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Abstract. Accomplishing the aspirations of electrical power engineering consists, nowadays, in
accurately determining the operating modes. Knowing the parameters of network elements is
imperative for accurate solving the power flow regimes. This paper addresses unitarily the calculation
of longitudinal resistance of three windings transformers and autotransformers, considering its rated
parameters, and discussing the validity of relations demonstrated in detail.
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Aspecte specifice ale calcularii valorii ecivalente a rezistentei longitudinale a transformnatoarelor cu trei
infisurari
Golovanov N., Porumb R., Toader C., Bulac C., Tristiu L., Seritan G.
Universitatea Politehnica Bucuresti
Bucuresti, Roméania

Rezumat. Realizarea aspiratiile ingineriei electrice consta 1n zilele noastre In determinarea cu precizie a modurile
de operare. Cunoagterea parametrilor elementelor de retea este un imperativ pentru rezolvarea corectd a
problemei determinarii regimurilor de schimb de putere in retea. In aceasti lucrare se examineazi minutios
problema determinarii prin calcul a rezistentei longitudinale a transformatoarelor si autotransformatoare cu trei
infasurari, luand in considerare parametrii evaluati; se prezintd rezultatele discutdrii valabilitatii relatiilor
obtinute de calcul.

Cuvinte cheie: transformator, trei infasurari, precizie, parametrii.

Oco0eHHOCTH pacyeTa NPOA0IBLHOI0 IKBUBAJEHTHOIO CONPOTUBJIEHUS TPEX0OMOTOYHBIX
TpaHchopMaTOpOB
T'onoBanos H., Ilopymo P., Toanep K., byaak K., Tpucruy U., Cepunan I'.
Yuusepcurert “Tlomurexauka byxapect”

Byxapecrt, Pymbiaust
Annomayus. JIOCTHXEHUS MTOCTABICHHBIX LENCH MpPU pacueTe PeXUMOB B BIEKTPUUECKUX HEmsiX (CeTsix) B
3HAYNUTEIBHON CTENEHW 3aBUCHT OT TOYHOCTH OMpENENCHHs MapaMeTpOB 3JIEMEHTOB 3THX Lened. 3HaHue
3HAYEHUH MapaMeTpoB SIBISETCS 00sA3aTEIbHBIM YCIOBHEM ISl IMPaBUIIBHOTO pacdera pexuma oOMeHa
MOIIHOCTBIO B ceTsiX. B JaHHON paboTe paccMmaTpuBaeTcst 3ajada OINpeAeIeHHs 3HAueHUs IMPOAOJIBLHOTO
9KBUBAJICHTHOTO CONPOTHUBIICHHUST TPEXOOMOTOYHBIX TpaHc(opMaTopoB M aBToTpaHcdopmaropoB. BeimonaHeH
aHaJIM3 KOPPEKTHOCTH MOJyYEHHBIX PACUETHBIX COOTHOIICHHH.
Knrouessle cnosa: tpanchopmatop, Tpu 0OMOTKH, TOUHOCTb, ITapaMETPBI.

Introduction Equivalent schemes described below are
recommended [2,4] due to the fact that the
calculation of the node stores the actual voltage
due to the complex processing operators N,
N13.

When calculating the equivalent diagram
elements require some necessary tests to
determine the parameters of transformers and
autotransformers with three windings.

In the current stage of electrical power
systems  development, transformers  and
autotransformers with three windings have
gained wide spread use. This requires accurate
knowledge of their parameters, and deep
understanding of the various operating modes of
the power system as well [1 - 4].

1. Equivalent scheme

Transformers are passive elements of electric
networks and are represented by equivalent
schemes with concentrated and constant
parameters. (fig. 1. a, b).
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a.

system neutral

b. with range related to different voltages

Fig.1. Equivalent schemes of three winding
transformers

2. Three-winding transformer tests

These tests are described in literature
such as:

= empty test

Transformers with three windings, the empty
test is performed as transformers with two
windings and consists of primary winding
nominal supply voltage Uy, determining the
sizes:

i, - current nominal idling percentage
(relative to voltage U, primary winding and Sy
nominal apparent power source);

AP, - active power losses at nominal load
(relative to the primary winding voltage U,; and
Sa1 nominal apparent power source).

This sample measurement schemes are
consistent technical rules in force, depending on
the number of phases of transformers and are
unitary power transformer manufacturers. The
relations are associated calculation unit sizes and
AP, him.

= Short-circuit(s) test

These samples can be achieved in two ways:
a) pairs of windings, third winding being empty;
b) simultaneous charging of three windings
without exceeding their nominal charge.

Short variants of questionable evidence in the
following ways:

- The value of testing costs;
- Duration of the tests;
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- Accuracy in calculating transformer
parameters using experimental data of test results
for short.

The variant is preferred by  most
manufacturers a) pairs of windings for reasons of
greater precision in determining the longitudinal
parameters of transformer windings three.

When this preference is a need to make three
different short samples [5 to 10].

Admittedly, three-phase transformer windings
are noted by (i, j, k) as follows:

* 1 - primary winding (high voltage) with a
rated voltage Unl apparent power Snl;

* 2 - the secondary coil (MV), rated voltage
Un2 apparent power Sn2;

* 3 - tertiary winding (low voltage), nominal
voltage Un3 and apparent power Sn3.

The sample circuit denoted by 1-2 proceed as
follows: bypasses winding 1 (3 remaining empty
winding) and apply a voltage called short circuit
voltage defined by the expression usc, Usc 1-2 =
usc 1-2 / (100-Un 1) at the terminals of the
winding 1, so that the intensity of the current in
the windings 1 and 2 (the short-circuit) does not
exceed its nominal value.

Similarly proceed and short samples 1-3 and
2-3 to which the short-circuit voltage Usc 1-3 and
Usc 2-3 as defined in the test circuit 1-2.

The three-phase system, they can cause either
between phases or between phase and neutral
winding system.

i. Short-circuit on windings pairs test — a)

Making a short sample - pair of coils - is
determined:

Us. 1o - Percentage of short circuit rated
voltage windings pair 1-2, in%;

Us 13 - Percentage of short circuit rated
voltage windings pair 1-3, in%;

Us 13 - Percentage of short circuit rated
voltage windings pair 2-3, in%;

APy 1, - short nominal losses for the pair of
coils 1-2, in W.

APy, 13 - short nominal losses for the pair of
coils 1-2,in W.

APy, 53 - short nominal losses for the pair of
coils 2-3,in W.

The experimental values listed and defined
above relate to the rated voltage of winding 1, Uy,
and the nominal apparent power of the winding 1
St

After this sequence of values such reports can
be obtained catalog sizes that can be used to
calculate the transformer with three windings
parameters:
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u's. 1.2 - rated voltage short circuit percentage
(relative) per pair of coils 1-2, in%;

us. 13 - nominal voltage short circuit
percentage (relative) per pair of coils 1-3, in%;

U'sc 2.3 - rated voltage short circuit percentage
(relative) per pair of coils 2-3, in%;

AP's. 1, - rated short-circuit losses (reported)
on the pair of coils 1-2, in W.

AP 3, - nominal short-circuit
(reported) on the pair of coils 1-3, in W.

AP's. 53 - short nominal losses (reported) on
the pair of coils 2-3, in W.

It points out that it is strictly necessary to
unify these parameters by reference to which
depends on the ratio of windings apparent power
proved both impedance voltage and short-circuit
active losses. In addition impedance voltage
depends on the ratio of nominal voltage windings
are shorted

losses

Short-circuit test with simultaneous
windings loading — b)

This option is rarely used, as required
explicitly by the beneficiary of the three windings
transformer; these maximum active power losses
are measured.

It stresses that the short-circuit voltage of the
three winding transformer is given only to the
first variant testing and recorded in order of
decreasing the rated value of voltages:

- windings 1-2: high voltage - medium voltage;
- windings 1-3: high voltage - low voltage;

- windings 2-3: medium voltage - low voltage,
stating the power at which the calculation were
made.

The short-circuit losses are given in the same
order as the impedance voltage with the same
mention over power to which they were
determined.

It is stated for maximum losses, short version
simultaneously tested windings, provided it is
defined according to the relationship that defines
just prior assumptions losses in short everything
AP, rated maximum.

During test of idling and short-circuit is
necessary to give indications about the alleged
incidents, which may prevent subsequent failure
of the transformers (transformers with two
windings).

Also during simultaneous short-circuit test of
windings further incidents may occur due to the
synchronous operation of the three windings,
which can be detected and remedied without
destroying the transformer [11 - 16].

ii.
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The figure and other characteristics of the
transformer, namely:
e nominal voltages (Uy,,U5,.U3,)

° each

nominal  apparent
wrapper (Syy,Sn,S3n ) ;
their  reports  against  the
power N;,, N;3, according to Table 1.

Parameters must be considered for
calculation, that in all cases sy =100% and

power  on

greatest

nominal power density of secondary windings 2
and 3 relative to the primary winding 1 are
represented by the general ratio:

100%/ Sy, %/ Sp3%, (1)

and which may be found most commonly as in

table 1:

Table I. Three - windings transformers, listed by
winding loads

Transformer] Rated power of each winding, % from
type s, 1 of winding 1%
_ Snl**) Sn2***) Sn3****)

I 100 100 100

II 100 100 66,(6)
100 66,(6) 100

1T 100 66,(6) 66,(6)

v 100 66,(6) 33,3)
TID***%) | 100 50 50

*) maximum power winding (usually, high voltage)
**) high voltage winding— hv

#*%) medium voltage winding— mv

#*+%) [ow voltage winding— Iv

###+%) T[D divided windings transformer (with equal
rated voltages)

Thus are being defined a multitude of three-
winding transformers.

3. Windings resistances with known
maximum short-circuit losses

Total active losses [14+19] in short-circuit
APy, tot are determined with the following

equation:

R -Sf +Ry-S3 +R}-S2
2
Unl

APt = @)

with respect to the primary.
Consider the balance of apparent power on
three windings transformers:

Sl—(82+83)20 3)
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Given the Lagrange multipliers method to find
the optimum position (2) the optimized condition
of equality (3), yield the following equivalent
function

® = Ao —1-[ S =(S,+53) ] “4)

Extreme conditions are found when cancels
the first-order derivatives of the function (4) in
relation to the variables Sy, S,, S;. By performing
these operations and putting windings are
subjected to corresponding nominal loads, it
follows that:

Rl‘snlzzRé'Snz = Ré'sn3 (5)

Interpretation of relations (5) follows from the
principle of operation of the transformer, the
existence of a single voltage value on a single
spiral, for all windings.

For fulfilling the condition of extreme
conditioning is required that between windings
load the apparent power must be satisfied
requesting windings in this sample to be as
different from each other, some may be nominal
charge, as follow:

|S1] =[Sa | (S5 (6)

If the load coefficients are associated to the 2

and 3 windings, thus

S
S1

S3

S ™

The values of nominal coefficients defined in
equation (7), are

Sn3

n2 :m

Sn2
Kni = sk

100 ®)

Equation (6) is replaced in (3) and it results:

k] + kz =1 (9)

The maximum active losses in short-circuit
APy, tor max» are obtained using equation (9) in the
condition (6) for transformers in table 1,
obtaining:
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- transformer type I

s, =100
klzl—){n 'k2

; kp =0
Spy =100

(10)

maximum losses in copper are obtained by
charging 1 and 2 windings at nominal values and
leaving empty the 3 winding;

Spy =100

11
Sp3 =100 (b

k]ZO;k2:1—>{

or when windings 1 and 3 are loaded at nominal
values and leaving empty the 2 winding;

Spp =100 ;5,3 =100 (12)

or when windings 2 and 3 are loaded at nominal
values and leaving empty the 1 winding;

- transformer type Il a

87, =100
klzl—){n 'k2

; kp =0
Spy =100

(13)

maximum losses in copper are obtained by
charging windings 1 and 2 at rated values and
leaving empty the winding 3;

- transformer type II - b
(14)

maximum losses in copper are obtained by
charging windings 1 and 3 at rated values and
leaving empty the winding 2;

- transformer type I11
Sy =100
k=329 2005 k=78 =
Sn2 =3 (15)
100 200
EEREY

maximum losses in copper are obtained by
charging windings 1 and 2 at rated values and
winding 3 being charged at 50 % of the rated
power
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$,; =100
ky=—— 200 > I‘1=§—>52=
Sn3 =3 (16)

maximum losses in copper are obtained by
charging windings 1 and 3 at rated values and
winding 2 being charged at 50 % of the rated
power

- transformer type IV
Sy =100 Sy =100
ki=3- 2005 ko =5~ 100 (17)
=g ey

maximum losses in copper are obtained by
charging at the rated values all the windings.
-V type transformer — TID
Sp1 =100 Spy =100
L AR (18)
Sn2 = 50 2 Sn3 = 50

k== 257

maximum losses in copper are obtained by
charging all of the windings to their rated values.
Maximum losses in the copper are obtained
by replacing equations (5), (7) and taking into
account (8) in the (2) expression and results:

I,

In conclusion, it results that maximum short-
circuit losses are obtained when the power in
primary winding is maximum, and its distribution
on secondary and tertiary winding is
accomplished as unequal.

Taking into account the above computation
results the relations for winding resistance, for
each type of transformers:

= type I transformer

Kk

R -S2, -[1+100-[k1+
Sn3

Sn2

APgctot max = U2
nl

2
Al:)sctot max 'Unl

R =R, =Ry = (20)
2-87,
= type II-a transformer
, 2, APsctot max 'Urgl
R =Ry =-Ry=—20tm 0L (21
3 2S5
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= type II-b transformer

AP, U2
Rl =g. Ré _ Ré _ sctot max nl (22)
2
3 2-S5
= type II transformer
6-AP U2
R, :E, R} :E, R} = sctotmzax nl (23)
3 3 11-S5,

= type TIDtransformer

, U2
R3 _ APsctotmax Unl (24)

2 2 2.52

“nl

4. Calculation of winding resistance in case
in which the short circuit losses on
windings are known

If the short circuit losses [10+14] are not
reported to the rated power of primary winding,
windings resistance are calculated from the
following equations:

2

[ Sn2
Pei—2 =(Ri+R3)-| = :Sn2<Sp
nl
sV
, n3
Peci3 =(Ri + R3)'[—S 5 Sn3 < Sp (25)
nl
2
oy | Sn3
Peca3 = (RS +R3){_S : J 5 Sn3 < Sh2
n

In case of S; > S, the last equations (25)
becomes:

2
oy | Sn2
Peaz =(Ry+ R3)'[S—J 5Sn2<Sp3  (26)

nl

Solving the system formed by the equations
(25) in relation to Ry, R’, and R’; are determined
the general solution system:
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2
AP oni
APsc1-37 &
Sn3
2 2
, Sni Sni
Ry =1 APscioz | g —| +ARc237| 5| —
n3 n3

2
Snl
_Apsclfz : S_
n2

Or with notations:

2
, Sni | .
APse1p = APy - 5

282,

Us |
282,

n2
S 2
’ nl .
APgc1_3 = A1 3 (S_J > (28)
n3
2
, Snl
sc2-3 = APsc2—3 ’ S_
n3

equations system (27) is written with equations
(28).

For the case of the system formed by
equations (25), the solution is

2 2
Sn1 Sn1
Ry =| APy S +APs 3¢ S -
n2 n3

(29)
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2 2
, Sni S
R3=|APci-s | g | +ARc23 5| -
n3 n2
2
AP, il
“Ascl-27 o
Sn2

and with notations (30) from below

Un .
282,

2
, Sni | .
APgc1p = APy - 5|
n2
.
' nl | .
APgei_3 = APy 3 '[_S J ; (30)
n3
2
, Sn1
APser 3 = AF’sc2—3 : ;
n

the system defined by equations (29) becomes:

:

R _ APsc12 + AP 13 ARy 3 (Upy
1 2 Sni

2
U
nl (31)
Sni
2
Un
Sni
Particular types of solutions corresponding to
transformer types listed in Table 1 are
determined from (27) or (29) through particular
mathematical developments. In case of short
circuit losses on windings relative to the rated
power of the primary - winding, winding
resistance calculation will be performed with

equations (27) or (29), by putting the following
condition:

4

_ AP + ARGy 3 AR 3
2

r

_ APs13 + ARy 3~ APy
2

Snl :Snz :SnS (32)

These calculation elements are necessary for
calculating proper evaluation of longitudinal
resistance to determine both the permanent
arrangements for the emergency and the
associated electrical substations in which they
are components.
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5. Case studies resistance calculation. For resistances
calculating, relations from the preceding
Table 2 shows the resistance values of three  paragraph were used.
windings transformers class type TID. For

Table 2. TID-type transformers resistances

U, S, S S, S; Uy APy max APy iy R, R, R;

kV MVA % % % % kW kW % Q Q Q

20 25 100 50 50 9.5 125 29 0.7 0.04 0.02 | 0.02
20 32 100 50 50 11.5 180 33 0.7 0.04 0.02 | 0.02
20 40 100 50 50 8.5 180 39 0.65 0.02 0.01 0.01
20 40 100 50 50 14 180 39 0.65 0.02 0.01 | 0.01
20 63 100 50 50 11.5 280 55 0.6 0.01 0.01 | 0.01
20 80 100 50 50 9.5 330 65 0.6 0.01 0.01 | 0.01
20 80 100 50 50 14 330 65 0.6 0.01 0.01 0.01
110 25 100 50 50 10.5 120 30 0.7 1.16 0.58 | 0.58
110 32 100 50 50 10.5 145 40 0.7 0.86 043 | 043
110 40 100 50 50 10.5 150 50 0.65 0.57 028 | 0.28
110 40 100 50 50 12 180 40 0.65 0.68 034 | 0.34
110 63 100 50 50 10.5 245 70 0.6 0.37 0.19 | 0.19
110 80 100 50 50 10.5 310 85 0.6 0.29 0.15 | 0.15
110 125 100 50 50 10.5 400 120 0.55 0.15 0.08 | 0.08

6. Conclusions [7] lacobescu, Gh., sa, Retele electrice.

Editura Didactica si Pedagogica, Bucuresti. 1982.

These calculations were required 8] Arie, A., sa, Transportul si Distributia
because transformer construction companies Energiei Electrice, Editura Didactica si Pedagogica,
give their characteristics in one of the Bucuresti. 1981.
situations mentioned above, especially up to [9] Kendrew T. S.: Improved Methods for
100%, (however, up to 80%) as short-circuit Distribution Loss Evaluation. Electric Power
loss of windings pairs unreported rated power Research Institute, California 1983. o
of the transformer primary side, the rest being [10]  Toader, C., Tenovici, R., Dumitriu, C.,

Unele aspect privind calculul rezistentelor
echivalente la transformatoarele si autotrans-
formatoarele cu trei infasurari, Conferinta de
Nationald de Energetica, Bucuresti, 1988.

[11] Chiping Sun, Nasser H Kutkut, D.W.
Novotny, D.M. Divan. General Echivalent Circuit

of TID-type transformer. These transformers
are increasingly being used in the electrical
power system in case of renewables.
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