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Abstract. The short-circuit impedance of converter transformers is one of the most important
specifications in HYDC system. Compared with the traditional converter transformers, the new converter
transformer has unique windings connection diagrams. Based on the topological structure of the new
converter transformer, this paper proposes a new method to establish the mathematical relationship of
short-circuit impedances and filters impedances under considering the valve side and grid side short-
circuit conditions. The analysis on short circuit at valve side and grid side shows that short-circuit
impedances values are almost the same in both two conditions, so that the impedance of the new
converter transformer is symmetrical. Finally, simulation and experimental results verify the correctness
of the theoretical analysis.
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1 INTRODUCTION

1.1  The new converter transformer

The conventional converter transformer (Y/A/Y) is an important device in 12-pulse diode/SCR
converters. It provides a phase displacement between primary side and valve side voltages for harmonic
cancellation, supplies a proper valve side voltage, and also makes an electric isolation between the
rectifiers and the utility supply. The configuration of a 12-pulse converter is shown in Figure 1, where the
AC filters are placed at the AC bus, U is the phase voltage of the valve side, and Zi is the impedance
of power supply. [1-4]
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Figure 1: The winding connection scheme of the Y/A /Y transformers in the 12-pluse converter

Filters

Unlike the conventional converter transformer (CCT), the new converter transformer with its
filters is a special kind of converter transformer whose grid side windings are connected to power grid,
the valve side windings are connected to the rectifier, and the common side windings are connected to
the filters. Similar to the conventional converter transformers of 12 pulses line commutated converter
HVDC with Y/A/Y winding connection, the new converter transformer also has an upper and lower
bridge which corresponds to A and Y respectively [5-10]. The configuration of a 12-pulse converter is
shown in Figure 2.
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Figure 2: The winding connection scheme of the Y/ZF-1/ ZF-2 transformers in the 12-pluse converter

According to the theory of multi-winding transformer, the mathematical models of the Y/ZF-1 new
converter transformers can be written as

I.A :_ka I.a _kxl'x (1)
U, =kU,+K2Z,l, +kKk Z,1,

. S . 2)
U, =kU,+kZ,l +kK Z1,

where:
Z,=2,+2,,2,,=2,+23,2,,=2,+25,2,,2,,Z,: are the impedance of the grid side, common
side and valve side winding, respectively.

I-A ’UA'Zl’Wl; I.x ’ny 25 W, , I.a U
impedance and number of turns of the grid side winding (AO winding); common side winding (yx
winding) and valve side winding (ay winding), respectively.

In this paper, the mathematical model of the new converter transformer is based on voltage ratio
which is equal to 1 (Uag/Ug, = 1), so the values of k, and k, are:

k, =W, /W, =0.5176
k, =W, /W, =~/3k, =0.8966

ay Z;,W,: are the phasor current, phasor voltage, phasor

1.2 The short-circuit impedance of the new converter transformer

For the converter transformer, the short-circuit impedance is an important parameter. Firstly, the
short-circuit impedance is a unique parameter that can represent the transformer in the equivalent diagram
of the power system, from which some of the operational parameters of the transformer could be
calculated, such as the voltage loss, power loss, or the short-circuit current. Secondly, in the LCC DC
transmission system, the short-circuit inductance of the transformer with the inductance of the power
supply together is involved in the commutation process of the valves, so the value of the short-circuit
inductance of the transformer is necessary to calculate the DC voltage drop and commutation angle.
Finally, in the 12-pulse converter, one essential condition for successful parallel operation of the
transformers is that the short-circuit impedances of two transformers must be identical to avoid
unsymmetrical operation which leads to some unexpected problems such as over-voltages, over-load for
one transformer. Thus, it is necessary to exactly calculate the values of these short-circuit impedances
[11-15].

The new converter transformer has particular winding schemes with its filters connected to common
winding of the transformer, so its short-circuit impedances are more complex than the conventional
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transformer. The first research on the short-circuit impedance of the new converter transformer was
performed by Mr. Xu [16], where the mathematical equation of the grid side short-circuit impedance for
the Y/ZF-1 transformer was established as follows
Z. (1-e"?Y_k k Z
Zoo =2, +k Kk Z ! e X7
R (BT V(B L S 2

Zﬂefjlzd’ Z, (- pi12? )—k .k, Z, B kaklee—jlzo0
V3 1-ePy1-e )z 17, 3

The above equation shows that the short-circuit impedance depends on the equivalent impedance of
the filters. This equation is a very complex mathematical relation, and it is not enough to analyze the
characteristic of the short-circuit impedances of the Y/ZF-1 and Y/ZF-2 new converter transformers.

In this paper, the valve side and grid side short-circuit impedances of the Y/ZF-1 and Y/ZF-2
transformers will be established, from which we can analyze the effects of filters on the short-circuit
impedances, analyze the symmetrical characteristic between the grid side short-circuit and the valve side
short-circuit, and also analyze the symmetrical characteristic of the short-circuit impedances between the
Y/ZF-1 and Y/ZF-2 transformers.

Finally, simulation and experiments will be performed to verify the theoretical analysis.

2 THE SHORT-CIRCUIT IMPEDANCES OF THE NEW CONVERTER TRANSFORMER

2.1 The short-circuit impedances of the Y/ZF-1 transformer

a. The valve side short-circuit

Figure 3 shows diagram of the valve side short-circuit of the Y/ZF-1 transformer, where Z; is the
equivalent impedance at the fundamental frequency of the filters.

Ua=Usc A a

»
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Figure 3 The principle diagram of valve side short-circuit of Y/ZF-1 transformer

Because the valve side is short-circuited, so

Ljabzubczucazo (3)
The filter current is obtained by Kirchhoff’s Current Law:
(=0~ 1, — 1, =3I, —1I, 4)

The relationship between the voltage and the current of the filters can be expressed by the filters
impedance Zy.

UVX=Zf(|‘fc_|.fa)=\/§ejlsoozfI'fa (5)
By substituting (5) into (2):
kU, +k2Z, I +k. Kk ZI, =377 | (6)
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By substituting (4) into (6), the relationship between the valve side current and the common side
current can be obtained as

kU, +k2Z,I, +k .k Z,I, =377 (3" —1,)

: : : : (7)
= 1,2, +k?Z,,)+1,(\3™%Z +k k Z,)=—k U,
By combining (7) and (1):
[,BZ, +K{Z,)+ [,(V3™7Z +kk,Z,) =k U, ®)
Kyl +K, 1, =—1,
By solving the equation system (8), the results are
P k.kU,+1,(/3"%Z, +k.k, Z,)
3e 7, +kk2(Z,, -2, o
. kU, —1,3Z +kiZ,,)
Y3z 1k k2(Z,-2Z,)
Also, from Figure 3 and noting thatU ., = 0:
Uac :Uay +ny _ch =0
(10)

=U, =U,-U, =U, (" -1)=3™"U_
By substituting (2) into (10):
KU, +K2Z,0, +k Kk, Z, T, =36 (KU, +k2Z,1, +Kk.k,Z,1,)
= (k?Z,, 36"k k, Z)I, + (KK, Z, —~3e"k2Z,)I, (11)
=37k U, kU,
By substituting (9) into (11):
—k kU, +1,(3e™%Z, +k.k, Z,)
e 7, +k.k2(Z,-Z,)
kiU, —1,3Z, +k;Z,,)
e M7 +k, ki (Z,,-2,)
The equation (12) can be written as
AU, = (B, +B)I, (13)
where A is a voltage factor, B, is a current factor with Z;, B, is a current factor without including Zs:
A=+3e 3" [3Z  +kZk2(Z,, +Z,,—2Z,)]
B, =3¢ " [3Z,Z,] (14)
B, =~/3e 1*k2k?[Z,,Z,, - Z}]

(kfzﬂ - \/§e d kakle)

(12)
=3k, U, —kU,

+(k,k,Z, —/3e15%Kk2Z,.)
3

In equations (14), Z is obtained as:
Z, = ka2 (212 + 25+ \/ézl) (15)

From (13) and (14), the valve side short-circuit impedance can be obtained by

© 2019 Trudng Pai hoc Cong nghiép thanh phé H5 Chi Minh



90 RESEARCH ON SHORT-CIRCUIT IMPEDANCES OF NEW CONVERTER TRANSFORMER

U, U, B, +B,
ZSC S e
Il 1, A
32.Z, +kZk?[Z2,,Z,,-Z7]
3Z +k2k2(Z,,+2Z,,-2Z,)

(16)

b. The grid side short-circuit
The principle diagram of the grid side short-circuit of the Y/ZF-1 transformer is shown in Figure 4

Ua=Usc
A a p—
“a lsc
A
\&
Ix¢ z
| AN R0
VI\ //c?/x z
c B B c A O
Ue
T lka T e T It

Figure 4 The principle diagram of grid side short-circuit of Y/ZF-1 transformer

From Figure 4, because the grid side is short-circuited, so
UAB‘=UB<‘; =U?A=O a7
=U,=U;=U.=0
By substituting (17) into (2):
U =k? Zle+ka| (18)

The relationship between the voltage and current of the filters can be expressed by the filter
impedance:

UYX:Zf( = lw)= \/_ejlsoozflfa (19)
By combining (18) and (19):
3z 0 =k2Z,1 +k .k Z,1, (20)
The filter current is obtained by Kirchhoff’s Current Law:
=0, =1, — 1, =31, 1, (21)

By substituting (21) into (20), the relationship of the currents between the valve side and the
common side can be obtained as

V307 (3BT~ ) =k2Z,,I +k.k Z,I,

V37 Kk Kk Z, (22)
=1, =- 5 I,
3Z, +k, Z,,
Also, from Figure 4:
U, =U, -U,-U, =Uay(1—e‘1120°)—nye‘jlzd° J3e i3 U, —Ee 15y (23)

By using the phase voltage quantity, (23) can be written as
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. .U,
Uao = (Ua _ieﬂlSd)) (24)
" V3
By substituting (2) into (24):
. . . g~ i15¢° . .
Uao = (k:ZmIa + kaklelx) _T(kxzzlzl x T kaklela)
(25)
iz ez Y1 (kk.Z e oz )
:Uaozla(kaz T Ma™ + 1L, KK, T R
13 \/g 1 1 \/g 12
By substituting (22) into (25), the phase voltage of the valve side can be deduced by
o ~150 f3e%7 4k k,Z ~i150
Uy =1 (K2Zg — kK Z) - T, o Kk 2 - Sk iZ,)
V3 3Z, +k’Z,, V3 6)
1 3Z f Zk + kazkf (212213 - le) :
= U ao — 2 I a
3Z, +kZ,
where Zy is the same as in equation (15).
The grid side short-circuit impedance of the Y/ZF-1 transformer can be obtained by:
_Usc _Uao _3Zfzk +k§kx2(212213_212) @7)
A PP 32, +k’Z,

2.2 The short-circuit impedances of the Y/ZF-2 transformer

a. The valve side short-circuit

The principle diagram of the valve side short-circuit of the Y/ZF-2 transformer is shown in Figure 5,
where Z; is the equivalent impedance at the fundamental frequency of the filters

Ua=Usc A

z
I, %
y ;Ix
c T | TiNUx
c ly ~lp
ay

Tlfa Tlfc Tlfb

Figure 5 The principle diagram of valve side short-circuit of Y/ZF-2 transformer

As the same manner with the Y/ZF-2 transformer, the valve side short-circuit impedance of Y/ZF-2
can be obtained by
Usc UA _ 3Zka + k:kf[zlzzls _212]

Z - =— = 28
5¢ I, 3Z, +kk2(Z,+Z,,-2Z,) (28)

b. The grid side short-circuit
The principle diagram of the grid side short-circuit of the Y/ZF-2 transformer is shown in Figure 6.
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Figure 6 The principle diagram of grid side short-circuit of Y/ZF-2 transformer

As the same manner with the Y/ZF-2 transformer, the grid side short-circuit impedance of Y/ZF-2
can be obtained by

, Uy Uy, 32,2 +kK(ZiZi5 - Z]) |

sc : 2 a
Isc Ia 3Zf+klez

(29)

3 THE CHARACTERISTIC OF THE SHORT-CIRCUIT IMPEDANCES OF THE NEW
CONVERTER TRANSFORMER

From (16), (27), (28) and (29), the short-circuit impedances of the grid side and valve side of the
Y/ZF-1 and Y/ZF-2 transformers are rewritten in Table 1

Table 1 The short-circuit impedances of Y/ZF-1 and Y/ZF-2 transformers

Transformer The valve si;:cshort—circuit The grid sid;scshort—circuit
3Z f Zk + kazkf[212zl3 - le] 3Z f Zk + k:kf (lezls - Z12)

vierd 32, +k2K2(Z,, + Zys —2Z,) 3z, +k2z,,
3Z f Zk + kazkf[Znle - 212] 3z f Zk + k:fkf (212213 - 212)

vizkz 3Z, +k2K2(Zy, + 2,5 —2Z,) 3z, +k2Z,,

The short-circuit impedances of the Y/ZF-1 and Y/ZF-2 transformers in Table 1 depend on the filters
impedance Z; which depends on the filters reactive power.

Without filters, Z, = oo , the short-circuit impedances of the Y/ZF-1 and Y/ZF-2 transformers in
Table 1 can be expressed as shown in Table 2

Table 2 The short-circuit impedances without filters

The valve side short-circuit The grid side short-circuit
Transformers
ZSC Zsc
Y/ZF-1 Z, Z,
Y/ZF-2 Z, Z,

With filter (Z; # o), the relationships of the filters impedance and the transformer impedances are
can be obtained by:
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8Z | >>KZKZ|(Zy, + 215 - 22,)

) (30)
L2314 ‘

32,2, |>>k2k?

By substituting (30) into Table 1, the approximate short-circuit impedances of the Y/ZF-1 and Y/ZF-
2 transformers are deduced in Table 3

Table 3 The approximate short-circuit impedances with filters

The valve side short-circuit The grid side short-circuit
Transformers
ZSC Zsc
Y/ZF-1 Z, Z,
Y/ZF-2 Z, Z,

Note that the Z, is obtained by (15) as:

Zy = k; (Z, +Z35+ \/ézl)

Table 2 and Table 3 are obviously identical. By analysis of these tables, the results show that:

e The short-circuit impedances of the Y/ZF-1 and Y/ZF-2 transformers are identical, so it
obviously demonstrates that the Y/ZF-1 and Y/ZF-2 transformers can operate in the 12-pulse converter
system.

e The grid side and valve side short-circuit impedances are almost the same and approximately
equal to the Zk for both Y/ZF-1 and Y/ZF-2 transformers, so the short-circuit impedances of the grid side
and valve side are almost symmetrical.

4 THE SIMULATION AND EXPERIMENT

a. The simulation and experimental models
The new converter transformer consists of three single-phase three-winding transformers. The main
technical parameters of a single transformer are as follows: S=17.9 kVA, rated voltages are

196.7/220/116V, the short-circuit impedances are Z,, =0.4549./78.0°(QY) , Z,, =0.6576./79.5°(Q)
and Z,, =0.2464./66.4°(Q).

Figure 7 The single-phase three-winding transformers

The AC filters for the Y/ZF-1 and Y/ZF-2 transformers are single-tuned 5", 7", 11" and 13" order
filters, with the total reactive power and impedance at the fundamental frequency being Q¢= 10.4 kVAR

and Z, =3.72/—-90° (Q), respectively.
The experiment uses the 3196 Hioki quality power analyzer to record and analyze the experimental datas.
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The simulation uses the Matlab/simulink software with parameters of the transformer and the filters
being the same with the experimental platform. Figure 8 shows the simulation diagram of the short-circuit
test for Y/ZF-1 transformer.

v,
a
[
| B X|[—————=|A
¥y [e—————=(B
C C N P
AC source Y/ZE-1 5,7,11.13th
New converter transformer AC filters
Fourier
el =
Phase sy w0 |
S s werue) |w{_soz |
ase

Figure 8 The simulation diagram of the short-circuit test

b. The simulation and experimental results

Figure 9 shows the vector diagram of experimental voltages and currents of the Y/ZF-1 transformer
with and without filters under valve side short-circuit condition. And Figure 10 shows the same results
under the grid side short-circuit condition.

UL env e e Ul 4193V
U2 39.89V e ' e U2 3922V
U3 39.14V 2 BT T =13 us 38.64 V
' .
11 81.98 A\ ", 11 80.58 Al
12 8115 A| |2 ' 12 79.72 Al
13 83.00 A ; ; 13 81.76 Al
.I 1 I|
0 0 ' ! 0
U1 0.00 P S T PR U1 0.00
w1147 ' ; oyl e -uesf
us 12128 i . ; w 12100
0 i ! . 0
1 7857 2 g I -78.56
2 16158 . i 0 R 12 16160
13 4228 T UZm-eai-det . 13 22.00°
- 0 e
1 h
(a) without filters (b) with filters,

Figure 9 The experimental results of valve side short-circuit of Y/ZF-1 transformer
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Figure 10 The experimental results of grid side short-circuit of Y/ZF-1 transformer

Table 4 shows the experimental and simulation results of the valve side short-circuit impedances of
the Y/ZF-1 and Y/ZF-2 transformers.

Table 4: The short-circuit impedances.

The valve side short-circuit The grid side short-circuit impedances
impedances (Q) (Q)
Trans Z: (Q) - - - - - -
Experimental Simulation Experimental Simulation
results results results results
0 0.495,80.4° 0.501,80.3° 0.496.,.80.4° 0.497,80.3°
Y/ZF-
1
3.72,90° 0.495,80.4° 0.501,80.3° 0.509,80.3° 0.511,80.0°
0o 0.495,80.4° 0.501,80.3° 0.495,80.5° 0.497.,80.3°
Y/ZF-
2
3.72,90° 0.495,80.4° 0.501,80.3° 0.507.80.4° 0.511,80.0°

Based on the analysis of Table 4, the results show that (use the experimental results to illustrate):

e The symmetrical characteristic of the Y/ZF-1 and Y/ZF-2: the valve side short-circuit impedances
of the Y/ZF-1 and Y/ZF-2 transformer are identical and equal to 0.495 Q; while that of grid side short-
circuit are almost the same. For example, the grid side short-circuit impedance of Y/ZF-1 without filters
is 0.496 Q, and that of Y/ZF-2 is 0.495 Q. So the short-circuit impedances of the Y/ZF-1 and Y/ZF-2
transformers are almost identical.

o The symmetrical characteristic of valve side and grid side short-circuit: The valve side and grid
side short-circuit impedances of the Y/ZF-1 and Y/ZF-2 transformers are slightly different. For example,
the valve side short-circuit impedance of the Y/ZF-1 without filters is 0.495 Q and that of grid side short-
circuit is 0.496 Q. So the grid side and valve side short-circuit impedances of the Y/ZF-1 and Y/ZF-2
transformers are almost symmetrical.

5 CONCLUSIONS

Based on the winding connection diagram of the Y/ZF-1 and Y/ZF-2 new converter transformers, the
mathematical relationship between the valve side short-circuit impedance Zsc, the grid side short-circuits
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impedance Z, and the filter impedance Z; have been established, respectively. According to the
comparison between the short-circuit impedances of the Y/ZF-1 and Y/ZF-2 transformers, it shows that
the short-circuit impedance of both transformers are almost identical. Moreover, based on comparing the
valve side short-circuit impedance Zsc and the grid side short-circuit impedance Zg, the results show that
both short-circuit impedances are almost the same, so that the short-circuit impedances of the Y/ZF-1 and
Y/ZF-2 new converter transformers are symmetrical.

Finally, the simulation and experimental results verified the correctness of the theoretical analysis.
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NGHIEN CUU TRO KHANG NGAN MACH CUA MAY BIEN AP BIEN POI KIEU MOI

Tém tit. Tré khang ngin mach cua may bién ap 14 mot trong cac thong sd ky thudt quan trong trong hé
thdng HVDC. So vdi cac ‘may blen ap bién do6i truyen thdng, may bién 4 ap bién d6i k1eu mdi cd so do nbi
day dac biét. Dya trén cau trac cau truc ctia may bién ap bién ddi kleu moi, bai viét nay dé xuit mot
phuong phap moi de thiét 1ap mbi quan hé toan hoc ciia trd khang ngin mach va tro khang cua b loc
trong truong hop ngan mach & phia van va phia ludi. Phén tich vé tro khang ngan mach & phia van va
phia ludi cho thdy ca hai gid tri trd khang ngan mach gan nhu gidng nhau, do d6 tré khang cua bién ap
bién d6i kiéu moi 1a d6i ximg. Cudi cing, cac két qua mo phong va thue nghiém duoc thyuc hién da ching
minh sy chinh x4c ctia cac phén tich Iy thuyét.

Tir khéa. HVDC, May bién ap bién doi kiéu méi, tro khang ngan mach, bo loc.

Ngay nhdn bai:11/05/2019
Ngay chdp nhdn ding:06/06/2019

© 2019 Trudng Pai hoc Cong nghiép thanh phé H5 Chi Minh



