f@Zvolts

R.M.S.valueofe.m.f./phase=Averagevalue/phasexformfactor

=2fQZx1.11=2.22f@Zvolts

E

r.m.s/Phasezz,ZZf(Z)ZVO'tS

Since,=2T

Er.m.s/Phase=4,44f(Z)TVO|tS

ThisisthegeneralEMFequationforthemachinehavingconcentratedandfull pitchedwinding.

IfK pand K garethepitchfactoranddistribution factorofthearmaturewinding, then,

E

rms /by o= 444KpKaf @TVolts




ArmatureReactioninAlternator:

When an alternator is running at no-load, there will be no current flowing through the
armature winding and the flux produced in the air-gap will be only due to the rotor ampere-
turns.

Whenloadcurrentflowsthroughthearmaturewindingsof an alternator, the resulting mmf
produces flux. This armature flux reacts with the main-pole flux, causing the resultant flux to
become either less than or more than the original main flux.

Theeffectofthearmature(stator)flux ontheflux producedbytherotorfieldpolesiscalled
armaturereaction.

Twothingsareworthnotingaboutthearmaturereactioninanalternator.

e First, the armature flux and the flux produced by rotor ampere-turns rotate at the
same speed (synchronous speed) in the same direction and, therefore,the two fluxes
are fixed in space relative to each other.

e Secondly,the modificationofflux inthe air-gapdue toarmature flux depends onthe
magnitude ofstatorcurrent andonthe powerfactorofthe load. It is the load power
factor which determines whether the armature flux distorts, opposes or helps the
flux produced by rotor ampere-turns.

Toillustratethisimportantpoint,weshallconsiderthefollowingthreecases:

1. WhenloadP.f.isunity

2. WhenloadP.f.iszerolagging

3. WhenloadP.f.iszeroleading
When load Power Factor is unity:
Fig:1(a)(i)showsanalternatoronnoload.Sincethearmatureisonopen-circuit,there is no stator
currentandthe flux duetorotorcurrentisdistributedsymmetricallyintheair-gap.Sincethe
directionoftherotorisassumedclockwise,thegeneratede.m.f.inphaseR1Rzisatits maximum and
is towards the paper in the conductor R1and outwards in conductor R2. Noarmature flux is
produced since no current flows in the armature winding.

Fig:1(a)



Fig:1(a)(ii) shows the effect when a resistive load (unity p.f.) is connected across the
terminals of the alternator. According to right hand rule, the current is “in” inthe conductors
underN-pole and“out” inthe conductors underS-pole. Therefore,the armature flux is
clockwise due to currents in the top conductors and anti clockwise due to currents in the
bottom conductors. The armature flux is at 90° to the main flux (due to rotor current) and is
behind the main flux.

Inthiscase,thefluxintheair-gapisdistortedbut notweakened.Therefore,atunityp.f.,the effect

of armature reaction is merely to distort the main field; there is no weakening of the main
field and the average flux practically remains the same. Since the magnetic flux due to stator
currents (i.e., armature flux) rotate; synchronously with the rotor, the flux distortion
remains the same for all positions of the rotor.
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Distortingeffectofarmaturereaction
WhenloadPowerFactorisZerolagging:

When a pure inductive load (zero P.f. lagging) is connected across the terminalsof the
alternator,current lags behindthe voltage by 90°. This means that current will be maximum
at zero e.m.f. and vice-versa.

e (max) or
i Jmax)

Fig:1(b)



Fig:1(b)(i) shows that in case of Resistive load the e.m.f. as well as current in phase RiRzis
maximum. When the alternator is supplying a pure inductive load, the current in phase
RiRawill not reach its maximum value until N-pole advanced90° electrical which is shown in
Fig:1(b)(ii). Now the armature flux is from right to left and field flux is from left to right.Allthe
flux produced by armature current (i.e., armature flux) opposes the field flux and, therefore,
weakens it.

In other words, armature reaction is directly demagnetizing. Hence at zero P.f. lagging, the
armature reaction weakens the main flux. This causes a reduction in the generated e.m.f.
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Demagnetizingeffectofarmaturereaction

WhenloadPowerFactorisZeroleading:

When a pure capacitive load (zero P.f. leading) is connected across the terminals of the
alternator, the current in armature windings will lead the induced e.m.f. by 90°.The effect of
armature reaction will be the reverse that for pure inductive load. Thus armature fluxnow
aids the main flux and the generated e.m.f. is increased.

e (Mmax) or
I (max)

Fig:1(c)



Whenalternatorsupplying resistive load ,e.m.f.as wellas current inphase R1Rzis maximum in
the position shown in fig:1(c)(i). When the alternator is supplying a pure capacitive load, the
maximum current in R1R; will occur 90° electrical before the occurrence of maximum
induced e.m.f. Therefore, maximum current in phase R1R; will occur if the position of the
rotor remains 90° behind as comparedto its position under resistive load which is shown in
fig:1(c)(ii).

It is clear that armature flux is now in the same direction as the field flux and, therefore,
strengthens it. This causes an increase in the generated voltage. Hence at zero P.f. leading,
the armature reaction strengthens the main flux.
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Magnetizingeffectofarmaturereaction

For intermediate values of P.f, the effect of armature reaction is partly distorting and partly
weakening for inductive loads. For capacitive loads, the effect of armature reaction is partly
distorting and partly strengthening. In practice, loads are generally inductive load.



AlternatoronlLoad:

Whenthe loadonthe alternatorisincreased(i.e.,armaturecurrent la is increased),the field
excitation and speed being kept constant, the terminal voltage V (phase value) of the
alternator decreases. This is due to

Voltagedrop I.R.whereR isthearmatureresistanceper phase.
Voltagedropl X whereX isthearmatureleakagereactanceperphase.
Voltagedropbecauseofarmature reaction.

ArmatureResistance(Ra)

Since the armature or statorwinding has some resistance,there will be an laRa drop
when current (la) flows through it. The armature resistance per phase is generally
small so that IR .drop is negligible for all practical purposes.
ArmatureLeakageReactance(Xy)

When current flowsthroughthe armaturewinding,flux issetupanda part ofit does not
cross the air-gap and links the coilsides. This leakage flux alternates withcurrent and
gives the winding self-inductance. This is called armature leakage reactance.
Therefore, there will be I, X;drop which is also effective in reducing the terminal
voltage.

Armaturereaction

The load is generally inductive and the effect of armature reaction is to reduce the
generated voltage. The armature reaction effect is accounted for by assuming the
presence of a fictitious reactance Xagrin the armature winding. The quantity Xag is
called reactance ofarmature reaction. Thevalue oflaXar represents thevoltagedrop
due to armature reaction.

EquivalentCircuit:

Xan
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Eo=No-loade.m.f.
E=Loadinducede.m.f.Itistheinducede.m.f.afterallowingforarmaturereaction.ltis equal to
phasor difference of EQ and laXag.

V=Terminalvoltage. ItislessthanEbyvoltagedropsinXLand Ra.

and

E=V + la(Ra+jXL)
Eo=E+la(jXAR)



SynchronousReactance(Xs)andSynchronousimpedance:
The sum of armature leakage reactance (XL) and reactance of armature reaction (XAR) is
called synchronous reactance Xs. All quantities are per phase.

Xs=XL+XAR

The synchronous reactance is a fictitious reactance employed to account for the voltage
effects in the armature circuit produced by the actual armature leakage reactance and the
change in the air-gap flux caused by armature reaction.

The synchronousimpedance is the fictitious impedance employedtoaccount forthe voltage
effects in the armature circuit produced by the actual armature resistance, the actual
armature leakage reactance and the change in the air-gap flux produced by armature
reaction.

Synchronousimpedance,Zs=Ra+jXs

Eo=V+laZs=V+lI a(Ra+ sz)
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PhasorDiagramofalLoadedAlternator:
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Eois the no-load voltage. It is the maximum voltage induced in the armature without giving
any load.

Eis the load voltage. It is the induced voltage after overcoming the armature reaction. Eis
vectorially less than the no-load voltage.

laisthearmaturecurrentperphase

Vistheterminalvoltage.ltisvectoriallylessthan EbylaZandalsovectoriallyless than Eoby /aZs.
Qisthecosineanglebetweenterminalvoltageandcurrent. The

impedances are given by

Z=Ra+jXL
Zs=Ra+ jXs

whereX;istheleakagereactance,XaristhearmaturereactionreactanceandXsisthe synchronous
reactance and Zsis the synchronous impedance.

Unitypowerfactorload:

The armature current la is in phase with the terminal voltage V. The phasor sum of V and
drops laRa and laX.gives the load induced voltage E. It is the induced e.m.f. after allowing for
armature reaction. The phasor sum of E and laXargives the no-load e.m.f. Eo.

[a3{ag
[aXs

|EEA

.

Eo=V((V+I.Ra)?*+(IaX5)?)



Laggingpowerfactorload:

Thearmature current lalagsthe terminal voltage Vby p.f.angle®. The phasorsum of Vand
drops laRa and laX.gives the load induced voltage E. It is the induced e.m.f. after allowing for
armature reaction. The phasor sum of E and laXargives the no-load e.m.f. Eo.

Eo=V((Vcos@+1qRa)?+(Vsind+1aXs)?)

Leadingpowerfactorload:

The armature current la leads the terminal voltage V by p.f. angle ®. The phasor sum of V
and drops laRa and laX, gives the load induced voltage E. It is the induced e.m.f. after
allowing for armature reaction. The phasor sum of E and laXargives the no-load e.m.f. Eo.

Eo=V((Vcos®+I1aRa)?+(Vsind—I.Xs)?)



TestingofAlternator:

Thefollowingtestsareperformedonanalternatortoknowits performance.

a) D.Cresistancetest
b) Opencircuittest
c) Shortcircuittest

a) D.Cresistancetest:
The armature resistance Ra per phase is determined by using direct current and the
voltmeter-ammeter method. This is the d.c. value. The effective armature resistance (a.c.
resistance) is greater than this value due to skin effect. It is 1.5 times the d.c. value
(Rac=1.5Rdc).

b) Opencircuittest:
The alternator is run on no-load at the rated synchronous speed and terminals are kept
open. The field current lfis gradually increased from zero (by adjusting field rheostat) until
open-circuit voltage Eo(phase value) is about 50% greater than the rated phase voltage. A
graph is drawn between open-circuit voltage values and the corresponding values of field

current lf. The characteristic curve so obtained is called open-circuit characteristic (O.C.C).
This open-circuit characteristic (O.C.C)takesthe shape ofa themagnetizationcurvefora

d.c. machine. The extension of the linear portion ofan O.C.C is called the air-gap line ofthe
characteristic.
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Fig:0.C.Cofan Alternator

c) Shortcircuittest:

In a short-circuit test, the alternator is run at rated speed and the armature terminals are
short-circuited through identical ammeters. The field current lfisgradually increased from

zero until the short-circuit armature current Iscis abouttwice the rated current. The graph
between short-circuit armature current andfield current gives the short-circuitcharacteristic.
This characteristic is a straight line.

lsc
.. s ®
- E——
+
Short
0c Field A Circuit

®

Rotor .
—\ Stator



—_—

S.C.C

Armature Current

Fleld Current || se—
Fig:S.C.Cofan alternator

Short-CircuitRatio:
The short-circuit ratio is defined as the ratio of the field current required to produce rated

voltsonopencircuit tofieldcurrent requiredtocirculate full-loadcurrentwiththearmature
short-circuited.
Ifoc

Ifsc

Short-circuitratio(S.C.R)=

VoltageRegulationofAlternator:
The voltage regulation of an alternator is defined as the change in terminalvoltage from

no-load to full-load divided by the full-load voltage when the speed and field current
remaining constant.

NoloadVoltage—FullloadVoltage
FullloadVoltage

_Eo—=V

%VoltageRegulation= x100

x100

WhereFE o= No loadvoltageperphase
V=Terminalvoltageperphase

Thefactorsaffectingthevoltageregulationofanalternatorare:
i. I4R.dropinarmaturewinding

ii. I Xidrop in armaturewinding

iii.  Voltagechangeduetoarmaturereaction

The change in terminal voltage due to armature reaction depends upon the armature
current as well as power-factor of the load. For leading load P.f., the no-load voltage is less
than the full-load voltage. Hence voltage regulation is negative in this case.



DeterminationofVoltageRegulation:

- o

Determination of
Voltage Regulation
Meathod

L

Direct Load Test

4 — i —— - - el -—
Synchronous Ampere turn Zero Power Factor
Impedance or EMF Method or MMF Meathod or Potier
Mathod

Method Method ‘

DirectLoadTest:

The alternator runs at synchronous speed, and its terminal voltage is adjusted to its rated
value V. The load is varieduntil the Ammeter and Wattmeter indicate the rated values at the
givenpowerfactor. The loadis removed,and the speedandthe fieldexcitationare kept

constant. The value of the open circuit or no load voltage (E())is recorded.

Eo=V
%VoltageRegulation= v x100

The method of direct loading is suitable only for small alternators of the power rating
lessthan 5 kVA.

IndirectMethods:

Forlargealternators,therearethreeindirectmethodsof determiningthevoltageregulation of an
alternator. These methods require only a small amount of power as compared to the power
required for direct loading method.These methods are:

1. SynchronousimpedanceorE.M.F.method
2. Ampere-turnorM.M.F.method
3. Zeropowerfactormethod orPotiermethod

SynchronousimpedanceorE.M.F.method:

In this method of finding the voltage regulation of an alternator, we find
thesynchronousimpedanceZs(andhencesynchronousreactanceXs)ofthealternatorfromtheO.C.C.and
S.S.C.Forthisreason,itiscalledsynchronous impedancemethod.



Themethodinvolvesthefollowing steps:

(i) PlottheO.C.C.andS.S.C.onthesamefieldcurrentbase.

(ii) DeterminationofsynchronousimpedanceZs:
As the terminals of the stator are short circuited in SC test, the short circuit current is
circulated against the impedance of the stator called the synchronous impedance. This
impedance can be estimated form the O.C and S.C characteristics.

The ratioofopen circuit voltagetotheshort circuitcurrentat aparticularfieldcurrent,orat a field
current responsible for circulating the rated current is called the synchronous impedance.

Opencircuitvoltageperphase

SynchronousimpedanceZ = forsamel f
Shortcircuitcurrentperphase

V
Z= "4ersamel
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(iii) SynchronousReactance

Xs=VZ2:Rz |,

(iv) After knowing RaandXs,the phasor diagram can be drawn forany load and any p.f.
The phasor sum of terminal voltage V, laRa and laXs gives the no-load e.m.f. Eo.

%VoltageRegulation= EQV_V X100
Drawback:
This method if easy but it gives approximate results. Thecombined effect of X (armature
leakage reactance) and Xar(reactance ofarmature reaction) is measured on short-circuit.
Since the current in thiscondition is almost lagging 90°, the armature reaction will provide
itsdemagnetizing effect. This method gives a value higher than the value obtained from an

actual load test. For this reason, it is called pessimistic method.



ParallelOperationofAlternators:

The method of connecting an incoming alternator safely to the live busbar is known as
synchronizing. Certainconditions must be fulfilled before this canbe effected. The incoming
machine must have its voltage andfrequency equaltothat ofthe bus bars and,should be in
same phase withbus barvoltage. The instruments orapparatus for determining whenthese
conditions are fulfilled are called synchroscopes. Synchronizing can be done with the help of
(i) dark & bright lamp methodby(ii) using synchro scope

AdvantagesofParalleloperationofAlternators:

a) Continuity of service: The continuity ofservice is one ofthe important requirements
of any electrical apparatus. If one alternator fails, the continuity of supply can be
maintained throughthe other healthy units. This will ensure uninterruptedsupply to
the consumers.

b) Efficiency: The load on the power system varies during the whole day; being
minimum during late night hours. Since alternators operate most efficiently when
delivering full-load, units can be added or put off depending upon the load
requirement. This permits the efficient operation of the power system.

¢) Maintenance and repair: It is often desirable to carry out routine maintenance and
repair of one or more units. For this purpose, the desired unit/units can be shut
down and the continuity of supply is maintained through the other units.

d) Load growth: The load demand is increasing due to the increasing use of electrical
energy. The load growth can be met by adding more units without disturbing the
original installation.

ConditionsforParallelingAlternatorwithinfiniteBusbars:

Forpropersynchronizationofalternators,thefollowingfourconditionsmustbesatisfied

1. The terminal voltage (r.m.s. value) of the incoming alternator must be the same as
bus bars voltage.

2. The frequency of the generated voltage of the incoming alternator must be equalto
the bus bars frequency.

3. Thephaseofthe incomingalternator voltagemustbeidenticalwiththephase ofthe
busbars voltage. Inotherwords,thetwovoltagesmust beinphase witheachother.

4. Thephasesequence ofthe voltageofthe incoming alternatorshould be the sameas
that of the bus bars.

The magnitude of the voltage of the incoming alternator can be adjusted bychanging its field

excitation. The frequency of the incoming alternator can be changed by adjusting the speed
of the prime mover driving the alternator.

MethodsofSynchronization:

The method of connecting an incoming alternator safely to the live bus bars is called
synchronizing. The equality of voltage between the incoming alternator and the bus
barscanbeeasilychecked byavoltmeter.The phasesequenceofthealternatorandthe busbars
can be checked by a phase sequence indicator. Differences in frequency and phase of the
voltagesofthe incomingalternatorandbus barscanbe checkedby one ofthefollowingtwo
methods:



i. ByDark&BrightLampmethod
ii.  BySynchroscope

i. ByDark&Bright Lamp method:
In three phase alternators, it is necessary to synchronize one phase only, the other two

phases will be then synchronized automatically. However, first it is necessary that the
incoming alternator is correctly ‘phased out’ j.e. the phases are connected in the proper
order of R, Y &B not R, B, Y etc.

In this method of synchronizing, three lamps L1, L2 and L3 are connected as shown in Fig.
below. The lamp L1 is straight connected between the corresponding phases (R1and R2) and
the other two are cross-connected between the other two phases. Thus lamp L2 is
connected between Y1 and B2 and lamp L3 between B1 and Y2. When the frequency and
phase of the voltage of the incoming alternator is the same as that of the bus bars, the
straight connected lamps L1 will be dark while cross-connected lamps L2 and L3 will be
equally bright. At this instant, the synchronization is perfect and the switch of the incoming
alternator can be closed to connect it to the bus bars.

L3
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Phasors R1, Y1 and B1 represent the bus bars voltages and phasorsR2, Y2 and B2 represent
the voltages of the incoming alternator. At the instant when R1 is in phase with R2, voltage
across lampllis zeroandvoltages across lamps L2andL3are equal. Therefore, the lampL1 is
dark while lamps L2 and L3 will be equally bright. At this instant, the switch of the incoming
alternator can be closed. Thus incoming alternator gets connected in parallel with the bus
bars.



ii. By Synchroscope:
A synchro scope is an instrument that indicates by means of a revolving pointer the phase
difference and frequency difference between the voltages of the incoming alternator and
the bus bars.
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It is essentially-a smallmotor,the fieldbeing supplied from the bus bars througha potential
transformer and the rotor from the incoming alternator. A pointer is attached to the rotor.
When the incoming alternator is running fast (i.e., frequency of the incoming alternator is
higher than that of the bus bars), the rotor and hence the pointer moves in the clockwise
direction. When the incoming alternator is running slow (i.e., frequency of the incoming
alternator is lower than that of the bus bars), the pointer moves in anti-clockwise direction.
When the frequency of the incoming alternator is equal to that of the bus bars, no torque
acts on the rotor and the pointer points vertically upwards (“12 O" clock”). It indicates the
correct instant for connecting the incoming alternator to the bus bars. The synchroscope
method is superior to the lamp method because it not only gives a positive indication ofthe
time to close the switch but also indicates the adjustment to be made should there be a
difference between the frequencies of the incoming alternator and the bus bars.

SharingofLoadCurrentsbyTwoAlternatorsinParallel:
Considertwoalternatorswithidenticalspeed/loadcharacteristicsconnectedinParallel. Let

E1,=inducede.m.f.sperphase
Z1,=synchronousimpedances perphase

Z=loadimpedanceperphase
I1,= currentssuppliedbytwo machines

V=commonterminalvoltageperphase

V=E1—11Z1=E2—1:Z>

E1=V E2—V
1= ; I>=

<

V4]



I=I+I=E1_:V+E2_:V
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V=(l+I.)Z=I1Z

Circulatingcurrentonno-loadis
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CHAPTER-
2SYNCHRONOUSMOTO
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ConstructionalfeatureofSynchronousMotor:

A synchronous motor is a machine that operates at synchronous speed and converts electrical
energy into mechanicalenergy. As the name implies,a synchronous motor runs at synchronous
speed (Ns = 120f/P) i.e., insynchronism with the revolving field produced by the 3-phase supply.

Likeanalternator,asynchronousmotorhasthefollowingtwoparts:

() a stator which houses 3-phase armature winding in the slots of the stator core and
receives power from a 3-phase supply.

(i) a rotor that has a set of salient poles excited by direct current to form alternate N and S
poles. Theexciting coils areconnectedinseries to twosliprings and directcurrent is fed
into the winding from an external exciter mounted on the rotor shaft. The stator is
wound for the same number of poles as the rotor poles.

- 3-Phase
g SUPPly

Somesalientfeatures ofasynchronousmotorare:

(i) A synchronous motor runs at synchronous speed. Its speed is constant (synchronous
speed) at all loads. The only way tochange its speed is to alter the supply frequency
(Ns=120f/P).

(il) The characteristic ofa synchronous motor is that it can be made to operate overa wide
range of power factors (lagging, unity or leading) by adjustment of its field excitation.
Therefore, a synchronous motor can be made to carry the mechanical load at constant
speed and at the same time improve the power factor of the system.

(iif)Synchronousmotorsaregenerallyofthesalientpoletype.

(iv)A synchronous motor is not self-starting and an auxiliary means has to be used for
starting it.



Principlesofoperation:

Consider a 3-phase synchronous motor having two rotor poles Ngand Sg. Then the stator will
alsobe woundfortwopoles Ns andSs.The armature winding ofa 3-phase synchronous motoris
connected to a suitable balanced 3-phase source and the field winding to a D.C source of rated
voltage. When a 3 phase armature winding is fed by a 3 phase supply then a magnetic field of
constant magnitude but rotating synchronous speed is produced in the stator. Consider two
stator pole Ns and Ss rotating at synchronous speed in clockwise direction. The direct current
setsupa two-pole fieldwhich isstationary.Thus, thereexistsa pair ofrevolvingarmature poles (i.e.,
Ns- Ss) and a pair of stationary rotor poles (i.e., Ng- Sg).

Suppose at any instant, the stator poles are at positions A and B as shown in Fig.(i). It is clear
that poles Nsand Ngas well as the poles Ssand Sgwill repel each other. Therefore, the rotor
tends to move in the anticlockwise direction. After a period of half-cycle (or 1/2f = 1/100
second), the polarities of the stator poles are reversed but the polarities of the rotor poles
remain the same as shown in Fig.(ii). Now Ssattracts Nrand Nsattracts Sg. Therefore, the rotor
tends to move in the clockwise direction. Since the stator poles change their polarities rapidly,
they tend to pull the rotor first in one direction and then after a period ofhalf-cycle in the other.
Due to high inertia of the rotor, the motor fails to start.

3-PHASE
SUPPLY

3-PHASE
SUPPLY

Hence, a synchronous motor has no self-starting torque i.e., a synchronous motor cannot start
by itself.

MotoronLoad:

In d.c. motors and induction motors, an addition of load causes the motor speed to decrease.
The decrease in speed reduces the counter e.m.f. enough so that additional current is drawn
from the source tocarry the increasedloadat a reducedspeed. This actioncannot take place in a
synchronous motor because it runs at a constant speed (i.e.,synchronous speed) at all loads.



The rotor poles fall slightly behind the stator poles while continuing to run at synchronous
speed. The angular displacement betweenstator and rotor poles (called torque angle &) causes
the phase of back e.m.f. Eb to change w.r.t. supply voltage V. This increases the net e.m.f. Er in
the stator winding. Consequently, stator current la ( = Er/Zs) increases to carry the load.
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Thefollowingpointsmaybenotedinsynchronousmotoroperation:

i.  Asynchronousmotorrunsatsynchronous speedatallloads.ltmeetstheincreasedload not by
a decrease in speed but by the relative shift between stator and rotor poles i.e., by the
adjustment of torque angle 6.

ii. Ifthe load onthe motor increases,the torque angle 6 also increases (i.e.,rotor poles lag
behind the stator poles by a greater angle) but the motor continues to run at
synchronous speed. The increase in torque angle & causes a greater phase shift of back
e.m.f. Eb w.r.t. supply voltage V. This increases the net voltage Er in the stator winding.
Consequently, armature current la (= Er/Zs) increases to meet the load demand.

ii. If the load on the motor decreases, the torque angle & also decreases. This causes a
smaller phase shift of Eb w.r.t. V. Consequently, the net voltage Erin the stator winding
decreases and so does the armature current la (=Er/Zs).

Loadangle(orTorqueangle):
The load angle is defined as the angle between Induced EMF and terminal voltage.For a
synchronous generator, rotor field and stator field are rotated at synchronous speed. Thesetwo

fields are not fully aligned. The stator field lags the rotor field. This lagging expressed in angle is
called load angle. This angle is represented by 6.

The power developed by the generator is directly proportional to sine of this angle. This angle
plays an important role for the stability of the generator. If the angle goes beyond 909, the

generator becomes unstable. This may happen when sudden change of large load occurs or
fault sustains longer time.



Forthe case ofsynchronous motor, the angle is called torque angle and the rotor field lags the
stator field in this case.

EquivalentCircuit:

The synchronous motor is connected to two electrical systems; a d.c. source at the rotor
terminals and an a.c. system at the stator terminals.

1.

Under normal conditions of synchronous motor operation, no voltage is induced in the
rotor by the stator field because the rotor winding is rotating at the same speed as the
stator field. Only the impressed direct current is present in the rotor winding and ohmic
resistance of this winding is the only opposition to it as shown in Fig.(i).

In the stator winding, two effects are to be considered, the effect of stator field on the
stator winding and the effect of the rotor field cutting the stator conductors at
synchronous speed.

The effect of stator field on the stator (or armature) conductors is accounted for by
including an inductive reactance in the armature winding. This is called synchronous
reactance Xs. A resistance Ra must be considered to be in series with this reactance to
account for the copper losses in the stator or armature winding. This resistance
combines with synchronous reactance and gives the synchronous impedance of the
machine.

The second effect is that a voltage is generated in the stator winding by the
synchronously-revolving field of the rotor as shown in Fig.(ii).This generated e.m.f. Epis
known as back e.m.f. and opposes the stator voltage V. The magnitude of Eb depends
uponrotorspeedandrotorflux®perpole.Since rotorspeedisconstant;thevalue ofEb
depends upon the rotor flux per pole i.e. exciting rotor current .

Forsynchronousmotor

V=Ep+I1.Zs
V: Eb+1a(Ra+]Xs)
Eb:V_IaRa_qu,Xs

Zs=VRZ+X?



A synchronous motor is said to be normally excited if the field excitation is such thatEp= V. If
the fieldexcitationis suchthatEp< V,the motoris saidtobe under-excited. The motor is saidto be
over-excited if the field excitation is such that Ep> V.

For both normal and under excitation, the motor has lagging power factor. However, for over-
excitation, the motor has leading power factor.

PhasorDiagramofaCylindricalRotorSynchronousMotor:
Unitypowerfactor:
Atunitypowerfactor,the currentl,drawnbythemotorisinphasewithsupplyvoltageV.

1,

s S

OM?=0L%*+LM?
b E2=(V-IR)*+(IX)i

Laggingpowerfactorcos®:
Suppose that the synchronous motor is takinga lagging current from the supply. V is taken as reference
phasor.For lagging powerfactorcos @, the direction of armature current |, lags behind V by an angle O.

C

A

v

OD?= OM2+MD?*=0MZ+NF?
=(ON-MN)2+(NA-FA)?
Er2=(VCOSD—I4Ro)*+(Vsind—I,X;)?



Leadingpowerfactorcos®:
When the motor is operating at leading power factor cos®, the current I,drawn by the motor leads the
supply voltage V by the phase angle O®.

OL?=0N2+NL?=(OK-NK)?+(KB+BM)?
» E2=(VCOSO—IR)*+(Vsin®+IX)%s

DeterminationofE,byusingcomplex algebra:
Let V be taken as reference phasor.

1 V=V 0°=V+j0

For lagging power factor cos ¢
I,=1(—¢=I,cosb—) 1, sin ¢

For unity power factor
1,=1,/0°=1I,+j0O

For leading power factor

=Ltto=1,cos o+l sin
The synchronous impedance is given by

Z =R, + )X,



TheBackemf isgivenby

E.‘ V — l. z.\
For lagging portwer factor cos ¢
EyS8=V,0°=, =@ (R, +] X))
=V 4O~ (I,cos $ —j I, sin ¢) (R, +j X))
=(V--I,R,cos ¢~ [, X, sin @) —j (I, X, cosd— I, R, sin §)

E = \)i\7 —~ Iy, Rycosd—1, X, sin ¢)° + (-I, X,cos ¢ — I, ﬁ‘, sin ;_)!

ILLR,sin¢— I, X, cos ¢
VI, R,cosp—I X _sind
Similarly, for leading power factor cos ¢

O = tan

Ev=V(V — I, R, cos ¢+ I, X, sin $)° + (I, X, cos ¢+ I, R, sin ¢)”

__tan-I I.X,COS‘P+I‘,R.S“\¢'
o V~I, R,cosdp+ I, X_ sind

For unity power factor (cos ¢ = 1)

E.=V(V —LR)>+ U, X)*

1,X
St -1 [ St
S = — tan (V—I.R,]

SalientPoleSynchronousMachine:

A multipolar machine with cylindrical rotor has a uniform air-gap, because of whichits reactance
remains the same, irrespective of the spatial position of the rotor. However, a synchronous
machine with salient or projecting poles has non-uniform air-gap due to which its reactance
varies with the rotor position.

Consequently, a cylindrical rotor machine possesses one axis of symmetry (pole axis or direct
axis) whereas salient-pole machine possesses two axes of geometric symmetry (i) field poles
axis, called direct axis or d-axis and (ii) axis passing through the centre of the interpolar space,
called the quadrature axis or g-axis.

The axis along the axis of the rotor is called direct (or d-) axis and the axis perpendicular to d-
axis is called the quadrature (org-) axis. Along the d-axis air gap is smallandalong the qaxis air
gap is large. The magnetic reluctance is low along the poles and high between the poles.

Two mmfs act on a salient-pole synchronous machine i.e. d-axis m.m.f. and g-axis m.m.f. The
above facts form the basis of the two-reaction theory proposed by Blondel,



g-axis = d-axis

Two-ReactionTheory(BlondelTheory):
Two-reaction theory proposes to resolve the given armature mmfs (Fq) into two mutually
perpendicularcomponents,with onelocatedalong theaxis ofthe rotorsalient pole. It is known as
the direct-axis (or d-axis) component (Fq4). The other component is located perpendicular to the
axis of the rotor salient pole. It is known as the quadrature-axis (or g-axis) component (Fg4). The
component Fgis either magnetizing or demagnetizing. The ComponentFq, results in a cross-
magnetising effect.
If W is the angle between the armature current la, and the excitation voltage Efand Fis the
amplitude of the armature mmf, then

Fa=FasinT

Fq=FacosT

PhasorDiagramofaSalient-poleSynchronousMotor:

The equivalent circuit of a salient-pole synchronous Motor is shown in Fig: below. The
component currents lg and Iq provide component voltage drops jlaXq and jlgXq .The armature
current I, has been resolved into its rectangular components with respect to the axis for
excitation voltage Ep.The angle T between Epand l.is known as the internal power factor angle.
The vector for the armature resistance drop laRais drawn parallel to I.. Vector for the drop 1¢Xqis
drawn perpendicular to lg whereas that for Iqx Xqis drawn perpendicular to Ig. The angle &
between Epand Vis called the torque angle.
Thevoltageequationforasalientpolesynchronousmotor is

V:Eb+IaRa+deXd+quXq [Ia=1d+1q]
IfRzisneglected then

V=Eb+deXd+quXq

Similarly, ThevoltageequationforasalientpolesynchronousGenerator is

Eo=V+IaRa+jlaXa+jlsXq



' R, (Xd,Xq)
+ > —WW—0000

(id,1q)
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Thevoltageequationforasalientpolesynchronousmotor is

V:Eb+IaRa+deXd+quXq

\7_/+

a) Laggingpowerfactorcos®

AIqR" C

Ep ¥ |1R, D
’ﬂR‘

Fig:Phasordiagramofasalient-polesynchronousmotoratlaggingpfcos®

Here OA=E,, AG=IR,, GH'-I'X,,'HF=I¢X,,, OF=V
OD=0A+ AC+CD -
Veosd=E+I, R, +1; X,
GH=GCC +CH
I‘, x"=lcf 1<n+ VSinS
V-.-__-¢—8
Id=la5mw=lasm(¢_8)
I, =1, cos W = I, cos (b — )




I, X, cos (¢ —8) =1, R, sin (@ —-8)+ Vsind
I, X, (cos ¢ cos S + sin ¢ sin &)
=4, R, (sin ¢ cos 8 — cos ¢ sin ) + V sin &
(V=1I,R,cos ¢~ I, X, sin §) sin &
= (I, X, cos ¢ — I, R, sin ¢) cos &

I, X, cos¢~1I,R,sin ¢
V-1, X,sin¢—1,R,cos ¢

tan &=

HaXa
Vv

Fig:Phasordiagramofasalient-polesynchronousmotoratlaggingpfcos®neglecting the
armatureresistanceRa

b) Leadingpowerfactorcos®

F "I‘,X,, D
I, y :
IR
¢ @' ’dR.
v E W B
CaR H A LR,

Fig:Phasordiagramofasalient-polesynchronousmotoratleadingpfcos®



OA=E,, AC=L,R,, CD=1,X,, DF=I; X,
OF =V, AB=ACcosy=[,R,cosy=1I R,
BC=ACsiny=I,R,siny=I R,

OA = OH + HA = OH + HB — AB = OH + FD = AB
E,=Vcos8+ 1, X;—1, R,
HF = BD = BC+ CD
Vsin&-ldR,-o-lq Xq
yv=¢+35
Iy = I, sin y.= I, sin ($ + &)
I,=1,cosy= I, cos (¢ + &)
(V+I,quinQ-l,,R,coso)sin8=(I,X,,cos¢+l,R,sin¢)cos§

J, X, cos ¢+, R,sin ¢
tand =77, X, sin g1, R, cos ¢

Vs'm6=1,Rasin(¢+8)+l‘,xqcos(¢+6) -
=], R,(sin¢cos&+cos¢sh\5)+l,,X,,(cos¢cosG-sm®sm8)

HaX4

j’qxq

I, E,.
Fig:Phasordiagramofasalient-polesynchronousmotoratleadingpfcos®neglectingthe
armatureresistanceRa



¢) Unitypowerfactor:

JlaXd

J ’qxq

o
Eb

Fig:Phasordiagramofasalient-polesynchronousmotoratunitypfcos®neglecting the
armatureresistanceRa

cos¢=l' ¢%=O°, Sin¢=0

Iaxa
tan b=y

SynchronousMotorTorque:

The following torques are considered in the selection of a synchronous motor for a particular
application:

1. Locked-rotortorque

2. Runningtorque

3. Pull-intorque

4. Pull-outtorque

LockedRotorTorque

It is the minimum torque at any angular rotor position that is developed with the rotor locked
(i.e., stationary) and rated voltage at rated frequency is applied to the terminals. This torque is
provided by the stator windings.

RunningTorque

It is the torque developed by the motor under running conditions. It isdetermined by the power
rating and speed of the driven machine.

Pull-intorque

A synchronous motor is started as induction motor till it runs 2 to 5 percent below the
synchronous speed. The d.c. excitation is then applied and the rotor pulls into step with the
synchronously rotating stator field. The pull-in torque is the maximum constant torque at rated
voltage and frequency under which a motor will pull a connected load into synchronism when
the d.c. motor excitation is applied.



Pull-outtorque
Itisthemaximumvalueoftorquewhich asynchronous motorcan develop atrated voltageand
frequency without losing synchronism.

IfT gisthegrossarmaturetorquedevelopedbythemotor,

Tg X27TN5:Pm
P
T, ="(N inrps)
7 onNs f
T = N inrpm
9 27TNS/ ( pm)
60 6[})
=_ ym
p ) 21 NS
Grosstorque, =9.55" N —m
Ns

WhereP,,=Grossmotoroutputinwatts= Epl.c(6— @)
Ns=Synchronousspeedinr.p.m.

Shafttorque='1"sh=9'55 N —m
out
Ns
Itmaybeseenthattorqueisdirectlyproportionaltothemechanicalpowerbecauserotor
speed(i.e.,Ns)isfixed.

MechanicalPowerDevelopedbyMotor:

Elocirical power Input/phase
(VI cos ¢)
|
| |
Armatu;u Cu loss Mechanica! nower

(IgP,) devoloped per phase
Pa=Ey l.‘cl»s (5-¢)
I ' -

lron, friction Output power
and excitaiion loss Pos

PowerDevelopedbyaCylindricalrotorSynchronousMotor:

Except for very small machines, the armature resistance of a synchronous motor is negligible as
compared to its synchronous reactance. The phasor diagram of an under-excited synchronous
motor driving a mechanical load neglecting the armature resistance is shown below.



SincearmatureresistanceRaisassumedzero.tane=X§=oo
Ra

andhence6=90°

Inputpower/phase=VI,cos®

SinceRa isassumedzero,stator Cu loss(I2R) willbe zero.Henceinput poweris equal to
the mechanical power Pm developed by the motor.
Mechanicalpowerdeveloped/phase,m=VI.cos®

From the phasor diagram

AB=Ercos® =1,Xscos®

AlsoAB=Epsind

1.Xscos@P=Epsind

IaCOS(a:EbSan
Xs
VEpsind
Pm = perphase
Xs
3VEpsind
Pm = for3phase

S
Itisclearfromtheaboverelationthatmechanicalpowerincreaseswithtorqueangle(in

electricaldegrees)anditsmaximumvalueisreachedwhend=90°(electrical).



PowerDevelopedbyaSalient-poleSynchronousMotor:
The expressions for the power developed by a salient-pole synchronous motor is same as a salient-pole

synchronous generator. The phasor diagram at lagging pf for a salient-pole synchronous
generator, neglecting Ra is shown below.
E

The complex power output per phase

51. =V I‘.
Taking Egas the reference phasor.
V=V(—-8=Vc058—jVsin8

I,=1I,—jla

1 =1,+] 1y
I,’-n(VcosS—jVsln&) U, +j 1D

o e Sl * =V
From the phasor diagram
3 " X,1,=CD=AM=Vsin3d
T V =sin &

1, x"
x_,l,,sACx:MD-OD—OM-E;—Vcosa
Eg—- Vcos d
!‘-—L, Xd e

Substituting the values of I, and I -

s vsind  Eg—~Vcosd
vz YEo e
a[-’—(-'-smbcosﬁd- %, <in & xdsin6cosa

, V E V? Vz
v Seon s ~F corto— L uns)
1 1
3 )sln 25]

2 V E V?
+)[ Xdocosﬁ—zxd(i.+coa28)-—zva7(]—cos26)]
9
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Also, S,,=P, +j0Q;, .
‘D\er.efote the real power per phase in watts is

VE v:
p.. <Y Ep. 3y e Y 1Y
Lo s:n8+ 3 (x' xd )slnzb
Total real power in watts .
3VE, .
P24 =3Py ==5Psin 5+, SW '-"’1_
X.,I X xl Maun
The reactive power per ph«uelnvmls
VEg . z
Riy=5T0s 5~V '

Total reactive power in vars

= =2VE
an 3Q, X, omue zx,x [(xd*x.) =(Xy- xo)"“”]

The above equations are applicable to both Salient pole synchronous generator and
synchronous motor. The torque angle &is positive for the generator and negative for the motor.
(1_—)isc_alledsaIiency.ThesaIiencydisappearswhenX=X

XqXd a q
The first term of Piois same as that of cylindrical rotor machine and is called the excitation
power and the second term the reluctance power.

Excitation power per phase

= Zx—f;ﬁ sin &
Reluctance power per phase

- ‘;2 ( W )sin 28

X, Xa



Effectofvaryingloadwithconstantexcitation:

A synchronous motor runs at absolutelyconstant synchronous speed, regardless of the load.Let
us examine the effect of load change on the motor.

Considerasynchronousmotoroperating initially withaleading powerfactor.Thephasor diagram
for leading power factor neglecting Ra is shown below.

Eb
Suppose that the load on the shaft is increased. The rotor slows down momentarily since it
takes some time for the motor to take increased power from the line. In other words, although
stillrotatingatsynchronousspeed,therotorslipsbackinspaceresultofincreasedloading.In

thisprocessthetorqueanglebbecomeslargerandthereforetheinducedtorque (T ina=

VEpsind. . . . N
*%increases.Theincreasedtorqueincreasestherotorspeedandthemotoragainpicksup

wXs
the synchronous speed but with a larger torque angle 6. Since the excitation voltage(back
emf)E}, is proportional to Quw, it only depends upon the field current and the speed of the
motor. Since the motor is moving with a 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
We have P= —— =VIaCOS®
. X Xs  x
Esind=":P=KPwhereK=""P=a constant
b 4 1%

These relations show that the increase in P increases Epsind and I.cos®.The locus of E, is
shown in Fig. below. It is seen from Fig. that with the increase of the load, the quantity jl.X5,
goes on increasing so that the relation V=E»+ jl.Xs, is satisfied and therefore the armature
current Ig,also increases. It is also seen from Fig. that the power factor angle @ also changes. It
becomes less and less leading and then becomes more and more lagging.
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Thus,whentheloadonasynchronousmotorisincreased,

(i) Themotorcontinuestorunatsynchronousspeed

(i) ThetorqueangleSincreases.

(iii) Theexcitationvoltageremains constant.

(iv) Thearmaturecurrentl .drawnfromthesupplyincreases.

(v) Thephaseangle®increases inthelaggingdirection.
There is a limit to the mechanical load that can be applied to asynchronous motor. As the
loadisincreased,the torqueangle dalsoincreasestillastageisreachedwhen the rotoris pulled out
of synchronism and the motor is stopped.

Effectofvaryingexcitationwithconstantload:

Inad.c.motor,thearmaturecurrent/ isdeterminedbydividingthedifferencebetweenVand

Epby the armature resistance Ra. Similarly, in a synchronous motor, the stator
current(l,)isdetermined by dividing voltage-phasor resultant (E;) between V and Epby the
synchronous impedance Zs.

One of the most important features of a synchronous motor is that by changing the field
excitation, it can be made to operate from lagging to leading power factor.

Suppose a synchronous motor is operating with normal excitation (E,= V) at unity p.f. with a
given load shown in fig(a). If R.is negligible as compared to X5, thenlqlags E-by 90°and is in
phase with V because p.f.isunity. The armature isdrawing a powerofVI,per phase whichis



enough to meet the mechanical load on the motor .Now let us discuss the effect of decreasing
or increasing the field excitation when the load applied to the motor remains constant.

a) ExcitationDecreased
Suppose due to decrease in excitation, back e.m.f. is reduced toE1at the same load angle §1as
showninfig(b). The resultant voltage Ericauses a lagging armature current Il4ito flow. Even
though I41is larger than Izin magnitude it is incapable of producing necessary powerVI,for
carryingtheconstantloadbecausel,icos@icomponentislessthanl,sothatVI,1cos@1<
Via.
Hence, it becomes necessary for load angle to increase from &ito 2. It increases back e.m.f.
from EpitoEp2which in turn, increases resultant voltage from Er1to Er2.Consequently, armature
current increases to I,2whose in-phase component produces enough power (VIg2cos®:z) to
meet the constant load on the motor.

b) ExcitationIncreased

The effect of increasing field excitation is shown in Fig.(c) where increased Ep1iis shown at the original
load angle &1. The resultant voltage Ericauses a leadingcurrent Is1whose in-phase component is larger
than I,. Hence, armature develops more power than the load on the motor. Accordingly, load angle
decreases from d1to &2, which decreases resultant voltage from Erito Er2. Consequently, armature
current decreases from Iq1to Ia2whose in-phase component VIg2cos@2= Ia. The armature develops
power sufficient to carry the constant load on the motor.

Hence, we find that variations in the excitation of a synchronous motor running with a given load
produce variation in its load angle only.
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V- CurvesandlnvertedV-Curves:

Excitation can be increased by increasing the field current passing through the field winding of
synchronous motor. If graph of armature current drawn by the motor (la) against field current
(If) is plotted, then its shape looks like an English alphabet V. If such graphs are obtained at
various load conditions we get family of curves, all looking like V. Such curves are called V-
curves of synchronous motor.

The V-curves of a synchronous motor show how armature current varies with its field current
when motor input is kept constant.

Ameture condition cos e

o Lagging Leading ——=

Fweldd current
(oxcitation)

(v)
When the level of field excitation of a synchronous motor is changed from under excitation to
over excitation for a constant load, then
i.  Whenthemotorisunderexcitedi.e.(E»<V)thePFislagging.Inthiscasethe
synchronousmotorbehaveslikeaninductiveload.
ii.  During normal excitation(Ep= V), the PF is unity. In this caselawill be minimum and it is
in phase with terminal voltage.
ii.  When the motor is over excited i.e.(E»>V) the PF is leading. In this case the synchronous
motor behaves like capacitive load.In over excited state the synchronous motor will
deliver load torque and improves the PF of a 3-phase supply.

If the power factor (cos @) is plotted against field current [f, then the shape of the graph looks
like an inverted V. Such curves obtained by plotting p.f. against Irat various load conditions are
called Inverted V-curves of synchronous motor.

Typically,the synchronous machine V-curves are providedbythe manufacturersothat the user
can determine the resulting operation under a given set of conditions.



Poweranglecharacteristicsofcylindricalrotormotor:
Thepoweroutputofanalternatorisgivenby: Power

VE, .
output/phase, P = bSlTlSX
S

3VEp .
Totalpoweroutput= > 2 sind
Xs
Thepoweroutputvariessinusoidallywithpowerangled.Thesynchronousmotordelivers
maximum power when &= 90°. If 6becomes greater than 90°, the machine willlose synchronism.

The dotted portion of the curve refers to unstable operation, i.e., machine loses synchronism.

Stability of the synchronous motor is determined by the power/power angle characteristic.
Suppose the operating position of the alternator is represented by point P on the curve. If
unsteadiness occurs due to a transient spike of mechanical input, then load angledincreases bya
smallamount. The additional electrical output caused by an increase indproduces a torque
which is not balanced by the driving torque once the spike has passed. This torque causes
retardation of the rotor and the synchronous motorreturns to the operating point P. The torque
causing the return of the synchronous motor to the steady-state position is called the
synchronizing torque and the power associated with it is known as synchronizing power.
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PoweranglecharacteristicsofSalientpolesynchronousmotor:
TherealpowerofSalie ntpolesylgch rovlgysm%t_lc_)?/r?erphaseisg[l!en by
= sin

18 X _ [ —__]sin28
d 2Xg Xad
TheExcitationpowerperphase
=—'sind
Xd
Reluctancepowerper phase
1, .
zvifl_ ]Slﬁ26

2 Xq Xd



It is clear that reluctance power varies with at twice the rate of the excitation power. The peak
power is seen to be displaced towards 6=0,the amount of displacement depends upon the
excitation. The excitation is such that the excitationterm has peak value about 2.5 times that of
the reluctance term. Under steady state conditions, the reluctance term is positive because
Xa>Xq.

Total power

N\ - .
7 ve—— EXxcitation power
! . = sin &
’ \

\
~
& X \

’ Reluctance power
\ \ =< Sin 28

- K /  Angle
— >

Power —»

SynchronousCondenser:

A synchronous motor takes a leading current when over-excited and, therefore, behaves as a
capacitor.

An over-excited synchronous motor running on no-load in known as synchronous condenser. It
is also known as synchronous capacitor or synchronous compensator or synchronous phase
modifier.

When such a machine is connected in parallel with induction motors or other devices that
operate at low lagging power factor, the leading kVAR supplied by the synchronous condenser
partly neutralizes the lagging reactive kVAR ofthe loads. Consequently, the power factor of the
system is improved.

Figure shown below shows the power factor improvement by synchronous condenser method.
The 3 —phase load takes current I | at low lagging power factorcos@;. The synchronous
condenser takes a current I mwhich leads the voltage by an angle @n.The resultant current [ is
the vector sum of I mand ! 1 and lags behind the voltage by an angle ¢. It is clear that ¢ is less
than@,sothatcos®@isgreaterthancos®;.Thusthepowerfactorisincreasedfromcos®;to

cos@. Synchronous condensers are generally used at major bulk supply substations for power
factor improvement.
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Advantages

(i) By varying the fieldexcitation,the magnitude of current drawn by the motor
can be changed by any amount. This helps in achieving step less control of
power factor.

(i) Themotorwindingshavehighthermalstabilitytoshortcircuit currents.

(iii) Thefaultscanberemovedeasily.

Disadvantages

(i) Thereareconsiderablelossesinthemotor.

(i) Themaintenancecostishigh.

(iii) Itproducesnoise.

(iv) Exceptinsizesabove500KVA, thecostisgreaterthanthatofstaticcapacitorsofthe same
rating.

(v) Asasynchronousmotorhasnoself-startingtorque,then-fore,anauxiliaryequipment has
to be provided for this purpose.

HuntinginSynchronousMotor:

Sudden changes of load on synchronous motors may sometimes set up oscillations that are
superimposed uponthe normal rotation, resulting in periodic variations of avery low frequency
in speed. This effect is known as hunting or phase-swinging or surging. Ifthe time period of these
oscillations happens to be equal to the natural time period of the machine,then mechanical
resonance is set up. The amplitude of these oscillations is built up to a large value and may
become so great as to throw the machine out of synchronism.



Causesof hunting:

1. Suddenchangesofload

2. Faultsoccurringinthesystemwhichthegeneratorsupplies

3. Suddenchangesinthefieldcurrent

4. Cyclicvariationsoftheloadtorque.

Effectsofhunting

1. ltcanleadtolossof synchronism.

2. ltcancausevariationsofthesupplyvoltageproducingundesirablelampflicker.

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

4. Largemechanicalstressesmaydevelopintherotorshaft.

5. Themachinelossesincreaseandthetemperatureofthemachinerises.  Of

these effects, the first is the most important phenomenon to be avoided.

Reductionofhunting
Thefollowingaresomeofthetechniquesusedtoreducehunting:

1.
2.

Damperwindings

Useofflywheels

The prime mover is provided with a large and heavy flywheel. This increases the inertia
of the prime mover and helps in maintaining the rotor speed constant.
Bydesigningsynchronousmachineswithsuitablesynchronizingpowercoefficients.

Damperwinding:

The damperwindings consist of short-circuited Cubars embedded in the faces ofthe field poles
of the motor. The ends of the damper bars are short circuited at the ends by short circuiting
rings similartoend rings as inthecaseofsquirrel cagerotors. Undernormalrunning conditions, the
damper winding does not carry any current because rotor runs at synchronous speed.
Whenever any irregularity takes place in the speed of rotation, however, the polar flux moves
from side to side of the pole, this movement causing the flux to move backwards and forwards
across the damper bars. Emfs are induced in the damper bars.

These damper windings are serving the function of providing mechanical balance, reduce the
effect of over voltages and damp out hunting in case of alternators. In case of synchronous
motors, they act as rotor bars and help in self-starting of the motor.
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Methodsofstartingsynchronousmotor:

A synchronous motor is not self-starting. There are twomethods that are used to starta synchronous
motor:

1. Startingwiththehelpofanexternalprimemover.

2. Startingwiththehelpof damperwindings.

MotorStartingwithanExternalMotor:

In this method an external motor drives the synchronous motor and bring it to synchronous
speed. The synchronous machine is then synchronized with the bus-bar as a synchronous
generator. The prime mover is then disconnected. The synchronous machine will work as a
motor. Now the load can be connected to the synchronous motor. Since load is not connected
tothe synchronous motor before synchronizing, the starting motorhas to overcome the inertia
of the synchronous motor at no load. Therefore, the rating of the starting motor ismuch smaller
than the rating of the synchronous motor.

Generally,most ofthelargesynchronous motors areprovidedwithbrushless excitationsystems
mounted on their shafts. These exciters are used as the starting motors.

MotorStartingbyusingdamper(Amortisseur)Winding:

The most widely used method of starting a. synchronous motor is to use damper windings. Most of the
large synchronous motors are provided with damper windings, in order to nullify the oscillations of the
rotor whenever the synchronous machine is subjected to a periodically varying load. A damper winding
consists of heavy copper bars inserted in slots of the pole faces of the rotor. These bars are short
circuited by end rings at both ends of the rotor similar to the squirrel cage rotor bars.



When the stator of a synchronous motoris connected to the 3-Phase AC supply, the motor starts
as a 3-Phase induction machine due to the presence of the damper bars, just likea squirrel cage
induction motor. Once the motor picks up to a speed near about its synchronous
speed,theDCsupply toits fieldwinding is connected andthesynchronous motor pulls into step
i.e.itcontinuestooperateasaSynchronousmotorrunningatitssynchronousspeed.

ApplicationsofSynchronousMotors:
Synchronousmotorsfindextensiveapplicationforthefollowingclassesofservice:

1. Powerfactorcorrection
2. Constant-speed,constant-loaddrives
3. Voltageregulation

Powerfactorcorrection

Overexcited synchronous motors having leading power factorarewidelyusedforimprovingpower
factor of those power systems which employ a large number of induction motors and other devices
having lagging p.f. such as welders and fluorescent lights etc.

Constant-speedapplications

Because of their high efficiency and high-speed, synchronous motors (above 600 r.p.m.) are well-
suited for loads where constant speed is required such as centrifugal pumps, belt-driven reciprocating
compressors, blowers, line shafts, rubber and paper mills etc.

Low-speed synchronous motors (below 600 r.p.m.) are used for drives such as centrifugal andscrew-
type pumps, ball and tube mills, vacuum pumps, cliippers and metal rolling mills etc.



Voltageregulation

The voltage at the end of a long transmission line varies greatly especially when large inductiveloads
are present. When an inductive load is disconnected suddenly, voltage tends to rise considerably
aboveits normalvaluebecause of thelinecapacitance.Byinstallingasynchronousmotorwitha field regulator
(for varying its excitation), this voltage rise can be controlled.

When line voltage decreasesdue toinductive load, motor excitation isincreased,thereby raising
itsp.f.whichcompensatesforthelinedrop.Iflinevoltagerisesduetoline capacitive effect, motor excitation is
decreased, thereby making its p.f. lagging which helps to maintain the line voltage at its normal value.



Chapter-3
THREEPHASEINDUCTIONMOTOR

An Induction machines is basically Asynchronous machines. If the Induction Machine
converts Mechanical energy to Electrical energy, then it is called Induction Generator. If the
Induction Machine converts Electrical energy to Mechanical energy, then it is called
Induction Motor.

Theinductionmotormaybe consideredtobeatransformerwitha rotatingsecondaryandit can,
therefore, be described as a “transformer type” a.c. machine in which electrical energy is
converted into mechanical energy.

Productionofrotatingmagneticfield:

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
go onshifting their positions around the stator. For this reason,it is calleda rotating Field.

Consider a 2-pole,3-phase winding placed 120°space apart. The three phases X, Y and Zare
energized from a 3-phase source and currents in these phases are indicated as
I,yandl,.Thefluxesdueto thesethesecurrents are®, @,and®..

Dx=0msinwt

Dy=0ms(wt—120°)

D,=0ms(wt—240°)
Here@nisthemaximum fluxduetoanyphase.Thephasordiagramofthethreefluxesis shown in
Fig:(i) below.
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i. At instant 1,From Fig: (ii),the current inphase X is zeroandcurrents inphases Yand Z
are equal andopposite. The currents are flowing outward in the top conductors and
inward in thebottom conductors. This establishes aresultant flux towards right. The
magnitude of the resultant flux is constant and is equal to 1.5 @n.



Atinstantl,t=0".
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ii.  Atinstant2,thecurrentismaximum(negative)in @yphaseYand0.5maximum
(positive) in phases X and Y.

Atinstant2,t=30°.
Bx=0m sin(wt)=@, SB0°) =%
By=0ms(wt—120°)=Pmsin(—90°)=—0Pm
By =0 s(wt—2409=g,  S(—2109)="
Thephasorsumof@sx, @yand@istheresultantflux®:

Thephasorsumofdxandaz'=2x2= 1200 O
cos(_)=—_
, [} r 2 2 2
Thephasorsumof@and—@,0=""+@ =15¢
r y r 2 m m

Theresultantfluxisdisplaced30°clockwisefromposition1.



At instant 3, current in phase Z is zero and the currents in phases X and Y are equal
and opposite (currents in phases X and Y are 0.866X max. value).
Atinstant3,t=60°.
=0 s(wt)=0 sin(60°)=L3p
X m m

2 m
0 =0 s(wt—120°)=0 sin(—60°)=—3
4 m m 2 m
D:=0ms(wt—240°)=0msin(—180°)=0
Theresultantflux@,isthesphasorsumof—@,and®,
Resultantflux,@= 2 x ¥ f)=1.5®

r zq)mco(z m

Theresultantfluxisdisplaced60°clockwisefromposition1.

Atinstant4,the current inphaseX ismaximum (positive)andthe currentsinphases
YandZareequalandnegative(currentsinphasesYandZare 0.5 Xmax.value).This
establishes a resultant flux downward.

Atinstant4,t=90°,
Dx=Oms(wt)=Pmsin(90°)=0n, ,
® =0s(wt—120°)=0 s(—30°)=-""

y m 2
O =0 s(wt—240°)=0 si(=150°)=—#

Z m m 2



Thephasorsumof@y,@yand@ist heresulggntflux@,

Thephasorsumof—@and—@,0=2x s
y z r 2 2
Thephasorsumof@®” and@® ,0= bnig =150
r X r 2 m m

Theresultantfluxisdisplaced90°clockwisefromposition1whichisinthedownward direction.

by

Thusa3-phase sUppIy produces arotatingfieldof constantvalue(=1.5 @, where @nis the
maximum flux due to any phase).

Speedofrotatingmagneticfield:
Thespeedatwhichthe rotatingmagneticfieldrevolvesiscalledthesynchronousspeed (Ns).

Wheref=frequencyinHZ
P=numberofpoles

Directionofrotatingmagneticfield:
The phase sequence of the three-phase voltage applied to the stator winding is X-Y-Z. If this
sequence is changed toX-Z-Y,it is observed that direction of rotationofthe field is reversed
i.e., the field rotates counterclockwise rather than clockwise.
However, the number of poles and the speed at which the magnetic field rotates remain
unchanged. Thus it is necessary only to change the phase sequence in order to change 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 rotor 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
lines.

Construction:

A 3-phase inductionmotorhas twomainparts (i) statorand(ii) rotor. The rotor is separated
from the stator by a small air-gap which ranges from 0.4 mm to 4 mm, depending on the
power of the motor.



Stator:

Stator consists of a steel frame which encloses a hollow, 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.
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Rotor

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:

()Squirrelcagetype(ii)Woundtype

Squirrel-cagerotor:

It consists of a laminated cylindrical 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 has current induced in it
by transformer action from the stator.

Those induction motors which employ squirrel cage rotor are calledsquirrel cage
induction motors.

Most of 3-phase induction motors use squirrel cage rotor as it has a remarkably
simple and robust construction enabling 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
to the rotor circuit to have a large starting torque.

Therotorslotsareusuallynotquiteparalleltotheshaftbutarepurposelygivenaslight skew. This is
useful in two ways:



Ithelpstomakethemotorrunquietlybyreducingthemagnetichumand

It helps in reducing the locking tendency of the rotor i.e. the tendency of the rotor
teeth to remainunder the stator teeth due to direct magnetic attraction between the
two.

END RINGS
COPPER BARS IN
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Woundrotor.

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 circuit 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 runsup
to speed.

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

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

(i) The rotating field passes through the air gap and cuts the rotor
conductors,whichare stationary. Due tothe relative speedbetweenthe rotating
flux andthe stationary rotor, e.m.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 conductorsproduces 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
conductors. 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

-

ROTOR
CONDRUCTOR




SpeedandSlip:

The rotor rapidly accelerates in the direction of rotating field. However the rotor can never
reach the speed of stator flux. Ifrotor is rotating at synchronous speed ,then there would be
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-) isalways less than the suitor field speed
(Ns). This difference in speed depends upon load on the motor.

Thedifference betweenthesynchronousspeedNsofthe rotatingstatorfieldand theactual rotor
speed (N)is called slip.
Itisusuallyexpressedasapercentageofsynchronousspeedi.e.,

%slips="""""x 100
Ns

N.=(1-—s)

i.  ThequantityNs;—N issometimescalledslipspeed.
ii.  Whentherotorisstationary(i.e.,N,=0),slip,s=10r100%.
iii.  Inaninduction motor, the change in slip from no-load to full-load is hardly 0.1% to
3% so that it is essentially a constant-speed motor.

FrequencyofRotorCurrentandVoltage:
Thefrequencyofavoltageorcurrentinduceddue totherelativespeedbetween a

vending and a magnetic field is given by

PN
Frequencyf= 120

whereN=Relativespeedbetweenmagneticfield andthewinding P =
Number of poles
ForarotorspeedN,therelativespeedbetweentherotatingfluxandtherotor is

Ns—N-.Consequently,therotorcurrentfrequency
(Ns_Nr)P

120

_SNSB
120

fr=sf

Rotorcurrentfrequency=slipxSupplyfrequency
i.  Whenthe rotorisatstandstillorstationary(i.e.,s =1),the frequencyofrotor
current is the same as that of supply frequency ((fr=sf=1X f = f)
ii.  Astherotorpicksupspeed,therelativespeedbetweentherotatingfluxandthe rotor
decreases. Consequently, the slip s and hence rotor current frequency
decreases.



RotorEMFandReactance:
LetE,=standstillrotorinducede.m.f./phase

X,= standstill rotor reactance/phase.

f=rotorcurrentfrequencyatstandstill
When rotor is stationary i.e. s= 1. the frequency 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 motor 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 a slip s the rotor induced e.m.f. will be s times the
induced e.m.f. at standstill.

Therefore, under running conditions Er = sE..

Thefrequencyoftheinducede.m.f.willfr=sf
Duetodecreaseinfrequencyoftherotore.m.f..therotorreactancewillalso decrease.
Xr=sXawhereErandXrarerotore.m.f.andreactanceunderrunning conditions

Thusatanyslips,
Rotor e.m.f./phase =
sE;Rotorreactance/phase=sX
2Rotor frequency = sf
whereE;, X;andfarethecorrespondingvaluesatstandstill.

RotorCurrent:

Consider a 3-phase induction motor at any slip s. The rotor is assumed to be of wound type
and star connected. Rotor e.m.f./phase and rotor reactance/phase are sE; and
sXarespectively. The rotor resistance/phase is R; and is independent of frequency and,
therefore, does not depend upon slip. Similarly stator winding values R1 and X1 do not
depend upon slip.

l
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Winding Short-circutad
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Atstandstill:OnephaseoftherotorcircuitatstandstillisshowninFig:(i)

E- E -
Rotor current/phase. 1, = > = e =
2 JR3+X3
< R 5 R
Rotor p.1., cos ¢, = PR = = =
2 \/I R 5 = B XS
) Ry 2 9,
) A l

() (i6)
Whenrunningat slip s:Fig:(ii))showsonephaseoftherotorcircuitwhenthemotoris running
atslips.

sE sE
Rotor current, I'5 = 7 2 — ; 2 5
2 'R2 4 (s
R R
Rotor p.t., cos ¢'5 = Z'2 =T = >
2 .'
VRS +(sX5)
RotorTorque:
ThetorqueTdevelopedbytherotorisdirectlyproportionalto:
i. rotorcurrent
ii. Rotore.m.f.

ii.  powerfactoroftherotorcircuit

T «EsI; cosd,

or T =KE, I, cos¢,
where I- = rotor current at standstill
E- = rotor e.m.f. at standstill

N W

cos ¢ = rotor p.f. at standstill

s X,



StartingTorque(T's¢):
Thetorquedevelopedbythemotorattheinstantofstartingiscalledstartingtorque. Let Ex=
rotor e.m.f. per phase at standstill;

Ro=rotorresistance phase

Xa=rotorreactancephaseatstandstill

2 e ; 2
Zy; = 1/(R; + X ) =rotorimpedance/phase at standstill

E E; R R
Then. I, = —3=—"; cosd).,: = 2

S W (S =T R

Standstill or starting torque T,=k, E, I, cos ¢,

or T:_, = klEZ' E’.’ X R:-' sy klEsz

R+X) JR+xDH R+X

(=]

If supply voltage V'is constant. then the flux @ and hence. E, both are constant.

R R ;
T, = k, ——2— =k, —5 where k, is some other constant.
R,+X, “Z, }
T
. 3 , 3 ER,
Now. ., = 5 s O A Dy )

Where Ns — synchronous speed in 1ps.

Themagnitude ofstartingtorquewoulddependuponthe relativevalues ofR2andX2i.e., rotor
resistance/phase and standstill rotor reactance/phase.
StartingTorqueofaSquirrel-cageMotor:

e The resistance of a squirrel-cage motor is fixed and small as compared to its
reactance which is very large especially at the start because at standstill, the
frequency of the rotor currents equals the supply frequency. Hence, the starting
current I, of the rotor, though very large in magnitude, lags by a very large angle
behind E;with the result that the starting torque per ampere is very poor.

e Itis 1.5 times the full-load torque, 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 heavy loads.

StartingTorqueofaSlip-ringMotor:

e The starting torque 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
resistance being progressively cut out as the motor gathers speed.

e Addition of external resistance, however, increases the rotor impedance and so reduces the
rotor current. At first, the effect of improved power factor predominates the current-
decreasing effect of impedance. Hence, starting torqueis increased. But after a certain point,

the effect of increased impedance predominates the effect of improved power factor and so
the torque starts decreasing.



ConditionforMaximumStartingTorque:

Thestartingtorquewillbemaximumwhenrotorresistance/phaseisequaltostandstillrotor
reactance/phase.

k’)R"\
I, = —/———~
Ry + X5
Differentiatingaboveequationw.r.t.R,andequatingtheresulttozero,weget
dr, _ 1 RCR) |_,
dR =k 2 2 2 2.2 |~
2 R, +X; (R +X;)

2 2 _ 4p2

R2 -l-X1 = _R2
Hencestartingtorquewillbemaximumwhen:

Rotorresistance/phase=Standstillrotorreactance/phase

Under theconditionof maximumstarting torque,$= 45°androtor powerfactor is0.707
lagging.

Starting
lorque curve

Torgue

.2 = 45°

0 Rotor Res&sla\ce= R, = X, R,
) ()

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

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

EffectofChangeinSupplyVoltageonStartingTorque:
R, +X;
SinceE;aSupplyvoltageV
V'R, kV’R,

2

2

s~ 2 2
R2 + Xz Z
whereKsisanotherconstant.
¥
Hence T o< V™
Therefore,the starting torque is very sensitive to changes inthe value ofsupply voltage. For
example, a drop of 10% in supply voltage will decrease the starting torque by about 20%.



TorqueUnderRunningConditions:
Lettherotoratstandstillhaveperphaseinducede.m.f.E;,reactanceX2andresistanceR,.

Te<E]I cos¢,or Toe< I coso,

where E,, = rotore.m.f.‘phase under running conditions
I, = rotor current/phase under running conditions
Now E = sE,
P 52 sE,
4 Z 2 . 2
r [R2 + (sX;5) ]
R,
cos P, = ——
JIRE + (sX,)*]
P s ® E,R, =k(b.S.E2R2
p 2 2 . 2
Ry +(sX;)” R; +(sX,)"
k .sE; R,
3
Wherekiisanotherconstant.ltsvalueisequalto
21N« i
3 sE; R, 3 SE; R,

o= lmV; ) R§ + (X5 y> 2”Ne 7

Atstandstillwhens=1,
2 2
kE; R, 3 E,R,
T, = 27, 2| 2V, 7. o2
st Ry +X, 2nNs R, + X,

Itmaybeseenthatrunningtorqueis:

i.  Directlyproportionaltoslipi.e.,ifslipincreases(i.e.,motorspeeddecreases),the
torque will increase and vice-versa.

ii.  Directlyproportionaltosquareofsupplyvoltage(E-zaV)

MaximumTorqueunderRunningConditions:
Thetorqueofarotorunderrunningconditionsis

5
k®dsE,R, K SE; R,
2 2~ M2 2
R, + (S“Xz) R, + (&XE)
Theconditionfor maximumtorquemaybeobtainedbydifferentiatingtheaboveexpression with respect
to slip s and then putting it equal to zero.

T =

dT _ K, [R5(R3+s? X3)—2sX3(s Ry))
ds (R§+52 ng

=1



-~
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(R24-s2 3¢2)— 28X
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|
o
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. -~ -
RS =s- X35

Thusformaximumtorque(Tm)underrunningconditions:
Rotorresistance/phase=FractionalslipXStandstillrotorreactance/phase Slip

corresponding to maximum torque is s = Ry/X>

PuttingRo=sX,andSubstitutingvalueofs=R,/X,in thetorque equation

(R,/X,).E: . R, E:
T = b ,21 _,zzkla;;
R+®/X).Xx] 2%
E>
T = : .—— N-m

max N, 2X,

Fromtheabove,itisfound that
i.  Themaximumtorqueisindependentofrotorresistance.

ii. However, the speed or slip at which maximum torque occurs is determined by the

rotor resistance. torque becomes maximum when rotor reactance equals its

resistance. Hence, by varying rotor resistance (possible only with slip-ring motors)

maximum torque can be made to occur at any desired slip (or motor speed),

iii.  Maximum torque varies inversely as standstill reactance. Hence, it should be kept as

small as possible.
iv.  Maximumtorquevariesdirectlyasthe squareoftheappliedvoltage.

v.  For obtaining maximum torque at starting (s =1), rotor resistance must be equal to

rotor reactance.

Torque-SlipCharacteristics:

The graph drawn between the torque and slip for a particular value of rotorresistance Rz, is
called torque-slip characteristic. A family of torque-slip characteristics for aslip-range from s

=0tos =1 for various values of rotor resistance is shown below.

Themotortorqueunderrunningconditionsisgivenby

T — kd SE,R,
R +(sX,)’
Ta—SBz

R22+SZX22
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? Maximum Torqu :
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Slip Carresponding
: to starting torque
: ; ; s vl
: 0.2 0.4 0.6 0.8 1
Slip ~————p
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(i) Ats =0,T=0sothattorque-slipcurvestartsfromthe origin.
(i) Atnormalspeed,slipissmallsothatsXzisnegligibleascomparedto R».

S

Ta _
R2
as  ...asRzisconstant
Hencetorqueslipcurveisastraightlinefromzero sliptoaslipthatcorrespondstofull-load.

(iii) As slipincreasesbeyond full-load slip, the torque increasesand becomes
. Ry .. . . . .
maximym at="2Thismaximumtorqueinaninductionmotoriscalledpull-out
torqueorbreak-downtorque.ltsvalueisatleasttwicethefull-loadvaluewhen
themotor isoperatedatratedvoltageandfrequency.

(iv) Whenslipincreasesbeyondthatcorrespondingtomaximumtorque,theterm
sZX2ZincreasesveryrapidlysothatR22maybeneglectedascomparedto

s2X3.

S

s2X2

Ta

1 .
a—s ...asX2 isconstant

Thus the torque is now inversely proportional to slip. Hence torque-slip curve isa rectangular

hyperbola.
(v) The maximum torque remains the same and is independent of the value of rotor
resistance. Therefore, the addition of resistance to the rotor circuit does not
change the value of maximum torque but it only changes the value of slip at

which maximum torque occurs.



Full-LoadandMaximumTorque:
Letsybetheslipcorrespondingtofull-loadTorque

T o 5 Ry
f 2 2
1
T oc
max E‘Y]_

2 2
Tmax R, + (Sf X})_

DividingthenumeratoranddenominatoronR.H.S.byX2,weget,

Tf z.ﬁ'f - RE -'II XE Zﬂ.'.:lrf
Tnax (R, / Xg)l + .*:j,- a’+ s:‘:-
R2 Rotorresistance/phase

wherea= "=
X2 Standstillrotorreactance/phase

StartingTorqueMaximumTorque:
R

4

T oc —2
T Rl+x]
1
T o
max 2 JY}

DividingthenumeratoranddenominatoronR.H.S.byX2,weget,
T ERJJYE ERJ -'II Xl _ Ea

ST —

Towe  Ri+X: 1+(R/ X)) 1+a°

Rotorresistance/phase

R
wherea= 4=
X2 Standstillrotorreactance /phase

PowerStagesinaninductionMotor:
Theinputelectricpowerfedtothestatorofthemotorisconvertedintomechanicalpower at the
shaft of the motor. The various losses during the energy conversion are:
1. Fixedlosses
(i) Statorironloss
(ii) Frictionandwindageloss
Therotorironlossisnegligible becausethefrequencyofrotorcurrentsundernormal running
condition is small.
2. Variablelosses
(i) Statorcopper loss
(ii) Rotorcopperloss
Fig.shownbelowshowselectricpowerfedtothe statorofaninductionmotorsufferslosses and
finally converted into mechanical power.



Fromthefigurethefollowingpointsmaybenoted:
(i) Statorinput,P;=Statoroutput+Statorlosses
=Statoroutput+Statorlronloss+StatorCu loss

(i) Rotorinput,Pr=Statoroutput
Itisbecausestatoroutput isentirely transferredtotherotorthroughair-gapby electromagnetic
induction.

(iii) Mechanicalpoweravailable,Pm=P,—RotorCuloss
Thismechanicalpoweravailableisthegrossrotoroutputandwillproduceagross torque
Ty.

(iv) Mechanical power at shaft, Pous= Pm— Friction and windage loss
Mechanicalpoweravailableattheshaftproducesashafttorque T'sh.
Clearly, Pmm— Pout= Friction and windage loss

' l ' Mach. power | '
) developedin Rotor
Motor Stator Rotor Rotor rotor Windage output
* hm‘Co& ‘ Input * Cu . P ‘andfncuon‘ P
stator fron P, loss o;“ Gross losses orM shaft

torque

T

InductionMotorTorque:

ThemechanicalpowerPavailablefromanyelectricmotorcanbeexpressed as:

27NT
P ="""T"watts
60

WhereN=speedofthemotorinr.p.m.

T=torquedevelopedinN-m
Ifthegrossoutputofthe rotorofaninductionmotorisPmanditsspeedisNr.p.m.,then gross
torque T gdeveloped is given by:

Pm
T4=9.55,M=m
Similarl
Y Pout
Tsn=9.55 N—m
N
RotorOutput:

IfT gnewton-metreisthegrosstorquedevelopedandNr.p.m.isthespeedoftherotor, then,

2NT,
Grossrotoroutput=P= watts
60

Iftherewerenocopperlosses intherotor,theoutputwouldequalrotorinputandtherotor would
run at synchronous speed Nj.
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Rator input ~ ()(; = wartts
Rotor Cu loss = Rotor input — Rotor output
2= T, (N, —N)
6O a
M) Rotor Cu loss N, -N__
Rotor input N

Rotor Cu loss = s x Rotor mput

(11) Gross rotor output. P, Rotor input Rotor Cu loss
Rotor input — 5 x Rotor input

P, — Rotor mmput (1 s)
GiD) Gross rotor output " N
> e b ot o i, g . 3
Rotor input N,
(iv) Rotor Cu loss s
Ciross rotor output l—s

Itisclearthat  ifthe  inputpowertorotoris  PrthensPrislostasrotorCulossandthe
remaining(1-s)-isconvertedintomechanicalpower.Consequently,inductionmotor
operating at high slip has poor efficiency.

Note:Rotorinput:RotorCu loss:Grossrotoroutput=1:s:(1-s)
Grossrotoroutp(Pm) 1—S_N
Rotorinput(Py) Ns
If the stator losses as well as nction and windage losses arc neglected, then,

Giross rotor output — Useful output
Rotor input = Stator input

Usctul output

- s = Efficiency
Stator output >

StartingofThreePhaselnductionMotor:

When the supply is connected to the stator of a three-phase induction motor, a rotating
magneticfield is producedandthe rotorstarts rotating. Thus a three phase Inductionmotor is
self-starting.

Theinductionmotorisfundamentallyatransformerinwhichthestatoristheprimaryandthe rotor
is short-circuited secondary. At starting, the voltage induced in the induction motor rotor is
maximum (s = 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
inhighstarting current (4 to 10times the full-loadcurrent) in the statorat low power factor
and consequently 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 acceleratesnormally.

However, this large starting current will produce large line-voltage 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.



MethodsofStartingThreePhaselnductionMotors:

Themethodtobeemployedinstartingagiveninductionmotordependsuponthesizeofthe motor
and the type of the motor. The methods used to start induction motorsare:

(i) Direct-on-linestarting
(ii) Statorresistancestarting
(iif) Autotransformerstarting
(iv) Star-deltastarting
(v) Rotorresistancestarting
Methods(i) to(iv)are applicable tobothsquirrel-cageandslip ringmotors.However, method

(v) is applicable only to slip ring motors.

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

Direct-on-linestarting:

In this method of starting the motor is started by connecting it directly to 3-phase supply.
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 to 7.5 kW) machines.

Throe - Mhase Supply

T uf uf

A v' X Fuses
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Ly S
Remote 3
f-ﬂup —
D.O.L starter consists of a coil-operated contactor C controlled 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 normally held open by a spring) the contactor coil C is
energised from two line conductors Liand L,. The three main contacts M and the auxiliary

contact A close and the terminals a and b are short-circuited. The motor is thus connectedto
the supply. When the pressure on Siis released, it moves back under spring action.Even



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

When the STOP push button S; (which is normally held closed by spring) is pressed, the
supplythroughthecontactorcoilCis disconnected.Since the coilCis deenergised,themain
contacts M andauxiliary contact A are opened. The supply tomotor is disconnectedandthe
motor stops.

» When the voltage falls below a certain value, 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 overload coils (O.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.

Fusesareprovidedinthecircuitforshort-circuitprotection.

Direct-on-line starting is a simple and cheap method. 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 large
starting current produces excessive voltage droop in the line supplying the motor. Small
motors up to 5kW rating may be started by D.O.L. starters to avoid supply voltage
fluctuations.

Relation between starling and F.L. torques. We know that
Rotor mput = 2a N, T — k1

But Rotor Cu loss ~ s » Rotor mput
3(1, PR, =s =kl

or T o (T3 I:_'a

(‘]. T oc Ii "v‘\' ‘... ] 2 xll)
I 1.: 1s the starting current, then starting torque (T,) is

. 4 -

I o I (.- atstarting s=1)
If I 1s the full-load current and s¢ i1s the full-load shp. then,

Ly o l' ,,'5‘

14

When the motor is started direct-on-line, the starting current is the short-circuit
(blocked-rotor) current L.



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

Statorresistancestarting:

In this method, external resistances are connected in series with each phase of stator
winding during starting. This causes voltage 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:

e First,the reducedvoltageappliedtothe motorduringthestarting periodlowersthe
starting torque and hence increases the accelerating time.

e Secondly,alotofpoweriswastedinthestarting resistances.
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RelationbetweenstartingandF.L.torques.
Let Vbe the rated voltage/phase. Ifthe voltage is reduced by a fractionx by the insertion of
resistors in the line, then voltage applied to the motor per phase will be xV.

So,
I, =x1L,
e CLY
Now Aol L] %
" o, AT, ) f
l:] .', lc; ‘-
or — =\ T" x \:

| |
Thus while the startin'g current reduces by a fraction x of the rated-voltage starting current
(Isc), 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
startingtorque. Therefore, this method is used for starting small motors only.



Autotransformerstarting:

Thismethodalsoaimsat connectingthe inductionmotortoareducedsupply atstartingand 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 80% of line voltage is applied
to the motor.

At the instant of starting, the change-over switchis thrown to “start” position. This puts the
autotransformer in the circuit and thus reduced voltage is applied to the circuit.
Consequently,starting current islimitedtosafevalue.Whenthe motorattainsabout 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.
AdvantagesofAutotransformerstarting:

(i) lowpowerloss,

(i) lowstartingcurrent and

(iii) lessradiatedheat.
For large machines (over 25 H.P.), this method of startingis often used.This methodcanbe
used for both star and delta connected motors.
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Relation between starting And F.I. torques. Consider a star-connected
squirrel-cage induction motor. If V 1s the ine voltage. then voltage across motor
phase on direct switching is V/v3 and starting current is I, = L. In case of
autotransformer, 1f a tappig of transformation rato K (a fraction) is used, then
phase voltage across motor s KV/+/3 and 1, = K I,
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Thecurrenttakenfromthesupplyorbyautotransformerisli=Kl2=K?ls.

ThemotorcurrentiskKtimes,thesupplylinecurrentisk’timesandthestartingtorque is K2
times the value it wouldhave been on direct-on-linestarting.



Star-deltastarting:

The stator winding of the motor is designed for delta operation and is 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 V/v3 volts
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.
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Disadvantagesofthismethodare:

a) Withsta r—connectionduringstarting,statorphasevoltageis1/_timesthe|ine

V3
2

voItage.Consequently,startingtorqueis(1/_) or1/3timesthevalueitwould

havewithDelta-connection.Thisisalargereductioninstartingtorque.
b) Thereductioninvoltageisfixed.

Thismethodofstartingisusedformedium-sizemachines(uptoabout25H.P)



Relation between starting and F.L. torgues. In direct delta starting,
Starting current’phase. I = V/Z,. where V = line voltage
Starting line current = 3 1

In star startmg. we have,

V/3
Starting current'phase, 1, = Y= l X4
Lie N3
T ((EY I "
Now = :l 51 l XSp = z - w' X Sy
¢ X ) v3xl, )
w L, _ 1 L 'l-
( = A
P 3T !
where 1. = starting phase current (delta)
I,= I'.L. phase current (delta)
e .{,\__[“ Jﬂ;l,‘
—> 3 1 'y :
Vv X,
11111} —~|
T
° ) °
Star (Stator) Deia (Stator)

In star-delta starting, the starting line current is reduced to 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 torque is not necessary e.g., machine tools, pumps
etc.

Rotorresistancestarting:
Slip-ring motors are invariably started by rotor resistance starting. Inthis method, a variable

star- connected rheostat is connected in the rotor circuit through slip rings and full voltageis
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.

ii.  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 rotorcircuit. When
the motor attains normal speed, the change-over switch is in the ON position and
the whole external resistance is cut out from the rotor circuit.
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SpeedControlofinductionMotors:

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

Bychangingthenumberofstatorpoles(P).
Bychangingthelinefrequency
Bychangingtheappliedvoltage.
Bychangingresistanceintherotorcircuit.

A wNPeE

SpeedControlbychangingnumberofstatorpoles:

. . 1%0f :
Weknowthatsynchronous speedof inductionmotorN=-Therefore,bychangingthe
P

number of stator poles (P), the synchronous speed and hence the rotor speed (N) can be

changed. This method is easily applicable to squirrel cage motors but is not practicable for
wound rotor motors. Squirrel cage motors designed for pole-changingcontrolare commonly
called multispeed motors.

SpeedControlbychangingLinefrequency:

120f
Weknowthatsynchronous speedofaninductionmotorisgivenby N,= T.Therefore,by

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

When employing line-frequency control, the applied line voltage should bechangedin direct
proportiontothefrequency i.e.iffrequencyisincreased,thesupplyvoltagemustalso be
increased and if the frequency is decreased, the supply voltage must also be decreased
proportionately. This is necessary to maintain an approximately constant flux 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
output power will vary approximately in direct proportion to the speed of the motor.



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.

SpeedControlbychangingappliedVoltage:

We know that torque developed (T) by an induction motor is directly proportional to the
square of applied voltage (V) i.e T a V2. 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 to control the speed of induction motor (squirrel cage or wound rotor motor)
by changing the applied voltage.

Induction
% motor

Fan
load

The motor is supplied from 3-phase Supply through a 3-phase autotransformer. The motor
drives fan load. The voltage 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 (s) 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 control of induction motors. However, it is rarely used because of the following
drawbacks

i.  Alargechangeinvoltageisrequiredfora relativelysmallchangeinspeed.
ii.  Thelargechangeinvoltageresults inlargechangeintheflux density.This affectsthe
magnetic conditions and hence performance of the motor.

SpeedControlbychangingRotorcircuitResistance
Thismethodofspeedcontrolissuitableonlyforslip-ringmotors.Thespeedofthemotor
canbedecreasedbyaddingexternalresistancetotherotor.Undernormalrunning condition,the relation

between torque (T) and slip (s) ofan induction motor is given by:
s
Ta—
R>

whereR,istherotorresistance/phase.



Fromtheaboverelation,foragiventorque,sa R;.Thereforeslipcanbeincreased(i.e. motor speed
can be decreased) by increasing the rotor resistance.
Drawbacks:
i.  Thereis anincrease in the rotor Cu losses due to the increased rotor circuit
resistance.

iil. DuetoincreasedrotorCulosses,theefficiencyofthemotoris decreased.

iii.  Thereisanincreaseinthetemperatureofthemotor.
Becauseofthe abovedrawbacks,thismethod isusedwherespeed changesare required for short

S
Iinduction
motor

periods only.

Pluggingofaninductionmotor:

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

e When we interchange two stator leads, the revolving field suddenly turns in the opposite
direction to the rotor. During the plugging period, the motor acts as a brake. It absorbs
kinetic energy from the still-revolving field, causing its speed to fall.

e The mechanical powerassociatedwiththe rotorisentirely dissipatedasheatinthe rotor. At the
same time rotor also continues to receive power from the stator which is also dissipated as
heat. Consequently, plugging produces I2R losses in the rotor which even exceed those
when the rotor is locked.

e Motors should notbe plugged too frequently becausehigh rotor temperatures maymeltthe
rotor bars or overheat the stator winding. When very high inertia loads have to be broughtto
a stop, wound-rotor motors are recommended because most of the thermal energy
absorbedbythe rotor isdissipatedby theexternalresistors.Furthermore,we canmaintaina
consistentlyhightorquebygradually varying therotorresistance during decelerationperiod.

InductionGenerator:
If an induction motor whose stator windings are connected to a 3-phase line is driven by a
mover 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
electricalenergy is suppliedtothemains. Sucha machineis calledaninductiongeneratoror
asynchronous 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 e.m.f. and the rotor currents will also be
reversed. However, as soon as this takes place, the motor develops a counter torque 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 is connected. However, to create its magnetic field, the motor
has to absorb reactive power Q (kVAR). This power can only come from the supply lines.
Consequently, the reactive power Q flows in the opposite direction to the active power P.
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The active power P (kW) delivered is directly proportional to the slip above synchronous
speed. Thus,a higherengine speed produces a greateroutput. However,the ratedoutput is
reached at small slip, generally less than 3%.

Anlnductiongeneratorwill deliverpower only ifit is suppliedwithproper reactive powerto
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 tothe
terminals of the motor.

The terminal voltage increases with the capacitance, but its magnitude is limited by
saturation in the iron. If the capacitance is insufficient, the generator voltage will not build
up. The capacitor bank must be large enough to supply the reactive power the machine
normally absorbs when operating as a motor.



motor

Motor

Braking

Torque-speedcurveof inductionmachineshowingbraking, motoringandgeneratingregions.

ApplicationsofinductionGenerators:

The induction generator is not a self-excited generator. It is necessary to excite the stator
with an external polyphase source at its rated voltage and frequency. It will generate only
when it is connected to a source of fixed voltage and frequency and if it 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 torque 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 to the supply.

Coggingin3-phaselnduction Motor:

A squirrel-cage rotor may show a peculiar behaviour in starting for certain relationship between the
number of stator slots (S1) and rotor slots (S2). If Sy, is equal to or an integral multiple of Sz, themotor
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 w.r.t. stator teeth.
The reluctance of the magneticpath is minimum when the rotor and stator teeth face each other. In
such positions of minimum reluctance, there exists a strong alignment force between the stator and
the rotor at standstill. The alignment force at the instant of start may become stronger than the
starting torque. Consequently, the motor fails to start. To avoid cogging, the number of stator and
rotor slots are never made to be equal or have an integral ratio.

Crawlingin3-phaseinductionMotor:

Induction motors, particularly the squirrel-cage type, sometimes show a tendency to run at speedsas
low as one-seventh (1/7%") of their synchronous speed Ns. This peculiar behaviour of the cage motor
at starting is known as crawling of an induction motor. This happens due to harmonic induction
torques.

Crawling signifies running of motor at almost one seventh of the rated speed due to interference of
seventh 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 it is a complex wave consisting a fundamental wave and odd harmonics like 3rd, 5th,
7th etc.

COMPARISONBETWEENINDUCTIONMOTORANDTRANSFORMER:

An 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 a 3-phase induction motor is much larger
than that of the transformer. For example, in an induction motor, it may be as
highas30-50%of ratedcurrentwhereas it isonlyl -5%ofratedcurrentinatransformer.

(ii) In an induction motor, there is 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.

(iii) Inaninductionmotor,the inputs tothe statorandrotorare electricalbut the output
from the rotor is mechanical. However, in a transformer, input as well as output is
electrical.

(iv) The main difference between the induction motor 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, Ezis the per phase rotor e.m.f. at standstill and Xzis the standstill
rotor reactance/phase, then at any slip s, these values are:
Rotore.m.f./phase,E'zsE,

Rotorreactance/phase,2' =sX>
Rotorfrequency, =sf



ComparisonbetweenSquirrelCageandSlipringinductionMotors:

Sl. | Characteristics Squirrel-cagemotor Slip-ringmotor
No.
1. Speed Almostconstantbutdecreases Speed decrease more rapidly than
slight with increased load in cage motor
2. Torque Starting torque is less but | Startingtorqueisaboutthree times
running torque is good. the full load torque.
3. Current Startingcurrentisabout5-6 times | Stating current is about two times
the full load current the full load current.
4, Speedcontrol | Donebychangingpoles. Donebychangingresistanceof rotor
circuit.
5. Powerfactor | Low(about0.7to 0.8) High(about0.8t00.9)
6. Cost of Low Higher
fabrication
7. Maintenance | Verylow High (due to presence of brushes,
cost brush gears, extra resistance etc.)
8. Brushes Absenceofbrushesreduces the Morechancesofsparking
risk of sparking
9. Efficiency Higherefficiency Less efficiency
10. | Applications | Lathe, drills,printingmachines, Lifts, cranes, etc. where high

blowers etc.

starting torque is needed.




CHAPTER-4
SINGLEPHASEINDUCTIONMOTOR

Singlephaselnductionmotorisapopulartypeofa.c.electricalmotorwhichisusedwidelyin ~ many
areas. Single phase Induction motors perform a great variety of useful services in domestic,
commercial as well as industrial purposes such as fans, refrigerators, washing machines,
vacuum cleaner, kitchen equipment and farming appliance etc.

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

Thecharacteristicsofsinglephaseinductionmotorsareidenticalto3-phaseinductionmotors
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 induction motor is a similar to that a 3-phase
inductionmotor.Therotoriscylindricalinshapeandalwaysinsquirrelcagewhilethe stator
carries a single phase winding.

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

e Theslotsofrotorarenotmadeparalleltoeachotherbutskewedtopreventmagnetic
locking of stator and rotor teeth.

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

® The rotor conductors are permanently shorted by the aluminium rings. It is not
possibletoaddexternalresistanceasthebarsare permanently shorted.Theabsence of
the sliprings and brushes make the construction of single phase induction motor very
simple and robust.
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Working:

When single phase a.c. supply is given to stator winding of single phase induction
motor, the alternating current produces an alternating flux 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 torque in stationary rotor.
But if the rotor is rotate by some external mechanical force in either direction rotor
start to rotate in that direction continuously.

Sosingle phaseinductionmotoris notselfstarting.Inordertoobtaina rotating field, that
stator is provided with two windings the main winding and a starting winding.
Starting winding is also called auxiliary winding.
Thephasedifferenceof90°betweentwowindingsisobtainedbysplitingthephase.

So there are two fluxes one is main flux and another is called rotor 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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DoublerevolvingfieldTheory:

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 (@ = @mcoswt) can be

represented by two @){})Ivingfluxes, each equalto one-half of themaximumyadge of
,=21f)in

alternatingflux(i.e., o)andeachrotatingatsynchronousspeed (Ns= p

oppositedirections.

Consider two rotating magnetic fluxes@iand @zeach of magnitude(bm/zand rotatingin
oppositedirectionswithangular velocityw.ThetwofluxesstartrotatingfromOXaxisatt=

0. Aftertimetseconds,theanglethroughwhichthefluxvectorshaverotatediswt.By resolving the
flux vectors along-X-axis and Y-axis,

TotalX-compone nt=®—m§oswt+®—mcozswt=® mCOSWt

TotaIY—component=®—msina)t—®—msinwt=0
2 2

Resultantflux, @=V (@mcoswt2+02)=@mcoswt

Thus the resultant flux vector is @ = @mcoswt 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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Whentherotatingfluxvectorsareinphase,theresultantvectoris@=@,,whenoutofphase by
180°, the resultant vector @ = 0.
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o
$; - > =4, qlo =0
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Rotoratstandstill
Considerthe rotorisstationaryandthestatorwindingisconnectedtoasingle-phasesupply.

Thealternatingfluxproducedbythestatorwindingcanbepresentedasthesumoftwo

rotatingfluxes@iand@z,eachequaltoonehalfofthemaximumvalueofalternatingfluxand
. 1201 T .
eachrotatingatsynchronousspeedNs=  _—_ inoppositedirections.Lettheflux@irotatein
P

anti clockwise direction and flux @2, in clockwise direction. The flux @iwill result in the
productionoftorqueTiintheanticlockwisedirectionandflux@.willresultintheproduction
oftorqueT:Intheclockwisedirection.Atstandstill,thesetwotorquesareequalandopposite  and
the net torque developed is zero. Therefore, single-phase induction motor is not self-
starting.

Rotorrunning:

The flux rotating in the clockwise direction is the forward rotating flux (@f) and that in the
other direction is the backward rotating flux (@s).

Theslipw.r.t.theforwardfluxwillbe
NS_N
N

=S

Sf=

WhereNs=synchronousspeed

N=speedof rotorinthedirectionofforwardflux



Theslipw.r.t.thebackwardfluxwillbe

Ns—(—N
Sp= # =2—5
Ns
Sp=2—S
Thusforforwardrotatingflux,slipiss(lessthanunity)andforbackwardrotatingflux,theslip is 2 - s
(greater than unity).
Cross-FieldTheory:

As soon as the rotor begins to tum a speed an emf E is induced in the rotor conductors, as
theycutthestatorflux.Thusvoltageincreasesastherotorspeedincreases.ltcausescurrent
Irtoflowintherotorbarsfacingthestatorpoles.

This currents produce an ac flux @rwhich act at right angle to the stator flux @ .@rlags
almost 90° behind @sowing to the inductance of the rotor. The combined action of @sand
@rproducesa revolvingmagnetic field,similartothatinthree-phasemotor. The value of
@rincreases with increasing speed, becoming almost equal to @sat synchronous speed and
nearly perfect revolving field is produced.
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Current induced in the rotor bars due to rotation

Rotoratstandstill

The stator winding in excited by the single phase a.c. supply. The supply produces an
alternating flux @swhich 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 current is so as to opposed the cause
producing it, which is stator flux @s.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. Hence no torque exists on the rotor and rotor cannot start
rotating.
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Rotorrunning:

Assume now that an initial push is given to the rotor in anticlockwise direction. Due to the
rotation, 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@sdonated
asE>.Thisemfcirculatescurrentthroughrotorwhichis I.Thiscurrent produces itsownflux called
rotorflux®,.Theaxisof®,isat90°. Theaxisofstatorfluxhencetherotorfluxiscalled cross field.

Thus @, is in quadrature with @s, in space and lags, @sby 90° in time phase. Such two fluxes
producethe rolatingmagneticfield.Thedirectionofthisrotatingmagneticfieldwillbesame as the
direction of intial pushgiven. Thus rotor experience a torque in the same direction as that of
rotating magnetic field i.e., the direction of initial push.

———
————

Diraction of
initial push

o



WhysSingle-phaselnductionMotorisnotselfstarting?

Accordingtodouble  fieldrevolvingtheory,any  alternatingquantitycanberesolvedintotwo
components,eachcomponenthavemagnitudeequaltothehalfofthe maximum magnitude of
the alternating quantity and both these components rotate in opposite direction to each
other.

Whenasinglephaseacsupplyisgiventothestatorwindingofsinglephaseinductionmotor,
itproducesitsfluxofmagnitude®.Accordingtothedoublefieldrevolvingtheory,this

alternatingflux, @ ,isdividedintotwocomponentsofmagnitudew—m.Eachofthese
’ 2

componentswillrotateinoppositedirection,withthesynchronousspeed, Ns.

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

ie.d _ Om +®£or(b=¢+(b

T 2 2 T f b

At starting,boththe forwardandbackward components offlux are exactly opposite toeach
other Also both of these components of flux are equal in magnitude. So, they cancel each
other and hence the net torque experienced by the rotor at starting is zero. So, the single
phase induction motors are not self starting motors.

Torque-speedcharacteristics:

Torque
? Torque due to
- _/forward field, T,
[ d S\
_ Resultant
torque, T

Backward speed
(~ve)

+ Forward speed
(+ve)

Torque due i
to backward ——» o
field. T, -

Torque-speedcharacteristic

At start N=0 and at that point resultant torque is zero. So single phase induction motors are
notselfstarting.Howeveriftherotorisgivenaninitialrotationinanydirection,theresultant
average torque increase in the direction in which the rotor initially rotated andmotor starts
rotating in that direction .



MakingSingle-PhaselnductionMotorSelf-Starting:

The single-phase induction motor is not self starting. However if the rotor is rotate by some
external mechanical force in either direction rotor start to rotate in that direction
continuously,but inpractice it is not possible togive initialtorque torotorexternally. Hence
some 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 torque, so that motor becomes self
starting. Whenthemotorattainssufficientspeed,thestartingmeans(i.e.,additionalwinding) may
be removed depending upon the type of the motor.

TypesofSinglePhaselnductionMotors:

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

1. Split-phasemotors-startedbytwophasemotoractionthroughtheuseofanauxiliary or
starting winding.

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

3. Shaded-polemotors-startedbythemotionofthemagneticfieldproducedbymeans of a
shading coil around a portion of the pole structure.

Split-PhaselnductionMotor:

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

e Thestartingwindingislocated90°electricalfromthemainwindingandoperatesonly
during the period when the motor starts up.

e ThetwowindingsaresodesignedthatthestartingwindingShasahighresistanceand
relativelysmallreactancewhile the main winding Mhasrelatively low resistanceand
large reactance. Consequently, the currents flowing in the two windings have
reasonable phase difference a (25° to 30°).

Main
"R winding (M)




MainPartsofSplitPhaselnduction Motor:

vk wn e

Stator
Statorwinding
Rotor
Centrifugalswitch
Endshield

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: Split phase induction motor has two stator windings at a phase
displacement of 90°. The running winding is always lower than the starting winding.
The stalrtinglwinding has more resistance. The split phase motors are usually wound
to giveE to ghorsepower.

Rotor: The rotor of a split phase motor is very similar to the squirrel cage rotor of 3-
phase induction motor. The core consists of steel sheet laminations having slots on
therotorperiphery. Theslots carry anumberofcopper,aluminiumbars. Theends of the
conductors 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
inductionmotortodisconnectthewindingwhenstartingthemotorattains75-80%of the
synchronous speed. When the rotor of the motor pick up speed about 75% of
synchronousspeed,switchopenscircuitofthestartingwinding.Thecentrifugalswitch also
prevents the motor from putting the drawing excessive current from main by
starting winding out of the circuit.

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

Operation:

(i)

(ii)

(iii)

When the two stator windings are energized from a single-phase supply, the main
winding carries current Imwhile the starting winding carries current .
Since main winding is made highly inductive while the starting winding highly
resistive,the currents Imand Ishave a reasonable phase angle a(25° to 30°) between
them. Consequently, a weak revolving field approximating to that of a 2-phase
machine is produced which starts the motor. The starting torque is given by;
Ts=klnlssina
wherekisaconstantwhosemagnitudedependsuponthedesignofthemotor.
When the motor reaches about 75% of synchronous 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.



PerformanceCharacteristics:

(i)
(ii)

(iii)

(iv)

(v)

The starting torque is 1.5to 2times the full-loudtorque mid (lie starting current is 6
to 8 times the full-load current.

Due to their low cost, split-phase induction motors are most popular single phase
motors 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 torque is required and where
starting periods are infrequent to drive.

Torque-speedcharacteristicsofSplitPhaseMotor:

Thehighstartingtorqueisobtainedinasplitphaseinductionmotorduetohighresistancein the

starting winding. Such motors are available in sizes 30 to 200 watts. They gives fairly
constant speed.

Operation of

centrifugal switch St_art:mg
§ winding

Operating
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winding

e Starting lorque
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Reversalofdirectionofrotation:Thedirectionofrotationofal-phase(splitphase)induction

motor can be reversed by reversing (inter-changing) the connections of either starting
winding or running winding.

Applications:

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

It is used in washingmachines,blowers, woodworking tools, grinders and various
other low starting torque applications.



CapacitorsMotors:

The stator of the capacitor motors have two windings like split-phase induction motor i.e.,
startingwindingandrunningwinding,Butinthis motorphaseanglebetweenthecurrentsof main
and starting winding is obtained by using 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.

Advantagesofuseofcapacitor:

1. Thestartingtorqueishigherascomparedtosplitphasemotor.
2. Powerfactorofthemotors getsimproved.
3. Startingcurrentislow.

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

(i) Capacitorstartmotor
(i) Capacitorrunmotor
(iii) Capacitorstartandcapacitorrunmotor

Capacitorstartmotor:

e Inthesetypesofmotors,thenecessarysplittingofphaseforstartingisprovidedusing
capacitor.

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

e Thisswitchdisconnectsthecapacitorassoonasmotorreaches75%offullspeed.The motor
is not operated on running winding only. It is used where high starting is required.

l,, Main winding

T -
¥ —
Starting winding

Centrifugal switch



PerformanceCharacteristics:

(i) Thestarting characteristicsofa capacitor-startmotorare betterthanthose ofa split-
phase motor, both machines possess the same running characteristics because the
main windings are identical.

(i) The phase angle between the two currents is about 80° compared to about 25° in a
split-phase motor. Consequently, for the same starting torque, the current in the
starting winding is only about halfthat ina split-phase motor. Therefore,the starting
winding of a capacitor start motor heats up less quickly

(i) Itiswellsuitedtoapplicationsinvolvingeitherfrequentorprolongedstartingperiods.

(iv) Itsfullloadefficiencyisabout65%.

(v) Itisaconstantspeedmotorasthereisaverysmallfallinspeedwith load.

Torque-speedCharacteristicsofCapacitorStartMotor:

CapacitorStartMotorishavingahighstartingtorqueascomparedtoanordinarysplitphase motor.
The power factor is also improved.

Operating
swittch  combined
winding -
—
2
2
S
2
Running I
winding
0.5 1
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The direction of rotation of such motors can be reversed simple by interchanging the leads
of either running or starting winding.

Applications:
¢ Capacitor-startmotorsareusedwherehighstartingtorqueisrequiredandwherethe
starting period may be long to drive.

* Hencethesemotors findtheirapplicationsinpumps,compressor,conveyerand

refrigerators etc. Such motors are available between 0.5 H.P to 1 H.P.



Capacitorrunmotor:
e Inthese motors,a paper capacitor is permanently connected inthe 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.
e Bothmainaswellasstartingwindingisof equalratingandsimilar.
e No centrifugal switch or other such device has been used for disconnecting the

starting winding. The rotor is squirrel cage.
e In this motor the phase difference between two current is 90° .so starting torque is

high.
Main
| 1. winding
> 00
Is Rotor

PerformanceCharacteristics:
(i) Thecapacitorremainsincircuitsoresultantlinecurrent islow.

(i) Powerfactorisimprovedmaybeaboutunity.
(iii) Itsfullloadefficiencyishigherabout 75%.

Torque-speedCharacteristics:

o 8 8 3 8
T

Applications: This motor finds application in fans,room coolers, portable tools and other

domestic and commercial appliances.



Capacitorstartandcapacitorrunmotor:

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

e Thecapacitors usedforstarting purpose Csis ofelectrolytic typeandis disconnected
from the supply when the motors attain 75% of synchronous speed with the help of
centrifugal switch S.

e Whereas, the other capacitor Crwhich remains in the circuit of starting winding
during operation is a paper capacitor. Starting capacitor Cswhich is of higher value

than the value of running capacitor Ck.
Maln

Cemimgal swilch I

PerformanceCharacteristics:

(i) Thestartingwindingandthecapacitorcanbe designedforperfect2-phase  operation
atanyload.Themotorthenproducesaconstanttorqueandnotapulsatingtorqueas in
other single-phase motors.

(ii) Itimprovestheoverloadcapacityofthemotor.

(iii) Itincreasestheefficiencyofthemotor.

(iv) Itimprovesthepowerfactor.

(v) Itreducesthenoiseofthemotor.

(vi) Thistypeofmotorgivesbestrunningandstartingoperation.

Torque-speedCharacteristics:

Suchmotors operate as twophase motors giving best performance andnoiseless operation.
Starting torque is high, starting current is low and gives better efficiency and higher power
factor.

Starting
connections

X Running
~ < connection
-

== Torque (Tg)

Spead

Applications:
Because of constant torque, the motor is vibration free and can be used in: (a) hospitals (b)
studios and (c) other places where silence is important.



Shaded-poleMotors:

A shaded-pole motor may be defined as a single phase induction motor provided with short
circuitedauxiliarywindingdisplacedinmagneticpositionfromthemainwinding.Theshaded pole
motor has small output not exceeding 30 watts. Starting torque of shaded pole is very small.
It is suitable in low power domestic appliances.

Construction:

e The stator of shaded pole motors have salient pole and rotor is squirrel cage. Each
stator pole carries a magnetising coil.

e One third portion of each pole of stator is short circuited using copper band or ring
knownasShadingband/coil(shadedportionofthepole),becauseitcausesthefluxin
thatportionofthepolesourroundedbyittolagbehindthefluxintherestofthepole.

e Basically,thepoleissplitintwopartsatitsface,shadedpartandunshadedpart.

e Therotoris alsomadeoflaminations.Alongthe circularsurface,there arenumberof holes
in which copper bars are fitted. The ends of these bars are soldered to copper end
plate at each end.

I Shading band
1
P 1
AC. 9 !
] Stator
Supply : winding
!
Unshaded -?
portion of
the pole - Salient pole
1
\ i
Squirrel cage :
rotor
!
Sh&dﬂ'\g band
( ]

: (b) Sallent pole with
(a) Schematic diagram shading band



Operation:

Whensinglephaseac.supplyisgiventothestatorofshadedpole inductionmotoran
alternating flux is produced.

This changing flux induces emf in the shaded coil. Since this shaded portion is short
circuited,the current is producedinshadedportioninsucha directiontooppose the
main flux.
Thefluxinshadedpolelagsbehindthefluxintheunshadedpole.Thephasedifference
between these two fluxes produces resultant rotating flux.

Thus due to this resultant rotating field emf is induced in the rotor, the rotor starts
rotatingduetosinglephaseinductionmotoractionadditionaltorqueisproducedand rotor
rotates continuously with the speed less than synchronous speed.
Thedirectionofrotatingfield(flux)isfromunshadedtoshadedportionofthepole.

Thereversalofdirectionofrotationinshadedpolemotorisnotpossible.

Torque-speedcharacteristic:
Thestartingtorqueissmalltypicallyonly30to50percentoftheratedtorque.
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Torque-speedcharacteristiccurveofashadedpolemotor.
Advantages:
1. Ithasruggedconstruction.
2. Smallinsize.
3. Cheaperincost.
4. Lowmaintenanceisrequired.
5. Itismorereliable
6. Thereisnocommutator,switch,contactsorbrushestogive anytroubleduring

operation.



Disadvantages:
1. Startingtorqueisverylowabout8tol5percentage.
2. LowPowerfactor.
3. Smallpowerrating.
4. Theshaded-polemotorsareinefficientbecauseofthelossesinthepermanently
shorted winding.

Applications:
Asstartingtorqueisverylow,thesemotorsaremainlyusedinrecordplayers,taperecorders, slide
projectors, photo copying machine, starting of electric clocks, hair dryers, toys,
gramophones.



CHAPTER-
5COMMUTATORMOTOR

Im|

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 classes:
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.
2. Those operating on ‘repulsion principle' (repulsion motors) in which energy is
inductively transferred from the single phase stator field winding to the rotor.

A.C.SERIESMOTOR:

The series motor due to its desirable speed-torque characteristics is almost exclusively usein
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 tothe development of
the A.C. series motor for use on some of the important electrifications.

Construction:

Theconstruction ofana.c.series motorisverysimilartoa d.c.series motorbutsome
modificationsare necessary ind.c series motorthat istooperatesatisfactorily ona.c.

ModificationsandimprovementindesignofD.C.seriesmotortooperateonA.C.supply

Inordertogetsatisfactoryoperationfollowingmodificationsaretobe done

(i)  Theyoke andthepoles shouldbemade fromlaminationsin ordertoreduce theeddy
currents.

(i)  In orderto reduce the effect of armature reaction, motor is provided with additional
compensating winding in series field and armature winding.

(iii)  Inordertoreduceinductivereactance,motorisbuiltwithafewturns.Thisreducesthe
voltage drop across the field winding.

(iv) Inordertoobtaintherequiredtorque,armatureturnsareincreased.

(v)  There is considerable sparking between the brushes and the commutator when the
motoris usedona.c. supply.Thiscanbeeliminatedby using high-resistanceleadsto
connect the coils to the commutator segments.
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WorkingPrinciple:

Theworking principleof an A.C.series motor isthe sameas that of that
D.C.seriesmotor.Thearmatureandfieldarewoundandinterconnectedinthesamemanner as the
D.C. series motor.

When the motor is connected to an a.c. supply, the same alternating current flows
throughthefieldandarmaturewindings. Thefieldwinding produces an alternating flux that
reacts with the current flowing in the armature to produce a torque. The field flux and
armature current reverse simultaneously every half cycle, but the direction of the torque
remains unchanged. The rotor, therefore, continuously rotate in the same direction.

Torque-speedCharacteristic:
Thetorquespeedcharacteristicofana.c.seriesmotorissimilartothat  ofadc.seriesmotor. The
torque varies as square of the current and speed varies inversely as the current. The
efficiency of a.c. series motor is not good as compared to d.c. series motor due to greater
eddy current loss and effect of power factor.

I
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Advantages:

1. Itisaconstantspeedmotor.
2. Themotorisveryusefulwhereconstantspeedisrequiredsuchaselectricclocketc.



Disadvantages:
Tomakea.c.seriesmotorfromd.c.seriesmotorspecialstructuralchangesmustbe
needed to make in the motor to make it a practical and reasonable efficient machine.

Applications:
1. Themostimportantapplicationofa.c.seriesmotorinelectrictraction.
2. Fordrivingelectricclocksandphonographs.

UNIVERSALMOTOR:
e Fractional-horsepower series motors that are adapted for use on either D.C. or A.C.
circuits of a given voltage are called universal motors.
e These motors are generally series wound (armature and field winding are in series),
and hence produce high starting torque.
e 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 DC.
There are twobasic types of universalmotor: (i) compensated type and (ii) uncompensated

type

ConstructionofUniversalMotor:
Theconstruction ofauniversalmotorisverysimilartoconstructionofad.c. machine.

e |t consists ofa stator on whichfieldpoles are mounted. Fieldcoils are wound on the
field poles.

e However, the whole magnetic path (stator field) circuit and also armature is
laminated.Laminationisnecessarytominimizetheeddycurrentswhichinducewhile
operating on AC.

e Therotaryarmatureisofwoundtypehavingstraightorskewedslotsandcommutator with
brushes resting on it.

e The commutation onAC is poorer than the forDC,because ofthe current induced in
the armature coils. For that reason brushes used are having high resistance.

AC or DC
supply
F




WorkingofUniversalMotor:

AuniversalmotorworksoneitherDCorsinglephaseACsupply.Whentheuniversal motor
is fed with a DC supply. it works as a DC series motor. When current flows in field
winding,itproducesanelectromagneticfield. Thesamecurrentalsoflowsfromthearmature
conductors. When a current carrying conductor is placed in an electromagnetic field, it
experiences a mechanical force. Due to this mechanical force, or torque, the rotor starts to
rotate. The direction of this force is given by Fleming left hand rule.

WhenfedwithAC supply,it stillproduces unidirectionaltorque. Because,armature
winding andfieldwinding are connected inseries, they are insame phase. Hence as polarity
ofAC changesperiodically,the directionofcurrentinarmatureandfieldwindingreversesat 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 motor.

ReversalofDirectionofRotation:
Thedirectionofrotationcanbechangedbyinterchangingconnectionstothefieldwith respect to
the armature as in a d.c. series motor.

Speed-TorqueCharacteristics:
Speed/torquecharacteristicsofa universalmotorissimilartothatofDCseriesmotor.
(i) Thespeedofuniversalmotorislowatfullloadandveryhighatno load.
(i) Themotortorqueishighforlargearmaturecurrentgivinghighstartingtorque.
(iii) AtFullload,thePF isabout90%
(iv) Most of the universal motors are designed to operate at higher speeds,
exceeding3500 RPM.
(v) Universalmotormaybebuilttooperatesatisfactorilyeither50Hza.c.ordirect current, at
115 or 230 volts d.c.
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AdvantagesofUniversalMotor:

1.

vk wnN

Itissmallinsize.

Lessexpensive.
Highspeedfrom3600rpmto25000 rpm
Hightorqueatlowandintermediatespeeds.
Higherpoweroutput.

Disadvantages:

1. Poorcommutationona.coperation.

2. Motorbecomenoisyathighspeeds.

3. Requirementforcarefulbalancingtoavoidvibrations.
Applications:
Duetothe good starting torque, highefficiency andspeed,thesemotors suitable tor following
applications.

1. Universalmotorsfindtheiruseinvarioushomeapplianceslikevacuumcleaners,drink and

food mixtures, domestic sewing machine and hair dryers.
2. Thehigherratinguniversalmotorsusedinportabledrills,blendersetc.
3. Used in portable toys, hand tools, electric typewriters, cameras and electric shavers

etc.

REPULSIONMOTOR:

Arepulsionmotorissimilartoana.c.seriesmotorexceptthat
(i) Brushes are not connected to supply but are short-circuited. Consequently, currents

are induced in the armature conductors by transformer action.

(ii) Thefieldstructurehasnon-salientpoleconstruction.

By adjusting the position of short-circuited brushes on the commutator, the starting torque
can be developed in the motor.

Construction:

The fieldofstatorwinding is wound like the main winding ofa split-phase motorand is
connected directly to a single-phase source.

Thearmature or rotor is similar to a d. c. motor armature with drum type winding
connected 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 motor.



Principleofoperation:
Let us consider a two-pole repulsion motor with its two short-circuited brushes shown in
figure below.

In Fig.(i), the brush axis is parallel to the stator field. When the stator winding is
energized from single-phase supply, e.m.f. is induced in the armature conductors
(rotor)byinduction.ByLenz’slaw,thedirectionofthee.m.f.issuchthatthemagnetic 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 N-pole carry
current inwardandhalfcarrycurrentoutwardandsimilarunderS-pole.Therefore,as
much torque is developed in one direction as in the other and the armature remains
stationary. The armature will also remainstationary ifthe brushaxis is perpendicular
to the stator field axis. It is because even then net torque is zero.

If the brush axis is at some angle other than 0° or 90° to the axis of the stator field, a
nettorqueisdevelopedontherotorandtherotoracceleratestoitsfinalspeedshown
inFig.(ii).Thebrusheshavebeenshiftedclockwisethroughsomeanglefromthestator
fieldaxis.Nowe.m.f.isstillinducedinthedirectionandcurrentflowsthroughthetwo 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 N pole carry current in one
direction while the greater part of conductors under S-pole carry current in the
opposite direction. Withbrushes in the position torque is developedinthe clockwise
direction and the rotor quickly attains the final speed.
Thetotalarmaturetorqueinarepulsionmotorcan be

Tq.asin2a
wherea=anglebetweenbrushaxisandstatorfieldaxis For
maximum torque, 2a=90° or a = 45°

ReversalofDirectionofRotation:

Thedirectionofrotationoftherotordependsuponthedirectioninwhichthebrushes  are
shifted. Ifthe brushes are shifted inclockwise directionfrom the statorfieldaxis, the
net torque acts in the clockwise direction and the rotor accelerates in the clockwise
direction.

If the brushes are shifted in anti-clockwise direction the armature current under the
polefacesisreversedandthenettorqueisdevelopedintheanti-clockwisedirection.



Thusarepulsionmotormaybemadetorotateineitherdirectiondependinguponthe direction in
which the brushes are shifted.

Characteristics:

(i) The repulsion motor has characteristics very similar to those of an a.c. series motor
i.e., it has a high starting torque and a high speed at no load.

(ii) The speed which the repulsion motor develops for any given load will depend upon
the position of the brushes.

(iii) Incomparisonwithothersingle-phasemotors,therepulsionmotorhasahighstarring
torque and relatively low starting current.

REPULSION-STARTINDUCTION-RUNMOTOR:
Theactionofarepulsionmotoriscombinedwiththatofasinglephaseinductionmotor
toproducerepulsion-start induction-runmotor. Themachineis startedas a repulsionmotor
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.

Therepulsion-startinduction-runmotorhasthesamegeneralconstructionofarepulsion

motor. The only difference is that in addition to the basic repulsion motor construction, it is
equippedwithacentrifugaldevicefittedonthearmatureshaft. Whenthemotorreaches75% 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 andthe motor runs as a single-phase induction motor. At
thesametime,thecentrifugaldeviceraisesthebrushesfromthecommutatorwhichreduces the
wear of the brushes and commutator as wellas makes the operation quiet.

Characteristics:
(i) Thestartingtorqueis2.5to4.5timesthefull-loadtorqueandthestartingcurrentis
3.75timesthefull-loadvalue.
(i) Duetotheirhighstartingtorque,repulsion-motorswereusedtooperatedevicessuch as
refrigerators, pumps, compressors, grinding devices,floor-polishing etc.

REPULSION-INDUCTIONMOTOR:

The repulsion-induction motor produces a high starting torque entirely due to repulsion
motor action. When running, it functions through a combination of induction-motor and
repulsion motor action.

Construction:

Itconsistsofastatorandarotor(orarmature).

(i) Thestatorcarriesasingle distributedwindingfedfromsingle-phasesupply.

(ii) Therotorisprovidedwithtwoindependentwindingsplacedoneinsidetheother.The inner
winding is a squirrel-cage winding with rotor bars permanently 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.



Operation:

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

(ii) As the motorspeed increases,the current shifts from the outerto innerwinding due to
the decreasing impedance of the inner winding with increasing speed.
Consequently,at running speed, the squirrelcage winding carries the greater part of
rotorcurrent.Thisshiftingofrepulsionmotoractiontoinduction-motoractionisthus
achieved without any switching arrangement.

(iii)The motor starts as a repulsion motor. When running, it functions through a
combinationofprincipleofinductionand repulsion;theformerbeing predominant.

Characteristics:

(i) The no-load speed of a repulsion-induction motor is somewhat above the
synchronousspeedbecauseoftheeffectofrepulsionwinding.However,thespeedat full-
load is slightly less than the synchronous speed as in an induction motor.

(ii) Thespeedregulationofthemotorisabout6%.

(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:

Thistypeofmotorisusedforapplicationsrequiringahighstartingtorquewithessentially
aconstantrunningspeed.ltsfieldofapplicationincludeshouse-holdrefrigerators, garage air
pumps, petrol pumps, compressors, machine tools, mixing machines, lifts and hoists etc. The
common sizes are 0.25to 5 H.P.



CHAPTER-6
SPECIALELECTRICALMACHINE

StepperMotor:

These motors are also called stepping motors or step motors. The name stepper is used
because this motor rotates through a fixed angular step in response to each input current
pulse received by its controller. they can be controlled directly by computers,
microprocessors and programmable controllers.

The steppermotor rotates indiscrete stepangles.lts output shaft rotates ina 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
torques  rangingfrom1uN-m(inatinywristwatchmotor  of3mmdiameter)upto40ON-m in
amotorofl5cm diametersuitableformachinetoolapplications.Theirpoweroutputranges from
about 1 W to a maximum of 2500 W.

Theonlymovingpartinasteppingmotorisitsrotorwhichhasnowindings,commutator or
brushes. This makes the motor quite robust and reliable. Absence of brushes and
commutator makes the operation of stepper motor free from noise.

PrincipleofOperation:

Steeper motors work on the principle of electro-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 piece) and cause it to turn in
clockwise or anticlockwise direction depending upon the energised electromagnet position.




Advantages:

©® N AWM

Lowcost.

Smallinsize.
Itisavailableinwiderangeofstepanglesi.e.from 1.8°t090°.
Excellenttorqueatlowspeeds.
Lowmaintenance(brushless).

Thestartingcurrentislow.
Excellentforprecisepositioningcontrol.
Ithaslowspeedwithoutreductiongears.

Disadvantages:

1.
2.
3.

Overallefficiencyislow
Limitedsizeavailable
Torquedecreaseswithspeed

ApplicationsofStepperMotor:

Suchmotorsareused for

o vk wnNe
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Operationcontrolincomputerperipherals.

Intextile industry

ICfabricationsandroboticsetc
Forincrementalmotionsuchastypewriter,lineprinters,tapedrives,floppydisk drivers.
Fornumericalcontrolledmachinetools,processcontrolssystemandX-Yplotters.

It is alsousedincommercial, military andmedical purpose. Insuchcases it performs the
function like mixing, cutting, striking etc.
Theyalsotakepartinthemanufactureofpackedfoodstuffsetc.
Asthemotorspeedisproportionaltorateofcommonpulses,itcanbeusedforspeed
control.

CharacteristicsofStepperMotor:

Asthesteppingrateisincreased,themotorcanprovidelesstorquebecausetherotor  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.
Slewrangeisthatinwhichtheloadvelocityfollowsthepulseratewithoutlosingsteps
butcannotstartorreverseonsignal. Themaximumtorquepointisthepointatwhich  the
torque is maximum.

If the stepping rate is increased too quickly, the motor loses synchronism and stops.
Ifwhenthemotorisslewing,commandpulsesaresuddenlystoppedinsteadofbeing
progressively slowed.

Whenthe pulse rate is high, the shaft rotation seems continuous. Operation at high
speeds is called ‘slewing’.



T Maximum torque

Torque —

—
Pulse rate steps/sec. —

Torquepulseratecharacteristicsofsteppermotor

DefinitionrelatedtoStepperMotor:

1. StepAngle:

The angle through which the motor shaft rotates for each command pulse is called the
stepangle.Smallerthestepangle,greaterthenumberofstepsperrevolutionandhigherthe
resolutionoraccuracy ofpositioning obtained. The stepangles canbe as smallas 0.72° oras
large as 90°. But the most common step sizes are 1.8°. 2.5°. 7.5° and 15°. Step angle can be
measured in terms of angular displacement of rotor shaft. It is denoted by £.

The value of step angle can be expressed either in terms of the rotor and stator poles
(teeth)randNrespectivelyorintermsofthenumberofstatorphases(m)andthenumber of rotor

pole (teeth).

Ns—N-
p=—"""x%x360°
NsN
0 ,3_ 360° 360°
' B mxXNyr No.ofStatorphasesxNo.ofrotorpoles

2. Resolution:
Resolution is defined as the number of steps needed to complete one revolution

oftherotorshaft.Highertheresolution,greatertheaccuracyofpositioningofobjects by
the motor. 2600
Resolution=Numberofstepsperrevolution=
3. Pulsefrequencyresolution:
Iff isthesteppingfrequency(orpulserate)inpulsespersecond (pps) and S is the
step angle, then motor shaft speed is given by
Bxf

=3c0 Oorpszpulse frequencyresolution



TypesofStepperMotors:

Thesteppermotorcanbe classifieddepending uponthetypeofrotor. The followingare main
types of stepper motor.

1. VariableReluctance(VR)steppermotor
2. Permanentmagnet(PM)steppermotor
3. Hybridsteppermotor.

VariableReluctance(VR)steppermotor:

Construction: A variable reluctance stepper motor has no permanent magnet on the
rotor.Therotorismadeofferromagneticmaterialshavingteeth(pole)ontheouterperiphery  to
obtain variable reluctance is called variable reluctance motor.

Avariablereluctancesteppermotorhassalientpoleonthestator.Thestatorhavingslots in
which multiple multiphase winding is placed.

Therotorismadeofsoftironmaterialandcarriesnowindings.

Stator

Fourphase4/2polevariablereluctancemotor

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 occupies the position where the
reluctance is minimum. Therefore the rotor axis aligns itself to the stator field axis.

Whenwindingno.lexcited,therotoralignswiththeaxisofphasel.Therotorisstablein this
position, untill phase no.1 is de-energised. Next phase no. 2 excited and no. 1 is
disconnected. The rotor moves through one step 90° in the clockwise direction.



Furtherphase 3isexcitedandphase 2isdisconnected.The rotoris againmovesthrough 90° in
clockwise direction.

Thus on exciting the phases in sequence 1,2,3,4 & 1. The rotor moves through a step of
90°inclockwisedirectionateachtransition.Thereforetherotorcompletesonerevolution in four
steps. The direction of rotation can be reverse by reversing the sequence of switching
i.e.,1,4,3,2,1.Thedirectionofrotationisalsoindependentofdirectionofcurrentthroughthe
phases.

Summary:Variablesteppermotor
Therotorisasoftironcylinderwithsalientpoles.
Thisthemostinexpensivesteppermotor.

Largestep angle.
Aleadscrewisoftenmountedtotheshaftforlinearsteppingmotion.

W e

Permanentmagnet(PM)steppermotor:

Construction:InPermanent steppermotorthe statorissimilartovariable reluctance
motor but the rotor is made of permanent magnet of ferrite having even number of poles.
The stator has projecting poles but rotor is cylindrical and radially magnetized permanent
magnets.

Theendconnectionsofthewindingaretakenouttotheterminalboxford.c. excitations.
Therotoriscylindricalconsistingofevennumberofpolesmadeofhighretentivity.

Therotorpolesalignwiththestatorpolesdependingontheexcitationofthewinding.

‘A

Twophase4/2polepermanentmagnetsteppermotor

Working: The two coils 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 currentandA does notcarryanycurrenttherotormoves bystepof 90° inclockwise



direction. Now if winding A is energised and B does not carry any current, the rotor moves
further by step of 90° in clockwise direction. For further movement of 90° the winding A is
energised and so on.

Togetrotationinanticlockwisedirectionthesequenceofthestatorwindingin changed.
Winding,A isenergisedfirstandthenwindingBandsoon.

TruthtablePhase

Cycle | A B Positiona®
+ 1 0 0
0 1 90°
- 1 0 180°
0 1 270°
+ 1 0 360°

AdvantagesofPermanentMagnetStepperMotor:
1. Permanentmagnetsteppermotordonotrequire anyexternalexcitingcurrent.
2.Powerconsumptionislow.
3.Ithashighstartingtorqueascomparedtovariablereluctancesteppermotor.
Disadvantages:
1. Ithassloweracceleration.

2. Itisdifficulttomanufacturesmallpermanentsteppermotorwithlargenumberof poles.
3.lthashighinertia.
4, Stepsizeofsuchmotorsisrelativelylargerangingfrom30° to90°

SummaryofPermanentStepperMotor
1.Therotorisapermanentmagnet,oftenferritemagnetizedwithnumberof poles.
2.largetomoderatestepangle
3. Oftenusedincomputerprintertoadvance paper.

HYBRIDSTEPPERMOTORS:

A hybrid stepper motor combines the features of variable reluctance motor and
permanentmagnetsteppermotors.Thedirectionofitstorquealsodependsuponthepolarity  of
the stator current. The rotor of such type motor consists of a permanent magnet.

Construction:itisthecombinationofpermanentmagnetsteppermotorandvariable
reluctance stepper motor. The rotor consists of a permanent magnet which is magnetized
axially to make N and S pole.

Twoend-capsarefittedatbothendsofthisaxialmagnet.Theseend-capsconsistofequal
number of teeth which are magnetized with polarities by the axial magnet.
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(a)Cross-sectionYY’ (b)Axialview (c)Cross-sectionXX’

Working: Phase A is excited in such a fashion that the top portion of stator pole is a S-
polesothat itattractsthe N-poleoftherotorand bringsit in linewiththeA -A'axis.Further to turn
to rotor phaseA is de-energized and phase B is excited positively. The rotor will turn

in clockwise(CW)directionbyafullstepof18°((5—4) Xﬂ).

5x4
Next,phaseAandBareenergizednegativelyoneaftertheothertoproducefurther rotation of
18° each in the same direction.
The hybrid stepping motors are built with more rotor poles than shown in orderto give
higher angular resolution.
Ascomparedtovariablereluctancemotor,hybridmotorrequireslessexcitationto achieve a
given torque.

AdvantagesofHybridStepperMotors:
Themainadvantagesofhybridsteppermotorsascomparedwithvariablereluctancestepper
motors are:

1. Itisusedwheresteppingissmall(e.g.,1.5°,2.5°)

2. Higherefficiencyatlowerspeeds.

DisadvantagesofHybridStepperMotors:

1. Moreweightduetothepresenceofrotormagnet.
2. Morecostlythanvariablereluctancesteppermotors.

SummaryofHybridStepper Motor:
1. Thestepanglesmallerthanvariablereluctanceorpermanentmagnetsteppers
motor.
2. Therotorispermanentmagnetwithfineteeth.
3. Thestatorwindings aredividedintonotlessthantwophases.



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

Sl. | Characteristic Permanent Variable Hybrid
No. Magnet Reluctance
1. Cost Cheapest Moderate Mostexpensive
2. Resolution 30°-3°/step 1.8°/perstep 1.8°/perstepand
smaller

3. Noise Quiet Noisy Quiet

4, Design Moderatelycomplex Simple Complex

5. Stepping Runinfullhalfand Runinfull Run in full half

microstepping step only andmicrostepping

Duetothe manufacturing processforthepermanentmagnetmotorit is cheaper. Hybrid and
variable reluctance motors are more expensive due to the geared rotor.

Permanent magnet rotors are physically limited by the number of pole pairs. Hybrid and
variable reluctance motor have very fine resolution due to the geared construction of the
rotor.

Howevernoiseof themotor is alsotaken into consideration. Variable reluctance motors
are typically noiser than their permanent magnet or hybrid motor.



CHAPTER-7
THREEPHASETRANSFORMERS

VectorGroupofTransformer:

Three phase transformerconsists ofthree sets of primary windingsone foreach phase
and three sets of secondary winding wound on the same core.

The primary windings are connected in one of several ways. The two most common
configurations are the star, in whichall three non-polarities ends are connected together and
delta, in which the polarity end of one winding is connected to the non-polarity end of the
next, The secondary windings are connected similarly. This means that a 3-phase
transformer can have its primary and secondary windings connected the same (star-star or
delta-delta) or differentially (star-delta or delta-star).

» If the secondary voltage waveforms are in phase with the primary waveforms when
the primary and secondary windings are connected the same way. This condition is
called "no phase shift.

» Whentheprimary and secondary winding areconnecteddifferentially thesecondary
voltage waveforms will differ from the corresponding primary voltage waveforms by
30° electrical degrees. This is called a 30 degree phase shift.

» When two transformers are connected in parallel, then phase shifts must be
identical, if not, a short circuit will occurwhen the transformers are energized.

The three phase transformer windings can be connected several ways. Based on the
windings connection the "vector group" of the transformer is determined.

The transformer "vector group" is indicated on the name plate of transformer by the
manufacturer. The "vector group" indicates the phase difference between the primary and
secondary sides, introduced due to that particular configuration of transformer windings
connection.

The determination of "vector group" of transformer is most important before
connecting two or more transformers in parallel.

Iftwotransformers of different "VectorGroups" are connectedinparallelthen phase
difference exist betweenthe secondary ofthe transformerandlarge circuiting current flows
between two transformers which is very detrimental.
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Thephasedisplacementisindicatedbytheangleintermsofclockface.TheH.V. vector being

at 12'o'
displacement 0° =0
Phasedisplacement180°lag=6
Phasedisplacement 30°lag=1
Phasedisplacement30°lead=11

Letter Y represents star connected H.V.
Letter y represents star connected L.V.
Letter D represents delta connected H.V.
Letter d represents delta connected LV.

LetterZrepresentsstarconnecte

dzig-zag.

clock (zero) and corresponding L.V. vector at hour hand number thus, Phase

ThusthesymbolYyorepresentsastar/starwindingwithO°displacement.



The phase difference between high voltage (H.V.) and low-voltage (L.V.) windings for
different types of connections can be represented by comparing it with the hour hand of a
clock.

When the hour hand of the clock is at the 12 o' clock position it is considered zero
displacement. When it is at the 11 o' clock position the displacement is +30° i.e.,
anticlockwise is positive. When the hand is the 1 o’clock position the displacement is - 30
and at the 6 o' clock position it is 180°.

1 2 1w 12 .32
10 2 10 2 10, 2
) 3 8 \ 3| @ 3
B 4 8 N 8 I 4
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30* phase digpiacement +30° phase gssplacemant 180" phase displacement
(b) (<) (d)

Transformers are classified in 4 vector groups 1, 2, 3, 4 depending upon the
phasedisplacement.

Group Oclock Transformerconnection
Groupl 0'o' clock,0° delta/delta,star/star
Groupll 6'0'clock180° delta/delt,star/star
Grouplll 1'o'clock -30° star/delta,delta/star
GrouplV 11o'clock+30° star/delta,delta/star

MinussignindicatesLVlaggingHVandplussignindicatesLVIeadingHV.
WindingConnectionDesignations
i.  Firstsymbol:ForHighvoltage->AlwaysCapitalLetters D=
Delta, Y = Star, Z- Interconnected star, N- Neutral
ii.  SecondSymbol:Forlowvoltage->Alwayssmallletter d =
delta, y = star, z - Interconnected star, n = neutral
iii. Thirdsymbol:Phasedisplacementexpressedastheclock hournumber(1,6,11)
Example- Dyn 11.

Typesof3-PhaseTransformerConnections:
According to inter-connection of three primary and three secondary windings, three phase
transformers may be classified into following four categories:
Themainfourconnection are:
1. Star-starconnection
2. Delta-deltaconnection
3. Delta-starconnection
4. Star-deltaconnection



Star-Star(Y/Y)Connection:
In this type, theprimary and secondarysides both are connectedin starfashion. This
connectionismosteconomicalforsmall,high-voltagetransformersbecausethenumberof

turns/phaseandtheamountofinsulationrequiredisminimum(asphasevoltageisonly— y
3

oflinevoltage).

Ao g
B8 W& g
co F
Primary g
Star (H.V. side) Star (LV. side)
(a) (b)
Star-starconnection
Advantages: )
(i) Thephasevoltageis ?timestheIinevoltage,sofewernumberoftu rnsare
3

required.Hencethistypeoftransformerischeaper.

(ii) Since primary and secondary windings both are connected in star, so there is no
phase shift between primary and secondary winding.

(iii) Thewindingshavehighercurrent,somorecross-sectionofthewinding
conductor and thus it can be as heavy loads.

Disadvantages:

(i) If the primary neutral is not connected to the source unbalanced load causes a
moving neutral.

(i) Phase voltage on load side changes unless neutral point is earthed on an
unbalanced load.

(iii) Transformer draws magnetising current consisting of third harmonic. If the
neutral of the primary is not connected with the neutral of generator,
magnetising current gets reduced and flux in the core is not sinusoidal leading to
the distorted output emf.

Delta-Delta(A-A)Connection:
Inthis type oftransformergroups ofwinding ofa 3-phase transformerare connected in
delta on primary side and secondary side. These types of connections are more suitable for

largetransformersworkingonlowvoltageandhighcurrent.lthasonlydisadvantagethat .

noneutralisavailable.Thecross-sectionofthewireisreducedasthephasecurrentis— y
3

timesthelinecurrent.
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(a)
Delta-Deltaconnection
Advantages:
1
(i) Currentinwindingisreducedto "o oflinecurrent,therefore,cross-sectionalarea
ofconductorreduces.
(ii) Unbalancedloadsdonoteffectmuch.

(iii) Nophasedisplacementbetweentheprimaryand secondary.
(iv) Thirdharmonic can flow easily in A-A connections, therefore, sinusoidal voltages
are obtained.

Disadvantages:

(i) In this system neutral point is not available. Therefore, 3-phase 4 wire
connections are not possible secondly because V= Vphence for higher voltage
heavy insulation has to be provided.

(i) Theabsenceofstarpointisadisadvantage.

Delta-Star(A-Y)Connection:

In this type of 3-phase transformer primary is connected in delta fashion and secondary as
star.

i
13

c c 8
Primary Secondary

-

Delta (H.V. Side) b) Star (L.V. Side)

(a)
Delta-starConnection



The delta-star connection is very popular at sub-station in power system for changing
the volage level. The A-Y connection is commonly used for stepping up to a high voltage. In
such cases the star winding supplies 3-phase, 4-wire distributors and delta winding is
connected to the input side i.e. primary. This connection is generally employed at the
beginning of high tension transmission system.

Advantages:
(i) Neutralcanbe broughtoutforgrounding.Thisfacilitatestheuseof 3-phase,4- wire
system of distributions which is economical.
1 .
(ii) Becauseinthesecondarysidevoltageperphaseisreducedto voltage, Eofthelme

therefore, insulation reduced.

Star-Delta(Y-A)Connection:
When the primariesareconnected instar and secondaries in deltathetransformer isknown asstar-
delta transformer.

1
Ontheprimarysidethelinevoltageis ?timesthephasevoltage,whiIethelineandphase
3
voltages are equal on secondary side. Generally the H.V. winding is star connected toresultin saving

in cost of insulation. Such types of transformers are used for stepping down the voltage at receiving
end sub-stations.

Ao

a

B
G000 — -0 b

C
Primary -

Star (M.V. Sioe) (b) Detta (L.V. Side)
()
Star-Deltaconnection
Advantages:

This type of connections is suitable for stepping down a high voltage. Neutral of primary is
earthed.

Disadvantages:

The disadvantage of this connection is that if one of the bank becomes faulty, the feeder or
distributor becomes inoperative. Moreover because phase difference of 30° between the
primary and secondary line voltage, the combination cannot be operated in parallel with
delta-delta or star-star.



Paralleloperationofthethreephasetransformers:
All the conditions for the successful parallel operation of single phase transformers also
apply to the parallel running of 3-phase transformers but withthe following additions:

(i) Thesecondariesofalltransformersmusthavethesamephasesequence.

(i) The phase displacement between primary and secondary line voltages must be the
same for all transformers which are to be operatedin parallel. For this, transformers
in the same group should be connected in parallel.

(iii) Thesecondariesofalltransformersmusthavethesamemagnitudeoflinevoltage.

The above three conditions must be strictly observed. If these conditions are not
compiled with, the secondaries will simply short-circuit one another and no output will be

possible.

Possibleparalleloperations

SI.No. Transformer-I Transformer-I|
1 Y/Y A/A
2 Y/A AY
3 AY Y/A
4 Y/Y Y/Y
5 AY/A AV/A

TapChangingTransformers:

The change of voltage is affected by changing the numbers of turns of the transformer
providedwithtaps. For sufficiently close control ofvoltage,taps are usually providedon the
high voltage windings of the transformer.

Tappingsarealsoprovidedforoneofthefollowingreasons

a) Forvaryingsecondaryvoltage.

b) Formaintainingthesecondarysideconstantwithavaryingprimaryvoltage.
c) Forprovidinganeutralpointe.g.,forearthing.

d) Forprovidingtherequiredvoltageforspecialpurpose,suchas lighting.

There are two types of tap-changing transformers
1. NoloadorOff-loadtapchangingtransformer

2. On-loadtapchangingtransformer

NoloadorOff-loadtap-changingtransformer:
Thecheapestmethodofchangingthe turnratioofa transformeristhe useofno-load or off

load tap changer. Off load tap changing is normally provided in low power, low voltage
transformers.



In this method, the transformer is disconnected from the main supply when the tap
setting is to be changed. Such adjustments are made for seasonal load variations. Off load
tap-changer operation is manually executed by substation operator. Daily and short- time
voltage control Is not possible by off circuit tap switch.

Precautions: Off load tap changer is never operated on load. If by chance it would be
operated an load, there would be heavy sparking at the stud. When the arm is lifted from
them resulting in damage of transformer winding and the tap changer.

On-loadtapchangingtransformer:

On load tap-changer is that type of tap changer in which the voltage can be regulated
whiletransformer is delivering normalload. Thedaily voltagevariation duetochanging load
and short period voltage variations are controlled by on load tap changer automatically.

In order that the supply may not be interrupted, on-load tap changing transformer is
used. Such a transformer is known as a tap-changing under load transformer.

With the introduction of On-load tap changer, the operating efficiency of the electrical
system gets considerably improved.

Whiletapping,twoessentialconditionsaretobefulfilled.
* Theloadcircuitshouldnotbebrokentoavoidarcingandpreventthedamageofcontacts.
¢ Nopartsofthewindingsshouldbeshort—circuitedwhileadjustingthe tap.

There is not fixed rule regarding placing the tap-changer on primary and secondary. It
is generally desirable to locate the tap-changer on H.V. winding because of smaller current.
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on-load tap changing using a reactor

The tap changing employing a centre tapped reactor R show in the figure. Here S is the
diverterswitch,and1,2,3 areselectorswitch. Thetransformer isin operationwith switches 1
and S closed. To change to tap 2, switch S is opened, and 2 is closed. Switch 1 is then
opened,andS closed tocomplete the tap change. The diverterswitchoperates onload,and no
current flows in the selector switches during tap changing. On-load tap-changer is



provided witha centre tapped reactorto prevent the short circuiting ofthe tapped winding
during the tap changing operation.

On-load tap-changing is also useful in industrial applications where variable voltage is
required for certain process.
Precautions:Neveropenthemaincircuitduringtheoperationoftap-changerotherwise dangerous
sparking will occur.
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