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PREFACE,

The growth in size and complexity of power systems has
resulted in a trend towards multi-winding power-transformers,
With this has arisen the problem of operating these transformers
in parallel with twoecirecuit or other multi-eircuit transformers,
Multi-circuit transformers show peculiar characteristics due to
the interlinked magnetic elrcult of various windings and this

presents special problems in their operation,

So far no attempt seems to have been made to study the-
behaviour of ﬁhrea—circuit transformers whén-operatiﬁg in -
parallel and to lay down conditions for their satisfactory
opération. On the suggestion of Shri D.R. Kohli, M.E.E., Deptt. -
of Electrical Engineering, Roorkee Unlversity, this topic was
therefore, sslscted for’atudy;.;Iq this_disaértation, a ganerall
stﬁdy has been made of the performance of three-cireuit trans-
formers when operating 1n parallel and certain conclusions
arrived at, The conditions which must be satisfied for their
satlsfactory operation and the methods that can be adopted, to
operate three-cireuit transformers in parallel successfully and

economically have been indicated.

I wish to express my deep sense of gratitude to shri
D.R. Kohli for his initiating this topic for study, and the
active support, ever avallable guldance and invaluable suggestioné'
offered by him during the course of these studles and in review-
ing the manuseript. I am also indebted to the staff of Electrical
Englneering Department, Roorkee University for their help from
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time to time.

Roorkee, 0.P. Malik.

.o
September, 19632, e
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CHAPTER I,
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Transformers having more than two windings are now being more
frequently employed whenever transformation of power 1s desired
between three or more circuits. The practice of using multiwinding
transformers with windings of different voltage ratings is growing
on account of the resulting economy, not only in firat cost, but
also in operation due to smaller losses. By using one transformer
bank rather than two in the case of a three-winding transformer,
double transformation of power s avoided and the total amount of

“transformer KVA for a given service is correspondingly reduced.

Muiti-windiné transformers whan operated alone or in parallel
with other transformers, present some peculiar but very interesting
problems. These relate to leakage impedance phenomena, such as (a)
voltage regalation; (b) efficiency, (c¢) load division between
circuits, (d) parallel operation with other transformers, and (e)
shortecircuit characteristics, On a multiwlnding tranaformer, the
open-circult no-load voltage of e winding will change with variation
of loading on another separate winding or windings, although it may
be unloaded itself, Load currents in one circuit affect voltages in
another and a lagging current in one winding can, under certain circum=
stances, cause a vbltage rise in one or more of the other windings

depending upon the arrangement of windings and their impedances,

Due to the peculiar behaviour of multiwinding transformers,
the various problems connected with their operation can not be

solved directly by two=-winding transformer formulae, So far, in
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the entire technical literature in English only casual references
have baen made to the operation in parallel of two or more of such
tranaformers and at no tim any attention has been paid to a thorou
study of this aspact. As a practical proposition, it is only the
three-winding transformer that is of any importance and the study
of tranaformers with more than three windings-though used at times-
is more of academic interest, It is therefore proposed to include
in the scops of these discussions only three-winding transformers
and consider in detall the division of load between the various
windings of these transformers connected in parallel on both
primary and secondary sides. A comparative study of the merits
and demerits of various methods that are possible to be adepted
for satisfactory load sharing will also be made.

1
The three windings of a thres-winding transformer are each

interlinked with the magnetic leckage fislds of the other windings,
_and as such load currents in different circuits affect each other!'s
voltages in complicated and uneexpected manner, It 1s thus very
desirable to have a clear conception of the leakage impedance
relationships of a multi-circuit transformer. The equivalent
circuit for a three-circuit transformer has been developed in
Appendix A and its knowledge 1s essential before actually tackling
the problems involved in parallel operatlon of three-winding

transformers,
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CHAPTER I
PARALLEL QPEXATION - GENERAL

2.1 It is well~known from the study of parallel operation of two-
winding transformers, that their satisfactory performance in parallel
requirea the following conditions to be fulfilled:

(a) the same vdltage ratios

(b) the same percentage impedance both in magnitude and quality;

(c) the same polarit&; |

(d) the same phase sequencej and

(e) the same phase angle difference between the primary and

secondary terminals,

If all the above conditions are satisfied for the two~winding
transformers to be operated in parallel, the load will be divided
among the units in proportion to their KVA ratings and the secondary

currents In each transformer will be in phase with the load current,
2.2. pParallel operatlon of three-winding transformers.

2.2,1.General relations;

The conditions required to be satisfied for satisfactory parallel
operation of two-winding transformers are also essential to be satise
fled for a proper division of load between paralleled three-winding
transformers. However, due to the pecullar impedance characteristies

of these transformers, as deseribed in Appendix A, their case requires

a speclal study,

Three-circyit transformers can be represented by an equivalent
circult as developed in Appendix A, BEquivalent eircuit for two thrage

circult transformers in parallel will be as shown in f1g.2.1 and for 3

¢
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three-circuit transformers in parallel as shown in fig. 2.2, By
solving such an equivalent cireuit, current flowing in the individual
windings of paralleled three-winding transformer banks can be deter-
nined. The terminal loads, as well as winding ratios and impedances
affect the division of currents among the windings of a three-winding
transfocmers, so all these factors must be known before a solution

is attempted,

(a) Two_three=circult transformers in parallel

Expressing 411 the impedances as per unit or percentage values
based on an assumed common KVA load, and assuming one to one turns
ratio, fig, 2.1 will be simplified as shown in fig, 2.3 and distribut-

ion of load in such a network will be as given below:

Let 1z and 1g be the given two loads in KVA, then the total

input will be their vector sum:

14 = 15 * 16 ' sue 20)

N .

The distribution of 14, iz and 1y in the network obtained by
solving the network of fig., 2.3 (see appendix B for solution) will be

1; = M.2a (14 K1) ¢ 15.2p ¢ KyodeaZe L., 2.2
(21 % za) (1 kl) * (29 + Zb)

whers ky 5 22 * % veo 202(D)
Za * 2c
1a = 14 - il [ ] 203

1, 2 Y408 7 15:-2p 61 « ko) - pel6Ze 04
(21 * 2)(1 # k) » (2 + Zp)

Where kg > El:-ggﬂ" s e 2t4(b)
Za *» Z¢

13 - 11 _12 "o 205
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1

16 - 13 | see 206
15 - 12 e 207

c

iy

While substituting KVA values for the i, i5 & ig above, KW
values are to be substituted first to determine the distribution
of actlve power, and then the calculations are to be repeated for

the reactive KVA values, The total load in any branch is of-course

Total load in a branch o/(KW of branch)® #(Reactive KVA of branch)2.,2.!

(b) Ibree thres-circult transformers in parallel.

Solution of eduivalent cireult for more than two threeecircuit
transformers in parallel becomes too involved to be solved by ordinary
methods. As derived in Appendix C, currents in variods branches of
three three-circult transformers in parallel (see fi1g.2.2.) can be
caleulated by the solutlon of the four equations 2,9 to 2,12 given
below: |

1.2, ¢+ 1pelp = 13.2g “ Inelpy =0 oo 2!

122; + 1b.Zé v 13(2y + 29) * 1p(2p#20) = 1427 +i5.290  ..2..

19(2,425) =1p42y

11(21 * Zm) * 1mozn :0 _ .020:
1a(zlﬁza)~ib.Z3§ 11(Zl+Z11Z3§Zn)- 1m(2302n) - 1421 "16.Z3 0020:

Equations 2.9 to 2.12 can be solved by the use of determinanta.

‘Expression for branch current i, will be
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g 0 Z, =% 2 g
g (1,2 + 1529) 2y (21 + Zp) (2o + 2,) g
o 2y (% + Zp) Zn g
g (142 + 123) -3 (%1 ¢ Zy* &3 #2n) -(Z342,) g
lga s 2,13
g Zg A “Zn g
g 2 2y (2 + %) (25 ¢ 2,) g
g (Zg + Z¢) ~%e (%, + Zy) 2, %
(27 ¢ 23) 2y (% Zpely +2y) (23 +ln) ¢

As would be observed, 1t is a very cumbersome equation and its
aolution will be very laborious, In the case of more than three
such transformers in parallel, solution by ordinary mathematics
will be‘even more diffiecult, The best method to solve all problems
involving more than two three-circuit transformsrs in parallel
would be to use an A.C. caleulating Board, a Network Analyzer or a

digital computer.

2.2.2. Equal ratios of transformation - Effect of impedances on load
sharing.
It is evident from 2.2.1 that the distribution of load betwsen
various windings and transformers 13 controlled by the impedance of
different branches of the equivalent cirecuit:

1) = 1423 (1 4 ky) » i5.2p + kioiG-Zc 2.2

(2 #25)(1 #ky) «(2g +2y)
. 142al(242p)#(Z342, )0 +152p(23 *20)416.20(2242y)
(21425)(2542p) +(25 42p)(23 $20)4(2342,)(2142,)

also i, = 1y -1y oo 203
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1431(1 vkl) vigdo + kl‘i6'23

z - oo 2,14
(21023) (13 ky) + (29 » Zp)

(see appendix B) |
14210(22 ¢Zb)4(23420)0#1522(zaqzc)4 1623122 OZb)
(27425) (22 +2) +(2332p)(2342¢) +(2342¢)(Z142,)

‘D1vihing equation 2,2 by equation 2.14

1 14250(2992p) +(23 #2o)0e 152 (Zge24) e 1624(Zge2))
1, © 14Zl§(ZgoZb)‘¢(23 22+ 1525 (23424)+ 1623(25+2y)

Now supposing Zl -
2s = kZp

1 1425(1 +k) (2 425) 8152p(1 ok).2o+1g2,(1s k)oZy
then - , terelT TR
i, Kady2, (Lek)(ZyeZ0) ok, 1521 (14k) o 2o ok, 1620 (14k) 4 2y,

(1¢k)ﬂ14.Za(zb+zc)+15.zb¢zc 016‘Z¢oZbﬁ

"

- 2 .o 2,15
k

This shows that three-winding transformsrs of the same voltage
ratio will parallel with each other and divide their loads properly
under all conditions of loading only if the impedances under those
conditions are the same for all transformsrs to be paralleled. If the
impedance of even one branch is different, the sharing of load will
not be proper, The effect, of varrying different impedances, on the

distribution of loads between paralleled transformers will be discussed
in detall in Chapter III,
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2.2.3. Effeck of squivalant reaciance to equivalent resistance

tatio_on load gharing: |

For best results, transformsrs in parallel should all have the
same ratlo of equivalent reactance to equivalent resistance, Fig,
2.4 shows the effect of this ratio being not equal for the two transe
formers. This figure has been érawn for the particular case of the
two transformers in parallel havirg the same par unit impedance,
Therefore, the currents 1n the two transformers will be equal in
magnitude, but will not be in phase unles: the ratim of equivalent

reactance to resistance are the same for both the transformers,

Since the currents are not in phase, the current in each
transformer is greater than half of the total current and therefore
the kilovolt-ampere output of the pair is less than the sum of the
kilovolt-ampere outputs of the individual transformers, However,
the effect of a comparatively econsiderable difference in the ratios
of equivalent reactance-to-resistance of fuo paralleled transformers
is so small in practics that the currents in thevtransformers are
very nearly in phase and their vector sum substantially equals their
numerical sum. This requirement is thus of only a minor importance
and particularly so in all modern power transformers, whose ratio
of equivalent reactance-to~resistance 13 very nearly the same, In
these transformers the reeistaneq 1s so small compared to the
reactance that reactance of the transformer can be taken as equal to
the impedance without any appreciable error in the results, In the
formulae given in para 2.2,1 1t will therefore, ba quite in order to
use percentage reactance ilnstead of percsntage impedance to calculate

the division of lopad.
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2.2.4 lUnegual ratlos of transformatiopn:

As In the caase of two-winding transformers, a circulating
current will be superposed on the no-load current, equal to

difference of induced voltage

sum of leakage reactances
The division of this éirculg;}qgwguiiggtwamong different branchss
depends upon the lmpedances of the various branches in the equivalent
circuit and the branch in which the voltage unbalance exists, To a
very limited extent this fact can be utilised to alter the flow of
KVA in different branches of paralleled three-circult transfornmers,
although no universal use of the same can be made, as shcwn in

Chapter IV subsequently.

2.3, Parallel operation of three-circult transformer with a twoe
gircuit transformers

2.3.1s Load sharing:

The equivalent circult of a thres-winding transformer paralleled
with a two-wlnding transformer is given in fig.2.5, Division of
currents may be calculated for this circuit, if the load currents
2 & 3 are known, In this figure the parallel connection i3 between
primarles A & 1 and between secondaries € & 2 of‘the three-cireuit

and two=circuit transformers respectively.

Considering the load 3 on the bus (2, it is evident that this
will be furnished over two paths in parallel (shown by solid 1ines),
l,e, path with ths impedance (Zg +2o) in parallel with path having

impedance Zy5. The division of load supplied to 2 dependszu?on fﬂe
impedance of the path Zg in parallel with the path (213 + 2¢).
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each case, the currents divide in the parallel paths inversely as

the impedances of the‘paths.

Therefore, (K.‘VA)2 1s supplied in such a way that the propotion
of the current flowing through 239 and 2, is

(12)} share of (KVA)y = 2;21-223212 (KVA)q o 2,16
(2g)y share of (KVA)y, = et 219 —. (KVA) oo 2,17
. la+ 2, *ly9 2 ,

Similarly load 3 divides so that the portion supplisd through
Zo & 2, in series is |

(Za); share of (KVA)g = 12 ;(KVA)- eo 2,18
Zg0%e* f1p" O
and that supplied through 12 is |
(12)} share of (KVA)y = 227 %  (xw), v 2,10
AT

In branches a & 12, the two component loads add vectorially
as shown by the relative directions of the firm and dotted arrows.
In branch ¢, link Zc’ they subtract vectorially. As a consequence
of this, we have the seemingly absurd conditiqn that assuming the
loads 2 & 3 to have the same kind of power factor (i.e. both lagging
ar both leading), the removal of one of the loads increases the load
in C, The reason for this ls, of-course, the fact that C acts like

a secondary for load 3, but as a primary for load. 2.

2.3.2 Speclal operating copditions:
In the light of the above, it can be seen that it may be

impossible to operate two and three winding transformsrs in parallel
with a satisfactory division of current under all conditions,. The

tertiary load may have any value independent of the secondary load

(fed by both transformers). and. as it miat flow thranoh tha



(11)

{mpedance of the primary, 1t will produce a volt&ge drop there, and

any change in tertlary load will alter the diastribution of load between
the other two windings, If the impedances are proportional to divide
the load properly for one load condition, the load division between
tranaformers at some other loading is likely tb be unsatisfactory. An
exception is the case wherein the circuit A represents a delta tertiary
‘winding in a 3ephase bank, with no load connected to the tertiaryj in

this instance the transformers can be made to divide currents similarly

at all ioade.

It {s possible to design a three-winding transformer so that
the load taken from the tertiary winding does not geriously affect
phe load division between the paralleled windings of the two transe
formers., If the impedance 2, 1s made equal to zero, then current
'diiision at the C2 bus will be determined by Zp and Z3g only and this
impedance ratio will remain independent of tertlary loading, It is
difficult to have zero as the value for Z particularly if this
Qinding is of high voltage, however, values near zero can be obtained
_ﬁith syeclfic designs at inereased cost. Such a design may result

in a value of Zp which 1s undesirable from other reasons.

Further, in such a case, 1f the direction of power flow reverses
| making the normal secondary act as a primary, the load distribution

is greatly affected, Even with an Individual analysis of each operat-
ing case, it is sometimes impossible to design for parallel operation.

with ideal 1load division when confllecting charaéteristics are required,

An interesting featurs to observe in this case 1s that for a

load in the circuits of A & C acting like two primaries in parallel;
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The division of load between them is completely determlned by the
impedances of the network as indlcated above, independent of prime-
mover and generator control apparatus, If desired, it would be possible
of-course, to control this by sultable regulators hetween U & 2 or
between A & bus Al or between 1 and bus Al,, Also sometimes balance
colls are used to force the proper 4ivision of load betwsen groups,

just like the case of two-winding transformers as shown in fig.2.6,

2.4, Expressions for the reactances in terms of the geopmetric arrenge

ments_of the windings for simpls concemtric windingsi

In section 2,3,2, above it has been mentioned that when the
individual impedancs of the primary is szero, the tertiary load will
have no effect on the lead division, The impedance of various coils
1s a function of the relative location of the varlous windings on the
core, for example, in a 3-phase concentric-coll core-type transformers,
there 1s no alternative but to submit to a high reactance between one
pailr of windings in as much as all the winding: fér one phase 1s on
one leg. Thus to design a three-winding transformer to meat certain
specified values of reactances between each pair of windings would
inpose conditiohs whlch are ektremely difficult and sometimes practice-
ally lmpossible to fulfill.

However, to illustrate how it is sometimes possible to obtain
zero impedance for a particular winding, computation of reactance on
the basis of the physical location of the windings on the core 1s

given below?

‘Let the windings be arranged en the core in the order 1, 2, 3
(t1g0207)
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The reactaness in ohms seen from sides 1, 2 & 3 are respectively

xlélo z a-blgpnlz xzéz) a.bga.ngz | xé?.): a.b3l.n32 ¢+2.20
la = 8f x10°°, b & i%; (g + el 192y,
and ﬂ.égi . 'Zalfél_ | .e2,21
g2 nZ -
a0 that xgfl) : 2k e aubgrn? BERER
I

The reactance potween 2 & 3 seen Irom the winding 1s defined by

(2)

Xog - 123 (1)
n22 nlg
s0 that xogtl) 5 m2 (2)
23 5%2*' x93’ = a.byq.my2 002423

Hence ' ‘
(1) 2 (1
x5z abipem?y %'t w abggm?y 331 (Vaaibgyiny? L2024

The reactance in ohme of the thresewinding transformer saen

from side 1 conssquently dapsnd only on nlz.

From the squations A.4 to A6

(1)

(1) (1),

12(1) - * ( Xlg * 123 - 131

and since by is already almost equal to byp ¢ ba3, we can write

(1)

(Zero reactance is in ths centre

1
hat ds xgl) 00 branch)

then xlz(l) - xl(l)
(1) . xa(l)

02,26

E 2 % 2

X32

and we obtgin the figure 2,7(b).
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Thus by a proper selectlon of the arrangement of windings, 1t
is possible to control within certain limits the impedance of various
branéhes of the equivalent circuit, It may however, be mentloned
that the relations of egqn. 2.26 hold in transformers having the three
windings placed successively on-the core without interleaving. With
Interleaved windings, however, whether on the shell-type or core-type
deéign; the st;aight line reactance cireuit no longer holds true and it
is generally Poasib%a to obtain nearly any desired relationship between

the values of Xy, Xy and Xa.
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CHAPTER 111
RABALLEB.QBEﬂAIIQN:EEEEQI.QE_EXIﬁﬁﬂAL.I&EEQAEQEﬁz

3,1 When transformers operating in parallel are to share the load
in proportion to thelr KVA ratings, their equivalent-impedance voltage
drops at full-load must be equal, To arrange for satisfactory sharing
of loads between paralleled two-winding transformers, having unequal
equivalent-impedance voltage drops, one of the most commonly adopted
methods is the addition of impedance in serles with the transformer

having the smaller value of per-unit impedance.

A similar arrangement can be adopted in the case of three-
circult transformers, However, it is posaible that all the thres
branch impedances of one transformer_may be different from the corres-
" ponding three branch impedances of the other thrse-winding transformer
to be connected in parallel, each branch varying by a different amount.
In that case, tho effect of connecting impedances in series with one
or more branches will have to be considered to find out the most

economical method for the satisfactory sharing of load.

Equations 2,1 to 2.7 show the division of load between various
vranches of two paralleled three=circuit transformers having the same
voltage ratio. A perusal of these equations shows that they are
dependent on 8 variables and are thus too involved to provide a
general solution as to the magnitude of impedances required for satis-
factory parallel operation. Each concrete case can be easily solved
with the help of equivalent circuit given in fig.2.3. Howevsr, to
have a general idea as to the various requirements, two concrete

examples WeTré taken and thelr detailed solution attempted for various
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loggs and power-factorss 0f the two cases gelected for study, one was
% study the parallel operation of two three-circuit transformers of
capacity and slightly aifferent percentage {mpedances, and

the same
ferent

cult yxransformers of alf
The transformers

ations!

the other case vas of two ghrea-cir

ge impedances.

widely varying percenta
ad the following specific

capacities and

selacted for atudy in these two cases h

Case 1
rransformet . tzapsformer 1k
/8.,000 10,000 /6,000/4,000

10,000/6,000
0 63,500/13,200/6,60(

Capaclty KVA
63,500/13,200/6,80

Voltage Volts

41X on 10,000 KVA base

63,500/13,200 volts windings 13 1
13,200/6,600 Volts windings 10 9
63,500/6,600 volts windings 11 10
Load 3¢ z load on 13,200 Volts yinding z 12,000 KVA
ig = loed on 6,600 yYolts winding = 8,000 KVA
Case II:
5,000/3,750/2,500

10,000/7,500/8,000

Capacity KVA
/13,200/6,600 63,500/13,200/6,600

Voltage Voll® 63,500

€I% on 10,000 KVA base

63,500/13,200 Tolt windings 13 16
13,200/6,600 Volt windings 10 19
1 10

63,500/6,600 volt windings
olt windirg = 8,000 KVA

Load ig 3 load on 13,200 V
14 wipit€ = 6,000 KVA

\16 = load on 6,600 Vo
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loads and power-factors. Of the two cases selected for study, one was
to study the parallel operation of two threeecircult transformers of
the same capacity and slightly different percentage impedances, and
the other case was of two three-circuit transformers of different
capacitiés and widely varying percentage impedances. The transformers
selected for study in these two cases had the following specifications:
Case 1

Iransformar I. Trapsformer IJ
Capaclty KVA 10,000/6,000/2,000 10,000/6,000/4,000
Voltage Volts 63,500/13,200/6,600 ©3,500/13,200/6,600

¢IX on 10,000 KVA base

63,500/13,200 Volts windings 13 11
13,200/6,600 Volts windings 10 9
63,500/6,600 Volts windings 11 ' 10
Load iz = load on 13,200 Volts winding z 12,000 KVA
ig = load on 6,600 Volts winding = 8,000 KVA
Case II:
Capacity KVA 10,000/7,500/5,000  5,000/3,750/2,500
Voltage Volts 63,500/13,200/6,600 63,500/13,200/6,600
41X on 10,000 KVA base
63,500/13,200 Volt windings 13 16
13,200/6,600 Volt windings 10 12
63,500/6,600 Volt windings 11 10
Load iz = load on 13,200 Volt wvinding = 8,000 KVA
i = load on 6,600 Volt winding = 6,000 KVA
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3.2 Btudies carriad outt
To find out the effect on load sharing of putting external

impedances in series, extensive computations were carried out on the
two sets of three=circuit transformers mentloned in para 3.1, Thase
computations were made for a number of different loads and power-

factors which may be grouped as unders

1) Load on one set of secondary windings was taken ag zero,
one quarter, half, three-quarter and full-load capacity
while that on the other set of secondary windings was kept
at its fulleload capaclty, Load division betﬁeen different
branchas for each of these Joading conditions was calculated

in datall,

11) Power-factor of the load on one set of sacondary windings
was_changed from gero lag to zero lead and load dlvision
ander full-load conditions calculated for power-factors
zero lag, 0.5 lag, 0.8 lag, unity, 0.5 lead and zero lead.
Load on the other secondary windings was taxen a@ full-load

capacity and a constant power=factor,

caleulations were carried out for all these conditions of load-
ing with different ragnitudes of impedance put in series with each of
the three branches of the heavily loaded transformer, in turne-one
pranch at a time-, and also for two 1mpedancés simultaneously i.e. one
in series with the primary and the other in serles with one of the two
sscondaries. Load divislon among various branches for all these sets

of computations was calculated.
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343 Inferences:

The various sets of calculations showed a very simllar general

trend for all the cases. Graphs 3.1 to 3.10 have been drawn as samples

for dirferent conditions of loading to show the general behaviour. These

graphs fairly represent the trend of all the computatlons and the con-

¢lusions drawn from the same may be summarised as belows-

1)

11)

111)

iv)

The impedance shall be put in series with the transformer -

having the lower percentage impedance,

The same magnitude of series impedance is most affective
when put in the primary circult as compared to its effect
vhen put in either of the two secondary clrcuits. This is
because the kilovolteamperes flowing to both the secondariles
are passing through the primary and thus any lmpedance in

the primary circult affects both the secondary cirecuits.

Impedance in series with either of the two secondary clrcults
has a very small effezt on the division of loéd between the

primaries.

Series impedance has a pronounced effsct in reducing the load
in the secondary circuit in which it {8 connected, but its
effect on the second secondary circult of the same transformel

is just the opposite.

Supposing the thres windings of a three-clrcult transform
are denotad as primary, secondary and tertlary. Then if the

impedance 1s put in seriss wlth secondary to decrease the loa



iv)

(vi)

(vii)

(21)
in this braneh, the load in tertlary will increase and
vice versa, This is thereaéon why load in primary changss
insignificantly as mentioned in (ii1) above.
For a rough belance of loads, a suitabls impedance only in
the primary circuit 1s enough, For a large number of cases
and over a wide range of load, only one impedance will be

required for a reasonably good load sharing,

Howaver, to have a perfect balence in all the branches,
sultable impedances in series with the primary and one of the
two sacondaries must be provided. In general, two impedances
will be required ouly when the transformers are operating

near their full-load capacity.

The magnitude of impedance required is proportional to the

‘variation of the actual impedances from thoss required under

ideal conditions.

An analysis of the shortecircuit impedances and the equivalen
eircuit brénch impedances shows that it is not the values of
short-circuit impedances that are of greater importance in
deciding the load sharing between paralleled three~cirenit
transformers, but the values of equivalent clrcult branch

impedances that are of greater importance.
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CHAPIER IV,

PABALLEL QFERATION - EFFECT OF TAP-CHANGING.

4,1 when two units (or banks) having different voltage ratios are

connected in multiple, a eirculating current equal to

4iffaranca of inducad voltages
sum of ths leakage reactances

superposed on the no-load current, flows between the two transformers
in voth primary and secondary windings. This circulating current 1is
entirely independent of load and load division and flows even hafore
the tranasformers are connected-up to any external load. In the case
of two-winding transformers,'thia circulating current vectorially
adds up to the load eurrent in one transformer and subsracts from

the load current in the other transformer: If the bank is deliver-
ing fullsload, one of the transformers, especlally if the lpad power=-
factor is low, may thus considerably be overheated. This lowers the
efficiency as well as decreases the maximam safe load which the bank
can carry. In general, efforts are therefore, made to restrict this
eirculating current and it is not congldered good practice to operate
 transformers in parallel when the clrculating current flowing in any

transformer exceeds ten percent of the full-load rated valua.

4,2  MNature of circulatipg current oreduced by tap=changing:
Sometimes in meeting emsrgency conditions which necesslate the
paralleling of transformer banks whose percentage impedancea are not

equal, ratic of transformation of the bank with the lower lmpsdance

- 1s deliberately changed in order to prevent its being overloaded wheén

the total load approaches the combined capacity of the two banks.

An pn<lpad tap-changer can modify the reactive load division
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I3

between two transformers in parallsl, but it can not modify the active

load division, This can be seen from fig. 4.1

Let o be the differsnce between the open-circult secondary
yoltagea of the two transformers resulting from different positions
of the tap-changers. It is in phase with J, and causes a circulating

current I, 1in quadrature.

Supposing the two transformers have the same reactances, then
the respactive currents Ip & Iz' are in phases I, =z OB and Ig' =BD
are in line, so long as 8 = 0. Whan e is not zero, a clrculating

current I, adds vectorially to Ig & Io',

The resultant currents are
Ip + I =z 0C in transformsr 1

Ip' I = BB in transformer 2

If e increases due to action of the tap-changer, the polnt C is dis-
placed towards the right on line ¥, and point E towards the left on
line Fy. The reactive components are changed, but not the inephase

components,

4,3  Effact of tap=changing=thrae-winding fransformers.
4,3,1. Circulating curraent

The equivalent cireuit of a thres-circuit transformer has three
branches as shown in fig. 4.3 instead of one branch as for a twoe
cireuit transformer., A tap in the primary will affect hoth the ratlos
of transformation, whereas a tap in eith er of the secondary circuits
will affect the ratic of transformation for that circuit enly. However,

due to interconnected nature of the varilous impedances, a tape-changer
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in any circuit will affect all the three-circuits differently so far
as the circulating current is concerned. In appendix D expressions

; have‘%een derived for the circulating current that will flow in the

! variﬁus branches due to the change of taps i.e. difference of voltage
exisﬁ}ng in the dlffarent branches respectively, The ecirculating

urrénts for the various alternatives are:

(a) !f'hnm“ajmmmmgmn_a

i Circulating current in branch as’ (1 b kl)'e vodel

. (24 + Zg)(Leky)e (29 » Zp)
Circulating current in branch bs ____ ° o442

. (77 » 2g)(1vky)e (25 + 2p)
Circulating current in pranch os e v ode3

(b) Tap _change on the secondary cireuit b

Circulating current in branch a = 8 vvidd.
(21 & Za){1eky)+ (29 + Zy) '

ow (l* ka ) 8 {
Circulating ecuarrent in brdnch b= veeded

(4y + 2g)(1eky) #(Zp + %)
Circulating current in branch c--—'—~~ ko8 .:}4.6
(242, )(lokl) *(Zg + Zp) !

(c) Tap.change.on the secondary clreuit g

Circulzsting current in branch'a = .. k1.8 veede?
(Z» 4 Za)(l*Kl)O(Zg GZb)

Circulating current in braneh”b“=“ ka-0 seedeB
(21 + la)(l#kl) * (Zz‘ Zy)
Circulating current in branchhé'= (k) + ko).e. | eed,s9

(Zl 4 Za)(l’kl) + (Zo+ Zyp)
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where e is the difference In voltage between the respective

windings of the two transformers,

impedances 2y, Zg and 2, are in ohms

ky = 42.*2p
43 * %

and kg = 21YZ%
Bquations 4.1 to 4.9 show that

1) the magnituﬂe:.of cireulating current is directly proportional
to the difference in voltage introduced by the tap-changej

1i) due to a tap change in the primary winding, circulating
current in both the secondary circults flows in the same

directions

and 11i) tap change in any one of the secondary windings has a reverse
effect on the second secondary winding of ths same transformer
{,e. the circalating current in the second secondary winding
flows in a direction opposite to that in the sscondary
winding in which tap change has basen introduced.,

4.3.2 Qeaclances

The presence of tappings has a direct effect on the reactance of
a transformer, The percentage reactance variss directly as the current
‘and turns, and inversely as volts per turn and axial length of windings
In addition the cutting out of appreciable portions of the winding by
neans of tappings tendsto distort the leakage field, thersby affecting

the reactance,

Reference 2 has given a table (table 4.1) to show the variations
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{n reactance due to changes in current, number of turns and volts per
turn, caused by the presence of tappings. For the purposes of this
table, it has been assumed that the normal condition is when all turns
are 1n‘c1rcu1t, and under this condition the two windings are equal
‘,1n length, The table shows the factors by which the varlous items are
miltiplied when the turns in one winding are reduced to r’times the

original value by means of tapping.

The affect upon reactance, of leakage fleld distortion due to
the cutting out of portions of the windings by means of tappings is
41lustrated by curves in fig. 4,2 (reference 9). These curves are
only representative, as the pelcentage varlations in reactance, due
to a glven percentags reduction in the number of turns in circuit,
varies with different designa., In this reference, 1t has however besn
éuggasted that these curves may be taken as a fair approximation for

all transformers of normal output and voltage,

The changes in reactance indicated by table 4,1 and fig.4.2

are cumulative,

4,3.3 Lpssest
Use of tappings tends to silghtly increase the losses in a

transformer due to changes in current, the total lengths of conductors
in eireuit and the magnetic flux density, Reference 2 has glven a
table to calculate the exact variation in losses when primary or
gocondary currents are reduced by means of a tapping. Howevar, as the
range of tapping that can possibly be employed in compatibility with
allowable circulating currents for satisfactory division of load

between two paralleled transformers is small, the varlation in losses
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will be very small and may be neglected for ordinary calculations,

4,4  Studles carried out
The transformers taken in case I & II for the studles in

Chapter III were also adopted for various computations under this
group, To investigate the effect of tap-changing on the sharing
of load by two three-circult transformers connected in parallel, a

numb:r of computations were carried out with different taps.

Transformers were assumed to be operating pn taps so that
a circulating current would flow in such a direction that 1t would
add to the load current in the lightly loaded transformer and subtract
from the load current in the heavily loaded transformer, The various
sots of calculations were performed with 24% and 5§ taps in each
branch in turn and its effect on the distribution of load in different
branches investigated. Some of the sets of calculations were made

both for full-load and half-load conditions,

Since the circulating current flows independently of the load
current, the results were computed by calculating the load current
and circulating current in different equivalent eircuit branches

separately and than superposing the two vectorially,

4,5 Anferancasy

The various sets of computations showed a fairly uniform trend,

and the conclusions drawn therefrom can be summarised as helow:

1) Variation in tapping has a predominant effect on the egquivae
lent circult branch impedance in which the tapping 1s used
and very small effect on the other two equivalent eircuit

branch impedances, As the transformer with higher percentage
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impedance will have a smaller share of load, it will have
to be operated on a lower primary/secondary turns ratio so
that 1ts higher aacohdary voltage helps in Increasing the
load on this transformer. As per the effect mentioned in
section 4.3.2 above, this increases the impedance of this
transformer, theraby further 1néreaaing the actlve power
on the already heavily loaded transformer., The flow of
cirenlating current, which 1s reactivs, changes'the KVA

flow through the transformer.

The effects.of cireculating currents depend upon the power
factor of the load, and are greater for lagging power-'
factors than for power-factors near unity, Depending upon
the load power-factor, the circulating current may in certain
cases even increase the KVA flow through certaln branches.

Unlike the affect of series impedances, effect of tappings
1s not uniform in all the branches and 1s dependent upon

load, powere=factor setc.

Effsct of tappings in the primary circult is mach more pro-
nounced than that of the tappings in elither of the two
secordary circuits. Also the circulating current due to
tappings in any one secondary cirecuit acts In a manner just
reverse to the desired affect in the second secondary
cirecuit of the sams transformer, thereby further loading
the already overloaded winding, This is self evident from
the equations 4.4 to 4,9, 4

In the case of serles impedances, this trand can be easlly
countered by the addition of series impedance in the desired

branch. hut it ecan nat he eennomically done with ténnings.
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as that will require tappings both plus and minus on all
the three windings, This will make the transformer very

bulky, costly as well as more susceptible to faults.

(iv) Even if a satisfactory divislon of load ean be arranged in
a particular case by suitably fixing the tappings, that
solution will be correct for only that one load, and the
currents will shift in relative magnitude and in relative
phase position as the magnitude and power-factor of the
load are changed.

As compared to this, in the case of series impedances,
only one value of impedance is required for a set of transe
formers and it will always glve satisfactory division of
load irrespective of the magnitude of load and powere

factor,

(v) The éffect of circulating currents is to increass the total
current flowing through the windings, thereby inecreasing the
total loss as well as heating of the transformer. Also the
higher current decreases the maximum safe load which the

bank éan carry,

Aee. 62495
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CHAPTER V,
¢.0 N C L U S IO NS

541 ' Ihfag-clreuit transformers iu parallel

1 Currents flowing in the individual windings of parallel three-
winding banks can bs determined by solving an equivalent circult, The
terainal loads, as well as winding ratios and impedances affect the
division of currents among the windings of thres-winding transformers,

80 all these factors must be known before a solution is attempted.

2e¢ Three-cireuit transformers of the same voltage ratio will
parallsl with each other and divide their loads properly under all
conditions of loading only if the impedances under these conditions

are the same for all transformers to be parslleled.

3¢ Two threeecircuit transformers having different impedances can

be operated in parallel and made to share the loads in all the windings
prqperly by connecting two imped;ncea in aaries with the transformer
havidg lower percentage impedance. Oné of the impedances must be
gonnected in series with the primary circuit and the other in series
with elther of the two secondary circuits depending upon the equivalent

cireuit branch impedances and division of loads.

| For a largs number of cases and over a wlde range of load, only
one impedanoa will be required for a reasonably good load sharing and
in general, two impedances will be required only when the transformers

are operating near their full load capacity.

4, Only one value of impedances is required for a particular set
of transformers to properly divide the load between the two and this
will glve satisfactory results ir.respective of the total load and its

power-factor,



(43)

5, The greater the variation of actual impedances from those required

under ideal conditions, the greater the magnitude of external lmpedances

required,

6o In deciding the load sharing between paralleled three-circuit
transformers, it 1s the values of equivalent circuit branch impedances

and not the shortecircult impedances which are of greater importance.

7

vv7. The loads in various branches can to a certain extent be
adjusted by the variation of tape in the primary circult. Varlation
of taps in either of the secondary circuitahaé an adverse effect on
the other sscondary circuit, with a much smaller effect on the primary

circuit,

8 Tap-changer can only modify the reactive load division batween
tyo transformers in parallel, but it can not appraciably alter the
active load division, In fact, the active load on the already heavily

' lpaded transformer increases still further.

9, one value of tap can correct the load divisien for one particular
load only., Any change in magnitude of load or power~factor will

require a new tap positlon for a sgtisfactory shéring of load.

10, As compared to the method of using series impedances, the
alternative method employlng tap-chénging for aatisfactory division of
load betwesn three-winding transformers in parallel 1s in-efficient
and uneconomical. Such an expedlent is a make-shift, justifiable only
in meeting emergency conditions when maintsnance of gservice ls the
paramount consideration and efficlency is for the time being of

secondary importance.
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1. Parallel operation of two such transformers is not in general
lsﬁtisfactory.clr the impedances are proportioned to divide the lpad
properly for one load conditlon, the load division between transformers

at some other loading is likely to be unsatisfactory,

Do Only vhen the individual impedance of the primary is zero will
the tertiary load have no effect on the load division., In certain
cases this 1s possible to be arranged, but the requirement of certain

- eonflicting characteristics may make it impossible to design a trana-

former to meet with this condition.

3. Balance colls can be used to foPce the proper division of load

between groups.
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APPENDIX A,

A.l In a two-winding transformer, the internal impedance is usually
expressed in tarms of one value, The leakage reactance between the
primary and sscondary, and the resistances of the two windings are
lumped into one and this value of impedance 1s sufficlent to express

the voltage consumed internally by the transformer,

On the other hand fn three-winding transformers, the current
flowing in ons winding i3 not necessaridy equivalent to, nbr in phase
with 8 current in one of the other windings. The three windings are
‘80 related to each other that 1mp§dance and reguiation cannot be so
simply expressed as in ordinarj transformers, although by means of a
simple equivalent circuit, equivalent impedance values can be determined
for each winding and these values used in the ordinary formulae to |

obtain regulation or current division for any given condition.

It i1s convenlent and in fact possible to represent completely
and rigorously the leakage impedance characteristics of a three-circuit
transformer by assuming that each winding possesses an individual
leakage reactance belonging to itself just as dlatinetly as its
resistance and that they are gonnected to-gather in the equivalent
circuit represented either as a star network or as a mesh network.

The star network, however, is decldedly more convenient since the
impedances representéng the transformer can then be combined in series
with the impedances of the external oircuits, and is therefore,

dlscussed below.
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A+2.  Star equivalent network of three-cireuit transformer.

A single phase three-circuit transformer is shown diagramatically
in fig.A.l, as a two line diagram in fig. A.1(a), as a single line
diagram in fig. A.1(b), with connected apparatus which may be generators
motors, lighting load, or any other kind of electrical apparatus. All
that the transformer does batweeh the eircuits of A, B & C s to
link them with a transformation in voltage and current., This trans-
formation 1s accomplished at the oxpense of a magnetising current
taken by the transformer, core and copper losses in the transformer, -
and an impedance or impsdances introdiuced-between fhe various cireuits,
In the derivation of the equivalent circuit to be used to determine
division of load and parallel operation, the following assumptions

are made:

1) Magnetising current has been ignoreé.
Because of this assumptlion, all the reactances consldered
will refer exclusively to those reactances which the trans-
former offars to the load currénts (not those which apply

to the magnetizing current,)

11) Transformer and load constants 1.¢. impedances are all
expressed as percentages of rated values of corresponding

circuits (all based on ah assumed standard KVA load).

111) A1l impedances used in equations are those effactive at

the external circult terminals,

iv) Because of assumption (11), turn-ratio drops out of consi-

deration completely, and as such one to one turns ratio is

assumed.
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with the above assumptions, the magnetically interlined circults
of a thres-cirecuit transformesr may be completely represented by the
electrically {nterlinked circults of fig. A.2. Both figurés A.2(a)
and A,2(b) are considerably simplified by the use of a single line
diagram as in fig. A.3(a)e Flg. A.3(a), therefore, applies to all
single phase and symmetrical polyphase transformers 1nterconnacting
three-circuits per phase, Fig. A.3(b) is essentially the Same; but
may sometimes be preferred so as to segregate the primary and secondary
 elrcuits from each other, It will be noted that the'equivalant network
amounts to the connection of the three-circuits or systems A, B & C
to the same bus-bars through 1ﬁpedancas Zgy %y and Zq, oquivalentifo |

the impedance effect of the interconnacting transforuser,
v Lo . '

A.3. Lmpedances of the equivalent network;

' The impedances Zg, Zys & %o of the equ;valent network (fig.A.3)
vafe not as a rule equal to each other, and although they originate in
the commonly recognised leakage impsdances between pairs of windings

of the transformer, they are not numerically equal to them, but are

determined as follows:

The impedance to the flow of kilovolt-amperes between A & B
1s (%g + 2)) as seen from the equivalent network, Hence if the equi-
valent network is to represent the performance of the transformer

corractly, it must satisfy the condition that

Za + Z‘b - Zab - os Atl
similarly it mist satisfy the conditions that

Za L} Zc - Zac . AQZ

Zb + ZQ s Zbc | . 'oo A.3

Equations A.1 to A.3 can be solved for the branch impedances

.
- ” PR 4 S PSS
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are the conventional two=-winding impedances), ylelding the following

expressions: |
Za - * (Z&b * Zac - Zbc) e A.4
Zb =- 'é' (Zab + Zbc - an) see AW
zc - * (Zbc + an - Zab) X ] AQG

These equations are naturally vectorial. The resistance and

reactance componen-s of the equivalent impedances are, therefore,

Xg ® ¥ (Xgp *+ Xgo = Xpe) ees A7
%y = + (Xab * Xpe = Xca) . eee A8
Xe = t (Xpe * Xea = Xap) oo AM9
By = % (Byp + Rag  Bpe) oo A,10
Rp = + (Bgp * Ryg = Boa) eos Au11
Ry = ¢ (Rpe » Rog = Rgp) oo Aul2,

A.4  Determination of the equivalent circult parameters.

A simple method of determining the impedances of the star
equivalent cireuit is to evaluate them in terms of the short-circuit
or equivalent impedances of each pair of windings acting as a tﬁo~
eircuit transformer. The equivalent impsdance of each bair of .
windings can be computed from well known two circuit design formulas,
or can be determinsd experimantaily by means of three simple short-

circuit tests as described below:

Short circuit tests are performed by applying a low voltage
A.C, to winding 1 with winding 2 short-circuited and winding 3 open-
eircuited. fig.A.2(a). Under these conditions, the equivalent
circuit of fig. A.3(b) reduces to that shown in fig. A.4(b). Let

Vi, I;, and Py be the measured values of the voltage, current and

U mmeam mume 14nQ 4m wdrnddne 1. Than +ha measnitnda af tha aantvalant
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short-circuit impedance Zyo of windings 1 & 2 is

le - Y} eve A.13
L
and its resistance and reactance componsnts are
P
R - _l eoe AJ14
12 112 ‘
. x12 2\/—2122 - 3-122 A ees AWlS

Inspection of fig, A.,4(b) shows that with winding 1 excited
and winding z‘short-circuitad, the short-circuit impedance Z;, is
the series combination of the two branch impedances Zy and Zy of

the equivalent circuit. Therefore,
Zlg s !l -’ zz Y Aols

Similarly ths relations among the short-circuit impedances
293 & Z4q, and the equivalent - _t-cireult impédances‘zl, Zp and
43 are

22 * Z3 eos AWJ17

&3
w
bt

"

23 - zl ere A.18

Equations A.16 to A,18 can be solved for the branch impedances
21y %29 & Zy of the equivalent eireult in terms of short-circult impee
dances 239 § Z33 & Z3; ylelding equations A.4 to A.6,

A.5. 'Bagalcal sienificsdce of equivalent circult Beoistances and
‘Reactanceg:
‘From the above, 1t 1s clear that the characteristics of the
three-circuit transformer.giz; load sharing, regulatioh, efficiency
etc, depend upon the paramaters Zaby Zpe and Zpg which are a function

of the arrangement of the wihdings. It is however, not necessary to
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have a .knowledge of the physical arrangement of three windings in
order to bs able to pre-determine the performance, The only thing
needed to be known 1s the reactance and reslstances of the various
winding arrangements to be used in the equivalent eircuit, These
1mpedancas can be very readlly calculated by simple experimsnts
given in section. A.4. - ,

It is possible that for soﬁe arrangement of windinga, either
of the values of impedance Zy, Zp or Z in the star equivalent circutt
as obtained from equations A,4 to A.6 may be zero or negative, even
though the equivalent impedance, Zgp, 2y, or 2Z,, must all_ﬁave positive
resistances and positive (i.e, induétive) reactancés. Equatlions A.4
‘to A.6 do not contradict this posslbility and actual practical desléné
confirm 1t, However, only one of the branches can have a negatlve
reactanne, becauée the net 1mpedance between every psir of windings
of the transformer must be positivé or Inductive and cannot be negative

or capacitive. Moreover, the negative reactance of any branch must be

less.than the positive reactance of either of the other two branches,

One Sf thé branches of the equivalent circult may, in faet,
have a negative resistance, but it should be borne in mind that the
equivélent clrcult shows only the eiternal behaviour of the transformer
and a negative resistance in one branch of the equivalent circult does
5 not signify a negative load loss in one of the windings. The equivalent
circuit gives the correct total load loss for any load conditions, but

it does not show the way in which the load losses are distributed among

@g; the windings. The negative resistance ordinarily appsars only in autoe

wﬂf transformers with separate tertiaries.

This equivalent negative reactance is responsible for most of the
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peculiar phenomena in multlecircuit transformers, Apparently no
practical use can be made of the negative resistances or reactances
of three-circuit transformers as negative impedances by themselves.
These negative impedances are virtual values. They reprdduce falth-
fully the terminal characteristicas of the circults of the transformer,
but they cannot necessarily be appllied or aasigned diraectly to any

internal ecolls.
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END

DIVISION QF LOAD BETWEEN TWQ THREE-CIRCUIT TRANSFORMERS IN PARALLEL.

Given the two loads, ig and ig (refer fig. 2,3) then the
total input 1, will be their vector sum:

i4 = 15 * 16 voBul

From the circuit applying Kirchoff's laws,

1025 ¢ 1p.2p = 11,21 + 15:% eeB.2
10025 + 153, = 1;.2) ¢ 13.%3 R
1, 2441 ++Be4
iy z 15~ 1 49845
le 21 -1, ++B.6
i1 =15+ 15 T eeBa7

Subatituting from equations B.4 and B.5 in eqn. B.2, we get
(14 ~11)Za - (15‘12)Zb = 1121 L ] 12.22
or '
14023 + isozb - 12(224 Zb) s 11(21 ‘Za) ¢sB.8
Substituting from equations B.4 and B.6 in eqn. B.3, we get
(14 - 11)28 . 4 (16 - ig)Zc = il.Zl . 13523

ol
1425 + 1g%¢ = 15(23% 2) =z 13(2) + Zp) ++B.9

Substituting the value of 13 from eqn. B.7 in egn. B.9,
1425 * 1gZc - (11 - 12)(23729) 2 17027 Zg)
or

1425 ¢ 157, ¢ 12(23 + Zo) 2 110(%) +29)e(23 4 2

or
12(23 [ ] Zc) = 11(21 ’Za QZQ ’ZC) - 14Za- iGZc
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or 1, 3 11 (21 ¢ 2, ¢ Z3 4 Bp) - 1aZg - 1% | B.10
(ZS 4 ZO) . soe

substituting the value of 1y from eqn B.10 in eqn.B.8, we get

Zo* 2
1429 v 15% - gg“:zg-l(zl # %5 023+ 201 - 1424-162,0 =1,(27¢ 2q)

Putting ??_:_Zh z k) 1in the above equation, gives
43 4 3,

1429 + k141425 4 152h 4k1.1geZp = 13 (2] o Za)e ky.17(2782,423 «2,)
| 11(21‘23) ‘klil (Zl tZa)vkl‘.il(Zach)

¥ 1029 #2080 wl)) v 4y (25 4 Zp)

or
142(14k) & 152y *kyigZ, = 130(2) 0Z) (14ky) #(Z, o2y

A

or ‘ .
1, 5 4%alleky) * 4 7 siq147,

(21.#‘28)(lvk1) (2o +7y)

veBell

Substituting the value of i; from egn. B,11 in eqn, B.8 we get
142& vliszb 7,12 (22 . Zb) = 11 (Zl v Za)

142 + 1g3%, 41, (Z342,)

) (Zl Oza)- -
(2) * Z9) ¢ (23 + 2,)
s I + 19, :
14 2 (Zl 4Z3)+ (25 42,4)
ko
By ¢ 2,
Putting —t———2- 2 Kp
Zq + 2o

or :
1
(14 EEZ) U 1,8a +152p = 1502, w200z 142, ¢ 162,41,(25 +2,)
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r
(1 4k2)0 14:24+15%p - 12(22‘Zb)a e ko.iyZy ¢k2162c0k212(23‘zc)
or "

147 +(13ko) 157y ~kolgl, = 1o(1ekp)(Zy eZp)ekpln(Zy *Zc)

-12ﬂ(zg,zb)‘(zl‘za),(zz‘zb)(z%‘g ; 1
c

= 150(21 *Za)(1eky)s(Zg sZp)h

12 - 005013
QZIOZa)(l aky) #(Zg +Zp)
1oz by =13 2 ‘_4'Zlﬁlt;1_ + 158 v 16.Z3:k) .++B113
(20 2001 k) +(2Zg0 2}
1y = 15 -ip = 142 (1 $iy) 1.2 'kz lg 423 ..B.14
(ZJ_A Za)(13k))4(Zg +Tp)
- - - . se Do
: (3, > )1 k) ¢ (Zg + )
1,21.K = LleoZoeky + 1524 (K1 & ko) |

(Zy < 30 (1K) 3 (25 +2p)

Equations B,13 to B.16 can be very easily derived by simple
substitution of the values of varidus quantities in equations B.4 %o
B.7 |
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APPEDIXC,
DIVISION Of LOAD BETWEEN THREE THABE-CIACUIT TRANSFOAMERS IN PARALLEL,
Given the two loads 15 & ig ( refer fig. 2,2) then the total
input 1, will be their vector sum | |

PRI IS PR SREAS PR | .l
Also

ig = 12 + 1, s im : ~ seCe2

ig =15+ 1, 4 1y : .  ..C.3

1, 215 ¢ 13 «.Ced

g 2 1p * 1, o eeCaB

12 in * In . | eeCeb

Frbm the circuit, applying Kirchoff's laws,
iaZa ’inb = iLZL v imézm- ;0607.
iéza ’iczc ] 1€ZL L 4 1nozn ) .oC.B

"

117, +ig2,

Multiplying eqn. C.1 by Zl_and eqn. C.2 by Zg,
147 2 3% 2 4% 4L, O | vsCe9

1522 -2-1glgeinia 4 1n2o 0eC,10
Addiing equations C.9 and C.10
112y » 1525 3 1431 = 132 = 1,7y 41 2g-dp2g=inls

125+ ipZn S ..C111

1828 L 1mZm (from eqn.C.?) , eeCo12

Again multiplying eqn. C.l by Z; and C.3 by Zg,

1421 1121 * 1821 L} 1e 21 000013

1623 = 1323 1023 ¢ inZg eeC.l4

Adding equations C.13 and C.14,
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1]_21 * 1323 s 1421 - 18.21 - 1@ Zl & 16Z3 -1023 -in23
= iaZa Qich X3 C.16
- 18 Ze ‘1nzn (from an.C.S) .o C.le
By substitutlion, eqn.C.15 and C, 16 become: |
1421 =1,2; -4, 21 + 4583 =(1a-1p) 2%y '(14'1m)23 :
= 1.2 «(1,-14)Z, - e 0017
:1e Ze 1’(1 -1m)Zn (X C.18

By rearranging equations C,11,

102 Zg +2y +Zc) = 1p(242.)
1, (23 +%)

& ib( 22y )

- 1bza‘.

Gola’ Col? and Colg,

1,2 Mply  a14Z1e1sZg, e
‘ s .1

018(214 Zg);: #1m(2202m):i421418239

. e0sls.20

*%5Z1 . Za) -1m423 ;14Zliigugl‘

fia(Zl4zg¢lavzn)-im(za‘zn); 142141623

oNeVe
3

Suhtracting Bquation C.EOVfroh C,19 and equation ¢.22 from eqn.C,21,

18.28. ‘1be ‘1e ZL "imZm - 0 OQ‘C 23
1azl ' 'l':’bzz . "1& (21 4 Z'Z) 41m(Z24§m) F 1421"1522 eeCe24
1,(2g020) 14,2, -1,(2, + Zn) +in7n =0 ++Ca25
15_(21“23) '1bZ3 ";e (Zl'ze "Za"zn) '1m( 23‘Zn) - 142191623 . .C.26

- By the use of determinants, the values of 1ay 1p, 1, & 1y cen

be evaluated from equations C.23 to C.26 and thus all the branch

currents can be calculated.

<
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APPENDIX D,
EQUATIONS FOR_CTACULATING CURRSNT DUR T0 UNEQUAL TURNS-RATIO.

(a)  ZTap=change on the primary circuitfa%
Equivaleut circuit for this condition is shown in fig.D.1
Applying Kirchoff's laws to two closed circuité:

(23 v2c)ig +(2) +Zg) (1 1) = @ eeD.1
(Z2 ‘Zb)ib -0(21 ‘Za)(ib 410) = 8 eeDe2

From the equations D,1 aﬁd D.2,
(Za 2 Zc)ic :(Za + Zb)ib ' v s De3

Substituting from eqn. D.3 the value of 1y in eqn. D.1,
(Z3 . Z )1 ¢ (Zl +Z )( Za Q 4

¢ *io)

N ORI R Y Bl

(22 » Zb)

100(Z30Zc)(ngZb)4(214Za)(Zs0Z ) #(2; o2 )(thzb)! z (Zg +Zp).e
or (2g +2yp).s

1, = -
© 7 (2120)(2g 4T (3aT0) (Zgalo (25 +25)(Z) +7a)
k,¢®
. 1" «Dud
(214 250 (1ek;) (29 +Tp)
' (23 4 ZC)QG
b (2) ¢ 25)(2g 42p) +(ZgaZp)(2592,) +(244%,)(2yeZ,)
a
- 1)
(2] 2,)(1eky) +(Zg +2g) '
v (10k1)09
and 1, s 1p +i, = eeD.6

(214 2,)(1 #Ky) + (25 +2p)
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(b) Tap=chbange on the secondary .circult "bf,
Equivalent circuit for this condition 1s shown in fig.D.2
Applying Kirchoff's laws to the two closed circuits,

(Z,» Zo)i, +(2) 42)(1p » fe) = 0 e D7
(2o +Zp)iy (2 42,)(1p » 1c) =2 @ «sD.8

From equations D.7 and D.8,

(Zz‘ Zbllb - (Za b Zc)ic - 6. 4 : eele9
or B
1p s 2 *t% * Ze)ig | | ..D,10
Za * Zb

Substituting the value of ip from eqn. D.10 in Bgn. D.7,
a4 (Za ‘Zc)ic

, =0
49 4 2y

(Zs’zc)ic 4(21 #Za) ] 4 1cﬂ

ic°(Z2 QZb)(Za?Z )?(Zl‘Za)czs‘zc)‘(zl + Za)(zz ‘Zb)q =‘3.(Z1‘Z )

or, 0.(2) 1%3)/ (Zg +Z¢) 5
T (2 2Tz, + Zp) | "
- - kz.a .'QD. 11
T (21924) (Lol ) s (Zgelp)

Substituting the value of i, from equation D.9 in eqn.D.8,

(gg + 2y, - I =
(23 v Zc)

or

100(2; +25)(2042p)#(Zg +2p)(Zge2Ze)e(Zge 2,)(2 42,) H260(2142,)2(2542,)
Ori - 9(1 < kz)

T (2 +Z5) (Leky) 4(2Zg +Zp)

1& L ib * 16: ° eelel3

(2 OZa)(l*kl) +(2g +2y)

] .D-l?
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(¢)  Tap=change on the secondary circult “e?
Equivalent circuit for this condition 1s shown in fig.D.3
Applying Kirchoff's laws to the two closed circuits:

(2492 )1, + (Zy +26)1pet) 2 @ Dol
(Zg +2p)ip #(Zy +25)(ip+ie) 20 ..D.15

From equations C.14 & .15,
(25 +2c), =(Zg +Zp)ly = @

or Ty b
12 2202 %)ty v D, 16
(Za - Zc) o
and (Zavzc ) ic -@
ib P - eeDy17
' (Zg 4 Zb)

Substituting the value of i, from eqn. D.16 in egn. D.15,

e 6(22 o'zb)ih i =0
I3 + 2,

(29 * Zpdip ¢ (Zy 4 ZM 1p s

or ‘ ' , .
ibﬁ(Zgﬂ‘zb)(Za‘zg)¢(Z1*Za)(ZadZC)O(ZZQZb)(Zl ﬁla)ﬁ - -e.(zl Aza)
an-y

or
i = -
L (27 +25)(1 + k) +(Zg+2p)

’ '.'.D.].S

Substituting the value of i), from Bqn. D.17 in Eqn.D.14,

NAPE AR B ML LA INPPI Y
% * Ty

or ’ ' : ,
1§(23 +20) (2 +Z)v(Z) +24)(2ye2,) (2} 479 (242),) D26 (2142 ) +(ZgaZy)
or _ 8.(Kky *Ko)
iC - v 1 2 o o.chlg
s (Zl + Za)(l*kl)’(32 *Zb)

1& z iy . 1c = 8.k | " #+De20
(29 ¢ 25)(1 & ky)e(ZpeZp)
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In the above equations
| "e" 1s the difference in voltage between tha

respactive windings of the two transformers,
21,122‘& Z3 are in ohms,

lay ip & 1, are circulating currents in various
. branches caused by the voltage
‘difference"et

. 3242

%y ¢ 2,

2y + 2,

W w— —

Za’zc

and kz
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