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My invention relates to alternating current 
distribution systems and more particularly to 
multiwinding transformers having four or more 
windings and their arrangements and connec 
tions in Such systems. 
An object of my invention is to provide new 

and improved arrangements for multiwinding 
transforming apparatus in systems of distribu 
tion for improving the operation of such systems. 

It is another object of my invention to obtain 
in a System of distribution having connected 
therein a multiwinding transforming means of 
four or more windings a predetermined most ad 
vantageous distribution of load and also to obtain 
a predetermined most advantageous relationship 
of terminal voltages of said transforming means 
under various loading conditions. 

It is another object of my invention to provide 
a new and improved multiwinding transformer 
having four or more windings. 

It is another object of my invention to provide 
a multiwinding transformer of four or more wind 
ings having such characteristics as to secure a 
predetermined interaction between pairs of wind 
ings under load whereby a desired division of 
current or load between a given pair of wind 
ings may be secured for a given relative loading 
of another pair of windings. 

It is another object of my invention to pro 
vide a multiwinding transformer of four or more 
windings having such characteristics as to se 
cure a predetermined relation between terminal 
voltages of a given pair of windings independent 
ly of the relative loading of another pair of wind 
ings. 
My invention will be better understood from 

the following description taken in connection 
with the accompanying drawings, and its scope 
will be pointed out in the appended claims. 
While the use of multiwinding transformers 

having four or more windings for purposes such 
as that of Supplying a plurality of loads of dif 
ferent voltages is not new, their use for improv 
ing system operation by providing, for instance, 
duplicate windings having the same voltage rat 
ing and connected to different parts of the sys 
tem respectively, is relatively recent and has pre 
sented to the art a number of new problems not 
encountered in the use of two-winding Or three 
winding transformers and not encountered in the 
use of n-winding transformers supplying for in 
stance n- independent loads from a common 
SOrCe. 
Whenever a pair of the windings of a multi 

winding transformer of four or more windings is 
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connected into a loop, or to two separate sources 
of power, respectively, or in any other arrange 
ment permissive of exchange of power or circu 
lation of power between that pair of windings, 
the division of load within that pair of windings, 
and the relationship of other electrical charac 
teristics of that pair of windings, may be greatly 
influenced by the condition of relative loading of 
the other windings of the transformer. As the 
most favorable value of such an effect depends 
on the needs and requirements of the particular 
System to which the multiwinding transformer is 
to be connected, the present invention is directed 
to the construction and circuit connections of a 
multiwinding transformer of four or more wind 
ings for Securing inherently a predetermined 
most advantageous distribution of load in such, 
Systems and for Securing inherently a predeter 
mined most advantageous relationship of ter 
minal voltages under various loading conditions. 

In the drawing, Fig. 1 is a conventional 
Schematic single-wire diagram of a four-winding 
transformer in a very simple system connection 
involving a loop for the exposition of the physical 
conceptions and mathematical principles under 
lying the invention; Fig. 2 is a modification of 
Fig. 1 to illustrate the effect of impedances ex 
ternal to the transformer windings in such loops; 
Fig. 3 is a modification of Fig. 2 with the intro 
duction into the loop of a variable voltage ex 
ternal to the transformer and intended to modify 
the load division between the branches of the 
loop and their corresponding transformer wind 
ings; Fig. 4 illustrates an embodiment in which 
a pair of the windings of a multiwinding trans 
former are connected respectively to a pair of 
independently controlled generators; Fig. 5 ill 
lustrates schematically the connections of a six 
winding transformer in a system involving two 
pairs of the windings in loops; Fig. 6 is a dia 
grammatic illustration of a single-phase multi 
winding transformer comprising three pairs of 
windings so arranged as to make the division of 
load and terminal voltage balance within each 
pair independent of the relative loading of any 
other pair; and Fig. 7 is a schematic equivalent 
network of the transformer of Fig. 6. Like ref 
erence characters indicate similar parts in the 
several figures of the drawings. 

Referring now to Fig. 1 of the drawings, a 
schematic single-wire diagram is shown as illus 
trative of a four-winding single-phase trans 
former and system of connections in accordance 
with my invention, having a pair of primary 
windings and 2 and a pair of secondary wind 

  



ings 3 and 4. Primary winding is Supplied 
from a source of alternating current through 
a bus 8 and circuit interrupting device 9. Pri 
mary winding 2 may, for example, be of the same 
voltage rating as primary winding and is sini 
larly supplied from the same source and bus 8 
but through an independent connection to the 
bus through circuit interrupting device 0. It is 
seen that windings and 2 are connected in par 
allel. Secondary winding 3 is connected to a 
load and secondary winding 4 to another in 
dependent load, 2. As loads and 2 are in 
dependent, the voltampere power delivered by 
winding 3 to load may have any ratio to that 
delivered by winding 4 to load 2. 
The mathematic theory on which the invention 

is based will now be considered. Let the load 
current in each winding be designated by I with 
appropriate subscripts corresponding to the num 
ber of the winding, as I1, Ia, I3 and I4, respectively. 
In the following exposition and equations, these 
currents may be understood as expressed either 
in amperes, or ampere-turns, or per unit values, 
equally well; all three systems of units being well 
known in the art. If expressed in amperes, all 
currents in an equation must be reduced to the 
basis of the same winding. Expressed in any of 
these terms, the current in a winding is a direct 
measure of the volt-ampere load or power in that 
winding and may therefore be expressed also in 
volt-amperes, that is, as the current correspond 
ing to the stated volt-amperes. All equations will 
be understood to be true vectorially. 
A pair of independent but simultaneous load 

currents, Iain winding 3 and I4 in winding 4, 
may be resolved into two components; one com 
ponent having identical numerical value and 
phase in both windings; the second component 
having the same value in both windings but oppo 
site phase to each other, as follows: 

I = (l, ;) -(g) 4. 2 2 

Through mathematical investigations, I have 
found that the currents I1 and I2 in windings 
and 2, respectively, corresponding to the currents 
Ia and 14, in windings 3 and 4, respectively, in 
volve three important components, as represented 
by the three terms on the right of each one of 
the equations as follows: 

(1) 

(2) 

1,--(gl)+(;1)+k(, ) (8) 
--a+b)(gl)+(, ) (3) 
1,--(g)--(3)-k'(t) (4) 
--(1-t)(3)-k'(, ) (4) 
The negative signs in front of the brackets 

arise from the consideration that the vector sum 
of all of the load currents of a transformer must 
add up to Zero. 

In these equations, as in 1 and 2, the first term 
on the right, that is - (I3--I4)/2, represents one 
half of the total output of the transformer, and 
hence, the balanced share of each primary wind 
ing in the total load of the transformer. 

0 

15 

20 

25 

away was www. 

The second term in Equations 3a and 4a, 
namely, 

Is--I k(s ) 
negative in winding and positive in winding 2, 
is an exchange or circulating current between 
those two windings, and, as indicated, is a func 
tion of the total output of the transformer inde 
pendent of its division between windings 3 and 4. 
The third term in Equations 3a and 4a, 

namely, 

Ay list) k (l, 
with opposite signs in windings and 2, is also 
an exchange or circulating current between those 
two windings, but this circulating current is a 
function of the difference between the currents 
of windings 3 and 4, and is independent of the 
total output of the transformer, while the second 
component was seen to be a function of the total 
output independent of its division between wind 
ings 3 and 4. It is thus seen that an unequal 
division of load current between windings and 
2 may be conceived of as the resultant of the 

... superposition of a balanced load current having 
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the same sign, that is, flowing in the same di 
rection (in or out) in both windings, and a cir 
culating current, with opposite signs (flowing 
into one, and out of the other, winding); and that 
this circulating current in its turn can be re 
solved into two components; one dependent on 
total load and independent of the unbalance in 
the secondaries; the other, dependent on the un 
balance in the secondaries and independent of 
the total load. 

It may be observed that the third term, asso 
ciated with k'in Equations 3 and 4, is exclusively 
characteristic of transformers having at least 
four windings and is absent in those with fewer 
windings. 
The significance of the foregoing conceptions 

for the most advantageous operation of electrical 
Systems involving multiwinding transformers of 
four or more windings may be realized in ac 
cordance with my invention by considerations as 
follows: 

(A). If in Fig. 1, the circuits of windings and 
2 have equal volt-ampere capacities and it is 
desired to operate them with minimum total loss 
and minimum heating of the windings, the con 
stants k' and k' of the network should be zero, 
in which case, I1 and I2 will be alike independent 
of any unbalance in Is and I4. 

(B) If, as further illustration, windings f and 
2 have unequal capacities, or, if for any other 
reason, it is more advantageous to maintain I1 
and Ia unequal but at a constant ratio to each 
other independent of the ratio of Is to I, then 
it is necessary that the constant ki' be zero and 
k' an appropriate finite value. - 

(C) If, as a still further illustration, it is de 
sired to reduce the short-circuit difficulties on 
the System by requiring that winding exclusively 
shall furnish the load in winding 3, and winding 
2 exclusively that in 4, then it will be seen that 
the constant ki' must be zero and k' must be 
unity. 

(D). Finally, in the general case, the most ad 
vantageous operation of the system may demand 
that the unbalance between I1 and I for balanced 
loads in windings 3 and 4 be a certain finite 
amount, represented by k'=c, and for maximum 
unbalanced loads an amount represented by 
k'=c and k's-d. 
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Now, I have discovered the mathematical laws 
according to which the windings of a multiwind 
ing transformer of four or more windings may 
be arranged so as to secure inherently any pre 
determined most advantageous ratio of power 
between the circuits of any pair of windings such 
as and 2 for any specified or expected ratio of 
loads in another pair of windings, such as 3 
and 4, in arrangements such as is shown in Fig. 1 
and the other figures of the accompanying draw 
ing and their various possible modifications. 

I find that if it is desired that I and a in the 
system shown in Fig. 1 be such as correspond to 
a value of k" in Equations 3 and 4 equal to c, 
and c' equal to d, this result can be secured 
inherently by adjusting the leakage impedances, 
Zia, Z13, Z14, Z23 and ZaA of the various pairs of 
the four windings of the transformer corre 
sponding to the digits of the subscripts of the 
2's in accordance with equations as follows: 

Z - Z. Z - Z. ( 23 1, 24 10-ki-e (5) 

(2.3 -Zis) - (24-21)- 3 "Z 24 14 =k ad (6) 

I use the term "leakage impedance' in its well 
recognized sense in the transformer literature, 
and wish to imply particularly the effective value 
thereof measurable at the circuit terminals if 
subject to modifying elements not normally a 
part of said leakage impedance. The reactances 
or impedances referred to herein are those reac 
tances and impedances which the transformer 
offers to load currents but not those which apply 
to magnetizing currents. These impedances to 
load current are sometimes referred to as load re 
actance or load impedance but herein they are 
referred to as leakage reactance or leakage in 
pedance in accordance with the common prac 
tice in transformer literature. It is well known 
that the power or kilovolt-amperes flowing be 
tween the windings and 2, for example, must 
overcome the leakage impedance Z12. The vari 
ous leakage impedances herein referred to are 
thus identified by Z with the digits of the sub 
scripts corresponding to the windings involved. 
The values of the various leakage impedances 
in these and other equations may be expressed in 
ohms. If so, all of them must be reduced to the 
same voltage or turn basis, as well understood in 
the art. They may also be, and are preferably, 
expressed in "per unit' values, based on a com 
mon reference load, a very convenient method 
of expression now in considerable use in trans 
former literature. 
As the calculation of and design for specified 

leakage impedances is common knowledge among 
transformer engineers, these equations are suff 
cient to enable any one skilled in the art to 
design and build transformers having the char 
acteristics under consideration. 

It will be observed that Equations 5 and 6 offer 
only two limitations to the relationships of the 
five leakage impedances involved. They thus 
disclose not only how the desired result may be 
secured, but also the maximum degree of liberty 
in design which the designer may enjoy in se 
curing those desired results; for, by a well-known 
algebraic theorem, two equations involving more 
than two independent variables (the leakage in 
pedances in the present case) admit of an in 
finite number of solutions; and, therefore, there 
are an infinite variety of arrangements of four 
windings permitting their leakage impedances to 
satisfy the conditions of Equations 5 and 6. 
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It follows from Equations 3 and 4 and 5 and 6 
that, if the powers in windings f and 2 are to 
be balanced under all conditions of loading of 
windings and 4, the leakage impedances are to 
be adjusted in the relationships simultaneously 
as follows: 

(223-213) -- (224-214) =0 
(223-213) - (224-214)=0 

(7) 
(8) 

As another example, if the volt-ampere ca 
pacity of winding is twice that of winding 2, 
and it is desired that the power be divided be 
tween them proportional to their capacity and 
in-phase with each other, irrespective of the 
division of output between windings 3 and 4, 
then by Equation 3b c' is zero and c' corre 
sponds to 

I 1 -k' 
Hence, by elementary algebra, k'-3, and by 
Equations 5 and 6 the leakage impedance must 
be in the relationship 

(Zs-Zs) --(Z-Z) 42n-22-4-4 (9) 
(Zas-Zi) (224-210-0 (10) 2Zia 

Obviously the two requirements of Equations 7 
and 8, or 9 and 10, can be met by the leakage 
impedances involved in an infinite variety of 
ways, and thus these equations disclose the maxi 
mum amount of freedom which the designer may 
enjoy in securing the characteristics mentioned. 

Fig. 2 illustrates a modification of Fig. 1 in 
which the connections of windings and 2 to bus 
8 are made through lengths of line or cables 
offering appreciable impedances, or through spe 
cial impedors, such as for limiting short circuits 
or assisting in parallel operation or for other 
purposes, and represented in Fig. 2 by imped 
ance 3 offering an impedance Z" in series with 
winding , and impedance 4 offering an in 
pedance Z' in series with winding 2. The im 
pedances Z' and Z' may have any vector value. 
It will be seen that the connection is equivalent 
to parallel operation of windings and 2 with 
the introduction of external impedances into the 
paralleling loop. 
I have discovered that in this modification, a 

desired division of power between the circuits 
of windings and 2, corresponding to specified 
values of k' and c' in Equations 3 and 4, may 
be secured by adjusting the leakage impedances 
of the windings in accordance with the following 
equations: 

(Za-Zi)+(4,-4)+2(2'-2)- 2Z-2(Z'--Z) (11) 

(2-22). A 20-k. (12) 

Evidently, if the internal impedances Z12, 23, 
etc. are expressed as per unit values, then the 
external impedances should also be so expressed. 

Fig. 3 illustrates, again schematically, in a 
conventional one-wire diagram, a modification 
of Fig. 2 in which an additional voltage, which 
we may designate here as AE, is introduced into 
the loop by means of an auxiliary transformer, 
shown here as having two windings and l, to 
further influence the division of power in the 
two branches of the loop, corresponding to wind 

  



ings I and 2. Winding is of the auxiliary trans 
former is a secondary winding and is connected 
in series with the loop 9-8-0. Winding 5 of 
the auxiliary transformer is a primary and is 
excited from bus 8 through line and a Con 
ventional tap-changing mechanism 8 shown in 
the figure very schematically as a movable 
arrow. It will be apparent to those skilled in the 
art that any known method and mechanism for 
changing the magnitude, or the phase, or both 

- the magnitude and the phase, of the voltage AE 
introduced into the loop through winding 6, 
may be utilized without departing from my in 
vention in its broader aspects. The equivalent 
of AE may also be obtained by unbalancing the 
turns of windings and 2. 
Voltage AE will circulate current between wind 

ings and 2, independently of the loads I3 and 
I, as represented by the fourth term on the 
right-hand sides of the following equations: 

ous quantities involved are expressed in "per unit' 
values and provided it is understood that 
(E19-E20) corresponds to AE, 
Ezo corresponds to the common voltage of cir 

cuits and 2 of Fig. 3, 
Z' and Z' correspond to the total external im 

() 

pedances respectively in series with and 2, 
inclusive, of the corresponding generator 
impedances. 

This system arrangement is equivalent to the 
parallel operation of two elements; the combina 
tion of a generator and its connected transformer 
winding as one element, and another generator 
and its connected transformer winding as... the 
second element. Therefore, in speaking of par 

2) 

allel operation, I do not wish to be understood as 
restricted to circuits of identical voltage rating 
conductively connected in parallel, but as mean 
ing broadly any arrangement in which the cir 

--(hyl)-(+)--(1,4)-tzitz, (13) 
1,--(hyl)-k(3)-k"(,)-zit-z, (14) 
In these equations, if the I's are expressed in 

amperes, the Z's will be in ohms and the AE in 
volts, all expressed in terms of the same Wind 
lings; or, as indicated above, all may be expressed 
preferably in per-unit values. In the general 
case, AE also will be a vector. 

It will be seen from these equations that ally 
desired ratio of I1 to Iz, not otherwise inherent 
in the network, may be forced by suitable choice 
of AE. In such a case, the present invention is 
directed to such an adjustment of the leakage 
impedances of the windings as leads to the use 

... of the minimum or otherwise most advantageous 
value of AE and most economical equipment to 
furnish that AE to the system. Thus, given the 
most advantageous values of I1 and I2 correspond 

sing to the load conditions I3 and I4 to which 
indings 3 and 4 may be adapted to be subjected, 

we may determine by Equations 11 and 12 the 
leakage impedance values which will give this 
without the benefit of AE. If the required com 

... bination of impedance values is disadvantageous 
from the standpoint of other requirements of 

... the system, a set of compromise values are chosen 
for the impedances and with their aid k' and k' 

... are calculated by Equations 11 and 12. Thus, 
having the values of the (I)s, of the (Z) s, and 
of the (k)s of Equations 13 and 14, the value of 
the necessary. AE, as the single unknown defined 
by those equations, is readily calculated by ele 
mentary mathematical methods. Without the 
benefit of this method, unnecessarily large values 
of AE and equipment to furnish it will have to 
be provided to make certain that a desired divi 
sion of power can be secured. Alternatively, given 
the desired relationship of I1 and I2, and the 
available AE, these equations define the necessary 
relationship of the various impedances to secure 
the desired results. 

Fig. 4 shows a modification of Fig. 2 in which 
windings and 2 are connected to independent 
generators 9 and 20 respectively instead of a 
common bus. For the purpose of the present in 
vention, the system of Fig. 4 is completely equiva 
lent to that of Fig. 3, and the same equations as 
apply to Fig. 3 apply also to Fig. 4 irrespective 
of whether generators 9 and 20 have similar or 
different voltage ratings, provided that the vari 
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cuits under consideration are able to interchange 
or circulate power, vectorially if necessary. 

Evidently, if the generators 9 and 20 are of 
the same voltage rating and their busses con 
nected together ahead of the transformer wind 
ings and 2, the resulting circuit will be equiva 
lent to that of Fig. 1 or Fig. 2; and therefore, 
Figs. 3 and 4 may also be considered as different 
operating connections of one and the same sys 
ten arranged in a flexible bus-sectionalizing 
Scheme. Viewed particularly in this light, it will 
be seen that the adjustment of the leakage im 
pedances of the four-winding transformer may 
be not only very desirable but also necessary to 
Secure a Specified result of the kind described de 
Sirable under various bus-operating schemes. 
The application of the present invention is not 

limited to the use of a four-winding transformer, 
but includes also those with higher number of 
Windings as well. 

Fig. 5 illustrates schematically the application 
of a six-winding transformer, as a modification 
of Fig. 2 by the addition thereto of windings 5 
and 6, their respective series impedances 2 and 
22, their common bus 23 and common load 24. 
The load currents in windings and 2 are now 
the resultant of the superposition of their respec 
tive load currents corresponding to (Is, I4) and to 
(Is, Is); that is, first calculate the duty in wind 
ings and 2, considering the windings i, 2, 3 and 
4 as a four-winding transformer, and then again 
with the windings, 2, 5 and 6 as a four-winding 
transformer; and combine the two results. If 
the distribution of load in windings 5 and 6 are 
desired, similar calculations as described above 
are made treating windings 5 and 6 as if they 
were the windings and 2 of the foregoing equa 
tions, taking them first with one pair of the other 
windings (say 3 and 4) as a four-winding trans 
former and then with the remaining pair. 

In the light of the foregoing explanations, the 
generalization of the method to the n-winding 
transformer will be clear to those skilled in the 
art. . 
As an n-winding transformer involves 

leakage impedances, a six-winding transformer 
involves fifteen leakage impedances, and the ar 
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rangement of the windings to secure a desired 
result of the type described tends to increase 
in freedom and complexity with increasing 
number of windings. Therefore, as an ex 
ample of a very desirable case, I shall describe 
now a specific arrangement of the windings of a 
transformer having three pairs of windings to 
secure inherently equal power or load division. 
within each pair of windings when the pair in 
question is connected into a loop or the equiva 
lent of a loop, as follows. 

Fig. 6 shows in section a single-phase trans 
former with concentric windings, comprising a 
core 25 with two winding legs 26 and 2, and 
three pairs of windings and 2, 3 and 4, and 
and 6 respectively. Winding is wound around 
and distributed along core leg 26 exclusively. 
Winding 2 is wound around and distributed along 
leg 27 exclusively. Winding 3 comprises two 
colls connected in parallel, a wound around and 
distributed along the upper half of core leg 2, 
and 3b wound around and distributed along the 
upper half of core leg 27. Winding 4 comprises 
two coils in parallel, 4a wound around and dis 
tributed along the lower half of core leg 26, and 
4b similarly on the lower half of core leg 27. 
Winding 5 comprises two coils in parallel, a 
wound around and distributed along the upper 
half, and 5b around the lower half, of core leg 
26; while winding B is similarly arranged on core 
leg 2 T. In every case, coils connected in parallel 
are wound around the core in such directions as 
to be suitable for parallel connection, as is well 
known in the art. 
This arrangement of the three pairs of wind 

ings assures that the division of load between the 
two branches of a loop connected to any one of 
the pairs of windings, as paired above, will be 
equal and independent of the division within 
either one of two pairs of circuits connected to 
the remaining pairs of the windings. This can 
be verifled as follows: 
By symmetry, 

213=214=2a3=224 (15) 

and therefore k" and k', by Equations 5-and 6 
are zero for the two pairs of windings and 2, and 
and 4. Therefore, the division of load in f and 

2 will be equal and independent of any unbal 
ance of load between and 4. 

Considering windings and 2 in combination 
with windings 5 and 6, it will be evident from 
symmetry again that 

Zass-21s (16) 

Zae=21s (17) 

hence, Equation 5 with its subscripts 3 and 4 
changed to 5 and 6, respectively, becomes Equa 
tion 18: 

and 

-(As - Zs) --(Z-21) 0. 
2212 

That ki' (Equation 6) is also zero for the pres 
'', ent case may be verified as follow. Considering 
the reactance components of the various imped 
ances, 

(18) 

X1s2 X2s (19) 
because 

X1s 
is substantially proportional to the insulation 
distance S1s between windings and , which is 
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distance S13s between f and a, plus the insula 
tion distance Sasa between a and a: 

Xian Suasi-St. 
The leakage reactance 

Xs 
between windings 2 and is substantially propor 
tional to the sum of the insulation distances Saab 
(between 2 and 8b, which distance is the same as 
Susa by symmetry) and Sasa (between a and Sa), 
and therefore 

(20) 

X aX. (21) 
The foregoing statement about 

s 
follows from the fact that a transformation of 
power from 2 to Stakes place practically entirely 
by a double transformation, namely, first from 
winding 2 to windings 8b and 4b by induction 
and from them to a and a respectively by con 
duction, and second from Sa and 4a to Sa and Sb 
respectively by induction. Stated otherwise, 
windings 3 and 4 couple windings 2 and 5 which 
otherwise have a very high leakage reactance be 
tween themselves. 

In general, the resistance components of trans 
former impedances are small compared with 
their reactance components, and 
if 

Xs=Xas (22) 
then 

21s=Zas (23) 
It may be shown by similar reasoning that 

216 is substantially equal to Zas, and the con 
clusion follows that 

- (25-21) - (28-2) k s "Z as: 0 (24) 
Division of load between these windings and 

2 when connected in parallel Or in a loop, or 
operated in any manner making it possible for 
them to exchange current or power, is therefore 
On a basis of equality independent of any un 
balance of load in the other pairs of windings. 

The law governing the division of load between 
a pair of windings of a transformer is dependent 
On their ability to exchange or circulate power 
and not on their function as primary or sec 
ondary; so, in Fig. 5, in which and 2 are pri 
maries, and 6 secondaries, the division of load 
within each pair is determined by the same 
mathematical law. Accordingly, the analysis 
made in the foregoing, showing the inherent 
tendency of the transformer to balance the volt 
amperes in the pair of windings and 2 when 
allowed to interchange power, may be repeated 
similarly for the pair and 4, or 5 and , of 
Fig. 6, and the same conclusions will be reached, 
namely, that the transformer will inherently 
tend to maintain equal volt-amperes in each 
branch of any one of the pairs of windings as 
paired, regardless of load unbalance within either 
one of the other pairs. 

If the inductively coupled windings of the 
transformer of Flg. 8 are shown by an equivalent 
conductively connected network of impedances 
representing the leakage impedances between 
pairs of windings, they take the form shown in 
Fig. 7 which shows very clearly that no current 
(or power) circulating within any pair tends 
to set up a circulating current (or power) within 

evidently equal substantially to the insulation 76 any other pair. It is to be noted that Flg. 7 is a 
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connection diagram like Figs, 1 to 5, inclusive, 
and not a vector diagram. 
Another important characteristic of the system 

represented by Flg. 7 is that no circulating cur 
rent (or power) within any pair of the windings 
tends to unbalance the terminal voltage of any 
other pair; that is, unbalanced load in one of 
the pairs of the windings of Fig. 6 does not tend 
to unbalance the terminal voltages of another 
pair of the paired windings when the latter is not 
free to circulate power. 

In the general case, Equations 5 and 6 are 
modified as follows to give the components of 
voltage unbalance in and 2, caused by arbitrary 
currents in 3 and 4, when circulation of power 
between and 2 is prevented: 

(2a-25) +(24-2)Y(Ist-I) ar. -12a-21); Zai-Zuxurgiu AE’ (25) 
(2a-21) 2 (Z -2) X (I sAE' (26) 

Here, AE is the voltage unbalance caused ex 
clusively by the balanced components, and AE' 
that caused exclusively by the unbalanced con 
ponents, of the currents in and . 

Frequently, it is desirable that such voltage 
unbalancing effect be absent, while sometimes. 
it is desired that the voltage of one of the cir 
cuits increase with respect to that of another 
under specified conditions of loading, and 

- Equations 25 and 26 show how either kind of re 
sult can be obtained quantitatively. 

It will be evident further that there is a direct 
correspondence between circulating volt-amperes 
between a pair of windings when free to circulate 
power and the voltage unbalance when not free 
to circulate power; and this comment applies to 
both components of the unbalance distinguished 
in the foregoing. 

It will be further evident that the various dis 
closures made in the foregoing for single-phase 
transformers are applicable to each phase of a 
polyphase transformer or bank of transformers. 
While I have described the invention in the 

foregoing at considerable length and in terms 
of transformers with four or more separate wind 
ings for clarity of exposition of its principles, it 
will be evident to those skhled in the art that 
the various windings need not be separately in 
sulated but may have parts in common as auto 
transformers, and that the various equations and 
relationships specified in the foregoing apply 
equally in all cases if the values of the various 
impedances involved in those equations and re 
lationships are the values effective at the ter 
minals, of the respective circuits. Therefore, in 
all my references to transformer windings. I wish 
to be understood broadly as including auto 
transformer windings as well as those which are 
separately insulated. 

Furthermore, while I have shown and described 
my invention by means of particular representa 
tive embodiments thereof, it will be obvious to 
those skilled in the art that many changes and 6 
modifications may be made in them without de 
parting from my invention; and I, therefore, aim 
to cover in the appended claims all such changes 
and modifications as fall within the true spirit 
and scope of my invention. 
What I claim as new and desire to secure by 

Letters Patent of the United States is: 
1. A multiwinding alternating current trans 

former having at least four windings designated 
respectively , 2, 3, and 4 in which the leakage 

O 
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impedances of said windings are prearranged to 
have the relationship 

wherein Z13, Z14, Z23 and Z24 represents respective 
ly the leakage impedance of each of the winding 
pairs corresponding to the digits of the subscripts 
of the letter Z, so as to cause a predetermined 
division of current flow between one pair of wind 
ings independently of the relative loading of the 
other windings when said one pair of windings is 
connected for parallel operation and said other 
windings are connected to be loaded simultane 
Ously and independently of each other. 

5 2. A multiwinding alternating current trans 
former having at least four windings designated 
respectively , 2, 3, and 4 in which the leakage 
impedances of said windings are prearranged to 
have simultaneously the two relationships 

20 
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(2a-2s) --(2-2) e0 
and w 

(Zas -Z) (Za -Z) A2Zia 
wherein Zia, Z13, Z14, 223 and Z24 represent re 
spectively the leakage impedance of each of the 
winding pairs corresponding to the digits of the 
subscripts of the letter Z, so as to cause the cur 
rent inf One of the windings of One pair of said 
windings to be substantially proportional to the 
current in one of the windings of another pair of 
said windings and the current in the other wind 
ing of said one pair to be substantially propor 
tional to the current in the other winding of said 
other pair when said one pair of windings is con 
nected for parallel operation and the windings of 
said other pair are connected to be loaded simula 
taneously and independently of each other. 

3. A multiwinding alternating current trans 
former having at least four windings designated 
respectively , 2, 3, and 4 in which the leakage 
impedances of said windings are prearranged to 
have simultaneously the two relationships 

(Zs-Z) - (Z, -Z) A0 
wherein Z13, Z14, Zag and Z24 represent respectively 
the leakage impedance of each of the winding 
pairs corresponding to the digits of the subscript 
of the letter Z, so as to cause an equal division of 
load between one pair of windings independently 
of the relative loading of the other windings of 
said transformer when said one pair of windings 
is connected for parallel operation and when at 
least two other of said windings are loaded un 
equally. . 

4. In combination, a multiwinding alternating 
current transformer having at least four windings 
generally designated , 2, 3 and 4 and having the 
leakage impedances designated Z12, Z13, Z14, Zas 
and Z24 representing respectively the leakage in 
pedance of each of the winding pairs correspond 
ing to the digits of the subscripts of the letter Z. 
prearranged to cause a division of load between 
windings and 2 when operated in parallel to be 
in the ratio of (1--k') to (1-k') for a predeter 
mined loading of windings 3 and 4, and a differ 
ent division of load corresponding to the super 
position of a circulating power in said windings f 
and 2 equal to k' times one-half the difference 
between the loads of windings 3 and 4 when oper 
ated with unbalanced loads, said transformer 
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leakage impedances being proportioned in accord 
ance with the simultaneous equations 

(2-2) (2-4-20 
2Z. 

and 

(Zn-Zi) (23-21). 221 
5. A multiwinding alternating, current trans 

former, having at least four windings designated 
respectively , 2, 8, and 4 in which the leakage in 
pedances of said windings are prearranged to 
have simultaneously the two relationships 

(2-2)--(2-2) e0 
and 

(Za -Z) - (2-2) AO 
wherein Z13, 214, 223 and 224 represent respectively 
the leakage impedance of each of the winding 
pairs corresponding to the digits of the subscript 
of the letter Z, so as to maintain the terminal 
voltages of two of its windings balanced inde 
pendently of the relative loading of the remain 
ing windings when said remaining windings are 
loaded. 

6. A multiwinding alternating current trans 
former having at least four windings and gener 
ally designated respectively , 2, 3 and 4, in which 
the leakage impedances of said windings have 
simultaneously the two relationships 

(Za-Zil) + (2-2) a 0 
and 

(Z - Zs) - (Z-Z1) A.0 
wherein Z13, Z14, Z2s and Z24 represent respectively 
the leakage impedance of each of the winding 
pairs corresponding to the digits of the subscript 
of the letter Z. 

7. A multiwinding alternating current trans 
former having at least four windings designated 
respectively , 2, 3, and 4 in which the leakage 
impedances are prearranged to have the relation 
ship 

(Zas-Zis) - (Z-Z14) Al O 
wherein Z13, Z14, Zza and Z24 represent respectively 
the leakage impedance of each of the winding 
pairs corresponding to the digits of the subscripts 
of the letter Z, so as to render the difference be 
tween the terminal voltages of a pair of said 
windings independent of any load unbalance in 
the remaining windings when said remaining 
windings are loaded. 

8. A multiwinding alternating current trans 
former having at least four windings and gener 
ally designated respectively , 2, 3 and , in which 
the leakage impedances of said windings have the 
relationship 

(Zia-Z)-(2-2) a 0 
wherein Z13, Z14, Z23 and Z24 represent respectively 
the leakage impedance of each of the winding 
pairs corresponding to the digits of the subscript 
of the letter Z. 

9. A multiwinding alternating current trans 
former having at least four windings and gener 
ally designated respectively , 2, 3 and 4 in which 
the leakage reactances of said windings have the 
relationship 

(X-X) - (X-X) A0 
wherein X13, X1, X23 and X4 represent respec 
tively the leakage reactance of each of the wind 
ing pairs corresponding to the digits of the sub 
script of the letter X. 
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10. A multiwinding alternating current trans 

former having at least four windings designated 
respectively , 2, 3, and 4 in which the leakage 
impedances are prearranged to have simultane 
ously the two relationships 

(Zs-Zs) --(2-2) a0 
(2-21) - (Z-Z1) 40 

wherein Z13, Z14, Zza and Z24 represent respectively 
the leakage impedance of each of the winding 
pairs corresponding to the digits of the subscripts 
of the letter Z, so as to cause the difference be 
tween terminal voltages of two of its windings to 
vary proportionally to the difference in the loads 
of two of its other windings when said other 
windings are loaded. 

11. A multiwinding alternating current trans 
former having at least four windings and gener 
ally designated respectively , 2, 3 and 4 in which 
the leakage impedances of said windings have the 
relationship 

(Zia-Z13) --(Z-Z14) a.0 
whereir Z13, Z14, Z23 and Z24 represent respec 
tively the leakage impedance of each of the wind 
ing pairs corresponding to the digits of the sub 
script of the letter Z. 

12. In an alternating current distribution sys 
tem, a generating source, a bus member connected 
to said generating source, a pair of distribution 
branch circuits connected to said bus member, the 
total series impedance of said branch circuits be 
ing 2' and Z' respectively, a multiwinding trans 
former having two windings generally designated 
and 2 which are connected respectively to said 

branch circuits and having two additional wind 
ings generally designated 3 and 4 which are con 
nected to be loaded simultaneously and unequally, 
said two branch circuits having a most advan 
tageous division of power in the ratio of (1--e') 
to (1-k') when said windings 3 and 4 are equally 
loaded, and a different most advantageous divi 
sion of power corresponding to the superposition 
of a circulating power in said two branch circuits 
equal to k' times one-half the difference in the 
load of said windings 3 and 4, the leakage im 
pedances Z12, Z13, Z14, and 223, and Z24 which rep 
resent respectively the leakage impedance of each 
of the winding pairs corresponding to the digits 
of the subscripts of the letter Z having the two 
relationships 

(Zia-Z)-(2-2) = k" 
22-2(Z'-2) 

and 

13. In combination, a multiwinding alternating 
Current transformer having at least four wind 
ings generally designated , 2, 3 and 4 and having 
leakage impedances designated Z12, Z13, Z14, Zas 
and Z24 representing respectively the leakage in 
pedance of each of the winding pairs correspond 
ing to the digits of the subscript of the letter Z, 
an advantageous division of load between wind 
ings f and 2 when operated in parallel being in 
the ratio of (1--k') to (1-a-k') for equal loading 
of windings 3 and 4, and a different advantageous 
division of load corresponding to the superposi 
tion of a circulating power in said windings f and 
2 equal to k' times one-half the difference be 
tween the loads of windings 3 and 4 when oper 
ated with unbalanced loads, an impedance Z" con 
nected in series with winding , and an imped 

  



ance Z' connected in series with winding 2, said 
transformer leakage impedances and said series 
impedances Z' and Z' being proportioned in ac 
cordance with the simultaneous equations 

14. A multiwinding alternating current trans 
former having three pairs of windings designated 
respectively and 2, 3 and 4, and 5 and 6, in 
which the leakage impedances of said windings 
are proportioned to have the following relation 
ships 

and 

(Za-Z.)-(Z-Z.)&O 
and 

(Zs -Z) (Za -21) NO 
wherein Z13, Z14, Z15, Z23, Z24, Z25, and 22s repre 
sent respectively the leakage impedance of each 
of the winding pairs corresponding to the digits 
of the subscripts of the letter Z, so as to make the 
voltage relation of the terminal voltages of any 
one of said pairs of windings independent of the 
condition of relative loading of any One of the 
other pairs of windings when Said other windings 
are loaded. 

15. A multiwinding alternating current trans 
former having three pairs of windings designated 
respectively and 2, 3 and 4, and 5 and 6, in 
which the leakage impedances of said windings 
are proportioned to have the following relation 
ships 

- (Zas-Zis) -(Z-Z1) Al0 
and 

(Zs-Z)-(Z-21) A.0 
wherein Z13, Z14, Z15, Z23, Z24, Z25 and Zas repre 
sent respectively the leakage impedance of each 
of the winding pairs corresponding to the digits of 
the subscripts of the letter Z, so as to maintain 
the terminal voltages of a given pair of Windings 
balanced independently of the condition of load 
unbalance within any one of the other pairs of 
windings. 

16. A multiwinding alternating current trans 
former comprising a magnetic core having two 
winding legs, a pair of similar windings arranged 
one on each winding leg and distributed along 
substantially the full winding length of said wind 
ing leg, a second pair of Windings arranged sym 

and 

I, a -d Ho-yclit) 
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prising a magnetic core element, a pair of wind 
ings so disposed on said core element as to pro 
vide high leakage reactance between said pair of 
windings when not coupled through other wind 
ings, a second pair of windings on said core ele 
ment and so disposed as to provide high leakage 
reactance between themselves and also between 
each one of them and each one of said first pair 
of windings, when not coupled through other 
windings, and a third pair of windings arranged 
on said core element and so disposed as to pro 
vide high leakage reactance between each one of 
said third pair of windings and one of the first 
pair of windings when not coupled through other 
windings, said second pair of windings so dis 
posed as to couple closely said first pair of wind 
ings with each other and said third pair of wind 
ings with each other, and said third pair of wind 
ings so disposed as to couple closely said second 

20 pair of windings. 
18. In an alternating current distribution sys 

tem, two circuits in said system, a multiwinding 
transformer having at least four windings gener 
ally designated , 2, 3 and 4 and having leakage 

25 impedances designated Z12, Z13, Z14, Zas and Za. 

30 

representing respectively the leakage impedance 
of each of the winding pairs corresponding to the 
digits of the subscript of the letter Z, an advan 
tageous division of load between windings and 2 
when Operated in parallel being in the ratio of 
(1+k') to (1-k') for equal loading of windings 
3 and 4, and a different advantageous division of 
load corresponding to the superposition of a cir 
culating power in said windings and 2 equal to 

35 k' times one-half the difference between the 
loads of windings 3 and 4 when operated with un 
balanced loads, said windings and 2 being con 
nected to said two circuits in a manner to permit 
a circulation of power between said windings 

40 and 2 and said circuits, variable impedances. Z' 

45 

50 

and Z' connected external to said winding pair 
and 2, respectively, to be traversed by said circu 
lating power, means for loading said windings 3 
and 4, means operatively connected with winding 
pair and 2 to provide a variable voltage AE for 
modifying the power in said windings and 2 
irrespective of the condition of loading of said 
windings 3 and 4, said transformer leakage im 
pedances being so proportioned and said variable 
impedances Z and Z' being so adjusted that the 
currents in windings and 2 will have the follow 
ing relation 

AE - (a)- 
Z--(Z' --Z) 2 

metrically on said two winding legs, each winding 60 where Ii and Ia are the currents of windings 
including two parts in parallel, one of said parts 
of one of said pair of windings being distributed 
along One-half of one of said winding legs and the 
second part along one-half of the other leg, the 
two parts of the second winding of said second 
pair of windings being distributed respectively on 
the remaining halves of said winding legs; and a 
third pair of windings arranged One on each. One 
of said winding legs, each winding including two 
parts in parallel and distributed respectively 
along the two parts of the second pair of Wind 
ings on the same core leg; said first and third 
pairs of windings being disposed. On opposite sides 
of said second pair of windings. 

17. An alternating current transformer com 

65 

70 

75 

and 2,3 and I4 are the currents of windings 3 and 
, Z is the leakage impedance of the winding pairs 

indicated and AE is the voltage derived from the 
means to provide said variable voltage, and 
Wherein 

... and 

ALEXIS N. GARIN. 

  



Certificate of Correction 
Patent No. 2,264,836. December 2, 1941. 

ALEXIS N. GARN 
It is hereby certified that errors appear in the printed specification of the above 

numbered patent requiring correction as follows: Page 1, second column, line 21, for 
“drawing' read drawings; page 2, first column, line 16, for "mathematic' read 
mathematical; page 5, first column, line, 65, for "follow'read follops; line 69, for 
"Kisekas' readiseas; andline 72, for."kis' reads; and second column, line 4, for 
'xs' read xis: line 6, for "xas' reads; line 14 for "is akas' readisses; and line 16, for 'x' reads; page 6, second column, line 5, claim 1, for "represents' read 
represent; and that the said Letters Patent should be read with these corrections therein 
that the same may conform to the record of the case in the Patent Office. 

Signed and sealed this 20th day of January, A. D. 1942. 

SEAL 

HENRY WAN ARSDALE, Acting Commissioner of Patents. 
  



Certificate of Correction 
Patent No. 2,264,836. December 2, 1941. 

ALEXIS N. GARIN 
It is hereby certified that errors appear in the printed specification of the above 

numbered patent requiring correction as follows: Page 1, second column, line 21, for 
“drawing' read drawings; page 2, first column, line 16, for 'mathematic' read 
mathematical; page 5 first column, line 65, for "follow' read follows; line 69, for 
"Kissixas' reads exas; andline 72, for."kis' readis; and second column, line 4, for 
'xs' read xis: line 6, for 'xs' reads; line 14 for 'kissixas' readsaxes; andline 16, for 'xs' read xes; page 6, second column, line 5, claim 1, for 'represents' read 
represent; and that the said Letters Patent should be read with these corrections therein 
that the same may conform to the record of the case in the Patent Office. 

Signed and sealed this 20th day of January, A. D. 1942. 
n 

SEAL 

HENRY WAN ARSDALE, 
Acting Commissioner of Patents. 

  


