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Unit-I -Synchronous Generator

INTRODUCTION

The most commonly used machine for generation of electrical power for commercial

purpose is the synchronous generator. Such a synchronous generator is also referred

to as alternator since it generates alternating voltage.

CONSTRUCTION OF SYNCHRONOUS GENERATOR

Synchronous generator according to their construction, are divided into the following

two classifications:

1. Rotating armature type:It has stationary field poles and rotating armature.

2. Rotating field type: It has stationary armature or stator and rotating field poles.

Most synchronous generator or alternators have rotating field and stationary armature.

The advantages of the rotating field type alternators are:

@) A stationary armature is more easily insulted for the high voltage for which
the alternator is designed.
The armature windings can be braced better mechanically against
high electromagnetic 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.
The rotating field is supplied with direct current. Only two slip rings are required to
provide direct current for the rotating field, while at least three slip rings would be
required for a rotating armature.
(vi) Rotating field is comparatively light and can be constructed for high speed rotation.
(vii)  The stationary armature may be cooled more easily because the armature can

bemade large to provide a number of cooling ducts.
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For Mn The basic construction of a synchronous generator and a synchronous motor is the
same. Similar to other rotating machines, an alternator consists of two main parts namely, the stator

and the rotor.

The stator is the stationary part of the machine. It carries the armature winding in

which the 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.

Construction of Stator

The stator consists of an armature made of laminations of silicon steel having slots on
its inner periphery to accommodate armature windings. Fig. 1 shows a cross sectional view of the

stator of a three phase two pole synchronous machine.

Double layer armature windings of three phase a, b and c¢ are placed in the slots. The windng
is star connected. The winding of each phase is distributed over several slots. Since an alternating
flux is produced in the stator due to the flow of alternating current in the armature winding, the stator
is made of high permeability laminated steel stampings in order to reduce hysteresis and eddy current

losses. The whole structure is held in a frame made of cast steel or welded-steel plates.

Slots provided on the stator core are mainly of two types: open slots and semi-closed slots.

Open slots are commonly used for commercial generators. However, non-uniform air gaps due

to open slots may produce ripples in the emf waveform. The use of semi-closed type slots can

minimize ripples by distributing the flux as uniformly as possible. For slot insulation, leatheroid,

mica folium,or manila paper of proper thickness is used.
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reduce eddy current losses.

the required length and then riveted together.

Construction of Rotor

Two types of rotors are used in alternators. (i) Salient pole type (ii) Smooth cylindrical type

(i) Salient (or projecting ) Pole Type

The term salient means projecting. Thus a salient pole rotor consists of poles projecting out

from the surface of the rotor core as shown in fig. 2. Salient pole rotors are normally used for rotors

with four or more poles.
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Since the rotor is subjected to changing magnetic fields, it is made of steel laminations to
Poles of identical dimensions are assembled by stacking laminations to

After placing the field coil around each pole

body, these poles are fitted by a dove-tail joint to a steel spider keyed to the shaft. Salient pole rotors
have concentrated winding on the poles. Damper bars are usually inserted in the pole faces to damp
out the rotor oscillations during sudden change in load condition as shown in fig. 3. The pole
face is so shaped that the radial air gap length increases from the pole centre to pole tips. This makes

the flux distribution over the armature uniform to generate sinusoidal waveform of emf.

The salient pole field structure has the following special features:

@) They have large diameter and short axial length.
(i) Poles are laminated to reduce eddy current losses.

@iii))  These are employed with hydraulic turbines or diesel engines. The speed is 100 to
375 rpm.

(ii) Smooth Cylindrical Type

A cylindrical rotor machine is also called a non-salient pole rotor machine. It has its rotor so

constructed that it forms a smooth cylinder as shown in fig.4. This type of rotor is used for alternators
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which are coupled to steam turbines which run at very high speeds. The number of poles of the rotor

are two or four.

Field
winding
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Fig.4

These rotors are made from solid forgings of alloy steel. The outer periphery of rotor has

slots in which the field winding is placed. About 2/3™ of rotor pole pitch is slotted, leaving

the
1/3"unslotted for the pole centre. Heavy wedges of non-magnetic steel are forced into the grooves in
the teeth outside the field coils to keep the field coils in position. Since these rotors have
large lengths of core forced ventilation is necessary for proper cooling.

The non-salient field structure has the following special features:

@) They are of small diameter and of very long axial length.

(i1) Robust construction.

(iii) High operating speed (3000 rpm)

@iv) Noiseless operation.

%) Dynamic balancing is better.

(vi)  No need to provide damper windings, except in special cases to assist synchronizing.

(vii)  Better emf waveform.

Difference between salient and cylindrical type of rotor

Salient Pole Smooth Cylindrical
Poles are Projected Poles are not projected
Air gap is non uniform Air gap is uniform
Diameter is high and axial length is small | Diameter is small and axial length is large

Mechanically weak Mechanically strong
Suitable for Low speed alternators Suitable for High speed alternators
Separate damper winding is provided Separate damper winding is not provided
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STANDARD DEFINITION AND TERMS USED IN AC WINDINGS

1. Conducror : TRe part Of (fe wire, which s under e
influence ©f he magnenc Feld and. vesponsible For Ha

induced ems is ealled acrive lenah of e conducror,

The conducrors ase paced. in fe armarure slors.

2. Twra . A conducror in one slot, when connectecl
+o A cmdUC.rOT lﬂ ancofher SlO‘t‘ &rms a turn.

fwo conducrors Consiture @ tum. This 1s  Shown in
S0

Fia (ad.
Fgca)
Tavn or coil

| ¢onductory l d

N

slot |

j¢e—— coil span —>

3. coil span : The distance between +wo coil sides

of a coll (s «allad as <ol Span.

4. Pole pirch :

|
The dismnce berween 080 A%
(he centres of w0
adjacent poles is called

pole pirch.

= slots I pole

\;ble birch= 185 elecical

5. Relaron berween Trequenty, Speed and nNumber of
poles

Frequeny  F= PN
120

dhere TP= Number OFf poles
N = Synchronous =Speed
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TYPES OF ARMATURE WINDING

I'n general armatuse winding 5 C\QSSI'eF{e,d as

a) Single lager winding b Double layer winding
c) Concentrated winding d) Distributed winding

e) FRul pitched winding F) short piched winding
3) wWave winding h) Lap wnding

Single Layer and pouble \cu:,er winding

Lf a sSlor consisrs of ©only one coil aide,
winding s Said to be sinde layer winding. This is
shown in Figcay.

While fere are two coil sides per slot, one at Me
bottom and. ©one at He top, e winding 15 called

double layer winding as shown in Fglhbd

O-—-> coil side O(-—. coil side |

> slot O< coil side 2
slot

Figca) Sinde layer figtb) Double layer
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Concentrated and Distributed winding

If skots equal to number of poes Men
concentrared winding 8 obrauned. Concentrated windings
Jave maximum induced emgs For a given number Of
conducrors bub ffe wave form of emy is notr exactly
&t Sinusoidal Form.

I+ conducrors aswe placed. fa seveva) slors under

one pole, e winding is known as dismbuted winding.

Though it yeduces Whe induced. emf it Yet s most Commonly
employed. due 1o its maniFold advanmages.

1y e harmonic emfs are veduced. and so Me

. wave Fowm s Improved.
i)
he distmbured winding ~vedumes armature

Yeacrnon and. avmatruye Yeacrance.

WD The coe s better urnlized s a number of
small slors evenly spaced awe empoyed.

Full pitch and shorr pirch  winding

when Me two coll sides forming a complete
coll of @ winding are 180 elecrical space Jdegrees
apart 4 fie winding 1s known as Ful) pich wirding. €s shown
in figta). The induced emf differ by 186 phase, but
(e coll 18 conrected 1 such a way Mat emfs add
9iving vesullant ©mf E as shown in Figch).

When e coil span of e winding is less man

180 electrical Space Jdegrees, e winding s Known as
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fracriona)l pirch or shorr pirch wioding <s shoun' ia
Fig ccy. In Bis type of winding, Me induced. ems
ia each coil side is not in phase, so (e resulrant emg

is me phasor Sum of Induced €mgfs in (e <oil ades

Which 15 slightly less man Meir arifmetc sSum, hence

induced emg in short pich winding I's leas Fan TRat

induced emF 'n Full pirch wisding urder Fe same condinion

s shown o Fig @)

w{Q]

coil span
k— less an lBD‘—)i

Foced

Advanage ot shovt pirch corl

1) They save coppes OF end. conmecHons
i) They (mprove wave form of Re genetated. em4

i) DistorHng harmenics can be e-\t'm-'vo:red.
iv) Due to elimination of high Frequenty harmonic s

eddy <current and hysteres’s losses are veduced .

V) Efficiency (3 increased.
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o+ is deficed as Me vano of vesulmnt emf when
eoill is short pirch t©o Me vesumnt emg when coil s
Full pikched . T is aleays less man one.

Resulrant emf when coil (2 shovt pirched

Ke =
Resulmnt ems when coil s Full pirched

E E
> > Resumnt eme when coil is
- . Full pirched
Eg
Ey = E+E =2E ——@
Cos = —E - 8
%a o = o
E
Cosey = B
2E
Resulrant ems when coil is shore pirhed
ER. = 2E cos ﬂfz @
Fom equ @ and @
Pirch ; Kr: _ 2E cos ﬂ/"g
ZE
l Ke = cos ncfz [

chere o = Argle of shorr pirch
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For Mn DISTRIBUTION FACTOR ( K, )

The distriburion facrer s deficed as e
vato of Me vesurant em4 when coils are distributed,

to Me vesuwliant emf when colls are Corcentvated. .
¥ is always less Man one.

R Resirant emf when colls are distvibuted.

Resulant ems when eoils are concentrated.

Let p be Mme
slots.

angular dis place ment berween

B= ‘;80 ; Tole pirch =
Pole pirch

n = No. of Slors|pde|phase

No. of slots

No. o poles

E = Ems induced in one covl aide

I eolls were bunched 10 one Slot , Wen Fe
toro)l emf induced. would be mME.

Since Me coils are distmbuwted. Mme individual,
ems have a phase Aifference ot PB- This wefod.
ot finding e vegor Sum of ™ volrages each Of value
E and having a phase differerce & P is as shown
in Figla) .
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I m is lame, fen The curve ARcCDE
will become part of @ civele of vadius .

AB = E

Erom Triangle OAB
oB =Y
[ACB = B
A E-"ri G

sin Bl = &L
-
B
7 “E= 2rsin B
=z

8]
Resullant ems when coils aw concentrated. mE

= m2r SinB
Zz
Fom Trangle 0AH

E\_: 2y Sin mB
2

o
Resulrmant emg when coil are distnbuted By

27 8in ma

From EqU..@ and @ -

Distrnburon Facror Hd i
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EMF EQUATION OF AN ALTERNATOR

Let

4]: Flue per pole in whb

P = Number of poles

P Synchronous Speed in Tpm

F = Frequenwy of induced. emsz in He
Z = Toml Npo. of conducrors

Zy, = Conducrors per phase connecred (n series

ZP;., = ZTPh
T-Ph = WNo. oFf ‘*U'rﬁfpl:—use
Ke = coll span Facror cos ﬂ-’.’fz

K, = Distmburon Fecror = Sin mp
z

m sin B
. Z
K_f:- Fevm Facmoy = 110 ¢ em$ 1S sinusoidal

The avernge value of emf induced ina cenducror = ‘i‘F’
dt
In one vewluron of woor, each Sty eonducror

is cut by a Flx of ¢"F’ webers,
5] l r.'i.f‘f) = if-ﬂ:’ [
. e

Remarive Spead of He vorov n vps =

|
Ns/so
60

Ng

Time +axen oy one vewluron oFf voror =

dt = _60
MS

Average em#f induced per conducroy = qu

e
¢P
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we Know Fat
F= TPNg or Ng = 120F

—y

2o =
Subsrituring Mis value of Ns abow we get

Avevage ems induced per conducrey = ‘fJ'F‘ x 120F
£0 o

= E-Fqs volts

If ere ave Z,, conducrevs in Series/ghase fhen

Avernge ems induced per phase = Average emq induced.
fer conducior X Zoh

2F¥¢ 2,
2F¢ K 275,
Avernge ems induced per phase = 4 F‘?BT,*

Rms value of emf pec phase = Form facor X Avermge
value

-1l X 4F¢T,
E, = 4...4-4-—‘F¢TPH volt
This 18 e value of induced ems when all the edls
in a phase are full pirched and concentroded in ere
slet.

SYNCHRONOUS REACTANCE

The leakage reactance X ,and the armature reactance X ,may be combined to give
synchronous reactance X ; .

Hence X+ X+ X

a

The ohmic value of X  varies with the power factor of the load because armature reaction
depends on load power factor.
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ARMATURE REACTION

Unity

Lagging

Leading

Both fluxes cuts each
other

Both fluxes acts opposite
to each other

Both fluxes acts in the
same direction

Cross magnetising

Demagnetising

Magnetising

Terminal voltage decreases

Terminal voltage decreases
more than the unity factor

Terminal voltage increases
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VOLTAGE REGULATION OF ALTERNATOR

It is defined as the change in terminal voltage, expressed as a percentage (or p.u.) of the
rated voltage, when the load at a given power factor is removed, with speed and field current
remaining unchanged. Therefore,

FE -V
—o_ " i
v inpu

E -V
= —QV— x 100 in percentage.

Voltage regulation =

Here E, is the no-load excitation voltage and V is the full-load terminal voltage at the same
speed and field excitation.

For a lagging power-factor load, E, always increases and for a leading power-factor load,
E,may decrease—consequently the voltage regulation may be positive or negative.

Though the use of automatic voltage regulators have curtailed the importance of computing
the voltage regulation of synchronous machines, it is still worth-while to know its value, be-
cause of the following reasons :

(z) When the load is thrown off, the voltage rise must be known, since the winding insula-
tion should be able to withstand this increased voltage.

(i) Voltage regulation determines the type of automatic voltage-control equipment to be
used.

(iii) Steady state short-circuit conditions and stability are affected by the voltage regulation.

(iv) Parallel operation of one alternator, with other alternators, is affected considerably by
its voltage regulation.

In case of small machines, the voltage regulation can be obtained by actually loading it. In
large machines, it may not be possible to obtain the voltage regulation by actual loading, be-
cause of the cost of dissipating the huge output and also providing the large input. Certain
simple tests, involving only small amounts of power, are conducted and from these, the machine
constants are determined to compute the voltage regulation. A few methods, for computing the
voltage regulation, are described below, where per phase values are used unless otherwise
stated.

Methods of Determining the Regulation

Electro Motive Force (EMF) or Synchronous impedance method
Magneto Motive Force (MMF) or Ampere-turns method

Zero power factor (ZPF) or Potier method

American Standard Association (ASA) method
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EMF or SYNCHRONOUS IMPEDANCE METHOD
This method requires following data to calculate the regulation.

1. Effective Resistance of Armature (R.)
2. Synchronous impedance (Zs)
3. Open Circuit Test & Short Circuit Test

Open Circuit Test and Short Circuit Test:
Procedure:

The Terminals of the alternator is kept open.

The Field Excitation is varied upto the rated voltage .
The corresponding values are obtained.

Short Circuit Test:

The output terminals are short circuited.
The field current is varied upto the rated current.

3 -Point Starter

<
)

a
c
=4
-

AR
4000 2A O-2aml

2A
—

—

OPEN CIRCUIT & SHORT CIRCUIT TEST ON ALTERNATOR
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Q

—mnn. OPEN-CIRCUIT VOLTAGE PER PHASE e

e - -

>

FIELD CURRENT IN AMPERES —— ' —
Fig.

The synchronous impedance Zs=E0/Isc =(AC(in volts)/AB(in amperes))
Xs ’= Zs’— Ra®

Obecccmca=dn

L,

E, = J(Vm’ +IR)*+(Vsing + IX,) ——— Fora Laggingp f

For a leading power-factor load, the expression for E,can be similarly derived
and can be expressed as

E,= y(Veosd + IR)*+(Vsing - IX,) —— Fora Leadingp

Thus, in general, the expression of no-load voltage can be written as,

Ey = J(Veosd + IR)%+(Voing & IX,)?
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where, + sign is for lagging power-factor load and, — sign is for leading power-
factor load.

And % regulation = -Eﬂ‘;—v x 100

This method is also called as pesimistic method because the regulation value obtain is
always greater than actual value.

MMF or AMPERE-TURN METHOD

This method is converse method of emf method. This methos also requires open circuit test and short
circuit test.

i-field ampere turns require to produce rated voltage.

ii.field ampere turns require to overcome demagnetizing effect of armature reaction.

From the OC and SC tests the open circuit and short circuit characteristics are drawn,
as shown in fig. From the above characteristics field current Iy, is determined to give rated voltage V
on no load. Neglecting armature resistance drop and field current I, is determined to cause short-
circuit current, equal to full load current on short circuit.

Eph volts

Procedure to find E, for different power factor
a) Unity Power factor
When the alternator supplies full load current at unity p.f then the armature reaction is cross

magnetizing, therefore the two currents are assumed to be perpendicular to each other. The net field
current Iy, is vector sum of I;; and Iy,.
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:
i
!
I

For Unity P IF

From the phasor diagram the various magnitudes are
OA=If1 AB:If2 OB:IfD

From the phasor diagram

Ly Y10t 1
Now find open circuit EMF E, using I, from open circuit characteristics.
b) Lagging power factor

In case when alternator is supplying full load current at lagging power factor, the total current

I ,,is shown in fig.

For Lagging P 1I'

From the phasor diagram the various magnitudes are

OA:Iﬂ AB=IfZSiI’l AC=If2 BC=If2C0S OC=Iﬂ)

Consider triangle OBC which is right angle triangle

Iy U, 2+ (I,,Cos?)
+ 1Sint )

fo

or Lo U2 1,2 20,0 ,Cos[180 - (90 - )]

2
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Now find open circuit EMF E, using I;, from open circuit characteristics.

¢) Leading power factor

In case when alternator is supplying full load current at leading power factor, the total current
I ;is shown in fig

For Leading P F

From the phasor diagram the various magnitudes are
OB=I, AB=I,Sin CB=l, AC=I,Cos OC=Il,

Consider triangle OAC which is right angle triangle

Iy \/(I.fl >+ (J2Cos* )
- 1,Sin )

Or Lo+ JU,2e 1,2 20,0 ,Cos[180 + (90 -

2
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he first three have already been discussed. The circuit diagram for ZPF method is shown infig. to draw the zero power factor
1l load voltage characteristics.

(0-10)A MI
\} FUSE 3-Peint Starter
-~ =
I

220V |
DC Supply
Ils

—
—

Variable inductive load

220v 1P
DC Supply|| S

nT
“u s FUSE
- k o

Polier triangle Full load zero p. f.
~ saturation curve

Plot the open circuit characteristics.

Mark the field current corresponding to short circuit test as A along X axis.

Mark the field current required to produce rated voltage and rated current from ZPF test
as P.

Join A and P to get a smooth curve called ZPF curve.

From P draw a line PQ equal and parallel to OA

Draw a tangent to OCC which is called as air line.

From Q draw a line parallel to air line to meet OCC at R.

Join RP. Triangle QPR is called potier triangle.

From R draw a perpendicular line to QP to meet at S.

From potier triangle SP=Ip=Field current required to overcome demagnetizingeffect of

armature reaction

. From potier triangle RS =I; X; =Leakage reactance drop
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RS (Voltage drop per phase)
Zero powerfactor current per phase (1)

Or X,

In case of cylindrical rotor machines, Potier reactance is nearly equal to armature
leakage reactance. In case of salient pole machines, the magnetizing circuit is more saturated
and the armature leakage reactance is smaller than the Potier reactance.

After knowing the value of Potier reactance X;, find the regulation by using the following
formulae.

1. E=(V cos: - IR Y sin® + I X )
\/ph'(v L a

ph L L

2. I = \/1‘%1 : ;2 ) 2Ifllfcos(180 (90 - )

2

Note: (+) sign for lagging power factor & (—) sign for leading power factor

Iy, — Field current required to generate the phase e.m.f, E [measured from the
graph] (Amps).

Iy, — Field current required for balancing armature reaction (Amps)
Iso — Total field current (Amps)

Note: The voltage corresponding to Iy, is Eq [Measured from the graph]

'.—QJ'
v

3. Percentage Regulation %R = 100

ASA METHOD

We have seen that neither of the two methods, M.M.F. method and E.M.F. method
is capable of giving the reliable values of the voltage regulation. The error in the
results of these methods is mainly due to the two reasons,

1. In these methods, the magnetic circuit is assumed to be unsaturated. This
assumption is unrealistic as in practice. It is not possible to have completely
unsaturated magnetic circuit.

. In salient pole alternators, it is not correct to combine field ampere turns and
armature ampere turns. This is because the field winding is always
concentrated on a pole core while the armature winding is always distributed.
Similarly the field and armature m.m.fs act on magnetic circuits having
different reluctances in case of salient pole machine hence phasor combination
of field and armature m.m.f. is not fully justified.

Inspite of these short comings, due to the simplicity of constructions the ASA
modified form of MM.F. method is very commonly used for the calculation of voltage
regulation.
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Consider the phasor diagram according to the
MMF method as shown in Fig. for cos® lagging
p.f. load. The Iy is resultant excitation of Iy and
I, where Iy, is excitation required to produce rated
terminal voltage on open circuit while Ip
is excitation required for balancing
For Lagging P armature reaction effect.

Thus OB =1y = resultant m.m.f.

The angle between I and perpendicular to I is ¢, where cos ¢ is power factor
of the load.

But OB = Iy = resultant is based on the assumption of unsaturated magnetic
circuit which is not true in practice. Actually mm.f. equal to BB’ is additionally

required to take into account the effect of partially saturated magnetic field. Thus the
total excitation required is OB’ rather than OB.

Let us see method of determining the additional excitation needed to take into
account effect of partially saturated magnetic circuit.

Construct the no load saturation characteristics i.e. O.C.C. and zero power factor
characteristics. Draw the potier triangle as discussed earlier and determine the leakage

reactance X, for the alternator. The excitation necessary to balance armature reaction
can also be obtained from the Potier triangle. The armature resistance is known.

Potier triangle Full load zero p. f.
~ saturation curve

In the graph draw a line from voltage E (calculated for given p.f in step 1 of ZPF method)

which is parallel to X axis which cuts the airgap line and OCC at points B and B’
respectively.

2. Ip=Addition excitation required to take into account effect of partially saturated field
=BB’ from graph.
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3. Adding I to Iy we get modified field current I, =Is+ I;  (Take the value Iy, from step 3 of
ZPF).

4. From modified field current Iy, the open circuit voltage E, can be determined from OCC .
k- V

Now find the regulation by using %R= . v + 100

The results obtained by ASA method are reliable for both salient as well as non-salient pole machine.

SYNCHRONIZING AND PARALLEL OPERATION

The operation of connecting an alternator in parallel with another alternator or with
common bus bars is known as synchronizing.

Generally, alternators are used in a power system where they are in parallel

with many other alternators. It means that the alternator is connected to a live system
of constant voltage and constant frequency.

Often the electrical system, to which the alternator is connected, has already so many

alternators and loads connected to it that no matter what power is delivered by the
incoming alternator, the voltage and frequency of the system remain the same. In
that case, the alternator is said to be connected to infinite bus bars.

Conditions to be satisfied:

The Terminal voltage should be same.

The speed and the frequency should be same.
The phase sequence should be same.

SYNCHRONIZING OF ALTERNATORS
SYNCHRONISING OF THREE PHASE ALTERNATORS

In case of single phase alternators, synchronization is done generally by lamp methods. It can
be done by two ways:
a) Dark lamp method
b) Bright lamp method

a) Dark lamp method
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SYNCHRONIZING OF THREE PHASE ALTERNATORS

a) Three dark lamp method

Synchronising of 3-Phase Alternators
Fig. 6.2

The Voltage of the incoming machine must be equal to bus bar or to the machine which is running as
parallel. If the voltages are equal the resultant voltage across the voltmeter will be zero at the same
time the lamps will become dark. The phase sequence can be checked when three lamps will become
dark and bright in a sequence. If they are in a sequence they are out of phase then the machine has
to be stopped and change the terminals. If the speed is not same lamps will started to flicker then
excitation has to be adjusted to the make the speed to be same . Then the lamps will become dark and
bright slower. When all the conditions are satisfied the switch is closed when the lamps become dark.

Two Bright and One Dark lamp

Common bus-bars

Synchronising
Lamps

Synchronising
Switch

The incoming machine is faster or slower can be found by this method with respect to the
sequence given it can be easily found.
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Note:  With respect to above fig. light wave travelling in counter clockwise direction indicates the
incoming machine is slow. Light wave travelling in clockwise direction indicates the
incoming machine is slow.

SYNCHROSCOPE

Common bus-bars

|
]
Synchronising

DI g

' Incom

{ |
o= Synchroscope

QZ)

Clockwise direction — Frequency of the incoming Alternator is high.
Anti Clockwise direction — Frequency of the incoming Alternator is slow.
12’0’ clock position — Frequency of the incoming alternator is exactly equal to busbar

Advantages of synchronizing alternator:
Repair and maintenance can be done easily.
The output power can be increased.

The efficiency can be increased.
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SYNCHRONIZING CURRENT, POWER AND TORQUE
By Using the phasor diagram the Synchronizing current ,Power and Torque can be derived.

Syn.Current: Isy = Ea/Xs
Syn.Power : Psy=3aE2/Xs
Syn.Torque : Tsy = (3Psy*60)/(2*3.14*Ns)

TWO REACTION THEORY
This theory is suitable for salinet pole alternator. The reactance effect is divided into direct axis
reactance and quadrature axis reactance.

!

. Direct axis (d-axis)
-

Direct axis _
flux path

O

Quadrature axis
(g — axis)

1
I

~ Quadrature—axis
9%  flux path



http://www.learnengineering.in/

For Mn

The axis along the axis of the rotor is called the direct or the d axis. The axis

perpendicular to d axis is known as the quadrature or q axis. The direct axis flux path
involves two small air gaps and is the path of the minimum reluctance. The path shown
in the above figure by ¢, has two large air gaps and is the path of the maximum
reluctance.

Plane of E;

Direct axis synchronous reactance = Xd=Xad+XI1
Quadrature axis synchronous reactance= Xq=Xaq+XI

Voltage V=EO0-IaRa-IdXd-OPERATING CHARACTERISTICS

The steady state operating characteristics of a cylindrical rotor alternator can be
obtained from its equivalent circuit shown in fig.

+

(a) ()

Equivalent circuit for a cylindrical-rotor synchronous generator.

1. External load characteristics

The external load characteristics or the alternator volt-ampere characteristics,
represent the variation of armature terminal voltage V. with the armature current I,,
for a constant field current.

The variation of V, with I, for constant Ey, is illustrated in Fig. for different power
factor loads.
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Alternator external characteristics with Iy held constant
(a) at its no-load value and (b) at its rated V; and rated I,.
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2.Alternator compounding characteristics
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Alternator compounding curves for
maintaining rated terminal voltage Vi.
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The capability curves are used to find the capacity of the alternator. The any point on the
curve gives power rating of the machine. This will give the real power and reactive power.
The upper half gives more leading and lower half more lagging .the lagging will increase the
current this will affect the winding and losses will increase.
The x axis is the real power.
The y axis is reactive power.
The center of the circle(0,0) with the radius of 3Vtla the circle has been drawn.

Laggng pf

o operation

Zero pt
logging

|
|
|
N .
|
A o : ' x
0,0) f P
Leading pt
—operation

The heating curve is drawn to determine upto which the loading can be done.
The centre of the circle is (0,3Vt/Xs), with the radius of 3VtEf/Xs

Q4
Field

heating
2 {imut

Rated pf.
°°5|\09 ~

-~ Maching
rating

Armature
heating st
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Unit-II Synchronous Motor

CONSTRUCTION OF THREE PHASE SYNCHRONOUS MOTOR

The synchronous motor construction is basically similar to rotating field type
alternator. It consists of two parts :
i) Stator : Consisting of a three phase star or delta connected winding. This is
excited by a three phase a.c. supply.

ii) Rotor : Rotor is a field winding, the construction of which can be salient
(projected pole) or non salient (cylindrical) type. Practically most of the
synchronous motors use salient i.e. projected pole type construction. The field
winding is excited by a separate d.c. supply through slip rings.

Field
winding Salient pole rotor

PRINCIPLE OF OPERATION

when a 3-¢ winding is fed by a 3-¢ supply, then a magnetic flux of
constant magnitude but rofating at synchronous speed, is produced. Consider a two-pole stator of
Fig. , in which are shown two stator poles (marked Ng and S;) rotating at synchronous
speed, say, in clockwise direction. With the rotor position as shown, suppose the stator
poles are at that instant situated at points A and B. The two similar poles, N (of rotor) and N
(of stator) as well as S and S¢ will repel each other, with the result that the rotor tends to rotate
in the anticlockwise direction.
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But half a period later, stator poles, having rotated around, interchange their positions i.e. N is at
point B and S at point A. Under these conditions, N attracts S and S attracts N. Hence, rotor tends to
rotate clockwise (which is just the reverse of the first direction). Hence, we find that due to continuous
and rapid rotation of stator poles, the rotor is subjected to a torque which is rapidly reversing i.e., in
quick succession, the rotor is subjected to torque which tends to move it first in one direction and then
in the opposite direction. Owing to its large inertia, the rotor cannot instantaneously respond to such
quickly-reversing torque, with the result that it remains stationary.

Now, consider the condition shown in Fig. (a). The stator and rotor poles are attracting each
other. Suppose that the rotor is not stationary, but is rotating clockwise, with such a speed that it turns
through one pole-pitch by the time the stator poles interchange their positions, as shown in Fig. (b).
Here, again the stator and rotor poles attract each other. It means that if the rotor poles also shift their
positions along with the stator poles, then they will con tinuously experience a unidirectional
torque I.e., clockwise torque, as shown in Fig. (a) and (b).

Note: 1. The average torque exerted on the rotor of synchronous motor is zero. Hence
the synchronous motor is not self starting.

To obtain a continuous torque, the rotor should rotate at synchronous speed

120 f
P
Different power stages in a synchronous motor are as under

given by expression N *
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Fig. 38.9 (a) shows the equivalent circuit model for one armature phase of a cylindrical' rotor
synchronous motor.

It is seen from Fig. 38.9 (b) that the phase applied voltage V is the vector sum of reversed back
e.m.f. i.e.,~E, and the impedance drop I, Z. In other words, V = (-E, + 1, Z). The angle o* between
the phasor for V and E, is called the load angle or power angle of the synchronous motor. -

TORQUE EQUATION

Pl’ll
The gross torque developed by the motor 7',* 9.55
E)V .
Where P, © —*—sin®
X,

Net output of the motor then can be obtained by subtracting friction and windage i.e.

mechanical losses from gross mechanical power developed.

P,..= P,,— Mechanical losses

The shaft torque developed by the motor 7, + 9.55 —2«

P
N,

s
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Different toques in synchronous motor

The torque required to operate the driven machine at every moment between the initial breakaway and
the final shutdown is important in determination of the motor characteristics. The various torques

associated with synchronous motors are termed starting torque, running torque, pull-in torque, and
pull-out torque.

1. Starting Torque. It pertains to the ability of the motor to accelerate the load. The starting
torque, sometimes also called the break away torque, required by the driven machine may be as low as
10%, as in case of centrifugal pumps, and as high as 200 or 260% of full-load torque, as in case of loaded
reciprocating two-cylinder compressors.

The synchronous motor has got no self-starting torque, but in modern synchronous motors, almost

any reasonable torque can be had by proper design of the damper windings (by changes in the resistance
and size of the damper winding). \

2. Running Torque. It is the torque developed by the motor under running conditions. It is deter-
mined by the output power and speed of the driven machine. The peak output power determines the
maximum torque that would be required by the driven machine, The motor must have a breakdown or a
maximum running torque greater than this value so as to avoid stalling of the machine.

3. Pull-in Torque. It refers to the aBility of the motor to pull-into synchronism when changing from
induction to synchronous motor-operation.

4. Pull-out Torque. It pertains to the ability of the motor to remain‘in synchronism under rated
load conditions. ' ] _

The maximum torque which the motor will develop without pulling out of step (or synchronism) is
called the pull-out torque.

Its value varies from 1.25 to 3.5 times the full-load torque.

OPERATION ON INFINITE BUS BARS

The infinite bus represents a bus bar of constant voltage and frequency, which can deliver or
absorb active and reactive power without any limitations.

The fig. shows a synchronous machine which is to be connected to the bus bars with the help
of switch K. If the synchronous machine is running as a generator then its phase sequence should be
same as that of bus bars. The machine speed and field current is adjusted in such a way so as to have
the machine voltage same as that of bus bar voltage. The machine frequency should be nearly equal

to bus bar frequency so that the machine speed is nearer to synchronous speed.

[Fo—
R

Field Synchronous Infinite
winding machine Bus

Bar
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When the above conditions are satisfied, the instant of switching for
synchronization should be determined. This can be determined by lamps dark
methods, lamps bright method, Lamps bright and dark method or by using
synchroscope.

Once switch K is closed, the stator and rotor fields of the machine lock into each
other and the machine then runs at synchronous speed. The real power exchange with
the mains will be now governed by the loading conditions on the shaft while the
reactive power exchange will be determined by field excitation.

The same procedure is to be followed for synchronizing the synchronous motor to
the infinite bus bars. The motor is run by an auxiliary device such as small dc or
induction motor initially and then synchronized to the bus bars.

As we know that the synchronous motors are not self starting hence if switch K is
closed when rotor is stationary, the average torque will be zero as the two fields run
at synchronous speed relative to each other so the motor fails to start. They are made
self starting by providing short circuited bars on the rotor which produce torque as
produced in case of induction motors.

When synchronous motor is over excited it takes leading pf. current. If
synchronous motor is on no load, where load angle & is very small and it is over
excited (E, > V) then power factor angle increases almost upto 90°. And motor runs
with almost zero leading power factor condition. This is shown in the phasor diagram

Fig. 4.31.

Iy

‘s’ very
small
Fig. 4.31 Synchronous condenser

powglsfaz}t\aractenstics I_ils similar to a normal capacitor which always takes leading

or current. Hence over excited s

i ot ynchronous motor operating on no 1
oad

condition is called as synchronous condenser or synchronous capacitogr This is the

property due to which synchron, i
: ous motor is used as a pha
e et e phase advancer or as power

APPLICATIONS OF SYNCHRONOUS MOTOR

Synchronous motors find extensive application for the following classes of service :

1. Power factor correction
2. Constant-speed, constant-load drives

3. Voltage regulation
(a) Power factor correction _
Overexcited synchronous motors having leading power factor are widely used for improving
power factor of those power systems which employ a large number of induction motors (Fig. 38.49)
and other devices having lagging p.f. such as welders and flourescent lights etc.
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Induction o
Motors

Fia. 38.49

(b) Constant-speed applications

Because of their high efficiency and high-speed, syhchronous 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 and .
screw-type pumps, ball and tube mills, vacuum pumps, chippers and metal rolling mills etc.

(c) Voltage regulation

The voltage at the end of a long transmission line varies greatly especially when large inductive
loads are present. When an inductive load is disconnected suddenly, voltage tends to rise considerably

above its normal value because of the line capacitance. By installing a synchronous motor with a
field regulator (for varying its excitation), this voltage rise can be controlled.

When line voltage decreases due to inductive load, motor excitation is increased, thereby raising
its p.f. which compensates for the line drop. If, on the other hand, line voltage rises due to line
capacitive effect, motor excitation is decreased, thereby making its p.f. lagging which helps to maintain
the line voltage at its normal value.
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SYNCHRONOUS CONDENSER FOR POWER FACTOR CORRECTION

The low power factor increases the cost of generation, distribution and
transmission of the electrical energy. Hence such low power factor needs to be
corrected. Such power factor correction is possible by connecting synchronous motor
across the supply and operating it on no load with over excitation.

1,(Due to synchronous motor) Now let V,, is the voltage
applied and Iy, is the current
lagging Vpn by angle ¢;. This
power factor ¢, is very low,
lagging.

The synchronous motor
acting as a synchronous
condenser is now connected
across the same supply. This

Fig. 4.32 Power factor correction by synchronous  draws a leading current of
condenser

I(Effective current)

11(Without synchronous motor)

IZPh.

The total current drawn from the supply is now phasor of Iy and Ipph. This total
current I; now lags Vi, by smaller angle ¢ due to which effective power factor gets
improved. This is shown in the Fig. 4.32.

This is how the synchronous motor as a synchronous condenser is used to
improve power factor of the combined load.
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EFFECT OF EXCITATION ON ARMATURE CURRENT AND POWER FACTOR
(VAND INVERTED V CURVES)

Consider a synchronous motor in which the mechanical load is constant and hence output is
also constant if Josses are neglected.

Case 1. 100% Excitation :

The case for 100% excitation i.e., when Ej, = V is shown in Fig. 6.13 (). Here the armature
current I lags behind V by a small angle ¢. Its angle with Ep is fixed by stator constants ie.,

8
tan 6 = —R; ‘
Case 2. Excitation less than 100% :

Fig. 6.13 (ii) represents the condition for under-excited motor i.e., Ep, < V. Here E, is advanced
clockwise and so is the armature current (because it lags behind E, by a fixed angle 6). We find

that :
The magnitude of I is increased, but its power factor is decreased (" ¢ has increased) :

— Since input as well as V are constant, hence the power component of I i.e., I cos ¢ remains
the same as before, but wattless component I sin ¢ is increased. Hence, as excitation is
decreased, I will increase, but power factor will decrease so that power component te., I
cos ¢ = OL will remain constant. The locus of the extremity of current vector would be a
horizontal straight line.

Case 3. Excitation greater than 100% :

In Fig. 6.13 (iii) excitation is greater than 100% i.e., Ej, > V (i.e., motor is over-excited). Here
the resultant voltage vector E, is pulled-anticlockwise and so is I. It may be noted that now motor is
drawing a leading current. It may also happen for some value of excitation, that I may be in phase

v

M
(in) (iii) (iv)

Fig. 6.13. Effect of excitation on armature current and power factor.
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with V i.e., power facto; is unity [Fig. 6.13 (iv)]. At that time the czrrent drawn by motor would be
minimum. '

V-curves of a Synchronous Motor:
® It has been stated above that, when the field current (i.e., excitation) of a synchronous
motor is reduced, a lagging armature current [Fig. 6.13 (ii)] I is produced which exceeds
the minimum current at unity power or at normal excitation.
Similarly, when motor is over-excited, the armature current also rises [Fig. 6.13 (ii)] and
exceeds the current required at normal excitation to develop the necessary torque, at any
given load.
By applying a given constant load to the shaft of a synchronous moter and varying the
field current from under-excitation to over-excitation, recording the armature current at
each step, the curves of Fig. 6.14 (a) are obtained. The A.C. armature current is plotted
against the D.C. field current for no-load, half-load, and full-load values, respectively.
The wattmeter connections shown in Fig. 6.15 will also yield the power factor for each
value of armature and field current at any given load condition. (The method employed
in Fig. 6.15 is the two-wattmeters method. Since the synchronous motor is a balanced
three-phase load, the one-wattmeter method, three-wattmeters method, industrial
analyzer, or polyphase wattmeter would do as well in providing the power factor of the
load).

Thus, as shown in Fig. 6.14. (b), the power factor as determined from the wattmeter readings,
is plotted against the field current for the various given loads. It is worth noting that both curves
show that a slightly increased field current is required to produce normal excitation as the load is
increased (points 1, 2 and 3, respectively).

— At no-load, the armature current at unity power factor (normal excitation) is not zero but
some small value of A.C. armature current per phase, necessary to produce torque to counter
balance rotational losses. As load is applied (neglecting armature reaction) not only does
the armature current rise but it is also necessary to increase the excitation to bring the
armature current back in phase with the bus phase voltage. Each of the curves in the
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Fig. 6.15. Laboratory connections for obtaining V-curves.

family, therefore, will have a shift to the right as the load is increased, as shown in
Figs. 6.14 (a) and (b), to provide the excitation required to obtain the same power factor
(0.8 lagging, unity, or 0.8 leading) at an increased load. Thus, the V-curves represent the
phasor diagrams, and vice versa for various conditions of load and power factor.

Comparison between synchronous and induction motor

-10 -
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Synchronous motor

Induction motor

It is inherently not self-starting and some exter-
nal means are required for its starting.

It has got self-starting torque and no special means
are required for starting.

Requires D.C. excitation.

Does not require D.C. excitation.

Speed control not possible.

Speed can be controlled but to small extent.

Its average speed is constant and independent of
load.

Its speeds falls with the increase in load and is
always less than synchronous speed.

It can be operated under a wide range of power
factor, both lagging and leading.

It operates at only lagging power factor, which
becomes very poor at light loads.

Its torque is less sensitive to change in supply
voltage.

Its torque is more sensitive to change in supply
voltage.

Breakdown torque is proportional to the supply
voltage.

Breakdown torque is proportional to the square of
the supply voltage.

More complicated and more costly comparatively.

More simple and less costly comparatively.

Employed for supplying mechanical load as well

as for power factor improvement.

Employed for supplying mechanical load only.

HUNTING IN SYNCHRONOUS MOTOR

It is seen that, when synchronous motor is on no load, the stator and rotor pole

axes almost coincide with each other.

When motor is loaded, the rotor pole axis falls back with respect to stator. The
angle by which rotor retards is called load angle or angle of retardation &.

If the load connected to the motor is suddenly changed by a large amount, then
rotor tries to retard to take its new equilibrium position.

But due to inertia of the rotor, it cannot achieve its final position instantaneously.
While achieving its new position due to inertia it passes beyond its final position
corresponding to new load. This will produce more torque than what is demanded.
This will try to reduce the load angle and rotor swings in other direction. So there is
periodic swinging of the rotor on both sides of the new equilibrium position,
corresponding to the load. Such a swing is shown in the Fig. 4.27.

Stator

Swinging

New equilibrium
position

Fig. 4.27 Hunting in synchronous motor
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Such oscillations of the rotor about its new equilibrium position, due to sudden
application or removal of load is called swinging or hunting in synchronous motor.

Due to such hunting, the load
angle & changes its value about its
final value. As 3 changes, for same
excitation ie. E,; the current
drawn by the motor also changes.
Hence during hunting there are
changes in the current drawn by
the motor which may cause
problem to the other appliances
connected to the same line. The
changes in armature current due to
Fig. 4.28 Current variations during hunting hunting is shown in the Fig. 4.28.

If such oscillations continue for longer period, there are large fluctuations in the
current. If such variations synchronise with the natural period of oscillation of the
rotor, the amplitude of the swing may become so great that motor may come out of

& = equilibrium
position

synchronism. At this instant mechanical stresses on the rotor are severe and current
drawn_ by the motor is also very large. So motor gets subjected to large mechanical
and electrical stresses.
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Use of damper winding to prevent hunting

It is mentioned earlier that in the slots provided in the pole faces, a short circuited
winding is placed. This is called damper winding.

When rotor starts oscillating i.e. when hunting starts a relative motion between
damper winding and the rotating magnetic field is created. Due to this relative
motion, e.m.f. gets induced in the damper winding. According to Lenz's law, the
direction of induced e.m.f. is always so as to oppose the cause producing it. The cause
is the hunting. So such induced e.m.f, oppose the hunting. The induced e.m.f. tries to
damp the oscillations as quickly as possible. Thus hunting is minimised due to
damper winding.

The time required by the rotor to take its final equilibrium position after hunting
is called as setting time of the rotor. If the load angle & is plotted against time, the
schematic representation of hunting can be obtained as shown in the Fig. 4.29. It is
shown in the diagram that due to damper winding the setting time of the rotor
reduces considerably.

Load
angle &

5 —___New equilibrium
position

Setting time due to |

damper winding

— Setting time, hunting period ——e-i L

without damper winding !

Fia. 4.29 FHart nf damnasr wdedlae - o

MERITS AND DEMERITS OF SYNCHRONOUS MOTOR

Merits. (i) The ease with which the power factor can be. controlled. An over-excited synchronous motor
having a leading power factor can be operated in parallel with induction motors and other
I'  power apparatus operating at lagging power factors, thereby improving the power factor of the

supply system. §

(i) The speed is constant and independent of load. This characteristic is mainly of use when the
motor is required to drive another alternator to generate a supply at a different frequency as in
frequency changers.

(i17) Electro-magnetic power varies linearly with the voltage.

(iv) These motors can be constructed with wider air gaps than induction motors, which make them
better mechanically.

(v) These motors usually operate at higher efﬁcigncies, especially in the low speed unity pfranges.

Demerits (i) The cost per kw output is generaly higher than that of an induction motor.
(i) It requires dc excitation which must be supplied from external source.

(tir) The synchfonous motor is inherently not self-starting motor and needs some arrangement for
its starting and synchronizing. :
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(iv) It cannot be used for variable speed jobs as there is no possibility of speed adjustment.
(v) It cannot be started under load. Its starting torque is zero. '
(vi) It has a tendency to hunt. ’
(vii) It may fall out of synchronism and stop when over-loaded.
(viii) Collector rings and brushes are required.

(ix) For some purposes synchronous motors are not desirable as for driving shafts in small work-
shops having no other power available for starting and in cases where frequent starting or
strong starting torque is required.
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STARTING METHODS OF SYNCHRNOUS MOTOR

As seen earlier, synchronous motor is not self starting. It is necessary to rotate the
rotor at a speed very near to synchronous speed. This is possible by various methods
in practice. The various methods to start the synchronous motor are,

1. Using pony motors
2. Using damper winding
3. As a slip ring induction motor

4. Using small d.c. machine coupled to it.

4.7.1 Using Pony Motors

In this method, the rotor is brought to the synchronous speed with the help of
some external device like small induction motor. Such an external device is called
‘Pony Motor'.

Once the rotor attains the synchronous speed, the d.c. excitation to the rotor is
switched on. Once the synchronism is established pony motor is decoupled. The motor
then continues to rotate as a synchronous motor.

4.7.2 Using Damper Winding

In a synchronous motor, in
Damper addition to the normal field
winding  winding, the additional winding
consisting of copper bars placed
in the slots in the pole faces.
The bars are short circuited with
the help of end rings. Such an
additional winding on the rotor
is called damper winding. Tl‘ﬁs/
winding as short circuited, acts
as a squirrel cage rotor winding

rotor winding of an induction motor. The

schematic representation of such

Fig. 4.8 (a) Starting as a squirrel cage I.M. damper winding is shown in the
Fig.4 .8(a).

Once the stator is excited by a three phase supply, the motor starts rotating as an
induction motor at sub synchronous speed. Then d.c. supply is given to the field
winding, At a particular instant motor gets pulled into synchronism and starts rotating
at a synchronous speed. As rotor rotates at synchronous speed, the relative motion
between damper winding and the rotating magnetic field is zero. Hence when motor
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is running as synchronous motor, there cannot be any induced em.f. in the damper
winding. So damper winding is active only at start, to run the motor as an induction
motor at start. Afterwards it is out of the circuit. As damper winding is short circuited
and motor gets started as induction motor, it draws high current at start so induction
motor starters like star-delta, autotransformer etc. used to start the synchronous motor
as an induction motor.

4.7.3 As a Slip Ring Induction Motor

The above method of starting synchronous motor as a squirrel cage induction
motor does not provide high starting torque. So to achieve this, instead of shorting the
damper winding, it is designed to form a three phase star or delta connected winding.
The three ends of this winding are brought out through slip rings. An external
rheostat then can be introduced in series with the rotor circuit. So when stator is
excited, the motor starts as a slip ring induction motor and due to resistance added in
the rotor provides high starting torque. The resistance is then gradually cut off, as
motor gathers speed. When motor attains speed near synchronous, d.c. excitation is
provided to the rotor, then motor gets pulled into synchronism and starts rotating at
synchronous speed. The damper winding is shorted by shorting the slip rings. The
initial resistance added in the rotor not only provides high starting torque but also
limits high inrush of starting current. Hence it acts as a rotor resistance starter.

The synchronous motor started by this method is called a slip ring induction

motor is shown in the Fig. 4.8 (b).

Stator Rotor

¥ resistance

TPDT switch

Fig. 4.8 (b) Starting as a slip ring .M.

It can Be observed from the Fig. 4.8 (b) that the same three phase rotor winding
acts as a normal rotor winding by shorting two of the phases. From the positive
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terminal, current ‘I’ flows in one of the phases, which divides into two other phases at
start point as I/2 througt. each, when switch is thrown on d.c. supply side.

4.7.4 Using Small D.C. Machine

Many a times, a large synchronous motors are provided with a coupled d.c.
machine. This machine is used as a d.c. motor to rotate the synchronous motor at a
synchronous speed. Then the excitation to the rotor is provided. Once motor starts
running as a synchronous motor, the same d.c. machine acts as a d.c. generator called
exciter. The field of the synchronous motor is then excited by this exciter itself.
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® The salient pole synchronous motor has the following two axes :
— Field pole axis, called the direct axis or d-axis ; and
— The axis passing through the centre of interpolar space, called quadrature axis or
g-axis (as in case of an alternator).
I; and I, are the components of the armature current resolved along d-axis and g-axis
respectively.

IntheFig. 6.11 and 6.12 are shown the complete phasor diagrams of a salient pole synchronous
motor, for a leading power factor, considering and neglecting armature resistance respectively.

From Fig. 6.12, using E;, as reference phasor, we have

Veos a=Ep— 12X, ...(6.6)

and Vsin a = I X, ..(6.7)
_ Ey -V cos a
- Xd
I = Vsin a

q Xq

1, ...(6.8)

...(6.9)
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£y (Reversed)

Fig. 6.11. Phasor diagram for synchronous motor-leading p.f.
(Considering armature resistance).

E,(Reversed)

Fig. 6.12. Phasor diagram for synchronous motor-leading p.f.
(Neglecting armature resistance).
Regardless of the axis of reference, power input is given by the product of the in-phase
components of the current and voltage plus the product of the quadrature component.
Py, =I,Vcosa+I;Vsina
Substltutmg the values of I and I, from eqns. (6.8) and (6.9), we get
Vsina Ey -Vecosa

Pipper phase) = —5——x V cos a +

Xq X; x Vsin a

V2 sin o cos o Eszina—Vz sin a cos a ]

Total power input (3 times of the above)
_3ERV
T Xy
EyLV,
=%L7L Gina

sin a
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OL = supply voltage/phase
I = armature current
LM =back e.m.f. at a load angle of @
OM = resultant voltage, E, = IZ, (or IX; if R, is negligibie)
I lags/leads V by an angle ¢ and lags behind E, by an angle 6 (internal angle)

X,
- =1| 2%
= tan ( R, ) ;
Line NS is drawn at angle 6 to LM.
LN and QS are perpendicular to NS (hence to LQ also).
Mechanical power developed per phase in the rotor,
Priech = EyIcosy

In AOMS, MS =1Z,cos ¢
Now, MS =NS-NM =LQ-NM

IZ,cosy =V cos (8—a)—EpcosB

E
Icosxp:—z‘icos(e-—a)—fbcose
8 8

Putting this value in (6.1), we get

E
P, ect/Phase = Ep ¥ cos (B - a) - =2 cos @ ]
z, z, " |
EpV Ey?
or Ppec/Phase = b cos(@—a)— =% cosB ..(6.2)
Zs Zy
This is the expression for the mechanical power developed in terms of load angle (a) and the
internal angle (6) of the motor for a constant voltage V and E,, (or excitation because Ey depends on
excitation only).

Maximum power developed. Condition for maximum power developed can be found by
differentiating the above expression (eqn. 6.2) with respect to load angle and then equating it to zero.
dPrech EyV

o =g sin@—-a)=0 or sin(@—-a)=0

% 0=a
. Value of maximum power,
EyV Eb2

(P mech)max = "Z_’ 7 cos
8 8

E)V  Ep?
Z:  Zs

cos 0 ...(6.3)

This shows that the maximum power and hence torque (°.* speed is constant) depends on
V and Ey i.e., excitation.

Maximum value of 8 and hence a is 90°. For all values of V and Ey, this limiting value of
a is the same but maximum torque will be proportional to the maximum power developed
as given in eqn. (6.3).

In Fig. 6.10 eqn. (6.2) is plotted.

If R, is neglected, then
Z,~X,and 6 = 90°
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\ | I

1
30 60" 90’ 1200 150" 1

0

\
\
8
Coupling angle o —=

Fig. 6.10
cos0=0

EyV ;
Pivahi & —~_ cos (90°-a) [from eq. (6.2)]

8
; EpV .
Le., Pmech = T sin a ..(6.4)
8
This gives the value of mechanical power developed in terms of a—the basic variable of a

synchronous machine.

EyV [from eqn. (6.3)]

(P meeh)max = ‘X""

8

This corresponds to the pull-out’ torque.
The above value can be obtained by putting o = 90° in eqn. (6.4).
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PROBLEM: 01

Example 6.2. A 2200 V, 3-phase starconnected synchronous motor has a resistance of
0.22 Q/phase and a synchronous reactance of 2.4 Q /phase. The motor is operating at 0.6 power factor
leading with a line current of 180 A.

Determine the value of the generated e.m.f./phase. (Bangalore University Nov., 1996)

Solution. Phase voltage, = 23% =1270V

Resistance/phase, R=022Q
Synchronous reactance/phase, X;=2.4Q

Power factor, cos ¢ = 0.6 (leading)
Line current, I=180A

Generated e.m.f./phase, Ey, :

Here, cos ¢ = 0.6
- ¢ = cos™! = (0.6) = 53.13° (lead)

Also

(@ +¢) =53.13 + 84.8° = 137.93°
cos (8 + ¢) = cos 137.93° = — 0.7423

Synchronous impedance, Z, = V(0.22)? + (2.4)® = 2.41 Q/phase
Impedance drop/phase, E, =1Z,=180x241=4338V
The vector diagram is shown in Fig. 6.18.

1=180A

1270V
Fig. 6.18
. Generated e.n.f./phase, Ej = VVZ + (E,)? - 2V x E, cos (6 + ¢)

=V(1270)? + (433.8)2 - 2 x 1270 x 433.8 cos (53.31° + 84.8°)
=1618.3V
Hence, synchronous e.m.f. (line) = V3 x 1618.3 = 2803 V. (Ans.)
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PROBLEM: 02

/
iFExample 6.3. A 6600 V, 3-phase, star-connected synchronous motor draws a full-load current of
80 A at 0.8 p.f. leading. The armature resistance is 2.2 Q and reactance 22 Q per phase. If the stray
losses of the machine are 3200 W, find :

@) E.m.f. induced, (it) Output power, and
(iii) Efficiency of the machine.

Solution. Phase voltage, V= %Q =3810V

Full-load current, I=80A at 0.8 p.f. leading

Armature resistance per phase, R,=22Q

Synchronous reactance/phase, X, =22Q

Stray loss = 3200 W

(i) Em.f. induced, Ey :

Power factor, cos¢$ =038

¢ = cos™! (0.8) = 36.9°
Synchronous impedance/phase,
Z,=VR2+X,2 =V(2.2)2+(22)? =22.11Q

X; 22 a1 .
tanB-R—a- 29~ 10 or 6O=tan™ 10=284.3

Impedance drop/phase, E,=1Z,=80x22.11=17688V
The vector diagram is shown in Fig. 6.19.

Induced e.m.f, Ey/phase, Ep=VVZ+E,2 - 2VE, cos (6 + ¢)

= \/(3810)2 +(1768.8)% - 2 x 3810 x 1768.8 cos (84.3° + 36.9°)
=4962.5V

0 V-3810V
Fig. 6.19
Induced line e.m.f. =v3 x4962.5 = 8595 V. (Ans.)
(i) Power output :
Total input =V3E I cos ¢ =V3 x 6600 x 80 x 0.8 = 731618 W
Total copper losses =3I°R, =3 x(80)°x 2.2 = 42240 W
Total stray losses =3200W
. Power output = power input — copper losses — stray losses

= 731618 — 42240 — 3200 = 686178 W. (Ans.)
(i) Efficiency :
_output 686178
" input ~ 731618

Efficiency, x 100 = 93.79%. (Ans.)
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PROBLEM: 03

Example 6.4. A 11 kV, 3-phase star-connected synchronous motor draws a current of 45 A.
The effective resistance and synchronous reactance per phase are 0.9 Q and 28 Q respectively. Calculate
the power supplied to the motor and induced e.m.f. for a power factor of :

(@) 0.8 lagging (ii) 0.8 leading.

E
Solution. Supply voltage/phase = 7

Current drawn, I=45A
Effective resistance/phase, R,=09Q
Synchronous resistance/phase, X; = 28 Q

Synchronous impedance/phase,
Z,=VR2+X,2 =V(0.9)2 + (28)% = 28 Q (app.)

0 =88.1°
Impedance drop/phase, E,=1Z;=45x28 =1260V.

() 0.8 p.f. lagging :
cos ¢ =0.8 60“
¢ = cos™ 0.8 = 36.9° AV
Power supplied to the motor
=V3E I, cos ¢ 5
=v3 x 11000 x 45 x 0.8 * " V=6351V
= 685892 or 685.892kW. (Ans.) 3640
Refer Fig. 6.20.
induced e.m.f./phase,

Ey =VV2+E,2 _ 2VE, cos (8 - ¢)
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= V(6351)% + (1260)2 - 2 x 6351 x 1260 x cos (88.1° - 36.9°)
=5647.5V

Induced line e.m.f. =V3 x 5647.5 =9781.7V. (Ans.)

(i) 0.8 pf. leading :

Power supplied to the motor

=V3EI} cos ¢ = V3 x 11000 x 45 x 0.8

= 685892 W or 685.892 kW. (Ans.)

Refer Fig. 6.21.

Induced e.m.f./phase,

Ey =VV2 + E,2 - 2VE, cos (8 + ¢)

=V(6351)2 + (1260)2 V=635V
-2 x 6351 x 1260 cos (88.1° + 36.9°)

=7148.6 V

Induced line e.m.f. = V3 x 7148.6 = 12381.7 V. (Ans.)

Fig. 6.21

PROBLEM: 04

tExample 6.6. The synchronous reactance per phase of a 3-phase star-connected 6600 V
synchronous motor is 20 Q. For a certain load input, the input is 915 kW at normal voltage and the
induced line e.m.f. is 8942 V. Neglecting resistance, determine :
(?) line current, and (it) power factor. (S.C.E.T.E. W.B,, 1996)
Solution. Synchronous reactance/phase, X, = 20 Q
Input to motor =915 kW
6600
V3
8942
V3
Resistance, R,=0.
Since induced e.m.f. is greater than the supply voltage, therefore the motor must be operating
with a leading power factor.
Since power input =Vv3VI cos ¢ = V3VLI cos ¢

Supply phase voltage, V= =3810V

Induced e.m.f./phase, E, = =5163V
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[ In star-connection : phase current = line current]
_ power input _ 915 x 1000 _
Teg= "=y === (e BHOD ™~ 0

-1 S Lo ;i 1 )
—-R =l —0 =tan « =90

Impedance drop, =1 \/Ra2 + Xs2 =1V02+202 =201
Refer Fig. 6.23.

Internal angle,

1=97-05A

V=3810V

Fig. 6.23
From right angle ALMN, we have

LM? = LN? + MN?

(5163)2 = LN? + (E, cos $)? = LN? + (201 cos ¢)°
= LN? + (20 x 80)° [ Icosd=80A calculated above]

LN? = (5163) - (1600)*
LN =4909V
But ON = LN - OL = 4909 - 3810 = 1099 V
Now E, = (OM) = V(ON)? + MN? =V(1099)2 + (20 x 80)? = 1941V
() Line current, I;, = phase current, /

=97.05 A. (Ans.)

G Power Tacton, . %%—5- - 0.8243 (leading). (Ans.)

(¢ = cos™! 0.8243 = 34.5°].
PROBLEM: 05

Example 6.9. A 2000 V, 3-phase, 4-pole star-connected synchronous motor runs at 1500 r.p.m.
The excitation is constant and corresponding to an open-circuit voltage of 2000 V. The resistance is
negligible in comparison with synchronous reactance of 3.5 Q/phase. For an armature current of 200
A, determine :
(i) Power factor, (i) Power input, and
(iii) Torque developed.
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For Mn Solution. Supply voltage/phase, V = 29‘/%.9 =1155V
Armature current =200 A
Synchronous speed, N, =1500 r.p.m.
Induced e.m.f./phase, E, = 233.0 =1155V
Synchronous reactance/phase, X; = 3.5 Q/phase
Resistance/phase = negligible
. Synchronous impedance, Z;=X,;=3.5Q
*. Internal angle, 6 = 90°
Impedance drop, E.=1Z,=200x3.5=700V

Assuming armature current lagging behind the supply voltage, as shown in Fig. 6.27.

L
®e1rge V=155

Fig. 6.27

In ALOM, we have Eb2 =V2+ E,2 —2VE, cos (6 —-¢)
(1155) = (1155)2 + (700)% — 2 x 1155 x 700 cos (90 — ¢)
2 x 1155 x 700 sin ¢ = 7002 '
(700)2
2% 1155 x 700 _ 0303
¢ = sin™! (0.303) = 17.6°.
(i) Power factor, cos ¢ = cos 17.6° = 0.9532. (Ans.)
(ii) Power input, =V3V.I, cos ¢ = V3 x 2000 x 200 x 0.9532
= 660396 W or 660.396 kW. (Ans.)
_ power input — copper losses
- 2 N,/60

660396 x 60
2n x 1500

sin¢ =

(ii) Torque developed

[.- Copper losses are negligible as resistance is negligible]
=4204.2 N-m. (Ans.)
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Example 6.15. A 400 V, 8 kW 3-phase synchronous motor has negligible resistance and

synchronous reactance of 8 Q/phase. Determine the minimum current and the corresponding induced
e.m.f. for full-load condition.

Assume an efficiency of 88%.

Solution. Supply voltage/phase,
400
V= 3 - 231V

Motor output =8 kW or 8000 W

Synchronous reactance/phase,
X, =8Q

Efficiency = 88%

: _ _output
Motor input = efficiency

8000 _
=088 - 9091 W

Since motor input = V3VI cos ¢

i t
Icos ¢= _____mot\;)g‘llr;pu

_ 9091
V3400
The current is minimum when power factor is unity. In such a condition,
I=1Icos ¢=13.12. A. (Ans.)
Impedance drop, E,=1Z,=1312x8=105V
Refer Fig. 6.34.

=13.12 A.

Ep? = V2 +E,% = (231)% + (105)°

Ep = V(231)% + (105)% = 253.7V. (Ans.)
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if developed power has to achieve maximum value, then

d—Pi“ =1025.59x10" cosd+2x177.54x 10’ c0s28 = 0

ao

* 1025.59x 107 cos3+355.08x 10" (2cos* 8- 1) = 0

or 710.16x10° cos® & +1025.59x10° cosd — 355.08x10° =0

~1025.59x 10’ t\/(1025.59xIO‘)2+4X7IO.I6>< 10° x355.08 x 10°
COSO =
2x710.16% 10°

-1025.59x 10" +1435.44 x 10’ —
1420.32x10° '

73.22°
=1025.59x10"sin(73.22°) + 177.54x 10" sin (2 x 73.

I

)
710)

Maximum P 22
P =1080 kW

Maximum Power developed for three phases =3 x P_
=3 x 1080 =3240 kW
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Unit ITI-Three Phase Induction Motor:

INTRODUCTION

The three phase induction motor runs on three phase AC supply. It is an ac motor. The
power is transferred by means of induction. So it is also called as rotating transformer.

Advantages:

1. Ithas very simple and extremely rugged, almost unbreakable construction (especially squirrel-
cage type).
Its cost is low and it is very reliable.
It has sufficiently high efficiency. In normal running condition, no brushes are needed,
hence frictional losses are reduced. It has a reasonably good power factor.
It requires minimum of maintenance.
It starts up from rest and needs no extra starting motor and has not to be synchronised. Its
starting arrangement is simple especially for squirrel-cage type motor.

Disadvantages:
1. Its speed cannot be varied without sacrificing some of its efficiency.
2. Just like a d:c. shunt motor, its speed decreases with increase in load.
3. lIts starting torque is somewhat inferior to that of a d.c. shunt motor.

CONSTRUCTIONAL DETAILS OF THREE PHASE INDUCTION MOTOR

An induction motor consists essentially of two main parts :
(a) astatorand
(b) arotor.

(a) Stator

The stator of an induction motor is, in principle, the same as that of a synchronous motor or generator.
Itis made up of a number of stampings, which are slotted to receive the windings [Fig. (a)]. The stator
carries a 3-phase winding and is fed from a 3-phase supply. Itis wound for a definite number
of poles , the exact number of poles being determined by the requirements of speed. Greater the number of
poles, lesser the speed and vice versa.  The stator windings, when supplied with 3-phase currents,
produce a magnetic flux, which is of constant magnitude but which revolves (or rotates) at synchronous
speed (given by N, =120/P). This revolving magnetic flux induces an e.m.f. in the rotor by mutual induction.
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() Rotor

(i) Squirrel-cage rotor : Motors employing this type of rotor are known as squirrel-cage induction
motors.

(i) Phase-wound or wound rotor : Motors employing this type of rotor are variously known as
‘phase-wound’ motors or ‘wound’ motors or as “slip-ring’ motors.

Squirrel cage Rotor

Almost 90 per cent of induction motors are squirrel-cage type, because this type of rotor has the
simplest and most rugged construction imaginable and is almost indestructible. The rotor consists of
a cylindrical laminated core with parallel slots for carrying the rotor conductors which, it should be

noted clearly, are not wires but consist of heavy bars of copper, aluminium or alloys. One bar is placed
in each slot, rather the bars are inserted from the end when semi-closed slots are used, The rotor bars
are brazed or electrically welded or bolted to two heavy and stout short-circuiting end-rings, thus

giving us, what is so picturesquely called, a squirrel-case construction

It should be noted that the rofor bars are permanently short-circuited on themselves, hence it is
not possible to add any external resistance in series with the rotor circuit for starting purposes.

The rotor slots are usually not quite parallel to the shaft but are purposely given a slight skew
This 1s useful in two ways :

(@) it helps to make the motor run quietly by reducing the magnetic hum and

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

1 I

Squirrel Cage Rotor
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Phase -Wound Rotor

This type of rotor is provided with 3-phase, double-layer, distributed winding consisting of coils
as used in alternators. The rotor is wound for as many poles as the number of stator poles and is
always wound 3-phase even when the stator is wound two-phase

The three phases are starred internally. The
other three winding terminals are brought out and
connected to three insulated slip-rings mounted
on the shaft with brushes resting on them .

These three brushes are further
externally connected to a 3-phase star-connected
rheostat [Fig. {a)]. This makes possible the
introduction of additional resistance in the rotor
circuit during the starting period for increasing
the starting torque of the motor, for changing its

speed-torque/current characteristics. When running under normal conditions, the slip-rings are
automatically short-circuited by means of a metal collar, which is pushed along the shaft and connects
all the rings together. Next, the brushes are automatically lifted from the slip-rings to reduce the
frictional losses and the wear and tear. Hence, it is seen that under normal running conditions, the
wound rotor is short-circuited on itself just like the squirrel-case rotor.

Fig (a) External Resistance Connection
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PRINCIPLE OF OPERATION

When the 3-phase stator windings, are fed by a 3-phase supply then, as seen from above,
amagnetic flux of constant magnitude, but rotating at synchronous speed, is set up.

The flux passes through the air-gap, sweeps past the rotor surtace and so cuts the rotor
conductors which, as yet, are stationary. .

Due to the relative speed between the rotating flux and the stationary conductors,
an e.m.f. is induced in the latter, according to Faraday’s laws of electro-magnetic induction.

The frequency of the induced e.m.{. is the same as the supply frequency.

Its magnitude is proportional to the relative velocity between the flux and the
conductors and its direction is given by Fleming’s Right-hand rule. Since the rotor bars or conductors

form a closed circuit, rotor current is produced whose direction, as given by Lenz’s law, is such as

to oppose the very cause producing it.

In this case, the cause which
produces the rotor current is the relative velocity between the rotating flux of the stator and the
stationary rotor conductors. Hence, to reduce the relative speed, the rotor starts running in the same
direction as that of the flux and tries to catch up with the rotating flux.

The setting up of the torque for rotating the rotor is explained below :

In Fig (a) is shown the stator field which is assumed to be rotating clockwise. The relative
motion of the rotor with respect to the stator is anticlockwise. By applying Right-hand rule, the
direction of the induced e.m.f. in the rotor is found to be outwards. Hence, the direction of the flux due
to rotor current alone, is as shown in Fig. (b). Now, by applying the Left-hand rule, or by the
effect of combined field [Fig. (c)] it is clear that the rotor conductors experience a force tending
to rotate them in clockwise direction. Hence, the rotor is set into rotation in the same direction as that
of the stator flux (or field).

I
Stat
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SLIP
The difference between synchronous speed and rotor speed and expressed as a
percentage of synchronous speed

Though it may be expressed in so_ many revolutions/second, yet it is usual to express it as a

percentage of the synchronous speed. Actually, the term slip’ is descriptive of the way in which the
rotor ‘slips back’ from synchronism.

%slip § = — x100

Sometimes, N, ~ N is called the slip speed.

Obviously, rotor (or motor) speed is | N=N.(1-53) I

It may be kept in mind that revolving flux is rotating synchronously, relative to the stator (i.e.
smtnonary space) but at slip speed relative to the rotor.

- When the rotor is stationary, the frequency of rotor current is the same as the supply Jfrequency.
But when the rotor starts revolving, then the frequency depends upon the relative speed or on shp-
speed. Let at any slip-speed, the frequency of the rotor current be f”. Then

120 f 120 f
NS - N- T Also NS T
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When rotor starts rotating, it tries to catch the speed of rotating magnetic field.

If it catches the speed of the rotating magnetic field, the relative motion between
rotor and the rotating magnetic field will vanish (N; = N = 0). In fact the relative
motion is the main cause for the induced e.m.f. in the rotor. So induced e.m.f. will
vanish and hence there cannot be rotor current and the rotor flux which is essential to
produce the torque on the rotor. Eventually motor will stop. But immediately there
will exist a relative motion between rotor and rotating magnetic field and it will start.
But due to inertia of rotor, this does not happen in practice and rotor continues to
rotate with a speed slightly less than the synchronous speed of the rotating magnetic
field in the steady state. The induction motor never rotates at synchronous speed.
The speed at which it rotates is hence called subsynchronous speed and motor
sometimes called asynchronous motor.

N < N;

So it can be said that rotor slips behind the rotating magnetic field produced by

stator. The difference between the two is called slip speed of the motor.

N: = N = slip speed of the motor in r.p.m.
Relation between torque and rotor power factor

In induction motov, e ftowque (s
proporHonal to  Me product of Flux per pde and. M€

sorov cunrent , power faaoe oF he rotor,

I TX (PQ_IZ COS¢2 ’
Denorirg rvoror emf at stmedsHll by Ez
we hove Mot E, X ¢,
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T Ey I, cosg,

T=KETI, cos¢2

where K = constant
From He equ it 15 clear hat as qéz
increases (and bence, cos 4’3 decreases ) e tomue

decreases ard vice versa.

Starting Torque

The towmue Aevejopedbgfﬁaqutme
lostant of Starting (s called Starrning tovwmue.

Let

E, = Rotor emf pes phase at standsnl)

T, = Rorov re.s\srunce/p}.nﬂ at Stacdsnll

X2 = Rotor Reacrance [phase at stardstill
Za = Roror impedance [phase at -Sondsrll
iy 2 oo
2 Ra+ X3
L= &2
Zy
Ra

G e
2

staring Torque _Et = KE, I, cos Cﬁz
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T+ Re sSuppy volmge V is consmnt, Men Ge

Aux ¢ and hence Ex bof are constant.

= K Rg_ . —
st ! 2 ( Ki= KEY)

Rotor emf and reactance under running condition

Let
E, = stanrdsnll Yorey ‘nduced Emﬂ phase

Xy = Stardstill ¥oted veachance | phase

f, = Roror Curent Frequenwy =t Stardanll

when vomy (s Staronary e, s=1, Fe Frequenty OF
solor emE s e Same as ot of he Stalold Frequenty .

e  F=F

whern Torer Stavts Tunning, e velarve
EPE!ECL botween £ 2nd Fe yorardng Stokey :F!NI_ is
decvensed.  Herce e roror induced em s which
's divectly proportional o WS velarve Speed,
is also decreased. Hence for a Slp ‘s’ Me ooy
induced ems will be 3 Hwes Mo induced emf
af Standanll.

Under Tunning o ndin on

Koy aemnf [E.,r,: SE,

Hotoy Frequenay [SF = 5F,

Foror veachnce [}(.1. =5,
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Rotor torque

Torque 15 e +wistHng fowce and Mis Towe is
being produced. by Me Yoror current and Fe VO ewy
current 1S produced by e stmmor Flux per pode.

Rotoy current depends on Fe hor power facrer cnd,

so tomue equaron can be ajven by

T o< crf: I, cusqéz @
ET

S
$AE, and TI,= B B

Zy
V Ra + (sXF

cascﬁzz B Rg

bl
4 R+ (s XaY

Substifuring I, and cos (fz in equ..@

FeEs. SE3 R,

IR (sxaf /Ry (s

2
T 5E2 T‘?z

(\/ Ry 4 (SXg)2 )2

T SE:_'Rz.
Rzz‘*’ (szjz

2

T=K SETR, Toge. Bhiinn
— ooy

Py s S )
Ry + (sz)1 under Running Condirion,

wWheye K 18 a constant+t.
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K = ___3_.. ard . u-)s = 2K Ns
Wy &0
when 5=| l.e at starting
5 s — ] o E';'“R2 >-Equarion af Starrng
st
2 Teyque
Ry + X5 e

Condition for maximum torque

Mamematrically For maximum +towque we can Write

dT o
ds
2
there T= KSERa @
’R22+ (sxﬁz

While c¢arrying out differentarion vemem ber
fak Es, Ry Xo and K are constams. The only

vanable s slp s.
As Lo numeraror and denominatoy  Confung

s +terms, diffevenHate T wiffh vespeckt to s using

e vule of differentionon for W,

~ar _ (Ks E, R,) ;%('R:+slx:) -—('R:-\-Sz)(:)g—g(l(se:ﬁa)
d5
(R S’?(»f‘)?' :
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2
.. Ks E:”R2 ( 2s le) - ('R2+52X:)<“< Ean:)=O

2 2 > NNy 2
KESRa[ 28 X - S X3 —~Ra =6

This is me slip at Thich Me twue is maximum .

substitute S = Ra in eq¢@
X2

Then

2
max. = KE?:.EQRQ_
X2

2 2 2
R2 -+ R2 X2
AT )
X2
2
KR, E,

2RX,

2
= KE,

—= Miximum Torque

fﬂuah'on

2.X,
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YNCHRON WATT

The torque produced in the induction motor is given by,

3(1%)° R;

P
T — 5 = 2 N'
27N, 2N,
60 60

Thus torque is directly proportional to the rotor input. By defining new unit of

torque which is synchronous watt we can write,
T = P, synchronous-watts

If torque is given in synchronous-watts then it can be obtained in N-m as,

60
X =-—" N-
1 syn-watt 27N, m |

1 N-m = 120 > syn-watt

PROBLEM: 01
A 24 poe, 501z, star cennected. inductHon

motor has voroy rYesistance S o.0lé-nn per phase
and YolXY Yeacmrce of ©.265.0 per phase at

Standaill - Tt ie achieving its full load. tovque at o
Speed Of 247 YpM - calculate Me ano oF
D full load fomque to maximum tovque Gi) StarHng

toque to caxiourn  tovquE.
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Given dar
P=24 F=soHz TRa= o016 .2 [ phase

X3 = 0.2650 [phase N =247 ypm

“solutton

o.0lb

— = 0.06037
o.265

S = 0. 06037

—

ny T
> e 2505F 5 X 0.06037 X0-012
Tm

2 2 2 2
Sm + 5S¢ (0-06037)" + (0-012)

TFL. - 0.3824

.

m

2 Sm = 2X ©.06037
2
14 Sey | + (0.0b637)2

L. 0.1203
Tm
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EQUIVALENT CIRCUIT OF INDUCTION MOTOR

The tansfesr of €nergy Trom sStaror
4o e voror OF an induction momoy toxes place
entirely inductively with e help of @ Flu murually
Linking e +wo. Hence an inducrion morsr (s essentially
a transformey WIHR Sktor Forming Fe primary and vory
Ffoming ( he short civewited) voraring Becondary s
Shown in Figca)

STATOR

EWX' ,Rﬂ ; T
1 Y%
{ Ty
Vi Ro X sX2

when moror is looded, fFe voroY

current I, 15 given by
By _ SE,

T mECeny

pivide boffi numevator and denominaror by S' we get

=P}

V(22

From e above ~velarion it appears hat MHe
~yoror clroule which actually consisrs of Fixed
vesisance Rz and a Vadable veacrance sSXa

I, =

connected. ocress Ey can be looked wpon as equd
to a yorer clreudt having a fixed veocrance Xo

eonnected. in Series Wi a variable yeslsmrce
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& is Shown in Flalh).

, g ‘Rz
AR

Now fRe resisrance Ro R, +Ra (_L.._ | )
_— S

T consiss of o parts,
(1) The first part Ry is e voroy Yesismance
itsele and vepresents e vorov culess

(i) The Second. part (S RQ(LS_Q. TRis IS 1<aown

as Me load vesismance R, and (s elechical

equivalont 6f e mechanical lead on Hie momor
The equ_jmle_nf Yo T Cl'd‘CUJt letg Wi e {Od.d
resismance R, may be drawn as shown in figce)

— -

'Ra_ )(2
o—— AN 505\

T

=

Resma (4-1)
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So e equivalent <iccuit of an inducrion
ooy can be modified as follows,

A5 in e case or <« ‘tmnsfoymer,
in (Ris case afso, Me Secondary volue may be
transferred. 1o Me primary and Vice Versa. As before
i+ showdld. be vyemembered Mat when shifting
impedance or resisrance From secondary to primary,
# should be divided by K2 uvhereas eurrent should be
rulrpied by K. The equivalent circudt OF an inducion
moror where all values have been veferred to primary
e Staror 1S Shown In Fg(d)

R;"

R o
Iz _Kr1 Rz =

AAAA

- ]‘ MWW
E

K
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As shown in Fig(e) 5 Mme exciring

cieult may be transfemed to Me legt, because

InaccuyoLly involvedd  is negligible but the circuwit

and. hence fhe ca\culo.rio:v are very wuch sieapls'fied .

Known a@s (Re approximate equivalent Civewt
of Me inducrion motor,

This is

fo(b)

’ 14
Ru=Ri+R2  Xer= Xi+X3
—MAWM— T

A

!

L

% R/= R
|

s el
APPROXIMATE EQUIVALENT CIRCUIT OF AN
INDUCTION MOTCR

LOSSES AND EFFICIENCY

1. LOSSES

The various power losses in an induction motor can be classified as,
i) Constant losses

ii) Variable losses

i) Constant losses )
These can be further ‘classified as core losses and mechanical losses.

Core losses occur in stator core and rotor core. These are also called iron losses.
These losses include eddy current losses and hysterisis losses. The eddy current losses

are minimised by using laminated construction while hysterisis losses are minimised
by selecting high grade silicon steel as the material for stator and rotor.
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The iron losses depends on the frequency. The stator‘ ﬁequ?ncc.y is always s.up}t);\y
frequency hence stator iron losses are dominant. As against this in rotorHarcmt;Otoi
frequency is very very small which is slip times the su.pply freqm.ency. c;e'n.ce
iron losses are very small and hence generally neglected, in the running condition.

The mechanical losses include frictional losses at the bearings a.nd windage losses.
The friction changes with speed but practically the drop in speed is very small hence
these losses are assumed to be the part of constant losses.

ii) Variable losses : o .
This include the copper losses in stator and rotor winding due to current flowing

in the winding. As current changes as load changes, these losses are said to be

variable losses. |
Generally stator iron losses are combined with stator copper losses at a particular
Joad to specify total stator losses at particular load condition.

Rotor copper loss = 312, Rz ... analysed separately

where I = Rotor current per phase at a particular load

R2 = Rotor resistance per phase
2. EFFICIENCY

The ratio of net power available at the shaft (Powt) and the net electrical power
input (Pi,) to the motor is called as overall efficiency of an induction motor.

P out

in

%N = x 100

The maximum efficiency occurs when variable losses become equal to constant
losses. When motor is on no load, current drawn by the motor is small. Hence
efficiency is low. As load increases, current increases so copper losses also increase.
When such variable losses achieve the same value as that of constant losses, efficiency
attains its maximum value. If load is increased further, variable losses become greater
than constant losses hence deviating from condition for maximum, efficiency starts
decreasing. Hence the nature of the curve of efficiency against output power of the
motor is shown in the Fig.

%n
)

Mmax

variable loss
= constant loss

Output
of motor

Fig.  Efficiency curve for an induction motor
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Power flow diagram for an induction motor

Induction motor converts an electrical power supplied to it into mechanical power.
The various stages in this conversion is called power flow in an induction motor.

The three phase supply given to the stator is the net electrical input to the motor.
If motor power factor is cos ¢ and V,, I are line values of supply voltage and current
drawn, then net input electrical power supplied to the motor can be calculated as,

Pin = ¥3 Vi IL cos ¢

¢ where Pin = Net input electrical power.

This is nothing but the stator input.
The part of this power is utilised to supply the losses in the stator whic;h are stator
core as well as copper losses. ¢

Thé remaining power is delivered to the rotor magnetically through the air gap
with the help of rotating magnetic field. This is called rotor input denoted as P,.

So P2 = Pj, — stator losses (core + copper)

The rotor is not able to convert its entire input to the mechanical as it has to
supply rotor losses. The rotor losses are dominantly copper losses as rotor iron losses

are very small and hence generally neglected. So rotor losses are rotor copper losses
denoted as P..

So Pe=3xIZ xRy

where Ior
R2

.After supplying these losses, the remaining part of P, is converted into mechanical
which is called gross mechanical power developed by the motor denoted as P,,.

Rotor current per phase in running condition

Rotor resistance per phase.

pm=P’Z"pc

'Now this power, motor tries to deliver to the load connected to the shaft. But
during this mechanical transmission, part of P_ is utilised to provide mechanical
losses like friction and windage.

And finally the power is available to the load at the shaft. This is called net
output of the motor denoted as P,,,. This is also called shaft power.

Pout = Pm — Mechanical losses.

The rating of the motor is specified in terms of value of P, when load condition
is full load condition. This is expressed in horse powers and calied H.P. rating of the
motor.
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The above stages can be shown diagramatically called power flow diagram of an
induction motor.

This is shown in the Fig.
Net electrical input

Stator output
= |nput to rotor P,

. . Rotor (Rotor iron
ROTOR JESTREEN#3 Copper B losses

Losses are neglected)

Gross mechanical
power developed

Mechanical
Losses

gﬁgg:mfr or Pout ( H. P. Rating)

Fig. Power flow diagram

flow diagram we can define,
L ¥ Rotor output _ Gross mechanical power developed

Rotor input Rotor input

= Pm
- o

Rotor efficiency =

Net output at shaft
Net electrical input to motor

Net motor efficiency =

%n:%—xlm

m
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PROBLEM: 01

The. powey Supplied t6 a = phase

inducron Moy 1S 4o kw and (e Corresponding

ctaror losses are 2 kw. calwlote me toral Mech.

power developerd and vorer copper loss i sbp is

O0-04-.
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Given data @
Ra = 40 KW Stares losses = 2 Kw
S = 0.04

solurton

T = P, -sraror losses

B, = 40—-2 = 38 KW
Mech. Power developad.

Fin = (-8) T

Tn = (1—0.04) X =8

T = 36.48 KW

Roter ca loss T = T .

F. = 38-36.48

o9
il

1«52 KW

PROBLEM: 02

A = phase, S5OHZ inducion ™Mooy

deows SOKW From e mains. LFf Me smrov losses
are KW and Me Yooy emf 1S Observed +o make

120 compete oscillanons per minute, determine

1) Re romy loss i) Gvoss mechanical ourput |
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F=50H= Fn = 50 KW Staror IDSSES = | K&
-:F': 120 ssaillarion [sec = 2 Hz

(Yo}

solurion
FlesF
e B 0.04-
¥ 50

T2 = R, ~ starsr losses = 50-1 = 49 ke
Rotor loss T = S, = 0.04Xx49 = 1.96 ko

Te = 1-96 Kw

Gvos5 Mechanical ourput

Fn = (1-8)®’, = (1-0:4) x 49 = 4—7'-041«01

Fa = 4704 KW

PROBLEM: 03

The power input 1o a Scov, SOHZ
6 pole 3phase inducron moroy vunning at 975 rpm
s 40KW. The Staror losses are KW and Frichon
and windage losses toal 2 KRw. calculare ) me ship
;i) (e ¥Oroy Ccu lbss =) Me owput hovse powey
iv) The efficency .

Given daren
V., =500v FT=SoHz P=& N=975 pPm

Th =40 kw0  Brmwr losses = | kw
Frcrion and windage lpases ~ 2 Ku

Solunion

1y S= Ng-N _ \oon-975
MNs 1006

= O.025

5= o.025
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1) Roror fnput B, = Ry~ srarov losses =401

= ®39 Kw

Roror cu loss T = S’ = o.025 x3q = 0.975ku}

(i) Gross mech. Power TRn = (-5DR
Tn= (1-0.025)%x39 = =z8.025 KW
Ourput power Toyur = Py - FricHon £ winduge loss
Tout = 38.025-2 = 36.025 KW
r bhowse powey = ?out; 0 wWatrts _36-0251@
735.5 B 735.5

owput horse power = 48.98 h.p.

avy The e?ﬁ‘a’enoﬁ
36.025
T R0

PROBLEM: 04

The acive. powey nput 1o a. 415 V,
Sohz » b pole » 3 phase (nducrion moroy Tunning at
Q70 rpm (5 41 Kw. The input power factor /s o9
The smror |psses amount 1o 1= KW and. He
mechanica) losses toral -2 kw - calculare line
current, Slips vorer  copper loss, mechanical power
owput and e%ﬁ‘o‘enua.

Given darx
V_=4isy F=50uz P=b N=4970rpm

o = alkw cos=0.9 Staroy losses =1-1 Kw
Mechanical losses = 1.2 KW

Solurion
{_g VL_I,_ c0S Cﬁ

-4 -
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41x10 = = x415 I x0.9

I =63.3771 A

Ns = 120f _ 120X50 _ 500vpm

B 6

S = N5s—-N — \oOo-~ 70
Nsa 1000

[ S =0.03

Py = Fp— Staror loss = 41.1.1 39.9 KW

e =5 = 0-03X39.9 = 1-197 KW

B =la7r kw l

Fn= (1-DB= (1-0.03)X39.9 = 38.703 kW

—Pou.i‘, = Fn - Mech. Joss = 3 8.703 1.2

Pt = BT. 503 KW

/n= Fout Xlop = 27503

Xioo =947
Fn “4-|

7 N=91-47

PROBLEM: 05

A = phase , 400V , 50 HZ

connecked
4 pole indmcrion moroY has Star ©

: ; sismnce and Yeacuance

per phase are 0.1 2 and 4. vespecrively ~ The
Full load Speed & <40 pPmM. calculare MRe

syachronous speed , slhp, Yorox emq [phase ancl
tovque developed. by e momeY at Full load.
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Given dara
V=400V fzsowz P=z=4 Rao= Ol
Xo = 42 N=40 YPmM
solurion
Sya chronous Speed. Ng = 42’:,:{- _ ‘?-O:EQ_

l Ns - 1500 rpmJ

5‘ip
s= Ns-N _ 1s00-40
Ng SO0
S = 0-Q733J

Roror emf|phase

3 = 230-94 V

Yo ror em-?'fphase undey Hull lead Co?\dqirior\s

Ey = 5E, =0-973 (230"?4)

Ef = 224.70 V

Toque developed by morox on full load

2
Ts i ST
s Ry (sxy)?
2
-I?F > 3 X 0.973 (230.q4) X 0]
2K 1500 = s
s Q73K
[ 60 ] | + (o.97 4)
T, (5567. 99
= = &6.541 N-m

18T X 15. 1576b4.

Te= 6.541 Nom
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SLIP-TORQUE CHARACTERISTICS

The curve dvouwn between towmue ard slp
{at smrt) te Ss=0 ( synchronous Speed.)

From S=|
152 salled ToOvMue-

ooy .
The fomue equaron oF =

sip chavocterisrics of e inducton
p'l"\:!.:SE incduacH on

moror  is Jiven by

Z
T of EE:_ RZ

R?.:"P' ( = xnl}z

Mere (e input imllmge is consrant. e By

s alss constant . So e abbue equanan becomes

T ek SR ®

Ry5+ G %)

Ag(ar shows forgue-slip chasacterisrics of

fFree phose inducHon motoT.

Normal operarng Tegion
Stable TEgION

L

_———mmmm e Y

T+ donsiss of Mree rvegions,

. Stable Operarng region
2. Unstable operaring vegion

>, Normal operaHng wegion.

-27 -
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StaHe Regien ( AB)

In smble vegion, Me slp value 'S’ /s very Small

Le me term (5X2)? (s vew smell as compared -l-c:‘Hi,
Herce bheglecting (S¥,)? in equation @

T SRz . Tx.s
R? !

|‘J‘o§5' as Ry 15 consmant

e slip walue s diveetly pyoportional +o e tomue
In s region, as Me lead incmases Speed decrzases
which increases Me slip.

TT, sT
so e chawmcrensrics 1S approximately a

stmight Une. ot & Indicated as shown in curve AB.
Hence, mMe skip volue kerween s=0 +o S=S,.

Unsmable wegion CBc)

wWhen me slip is fucfher increased from Sm,
fFe region iS5 unsmble vegion. Hence, M skip value
is high e Me wlue berween 5, to 1. The ftem

Rs may ke neglected as  Compaved to ("Sﬂﬂ_)ﬂ I

aequahon. @ : ¥

T ot S v ohere X,'is Conskant.

(5% 5

; 5
L TR-g

Te (Ris vegion, towque 18 Inversely properronal +o slp.

sty T4

e m@.d_{P curve 15 sSimilar to e vectangular
huperbola. By increasing Fe load, Fe morov Speed,
decweases, Herce 3Slip increases and so towque
must increase fo 3mristy e lead demand. But
again 1ncreasing (e load, Speed. Furffer decraases
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Finally Mme moror comes o Srmandsrill condyhon |

Tn e unsmble vegion, e morer Should not be operated

Noma) operanng vegionN (AD)

The Region AD i85 Normal opesaring Yegion
and also ealled as fow slip regon. The moror (S

continuously operated- in R{s ¥egion.

NOTE : G\enemU.LJ Full load towque is less Mman

he maximum Tovque.

T
Full-load. < m

GENERATING AND BRANKING REGION

Motoring Mode:

In this mode of operation, supply is given to the stator sides and the motor always
rotates below the synchronous speed. The induction motor torque varies from zero
to full load torque as the slip varies. The slip varies from zero to one. It is zero at no
load and one at standstill. From the curve it is seen that the torque is
directly proportional to the slip.

Generating Mode

In this mode of operation induction motor runs above the synchronous
speed and it should be driven by a prime mover. The stator winding is
connected to a three phase supply in which it supplies electrical energy.
Actually, in this case, the torque and slip both are negative so the motor receives
mechanical energy and delivers electrical energy. Induction motor is not much
used as generator because it requires reactive power for its operation
Braking Mode

* In the Braking mode, the two leads or the polarity of the supply voltage
is changed so that the motor starts to rotate in the reverse direction and as a
result the motor stops. This method of braking is known as plugging. This

method is used when it is required to stop the motor within a very short period
of time.
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Effect of rotor resistance upon torque sli

) " ! :
' T | |
| | i
| Torque : )
| | ;
: : Slip — :
|
i ) [
| #Ts (Starting torque) | !
- ns: 0 :
: |
l |
' |
\ I
I |
| :
| | .
I: (s>1) s=1 (Oss<1) II s=0 (s<0) :
! |
i i | i |
! Braking i Motoring . Generating )
1 region region 1' region 1

or torque speed relationshi

— PER CENT FULL-LOAD TORQUE, T ———o

t 888

-, -
8 g

8

MAXIMUM TORQUES

g

—— PER CENT FULL-LOAD TORQUE, T ——»

(a) Torque-Speed Curves

MAXIMUM TORQUES

8 % 0§ 8

g

25 . %0 75 100
PERCENT SUIP, § et

®) Torque-Slip Curves
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PROBLEM: 01

A 3¢ inducrion motor ho.ving a Shar conneckecl Yotoy has an
induced emy of Boy between Slip-rings at Smardshll on open

Cireult . The yoter has a resismnce and ¥Yeacmance per phase

of 10 and 4.0 vespechwely. calalate curent [phase and power

Jacror when a) s\ip-rings are short cirauited b) slip-rings ave
connected to Shar. econnected ~vheostat of 32 per phase.

soluron

Stand still emf of mm/pkose - 80/{3 = 462V
Q) Ry =In Xo =4 00,
Ro sy \'mpedance/pMSe - 120

Ro kxy CL\TTQM/Fkose

H2 A

Towey Facter = cos ¢2 -
= o2
z 4.12 43

As p.fis low, e Srarhng z-fmque s alse low

Rotor vesisrance [phase = 341= 4 A

Roroy fmpaﬂancz/phase = l/ 42442 = 5.66

Rorer turremlpm - Ea _ 4-6.2 5
22 5. 66 =- 2 6 A

Powexr =
fador =cos ¢, = Ra _ & _ 8,545
= 5.46

Hence , (Re Skarnng “tomue s Increased due 4o ienprovemerrs
in Mg PGUQT"FG.C!U‘(‘_

PROBLEM: 02

Y connected wound -votor inducrHon
and 0.3 2 Standshll  Teacrance

vequived. in [he votor

A = phase_’ 4.00}200 v s Y-
motoy has 0.06 52 YDrorT yesisance
per phase. Fnd fRe odditonal vesistance

civuit 4o maxe We Storring tomue equal to e maximum dovque

oF e motoY
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& sm _I;- - Tmo:c
l+5m2
2 S5q |+5m2-25m=0
|4+ S 7 Sy =2 S +1 =0

Sm= |
Now Sm = .Rz ot

X2

where  r= exteral vesismnce [phase

| = ©:06+y = Y= 0.3-0.06
0.3

= 0O.24.0N
T=0.2412
PROBLEM: 03

A

12 poie o P}\ase » 600V, 50 Hz , Srary. connectecl Inducrnon
motor has motor vesismnce and Stand-shll

Teacrance &F 0.03
and ©:5 0 per phase vespecrively . calwlate

) Speed of full-load
toque to maximum tomue b Yaks of -full-lead torque to maxieum

toque f Me full load. Speed is 495 mm.

solurion

Ng = 1204 _
'13

120 XB50
12
Ra = 0:03n X, =05
S - Ry

m
X2

500 rpm

0.03

= 0.06
o.5

a) speed of Full.load tomue to Mmaxiaum Towque

Ng (- Sm) = 500 ( 1-0.06) = 470 vpm

b FRull.load speed =495 P S=o0.0l at full load
Full lead temue

m 2% 6.0
Maxtimum Torque

(0.0) %4 (0.06)2
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LOAD TEST

By conducting the load test on three phase induction motor, the performanc’e of
the motor viz. slip, power factor, input, efficiency etc. at various loads can be studied.

The induction motor is loaded by any of the following methods :
1. Brake test
2. By connecting a d.c. generator

In case of loading by connecting a d.c. generator, the induction motor is connected
to a d.c. generator. The generator is loaded by a lamp bank. Thus inturn an induction
motor is loaded. The Fig. shows the experimental set up for conducting load test
on three phase induction motor using a d.c. generator.

Fig. Load test on three phase induction motor

On induction motor side, ammeter reads line current I. and voltmeter reads line
voltage V,. The two wattmeters are connected as per the two wattmeter method
hence,

Pin = power input = W) + W;

On generator side, the ammeter reads load current I, and voltmeter reads terminal
voltage V,.

By varying the lamp bank, load on generator i.e. load on induction motor can be
varied. The induction motor can be star or delta connected and can be squirrel cage or
slip ring type. The speed readings are taken using tachometer. The load is increased
till induction motor carries rated line current. The following observation table is
prepared,

Measure:
VLIL,W1,W2
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Calculations : The output of induction motor is input to a d.c. generator.
Output of d.c. generator = Vi x It W
Assume Ngen = 80 %
Pout of induction motor = Pj, of d.c. generator
_ Pout of d.c. generator Vi w
Tgen Tgen

Pin of induction motor = Wy + Wa W

cos§ = o, Wi+ Wo Power factor

V3V, V3V

Pyt of motor

0, —
%o Nmotor = P, of motor %3
% slip = SN 100
5
where Ns = @ for a given motor

For various loads above parameters are obtained.

As the load on the induction motor increases,

1. The output of motor increases.

2. The power factor increases.

3. The efficiency increases upto certain load and then decreases.
4. The speed decreases marginally.

5. The slip increases.

6. The input current increases.

The various performance characteristics can be obtained as shown in the Fig.

'}
Noload‘ ___________________________
¢ - TorqnfeT Load Cwrrent I

motor in wats
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NO-LOAD TEST

In this test, the motor is made to run without any load i.e. no load condition. The
speed of the motor is very close to the synchronous speed but less than the
synchronous speed. The rated voltage is applied to the stator. The input line current
and total input power is measured. The two wattmeter method is used to measure the
total input power. The circuit diagram for the test is shown in the Fig,

No load test
As the motor is on no load, the power factor is very low which is less than 0.5
and one of the two wattmeters reads negative. It is necessary to reverse the current
coil or pressure coil connections of such a wattmeter to get the positive reading. This
reading must be taken negative for the further calculations.

The total power input W, is the algebraic sum of the two wattmeter readings. The
observation table is,

V, volts lo Amp We=W, + W,
Rated line voltage No load cumrent (Algebraic sum) in watts

The calculations are,

Wo = */5 Vo I cos $o

W, .
COS 0o = —pmr—m where V,, [, are line values
o BV, 1, °

This is no load power factor.

Thus we are now in a position to obtain magnitude and phase angle of no load
current 1, which is required for the circle diagram.

From the knowledge of 1, and ¢, the parameters of the equivalent circuit can be
obtained as, ’

L I, cos ¢o = active component of no load current
Im L, sin ¢o = magnetising component of no load current

Re V, (per phase)

= no load branch resistance
I (per phase)

V, (per phase)

e I (per phase)

= no load branch reactance

The power input W, consists of following losses,

1. Stator copper loss i.e. 3 IZ R where I, is no load per phase current and R; is
stator resistance per phase.
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2. Stator core loss i.e. iron loss.

3. Friction and windage loss. N
The no load rotor current is very small and hence rotor copper loss is negligibly

small. The rotor frequency is s times supply frequency and on no load'it. is very small.
Rotor iron losses are proportional to this frequency and hence are negligibly small.

Thus W, consists of stator iron loss and friction and windage loss which are
o . . - -
constants for all load conditions. Hence W, is said to give fixed losses of the motor.

Wo = no load power input
= fixed loss ... neglecting stator copper loss

BLOCKED ROTOR TEST

In this test, the rotor is locked and it is not allowed to rotate. Thus the slip
$ =1and Ri= Ra (1 - s)/s is zero. If the motor is slip ring induction motor then the
windings are short circuited at the slip rings.

The situation is exactly similar to the short circuit test on transformer. If under
short circuit condition, if primary is excited with rated voltage, a large short circuit
current can flow which js dangerous from the windings point of view. So similar to
the transformer short circuit test, the reduced voltage (about 10 to 15% of rated
voltage) just enough such that stator carries rated current is applied. Now the applied
voltage V., the input power Wsc and a short circuit current Iy are measured.

As Ri= 0, the equivalent circuit is exactly similar to that of a transformer and
hence the calculations are similar to that of short circuit test on a transformer.

Vsc = Short circuit reduced voltage (line value)
Isc Short circuit current (line value)
Wsc Short circuit input power

V3 Vsc Isc cos $sc ... line values
Wec
V3 Ve Isr

This gives us short circuit power
factor of a motor.

Now the equivalent circuit is as
shown in the Fig.

[ = Per phase value
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" 7 3(Isc)?

This is equivalent resistance referred to stator.
Vsc (Per phase)

Z1e =
e Isc (Per phase)

= Equivalent impedance referred to stator
Xie = \J zlze _Rlze
= Equivalent reactance referred to stator

During this test, the stator carries rated current hence the stator copper loss is also
dominant. Similarly the rotor also carriers short circuit current to produce dominant
rotor copper loss. As the voltage is reduced, the iron loss which is proportional to
voltage is negligibly small. The motor is at standstill hence mechanical loss i.e. friction
and windage loss is absent. Hence we can write,

Wsc = Stator copper loss + Rotor copper loss

But it is necessary to obtain short circuit current when normal voltage is applied
to the motor. This is practically not possible. But the reduced voltage test results can
be used to find current Ly, which is short circuit current if normal voltage is applied.

If VL = normal rated voltage (line value)
Vsc = Reduced short circuit voltage (line value)
then Isn = ( VL ]x Isc
Vsc
where Isc = Short circuit current at reduced voltage

Thus, Isn = Short circuit current at normal voltage

Now power input is proportional to square of the current
So Wsn = Short circuit input power at normal voltage
This can be obtained as,

I 2
Wen = (ﬁ) Wac
Isc

But at normal voltage core loss can not be negligible hence,
Wsn = core loss + stator and rotor copper loss
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The no load losses are the constant losses which include core loss and friction and
windage loss. The separation between the two can be carried out by the no load test
conducted from variable voltage, rated frequency supply.

When the voltage is decreased below the rated value, the core loss reduces as
nearly square of voltage. The slip does not increase significantly the friction and
windage loss almost remains constant.

The voltage is contineously decreased till the machine slip suddenly begins to
increase and the motor tends to stall. At no load, this takes place at a sufficiently
reduced voltage. The graph showing no load losses Py versus V as shown in the
Fig. is extrapolated to V = 0 which gives friction and windage loss as iron or core

loss is zero at zero voltage.

Friction
and windage
loss

0

P

<
z

<
t

CIRCLE DIAGRAM

Circle diagram of an induction motor can be drawn by using the data obtained from

(1) no-load

(2) short-circuit test
and (3) stator resistance test, as shown below.

Step No. 1 ) )
From no-load test, /,, and ¢, can be calculated. Hence, as shown in Fig. 35.9, vector for /;, can

be laid off lagging ¢, behind the applied voltage V.

Step No. 2
Next, from blocked rotor test or short-circuit test, short- circuit current Ig,, corresponding to

normal voltage and 0 are found. The vector OA represents [, = ([V/V ) in magnitude and phase.

Vector O’A represents rotor current /,” as referred to stator.
Clearly, the two points O and A lie on the required circle.
For finding the centre C of this circle, chord OA is bisected at right angles-its bisector giving point C.

The diameter O’D is drawn perpendicular to the voltage vector.
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' \‘-
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//// LfRotor
N i CuLoss
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\ Cu Loss \
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¢—Fixed Loss
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As a matter of practical contingency, it is recommended that the scale of
current vectors should be so chosen that the diameter is more than 25 cm,

in order that the performance data of the motor may be read with reasonable
accuracy from the circle diagram.

With centre C and radius = CO’, the circle can be drawn.

The line O’A is known as out-put line.

It should be noted that as the voltage vector is drawn vertically, all vertical distances represent the active

or power or energy components of the currents,

For example, the vertical component 0P of no-load current 00’ rcpreseme the no-load input, which
supplies core loss, friction and windage loss and a negligibly small amount of stator P'Rloss. Similarly,
the vertical component AG of short-circuit current OA is proportional to the motor input on short-
circuit or if measured to a proper scale, may be said to equal power input.

Step No. 3
Torque line. This is the line which separates the stator and the rotor copper losses. When the
rotor is locked, then all the power supplied to the motor goes to meet core losses and Cu losses in the
stator and rotor windings. The power input is proportional to AG. Out of this, FG (= O'P) represents
fixed losses i.e. stator core loss and friction and windage losses. AF is proportional to the sum of the
stator and rotor Cu losses. The point E is such that
- AE _ rotor Cu loss
EF stator Cu loss
As said earlier, line O'F is known as torque line.
How to locate point E ?
(@) Squirrel-cage Rotor. Stator resistance/phase i.e. R, is found from stator-resistance test.
Now, the short-circuit motor input W, is approximately equal to motor Cu losses (neglecting iron

losses).
Stato 2 ! 2 AE W -3I2R
r Cu loss = 3/, R, . rotor Cu loss = Wy — 3 1" R, e Sl ek §
EF — 3IIR
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(i) Wound Rotor. In this case, rotor and stator resistances per phase r, and r, can be easily
computed. For any values of stator and rotor currents /, and /, respectively, we can write

K = — = transformation ratio

I

AE rotor copper loss _ IZRz Rz (Iz )2 _R 1
EF ~ statorcopperloss I2R; R R, K2

R ?
R3 = —2 = rotor resistance referred to stator

&

AE _ Ry
EF R;
Thus point E can be obtained by dividing line AF in the ratio R, to R,.

Let us assume that the motor is running and taking a current OL .

Then, the perpendicular JK represents fixed losses,
JN is_ stator Cu loss,
NL is the rotor input,
NM is rotor Cu loss,
ML is rotor output and
LK is the total motor input.

From our knowledge of the relations between the above-given various quantities, we can write :

V3. V,.LK = motor input V3. V,.JK = fixed losses
J3. V,.JN = stator copper loss V3. V,.MN = rotor copper loss
\/5 .V, . MK total loss J3 . V,.ML mechanical output
V3. V,. NL = rotor input o torque

ML /LK = output/input = efficiency

MN / NL (rotor Cu loss)/(rotor input) = slip, s.
ML _ rotoroutput _, N _ actual speed
NL rotor input Ng  synchronous speed

LK
oL

= power factor

Maximum Quantities

It will now be shown from the circle diagram that the maximum values occur at the positions
stated below : .

() Maximum Output A
It occurs at point M where the tangent is parallel to output line O’A. Point M may be located by
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drawing a line CM from point C such that it v

is perpendicular to the output line O’A. Maxi- o

mum output is represented by the vertical MP. oE A
(1) Maximum Torque or s Sl

Rotor Input |3 [_g;’ _ 0’\& é

It occurs at point N where the tangent is = § 0\)&0 /8‘

parallel to torque line O’E. Again, point N P X R~

may be found by drawing CN perpendicular Bl - “c\i\“e‘\\ §

to the torque line. Its value is represented by 37 o 8

NQ . Maximum torque is also known as 2= ¥

Q

|
w2
Q

stalling or puli-out torque.
@@7) Maximum Input Power
[t occurs at the highest point of the circle
i.e. at point R where the tangent to the circle is horizontal. It is proportional to RS. As the point R is
beyond the point of maximum torque, the induction motor will be unstable here. However, the maximum

input is a measure of the size of the circle and is an indication of the ability of the motor to carry short-
time over-loads. Generally, RS is twice or thrice the motor input at rated load.

Fig. 35.10

DOUBLE CAGE CONSTRUCTION

Rotor of a double squirrel cage motor has two independent cages on the same rotor. The
figure at left shows the cross sectional diagram of a double squirrel cage rotor.

Bars of high resistance and low reactance are placed in the outer cage, and bars of low
resistance and high reactance are placed in the inner cage. The outer cage has high 'reactance
to resistance ratio' whereas, the inner cage has low 'reactance to resistance ratio'

Outar Cags - - /I : P zek

s erigibie cuter

Working:

At starting of the motor, frequency of induced emf is high because of large slip (slip
= frequency of rotor emf / supply frequency). Hence the reactance of inner cage
(2nfL where, f = frequency of rotor emf) will be very high, increasing its total impedance.
Hence at starting most of the current flows through outer cage despite its large resistnace (as
total impedance is lower than the inner cage). This will not affect the outer cage because of
its low reactance. And because of the large resistance of outer cage starting torque will be
large. As speed of the motor increases, slip decreases, and hence the rotor frequency
decreases. In this case, the reactance of inner cage will be low, and most of the current will
flow through the inner cage which is having low resistance. Hence giving a good efficiency.
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that the reactance of both cages is negligible. The two cages being connected in parallel, the
combined resistance is low.

YNCHR INDUCTION MOTOR

In the applications where high starting torque and constant speed .are desired then
synchronous induction motors can be used. It has the advantages of both synchronous
and induction motors. The synchronous motor gives constant speed whereas induction
motors can be started against full load torque.

Consider a normal slip ring induction motor having three phase winding on the
rotor as shown in the Fig. 5.51. (See Fig. on next page)

The motor-is"connected to the exciter which gives d.c. supply to the rotor through
slip rings. One phase carries full d.c. current while the other two carries half of the
full d.c. current as they are in parallel. Due to this d.c. excitation, permanent poles (N
and S) are formed on the rotor,

Initially it is run as an slip ring induction motor with the help of starting
resistances. When the resistance is cut out the motor runs with a slip. Now the

connections are changed and the exciter is connected in series with the rotor windings
which will remain in the circuit permanently.

As the motor is running as induction motor initially high starting torque (upto
twice full load value) can be developed. When d.c. excitation is provided it is pulled
into synchronism and starts running at constant speed. Thus synchronous induction
motor provides constant speed, large starting torque, low starting current and power
factor correction.

It may be possible that the a.c. winding is put on the rotor and the d.c. excitation
is provided on the stator. This simplifies control gear. It also gives better facilities for
insulation which permits higher voltages and lower d.c. excitations.

The d.c. winding must be designed in such a way as to. give high mmf with
moderate d.c. excitation power. The excitation loss must be distributed evenly over fhe
winding. The mmf distribution should be nearly sinusoidal. It sho.uld a{so provide
damping against hunting and it should be satisfactorily started as an induction motor.

When the machine is running as an induction motor there are induced alter.'nating
currents in the rotor and it runs below synchronous speed. When the rotor carries dc
currents the rotor field and hence the rotor must run at synchronous spet'ad. This
means that slip must be reduced to zero. But if there is any dep?rture from lhl;" speted
during normal operation then again induced currents are t?’ner.e in the rotor. The rotor
is of low resistance so its windings act as damping winding. Hence no separate

damping windings are required.
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Supply

line

Motor

Starting
resistance

Fig. 5.51

While studying the performance characteristics of synchronous induction motor,
three different types of torques are to be considered. These are viz. the starting torque
which indicates capacity of motor to start against load, pull in torque which indicates
the ability of the motor to maintain operation during change over from induction
motor to synchronous motor, pull out torque which represents the running of motor
synchronously at peak load. The first two torques are closely related with each other
and are the characteristics of the machine running as induction motor. The pull out
torque is characterisics when it is running synchronously. The characteristics curves
for synchronous jinduction motor operating at full load unity p.f. and at 0.8 p.f.
leading is shown jn Fig. 5.53.

When the load exceeds the synchronous pull out torque, the machine looses
synchronism and runs as an induction motor with fluctuation in torque and slip due
to dc. excitation. With reduction in load torque the motor is automatically
resynchronized.
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Fig. 5.53
Advantages

Following are the advantages of synchronous induction motor over sahient pole
synchronous motor. .

i) The synchronous induction motor can start and synchronize against more than
full load torque which is not possible with salient pole synchronous motor
which must be started against light load.

ii) The exciter required for synchronous induction motor is of smaller capacity as
the gap is not long as compared to normal salient pole motor.

iii) The rotor winding in synchronous induction motor can funct?on as prm‘/iding
excitation and required damping. So no separate damper winding is required.

iv) No separate starting and control equipments are required.

Disadvantages

i) As the gap is small as compared to normal salient pole synchronous motor it
will not give large overload capacity.

ii) The variation of power factor is large as compared to normal synchronous
motor.

iii) The speed variation is not possible for synchronous inductiori motor as it runs
at constant motor.

The applications where mechanical load is to be driven alongwith phase advancing
properties of synchronous motors are to be used then use of synchronous induction

motor is better option. Also the applications where in load torque is remaining nearly
constant, this motor can be used.
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UNIT IV-
STARTING AND SPEED CONTROL OF THREE PHASE INDUCTION MOTOR:
NEED FOR STARTING

When a 3-¢ Induction motor is switched on at normal supply voltage, heavy current
will flow through the motor because at the time of starting, there is no back emf. An induction
motor, when directly switched on, takes five to seven times its full lodd current and it develops
only 1.5 to 2.5 times full load torque. This initial inrush of excessive current is objectionable
because it will produce large line voltage drop. This will affect the operation of other electrical
equipments connected to the same line. Due to this, starters are used for starting the three
phase induction motors.

TYPES OF STARTERS

Squirrel cage Motors

1. DOL starter

2. Stator resistance starter
3. Auto-transformer starter
4. Stat-Delta starter

Slip-ring Motors

5. Rotor resistance starter

DIRECT ON LINE (DOL) STARTER

A motor of small capacity and which gathers normal speed quickly can be started with
this starter. A small capacity motor (below 2 kW) draws only small amount of current. This
may not cause much voltage drop in the supply line.

Figure 4.1 shows a 3-¢ induction motor with a DOL starter. M, M,, M, are main
contactors normally open (NO) type making and breaking the motor line current.

These contactors are operated by a relay coil. S,, S, and S, are normally closed (NC)
type and are connected in series with relay coil. Over load relay coil (OLRC) is connected
in series with motor line supply.

Operation

When TPST switch is closed, the Under Voltage Relay Coil (UVRC) is energized and
it will operate the main contactors to close. Hence the full voltage is given to the motor and
it runs. Closing of contactor A retains the supply to the UVRC.
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Contactor S, is used to disconnect the supply from the motor by manually pressing it.
Remote operation of the same can be achieved with the help of contactor S,.

No Voltage Protection

When the supply voltage either fails totally or falls below certain value, the holding
power given by UVRC comes down causing the main contactor to be opened. Thus the
motor is protected from low voltage operation.

Over Load Protection

When the line current exceeds the preset value, OLRC is energized more and causes
the contactor S, to open. When S, opens, the UVRC is disconnected from the supply.
Therefore it will release the main contactors.

The relation between starting torque (T,) and full load torque (Ty) is given by

2
T, [
L (i,
Tft’ lf[

where  Igc= I, = Shortcircuitcurrent, s; = fullloadslip

STATOR RESISTANCE STARTER
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A variable resistor (or) reactor is connected in series with the supply terminals of the
motor. The purpose of this resistance is to reduce the supply voltage. This reduced voltage
is given to the motor terminals. Figure 4.2 shows primary resistance starter.

36
Supply
Y

3¢ Induction
Motor

4
P
PAn70 A
7

Stator side resistance
The reduced voltage limits the starting current. If the voltage across the terminal is
reduced by 50%, then the starting current is reduced by 50%, but torque is reduced to 25%
of the full voltage value.

Let reduced per phase voltage = XV,
. X\/I
Per phase starting current = = Klis
Zyc
T, (1Y
We know that = (ij S¢
Tff Iff

2
Tft Ifi

In an induction motor, torque o (voltage)?.

Starting torque with reactor starting (le J -

Starting torque with direct switching v,
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Advantages

1. Smooth acceleration

2. High power factor during start

3. Less expensive

4. Closed transition starting
Disadvantages

I. Power lost in resistors
2. Low starting torque

3. Less efficiency
AUTO TRANSFORMER STARTER

Figure 4.3 shows an autotransformer starter. This starter is used to give a reduced
voltage to the 3-phase induction motor to limit the starting current. The reduced voltage is

obtained by an auto transformer.

r 5 1
= U,

UVRC T Stop
L & i RUN
. OLRC
L
| O
i, \
Iy _ -
3¢ Induction
|| I OFF Motor
T -
3¢ | I 2 3 4 5 6 b Handle
Supply P

<
— U
’\\

T

[
T—a\\ y
-

/ Start

Auto Transformer
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The supply is given to terminals 1, 3 and 5 of the movable handle and the motor is connceted
to 2, 4 and 6 of handle through an OLRC (Over Load Release Coil). Low voltage protection
is given to the motor by UVRC.

Operation

When the handle is at start position, the motor is connected through the auto transtformer.
Therefore a reduced voltage is applied and hence starting current is reduced. When the
motor gets 80% of the normal speed, the handle is moved to RUN position. At this position.
the motor receives full line voltage.

Over Load Protection

When motor current exceeds the preset value, the over load relay coil (OLRC) is
energized high enough to operate the contactor S,. Hence supply is switched off.

Low voltage protection

The Under Voltage Relay Coil (UVRC) is connected across two lines. When supply
voltage goes low or fails, UVRC de-energizes and releases the handle to OFF position.

In general, if the reduction in applied voltage is a fraction x of the rated voltage V, then

the starting current of the motor is given by
I, = xl

st SC

The starting current drawn from the supply
= x([p)=x(xl)=x21

Thus, the line current drawn from the supply is very less in this case, compared to
primary resistance starting though the initial starting current is reduced by same fraction.

The torque developed by the motor,

2
T = 312_R2 (synchronous watts)
s
2
Fullloadtorque T, = e Ry
S¢
. 312 R,
Starting torque T, = %O = [s = 1] at start
L

starting torque T Iy 2
Thus =—==|—15
full load torque T, L,
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Hence, in auto transformer starters,

Tst (XIsc )2 2 ( Isc Jz

= = | = s =Xx" |25

Ty L, ] \pe
Advantages

1. Reduced line current.

2. Smooth starting.

3. High acceleration.
Disadvantages

1. Costis high.

2. Itis not used for large motors.

TAR-DELTA STARTER

Figure 4.4 shows a star-delta starter. This method is used in motors which are meant
to run normally with a delta connected stator winding. It consists of a two way switch which
connects the motor in star for starting and then in delta for normal running.
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When the two way switch is at START position, the stator windings are connected in

star. Therefore the applied voltage is reduced by a factor of ﬁ (For star connection

V,
Vph = 7—'§ ). Hence the starting current is reduced. When the motor speed reaches 70 to

80% of normal value, the switch is changed to RUN position where the motor is connected
-+ delta. Therefore full voltage is applied to the motor in the running condition.

Star — delta starter is also provided with no — volt release and over load release,
which protect the motor against sudden failure of supply and over load on the motor. A
locking arrangement is also provided, su that the motor can be started only in star connection.
Figure 4.4 shows the diagram of a star — delta starter without safety devices and locking
arrangement for clarity of the diagram.
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Since at starting inatant, the stator windings are connected in star, so voltage across each phase

winding is reduoed to T of Iu*s voltage and, therefore, starting current per phase becomes equal to I il -
Starting line current by connectmg the stator windings in star at the stamng mstant starting motor
current per phase = I“/ v3. ,
Startmg line current by direct swntchmg with stator windirgs connected in  delta= J— 31

Line current with star- delt.x starting 2 / J3 suly
" Line current with direet switching ; ,70 1 - 3

PROBLEM: 01

A 3-phase, 6 pole, 50 Hz induction motor takes 60 A at a full load speed of
940 rpm and develops a torque of 150 N-m. The starting current at rated voltage
in 300 A. What is the starting torque? If a star/delta starter is used, determine
the starting torque and starting current.

Given data:

Number of poles P =6, Supply frequency f =50 Hz,

Full load torque T, = [S0N-m, Full load current I, =60 A,

Full load speed N =940 rpm, Starting current [ = 300 A.
To find:

Starting torque (T,)

Starting current and starting torque, when star / delta starter is used.
Solution:

For direct - switching of induction motors

120  120x50

Synchronous speed N, = Tk st 1000 rpm
5; = N,-N _ 1000 -940 = 0.06
N 1000
B, (300) 0.06
150 60
| T, = 225N-m |

When star/delta starter is used, starting current

1/3 x Starting current when direct switching
300/3 =100 A
100 A

st

Il

]
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Starting torque with direct switching

Starting torque T, 3
= 23 =75N-m
3
T, = 75N-m

ROTOR RESISTANCE STARTER

To limit the rotor current which consequently reduces the current drawn by the motor from
the supply, the resistance can be inserted in the rotor circuit at start. This addition of the
resistance in rotor in the form of 3 phase star connected rheostat.

3 PHASE AC SUPPLY MAINS i sl
4| OFF
ON
ON
OFF
ROTOR oFF
ou‘&s

Slip-Ring Induction Motor With Starting Rheostat

The external resistance is inserted in each phase of the rotor winding through slip ring and
brush assembly. Initially maximum resistance is in the circuit. As motor gather speed, the
resistance is gradually cut-off. The operation may be manual or automatic.

We have seen that the starting torque is proportional to the rotor resistance.
Hence important advantage of this method is not only the starting current is limited
but starting torque of the motor also gets improved.

Note : The only limitation of the starter that it can be used only for slip ring induction
motors as in squirrel cage motors, the rotor is permanently short circuited.

1.1 Calculation of Steps of Rotor Resistance Starter

The calculation of steps of rotor resistance starter is based on the assumptions that,
1. The motor starts against a constant torque
2. The rotor current fluctuates between two fixed values, a maximum and a minimum,
denoted as Ihyaxand Dmin.

The Fig. 2, shows a single phase of a three phase of a three phase rheostat to be inserted
in the rotor. The starter has n steps, equally divided into the section AB. The contact point
after each step is called stud. The total resistances upto each stud from the star point of star
connected rotor as denoted as Ry, Ro, ....R,1.

PROBLEM: 01
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A 4 pole, 50 Hz, 3-phase slip ring induction motor when f;nlly loaded runs with
a slip of 3%. Determine the value of the resistance to be inserted in series per
phase in the rotor circuit to reduce the speed by 10% and the new slip. The
rotor resistance per phase is 0.2 Q.

Given data:

Number of poles P = 4, Supply frequency f= 50 Hz,

Slip s, = 3% (or) 0.03, Rotor resistance R, = 0.2 £2/phase
To find:

The value of resistance to be connected in series per phase in the rotor circuit to
reduce the speed by 10% and the new slip.

Solution:
120 _120x50

Synchronous speed N, = P 4 = 1500 rpm
Speed N, = N, (I =s,)= 1500 (1- 0.03)
= 1455 rpm
N,= 0.9 xN, =0.9 x 1455
= 1309.5 rpm
N, ~-N. -
g = TR, 1500 -1309.5 - 0.127
N, 1500
2
Torque 7T = &-Rz—z
: SX
Neglecting X, R +(8%3)
T = Ks.E,'R, - Ks,Ey’
! Rzz R,
T - K92E22
2
. R+r
Given I, =T,
Ks,E’  Ks,E,
R, R, +r
i S';,
1.€ R? R, +
0.03  0.127
2 02+r
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PROBLEM: 02

The rotor of an eight pole, 50 Hz, three-phase induction motor has a resistance of
0.2 Q/ phase and runs at 720 rpm. If the load torque remains unchanged, calculate

the additional rotor resistance that will reduce its speed by 10%. Neglect stator
impedances.

Given data:

Numnber of poles P = 8, Supply frequency =50 Hz,

Rotor resistance / phase R, =0.2 ©Q, Motor speed N, =720 rpm
Load torque constant

To find:

The additional rotor resistance that will reduce its speed by 10%.
Solution:

Motor torque T = ﬁRzEZZ

R, +(sX,)’
Here, X, is not given, then the equation becomes

KsR,E,"  KsE,’

l = e - (1)

When an external resistance (r) is connected in the rotor circuit, the equation (1) becomes

Ks,E,’
2 R; +1
Since T, =T,
KS.EZZ e KSIE22
R, =~ R,+r
e .
R, R, +r

120f 120 x 50

Synchronousspeed N, = P s =750 rpm
N, -N 750 - 720
Slip s, = L = = 0.04
! N, 750
Speed N,= 720x09 = 648rpm
Sty s, = N, -N, _ 750 - 648 -
P % N, 750
0.04 0.136
02  02+r

r = 048Q
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PROBLEM: 03

A 3-phase, squirrel cage induction motor has a short circuit current equal to
4 times the full load current. Find the starting torque as a percentage of full load
torque if the motor is started by (i) Direct switching to the supply mains (ii) A star-
delta starter (iii) An auto-transformer (iv) A resistance in the stator circuit.

Solution:

I = 41, Assume full slips=0.01

sC

i) Using DOL starter

S
I
7/ N\
e
T
N i

~N
_‘Ul

(4,

ft

-
|
N——
X
o
o
X
e
1l
<
CN
e

i) Star-delta startor

= l[-l}—b']hs

fe 3 [f( '

= i‘-'ﬂ x 0.01x T,
st 3 Iﬂ)

T, = 533%0fT,

st

ii) Auto-transformer starter
Tfl. [fl

lz(ilﬂ x0.01xT, = 0.16T
k[“ t fr

1l

Assume X = 1, T

—
il

16% of T,,

iv) Resistance in the stator circuit
2
a T, ol T 1
._S(_ — x" [_S_C_J S(
Tff lf/

Assume x = 1

= 2| 4l
L, = 1 1 x 0.0IxT, = 0.16 T,

ft

~ T, = 16 % of full load torque

St
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SPEED CONTROL

A three phase induction motor is practically a constant speed machine, more or less
like a dc shunt motor. However, there is one difference of practical importance between the
two whereas dc shunt motors can be made to run at any speed within wide limits, with good
efficiency and speed regulation, merely by manipulating a simple field rheostat, the same is
not possible with induction motors, In their case, speed reduction is accompanied by a
corresponding loss of efficiency and good speed regulation.

The equation for rotor (motor) speed N of a 3-phase induction motor is
N=(1—s)NS=(l—s)l—219‘[rpm
Different methods of speed control may be grouped under 2 main headings.

CONTROL FROM STATOR SIDE

1. by changing the applied voltage
2. by changing the supply frequency

3. by changing the number of stator poles
CONTROL FROM ROTOR SIDE

I. rotor rheostat control ( by changing the slip)

2. by operating 2 motors in concatenation or cascade

»

by injection of emf in the rotor circuit. ( Slip power Tecovery S cheme )

CONTROL FROM STATOR SIDE

1. By changing th li 1

It is seen that the electro-magnetic torque of a polyphase induction motor is proportional
to square of the supply voltage [TocVz].
The torque-speed characteristics of a 3 phase induction motor for varying supply voltage

are shown in Fig. 3.28 from which it can be observed that for a given load, the speed of
the motor can be varied within a small range by this method. )

But in this method, due to reduction in voltage, current drawn by the motor increased. Due
to increased current, the motor may get overheated.

The variable voltage may be obtained by means of either saturable reactors, variac, or tap-
changing transformers.
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Torque

Advantages
1. Cheap
2. Easy method
Disadvantages
1. A large change in voltage is required for a relatively small change in speed.
2. A large change in voltage will result in a large change in the flux density thereby
seriously disturbing the magnetic conditions of the motor.
3. The developed torque reduces greatly with the reduction in supply voltage.
4. The range of speed control is very limited in the downward direction i.e., from
rated speed to lower speeds.
Applications

Application of this method is restricted to very small motors, particularly to those driving
fan type loads. il B Bl it g b g

2. By Changin lv Fr n

The synchronous speed of the induction motor can be controlled in a stepless way
over a wide range by changing the supply frequency.

The resultant air-gap flux per pole is given by

FORVTN OO .
P, = 4.44 K, N, (f)

Therefore, in order to avoid safuration in stator and rotor cores which would cause

sharp increase in magnetization current, the flux @, must be kept constant as f is
varied.


http://learnengineering.in/

_For More

To achieve this, it follows from Eq. that when fis varied, V must also
be varied such that (V/f) remains constant.

Variable (V, f) sﬁpply from constant (V, f) supply can be arranged by

the converter-inverter arrangement shown schematically in Fig. (a) which employs
SCR circuitry

Figure (b) shows an alternative speed-control scheme using a converter
and dc motor (shunt).

The chief attraction of employing induction motor for speed control is its rugged-
ness, low cost and maintenance-free operation as compared to dc motor. Because of
the cost of the inverter involved in the induction motor speed-control scheme, the
dc motor scheme as of today is more economical. However, the induction motor
scheme is a strong candidate for speed control and is likely to take over in the near
future with further improvement and cost reduction in SCR technology.

(V, § ————= Converter =1 Inverter
constant t Variable f ,
DC variable (V. 1) variable
(a)
V. h Converter T»O
constant
DC Mot
V(dc)
variable

(b)

The torque-slip characteristics of the motor can be
sketched at frequencies above and below the nominal as shown in Fig.

T

Tmax

Tslan, 0

glip

Smax, T, 0

Fig. 9.50 Torque-siip characteristics; variable f, constant i
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3. By Changing the number of Stator Poles

This method of speed control provides change in speed at 2 or 4 discrete levels by
changing the number of poles of the rotating magnetic field. The squirrel cage rotor can
adjust itself to the rotating magnetic field for different poles whereas the slip ring rotor is
to be wound for the same number of poles as that of the stator winding. Hence this method
of ‘speéd certrolis applicable only for SCIM.

We know that Ns=l—2p0'£, from this equation it becomes evident that the synchronous

speed (and hence the running speed) of an induction motor could also be changed by changing
the number of stator poles.

The number of stator poles can be changed by
(a) Multiple stator winding and
(b) Method of consequent poles.

(a) Multiple stator winding

The stator has 2 or more entirely independent windings with different number of poles
in the same slot and only one winding is energised at a time. For example, a 36 slot stator

may have two, 3 — ¢ windings with 4 and 6 poles respectively. With a supply frequency of

50 Hz, 4 pole winding will give NS=L:50-= 1500 rpm and the 6 pole winding will give
120 x 50 z
N’=_6—_= 1000 rpm. Hence the motor can be operated at two different speed.
Demerits
1. Such a machine tends to be more costly
2. Less efficient and hence used only when absolutely necessary.
Applications

Elevator motor, traction motor, motors for machine tools.

=
&

]

Fig. 3.29 Multiple Stator Winding
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(b) Method of consequent poles

To vary the number of poles, stator windings is split into number of groups and the
terminals of these groups are brought out. By making simple variations in the
terminal connection the numbers of poles are varied as shown in the figure below.

N
A

|
{

]

N\

._{

fF19.8.20 Consequent mi‘,’wsnding&onnscﬂon for P == &

In this method, it is possible to change the number of poles only in the ratio 1:2.
In the above fig. when terminals 1 and 4 are connected to phase and, 2 and 3 to neutral the
number of poles obtained is 4 as shown in fig (a).

Altering the connections in such a way that 1 and 2 are connected to phase and, 3
and 4 to neutral the number of poles obtained is 8 as shown in fig (b). Thus two different
speed can be obtained. No smooth variation of speed is possible in this method.
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CONTROL FROM ROTOR SIDE
1. Rotor Rh ntrol or Sli ntrol

This can be accomplished by introducing resistance in the rotor circuit, which causes as
increase in slip, thereby bringing down the speed of the motor.

2
0
@

[_Stator |~

Rotor

Collector

A s Ry ™

2. Cascade or Tandem or Concatenation method

This method requires 2 motors, the first of which must have a wound rotor. It should
also have a one-to-one voltage ratio. So that in addition to cascading, each motor may be
run from the supply mains separately. That is, at standstill with rotor circuit open, the voltage
across the slip-rings should be equal to that across the stator terminals. The stators of both
motors should be wound for the same voltage. The second motor may be of the squirrel cage
type or have a wound rotor with external resistance. The rotor shafts are directly coupled,
so that both run at the same speed.
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3¢ supply

Slip ring -
Motor Motor
A B :'IZ

The stator of the first motor, A is connected to the 3 —¢ supply. Then the rotor of the
first motor is connected to the stator of the second motor B. The starting resistance is connected
to the rotor circuit of the second motor.

In cascade method, there are 4 ways to obtain different speeds by the combination of
the motors.

Motor 1 may be run separately from the supply,

f [for motor A]

Synchronous speed, Ngy = 112,0

where
f= supply frequency

P4 = no. of stator poles of the motor A

Motor 2 may be allowed to run separately from the supply,

Synchronous speed of motor B, Ngg = 1[2)0f

[for motor B]

where

Pg= no. of stator poles of the motor B.

Cumulative Cascade

Motor A and motor B are allowed to operate in cumulative cascade. In this, the stator
fields of the motor A and B are having the phase rotation in the same direction. The
synchronous speed of the cascaded set can be derived as follows.
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Ngp = lf)if [synchronous speed of motor A]

Running speed, N= (1 —54) Ng4=(1 -sA)%Qf—) (A)
: A

Rotor frequency of motor A, f'=s4f

120/
Synchronous speed of motor B, Ngg = Pf
120 f*
Running speed N=(1—sg) Ngg=(1—5p) PBf
120 s
N=(1-sp) Af—)(B)
Pg
Equating (A) and (B)
120 f 120 54 f

(l'-SA) PA =(I—SB) PB

On no load the speed of rotor B is almost equal to its synchronous speed, so that the
slip Sg=0 and the above equation becomes

l—SA SA
Py Pg
Sp= Py
AT P, +Pg
Nga—N
But Sa=
A™ Nga
P Ngs—N

Py+Pg  Nga

Pp N

PA+PB= NSA

Py

N=N
SAP,+Pp

N 120f Py

"Ny @N=—120
=TT P+ Py
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Differential Cascade

In this case, the rotating magnetic fields of motors A and B are in opposite directions.
i.e, the phase rotation of stator field of A and B are opposing. This reversal of phase rotation

is obtained by inter-changing any of its 2 leads.
In this case, the synchronous speed obtained is

120
Py —Pp

Nsc=

From this equation, the number of poles is equal to the sum of the number of poles of

two machines.

This method can give four different speeds.

120 f
1. Mainmotoralone : Ng= 5
1
120 f
2. Auxiliary motoralone : Ng = P
2
120 f
3. Cumulative cascade connection: N =
P +P,
120 f
4. Differential cascade connection: N= P_p
(]

The main disadvantages are
1. This method requires two motors.
2. More expensive.
3. Wide range of speed control is not possible.

4. Tt cannot be operated when P, = P, (or) P, <P,.

[Note: P, < P ]
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PROBLEM: 01

Example 7.7 : A 4 pole induction motor and a 6 pole induction motor are connected
in cumulative cascade arrangement. The supply frequency is 50 Hz while the frequency

in rotor circuit of 4 pole motor is 1 Hz. Determine the slip of each machine and
combined speed of the set.

Solution :  The arrangement is shown in the Fig. 7.17.

B
6 pole -
j/@\l ] e |
fp=1Hz
Fig. 7.17
Let f, = rotor frequency of motor A
f, = rotor frequency of motor B =1 Hz
P, = polesof A =4
Py = polesof B=6

The set is cumulatively coupled.

Hence the synchronou’s speed of the set can be obtained as,
120f  120x50

Nsc = PA T s = At = 600 r.p.m.
Now f, = sf
and s = NIS\CI 2. P8 slip of the set
600-N
1 = —6—00——X50
12 = 600 -N
N = 588 r.p.m.
This is the combined speed of the set
120f  120x50
NSA = _PA—- = ——Z'— = 1500 r.p.m.
1500588 . o
Sp = ——]‘.-5-00_ = 0.608 i.e. 60.8 %
120 f;
Ngg = _PB_l
and f, = saf=0.608x50 = 30.4 Hz
Ngg = 30—"63911- - 608 r.p.m.
Ngg—N _ 608-588 ;
= = = 0.033 i.e. 3.3%.
Sg Ne 08 3 ie 33

The s, and sg are the slip values of machine A and B respectively.
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PROBLEM: 02

Example 7.6 : Two induction motor are used for the cascade control. The main motor
has 4 poles while the auxillary motor has 6 poles. Determine the various synchronous
speeds possible for the set. Assume supply frequency 50 Hz.

Solution : Pa=4,Ps=6 and f = 50 Hz.
120f  120x50

1) N, = B S 1500 r.p.m. ... 'A' running alone
A

2) N, = %Q—f- = }206;50 = 1000 r.p.m ... 'B' running alone
B

3) N = PAIZ:) i’s = 122;50 = 600 r.p.m. ... Cumulative cascade

4) N, = S = 3000 r.p.m. ... Differential cascade

S Pa-Pp 2
Though P, — Py is negative, in practice the effective poles are 2 only. The negative
sign indicates the direction of torque.

3. By injection of emf in rotor circuit (slip power recovery scheme)

The slip power recovery system can be classified into two types.
1. Kramer system
2. Scherbius system
These two systems can further be classified into two methods.
1. Conventional method
2. Static method
4.11.6 Kramer System

The Kramer system is applicable only for sub-synchronous speed operation. The
classification of Kramer system is

a. Conventional Kramer system. b. Static Kramer system.
4.i1.6.1 Conventional Kramer System

Figure 4.17 shows conventional Kramer system. The system consists of a 3
phase rotary converter and a dc motor. The slip power is converted into dc power by
a rotary converter and fed to the armature of a dc motor.

The slip ring induction motor is coupled to the dc motor. The slip rings are
connected to the rotary converter. The dc output of rotary converter is used to drive
a dc motor. The rotary converter and dc motor are excited from the dc bus bars or
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from an exciter. The speed of slip ring induction motor is adjusted by adjusting the
speed of dc motor with the help of a field regulator.

This system is also called the electromechanical cascade, because the slip frequency
power is returned as mechanical power to the slip ring induction motor shaft by the dc
motor.

)

ac supply
R [DC supply

Couplings | I
Slip rings z
Rotary
SRIM @ / noucor converter

]
|
]
]
]

Figure 4.17: Conventional Kramer system

If the mechanical losses in cascade system are neglected the shaft power output
of the SRIM motor is

Pm = (l—‘S) Pin

where P;, = Input power to the stator

The slip power P, = sP;, is added to P, by converting it to mechanical power
by the dc motor. This mechanical power is fed to the slip-ring induction motor shaft.
Thus, irrespective of the value of the slip and consequently the speed of the SRIM, the
power output remains more or less constant. Hence, it is also called the constant -
power cascade. This method is used only for large motors of capacity 4000 kW or
above.

Advantages

1. The main advantage of this method is that any speed, within the working
range can be obtained.

2. If the rotary converter is over excited, it will take a leading current which
compensates for the lagging current drawn by SRIM and hence improves the
power factor of the system.
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The slip power is converted into dc by a 3-phase diode bridge rectifier
figure 4.18. This dc power is fed to the dc motor. This de motor is mechanically
coupled to SRIM. The slip power is converted to mechanical power and fed back to
the SRIM shaft.

The torque supplied to the load is shared by SRIM and DC motor. The SRIM
speed can be controlled by controlling the field regulator (field current) of the dc motor.
In this method the speed control range is synchronous speed to around half of the
synchronous speed.

36
ac supply

______________________ -0 ¥

DC motor

Vd1
/T M
E——
Slip Power
3¢ Diode bridge rectifier

Figure 4.18: Improved version of Kramer system

In the figure 4.19 the diode bridge rectifier is replaced by thyristor bridge rectifier.
The speed of SRIM can be controlled from zcro to around synchronous speed, by
varying the firing angle of thyristor rectifier.

3p
ac supply

1T

SRM{( ==}l mmrmmm e e % %

DC motor

 —
Slip Power

3¢ Controlled rectifier

Figure 4.19: Improved version of Kramer system
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4.11.6.2 Static Kramer System

In the rotor resistance control method, the slip power is wasted in the rotor circuit
resistance. Instead of wasting the slip power in the rotor circuit resistance, it can be
converted to 50 Hz ac and pumped back to the line.

Here, the slip power can flow only in one direction. This method of drive is called
static Kramer drive. It is shown in figure 4.20. The static Kramer drive offers speed
control for sub synchronous speed only. i.e. speed can be controlled less than the
synchronous speed only.

In this method, the slip power is taken from the rotor and it is rectified to dc
voltage by 3-phase diode bridge rectifier. Inductor L, smoothens the ripples in the
rectified voltage V4. This dc power is converted into ac power by using line — commutated
inverter. The rectifier and inverter are both line commutated by alternating emfs appearing
at the slip rings and supply bus bars respectively. Here, the slip power flows from rotor
circuit to supply. This method is also called constant — torque drive.

3¢
AC
supply
ﬂ;;n Inverter
+—p + N
ly b, = NZ
\ AN gF ;F
g Vao
.__f\__f\_‘ T
7
JAN ﬁi Zx az hvi ‘
p= =V

Rectifier

Gate triggering [¢— Desired speed
processor  je— Actual speed

Figure 4.20: Static Kramer system

The static Kramer drive has been very popular in large power pump and fan type
drives, where the range of speed control is limited, but less than the synchronous speed.

This method of speed control is economical because the rectifier and inverter
have to carry only the slip power of the rotor, which is considerably less than the input
power to the stator.
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4.11.7 Scherbius System

The Scherbius system is similar to Kramer system but only difference is that in
the Kramer system the feedback is mechanical and in the Scherbius system the return
power is electrical. The different types of Scherbius systems are

a) Conventional Scherbius drive
b) Static Scherbius drive
4.11.7.1 Conventional Scherbius Drive

Figure 4.21 shows conventional method of Sckerbius drive. This method consists
of SRIM, rotary converter, dc motor and induction generator. Here, the rotary converter
converts slip power into dc power and the dc power fed to the dc motor.

The dc motor is coupled with induction generator. The induction generator convertrs
the 1. echanical power into electrical power and returns it to the supply line. The SRIM

speed can be controlled by varying the field regulator of the dc¢ motor.

&y 2 -
A -
Supply B 56

DC motor
Rotary |
SRIM converter $
1G

R

,

Figure 4.21: Conventional Scherbius system

4.11.7.2 Static Scherbius System

For the speed control of SRIM both below and the above synchronous speed,
static Scherbius drive system is used. This system can again be classified as

1) DC link static Scherbius drive

2) Cycloconverter static Scherbius drive
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DC link static Scherbius drive

This system consists of SRIM, two numbers of phase controlled bridges, smoothing
inductor and step up transformer. This system is used for both sub-synchronous speed
and super-synchronous speed operation. It is shown in the figure 4.22.

i) Sub-synchronous speed operation

In sub-synchronous speed <ontrol of SRIM, slip power is removed from the rot(?r
circuit and is pumped back intc the ac supply. Figure 4.22 shows the dc link static
Scherbius system.

In the Scherbius system, when the machine is operated at sub-synchronous speed,

phase controlled bridge 1 operates in the rectifier mode and bridge 2 operates in. the
inverter mode. In other words, bridge 1 has firing angle less than 90° whereas bridge

2 has firing angle more than 90°.

The slip power flows from rotor circuit to bridge 1, bridge 2, transformer and
returned to the supply i.e.

Siip Power —— Rectifier — Inverter — Transformer ———» Supply
(bridge 1) (bridge 2)

3¢ AC
Supply

R
Y

T
4

| I ljransformer l
L
SRIM Rectifier 5oL Inverter
—>
b

X X X X ¥ I

—7]

-
W

7T\ 7™

x % £ ¥

Slip Power

Figure 4.22: Static Scherbius drive-sub synchronous speed operation
ii) Super synchronous speed operation

In super synchronous speed operation, the additional power is fed into the rotor
circuit at slip frequency. Figure 4.23 shows super synchronous speed operation of a DC
link static Scherbius system. In the Scherbius system, when the machine is operated at
super synchronous speed, phase controlled bridge 2 should operate in rectifier mode and
bridge 1 in inverter mode. In other words, the bridge 2 has firing angle less than 90°
whereas bridge 1 has firing angle more than 90c. The slip power flows from the supply

to transformer, bridge 2 (rectifier), bridge 1 (line commutated inverter) and to the rotor
circuit.
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Supply — Transformer — Bridge 2 — Bridge 1 —— Rotor Circuit
(Rectifier) (Inverter)
R
30AC { |
upply
T L Lo
L
L I Transformer l
L
SRIM ___(B00\
«—
l
Power
Flow
, |
£ % >
4
Vg aY

L—‘ Slip Power

Bridge 1 (Inverter) Bridge 2 (Rectifier)

Figure 4.23: Static Scherbius drive — super synchronous speed operation

Near synchronous speed, the rotor voltage is low, and forced commutation must
be employed in the inverter, which makes the scheme less attractive. The replacement
of six diodes by six thyristors increases the converter cost and also necessitates the
introduction of slip frequency gating circuit.

Difficulty is experienced near synchronous speed when the slip frequency emfs
are insufficient for line or natural commutation, and special connections or forced
commutation methods are necessary for the passage through synchronism. Thus, the
provision of super synchronous speed control unduly complicates the static converter
cascade system and nullifies the advantages of simplicity and economy.



UNIT V- SINGLE PHASE INDUCTION MOTOR AND SPECIAL MOTORS:
CONSTRUCTIONAL DETAILS OF SINGLE PHASE INDUCTION MOTOR:

Construction of a single phase induction motor is similar to the construction of three
phase induction motorhaving squirrel cage rotor, except that the stator is wound for single
phase supply. Stator is also provided with a 'starting winding' which is used only for starting
purpose.

Working Principle Of Single Phase Induction Motor

When the stator of a single phase motor is fed with single phase supply, it produces alternating
flux in the stator winding. The alternating current flowing through stator winding causes
induced current in the rotor bars accordingto Faraday's law of electromagnetic induction. This
induced current in the rotor will also produce alternating flux. Even after both alternating fluxes
are set up, the motor fails to start (the reason is explained below). However, if the rotor is given a
initial start by external force in eitherdirection, then motor accelerates to its final speed and keeps
running with its rated speed. This behavior of a single phase motor can be explained by double-
field revolving theory.

Single Phase Induction Motor Is Not Self Starting:

The stator of a single phase induction motor is wound with single phase winding. When
the stator is fed with a single phase supply, it produces alternating flux (which alternates along
one space axis only). Alternating flux acting on a squirrel cage rotor can not produce
rotation, only revolving flux can. That is why a single phase induction motor is not self starting.

Double-Field Revolving Theory

The double-field revolving theory states that, any alternating quantity (here, alternating flux) 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.


http://www.electricaleasy.com/2014/02/three-phase-induction-motor.html
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Starting Methods of Single Phase Induction Motor:

To make it self-starting, it can be temporarily converted into a two-phase motor while starting.
This can be achieved by introducing an additional 'starting winding' also called as
auxillary winding.

Hence, stator of a single phase motor has two windings: (1) Main winding and (i1) Starting

winding (auxillary winding). These two windings are connected in parallel across a single
phase supply and are spaced 90 electrical degrees apart. Phase difference of 90 degree can

be achieved by connecting a capacitor in series with the starting winding.

Hence the motor behaves like a two-phase motor and the stator produces revolving

magnetic field which causes rotor to run. Once motor gathers speed, say upto 80 or 90% of
its normal speed, the starting winding gets disconnected form the circuit by means

of a centrifugal switch, and the motor runs only on main winding.

EQUIVALENT CIRCUIT OF SINGLE PHASE INDUCTION MOTOR:

The Equivalent circuit of a Single Phase Induction Motor can be obtained by two
methods named as the Double Revolving Field Theory and Cross Field Theory. Firstly the
equivalent circuit is developed on the basis of double revolving field theory when only its main
winding is energized.

Considering the case when the rotor is stationary and only the main winding is excited.
The motor behaves as a single phase transformer with its secondary short circuited. The
equivalent circuit diagram of the single phase motor with only its main winding energized
the 1s shown

below
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A

Rnis the resistance of the main stator winding.

Ximis the leakage reactance of the main stator winding.

XM is the magnetizing reactance.

R’; is the standstill rotor resistance referred to the main stator winding.

X’ is the standstill rotor leakage reactance referred to the main stator winding.
Vmis the applied voltage.

I is the main winding current

The core loss will be assumed to be lumped with the mechanical and stray losses as a part
of the rotational losses of the rotor. The pulsating air gap flux in the motor at the
standstill is resolved into two equal and opposite fluxes with the motor. The
standstill impedance of each of the rotor referred to the main stator winding is given as

When both forward and backward slips are taken into account, the equivalent circuit
shown below is formed. In this condition, the motor is running on the main winding alone.




The rotor impedance representing the effect of the forward field referred to the stator winding m
is given by an impedance shown below.
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The rotor impedance of a single phase induction motor representing the effect of the backward
field referred to the stator winding m is given by an impedance shown below.
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The simplified equivalent circuit of a single phase induction motor with only its main winding
energized is shown in the figure below.




TYPES OF SINGLE PHASE INDUCTION MOTOR:

The single phase induction motors are made self starting by providing an additional flux by some
additional means. Now depending upon these additional means the single phase induction motors
are classified as:

1. Split phase induction motor.

2. Capacitor startinductor motor.

3. Capacitor start capacitor runinduction motor (two value capacitor method).

4. Shaded pole induction motor.

Split Phase Induction Motor

In addition to the main winding or running winding, the stator of single phase induction motor
carries another winding called auxiliary winding or starting winding. A centrifugal switch
is connected in series with auxiliary winding. The purpose of this switch is to disconnect
the auxiliary winding from the main circuit when the motor attains a speed up to 75 to 80% of the
synchronous speed. We know that the running winding is inductive in nature. Our aim is
to create the phase difference between the two winding and this is possible if the starting winding
carries high resistance.

Lun 1s the current flowing through the main or running winding, I« 1S the current flowing
in starting winding, and Vr is the supply voltage.
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The highly resistive winding the current is almost in phase with the voltage and for
highly inductive winding the current lag behind the voltage by large angle. The the applied
voltage by very small angle and the running winding is highly inductive in nature so, the current
flowing in running winding lags behind applied voltage by large angle. The resultant of these two
current is It. The resultant of these two starting winding is highly resistive so, the current flowing
in the starting winding lags behind current produce rotating magnetic field which rotates in
one direction. In split phase induction motor the starting and main current get splitted from
each other by some angle so this motor got its name as split phase induction motor.

Applications of Split Phase Induction Motor

Split phase induction motors have low starting current and moderate starting torque. So
these motors are used in fans, blowers, centrifugal pumps, washing machine, grinder,
lathes, air conditioning fans, etc. These motors are available in the size ranging from 1/20 to 1/2
KW.
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Capacitor Start IM and Capacitor Start Capacitor Run :

The working principle and construction of Capacitor start inductor motors and capacitor
start capacitor run induction motors are almost the same. The single phase induction motor is not
self starting because the magnetic field produced is not rotating type. In order to produce
rotating magnetic field there must be some phase difference. In case of split phase induction
motor we use resistance for creating phase difference but here we use capacitor for this purpose.
We are familiar with this fact that the current flowing through the capacitor leads the
voltage. So, in capacitor start inductor motor and capacitor start capacitor run
induction motor we are using two winding, the main winding and the starting winding. With
starting winding we connect a capacitor so the current flowing in the capacitor i.ely leads the
applied voltage by some angle, @.

Starting Winding
‘Centrifugal
oo T ] e o switch
T | { Ist C
m ~

. Squirrel cage rotor
Main Winding (b) Phasor diagram

(a) Schematic representaion

The running winding is inductive in nature so, the current flowing in running winding
lags behind applied voltage by an angle, ¢,,. Now there occur large phase angle differences
between these two currents which produce an resultant current, I and this will produce a rotating
magnetic field. Since the torque produced by these motors depends upon the phase angle
difference,which is almost 90°. So, these motors produce very high starting torque. In case
of capacitor start induction motor, the centrifugal switch is provided so as to disconnect
the starting winding when the motor attains a speed up to 75 to 80% of the synchronous
speed but in case of

capacitor start capacitors run induction motor there is no centrifugal switch so, the capacitor
remains in the circuit and helps to improve the power factor and the running conditions of single
phase induction motor.

Application of Capacitor Start IM and Capacitor Run IM:

These motors have high starting torque hence they are used in conveyors, grinder,
air

conditioners, compressor, etc. They are available up to 6 KW.



https://www.electrical4u.com/electrical-power-factor/

Shaded Pole Single Phase Induction Motors

Stator” [ Salient

Winding | TN | Pole

Shading Band

Pas (b) Salient pole with shading band
Squirrel'cage—____
rotor -

(a) 4-pole shaded pole construction

The stator of the shaded pole single phase induction motor has salient or projected poles.These
poles are shaded by copper band or ring which is inductive in nature. The poles are divided into
two unequal halves. The smaller portion carries the copper band and is called as shaded portion
of the pole.

ACTION: When a single phase supply is given to the stator of shaded pole induction motor an
alternating flux is produced. This change of flux induces emf in the shaded coil. Since
this shaded portion is short circuited, the current is produced in it in such a direction to oppose
the main flux. The flux in shaded pole lags behind the flux in the unshaded pole. The
phase difference between these two fluxes produces resultant rotating flux. We know that
the stator winding current is alternating in nature and so is the flux produced by the stator
current. In order to clearly understand the working of shaded pole induction motor consider three
regions-

1. When the flux changes its value from zero to nearly maximum positive value.

2. When the flux remains almost constant at its maximum value.

3. When the flux decreases from maximum positive value to zero.
REGION 1: When the flux changes its value from zero to nearly maximum positive value — In

this region the rate of rise of flux and hence current is very high. According to Faraday's law
whenever there is change in flux emf gets induced. Since the copper band is short circuit
the current starts flowing in the copper band due to this induced emf. This current in copper band

produces its own flux. Now according to Lenz's law the direction of this current in copper band
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is such that it opposes its own cause i.e rise in current. So the shaded ring flux opposes the main
flux, which leads to the crowding of flux in non shaded part of stator and the flux weaken in
shaded part. This non uniform distribution of flux causes magnetic axis to shift in the middle of
the non shaded part.

REGION 2: When the flux remains almost constant at its maximum value- In this region the rate
of rise of current and hence flux remains almost constant. Hence there is very little induced emf
in the shaded portion. The flux produced by this induced emf has no effect on the main flux and
hence distribution of flux remains uniform and the magnetic axis lies at the center of the
pole.

REGION 3: When the flux decreases from maximum positive value to zero - In this region the
rate of decrease in the flux and hence current is very high. According to Faraday's law whenever
there is change in flux emf gets induced. Since the copper band is short circuit the current starts
flowing in the copper band due to this induced emf. This current in copper band produces its own
flux. Now according to Lenz's law the direction of the current in copper band is such
that it opposes its own cause i.e decrease in current. So the shaded ring flux aids the main flux,
which leads to the crowding of flux in shaded part of stator and the flux weaken in non shaded
part. This non uniform distribution of flux causes magnetic axis to shift in the middle of the
shaded part of the pole. This shifting of magnetic axis continues for negative cycle also and leads
to the production of rotating magnetic field. The direction of this field is from non shaded part of
the pole to the shaded part of the pole.

Advantages and Disadvantages of Shaded Pole Motor

The advantages of shaded pole induction motor are

1. Very economical and reliable.
2. Construction is simple and robust because there is no centrifugal switch.
The disadvantages of shaded pole induction motor are

1. Low power factor.

2. The starting torque is very poor.

3. The efficiency is very low as, the copper losses are high due to presence of copper band.
4. The speed reversal is also difficult and expensive as it requires another set of copper rings.

Applications of Shaded Pole Motor

Applications of Shaded pole motors induction motor are- Due to their low starting torques and
reasonable cost these motors are mostly employed in small instruments, hair dryers, toys, record
players, small fans, electric clocks etc. These motors are usually available in a range of 1/300 to
1720 KW.

LINEAR INDUCTION MOTOR:

A linear induction motor (LLIM) is an alternating current (AC), asynchronous linear motor that
works by the same general principles as other induction motors but is typically designed
to directly produce motion in a straight line. Characteristically, linear induction motors have a
finite primary or secondary length, which f%enerates end-effects, whereas a conventional
induction motor is arranged in an endless loop.!



https://www.electrical4u.com/faraday-law-of-electromagnetic-induction/
https://www.electrical4u.com/lenz-law-of-electromagnetic-induction/
https://www.electrical4u.com/lenz-law-of-electromagnetic-induction/

As with rotary motors, linear motors frequently run on a three-phase power supply and
can support very high speeds. However, there are end-effects that reduce the motor's force, and it
is often not possible to fit a gearbox to trade off force and speed. Linear induction motors are thus
frequently less energy efficient than normal rotary motors for any given required force output.

LIMs, unlike their rotary counterparts, can give a levitation effect. They are therefore often used
where contactless force is required, where low maintenance is desirable, or where the duty cycle
is low. Their practical uses include magnetic levitation, linear propulsion, and linear actuators.

They have also been used for pumping liquid metals.

CONSTRUCTION:

A linear electric motor's primary typically consists of a flat magnetic core (generally laminated)
with transverse slots that are often straight cut®with coils laid into the slots, with each
phase giving an alternating polarity so that the different phases physically overlap.

The secondary is frequently a sheet of aluminium, often with an iron backing plate. Some LIMs
are double sided with one primary on each side of the secondary, and, in this case, no
iron backing is needed.

Electronic unit

Armature cover

Ferromagnetic armature slots

Nonferromagnetic rings

Bearing -~ ! 3 Pole Pitch

Permanent magnets

Slot Pitch
Armature coils

Translator

Two types of linear motor exist: a short primary, where the coils are truncated shorter than the
secondary, and a short secondary, where the conductive plate is smaller. Short secondary LIMs
are often wound as parallel connections between coils of the same phase, whereas short
primaries are usually wound in series.'”’

The primaries of transverse flux LIMs have a series of twin poles lying transversely side-by-side
with opposite winding directions. These poles are typically made either with a suitably
cut laminated backing plate or a series of transverse U-cores.

PRINCIPLE:

In this electric motor design, the force is produced by a linearly moving magnetic field acting on
conductors in the field. Any conductor, be it a loop, a coil, or simply a piece of plate metal, that is placed
in this field will have eddy currents induced in it thus creating an opposing magnetic field in
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accordance with Lenz's law. The two opposing fields will repel each other, creating motion athe

magnetic field sweeps through the metal.

where f; is supply frequency in Hz, p is the number of poles, and #,is the synchronous speed of
the magnetic field in revolutions per second.

The travelling field pattern has a velocity of

where v;is velocity of the linear travelling field in m/s, and ¢ is the pole pitch.

For a slip of s, the speed of the secondary in a linear motor is given byVr= (1-s)Vs.

Hysteresis
Motor

A Hysteresis Motor is a synchronous motor with a uniform air gap and without DC excitation. It
operates both in single and three phase supply. The Torque in a Hysteresis Motor is produced due
to hysteresis and eddy current induced in the rotor by the action of the rotating flux of thes s
stator.

The working of the motor depends on the working of the continuously revolving magnetic flux.
For the split phase operation, the stator winding of the motor has two single phase supply. This
stator winding remains continuously connected to the single phase supply both at the starting as
well as the running of the motor.

The rotor of the motor is made up of smooth chrome steel cylinder and it has no winding. It has
high retentivity and because of this, it is very difficult to change the magnetic polarities
once they are caused by the revolving flux of the rotor. The rotor of the hysteresis motor
moves synchronously because the pole of the motor magnetically locks with the stator
which has opposite polarities.

Construction of Stator of Hysteresis
Motor

The stator of the hysteresis motor produces a rotating magnetic field and is almost similar to the
stator of the induction motor. Thus, the stator of the motor is connected either to single supply or
to the three phase supply. The three phase motor produces more uniform rotating field as
compared to that of the single phase supply. The stator winding of the single-phase hysteresis
motor is made of permanent split capacitor type or shaded pole type.The capacitor is used with an
auxiliary winding in order to produce a uniform field.

Construction of Rotor of Hysteresis
Motor

The rotor of the hysteresis motor consists of the core of aluminium or some other non-magnetic
material which carries a layer of special magnetic material. The figure below shows the rotor of
the hysteresis motor.




Special Magnetic
Material
Hysteresis Ring

Non Magnetic
Material

The outer layer has a number of thin rings forming a laminated rotor. The rotor of the motor is a
smooth cylinder, and it does not carry any windings. The ring is made of hard chrome or cobalt
steel having a large hysteresis loop.

Operationof
aHysteresisMotor

The following illustration shows the basic functioning of a hysteresis motor.

When supply is given applied to the stator, a rotating magnetic field is produced. This magnetic
field magnetises the rotor ring and induces pole within it. Due to the hysteresis loss in the rotor,
the induced rotor flux lags behind the rotating stator flux. The angle 6 between the stator
magnetic field Bs and the rotor magnetic field By is responsible for the production of the torque.
The angle & depends on the shape of the hysteresis loop and not on the frequency.

Thus, the value of Coercive force and residual flux density of the magnetic material should be
large. The ideal material would have a rectangular hysteresis loop as shown by loop 1 in
the hysteresis loop figure. The stator magnetic field produces Eddy currents in the rotor. As a
result, they produce theirown magnetic field.

The eddy current loss is given by the equation shown below.

Pe = kefzz}32

Where,




ke1is a constant
f, is the eddy current frequency
B is the flux density

As we know,

Where s is the slip and f1 are the frequency of the stator.

Therefore,

pe = k.s?fZ?B?
The torque is given by the equation shown below.
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Now, the torque due to hysteresis loss is given by the equation shown below.

by = KB oF




The Torque due to hysteresis is given as
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From the equation (1) it is clear that the torque is proportional to the slip. Therefore, as the speed
of the rotor increases the value of T. decreases. As the speed of the motor reaches synchronous
speed, the slip becomes zero and torque also become zero.

As the electromagnet torque is developed by the motor is because of the hysteresis loss
and remains constant at all rotor speed until the breakdown torque. At the synchronous speed,
the eddy current torque is zero and only torque due to hysteresis loss is present.

REPULSION MOTOR:

Repulsion Motor is a special kind of single phase AC motor which works due to the repulsion of
similar poles. The stator of this motor is supplied with 1 phase AC supply and rotor circuit is
shorted through carbon brush.

Construction of
RepulsionMotor:

The main components of repulsion motor are stator, rotor and commutator brush assembly. The
stator carries a single phase exciting winding similar to the main winding of single phase
induction motor. The rotor has distributed DC winding connected to the commutator at one end
just like in DC motor. The carbon brushes are short circuited on themselves.
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In the above figure, the stator winding have single phase AC winding which produces
the working mmf in the air gap. The brushes on rotor are shown to be shorted. As the rotor circuit
is shorted, the rotor receives power from stator bytransformer action.

Workingprinciple of Repulsion
Motor:

The basic principle behind the working of repulsion motor is that “similar poles repel
each other.” This means two North poles will repel each other. Similarly, two South poles will
repel each other.

When the stator winding of repulsion motor is supplied with single phase AC, it
produces a magnetic flux along the direct axis as shown in figure above by arrow mark. This
magnetic flux when link with the rotor winding, creates an emf. Due to this emf, a rotor current is
produced. This rotor current in turn produces a magnetic flux which is directed along the brush
axis due to commutator assembly. Due to the interaction of stator and rotor produced
fluxes, an electromagnetic torque is produced. Let us discuss this aspect in detail.

In the above figure, the angle a between the stator produced field and brush axis is 90°. This
means, the brush axis is in quadrature with the direct. Under this condition, there will not be any
mutual induction between the stator and rotor windings. Therefore, no emf and hence no rotor
current is produced. Thus no electromagnetic torque is developed.

This means that motor will not run when o = 90°. As the stator produced flux is unaffected by the
zero rotor mmf, this condition is similar to the open circuittransformer. This is the reason, the
brush position of o = 90° is called open-circuit, no-load, high impedance or neutral position.

Let us now consider the case when o = 0° as shown in figure below.

Thus in repulsion motor, no electromagnetic torque is developed when the angle between
the stator and rotor magnetic flux axis is either 0 or 90°.

But actually the brush axis occupies a position somewhere in between a = 0° and a = 90°
as
shown in figure below.
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If the stator produced flux is assumed to be directed from A to B, then rotor produced flux must
also have a component in a direction opposite to stator produced flux. This is just
because of Lenz’s L.aw. Therefore the rotor flux will be directed from C to D. Notice that it
cannot be directed from D to C otherwise it will have a flux component directed toward A to B
which is violation of Lenz’s Law.

Since stator flux is toward A to B, South Pole (S1) is generated at A. Similarly South Pole (S2) is
generated on rotor at C. Since similar poles repel each other, S1 will repel S2. Due to
this repulsion between the like poles, motor will rotate in clockwise direction. This is the
reason; this motor is called Repulsion Motor. 1t is clear from the above figure and discussion
that, the direction of rotation of repulsion motor can be reversed by simply changing the brush
axis to the other side of filed winding (stator winding).

Stepper Motor:

A stepper motor (or step motor) is a brushless DC electric motor that can divide a full rotation
into a large number of steps. The shaft or spindle of a stepper motor rotates in discrete
step increments when electrical command pulses are applied to it in the proper sequence,
and the motor's position can be controlled precisely without any feedback mechanism (an
open-loop controller), as long as the motor is carefully sized to the
application.

Stepper motors may be used for locomotion, movement, positioning, and many other functions
where we need precise control of the position of a shaft, lever or other moving part of
a mechatronic
device.

Stepper motors are formed by coils and magnets and incorporate a shaft that moves when power
is applied. The difference between stepper and DC motors is the way the shaft moves. The rotor
moves by applying power to different coils in a predetermined sequence. The stepper motor can
also hold their position and resist rotation.

Types:

Variable Reluctance Stepper Motor
Permanent Magnet Stepper Motor
Hybrid Stepper Motor:

Variable Reluctance Stepper Motor:
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Variable-reluctance type stepper motors, that are the simplest type of steppers, consist of a soft
iron multi-toothed rotor and a wound stator. When DC is applied to the stator windings, the poles
become magnetized. Rotation occurs when the rotor teeth are attracted to the energized
stator poles. Since the magnets of the variable reluctance step motors are smaller and lighter than
those of permanent magnet step motors, they are faster. The smaller the area between the
rotor and thestator gears of VR type stepper motors, the less the loss of the
magnetic force.

Permanent MagnetStepper
Motor

The Permanent Magnet Stepper Motor has a stator construction similar to that of the single
stack variable reluctance motor. The rotor consists of permanent magnet poles of high retentivity
steel and is cylindrical in shape. The concentrating windings on diametrically opposite poles are
connected in series to form a two phase winding on the stator.

The rotor poles align with the stator teeth depending on the excitation of the winding. The two
coils AA’ connected in series to form a winding of Phase A. Similarly the two coil BB’
is connected in series forming a phase B windings.The figure below shows 4/2 Pole
Permanent Magnet Stepper Motor.
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In figure (a) the current flows start to the end of phase A. The phase winding is
denoted by A" and the current by i*A. The figure shows the condition when the phase winding is

excited with the current i*s. The south pole of the rotor is attracted by the stator phase A. Thus,
the magnetic axis of the stator and rotor coincide and o = 0°

Similarly, in the figure (b) the current flows from the start to the end at phase B. The current is
denoted by i's and the winding by B*. Considering the figure (b), the windings of phase A does

1




not carry any current and the phase B is excited by the i's current. The stator pole attracts the
rotor pole and the rotor moves by 90° in the clockwise direction. Here o = 90°

The figure (c) below shows that the current flows from the end to the start of the phase A. This
current is denoted by i aand the winding is denoted by A". The current i 5is opposite to
the current i*o. Here, phase B winding is de-energized and phase A winding is excited by the
current i s The rotor moves further 90° in clockwise direction and the a = 180°
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In the above figure (d), the current flows from end to starting point of phase B. The current is
represented by 1 g and the winding by B™. Phase A carries no current and the phase B is excited.
The rotor again moves further 90° and the value of o = 270°

Completing the one revolution of the rotor for making a = 360° the rotor moves further
90 degrees by de-energizing the winding of phase B and exciting the phase A. In the
permanent magnet stepper motor the direction of the rotation depends on the polarity of
the phase current.The sequence A", BY, A", B”, A" is followed by the clockwise movement of the
rotor and for the anticlockwise movement, the sequence becomes A* B, A, B*, A™.

The permanent magnet rotor with large number of poles is difficult to make, therefore, stepper
motors of this type are restricted to large step size in the range of 30 to 90°. They have higher
inertia and therefore, lower acceleration than variable stepper motors. The Permanent
Magnet stepper motor produces more torque than the Variable Reluctance Stepper Motor.

HybridStepper
Motor

The word Hybrid means combination or mixture. The Hybrid Stepper Motoris a combination of
the features of the Variable Reluctance Stepper Motor and Permanent Magnet Stepper Motor. In
the center of the rotor, an axial permanent magnet is provided. It is magnetized to produce a pair
of poles as North (N) and South (S) as shown in the figure below.
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At both the end of the axial magnet the end caps are provided, which contains an equal number of
teeth which are magnetized by the magnet. The figure of the cross section of the two end caps of
the rotor is shown below.

The stator has 8 poles, each of which has one coil and S number of teeth. There are 40 poles on
the stator, and each end cap has 50 teeth. As the stator and rotor teeth are 40 and 50 respectively,
the step angle is expressed as shown below.

The rotor teeth are perfectly aligned with the stator teeth. The teeth of the two end caps
are displaced from each other by half of the pole pitch. As the magnet is axially magnetized, all
the teeth on the left and right end cap acquire polarity as south and north pole respectively.

The coils on poles 1, 3, 5 and 7 are connected in series to form phase A. Similarly, the coils on
the poles 2, 4, 6 and 8 are connected in series to form phase B.

When Phase is excited by supplying a positive current, the stator poles 1 and 5 becomes South
poles and stator pole 3 and 7 becomes north poles.

Now, when the Phase A is de-energized, and phase B is excited, the rotor will turn by a full step
angle of 1.8° in the anticlockwise direction. The phase A is now energized negatively; the rotor
moves further by 1.8° in the same anti-clockwise direction. Further rotation of the rotor requires
phase B to be excited negatively.

Thus, to produce anticlockwise motion of the rotor the phases are energized in the
following sequence +A, +B, -A, -B, +B, +A For the clockwise rotation, the sequence is
+A, -B, +B,

+A.......

One of the main advantages of the Hybrid stepper motor is that, if the excitation of the motor is
removed the rotor continues to remain locked in the same position as before the removal of the
excitation. This is because of theDetent Torque produced by the permanent magnet.

Advantages of Hybrid Stepper
Motor

The advantages of the Hybrid Stepper Motor are as follows:-
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The length of the step is smaller.

It has greater torque.

Provides Detent Torque with the de-energized windings.
Higher efficiency at lower speed.

Lower stepping rate.
Disadvantages of Hybrid Stepper
Motor

The Hybrid Stepper Motor has the following drawbacks.

Higher inertia.
The weight of the motor is more because of the presence of the rotor magnet.
If the magnetic strength is varied, the performance of the motor is effected.

The cost of the Hybrid motor is more as compared to the Variable Reluctance Motor.

Servo Motor — Types and Working Principle

The servo motor is most commonly used for high technology devices in the industrial application
like automation technology. It is a self contained electrical device, that rotate parts of a machine

with high efficiency and great precision. The output shaft of this motor can be moved to
a particular angle. Servo motors are mainly used in home electronics, toys, cars, airplanes,
etc.This article discusses about what is a servo motor, servo motor working, servo motor types
and its applications.

Types of Servo Motor

Servo motors are classified into different types based on their application, such as AC
servo motor, DC servo motor, brushless DC servo motor, positional rotation, continuous rotation
and linear servo motor etc. Typical servo motors comprise of three wires namely, power control
and ground. The shape and size of these motors depend on their applications. RC servo motor is
the most common type of servo motor used in hobby applications, robotics due to their
simplicity, affordability and reliability of control by microprocessors.

DC Servo Motor

The motor which is used as a DC servo motor generally have a separate DC source in the field of
winding & armature winding. The control can be archived either by controlling the
armature current or field current. Field control includes some particular advantages over armature
control. In the same way armature control includes some advantages over field control.
Based on the applications the control should be applied to the DC servo motor. DC servo motor
provides very accurate and also fast respond to start or stop command signals due to the low
armature inductive reactance. DC servo motors are used in similar equipments and
computerized numerically controlled machines.
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AC Servo Motor

AC servo motor is an AC motor that includes encoder is used with controllers for giving closed
loop control and feedback. This motor can be placed to high accuracy and also
controlled precisely as compulsory for the applications. Frequently these motors have
higher designs of tolerance or better bearings and some simple designs also use higher
voltages in order to accomplish greater torque. Applications of an AC motormainly involve in
automation, robotics, CNC machinery, and other applications a high level of precision and
needful versatility.

Servo Motor Working

A unique design for servo motors are proposed in controlling the robotics and for control
applications. They are basically used to adjust the speed control at high torques and
accurate positioning. Parts required are motor position sensor and a highly developed controller.
These motors can be categorized according the servo motor controlled by servomechanism.
If DC motor is controlled using this mechanism, then it is named as a DC servo motor. Servo
motors are available in power ratings from fraction of a watt to 100 watts.The rotor of a servo
motor is designed longer in length and smaller in diameter so that it has low inertia. To know
more about this, please follow the link: Servo motor working principle and interfacing
with 8051 microcontroller
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