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GENERIC APPROACH TO CALCULATION OF SHORT CIRCUIT CURRENTS IN
POWER TRANSFORMERS

SUMMARY

Power transformer in service is exposed to various voltage and current stresses. The ability to
withstand short circuit is an essential requirement for power transformers.

There are different types of short circuit: single - phase to earth, double - phase with or without
simultaneous earth fault and three - phase short circuit. These various short circuit conditions result in
different stress conditions for the windings. Mesh analysis and symmetrical components are the two
methods most commonly used for determining the magnitude of short circuit currents. In this paper, both
methods will be presented with results compared on a real-case transformer. Also, a generic scheme
using the symmetrical components approach is designed in order to standardize the short-circuit currents
calculation for all power transformer types and to reduce the time required for obtaining results.

Key words: power transformer, symmetrical components, short circuit, inductance matrix, model,
mesh analysis

1. INTRODUCTION

For each winding, the short circuit currents with highest magnitudes are the input for the
calculation of mechanical forces and stresses for which the transformer is then dimensioned. The worst
mechanical stresses arise in different conditions for different types of transformers and network
configurations (autotransformers and full transformers, parallel loading cases etc.). Additionally, the
costumers requests related to transformer documentation often include calculation of currents for all types
of short - circuit faults, with all cases of interest included. This can exceed to more than one hundred
calculations per transformer.

Input parameters for the calculation vary for each power transformer, which complicates the
standardization of the calculation process. A power transformer can be two or three - winding transformer,
it can be fed by one, two or more active networks, its windings can be delta or star connected, its neutral
point can be isolated or earthed (solid or through impedance) etc. All of the mentioned parameters
influence the structure of the model used for the calculation. Detailed analysis has shown that theory of
symmetrical components is more suitable for the development of a standardized approach. In this paper,
a generic scheme for positive-sequence, negative-sequence and zero-sequence system is presented,
with built-in variables covering all calculation and model possibilities. Application of these schemes
provides standardized short-circuit currents calculations for all types of power transformers. This enables
automatization of the calculation process and significantly reduces the time required for obtaining all
required results. It also allows simple upgrading of the calculation system with additional possibilities due
to oncoming requirements and requests.
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2. MODELS FOR SHORT-CIRCUIT CURRENTS CALCULATIONS

The calculation of short-circuit currents is most commonly performed with one of the two methods
— mesh analysis method or symmetrical components method. [1]

21. Mesh Analysis Method

This method is based on creating a transformer model consisting of winding self-inductances
and corresponding mutual inductances between windings. In power transformers the resistance
component of the impedance is negligible in comparison with the inductance component. Using mesh
analysis and by appliying Kirchhoff's voltage law, short-circuit currents are calculated according to
formula:

[]=[ulx[z]", (1)

where voltage matrix [U] consists of rated voltages according to the specified model. This
method is in detail described in [2], [3].

It is important to emphasize that the model varies for each transformer configuration, as well as
each short circuit type.

This method will be used as a comparison method to verify the results obtained with symetrical
components method, extended by using generic approach to the calculation.

2.2, Symmetrical Components Method

Symmetrical components method is commonly used to analyze unsymmetrical faults in three-
phase power systems. This method is based on the fact that each asymetrical system can be analysed
using three symetrical systems: positive-sequence, negative-sequence and zero-sequence system.
Impedances of each of the three symetrical systems (z; - positive sequence impedance, z, - negative
sequence impedance and z,— zero sequence impedance) are calculated separately and the short-circuit
surrents (i1, iy, ig) are calculated for each case according to the specified models (Figure 1).
Corresponding formulas are presented in relative units, with electromotive force of 1 p.u. (100%) [4].

Single-phase to earth SC Duble-phase SC Double-phase to earth SC Three-phase SC
—{ z | =11z
. i2=0
h — ih=0
it
|

o 1= (2422 + 2420 + Z520) | (22 + Z0)
1= =g =1/1(21+ 23+ 29) i2= (2422 + 2420 + 2520) | 2o
io = (2422 2429 + 292) | 2,

Figure 1 - Symetrical components models for different types of short-circuit

Impedances for positive-sequence, negative-sequence and zero-sequence system are
influenced by a number of parameters. In order to insure simple, and unified calculation for these
impedances, a generic formula has been developed and presented in the next chapter.

200 K. Capuder, G. Plii¢, Z. Stih, Generic approach to calculation of short circuit currents in power transformers, Journal of Energy, vol. 63 Number 1-4
(2014) Special Issue, p. 199-208



3. GENERIC APPROACH FOR SYMETRICAL COMPONENTS METHOD
Negative-sequence impedance is equal to positive-sequence impedance; therefore they will be

presented on a mutual model. Zero-sequence impedance is influenced by more parameters and is
presented on a separated model.

3.1. Positive- and negative-sequence model

Basic positive-sequence model for three — winding transformer is presented in Figure 2.

Figure 2 - Basic positive-sequence model

Impedances for each transformer winding presented in Figure 2 are calculated according to
equations (2) - (4) and are usualy equal for all three systems:

1 )
Ziv = Zany = Zopy = E(USCHV/MV T Unviy ~ Ysemviy )J /100 [p.u] ()
Zivv = Zomy T Zomy T E(USCHV/MV +Umviy ~ Ysenviy )j/lOO [p.u.] 3)
1 .
Zity = 2oy T Zo1y = E(USCHV/LV T Umviy ~ Ysenvimy )J /100 [p.u.], 4)

where Uschvimys UscHviLy @nd UgemyiLy @re percentage rated short-circuit voltages between windings
referred to rated power S..

Positive-sequence model must take into account active networks to which the transformer is
connected. This influence is presented in extended model in Figure 3.
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Figure 3 - Extended positive-sequence model

Zactivivs Zactivmvs Zactivey IN Figure 3 determine whether the corresponding winding is connected to
the active network or not. All combinations are presented in Table I.
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Table | - Active network impedances

Active networks | Zaciiviiv | Zactivmv | ZactivLv
HV 0 0 0
MV 0 0 0
LV 0 0 0
HV and MV 0 0 0
HV and LV 0 0 0
MV and LV 0 0 0
HV, MV and LV 0 0 0

If connected to the active network, impedance of the network must be taken into account. This is
presented with network impedances Zinuv, Zinwv, Zniyv fOr each voltage side of the transformer, and
calculated according to:

Zinnv = Zonmv = ZoNHV :S—rJ [p.u] ()
scHV
Zinmv = Zonmv = Zonmr = S—rJ [p.u] (6)
scMV
Ziny = Zonwy = Zoney :S—rJ [p.u] (7)
scLV

Impedance of the entire model z, is calculated with:

2= Zaeioiy + Zimow F Ziy [P-U1] (8)
Zy1y'= Zaewry F Ziy + Zipy [PoU] 9)
1=, = [(ZIHV'H ZlLV')+ ZlMV] | (ZaczivMV + ZlNMV) [p.u.] (10)

Coefficients used to recalculate the positive-sequence current to currents through each winding
are as follows:

z z. Zy
leV — ( lHV'H lLV)= :LV ' [pu] (11)
Zipy Zigy Ty
z z A
leV — ( lHV'H lLV)= 1'HV ' [pu] (12)
Zity Zyy T2y
Zy
Ky = [p.u] (13)

(ZIHV Iz, v) 2

3.2 Zero-sequence impedance

Zero-sequence model is analog to the positive-sequence model, but influenced by an additional
parameter — winding connection. This is presented with impedances Zyvpuvi, Zybrva, Zyomvis Zybmves
ZvpLvi, ZypLvz depicted in Figure 4 which are determined according to the Table II.
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Figure 4 - Extended zero-sequence model
Table Il - Winding connection impedances
Zyphv1 | ZypHv2 | Zypomvi | Zybmv2 | ZypLvi | ZyDLV2

Yyy * * * * * *
YNyy 0 0 0 0 0

Yyny 0 0 0 0 0
Yyyn 0 0 o0 0 0

YNyny 0 0 0 0 0
YNyyn 0 0 0 0 0 0
Y ynyn 0 0 0 o0 0 0
YN yn yn 0 0 0 0 0 0
Ydy 0 0 0 0 0 0
Yyd 0 0 0 0 0 0
Dyy ° ° > ° °
YNdy 0 0 0 0 0 0
YNyd 0 0 0 0 0
Yynd 0 0 0 0 0
Ydyn 0 0 0 0 0 o0
Dyny 0 0 0 0 0
Dyyn 0 0 ) 0 o0
YN dyn 0 0 0 0 0 0
YNynd 0 0 0 0 0
D yn yn 0 0 0 0 0
Ydd 0 0 0 0 0
Dyd 0 0 0 0 0 0
Ddy 0 0 0 0 0 0
YNdd 0 0 0 0 0
Dynd 0 0 0 0 0
Ddyn 0 0 0 0 0

Impedance of the entire model z4 is calculated according to equations (14)-(16):
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Zopy'= [(ZaczivHV + Zonuy t ZYDHVI) | ZYDHV2]+ Zopy [P-U.] (14)
Zopy'= [(ZactivLV +Zony t ZYDLVI)H ZYDLV2]+ Zory [poul (15)
Zy = l(ZOHV'H ZOLV'+ZOMV) | Zypar2 + ZYD;VIJH (ZactivMV + ZoNMV) [p.u] (16)

Coefficients used to recalculate the zero-sequence current to currents through each winding are
as follows:

z, z, Zory
Ky = ( OHV'H OLV): ?LV [p.ul (17)
Zonv Zopy TZoLy
z, z, Zony
Ky, = ( OHV'H OLV): ?HV [p.ul (18)
Zory Zony TZoLy
Zaciiomv + Zonmy Zypmv 2 [p.ul] (19)

Koy = [(

\l \J |l \J
Zowr'l ZoLy +ZOMV)|| Zypmya T ZYDMV1]+ Zoewty + Zonar Zor | Zov FZomy T Zronya

4, CASE STUDY

Calculation of short-circuit currents will be performed on a real case transformer, using both
methods. The aim is to illustrate how the generic approach simplifies the calculation process, and is also
less time consuming. The mesh analysis method requires separated models for each short-circuit case.

Input data for transformer T1 are presented in Table Ill, where S, is rated power of the
transformer; Uy, Unmv and U,y are rated voltages; Uschvmys Uschviy @nd Usemyviy are rated short-circuit
voltages between windings referred to rated power S..

Table lll - Input data for transformer T1
S, Winding Urhv Umv Uy UscHviMv | Uschviy | Usemvity | Sschv Ssemv
[MVA] connection [kV] [kV] [kV] [%] [%] [%] [MVA] [MVA]
400 YNynd 400 115 10.57 12.24 86.46 69.95 12000 5000

Tertiary (LV) winding has a function of stabilization so the calculations will be performed with
short-circuit on MV side of the transformer. Both, HV and MV side are connected to an active network.

4.1. Mesh Analysis Method
4.1.1. Single-phase to earth short circuit on MV side

Model for single-phase to earth short circuit on MV side is presented in Figure 5, where Uy u,
Uy v and Uy w are rated voltages for each phase on HV side of the transformers with corresponding

network industance Zywy. Ummv u, Uy v and Uy w are rated voltages for each phase on MV side of the
transformers with corresponding network inductance Zyyy.
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Figure 5 - Model for single-phase to earth short circuit on MV side

Network impedances on Figure 5 are calculated according to the formulas:

2
Zygy =J SrHV (20)

scHV

U’
Ly = JSri (21)

seMV

Zyv, Zyy and Z,y are transformer inductances for each winding calculated from the expressions:

2
ZHV—ZUHSV 1100, (22)
0 r
U2
Zyy =100, (23)
0 r
U2
Zyy =100, (24)
0 r

where iy is the magnetizing current in percent of the rated current.
Mutual inductances between the winding Myymy, Mpvy and Myyv are not shown in Figure 5
and are calculated from the following expressions:

uSC ’ UrZ

My = \/ZMV '(ZHV - HV/Ag/ HVJ ) (25)
uSC : Uf

My 1y = \/ZLV '(ZMV - MV/L; MVJ ) (26)
uSC : Uf

My = \/ZLV '(ZHV - HV/LSI,/ HVJ ) (27)

Kirchhoff’s voltage law equations are given in matrix form in (28):
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[ U U U

_](2'ZNHV+2'ZH1) _j(ZNHV+ZHl) 0
_j(ZNHV+ZHV) J(z'Z\/HV+2'ZH1/) _j(ZNHV+ZHV)
0 _j(ZVHV+Z-II/) j(ZVHV+Z-II/)
_ 1(2'%14.441/) _J(MWMV) 0
_j(]\/[HWMV) J(ZMWMV) _J(MWMV)
0 0 0
0 _j(%WMV) /(%w.w)
o 0 ot

1(2'%14/141)
_j(MIWMV)

0

0
0
0

/(2’%»7/141/) 0 _j(MIWMV)
_/(%w w) 0 j(%WMV)
0 0
_j(ZNMV+ Zw) 1(2' L2 Zw) _j(ZNMJ _j(ZMV)
_J(ZNMI) J(ZNMl) 0
~Z4) 0 iz
0 0 M)

4.1.2. Three-phase short circuit on MV side

0
0
J( WLV)
0
0
0

J( wuf)

B3z, ]

UnyoYUnyy

Uy yUpyw
Uy w
UnwuYUnry

of MV 4
Unyy Uy
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Model for three-phase short circuit on MV side of the transformer is presented in Figure 6.
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Figure 6 - Model for three-phase short circuit on MV side

Kirchhoff’s voltage law equations are given in matrix form in (29).

o

lg
[ |:|
Z,
[
Ziy
-
Ziy

711 | _](2' Ly 2 ZHV) _](ZINHV+ ZHV) 0 0 T2 M) 0 My 00) 0 o T _urHVJ/ *”rHU'_
1 _](Z.NHV+ ZHV) J (2 L2 ZHV) _](Z.NHV'+ZHV') 0 —J M) 0 JCMyy ) =My ) 0 Uy y Uy w
[3 0 _](ZNHV+ZHV) ] (ZNHV+ZHV) 0 0 0 _j(A/[HV/ MV) j(MHV/MV) j(A/[HV/LV) ”rHVJ/V
1 0 0 0 JCZyy) 0 ) 0 0 0 Uty vty v (29)
L= @ M, MV) _j(MHV/MV) 0 0 J2 ZMV) 0 _](ZMV) 0 0 X 0
I 0 0 0 1 Zyy) 0 JCZyy) 0 1 Zyy) 0 Ungy y Uorgy w
L _j(A/[HV/ MV) j(Z'A/[HV/MV) _j(jv[HV/MV) 0 _](ZMV) 0 J@2 Zw) _](ZMV) 0 0
I 0 —JMyyy0) TMy01) 0 0 ) ) ](ZMMV+ ZMV) TMyy10) Uty w
] L 0 0 TMyy10) 0 0 0 0 JMyy) 32, || J
4.2. Symmetrical Components — Generic Approach

The calculation is performed for single-phase to earth and three-phase short circuit on MV side of
the transformer. Both HV and MV side are connected to active network. According to Table |, active
impedances for this case are Z,giviv = 0, Zactivmv = 0, Zactivv = °; and according to Table I, winding
connection impedances are ZYDHV1 =0, ZYDHV2 = oo, ZYDMV1 =0, Zypmvz = o0, ZYDLV1 = o0, ZYDLV2 = 0. Hence,
formulas (8)-(10) for positive-sequence system are transformed to:

Ziyy = Ziggy + Zigy [P-U] (30)

z,, =% [p.ul] (31)
— _ '

L =4, = [ZIHV +ZIMV]|| Zy [P-U] (32)
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Coefficients used to recalculate the positive-sequence current to currents through each winding,
according to expressions (11)-(13), are as follows:

Ky =1 [pul (33)

kv =0 [p.u] (34)

Ky = ———— [pu] (35)
Zypy T2y

For zero-sequence system, formulas (14)-(16) are transformed to:

Zomy'= Zonmy + Zomy [P-U.] (36)
Zopy'= Zopy [P-U] (37)
Zy = (ZOHV'H ZOLV""ZOMV) | Zpna [Pou] (38)

Coefficients used to recalculate the zero-sequence current to currents through each winding,
according to expressions (17)-(19), are as follows:

! ! '
k()HV — (ZOHV'H ZOLV) — Z?LV ' [pu] (39)
Zony Zogy TZoy
! ! '
Koy = (ZOHVvH ZOLV): Z?HV ; [pul] (40)
Zory Zogy tZory
Koy = Zonuy [p.u] 41)

1 1
(ZOHV I zory +ZOMV)+ZONMV

4.2.1. Single-phase to earth short circuit on MV side

According to Figure 1 short-circuit current for each system is calculated as:
1
i=i, =iy = (42)
2z, +z,

Short-circuit currents through each winding are calculated with:

Iy = 2illeV +iOkOHV (43)
by = 2i1k1MV + iOkOMV (44)
Iy = 2i1k1LV + iOkOLV (45)

4.2.2. Three-phase short circuit on MV side

According to Figure 1, short-circuit current for each system is calculated as:

= i, =i, =0 (46)
Z

Short-circuit currents through each winding are calculated with:

Iy = 20k, + igKoy = Gk (47)
Iy = 20Ky + igKopy = Ky (48)
iy =20k +ikoy =ik, (49)
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4.3. Comparison and Analysis

Results obtained using both methods for single-phase to earth short circuit are presented and
compared in Table IV.

Table IV - Results for single-phase to earth short circuit in W phase

Single-phase to HV MV LV
earth SC U phase V phase | W phase | U phase V phase | W phase
Inductance 735 A 735 A 3748 A | 7715A | 7715A | 14060 A | 6442 A
Matrix (1)
Symetrical 73 A 73 A 3748 A 770 A 770 A 14061 A | 6443 A

Components (2)

H—(2
% 100% 0.68% 0.68% 0% 0.19% 0.19% 0.007% | -0.015%

Results obtained using both methods for three-phase short circuit are presented and compared in
Table V.

Table V Results for three-phase short circuit results

Three-phase HV MV LV
SC U phase V phase | W phase | U phase V phase | W phase
Inductance
. 3707 A 3707 A 3707 A 12890 A 12890 A 12890 A 0A
Matrix (1)
Symetrical 3707A | 3707 A 3707A | 12895A | 12895A | 12895 A 0A
Components (2)
M 0 (o) (o) (o) (o) [ 0 o)
(1) -100% 0% 0% 0% -0.039% -0.039% -0.039% 0%
5. CONCLUSION

Requirements for short-circuit calculations for power transformer are an essential part of the
transformer design process. Short circuit currents are input for the calculation of mechanical forces and
stresses, as well as an important part of required transformer documentation.

In this paper, two methods for short circuit currents calculation are presented — mesh analysis
method and symmetrical components method, with results compared on a real case transformer.
Symmetrical components method is then extended using generic approach in order to obtain a
standardized system applicable for all transformer types, all transformer configurations and for all short-
circuit faults. Presented generic formula simplifies the calculation process and is less time consuming. Its
application enables the automatization of the calculation process and also allows simple upgrading of the
calculation system with additional possibilities due to oncoming requirements and requests.
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