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l.a |List the conditions to be satisfied for satisfactory parallel operation of single phase
[4] | co2 | L1
transformers.
1.b [Two transformers having equivalent impedances referred to secondary of (0.3 + j3) ohm
and (0.2 +j02) ohm are sharing a common load of impedance (8 + j6)ohm. Determine [6] | co2 | L3
the current delivered by each transformer if the open circuit emf are 6600 V and 6400 V
2. Explain the operation of Scott connection for balanced and unbalanced load with the
' . CO1l | L2
help of neat figures and phasor diagrams. [10]
3.a [What are the advantages of a transformer bank of 3 single phase transformers over a unit
of three phase transformer of the same rating? [4] | CO1 | L2
3.b Two 110V single phase electric furnaces take loads of 500kW and 800kW
respectively at a pf of 0.71 lagging and are supplied from 6600V, three phase
50Hz mains through a scott connected transformer combination. Calculate the [6] | CO2 | L3
currents in the three phase lines neglecting transformer losses. Draw the phasor
diagrams.
4. 'Show that an auto -transformer will result in saving of copper instead of 2-
winding transformer. List out the advantages of auto-transformer. [10] | CO3 | L3
5.a |Deduce expression for the load shared by two transformers in parallel when no-load
\voltages of these transformers are equal. [5] | CO2 | L2
5.b [The primary and secondary voltages of an autotransformer are 230V and 75V
respectively. Calculate the currents in the different parts of the winding when [5] | CO3 | L2
load current is 200A. Also calculate saving of copper.
6
With the help of sketches explain the working of on load tap changer [10] | COL | L1
7.a
Compare the working auto-transformer and two winding transformer. [4] | CO3 | L1
7.b
Obtain the equivalent circuit of an autotransformer [6] | CO3 | L2




Describe  the construction, operation and
CO1: | performance of single phase and three phase @ 3 2 2 2 - - - - - - - -
transformers
Explain the need of operating transformers

coz: in parallel and the procedure to do it. 3 3 2 : . ) ) ) ) ) ) )
. Hlustrate the concept of auto transformer; tap ] )

cos: changing transformer and tertiary winding. 3 2 2 1 ) i ) ) ) )

co4- | Analyze armature reaction and commutation 3 3 9 1 i ] _ _ ] ] ] ]

and their effects in a dc machine.

Describe the construction, operation,
CO5: | characteristics  and  applications  of 3 2 2 2 - - - - - - - -
synchronous generators
Perform the analysis of synchronous

COB: ' machines by using different methods 8 |3 |2 |2 |- i i i i i i i
Coghnitive level KEYWORDS
L1 List, define, tell, describe, identify, show, label, collect, examine, tabulate, quote, name, who, when, where, etc.
L2 summarize, describe, interpret, contrast, predict, associate, distinguish, estimate, differentiate, discuss, extend
L3 Apply, demonstrate, calculate, complete, illustrate, show, solve, examine, modify, relate, change, classify,

experiment, discover.
L4 Analyze, separate, order, explain, connect, classify, arrange, divide, compare, select, explain, infer.

L5 Assess, decide, rank, grade, test, measure, recommend, convince, select, judge, explain, discriminate, support,
conclude, compare, summarize.

PO1 - Engineering knowledge; PO2 - Problem analysis; PO3 - Design/development of solutions;
PO4 - Conduct investigations of complex problems; PO5 - Modern tool usage; PO6 - The Engineer and society; PO7-
Environment and sustainability; PO8 - Ethics; PO9 - Individual and team work;
PO10 - Communication; PO11 - Project management and finance; PO12 - Life-long learning




ANSWERS

la

m Conditions for Satisfactory Parallel Operation
VIU 2 July-06, 07, 09, 10, 11, 12, 14; 16, Jan.-07, 10, 13, 15, 17

The conditions that must be followed for satisfactory parallel operation of
transformers are as follows :

1) The supply system voltage and frequency must suit the primary windings of the
transformers.

2) The transformers that are connected must have same polarity. In. case of three
phase transformers the transformers should have same angular displacement and
same phase sequence. )

3) The voltage ratios of pPrimaries and secondaries of the transformers must be same.
4) The-e I?ercentage impedances should be equal in magnitude and have same X/R
~ratio in order to avoid circulating currents and operating at different power factors.

5) If the transformers have the different kVA ratings, the equivalent impedances

should be inversely proportional to individual kKVA rating to avoid circulating
currents. i

‘Exaﬁmpléé:;.f Two transformers A and B are joined in parallel to the same fdad.’b‘,-, )
the current delivered by each transformer given open circuit emf is 6600 o :”liq,_
6400 V for B. Equivalent impedance on gecondary are (0.3 + j3) S for A ang (0.2 ”I’;’ld
for B and load impedance is (8 + j6) L. Also find the circulating current gt no g

L loag.
. » 8 VTU : Feb.-09, Maris ¢
Solution : Z; = 8+j6 €, Z, = 03 +j3Q,Zg =02+jl1Q, E, = 6600 < K

Eg = 6400 £0°V

EaZp + ZL(EA —Ep)
ZAZB + ZL(ZA +ZB)

I, =

(6600 £ 0°) (0.2 +j1) +(8 +j6) [6600 £ 0°— 6400 £ 0°]
(0.3+3) (0.2 +j1) +(8+j6) [0.3+]3+ 0.2 +j1]

(6600 £ 0°)(1.019 £78.69°)[10 £ 36.86° ]x<[200 £ 0°]
[3.0149 £ 84.29°%x1.019 £78.69° ]+[10 £ 36.86° ]<[4.0311 £ 82.875°]

1320+j6600+-1600 +j1200 o 2920+j7800
—2.9375+j0.8992—-19.9938 +j 35 T —229313+j35.8992

— 8328.649 £ 69.476° — 195.519 £ — 53.092° A )
42.5975 ~ 122.568°

EgZa — ZL(Ea —EB)

ZAZB -+ ZL(ZA +ZB)

(6400 £ 0°) (0.3 +j3) — (8+j6) [6600 £ 0°— 6400 £ 0°]
(0.3+3)(0.2+j1) +(8+j6) [0.3+j3+0.2+]j1]

1920+ j 19200 — [1600 + j 1200] 320+ j 18000

425975 ~ 122.568° T 42:5975+ £ 122.568°

18002.8442 £ 88.98° _ .
425975 2 122.568° ~ 122.6267 £ -33.588° A

The circulating current on no load is,

G = E;-Bp _ 6600£0°-6400£0° 200 £ 0°
s +Zp 03+j3+02+j1  (—29375+j0.8992)
200 £ 0°

= 3073 Zigiogs - 051041 £-162.98° A
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1. A three phase transformer occupies less space for same rating, compared to a ban
of three single phase transformers.

2. It weighs less.

3. Its cost is less.

4. Only one unit is required to be handled which makes it easy for the operator.
5. It can be transported easily.

6. The core will be of smaller size and the material required for the core is less.
7. Single three phase unit is more efficient.

8. In case of three single phase units, six terminals are required to be brought out

while in case of one three phase unit, only three terminals are required to be
brought out.

9. The overall busbar structure, switchgear and installation of single three phase unit

is simpler. '
In contrast to above, a bank of three single phase transformers is used in
anderground work such as in mines as it is easier to transport these units. The bank of

thl:e s'u\gle. Phase transformers also offers the advantage of open delta operation with
reduced rating when one of the units in the bank is inoperative.
But it is common '

reduced cost.
| RS Sy v oo

Practice to use a single three phase transformer unit due to its




Two 110 volts single phase electric Surnaces take loads of 500 kw -
B800 kW respectively at a power Sactor of 0.71 lagging and are supplied from 6600;
3-phase, 50 Hz mains through a Scott - connected transformer combination. Calculate ",;
currents in the 3-phase lines neglecting transformer losses. Draw the phasor diagram.

Solution : Secondary voltage = 110 volts, Primary line voltage = 6600 volts.

Load on furnace 1 = 800 kW , Load on furnace 2 = 500 kW.
The p.f. of loads = 0.71 lagging.

I>r
= I 86.6 %
Tapping Furmmace 1
800 kW
B -
1; { Iom
Furnace 2
500 kW ‘
Fig. 2.9.14
Secondary current of teaser transformer,
r 800 < 103
I = - =_ =
2T V cos ¢ 110 < 0.71 1024327 A
Transformation ratio for K = v2 _ 110 _ 1 _ 0.0166
Vi 6600 60

1.1547 x Transformation ratio for main

T formation ratio for teaser transformer =
rans
’ transformer

~

= 1.1547 % 0.0166 = 0.019245
in teaser transformer , I;t = Transformation ratio x I,r

. current
primary for teaser transformer

= 0.019245 x 10243.27 = 197.13 A
. Line current, Ir = 197.13 A

secondary curreht transformer of main, Inyy = <; CIZ’S 5 _ 51’(1)8 : '(1)0731
= 6402.04 A
Primary current of main transformer ,
I;n = Transformation ratio for main transformer X Ixpm

— 0.0166 x 6402.04 = 106.27 A

In addition to this, each half of the pri.m‘ary winding of the main transformer carries
half of teaser primary currents IjT.

I 197.13 _
I,v = 197.13 A and It = S =/98565 A

2 2
; 2
,/(Im)z +(I—1,})

Total current carried by main transformer

J106.27)% + (98.565)2

IY = IB = 144.94 A

* The three line currents are respectively,
» - = = 94 A
Ig = 19713 A and Iy = Ip = 1449

The phasor diagram is as shown in the Fig. 2.9.15.




Copper Saving in Autotransformer
tional to the current I. Whj),
For any winding, is propor f turns IN. Hence
the total length of the winding is proportional to the r\;—“"be" = th
weight of copper is proportional to the product of N and I

. Weight of copper < INI
I = <Current in the winding

Number of turns of the winding

the cross-section of winding

where

and N =
Consider a two winding transformer and step dowm

Fig. 3.7.3 (a) and (b)-

autotransforrmer as

- =]
(a) Two winding transformenr (b) Step down autotransformer
Fig- 3.7.3

Total weight of copper in two winding transformer

WarT = Waeight of copper in autotransformer

In two winding transformer,
Weight of copper of primary o= IN; I,
Weight of copper of secondary o< N5 I,

soht of €
Woaw = NI, + N, I, Total weigh

In case of step down autotransformer.

Weight of copper of section AC o< Ny, — N I,

Weight of copper of section BC o< N, (I, — I,)

e === Uperation of T,
ransforrners & s .
War =< (N3 —Ny) I, + N, (I, — 1 ) pecial Transformers
1

i Taking ratio of the two weights, --- Total weight of Cu

Wtw - N, I, + N, 1
= = 2 12
wW (NI—N I7 4 = = N, 1, +
AT 2) Ly % Nip =13 N, Il—N1 Il +II\\112 2
N;I; + N, 1, 21 + N, 1, - NI,
N, 11+N212—2N211

_ N, _ I,
But B - N, I,
Worw N I, + KN, -3, /K)
Wrw . _ 2N, 1
W Ax Ny I + KN,y (L) TR -2 (KN, - 2N, T RN 1 11<
1*1 -
War = (1 —K) Wow

Saving of copper Wow — War = Wor — (1 - K) Worw

... For step down autotransformer

Thus saving in copper is K times the total weight of copper in two winding
transformer.

... For step up autotransformer

m Advantages of Autotransformer
The various advantages of an autotransformer are,

1. Copper required is very less.
2. The efficiency is higher compared to two winding transformer.

—

3. The size and hence cost is less compared to two winding transformer.

4. The resistance and leakage reactance is less compared to two winding transform,

5. The copper losses I2R, are less.

6. Due to less resistance and leakage reactance, the voltage regulation is superior t,
the two winding transformer.

7. VA rating is more compared to two winding version.

8. A smooth and continuous variation of voltage is possible.




5.a

Parallel Operation of Transformers with Equal Voltage Radas

Let us now consider the case 1,
of two transformers connected o
in parallel having equal voltage
ratios. The two transformers are
having no load secondary V4 \ ‘ =
voltage same. i.e. E,=Ez; = E.

These voltages are in phase
with each other. This is possible
if the magnetizing currents of
the two transformers are not
much different. With this case the
primaries and secondaries of the two

transformers can be connected in
parallel and no current will circulate
under no load condition. This is = aai
represented in the Fig. 3.4.1.
If we neglect magnetizing

components, the two transformers are g - Fig. 3.4.2
represented as shown in the Fig. 34.2. e b

The phasor diagram under this case is shown in the Fig. 3.4.3. The two imnpedance:
Z, and Z, are in parallel. The values of Z, and Z, are with respect to secondary.

Fig. 3.4.3
Z, and Z, are in parallel therefore the equivalent

: SRS N |
Zeq Z5 Z>

e e e e

An seen from the phasor diagram, 1Lz, = 1LZ, = L Zcq

I'Z & 17 1Z¢ 1Z
TR R ¢ NPT I M s T 7
7, 7+ 2y ZZ Z]+22 )

Multiplying both terms of above equation by voltage V5,
Zy
Zy + Zoy
But V, 1 %1072 is Q i.e. the combined load in kVA

V2 l] = V2 l and V2 12 = V2 l

From this kVA carried by each transformer is calculated as

of Q4 and Qg in

The two transformers work at different power factors. One ;)perates at high p.f. while

e other atxlow pf. If the impedances Z; and Z, are equal both in magnitudé and
. % 1 _ X2
ality i.e. R°R, ) both transformers operate at the same p.f. which is the p.f. of the




jecte v

-75 vV respectively. C.

S rent is 200 A. Also calculate th
ation : The arrangement is shown in the Fig. 3.7.18.
_ Vs 75 _ . 1
K = V1 = 530 — 0.326 . —11 ‘A
i - x I
12 V4, =230V c — = I = 200 A
= Ki, = 0.326><200 =
1 2 > Iz =14 Vo =75V
= 65.217 A ...Part AC
—— B ——
I, -I; = 134.783 A ...Part BC - 12
lopper saving = K Wyqw Fig. 3.7.18
= 0.326 Wow cew Wpw = Copper weight in 2 winding

% Copper saving = 32.6 %

9.4 On Load Tap Changing

Under the load Line
nditions, it is required to
; tain the voltage on the
condary side of the
nsformer with the help
certain arrangement

transformer is
ected to a system. If ._‘ 10

arrangement works
out making the load off
the transformer then it
Selector
on load tap switch
Without k.

Selector
switch

= changing gear
puld change the turns

ormally in case of on
tap changing the

Diverter
switch

of selector switch.
e are various ways by
tap changer is

viz. motor

Fig. 3.9.5 On load tap changer
the help o Nnandadle for Mmanua)

writh
"’P(-‘ra\,,’_

operated mechanism, remote control or
casce of (:m(_-rj'(-rit'y. B i .
’ in case of oo load tap cl"rar\;;_lng s continuity .
of tap changing: If the circuit is disconnected, the contip, o
& g . . eclector switch should not break curre Mgy,
supply to load will be lost. As thhe 5 k. EGerter switchx okl nt, adaj,; “
separate oil filled compartment is usced to mr)‘;x A m l_Ch brealks :<
current by interrupted arc which can'f()l’tm :a:h(’n' e mixed with B cat
thhe main tank to decrease its dielectric streng - )
is that when one tapping is opened, the contact
established to other tapping- Hence make before break switch is wused an
= £ 3 s g
transition period connection is made to adjacent taps which may result into short ciros
ans . This short circuit current can be limited by us\
=g

of turns between adjacent tappings = 1 5
R 1 4 oy
resistors or reactors. The reactors which were used in o ays are replaced by resise.

The most wital factor Cire,

throusghout the opoeration

s
d in e

The main consideration

MOW .
The on load tap change in shown in the Fig. 3.9.5.
are provided on taps 1 and 2 respectively. The divers

The selector switch 1 and 2
r winding.

switch is connecting tap 1 to the neutral terminal of the transforme

If we want to change the tap from position 1 to 2 then following is the sequenced

operation :

i) The resistance R; is short circuited as contacts a and b are closed. The loa
current flows through contact a from tap. This is nothing but the runnig
position at the tap 1.

ii) With the help of external operating mechanism, the diverter switch is moved &
open the contact a. The load current now flows through resistance R,y
contact b.

iii) lh_ e contact c closes to open the resistance R; when the moving CO“”‘:!.:
diverter switch continues its movement to the left. The resistances R; and Rzﬂ’
now connected across taps 1 and 2 so that the load current flows through
resistances to mid point of junction of b and c.

iv) With further movement of diverter switch to the left makes contact b t© op™

Now the load current flows from tap 2 through resistance Ro> and contact & -
ch close®

v tr.::z: :‘e—r‘:‘i-verter switch moves to the extreme left position whi ap
:::rough ot lsl. Zhort circuits resistance R,. The load current flows from
ac which is the runni iti i
ing position of tap 2. 3 -

It can be seen that the chan invo ‘

= se of tap from osition 1 to 2 does not hard’ |
movement of sclector switches 1 and 2. But if it 1:i’s desired to have further mpvas“’“
from tap 2 to tap 3 then the selector switch S, is moved to tap 3 before the mo 1

e csnso o =




|

f diverter switch. Then the same sequence as described above but in reverse order is to
followed and the diverter switch is moved.

As the resistances are included in the circuit there will be some loss of energy which
be reduced by keeping these resistances in circuit for minimum time as possible. For
onomical considerations, as the resistors are designed for short time rating, they
ould be kept in the circuit for minimum time. This needs some form of energy storage
driving mechanism which ensures the completion of tap change once initiated under
the failure of control supply. Modern on load tap changers use springs as energy storage

ements which reduce the time of resistor in a circuit to minimum. This type of tap

7.a

—
! Two winding
‘ transformer

ESIENISIE S

changer is compact in size while due to high speed breaking, contact wear reduces.

Auto transformer

It has two wmdmgs =

It has singlé winding

- between - pnmary
secondary

There is electmc 1sola.txoni*

iThere is no eleci:nc isolation between
”pnmary and secondary

Efﬁcxency is less compa d
to autotransformer.

The size and cost is hlgh :

Voltage regulano ' lsr poor
compared to
w__»autotransforxnex:

The resistance a.nd ,eak ge
reactance values are more.

.—L Copper losses are m re

by inducton.

The power transfer is tuli\; 9

The power tramfer is bx mductmn as
“’eu a\ condtlcnon' »“_q\>‘~_vA_\\\‘_“.\.,..»g\\--~\~.~.,.-n~--\\‘~-.~--w Rl

The kVA rating is less.
than the correspandmg >
-auto transformer vemmn

_ corrasgondmg two Wm

: more than the
The KVA rating is dmg S




b Equivalent Circuit of Autotransformer

Consider an autotransformer as

shown in the
Fig. 3.7.14.

R, and X; are the resistance and inductance of that
part of the winding which carries only current I,

R, and X, are the resistance and inductance of that
part of the winding which behaves as secondary.

Applying Kirchhoff's law,

Vi = E;+I;1 (R +jX1)—dz —I1) Rz +jX2) Fig. 3.7.14
of% 7.1)
Es = Vo +dz —I1)®Rs +jX2) . @
K = Y2 _ E> _ I1 _ Transformation ratio
o E, T5
Ex T el d usi in (3.7.1
E, = K’ 2 = an using in (3.7.1),
. " I &
v, = EI<Z_+11(R1 +iX 1) +T1(Ro +jX2) — 32 (Ra +X2) .. 3

Using eguation (3.7.2) in 3. 7.3),

v, = Vo +(I.2 —II~1<)(R2 +]X2)+11(R2 +§X2) +T1(Rq +jXq )—-—(Rz +jX2)
Use Ty == Ilé and combining the terms of I, we get,
V2 + 1 +Ro ———+ —+ ——+
v = e g o o2 )]
v, = \;2—9-11{ 1+R2(?—1)2 +l[x1+x2(f—1)2]}
V] = Vé +IlRle+Ile1e (374) R1 X‘l
) e
The equation (3.7.4) gives equivalent circuit as § ° Iy y
wn in the Fig. 3.7.15 where I I ‘
. c m
2 3.
1 v 1K
R, = Ry +R2(E—1] ' Ry X K
= Equivalent resistance referred ¥ o— 4&
to primary

y Fig. 3.7.15
Xie = X1+X, lK_l '

Equivalent inductance referred to primary

For the analysis, magnetising branch is neglected which can be added across the
tage V.




