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The paper presents a set of equations enabling analysis of operation of three-phase
three-winding transformers under asymmetric load. For a selected asymmetric state of such
a transformer the computation leading to analysis of characteristic output parameters of the
transformer is carried out with the help of the Mathcad software.

1. Introduction

Asymmetric condition of a transformer is caused by asymmetry of the phase
loads or supplying voltages. The three-winding transformers used in electric-power
systems usually are not loaded with single-phase receivers (with neutral
conductor), but often with two-phase receivers. In industrial applications the
transformers are used under various receiver connections. The paper presents a set
of the equations that describe the effect of various load types on the distribution of
currents in the transformer windings and, in consequence, on voltage values in both
secondary windings. Making use of the analogies with the power transformers the
following definitions were introduced: the high (g), medium (s), and low (d)
voltage winding, irrespective of actual values of these voltages. In order to enable
researching the effect of three various values on the output parameters of the
transformer, the ki, ky, and k; coefficients are used in the equations. Other
coefficients u,, v;, and w; are introduced with a view to consider various values of
the angle ¢ of the receivers.

2. Basic relationships describing the considered problem

The transformer load is characterized by the impedances connected to particular
phases. Therefore, knowledge of the impedance values is necessary for analyzing the
transformer operation. It is assumed in the paper that the impedances are known. For
the medium voltage winding the impedances are determined as follows (1):
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Application of the transformation matrix (2):

7 (k;.k,.k;) 1 1 a 2 Utgl 1
Z,(k.ky.ky) [==|1 a° a|U,, —— 2
5 (ki ko, k) 3 tg2 D(k,.k,.k,) 2
ZO (kl > k2 > k3) 1 1 1 Uth

enables calculating the symmetrical components of the impedance of the medium

voltage side (3):
Zsl(k1:k23k3) =(Zzsu(k1)+az

sV

(k,)+a’Z (k3))§

ZSZ (kl ’k2,k3) = (ZZSU (kl) + a'Zzzsv (k2) + a'Zzsw (kS))% (3)

1
ZsO (kl ’k2 ’kS) = (Zzsu (kl) + Zzsv (k2) + Zzsw (kS))g
The currents of particular symmetrical components of the medium and low
voltage windings were calculated based on the relationship (4):
Il (klakZ:kS Mll MZ MIO Utgl 1
Iz(k1ak2>k3 =M, M, M, Utg2 m
IO(kl’kZ’kS MOI M02 MOO Uth
The values Uy, Uy, Uy In these formulas are the symmetrical components of
the high voltage winding (the primary one), while M and D are the elements of the
impedance matrix.
Particular terms of the impedance matrix M/D for the medium voltage winding
take a form (5):
Msl 1(k13k23k3) = (Zugs +ZsO (klakz 3k3))(ZSO (klakZ 3k3) +Zu0) _Zsl (kl 3k23k3)zsz (klakZ 3k3)

M, (k.. k,. k) =Z, (k.. k,.k;)° —Z,(k ky k)2, +Z(ky Ky ky)
M, (k. k. ks) =2, (k.. k5. k;)? —Zy(ky ks ks (2 (kKo k) + 2, )
M, (k.k,.k;) =(Z,, (k. .k,.ky))* —(Z,, (k,.k,.k ))N(Z,, (k.k,.k;) +Z,,) %)
Mo, (kKo Ks) = (2o + Zgo (kKo k) (koK) +Z,,0) — Zg (koK k) 2 (kLK K )
M, (k,.k, . ky) =Z, (k. k,.k;)° —Z,(ky ko k) (Zg, (kKo k) + 2, )
M, (k.. k,. k) =Z (k.. k,.k;)* —Zy (kK k) (Zgo (ky ko k) +Z,,,)

“
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M,p, (k; .k, k5) =Zs2(k1>k2>k3)2 -Z, (k13k23k3)(zso(k1’k2’k3)+Zugs)
Moo (ky.ko k5) = (ZSO(k13k23k3)+Zugs))2 —Z(ky,k,.k3)Z,, (K k, k)

The matrix determinant (6):
D, (k,.k,.k;) =D (k,,k,.,k;)+ D, (k,.k,.k;)+ D_(k,,k,.k;) 6)
where Dy, Dy, Dg; are presented as (7):
D (ki ko k) =(Zgo (k. ko K3) + Z g W Zo (K Ko KG) + Z NZgo (KoK k) +Z,)

DsZ(klakka) =_Zsl (kl3k23k3)252(k13k23k3)[3zso(k13k23k3)+(Zugs
D53 (k13k23k3) :Zsl (1(1’1(2’1(3)3 -i_ZSZ(kI’kZ’kS)3 (7)
Particular terms of the impedance matrix M/D for the low winding voltage take a
form (8):
Mdll(kI’kZ’kS):(Zugd+Zd0(k1’k2’k3))(zd0(kl’k2’k3)+Z].L0)_Zdl(kI’kZ’kS)ZdZ(kI’kZ’kS)
Mgy, (ki ko k) =2 (k1>k2>k3)2 _ZdZ(k1>k2>k3)(Zp0 +Z4(k .k, k5)
M g0 (ky. Ky, ks3) :Zdz(k1:k23k3)2 -Zy (k13k2>k3)(zd0(k13k23k3)+Zugd)
My (ki ko k3) = (Zgy (kpko k) = (Zg (kp ko k) (Zgo (K ko k) +Z,,) - (8)
Md22(k1’k2’k3) = (Zugd +Zd0 (k13k23k3 ))(ZdO (kl ’k2’k3) +Z].L0) _Zdl (k13k23k3)zd2 (kl’kZ’kS)
Mdzo(k1>k2>k3) :Zdl(k1>k2>k3)2 _Zdz(kl>k2>k3)(zdo(k1>k2>k3)+Zugd)
My (k. ks k) =2, (k13k2:k3)2 _Zd2(k13k2>k3)(zd0(k13k23k3)+Zugd)
M o, (k. k5, k5) :Zdz(k13k2:k3)2 _Zdl(klakzak3)(zdo(klak2:k3)+Zugd)
Mdoo(k1>k2>k3) = (Zdo(k1>k2>k3) +Zugd))2 -Zy (k1>k2>k3)zd2(k1>k2>k3)
The matrix determinant is given by the equation (9):

Dgy(k;.k,. k) =Dy (k. k, k) + Dy, (ki K, k3) + Dys (kg k, k) )
where Dy, Dy, Dg; are presented as (10):
Ddl(kI’kZ’kS) :(ZdO(kI’kZ’kS)+Zugd)(zd0(kl’k2’k3)+Zugd)(zdo(klﬂk23k3)+zu0)
Ddz(k1>k2>k3) =—Zy (k1>k2>k3)zd2 (k1>k2>k3)[3zdo (k1>k2>k3) + (Zugd +Zugd +Zu0)

Dgs(ky k. k) =2, (k1:k23k3)3 +Zd2(k1:k2>k3)3 (10)

Assuming that only asymmetric impedances of the receivers are considered and

only positive-sequence voltage of the value equal to the rated voltage Uy, 1s taken

into account, the currents of particular symmetrical components of the medium
voltage winding are determined by the relationships (11):

L, (k. k,. k) = (Msll(k1>k2>k3)Untg)

+ Zugs + ZHO)

1
D, (k,.k,.k;)
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1
Isz(k1>k2>k3):(Mszl(k1>k2>k3)Untg)m (11)
1
Lo (k. ko k) = (Mg, (kI’kZ’kS)Untg )m

The load impedances of particular phases of the low voltage winding are written
down in the form (12):

—j0.45-2§
szu (kl) = (kl Zodng : 1|e )
—jk,0.22%
Z,4,(&3) = (Z gy - 1.3[0 3) (12)

—j0.32%
2,4 (&5) =(|Z g - 08 )

Application of the transformation matrix enabled calculating symmetrical
components of the load impedance of the low voltage side defined by the equations

(13):

Zdl(klakZ:kS) :(Z

zdu

(k1)+azzdv(k2)+azzmw(k3))§

Zdz(k13k23k3) :(Z

zdu

(k) +aZ, (k) +aZ,y, (kg))é (13)

1
Zao (k11 ) = (Z g (K1) + 20, (K2) + 2, (5)) 7

Under the assumptions identical to the ones formerly adopted for the medium
voltage side, the currents of particular symmetrical components of the low voltage
winding are determined by the relationship (14):

1
Ly (kL ko k) = (M, (kI’kZ’kS)Untg )m
1
Idz(k1>k2>k3):(Mdzl(k1>k2>k3)Untg)m (14)
1
Lo (kK k) = (Md01(k1>k2>k3)Untg)m

Once the currents of medium and low voltage sides are calculated, the current
of high voltage winding (I,) should be calculated. In order to find these currents the
currents of medium and low voltage windings should be summed up, that is
presented by the equations (15):

Igl (k. Kk, ky) =1 (k. Ky k) + 1 (kK k)

L, (k. k, k) =1, (kL ko, k) + 1, (kg Lk k) (15)
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IgO(kI’kZ’kS) =L (ky ko kg ) + 1 (ky kK )

The phase currents (a,b,c) of particular windings are obtained in result of
transformation of the symmetrical components to the phase form. This is made
with the help of the transformation matrix (16):

L, (k. k. ks) 1 1 a a I (k)
(k. ks ks) == 1 a’ a Lk,) (16)
L(k;.k,.k;) I 1 1)Lk
The phase currents of the medium voltage winding are determined by the
relationships (17):
Isa(klak23k3):Isl(klak23k3)+IsZ(k1>k2>k3)+IsO(klak23k3)
I, (k.. k,.k) =a’T (k.. k,.k;) +al (k. k,. k) + 1 (k. .k, ky)  (17)
Isc(k1>k2>k3):alsl(k1>k2>k3)+a21s2(k1>k2>k3)+Iso(k1>k2>k3)
The phase currents of the low voltage winding are described by the equations (18):
Ida(kI’kZ’kS)=Idl(kI’kZ’kS)+Id2(k1’k2’k3)+IdO(kI’kZ’kS)
I, (k. k,.ky)=a’l,(k,.k,.ky)+al, (k. .k,. k) + 1, (k. k,. k) (18)
Lo (kp ko k) =aly (kg Lk k) +aTy (kp ko k) + 1 (kL ko k)
The phase currents of the high voltage winding are determined by the
relationships (19):
L,k ky k) =1, (kL ko k) + 1, (kL kg k)

Ly, (k. ks, k) = azlgl(k13k23k3) +aly, (k;.k,.k3) (19)
Igc (ky.k,.ks) :a'Igl (k13k2:k3)+321g2(k13k2:k3)
The equations (20) present the relationships necessary for calculating the
symmetrical components of the output voltages of the medium and low sides.
El (klakzakS) = Untg - (Isl(k1:k2:k3) + Idl (k1:k23k3))z
U2tg (kp.ky.ky) = IgZ(kl’kZ’kS)ZugZ
UOtg (k. ko k) =0 (k. ky k) + 1, (kK k) Z
Uy (k1>k2>k3) =E, (k1>k2>k3) -1 (kl’kZ’kS)Zugl
Uy (k. ky k) =E (k. k, k) =1 (kK k) Z (20)
U, (kp.ko k) =1 (kL ko k) Z
U (kL ko k) =15 (kL k, k) Z g
Ugo(kyuky k) =1 (kL ky k) Z
Ugo(ky ko ks) =L (ki ko k) Z

98]

ugl

ug0
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The phase voltages of the medium voltage side are calculated according to the
formulas (21)

UA(KLKk2,k3) = Us(kL,k2,k3)+ Us2(kLk2,k3)+ Uso(kLk2,k3)
UsB(kLk2,k3) =a2Usl(kLk2,k3)+aUs2(kLk2,k3)+ UsO(kLk2,k3) (21)

UC(k1,k2,k3)=aUsl(k1,k2,k3)+a Us2(k1,k2,k3)+ UsD(k1k2k3)
The phase voltages of the low voltage side are calculated according to the
relationship (22)

UdA(kL,k2,k3) = Ud(kLk2,k3)+ Ud2(k1,k2,k3) + Ud(kLk2,k3)
UdB(k1,k2,k3) = a2ud1(k1,k2,k3) + aUd2(k1,k2,k3) + UdO(~,k2,k3) (22)

UdC(k1,k2,k3) =aUdl(k1,k2,k3)+a Ud2(k1,k2,k3)+ Ud(kLk2,k3)
3. Example calculation results

The formulas derived above have been used for calculating selected output
parameters of a three-winding transformer of the power of 20/10/10 MVA and the
voltages 110, 33, 6.6kV. In order to carry out the example calculation it was assumed
that the transformer is subject to asymmetrical load at the low voltage side, and to
symmetrical load at the medium voltage side. The values ofthe output parameters are
the best illustrated by the characteristics plotted againstthe load parameters.

The Figures 1-3 present the relationship between the asymmetry factor Ud2Udl
and the parameters k1, k2 and k3, respectively. Figures 4-6 show the plots of the
currents in the high, low, and medium voltage sides, respectively, against the k1
parameter. The Figures 7 and 8 show the plots of the currents in the medium and
low voltage sides, respectively, against the k1lparameter.

Fig. 1. The relationship between the asymmetry factor and the k1parameter
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Fig. 2. The relationship between the asymmetry factor and the k2parameter

Fig. 3. The relationship between the asymmetry factor and the k3parameter

Fig. 4. The relationship between the current in the high voltage side and the k1 parameter
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Fig. 5. The relationship between the current in the low voltage side and the k1parameter

Fig. 6. The relationship between the current in the medium voltage side and the k 1parameter

Fig. 7. The relationship between the voltage at the medium voltage side and the k1parameter
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UdA(1 >1>1)

ntg|

UdB( 1
0.98

|lL'Jntg|
|Udc(k1miml)

U.n tq|

Fig. 8. The relationship between the voltage at the low voltage side and the k1parameter
4. Conclusions

Impedance asymmetry of the receivers at the medium and low voltage sides
induce asymmetric current distribution in the transformer windings. In result
thereofthe output voltages and, in conseguence, the voltage asymmetry factors are
asymmetric too. Therefore, the load impedances should be so chosen as to avoid
not only the excess of the rated current level at the high voltage side caused by the
asymmetric load but, first of all, as to keep allowable values of the asymmetry
factors U2/U1.
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