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CHAPTER-I

Induction Motor

Construction : ‘J
The induction motor mainly divided in to two parts. @V

(1) Stator (2) Rotor

In case of D. C. Motor basically it is divided into two main parts (i) Yoke ‘&%Eﬁture.
Yoke is outer & stationary part, similarly the outer portion of the induction papt known as

stator. It is also stationary part of the induction motor. The stator of the ction motor is

cylindrical in shape. )
The inner part of D. C. Motor i.e., armature is rota@;ure. Similarly the rotating

part of the induction motor is known as rotor. The rotor%

shape. ‘\%
Rotor is divided into two types. ,&

(i) Squirrel cage Rotor

e the stator. It is cylindrical in

(i) Phase wound Rotor(or Slip ring Rotor,

A\

Figure shows the digassémbled view of an induction motor with squirrel cage rotor.

(a) Stator (k@ﬁ:’) bearing shields (d)
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Fan (e) Ventilation grill (f) terminal box.

Similarly figure shows the disassembled view of a slip ring motor (a) stator (b) rotor (c)
bearing shields (d) Fan (e) Ventilation grill (f) Terminal box (g) Slip ring (h) brushes & brush
holder.



Production of Rotating Magnetic Field :

When 3 — phase stationary coils are fed with 3 — phase supply, a uniformly rotating

magnetic flux of constant magnitude will produce.

It will now be shown that when three — phase winding displaced in space by 120°, are %
fed by three phase currents, displaced in time by 120°, they produce a resultant magnetic

which rotates in space as if actual magnetic poles were being rotated mechanically@

The principle of a 3 — phase, two pole stator having three identic@ngs placed
120° space degree apart as shown in fig — 1.2. The flux due to three pl@gcadings is shown in

fig 1.3.

Q}) Fig 1.3
{ aximum value of flux due to any one of the three phases be ¢m. The resultant
fl at any instant is given by the vector sum of the individual fluxes ¢1, ¢ and ¢s due to

%e phases. Considering values of ¢ at four instants i.e. 1/6" time period apart corresponding

to points marked 0, 1, 2 & 3.



Proof :

Case — 1 : Resultant flux at origin i.e. when 6 = 0° At that time ¢1 = 0,

d2 = dm Sin < —120° = —ﬁ dm s = dpm Sin < —240° = —ﬂd)m.
2 2

As per law of parallerogram

$*= o> + ¢ +2d2-h3-Ccos6 0%

:>¢2=(|£¢ T+(ﬁ¢ @%‘bm'ﬁq) 1
) \2& 2 2

Resultant flux ¢r :

r K 2 m 2

= ¢r=1.5 ¢m

Case — Il : When 6 = 60°

Therefore ¢1 = ¢m Sin < 60° = 3 dm
2
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d2 = dm Sin < — 120° + 60° = pm Sin < — 60° = — om

and s = dm Sin < — 240° + 60° = ¢y Sin < — 180 = 0

case — 11 When 6 = 120°

$1 = dm Sin< 120° = f dm
2

b2 = dm Sin < — 120° + 120° = g Sin < 0° = 0 @'

V3 S
= m Sin < —240° + 120° = ¢y Sin< - 120°= —— ¢,
b3=9¢ ¢ 5 o «2»

¢r can be calculated as earlier

\
Similarly ¢r = 1.5¢m 6

"
Case — IV When 6 = 180° ék
b1 = bm Sin < 180° =0 Q%}
73

oo
Ok

¢3=¢m8in<—24o°+1§<§#Sin<—60°: _—23 m

Similarly ¢r can be calcul& earlier ¢r = 1.5 ¢m

Hence from the gbove\four cases we can draw a conclusion that the resultant flux (¢r)

inside the stator win any time = 1.5 ¢m and the resultant flux (¢r) rotates around the

stator at syncron@p@ed.

How the rotates
(%e rotor lies inside the stator. There is an air gap in between the stator and rotor. The

lots are provided with three Phase winding.

When three phase stator windings are fed by a 3-phase supply then a rotating magnetic

flux of constant magnitude will produce.

This rotating flux passes through air gap and cuts the stationary conductors on the rotor

. There is also a 3-phase rotor winding on the rotor. The stator and rotor windings act as

<
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primary and secondary windings of a 3-phase transformer. The air gap acts as core of the
transformer. The fluxes passes from stator to rotor winding through induction principle.

The rotating flux produces an emf in the rotor winding. The rotor winding is closed
circuit. Hence current will flow in the rotor conductors. When current will flow it will produce
the flux in the air gap. The flux in the rotor winding interacts with the flux in the stator winding

there by producing a torque, which is responsible for the rotation of the rotor.

Slip(s) : @V
The rotor never succeeds in catching up with the stator field. It is really did so, t @ e

en
would be no relative speed between the two, hence no rotor emf, no rotor curr 0 no

torque to maintain rotation. That in why the rotor runs at a speed which is alw. S than the
speed of the stator field. Q
The difference between synchronous speed Ns to the actual speed totor N; is known as

slip speed. Q%'\

Slip speed = Ns — N. @
. . N,— N \:
Slip (s) or % of Slip (s) = %xlOO %\

=S :_N|; N. \)
—Ns— N = ;Ns \CF»
N

:>Ns — SNS = Nr

=Ny(1-S) = Ny &Q

Therefore @speed Nr=N;s (1-S)

Ere of Rotor Current :

ﬁdthe rotor is stationary, the frequency of rotor current is the same as the supply frequency.
t when the rotor starts revolving, then the frequency depends upon the relative speed. Let the

frequency of the rotor current be f

Hence Ns- Nr== 12%]:



Ast:=120f
P
N,—N, 120f P
> = X
N, p 120f
:>S=i
f

Therefore f = Sf @:
Hence Rotor frequency = slip x supply frequency Q

Torgue of an Induction Motor : @

The torque of an induction motor is the torque produced at the roto@ce T=T: where
T: is the rotor torque.

"
In case of D.C. motor torque = Armature Torque = Ta &%
P
T =0.159¢ZI ( \N-m @%’

a (%)
&S
[Where 0.159, Z, P and A are all co@

There fore Ta = Kola
Where ¢ is the flux produc@'f‘iled winding which is pulsating in nature.

Similarly in case of \Tion motor the torque is also proportional to the product of

flux produced in stator agd roter current.

However e js another factor which is to be taken is power factor. Because in this
case both fluy@d rrent are alternating in nature.

@%re Tra ¢ 12 cos ¢z

&;Where I, — Rotor Current

¢ - flux produced in the stator.
d2— The phase angle between rotor emf and rotor current (Ez>and I>)
As ¢ a E2

Therefore Tr=T aE2 I2 cos ¢z



T=KEzI2cos ¢

Starting Torque :
The torque developed by the motor at the instant of starting is called starting torque.

Let  E> =Rotor emf per phase at stand still

R. = Rotor resistance / phase @V

X2 = Rotor reactance / phase at stand still

Z, = \JR% + X% = Rotor impedance / phase at stand still @

E R Q
Thenl,= 2= __E;  cosgo=_2=__R, C}
zZ, JR,+X% Z, R2+ X2 .

Stand still or starting torque Tst = K E2 |2 cos ¢2

OrTa=KE- —F2 . R KE;R%):

: , _

+ e TR
\/RZZ + R 2 \/RZZ + R 2 x 2

If supply voltage V remains constant, l@ﬂux ¢ and hence E> remain constant.

R %
——Therefore T K1 2
R o+ X V\)

R
= Tst= K 2 %’
1 Zg &
Starting Torqu@&irrel — cage Induction Motor :
t

The reSistance of a squirrel cage motor is fixed and small as compared to its reactance

which i @ arge especially at the start because at stand still, the frequency of the rotor

currents Bsgual the supply frequency. Hence the starting current I, of the rotor, though very

€ in magnitude, laggs by a very large angle E2, with the result that the starting torque per
pere is very poor. Hence, such motors are not useful where the motor has to start against

heavy loads.

Starting Torque of a slip-ring motor :

The starting torque of such motor is increased by improving its power factor by adding

external resistance in the rotor circuit from the star connected rheostat, the rheostat resistance
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being progressively cut out as the motor gathers speed. Addition of external resistance,
however increases the rotor impedance and so reduces the rotor current. At first, the effect of
improved power factor predominates the current—decrearing effect of impedance. Hence,
starting torque is increased. But after a certain point, the effect of increased impedance
predominates the effect of improved power factor and so the torque starts decreasing.

Condition for maximum starting Torque : 1

. _K:R,
AS starting torque Ta= R 2 n Xz @
2 2 Q

From mathematics we know that differentiation of a maximum quantity = 0 @’

D (Ts) = 0, when Ts = Maximum starting Torque

%
Therefore d(Ta) =0 @

dR, "
NYCAR N
S NS

L
=K ég—rﬂ)@Mﬂ §
AU %
| R. .|=0 %
'R N
2 U 2 2) \CJ?"

2 o) —d _d(pz, v
:>(R2+X2) d&& z\ljzdRz(R :-X)Z =0

\'(R3+X2)

:>R2+4)/<Z$)§)R2(2R2+0):0
:@%XZZZRZ:O
£
Q<Q X7 R?,

=Ry=X>

d
= dR

Hence the starting torque will be maximum when Rotor resistance = Rotor Reactance.



Rotor EMF and Rotor reactance under running condition :
Rotor EMF :  Let E; = Stand still rotor EMF / phase
Xo = Stand still rotor reactance / phase

When rotor starts rotating, the relative speed between rotor and rotating flux in the

stator starts decreasing.

Slip (s) = N = N, %’
. o
O

The rotor induced emf is directly proportional to this relative speed

ie. Er o (Ns— Ni) E2 %?»
— Er= K (Ns— Ny) Ez Cg%

N, - N,

jEr:_LN_ - E» 36.’
Therefore E; = SE» %%

Rotor Reactance :
The frequency of the rotor current %@
fr = sf %

Therefore X = 2rsfiL QQ)
= X, =2 nSfL‘%\'
= X;=$ 2%%;

Therefore X4= 2

Torque u@unning conditions :

&We know that starting torque Tst = KE2l2 cos ¢
herefore Tst a E2 12 cos ¢2
Q So the torque under running condition Tr o E; Ir cOS ¢r
Where E: = Rotor EMF/Phase under running condition
I = Rotor Current/Phase under running condition
AsEra ¢

Therefore Tra ¢ Ir - cOS or
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EI‘

lr=__ ButZ =Rz +jX; =Rz + j SXa
Z,

Cos ¢r = and I, = SE,

RZ
VR:+(SX,)
Therefore running torque Tr o Er I+ as ¢r

SEZ R 2

JRZ+(SX,)

Therefore Tr o ¢

1 SEZRZ
ad 2 2
R2+(S-X )
2 2

= T

=  AsErad

Otenu Tr o ZSEiRz ,
R+ (S-X)
2 2
Therefore T, = RZKlsg i;R( 2.,
TS
Tor nder stand still condition : ‘%

Nr =0 at stand still condition \)
Mty

Ns %
Therefore torqu @(dj&rstand still condition

N

JREE(S X7 JRE+(SX,)

@l’zion for maximum Torque under running condition :

The torque of a rotor under running condition

K SE°R

The conditions for maximum torque may be obtained by differentiating the above

equation w.r.t slip (s) and then putting it equal to zero.



1 . -
Let Y = _ (For to make the differentiation easy)

T,
2
Therefore Y = R*+ (SX 2)
1 2 2
SX?

Y=\ op? b
=~ Y= KSE2 "KER
2 2 2

1 1

. . . dy
For maximum torque under running condition __ =0

_ d |( R |\ d |(| sX? ||\ ® ?’
9\ KIE T B KER )T <§>
d (R Yood (sxX?) Q

= + |:o 6

- | — N 2
ds|\SE,) dS (EiRz)

. _ d 2 d 2) . p2
drR, SE? - R_d (SE?) SE)ERZ%

- R E? Xz2 0
= SZ|ZE‘212 ' 2 2_\C_)i
R, = x2 &§

‘i =X,
@Therefore Rz = SX,

Hence the torque under running condition will be maximum when Rz = SX»

As the torque under running condition
K SE°R
1 2 2

RZ+(SX ¥
2 2

Tr:
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Putting the value Rz = SX»

Therefore Tr = Tr (max) = K SE?'SX 2 2
YSX,) +(SX,)

KS?E2X, KE?
2 2 _ 2
28°X°, 72X,

2
Hence Tr (max) = KE, %
2, @'

Relation between full load Torque and Maximum Torque : @y

= Tr(max) =

2
As Torque (T) = K:I_SE zR 2

RZ+(SX ) Q
L &
E. is practically constant C} )
_K, SR %
Hence T= Rz :_(S_Xz? %\
2 2 %

SR ,%%
Therefore T 2
’ R+ (sxz)2 \

Taking full load slip as Srat full Ioa@ Tt

Therefore Tt a%@
K E’ (&'
AS Trax = . 2 C)

w{@; ..................................................... "

Q 2X,
T
-

&% : SR 2X
- 2 ya N2 X a
Q)Q i R*F(SX) 1
ax 2 f 2
: Te  25R,X,
T +
max 2 f 2

Dividing X’ on both side



R
2s *
T. .- .'X
=T = R0
max —§+SZf
2
Taking &: a
X,
T 235

a2 2
T 2 +S,

Ingeneral operating Torque

s — operating slip

Relation ween starting Tor nd Maximum Tor :

Maximum Torque  S'+a’

T, " ERZE
As Ty
T,
R
=>Ts a -R—Esz-Z—
2 2
But T, o L
2X

13
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Tst Za
= = >
i a” +1
Relation ween Tor nd sli

KSE’R
As Torque (T) = 2 2

REFSX )

2 2

Taking Torque in Y axis and slip in X axis

\ :
\ \
N\ \ |
N
| AR
| |
| ! 1 N
1.0 08 0.6 0.4 0.2 0
Slip
=l 1 |
0 0.2 0.4 0.6 0.8
Speed % of Ng >

Fig. 1.5
At origini.e. S=0,torque T =0

Therefore the curve starts from origin. At norm

1.0 .’
, closed to synoronism that is
when N is very near to Ns, then slip is very nearly e@ ero.
Therefore SXo<< R» %C}

SE’R
=T o 22 {Neglecting (SX2)*}
R; %
(Taking supply voltag

@ t so Ez is also constant)
S &
=>Ta — C)

e

2
laf induction motor R> is constant.
He oS

é&%

refore low valve of slip, torque is directly proportional to slip. Hence the curve is
line for low valve of slip.

As slip increases the torque also increases and becomes maximum when = R, = SX;
. R
ie. S=_2
X;
As the slip further increases (SX2) becomes higher compare to R..

Hence R> can be neglected in compare to (SXz2)
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= Ta S ,
(s ,)

= Ta 1
sX?

Taking Xz is constant for a particular induction motor

Therefore T a 1_ %
S
So beyond the point of maximum torque any further increase in slip, results in decr%

torque

Meth f standing of In ion M %

The operation of the squirrel cage induction motor is similar t@sformer having
short circuited on the secondary side.

% ’
Due to short circuited on the rotor circuit it will take@current when it is directly

switched on. Generally when direct switched, take five t imes of their full load current.

This initial excessive current is objectionable, becau;@ produce large line voltage drop.

Hence it is not advisable to start direc rs of rating above 5 KW. But the starting

torque of an induction motor can be impro@ increasing the resistance of the rotor circuit.

This is easily feasible in the case of g induction motor but not in the case of squirrel
cage motors. However, in their |n|tial in rush of current is controlled by applying a
reduced voltage to the stato @lhe starting period, full normal voltage being applied when

the motor has run up to sce)

Method of Startj H3quirrel Cage Motor :

PR
()Q

) 4
Star — Delta Method

QQ);( Auto transformer Method

In the above methods, the supply voltage to the squirrel cage motor is

reduced during starting.

1) Resistor Method : L LT
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In this method the resistors are connected in series with the stator phases, to give

reduced voltage to the stator winding.

When resistors are connected in series with the stator phases, the current in the stator
phases will reduce. If the voltage applied across the motor terminals is reduced by 50%,

starting current is reduced by 50%.

Fig 1.6
When the motor starts running the resistances in the circuit is gradually cut out and full ‘1

voltage is applied to the stator circuit. This method is useful for the smooth starting of sr&,

machines only. Q

2) Star — Delta Starter :

This method is used in the case of motors which are built 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 @
for normal running. é

At starting, when star connected, the applied VO@VE each /
motor phases is reduced by afactor }/ . Hence d rting, when .
e C

motor is star connected it takes %/ﬁ times h as starting current.

When the motor catches th&sjka\gth% of its normal speed switch is changed to delta

positions at that time VL = V.

Auto Transformer Met(o&:d:
This starter'@pﬁlarly known as auto starter in auto

transformer c%e dary side gets less voltage in compare to
primar)qi(D

Q):As shown in the figure, at starting condition, a reduced

voltage is applied across the mo terminals. When the motor

Stator

catches the speed 80% of its normal speed, connections are @m

changed to running position, then full supply voltage is

applied across the motor.
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Most of the auto starters are provided with 3 — sets of taps so as to reduced the voltage

to 80, 65 or 50 percent of line voltage.

Slip ring Motor :

Rotor Rheostat Method : @
These motors are practically always started with full line voltage applied aY@n

stator terminals. The value of starting current is adjusted by introducing a variabla%st nce i

the rotor circuit.
C «{

ey P 3-¢ Supply

Stator &f %
)

Rotor
Slip Rings Rheostat

C} Fig 1.9
The controlling res}@in the form of a rheostat, connected in star, the resistance

being gradually cut — @jh rotor circuit, as the motor gathers speed

Speed Control tion Motor :

5 @

Th of an induction motor can be changed under two main headings.

i Control from stator side

@ii) Control from Rotor side - -
? Control from stator side : : 'w*l‘ Epl
(@  Bychanging the applied voltage 1

(b)  Bychanging the applied frequency

(c) By changing the no of stator poles.
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(i) Control from Rotor side :
(a) Rotor Rheostatic Control
(b) Cascade operation Fig 1.10

(c) By injecting emf in the rotor circuit

<

By changing applied voltage : @
This method is the easiest way for controlling speed of an induction motor. B@i
method is rarely used for the following reasons. ?’

(i) A large change in voltage is required for a small change in speed.

(ii) Due to the connection of resistances in the stator phases, large :’Sr loss occurs at
the resistors. !

When the resistances are added in the stator circ@ge across the stator phase

decreases. %
2
KV R, ®% )
= Torque T = K; V? \3)

The torque depends @pply voltage on the stator terminals, when V will decrease

T will decrease hence sp I'decrease.

By Charging th@%’r‘ of stator poles :
ho

This is easily applicable to squirrel cage motors because the squirrel cage rotor

Astorque (T) =

=T a\V?

adopts(i{@ any reasonable number of stator poles.

The change in number of stator poles is achieved by having two more entirely
@e endent stator windings in the same slots. Each winding gives a different number of poles

and hence different synchronous speed.

Rotor Rheostatic Control :

This method is applicable to slip ring motors alone. The motor speed is reduced by

introducing an external resistance in the rotor circuit.
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3-Phase Starting Rheostat
Supply ﬁj & Speed Controller

Rotor

Collector

Rings

For this purpose the rotor starter may be used. Q@v

As torque (T) o S_ @

R,

By increasing the motor resistance torque will decrease. Hence speedq'll crease.

Fig 1.11

Motor Enclosures : gﬂ
Enclosed and semi-enclosed motors are practically i@ with open motors in
y

mechanical construction and in their operating charactersti different types of frames

or enclosures are available to suit particular require ome of the common type of

enclosures are given below. x

(i) Totally enclosed, Non ventilate
(i) Splash — Proof type
(iif)  Totally enclosed, Fan cooted type.

(iv)  Cowl covered mOtOXCJ

(V) Protected Typ
(vi)
(vii) i ntilated Type

(viii) S tely (Forced) Ventilated Type.

Induction G%ra or:

(%r:ghe rotor of an induction motor runs faster than its synchronous speed at that time
h ﬁyc I

t on motor runs as a generator called Induction generator. It converts the mechanical
@%ﬁ/ it receives into electrical energy is released by the stator.

o
= Pr| | |dLe
SE— e — L1
1| & |—— |
| il
. P
Petrol Induction

Engine Machine
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Fig 12
Figure shows a ordinary squirrel cage induction motor which is driven by a petrol
engine and is connected to a 3 — phase line. As soon as motor speed exceeds its synchronous
speed, it starts delivering active power P to the 3 — phase line. However, for creating its own

magnetic field, it absorbs reactive power Q from the line to which it connected. I

&
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CHAPTER-II

(Alternators)

INTRODUCTION

An alternating voltage is generated in a single conductor/coil rotating in a uniform
magnetic field with stationary field poles .Similarly, an alternating voltage will also be
generated in a stationary conductor/coil when the field poles rotate past the conductor/coil %’
, as it is the relative motion between the field and the conductor/coil that matters so
emf induction in a conductor/coil is concerned. The wave shapes of voltage in both % es

are sinusoidal as the wave shape of magnetic flux is sinusoidal.

In D.C. generators , the field poles are stationary and the ture conductors
rotate.The voltage generated in the armature conductors is of rhating nature. This

.’
generated alternating voltage is converted to a direct voltage at th s with the help of the

commutator. %\

A.C. generators are usually called Alternato y are also called Synchronous
generators. Rotating machines that rotate at a s@ xed by the supply frequency and the
number of poles are called synchronous mach‘i%

A synchronous generator is a machirte/for converting mechanical power from a prime

at a constant speed called the

mover to ac electric power at a speci age and frequency .A synchronous machine rotates
onous speed.Synchronous machines are usually of 3-

phase type because of @US advantages of 3-phase Generation,Transmission and

Distribution.Large syn @
power at thermal ,hydrdzand nuclear power stations.

s generators of several MVA ratings are used to generate bulk

ADVANTA@%& ROTATING FIELD ALTERNATOR

os;alternators have the rotating field and the stationary armature.The rotating-field
t@rnator has several advantages over the rotationg-armature type alternator.

Q (1) A stationary armature is more easily insulated for the high yoltage for which the
alternator is designed. This generated voltage may be as high as 33KV.
(2) The armature windings can be braced better mechanically against high electro-magnetic
forces due to large short-circuit currents when the armature windings are in the stator.
(3) The armature windings, being stationary, are not subjected to vibration and centrifugal

forces.
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(4) The output current can be taken directly from fixed terminals on the stationary armature
without using slip rings, brushes, etc.

(5) The rotating field is supplied with direct current. Usually the field voltage is between
100 to 500 volts. 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.
The insulation of the two relatively low voltage slip rings form the shaft can be

provided easily.

(6) The bulk and weight of the armature windings are substantially greater than @v

windings of the field poles. The size of the machine is, therefore, reduced.

(7) Rotating field is comparatively light and can be constructed for high spe W on.
The armatures of large alternators are forced cooled with circulating gas %
(8) The stationary armature may be cooled more easily because the ar re tan be made

large to provide a number of cooling ducts.

SPEED AND FREQUENCY @,

%P\ the number of field poles and on

te cycle of voltage is generated in an

The frequency of the generated voltage depend

the speed at which the field poles are rotated. On

armature coil when a pair of field poles (one one south pole) passes over the coil.

P= pair of field poles \C) z
N= speed of the field poléd)&%ﬁ

n=speed of the field pﬁé)m r.p.s.
f= frequenc %%gﬁnerated voltage in Hz

Let P =total number of field poles

In one revolution of the rotor, an armature coil is cut by g north poles and Ep south poles. Since

one cycle is generated in an armature coil when a pair of field poles passes over the coil, the
number of cycles generated in one revolution of the rotor will be equal to the number of pairs

of poles. That is,

o
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Number of cycles per revolution = p
Also, number of revolutions per second=n

Now frequency=number of cycles per second

_number of cyclss Xrevo[utom

revolutons sgconds

o P X M 1.3 k’
Since n =N/60 and p=p/2 Q@v

B i 1.4 &2»3
120 %

Equation(1.2) and (1.4) give the relationship between the numbe@oles, speed and
frequency.

N
SYNCHRONOUS SPEED $

FromEq.(1.4) @
NS=227 C@)

Equation (1.5) shows that the rotor s N bears a constant relationship with the field
poles and the frequency of the genera% tage in the armature winding. The speed given by
Eq. (1.5) us called synchronous¢speed” . . A machine which runs at synchronous speed is
called synchronous machine. , a synchronous machine is an a.c. machine in which the
rotor moves at a spee @h bears a constant relationship to the frequency of the generated
voltage in the armature\winding and the number of poles of the machine .Table 1.1 gives the

number of pOIQS nchronous speeds for a power frequency of 50H..

Q Table 1.1
S\

Wber of poles Synchronous speed Nz in r.p.m.
Y 2 3000
Q 4 1500
6 1000
8 750
10 600
12 500

EXMPLE 1.1
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Calculate the highest speed at which (a) 50H; (b) 60 H, alternator can be

operated.
Solution

Since it is not possible to have fewer than 2 poles, the minimum value of p= 2.

Pris
120

N, = iz2of @V
‘p ;

For a minimum value of P the speed N will be a maximum. ®

(@) f=50Hz, p=2
N5:120350 = 3000r.p.m.(Ans.) C)
2

(b) =60 Hz, p=2

120K &0
N5 =
=

= 3600r.p.m.(Ans.)

CONSTRUCTION OF THR@(ASE SYNCHRONOUS

MACHINES N
Nad

Similar to other rotatin ines, an alternator consists of two main parts namely, the
stator and the rotor. The %s'the stationary part of the machine. It carries the armature
winding in which the Is generated. The output of the machine is taken from the stator.
The rotor is the %@ém of the machine. The rotor produces the main field flux.

éQR CONSTRUCTION

ST
(%e various parts of the stator include the frame, stator core, stator windings and
coghing arrangement. The frame may be of cast iron for small-size machines and of welded
| type for large size machines. In order to reduce hysteresis and Eddy-current losses, the
stator core is assembled with high grade silicon content steel laminations. A  3-phase winding
is put in the short cut on the inner periphery of the stator as shown in Fig.1. The winding is
star connected. The winding of each phase is distributed over slots . When current flows in a

distributed winding it produces an essentially sinusoidal space distribution of emf.
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_ stator core

Figure 1.1 Alternator stator @b

.}
There are two types of rotor constructions namely@sai;ient-pole type and the
cylindrical rotor type. @,

NS
Salient-Pole Rotor C§
%

ROTOR CONSTRUCTION

The term salient means ‘prot ud&’or ‘projecting’. Thus, a salient-pole rotor
consists of poles projecting out froE t face of the rotor cor. Figure 1.2 shows the end view

of a typical 6-pole salient-pole alient-pole rotors are normally used for rotors with four

or more poles. &%’

Since the rot ubjected to changing magnetic fields, it is made of this steel
laminations to ddy current losses. Poles of identical dimensions are assembled by
stacking lami [%s)to the required length and then riveted together. After placing the field
coil aro n@h pole body, these poles are fitted by a dove-tail joint to a steel spider keyed to
the (&alient-pole rotors have concentrated winding on the poles. Damper bars are usually
i g in the pole faces to damp out the rotor oscillations during sudden change in load

ditions. A salient-pole synchronous machine has a non-uniform air gap. The air gap is
minimum under the pole centres and it is maximum in between the poles. The pole faces are
so shaped that the radial air gap length increases from the pole centre to the pole tips so that the
flux distribution in the air gap is sinusoidal. This will help the machine to generate sinusoidal

emf.
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Figure 1.2 Six-pole salient-pole rotorg;
0’

The individual field-pole windings are connected in seri ve alternate north and
south polarities. The ends of the field windings are connecte source(a dc generator or a
rectifier)through the brushes on the slip rings. The slip re metal rings mounted on the

shaft and insulated from it. They are used to carry@ to or from the rotating part of the

machine (usually ac machine) via carbon brushé.g

Salient-pole generators have e number of poles at lower speeds. A salient-

pole generator has comparatively a Ia@émeter and a short axial length. The large diameter

accommodates a large number oj\ole

Salient-pole alterna@'ﬁven by water turbines are called hydro-alternators or

hydro-generators. -generators with relatively higher speeds are used with impulse

turbines and horj

reaction and @I
i)

rical Rotor

configuration. Hydro-generators with lower speeds are used with

urbines and have vertical configuration.

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

r so constructed that it forms a smooth cylinder. The construction is such that there are no
physical poles to be seen as in the salient-pole construction. Cylindrical rotors are made from
solid forgings of high grade nickel-chrome-molybdenum steel. In about two-third of the rotor
periphery, slots are cut at regular intervals and parallel to the shaft. The dc field windings are
accommodated in these slots. The winding is of distributed type. The un slotted portion of the

rotor forms two (or four) pole faces. A cylindrical rotor machine has a comparatively small
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diameter and long axial length. Such a construction limits the centrifugal forces. Thus,
cylindrical rotors are particularly useful in high-speed machines. The cylindrical rotor type
alternator has two or four poles on the rotor. Such a construction provides a greater mechanical
strength and permits more accurate dynamic balancing. The smooth rotor of the machine
makes less windage losses and the operation is less noisy because of uniform air gap.

Figure 1.3 End views of two-pole and four cylindrical rotors

Figure 1.3 shows end views of 2-pole and 4-

machines are driven by seam are gas turbines. C@
called turbo-alternators or turbo-generators: h machines have always horizontal

indrical rotors. Cylindrical rotor

cal rotor synchronous generators are

configuration installation. The machines ilt in a number of ratings from 10 MVA

installed in super thermal power plan s.\)
EXCITATION SY ‘R@AS FOR SYNCHRONOUS MACHINES

Excitation mean@ction of flux by passing current in the field winding.

Dir %&ent is required to excite the field winding on the rotor of the
synchronous %és. For small machines, dc is supplied to the rotor field by a dc generator
called exc his exciter may be supplied current by a smaller dc generator called pilot
excitef. \I'he main and pilot exciters are mounted on the main shaft of the synchronous
m@%nermor or motor).The dc output of the main exciter is giber to the field winding of

@ ynchronous machine through brushes and slip rings. In smaller machines, the pilot exciter
may be omitted, but this arrangement is not very sensitive or quick acting when changes of the

field current are required by the synchronous machine.

For medium size machines a .c. exciters are used in place of d. ¢ .exciters. A.C.
exciters are three-phase a. c. generators. The output of a.c. exciter is rectified and supplied

through brushes and slip-rings to the rotor winding of the main synchronous machine.
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For large synchronous generators with ratings of few hundred megawatts, the excitation
requirements become very large. The problem of conveying such amounts of power through
high-speed sliding contacts becomes formidable. At present , large synchronous generators and
synchronous motors are using brushless excitation systems. A brushless exciter is a small
direct-coupled a . c. generator with its field circuit on the stator and the armature circuit on the
rotor. The three-phase output of the ac exciter generator is rectified by solid-state rectifiers.

The rectified output is connected directly to the field winding, thus eliminating the use of %

brushes and slip rings.

A brushless excitation system requires less maintenance due to absence of l@es
and slip rings. The power loss is also reduced. %

The d. c. required for the field of the exciter itself is sometimes ided by a small
pilot exciter. A pilot exciter is a small a. c. generator with permanent ma@mounted on the
rotor shaft and a three-phase winding on the stator. The permanent nets of the pilot exciter
produce the field current of the exciter. The exciter supplie ield current of the main
machine. The use of a pilot exciter makes the excitation% main generator completely

independent of external supplies. %\@

VOLTAGE GENERATION C}

The rotor of the alternator is run :ﬁ? proper speed by its prime mover. The prime

mover is a machine which supplm chanical energy input to the alternator. The prime
speed

movers used for a low and medi alternators are water wheels or hydraulic turbines.
Steam and gas turbines are prime movers in large alternators and run at high speeds.
The steam-turbine drivefl alternators are called turboalternators or turbogenerators . As the
poles of the rotor m under the armature conductors on the stator, the field flux cuts
armature condu herefore voltage is generated in these conductors. This voltage is of
alternatingg e, since poles of alternate poles of alternate polarity successively pass by a

given ;% nductor. A 3-phase alternator has a stator with three sets of windings arranged
s@h re is a mutual phase displacement of 120°. These windings are connected in star to
d

D

e a 3-phase output.
E. M.F. EQUATION OF AN ALTERNATOR
® = useful flux per pole in webers (Wb)

P= total number of poles

Z = total number of conductors or coil sides in sries per phase
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T,= total number of coils or turns per phase
n= speed of rotation of rotor in revolutions per second(r. p. S)
f= frequency of generated voltage(H;)

Since the flux per pole is @ ,each stator conductor cuts a flux P®.

The average value of generated voltage per conductor %
_ Flux cut per revolution in Wb @
time taken for one revolution in seconds \ Q
Since n revolutions are made in one second, one revolution will be mad second.

Therefore the time for one revolution of the armature is 1/n second@average

voltage generated per conductor C}-,
o \s
E,./ conductor = — = np® volts.............. % ...................... 1.6
1jn Q)

_ BN _ Pn Q)
We know that f=— g ‘\ék . ............................................... 1.7

Pn= 2%% )
Substituting the value of Pn in@ﬂ%), we get

E_.lco 2 L T 1.8

Since there are Z§ conductors in series per phase, the average voltage generated per

phase is given by \%)

E /088 E 20D Z i 1.9

(@ch one turn or coil has two sides, £ =2T; and the expression for the average generated

v@per phase can be written as

Eas/ phase =4 DT, ... 1.10

For the voltage wave, the form factor is given by

r.msvalue
3:2_1; =

wureruye value
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For a sinusoidal voltage, #s= 1.11. Therefore , the r.m.s. value of the generated voltage per

phase can be written as
E, n-/phase =ksxE_, /phase= 1.11x4fDOT;
=4.44 fOT,

The suffix r. m. s. is usually deleted , The r.m.s.value of the generated voltage per phase is ‘1

given by @
Ep = 4A4M Ty 111 Q

&

Equation( 1.11) has been derived with the following assumptions : Q%

(@) Coails have got full pitch. Q
(b) All the conductors are concentrated in one stator slot. : C}
‘% ’

ARMATURE WINDINGS Q}

The winding through which a current is pas‘\ef% produce the main flux is called the
[

field winding. The winding in which voltag uced is called armature winding. For

synchronous machines the field windings afg»on,the rotor.Therefore,the terms rotor windings
and field windings are used interchan@@ly. Also,the armature windings are on the stator.
Therefore, the term stator Winding@mature windings are used interchangeably.

Some basic terms r;{@the armature winding are defined as follows :

A TURN cons@o conductors connected to one end by an end connector.
A coil i:@!& by connecting several turns in series .

Th@%@oil and windings are shown schematically in figure 1.4.

Q(,%: beginning of the turn, or coil, is identified by the symbol S(Start) and the end of

g%kn or coil by the symbol F(Finish).

The concept of electrical degrees is very useful in the study of machine. If

8 _..n = Mechanical degrees or angular measure in space
B,..: = electrical degrees or angular measure in cycles

For a P-pole machine electrical degree is defined as follows:
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[ =

aeler' = Emer_'l-'.

The advantage of this notation is that expressions written in terms of electrical angles

apply to machines having any number of poles.

The angular distance between the centres of two adjacent poles on a machine is

known as pole pitch or pole span.

One pole pitch =1802, :Eﬁf'j_md @

Regardless of the number of poles in the machine , a pole pitch is always 180 e

degrees. \b
B 3

Ve

m@) |
C(}% Figure 1.4 Turn, coil and winding
&
S
5

% COIL-SPAN FACTOR OR PITCH FACTOR

The distance between the two sides of a coil is called the coil span or coil pitch.The
angular distance between the central line of one pole to the central line of the next pole is
called pole pitch.a pole pitch is always 180 electrical degrees regardless of the number of poles
on the machine.A coil having a span equal to 180 degree electrical is called a full-pitch coil as

shown in figure 1.5(a).



32

A coil having a span less than 180 electrical degrees is called a short-pitch coil or
fractional pitch coil.lt is also called a chorded coil.A stator winding using fractional-pitch coils
is called a chorded winding.If the span of the coil is reduced by an angle of eletrical

degrees,the coil span will be (180- g electrical degrees as shown in figure 1.6(a).

In case of full-pitch coil two coil sides span a distance exactly equal to the pole pitch of
180 electrical degrees .As a result, the voltage generated in a full-pitch coil is such that the coil 1
side voltages are in phase as shown in figure 1.5(b).Let Ec3& Ecz be the voltages generated@V

the coil sides and E the resultant coil voltage. Then

Eg =Egy +Eg %Z
Let |Ecl|=|Ec2|=E1 Q

Since E¢3 & Egzare in phase,the resultant coil voltage Eg is eq uas 0 marlthmetlc sum.

Eg =Eg +Eg:=2E, &'
S -8

N

Ve

{n:l'_ e,

Fig. 1.5




33
If the coil span of a single coil is less than the pole pitch of 180% (elec.), the voltage
generated in each coil side are not in phase.The resultant coil voltage E. is equal to the phasor

sum of E¢y&Ecs.

If the coil span is reduced by an angle = elctrical degrees,the coil span is be (180-%
electrical degrees.The voltage generated Ez;&Egz intwo coil sides will be out of phase w.r.t
each other by an angle o electrical degree as shown in figure 1.6(b) .the %

phasor sum of

Eci&Egz is E¢(=AC). ?&V

The coil span factor or pitch factor k. is defined as the ratio of voltag@%ted in
the short-pitch coil to the voltage generated in the full-pitch coil. The coitﬂn actor is also
called the chording factor.

"

ko = Actual veltage gensrated in the coil £
¢ voltage generated in the coil of span 12807 glgc@

Phasor sum of voltages of two caii{s(&agx

arithmetic sum of the voltages of tw sides

AC _ 24D
=——=——=2C0S

248 2AE8
. Qt

2 &
For full-pitch c@, so, COS ;zl and k¢=1.For a short-pitch coil k¢ < 1.
Advaﬁg%)of short pitching or chording

&@)rtens the ends of the winding and therefore there is aa saving in the conductor

% material.
Q 2. Reduces the effects of distorting harmonics, and thus the wave form of the

generated voltage is improved and making it approach a sine wave.
DISTRIBUTION FACTOR OR BREADTH FACTOR k;

In a concentrated winding ,the coil sides of a given phase are concentrated in a single

slot under a given pole. The individual coil voltages induced are in phase with each
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other.These voltages may be added arithmetically. In order to determine the induced voltages
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induced per phase, a given coil voltage is multiplied by the number of series —connected coils
per phase. In actual practice, in each phase, coils are not concentrated in a single slot, but are
distributed in a number of slots in space to form a polar group under each pole. The voltages
induced in coil-sides constituting a polar group are not in phase but differ by an angle equal to the
angular displacement £ of the slots.The total voltage induced in any phase will be the phasor sum of

the individual coil voltages.

The distribution factor or breadth factor is defined as the ratio of the actual voltage ‘J
obtained to the possible voltage if all the coils of a polar group were concentrated in a sir@v
slot.

arithmetic sum of coil voltages per phase

Phasor sum of coil veltages per phase
ka = ! ges per» 4\2&113

Let m = the slots per pole per phase ,that is slots per phase belt 6{

.’
M= e ,%C§ ............... 1.14
Poles x Phases \

f= Angular displacement between adjacent slots in ical degrees

1207 180° xpol
B = 1000 xwoles \s ............................... 1.15
slots fpole slots ;
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Thus, one phase of the winding consists of coils arranged in m consecutive slots.

Voltage E_4, E.s & E_g,........ are the individual coil voltages .Each coil voltage E, will be
out of phase with the next coil voltage by the slot pitch # .Figure 1.7 shows the voltage

polygon of the induced voltages in the four coils of a group(m=4).The voltages E_,, E.;, E.3,

and E_, are represented by phasors AB,BC,CD and DF respectively in figure 1.7.Each of these

phasors is a chord of a circle with center o and subtends an angle § at O.The phasor sum AF,

representing the resultant winding voltage ,subtends anangle m 5 at the center.
Arithmatic sum of individual coil voltages Q@v
=mE_=mAB=m (2AM) %?»
>
=2msin Aom =2m OA sing @

) m
Phasor sum of individual coil voltages = AF = 2AG6 =2 iTHO0G = 204 smz—ﬁ

i%king the oil span factor and the distribution factor into acount ,the actual generated voltage
e is given by Ep =4.44 K K0T,

e 1.17
Equation (1.17) is called the complete emf equation of an alternator.

The quantity (K.KsT) is sometimes called effective turns per phase Ty .

Top S KoKaTy oo 1.18
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It ia smaller than the actual number of turns per phase due to fractional pitch coils and due to

distribution of winding over several slots under each pole.

The coil span factor and distribution factor of a winding are sometimes combined into a

single winding factor K, which is the product of K. and K, Thatis

Ky = KoKa coneneiiiie i, 1.19 %
N

For a star connected alternator , the line voltage is +'3 times the phase voltage . %Z

EL == ‘VIE Eph :Q
Alternative terms for the voltage E are ; C} Ny

Open circuit voltage per phase %
No-Load voltage per phase ;@

Excitation voltage per phase

Internal voltage per phase %E

Voltage behind synchronou r?&a ce per phase

The angle between the@inal voltage V and the internal voltage E is the machine

angle or rotor angle & .

8 conduct

RS

Exampl%
A &e , 50 Hz, 8-pole alternator has a star-connected winding with 120 slots and

er slot.The flux per pole is 0.05 Wb, sinusoidally distributed.Determine the

ph Qﬁgﬁine voltages.

Solution :

Let us take the full-pitch coil,

So, % =0, K.= cos~=cos0° =1

120
slots — =50 Hz
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_ 1209 xpoles _ 1207% x8 _

=12
B slots 120

., mp , Bz

slm—— Sl
Ki=——25 = —25 = 0.9567

m sin_ 2 Stes

Conductors per phase =, Z =3§-30 Q@v

Total number of conductors = conductors per slot X number of slots = 8 x 120 = 960

Generated voltage per phase = E, =2.22 K Kif®EZ, @
= 2.22 x1 x0.9567 x 50 x 0.05 x 320 :@g,\/olts

Generated Line voltage = E; = \/3 Eph_ =3 x 16‘99\: 'é volts.
ARMATURE LEAKAGE REACTANC@),;
In a n ac machine ,any flux set up by the lo ent which does not contribute to the

usuful flux of the machine is a leakage flux. T% ct of this leakage flux is to set up a self-
induced emf in the armature windings. %

The leakage fluxes may be C|W as follows :

1. Slot leakage \C)
a;e

2. Tooth headde

3. Coil-en% er-hang leakage

The voltages ind@tﬁ the armature windings by the air-gap flux is called the air-gap

voltages. &

(%ge leakage fluxes also induce voltages in the armature windings .These are taken into
@r by introduction of leakage reactance drops. Most of the reluctances of the magnetic

ﬁuits for armature leakage fluxes are due to air paths. The fluxes are therefore nearly
proportional to the armature currents producing them and are in phase with these currents. For
this reason, the voltages they induce in the armature windings can be taken into account by the
use of constant leakage reactances for the phases, which multiplied by the phase currents ,
give the component voltages induced in the phases of the leakage flux. These voltages are the

leakage reactance drops and lead the currents producing them by 90°.
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ARMATURE REACTION

When load current flows through the armature windings of an alternator, the resulting
mmf produces flux. This armature flux reacts with the main-pole flux, causing the resultant
flux to become either less than or more than the original main flux. The effect of the
armature(stator) flux on the flux produced by the rotor field poles is called armature
reaction. The armature reaction flux is constant in magnitude and rotates at synchronous
speed. The armature reaction depends upon the power factor of the load. If the armatur
reaction flux is assumed to act independently of the main field flux, it induces a voltage in

phase which lag the respective phase currents by 90°. It is to be noted that armature xeattion

effects are seen to be an essential part of the torque producing mechanism. :&b

Two things are worth noting about the armature reaction in a@ma‘ror. First,the

armature flux and the flux produced by rotor ampere-turns rotate the same speed

(synchronous speed) in the same direction and,therefore,the t x.’are fixed in space

relative to each other.Secondly,the modification of flux in i2gap due to armature flux

depends on the magnitude of stator current and on the }%:'tor of the load.It is the load

power factor which determines whether the armatul%g distorts,opposes or helps the flux
n

produced by rotor ampere-turns.To illustrate this @

be considered : @

(i) When load p.f. is unity \)

(i) When load p.f. is zero Iag\

(iii) When load p.f. is@@;ing

When Ioad\p.) s unity : Figure 1.7.1(i) shows an elementary alternator on no-
e

t point,the following three cases may

load.since the ar iS on open-circuit, there is no stator current in the flux due to rotor

current is (@ ted symmetrically in the air-gap as shown in fig.1.7.1(i).Since the direction of

the r is assumed clockwise, the generated e.m.f in phase R4 R is at its maximum and is

s the paper in the conductor Ry and outwards in conductor R5 . No armature flux is

oduced since no current flows in the armature winding.

o
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Fig.1.7.1 «23,\/

Fig.1.7.1(ii) shows the effect when a resistive load (unity p.f.) is connected sS lf‘he terminals

of the alternator. According to right-hand rule, the current is inwards:'n G&:onductors under

N-pole and outwards in the conductors under S-pole. Therefore ,th
due to currents in the top conductors and anticlockwise current in the bottom
conductors. Note that armature flux is at 90° to the pmai X(due to rotor current) and is

behind the main flux. In this case, the flux in t fregap is distorted but not weakened.

) . )
ure flux is clockwise

Therefore,at unity p.f. , the effect of armature r @1 is merely to distort the main field;there
is no weakening of the main field and the a@%
mature flux) rotates synchronously with the rotor, the

flux practically remains the same. Since the
magnetic flux due to stator currents(i.e.
flux distortion remains the same focl)wasitions of the rotor.

When load p.f. is zero Iagg@

when a pure inductiv% ro p.f. lagging) is connected across the terminals of the alternator

,current lags be@ﬁé voltage by 902 This means that current will be maximum at zero
verSa

e..m.f. and vi@& .
O




Fig.1.7.2

Fig.1.7.2(i) shows the condition when the alternator is supplying resistive load. Note that e.m.f.

as well as current in phase R; R, is maximum in the position shown.When the alternator is
supplying a pure inductive load, the current in phase Ry R5 will not reach its maximum value

until N-pole advanced 902  electrical as shown in fig.1.7.2(ii). Now the armature flux is l

from right to left and field flux is from left to right. All the flux produced by armature current
(i.e.,armature flux) opposes the field flux and , therefore, weakens it .In other words, arma@

reaction is directly de-magnetising. Hence, at zero p.f. lagging ,the armature reaction @ns

the main flux. This causes a reduction in the generated e.m.f.. &b

When load p.f. is zero leading : o
when a pure capacitive load(zero p.f. leading) is connec A\wsoss the terminals of the

alternator, the current in armature windings will lead th &p d e.m.f. by 900.Obviously,

the effect of armature reaction will be the reverse t ure inductive load. Thus, armature

flux now aids the main flux and the generated e.m,f."#s increased.

Fig.1.7.3

Fig.1.7.3(i) shows the condition when the alternator is supplying resistive load. Note that e.m.f.

as well as current in phase R;R> is  maximum in the positon shown. When the alternator is

supplying a pure capacitive load , maximum current in phase RiR> will occur
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909 glectrical before the occurrence of maximum induced e.m.f.Therefore,maximum

current in phase R{R5 will occur  if the position of the rotor remains  90°  behind as
compared to its position under resistive load. This is illustrated in fig.1.7.3(ii).It is clear that
armature flux is now in the same direction as the field flux and therefore, strengthens it. This

causes an increase in the generated voltage. Hence at zero p.f. leading ,the armature reaction

strengthens the main flux. 1

For intermediate values of p.f., the effect of armature reaction is partly distorting and p
weakening for inductive loads. For capacitive loads, the effect of armature reaction i

distorting and partly strengthening. Note that in practice, loads are generally induc‘@”

Summary : C}

"~ Armature Main
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When the alternator is loaded, the armature flux modifies the air-gap flux .lIts
angle(electrical) with respect to main flux depends on the load p.f..This is illustrated in
Fig.1.7.4.

(@ When the load p.f. is unity : the effect of armature reaction is wholly distorting. In
other words, the flux in the air-gap is distorted but not weakened. As shown in

Fig.1.7.4(i), the armature flux is 902 electrical behind the main flux. The result is that 1

flux is strengthened at the trailing pole tips and weakened at the leading pole tips.
However, the average flux in the air-gap practically remains unaltered.

(b) When the load p.f. is zero lagging : the effect of armature reaction is whol y?»
demagnetising. In other words ,the flux in the air-gap is weakened. own in

Fig.1.7.4(ii),the wave representing the main flux is moved back Qt ough 90°

electrical so that it is in direct opposition to the armature fluxXFhis considerably

.’
reduces the air-gap flux and hence the generated e.m., ep the value of the

generated e.m.f. the same,the field excitation will ha@b increased to compensate
for the weakening of the air-gap flux. %
(c) When the load p.f. is zero leading: t t of armature reaction is wholly

magnetising. In other words ,the flux in t ex ap is increased. As shown in
Fig.1.7.4(iii),the wave representing ]%)al flux is now moved forward through 90°
rg flu

electrical so that it aids the ar X. This considerably increases the air-gap flux

and hence the generated e % keep the value of the generated e.m.f. the same,the

field excitation will h «tggreduced :

(d) For intermediateafalyesof load p.f.: the effect of armature reaction is partly distorting
and partly W@%' for inductive loads. For capacitive loads, the effect is partly

distorting%}phrtly strengthening .Fig.1.7.4(iv) shows the effect of armature reaction
for a@u

intermediate values of p.f. , the effect of armature reaction is partly distorting and
tly weakening for inductive loads.For capacitive loads the effect of armature reaction is

ive load. In practice, load on the alternator is generally inductive.

partly distorting and partly strengthening. Note that in practice, the loads are generally

inductive.

SYNCHRONOUS IMPEDANCE
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The actual generated voltage consists of the summation of two component voltages. One of
these component voltages is the voltage that would be generated if there were no armature
reaction. It is the voltage that would be generated because of only the field excitation. This

component of the generated voltage is called the excitation voltage, E...

The other component of the generated voltage is called the armature reaction voltage, E,x.

This is the voltage that must be added to the excitation voltage to take care of the effect of 1

armature reaction upon the generated voltage @
E, =E. . TEfR «cvvverrrimiiiiiiiiiiiiiiiiiien, 1.20

Since armature reaction results, in a voltage effect in a circuit caused by ch %ﬂux by
current in the same circuit ,its effect is of the nature of an inductive reactanT erefore, Exr

is equivalent to a voltage of inductive reactance and

el z\%s "
<¢<)§~

The inductive reactance X,;  is a ficticitous r@ which will result in a voltage in the
armature circuit to account for the effect of ar, reaction upon the voltage relations of the
armature circuit. Therefore, armature reac i tage can be modeled as an inductor in series

with the internal generated voltage.

and a resistance.

LetL,= Self—mductaf@égtator winding

X, = Self—md% eactance of stator winding

In addition to the effects of a@ﬂeaetlon the stator winding also has a self-inductance

at (stator) resistance

’Pmlnal voltage V is given by
V= Ea JI KAR JIE}{EL IEIREI
Where I, R, = armature resistance drop

I, X, = armature leakage reactance drop

[, X,g = armature reaction voltage
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The armature reaction effects and the leakage flux effects in the machine are both represented
by inductive reactances . Therefore, it is customary to combine them in to a single reactance,
called the synchronous reactance of the machine, X..

X = X F XL eeeeee e, 1.22

B

V= Erz_ J XBIE- RaIa

OF V=E - (Ry 478 0e oo, 1.23

Where  Z_ = Ryt dEo s 1.25

"
The impedance Z_ is called the synchronous impedance. ‘\%

Q-

The synchronous reactance X; is the ficticious%%o\ce employed to account for the
voltage effects in the armature circuit produced by ﬂ!%n al
by the change in air-gap flux caused by the arm tl@% ction.

armature leakage reactance and

Similarly,the synchronous impedan&) Z. s a ficticious impedance employed to
account for the voltage effects in @?mature circuit produced by the actual armature
resistance,the actual armature Ie@ e

armature reaction. &
W@Vé

The equivm@ﬁeactance of a synchronous generator is shown in figure 1.8(a). It is redrawn in
Fig.1.8(b)

x@ﬁm + X,

actance and the change in air-gap flux caused by the

by taking
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@ | %\ A
Fig.1.8 Equivalent circuit of a synchronous ge @\L

a) Lagging power factor Cos ® ‘%@

Figure 1.9(a) shows the phasor dia or lagging p.f. load. The power factor is Cos

@ lagging.In this diagram the terminal4oltage V is taken as reference phasor along OA such
that OA =V. For lagging power f: %65 ®, the direction of armature current I3 lags behind
the voltage V Dby an angle QOB ,where OB = I, .The voltage drop in the armature
resistance is I,R_.ItA %s'ented by phasor AC.The voltage drop in the synchronous
reactance is I X_Iti ented by CD .It leads the current I, by 90° and, therefore,CD is

drawn in a dir%x)perpendicular to OB. The total voltage drop in the synchronous
impedanceg%e phasor sum of IR, &IX. |t is represented by AD.The phasor OD

repres& -

gnitude E_can be found from the right-angled triangle OGD
0D?=0G* +GD? = (OF+FG)* +(GC +CD)?

EEE = (V cos® + IR, jg + (Vsind +1 X, ]E

E, = J(V cos® + 1R, )2 +{V sind +1 X, )*

......................................... 1.26
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©

a}Phamdmgmm Mlmpuwhchrmq {B}thdim hmlwpumhw
() Phusor diagram for laading power factor cos §

" -
; Ilg.l.g

Figure 1.9( b) sho@ﬁhasor diagram for unity power factor load.

From the ri ré % triangle OCD

c T CD? = (0A+ AC)* +(CD)?

@@V—F IERE ]2 + [IEXS' ]2
E

=YWV H LR, P HIE ) 1.27

¢) Leading power factor Cos ®

Figure 1.9(c) shows the phasor diagram for leading power factor load.
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From the right-angled triangle OGD
OD? =0G* +GD* = (OF +FG)* +(GC —CD)?

El= (Vecos®+I,R, )* + (Vsin® — [, X_)°

E, = ,(Vcos® +I R, )* +(Vsin®d — I_X, )? %

......................................... 1.28 @'

The angle & between E, & V is called the power angle or Torque a g@he

machine. It varies with load and is a measure of air-gap power developed in th ine.
VOLTAGE REGULATION C}L
The voltage regulation of as synchronous generator is defined a n?;e in terminal voltage

from no-load to full-load divided by the full-load voltage when the-spged-and field current remaining

constant. %
It is expressed as a fraction or a percentage of fu@minal voltage .It can be written as

Per unit voltage regulation = Fe ¥ ,%C}

v

Percentage voltage regulation == =$ x 100

Where Ey = magnitude ofjﬁgéd voltage per phase

V = magnitude of reted términal voltage per phase

The volt egtilation depends upon the power factor of the load. For unity and
lagging pow ﬁ,ﬂ there is always a voltage drop with the increase of load, but for a
certain lea %f. the full-load regulation is zero. In this case the terminal voltage is same for
bot@ad and no-load conditions. At lower leading power factors the voltage rises with the

&

of load,and the regulation is negative.
DETERMINATION OF VOLTAGE REGULATION

The KVA ratings of commercial alternators are very high(.Example 500MVA). It is
neither convenient nor practicable to determine the voltage regulation by direct loading. There

are several indirect methods of determining the voltage regulation of an alternator. These
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methods require only a small amount of power as compared to the power required for a direct

loading method.
Three such methods are
(i) Synchronous impedance method

(i) Ampere-Turn method

(i) Zero power factor or Potier method @y;

For the synchronous impedance method the following tests are conducted .

MEASUREMENT OF SYNCHRONOUS IMPEDANCE %@

The following tests are performed on an alternator to know itsb perform a

a) DC resistance test "
b) Open-circuit test \s
c) Short-circuit Test Q%'

Assume that the alternator is star w@g&with d.c. field winding open(Fig. 1.10) ,
a

measure the d.c. resistance between each p terminals either by using ammeter-voltmeter

method or by using Wheat stone’s bri Xﬂﬁe average of three sets of resistance values R.is
taken. This value of R, i§, ivided by 2 to get the d.c. resistance(ohmic resistance) per

phase.The alternator shoul;@rrest. Since the effective a.c. resistance is larger than d.c.

multiplying the d.c4resistance by a factor of 1.2 to 1.75 depending on the size of the machine.

RS

resistance due to :ki@;fe t, therefore, effective a.c. resistance per phase is obtained by

(< ° R."O - :

S8 i s,
Q : 4 -
¥

Fig.1.10 D.C. resistance test on an alternator.

Open —circuit Test
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The alternator is run at rated synchronous speed and the load terminals are kept open
Fig.1.11. That is, all the loads are disconnected .The field current is set to zero.

D‘* . Iy
% Ex g
‘Winding -

.- Nw
Fig.1.11 Open-circuit test onan a
Then the field current is gradually increased in st ;e terminal voltage E. is
measured at each step.The excitation current may be | d to get 25% more than rated
voltage of the alternator.A graph is plotted betw open-circuit. phase voltage Eg

(=E, //3) and field current I; .The characterishics)curve so obtained is called open-circuit
characteristics(O.C.C.).It takes the shape o %

linear portion of an O.C.C is called t &g}gap line of the characteristics. The O.C.C. and the
air-gap line are shown in figure & %»

Ny

al magnetization curve.The extension of the

~C)

2,

Flold corrent Jy

Fig.1.12 The O.C.C. of an alternator
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Short-Circuit Test

The armature terminals are shorted through three ammeters (Fig. 1.13) . Care should be
taken in performing this test, and the field current should first be decreased to zero before
starting the alternator. Each ammeter should have a range greater than the rated full-load value.
The alternator is then run at synchronous speed. Then the field current is gradually increased in %’
steps , and the armature current is measured at each step. The field current may be increased to
get armature currents upto 150% of the rated value. The field current I; and the aver%%vgV
three ammeter readings at each step is taken. A graph is plotted between the armature cugreRf~F, and
the field current Iy .The characteristics so obtained is called short-circuit characteri CC).This

characteristic is a straight line as shown in figure 1.14.

8.C.C.

Armature corrent I,

Finld corrent Ir

Fig.1.14.The S.C.C of an alternator
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Calulation of Zs

The open-circuit characteristic (O.C.C.) and short-circuit characteristic(S.C.C) are
drawn on the same curve sheet. Determine the value of I_. at the field current that gives the
rated alternator voltage per phase. The synchronous impedance Z_ will then be equal to the

Open-Circuit voltage divided by the short circuit current at that field current which gives the

rated e.m.f. per phase.

Open-circuit voltags E

]

A ?:ln'ld current. Ir

@%\F) 1.15
ig.1.

~ open circuit vo!tagepm’;pw
s =

- short—circuit amamtj%';nt
Now, knowing the S@ impedance and Armature resistance we can find out the

Synchronous reactance C)

for the same value of field current.

—

synchron@gz?ctance X, = M|IEE=2 -R,’

@gwe know R, and X, the phasor diagram can be drawn for any load and any
Q&P.F.. Fig 1.16. shows the phasor diagram for the usual case of inductive load ; the

% load power factor being cos@ lagging. Note that in drawing the phasor
: diagram,current I, has been taken as the reference phasor. The IR, dropis in
phase with I, while 1,X_ drop leads I, by 90%The phasor sumof V, I_R, and

[.X, givestheno-load e.m.f. E; .
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Now,

E, = /(0B)° + (BC)Z %\{{)

~ By =4/(Weos® + LR +(V si;;\)

~ 8 voltage regulation 2$ @:

Drawback : This hod is easy but it gives approximate results .The reason is

simple. The combi@ct of X, (armature leakage reactance) and X,g(reactance of armature

reaction ) is mea on short-circuit.Since the current in this condition is almost lagging 90°

,the armat ction will provide its worst demagnetizing effect. It follows that under any

norm eration at,say 0.8 or 0.9 lagging power factors will produce error in calculations.

T%%ethod gives a value higher than the value obtained from an actual load test.For this
n

<

, it is called pessimistic method.
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Example 1.3

A 500 v, 50 kVA single-phase alternator has an effective armature resistance of 0.2 Q
. An excitation current of 10 A produces 200 A armature current on short-circuit and an e.m.f.
of 450 volt on open circuit.Calculate the synchronous reactance.

Solution :

open circuit voltage per phase _ 430 =2250 %"

Zs =
short—cireuit armature current 2010 @V

S= IZ‘- R2=+/2257 —0.2% =2241Q

Example 1.4 %

A 3-phase 2300 V ,50 Hz,1500 kVA star-connected alterna@ a resistance

between each pair of nterminals as measured by direct current i : .16, €2. Assume that the

effective resistance is 1.5 times the ohmic resistance.A field ¢ 70A produces a short-

circuit current equal to full-load current of 376 A in each lj %e'same field current produces

an e.m.f. of 700 volt on open circuit.Calculate the sy s reactance of the machine and
its full-load regulation at 0.8 power factor Laggln

Solution :

open circuit voltage per *pﬁb{? ?ﬂﬂﬁ'ﬁ

short—circuit m‘mamC 37H
Ohmic resmtancg@hase = —=0.08Q

=1.075Q

Zs =

Effective r@é per phase = R, =1.5x0.08=0.12 Q
Syncl@%s)reactance =X, = JZZ2—-RI=+1.0757 - 0.127 =1.068Q

Q, =3 w1, ;=>1500x10%= ¥3 x23001,; =>1, =376 A
QQ) Rated voltage per phase = Vp = 2300/+/3 = 1328 V
Phase current I, = I;, =376 A

Ep=Vp+ IaIJ 2

Let Vpbe taken as reference phasor :
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Wy = VgL 0°= 1328 Lo? volts =1328 + j 0 volts
1,1, L cos™0.8=376 L-36.87° A
Z~R+jX; = 0.12+j 1.068 =1.075L83.59°Q

Ep= 1328 +j0 +(376 L-36.879)( 1.075L83.59%) = 1328+404.2L46.72°

= 1308+277.1+] 294.26 = 1605.1+j 294.26 =1631L10.39° volt &V
Percentage Regulation = % x 100 = 22.8 9% Q
F v

AMPERE-TURN METHOD 9

This method of finding voltage regulation considers the o@e view to the synchronous

impedance method. It assumes the armature leakage %ﬁce to be additional armature

reaction. Neglecting armature resistance(always s S method assumes that change in

circuit

results

terminal p.d. on load is due entirely to armaturg e n. The same two tests(Open and short

test)are required as for synchronou§<§g ce determination ; the interpretation of the
t

current lags by 90%R, considered zero) and

only is different. Under short-circuit
the power factor is zero.Hence,t %{:re reaction is entirely demagnetizing. Since,the

terminal p.d. is zero,all the fie§5§ﬁpere-turns)are neutralized by armature AT produced by
ent:

the short circuit armature

(i)

N

Suppose the a&rytor is supplying full-load current at normal voltage V(i.e.,operating
load and zero p.f. lagging. Then d.c. field AT required will be those needed

duce normal voltage V(or if R is to be taken into account,then V+ IR cos©

& no-load plus those to overcome the armature reaction.

Let AO =field AT required to produce the normal voltage V (or V+I,R_ cos@) at
no-load.
OB,=field AT required to neutralize the armature reaction

Then total field AT required are the phasor sum of AO+OB, (Fig.1.17(i))

total field AT, AB, = AO+OB, ......... phasor sum
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The AO can be found from O.C.C. and OE; can be determined from S.C.C.. Note

that the use of a d.c. quantity(field AT)as a phasor is perfectly valid in this case

because the d.c. field is rotating at the same speed as the a.c. phasors i.e. w = 2mf.

v

P —» P A
A o A B o >
) (i) (D)
Fig 1.17 ‘

(i) For a full-load current of zero p.f. leading, the armature AT are unc Slnce they
aid the main field, less field AT are required to produce the gi eQn
So, the total field AT, AB, = AO-B,0...................... . phasor difference
Where B;0 =field AT required to neutralize armatur ‘%Ion
This is illustrated in Fig 1.17(ii).Note that agam% etermined from O.C.C. and
B,0 from S.C.C.

(iii) Between zero lagging and zero leadin factors,the armature m.m.f. rotates

through 180°. At unity p.f. ,arrm@e ction is cross-magnetising only.Therefore,

OEB; is drawn perpendicular to A®(Fig.1.17(iii)).Now ABj3 shows the required AT

in magnitude and direc&?

General Case

It may no C(} sed the case when the pf has any value between zero (lagging
or leadj %lnlty If the power-factor is cos®@ lagging,then © is laid off to the
ri %e vertical line OB; as shown in Fig.1.18(i). The total field AT required are
%le ,phasor sum of AO and OBE.,.If the power factor is cos @ leading , then @ is

laid off to the left of the vertical line OB 3 as shown in Fig.1.18(ii). The total field

QQ) AT required are AEs i.e.,phasor sum of AO and OE:.
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(i)

Fig 1.18
Since current o< AT , it is more convenient to work in terms of field current.Fig. 1.19 shows
the current diagram for the usual case fo lagging power factor.Here AO represents the fi
current required to produce normal voltage V (or ¥V + I R, cos# ) on no-load. T eor
OB represents the field current required for producing full-load current on short¢- h.The
resultant field current is AB and the phasor sum of AO and OB.Note thatphasor represents
the field current required for demagnetizing an dto produce voltage V a 1 cos? drop.(if

R istaken into account). )

PROCEDUREYOR AT METHOD

Suppo(sit"@ternator is supplying full-load current I, at operating voltage Vand p.f. cos®

la .The procedure for finding voltage regulation for AT method is as under :

Q 1) Fromthe O.C.C. field current OA required to produce the operating load voltage V(or
V + IR, cos®) is determined as shown in Fig.1.20.The field current OA is alid

off horizontally as shown in Fig.1.21.

o
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mL————————-—v--—-————

I
I
|
I
'
C A
Fleld current ———»

N2

Fig.1.20 C? g.1.21
(i) From S.C.C.,the field current OC required for producing current I on short-
circuit is determined.The phasor AB(=0C) is dr nangle of 0% + @)

i.e., Arg(OAB)=( 90% + @) as shown in Fig@
(iii) The phasor sum of OA and AB gives the t & current OB required.The O.C.
voltage E; corresponding to field ¢ B on O.C.C. is the no-load e.m.f.

voltage regulation :E’fv'i’ X @)
This method gives a regul lower than the actual performance of the
machine.For this re §D$V|s known as Optimistic method.

ZERO POWER @WOR METHOD OR POTIER METHOD

In this method,@véeparately determine the voltage drop due to armature leakage
reactance(=I4&)) and voltage drop due to armature reaction(=I,X,g).Therefore, it gives more

accura(t% . The Potier method consists of the following steps:

QPlotting 0.CC.:
N

The open-circuit characteristics (O.C.C.) of the alternator is plotted by conducting no-load test
on the alternator as explained earlier .The lower part of O.C.C. is practically a straight line and
when extended becomes the air-gap line. Therefore, air-gap line represents O.C.C. of the
alternator if the reluctance of the iron portion of the magnetic circuit of the machine is

neglected as compared to the reluctance of the air-gap.
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Zeto p.f. ull-load
L4 curve !

v

Fig.1.22 é@

(iiy Plotting zero p.f. (lagging) full-load ¢

N

This is the curve between the Mal voltage and field current when the alternator is
delivering its full rated current z‘g)t)ower factor(lagging) load. The test is carried out by
running the alternator at sy us speed and connecting a purely inductive 3-phase load to
its terminals. The load iQaJri in steps and at each step, the field current is adjusted so that
the armature current is 8gual to its rated value. There is no need to plot the full curve. Only two
points S &C sé%&ﬂ) are sufficient. The point S corresponds to a field current which
gives the r, rminal voltage while the zero p.f. load is adjusted to draw the rated armature
currergtqg oint C corresponds to the short-circuit conditions on the alternator(i.e. terminal

ance is negligible, the short-circuit current lags behind the resultant induced e.m.f. by

) with the field current adjusted to give rated armature current. Since the armature

2p?. Therefore,point C constitutes a point on the zero p.f. curve.

(iif) Costructing potier triangle :

Referring to Fig. 1.22 OC is field current producing full-load armature current on

short-circuit(the current lags by 90%). Therefore, the field current OC must be sufficient to
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counter the demagnetising effect of armature reaction and armature leakage reactance to drop

at full-load. From S, draw SQ equal to and parallel to OC. From point Q, draw a line QP

parallel to air-gap line. This line meets O.C.C at point P. From point P, draw PR perpendicular
to QS and meeting it at point R. The triangle PRS is known as POTIER TRIANGLE. The

following information is conveyed by the potier triangle :

S

5\
N
Q@

a) The length PR represents the armature leakage reactance drop(1,X;).

b) The length RS(=KL=ig) represents the field current to overcome th; k’

c)

demagnetising effect of armature reaction at full-load.The length RQ repre
the field current necessary to balance the armature leakage reactance dr ).
The Potier triangle is the same for a given armature current and he be
transferred anywhere to fit between the two characteristics. T triangle
PRS is transferred to the baseline as triangle P’DC and is i@ 1 to Potier
triangle PRS. o

PHASOR DIAGRAM : Suppose the full-lo al voltage of the

alternator is V. Let the load p.f.be cosg !% “The phasor diagram for this

condition is shown in Fig.1.23 x

<

Fig.1.23

Here the voltage V is taken as the reference phasor and current I, lags behind V

by & . The I,R, drop is drawn parallel to the current phasor and I1,X; drop is

drawn perpendicular to it.The phasor OM represents the induced e.m.f
E(=phasor sumofV, IR, and I,X;).From O.C.C. in Fig.1.22,the field current
corresponding to induced e.m.f. E is iy (=OK).The field current iy is drawn

90° ahead of E. The current phasor i, (=RS=DC in Fig.1.22)represents the



62

field current necessary to overcome the demagnetising effect of armature
reaction at full-load and is drawn parallel to the current phasor I..The phasor
sumof iy & iy gives the total field current iy required to produce E, The

phasor E;(=ON) lags behind i; by 90?2Note that phasor MN represents the

voltage drop I_,X, z dueto armature reaction.

Percentage voltage regulation = E"v'” x 100 @v’

PROCEDURE FOR POTIER METHOD %

For solving problems relating to Potier method, the following procedure i@ed:

‘%: ’
(1) Suppose the terminal voltage per phase.4 %

(i)  Find the armature leakage reac &p(= I.X
triangle. S%

(i)  Add LX) (and I R if giv torially to Vto get E.
(iv)  Fromthe O.C.C, find%% Id current required to produce E. Let it be igy

1) from the potier

(V) From the pati r%?ngle, find the field current necessary for balancing

armaturgyeaetion. Let it be ig.
(vi) Fi th’%;sor sum of iz & igto get the resultant field current i;.
(vii) %ﬂ the O.C.C. , find the e.m.f. corresponding to field current i;. This
% ives us E; . Therefore, we can find the voltage regulation.

LIM ITAT@ OF POTIER METHOD

Q

@The Potier method has the following drawbacks :

(a) The Potier triangle is based on the assumption that the armature leakage
reactance is constant and the O.C.C. of the alternator is the same under load as it
is under open-circuit conditions. However ,this is not correct. Therefore, the
value of armature leakage reactance determined by the potier triangle method is
not absolutely accurate. In order to distinguish the value of leakage reactance

thus determined from the absolutely correct value, the value of leakage
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reactance determined by the potier triangle method is sometimes called potier

leakage reactance.

(b) In the potier triangle method, some error is also introduced due to the

fact that it is not possible to obtain exactly zero P.F. for the zero power factor

load test.

(c) A greater amount of error is exhibited by machines of salient pole

construction than the non-salient pole construction. Best results are obtained by %’
determining the value of armature leakage reactance and the m.m.f. of armat@
reaction from a potier triangle located as high as possible on the test curveg

PARALLEL OPERATION OF ALTERNATORS 6{

.’

It is rare to find a 3-phase alternator supplying its own@independently except under
test conditions. In practice, a very large number of a@alternators operate in parallel

because the various power stations are interconnect a%n gh the national grid. Therefore, the
output of any single alternator is small compar @the total inter- connected capacity. For

example, the total capacity of the interco% system may be over 40,000MW while the
capacity of the biggest single alternator¢ma 500MW.For this reason, the performance of a
single alternator is unlikely to a c@%eciably the voltage and frequency of the whole

ch a system is said to be connected to infinite bus-bars.

system .An alternator connect
eristics of such bus-bars are that they are constant — voltage

The outstanding electrical &

,constant-frequency b%
A

To other
parallel
circuits

A& A

-~ Machine t s 7 B
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Fig. 1.24 Shows a typical infinite bus system .Loads are tapped from the infinite bus at
various load centers. The alternators may be connected to or disconnected from the infinite
bus, depending on the power demand on the system. If an alternator is connected to infinite
bus-bars, no matter what power is delivered by the in-coming alternator, the voltage and the
frequency of the system remain the same. The operation of connecting an alternator to the
infinite bus-bars is known as parallel with the infinite bus-bars. It may be noted that before an

alternator is connected to an infinite bus-bars, certain conditions must be satisfied.

ADVANTAGES of PARALLEL OPERTIONS OF ALTERNATORS @

The following are the advantages of operating alternators in parallel.

(i) Continuity of service : The continuity of service is one of the |mportant %ents of

through the other healthy units. This will ensure un-interrupted supply,

any electrical apparatus. If one alternator fails, the continuity of supp be maintained
onsumers.

(if) Efficiency :The load on the power system varies during t e day ; being minimum
%EI

during the late night hours. Since, alternators operate m iently when delivering full-

load ,units can be added or put-off depending upon d requirement. This permits the

efficient operation of power system. ®

(iii) Maintainance and Repair : It is oﬁ@ble to carry out routine maintenance and
repair of one or more units. For this purpose Ythe desired unit /units can be shut down and the
continuity of supply is maintainedérjé{he other units.

(iv)Load growth: The IOK d is increasing due to the increase in use of electrical
energy. The load grovvt@

installation . /\%)

CONDITIO%%R PARALLELING ALTERNATOR WITH INFINITE BUSBARS

be met by adding more units without disturbing the original

The p&?@[hod of connecting an alternator to the infinite bus-bars is called synchronising.

A alternator must not be connected to live bus-bars. It is because the induced e.m.f.

at stand-still and a short-circuit will result .In order to connect an alternator safely to the

inite bus-bars , the following conditions are met.

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

(ii) The frequency of the generated voltage of the incoming
alternator must be equal to the bus-bars frequency.

o
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(iii)  The phase of the incoming alternator voltage must be identical
with the phase of the bus-bars voltage. In other words, the two
voltages must be in-phase with each other.

(iv)  The phase sequence of the voltage of the incoming alternator
should be same as that of the bus-bars.

The magnitude of the voltage of the incoming alternator can be adjusted by changing its field
excitation. The frequency of the incoming alternator can be changed by adjusting the speed

the prime-mover driving the alternator.

Condition(i) is indicated by a voltmeter, condition (ii) & (ii) are indicated by sy@;ng
or.

lamps or a synchroscope. The condition (iv) is indicated by a phase sequence-~i
METHODS OF SYNCHRONISATION 6

.’
The method of connecting an incoming alternator safely @Iive busbars is called

synchronising. The quality of voltage between the incon&%ﬂtors and the busbars can be

easily checked by a voltmeter. The phase sequence o ernator and the busbars can be
checked by a phase sequence indicator. DifferencesNiiNrequency and phase of the voltages of

the incoming alternators and busbars can be ch y one of the following two methods.

1. By three lamps(one dark,t&i@ﬂ%) method.

2. By synchroscope @

Three-L@;u\ethod - In this method of synchronising ,three lamps L,,L, and Lzare

connected a@ inFigl.25.The lamp L; is straight connected between the corresponding
phases Rg&}.:) and the other two are cross-connected between the other two phases. Thus,
Iz@& connected between Y;& Hiand lamp Lybetween By & Y, When the frequency
@) se of the voltage of the incoming alternator is the same as that of the busbars, the straight
connected lamp L; will be dark while cross-connected lamp L, & Ly will be equally bright.
At this instant ,the synchronisation is perfect and the switch of the incoming alternator can be
closed to connect it to the busbars. In Fig.1.25 Phasors R4, Y, & B, represent the busbar
voltages and phasors R;, ¥; & B; represent the voltages of the incoming alternator. At the

instant when R is inphase with R voltage across lamp L, is zero and voltages across lamps
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L, & L are equal. Therefore ,lamp L,is dark while lamps L, & L3 will be equally bright .At
this instant, the switch of the incoming alternator can be closed.Thus,incoming alternator gets

connected in parallel with the busbars.

R, o
Y, »
B,~t
L
a8 &
T
Incoming

Alternator
N

\)\Fi/g.l.ZS
o
Synchroscope : A synchrosco Q,An instrument that indicates by means of a revolving
pointer the phase differe Q the frequency difference between the voltages of the
incoming alternator a Gejbusbars(Fig. 1.26). It is essentially a small motor ,the field being
supplied from the qusbars through a potential transformer and the rotor from the incoming
alternator. Poj te%;) attached to the rotor. When the incoming alternator is running fast
,(i.e.the fr
hence&ter moves in the clock-wise direction. When the incoming alternator is running slow
tb%l) (frequency of the incoming alternator is lower than that of the busbars),the pointer
e

y of the incoming alternator is higher than that of the busbars),the rotor and

s in anti-clockwise direction.When the frequency of the incoming alternator is equal to
that of the busbars , no torque acts on the rotor and the pointer points vertically upwards (“12
O’ Clock”).It indicates the correct instant for connecting the incoming alternator to the
busbars. The synchroscope method is superior to the Lamp method because it not only gives a

positive indication of the time to close the switch but also indicates the adjustments to be made
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should there be a difference between the frequencies of the incoming alternator and the

busbars.
. Fi'.l_ Q@
gv* " ®
= Y Busl
B’

Fig.1.26 %@"
Synchronising action : ‘%’\'

When two or more alternators have been connecte raIIeI ,they will remain in stable

operation under all normal conditions i.e., volta@ uency, speed and phase equality will

continue .In other words, once synchronise erly, the alternators will continue to run in

synchronism under all normal conditions. If alternator tries to fall out of synchronism ,it is

immediately counteracted by the pm%%ia
[

to synchronism. This automatic ar\'n iS called the synchronising action of the alternators.

n of a synchronising torque which brings it back

Consider two simi igle-phase alternators 1 &2 operating in parallel as shown in

Fig. 1.27 (i).For simgi

synchronism , m@tgﬂ
e

These e.m.f. atting in the same direction with respect to the external circuit as shown in

let us assume that the alternators are at no-load. When in exact

s of the small e.m.f. s E; (Machine 1) & E, (machine 2 ) are equal.

Fig.1. 3&; |n relation to each other, these e.m.f.s are in phase opposition i.e. ,if we trace

the circuit formed by the two alternators we find that the e.m.f.s oppose each other as

& in Fig 1.27(iii).When the alternators are in exact synchronism, E; & E, are in exact
a

se opposition.Since, E; = E; in magnitude, no current flows in the closed circuit formed

by the two alternators.
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Fig.1.27 %«2\?

If one alternator drops out of synchronism, there is an automatic action to@ blish

synchronism.

"
Let us discuss this point. %\:

(i) Effect of speed change : Suppose, due to any re Qb?e speed of machine2 falls .Then
emf E, will fall back a phase anE electrical degrees as shown in Fig

1.28.(though still E; = E,).There W'g e fesultant e.m.f. E, in the closed circuit
formed by the two alternator@ emf  E. will circulate current (known as

synchronising current I@)*'%Wclosed circuit.

Synchronising 5@@ - Ezr

The c@é lags behind E, byan angle ®@iven by :

§ tan § = ==

N =
R%gmature resistance of each alternator

e

'y

X, = synchronous reactance of each alternator

Z. = synchronous impedance of each alternator

AE,
E,
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Fig.1.28

Since, Rais very small as compared to X. , 0 is nearly 90° so that the @r Iy is almost
in phase with E1 & in phase opposition to Ez .This means that &1 is generating and
machine 2 is motoring . consequently, the machine 1 tends t &%own and machine 2, by

accepting power , tends to accelerate. This restores the uo i.e., synchronism is re

established. Q)
Conversely,if E2 tends to advance : @as shown in Fig.1.29 The directions of

E, and I, are changed such that now m is generating and machine 2 is motoring

.Once again the synchronism is restore

two aIternators

(i) Effect of inequality o Qrgui : The automatic re-establishment of synchronism of
in parallel also extends to any changes tending to alter the

individual ¢ When in exact synchronism ,then E;=Es(magnitude) and they

are in e@ﬁse opposition as shown in Fig.1.30(i). Suppose due to any reason ,
C

e.m.f reases.Then resultant e.m.f. E; exists in the closed circuit formed by
@&m alternators. Then E. = E; —E; and is in-phase with E; .The resultant
&e.m.f. E.,  sends synchronising current 15 in the closed circuit.Here again the
@ current I almost lags behind E. by 90%as Zs=Xs) as shown in Fig.1.30(ii).
Q Also I, lags almost gge behind E; and leads Ez  almost dys .The power
produced is practically zero ; just enough to overcome copper losses. The current
ley lags behind E; and produces a demagnetising armature reaction effect on

machinel .At the same time I leads E:z and produces magnetising armature

reaction effect on the machine2. Thus, E;tends to fall and E:z tends to rise.The
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result is that synchronism is re-established . The converse is true for Ez 2 Ej as

shown in Fig.1°30(iii)

4E, 4E,
4E
e 4
} ~ Y
YE
vE,
¢Ez’ VE,
(¥) (i) (#)

Fig.1.3 ®
SYNCHRONISING POWER sé DAL

When two alternators are operating in par h machine has an inherent
tendency to remain synchronised . Conside %L@)ximilar single-phase alternators 1
& 2 operating in parallel at no-load a: ﬁn Fig . suppose ,due to any reason

,the speed of machine 2 decrease iSWill cause E:to fall back by a phase angle

of a electrical degrees as showmNa Fig.1.31(though still E;= Ez).Within the local
circuit formed by two aite s,the resultant e.m..f E; is the phasor difference

E; — E;.This resultant\ea . results in the production of synchronising current I
which sets up onising torque. The synchronising torque retards machine 1
and accel s Jmachine 2 so that synchronism is re-established.The power
associ %synchroniosing torque is called synchronizing power.

In 'ﬁmachine 1 is generating and machine2 is motoring. The power supplied

chine 1 is called synchronising power.
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Fig.1.32 Q
Referring to Fig.1.32 we have, g§
Synchronising power , Fe; = Eqloy cos @4 = E; I, cos{30° — JSIE,y sin B

= Eqlgy ( 0% so that sinB =1)
The synchronizing power goes to supply power@ machine 2 and the Cu

losses in the local circuit of two machines.

%~ Eyl=E;l, + Cu losses %

Resultant e.m.f. , E, =2E cos 220 = ‘x%
2E s —C?

ExZ (Asaissmall)

[ As E; =E; =E (say)]

=2 E cos(?ﬂ” — ’—;) =

L

Note that in this expression@ IMelectrical radians.

synchronising CU@ = f?‘ z% ....................... B of both machines is
iy T

negligible Q
Here Kg:s@ﬁizing reactance of each machine

=. synéhrontZing power supplied by machine 1is Py, = E;l,, = E x 2= ==&

Q 2, 2
5

Q T 2E,
QQ) Total synchronizing power for three phases =3 P, = Ef’;

Note that this is the value of synchronizing power when two alternators operate in
parallel at no-load.
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CHAPTER-III

SYNCHRONOUS MOTOR

Defination :

Characteristic Feature :— @

A synchronous Motor is electrically identical with an alternation.

(1) It runs either at synchronous speed or not at all. The only way to change its to

very the supply frequency | o ns = 120 f ) %
\ P ) b

(2) It is not inherently self starting. It has be run upto synchronouégﬁérly synchronous)
speed by means before it can be synchronorised to the suppl K

(3) It is capable of being operated under a wide range r factor both lagging and
leadig. %

Construction :— xl\:,
Like an alternator, a synchronous m Q?e following main parts :

(i) A stator which houses 3-phase distri ted armature winding in the slots of the stator
core and receives powers f -supply.

(i) A rotor that has a set o%' t poles excited by direct current to form alternator N and
S poles.

The excnlng\{ e connected in series to the slip rings and direct current is fed in to

the winding fro ernal excite on mounted on the rotor shaft.

Th@ is Wound for the same number of poles as the rotor poles

3 ¢ supply

A

Fig (a) Fig - (b)
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Fig-(d)

o

Principle of Operation :—
When a 3¢ winding is fed by a 3¢ supply then a magnetic field of const @de

an
but rotating synchronous speed is produced in the stator. Consider a two pole %ﬁich are
shown two stator pole Ns and Ss rotating at synchronous speed in clockwi§§%ect on.
I

With the rotor position as shown in fig. suppose the stato@ﬂ re at that instant
situated at point B. The two similar poles N and Ns as well as will repel each other

with the result that the rotor tends to rotate on the anticlockwi irection.

But half a period later stator poles having rot d interchange their position i.e.
Ns is at point B and Ss is at point A. Under these ¢ on Ns atleast S and Ss attract N. Hence

rotor tends to rotate clockwise (which is just th e direction).

It is seen that due to continuous and rotation the stator pole, te rotor is subjected a

torque which is rapidly revenging om%«tp)this large inertial, the rotor cannot instantaneously

respond to such likely revengin @ ith the result that it remains stationary.

Considering the c %Tin fig(b) the stator and rotor are alternating each other.
Suppose that the roto not “stationary but is rotating clockwise with such a speed that it
rotates through oneé, pole-pitch by the times the stator poles interchanged their positions. As
shown in fig@e again stator and rotor poles attract each other. It means that if the rotor
pole also ir position along with the stator poles, then they will produce a torque.

Me starting :
9‘%) The following steps are adopted for starting of a synchronous motor.
(1) The fed winding is shorted that means D.C. excitation is not given to the field winding.

(2) Reduced voltage with the help of auto-trans transformer is applied across the stator

terminal.

(3) When the motors at far nearly 9% of the synchronous speed, a d.c. excitation as applied to

the field winding. At that time the motor is synchronized.
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(4) full supply voltage is applied across stator terminals by cutting out the autotransformer .

(5) the motor then can be operated at any power factor by the d.c. excitation.

(6) At light load or heavy load condition the rotor advances and backs to the stator flux
respectively with an angle a. It is called the load angle.

I &
4 N

A s o
Light Lood ooy beod
(K small) (o morye)
Motor on no-load : Q :

When a 3¢ supply is feed to a synchronous motor, the motor

tgaating. As a result

ch oppose the applied

back emf (Es) is set up in the alternator (stator) by the rotor f
voltage “V’ his back emf of (Es) depends on rotor excitati
D.C. motor. The net voltage of armature (stator in the &Gt

current is obtained by dividing this vector diﬁerence\%

¢
r

(and not on peed) as in
ifference of V & Ep Armature

age by the armature impendance

TL'T

ie. |a=\7_SE7’ (&\CJ N

The Fig, %}dition when the moor is running on no- direction on no-load & is

having loss. AS,field excitation is given such that Eb = V
h tor difference of En & V is f hence hence the armature current is also zero)

f the motor is on no load but it has losses then 6 vector for Eb faces back by a certain

<$<1e) ‘e’ . So that a resultant voltage Er & hence current ‘I, is brought into existence which
supplies the losses.
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TR
0 v \Ev
§

Ia

Motor on Load : Q%;

( Effect of varying load with constant excitation)

If the load motor is landed then the back emf (Ey) places back by a@g?value called the

"
“load angle” or coupling angle. ‘\%

The net voltage current the armature g, =v - E,

If the motor is r\[¥aded, its rotor further back by a greater value of load angle ‘o’ the
resultant vol;ﬁ is increased and the motor draws an increased armature current but at a

devised p ctor.

5\

RVv-E _ v-E
QQ) é Zs Ra+jXs

:>V: Eb+ IaZs

=Ep+la(R+ jXs

=




Where Zs=  Synchronous impedance / phase
Ra=  Armature resistance / phase
Xs = Synchronous reactance / phase

The angle ‘0’ is known as “ initial angle” by which ‘15> lags behind Er.

0 =tant "% Q@V

Ra Yy
¢ is the phase angle by which ‘I’ lags behind V. %@
If R, is negligible , then 6 = 90° @

Motor I/p per phase = VI, cos ¢

<&
Total I/p to the motor = ‘/§VLIL cosd %\
Mechanical power developed in the rotor per 9@)

Pm = Eb'a cos(o. — o) X
&
Y&
\Q
Dié%& ower stages in a Synchronous Mator
%& R
N

(%mature cu loss Mechanical power in
QQ) (la2 Ra) and iron loss armature Pm = Epla cos (a - 0)

| ‘ }

Iron loss and friction losses O/p Power in B.H.P.

Power or Torque Developed by the Motor :

76
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OA represents supply voltage/phase. The armature current per phase = l. AB is the
back emf at a load angle of o. OB gives the resultant voltage Er = 1Zs. ‘I’ leads “V’ by angle ‘¢’
and lags behind ‘Er’ by a angle “6°.

X
0 =tan °

Ra

Line CD is drawn at an angle 6 to AB, AC and ED are perpendicular to CD (and hence
to AE also)

Fn  AOBD, BD = 1Z; cos ¥ Q)

BD =CD-BC = AE-BC

Zs ZS

Substitytipg thir%’l‘r@quatioq (1), we get Pm per phase.
P=E c@— — °cos0) |

1Zs cosW¥ =V cos (9% 0S
= lcosy = V_cos G (&).Q)_cose

Maximum power developed depends on the load angle ‘a’. So condition for maximum power

developed can be found by differential long Pm wants o and then equating it to zero



dPn

-0
da

d [EV s
= | cos(® —a)-—E cosp | =0

d(x L Zs Zs J
= 5V [sin@ —a)-0=0

Zs

EV

= —sin(@ —a) =0

= sin (6-a) =sin0 QY»
=0-a=0
=0=a C}Q%

Value of maximum power

VEb E 2 6 N
(P) =__cos(d-a)-__"cosa ‘%
m max ZS ZS \
V. E? %t
= B P cosa %
Zs Zs ‘%
V. E?2 N

= b _ b ¢os0 C}
Zs Zs %

Now, maximum power developed in the&otqr "depends on the value of internal angle ‘6°.

— When 6 = o = 90° \C_):
The power will be maxi t

(Pr)oa @"

If Ty’ is t@%’s rotor torque developed by the motor, then

g
Q) ~ P o) s
Q 5
E
o
Ty x 2aNs = Py |
|N in rps
= Ty ——Pn ) 45° 00° 13¢° 180
271tN; J coupling angle
Pn .
= T =—"—N inrpm]

S

‘ 27'CN5 /60

Zs
= sin (0-a) =0 Q@V
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60 Pn
= Tg_i‘TrXNs—_ 9.55.""N - m

Shaft torque is given as

Poul

T =9.55
sh N

: N-M

nchron Motor with different excitation @&’

TV 0 B=o 6{

ExrV
LONAETA PF uniry OF

(i) When Ep =V, is known as normal excitation %
(i) When Ep <V, is known as under excitation, Iaggirl@
(iii) When Ep> V, is known as over excitation. I§®f

The diagram shows the induced back emf &3} ous pf.
i) Lagging pf: ng)

AC?=AB*+BC?=[V- )P+[Ersin(0--)]?
S
Ev=yf [V — IaZSCﬂWj]E + [laZs sin(B— p)]2
ii) Leading %Q)
Eh{i@ 1,Z cos[180° — (B + @)]+ jI,Z sin[180° — (6 + ©)]

ey o
N

OB=1aRa, BC=1aXs

Eb=(V-1aRa)+jlaXs
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Motor on L %%
— Effect of varving excitation with constant load. @

Suppose a synchronous motor is operating with normal excitation (%Qbéi unity power factor

with a given load. The armature is drowning a power of Via p@w@
the mechanical load on the motor. The effect of changing gxck

is discussed below.
r\é |

A

which is enough to meet
ton with load remains constant

Fig-(3) Fyp
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Excitation Decreases:

As shown in fig (1) suppose due to decrease in excitation, back emf is reduced to En "
at the same load angle ‘a’. The resultant voltage Er , causes a lagging armature current
|, to flow. Even though I s larger than la  in magnitude. It is capable of producing
necessary VI, for carrying the constant load because la cos ¢ . Component is less than I, @

«23’

Hence, it becomes necessary for load angle to increase from oy to qq rease back

that VI, cos 1 < VI,.

emf from Ep to Ep ,which increases resultant voltage from Er t@Qonsequently, the

armature current increases to la _whose in phage component. %\E
(b) Excitation Increased E@

The effect of increasing field excit g hown in fig (c), where increased En is
shown at the original load angle a1 Theyresultant voltage causes loading current Ialwhose in

phase component is larger thaE @énce armature develops more power than the load in the

motor. Accordingly, Ioa@decreases from a1 to a2 which develops resultant voltage from

E. toE . seguiently armature current decreases from Ié1 to |a whose in phase

R 1 2 1 2
componen@cos ¢2=l,. In the case armature current develops power sufficient to carry

the @»ﬂ load on the motor.

Q Hence, it is seen that variations in the excitation of the synchronous motor running with

given load. Produces variation in its load angle only.
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Effect of Excitation on Armature Current and Power Factor.

.’
Fig (a) shows the case for 100% excitation i.e. when Ep i%

The armature current 1 lags behind <V’ by an small @; with Er is fixed by stator

ie tand =
constants I.e. B R_ In fig (b), the excitatj ss then 100% Ep <V . Here Er is
a

advanced in clock wise direction & also ar current. The magnitude of ‘I’ is increased but
its power factor is decreased. The comrfo%eyt of Icos¢ remains the same as before but wattless

component | sin ¢ is increased. <

As excitation is decreased V@Rﬁreased but p.f. will decreased.

O

Fig. (c) represents %h) duction for over excited motor i.e. Eb > V . Here the resultant
voltage Er i@ anticlockwise direction & also ‘I’. Now the motor is drawing a

loadin

Q{ for same voltage of excitation, ‘I’ will be in phase with ‘v’ i.e. p.f. is unity
hat the current drawn by the motor would be maximum.
Y-Curve.

Magnitude of armature current varies with excitation. The current has large value for

low & high value of excitation. In between them, at any certain excitation. The current is
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minimum. The variation of current ‘I’ with excitation is shown in fig below which is known as

V-curve. Since it looks like <V,

Motor runs with loading p.f. when over-excited and with lagging p.f. when under
excited. In between, the power factor will be unity. The variation of p.f. with excitation (shown
in dotted line) which is known as inverted v-curve, since is looks like inverted ‘V’. It is seen

that the armature current will be minimum when the p.f. will be unity.

full leacl
half load
No load

Armature current

S \ °
¢ loading "~ o _ — leading p.f ,%Cﬁ
field current Q%'\

Svnchronous Condenser / Capacitor ,@

gging currents from the lien on light

Both transformer & induction motor

loads, the power drawn by them has a Iarge@' e component and power factor is very low.

It is seen that an over-excite Mronous motor will run with leading p.f. by using
synchronous motor and transfi @&e power factor can be increased and the reactive
components of power can @sed when synchronous motors are used for this purpose (
p.f. improvement), is kr@v)p;\ies synchronous condenser or synchronous capacitor because it

draws a leading cugre m the line like a capacitors because it draws a leading current from
the line like a ca@f‘

Hunting ase Swinging.

hen synchronous motor is used for driving a varying load. Then a condition known as

@1 ng is produced. Hunting may also be caused if supply frequency is pulsating.

When a synchronous motor is loaded its rotor falls back in phase by the coupling angle
‘a’. As the load is progressively increased, thus angle also increases so as to produced motor
torque to meet with the increased load. If now there is a sudden decrease in the motor load, the
rotor is pull back to new value of ‘a’. In this way rotor starts oscillating about its new position

of equilibrium. Corresponding to the new load. If the time period of those oscillations equals to
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the natural time period of the machine, then mechanical resonance is set up. The amplitude of

these oscillations may become so large to throw the machine out of synchronous.

To stop the oscillations damper or damping grids are employed. These damper-consists
of (short circuited copper were in the faces of the field poles of the motor. The oscillatory
motion of the rotor sets up eddy currents in the dampers which flows in such a way as to

suppress the oscillations.

Comparison between induction motor and synchronous motor.. @v;
N\
N

Induction Motor Svnchronous Motor ?»

N

1. | Its speed decreases slightly as the load 1. | It runs at either synchrono@\fd or not

increased. at all @

N
d

2. | It always run with lagging power factor. | 2. | It can be run a wide rang of p.f.

both laggin ding.
A
I ly not self-starting.

3. | Itis self—starting. 3.1t is‘%&gﬁ
4. | D.C. excitation is not required R%‘excitation is required.
A
5. | Itis cheap & simple @‘ It is costlier & complicated.
- - &
Application of Synchronous Metgz
1. Power factor co rrect@\'CJ

Over excited synghrorieus motor having leading p.f. are widely use for improving p.f.

of power syjt\e) .
2. Consj%&e‘ed application.

S

ng)eed synchronous motor (above 600rpm) are used for centrifugal pumps, belt

drivéreciprocating, compressor, blowers, line shafts, rubber & paper mills etc.

Q Low speed synchronous motors (below 600rpm) are used for drives such as centrifugal
and screw type pumps, balls and tube mills, vaccum pumps, choppers and metal rolling mills

etc.
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3. Voltage regulation :
The voltage at the end of a long transmission line varies greatly when large inductive

loads are present. By installing a synchronous motor with a field regulator, this voltage rise can

be controlled.

By varying the excitation, the p.f. can be made lagging on leading which helps to
maintain the lien voltage at its normal value. 4|]

Example :- 1 @

A 75-kW, 3-¢, Y-connected, 50-Hz. 440-V cylindrical rotor synchro u@otor

operates at rated condition with 0.8 p.f. leading. The motor efficiency excl eld and
stator losses, is 95% and Xs = 2.5Q. Calculate (i) mechanical power de ed (ii) armature
f the motor.

current (iii) back e.m.f. (iv) power angle and (vO maximum or puII-ou@

Solution :  Ns= 120 x 50/4 = 1500 rpm = 25 rps ‘\%

.’

(i) Pm=Pin="P out/ M = 75 x10%0.95 = 78.950 W

(i) Since power input is known C§$)

- A3 440x 1 x 0.8 = 78.950; I, = 1@

(i) Applied voltage /phase = 440/@&54 V. Let V = 254 ~0° as shown in fig
Now, V =Ep + jIXs 0@—' —jlaXs=254 £0° - 129
£36.9°x 2.5 ° =250 £0° - 322 £126.9° = 254 — 322

( cos 12@}&% 126.9°) =254 — 322 (- 0.6 +j0.8) =516 £ -30°

O\Y,
r 7

516

iv) Soo=-30°

V) pull —out torque occurs when = o = 90°
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maximum Pp= 3 B,V sind =3 256516 _ sin90° =157,275W

Xs 25
.. pull-out torque = 9.55 x 157, 275/1500 = 1,000 N-m.
Example : 2
A 20-pole, 693-V, 50Hz, 3¢, A- connected synchronous motor is operating at no-load
with normal excitation. It has armature ressistance per phase of zero and synchronous

reactance of 10Q. If rotor is retarded by 0.5°(mechanical) from its synchronous position, %

compute. @V
() rotor displacement in electrical degrees Q
(i) armature emf/ phase ?ﬁ
(i) armature current / phase %%
(iv)  power drawn by the motor
(V) power developed by armature C}
How will these quantities change when motor is loaded and the ro‘t@a ement increases to
5° (mechanical) ? \
Solution : @r
N

() ofelect) = %xa(mech) F.

. 20 0 %C
s.ofelect) = 7~ x0.5=15°(elect)
2 N9

(i) Ve =Vi/V3=693/3 QQ) O\% =

=400V, \ U ¥ kil
%,

- Er=Vp — Ep cOSQt) + 'ﬁgyw&a = (400 — 400c0s5° + j400sin5°)

=15+ j%%é 87.5 V/ phase
(iiiy  Zs= @l =10 £90°; la=Er/ Zs=35 £87.5°/ 10£90°

- 2.5° Al phase
(gbviously, la lags behind Vp by 2.5 °

i Power input/ phase Vp lacos ¢ = 400 x 3.5x cos 2.5° = 1399 W

Total input power = 3 x 1399 = 4197 W

(V) Since Ra is negligible, armature Cu loss is also negligible. Hence 4197 W also
represent power developed by armature.

Example -3
The input to an 11000-V, 3-phase, star-connected synchronous motor is 60 A. The

effective resistance and synchronous reactance per phase are respectively 1 ohm and 30
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ohm. Find (i) the power supplied to the motor (i) mechanical power developed and (iii)
induced emf for a power factor of 0.8 leading.

Solution : (i) Motor power input = /3 x11000x 60x 0.8 = 915kW

(i)  star Cu loss/phase = 60> x1=3600W; Cu

3x3600 =10.8kW

loss for three phase =

Pm = P2—rotor Cu loss =915 — 10.8 = 904.2 kW
Vp =11000 3 = 6350V ¢ = cos™1 0.8 = 36.9%; @v
F=7528V Q

0
36.9

0 6350 V "A s(}"
0 = tan"1(30/1) = 88.1°: D

=60 x 30 = 1800 V ®
As seen from Fig. 38.25 ‘%

Eb2 — 63502 +18002 — 2xG350°1800xc0s(88.1° + 36.9°)

= 6350° +1800% — 2x 63 XIR—OE?Z

- En=7528 V; line b = 7528 x\/3 = 1.3042.

Example ﬁSOO-V, 1-phase synchronous motor gives a net output mechanical power of

4 and operates at 0.9 p.f. lagging. Its effective resistance is 0.8 Q. If the iron and

% friction losses are 500 W and excitation losses are 800 W, estimate the armature
current. Calculate the commercial efficiency.

Solution 1 Motor input = VI, cos ¢; Armature Cu loss = 1,R.? Power developed in armature

is Pm = Vla COS (I) - IaRa2

V cosd ++/V 2 cos’d —4R. P
S 1,2R, VI, cosp+P, =0 or .1, = ¢ \/ R ¢ = 4R.P
a

Now, Pout= 7.46 KW =7,460 W
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Pm = Pout + iron and friction losses + excitation losses
= 7460 + 500 + 800 = 8760 W

| 500x0.9+ [(500x09)” —4x08x3760 _450+417.7 _32.3 _

a 2% 0.8 1.6 1.6 20.2A

Example :- 5
The synchronous reactance per phase of a 3-phase star-connected 6.600 V synchronous «‘
motor is 10Q2. For a certain load , the input is 900 kW and the induced line emf is 8,90(@

(line value) Evaluate the line current. Neglect resistance.

Solution : Applied voltage / phase = 6.600/ V3 = 3, 810 V &4

Back e.m.f. / phase = 8,900 /V 3 =5, 140 V
Input = ~/3V .1 cos¢ = 900.000 @
| cosdp = 9x 105/3x6.600 = 78.74 A

S
In A ABC of vector digram in Fig we have AB? = AC? +BC? ‘\%
Now OB=1.Xs=101 Q%'

C 0 B0V A

AC = 5,079 v{S)CJ

0C=5,0 &) 10=1, 269 V
Tan ¢ = 126 %): 1.612 ¢ = 58.2°, cosd = 0527
Now & I cos ¢ = 78.74; | = 78.74/0.527 = 149.4 A

X
Q‘Q
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CHAPTER-1V

Single Phase induction Motor

A single phase Induction Motor (I.M.) is very similar to 3 Phase squirrel cage .M. It
has a squirrel cage rotor and a single phase winding on stator like 3 phase I.M., single phase
I.M. is not self starting. The stator winding produces a magnetic field which polarity
reversed after each half cycle. So the field don’t produce rotating field. If a single phase .M.
having squirrel cage rotor and 1-phase distributed stator winding, it doesn’t develop an
resulting starting torque as the torque developed in both the cycle neutralize each other.@
make the I.M. starting, we have to add an another winding in the stator circuit is %\&“Hs

auxiliary winding (starting) %
Making Single Phase I.M. Self starting : 9
To make a 1-phase 1.M. self starting we should some how a revolving stator

magnetic field, this may be achieved by converting a 1-phase @y n to two phase supply
by using an additional winding. Hence the rotor of the sir@ e motor starts rotating like
itional

3 phase motor. When it achieves sufficient speed, tt@t
But the rotor continue running.

Different types of single phase u%‘%

1. Induction Motors like split-phéwapacitor and shaded pole type.

winding may be removed.

2. Repulsion type motors C{
3. A.C. series motors(@' ator motors) etc.
Split Phase Motor: Q

The Stator@{u) of a split phase 1.M. is added with an auxiliary winding with the
main windini it is located 90° electrically apart from the main winding. The two

designed that the auxiliary winding has high resistance and small reactance

Windingﬁi
Wh@ in winding has low resistance and large reactance.

o
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’ . s - m- I LA . : . to- [
Figure 1 split phase | M motor Q

Operation-

When supply is given to the starter windings both the windings are energized e
main winding is made by highly inductive while the auxiliary winding is résistivé that
produce a weak revolving field for which it produces revolving flux and ro rts revolving

hence the motor started.

.’
The Torque produced is, ‘%

Ts=KlInlsSina %\,
When a is the phase angle between Im & Is. Wheﬂ%ﬁ or achieves about 75 % of

synchronous speed, the centrifugal switch S will op H%i e auxiliary winding is cut off
from the circuit. Then the motor operates as a 1 —; ®(

reaches it’s normal speed which is below %

proportional to the Current \)
If the starting period delay exceeds 5@3}?&1 , the winding may burn out because the winding

made of fine wire.

o >

Fan, Washing machine@machine tools etc.

Capacitor Start !%. ")

A Capacitor stg%n r is identical to a split phase motor except that the starting winding has
t

rns as main winding and a capacitor is connected in series with the starting

- and it continues to accelerate till it

chronous speed. The starting torque is

Windi§&
N
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.-'JJ-’ e Mg
: E 2 =
&0 ' T
Figure 2 Capacitor Start .M. @
Operation 2»
The value of the capacitor is such that “Is” leads “Im” by The starting tor ieh is

more than the split phase I.M. When torque is produced, the rotor starts rotatigg. When the
rotor achieves 75 % of the Ns, the centrifugal switch will be open. Then a@ winding is
cut off from the circuit. The motor then operate as a 1-phase I.M. a @i‘nue to accelerate
till it reaches it’s normal speed. ‘\%
Advantages %’
It’s starting characteristics are better than the s ’@%e‘ .M. For the same starting

torque, the current of starting winding is only abo hat in split phase I.M. so, it is

heated less quickly. %
Uses : @

It is used where low starting torque is.reguired.
Capacitor start and run C)

It is similar to capaci motor except that the starting winding is not opened
after starting. So, when tg@t runs both windings are connected in the circuit . It has two

capacitors with the star winding. The capacitor C1 has smaller capacity than C; and is
connected in the ¢ §|\fﬁ series with the starting winding permanently during starting as well
as running. rge capacitor C; is connected in parallel in C; for starting purpose only.
When t m@

capacitef C is disconnected from circuit.

Q

r approaches about 75 % of Ns then Centrifugal switch is opened and the

o
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Figure 3 capacitor start induction motor

The important kind of capacitor motor is permanent capacitor motor. In such type the %’
capacitor is permanently connected to the circuit and one in number only. @

% ’
Characteristics %"
This type of motor is designed for perfect Zp@tion at any load and it
r

produces continuous torque as compared to inductign :

Uses ‘%

Due to it’s continuous torque and ;ibrat free, it is used in hospitals, studio,

Figure 4 permanent capacitor motor

refrigerators, compressors, stokers, Cf”l , blowers etc.

Shaded Pole Motor
The shaded pole motor js-very) popular for rating up to 0.05 HP. A small portion of pole core
of about 30% is 3%4@1 surrounded by a short circuited ring of Cu strip called shading

coil. §

Figure 5 shaded pole motor
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Operation

From the total of core, the flux produced and emf is induced in the shading
coil. The resulting current in shading coil is in such a direction, so as to oppose | and
so the charge in flux according to Lens’s law. So this flux in the shaded portion of the
pole is weakened while in the unshaded portion is strengthened. The magnetic axis
lies along the middle of this part.

value, the flux distribution across the pole is uniform. Sinc rent is flowing in shading

Figure 6 torque in shaded pole motor "

During the portion in AB as shown in figure (6), the @ed almost maximum
coil, the magnetic axis shift to the centre of the pole.

As the flux decreases as shown in figure (6), B to C, This again set a induced
current in the shading coil. This current flows i a direction that to oppose the decrease
in current. Thus the flux in the shaded portio&)[ e pole is strengthened while the unshaded
portion is weakened. So the magnetic a M to the middle part of the shaded pole.

This shifting of flux is i ;?;t'ating weak field moving in the direction from
unshaded portion to shaded of the pole. Under the influence of the moving field a
small staring torque is de@&! which torque starts to rotate the rotor, additional torque is
produced by single phas&motor action. Such motors are built in very small sizes of 5-50w
but are simple in %ﬂzztion and are extremely rugged, reliable and cheap.they do not need
any commu Sswitch, brush, collector rings etc. However they suffer from disadvantages
of (i) I@Q ng torque, (ii) very little over load capacity and (iii) very low efficiency

ran@om 5% to 35% from lower to higher ratings respectively.

It is used in small fans, toys, hair drier of power up to 50 W.
AC Series Motor / Universal Motor
The construction of AC series motor is as like as DC series motors. If a DC Series motor

is connected to an AC supply, it will rotate and produce unidirectional torque because the
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current flowing in both the armature and field reverses at the same time. When a DC series
motor operates on a single phase supply, then it is called a AC series motor. The
performances of this type of motor will not be satisfactory due to the following reasons.
1. The alternating flux would cause excessive eddy current loss in the yoke and the field
core will become extremely heated.
2. Sparking will occur at brushes because of huge voltage and current induced in the
short circuited armature coil during commutation period.
3. Power factor is very low. @
Due to the above drawbacks DC series motor required some changes by which
supply input disadvantages solved.. The changes made are
a) The entire magnetic circuit is laminated in order to reduce the eddy curren
b) A high field flux is obtained by using a low reluctance magnetic circ Q
c) Excessive sparking eliminated by using high resistance leads to @%he coil to the

commutator segment. §
Though this type of motor can be operated either on A supply, the resulting
torque speed curve is same. It is also known as Universal %

Operation

field and armature winding. The field windin

When it is connected to an AC supply the @Iternating current flows through the
‘%ces an alternating flux that react with an

armature current to produce a torque an he ection of the torque is always same because
they (current and flux) reverses S|m

Characteristics
a) Speed increases to a hﬁ{klue with a decreasing load.

b) It has very high% torque.

¢) At Full load ﬂu{g er factor is 90 %.
Uses. @
. s@%

d) speed vacuum cleaners. e. hair driers  f. power saw

machine b. vacuum cleaners, c. mixer grinders and blenders

ills g. Electric Shaver.

&ae Phase Repulsion Motor
A repulsion motor is similar to an Ac Series motor except some modification. The
brushes are not connected to supply but are short circuited by themselves. The current

induced in the armature conductor by mutual induction method.
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Construction Single Phase Repulsion Motor

MEUTRAL
L B T T .11 P
. b .. 1 .
mn. ) . | .;I A 8
- N o L:- e . —

-_Ir!. .
|

o =k R I % R .-.n.

Figure 7 Single Phase Repulsion Motor

. BRUSH.ANS M LNE . . DEuSH Ay OF SEUTRAL.

The field of the stator winding is connected directly to the AC single urce.
The rotor is similar to a DC motor armature winding connected to the @utator. The
brushes are short circuited which make the rotor squirrel cage type. It has high starting
torque and also better power factor as compared to other single phag%%ﬁ
Operation \

The figure shows, two pole repulsion motor with @ cuited brushes. The brush
axis is parallel to stator field. The emf is induced in)% ature Conductor by induction
method and current flows through the rotor conducfo e current flows from N to S brush
in two paths. during this brush position hal e rotor conductors under N pole carry
current inward and half carry current %& The same thing occurs under S pole.

Therefore, same torque is produced jn site direction in both the half coils. So the net

torque is zero. \C)

If the brush axis is in;@ngle other than 0° or 90 then a torque is developed in the
rotor and accelerate the o@)o final speed. The brush axis is shifted in clockwise direction
through some angle fronTstator field axis. The emf is induced in same direction, the current
flows in two paths e rotor winding between N & S. Now the more conductors under
North pole %g current in one direction while more conductors under south pole carrying

current i\opposite direction, so that the torque is developed in clockwise direction and the

rot% es to it’s final speed.

The direction of rotation of the rotor depends upon the direction in which the brushes
are shifted. If the brushes are shifted in clockwise direction from the stator field axis then the
net torque in clockwise direction. It has high starting torque.

Use

Commercial refrigerators, compressors and pumps.

o
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CHAPTER -V
COMMUTATOR MOTORS

A.C. Series Motor or Universal Motor

A dc series motor will rotate in the same direction regardless of the polarity of the %’
supply.

When a dc series motor operates on a single phase ac supply it is called an AC serj @
motor. However some changes are required in a DC motor so that it can satisfactos

operates on A.C. supply. @

The changes are as follows: Q

)] The field core is constructed of a material having low hysteresis loss. is laminated
in order to reduce eddy current loss. Hence A.C. series 4ngtolh Pequires a more
expensive construction than a D.C. series motor. \

i) The series field winding uses as few turns as possi duce the reactance of the

field winding to minimum. This reduces the volta across the field winding.

i) A high field flux is obtained by using low re ‘%magnetic circuit.

iv) There is considerable sparking betwee ushes and the commutator when the
motor is used on A.C. supply. It is because th nating flux establishes high currents in the
coils short circuited by the brushes. \/\%Ne short circuited coils break contact from the

e
commutator, excessive sparking is [@dy ed. This can be eliminated by using high resistance

leads to connect the coils to th tator segments.

V) In order to reduce the effect of armature reaction thereby improving commutation and
reducing arm tl@actance a compensating winding is used. This winding is put in
the stator K)

The @ck when A.C. supply is given to D.C. series motor (without modification)

i) %fﬁciency is low due to hysteresis and eddy current loss.
jQ he power factor is low due to large reactance of the field and armature winding.
iii)

The sparking at the brush is excessive.
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COMMUTATOR MOTOR

The construction of an A.C. series motor is very similar to D.C:se@motor except
.’

that above modification are incorporated.
This type of motor can be operated either on A.C. or . ply and the resulting

torque-speed curve is about the same in each case. For@ son it is sometime called

universal motor.

Motors that can be used with a 1-phase A.C@\cg as well as a D.C. source of supply

voltage are called universal motors. ‘%
Principle of Operation of A.C. series m

Construction

When the motor is connected t .C. supply the same alternating current flows
through the field and armature Win\g S

The field winding prg%%a

in the armature to produce@ e.
Since both ar@current and flux reverse simultaneously, the torque always acts in

the same directi n@

Characteristi .C. Series Motor

alternating flux @ that reacts with the current flowing

The ope@g aracteristics are similar to those of D.C. series motor —

i) he speed increases to a high value with decrease in load.

@Q)rhe motor torque is high for large armature current, thus giving high starting torque.
i) At full load, the power factor is about 90 %, however at starting or when carrying

overload power factor is low.

&

o
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Application

The fractional horsepower A.C. series motor have high speed and large starting torque.
Therefore be used to drive —

a) High speed vacuum cleaners.

b) Sewing Machine

c) Electric Shavers
d) Drills %’
e) Mechanical tools etc. @

Repulsion Motor

A repulsion motor is similar to an A.C. series Motor except — Z
i) The brushes are not connected to supply but are short circuited. Hence current duced
in the armature conductor by transformer action. 6

if) The field structure has non-silent pole construction

.’
By adjusting the position of short circuited brushes on the comrn&%x, the starting torque

can be developed in the motor. %
Construction @

The field of the stator winding is connected to the 1 — @ supply.

The armature or rotor with drum type winding i @ otor is connected to a commutator.
Here the brushes are not connected to the s ut are connected to each other or short
circuited. Hence it is possible to vary the starting torque by changing the brush axis. So
Commutator motor has better power fac

an conventional 1-phase motor.

Principle of Operation

mtor with its two short-circuited brushes

ing in the direction shown the left hand pole is north pole and

Fig. 1 shows two pole repulsi
When field current is i
right hand pole is
i) Here the bruﬁd s parallel to the stator field.

When the s

condugt@r Wy induction. This emf will cause a current to flow in the armature conductor. By

inding is energized from 1 — @ supply emf is induced in the armature

le @ the direction of the emf is such that magnetic field of the resulting armature current
@ppose the increase in flux.

The current direction in armature conductor is shown in the Fig.
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With brushes set in this position, lgalf f the armature conductors under the N-pole carry
current inward and half carry ¢ mutward. The same is true under south pole.
So as much torque is dev pu%one direction as in the other and the armature remains
stationary.
The armature will am stationary if the brush axis is perpendicular to the stator field
axis as even th et torque is zero.
If the bru @ls at some angle other than 0° or 90° to the axis of stator field a net torque is
devel (ih the rotor and rotor accelerate to it’s final speed.

Igure 2 because of the new brush position, the greater part of the conductor under the
N-pole carry current in one direction. While the greater part of conductor under S-pole carry
current in opposite direction.
With brushes in position 2 torque in developed in the clockwise direction and the rotor

quickly attains the final speed.
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The direction of rotation of the rotor depends upon the direction in which the brushes are
shifted. If the brushes are shifted in clockwise direction from the stator field axis, the net
torque acts in the clockwise direction and rotor accelerates in the clockwise direction and vice
Versa.
The total armature torque in a repulsion motor is

Ta = Sin 2a where a is the angle between brush axis and stator field axis.
For maximum torque, 2a = 90° or a = 45°. Thus adjusting a to 45° at starting, maximum %
torque can be obtained during starting period. @
Characteristics Q
a) The repulsion motor has characteristics very similar to those of an A.C. series mq@”ﬂ
has a high starting torque and a high speed at no load. %
b) The speed which the repulsion motor develops for any given load will@)d upon the
position of the brushes. q> N
¢) In comparison to other single phase motor, the repulsion motor @ starting torque and

il
&S

The repulsion — Induction motor produces a hi Q}tlng torque entirely due to repulsion

relatively low starting current.

Repulsion Induction Motor

motor action and when running, it function h a combination of Induction motor and
repulsion motor action. \)

Construction Yw

The Fig. shows the connection@pole repulsion Induction motor for 230 V operation. It
consist of a stator and a Roter.

SQUIRREL- CAGE
WINDING

REPULSION. INDUCTION MOTOR

i) The stator carries a single distributed winding fed from single-phase supply.

if) The rotor is provided with two independent windings placed one side the other. The inner
winding is a squirrel-cage winding with rotor bars permanently short circuited. The outer
winding is a repulsion commutator armature winding placed over the squirrel cage winding.
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The repulsion winding is connected to a commutator on which ride short circuited brushes.

Operation

When single phase stator winding is driven by an A.C. supply the repulsion winding is active.
Consequently the motor starts as a repulsion motor with a corresponding high starting torque.

As the motor speed increases, the current shifts from the outer to inner winding due to the
decreasing impedance of the inner winding with increasing speed. Consequently at running

speed, the squirrel cage winding carries the greater part of rotor current. This shifting of

repulsion motor action to induction motor action is thus achieved without any switching %

arrangement.
It may be seen that the motor starts as a repulsion motor. When running, it function through a@v

combination of principle of induction and repulsion. Q
Characteristics
The no-load speed of a repulsion — Induction Motor is somewhat above the sy us

speed because of the effect of repulsion winding, however the speed at full Ioa@ ightly
less than the synchronous speed in an induction motor.

The speed regulation of the motor is about 6 %. C}

The starting torque is 2.25 to 3 times the full load torque. The startin t is 3 to 4 times
the full load current. ‘é

Application \

This type of motor is used for applications requiring a hig %ﬁ torque with essentially
constant running speed.

Repulsion — Start Induction — Run motor ‘%

The action of repulsion motor is combined with that 1 — @ induction motor to produce
repulsion — start induction — run motor (also cal ulsion Start Motor)

This motor starts as an ordinary repulsion rybut after it reaches about 75 % of its full

speed, Centrifugal short — circuiting devi ch short circuits its commutator.

From then on it runs as an Induction Mo ith a short — circuited squirrel — Cage Rotor.
After the commutator is short cir Léga, rushes do not carry any current, hence they may
also be lifted from the commu iorder to avoid unnecessary wear and tear and friction

losses.
Characteristics C)

The starting torque i g& 4.5 times the full load torque and the starting current is 3.75
times the full loa IX)

Due to their higlystarting torque, repulsion motors were used to operate devices such as
refrigerators S, compressor etc.

5\
N
Q@
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CHAPTER- VI
SPECIAL PURPOSE ELECTRIC MACHINES

INTRODUCTION 1

Special purpose electric machines have some features that distinguishes them fron)@V
conventional machines.Stepper motor belongs to that type machine which rotates b

specific number of degrees in response to an input electrical signal and is widel@ﬁn

digital control systems. %

STEPPER MOTOR C}i
Stepper motors are also known as stepping motors or step motors. aper motor is an

electro-magnetic motor that rotates by a specific number of d %s, response to an input
electrical signal. Typical step sizes are 29,2 .5°, 7.5° Jsﬂﬁlectrical pulse. Note that
there is no continuous energy conversion so that the rol% not rotate continuously as in a
conventional electric motor.The stepper motor coriv lectrical pulses into proportionate
mechanical movement. Each revolution of st otor is made up of a series of definite
individual steps. a step is defined as the angulasrotation in degrees of the motor each time it
receives the electrical pulse. such a ste rol is required in many applications. Figure 1.1
illustrates a simple application for Qﬁper motor. Each time the controller receives an input

electrical signal, the paper i to a certain incremental distance. Stepper motors are

relatively cheap and si construction and can be made to rotate in steps in either

direction. These motars

of floppy disc %‘{{)

stepper mot

excellent candidates for such applications as type-writers, control

merical control of machine tools etc. The two most popular types of

(i %nent—magnet (PM) Stepper Motor
i riable —reluctance(VR) Stepper Motor

Q
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Stepper
motor

Goﬁtmllar
F

Command
pulse r eaom Q
Fig. 1.1 Z

The stator of a stepper motor of either type above carries stator windin ich
are energized froma dc source to create two or more stator poles tator poles
are also called stator teeth. The rotor of a stepper motor may §§rmanent
magnet as in a Permanent Magnet stepper motor or a sc@ material as in

case of a variable reluctance motor. The rotor may e two or more poles.
The rotor poles are also called rotor teeth.

The stator coils are energized in groups ra@%o) as phases. The stator
windings may be 2-phase,3-phase or 4 @ indings. The phase windings are
brought out to terminals for DC e@

PM Stepper Motor

The figurel.2 shows a twg -phase permanent magnet stepper motor. When

the stator is energiz%gs
h

move to a positi RT& the excitation torque is zero i.e. the rotor will be aligned in
parallel to the éﬂeld.
e

citation torque acts on the rotor. The rotor will

Torque T

0 90° 270° /360°

Position angle 6

Fig.1.2 Fig.1.3
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Fig 1.3 shows how excitation torque varies with thee rotor position for a PM
rotor. Note that maximum torque is developed when the rotor is displaced from
the stator field by either gip? or 270% . However , the torque is zero and the rotor
is aligned (parallel) with the stator field.

(ii) VR Stepper Motor
Fig. 1.4 shows a 2-pole , single phase variable-reluctance(VR) stepper
motor.When the stator is energized ,reluctance torque acts on the rotor
(soft-iron material). The rotor will move a position where reluctance is minimum

and air-gap flux is maximum. This means that rotor teeth will align with the

energized stator poles. %Z
~

N

Torque T

N

= 0° 90°\/130° \/360"

. Position angle 6

%(3"
Fig.1.4 % Fig.1.5

Fig.1.5 shows how reluctﬁ \)ue varies with the rotor position for a VR soft-

iron rotor.With the @ 8 or 90, no torque is developed. Maximum torque is
developed at 45'}(& '35% Which is the position where reluctance torque forces

the rotor or [Qgtd position of minimum reluctance.

ste %’é 'the angle through which the motor shaft rotates for each command

p@ is called step angle. It can be shown that for any PM or VR stepper
&ﬂotor,the step angle can be found from the following two relation:

QQ); i) In terms of stator poles (¥;) and rotor poles (), the step angle (a) is given

by:
Bz — N
N! X Nr

X 360%

Step angle, o=

where a= Step angle in degrees

v
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(N;)=Number of stator poles(or teeth)
(¥,)=Number of rotor poles (or teeth)

i) Interms of stator phases (m) and rotor poles (), the step angle is given by:

3en

m Ny J
o= step angle in degrees @V

m=Number of stator phases

step angle,0= o=

N,=Number of rotor poles (or teeth) @

stepping rate. An important specification of a stepper motor is the st@ rate. The
number of steps per second is known as stepping frequency(f). Theact(gl*speed of a
stepper motor depends on the step angle (a) and stepping fregué& and is given by :

Speed of stepper motor, N =§ Qg)
N = motor speed in r.p.m. @S

f = stepping frequency i.e. steps/second %

Example 1.1 Q)

Determine the step angle of ﬁgﬂfe-reluctance stepper motor with 12 teeth in the stator

and 8 rotor teeth. C\'}

Solution ; \%)
Number of &éeth, N.=12

Nu rgntor teeth, N.=8
; ::"-E — V] _El:‘ﬁ: 0= 0
QQ) Step angle, o o, X 360% =0 X 360°= 159%/step
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Example 1.2

A stepper motor has a step angle of 10%nd is required to rotate at 200 r.p.m. Determine

the pulse rate(steps/second) for this motor.

Solution :

motor speed, N :“—; 41
Hence , Pulse rate(steps per second) for this motor = % == Tiﬁf =120 steps/second Q@v

«23’
@%

A permanent-magnet(PM) stepper motor is a popular type of steppgr motor.It operates on

PERMANENT -MAGNET (PM) STEPPER MOTOR

the principle of interaction between permanent-magnet and eleg\ netic field.

CONSTRUCTION : The stator construction of a P% r motor is composed of

steel laminations and carries stator windings. Thg%
from a d.c. source to create two or more s@p les. The rotor of the motor is a
permanent-magnet made up of high rete el alloy.The rotor has even number of

v
poles. Fig.1.6 shows a two-phase,z-poltﬁl stepper motor. The motor has two rotor
poles.The stator coils are grouped% rm 2-phase winding i.e.phase-A winding and

hase windings are energized

phase-B winding.The phase Wi&'ng rminals are brought out for d.c. excitation.
QO

(i) (i)
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(iii)

Fig.1.6

OPERATION : for this PM stepper motor,the number of ro @ s,N,. = 2 and number

of phases, m=2.
Step angle, @ =mN,=360%/(2x2)= gﬂﬂ/step‘$)

(i) When only phase-A winding is energi y a constant current as shown in
Fig.1.6(i) stator tooth 1 becomes t uth pole. This makes the north pole of the
PM rotor to align parallel e south pole(stator tooth 1) of the stator. The

rotor will remain loc lg s position as long as phase-A winding remains

energized. The fir truth table in Fig. shows that only phase-A winding is

excited while F{j winding is unexcited. Under this condition, step angle =
-G“The a oltage waveforms in Fig also tally with the facts shown in the
trut

(i) If p 4% winding is de-energized and phase-B winding is energised as shown in
.1.6(ii), stator tooth 2 becomes south pole. As a result, the north pole of the PM

@ rotor aligns parallel with the south pole(stator tooth2) of the stator. Thus the rotor

Q has displaced 20? in the anticlockwise direction.
(iii) If phase B winding is de-energized and phase-A winding is excited by a reverse
current the rotor will further rotate 9% in anticlockwise direction as shown in

Figl.6(iii). Now the north pole of PM motor aligns with the stator tooth 3.
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Truth Table
Phase
Cycle | A B | Position8°
+ 1 0o | 0
-0 1 90
- -1 0 180 %
0 - 270 @
+ 1 {3 Fis 360_ §
Fig.1.7 | <82»
V, '
‘.
. >
vﬂ-
Off On ot . off | On :
- : : »t
0| - On . : |

\\J " Fig.18
(iv) So far the rotor has co %&one-half revolution. However, if we continue the

appropriate% ing the rotor will complete one revolution in 9p? steps.

ﬁn change the step anglezof a PM stepper motor by changing the
n@gf of rotor poles N and the number of phases(m).Thus for a 3-phase,24-
le PM stepper motor, the step angle & =360%mNr=350%3x24="5Ystep.
Q@ Limitations : The PM stepper motor has the following draw\backs :

It is difficult to make a small permanent magnet rotor with a large number of poles.
Therefore ,PM stepper motors are restricted to large step angles in the range of30?

to 9p?
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i) The PM stepper motors have high inertia because of the permanent-magnet rotor.
Therefore, these motors have slow acceleration. the maximum step rate (Stepping
frequency) is 300 steps/second.

iil) The PM stepper motors have high rotational speed because of large stepping angle.

Therefore, motor torque for a given output power is low.

o

VARIABLE RELUCTANCE(VR) STEPPER MOTOR @

The variable Reluctance stepper motor(VR) stepper motor operates on the same pgin
as the reluctance motor. that is, when a piece of ferro-magnetic material is f@%ﬁrtate
and is placed in a magnetic field the torque acts on the material to bring ch position

Gy
CONSTRUCTION : The stator construction of a VR steppe;Su the same as that of

a PM stepper motor. The stator phase windings are WOU% stator tooth. The rotor

of minimum reluctance to the path of magnetic flux.

is made of soft steel with teeth and slots .Figure s basic Variable-Reluctance
stepper motor. In this circuit, the rotor is shown wi er teeth than stator. This ensures
that only one set of stator and rotor teeth willali any given instant. In Fig. the stator
has six teeth and the rotor has four teeth% stator has three phases — A,B and C with

teeth 1 and 4, 3and 6 and 2 and 5 res@ .For this VR stepper motor,

I
L E o 54 Vol — mni
step angle,a = X 360 —R 0% = 30%step
Bzl

Therefore, the@%ﬁtum 30®ach time a pulse is applied.
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i (iii)
& Fig.1.9
X

OPE(% : When the phase winding is energized,the rotor teeth will align with the
en%iz stator poles.

Q‘Q)Fig.lg(i) shows the position of the rotor when phase A is energized with a constant
current.As long as phase A is energized,the rotor will be held stationary.Note that
in this condition,the rotor teeth 1 and 2 are aligned with the energized stator teeth
1 and 4.the step angle 2= 0% Also refer to truth table and applied voltage

waveform.
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i) when phase A is switched off and phase B is energized,the rotor will turn 30°
clockwise so that the rotor teeth 3 and 4 align with the energized stator teeth 6 and
3.
i) The effect of de-energising phase B and energizing phase C is shown in Fig.1.9(iii).In
this circuit,the rotor has further moved 30% clockwise so that rotor teeth 1 and 2
align with energized stator teeth 2 and 5.
iv) after the rotor has displaced &0%tlockwise from iots starting point,the step sequence %’
has completed one cycle. The truth table in fig. shows the switching sequence @

complete a full 350° rotation for the motor with six stator poles and fourwQt

poles. f
Truth Table SRS 1 St
A :
Phase _ T e, .
Cycle | A B C Position | - Oon | off | 0 |
1 == , Bk —_—t,
1 ON OFF OFF 0° 0 Pl i
OFF ON _ OFF 30° Ve
OFF OFF ON 60° 4

2 ON OFF OFF 90°

OFF ON OFF | '120° . off [ on of on |

OFF OFF ON | 150° 0 : '
3 ON OFF OFF 180° - |- i :

OFF ON OFF 210° Xc

OFF OFF ON 240° 5,
4 ON . OFF OFF 270°

OFF ON OFF | .300° of [ on| ot  [on] '

OFF  OFF ON 330° 0 e g
5 ON OFF OFF 360° ' Applied Voltage Waveforms

Y

ﬂ . Fig.1.11
The direction o@a on will be reversed if the switching sequence is in the order

of AC %%br this particular motor,applied voltage must have at least five

cycle fo revolution.

%@D STEPPER MOTOR

hybrid stepper motor combines the features of the PM and the VR stepper
motors.The torque developed by this motor is greater than that of the PM or VR stepper

motor.
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Construction : Figl.12 shows the basic construction of a hybrid stepper motor.The stator
construction is similar to that of a VR or PM stepper motor. However, the rotor
construction combines the design of the rotors of a VR and a PM stepper motor. The rotor
of a hybrid stepper motor consists of two identical stacks of soft iron as well as an axially
magnetized round permanent magnet. Soft iron stacks are attached to the north and south
poles of the permanent magnet as shown in Fig.1.12

o I S

1| Permanent magnet | "3' T

Fig 1.12

The(&r teeth are machined on the sot iron stacks. Thus the rotor teeth on one end

e the north pole and those at the other end become the south pole.

Dlhis rotor teeth of both north and south poles are displaced in angle for the proper

alignment of the rotor pole with that of the stator as shown in Fig.1.12

OPERATION : The operating mode of the hybrid stepper motor is very similar to that of

a PM or VR stepper motor.The phase windings are energized in proper sequence and the
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rotor rotaes in steps.Unlike the VR or PM stepper motors,the step angle of a hybrid
stepper motor is independent of the number of stator phases and depends only on the

number of rotor teeth(M¥,.).It is given by :
Step angle, a = 90%N.. in deg

For a hybrid stepper motor having 5 rotor teeth,the step angle alpha =90%/N,. =9p?/5 1
=1g%step. It means that for each change of stator excitation,the rotor will turn by a step of

189,

It may be noted that a hybrid stepper motor operates under the combined principlé

PM and VR stepper motors.Therefore,the hybrid motor develops both exc% torge
and relucatance torque.Consequently the resultant torque developed by r|d stepper

S
N
.................................................. é@

motor is greater than that of the PM or VR stepper motor.
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CHAPTER VII

THREE PHASE TRANSFORMER

All alternating current electrical energy is nearly generated by three phase alternating
current generators. Similarly three phase systems are used for transmission and distribution of ‘1
electrical energy. There are several reasons why a three phase system is preferred over z@y

single phase system. Some of the important reasons are Q
e Smaller size - KVA ratings of three phase generators and horse power rating@m
phase

phase motors for a given physical size are higher than those of similar %

units. Q
e Superior operating characteristics - operating characteristics of t %se motors and
other appliances are superior to those of similar single phas

e Better efficiency - the efficiency of transmission and tion of power in three

phase system are better than in a single phase systep:.

Alternating current generated t@%three phase generator has to be
e

transmitted at higher voltage level for eco ason. Again at the receiving end of
transmission line it is necessary to transf@ e energy through a suitable lower voltage
level for distribution. It is therefore, oﬁw}necessary to transform the three phase voltage

system to a higher or lower valug.

Electric e %ﬁy be transferred from one three phase current to another
three phase curren@ change in voltage by means of a three phase transformer.

Voltage transmis;s{n)

a three phase system may also be performed by using three

separate single e transformer with the winding of the transformer connected in star or

delta. Q

Adyhanteges of single three phase transformer over a bank of three single phase

Q%ﬁsfo rmers

Recently, three phase transformer are increasingly being used for both step

up and step down applications for the following reasons-
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The cost of one three phase transformer is less than the cost of three single phase
transformer required to supply the same KV A output.
The3 phase transformer weights less and occupies less space than 3 single phase
transformer.
The bus bar structure, switchgear and other wiring for a three phase transformer
installation
are simpler than those for three single phase transformer.

But there is one major advantage in using a bank of three singla@V
phase transformers than a
Single three phase transformer. If one single phase transformer amon%
becomes defective, it can be disconnected and power can be supplled ther
two single phase transformers unless replacement/repair is poss owever ina
three phase transformer, If one of the phase winding becom I@
transformer must be taken out of a Service for repair %‘Q
disturbing the power supply. \

ive, the entire

ereby completely

Fig.1.2



116

1.2. Construction
The three phase transformers are also core type and shell type. The basic
principle of a three phase transformer is shown in figure.1.1, in which only primary windings
have been shown interconnected in star and put across three phase supply. Three cores are
120° apart and their empty legs are shown contact with each other. The centre leg formed by
these three carriers the flux produced by the three phase currents Ir, Iy and Ig. As at any %

instant Ir+ Iv+ Ig = 0, hence the sum of three fluxes is also zero. Therefore it will make no
difference if the common leg is removed. In that case any two legs will act as their returv@v

path for the third Just as in a three phase system any two conductors act as the return fgr@

2%

current in the third conductor.

leg Core
2-leg Core PiRe

Three-Phase Transformer Cores

Single-Phase Transformer Cores

Q\ Fig.1.4 Fig.L.5
1.3@1 ng of the three phase transformer

hree phase transformers are divided into four groups according to their phase
displacement between the line voltage on the hv and Iv side.

Groupl- 0 degree displacement (star-star or delta-delta)
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Group2 - 180 degree displacement (star-star or delta-delta but the secondary is

reversed)
Group3- +30 degree displacement (sta-delta)

Group4- -30 degree displacement (delta-star)

Thus a connection Yd11 gives the following information %
Y indicates that hv is connected in star @
d indicates that Iv is connected in delta §
11 indicate that Iv line voltage lags hv line voltage by +30 degree. (Meas m hv
phasor in anticlockwise direction). Q

The phase difference between the hv & Iv windings for diffe S of connection
can be represented by comparing it with the hour hand of the cl ‘%hen the hour hand of

the clock is at 12 O’clock position, the phase displacement |s% mllarly

Position of hour hand of clock Phase dis ‘eﬁt
(4
0 0° ANJ
0%\
11 4 +30°

Y
1 \()‘ -30°

6 ) C&‘C’ 180°

Dependi g%)he phase displacement of the voltages of hv (high voltage) & Iv (low
voltage) sid ﬁnsformers are classified into groups called “Vector group”. Transformer
having R&ame phase displacement between the hv & Iv sides are classified into one same
gr% r successful parallel operation of transformers, they should belong to the same

)

with another three phase transformer whose windings are either star-star connected or delta-

group. For example, a star-star connected three phase transformer can be paralleled

delta connected. A star-star connected transformer cannot be paralleled with another star-

delta connected transformer as this may result in short-circuiting of the secondary side.
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1.4. Three phase transformer connection

There are various methods available for transforming three phase voltages to
higher or lower 3 phase voltages i.e. For handling a considerable amount of power. Usually
star connection is used for high voltage transformation and delta connection is used for high

current transformation. The most common connection are
Y-Y

A-A

Q
A-Y

Open A or V-V @b
Scott connection or T-T connection Q

1.5. Star/Star or Y-Y connection:- Cg.’

This connection is most economical for small, high volt ormer because the

I A

no of turns per phase and the amount of insulation required is
only 1/73 of line

m (as phase voltage is

With these phase angles,
the center points of the Y
must tie either all “~" or all
“+" winding ends together.

With these phase angles, the . gl ; a <
winding polarities must stack \ \
together in a complementary: e <

manner (+ to =).

0 Angular Displacement

i <QV Fig.1.7
N

Voltage)yAIn figurel.7 a bank of three transformers connected in star on both the primary and
sec@ sides are shown. The ratio of line voltage on the primary and secondary sides is the

s the transformation ratio of each transformer. However there is a phase sift of 30°
between the phase voltages and line voltages both on the primary and secondary sides. Of
course line voltages on both sides as well as primary voltages are respectively in phase with
each other. This connections works satisfactorily only if the load is balanced. With the

unbalanced load to the neutral, the neutral point shifts there by making the 3 line- to-neutral
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(I.e. phase) voltages unequal. The effect of unbalanced loads can be illustrated by placing a
single load between phase (or coil) a and the neutral on secondary side. The power in the load
has to be supplied by primary phase (or coil) A. This primary coil A cannot supply the
required power because it is in series with primaries B and C whose secondaries are opened.
Under these condition the primary coils B and C act as very high impedances so that primary
coil A can obtain but very little current through them from the line. Hence secondary coil a
cannot supply appreciable power. In fact, a very low resistance approaching a short circuit
may be connected between point A and the neutral and only a very small amount of curre
will flow. This, as said above, is due to the reduction of voltage Ean because of neutral sl@
In other words, under short-circuit condition, the neutral is pulled too much towa a.
This reduces Ean but increases Ebn & Ecn (however line voltage Enaeg, ca are
unaffected). On the primary side, Ean will be practically reduced to zero % Esn & Ecn
will rise to nearly full primary line voltage. This difficulty of shifting ( v\cgkg) neutral can
be obviated by connecting the primary neutral (shown dotted n%x igure) back to the
generator so that primary coil A can take its required power )\Jetween its line and the
neutral. It should be noted that if a single phase load is ¢ &tween the lines a and b,
there will be a similar but less pronounced neutral s 0%1 results in an over voltage on

one or more transformers. 6

Another advantage of stabilizing the prmary neutral by connecting it to neutral of the
generator is that it eliminates distortio 'Msecondary phase voltages. This is explained as
follows. For delivering a sine wav @hge, it is necessary to have a sine wave of flux in
the core, but on account of acteristics of iron, a sine wave flux requires a third
harmonic component in the"exciting current. As the frequency of this component is thrice the
frequency of three circm@ any given instant of time, it needs it tends to flow either towards
or away from the point in all the three transformers. If the primary neutral is isolated
the triple fre y current cannot flow. Hence, the flux in the core cannot be a sine wave
and so t mges are distorted. But if the primary neutral is earthed i.e. joined to the
gene Q)%utral, then this provides a path for the triple frequency currents and e.m.fs and the

iffi is overcome. Another way of avoiding this trouble of oscillating neutral is to
provide each of the transformers with a third or tertiary winding of relatively low KVA
rating. This tertiary winding connected in delta and provides a circuit in which the triple
frequency component of the magnetising current can flow (with an isolated neutral, it could

not). In this case a sine wave of voltage applied to the primary will result in a sine wave of

o
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phase voltage in the secondary. As said above, the advantage of this connection is that

insulation is stressed only to the extent of line to neutral voltage i.e. 58% of the line voltage.

1.6. Delta-Delta or A-A connection:-
This connection is economical for large, low voltage transformers in which insulation
problem is not so urgent, because it increases the number of turns/phase. The transformers

connection and voltage triangles are shown in fig 1.8 The ratio of transformation between

primary and secondary line voltage is exactly the same as that of each transformers. Further,
the secondary voltage triangle abc occupy the same relative position as the primary vot@
-Y

triangle ABC i.e. there is no angular displacement between the two. Moreover, the
internal phase shift between phase and line voltages on either side as was the

connection. This connection has the following advantages:

B o—5— —

=[]0 —
- f?l ||

o /
A<= R — =
=3 \7

< <

O” Angular Displacement

O’
% Fig.1.8
1. As ex@f‘ above, in order that the output voltage be sinusoidal, it is necessary

that the mag g current of the transformer must contained a third harmonic component.
In this ca€e third harmonic component of the magnetising current can flow in the A connected
tra@er primaries without flowing in the line wires. The three phases are 120° apart
@h s 3X120°=360° with respect to the third harmonic, hence it merely circulates in the A.
Therefore the flux is sinusoidal which results in sinusoidal voltages.

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

imbalance.

3. Anadded advantage of this connection is that if one transformer becomes disable,
the system can continue to operate in open delta or in V-V although with reduced available
capacity. The reduced capacity is 58% and not 66.7% of the normal value as explained in

1.7. Wye/Delta or Y-A connection:-

The main use of this connection is at the substation end of the transmi me
where the voltage is to be stepped down. The primary winding is Y connected vvi% nded
neutral as shown in figl.9 the ratio between the secondary and primary li %ltage is 13
times the transformation ratio of each transformer. There is a 30° shif@ n the primary

.’

and secondary line voltages which means that a Y-A transformer nnot be paralleled

with either a Y-Y and A-A bank. Also, a third harmonic curre@s in the A to provide a

sinusoidal flux. @

N

—-—— O C

—<— b

—<> a

,< 30" Angular Displacement

g)\)‘/ Fig.1.9

connection:-

18. Delta/WgQ
(qe nnection is generally employed where it is necessary to step up the voltage as for
t the beginning of high tension transmission system. The connection is show in figl.10 the

power equipment and single phase lighting circuit.

o
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This connection is not open to the objection of a floating neutral and voltage
distortion because the existence of a A connection allows a path for the third harmonic
currents. It would be observed that the primary and secondary line voltages and line currents
are out of phase with each other by 30°. Because of this 30° shift it is impossible to parallel
such a bank with a A-A and Y-Y bank of transformers even though the voltage ratios are
correctly adjusted. The ratio of secondary to primary voltage is V3 times the transformation

ratio of each transformer.

Example 1.1. A 3 phase, 50 Hz transformer has tayconnected primary and star connected
secondary, the line voltage being 22000 V a%) V respectively. The secondary has a star
connected balanced load at 0.8 power fad{}a ging. The line current on the primary side is

5A.Determine the current in each c@?ﬂé primary and in each secondary line. What is the

output of the transformer in KW,

Solution : It sould be not ﬁin 3 phase tranformer, the phase tranformation ratio is equal

to the turn ratio but th minal or line voltages depend upon the method of connection
employed. The deI@(‘connection is shown in figure 1.11 .
Phase volta@ rimary side= 22000V

Pha Iltage on secondary side= 400/3

@)O/zzoooxxh = 1/55V3

Primary phase current = 5/V3 A

Secondary phase current= (5/N3)/K =(5/N3)/(1/55V3) =275 A
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Output = V3Vl cos® =V3x400x275x0.8 =15.24 K\W

S5A '
O $ - | | |
\ L |
B AN : | 3-Ph
220+oov B 5 400V | | Load
Y (5585880 N ‘,\1\-’).‘\“ Ko 08 X - 7

Fig.1.11

Example 1.2. A 500KVA, 3 phase, 50 Hz transformer has a voltage ratio (line voltage)
33/11 KV and is delta/star connected. The resistances per phase are: high voltage 35 0
voltage 0.876 Q and the iron loss is 3050 W. calculate the value of efficiency at full Qﬁg
Y of full laod respectively A) at unity P.F. and B) 0.8 P.F.

Solution: Transformation ratio (K)= 11000/3x33000 = 1/3V3 : 6

"
Per phase Roz= 0.876+(1/3V3)?x35=2.172 Q &%
Secondary phase current= 500000/(N3x11000) = 500/113 @k

&

Full load total Cu loss= 3x(500/11V3)?x2.172 =4 @

Iron loss=3050 W Q)

Total full load losses=4490+3050 ﬂégw}.)
Outout at unity P.F= 500KW @

Full load eﬁiciency:50@7540:0.9854 or 98.54 %
Output at 0.8 P.F»@S&O:MOKW

Efficincy:4407540: 0.982 or 98.2%

Hal (§c6ndition :
% t unity P.F= 250 KW

Cu losses = (1/2)?x4490 =1,222 W

Full load condition :

Total losses= 3050+ 1222= 4172 W
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Efficiency=250000/254172=0.9835 or 98.35%
Output at 0.8 P.F=200 KW
Efficiency=200000/204172=0.98 or 98%

1.9. Open- Delta or V-V Connection.

If one of the transformers of a A-A is removed and 3phase supply is connected to the %
primaries as shown in Fig. 1.12, then three equal 3 phase valtages will be at the secondary

terminals on no load. This method of transforming 3-pahse power by means of only %@

transformers is called the open -A or V-V connection.

It is employed: @

1. When the three-phase load is too small to warrant the installation @three phase
transformer bank. !

2. When one of the transformers in a A-A bank is disabled x t service is continued
although at reduced capacity, till the faulty transforr@%’repaired or a new one is

substituted.
3. When it is anticipated that in future the Ioad@ %crease necessitating the closing of

open delta. E

One important point to ngteNs that the total load that can be carried by a V-V
bank is not two-third of the (@j&;ofa A-A bank but it is only 57.7% of'it. That is a
reduction of 15% (ST , 15.5%) from its normal rating. Suppose there is A-A
bank of three 10- nsformers. When one transformer removed, then it runs in
V-V. The to al%yng of the transformer kVA rating but only 0.866 of it i.e.
20x0.866=47232(or 30x0.57=17.3kVA). The fact that the ratio of V- capacity to A-
capaﬁl/ /3 = 57.7%(or nearly 58%) instead of 66.67 percent can be proved as

N
§
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o 1
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|
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| !

A <
X @ <
P A
,/
B A b

Figl.12 41
As seen from fig 1.13(a)
A-A capacity = V3.ViIL=V3.VL (V31s)=3 VL .Is ﬂ@

In Fig1.13 (b) it is obvious that when A-A bank becomes V-V bank, the sec
line current 1. becomes equal to the secondary phase current Is. %
5

(V-V- capacity/A-A capacity) = V3.Vils/ 3 Vi .Is=1/N3=0.577
.

T ClosedsA
(a)

@ Figl.lé%)y
It means that the 3-phase load which can ied without exceeding the rating of

the transformers is 57.7 per cent of the ori@&d rather than the expected 66.7%.1t is
obvious from above that when one transﬂwe)r is’removed from a A-A bank.

1. The bank capaci 's?e‘duced from 30 kVA to 30X0.577=17.3KVA and

not to 20 kv@wght be tought off hand.
the rated capacity of the two remaining transformers is

2. Only 86
avali €. 20X0.866=17.3kVA). In other words, ratio of operating

%@w to avalible capacity on an open -A is 0.866. This factor of 0.866 is
%so etimes called the utility factor.

@ Each transformer will supply 57.7% of load and not 50% when operating

Q& in V-V.

% However, it is worth noting that if three transformers in a A-A bank are delivering
their rated load and one transformer is removed, the overload on each of the remaining

transformers is 73.2% because

(Total load in V-V)/ (VA/transformer) = V3.V Is/ Vi 1s=V3=1.732
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This over-load may be carried temporarily but some provision must be made to

reduce the load if overheating and consequent breakdown of the remaining two transformers

is to be avoided.

The disadvantages of this connection are:

1. The average power factor at which the V-bank opeates is less than that

1.10. Power supplied by V-V connecti rN
When a V-V bank of two tra@g%
te

cos ¢, then one transformer

of the load, this power factor is actually 86.6% of the balanced load

power factor. Another significant point to note is that, except for a@v

balanced unity power factor load, the two transformers in the \@
bank operate at different power factors. ?
Secondary terminal voltages tend to become unbalance@ great
extent when the load is increased, this happens ever@] the load is

perfectly balanced. g? .
It may, however be noted that if two transfo e operating in V-V

and loaded to rated capacity in the ab mple, to 17.3kVA, the
addition of a third transformer inc€as e total capacity by \3 or
173.2% (i.e to 30kVA). it mean r an increase in cost of 50% for

the third transformer. Tg@ ease in capacity is 73.2%when

converting froma V-V to a A-A system.

er supplies a balanced 3-phae load of power factor
at a p.f. of cos(30% ¢) and the other at cos(30%+ ).

Consequently, the two transformers will not have the same voltage regulation.

P1= KVA X

N@a— @) And P,= KVA X cos (30%¢)
i) When @&Q&p.f. =1

Each tra(&rmer will have a p.f. = cos30° =0.866

ii $=30° i.e. load p.f. =0.866,

In this case, one transformer has a p.f. of cos (30° - 30%) = 1 and the other of cos (30° +30°) =

0.866

iii) ) when ¢=60° i.e. load p.f.=0.5,

o
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In this case, one transformer has a p.f. of cos (30° - 60°) = cos (-30° )=0.866 and the other of
cos (30° +60°%) = cos (90° )=0. It means that one of the transformers will not supply any load
whereas the other having a power factor of 0.866 will supply the entire load.

Example 1.3. What should be the kVA rating of each transformer ina V — V bank when the
3 — phase balanced load is 40 kVA? If a third similar transformer is connected for operation
,what is the rated capacity? What percentage increase in rating is affected in this way? Q

Solution. As pointed out earlier, the kVA rating of each transformer has to be 15% greater. @
kVA / transformer = (40/2) x 1.15 = 23 &:

A—Abankrating =23 x3=69; Increase = [(69 —40) / 40] x 100 = 72.5 %. %

&

.’
1.11. Scott Connection or T-T connection: §
This is a connection by which 3-phase to 3-phase transfafatien is accomplished with

the help of two transformers as shown in Fig. 1.14. Since jt-wWas first proposed by Charles F.

Scott, it is frequently referred to as Scott connection. nection can also be used for 3-

phase to 2-phase transformation as explained. C}

One of the transformers has centre th on the primary and secondary ending
(Figl.14) and is known as the main ¥r?a$§f9rmer. It forms the horizontal member of the

connection (Fig.1.15). C)

The other transforrq@'ﬁ 0.866 tap and is known as teaser transformer. One end
of both the primary and @dary of the teaser transformer is joined to the centre taps on

The other end % easer primary and the two ends B and C of the main transformer
primary are ted to the 3-phase supply.

%«oltage diagram is shown in Fig 1.15(a) where the 3-pahse supply line voltage is

both primary and %" of the main transformer respectively as shown in Fig. 1.15(a) .
oRthe t

% ed to be 100 V and a transformation ratio of unity. For understanding as to how 3-
phase transformation results from this arrangement, it is desirable to think of the primary and
secondary vector voltage forming geometrical Ts’ (from which this connection gets its

name).
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N eedr e ade i
B
D %’
* @'
Figl.14 \Q
In the primary voltage T of Fig 1.15(a) Epc and Epg are each 50V and di ase
by 180° because both coils DB and DC are on the same magnetic circuit an:lcgo ected in
opposition. Each side of the equilateral triangle represents 100 V. The vol pa being the
altitude of the equilateral triangle is equal to (V3/2) X100=86.6 V an chind the voltage
across the main by 90°. The same relation holds good in the sec inding so that abc is

a symmetrical 3-phase system.

Tease ;
f)' E Transformer
100V
100V CE _mmabsess—AB
Y 100V J "
Primaries Z .
Main
'fmﬁA Transformer
2N

5 |
Q% Fig.1.15

With reference to the secondary voltage triangle of Fig. 1.15(b),it is should be noted

that for a load of unity power factor, current lg, lags behind voltage Eq, by 30° and gy leads
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Eqc by 30° . In other words, the teaser transformer and each half of the main transformer, all
operate at different power factors.

Obviously, the full rating of the transformers is not being utilized. The teaser
transformer operates at only 0.866 of its rated voltage and the main transformer coils operate
at cos30°= 0.866 power factor, which is equivalent to the main transformer’s coils working at

.86.6 per cent of their kVA rating. Hence the capacity to rating ratio in a T-T. Connection is

86.6%- the same as in V-V connection if two identical units are used, although heating in th(@y;

two cases is not the same.

If, however, both the teaser primary and secondary windings are des@fﬁr

86.6volts only, then they will be operating at full rating, hence the combined f the
arrangement would become (86.6+86.6)/(100+86.6)=0.928 of its total C% In other
words, ratio of KVA utilized to that available would be 0.928 which @ IS connection

more economical than open-A with its ratio of 0.866.

Ve
a
| T
100V
J' 100 V
O
T
= . IO 'b 100 V
<—50V—><——50V—>
| : &

Flgl 16

Figl.16 shows th (}%ary of the T-T connection with its different voltages based
on a nominal voltag %@’V. As seen, the neutral point n is one third ways up from point d.
If secondary volta d current vector diagram is drawn for load power factor of unity, it

will be foun

Q . Current in teaser transformer is in phase with the voltage.
‘Q) 2. In the main transformer, current leads the voltage by 30° across one half but
Q lags the voltage by 30° across the other half as shown in figure 33.15(b)

Hence when a balanced load of power factor =COS®, is applied , the teaser

current will lag or lead the voltage by @® while in the two halves of the main
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transformer, the angle between current voltage will be (30°-®) and (30°+®). The

situation is similar to that existing in a V-V connection.

Example-1.4. Two T- connected transformers are used to supply a 440V, 33KVA
balanced load from a balanced three phase supply of 3300V. Calculate (a) Voltage
and current rating of each coil (b) KVA rating of the main and teaser transformer.

Solution :- (a) Voltage across main primary is 3300V where as that across teaser %v

primary is =0.866 X 3300 =2858V @

The current is the same in the teaser and the main and equals the line current. ?»:

ILP=33000/Y3X3300=5.77A Q«)z»

The secondary main voltage equals the line voltage of 440V whereas teaser@ dary

voltage =0.866 X 440=381V "
The secondary line current, lls= |LP/k:5.77/(440/3300)=43.3Q ﬁ in figurel.17
Ve

)
DLl 20 433 A

A Orepraece — —a —%—— 30 -

33010v 1\ I é\ ! ] f
g ; 440 V

B4 - #3300V 01 gy i hilios oif 2
3300 VL"W BEEEEs—— r—fmw%m ***** ] 440 V

oy
%\'\/ Fig.1.17
(b) Main KVA= 3300 X 5.776(33?:19KVA

Teaser KVA = 0.866 @VA: 0.866 X 19=16.4KVA
X

1.12. Threeﬁe 0 Two-phase Conversion and vice-versa

This ersion is required to supply two-phase furnaces, to link two-phase circuit
with & system and also to supply a 3-phase apparatus from a 2-phase supply source.
@)purpose, Scott connection as shown in fig 1.18 is employed. This connection requires
twortransformers of different ratings although for interchangeability and provision for spares,

both transformers may be identical but having suitable tappings.
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Scott a
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b= I A 100V g B df—-Bsss 55 sssns
Sl | I
»3|| & o 100 V——
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” (Balanced)
972 (h) :

Figl.18 Fig.1.19 @
If, in the secondaries of Fig.1.15 (b), points ¢ and d are connected as show

S

100V, hence the resulting 2-phase voltages will be unequal. However, as show .20
(a) if the3-phase line is connected to point Az, such that DA: represents E of e teaser

Fig.1.19 (b), then a 2-phase, 3-wire system is obtained. The voltage Eqc is 86.6 V

primary turns (which are the same as that of main primary), then this increase the

volts/turn in the ratio of 100:86.6, because now 86.6 volts are app s3 86.6 percent of
turns and not 100% turns. In other words, this will make volts/ ame both in primary
of the teaser and that of the main transformers. If t daries are of both the

transformers have the same number of turns, then ndary voltage will be equal
magnitude as shown, thus resulting in a 2- phase 3- tem.

Teaser
Traxlsfi)rr_ner
a ittt - : 0
o B
‘ g
: ®
Vi 141V % ;
141 VS o %
e N g
X £
4 100 V——rA® 100 y ol Wﬂ (Wm\ 5
] AR A l RS EEEEEE—— F =
SECOIEATy { Main Transformer
(Balanced) o
(b) ©
Figl.20

Consider the same connection drawn slightly differently as in fig.1.21. The primary
of the main transformer having N1 turns is connected between terminals CB of a 3-phse
supply. If supply line voltage is V. then obviously Vag=Vec=Vca= V but voltage between A
and D is V x V3/2. As said above, the number of turns between A and D should be (V3/2)Ny
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for making volt/turn the same in both primaries. If so, then secondaries having equal turns ,
the secondary terminal voltages will be equal in magnitude although in phase quadrature.

-12-
I A [
R Vi
i o ” { E ] A * ¥
3 | | |
2 | k :zT o i
N b Y i : )
Y y
£ Vv
b N
l» N, D N, i
— S —pe— 5 — 73 o
In 2 i S
M 3 ¢ vV D V L  Vom
A 2 v Ly 2 Pricsscy B Secondary
Load (@) o
Ng
igy22

Figl.21 <Q9
It is to be noted that point D is not the neut@ of the primary supply because its
S

voltage with respect to any line is not V/A3.
determined as follows. Voltage N of with gespe o A must be V/v/3 and since D to A voltage

the neutral point. Its position can be

is V X \3/2, hence N will be \3V/2 — 0.288V or 0.29V from D. Hence, N is above D
by a number of turns equal to 29‘& 1. Since 0.288 is one third of 0.866, hence N divides
the teaser winding AD in the J@' .

Let the teaser s y supply a current I2r at unity power factor. If we neglect the
magnetizing currW n teaser primary current is lit =lo1 X transformation ratio

v =l X 3N1/2) = (2/\/3) X (N2/N1) X I21=1.15 X (N2/N1) X lo7=1.15K Iot where
=N2/N1=tkansformation ratio of main transformer. The current is in phase with star voltage of

the grimary supply (figurel.22)

@otal current Iim in each half of the of the primary of the main transformer consists of

two parts:

1. One part is that which is necessary to balance the main secondary current I, its
value is = Iam X (N2/N1)= K Iom
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I,=1.15KIL,

Figl.23

2. The second part is equal to one half of the teaser primary current i.e. 0. 5 I %S SO

because the main transformer primary forms a return path for the tease? ary current
Vj

which divides itself into two halves at mid point D in either direction. ue of each half

is =0.5 117=1.15K lo1/2= 0.58 K Ior. ‘\%

Hence the current in the lines B and C are o vectorlally as shown in
fig.1.23. It should be noted that as the two halves of aser primary current flow in
opposite directions from point D, they have no magpet ect on the core and play no part at

all in balancing the secondary ampere-turns of i1 transformer.

as shown in fig. 1.23, are in ith primary star voltages Vns and Vnc and are equal to

The line currents thus g@g angular components of K Iam and 0.58 K It and

the teaser primary current , the three phase side is balanced when the two phase load

of unity power factor

A
I = 115Kl 4Va A = 15 KLy TV
s R 11
& ( 5 * Sy 1
SO / |\ N / /
% e 3 30° iy AN ey
ey N \ Im
d ‘ ‘ AB . _V\ 30b V; c ol ‘A B 925\1
A AN - o N 3
g N % NX
0'*\“‘8'? [:: wE
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Figl.24

Figure 1.24(a) illustrates the condition corresponding to a balanced two phase
load at a lagging power factor of 0.866. The construction is the same as in figure 1.23. it will
be seen that the three- phase side is again balanced. But under these conditions the main

transformer rating is 15%greater than that of the teaser, because its voltage is 15% greater

although its current is the same. @
Hence, we conclude that if the load is balanced on one side, it would alway:

balanced on the other side. ?’

The conditions corresponding to an unbalanced two-phase load having differe &nts and
power factors are shown in figure 1.24(b). The geometrical construction i ilar to those

explained in figure 1.23 and 1.24(a).
Summarizing the above we have: %\S

1.  Teaser transformer primary has V3/2 times the tu ain primary. But volt/turn is
the same. Their secondaries have the same turns é ult in equal secondary terminal

voltages.

2. If main primary has Ni turnj}e) ain secondary has N2 turns, then main
transformation ratio is N2/ Ni. Howev
=1.15 N2/ N1=1.15K.

transformation ratio of teaser is No/ (V3 Ni/2)

3. Ifthe load is balance@ side, it is balanced on the other side as well.

4. Under balance@ondmons main transformer rating is 15% greater than that of the

teaser. %

5. The cug@%in either of the two halves of main primary are the vector sum of K I, and

O.SSKQ(&O.S l17)

e 1.5. Two transformers are required for Scott connection operating from a 440V,
three phase supply for supplying two single phase furnaces at 200V on the two phase side. If
the total output is 150KVA, calculate the secondary to primary turn ratio and the winding

currents of each transformer.

o
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Soln: - main transformer

Primary volts= 440V - secondary volts=200V .. N2/ N1=200/440=1/2.2

Secondary current = 150000/2 X 200=375 A

Primary current =375 X 1/2.2=197A

Teaser transformer Q@V

Primary volts= (V3/2 X 440) =381V: Secondary volts =200V

Secondary turns /primary turns =200/381=0.52(also teaser ratio %5 X
1/2.2=0.52). @

1.13. Parallel operation of three phase transformer i
Transformers are said to be connected in parallel when ﬁni% iprimary windings are

connected to a common voltage supplier and their second ings are connected to a

common load. s@
1.14. Reasons for parallel operation ; ®

1. Extension of loads - for large loads i impracticable or uneconomical to have

a single large transformer. \)

2. Capacity to spare — in SSE@ ns the total load required may be supplied by an

appropriate no of transforme andard size. This reduces the spare capacity of the

substation.

3. Future extensioy< there scope of future extension of a substation to supply a load

beyond the capaeit e transformers already installed.

p e is no interruption of power supply for essential service. Similarly when a

@mer is taken out of service for its maintenance and inspection the continuity of supply
is Maintained.

4, Q@e is a breakdown of transformer in system of transformers connected in
arallQ’Eh
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1.15. Condition for parallel operation
All the condition which applied to the parallel operation of single phase transformer
also is applied to the parallel running of three phase transformer but with the following
addition

1. The voltage ratio must refer to the terminal voltage of primary and secondary. It is

obvious that this ratio may not be equal to the ratio of the number of turns per phase. For

example, if V1, V2 are the primary and secondary terminal voltages, then for Y/A connectior@y

the turn ratio is V2/ ( V1/N3) =+3V2/ V1.

2. The phase displacement between primary and secondary voltages must be{%s??e

for all transformers which are to be connected for parallel operation. %
3. Phase sequence must be the same. C}L
.’
4. All the three transformers in the three phase transformer ill be of the same

construction either core or shell. %\
Note 1: IN dealing with three phase transformer calculatg&%{v‘ade for one phase only. The

value of equivalent impedance used is the impedanc ase referred to secondary.

2. In case the impedance of primary and ﬁé ry windings are given separately then
r

primary impedance must be referred tO@ y by multiplying it with (transformation

ratio)*. CF»
3. For Y/A or A/ Y transform \ollld be remembered that the voltage ratio as given in the
question is referred to tern@ tages and are quite different from turn ratio.

1.16. Tap changersiKtrg¥isformers

The modern e '%ﬁs, utilising electrical energy are design to operate satisfactorily at one

voltage lev is therefore of paramount importance to keep the consumers’ terminal

voltage,C'within the prescribed limits. The transformer output voltage and hence the

co@ ’ terminal voltage, can be controlled by providing taps either on the primary or on
ondary.

The principle of regulating the secondary output voltage is based on changing the

number of turns in the secondary quantities. Vo= (N2/ N1) X V1.

o
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If the tap changer is design to operate, when the transformer is out of circuit, it is then
called off-load (or no load) tap changer. A tap changer design to operate with the transformer

in the circuit is called on load tap changer.

1.17. No load (or off-load) Tap changer
This tap changer is used for seasonal voltage variation. And elementary form of no

load tap changer is illustrated in figure.1.25. It has six studs mark from one to six. The Q

winding is tapped at six points equal to the number of studs. The tapping leads are connected

to six correspondingly marks stationary studs arranged in circle. The face plate carrying @
six studs, can be mounted anywhere on the transformer, say on the yoke or an Q
convenient place. The rotatable arm R can be rotated by means of hand wheel, fi Side

the tank. Q

If the winding is tapped at 2.5% intervals, than with the rotatabl

e Atstuds 2,3: 97.5% of the winding is in circuit

e Atstuds1,2: Fullwinding is in circuit \%‘

e At studs 3,4: 95% of the winding is in CIrCUIt

e Atstuds4,5: 92.5% of the winding is inci
e At studs5,6: 90% of the winding i |s

B

s§ \
@M

"l '

-

Studs

D,
JSOTTERED
e

J

B
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Figurel.25

Stop S fixes the final position and prevents the arm R from being rotated clockwise. In the
absence of stop S, the arm R may come in contact with studs 1 and 6. In such a case, only the
lower part of the winding is cut out circuit and this is undesirable from mechanical stress

considerations.

The tap changing must be carried out only after the transformer is disconnected from %v

the supply. Suppose arm R is at studs 1, 2. For bringing arm R at studs 2and 3, tha@V
transformer is first de-energised and then arm R is rotated two bridge studs 2 and 3. A@

this, transformer is switched on to the supply and now 97.5% of the winding r@n

circuit. %
1.18. On-load tap changer @

The tap changer s used for daily or sort period voltage alterag'

can be regulated with the changer, without any supply interrupti ﬁx
an on-load tap changer. %

Jhe output voltage
uring the operation of

e The main circuit should not be opened otherwi é&ous sparking will occur and
e No part of the tap winding should get shog ircyited

One form of elementary on load tap-chan&b illustrated in figure 1.26(a). The centre tap
reactor C prevents the tapped from §tt~' short circuited. The transformer tapings are
&

a. Switches x and y, make contact with anyone of the

connected to the correspondingly segment s 1 to 5. Two moveable fingers, A and B

connected to centre-tapped re

segments under normal opgra;tio

In fig.1.26 &the fingers are in contact with segment 1 and full winding is in
circuit swi%@yire closed. One half of the total current flows through X, lower half
of the r rrand then to the external circuit. It is seen that currents in the upper and
lo Ives of the reactor flow in opposite direction. Since the whole reactor is wound in

e direction the m.m.f produced by one half is opposite to the m.m.f produced by
e secondary half. These m.m.fs are equal and the net m.m.f is practically zero:
therefore the reactor is almost non inductive and the impedance offered by it is very

small. Consequently the voltage drop in the centre-tap reactor is negligible.
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When a change in voltage is required the finger A and B can be brought to segment

to, by adopting the following sequence of operations.

N

3>

Open switch y figure 1.26 (bl). The entire current must now flow through the
lower half of the reactor. It therefore, becomes highly inductive and there is a
large voltage drop. It should be noted that the rector must be designed to handle

full load current, momentarily.

The finger B carries no current and can therefore, be moved to segment 2, without@y

any sparking (figure 1.26(b2)).

Close switch Y figurel.26 (b3) the transformer winding between taps 1 an
connected across the reactor. Since the impedance offered by the rea ﬁ%ﬁlgh
for a current flowing in only one direction, the local circulating %ﬂowing
through the reactor and tapped winding is quite small. In this n@% the reactor
prevents the tapped winding from getting short circuit‘e%@ terminal wvoltage

will be mid-way between the potentials of tappings 1 rf&
Open switch x: The entire currents start flowin %’

reactor, manifested by large voltage drop, fig.lé&(}) )
t

Move the finger A from segment 1 to 2 and then close switch x: The

gh the upper half of the

winding between taps 1 and 2 is the mpletely out of circuit, fig. 1.26(b5).
If further change in voltage is QJ) ed, the above sequence of operations is
repeated.

For large power transfo&r(eraae switches x and y may be circuit breakers.

o
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1.19. Maintenance of Transformer \%

could even be longer if

(@)

_— - e A~ SRR A LSS TS L DA = S SSHE R

The normal life of transformer is about 30

operated carefully and maintained regularly. The object of maintenance of
transformers is to maintain its insulation in good co XQ . Factors affecting the insulation of

a transformer are: moisture, presence of oxyge id impurities.

Maintenance of transformers <needs” (i) external inspection, and (ii) internal

inspection periodically. C}V

The external inspéctioft” requires inspection of parts and auxiliaries of the
transformer that can be d out opening the tank or lowering the oil level but with the
transformer taken o &ﬂ) vice,e.qg. megger tests, ratio tests, water —flow tests, taking out
sample of oil an g it, inspection of bushings,breathers,oil level,tank,gaskets,ground

wire for all @lary apparatus,etc.In the case of large transformers, the condition of
circulatip%gps, on load tapping gears, oil gauges, pressure relief devices, oil
gau eed to be checked

@ Checking and testing of transformer oil
The deterioration of insulation oil is generally due to oxidation, especially when
the transformer works under the condition of high temperatures. Oxidation is due to the

formation of acids, sludge and water which accompanies the chemical change. Samples of

gy

o
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transformer oil are taken out carefully and tested for colour and odour. Cloudiness in oil may
be due to suspended moisture or suspended solid matter. Dark brown colour may indicate
dissolved asphalt, green colour dissolved copper compounds; and acid smell indicates the
presence of volatile acids.

The oil samples may be tested as follows:

(a)  The dielectric strength of oil should be tested as per IS: 335 — 1953.The oil should %v
withstand the test voltage of at least 30kV for one minute without breakdown.

(b)  Cracle test for free water should be performed as per 1S: 335 — 1953.The te%@

qualitative.
(c)  The acidity of oil should be determined as per IS: 1866 — 1961. C}

(d)  Sludge test: The traces of solid matter in oil samples may be exa thas per IS: 1866
—1961. é .

1.21. Insulation resistance

The insulation resistance is measu @ megger test along with the
temperature. This is because the insulation resist egohms gets reduced to nearly half
for every 10% temperature rise. The insu S|stance should not be less than two
megohms for each 1000 v of operating vov

1.22. Internal inspection of Tt @ mer
Take samples of oil from top tom for testing: Lower oil in transformer. Check inside
bushings, brackets, HV, LQV ings for damage insulation; check connections, ground of

core, insulation con% various parts, and inside condition. An inspection schedule
should be drawn f@ s monthly, quarterly and yearly inspection.

1.23. Mair@%ﬂce schedule

Every . Check temperature of oil, windings, ambient, load & voltage. Adjust load to

ke emperature rise within a permissible limit.
Dally: (a) Check oil level; if low, fill in dry oil.

(b) Check the colour of the silica gel in the breather. Colour should be blue. If the

colour of the silica gel becomes pink replace them.
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Quarterly: Check for proper working of cooling fans, circulating pumps, etc.

Half-yearly: Check the dielectric strength of oil, bushes, insulators, cable boxes, filter, and

replace oil if necessary.

Yearly:  Check oil for acidity, sludge formation, contacts, lightning arrestors, etc.

Check alarms, relays, etc. ‘1
Check earth resistance. @

Five yearly: Carry out overall inspection of the transformer including lifting of core@

coils. Clean the transformer with dry transformer oil. %
1.24 Diagnostic tests for power Transformer Q

The Transformer is the heart of the Grid S/S & it is the Q‘Stg;tly equipment
in it. Any failure in it will not only damage the equipment nearby also create danger
to the life of the Operating staff. It takes a lot of time to repla er Transformer, which
will affect the steady power supply. Hence it become essential to ascertain the
condition of the Transformer under service. The monitor Transformer’s condition is not

that simple as it sounds. Because no test give a V, @ r picture about the condition. So to
‘%ﬂostic analysis has to be done from a set

ascertain the real condition of the Transform;%\)

of results. This is known as diagnostic ana@ a power Transformer.

Normally every utility ma @Rgroutine tests at least annualy to the transformer.

Any slight deviation in the rotﬁi&; , diagnostic analysis may refer to. Even this analysis is
essential at a new conditj signature impression as well as to detect any design or
assembly defect. The \@g‘fé of the Transformer may be devided in three segmants. The
initial period, w 8" a small period usually 4 to 5 years, is known as INFANT
MORTALI@he percentage of failure is quite high in this period. Any failure in this
period attrib to design or assemble failure. The 2™ stage which is quite longer period is
the & PERIOD & has a very less percentage of failure. In this period attribute to poor
%ﬂ%nce. The 3™ period is the AGEING PERIOD. Again the persentage of failure
ﬁases in this period bacause of ageing factor of mainly soild insulation used. The

Frequency of analysis should be more may be almost in every 2 years. This life cycle
characteristic is known as BATH TUB CHARECTETISTIC because of shape.

-19-
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S RATH TuB CHARECTERISTIC

Ajec"J -1 ¢me (‘/Qmm) '

S <
N

The normal routine test that may be conducted atleast every year are; A@b
* |Rvalue. C}L

= Pl value.

&
= Trans value &%
= BDV Test value. %%

= However, BDV may be done aditionaly atleast in
= |f any abnormalities are found in the abova%é then only we have to go for
dissolved gas analysis (DGA Test), otherwise ithis not required.

The life of the Transformer is gener&he life of the soild insulation, the cellulosic
paper. The degree of deterioration of th@lﬁtion is mainly due to the diffrent stress that act
on the transformwer under servicg\QvDi h reflects on the life of the transformer used, The

stree that act. &

=  Mechanical st% ween conductors, leads & windings due to over currents or

fault curre%ﬁ?p
t

. Therm%; s: Due to local heating, over load currents & leakage flux or due to
malfunctioning of cooling system.

. f@ctric Stree: System over voltage, Transient impluse condition or due to internal

@ onance within a winding.

Environmental Stress: Moisture ingress, pollution.

due to system short circuits.

Even may new type of insulation has been developed, the cellulosic paper is still widely

used.
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The rising temperature in presence of moisture & oxygen accelerate the aging
process of the soild insulation, For a example, the paper with 2% moisture ages three
times taster then 1% moisture & 30 times to 3% moisture content. The degradation
product from oil oxidation, such as peroxides & water soluble acid absorbs in paper &
makes it brittle & low strength oxycellulose. The oxidation gradully deplets the natural
oxidation inhibitors present in naphthalenic oil & products are acid, ketones, peroxides,
soap, and aldehyds. This causes colloidal contamination in the oil which form
hydrocorbon which again polymerisis to form partly conduting sludge & get deposited o
the windings thus it makes heat transfer more diffcult & oxidation become more fa
due to rise of temperture, So it is conclusive that presence of moisture & oxygen noil or
paper is the main culprit to reduce life of the transformer. The routine st be
conducted regularly to know the presence of the moisture & weather it @,hin the limit
or not. If the value is low then there is no problem othewise we e,3 go for further
analysis regrading the presence of moisture & other conducts se & where it is
present (whether in oil or in paper or in both).A accord'@eps will be taken. The

oxidations also accelerate due to partial discharge.

By now our stand is more clear t&?}\s

= We want to know whether an re or any conducting soluble gas or
conducting particulars presentgn the¥nsulation.

= |f present not within limi f@‘éﬁ‘is essential to know where it is and in which
formand how to sepa t & to increase the life period.

=  We should not a %crease the moisture content in oil and if however it has

entered the%a sentail to knwo to what level the damage has been taken place.
So thaw decrease the effect to certain level and increase the life of our
rmer.

tra%
1.25. RO)Q st
(1)@u_e:

It is simlpy the insulation resistance of the insulating materials i.e. paper & oil in
combination, A DC petential is applied usally 5 KV between diffrent windings, between
winding & tank of the transformer. Earlier, the value was noted after allowing the current for

15 sec. But now a day value is noted after 1 min. As the real values can be known only after

allowing the current for certain time. What should be the IR Value? It is a real debate. It
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depends upon the size & shape of the insulating materials & also affected by different
environmental condition. In a thumb rule people consider it as 1.5 MQ/ KV. If there is any
huge variation then it is generally marked, Before taking the IR value all clamps &
connectors should be propely tightened & bushing & tanks should be cleaned. This test has
least importance unless & untill the value is out right low.

(2) BLValue:

It is known as polarisation index. It is a number having no uint. It is a ratio o@y

insulation resitence value taken for 10 min. to 1 min. Now the question arises whatt

polarisation & how its value is affected due to the presence of moisture or any con

| éfb

In a conductor there is free electron, which is free to moxe, ungér application of
external field, but in case of insulator there is no free electror normal condition the
electron moves arround the protons such that CG of both con% ith each other, has no net
polar effect, when an external field is applied the rotatio electron arround the proton is
no more circular but eccentric as shown in the figu@%

A\
Q) Fiewn

ELQ UCI\;0’<5‘4 AOLF Cg;'\lobl;“l 10! A 'YUHS TOR'_};C "[.R}’il. ,OCF[, rrort
61 TXreERNAL FIELD
N AN 59 @ w
Q\Q % Q O ¢ e 1nsuLaTo 5 f; 0? @@%ﬁ FleLb

RANDOM posimiont OF DIPOLE ROTATE By SrMALL

HoLicouLES ANGLE JN DIRECTION OF
ELFCTRIC FIELD

Q})\) Fig.1.28

éﬁ»is implies when an electrical field is applied the CG of proton & electron
are no e same but displaced with a small gap. This result into a electrical dipole or it can
be at polarisation has taken place. This dipoles orient around itself in such a manner
e net electrical field produced by the dipoles, opposes the applied electrical field. The
reduction in applied field reduces the current or increase the resistance values. The increasing
value is more & more as more & more dipole oriented around itself. After around 10min
almost all orientation takes place so 10 min values is taken.T he polarisation index has a other
name that is DRYNESS FACTOR.

o
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The name suggests that the dryness of the insulation has a certain role over that ratio
which is known as polarisation index. If there is some moisture or desolve conducting gases
present in a insulator then a conduction sphere appears around the insulator which does not
allow to penetrate the external field.This reduces the polarisation effect.So reductuion & PI
value indicates the presence of moisture or any desolve conducting gases in the insulator,as

per IS the value above 1.5 is consider to be good.

o

3) Tan 6 value:

The PI value is affectec by moisture & desolve gases but there may be many o @
conducting non soluble substances which allowed more current to flow to the inst %
causing more heat & oxidation.Thus causing detoriation of insulating material %test
gives more clear-cut picture regarding the presence of any conducting mate%%sence in
the insulator.

.’
When a insulator is in between two conducting sub It is nothing but a

capacitor.So when we apply a AC potential between two windi@, inding & tank which is
earthed acts as a capacitive circuit as both solid & liquid @ér are in between .ldealy the
ct

current should lead the voltage by an angle of 90° ically it will not beacuase of

certain resistance present in it. The angle by which_it f o reach 90° is known as & angle.

’eN

=)

§\/ Fig.1.29

form as per value upto 0.2 allowed.

To major the Tand value the instrument used is nothing but a Sheraing bridge,

supported by a software to give the result directly in Tand.
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4) BDV Test value:

It is a very simple test. The breakdown voltage (BDV) Q}Eulator is the
potential at which it loses its insulating property & become conducti é}
or plastic container of usually 300ml to 500ml capacities. The &%

is' taken in a glass
e are of copper, brass

bronze or stainless steel well polished having spherical f dia 12.5mm to 13mm
separated by 2.5+ 0.1mm. %\
/\\
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& Fig.1.31

Q,(}e oil under test should be between 15°C to 35°C preferably 27°C.The applied
@%&I at rated frequency should be raised gradually at a rate around 2KV per sec till flash
over takes place. The test kits automatically switch OFF within 0.02sec, The average of six
tests result is taken. The time interval between two tests should be 5min. if the disappearance

of air bubble does not take place. The value recommended by IS is above 50KV.This test

Re 2 Cs Ho be caloulated Mok of vanelimen

R4
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may be taken in every month. Proper care should be taken at sampling time; so that no

external moisture enters to it.

SUMMARY

BDV >50KV | Good.
<50KV | Should be taken again in a better weather condition & if it is still low,
then filtration or dehydration may be required & will be decided after
other tests. Q
Pl >1.5 Good
<15 Filtration or dehydration may be required & will be decid %
other tests.
Tand <0.2 Good. .’
>0.2 Filtration or dehydration may be required HhDe decided after
other tests.
S
Other Test:

1) IR, Pl & Tand. ‘%C}
<

2) Test on Oil & DGA. \)

3) RecoveryVoItag\ urement.

4) Dlelectrlt‘}gk scopy Test.

5)|v|

alance Test.

%%é Ratio Test.
&q Frequency Response Analysis.

:Q) 8) Coil Resistance Test.

9) Degree of polymerisation Test. (DP)

10) Partial Discharge Test (PD)

11) Surge Voltage Analysis Test.
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